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ABSTRACT 

The papers submitted in this volume present contributions and 
reviews on the physics of the scintillation process together 
with contributions to the development of scintillation detection 
techniques and the use of these techniques in nuclear physics 
research and in the applications of nuclear methods to other 
fields. 
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1. TntrodJ]ctjoo 

Photomultiplier scintillation detectors were still a novelty in 
1950, when Professor J.B. Birks was appointed to the Chair of 
Physics at Rhodes University . John Birks was one of the leading 
pioneers then developing this new technique and he promptly 
formed a research group in the Rhodes Physics Department , 
specialising in the physics of the scintillation mechanism in 
organic scintillators. I became an MSc student in this group in 
1953 and was assigned a research problem posed by the "Birks 
theory" of the organic scintillat'ion process. The project 
involved studying the pulse height response of the organic 
crystal anthracene to low-energy x-rays. John Birks returned to 
England in 1954, but his brief stay at Rhodes was of great 
significance to myself and several others . My MSc thesis was 
completed under the guidance of his successor, Professor J . A. 
Gledhill, and of Dr. G.T. Wright, who was also well known for 
his work on scintillation mechanisms and had been attracted to 
Rhodes by Birks in 1953 . 

From Rhodes I moved to the Nuclear Physics Division of the 
Atomic Energy Research Establishment (AERE) Harwell, England, in 
1955, to take up a Commonwealth Junior Research Fellowship. 
This appointment left me free to continue research into the 
physics of scintillation mechanisms but also encouraged me to 
become involved in the AERE research programme in neutron 
physics related to nuclear energy. The research interests 
developed during my years at Rhodes and AERE continued and were 
extended to other areas of nuclear physics when I moved back to 
South Africa in 1964, to take up my present position at the 
University of Cape Town . In pursuing this research I have been 
greatly assisted by the close association of UCT with the staff 
and facilities of the South African National Accelerator Centre 
and its predecessor, the Southern Universities Nuclear 
Institute, at Faure, near Cape Town . 

The papers presented here are selected from research which was 
published during the years alluded to above, 1954 - 1994. They 
deal with topics in three broad fields : the physics of 
scintillation mechanisms; the techniques of scintillation 
detection; and research in pure and applied nuclear physics 
using scintillation techniques. The scintillator is the common 
factor in all of this work and it links the activities in these 
different research fields. The scintillation pulse shape 
discrimination technique, for example, emerged directly from 
work aimed at investigating the physics of the scintillation 
process. This technique, in turn, has enabled new approaches to 
problems in nuclear physics and has enhanced the application of 
nuclear technology to other fields of science, engineering and 
medicine. 

To simplify presentation, the research papers introduced in 
sections 2-5 below, are grouped under the following headings: 

(a) the physics and characteristics of scintillators; 

(b) scintillators in radiation detection; 

(c) nuclear physics using scintillation detectors; and 
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(d) scintillation methods in nuclear applioations 
technology, for example in medicine and industry . 

The authors, titles and references of the papers are listed in 
chronological order of publication in section 8. Papers other 
than those of which I am the sole author are marked either s or 
j, to indicate my part as either a senior co-author or a junior 
co-author respectively. The designation as senior co-author 
implies that I made a leading contribution to the initiation and 
execution of the research and to the preparation of the paper. 

Reprints of the papers are collebted in section 7. In sections 
2-5 the papers are referred to by the numbers allocated to them 
in section 6. Some of the papers are referred to in more than 
one of the sections 2-5. 

2 Physics and characteristics of scinti]latots 

Eight papers [1-3,5,6,15,22.27J, including two review articles 
[3,22J, deal with characteristics of the organic scintillators 
and the physics of the scintillation mechanism in these systems. 

2 1 Reyiew papers 

The review articles, published in 1956 [3J and 1979 [22J, were 
prepared in response to invitations from Professor O.R. Frisch 
(Cambridge), editor of "Progress in Nuclear Physics", and 
Professor D. Allan Bromley (Yale), guest editor of a special 
issue of Nuclear Instruments and Methods entitled "Detectors in 
Nuclear Science", respectively. 

2 2 Work carrjed allt at Rhodes Unjyersity 

Papers [1J and [2J describe work carried out at Rhodes 
University under the supervision of Professor J.B. Birks. The 
pulse height response characteristics of anthracene crystals to 
6-30 keY x-rays were investigated and compared with predictions 
based on the Birks theory (refs . Phys. Rev. ~ (1951) 364 and 
Proc. Phys. 500. (London) Ali1 (1951) 874). 

2 3 Scintillation pll]se sbapes 

Paper [5] includes a disoussion of the physios underlying the 
teohnique, later to become known as pulse shape disorimination 
(PSD). whioh identifies different types of detected particle . 
e.g. neutron or gamma quantum, by means of characteristics of 
the scintillation decay. or pulse shape . The dependence of 
pulse shape on the type of particle causing the scintillation 
was originally discovered at Rhodes by Dr . G. T. Wright (ref. 
Proc. Phys. Soc. (London) a1li (1956) 358). Papers [3-6,15,22] 
include work which followed up Wright's discovery, aiming to 
understand and to exploit the meohanisms responsible for the 
pulse shape differences exhibited by organic scintillators when 
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excited by different types of ionizing particle. 

2 4 Anisotropy of crystal scintillator characteristics 

Paper [15] describes studies aimed at mapping and understanding 
the direction-dependence of the response and pulse-shape 
characteristics of organic crystal scintillators to heavily 
ionizing particles, such as protons and alpha-particles. 

2 5 Thin film plastic scintiJlators 

Paper [27] presents an investigation and discussion of the 
response of thin-film plastic scintillators to fission 
fragments. 

3 Scintillatjoo detectprs 

3.1 Reyiew articles 

The review papers [3,22] cited in section 2.1 also covered new 
developments in the applications of scint{llators in radiation 
detection. This topic was also reviewed in two other invited 
papers presented at international conferences: paper [7], 
presented at the Conference on Neutron Time-of-Flight Methods, 
Paris, 1961; and paper [38], presented at the Conference on 
Nuclear Techniques for Analytical and Industrial Applications, 
Mykonos, Greece, 1993. 

3 2 The pulse sbape discrjmjnatioo technjque 

Papers [3-7] describe contributions to the development of the 
technique of pulse shape discrimination (see section 2.3). The 
first report of the successful application of scintillation 
pulse shape differences as a means for discriminating between 
different types of particle is that made on page 284 of paper 
[3]. Paper [4] was the first presentation on PSD at an 
international conference (held at Evanston, Illinois, in August 
1957) and paper [5] presents a description of the first PSD 
system, together with a comparison of the PSD capabilities of a 
range of organic scintillators, crystal, liquid and plastic. 
Paper [7] describes developments which followed soon after, 
concerning the PSD performance of plastic scintillators. 

3 3 Further developments in pulse sbape discrjmination 

Papers [14-18,20,26,28,30,31,39,42] describe subsequent 
developments in which the PSD technique was used: 

(i) to sense the directions of recoil protons (deuterons) in 
anthracene (deuterated anthracene) crystals, in order to 
determine left-right asymmetries in neutron polarization 
experiments [14-17,20,31]; 
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(ii) to distinguish between protons and recoil deuterons 
released in neutron interactions in deuterated liquid 
scintillators [18J; 

(iii) in two new types of neutron spectrometer, based on 
deuterated scintillators [26,30,42J; 

(iv) in the study of deuteron photodisintegration [28J; and 

(v) to identify deuterons resulting from neutron-proton 
radiative capture in liquid scintillators [39J. 

3 4 Other scintillation detectors 

Papers [27,36,41J describe contributions to the development of 
thin-film plastic scintillators as detectors of fission 
fragments [27J and alpha particles [36,41J. Papers [10,13J 
describe contributions to detection techniques for low-energy 
neutron scattering measurements, using lithium-loaded glass 
scintillators and sodium iodide crystals. 

4. Nuclear pbysics J]sing scintillation detectors 

"Nuclear physics", as used here, embodies any physics in which 
interactions with nuclei are significant. Thus neutron cross 
section measurements motivated by nuclear energy considerations 
are included, and phenomena such as muon-catalyzed nuclear 
fusion, as well as work work which would comply with a stricter 
(more conventional) definition of nuclear physics. 

4 1 Nelltroo cross section measllrements 

Papers [5,8-13J describe neutron cross section measurements, 
including scattering, capture and fission, at low neutron 
energies « 120 keV). Paper [11J is an invited paper which was 
presented at a national topical meeting of the American Nuclear 
Society, held in San Diego, USA, in February 1966 . 

4 2 Few-nucleon systems 

Papers [14,17,18,20,25,28,31,39J describe studies of 2-nucleon 
and 3-nucleon systems at energies between 2 and 64 HeV . Papers 
[14,17 , 20,31J describe measurements of the analysing power in 
n-p and n-d elastic scattering, using the new technique (see 
section 3.3) based on the direction sensing capabilities of 
anthracene and deuterated anthracene scintillation crystals. 
Paper [18J describes a study of deuteron breakup induced by 8-22 
HeV neutrons, using the PSD properties of deuterated liquid 
scintillators to distinguish between protons from the breakup 
reaction and recoil deuterons from neutron elastic scattering . 
Paper [25J describes a search for neutron-proton bremsstrahlung 
using a novel technique in which the proton target was an 
organic crystal scintillator. Paper [28J presents an 
investigation of deuteron photodisintegration carried out using 
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a deuterated anthracene scintillator as the target for the 
nuclear reaction. Paper [39J describes a study of the inverse 
process, neutron-proton radiative capture, for which a liquid 
scintillator served as the proton target. 

4 3 Nelltroos from fission and (d,o) reactions 

Paper [19J describes an investigation of neutrons from the 
spontaneous fission of 252Cf, which was facilitated by the use 
of PSD in neutron detection. Paper [26J describes studies of 
vector analyzing powers in some (d,n) reactions, using the 
deuterated anthracene crystal as a neutron spectrometer . 

4 4 Muon catalyzed fusion 

Papers [29,32-35,40,41J deal with experimental studies of the 
alpha-muon sticking coefficient in muon-catalyzed d-t fusion, 
and include simulations [35,40J of experiments designed to 
measure this quantity. Experiments that have succeeded in 
determining the initial sticking coefficient directly have shown 
[32-34J that neutron detectors having good PSD characteristics 
are essential to the success of these measurements. Papers 
[36,41J describe developments related to lhe detection of alpha 
particles in muon-catalyzed fusion experiments. 

5 Scintillation methods in applied "Ilclear technology 

Review paper [38J, also cited in section 3.1, was in invited 
paper, presented at an international conference devoted to 
analytical and industrial applications of nuclear techniques . 
It deals specifically with neutron detection in this context, 
and largely by the scintillation method. Paper [42J is a 
follow-up on some of the work discussed in [38J and describes an 
investigation to test the feasibility of elemental analysis by 
neutron backscattering, using the deuterated anthracene neutron 
spectrometer [30J. 

Papers [21,23,37J deal with radiation detection by means of 
scintillators in medical applications. They describe a new 
method for estimating high-LET and low-LET radiation doses, 
simultaneously and independently, in tissue-equivalent media 
irradiated by neutrons [21,23J and measurements of neutron 
fluence and kerma spe c tra from a neutron radiotherapy system, 
using scintillation detection techniques [37J. 

Paper [24J describes a high-flux associated particle neutron 
source, used to calibrate neutron detectors, especially 
scintillators, used in both applied and basic nuclear physics 
measurements. 
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J .B. Birks and F.D . Brooks 
Sc i ntillati on response of anthracene t o soft x-rays 
Phys. Rev. ~ (1954) 1800-1801 

Reprinted from THE PHYSICAL REVIEW, Vol. 94, No.6, 1800- 1801, J une 15, 1954 
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Scintillation Response of Anthracene to 
Soft X-Rays 

J. B . BIRKS AND F. D. BROOKS 

Physics Department, Rhodes University, Grahamst(YWn, South Africa 
(Received April 20, 1954) 

B1RKSI.2 has predicted a difference between the scintillation 
response of organic phosphors to external electrons and to 

internal photoelectrons of the same energy. The scintillation re­
sponse of anthracene to secondary characteristic x-rays of energies 
between 6 key and 25 key has therefore been studied. The scin­
tillations were observed with an E.M.I. type 5060 photomultiplier, 
and the output pulse amplitUde distribution was obtained using 
a "gray-wedge" pulse-height analyzer, based on the instrument 
originally developed by Bernstein e.t al,3 Secondary characteristic 
x-rays of known energies were obtained by placing a series of 
scattering foils of different elements in the path of a beam of 
"white" x-radiation, and were detected at right angles to thc 
primary beam direction by a 2 mm thick crystal of anthracene. 

The pulse amplitude distribution photographs, obtained from 
the analyzer, showed that it was possible to resolve the pholo­
electron peaks produced by incident x-rays of energy >11 kev, 
when the photomultiplier was operating at room temperature 
(20°C). By cooling the photomultiplier to dry ice temperatures, 
to reduce the dark noise background, adequate resolution was 
obtained at lower energies from 6 kev to 11 kev. 

The mean scintillation pulse height S is plotted as a function 
of the x-ray energy E in Fig. 1. The experimental data of Taylor 
et cU.4 on the scintillation response of anthracene to electrons of 
energy E, incident externally on the crystal, have been normalized 
to the same scale of S, and these arc also plotted in Fig. 1 for 
comparison. 

The theoretical response curve fo r photoelectrons, produced 
internally by x-rays, has been calculated from the formula!,5 

A (dEldr) 

by using experimentally determined values of the constants A 
and kB, and the range-energy data for electrons, given by Curie.' 
The theoretical response curve for external electrons has been 
calculated from the formula1 •2 for particles of range r, 

(dSldr).~</>(dSldr) .. 

whe" </>-l-'[cxp( - ria.) - (ria. ) Ei(rla.)] , Ei(rla.) being the 
exponential integral. A value of ao=3 mm air equivalent has been 
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FIG. I. Scintillation response of anthracene. (a) X.rays. Experimental +; 
theoretical --. (b) Electrons. Experimental e ; theoretil::al --. 

taken, corresponding to a mean free path for the primary photons! 
of about 3 microns. 

The two theoretical response curves, which are plotted in Fig. 1, 
are in excellent agreement with the experimental data. These 
results provide further evidence in favor of the photon cascade 
theory of the scintillation process, proposed by Birks.t,7 Further 
measurements are in progress on the scintillation response of 
anthracene and other organic phosphors to x-rays and electrons. 

We are indebted to the South African Council for Scientific 
and Industrial Research for a grant, and for a bursary to one of 
us (F.D.B.). 
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Aburac/, Observations have been made of the scintillation response S of a 
0,2 em thick anthracene crystal to photoelectrons of energy E = 6 to 30 key 
produced by various characteristic K x-rays, The responses to l14In and 13'CS 
internal conversion electrons were also measured, and the results reduced to 
a standard scale of 8 , and compared \\'ith other data. 

The (S, E) curve agrees closely with that predicted theoretically, The 
response curve at - 65 °c is identical \\'ith that at 16°c, apart from a general 
increase of 50 ~/~1 in S. 

T he response to internal electrons is significantly greater than that to external 
electrons of the same low energy. Reasons are suggested for the divergent 
results reported by Robinson and J entschke, The reduced response to external 
electrons is attributed to the escape and/or quenching of the fluorescence excitation 
energy at the crystal surface, These and other surface phenomena affecting 
the response of organic scintillators to short-range external particles are discussed , 

§ I. I N TROD UCTION 

W HE~ ionizing radiations impinge on anthracene or other fluorescent 
organic crystals, part of their incident energy is converted into light, 
which is elnitted as normal fluorescence from the crystal. The 

scintillation response S depends on the nature and energy E of the incident ionizing 
particle, of range r within the crystal. Birks (1951) has shown that the specific 
fluorescence dS/dr may be expressed as a function of the specific energy loss 
dE/dr , and appears to be independent of the nature of the particle. The theoretical 
relation 

dS 
dr 

A dE/dr 
1 + kB dE/dr "",, (1) 

has been obtained by considering the competitive processes of fluorescence 
emission and of primary quenching by molecules damaged or ionized by the 
incident particle, 

An alternative expression has been derived by Wright (1953), who attributes 
the primary quenching to the combined effect of unimolecular and bimolecular 
processes in the primary excitation column. This leads to a relation 

dS/dr = Cln(l + D dE/dr) , . ",,(2) 

which approximates to (I), except at high dE/dr, Other relationships between 
JS/dr and dE/dr have been proposed by Chou (1952) and Black (1953), 

t !SO'\\" at British Dielectri c Research Ltd. , London, "".12. 
t ~o .. " at the Atomic Energy Research Establishment, Harwell, Berks. 
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These expresslOl1s account satisfactorily for the scintillation response of 
organic crystals (and also solutions) to all types and energies of incident ionizing 
particles, except those of short range. For 7.-particles of r less than 8 mm air 
equivalent, the value dSldr is, however, less than that given by (1) or (2) (Birks 
1950, King and Birks 1952). .\ similar effect is observed with short-range electrons 
and protons (Taylor et al. 1951). Since both effects are associated with short­
range particles it is suggested that they are due to surface phenomena, probably 
either surface escape of excitons or radiations (Birks 1952, 1953) or quenching of 
fluorescence excitation energy by a non-fluorescent impurity in the surface layer 
(King 1952). A theory of surface escape has been formulated by Birks (1952, 
1953). It involves multiplying the right-hand side of (1) or (2) by a 'surface 
escape function' 

'" = 1 -) [exp ( - r!a.) - (r fa.)Ei(r/a.ll ...... (3) 

where Ei(r/aol is the exponential integral, and ao the mean free path of the escaping 
photons. '" increases from O· 5 at r = 0, to approximately 1·0 for r > 2a.. Recent 
observations by Wright (1955) indicate that quenching impurities are formed 
on the surface of anthracene crystals exposed to the atmosphere, thus causing 
surface quenching. 

If surface effects arc operative, the scintillation response of anthracene to 
photoelectrons produced within the crystal by x-rays should differ from that 
excited by external electrons of the s~me energy, since in the former case surface 
effects are eliminated (Birks 1952). .\ detailed study has therefore been made 
of the scintillation response of anthracene to photoelectrons of 6-30 key energy 
for comparison with the external electron data of Taylor et al. (1951). A brief 
account of the preliminary results, which showed the predicted difference in 
response, has been published previously (Birks and Brooks 1954). Robinson 
and J entschke (1954) have subsequently reported the results of a similar investiga­
tion, but showing no difference in the response to internal and external electrons. 
The present paper gives a fuller account of our original and later studies. These 
substantiate the differences in response originally reported. Similar results haw 
recently been obtained by Fowler and Roos (1955). 

§ 2. EXPERIMENTAL ;'vIET HOD 

2.1. Apparatus 

A schematic diagram of the apparatus is shown in figure 1. The purpose 
of the experiment was to measure the scintillation response of the anthracene 
crystal D (0·2cm x 0·5 em x 0·5 em) to photoelectrons released within it by 

Figure 1. Schematic diagram of apparatus. 
A, x-ray tube; B , scattering foil; D, anthracene crystal; E, cooling jackd ; 
F. wedge filter; G, alwninium reflector; H, light-proof box; I, lead shielding. 
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secondary characteristic fluorescence K x-rays of different elements. Foils 
of these elements were placed at B, directly above the crystal and in the path of 
a collimated beam of' white ' x-radiation, AB. Pure metal foils (4 em' x 0·01 em 
thick) of Fe, Cu, Mo, Ag and Sn were used. Powdered layers of As, I and 
SrO, mounted in flat black paper packets, served as 'foils' of their respective 
-clements. With these elements an x-ray energy range of 6 kev to 32 kev was 
obtained. A mechanical arrangement was used, enabling the foils to be changed 
or radioactive sources to be substituted, without exposing the photomultiplier 
to external light. During the investigation, various x-ray tubes were used as 
sources of 'white' radiation, and the results were found to be independent of the 
tube used . 

Other low-energy x-ray sources were also employed, as follows: (a) In K 
x-rays emitted following internal conversion in 114.In. Internal converSIOn 
electrons from the source were eliminated by a Perspex absorber. (b) Mn K 
x-rays emitted following K-capture in 55Fe. 

The scintillations were observed with an E.M.I. type 5060 photomultiplier, 
selected for its low dark noise and high sensitivity. The crystal D and the 
photocathode could be cooled by refrigerants placed in the cooling jacket E. 
By this means the dark noise could be virtually eliminated, and the temperature 
dependence of S could be studied. 

Voltage pulses from the photomultiplier were fed to an A.E.R.E. Model 
1049 A linear pulse amplifier. The pulse amplitude distribution was measured 
with a multi-channel photographic wedge pulse analyser (Maeder 1947), based 
on the design of Bernstein et al. (1953). This type of pulse analyser is particularly 
suitable for studying pulse sequences initiated by sources of fluctuating intensity. 
Provide.d the counting rate is not excessive, practically every pulse is counted. 
The only limitations on the amplitude resolution are the width of the cathode-ray 
tube trace and the circuit stability during the relati vely short period of measure­
ment. As described below, the characteristic response of the photographic 
film can be used to obtain a sharply defined pulse amplitude distribution. 

2.2. X -ray Absorptioll ;11 Anthracene 
I nternal photoelectrons of known energy art: efficiently produced in anthracene 

by x-rays of energies below 20 kev since the cross section of the photoelectric 
absorption process in ca rbon (see Heitler 1949 for data) is relatively high. :\t 
x-ray energies greater than about 22 key however, Compton scattering becomes 
the main absorption process, and the photoelectric absorption declines rapidly. 
This places an upper limit on the photoelectron energy which can be resolved 
against the' Compton background', and against the background due to scattered 
'white' x-rays which, though conti nuous and of Im\' intensity, are efficiently 
absorbed at low energies. The measurements indicated 30 key as the upper 
energy limit at which a photoelectric peak could be clearly resolved with the 
arrangt.!lllcnt used. 

2.3. Photoelectl'o" Energy 
The Ko. and K ,B components in the characteristic fluorescence \vere not resolved. 

_" weighted mean photoelectron energy for each foil used was calculated from 
the following data: (a) the K. and Kp x-ray energies (Hodgman 1954), 
(b) the K. : Kp intensity ratio, which varies from 5: 1 to 3: I for the elements used 
(Compton and Allison 1946), (c) the photoelectric absorption coefficient. The 
yalues obtained are listed in the table. 
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Atomic numbt'f 25 26 29 33 38 42 47 +9 50 53 
Element :vIn Fe CU .-\.S Sr Mo .-\.g In Sn I 
Kex energy (kev) 5·9 6,4 8' 1 10·5 14·2 17,5 22,2 24·2 25,2 28·6 

K" energy (kev) 6·3 7·1 9,0 11,8 16,0 19'9 25·3 27,7 28·9 32,1> 

\Veightcd mean photo-
electron energy (key) 5·9 6·5 8·2 10·7 14·5 17,9 22,7 24·8 25,8 2~'+ 

2,4. Calibration and Test 

The scintillation response of the anthracene crystal to external electrons of 
known high energy was also measured. This enabled the photoelectron 
measurements to be normalized to the same scale of S as that used by other 
observers . Internal conversion electrons from lI'ln (186 and 162kev) and 
13;Cs (624 kev) were used for this purpose. The two electron groups from 114In 
were not clearly resolved, but the mean pulse amplitude was observed. The 
ratio of the observed response to 1i4In and 137CS electrons was in agreement with 
the measurements of Taylor et al. (1951), Hopkins (1950,1951) and other 
observers. 

The comparative measurement of S over the interval from 6kev to 624kev 
electron energy involved accurate calihration of the pulse amplifier gain and the 
photomultiplier gain over a range of more than 100: 1. This calibration was 
performed using standard scintillation sources (i.e. mono-energetic IX-particles) 
or 13,CS internal conversion electrons, on anthracene) and comparing the mean 
pulse amplitudes at different gain settings. For this phase of the work, in which 
sources of constant intensity were used, the pulse amplitude distributions were 
measured with a discriminator and scaler. The gain calibration was shown 
to be cunsistent by numerous cross-checks, and was found to remain stable over 
the whole period of the measurements, Various other instrumental tests and 
calibrations were also used to ensure optimum and reliable performance. 

2,5. Plllse Amplitude Distribution 

Two typical photographs of the pulse amplitude distrihution records, uSlllg 
As K x-rays and Sn K x-rays, are shown in figure 2 (a) and (b) respectively, 
Figure 2(b) shows the increase in low amplitude background at the higher x-ray 
energies, referred to in § 2.2, The records were obtained on 35 mm Kodak 
, l\'Iicrofile' film, using a Zeiss Con tax Camera. The enlargements were made 
on to high-contrast reflex document copying paper, and they are inverted and 
rotated through 90° relative to the presentation on the cathode-ray tube of the 
wedge analyser. 

The use of high-contrast photographic materials gives a sharp transition 
from black to white, which serves as an iso-density contour or edge, from which 
the pulse amplitude distribution can be deduced (Maeder 1947). Since linear 
amplification is used, the pulse amplitude is proportional to the ordinate of the 
edge. N, the number of pulses per unit pulse height, is related to the abscissa 
x of the edge by 

x= Rln (NIN ' ) ...... (4) 

where R and lV' are constants, determined by the wedge density and the camera 
lens aperture respectively (Brooks 1955). Calibrations in terms of (4) were 
undertaken, and the abscissae in figure 2 are shown in units of IV. For the present 
studies a.I1 accurate determination of ~V was not required. 
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2.6. Scintillation R esponse 

T he peak, or most probable, value of the pulse amplitude was ohtained directly 
from the photographic records. At low particle energies this peak value is not 
exactly proportional to the scintillation response S, due to the asymmetry of the 
pulse amplitude distribution (Wright 1954 a). The peak pulse amplitude data 
were therefore corrected to give the trne va lues of 8, by the procedure described 
by Wright (1954 b). 

N ' 

" 50 IS ;>s 50 " 
(0.) PuI s!: H~I8'ht (Olr,uLr. r ,c2If) (bJ 

Figure 2. Pulse amplitude distribution photographs. 
(a) As K x-rays (mean photoelectron energy = 10·7 ke v) 
(b) Sn K x-rays (mean photoelec tron energy ::. 25·8 ke\') 

§ 3. EXPERIMENTAL RESULTS 

The observed values of the scintillation response S of the anthracene crystal 
to photoelectrons of energy E are plotted in figure 3 (extended points). The 
scale of S is the same as used by Taylor et al. (195 I) in their measurements of the 
response to external electrons (S = 6240 units at E = 624 key). 

For each photoelectron energy EJ three or four separate measurements were 
made at room temperature ( ......... 16°c ). In addition one measurement was made 
at a temperature of - 65°e ( ± 2°e) for each energy, except for I , 114In and "Fe. 
At - 65°e, the scintillation response to 624 key electrons increased by a factor of 
1·50 relative to the response at room temperature. The response to photo­
electrons from 6- 30 kev energy increased by the same factor. Hence the low 
temperature photoelectron response data were normalized in terms of the 624 key 
electron response, and inclu ded with the room temperatu re data in obtaining 
the mean values of S plotted in figure 3. 

The error limits shown in figure 3 include the probable errors from the pulse 
amplitude measurements, from the instrumental calibrations, and from the 
normalization of the data. 
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§ f. DISCUSSIO" 

4.1. Present Results 

The data shown in figure 3 differ slightly from the preliminary results reported 
previously (Birks and Brooks 1954), and to which the statistical correction 
(§ 2.6) was applied by Wright (1954 b). The difference is due to the inclusion 
of additional observations. It will be noted that the corrected response S is not 
proportional to the photoelectron energy E, although it is approximately linear 
over the energy range considered. 

, 10 IS 70 25 30 
Electron Energy (kev) 

Figule 3. Scintillation response of anthracene crystal to dectmns. 

I, Photoelectrons: R], corrected datn of Rob inson and Jentschke (1954); FR 
Fowler and RODS (1955). 

II. External electrons; T, Taylor et al. (1951) ; T interpolated, rcspO:1se curve inter­
polated bet\\·een 5 and 80 key by Taylor ('/ al. (1951). 

The increase in the scintillation response of anthracene by a factor of 1·50 
in cooling from 16°c to - 65°c agrees with previous observations (Sangster 
and Irv ine 1956, Liebson 1952). The fact that the shape of the relative 
response curve is unaffected by the temperature reduction is significant. It 
indicates that the increased efficiency at low temperatures is not due to a 
reduction in the primary quenching processes, responsible for the non-linear 
response. 

4.2. Comparison <"itlz other Results 

The experimental data of Taylor et al. (1951) on the response of anthracene 
to external electrons of 1- 5 key energy are plotted in figure 3 (open circles). 

Robinson and Jentschke (1954) have reported observations on the response 
to photoelectrons, agreeing with the external electron response data of Taylor 
et al. They did not, however, correct for the asymmetry of their pulse-height 
distributions (§2.6). The corrected values, estimated from their published 
observations, arc plotted in figure 3 (crosses); they are significantly higher than 
those of Taylor et al. t 

t In addition there appears to be a discrepancy, with regard to the response to In K 
x-rays, between the text of the paper by Robinson and Jcntschke and their figure 5. The 
plotted po;nt S = 180 units: at E = 28 ke,' w ould appC.lr from the text to refer to the In K a. 
energy which is 24·2 key. Assuming the latter to be corrcct, a corrected value of S = 190 , 
E=- 24·2 kev is ohta:ned and plotted . and it is in good agreement with the present results . 
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The remaining discrepancies between the present results and those of 
Robinson and J entschke may be attributed to differences in experimental method 
and arrangement, which were notably as follows: (i) Robinson and Jentschke 
used a single-channel pulse analyser, involving an estimated measuring period 
of at least 3- 4 hours. This may be compared with a period of less than 30 minutes 
with the multi-channel \\'cdge analyser, ,',"hich thus reduces errors due to instru­
mental instability. (ii) They needed to subtract background counts up to pulse 
amplitudes equivalent to E~15 key. In the present measurements background 
noise was negligible even at E~6 key. (i ii ) They used a larger anthracene crystal 
(2 em x 2 em x 1 em) and different x-ray sources, mainly excited by In K x-rays 
from 113Sn, after the method described by Insch (1950). The various activities 
associated with 113Sn (Hollander et al. 1953) probably produced a background of 
secondary radiations, analogous to the I white' x-ray background described in 
§ 2.2. The use of a larger crystal would accentuate the sensitivity to this and 
to the Compton background, and would also increase the number of multiple 
events (Compton scattering and photoelectric absorption in cascade) detected. 
Due to the non-linear response of anthracene, such multiple events would give 
a smaller scintillation response than that due to a single photoelectric event . 

. .>JI such background effects tend to reduce the apparent value of S. It is thus 
consistent with the explanations offered that the data of Robinson and J entschke 
fall below those observed in the present investigation. 

The recent data of Fowler and Roos (1955) on the response of anthracene to 
10-30 key photoelectrons have been included in figure 3 (open squares) by 
normalizing their pulse-height scale to the present one at 20 kev. This normaliza­
tion is consistent with a comparison of their proton response data with those of 
Taylor et al. (1951). The results are seen to be in satisfactory agreement with 
ours. 

§ 5. THEORY 

5.1. Specific Fluorescence and Response to Pholoeleclrolls 

The scintillation efficiency dS/dE has been calculated as a function of E from 
the observed (S, E) values (figure 3) for photoelectrons. The specific energy 
loss dE/dr as a function of E has been similarly obtained from the range- energy 
data of Curie (1935) for electrons in standard air (all range data used refer to 
inlegraled ranges in standard air). Hence the specific fluorescence dS/dr for 
photoelectrons from 6-30 kev energy has been determined as a function of dE/dr. 

Similar calculations have been applied to the (S, E) values for protons observed 
by Taylor el al. (1951) and F ranzen el al. (1950), using the proton range-energy 
data of Livingston and Bethe (1937), and (dS/dr, dE/dr) has thus been obtained 
for protons. 

It is found that the (dSldr, dE/dr) curves are identical for electrons and protons, 
within the experimental error and scope of the present and quoted measurements. 
The original hypothesis (Birks 1951) that dS/dr is a monotonic function of dE/dr, 
and independent of the nature of the ionizing particle (in the absence of surface 
effects) is thus verified for electrons and protons. 

The experimental (dS/dr, dE/dr) data are equally consistent with (I), (2) 
and the other formulae referred to in § 1. The constants in (1) and (2) have been 
evaluated from the experimental r(,sponse and ra nge data, and the theoretical 
response curve shown in figu re 3 (solid line) has been obtained by graphical 
integration. 
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At higher energies the theoretical response is also in agreement with the external 
electron response data of Taylor et al. (1951), Hopkins (1950, 1951), Robinson 
and Jentschke (1954) and of the present investigation (§2.4). These show 
a linear response for anthracene to electrons with E greater than 120 kev, whieh 
extrapolates to intersect the E axis at E = 20- 25 key. 

This feature of the experimental response curve is inherent in the theory. 
At high electron energies, where dE/dr is small, (1) or (2) may be expanded and 
integrated, giving 

",. 
S=A I (dE/dr)(I - kBdE/dr)dr 

. " 
=A(E-E') 

.J; 

where E'= kBI (dEjdr) dE. 
• u 

...... (5) 

.. .... (6) 

E' is practically constant for E>200kev, since dE/dr is small and decreases 
with increasing E. A value of E' = 24 key has been calculated from kB and the 
range-energy data, and this corresponds from (5) to the intercept on the E axis 
of the linear portion of the (S, E) curve. 

Although the response curve (figure 3) is approximately linear for low energy 
electrons, the scintillation efficiency is less than at higher energies. At E = 20 kev, 
dS/dE =9·0 units of S /kev, compared with dS/dE =10·4 for E > 120kev. This 
decrease is attributed primary quenching processes as described by (1) or (2), 
and it is distinct from the additional surface effect encountered with externally 
incident electrons. 

5.2. Surface Effect for External Electrons 

The experimental results (figure 3) show a significant difference in the 
scintillation responses to internal -photoelectrons and to external electrons. 
It is clear that the scintillation efficiency of anthracene is reduced for electrons 
absorbed near the crystal surface. This surface effect might be caused by one 
or more of the following processes: (a) back-scattering of the primary electrons; 
(b) additional quenching of the fluorescence near the crystal surface, due to 
chemical deterioration or other modification of the surface layer; and (e) surface 
escape of photons, emitted during the scintillation process, which would otherwise 
be absorbed in the crystal, leading to further fluorescence emission, and thus 
contributing to the scintillation response. 

The effect of back-scattering has been considered by Taylor et al. (1951) 
and Butt (1952,1953). The former estimate that less than 10% of the incident 
1- 5 kev electrons are scattered in a backward direction. The latter concludes 
that for 4-8 kev incident electrons, at least 80% of the back-scattered electrons, 
which constitute approximately 10% of the incident beam, dissipate half their 
energy in the crystal. We have made similar calculations based on the recent 
data of Stern glass (1954) on the back-scattering of 1- lOkev electrons from 
carbon, and have obtained results in agreement with Butt. It is estimated that 
the maximum effect of back-scattering of the incident electrons will be to cause 
a 4 % reduction in the scintillation response observed by Taylor et al. (1951). 
This is quite inadequate to account for the magnitude of the observed surface 
effect. 

Wright (1955) has recently made measurements of the photo-fluoresoence 
excitation spectra of anthracene crystals. These show a marked dependence 
of the flourescence efficiency on the depth of penetration of the exciting radiation, 
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the efficiency being less when the radiation is absorbed close to the surface. The 
magnitude of the effect depends on the state of the crystal surface, and appears 
to be partly due to chemical or physical deterioration of the surface, as well as to 
the escape of normal fluorescence radiation. 

The surface effect has previously been attributed to the surface escape of 
radiation as described by (3) (Birks 1952, 1953). A mean free path ao for the 
escaping radiations of 3 to 81' was found to give a reasonably consistent description 
of the external electron data of Taylor et at. (1951) and the "-particle data of King 
and Birks (1952). Emission and absorption processes in cascade are known to 
occur in anthracene in the 4000- 4500 A wavelength region (Birks and Little 1953). 
It has also been suggested that similar processes may occur in the 1650- 1800 A 
wavelength region during the scintillation process (Birks 1953, 1954 a). Hence 
surface escape of the normal (longer wavelength) fluorescence is to be expected, 
while escape of the hypothetical primary (short wavelength) radiation is also 
possible. These alternatives cannot, however, be readily differentiated using 
the electron response data for anthracene, nor can the possible contribution of 
surface quenching be estimated without detailed knowledge of the crystal used 
by Taylor et al. (1951). 

It is of interest to note that King and Birks (1952) have observed a surface 
effect of similar magnitude and ao in anthracene, para-terphenyl and trans­
stilbene crystals. The overlap of the normal emission and absorption spectra 
in these last two materials is very much less than in anthracene (Birks and Wright 
1954) and it is indeed negligible in para-terphenyl. Thus any surface effect 
associated with the escape of normal fluorescence should be much reduced in 
these materials, compared with anthracene, and be insignificant in the case of 
para-terphenyl. 

A similar decrease in the scintillation efficiency of terphenyl solutions, when 
excited by short-range "'-particles of r less than 10 mm (equivalent from (3) to 
ao~lOfL) has been observed by Reynolds (1952). Such solutions are highly 
transparent to the normal terphenyl emission. This analogous effect in liquid 
scintillators, which has been previously attributed to primary photon escape 
{Birks 1953), might also be influenced by surface quenching due to absorbed 
oxygen (Pringle et at. 1953). 

Without a fuller knowledge of the actual experimental surfaces used in the 
different studies, it is not possible to assess properly the relative importance 
of the alternative photon escape and surface quenching processes. The similar 
dependence of dS/d, on dE/dr, and the similar surface effect observed for each 
of the different organic crystalline and liquid scintillators studied, suggests, 
hO\"vever, that common primary quenching and surface processes are operative. 

§ 6. CONCLUSIONS 

The present investigation has clarified several matters associated with the 
scintillation process in organic crystals. It has shown that : 

(a) The scintillation response of anthracene to internal electrons can be 
adequately described theoretically, and that the variation of dS/dr with dE/dr 
for electrons and protons is independent of the nature of the particles. 

(b) The relative scintillation response of anthracene to electrons of different 
energies is unaffected by a reduction in temperature from 16°c to - 65°c, 
indicating that the 50 ~~ increase in scintillation efficiency is not due to a reduction 
in primary quenching processes in the excitation column. 
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(e) The scintillation response of anthracene to internal electrons is greater 
than that to external electrons of the same low energy. This is the result of a 
surface effect, probably due to the escape of photons and/or to impurity quenching 
of the excitati on energy. The effect, which appears to be characteristic of the 
organic scintillators, will be encountered with any short-range externally incident 
particles. 

The surface effects in anthracene and other organic scintilla tors merit further 
investigation. Further data are required on the scintillation response to external 
electrons of 5- 80kev energy, suitable for comparison with the theoretical 
relation (3). In future studies attention should be paid to the state of the crystal 
surface, to allow for any surface quenching effects. 
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TIrE rapidly increasing use of scintillation counters in recent years has been 
greatly facilitated by the development of suitable luminescent materials. An 
important group among them are organic compounds, either as pure crystals 
or in various combinations as liquid or solid solutions. Notable advu.ntages of 
the organic 8ointillators are t heir speed ofresponse (~1O-' sec) and, in the case 
of solutions, the ease with which scintillators of large size and arbitrary shape 
can be made. Nota.ble disadvantages are their rather low efficiencies compared 
with the best inorganic scintillators (Zn S (Ag), Na I (Tl) a.nd CdWO,), and the 
fact that the efficiency depends on ionization density; highly ionizing particles 
produce relatively less light and thus the relation between particle energy and 
light output is non·linear. These and other characteristics of different types of 
scintillators have been summarized, compared and discussed frqm time to time 
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in reviews and texts, notably by GARLICK (1952), JORDAN (1952), BIRKS (1953), 
CURRAN (1953), SWANK (1954), and BELL (1955). 

In this review we shall deal chiefly with new data regarding the behaviour of 
organic scintillators, with new types of scintillators and ,vith the scintillation 
mechanism"" it is now understood. The latter has been the subject of specula. 
tion amongst authors for some time, and it is only recently that enough reliable 
evidence has been produced on which to base a suitably comprehensive picture. 

On the practical side, a variety of new scintillators are now available as the 
result of intensive studies on organic liquid and plastic solutions. Factors 
relating to the performance of organic crystals have also been clarified. The 
practical data on crystals, liquids and plastics are probably of greater interest 
purely from the point of view of application. However, before we turn to these 
we consider the mechanism of the scintillation process. Apart from its own 
academic interest an understanding of this su bject is obviously important both 
for interpreting the present data and for predicting or designing further 
applications. 

2. THE SCINTILLA.TION PROOESS IN ORGANIC SC=ILLA.TORS 

In a scintillation detector, energy dissipated by an ionizing particle in a scintil· 
lator is partly converted into visible light suitable for detection by a photo­
multiplier. Initially the particle spends its energy ionizing and exciting atoms 
and molecules along or near to its path. A variety of processes can follow, 
depending on the nature of the scintillator and the nature and energy of the 
particle. By various mechanisms (different in different types of scintillator) 
electronic excitation energy moves rapidly from initially excited atoms and 
molecnles to others and thus travels some way through the system. Finally a 
p'ortion of this energy is converted into light, the rcmainder being dissipated as 
~eat or in other non-radiative processes. 

For the organic scintillators it is well established that light emission is 
~sociated with electronic transitions in molecules, and that the energy transfer 
preceding emission is an inter·molecular process. This makes it convenient for 
us to work, as it were, backwards: to consider first the factors influencing the 
luminescence of organic molecnles, as they emerge from the study of photo­
luminescence. In this way we may come to understand those factors and arrive 
at a description of the processes of energy absorption, energy transfer and light 
emission in systems of many molecules. This description then has to be extended 
and modified to fit the rather more complicated case of luminescence excited by 
ionizing particles. 

We are thus led to ask the following questions: 

(a) What are the electronic levels in an organic molecule which give rise 
to its luminescent cha.racteristics; 

(b) What are the processes of luminescence in an isolated molecule j 
(e) How, in general, may the characteristics of the isolated molecule be 

modified when it is placed amongst other molecules; 
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Our particular interest centres on the '\mchanged" p orbitals in these trigonal 
and digonal configurations, for it is these that eventually lead to the electronic 
levels responsible for the luminescence of scintillator molecules. In molecular 
structm'es three neighbour atoms bind to the trigonal configurations through 
the combination of tbeir orbitals and its hybrids into three" orbitals. Often 
at least one of these neighbours is another trigonal hybridized 0 atom, e.g. in 
ethylene (H20 = CR,). In this case the two p orbitals achieve maximum inter­
action by rotating their two nodal planes into coplanarity and combine into a 
1T orbital, denoted 7T because it is mirror symmetric with respect to the common 
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Fig. 1. Valency eleotron configurations for carbon. ea) In saturated structures (\"alene)' 
- 4). (b) In unsaturated structures (effeotive valency = 3). (c) In unsaturated structures 

(effective valenoy .= 2). 

nodal plane. The.,., orbital, or .,.,-bond, corresponds to the extra link between 
the two 0 atoms in the structural formula. Similarly a combination of two 
digonal configurations (as in acetylene HO == OH) produces a linear molecule 
with two.,., orbitals having mutually perpendicular nodal planes. 

An extended struoture of trigonal hybridized 0 atoms, called a "oonjugated" 
structure, achieves planarity in the same way as did ethylene. In the conjugated 
structure, however, each p orbital, beoause it has axial symmetry, interacts, not 
merely with one, but with two or three adjacent counterparts. This is expressed 
in structural formulae by "non·localized" 'IT.bonds, which are said to "resonate" 
between their different arbitrary positions in turn. A more accurate description 
is that the 7T electrons are non·localized and form a single stable system 
extending over the entire structure. 

The 'IT electron system of & molecule has, like any other electronic system, 
discrete energy states of its own. The energy states of the 'IT electron system 
can be regarded as different possible mutual phase alignments of its p-orbital 
components; the state of lowest energy, or lowe·ost'IT orbital, corresponds td all 
the p orbitals interaoting in phase, and the highest.,., orbital to each p orbital 
being 180· out of phase with all its nearest neighbours. In the singlet ground 
state of the molecule, its 7T electrons, which are even in number {corresponding 
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energy by the molecule we must also bear in mind that the skeleton may contain 
vibrational energy, the ent::rgy differences between its vibrational states 
generally being significant ('" 0·2 eV), although a good deal smaller than the 
7T electron level spacings ('" 4 e V). The skeleton may also contain rotational 
energy, but we may ignore this since the rotational energy changes are negligibly 
small « 0·01 eV). Furthermore the localized (inner shell and 0") electrons of 
the skeleton are capable of transitions of x-ray or far ultra-violet energies, but 
initially we may also neglect these since the photo-luminescence processes which 
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Fig. 2. Energy levels in an organic molecule and luminescence processes. (a ) Excitation. 
(b) Internal degradation. (c) and (d) Internal conversion. (e) Fluorescence . 

we shall be considering occur mostly, and have been studied, in lower energy 
regions. 

The luminescence processes in a scintillator molecule may thus be adequately 
described in terms of a simplified energy leyel system, or diagram, comprised of 
singlet 'IT electronic levels and vibrational levels. Such a diagram is shown in 
Fig. 2, where the electronic levels are denoted 0, I, 2, etc., and the vibrational 
levels are indicated as discrete sub-levels (suffixes 0, 1,2, etc.). It is perhaps of 
interest to note that the energy level systems of molecules are amenable to 
caloulation, as, for example, DEWAR and LoNGUET-HrGGINS (1954) and POPLE 

(1955) have recently shown for anthracene. For information on the methods of 
these calculations and details regarding the relation of electronic properties to 
molecular structure the reader is referred to the books of BOWEN (1946), 
PRmoSHEIM (1949), and FORSTER (1951). 

(b) Excitation and Emission of Molecular Luminescence 

Different stages of the luminescence process in a single molecule are repre­
sented in the sections (a), (b), (c), etc. , of Fig. 2. At ordinary temperatures the 
molecule will normally occupy the state 00 and excitation is represented by a 
transition of the type shown in (a), depending on the amount of excitation 
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the environment of the molecule does not change, hence for a large number of 
mutually isolated identical molecules simultaneously excited, the emission 
observed has a quantum efficiency less than unity and an intensity which decays 
exponentially with a characteristic lifetime or decay time. 

For 0-2 excitation we must consider four possible modes of de~excitation, 
namely 2-0 emission, 2--0 internal quenching. 2-1 emission and 2-1 internal 
quenching, with 1-0 de-excitation following both the latter two. However, it is 
found (see e.g. PruNGSHEIM, 1949), almost without exception in fluorescent 
organic materials and certainly in all the common scintillators, that 2-1 internal 
quenching has a very much higher probability than the other three processes. 
Neither 2-0 emission nor 2-1 emission are observed while the emission that is 
observed has all the characteristics (spectrum, decay time, and quantum 
efficiency) of that from 0-1 excitation. Direct 2--0 internal quenching must 
therefore be negligible and 2-1 internal quenching 100% efficient and rapid 
('" 10-11 seo) compared to the fluorescence lifetime of the I-D emission 
('" 10-' sec). The same appears to be true for excitation to the third level and, 
as far as is known, for any electronic excitation up to the molecular ionization 
energy. In every case higher order fluorescence transitions (such as those shown 
by broken arrows in Fig. 2) do not occur and only 1-0 emission is observed. 

The photo-luminescence process in a single molecule may thus be simply 
described without reference to the energy of the exciting light. In terms of 
Fig. 2 its stages are (a), (b), and (c) occurring within 10-11 seconds followed by 
either (d) or (e) occurring after a mean lifetime '" 10- ' sec. The quantum 
efficiency of the molecule is the fraction of times it re-emits a photon in a 
large number of excitations. This quantum efficiency and the mean lifetime 
depend on the probabilities of stages (d) and (e), and these, in turn, depend on 
the environment as well as the structure of the molecule. 

(c) liumine8cence Procell. in Scintillators 

To describe the luminescence process in any practical system such as a 
scintillator we must extend and modify our previous description (b) of the 
molecular luminescence process. 

First of all it is important to recall that molecular luminescence characteristics 
depend on environment. Thus, for example, the absorption spectrum of an­
thracene shifts toward longer wavelengihs (by about 300 A) on changing from 
vapour to dilute solution to crystal (KORTUM & Fr.'<CKH, 1942); the electronic 
levels of the molecule are more closely spaced in the more condensed systems 
due to a somewhat greater average interaction of 7T electron systems. BOWEN 

(1946, 1952) has described in some detail how molecular quantum efficiency 
and fluorescence lifetime depend on environment. The probability of I-D 
emission (Fig. 2e) is that of the I-D or 0-1 transition of the molecnle, which is 
proportional to the area of the 0-1 absorption band (see Fig. 3). The oscillator 
strength (proportional to E) of this band and its frequency abcissa both depend 
on the environment of the molecule. BOWEN also describes how internal 
quenching (Fig. 2d) may be interpreted in terms of potential energy diagrams 
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sufficient to ensure trapping of all or most of the solvent excitation energy, the 
luminescence characteristics of the two component system depend entirely on 
the transfer process and the characteristics of the solute; the emission spectrum 
is that of the solute and the quantum efficiency and mean lifetime are determined 
by those of the solute and the efficiency of the transfer process. 

Reabsorption of molecular emission is a third important effect which we ha.ve 
to take into account in considering the luminescence process in practical scintil. 
lation systems. This can occur in two component systems where one component 
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Fig. 4. Fluorescence spectra of anthracene. (a) )Iicrocrystals. (b) Redection (1 cms 
crystal). (0) Transmis.sion (1 cm3 crystal). (d) Transmission limit for a 1 cms orystal. 

emits at a wavelength lying within the absorption band of the other and also in 
pure crystals whose emission and absorption spectra overlap. Wherever it 
occurs, reabsorption has a marked effect on the luminescence characteristics of 
the system, the latter then being determined by several successive molecular 
luminescence processes, sometimes involving more than one species of molecule. 
Effects of spectral overlap, for example, are well demonstrated in the fluores­
cence spectra (2,537 A excited) of anthracene (Fig. 4), trans-stilbene (Fig. 5), and 
para·terphenyl (Fig. 6) crystals measured by BIRKS & WRIGRT (1954). The 
different spectra (a), (b) and (c) in these figures are normalized to coincide at 
their longest w&,elengths and represent different conditions of observation; 
(a) in reflection from & thin micro-crystalline layer; (b) in reflection from a. 

thick crystal and (c) in transmission through crystal 1 cm thick. In each figure 
the dashed line, (d), marks the short wavelength transmission limit for the 
respective crystal, as subsequently measured by WRIGRT (1955d). Where 
overlap, indicated by comparing (d) with (a) or (b), is large a considerable 
portion of the molecular fluorescence spectrum is removed in the transmitted 
spectrum, (c). Thus overlap affects considerably the spectral distribution of 
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For our purposes it is convenient to describe the degree of interaction of two 
scintillator molecules in terms of their '" electron "clouds" (Section 2(a)). We 
may define the interaction as "negligible" when the "clouds" are widely sepa.r­
ated and "strong" when they (or in reality the respective 7T electron wave 
functions) overlap by a.n arbitrary appreciable amount. There may be an 
intermediate region of "weak" interaotion when overla.p is negligible, due to 
the van der Waals or polarization forces between molecules. 

When two molecules possessing simi1ar electronic levels interact strongly they 
reach a state where their individualrr electron systems can no longer be resolved. 
The latter must instead be considered a.s a single system whose levels are similar 
but somewhat broader than those of its components. An arrangement of a 
large number of strongly interacting identical molecules similarly becomes 
characterized by .. banded energy level system instead of a number of identical 
but discrete molecular systems: In these strongly interacting arrangements the 
1T electrons of component molecules are non-localized and consequently elec­
tronic excitation energy is also non-localized over all the molecules. The term 
int.er4 molecular energy transfer thus loses its meaning since only the system as a 
whole but not its individual molecules contain excitation energy. Energy 
transfer between different positions of the system has a meaning, however, and 
here molecules serve to define different positions. Two modes of energy transfer 
may be distinguished. The first can occur when the excitation energy is sufficient 
to raise an eleotron from the highest broadened level, or filled band, of the system 
to its lowest empty band. Tbe excited electron and its "positive hole" (left in 
the filled band), being non-localized and independent of one another, may move 
freely in their respective ba.nds. The "electron migration" resulting constitutes 
a transfer of both excitation energy and charge. The second mode of transfer 
can occur when the excitation energy is insufficient to excite an electron to an 
empty band and arises because it is possible for the excited electron and its 
positive hole to exist in a series of states in which they are bound in one another's 
field. FRENKEL (1931) has termed an electron and positive hole bound together 
in this wayan l'exciton" and has described how the nOD4localized nature of 
the exciton leads to energy transfer in a system of strongly interacting atoms. 
Exciton transfer is to be distinguished from electron migration by the fact 
that only excitation energy, not charge, is transferred. 

In outlining exciton transfer and electron migration we were concerned with 
a. system of molecules in permanent strong interaction. What might be con· 
sidered as a variation of this system is that where localized groups of two or 
more molecules interact strongly but only for intermittent periods, during 
collisions for example. We would, from ·our previous considerations, expect 
intermittent exciton and electron transfer to occur in this system. Transfer 
phenomena of the former type were in fact observed and studied (CARIO & 
FRANCK, 1923; K..u.r.MA...."'iN & LONDON, 1929) in monatomic gases, prior to 
FRENKEL'S exciton hyp~thesis, and were given the name "sen.sitized fluores­
cence." By analogy with the latter. intermittent exciton transfer in mole· 
cular systems can also be called sensitized fluorescence. At the same time 
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obscured in this region of "strong" interaction, however, because of the diffuse 
or non-discrete nature of the 7T electron cloud compared to the discrete bound­
aries of typical metallic anteIUlae. We could simulate the 7T electron cloud more 
closely if we used antennae constructed from a hypothetical type of wire whose 
properties ranged continuously from perfect conductor along its axis to perfect 
insulator of unit dielectric constant at its surface. Thus the merging of two 
anteIUlae surfaces into a common new medium would become the analogy of 
7T electron cloud overlap in the strong interaction. In turn this new medium, 
sometimes approximated to in practice by the core of a transformer, would lead 
to highly efficient transfer analogous to exciton transfer. To represent electron 
migration we would have to attribute even more hypothetical properties to the 
antennae materials, but this we shall not do. 

The analogy we have developed also helps to clarify some of the factors 
governing inter-molecular energy transfer, The resonance condition for transfer 
of molecular energy (Section 2(0)) has its analogous condition of equivalent 
resonant frequencies in the antennae. Also, like the analogous r.f. radiation 
from its equivalent flat antenna, emission from an excited molecule is polarized 
and has a polar diagram (of probable direction of emission) with a maximum 
perpendicular to its plane. Thus the efficiency of radiative transfer between 
two molecules is sensitive to their mutual orientations reaching a maximum 
when their planes are parallel and their axes (perpendicular to their planes) 
aligned. It is also readily Been that non-radiative modes of transfer depend on 
the mutual orientation of the molecules in exactly the same way. 

The continuous traIlBition between different modes of transfer makes it 
difficult to attribute any given observed transfer effect to a particular mode. 
Transfer processes have been identified in scintillators and in similar systems 
by studying characteristics such as efficiency, emission lifetime, spectra, polar­
ization of emission and the dependence of these characteristics on one another 
and on the composition, size, temperature, etc., of the scintillator. 

Radiative transfer has been indentified in many pure organic crystals by 
studies of spectra, decay times and efficiencies as we indicated in Section 2(c) 
when describing effects of spectral overlap. Anthracene is typical of crystals 
in which considerable radiative transfer occurs. However, it is now well es­
tablished for all crystals including anthracene that the radiative transfer is 
trivial compared to the non-radiative transfer that occurs. BowEx' et al. 
(1949), for example, found transfer from anthracene to naphthacene so efficient 
in mixed crystals with the latter as impurity, as to require explanation by a 
resonance transfer process. Their interpretation was subsequently questioned 
by BmKs (1953, 1954) on the grounds that the high transfer efficiency could be 
due to several radiative exchanges in the anthracene (arising from it·s spectral 
overlap) which would multiply the chances of radiative transfer to naphthacene. 
However, the conclusions of BOWEN et al. are now supported by several other 
independent investigations. WRIGHT (1955d) for example, has identified non­
radiative transfer in a rather special sort of "mixed" crystal, namely a surface 
layer (~ 10- 4 em thick) of an anthracene crystal containing a non-fluorescent 
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Other interesting ideas are tentatively advanced by KRENZ. There is evidence 
noted by tbis author and others (e.g. HmRleRS, 1954) that some solutes such as 
anthracene can, during polymerization, enter into chemical bonding with poly­
styrene chains without significant additional effect on their orr electron systems 
and hence fluorescence characteristics. It would appear that this increases the 
coupling between anthracene and polystyrene '1T electron systems and, therefore, 
the non-radiative transfer. 

(e) Luminescence Excited by Particles 

The scintillation process differs from the photo-excited luminescence process 
only because of the more complex excitation conditions produced by ionizing 
particles. In the scintillation process the excitation is instantaneously produced 
in a primary excitation column, perhaps only 10 to 100 molecules wide, and all 
possible states of the scintillator molecules are excited as weIl as some molecules 
being ionized and others dissociated or chemically damaged. We can assume 
that those molecules initially excited in their 7T electron states will initiate 
luminescence processes as we have described above, i.e internal conversion to 
their 1; levels in '" 10- 11 sec, then energy transfer with partial or complete 
trapping in solutes and/or impurities culminated by quenching or emission. 
Luminescence processes may also arise from conversion of other excitation 
energies (e.g. of a-bonds or K electrons) to '1T electron excitation or from re­
combination of ionized molecules and electrons into excited molecules. At all 
stages of these luminescence processes excited molecules are subject to the rather 
special and rapidly changing environment of the primary column, and this has 
the effect of increasing the probability of quenching relative to that of emission 
in the final stage, that is of producing additional primary quenching effects, 
peculiar to particle excitation. It is believed that these primary quencbing 
effects produce the 1Wn~linear response properties or organic scintillators, and 
that they are largely responsible for the low efficiency of the scintillation process. 
They are also thought to playa part in determining the mean lifetime or decay 
time which characterizes the scintillation emission. 

Non-linearity of response-Due to primary quenching the response L of a 
scintillator to a particle of energy E depends on the excitation density produced 
by the particle, and hence on the specific energy loss dE/dx of the particle. 
Now dE/dx depends on the nature of the particle and varies along the primary 
column, reaching a maximum near its end. Hence L is not in general propor­
tional to E, and may only be related to E in terms of a relation between the 
"specific response," dL/dx, and the specific energy loss, dE/dx. Several dilrerent 
forms for that relation have been proposed by different authors. BIRKS (1951) 
relates dL/dx and dE/dx by: 

dL 

dx 

A dE/dx 

1 + BdE/dx 
(1) 

This relation describes a potential specific response, A dE/dx, which is reduced 
in the ratio (1 + B. dE/dx)-l by primary quenching. A and B are constants 
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Here a, p , and k are constants associated with the probabilities of bimolecular 
quenching, fluorescence emission and unimolecular quenching respectively. 

A comparison of the a.vailable response da.ta for anthracene 'With the reJations 
(I) and (4) is shown in Fig. 7. To carry this out, dLldx data were constructed 
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crystals. 

Theoretical GUrtl": 

(a) from eq. (1) using 
A = 1040 responae units/)!eV 
B = 6·6 mg cm-spreV. 

(b) from eq . (4) using 

Ezperimental Data: 

pIa =0 52 response unit.s/mg cm-1 

_G_ .".20 mg cm- 1p,IeV. 
p+k 

(i) externally incident electrons. 0 HOPKIXS (1950,1951), TAYLOR d al_ (1951). 

(ii) photoelectroIlB + ROBINSON & JENTSCIIKE (195-1) 

(iii) protons 

(iv) alpha particles 

'" Bnurs & BROOES (1954, 1956) 

.. FOW"LER & Roos (1956) 

o FIU.NZJl!.~ d ai. (1950). TA1r."LOR et al. (1951). FREY d ai. (1951). 

X FOWLER & Roos (1955) 

'V ZIMMERMA,N (1955) 

eJBIRXB (1950), TA1r."LOR d at. (1951) 

lBIRKS & KINO (1952) 

t. ZIhIMEJl.WAN' (1955). 
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there are indications that the data for different particles (e.g. for protons and 
alphas in Fig. 7) do not fit a common curve. This could be due to surface 
effects and to other causes. Surface effects would act to make dL/dx smaller 
for short range protons than for longer range alpha particles of the same dE /dx, 
as is observed experimentally (at dE/dx = 0·5 JlIeV/mg cm-2 in Fig. 7). It has 
also been suggested by WRIGHT (1955c) that the observed saturation of dL/dx 
for alpha-particles (dE/dx '> 1 MeV/mg cm-') might be a deviation from 
curve (b) produced by surface effects. This cannot be tested without proper 
knowledge of the surfaces used in the indiyidual response measurements, 
however. 

ZIMMERMAN (1955) draws attention to the uncertainties introduced in ex­
perimental dL/dx vs. dE/dx data by uncertainties in range·energy data. Present 
knowledge of the stopping power for both electrons and heavy particles in 
anthracene or similar substances is unfortunately very limited, particularly in 
the low energy region. 

Other possible contributory causes to the differences between theoretical 
curves and experimental data in Fig. 7 could arise from the simplifying assump· 
tion, common to all four equations, that the excitation density produced by 
any particle is proportional to its energy loss per unit distance traversed in the 
scintillator. This is not necessarily true since; 

(i) The actual density of excitation, i.e. the excitation per unit volume must 
also depend on the cross-section of the primary column, which may vary 
with the charge and velocity of the particle. The difference in this cross· 
sectional area might be small and therefore justifiably neglected for different 
particles of low charge but would not be negligible for heavily charged 
particles such as fission fragments. This might explain the observation by 
Mn.TON & FRASER (1954) that the response of stilbene to fission fragments 
exceeded that to be expected on the basis of the observed saturation of 
dL/dx for alpha-particles. Any saturation for fission fragments would be 
expected to occur at a higher value of dL/dx due to the broader excitation 
column which they produce. 

(ii) The proportions of particle energy distributed to the various primary 
excitation processes (excitation, ionization, dissociation, damage, etc.) are 
known to depend both on the nature and the energy of the particles. The 
first is shown by the fact that alpha.particles produce far greater damage 
than do electrons, in anthracene and other crystals (BLACK, 1953). The latter 
follows from the fact that slower moving particles produce more excitations 
per ionization than do fast particles, but is important only at energies near 
or below the maximum of the Bragg ionization curve. « 5 ke V for elec­
trons, '" 50 keV for protons, '" 300 keV for alpha-particl;; in anthracene.) 
ZIMMERMAN'S helium ion data. fall within this range a.nd might therefore be 
affected by these considerations. 

These possible defects in response theories constitute a limitation to our 
comparison of experimental data with the theoretical curves; but more 
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particles (3·6 MeV) he finds that the long decay is e>--ponentia!. For electrons 
the period of the decay is 31 m,usec, in agreement with SWANK'S measurements; 
for alpha-particles it is , however, 53 m,usec. 

Scintillation pulse shapes given by WRIGHT for anthracene are shown in 
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FIG. 8. Average shapes ofscint.illat.ions emitted by an ant.hracene cryatal (1 cm' X 1 mml 
(a.) Excited by electrons. (b) Excited by alpha.pa.rticles (3'6 MeV). Vertical scales are 
adjusted to equalize the a.reas of (a) and (b) 80 that these represent scintillations or equal 

total light output. 

Fig. 8. After noting and taking into account the important reabsorption effects 
in this material he interprets these shapes by resolving ea.ch scintillation into: 

(i) emission from primarily excited molecules 
(ti) emission from excited molecules formed by recombination of electrons 

and primarily ionized molecules. 

High excitation densities in the initial stages of the scintillation make the 
probability of primary quenching large. Hence the initially excited molecules 
are rapidly de-excited and only a small fraction of them emit (component (i)) , 
producing the characteristic initial surge of fluorescence. 

Excited molecules resulting from ion recombination are less affected by 
primary quenching since these are formed mainly after the excitation density 
has dropped appreciably. A large fraction of these emit, as a result, producing 
the long decay component, (iiL conta.ining most of the emission. For alpha­
particles, or, more generally, for higher initial excitation densities this fraction 
is smaller, since primary quenching conditions persist for longer. Apart from 
the reduced efficiency this results also in an increase in the apparent lifetime 
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particles (3·6 MeV) he finds that the long decay is exponential. For electrons 
the period oftha decay is 31 m,usec, in agreement with SWA...'fK'S measurements; 
for alpha-particles it is, however , 53 m,usec. 

Scintillation pulse shapes given by \VRIGHT for anthracene are shown in 
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FIG. 8. Average Bhapes of scintillations emitted by an anthracene cryatBl (1 cm2 X 1 mml 
(a) Excited by electrons. (b) Excited by alpha.pBrticles (3·6 ),Ie\'). Vertical scales are 
adjusted to equalize the areas of (a) and (b) so that these represent scintillations of equal 

tot.allight output. 

Fig. 8. After noting and taking into account the important reahsorption effects 
in this material he interprets these shapes by resolving ea.ch scintillation into: 

(i) emission from primarily excited molecules 
(ii) emission from excited molecules formed by recombination of electrons 

and primarily ionized molecules. 

High excitation densities in the initial stages of the scintillation make the 
probability of primary quenching large. Hence the initially excited molecules 
are rapidly de·excited and only a small fraction of them emit (component (i)), 
producing the characteristic initial surge of fluorescence. 

Excited molecules resulting from ion recombination are less affected by 
primary quenching since these are formed mainly after the excitation density 
has dropped appreciably. A large fraction of these emit, as a result , producing 
the long decay component, (ii), containing most of the emission. For alpha­
particles, or, more generally. for higher initial excitation densities this fraction 
is smaller, since primary quenching conditions persist for longer. Apart from 
the reduced efficiency this results also in an increase in the apparent lifetime 
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electrons, while (i) and (iv) reach significant magnitudes only for heavy, highly 
ionizing particles. 

3. ORGANIO CRYSTAL Sor"TILLATORS 

The better known and most widely used organic scintillation crystals are 
anthracene, traM-stilbene, para-terphenyl, and diphenylacetylene all of which 
are readily ava.ilable from commercial sources. Many other materials $uch as 
quaterphenyl, pyrene · and carbazole are also good scintillators (S"-"GSTER, 
1952). These have been less widely applied and studied, however, mainly 
because they are not readily obtainable as suitable crystals. 

For practical purposes it is convenient to classify and compare different 
crystals in terms of their characteristics, scintillation efficiency. degree of non­
linearity of response, emission spectrum and scintillation lifetime. To interpret 
scintilla.tion mechanisms, however, we require to know in addition the fluores­
cence characteristics of the scintillator and its molecules. In the present 
section we discuss the methods used to measure fluorescence a.nd scintilla.tion 
characteristics and the data obtained for the more common crystals. 

(a) Fluorescence and Scintillation Efficiences 

It will be recalled from Section 2(b) that we define the quantum efficiency of 
fluorescence as the number of quanta emitted per quantum absorbed by a 
material in the photo-luminescence process. This efficiency is truly character­
istic of a pure material only when there is no reabsorption of fluorescence. It is 
then called the molecular quantum efficiency. Quantum efficiencies observed 
under practical conditions (e.g. in crystals) may be less, due to the effects of 
reabsorption (Section 20). 

By absolute scintillation e.ffkiency we define the fraction of the energy dis­
sipated by a particle which reappears as scintillation emission. In other words. 
its reciprocal would be the quantity of energy dissipated per photon emitted. 
Scintillation efficiencies of crystals may also be less than characteristic molecular 
scintillation efficiencies. owing to reabsorption effects. The efficiency referred 
to is normally that for excitation by fast electrons since it is only for these that 
So constant efficiency (Le. linear response) is obtained. 

Direct measurements have been made of the absolute quantum efficiencies 
(e.g. GILMORE et al., 1952; FORSTER & LIVINGSTON, 1952) and absolute 
scintillation efficiencies (e.g. HOPKINS, 1951; HARRISON,1952; FURST et al ., 
1953; BmKS & SZENDREI, 1953) of crystals and liquids. Direct methods have 
a fundamental limitation. however, in that they require an accurate calculation 
of the exact fraction of fluorescence or scintillation emission collected by a 
detector. The latter estimation is always difficult and can be further com­
plicated by reabsorption, by anisotropic optical properties in the crystal and 
even by surface effects if excitation is principally in the surface layers. 

An indirect method for measuring absolute quantum efficiencies has recently 
been developed and applied to anthracene crystals by WRIGHT (1955a). An 
effect of reabsorption in a pure crystal is to make the lifetime of its emission. 

275 



ORGANIC CRYSTAL SCINTILLATORS 

standard cannot be relied upon. SCOTT et al . (1952) and SA.. .. GSTER (1952) have 
pointed out the extreme difficulty in obtaining pure anthracene and also the 
tendency of purified samples to deteriorate. SA"GSTER has also shown that 
different methods o(preparation can lead to pulse height variations of 20%. 
fuYES et al. (1956) report variations of a similar magnitude amongst com­
mercially prepared anthracene crystals. From all accounts stilbene would be 
a. much more suitable standard than anthracene. 

Numerous different observations of the scintillation efficiencies of 1 cm3 

crystals of trana-stilbene, p-terphenyl and diphenylacetylene place these all 
in the range 0·6 to 0·7 relative to anthracene. Thus the absolute scintillation 
efficiencies of these crystals are probably all about 90 eV/photon. 

(b) Responae to different particles 

Most scintillation detectors are operated as energy spectrometers of one sort 
or another and for this a knowledge of the response-energy relationship of the 
scintillator for the particle concerned is essential. No special difficulties arise 
in making or interpreting response measurements, except for particles of low 
energy. For the latter, two important effects must be considered namely; 

(i) For a small response, statistical fluctuations in photomultipliers 
produce a markedly asymmetric output pulse height distribution (see e.g. 
WRIGHT, 1954a, b; or BREITE"BERGER, 1955). The mean pulse height of 
such a distribution may not be identified with its most probable (peak of 
the distribution) pulse height, which is more easily determined ; it can, how­
ever, be obtained from the latter by a simple procedure described by WRIGHT 
(1954c). The most probable pulse height must first be reduced to a scale of 
equivalent number of photocathode electrons, N" as described by GAlILICK 

& WRIGHT (1952). The number of photo-cathode electrons, N m' equivalent 
to the true mean pulse height is then given by: 

(7) 

where !J. is a constant which is slightly dependent on multiplier gain but 
whose average value is about 0·7. 

(ii) Surface effects must be taken into account in interpreting response 
measurements for short-range surface incident particles. WRIGHT (1955c) 
has described a simple procedure for doing this. The crystal is excited by 
light of constant quantum intensity but various different wavelengths, 
selected, in consultation with absorption data, to give various different mean 
depths of penetration below the surface. Thus a measurement of fluorescenc~ 
efficiency as a function of depth of excitation below the surface is obtained. 
It is to be hoped that measurements of this type will be undertaken simul­
taneously with any future response investigation in which surface effects 
appear to matter. 

Response da.ta for anthracene crystals are summarized in Fig. 7. For practical 
purposes it is useful to present these data in their original form-response L vs. 
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protons. Detailed response data for stilbene may be found in the papers of 
TAYLOR et al. and FOWLER & Roos; an approximation worth noting is that in 
terms of the ratios given by TAYLOR et al. the relative responses of stilbene to 
different particles and energies are as in Fig. 9 except that the proton and alpha­
particle responses must be multiplied by 0·7. 

A convenient measure which SWANK (1954a, b) adopts to describe non­
linearity is the "alpha-to-beta ratio." This is defined by comparing the ratio 
of pulse height to energy for polonium alpha-particles (5·3 MeV) with that of a 
high energy electron (> 1 MeV). It is 0·10 for anthracene as can be seen from 
Fig. 9, while the measurements of TAYLOR et al. show that it is about 0·07 for 
stilbene. Various other measurements have indicated that the alpha-to-beta 
ratios of terphenyl (HOFSTADTER, 1950) and diphenylacetylene crystals and 
other organic scintillators are very close to those of anthracene and stilbene. 

(e) Emis8ion Spectra 

To achieve an efficient scintillation counter the scintillator must transmit a. 
maximum proportiori of its emission directly to the photomultiplier cathode and 
the emission which it transmits must be of a wavelength which matches the 
spectral sensitivity curve of the latter. The extent of reabsorption (the effect 
which determines the former factor) can be eyaluated from emission spectra 
measurements for different conditi9ns of excitation (see Section 2c); at the 
same time emission spectra observed in transmission through the scintillator can 
be used to determine the degree of matching with the photomultiplier cathode. 

Emission spectra measurements are, for the most part, straightforward. 
Lltra-violet light is the most convenient means of excitation to use, duc pre­
cautions being necessary, of course, to eliminate "background" fluorescence 
e.mission from the excitation source, crystal holder, etc. Where a quantitative 
knowledge is reqnired of the spectral characteristic, the light detector used 
(photomultiplier or photographic plate) must be calibrated in units of relative 
t'nergy, or of relative quantum intensity and the variation of bandwidth and 
transmission coefficient of the dispersive apparatus used (spectrophotelometer, 
spectograph, etc.) with wavelength must be known. KrYo (1954) and BmKs & 
WRIGHT (1954) have given full details of fluorescence spectra determinations. 
Spectra obtained by the latter authors for anthracene, stilbene, and terphenyl 
crystals are shown in Figs. 4, 5 and 6. It should be recalled that the scintillation 
emission for each ofthese crystals has the spectral distribution of the transmitted 
spectra (curves (c)) in these figures. 

Fluorescence spectra for diphenylacetylene crystals are also given by BIRKS 
& WRIGHT (1954) and hy KI:orG (1954). 

(d) Fluore8cence and Scintillation Lifetimes 

:Modem methods tha.t have been used to measure fluorescence lifetimes of 
scintillators are based on the method originally due to GAVlOLA in 1927, sub­
sequently extended by other authors (see e.g. FORSTER, 1951) and lately 
especially hy BAILEY & ROLLEFSON (1953). In this mcthod the intensity, IE' 
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Table 2_ Mean FluOTe8cence Lifetimes of Crystals (at room temperature) 

Molecular emi88ion 
lijt1.ime.1m 

(m.uscc) 

Cry&tal emi.t8wnt 

Anthracene 

trans-Stilbene 

para-Terphenyl 

3-5 ± 1-0 (2) 
6-4 ± 0-2 (3) 

1-7 ± 0-6 (2) 

3-5 ± 1-0 (2) 

Dipbenylacetylene . 

Data references (I) LIEl!SO!'f et al. (1950) 
(2) Bouts &; LITTLE (1953) 
(3) HAMILTON (1955) 

• Mean of 60 me88Ul'ements for average aged surfaces. 

lifetime, 1 e 
(mpsec) 

17 
14 ± 2 
12-6 
24-2 

3-1 
3-0 ± 0-8 
4-8 

11 
3-8 ± 1-0 
5·2 

2-5 
3-0::': 0-8 
4-7 

t Mean of 70 measurements for freshly.olee.ved. glass.smooth, surfaces. 
t Crystal size :> 2 mm thick. 

(1 ) 
(2) 
(3)' 
(3)t 

(1) 
(2) 
(3) 

(1 ) 
(2) 
(3 ) 

(1 ) 
(2) 
(3) 

anode pulses must be made large enough to record directly on more conventional 
oscillographs_ POST & SHIREN (1950) (see also POST, 1952) and SIXGER ef aI_ 
(1956) obtained large anode pulses by operating the photomultiplier at a ,ery 
high voltage (~5kV) for short periods lasting about one microsecond ; this 
method has the advantage that the high voltage also reduces the transit time 
spread in the photomultiplier and thus improves the time resolution obtainable_ 
Pmr.r.rPs & SWANK (1953) obtained large anode pulses by using artificial pulsed 
x-rays instead of single nuclear radiations to excite large scintillations. A 
notable advantage of their method was that successive scintillations were of the 
same size and occurred at a controlled time; hence they could be accurately 
superimposed and averaged in a single recording. By experiment and calcula­
tion including factors such as the finite x-ray pulse width, PHILLll'S & Sw -'--"K 
determined that the time dispersion of their experimental system was 3 to 4 
millimicroseconds_ They showed that scintillation lifetimes greater than this 
value could be accurately determined by plotting the co-ordinates of recordings 
on semi-logarithmic paper (Fig_ 10) and measuring !lIopes_ The slow components 
evident towards the ends of the decay curves in Fig_ 10 have also been studied 
by a direct pulsed x-ray method_ lliRrusON (1954) has described how these 
components are enha.nced by employing a long pulse of x-ray excitation. 

Indirect methods, although more complicated in principle, are often simpler 
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WRIGHT (1956) has developed a novel indirect method which utilizes the fact 
that the power, W, generated by scintillation pulses in the photomultiplier anode 
load, R, depends on their shape. For exponential anode pulses of decay time, 
T, mean pulse height, P', recurring a.t a frequency z, he shows 

[ 
var (V)] i'R 

W= 1 + ~ 2.('T+ RO) (10) 

where i is the mean current and C the capacitance to earth at the anode . 
WRIGHT uses a thermistor bridge in the anode load to determine W. A check 
of W-1 as a function of R-1 in terms of eq. (10) serves to determine whether 
the mean anode pulse shape is exponential and if so determines 'T. For anthra­
cene crystals excited by ga=a-rays and alpha-particles WRIGHT obtained that 
the mean anode pulse shapes were exponential giving 'T = 31 m.asec and 
53 m.asec respectively. From this he calculated that when photomultiplier 
transit time spread effects were taken into account, the mean scintillation pulse 
shapes must be as illustrated in Fig. 8. 

Scintillation lifetime data reported by various authors for anthracene, stil­
bene, terphenyl, and diphenylacetylene crystals excited by ga=a- or x-rays are 
listed in Table 3. SwANK & BUCK (1955) have pointed out that the scintilla­
tion lifetime is very sensitive to impurities. Sinillarities are evident in Table 3 

• 
Table 3. Moon Scintillm.ion Lifetimes of Organic Orystals (;;;. 1 mm thick), 

far y -Tay or x-ray Excitation 
Lifetimes are given in units of 10-' sea and refer to room tempera.ture 

__ 20°C to 25°C 

~ 
Bar.haw National preparation SANGSTER1a) 

La,,,, Mi4ctllan6Q1U or 
(1952) I natruml!1U Chemical Radi<:u: Unknoum Company Company I ... 

Cry6tal 

Anthracene 30 (7) 33'2(10)lbJ 24 (4) I 35.3(10)lb) 

3' I') I 
3. 11) 30 (3) 2"'(8) 

29-9 110) 31 (l1)le) 23 (2) 23 (6) 26 (9) 
38'4(10)lbJ . 

tram-Stilbene 
8 (7) I 

I 
I 6'4(l0)'b) 12 11) .·7 (4) 8.2(8) 

< 3·0 110) 

I 
6 (2) 13 I') • (12) 
8 (3) 6·9 (6) 

para.Terphenyl I 12 (7) I I I 
6'0(10)lb) 6 (3) 

I 4·6 (10) . 

Diphenylacetylene 7 (7) : 1)·4 (lO)!b) • (3) 
3'5 10 ! 6·9 8) 

Ca), (bJ, Ie) Crystal Sizes! (a) i# diam. X t#j Cb) fI-" diaLa. X j"; leI 1 em' X 1 mm 

(1) HOrSTADTEB u al. (1950) 
(2) POST ,& Sm:a:cr (1950) 
(3) LllCBSON u al. (1950) 
(4) LmmBY (HI50) 

RI!Jert-ncu 

(6) ELLIOT d al. (1950&) 
(6) BlTTl1Alf d at (1952) 
(7) SANGSTER (1952) 
(8) PmLLIl"S & Sw ..... "1][ (1953) 
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(9) HANLE & JANSEN (1954) 
(10) SWAN1t & Buox (1955) 
(11) WRIGlI'l' (1956) 
(12) SINGER d al. (1956) 
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(i) excitation of solvent molecules; 
(ii) transfer of excitation energy between solvent molecules together with 

primary quenching; 
(iii) trapping of excitation energy by the solute moleoules ; 
(iv) emission or quenohing in the solute. 

The ooncentration depende"ce of llquid scintillator characteristics (especially 
effioienoy) arises from the oono,ntration dependence of stages (iii ) and (iv). 

/"' 
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1/ 
V- i\- pjo 

~ 

t '/ 
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3400 3800 4200 4600 5000 5400 
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Fig. 11. Emission spectra of scintillator solutions in toluene (excitod by 
gamma rays) . 

Because the trapping probability, (iii), increases with solute concentration, c, 
the efficiency, Tj, also increases with c, at low concentrations. At higher con­
centrations the quenching in (iv) generally increases due to "self-quenching" 
(K4TJMANN & FoItsT, 1951b) ; hence TJ generally reaches a maximum and 
decreases again as c is further increased. ~1L"'N & FuRsT showed experi­
mentally that this type of '1 VB. C relationship held for a wide variety of solutions. 
They also showed, by consideration of the competition between trapping, 
emission, internal quenching, self-quenching, etc., that 'YJ could be expressed 
(FullsT & KAUMANN, 1952); 

Pc 

'1 = (Q + c)(R + c) 
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Duignatu.m 

p-Terphenyl 

PPO 

aNPO 

PBD 

POPOP 

BBO 

MBBO 

LIQUID SCI!\TILLATORS 

Table 4. "Phenyloxazole" and" Phenyloxadiazole" Solutes 
(after HAn:s et al ., 1954) 

Rdative· 
StructUTt p"'" 

height 

0-0-0 !-OOt 

croJLO I 
!-06t 

Q-l)'~ 0·96t 

QJ::5L-O-O H8t 

--N N--

Q-loY-Q--lloJ-Q 0-S6: 

OQ-lJ-O-o 0-86! 

C'rr, S~,-Q-cH, 

Q-Q-lol-O-O 
• 

DuignatWm: PPO. 2, 5 diphenylo:xazole; 
aNPO. 2-(1-nspbthyl)_S_phenyloxazole; 
PBD. 2-phenyl-6-(4-biphenylyl) -1, 3, 4-oxadiB:zole; 
POPOp, 1. 4-bis 2_(5_phenyloxs.zolyl)_benzenei 
BBO. 2, S-di-(4-biphehylyl) -oxazole; 
MBBO. 2, 5-dH4-biphenylyl)-3 methyloxazolium p-toluenesulphona.te . 

Solubility 
in tolulIM 
al 25"0 
(g/litre) 

I 8 

I 
270 

7. 

> 20 

1-2 

,.. 
I 
I 

• OonditWM: (1) Volume 1 ml; (2) AJumi..n.ium reBeetor ; (3) DuMont 6292 Photomultiplier; 
(4) For Csia? electrons. 

t For 3 g/Utre solution in. toluene. 
: For 1 gjlitre solution in. toluene. 

can be used to best advantage where the energy transfer from primary solvent 
to solute would otherwise be inefficient and that the main conditions for their 
effective use are that there should be efficient transfer of energy to and from 
themselves. Naphthalene appears to be the most useful of the secondary solvents 
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1953), PPO (PruNOLE et al., 1953), BBO, MBBO (HAYES et al., 1954) and 
POPOP (OTT et al., 1955). Complete shifting of the scintillation spectrum to 
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Fig. 13. Effects of additional "solvents" on the response of the system n-butylphosphate 

+ 9, 10.diphenylanthraeene (O·IS g/litre ) to gamma-rays. 
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Fig. 14. Wavelength shifting with a. NPO in 6 g/litre terphenyl in toluene. 

that of the secondary solute is accomplished with very small secondary solute 
concentrations (0: 0·1 gflitre) as, for example, HAYES et al. (1954) have demon· 
strated for ex NPO in 6 g/litre terphenyl in toluene (Fig. 14); thus the low 
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To conclude this discussion ofthe efficiencies of liquid scintillators it is perhaps 
of interest to recall a very useful paper by GARWIN (1952) on the design of 
liquid scintillator cells. GARWIN notes especially that phenylcyclohexane + 
terphenyl + diphenylhexatriene solutions can be used without risk of poisoning 
in lucite containers (cemented by acetic acid) and also gives details regarding 
the design and construction of "light pipes" to give both efficient and uniform 
light collection. 

Non-linearity of re8p01t8e-Little detailed information is available on the non­
linearity characteristics of liquid scintillators. However, REYXOLDS (1952) has 
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determined that the alpha-to-beta ratio for solutions of terphenyl in toluene 
decreases with decreasing terphenyl concentration, from 0·09 at 5 g/li!re to 
0·06 at 0·2 g/litre. Most liquid scintillators would appear to show similar non­
linearity characteristics according to FURST & KATUU"N (1952) and 
HARRISON (1952); hence their relative responses to different particles and 
energies are probably similar to that of anthracene crystals, shown ill Fig. 9. 

Scintillation lifetime.s-The scintillation lifetilnes of liquid scintillators for 
gamma-ray excitation are mostly of tho order 3 mJ.lsec or less, close to the lower 
limit of measurement, set by the transit time spreads of the fastest modern 
photomultipliers. Pulsed photomultiplier techniques (Section 3d) are probably 
the most suitable for measuring lifetimes of this order. Two independent 
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Useful methyl borate loaded liquid scintillators have been described by 
MUEBLHAUSE & THOMAS (1953) and BOLLINGER (1955); both used equal volumes 
of methyl borate and scintillator solvent (phenylcyclohexane and toluene 
respectively) and the former used a solute combination of either terphenyl 
(4 g/litre) + diphenylbexatriene (8 mgflitre) or PPO (4 g/litre) + diphenyl­
hexatriene (16 mg/litre), while the latter used PBD (4 g/litre) + POPOP 
(20 mgflitre)_ For an enriched methyl borate (70% BlO) loading and a 2-5 cm 
scintillator thickness, BOLLINGER (1955) quotes a mean neutron capture time 
of 0-4 ,"sec and a detection efficiency", 40% for 1 ke V neutrons. Practical 
limitations which affect the detector arise from the small response of the 
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Fig. 16. Relative pulse heights (for CslJ1 electrons) for 3 g/litre PPO solutions 
in toluene mi..xed with various less efficient solvents. 

scintilla.tor to the Hhea.vy" Li' a.nd alpha particles; for scintilla.tors a few cm 
thick all or most of the 0·48 Me V gamma-ray energy will generally escape so 
that the neutron is detected by a pulse equivalent to ~ 0·2 MeV of electron 
energy. This demands effective discrimination against photomultiplier noise 
pulses and makes pulse height discrimination against gamma-ray background 
difficult. 

Boron has also been successfully loaded into liquid scintillators in the form 
of triborine-triamine (B,N,H,), or borawle, by KIRKBRIDE (1953) and HOOVER 
& DORNE (1954). The striking fact about this compound is its similarit y to 
benzene in structure (a hexagon of alternate Band N atoms instead of 6 C 
atoms) and absorption spectrum (PLATT et al. , 1947). However, the hope that 
it would be as efficient a scintillator solvent as benzene was not fulfilled. 
KIRKBRIDE (1955) has suggested that this failure is due to inefficient energy 
transfer from borazole to solutes such as terphenyl and that it might be overcome 
by using a suitable secondary solvent. 
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activities of loaded isotopes, notably the f3 emitters C'4 and H' whose spectral 
end points are 155 and 18 ke V respectively. Quick and reliable techniques for 
estimating (Jl4 and H' activities are demanded by the widespread use of these 
isotopes as labelling atoms in the tracer chemistry of organic compounds and 
the use of C" in radiocarbon dating. 

Particular advantages to liquid scintillation techniques are their 41T detection 
properties (see above) and the fact that solid samples may frequently be dis­
solved directly in the detecting medium; thus the inconveuience of preliminary 
processing (e.g. to CO2 or H2 for gas counting) and the hazards of contamination 
during such processing are often avoided and time is saved. 

1000001~~~~~~~~::::::::::~;:=t ct· labelled cholesterol 
44,000 dis/min 

~ 10000 
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Fig. 18. Liquid scintillator counting of au and H'. Counting rates as a function of 
photomultiplier voltage. 

Various methods have been employed to load C" and H' labelled compounds 
into liquid scintillators. The loading is most ideally accomplished when the 
labelled compound is soluble in an efficient scintillator such as terphenyl-xylene 
or PPO-toluene and is a diluter rather than a quencher. Many compounds 
among the steroids and fatty acids fulfil these requirements and fairly large 
samples of them can be dissolved and counted with high efficiency, e.g. caproic 
acid (RABEN & BLOEMBERGEN, 1951), stearic acid and cholesterol (HAYES & 
GoULD, 1952; RoSENTHAL & ANGER, 1954). Results obtained by ROSENTHAL 
& ANGER, using a DuMont type K-ll77 photomultiplier and a xylene-terphenyl 
(1·9 g/litre)-diphenylhexatriene (0·02 g/litre) scintillator operating at -10°C, 
are ,shown in Fig. 18; they estimated that their apparatus could resolve 
1·8 X 10-11 curie of C" in cholesterol and 4·3 X 10-10 curie of H' in stearic 
acid. 

Labelled compounds which are insoluble in the most efficient solvents (xylene, 
toluene, or phenylcyclohexane) present a bigger loading problem. Sometimes 
these may be dissolved in a diluter which i8 soluble in the efficient solvents. 
HAYES & GOULD (1952), for example, determined H' activities in tritium water 
by making a diluter of 95% ethyl alcohol (5% HTO) and adding this (1 part 
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series of collisions to recoil protons or electrons respectively and thus eventually 
to the scintillation process. A scintillation pulse height proportional to energy 
may thus be obtained for photons but not, in general, for neutrons, due to the 
non-linear response of the scintillator to protons. 

Probably one of the first large liquid scintillators designed to operate on the 
total energy absorption principle outlined above was the high-energy gamma­
ray spectrometer described by CLELAND and KOCH (1952) ; they used a solution 
of xylene-terphenyl 48 in. long X 7 in. diameter viewed by sixteen RCA 5819 
photomultipliers_ FOOTE and KOCH (1954) have recently given further infor­
mation about this instrument. Using the ~10nte Carlo sampling method they 
calculated that escape of secondary energy from the counter would limit its 
resolution, for photons entering along its axis, to about lO~~ at 5 MeY and 7~~ 
or less from 15 to 35 MeV. The resolution obtained in practice was about lO~~ 
above 15 MeV and became rapidly poorer below this energy; this appeared 
to be largely due to non-uniform light collection. FOOTE and KOCH suggest 
that their liquld counter could be improved in design and that it may prove 
useful above 15 MeV or where its inherent fast response is desired; for the 
lower energy region (to .2: 100 keV) it does not compare with the KaI (TI) 
crystal spectrometer (5 in. diameter X 8 in. long) described by them (see also 
KOCH and FOOTE, 1954). 

Large liquid scintillators for counting photons in the higher energy range 
(> 50 MeV) have been described by PUGH et al. (1954), and THRESHER et al. 
(1955). PuGH et al. have described a counter for 50 to 150 MeV photons which 
uses a liquid scintillator (16 in. diameter X 30 in. long) to detect electron pairs 
produced in a lead converter (0·26 cm thick) ; for their applications they found 
it necessary to locate and identify photons by means of a telescope, t he liquid 
scintillator then serving to provide an estimate of the photon energy. THRESIIER 
et al. (1955) have described a detector of benzene + terphenyl + diphenyl­
hexatriene solution, 12·7 em square X 76 cm long and viewed by sL"'\: Du:\Iont 
6292 photomultipliers. Based on the shower production data. of I>:A"TZ and 
HOFSTADTER (1954) for electrons in carbon they calculate that this counter 
should give a light output proportional to gamma-ray energy for energies less 
than 180 MeV; they also quote an efficiency of about 50% and a line width of 
about 10% for 100 MeV photons. 

Scintillators for fast neutron counting have been described by ilfuEHLHAUSE 
(1953) and THRESHER et al. (1955). MUEHLHAUSE uses a cylinder (16 in . 
diameter X 16 in. long) of methyl borate + toluene (I : I) + PPO + ocl\'PO, 
viewed by twenty-five 5819 photomultipliers. A fast neutron (~O·I to 10 ~IeV) 
is identified by the "double-pulse method" (MUEHLlIA.USE and THo'lAs, 1953), 
that is by a recoil proton scintillation followed, "ithin a few microseconds, by a 
second scintillation, associated with the reaction of the moderated neutron 
with a Bio nucleus. THRESHER et al., have described two large scintillators 
for counting neutrons of f""OooJ 100 ~leV ; one, of dimensions 7·6 X 14 X 44·5 em 
for neutron-scattering experiments and the other, 25 em diameter X 25 em 
long, for bad geometry attenuation experiments. Both counters achieve 
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Carlo calculations of the neutron capture rate in scintilla-tors containing different 
amounts of Cd. The theoretical distribution obtained for a solution containing 
0·003 Cd atoms per H atom is shown in Fig. 19 together with experimental data 
for such a solution. Of primary importance in the development of the large Cd 
loaded scintillator was its applica-
tion to the detection of the free 
neutrino, presumed to interact 
with a proton to produce a posi­
tron of a few MeV and a neutron 
of a few keY energy. Such a 
decay would produce delayed 
coincidences with a time· delay 
and second pulse size similar to 
those produced by fast neutrons. 
Further large scintillators which 
COWAN , REINES et al. , have de­
veloped for neutrino detection 
are described elsewhere in this 
volume. * 

Cadmium-loaded scintillators of 
similar design to the above, have 
also been employed in studies of . 
neutrons from spontaneous and 

o 

o 
(a) 

>---------------.~----, 
Incident 
neutr-ons 

11\1 
neutron-induced fission (HICKS et 0 nJ: 
al., 1955; see also BOLLI~WER, P ,., ~ • 
1955). In these experiments the 51cm n" I p , 
fission source is a conventional gas Li 7 , '!~' 

'Ii) p ionization fission counter placed ",P 
at the centre of the scintillator 
in an open axial channel. Pulses 
from the fission counter trigger an 
oscilloscope sweep on which the 
random capture pulses of indi­
vidual fission neutrons in the 
scintillator are displayed. 

BOLLINGER (1955) has described 
a system of large liquid scinti]· 
lators used in measurements of 
partial neutron cross-sections for 

L-_---' ____________ . .L-_---' 

(b) 

Fig. 20. Schematio diagram of the "Argonne counter" 
(BOLLINGER. 1956): 

(a) End view. (b) Top (or sido) view. 

I = "inner" counters containing 3·t5% BIO 
o _ "outer" counters containing 0'25% BIO 
S = sample 

slow neutrons in a time· of-flight spectrometer at Argorme National Labora­
tory. The arrangement used is shown in plan in Fig. 20, i.e. two inner (I) 
scintillators containing 3 ' 5~~ Blo and four outer (0) scintillators containing 
0'25% BlO; eight DuMont 6292 photomultipliers view each 0 and six view 
each I scintillator. Different events (i.e. scattering, capture or fission) in the 

• Article by B. W. RIDLEY. 
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some of the special applications of plastic scintillators after discussing their 
characteristics. 

(a) OluLracteristiC8 

Efficiencies and scintillation spectra-As with liquid solutions a principal aim 
in the development of plastic solutions has been to obtain scintillators of high 
efficiency. From the earliest studies it was evident that plastic solutions showed 
an efficiency, T) VB. concencentration, c, dependence similar to that found in 
liquids (KOSKI, 1951). It was also evident that '1 depended on the method of 
preparation of the scintillator as well as its contents. SCHORR & TORNEY (1950) 
tested three different methods for preparing plastic solutions of p .terphenyl in 
polystyrene, namely: (1) mixing the terphenyl in molten polystyrene; (2) 
polymerizing a solution of terphenyl in styrene with a benzoyl peroxide catalyst 
(0·1 % to 1%) and (3) polymerizing without the catalyst. Useful products were 
obtained by all three methods, but the solution prepared by method (2) was the 
best scintillator; SCHORR & TORNEY suggested that the other solutions might 
have suffered from the rather prolonged heating which methods (I) and (3) 
involved. 

Methods that have subsequently been used to prepare plastic scintillators are 
essentially va.riations, · modifications or extensions of one or other of the three 
methods described above. Method. (2) has proved very popular, especially since 
PrrCHAT et al. (1951, 1953) showed it could be used to prepare scintillators from 
1,I ,4,4·tetraphenyl-I,3-butadiene (TPB) which they found to be very efficient. 
Bulk polymerization methods (i.e. (2) and (3)) are, however, unsatisfactory for 
preparing solutions of some other potentially useful solutes sueh as 1,6-diphenyl­
hexatriene (DPH) and 1,4-diphenylbutadiene (DPB). This is due to mutual 
interference between these solutes and the polymerization process. CARLSON 

& KOSKI (1952) have reported that DPH reacts with styrene during polymeriza­
tion; they found that it slowed down the polymerization process, that its 
emission spectrum shifted to shorter wavelengths and that the efficiency of the 
solid scintillator was very small. Similar, though less marked, effects were 
observed by PrrCHAT et al. (1953) in DPB-polystyrene. DPH and DPB solutions 
prepared by type (1) methods, e.g. by pressure moulding (EICHHOLZ & HOR­
WOOD, 1952) or by "slow" injection moulding (DE WAARD et al., 1954) are much 
more efficient than those prepared by bulk polymerization. DE W AARO et al. 
(1954) have reported that moulded DPB-polystyrene has an efficiency", 93% 
that of the polystyrene solution of TPB, the most efficient plastic scintillator 
solute known. 

BUCK & SWANX (1953) have described techniques and methods for preparing 
plastic scintillators from styrene and vinyltoluene solutions (by method (3) 
above). They ha.ve also carried out extensive tests and comparisons on a variety 
of scintillators; these are described in the above paper and in another paper by 
SWANK & BUCK (1953). Some of tbeir data are reproduced in Figs. 21 and 22. 
Fig. 21 shoWl! the dependence of pulse height (i.e. efficiency) on solute concen­
tration for different solutes in polystyrene and polyvinyltoluene; the pulse 
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comparatively low efficiency ofDPB is presumably due to decomposition of DPB 
molecules during the polymerization of the solution, as described above. Based 
on similar considerations to those which led FURST & KALL'lANN (1952) to 
formulate eq. (11), SWANK & BUCK (1953) have derived a relation between 
'1 and c for plastic scintillators, namely: 

(qo + Ge) (1) 

'1 = '10 (1 + Ge) (I + me) 
(13) 

Here G is a constant determined by the properties of the solute and solvent, 
(I + mc)-1 describes the "self-quenching" of the solute and q, is the quantum 
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Fig. 23. DifferentioJ pulse height distributions obtained with a CS I3' source, RCA 5819 
photomultiplier and: (a) A plastio scintillator (4.% p.terphenyl"';- 0-02% TPB in 
poiyvinyltoluene) . (b) An anthracene crystal. Both scintillators were cylinders 11" in 

diameter a.nd j;'" long. 

efficiency of the solvent. '1, denotes the theoreticalliroiting effiCiency at high c, 
in the absence of self.quenching (m = 0). Except for the addition of the term 
q" (13) is identical to (11); the reason for this difference is of course that q, is 
much larger for polystyrene than for liquid solvents, hence radiative transfer 
cannot be neglected in plastics whereas it may be in liquids. 

SWANK & BUCK found that by proper adjustment of parameters eq. (13) 
could be made to fit all their experimental curves (Fig. 21); they also noted 
agreement with the theory in that this adjustment gave the same ~alue for go 
for all systems having the same solvent; q, = 0·16 for polystyrene and 0·21 for 
polyvinyltoluene. It is also of interest to note that THOR"TON (1954) has 
pointed out that eq. (13) may be derived from the theory of JOHNSON & 
WILLIAMS (1950) (cf. eq. (12)). 

Secondary solutes or spectrum shifters have as important appli cations in 
plastic solutions as they have in liquids. Diphenylhexatriene has rather limited 
uses in plastics because of its instability during polymerization; however I 
EICHHOLZ & HORWOOD (1952) have noted that it is a useful spectrum shifter in 
scintillators prepared by pressure moulding. TPB has been widely applied as a 
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efficient plastic solutions, such as those listed in Table 7. BORELl and 
GBIMEI.AND (1955) have studied the response of a TPB-polystyrene plastic to 
gamma-rays, alpha.-particles and 2·5 MeV neutrons; they found the plastic 
slightly more nonlinear than an anthracene crystal. Evidence of variation of 
the a1pho,-to-bets ratio with solute concentration may be found in the efficiency, 
'1, VB. concentration, c, data of SWANK and BUCK (1954) . They have given '1 vs. c 
curves for several solutes excited by electrons (Fig. 21) and by alpha-particles; 
for any given solute, different shaped curvcs were obtained for the two types of 
particle and, in general, the difference indicated that the alpha-to-beta ratio 
decreased with decreasing c, as in liquid solutions. Within a reasonable degree 
of accuracy, however, the relative responses of the more efficient plastic solutions 
to different particles and energies may be taken to be the same as for anthracene 
crystals, that is as in Fig. 9. 

ScintilJatian Lifetimes 

The scintillation lifetimes of plastic scintillators, excited by gamma-rays, tend, 
like those of liquid scintillators, towards the present lower limit of measurement 
of a few mfl-sec. Some values which SWANK and BUCK (1955) have given for 
solutions of 4% terphenyl in polyvinyltoluene (H in. diaro. X ! in. long) are; 
~ 3·0 mflsec for this solution alone; 4-0 mflsec for the solution incorporating, 
in addition, 0'02% TPB as secondary solute; 3·0 m!-,sec with 0·1 % diphenyl­
stilbene_ SINGER et al. (1956) determined a scintillation lifetime of 2·2 ± 
0·3 mpsec for a plastic of polystyrene + terphenyl (1%) + <XNPO (0'3%) 
+ zinc stearate (0'01%) . It is also of interest to note that the plastics, like 
crystals and unlike liquids, emit a small proportion of their light with decay 
times of microseconds or more (HARRISON, 1954); furthermore this proportion 
increases with decreasing temperature and is smaller for more heavily ionizing 
particles (ROZMAN, 1955). 

Stability under Ionizing Radiationa 

HINRICHS (1954) has reported studies of the light outputs of various polystyrene 
solutions under continuous electron irradiation. He found a range of effects in 
different solutions, e.g. for a 2% anthracene solution he found that the light 
output increased and correlated this with changes in its spectral distribution. 
In other solutions there were no significant spectral changes and a decrease in 
output occurred (Fig. 24), such tbat the output intensity, I, was related to the 
total number of electrons absorbed per cm', N, by: 

I = (10 - I') exp_ (- ,,-N) + l' (14) 

where 10 represents an initial intensity, l' a limiting intensity reached after 
considerable irradiation and 0:. is a "damage-coefficient" characteristic of the 
solute and its concentration. The behaviour of the DPB solution (Fig. 24) is 
interesting in that its I vs. N relationship has two distinct phases with different 
values of IX. Although no generalization may yet be accepted, the common 
plastic scintillators might be expected to behave like the solutions represented 
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combination which he recommends is terphenyl (2'5%) + TPB (0,03%) -i- zinc 
stearate (0'01 %) (mould release agent). WOUTERS suggests that this technique 
might, in its limit, produce a scintillator some 6 ft x 2 '5 ft x 1 ft. 

The chief advantages. of the plastic scintillators would appear to be their 
general ruggedness, ease to machine to desired shapes and their short scintillation 
lifetimes. Their ease to shape makes them especially suitable for devices such 
as the "phoswich," or phosphor sandwich (see WILIm<SOX, 1952), and the 
multiple scintillator arrangement designed by ~1CCRARY et al. (1954) to reduce 
gamma-ray sensitivity when counting fast neutrons. In the latter device, 
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Fig. 25. Response of "laminated counter" (PUGH et aI., 1954) to monoenergetic electrons 
and to p. mesons. 
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which is also discussed by BOLLINGER (1955), a number of spherical scintillators 
(plastic or crystal) are immersed in a non-hydrogeneous. optically inert material, 
such as glass or triBuorochloroethylene. The sphere diameters and spacings are 
so chosen that the secondary electrons from gamma· rays dissipate most of 
their energy in the inert medium whereas recoil protons are generated and 
mainly stopped in the spheres and therefore give larger pulses. A high efficiency 
is obtained which is also strongly dependent on neutron energy and the sphere 
diameter. 

PUGH et al. (1954) have described a high energy (>50 "leV) gamma-ra,. counter 
which uses plastic scintillators machined to discs of 8 in. diameter X 0·100 in. 
thick. The counter, which is 8 in. long, consists of fifty of these discs separated 
by forty-nine 0·047 in. discs of lead; the lead is used to develop a shower which 
is sampled by the scintillator. Light collection depends on total internal 
retlections in the scintillator discs, the light being collected, integrated and piped 
to photomultipliers from plastic corner pieces attached to their perimeters_ 
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SCINTILLATION COUNTERS WITH PULSE SHAPE 
SELECTION TO DISTINGUISH NEUTRONS FROM 

GAMMA-RAYS 
F. D. BROOKS 

Atomic Energy Research Establishment, Harwell, England 

FOLLOWING a paper by O. T. WRIGHT l concerning scintillation pulse shapes 
and decay times of organic crystals, scintillation counters have been developed 
which distinguish alpha· particles or neutrons from gamma-rays by pulse 
shape selection. Wright reported that the shapes of anthracene scintillation 
pulses are different when excited by alpha· particles and gamma-rays re­
spectively. A similar property has been found in other organic scintillators 
and when fast neutrons (i.e. recoil protons) are substituted for alpha-particles; 
the counters developed here use this property to discriminate promptly 
between different types of particle. Efficient discrimination is obtained using 
anthracene, stilbene or quaterphenyl crystals and various liquid scintillators. 

The pulse shape selection is effected by deriving two output pulses per 
scintillation from the last dynodes in the photomultiplier. In one channel 
the scintillation current pulse is integrated to produce a pulse height, h, 
proportional to the total light output. In the other channel the scintillation 
current is passed through a network of non-linear response and then inte­
grated; consequently the pulse height, h" produced in this channel depends 
on the scintillation pulse shape as well as on the total light output. For a 
given Iz, h, is smaller when the decay time of the scintillation pulse is longer. 

Differences in pulse shape may be demonstrated by applying the Iz and ii, 
pulses to the X and Y plates respectively of a cathode-ray tube. The CRT­
trace is brightened only while the applied pulses are at their peak values, 
hence each scintillation registers as a point (h, h,) on the CRT screen. Simi­
larly a series of scintillations of different light outputs (e.g. a Compton dis­
tribution) form a locus on the screen. For example with a CO" gamma 
source and a 1 in3 stilbene crystal a single continuous locus is obtained 
(Fig. I). Using the same crystal and a Po-Be (gamma -1- neutron) source 
two distinct loci are obtained (Fig. 2), the upper locus coincides with that 
in Fig. I and the lower one is attributed to recoil proton scintillations. In 
practical applications one requires to select pulses on either the 'neutron 
locus' or the 'gamma locus' only; this may be done by using a simple elec­
tronic circuit which operates directly from the h and he infonnation. 

Crystal. liquid and plastic scintillators have been investigated with respect 
to their suitability for pulse shape discriminators of this type. The dependence 
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Fig. I. COlO source y-rays. 

Fig. 2. Po-Be source y-rays and neutrons. 

faring pagt: 168 
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Certain organic scintillators, notably anthracene, stilbene 
and quaterphenyl crystals and oxygen-free liquid scintilla~ 
tors, show an effectively longer scintillation decay time for 
heavily ionizing particles such as alpha-particles or protons 
than for electrons. A scintillation counter is described which 
distinguishes fast neutrons from gamma-rays by means of 
the different decay times of recoil proton and Compton 
electron scintillations respectively. Measurements of the 
proton-electron resolution for different scintillators are 
described. It is found, for example. that using a one inch 
thick stilbene crystal, 2 MeV neutrons may be detected 

1. Introduction 

In a scintillation detector the mode of decay 
and the decay time of the light emission from 
the scintillator may sometimes be of particular 
interest; for example when the timing resolution 
of the instrument is estimated or when the 
physical processes in the scintillator are the 
subject of study. These characteristics. have 
recently achieved new prominence following the 
report by Wright1) that scintillations produced 
by alpha-particles and electrons in anthracene 
crystals showed decay times of 53 m,usec and 
31 m,usec respectively. It was subsequently 
reported') that other organic scintillators, 
notably stilbene and quaterphenyl crystals and 
some liquid scintillators, 'showed decay time 
properties similar to those observed in anthra­
cene; although the scintillation decay itself was 
not studied in detail it was f01md that the decay 
times of these scintillators were effectively 

') G. T. Wright. Proc. Phys. Soc. B 49 (1956) 358. 
3) F. D. Brooks. Progress in Nuclear Physics. Ed. O. R. 

Frisch 5 (Pergamon. London, 1956) 284; Liquid Scintillation 
Counting. (Pergamon London, 1958). p . 268. 

3) M. Forte, International Conference on the Peaceful 
Uses of Atomic Energy, AjCONF. 15{P/1514. Geneva (1958) 

4.) R. B. Owen, 1. R. E. Transactions on Nuclear Science. 
NS·5, No.3 (1958) 198. 
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with 9.5% efficiency while the detection efficiency for 
2 MeV gamma·rays is reduced by decay time discrimination 
to less than 0.007%. An application of the counter for 
fission cross section measurements by .fission neutron 
detection is described. The decay time properties of the 
scintillators are discussed and the longer decay time for 
protons (or alpha-particles) is interpreted in tenns of slow 
(10-1 sec) ion recombination processes in the scintillators; 
these processes produce a slow component in the scintilla­
tion decay and in a proton scintillation the proportion of 
slow component is more than in an electron scintillation4.). 

longer for heavily ionizing particles, such as 
alpha-particles or protons than for electrons. 

This effect has since become the basis of a new 
type of scintillation counter'. 3.4) which dis­
criminates promptly and efficiently between 
protons (or alpha-particles) and electrons and 
is thus particularly useful for detecting fast 
neutrons in the presence of gamma-rays. The 
present paper describes such a counter and its 
application to nuclear physics experiments. 
Studies of various scintillators with respect to 
their snitability for use in the counter are also 
described and the physical processes responsible 
for the decay time differences are discussed. 

2. Description of the Counter 
To achieve a simple practical instrument a 

photomultiplier circuit is used which delivers an 
output pulse whose amplitude, h, depends on 
the decay time of the scintillation. The circuit 
may be adjusted to give zero, or very smail, h 
for one particular decay time, e.g. that for 
gamma-ray scintillations; in this condition 
neutron (i.e. recoil proton) scintillations, having 
a different decay time, each produce a pulse of 
large h and may be selected by an amplitude 
discriminator. 

5 
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amplitudes which would be obtained at the 
dynode and anode respectively if Rde and Rae 
were much greater than T y . Assuming that the 
gain, k, between the last dynode and the anode 
is constant, we may write: 

Vo&. = kVod . (4) 

The shapes and times of maxima of the 
dynode and anode pulses are different according 
to eqs. (I) and (2) respectively. However each 
pulse is stretched by a circuit consisting of a 
crystal diode and condenser (O.OOII'F) so that 
two pulses of similar shape but opposite polarity 
are fed to the output terminal , A, of the counter 
(fig. I). Ideally the amplitudes of these compo­
nents are respectively ¢>dVyd and ¢>.V ya, where 
¢>d is the constant fraction by which the positive 
pulse amplitude is reduced between the dynode 
and A and ¢>. is that by which the negative pulse 
amplitude is reduced between the anode and A. 
The amplitude, 11., of the resultant pulse at A is: 

h = ¢'V' - ,p,v •. 

Thus for a gamma-ray scintillation, 

hy = tPdVyd - tfoa,v.,... 

(5) 

= ¢' [0.96 - 0.50 (k,p,N,)] Vod . (6) 

Now ¢>d is controlled by the potentiometers 
PRI and PR3 in fig. I and ¢>. is controlled by 
PR2 and PR4. We may adjust these potentio­
meters to make k¢>./¢>d = 1.92 thereby making 
hy always zero, irrespective of the value of V od, 
or the total light in the scintillation. In other 
words the circuit may be "balanced" to give 
zero pulse height output at A for all gamma-ray 
scintillations. 

Now consider the response of the balanced 
circuit to a neutron scintillation of decay time, 
Tn , where for example, Tn = 2Ty. ,".5 before we 
obtain from fig. 2 that V nd = 0.92 V od and 
that V na = 0.37 kV od. Thus for a neutron the 
resultant pulse amplitude, "n, at A is: 

h, = ¢' (0.92 - 1.92 X 0.37) Vod 

= 0.21 4>,Vod. (7) 

That is for a neutron a positive output pulse is 
obtained of amplitude proportional to V od and 
hence to the total light in the scintillation. This 
is true in general provided Tn is greater than T y. 

In practice the circuit behaviour is not 
exactly, but only qualitatively described by the 
above analysis, for a number of reasons. Firstly, 
it is an approximation to describe the scintilla­
tion decay as a single exponential (refs-,,0-7)); 
this is not true in general for the organic 
scintillators. Secondly, the photomultiplier cur­
rent pulse shape will generally vary from the 
scintillation pulse shape') due to statistical 
effects, transit time spread and space charge 
saturation in the multiplier. Thirdly, because 
space charge saturation may occur between the 
last dynode and the anode, k is not as assumed 
in eq. (4), constant but depends on Vod. Fourthly, 
¢>d and ¢>. also depend on V od because the two 
diodes in the output circuit are characteristically 
non-linear impedances. However the non-linear 
effects from the two diodes may be made to 
cancel one-another out to some extent by select­
ing a pair with similar resistance-voltage 
characteristics and adjusting PRior PR2 to 
equalise the pulse amplitudes fed to them. 
Furthermore, remaining diode non-linearity 
may be part compensated for by the space 
charge saturation effect, for whereas ¢>d and "'. 
increase as Vod increases, k decreases. A dynode 
voltage distribution may be obtained for which 
the variation of k compensates that of ¢>./¢>, so 
that the product k¢>./¢>d remains constant. The 
circuit may thus be balanced in terms of eq. (6) 
over a wide range of V od. 

The counter is adjusted to balance with the 
aid of a cathode ray tube display, obtained as 
indicated in fig. 3. For this display, an additional 
output pulse of amplitude, 11.0' is obtained from 
the second last dynode of the photomultiplier, 
via B in fig. I. The load time constant at this 
dynode is long compared with Ty or Tn hence 
"0 is proportional to the total light in t he scin­
tillation or to Vod in eqs. (6) and (7). The two 
coincident output pulses from A and B in fig. I 

6) H. B. Phillips and R. K. Swank, Rev. Sci. Instr. 
24 (1953) 611; R. K. Swank and W. L. Buck, Re,'. Sci. 
Instr. 26 (1955) 15. 

8) H. Kallmann and G. J. Brucker, Phys. Rev. 108 
(1957) 1122. 

') F. B. Harrison, Nucleonics 12. No. 3 (1954) 24; 
Phys. Rev. 89 (1953) 322. 
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The photomultipliers tested include the types 
RCA 5819 and 6810, Du Mont 6292, and EM! 
6260, 6097, 6099 and 9530. Using neutron and 
gamma-ray sources and a stilbene crystal all 
tubes gave loci similar to those in fig . 4; that is 
no particular type appeared to be superior for 

tion. Since the transi t time spreads of all the 
multipliers are much less than the slow com­
ponent decay times, all are equally capable of 
resolving the difference between proton and 
electron scintillations. 

Loci were also photographed using anthra-

Fig. 4. Distributions of the pulse amplitude II, (which depends on scintillation decay time). versus the pulse 
amplitude ho (proportional to total light in the scintillation), for stilbene and; (a) Coso source (1.3 .MeV gamma-rays); 
(b) Po2l0_Be source (,.$ 12 lIdeV neutrons + 4.5 MeV gamma rays); (c) Coso source + Am24.1 source (5.5 MeV alpha-

particles); (d) Po210_Ee source + Am2<il source. 

this application. The same was true when a 
liquid scintillator was used. This result is 
interesting because the transit time spreads 
claimed for the selection of multipliers range 
from 2 to 20 m,usec and are thus comparable 
with the decay times generally quoted',') for 
stilbene and liquid scintillators, which are both 
less than IO m,usec. However, scintillations 
from these scintillators actually contain a 
proportion (;::'20%) of slow components"') of 
decay times,:;:, 100 m,usec in addition to the 
more familiar fast component of decay time 
< 10 m,usec. Owen') has shown that it is these 
slow components which are responsible for the 
effective difference in decay time for protons 
and electrons; a proton scintillation contains 
more slow component emission and less fast 
component emission than an electron scintilla-

cene, quaterphenyl and diphenylacetylene crys­
tals respectively. Anthracene and quaterphenyl 
gave resolved proton and electron loci very 
similar to those shown for stilbene in fig. 4. 
Diphenylacetylene crystals did not resolve 
proton and electron loci however and thus do 
not appear to show different decay times for 
protons and electrons. Loci were also observed 
for I cm3 anthracene and stilbene cyrstals at 
different temperatures, ranging from + 25' C 
to - 70' C and no change in the loci with 
crystal temperature was found for either 
crystal. 

It was found that liquid scintillators do not in 
general resolve proton and electron loci unless 
dissolved oxygen has previously been removed 
from them; e.g. by flushing with dry nitrogen to 
displace the dissolved oxygen or by removing all 
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The h pulses corresponding to these events were 
fed via a gate, opened by the single-channel 
analyser, to the 100-channel analyser which then 
gave their pulse height distribution. The pulse 
height distribution obtained is thus equivalent 
to the pulse density as a function of ordinate 

~~(;.~ 800 c~~ 
>00 ~s ~I< 

c(j$' ~ 
,;fJ 00 C'''« 

",<,-f-«:>S 
100 "00 ~4'", 
600 "'" "t 

,00 <1?0 
,00 II:!:> 
'§Jo 

,.. 

Fig. 7. A series of pulse height distributions obtained using 
stilbene and a Colo source . Each component distribution 
shows the number of scintillations recorded per channel per 
ten minutes as a function of h for a particular value of ho' 

along a particular abcissa in figs. 4, 5 or 6. A 
series of such measurements gives a complete 
three-dimensional picture of the loci, of pulse 
density versus h versus ho. 

Figs. 7 and 8 show two series of pulse height 
distributions obtained using a stilbene crystal 
and an EMI 6097 photomultiplier; fig. 7 with 
the C060 source and fig. 8 with the Po210-Be 
source. A channel width 0.1 X the mean pulse 
height of the channel was used in the single­
channel analyser. 

For each component run (i.e. value of "0) in 
fig. 8 the proton-electron resolution may be 
defined, arbitrarily, as the ratio, R, of the 
distance between the (mean pulse heights of 
the) proton and electron groups to the full 
width at half-maximum of the electron group. 

R has been evaluated as a function of ho from 
figs. 7 and 8 and is plotted in fig. 9. The scale of 
ho was calibrated in terms of electron energy 
from the Compton edge observed for Co'o 1.3 
MeV gamma-rays (fig. 7). The scale of proton 
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Fig. 8. A series of pulse height distributions obtained as 
for fig. 7 but using stilbene and a Po21(l_Be source. 

energy also shown in fig. 9 is based on the 
known relative response of stilbene to protons 
and electronsll) . 

Additional measurements of R were made for 
other scintillators, namely anthracene and 
quaterphenyl crystals and a solution of 4 g/litre 
PPO + 0.1 gllitre POPOP in toluene. The data 
obtained are included in fig . 9. If we adopt the 
criterion that R must exceed unity for effective 
resolution, then, from fig. 9 we see that the 
three crystals resolve above a proton energy of 
0.5 MeV (and electron energy of 0.13 MeV) while 
the liquid scintillator resolves above proton and 
electron energies of 0.6 MeV and 0.16 MeV 
respectively. 

11) Taylor, Jentschke, Remley, Eby and Kruger, Phys . 
Rev. 84 (1951 ) 1034. 
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Suppose we choose <5 = 40, then by integrating 
the appropriate curve in fig. 10 from 0 to 2 MeV 
we obtain that the fraction of the recoil proton 
distribution counted is 0.35 ; thus the absolute 
neutron counting efficiency is 0.35 X 27 = 9.5%. 
Similarly, 14% of the gamma-rays are Compton 
scattered in the crystal producing recoil elec­
trons with a Compton energy distribution from 
o to 1.8 MeV. From the curve for <5 = 40 in fig. 
11 we obtain that a fraction , 0.0005, or less, of 
this Compton distribution is counted; thus the 
absolute gamma-ray counting efficiency is less 
than 0.0005 X 14 i.e. less than 0.007%. 

5. Timing Resolution and Dead Time 

The output pulse, h, from the counter is 
necessarily relatively "slow" ("" 5 p.sec wide) 
due to the long integrating times used in the 
output circuit (fig. 1). Thus the counter has an 
effective dead time of about 5 ",sec, or at count 
rates exceeding about 10' (neutrons + gamma­
rays) per second, neutron counts will be . lost . 
The timing resolution of the counter is not 
limited by the slow rise time ("" 0.5 p.sec) of the 
h pulse however. For fast timing or coincidence 
applications an independent "fast" output 
pulse is derived from one of the photomultiplier 
dynodes, as the ho pulse is derived via B in fig.!. 
This pulse is then delayed and gated by the 
discriminator triggered by the h pulse. In this 
system the timing resolution depends only on 
the photomultiplier transit time spread and the 
scintillator decay time and can be 5 mp.sec or 
less for stilbene or liquid scintillators. 

6. An Application of the Counter 

This type of scintillation counter obviously 
has many possible applications for discrimina­
tion between alpha-particles, protons and elec­
trons. A typical application for fission neutron 
detection will be described as an example. 

To det ermine the fission cross section of 
uranium-235 for 6 eV to 60 eV neutrons two 
experiments were carried out as follows, using 
3. 1 inch diameter discs of V235 of 0.425 gjcm' 
and 9·0gjcm2 respectively. In each experiment 
the dISC, or sample, was placed in a neutron 

beam produced by the Harwell 15 MeV linear 
electron accelerator, 10 metres from the accel­
erator target or pulsed neutron source. The 
stilbene crystal of the counter was placed close 
to the sample but outside the incident neutron 
beam. A fraction of the incident neutrons 
produced v,as fission in the sample and a 
fraction of the fission neutrons emitted were 
detected in the crystal. Vsing a neutron discrim­
inator setting corresponding to <5 = 40 in fig. 10, 
the counter was adjusted to respond only to 
neutrons of energy greater than 1 MeV. Thus, 
as shown by the curve for <5 = 40 in fig. 11, at 
least 99.9% of any gamma-rays detected by the 
crystal (e.g. from radiative capture in the 
sample) were discarded by the discriminator. 
Counts from the discriminator were fed t o a 
100-channel time-sorter to be time analysed with 
respect to the accelerator neutron pulse. The 
duration of the neutron pulse at the accelerator 
target was less than 0.5 p.sec and the width of 
each timing channel was 1.0 ",sec. The fission 
neutron yield per timing channel, y, was thus 
determined as a function of incident neutron 
time-of-flight (from target to sample) that is as 
a function of incident neutron energy. This was 
done for the same total number of incident 
neutrons for the thick and thin samples respect­
ively. 

Now for V'" the number of neutrons emitted 
per fission and the fission neutron energy 
spectrum do not vary significantly with incident 
neutron energy from 6 eV to 60 eVU) . We may 
thus assume that the measured fission neutron 
yield, y, is proportional to the number of fissions 
in the sample or, in other words, that the fission 
detection efficiency of the counter, E, is constant 
over this incident neutron energy range. Now 
suppose we have N neutrons incident on the 
sample during the total time that a particular 
timing channel is open in the experiment and 
that only a small fraction « 2%) of these 
neutrons are scattered or stopped in the sample. 
Then the fission cross section, CTr, averaged over 
the incident neutron energy range defined by 

l4} L. M. Bollinger. Conference on Xeutron Physics by 
Time of Flight. Gatlinburg. ORNL 2309 {l956} p. 167. 
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from equation (8) and are plotted in fig. 12; 
solid points and open circles indicate data 
derived from the thin sample experiment and 
triangles indicate data derived from the thick 
sample experiment. At the incident neutron 
energies corresponding to the solid points the 
thin sample satisfied the condition for equation 
(8) (i.e. transmitted more than 98% of the 
incident neutrons) . The open circles correspond 
to neutron energies for which this condition 
was not satisfied and these data include a 
correction for the effective thickness of the 
thin sample. In some regions between resonances 
where the thick sample satisfied the condition 
foreq. (8), the thick sample data (triangles) were 
preferred, since this sample gave a higher fission 
yield and hence a more accurate result. The cross 
section data shown in fig. 12 are in good agree­
mentwith those listed by Hughes andSchwartz12) . 

For fission cross section measurements the 
fission neutron detection method has some 
advantages over fission fragment detection, 
where a thin sample, itself enclosed in a fission 
chamber or gas scintillation counter, is essential. 
In the neutron detection method thick samples 
may be used, alpha-activity in the sample is no 
problem and millimicrosecond time-of-flight 
resolution is possible assuming that an organic 
scintillator is the neutron detector. However, it is 
essential that only neutrons are counted and, in 
particular, that gamma-rays are not counted; 
the neutron discriminating scintillation counter 
fulfils this requirement ideally. 

7. The Nature of the Decay Time Differences 

The physical effects behind the decay time 
differences are a subj ect of interest in their own 
right. For our purposes they are of particular 
interest in so far as they explain the scintillator 
behaviour observed and reported in section 3; 
that is, that diphenylacetylene crystals, unlike 
anthracene, stilbene and quaterphenyl, do not 
show an effective decay time difference; that 
liquid scintillators show such a difference only 
provided they do not contain dissolved oxygen; 
that plastic scintillators show, if anything, only 
a very small difference. 

Scintillation decay shapes have been studied 
by Harrison'), Swank'), Wrightl), Kallmann 
and Brucker') and Owen'). From their data one 
might conclude that in general for organic 
scintillators, the scintillation decay may be 
described as the sum of several exponential 
components, one millimicrosecond "fast" com­
ponent, responsible for 80% or more of the total 
emission, and one or more Hslow" components of 
periods between 0.1 !,sec and 100 f'Sec . Harri­
son') originally showed that these slow compo­
nents were appreciable in scintillations produced 
by X-rays in anthracene and stilbene, though 
they were not observed in liquid scintillators 
(presumably containing dissolved oxygen). Kall­
mann and Brucker') determined that the fast 
component periods were virtually identical for 
alpha-particle and electron scintillations respect­
ively in a wide range of crystal, liquid and 
plastic scintillators, including anthracene and 
stilbene. Owen') showed that t he slow compo­
nent periods were the same for proton and 
electron scintillations respectively in anthracene, 
stilbene and quaterphenyl crystals and also in 
oxygen-free liquid scintillators but that the 
proportion of slow component emission was 
higher (and that of fast component lower) in 
proton scintillations. In other words, the nett, 
or effective, decay time for protons is longer 
than that for electrons in these scintillators 
because proton scintillations contain a higher 
proportion of slow components. 

After Owen's conclusions we might presume 
that those scintillators which do not show a 
decay time difference for protons and electrons 
must either : (I) emit little slow component or; 
(2) emit similar proportions of slow component 
for both protons and electrons. Liquid scintilla­
tors containing dissolved oxygen and plastic 
scintillators would seem to fall into category (I) , 
from Harrison's observation') that slow com­
ponents are negligible in the former and respon­
sible for only 10% or less of the light emitted by 
the latter. Diphenylacetylene crystals might fall 
into either category, for although it has been 
reported that these emit slow components') it is 
not established whether the proportion of slow 
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molecule to anotherl ') we should, to be exact, 
consider energy transfer as an alternative mode 
of decay in equations (A). In the case of 
stilbene however, this would not affect the 
qualitative result, since energy transfer generally 
leads to other stilbene molecules being excited 
and these must eventually decay by either (i) 
or (ii) in equations (A). Energy transfer is more 
important in liquid and solid solution scintilla­
tors for in these it is the solvent (e.g. toluene or 
polystyrene) which is initially excited and 
excitation energy is transferred to a relatively 
small proportion (I to 10%) of solute (e.g. 
p-terphenyl, PPO or PO POP) which emits. 
However the above qUalitative description may 
still be valid for solution scintillators provided 
it is read that the processes in (A) and (B) apply 
to the solvent and that branch (i) of (A) de­
scribes, not solvent emission, but the solvent to 
solute energy transfer which leads eventually to 
emission from the solute. 

The basis of the above interpretation, namely 
that the slow components may be attributed, 
indirectly, to slow recombination processes, 
would perhaps require more justification than 
can at present be provided. An alternative 
explanation, suggested by Harrison'), is that 
some molecules are initially excited to long-lived 
('" 10-' sec) triplet states and that these decay 
by acquiring sufficient vibrational energy to 
reach the singlet first excited electronic state, 
from which they decay according to (A). 
However, the fact that the decay time difference 
in anthracene and stilbene does not depend on 
crystal temperature (section 3) does not favour 
this explanation; one would expect that the 
triplet-singlet transition and hence the propor­
tion of slow component in the scintillation would 
depend on the crystal temperature. 

The fact that dissolved oxygen removes, or 
reduces, the slow components from liquid 
scintillators also seems to favour recombination 
processes rather than long-lived triplet states. 
We might infer that the effects produced by the 
oxygen are associated with the unpaired elec-

trons in the 0, molecule which lead to its high 
electron affinity. The threshold energy for 
electron capture by 0, is about 3 e V18) and is 
thus within the expected range of energy of the 
ionization electrons produced in the scintillators. 
It is thus feasible that 0, molecules in the 
scintillator might compete with ionized scin­
tillator molecules for the ionization electrons, 
thus reducing the number of recombinations and 
hence the proportion of slow component which 
these eventually produce. On the other hand 
radiation chemistry studiesl9) have suggested 
that for a given incident particle and energy 
more triplet states are excited in organic solu­
t ions containing dissolved oxygen than in those 
that are oxygen-free; so in scintilla tors we 
should expect to see any slow component from 
long-lived triplet states increase in proportion 
when oxygen is dissolved in the scintillator. In 
fact the opposite is observed; the addition of 
oxygen removes or reduces the proportion of slow 
component, thus favouring the recombination 
processesratherthan the long-lived triplet states. 
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Pulse Shape Discrimination In a Plastic Scintillator 

F. D. BROOKS,t R. W. PRINGLE,t SENIOR MEMBER, IRE, 

AND B. L. FUNT§ 

Summary-A plastic st:intillator has been developed which 
shows a decoy time dependent upon energy loss per unit dis­
tance, and hence is suitable for use with pulse shape dis­
crimination methods. This scintillator was employed in con­
junction with an improved discrimination system and the 
data were analyzed on a two-dimensional onoly xer which 
provided Q matrix of 72 X 64 channels. At a bias level 
where 99 per cent of the electron scintillations were elimi­

nated. it was possible to obtain almost 100 per cent count­
ing efficiency for recoil protons of 2 mev, and the scintil­
lator was useful for protons down to 0.5 mev. 

The influence of various monomers, polymerization con~ 
ditions, scintillating salutes, and secondary solvents was 
investigated, and a preliminary survey of the effects of 
these variables an pulse shape discrimination is presented. 

INTRODUCTION 

The technique of discriminating between different 
types of particle by means of different scintillation 
pulse shapes1~3 is now well known and is finding in· 

t Atomic Energy Research Establishment, Harwell, England. 
+:Nuclear Enterprises (G. B.) Ltd., Edinbwgh, Scotland. 
§University of Manitoba, Winnipeg, Canada. 

I F. D. Brooks, "Organic scintillators," in "Progress in 
Nuclear Physics," O. R. Frisch, Ed., Pergamon Press, 
Inc., London, England, vol. 5, pp. 252-313, 1956; and 
in "Liquid Scintillation Counting," C. B. Bell and F. 
N. Hayes Eds., Pergamon Press, Inc., p. 268, 1958. 
H A scintillation counter with neutron and gamma-ray 
discriminators," Nuclear Instruments and Methods, vol. 
4, pp. 151-163; April, 1959. This work is the subject of 
paten t applications in the U.S.A. and other countries. 
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creasing application in nuclear physics experiments. 
This method requires firstly that the scintillation decay 
should depend on the energy loss pet unit distance, 
dE/dx, of the particle in the scintillator. Secondly, 
it requires a circuit (usually connected directly to the 
photomultiplier output) which is sensitive to the scin· 
tillation decay rather than to the total light in the 
scintillation and which signals the nature of the par­
ticle, e.g., by a negative output pulse fot low dE/dx 
and a positive pulse for high dE/ dx. 

Among the organic scintillators in particular, the 
first requirement is well fulfilled by crystal s such as 
stilbene, anthracene and quaterphenyl, and by a wide 
range of oxygen-free liquid scintillators. Organic 
crystals and liquids in general make good discrimi­
nators using any type of discriminating circuit. On 
the other hand, with plastic scintillators the experi­
ence, until recently, has been that the discrimina­
tion is much poorer than that obtained using erys-

2R. B. Owen , liThe decay time of organic scioullators and 
their application to the discrimination between par­
ticles of differing specific ionization," IRE TRANS. 
ON NUCLEAR SCIENCE, vol. N£.5, pp. 198·201; De­
cember, 1958. 

3 M. Forte, "Possibilities of discrimination between par­
ticles of different kind by means of organ ic scintillator 
decay curves," International Conl. on the Peaceful 
Uses of Atomic Energy, ALCONF. 15/ P / 1514, Geneva; 
September, 1958. 
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tals or liquids. The: present studies were initiated 
with the aim of producing a useful discriminating 
counter incorporating a plastic scintillator. A plas­
tic in which the pulse shape is particularly sen­
sitive to dE/dx has been produced and an improved 
discrimination system has been developed. The dis .. 
crimination obtained with this combination of plastic 
and circuit is comparable with that obtained using the 

best crystal and liquid scintillators. 

DISCRIMINATION SYSTEM 

The discrimination system, shown in Fig. 1, is 
based on the discrimination circuit described in a 

a previous paper, 1 Its operation in distinguishing be­
tween , e.g., a Compton electron scintillation and a 
recoil proton scintillation may be described briefly 
as follows. Fig. 1 (a) shows schematically an elec­
tron scintillation and a proton scintillation as ob­
served, for example, in stilbene. 2 These pulses are 
drawn to have the same area, corresponding to equal 
total light in the respective scintillations. The dif­
ference between them is that the proton scintillation 
contains relatively less lisht in the main (fast) com­
ponent (decay time :S 10-8 second) and relatively more 
light in the slow component or tail (decay times .<; 10-7 

second). In the photomultiplier output circuit the 
anode time constant is"""" 10-8 second, hence the am­
plitude of the negative pulse which is generated across 
the anode load is proponional (approximately) to the 
amount of fast component in the scintillation. At the 
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Fig. l_Discriminotlng system and schematic illustrations 
of: (0) scintillations In stilbene; (b) output pulse at Ai 
(c) h output pulse at B. 
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last dynode the time constant is somewhat larger, 
> 10-7 second, hence the positive pulse amplitude 
produced there is proponional to the sum of the fast 
and slow components. The anode and dynode pulses 
are stretched by diode-capacitor networks and are 
passed via variable attenuators, PRI and PR2 re­
spectively, to the output terminal A where they are 
mixed. PRI and PR2 may be adjusted to ffbalance" 

the negative and positive amplitudes fed to A in such 
a way that an electron scintillation produces zero 
output or a negative pulse at A, whereas a proton 

scintillation produces a positive pulse. 
In practice, it is easy to balance the circuit so 

that the output pulse [Fig. l(b)] is negative going for 
electrons and positive going for protons. However, 

unless the shapes of the two stretched pulses fed to 

A are perfectly matched, the electron output pulse 
may exhibit a positive overshoot as illustrated in 
Fig. l(b). This overshoot becomes a serious nuisance 

when the difference between electron and proton scin­

tillation shapes is marginal, as was the case for some 
of the plastics studied in the early stages of this 
work. It proved expedient to eliminate the overshoot 
by using a linear gate, as in Fig. 1, to select only 

the front portion of the output circuit pulse h as il­
lustrated in Fig. l(c). By this means, the condition 
of balance is judged in tem1s of the front ponion of 

the output pulse alone and balancing is considerably 
facilitated. 

DISCRIMINATION TESTS 

For the discrimination tests, an integrated pulse 

was obtained from the next to the last dynode of the 

photomultiplier (Fig. 1). The amplitude h, of this 
pulse is proportional to the total light in the scin­
tillation, which, in turn, is a function of the energy 
and nature of the primary ionizing particle. In the 

tests, the amplitude ho is analysed coincidentally 
with the discrimination pulse amplitude h. This is 
done either by display on a CRT or by using a two­
dimensional pulse height analyzer. 

The CRT method has the advantages of being quick 
and electronically simple, but, on the other hand, it 

is only a qualitative test. The pulses ho and hare 
stretched at their peak amplitudes and fed to the X 
and Y plates respectively, of the CRT. Thus, each 
scintillation plots a point (ho, h) on the CRT screen 
and we obtain the loci defined by many events by 
taking a time exposure photograph of the screen. Fig. 
2 shows results obtained using a) a stilbene crystal; 
b) NE 213 liquid scintillator; and c) the new plastic 
scintillator, c1 plastic 77." In each case, the upper 
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Fig. 2-CRT displays of the discrimination pulse height h 
{ordinate} vs the integrated pul se height h (abci sse) 
obtained using a Co60 source (upper photog~aph) and a 
Po-Be source (lower photograph). (a) stilbene; (b) HE 
213 liquid scintillator; and (e) plastic 77. 

photograph was obtained using a Co60 gamma-ray 
source and the lower photograph, a po210_Be (neutron + 
gamma-ray) source, As demonstrated by the Compton 
electron distributions obtained using Co 60 

I the elec­
tron scintillations define a locus of small and con­
stant h; the amplitude h measured for electrons is in 
fact the pedestal introduced by the linear gate in Fig. 
1 and indicated by the dotted line drawn in Fig. l(c). 
For all of the scintillators, recoil proton scintillations 
define a locus (shown in the po21 0 ~Be photograph) 

which is higher in h and clearly separated from the 
electron locus. Fig. 2(c) in particular is a qualitative 
indication that the pulse shape discrimination ob~ 
tained using plastic 77 is comparable with that ob~ 
tained from stilbene or NE 213. 

The tests undertaken using the two~dimensional 
pulse height analyzer give quantitative, and hence, 

more useful, results at the expense of extra time spent 
on data handling and analysis. The analyzer, a ma~ 
netic tape recording system with a total capacity of 

2 16 channels, has been described elsewhere. 4,5 For 
the present tests, it provided a matrix of 72 chan~ 

nels X 64 channels, which were used to analyze the 

integrated pulse ho, and the discriminator pulse h, re~ 
spectively. The results obtained for plastic 77 are 
displayed in Fig. 3 as three-dimensional models of 
number of counts hOI vs h. The model on the left of 
Fig. 3 refers to data obtained using a C060 source and 
the right-hand model refers to a Po-Be source. It will 
be seen that these models are analogous, respectively, 

4 F • H. Wells, !fUses of magnetic tapes and cores for nu­
clear data storage and computation," NucleaT Instru­
ments and Methods. vol. 2, pp. 165-168; February, 

5 1958. 
J. R. Bird and J. R. Waters, "The use of digital recording 

on magnetic tape for the study of y-rays from re sonant 
neutron capture in platinum," NucleaT Phys •• vol. 14, 
pp. 212-221j December, 1959. 
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Fig. 3_0ato from the coincident pulse-height analysis of 
the integrated pulse "0' and the discrimination pulse h, 
obtained using Plastic 77 and; (a) C0 60 source; (b) 
Po-Be source. The scale of hO is ca l ibrated in electron 
energy and in equivalent parton energy. The level 0 
indicates the bios required on h to eliminate ~ 99 per 
cent of the electron scintillations, irrespective of elec­
tron energy. 

to the upper anti lower photographs of Fig. 2(e). How­
ever, whereas in Fig. 2(e) pulse density must be in~ 
ferred from photographic density, the equivalent in 
Fig. 3} number of counts per channel, is actually 
measured. The latter data are thus amenable to a 

further analysis in which} section by section in ho, 
the distribution in h is resolved into proton and elec­
tron components and the proton~electron resolution is 
measured. For example, we may select a bias 0 (see 
Fig. 3) on the pulse height h, defined so as to elim-

"'"'''''" """" """" (_) 1 
,5' f..-."~ __ ''r"c!!..-~_-''YI 5L.. _ _ ~~ 

"' 

OL--~0~.,C--70.~,--70.~)-"-COL.C--O~.,o--oJ, 
I!:tICftCII JDalt (..,.) 

• • 7 0.0 

Fig. 4-A bias 0 on the pulse h is set to eliminote ~ 99 
per cent of the electron scintillations of any energy. 
This figure shows the percentage F of proton scintil­
lations counted above [) as a function of proton and 
electron energy for: (a) stilbene; (b) HE 213 liquid 
scintillator; and (c) plastic 77. 
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inate at least 99 per cent of the electron h pulses of 
any energy (i. e., any ho)' Then we measure, as a 
function of proton energy (i. e., ho), the percentage of 
protons F for which h exceeds o. F i8. 4 shows the 
percentage F as a function of electron energy and 
equivalent proton energy, for a) stilbene, b) NE 213 
and c) plastic 77. At proton energies above"'"' 2 Mev 
there is little to choose between the three seinti! .. 
latots in terms of proton .. electron discrimination. At 
lower energies, the plastic is inferior to NE 213 and 
stilbene but it still shows useful discrimination dow n 
to proton energies of,... 0.5 Mev. 

DISCRIMINATION AS A FUNCTION 0 F PLASTIC 

COMPOSITION AND PRE PA RA TION 

Plastic 77 is the product of a systematic study of 
discrimination vs plastic composition. The variables 
in this study were: 

1) The bulk solvent (monomers styrene, methyl 
styrene and vinyl toluene were studied); 

2) Polymerization conditions; 
3) Secondary solvents including naphthalene and 

mono-isopropyl-biphenyl (IP); 
4) Inclusion of compounds (divinyl benzene, allyl 

methacrylate) which induce cross -linking in the 

polymer; and 

5) The scintillation solutes, p-terphenyl, PPO, 
P 8D and POPOP and their concentrations. 

The results of this study can be summarized as 
follows: 

1) The choice of monomer does not inEl uence the 
degree of pulse shape discrimination but, on the other 
hand, it is important to purify the monomer and, in 

particular, to remove inhibitors and dissolved oxygen 

before polymerization. The vinyltoluene monomer 
used in plastic 77 was vacuum-distilleci in the first 
stage of preparation. 

2) Oxygen·free conditions should be maintained 
throughout the preparation until polymerization is com· 

pleted. In the case of plastic 77, polymerization took 
place in a nitrogen atmosphere for seven days at 135°C. 
Catalysts and mold-release agents were not lOcorporated 

in the monomer solution because there is evidence 
that these tend to poison the pulse shape discrimination 
property. 

3) The inclusion of naphthalene or IP as secondary 
solvents has a marked beneficial effect on the pul se 
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shape discrimination. In the case of naphthalene, dis· 

crimination is improved at the expense of light out­

put but with IP light output as well as discrimination 

is improved. Plastic 77 contains 10 per cent by weight 
of IP and has a pulse height efficiency relative to 
anthracene of 70 per cent. 

4) Cross-linking in the polymer produces a slight 

increase in the pulse shape discrimination. No cross· 
linking compounds are included in plastic 77. 

. 5) Of the three primary solutes tested, p·terphenyl 

proved the best, and the highest concentration studied, 
35 gm/ liter, proved optimum. Plastic 77 contains 
this amount of p--terphenyl together with 0.5 gm/liter 

POPOP. 

DISCUSSION 

Of the factors which contribute to the improved 

pulse shape discrimination of pIa stic 77, we should 
emphasise the oxygen-free preparation and the in­
clusion of IP . The need for extremely pure components 

and oxygen· free conditions is really no surprise in 
view of previous experience with liquid scintillators. 1 

The effect of IP is particularly interesting and merits 
further investigations to determine whether, for ex­
ample, the IP acts as a secondary solvent in the 
sense established by Furst and Kallmann6 and/or 
whether it has a more subtle and important role during 
or after polymerization. 

On the practical side, the advent of a discriminating 

plastic should particularly simplify those experiments 
which require organic detectors either big or in precise 
or awkward shapes. It is hoped that plastic scin­

tillators which compete rather than compare (in dis· 
crimination) with stilbene will eventually be produced. 
Meanwhile, however, it should be stressed that al­
though plastic 77 is markedly better than regular 

plastics (e.g •• NE 102). very careful balancing of the 
discrimination system (F is. 2) is required to obtain 
the optimum performance demonstrated in Figs. 2, 3 
and 4. 

6M• Furst and H. Kallmann, !'Energy transfer by means of 
collision in liquid organic solutions under high energy 
and ultraviolet excitations," Phys. Rev •• vol. 94, pp. 
503-507, May, 1954; "Magnitude of excitation energy 
and energy transfer by collision," Phys. Rev •• vol. 
96, pp. 902-903, November, 1954; and "Enhancement 
of fluoresc ence in solutions under high-energy irra­
diation," Phy s. Rev., vol. 97, pp. 583-587, February, 
1955. 
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GENERAL SURVEY ON CHOICE OF THE DETECTOR 
FOR A TIME-OF-FLIGHT EXPERIMENT 

F_ D. BROOKS 

AlO""ic Energy Research Establishment, Harwell, U.K. 

Abstract 

Different kinds of neutron detectors arc reviewed, attention being paid to 
such characteristics as time resolution, effici ency, background discrimination 
and dimensions. The special requirements of detectors for transmission and 
scattering measurements, fission experiments and capture studies, arc considered. 
In the case of scattering and transmission measurements several detectors are 
surveyed and their suitability for various neutron energy regions is discussed. 

I. INTRODUCTION 

When we arc fa ced with the problem of se1ecting a detector for a time-ot­
flight experiment four rather obvious criteria will usually suggest themselves. 
These are: 

(1) time resolution, which should be compatible with, if not sl ightly better 
than, the width of the neutron burst; 

(2) detection efficiency, which should be as near to 100% as possible; 

(3) discrimination against backgrounds, e.g. from unwanted n eutrons or other 
radiations; and 

(4) physical considerations, e.g. as to thickness and/ or area. 

How we weigh the importance of these and other possible criteria depends 
very much on the particular experiment. In this survey we aim to cover 
detectors for total and partial cross section experiments in the neutron energy 
range 0 to 0.1 MeV. We do this under three headings, which cover, respectively, 
n eutron detectors, detectors for fission experiments, and detectors for capture 
experiments. 

II. NEUTRON DETECTORS FOR TRANSMISSION AND SCATTERING 
EXPERIMENTS 

In Table 1 we consider a selection of slow-neutron detectors and list some 
of tlleir properties. The first column of the table lists the name of the detector; 
some details are given in the footnotes, others can be found in the references 
listed in columns (9) and (10). In columns (2) and (3) we list a typical 
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TABLE I 

Properties of Slow Neutron DetC<:Iors 

, Typical thickness 
Timing 

Detector * resolution 

I "m 
\ atom/ harn 

Bl~ or Lit "' I 
(0 B,gFa Counter 

I 
10 

I 
0.0004 I ,, 0.5 

I (at 150 em Hg) 

(2) Blg'plug and 

I 
2(B") I 0.14 

I 
0.05 

I NaI{TI) cryst. 3(NaI) 

(3) Li'! IEu) eryst. I 2.5 
1 

0.046 1 - 0.1 
1 

(4) Blo.loaded liq. sCint. 1 1.0 I 0.006 I - 0.4 I 
(5) Blo·loaded glass I 1.0 I 0.016 I 0.05 I 
(6) Lil.loaded glass I 3.8 I 0.045 

1 
0.005 I 

(7) WO.ZnS(Ag ) mixture I 0.05 I O.OOO! I - 0.1 
I 

(8) Proton recoil 
1 

3 I - I - 0.01 

(9) Self·Indication I - I - '1 - OM 

Notes 
* Detector compositions in percentage weight: 
(4) Toluene (50), Methyl bocate (50) + 4 gi l PBD + 
0.02 g/ LPOrOp (ref. 11 ) . FOL' other recipes see ref. 56. 
(5 ) Na,O (1"-'1), B~'O, (47.3), AI,O, (30.7), Ce,O, (7.6) (ccL 13 ). 

(6) Li:O (11.1), AI,O, (B.8), Ce,O, (3 .B) , SiO, (75 .7) (eel. 62 ). 

I 
1 

1 

Neutmn Pook I References 
Discriminat. 

agalllst 
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1 
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1 
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1 
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55 
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P.H.S. 

I II I 56, 57 &P.S.D. 

50 % I 0.18 I (10) I P.H.S. I 12, 13 I} 3, 58, 59 

25 ":~ 
1 

1.6 
1 

200 
1 

P .H.S. I 62 
60, 61, 

No peak I 
P.H.D. 

I 17 I 1,3, 16 &P.S.D. 

No peak I T.OJ'. I B, 9 
1 

No peak 
1 

(P.H.D.) 
1 

10 
1 

(7) ZnS(Ag) (65) + Boron Plastic (35), prepared from ethylene glycol. 
n.hutanol and boric acid in ratio 3.7 : 2.65 : 10 (ref. 17'). 

* Method of Discrimination against Y-rays. 
P.R.S, = Pulse Height Selection (i.e. single channel ). 
P.R.D. = Pulse Height Discrimination. 
P.S,D. = Pulse Shape Discrimination. 
T.O.F. = Time-of,Flight. 



operating thickness for each detector, this, in ]110st cases, being the thickness 
used by the author(s) referred to in column (9) . In Figure 1 we show curves of 
neutron detection efficiency, tn , versus neutron energy for detectors (1) to (8) 
of the table. 
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Neu tron detel' tion effici ency, h , versus neutron energy for detectors (I) to (8) of Table 1. 
Curves (11 to (81 refer to the respective det ectors at the thi ckn esses listed in the table_ 
Curve (3a ) refers to a 0.4 cm thi ck Li ' I (Eu ) crystal; curve (6a) refers to a 0.17 cm thick 

Li'·loaded glass sci ntillnlor. 

All of the detectors in Table 1, except (8) and (9) , utilise the (n,a) 
reactions on either BlO or Li' as a means of neutron detection. In the first six 
detectors, (n,a) events are identified by a peak in the pulse h eight distribution. 
Columns (5), (6) and (7) of Table I list the characteristics of this neutron 
peak. Detect(}f number (7), the BlO.ZnS(Ag) mixture, does not give a peak 
because the (n,a ) reaction products can lose a variable amount of en ergy in 
the boron compound before they reach a ZnS (Ag) crystal. 

In Table I and Figure 1 we have most of the data upon which we shall 
presently base our discussion of the different n eutron detectors. Before doing 
this, however, it is interesting and relevant to see how they compare in Jiscri­
mination against y-rays. The B,oF 3 counter is, of co urse, ideal in this respect, 
since it is very thin to electron energies comparable with the heavy particle 
energy release (2.3 MeV ) in the (n,a) reaction. Detector number (7) achieves 
y-insensitivity in an analogous way. It is thin in order to achieve reasonable 
light collection, and, besides tIllS, ZnS (Ag) is a very efficient scintillator for 
heavy particles. Thus a bias curve for y-rays shows a sharp cut-off compared 
with one taken for neutrons, which extends to large pulse h eights. In general 
a bias can be found which redu ces y-sensitivity to a tolerable level without 
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undue sacrifice of neutron efficiency (I), Pulse shape discrimination techniques 
may also be applied to reduce y-sensitivity (2 ,8). 

For detectors (2) to (6) the properties which determine y·sensitivity are 
composition (through Z), density and the properties listed in columns (5) and 
(6) of Table 1, i.e. tbe width and equivalent electron energy of the neutron 
peak. Assuming pulse height selection in a channel of this width and mean 
electron energy, Y'sensitivily is due only to those photoelectric, Compton and 
pair interactions which release a total electron energy within the linlits defined 
by the channel. Figure 2 shows, for each detector, the calculated detection 
efficiency, €y' versus y-energy, for normally incident y-rays. Only the Compton 
effect is significant for detectors (4), (5) and (6) . Thus for these tbree 
detectors, € f varies in a simple manner with ,-energy, rising sharply as the 
Compton edge enters the channel, reaching a maximum as the edge reaches the 

y.ray energy MeV 

IOO'r·----~------~------_, 1'00 

0 '10 

.) , 0·01 

, , , 
~,~ ", I 

, ""'-- '. ' " ____ ~ I 

" \-: , 

Figure 2 
Y-ray detection effici ency, Ey 1 versus y-encrgy Cor detectors (2) to (6) or Table 1 (solid curves) 

and y·ray spectra, <fl(E); (a ) rIat spectrum ; (b) exponential sp ectrum; (c) "capture" spectrum 

(broken curves). 

top of the channel, and declining at higher energies as the Compton distribution 
spreads over an energy range which is broad compared with the channel width. 
Photoe1ectric and pair interactions are taken into accolmt for detectors (2) and 
(3) respectively, and these account for the prominent peaks of curves (2) and 
(3) in Figure 2. 
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To completely assess the y-sensitivity of detectors (2) t() (6) we require to 
know the shape of the y-ray spectrum. For a spectrum, rj>(E), the total y-sensi­
tivit y is pro portional to the integral: 

As examples we show, in Table 2, the total y-ray detection efficiencies calcu­
lated for the three spectra illustra ted by the broken curves, (a ) , (b ) and (c) in 
Figure 2. Curve (a) is the simp1cst spectrum, flat from 0 to 8 MeV, and zero 
above 8 MeV. Curve (b), the exponential, corresponds very approximately to 
the spectrmll of prompt y-rays accompanying fission (4) . Curve (c) i s an 
Haverage" neutron capture y-ray spectrum (~) . The efficiencies calculated for the 
three spectra are listed in Table 2, columns (a ), (b) and (c) r espectively. Not 
surprisingly, the relative detection efficiencies are quite sensitive to the y­
spectrum, the Li'I (Eu) crystal showing marked superiority for a "soft" spectrum 
(b ) , while the B"-Ioaded liquid and B"-loaded glass are superior for the 
Hcapture" spectrum, (c) . It should be noted, however, that these calculations 

TABLE II 

Y·Ray Detection Effici encies of Slow-Neutron Sc intillation Detec tors 
fo r Various )'-ray Spectra 

Percentage of y '·s detected 

I , 
Y·ruy spectrum -4 I (a) Flat 1 (b) Exponential l (c) "Capture" 

I 

Detector Thickness 
em 

(2) Sto.plug and 
3 (NaI ) 0.66 2.76 0.65 NaI (TI ) I 

(3) Li'I (Eu ) crystal I 2.5 I 0.55 I 0.02 I 0.33 

(4) B1G·loaded 
1.0 0.17 0.82 0.12 liqu id 

151 B'G.loaded glass I 1.0 I 0.28 I 1.00 I 0.25 

(6) Li'-Ioaded glass I 3.8 I 0.4~ I 0.17 I 0.70 
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apply to y·rays incident along the direction of the n eutron beam and assume 
dlat the detector is entirely in the beam. For detector (2) in particular, the 
NaI(Tl) crystal is assumed to be immediate ly behind the B10_plug, in the 
neutron b eam. In the geometry more commonly u sed with this detector (6) , i .e. 
with th e NaI (Tl) placed outside the beam and well shielded from all y-rays 
except those coming from the Blo'plug, the d ata given for detector (2) in 
Table 2 should be reduced by a fac tor of about ten or more. 

Coullb 

The data in Table 2 reflect the d iscrimination achieved against y-rays b y 
pulse h eight selection alone. In the case of the BIO-Ioaded liquid, detector (4) , 
pulse shape discrimination (P.S.D. ) can b e utilised to reduce y-sensitivity by a 
fur ther factor of 12, at the expense of 40 5~ loss of n eutron detection efficiency. 
For details see Figure 3. In the case of detector (2) P.S.D. is obviously impos-
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Pulse height Figure 3 Pulse height 
Pulse height spec tra obtained using a Blo·l oaded liquid scintill ator, with (circles), and without 
(crosses), pulse shape di scr imination:I4'JI. Spectra (A) refer to thermal neutrons, spec tra (B) 
refer to a COM y,sOll rce. T he ratios of the areas between 10 and 21 pulse heij:!;ht units, 

(w ith P.S.O."l : (w ithout P .S. D. l , are 0.61 fol' (A) and 0.08 for (R). 

sible because detection is Vla the 0.48 Me V y-ray which accompanies 93 ~o of 
the BIO (n,a)Li7 reactions. Neither, unfortunately is P.S.D. applicable to the 
rem aining three scintil1ation detectors, i.e. th e Li'I (Eu ) crystal, the B l°·10aded 
glass and the Li6-loaded glass. None of these show significantly different pulse 
sh apes for ( n,a) and electron scintill ations respectively. However the glass 
scintillators do show very slight pulse shape differences (i) and it would seem 
wort.hwhile to experiment further with glass compositions with the aim of 
enhancing these differences. 

Th e (n,a) pulse h eights 
scintillator are equivalent to 
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in th e Li'I (Eu ) crystal and 
the r elatively high electron 

the Li'·loaded glass 
energies of 4.1 and 



1.6 MeV respectively. For these it is therefore not unrealistic to consider 
y-discriminalioil by the method of reducing the scintillator thickness to less 
than the range of a 3.5 MeV 01' 1.2 MeV electron, respectively, This criterion 
would allow a 0.4 cm thick Li'I(Eu) crvstal or a 0.17 cm thick Li'·loaded glass. 
The neutron efficiencies of these Hrinsensitive" scintilla tors would be as shown 
by curves (3a) and (6a) respectively, in Figure L 

The proton recoil detector (number (8)) is designed for use with mono­
energetic n eutrons from a pulsed Van de Graaff accelerator, Time-of-fli ght is 
used to discriminate against y-rays and also to discriminate against unwanted 
neutrons, but not as the primary means of neutron energy measurement (8,0). 

In the self-indication method (10), which we have labelled detector num­
ber (9), detection is via neutron capture rrays from a sample similar to the 
transmission sample under study. However the y-detecting scintilla tors, as in 
the usual geometry for detector (2), are placed outside the incident neutron 
beam and shielded to minimize sensitivity to all y-rays except those from the 
detecting sample. 

For the remainder of this section our purpose is to emphasize the merits 
and weaknesses of each of the detectors considered and to assess their suitability 
for transmission and/ or scattering experiments. 

ll) Th e Bl0F3 counter has the merit of extremely low !enSltlvlty to y-rays. 
It is ~enerally most useful for work at energies below ,-J 10 eV. At higher 
energies it suffers the disadvan ta~es of low efficiency and modest lim e 
resolution. 

(2) The chief advanta~es of the BlO·plug and NaI(Tl) detector are (i) time 
resolution and (ii) potentially high efficiency and <l flat response charac­
teristic through the use of a thick Blo_plup:_ Disadvantages are the need 
for a hif,!:h solid angle of NaI(TI) to obtain high efficiency, and, in 
consequence, (i) the need for very thorough shielding against y-rays, and 
(iiJ backp:Tounds from (3- and y-decays following neutron capture in iodine. 

(3) The Li6I!Eu) crystal offers the advantages of high neutron efficiency and 
low y-sensitivity provided that the y-spectrum is "soft". It has, however, 
one very serious drawback, namely neutron capture by iodine rather than 
by Li6 at iodine resonance energies, with the result that the response 
characteristic lcurve l3) in Figure 1) shows sharp dips. It is, in conse­
quence, unsuitable for hi~h resolution work above ,-J 19 eV. For work 
below this energy however, the thin l ~ 0.4 cm) Li6I !Eu ) crystal might 
be very useful. 

(4) Advantages of the BID-loaded liquid scintillator are high neutron efficiency 
and low y-sensitivity, the latter assuming that pulse shape discrimination 
is used. Disadvantages are: (i) low scintillation pulse height; (ii) sensiti-
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vhy to fast n eutron backgrounds through proton recoils; (iii) modest 
timing resolution; and (iv) that the liquid system is awkward to handle­
containment allowing good light collection is essential and great care is 
necessary to avoid ~'poisonin g" the liquid . However, despite this formidable 
list of drawbacks, BB'·loaded liquids have functioned very successfully as 
transmission detectors at A.N.L. (11 ) . 

(5) Advantages of the B,o·loaded glass scintillator are: ( i) high neutron effi­

ciency; ( ii ) timing resolution; and ( iii ) insensitivity to fast neutrons. Low 
scintillation pulse height is a potential disadvantage but not a limitation, 
since the (n,.a) peak is d early separated from photomultiplier noise (12 ,1 :l) . 

(6) The Li' -loaded glass scintillator repeats the advantages (i) to (iii) of the 
B,o-loaded glass. In addition . it has a good pulse h eight and is insensitive 
to y-rays of less than ~ 1.6 MeV. On the other hand it is y-sensitivc over 
a broad energy range extending upwards from 1.7 MeV. As in the case 
of the Li'I (Eu ) crystal, however, we can obtain general y-inscnsitivity (at 
the expense of neutron e fficiency) by using a thin ( ';; 0.17 em) glass. 

(7) Under the h eading, detector (7), we can include both B"-ZnS (Ag) detec­
tors and the essentiaUy similar Li'F-ZnS( Ag) detector (14) . These have the 
merit that they can be rendered y-insensitive simply by increasing a bias 
level. This simplicity, however, is achieved at the expense of neutron effi ­
ciency .. They also have the advantage of b eing relatively simple to fabricat e, 
an advantage which has promoted their use in large area detectors ( 1:; .11 •• 17 ). 

(8) The proton recoil detector h as the advantage of an efficiency which in­
creases with neutron energy in the region ~ 50 - 100 k eY where the (n,a) 
detectors are losing efficiency. On the other hand, in order to operate 
below 100 keY the detecting system needs to be fairly elaborate, with 
cooling and coincidence discrhnination to reduce the effect of photOlnul­
tiplier noise (8) . 

(9) In the self-indication m ethod (10) the fact that the d etector is operative only 
at, and near to, resonance energies can be an advantage or a disadvantage. 
It could be an advantage, for example, in reducing neutron backgrounds 
such as those due to delayed fission neutrons from the Harwell "Boos­
ter" (18) . Disadvantages of the self-indication method are that it is neces­
sarily inaccurate on the wings of resonances and at resonances where 
capture is weak compared with scattering. Nevertheless the Columbia 
group have proved its value for transmission work (HI . 20) . 

To complete this section we attempt to summarize the way in which a 
transmission or scattering detector might be sclected under various circum­
stances. 
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(a) Transmission or Scaltel'ing Detector lor Neutron Energies < 10 eV. 

The B,oF 3 counter might still be chosen on the grounds of simplicity and 
y-insensitivity. Alternatively the BIO-ZnS( Ag) or Li'-ZnS(Ag) systems or the 
thin Li6-loaded glass might be preferred for better time resolution and reduced 
detecting thickness. The thin Li'I (Eu) crystal might he favoured for high 
neutron detection efficiency. 

( b) Transmissio:t Detector l or Neutron Energies up to r-' 10 keY. 

The BIO-Iollded glass, the Li'-Io aded glass or the BIO_plug & NaI (Tl ) would 
be favoured for the requirements of n eutron effi ciency, timing resolution, and 
insensitivity to fast n eutrons. If the two latter requirements were relaxed and 
insensitivity to y-r ays was important, the Bl°_loaded liquid scintillator (with 

P.S.D. ) might be preferred. 

(c) Scattering Detector lor Neutron Energies up to r-' 1 keV. 

Insensitivity to , -rays is the m ain requirement h ere and this limits the 
choice to the BlOF3 count er, the BlO·loaded liquid (with P.S.D.) or the thin 
Li6-loaded glass. The former and the latter win on the grounds 0 .[ simplicity 
but lose to the B lo·loaded liquid in respect of neutron efficiency. 

(d ) Transmission Detector fo r Neutron Energies from ~ 10 to 100 keV. 

In this energy region we have two types of experiment to consider, depend. 
ing on whether time-of-flight is u sed for n eutron energy measurem ent or as a 
m eans of neutron-, discrimination. For the former the Li6-loaded glass, the 
BIO·loaded glass or the BID.plug & NaI (Tl ) might be favoured on the grounds 
of timing resolution an d simplici ty. At energies above r-' 50 k eV, the high er 
effici ency afford ed b y the proton recoil detector is probably not worth the 
complexity involved with this detector. For the second, or pulsed Van de Graaff, 
type of experiment however, there is u sually an in terest in going to en ergies 
above 100 ke V, hence the proton recoil detector migh t be favou red for n eutron 
efficiency. 

III. DETECTORS FOR FISSION EXPERIMENTS 

Our treatment in this section will be brief since the subject has already 
been covered in another paper at this symposium (:!l). We wish to compare the 
detection techniques available for three types of fission experiment which utilize 
the n eutron time-of-flight method. T h ese are (a) fi ssion cross section measu· 
rements, (b ) measurements of 1] , the number of prompt fission n eutrons emitted 
per neutron absorbed, and (c) m easurements of fission fragm ent mass distri· 
butions as a function of neutron energy. 
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(a) Detectors for fission cross section measurements. 

A fission can be identified by the detection of fission fragments or by the 
detection of prompt (fast) fission neutrons. In the former method the fissile 
sample must of course be thin to fission fragments; however the fission detection 
efficiency will general1y approach IOO ~o. In the second method the sample can 
be thick hut fission detection efficiency is limited to < IO jc by the solid angle 
and efficiency of the fast neutron detector. The two methods are complementary 
from the viewpoint that exp (- nUT) must be sman for accurate fission cross 
section measurement (n is the sample thickness in atoms per cm 2, (TT is the 
total cross section). Thus where O"T is large, i.e. on resonance peaks, n should 
be small and fragment detection is favoured. Off resonances, however, n can 
be large, thus fission neutron detection may be favoured. 

(i) Fission fragment detectors. 

For fraglnent detection we can choose between an ion chamber (~:.:,:':3.2.1), a 
gas scintillation counter (2~ . ~G) or a solid stale detector (2j.28J . The first two have 

the merit that they can handle large area (i-' 100 cm2 ) samples. Solid state 
detectors, though simpler, are, in contrast, considerably smaller units (typically 
< 3 cm2

). On the other hand, the rise time of fission pulses from the ion 
chamber is i-' 0.3 fJ-S, compared with a few ns for the other two detectors. The 
ion chamber is thus much more susceptible to "a pile-up" , e.g. for a highly 
a-active nuclide, like Pu219

, the maximum amount of nlaterial which an ion 
chamber can handle is about 10 mg, compared with i-' 120 mg which a gas 
scintillator has handled comfortably I"'). 

(ii) Fission neutron detectors. 

Fission cross section measurements via fission neutron detection depend 
on the assumption that v~ the average number of prompt neutrons per fission, 
is constant over the incident neutrOR energy range under study. For PU239 this 
assUluption has been verified experimentally (29) up . to a neutron energy of 
I""-' 1.7 keY. The properties required of the fission neutron detector are timing 
resolution, efficiency, and good discrimination against n eutron capture y-l'ays. 
Neutron detectors which have been used include: ti) the Hornyak But­
ton (:lo.:n. n. 2); (ii ) a high pressure methane ion chamber (.3:1); (iii) a pair of large 
liquid scintillators operated in coincidence (2!I,25) ; and t iv ) crystal or liquid 
organic scintillators with pulse shape discriminators (3-1.35). The last two detecting 
systems offer the best in fission detection efficiency (i-' 5-IO ~o) , in discrimi­
nation against y-rays « O.Oljh) and in tilnillg resolution « 0.05,us). A "fast­
slow" system is required in detector ( iv), to attain this timing resolution, if 
one of the older type P. S. D. circuits (34.36.3j) is used. This requirement could 
be removed through the use of fast, jitter-free, P . S. D. circuits which have 
recently been developed (38,39). 
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(b) Detectors for 1J-measureme nts. 

The fission neutron detector requirements h ere are the same as those con­

sidered in the previous paragraph. However, the condition that v be constant 
can be relaxed if the detection efficiency for a single fission n eutron is small. 

(c) Detectors for fission fragm ent mass distribution m emiurmnents. 

Fission fra gment mass distributions can be m easured ( i ) by radi()ch emical 
methods and ( ii ) by using: back-to-back fission fragment detectors. The use of 
the former technique in a time-of-flight experiment was demonstrated by th e 
Los Alamos experiment (40), in which the neutron sonrce was a single burst 
from a nuclear explosion. The detector in this experim ent was the U2ls·covered 
periphery of a spinning wheel, the U2lS being radioch emically analysed after­
wards. 

In method { ii ) two fragm ent detectors measure the eneqz:ies, El and E:J. 
of the two fission fra gments respectively, and their mass ratio is obtained from 
the relation: 

111d( 111, + m2 ) = E2/ (E, + E 2). 

The first and foremost property required of the fra gment detectors is good 
energy resolution. The gas scintillation detector is unsatisfactory in this respect. 
The ion chamber (41) and the solid state detectol' (2. ,42) achieve satisfactory energy 
resolution but compromise on one or other of the remaining two d esirabl e 
properties, namely rise-time and large sample area respectively (see paragraph 
(a) above). 

IV. DETECTORS FOR CAPTURE EXPERIMENTS 

We may conveniently divide capture experiments into two types, capture 
cross section measurements and studies of neutroll capture y-ray spectra 
respectively. 

(a) Detectors for capture cross section measurements. 

The detector requirements h ere are the usual ones of timing resolution 
and efficien cy and also that the detector be insensitive to scattered neutrons 
and that the ca pture detection efficiency b e independent of capture y-ray 
spectnun. The last is the most cri tical requirement and the one which limits 
the use of the most popular and obvious y-ray detector, namely the NaI (TI) 
crystal. NaI (Tl ) detectors have b een used n evertheless (.13) , but only under 
special conditions where ( i ) y-spectra , .. 'ere the same from resonance to reso­
nance and (ii) a suitable (ry > > I'll) low energy resonance was available for 
calibrating the detector efficiency. 
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One method of achieving independence of the capture spectrum is to use 
a 477' and totally absorbing y~detector consisting of a large liquid scintilla­
tor ( ..... ., ~ . ., 6) . With timing resolution,..... 0.03 }J-S and ,..... 100 ~o capture detection 

efficiency, this detector is ideally suited for high resolution capture cross section 
measurements using thin samples. The neutron sensitivity of such a tank is 
primarily through the 2.2 MeV y-ray which follows neutron capture in hydrogen. 
This sensitivity is reduced to a low level by loading the scintillator with methyl­
borate, the boron serving to capture neutrons with the emission of a lower 
energy y-ray (0.48 MeV). 

Another approach toward achieving independence of the capture spectrum 
is that used in th e detector to be described by Moxon and Rae (47) later in this 
session. Their detector consists of a calculated thickness ( ,..... 4 em) of graphite, 
which acts as a y-ray to electron convertor, and thin plastic scintilla tors 
(,..... 0.03 em) to detect electrons. The detector efficien cy, like that of a thick­
walled Geiger counter, is proportional (approximately ) to the total energy in 
the y-ray cascade, and essentially independent of y-ray multiplicity. 

(b) Detector$ for the study of capture y-ray spectra. 

The princip~l, and sometimes conflicting, properties required of the detector 
in this type of experiment arc: (i) good y-ray energy resolution (i.e. "line­
shape" ) ; (ii) small probability of smnming the energies of two or more y-rays 
and detecting them as one ,-ray; (iii) timing resolution; and (iv) detection 
e fficiency. Requirements ( i ) and (iv), together with the low neutron intensiti es 
available when neutron energy is simultaneously being measured by time-of­
flight, inevitably dictate that the detector must consist of one or more NaI (Tl) 
crystals. 

Single NaI (T l) crystals have been u sed ( ~ SJ in sizes up to ,..... 25 cm diam. 

X 15 cm, the advantage in going to large crystals being better line-shape rather 
than higher overall detection efficiency; the need to avoid summing requires 
that the solid angle of detection be kept small. Arrangements of two or more 
crystals have been used to improve line shape and/ or to increase solid angle 
while avoiding summing. For example, the Brookhaven group (49) have used 
six crystals (10 em X 10 em) connected in parallel to a single pulse height 
analyser, but with an anticoincidence gate to eliminate summing of events in 
two or more crystals. A two-crystal pair spectrometer has been used at Har· 
well (50) to improve line-shape . The sum-coincidence method (51 ) has been con­
sidered at Yale (52) as a means of selecting and studying two-step capture y-ray 
cascades. The Argonne group (~S ) have u sed two crystals in coincidence, with 
one biased just below the binding energy, so that the other records transitions 
from the first few excited states of the compound nucleus. By this technique 
the transitions feeding the low-lying states are studied (indirectly ) under much 
higher resolution than would have b een possible by observing them directly. 

400 



The last two coincidence techniques mentioned suffer the limitation that 
they do not permit observation of the single transition direct from the capturing 
state to the ground state, a transition which is often of particular interest in 
neutron capture y-ray work. In the other y-spectrometers the nlain requirement 
is a good line shape. A single large crystal (or several anticoincidence-gated 
large crystals) has the advantage that it improves line-shape without sacrificing 
"I-efficiency. Two- or three·crystal pair spectrometers, in contrast, are capable 
of better line-shapes, but at the expense of y-efficiency. 
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DISCUSSION 

Cltrien: 

I want to point out that there has been a large amount of information 
produced using BF, detectors from 10 eV up to 1 keY and I think there will 
still b e plenty of use for th em in this energy region. 

Brooks replied: 

I accept your statement, of course. Perhaps it should even have been in­
cluded in my survey. However, my aim has heen to show how one might 
choose a n eutron d etector from those currently available. I think that it is 
fair to say that the detector choice for transmission work above 10 e V would 
now he the Blo.plug - NaI, B'O liquid, or one of the B'G or Li6-glasses, rather than 
B,oFa counters. 

Comment by Egelstaff: 

I would like to make a bri ef remark at this point on the question of 
thickness of Li6_glass. This will be in lieu of giving a paper later in the session. 

We have made a number of measurements on the resolution and the amount 
of overlap with y-rays for Li-glass as a function of thickness. The results of this 
are given hl Table I. 

TABLE I 

Thickness of glass 

I 
Resolution 

I 
'~ c neutron peak overlap (inches) ( in ~t ) 

1116 10.3 1 
118 11.0 7 
1/4 13.7 20 
3/ 8 15.5 50 

, 

For the resolution, we have taken the full width at half maximum ampli­
tude. We see that the width is increasing with the glass thickness, but in 
particular for the very thin piece of glass, the resolution is rather good. 

The y-ray source u sed for determining the percentage overlap was a 
Co60-source giving a flux of 5 mR/ h . This Co60-spectrurn overlaps the neutron 
spectrum to some extent (Figure 1) and if we take a vertical line passing 
through the end-point of the y-spectruffi, we can determine the fraction of the 
neutron peak lying to the left of that line. This fraction, which we call the 
percentage overlap, varies very sharply with thi ckness as can be seen from 
Table I, and this confirms the point Dr. Brooks was making about the relative 
insensitivity of the thin glass to I-rays as well as the fact that it has g.ood 
resolution. 
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PULSE. HE. IGHT 

Figure 1 
Curve showing the definition of the amount of overlap ,between neutron pulse spectr um 

and Co'" Y-ray spectrum for Li'-glass detectors. 

Comment by Cranberg: 

A Li'H detector would have exceptional u sefulness as a detecto r, covering 
a wide range of neutron energy at high efficiency. The low energy neutrons 
would be detected by Li' (n,a) T and the high er energy neu trons by proton 
recoil. It is h oped that those interested in such a bro ad.range detector would 
stimulate the development work necessary to produce Li'H in the form of a 
scintillating crystal. 

Cocking: 

I should like to ask if anyone has any experience of using an idea tried 
out in a different context by myse1f and others, which is relevant to the point 
mad e by Dr. Brooks about using thin Lithium Iodide crystals, thinner than the 
range of recoil electrons in the crystal, the point h ere being if one wishes to 
usc a very large crystal , one can make it up of several smaller ones and separate 
these optically with very thin aluminium so that the photomultiplier still sees 
the whole crystal optically but a recoil electron is stopped in onc of these 

. different regions. Has an yone any experience of applying this method? 

Bollinger: 

I see tha t Dr. Cocking is getting very close to an idea that we at Argonne 
h ave been working on, so I must hurry to get the idea on the record. We are 
attempting to make a detector that is very insensitive to y·rays by using sma1l 
balls of either a B- or a Li-gJass scintillator. Th e scintillating balls are embedded 
in a transparent medium tha t does not scintillate. It is hoped that, because 
of the difference in the ran ges of electrons and the reaction products, we will 
be able to find a ban size for which the m edium win be sensitive to n eutrons, 
hut insensi tive to y-rays. It is also hoped that, by a proper adjustment of 
refractive indices, it win b e possible to extract most of the light. These ideas 
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are, of course, merely an extension of the technique already used by Dr. Bonner 
for fast n eu trons. The work at Argonne is being done by Dr. Thomas. 

Brooks : 

I should like to make a comment on the suggestion of using multiple 
scintilla tors. What we. thought we could do was to use several slabs viewed b y 
two P.M. in an arrai,lgement such as given in Figure 2. Assuming that the 
radiation is falling in along a direction indicated on the figure, we only need 
an anticoincidence arrangement in order to distinguish between neutrons and 
y-rays. 

P.N. P. 11. 

Figure 2 
Anti.coincidence arrangement (or neutron detector using multiple scintillator slahs. 
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A measurement of eta versus energy for U235 

by F.D. BROOKS 

Reprinted (rom Proceedings of the Symposium on neutron time.oC.night methol]S, 
organized by the European·American Nuclear Data Comnllttee 

(50cl.y, France, 24-27 July, 1961), 
Session II, pp. 131-137. 

A MEASUREMENT OF ETA VERSUS ENERGY FOR Um 

F.D. BROOKS 

Atomic Energy R~sr:4fch £sl8blhhmenl, HarweU, UK. 

Abstract 

Ela, the number of prompt fission neutrons emitted per neulron absorbed. 
hae been measured for Um + n ae a function of neulron energy from 0.7 cV 
to 50 eV. Fission neutrons were detected by liquid scintillation counlere with 
pulse shape discriminating circuits to minimize ecnsitivity to capture .,.or8Y'. 
This detector served to measure the fission neutron yield aDd also. by a "self­
indication" method, to measure the trammission of the UUI sample. Four 
diCCerent samples were used and the energy range 0.7 -10 eV was covered wilh 
44 D8/ m resolution, while the energy range 10.50 eV was covered with 11 "s/ m 
resolution. 

Thi8 experiment to mea8ure eta (the number of prompt £i88ion neutrons 
emitted pet neutron absorbed) versus neutron energy Cor UUJ + n differed 
onl)' in detail (rom other direct meallurementa (l,2,S,i) on UUJ, um and Pu2", 

Figure 1 (a) show8 the experimental arrangemen~ a flight path with sample 
positions, (1) at 22,3 metres, and (2) at 19 metre., from the Harwell pulsed 
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neutron source, the "Booster". The fission neutron detector was at 22.3 me tres 
and consistetl of four li'luid scintillators (NE 213 scintillator, 12 cm tliam. X 
8 em ) in parallel. Each scintillation counter had a fast !;S 0.05 fLs) output 

for timing as well as a pulse shape di sc rimination tP.S.D.) output to bias out 
y-ray scintillations. The " fast_slow" sy~telll illustrated in fi gure lib) WllS use,l 
to overcome the lime ji tter ( ;SO.S p.s l of the P.S.D. ci rcuit s. T he fast OUlput 

was delayed for 3 p's while the P.S.D. amplifier decided whether to ga te it 
throtlJ!h to the time ll nalyser as a neutron sc intillation. This P.S.D. system 15) 

enabled us to gate Ollt more than 99.9% of the y-ra~'s iletect('i1 by the scin­
tillators, irrespective of y-energy. At the same time the de tection efficiency 
for fi ssion neutrons, as measured using a ca librated Pu140 spontaneous fission 
source, was ,..... S%. The tim e-DC-flight analyser used was the -t096 channel 
digital tape recording sys tem recently desc ribed by Wate-rs antI Bird (';1. 

Four uraninm me tal samples (93\( Um , 6% un., l~f. U1l-4) were nse() in 
the measurement of eta for Um . In this pape r we present data obtained from 
0.9 to SO eV llS ill ~ the thickes t sample, "Sample A". Sample A was a disc 7.9 em 
in di amctt' r with B.95 f!; i cm 2 Um . Sample B. 1.9 cm dium. and 8.95 l!/ cm 2 

un', fulfilled an important auxiliary rol e in the eta mpasurement usinJ! A. 
The experiment was divided at 10 eV into two b road energy regions. Below 

lO eV a cadmium filt er was llsed (see Figure I(a }) and the timing channels 
were 1.00 p.S, so that the nominal resolution was .w Hs! m. Above 10 eV a 
boron filter and 0.25 JlS channels t Il ns/ m) were used . Three tim e-of-fli~ht 

runs were made in each energy region, to measure: 

(i) the COllllt rate, Y. with A at position' 1) in fi ?:nre I a': 

(ii) the count rnte with B at posit ion 111: and 

(i ii ) the count rate with B at I II and A at 1.2). 

Examples oC raw data obtained in runs Ii.), liii and ! iii ) are shown in 

Figure 21 aL Run 1 iii ) divid el1 hy mn ' ii ) /!a \'c th p fruc tion, I . of neutrons 
transmitted by A I.exam ple in Fil!ure 21 b ll. By lI silll! this "'self·indication'­

method we have ensured that the yield, Y. and the Iransmi sllioll. T, were 
m easured with essentially identical resolution. Eta, "J, can thus he relat ed to 
Y and T by the Cormula: 

4> Y 
(I ) 

kN (E ) ( I - T) 

where k is the detec tor effici ency, which cun be assumed to be constant provided 
that the a\'erage number of neutrons per fi ssion, -;, is ('onstan t, N(E) is the num­
ber of incident neutrons as a fu n(, tion of ener~y and 4> is CI SCCl \tCrill ~ correction 
factor. 

Additional lime-of-£light runs were malIc to Iletermine relati"e values of 
N(E) and to nonnalize the relati\'e values of 1] thus obtained to the thermal 
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value, 71 = 2077 (7). N(E) was measured using a thin BFa counter detector 
known to have an efficiency which varied as (E) - 'f1. The data were normalized 
to the thennaI '1.value by a cadmium difference method. 

The scattering correction + is difficult to measure or calculate. A simple 
analysis, covering only the possibilitiea of scattering oul of the sample or 
absorption after one scallering. and neglecting the small energy shirt in 
iealtcring gives for q,: 

[ (
.s )' • 's ( " )]-' q, ::; 1 - ---;; - T --;;; 1 - ----;; (2) 

when (1t;: and fiT are the scattering and total cross sections and T is the sample 
transmission averaged over the paths of the scattered neutrons. As yet we have 
not attempted to measure or calculate cp exactly. Instead we present, in Figure 2 
(e), ( fI), (e ) and in Figure 3, results of ."/¢ versus energy. and indicate by solid, 

ralher Ihan open, circles, data for which we estimate 1.00 .$ ¢ < 1.05. In 
other words the s()lid circles represent measurements of '1 ( = '1 / ~) at energies 
where we estimate that neglect of scattering corrections causes less than 5% error . 

The condition that 1.00 <: ¢ < 1.05 was determined as follows. We know 
that for UUs neutron resonances below 50 eV, r" < < r ... + ry i.e. that 
rpsonance scattering is small compared with capture and fission. Thus we 
have neglected resonance scattering and have required only that the total cross 
section. ITT. should be flUfficiently greater than the potential scattering cross 
section IT" , to make <P. as given by equation (2), less than 1.05. Taking 
ITp = 12 barns, the condition becomes that fir ahould exceed 75 barns or that 
the transmiasion, T. of sample A, should be less than 0.3. The data, 1]/ q,(--- 1]), 
are thus presented 8S soJid circles where T < 0.3. The only exceptions to this 
procedure are at the energies 5.2, 6.7, 21 and 36.7 eV where transmissions of 
< 0.3 are altributecl to the resonances of U2U_ and UUI-impurities in sample A. 

The errors shown on the 1]/~ data in Figures 2 and 3 are the standard 
statistical errors calculated from the primary time-of·flight data, that is runs 
lil, (ii) and f iii.) and the backgrounds associated with these runs. un'reso· 
nance eneq:dcs are indicated by solid arrows. impurity resonance energies by 
broken arrows. In Figure 2(e), showing 1]/ 4> from 0.9 to 2.8 eV. resolution has 
been sacrificed in order to improve statistical accuracy by grouping into 8 p.1 

channels. 

Figures 2 and 3 illustrate that the approximation ¢ = 1.0 is met, and hence 
that 1] is measured at, and near to, most of the unJ resonance energies. In 
several cases the data are 8ufCiciently accurate to define a slope or variation 

or 'rJ through the resonance energy. This result is consistent with much recent 
evidence for UlU and other fi8sile nuclides which has indicated resonance­
resonance interference in the fission croSI! section. 
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The principal fea tures of the m ethod which was ul'ied in this experiment 

are the pulse shape discriminating neutron detector and the trnnsmission 
measu rement by the "self· indication" method. The latter leads to the 

ad"antage that reso lution effec ts are minimized when yield, Y, and trans· 
mission, T, are combined to evaluate .". On the other hand the trnnsmission 

measurement is necessarily inaccurate be tween resonances or, in general, where 

the fi ssion cross section is small. This disadvantnge was not felt in the present 
m easurements in which." could not be IIctertn incd be twcen rcsonunces because 
the scattering correction factor, ,p, was not known. 

REFERENCE S 

II) P ALEVSKY, B ., HUGHES. 0.1 ., ZIMMERMAX, R.L. and EISBEIU;, R.J!., J . NllrI. 
Energy 3, 177. 

(2) FARLEY, FJ .M., J . Nucl. Energy 3,33. 
(3) DOLLIN(;ER. L.!'.i., Oa k Rillll!e Rr porl, OR:\'L.2309, 16,. 
(4) n OLLTi'i{; [R. L.M., COTE. R.E. ann THOMAS, G.E., Pro r. 2nd Int. COIir. on the I' ra rt'rlll 

Uses of Atomir Ener~y 15, 127. 
(5) BHOOKS, r.D., PRI!'iCLE, RW'. lind FUNT, D.L., I.R.E., Trans. Oil X'ut'le:Jr Sci . Vol :\'S- : . 

nG 2.3. 35. 
(6) WATERS. J.R. IIlld BIRD. J.R. •. y " cleoniCI 19.,,0 ·1. 1: . 

YEATER. :\f.L.. )IOCKEXD l! RG. R.W. anll FULLWOOD, R.R., .Vuel. Sci. lind Eng., 9,105. 
(1) )IACKU:\", R.L .• IIInu aI., O.R.N.L. Rt'port. 

136 

DISCUSSION 

Fluharty Co Rae: 

How clo you propose to use Ihe V-dala to determine average reactor cross 
sections? 

Rae replied: 

~'e arc 1101 trying to obtain averal!C cross sec tions from the." measurements. 
but rathcr to d etermine le\'eI parameters, in particular r l to insert in multilc\'el 
analysis of the cros~ ~ec tion data. Our reactor physicists feel that obtaining 
1!0ol1 multil eve l fil s is the only way to know how the cross section varies, for 
fO xample. with reactor temperature. 

Fluharty to Rat': 

How do the data compare with the Saclay fi ssion cross sec tion m easore­
menl ~ ? 

Rae repli ed: 

We hnH not yet completed the analysis of the present data, but a table 
of r( va lues obtained from an earlier run with lower reso lu tion ami more 
ullce rtaint~.- in spec trum and background was in good agreem ent with the Saclar 
results. 

Fluharty to Rae: 

Why did you 110t take simuh aneous total cross section data with a l / v 
detec tor? 

Rae replied: 

We tlo intend to make total cross section measurements on Um , hut we 
have not yet got round to doing it. 

Comment of Sizer: 

Wc have looked at diffcrent measurements of ." oC Um in the region 
between 2 and 10 eV and rind thaL Lhese agree neither with each other ~Ior 
with valucs cnlculaled from Ule cross sections. W e are, therefore, anxiolls 10 
encourage further measnrements using the new improved techniques. This is 
of importance in the design of intermediate breeders. 
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Partial Cross Section Measurements with the Harwell 
2a-Mev linear Accelerator 

F. D. BROOKS and J. R. BIRD 
Atomic Entrgy Re,tQ"h EstQb/iJ~t. 
Harwell, Eng/and 

1. The Linac Facilities 

The Harwell 28~Mev electron Iinac1 running into the "booster" 
target is, for our purposes, a pulsed neutron source with the following 
properties. The pulse repetitioD frequency is 200 per second. the 
pulse width is 0.25 fLSCC (minimum), and the neutron intensity 
during the pulse is ___ 1011 neutrons/second. 

Figure I indicates how to flight paths are at present disposed about 
the booster for various cross section measurements. The longest 
path (200 meters) is used for total cross section work. Other paths 
are used for fission, scattering, and capture cross sections, respectiv~ 
ely, while another is used for measurements of eta versus energy. 
The shorter flight paths, 13 and 6 meters, respectively, are used for 
studies of capture y-ray spectra for different resonances, and fission 
mass distributions for different resonances, respectively. The total 
cross section facility at 15 meten is designed for small-sample work, 
and we are hoping that this will put US into competition with chop~ 
pers for measurements on separated isotopes and fission products. 

Signals from the 10 detector stations are cabled back to a central 
laboratory, housed in the same .. building as the accelerator, for time~ 
of~flight analysis. For this analysis we have seven lOO-channel 
units, one IOOO~channel unit, and a digital magnetic tape recording 
system: which is equivalent to four 4096~channel time analyzers. 

For the remainder of this paper we wilt confine ourselves to two 
of the partial cross section experiments mentioned above. These are 
(i) a measurement of eta versus neutron energy for UZu, and 
(ii) an investigation of capture y-ray spectra for different resonances 
in Pt1U• 

2. Measurement of Eta Versus Neutron Energy 

The experiment to measure 1'/, the number of prompt fission neutrons 
emitted per neutron absorbed, as a function of incident neutron 
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PARTIAL CROSS SECTION MEASUREMENTS III 

energy, E, is similar, in principle, to several other Hdirect" measure­
ments 3- 7 on the three most abundant fissile nuclei. Figure 2(a) 
shows the experimental arrangement, a flight path with sample 
positions, (l) at 22.3 meters and (2), at 19 meters from the pulsed 
neutron source. The fission neutron detector, which is at 22.3 
meters, consists of four liquid scintillation counters (NE 213 liquid *) 
in parallel. Each counter has a fast output for timing and a pulse 
shape discriminator to bias out ')I-ray scintillations. These outputs 

"" 

<bl 

LIOUID 
SCJN T. 

COUNTERS 
WITH 
P.S.D. 

CIRCUITS 

---------------------2231 ~:~ER-

~ TO TIME ANALYSER 
- -- (-trnb CHN'4NELS) 

FIC. 2. a, Experimental arrangement for the measurement of eta; b, block 
diagram of pulse shape discrimination system. 

are coupled as shown in Fig. 2(b); the fast output is delayed 3 f..Lsec 
while the P.S.D. amplifier decides whether to gate it through to 
the time analyzer as a neutron scintillation. This P.S.D. system8 

enables us to gate out more than 99.9% of the y-rays detected in the 
scintillator, irrespective of y-energy. At the same time, the detection 
efficiency for fission neutrons, as measured using a .calibrated PU2~O 
spontaneous fission source, is '"" 5%. 

Four uranium metal samples (93% U 23S
t 6% U238, 1% U23<1)were 

used for the measurement of ." for U235. In this paper we present 
some of the data obtained using the thickest sample, "sample A," 
which was a disk of J.l-inch diameter and 8.95 gm/cm2 U235. Sample 

• Supplied by Nuclear Enterprises (G.B.) Ltd., Edinburgh, Scotland. 
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B, of 8.59 gmJcm'1. U 23S, but otherwise similar to A, fulfilled an 
important auxiliary role in this measurement on "sample A." 

The 7'} measurement using :\ was divided into two broad energy 
regions, 0.7-11 and 5-300 ev, respectively. In the lower energy 
region the cadmium filter was used [see Fig. 2(a)J and the time-of­
flight resolution was 44 osee/meter. The boron filter was used in the 
upper region and the resolution there was 11 osec/meter. Three 
time-of-flight runs were made in each region to measure; 

(a) the count rate Y. with A at position (1) [Fig. 2(a)J; 

(b) the count rate with B at (1); and 

(c) the count fate with B at (1) and .-\. in transmission, at (2). 

Run (c) divided by run (b) thus gave T, the fraction of neutrons 
transmitted by A. By using this "self-detection" method we have 
ensured that Y and T are measured with essentially identical 
resolution. Eta was calculated from the formula 

•. y 
(I) ~ ~ k· N(E) . (1- T) 

where k is the detector efficiency, which may be assumed to be 
constant provided that v the average number of neutrons per fission 
is constant, N(E) is the number of incident neutrons as a function of 
energy, and tP is the scattering correction factor. 

Additional time-of-flight runs were made to determine relative 
values of N(E) and to normalize the relative values of 7] thus obtained 
to the thermal value 7'} = 2.077. 9 The spectrum ~V(E) was measured 
using a thin BF3 counter detector known to have an efficiency which 
varied as (E)- lIZ. The data were normalized to the thermal 7] value 
by a cadmium difference method. 

The scattering factor, ¢>, is difficult to measu re or calculate. A 
simple analysis covering only the possibilities of scattering out of 
the sample or absorption after one scattering, and neglecting the 
small energy shift in scattering, gives for </J: 

rP = [l - (as/aTP - T' . as/aT(1 - as/oy)J-1 (2) 

where fYs and aT are the scattering and total cross sections, respec­
tively, of the sample, and T' is the sample transmiss ion ave raged 
over the paths of the scattered neutrons. As yet we have not attempted 

I 
[ , 

i 
: 
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to measure or calculate¢> exactly. Instead we have calculated 7'} only at 
energies where we could reasonably assume that 1.00 ::;: r/> < 1.05. 
For sample A this meant, in practice, that we calculated TJ only where 
the transmission, T, was measured to be less than -- 0.3. 

Figures 3 and 4 show the measurements of transmission, T, and 
eta from 0.7 to 33 ev incident neutron energy. There are many gaps 
in the eta data due to the lack of information on~. However, we are 
able to present data at most of the resonance energies and also, in 
several cases, to determine the behavior of 7'} over resonances. In 
many of these cases the result is that TJ varies through the resonance, 
a result which is similar to that which Bollingers,,, observed in several 
Pu 239 resonances and which suggests resonance-resonance inter­
ference in the fission process. Such interference implies of course, 
that we cannot analyze resonance fission cross sections in terms of 
the single level Breit-Wigner formula. However, if following 
Teichmann10 we assume that the single level formula is a good 
approximation (i.e ., that interference is a minimum and can be 
neglected) at the resonance energy, we can write' for values, 7'}R. of 
eta at resonance energies: 

iir, 
fJR = ry + r/ 

i. e., 

ry 

r, ~ (V/~R) (3) 

where ry and rf are radiation and fission widths, respectively. Thus, 
if we know, or can assume, values for ii and r y• we can arrive at 
values for r,. Some fission widths obtained by takingll v = 2.43 
and assuming a constant radiation width12 ry = 33 Mev are shown 
and compared with recent BNL-325 datall (u) in Table 1. The agree­
ment between the two sets of data is quite good. A useful by-product 
of the direct eta measurement might therefore be that it affords 
a simple, and perhaps reliable, method of determining fission widths. 

3. Gamma-Rays from Platinum Resonances 

In the study of the intensities of individual y-rays following reso­
nance neutron capture, it is desirable to have the best available 
y-ray resolution. All measurements to date have been made with 
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single sodium iodide crystals of as large a size as possible in order 
to reduce the effect of pair escape events. By using an additional 
crystal to detect escaping 0.51-Mev ,,-rays in coincidence with a 
primary event an appreciable improvement in line shape can be 
achieved. T his technique has been used to measure the intensity 
of the three highest energy ,,-rays from the first three resonances in 
Pt l95 , 

TARGET 

INCIDENT NElJTRONS 

-COINe. 
-SIHCLES 

F IG. 5. Experimental layout for the measurement of y-ray spectra from 
resonant neutron capntre in platinum. Inset shows pulse-height spectra 
obtained from the 4 X 4 inch NaI (TI) crystal using the 7.49 Mev y-ray (rom 
Bel (p, y) BIO; (i) broken curve, no coincidence required; (ii) solid curve, 
requiring a coincident O.5-Mev y-ray detected in the 4 x 1.5 inch NaI (TI) 
crystal. Curves (i) and (ii) are normalized to equal count rate at the first 
escape peak. The actual count rate with coincidence is 15 times less than 
without coincidence. 

The experimental layout is shown in Fig. 5. The target of 250 gm 
of platinum is at 13.5 meters from the neutron booster and the time 
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of detection of y-rays defines the time-of-flight of the captured 
neutrons with a resolution of 25 nsec:mete r. The primary y-ray 
detector is a 4 by 4 inch NaI crystal beside which is a 4 by 1.5 inch crys­
tal. The line shape obtained with this method is shown in Fig. 5 (inset) 
for the 7.49-;\'1ev y-ray from Be9 (p, y) BlO, The coincidence require­
ment removes the total energy peak and many Compton events. 
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Flc. 6. Coincidence pulse-height spectra obtained for the 11.9 ev (open 
circles), 19.6 ev (crosses) and 68 ev (sol id circles) neutron resonances in 
PtIU. The energ;- calibration of the 3bcissa indicates electron pulse height in 
Mev plus 0.5 :\tev. 

It also reduces the counting rate in the first escape peak by a factor 

of 15. The first and second escape peaks are resolved much better 
than usual, partly because of the removal of Compton events, but 
chiefly because the primary events that are favoured by the technique, 

, 
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occur in a slab of the main crystal parallel to the photomultiplier 
so that the optical efficiency is more uniform than normal. The line 
shape has been measured for a number of y:rays in the energy range 
4 to 10 Mev and analyzed in terms of Gaussian peaks plus a Compton 
tail. The width of the peaks are found to increase only slowly with 
energy. 

In order to measure the spectra from resonances, the neutron 
time-of-flight and the pulse height from the large crystal were 
recorded digitally on magnetic tape. This method allows the resonance 
area to be determined for each pulse-height channel so that the 
background is determined and removed from the one set of data 
without requiring repeated runs. The spectra thus obtained for the 
first three resonances in PtlSS are shown in Fig. 6. The ordinate is the 
actual number of counts for the 11.9-ev resonance, the other curves 
having been normalized to equal areas. The arrows show the posi­
tions at which peaks are expected for the transitions from the captur­
ing state to the ground state of PtUS and to the first and second 
excited states. The known line shapes for these three y-rays have 
been used in a least squares program to determine the intensity of 
each transition at each resonance. . 

The spectra do not show zero counts above the ground state peaks 
indicating that there is some contribution having a resonance shape 
which can be attributed to chance coincidences. This has been correct­
ed for, by using the shape of the spectrum for the 96-ev resonance 
(which involves capture in PtUS) for energies above the binding 
energy which is 6.5 Mev. This shape was normalized to the observed 
count rate above the ground state peaks for each Ptl91i resonance 
spectrum. The normalizing factor was found to be approximately 
equal to the ratios of the total count rates for the respective resonan­
ces. This correction changes the individual y-ray intensities by the 
order of 10% but gives a notable improvement in the least squares 
fitting. 

The relative intensities of the various y-rays are given in Table II 
normalized to unity for the ground state transition of the 68.5-ev 
resonance. The errors quoted include contributions from both the 
statistical errors and systematic errors. The latter were estimated 
from the effect of various changes on the assumptions involved in 
the process of fitting line shapes. 

The results are also given in Table II of measurements made 
with thermal neutrons using a cadmium difference technique, but 
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Neutron 
energy (ev) 

11.9 

19.6 

68.5 

F. D. BROOKS AND J. R. BIRD 

TABLE II 

RELATIVE INTE:s'sITI£S Of CAPTL'RE GA;\H .. !A RHS 
FOR RESOSA:-;'CES IN PT1U ~ n 

Relati,-c intens iti es 
Gamma 

ray~ 

Singles Singles Coine. 

y, 1.00 1.00 1.00 
y, 0.29 = 0.1 0.53 = 0.1 0.40 == 0. 1 
y, < 0.02 

y, 0.29 = 0.05 0.20 = 0.05 0.16 = 0.03 
y, 0.19 = 0.05 0.23 = 0.05 0.23 = 0.05 
y, 0.25 = 0.03 

y, 0.48 = 0.1 0.67 = 0.15 0.45 = 0.08 
y, 0.52 = 0.1 0.67 = 0.15 0.51 ", 0.1 
y, 0.12 ", 0.03 

Bollinger 
d ai.1! 

1.00 
< 0.05 

0.25 = 0.03 
0.10 ", 0.02 

0.43 '" 0.04 
0.24 = 0.06 

Groshc\' et af.1~ Kinsey et ai. 1 ~ 

Thermal y, 0.4 0.4 0.3 
(not nor- y, 0.4 0.2 
malized) y, 0.35 0.6 0.2 

e Yg, Ylo y:- transitions from capturing state to ground state, I st, and 2nd 
excited states, respectively, 

these are on an arbitrary intensity scale not normalized to the values 
in the rest of the table. The relative intensities of the three y- rays 
agree reasonably well with the results of previous experiments 
considering the poor accuracy involnd in the difference measure­
ments. The first two sets of results for resonances given in Table II 
are the results of earlier measurements made with :i single sodium 
iodide crystal as the y-ray detector. These show quite satisfactory 
agreement fo r the intensities deduced for the ground and first excited 
state transitions. However, a comparison with the results of Bollinger 
et al. 13 show rather poor agreement unless larger systematic errors 
are assumed to dominate this type of measurement. 
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A detector for the measurement of neutron elastic scattering 
cross sections in the resonance region is described. The detector 
consists of five lithium~loaded glass scintillators assembled into 
two groups, the scintillators in the first group having a 6Li 
content 46 times greater than those in the second. The response 
of the two groups to gamma-rays is matched as closely as possible 

1. Introduction 
The resonances observed in the low energy (;S I keY) 
neutron cross sections of most medium and heavy 
nuclei (i,e. A;(; 50) are mainly due to s-wave (i.e, 
1= 0) interactions between the neutron a nd the nucleus, 
Eaeh resonance can therefore be described in terms 
of the parameters, Eo , J, r , rIP T., and rr, which 
represent respectively, the resonance energy, the total 
angular momentum of the corresponding compound 
nucleus state, the total resonance width and the partial 
widths for decay by neutron emission, by emission of 
gamma rays, or by fission , these being the principal 
modes of decay. The resonance parameters are im­
portant on the one hand for the development of nuclear 
theory and for testing the results of theoretical pre­
dictions ' ), Practical applications, on the other hand, 
are concerned with computations of reactor tempera­
ture coefficients, neutron reaction yields, self protection 
effects, etc,2), 

An accurate and elegant way of determining reso­
nance parameters is to combine the results of several 
different types of neutron cross section measurements, 
as described by Lynn and Rae'), Assuming a non­
fissile nucleus, the measurements required are: a. the 
neutron transmission vs energy for several samples of 
different thickness; and b, the cross sections vs energy 
for neutron capture and neutron elastic scattering 
respect ively, Capture data of high quality') have re­
cently become available for several nuclei. Correspond­
ingly accurate transmission data are also available S

) or 
can always be measured with relative easc. In contrast, 
very few scattering data are available which are of a 
quality suitable for combination with the transmission 
and capture data to determine resonance parameters 

• Attached from the Department of Nuclear Physics, University 
of Oxford. 

+ Present address: Physics Department, University of Cape 
Town, Rondebosch. c.P., South Africa. 

so that when the output of the second group is subtracted from 
that of the first, the effective sensitivity of the system to gamma­
rays is close to zero. Measurements on 169Tm, 191Au and 2J2Th 
demonstrate that scattering cross section data accurate enough 
to determine resonance spins may readily be obtained. 

This lack of neutron scatteri ng data in the resonance 
region stems largely from the fact that no neutron 
detector has been available which combines a high 
detection efficiency wi th certain other characteristics 
considered to be essential, or desirable, for low energy 
neutron scattering measurements by the time-of-flight 
method. These characteristics relate to the energy 
resolution of the experiment and to the need to dif­
ferentiate (experimentally) between neutron scattering 
and radiative capture. They may be summarised as 
follows, An ideal detector should: 

a, have a time resolution which is better (i,e, less) 
than the width orthc neutron burst; 

b. have an active thickness which is less than the rms 
variation in the neutron fl ight path from the source to 
to the detector ; 

c. be insensitive to neutron capture gamma-rays. 
Alternatively it should incorporate a means of dis­
criminating against these gamma rays. 

With regard to requirements a, and b, it should be 
noted that the energy resolution, /JE/E, of a time-of­
flight spectrometer, at an energy, E, is given by the 
formula: 

/JE jE = (2/L) {I(/JL)'+V2I(/JT)2} t, (I) 

where L is the flight path length and v is the neutron 
velocity, The two sums are to be taken over all factors 
which contribute to the fl ight path spread, /JL and to 
the timing uncertainty, /JT, respectively, The fulfilment 
of both requirements a, and b, thus ensures that the 
detector itself is responsible for only a small or negli­
gible part of the resolution width, /JE. 

The detector which has becn most widely used in the 
past, for resonance neutron scattering work, is the 
boron trifluoride proportional counter. The BF,­
counter is very satisfactory as regards requirement c. 
However BF,-counter systems generally suffer from a 
low detection efficiency (;S 2%) for neutron energies 
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cxceeding 10 eV and this efficiency can be increased 
only at the expense of requirements a. and b. In contrast 
to this, scintillat ion detectors, such as the lOB-loaded 
liquid6) and the 6Li-loadcd glass'), can achievc con­
siderably higher efficiencies without sacrifice of require­
ments a. and b. However, the satisfaction of require­
ment c. generally presents a problem with scintillators. 

The scattering detector which is the subject of this 
paper is based on lithium-loaded glass scintillators '). 
Two or more glass scintillators of widely different 6Li 
content are used simultaneously so that, under suitable 
conditions, taking the difference betwcen their responses 
results in a high efficiency for neutrons and an effective 
zero efficiency for gamma-rays. The method of opera­
tion is closely analagous to that long since devised and 
used by Peirson') to remove Compton continua from 
the pulse height spectra produced by gamma-rays 
irradiating a Nal (Tl) crystal. To do this Peirson sub­
tracted from the Nal(Tl) spectrum, a pulse height 
spectrum observed simultaneo usly in a suitably matched 
organic crystal. In the same way a pair of lithium 
loaded glass scintillators, similar to one another in all 
respects except their 6Li content, can be matched very 
closcly in respect of their efficiency and pulse hcight 
response to gamma-rays. The effective response to 
gamma-rays is thus reduced to zero, when one spectrum 
is subtracted from the other. 

" 
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Fig. 1. a. The prototype neutron scattering detector us ing two 
glass scintillators. 

2. Description of the detector 

In the studies relating to this detecti on system and in 
the early measurements made with it , a si ngle pair of 
glass scintillation detectors was used. The number of 
scintillators was later increased to five. We will describe 
the principle of operation in terms of the prototype, 
or two-glass, detection system. 

Fig. [a shows the prototype scattering detector. The 
two glass scintillators were each 4.4 em in dia. and 
2 em thick and were similar in all respects except their 
lithium content. One scintillator, hereafter denoted 
"glass A", contained 6 per cent by weight of lithium '), 
enriched to 95 per cent in 6Li. The other scintillator, 
denoted " glass B", contained 2.5 per cent by weight of 
natural lithium (hence about 0.[85 per cent by weight 
of 6Li). The scintillators, together with their photo­
multiplier tubes (type EM! 6097B), were shielded 
against neut ron backgrounds by placing them in boron 
carbide cylinders and surrounding the whole detector 
by slabs of boric acid and wax mixture. The sam pIc of 
scattering material, in the form of a disc, was placed 
normal to the incident neutron beam, while the two 
scintiJIation etectors were placed in the pla ne of Ito 
sample at cqual distances (~ 5 cm) from the centre 
of the sample. 

Fig. I b shows the electronics used with the detector. 
The signals from the photomultipliers were fed into 

P.M'" 0 P.M.B 

por~ r ~or. I 

E. H . r. 

TIME 
ANALYlER 

Fig. 1. b. Block diagram of electronics . 
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linear amplifiers, from there into single channel pulse 
height analysers and then to the time analyser. The 
pulse height distributi on obtained from glass A, using 
a source of moderated Po-Be neutrons is shown in 
fig. 2a; the peak corresponds to ' Li(n,.)T events in 
which the reaction products share a total energy of 
4.8 MeV. Compton pulse height distributions obtained 
using a so urce of ThC" (2.66 MeV) gamma-rays are 
also shown in fig. 2; for glass A in fig. 2b and for 
glass B in fig. 2c. The gain of the B-detector was first 
set so as to match the Compton edges of glasses A 
and B. Identical pulse height windows were then set 
on the two spectra at a mean pulse height corresponding 
to the neutron peak of glass A. A generous window 
width (1.3 to 1.9 MeV Compton electron energy) was 
used, as illustrated in fig. 2 and great care was exercised 
in order to achieve and maintain identical windows for 
the two glasses. 

The operation of the detector may readily be followed 
by considering its response to an "ideal" neutron and 
gamma-ray source placed at the sample-centre position. 
Suppose that the source emits N monoenergetic, low­
energy, neutrons and G monoenergetic gamma-rays 
(> 1.5 MeV), every second. Then the counting rates, 
NA and NB , observed in the pulse height windows A 
and B respectively, will be given by the following 
equations: 

In these equations an and {In denote the efficiencies for 
cou nting neutrons in windows A and B respectively; 
" and {J, denote the efficiencies of the respective 
windows for counting gamma-rays. 

By eliminating G from these equations we obtain the 
following equation: 

N ~ Y!E (2) 
where 

Y ~NA-KNIl' (3) 

K ~ ' ,1fJ" (4) 
e = Cln-Kf1n. (5) 

The "net counting rate", Y, given by eq . (3), may be 
interpreted as the counting rate which would be ob­
served using a gamma-insensitive detector of neutron 
detection efficiency, e, given by eq. (5). The elimination, 
or compensation, of gamma-sensitivity therefore de­
pends on an accurate knowledge and understanding of 
the behaviour of K, the ratio of gamma efficiencies, 
given by eq. (4). Now it should be noted that K wi ll be: 
a. close to unity; ;md b. independent of the energy of the 
gamma-rays. These properties are the result of two 

THE.Rrl.1. L NE UTF:lN5 
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Fig. 2. Pulse height distributions: a. thermal neutrons on glass A 
[the peak is due to 6Li(n,lXpH events]; b. The'" gamma-rays 

(2.66 MeV) on glass A; c. The· gamma-rays on glass B. 

facts, namely: (i) the fact that the glasses are virtually 
identical in their response to gamma-rays; and (ii) the 
fact that the pulse-height windows, A and B, are 
identical. It therefore follows that the ratio, K , applying 
to a spectrum containing several gamma-rays (e.g. from 
neutron capture) will be the sa me as that observed for a 
monoenergetic gamma-ray source. An experimental 
verification of this assumption is described in section 4. 
It will be demonstrated in section 4 that an accurate 
measure of K is obtained simply by placing a gamma­
ray source (e.g. ThC") in the sample position (fig. I) 
and taking the ratio of counting rates observed (after 
subtracting backgrounds) in windows A and B re­
specti vely. 

The operation of the detector in a scatteri ng experi­
ment is virtually identical to the operation described 
above, it being noted that all quantities in eqs. (2) to 
(5), except K are, in general, a function of incident 
neutron energy. The experiment consists of measunng 
the counting rates per timing channel, NA(E) and 
NB(E) for glasses A and B respectively, as a function 
of incident neutron time of flight. The net counting rate 
or yield per channel, Y(E) , may then be obtained and, 
provided the scattering sample is " thin", Y(E) may be 
related to the scattering cross section , <r,(E), of the 
sample by the following equation: 

Y(E) ~ NA(E) - KNB(E) ~ e(E) ·No(E)Il<J,(E). (6) 

• 
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In eq. (6) No(E) represents the number of neutrons 
incident on the sample per timing channel at the 
energy E and n equals the thickness of the sample, 
expressed in atoms/barn. The practice normally adopted 
for scattering measurements in the resonance energy 
region is to measure Y(E) both for the sample of the 
element of interest and for a sample of an element 
whose scattering cross section varies slowly with neu~ 

tron energy and is well known , e.g. lead. The two mea­
surements are made under identical conditions so that 
the factors ere) and No(E) may be el iminated by taking 
the ratio of the scattering yields Y(E) for the two 
measu rements. In this way u,(E) is obtai ned for the 
element of interest from eq. (6). 

While it is not actually necessary to measure the 
neutron detection efficiency, ere), it is clearly desirable 
to have as high an efficiency as possible. From eq. (5) 
it can be seen that erE) will have a maximum value 
approximately equal to o:"(E) provided that the rat io 
o:"(E):(3"(E) 't> K. At high neutron energies this rati o is 
equal to the ratio of 6Li concentrations in glasses A and 
B respectively, i. e. is about 31. At lower energies, as the 
individual neutron efficiencies, o:"(E) and (3"(£), in­
crease, self screening (exponential neutron absorption) 
becomes progressively more severe in glass A than in 
glass B, and the ratio drops toward the value K. T his 
effect is easily counteracted by placing a neutron 
absorber (0.2" of B.C) between the sample and glass B, 
as shown in fig. la. The boron absorber screens glass B 
to an extent wh ich more than compensates for the self­
screening in glass A, hence a high ratio o:"(E)/(3"(E) is 
maintained at all neutron energies. It should be noted, 
firstly that the boron absorber has negligible effect on 
the gamma-ray detection characteristics of glass B and 
secondly that the 0.48 MeV gamma-ray resulting from 
neutron capture in lOB will have no effect either, 
because it falls below the threshold of the pulse height 
windows. 

The prototype (two-glass) detector was used for 
studying elastic neutron scattering from 169Tm. Sub­
sequently two more 6Li glasses and one more natural 
lithium glass, were added to make the more efficient 
detector which is illustrated in fig. 3. The fi ve scin­
tillation counters are surrounded by a shield of boric 
oxid e contained in the hexagonal box seen in the centre 
of the picture. The signal and photom ultiplier voltage 
supply leads to three of the five photomultipliers inside 
the hexagon can be seen. Par t of the evacuated flight 
path can also be seen on t he left of the picture. Minor 
modifications were made to the electronics to obtain 
two outputs, namely a si ngle "An output from the 
three 6Li-glasses connected in parallel, and a single 

"B" output fro m the two natural lithium glasses. The 
mode of operation from this point onwards was 
identical to that described for the prototype detector. 

3. Scattering measurements 
Fig. 4, 5 and 6 show some scattering data obtained 

using a fligh t path of 50 m associated wi th the neutron 
time of flight spectrometer based on the Harwell 
45 MeV electron linac9). The width of the neutron burst 
from the "neutron booster" target9) was 0.25 JIS and 
0.25 JIS timing channels were used, giving a neutron 
time of fl ight resolution of about 5 ns/ m at high neutron 
energies. The data shown were accumulated over 
periods of running lasting up to 72 h each. 

Fig. 4 shows data obtained using the prototype 
detector. The quantities, NA(E) and KN.(E), observed 
using a thulium scattering sample of 3.2 x 10- ' atoms/ 
barn, are plotted against neutron energy. Figs. 5 and 6 
show data obtained using the five-glass detector. In 
these figures the net counts, Y(E), are plotted vs neu­
tron energy for: a. a gold sample of thickness 7.67 x 
10 - 4 atoms/barn (fig. 5); and b. a 232Th sample of 
thickness 1.32 x 10 - 4 atoms/barn (fig. 6). In the case 
of fig. 6 it is particularly worth noting that the quality 
of the data was not impaired by the high activity 
(- 10' gamma-rays/min) of the thorium sample used. 

It may readily be confirmed that the scattering data 
shown in figs. 4--6 are of a quality which is comparable 

Fig. 3. A photograph of the five-glass neutron scattering detector. 
The glass scintillators with their photomultipliers are inside the 
"hexagon", surrounded by boric oxide. Part of the evacuated 

incident neutron flight path can be seen at the left. 
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Fig. 4. The number of counts per ti ming channe l plotted against the neutron energy for a 169Tm sample. The quantity kNB is plotted 
against the energy for glass B. The yield , Y = NA - kNa. eq. (2) is proportional to the number of scattered neutrons per timing channel. 

These data were obtained using the two·glass detector. 

with the best capture cross section data4
) and trans­

mission data') now available for the nuclides 169Tm, 
197 Au and 23'Th respectively. These scattering data 
have been 10) and are being, combined wi th the capture 
and transmission data to deduce responance para­
meters. By way of example we illustrate in fig. 7 the 
analysis of the 17.4 eV level in 169Tm, following the 
method described by Lynn and Rae ' ). Fig. 7 shows 
two sets of curves of r" vs r, corresponding to the 
formation of the compound nucleus, 170Tm, in a state 
of total angular momentum, J = 0, or a state of J = I, 
respectively. Each set consists of : (i) three curves (T" 
T, and T,) based on t ransmission data; (ii) one curve 
based on capture data4

) , c ; and (iii) one curve based on 
the scattering data, s, (fig. 4). The scattering curves ",ere 
derived from the followin g relation'): 

O'or" = 4d'gr~/r 1 (7) 
In this equation ~ is the reduced neutron wavelength 
in the neutron-nucleus system and 0"0 represents the 
total cross section at exact resonance. The statistical 
weight factor, g, is given by the followi ng equation: 

g = t(2l+ 1) / (21+1), (8) 
where 1 is the spin of the target nucleus (1= t for 
I 69Tm) and I = I ± t. A value for O'or" was obtained 
from the area ofthe resonance observed in the scattering 
data (fig. 4) in order to construct the curves labelled s 
in fig. 7 from eq. (7). 

Taking into account the standard deviations for the 
various experimental data shown in fig. 7, it can be seen 
that a solution (i.e. values of r" and r) in reasonable 
agreement with all of the experimental data is only 
possible for the J = 1 set. A detailed statistical analy­
sis l

') indicates that the solution I= I, r = 57 MeV, 
r" = 2.6 MeV (and hence r , = 54.4 MeV), is abo ut 
95 per cent probable on the basis of the results shown, 
whereas all solutions based on I = ° are less than I per 
cent probable. It should be noted that the accuracy of 
the scattering data is, to a large extent responsible for 
eliminating the possibility of a solution based on 
I = 0. In this example and in many others, the scatterin g 
data are indispensable for purpose of assigning the 
I-value and thereby enabling the resonance analysis 
to be completed . 

4. Measurement of the ratio o f gamma-ray efficiencies 

The satisfactory operation of th is scattering detector 
obviously depends sensitively on the accuracy to which 
the ratio of gamma-ray efficiencies, K given by eq. (3), 
is known, and the stability to which the electronics 
maintain s a constant value of K during an experiment. 
The choice of fairly wide pulse height windows on the 
two glasses, as illustrated in fig. 2, is related to the need 
fo r high stability. 

Because of the importance of the ratio K to the 
detector operatio n, an auxiliary experiment was under-

.' 
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taken whose aims were: a. to obtain an accurate value 
of K and b. to test the assumption that K is independent 
of the spectrum of gamma-rays emitted following neu­
tron capture. Samples of five different clements were 
selected on the basis of two criteria; firstly that the 
selection should cover as wide a range of different 
(thermal) neutron capture spectra ") as possible; and 
secondly that each element should have at least one 
neutron resonance below about 5 eV for which r, }> ro' 
The resonances and the elements chosen were respec­
tively,4.geVin Au; 1.5 eVin In ; 3.9 eVin Tm; 4.3 eVin 
Ta; and 1.2 eV in Rh. The capture gamma-ray spec­
trum") of Au (for thermal neutrons) shows a much 
higher proportion of high energy (;(: 4 MeV) transitions 
than do those ofTa, In, Tm and Rh. For the experiment 
a 0.2" thick sleeve of boron carbide was inserted in the 
flight path between the sample and the scintillators of 
the five-glass detector, it having been confirmed in a 
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TABLE 1 --=r----i Resonance 
Nucleus energy 

CeV) 

Gamma 
ratio 

K 

Au 4.9 1.66 ± 0.07 
In 1.5 1.64 ± 0.06 
Tm 3.9 1.72 ± 0.05 
Ta 4.3 1.60 ± 0.06 
Rh 1.2 1.55 ± 0.06 

__ T_I_'C" gamma_raYS~.70 ± 0.02 
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previous experiment that this sleeve would absorb more 
than 99 per cent of neutrons of energy less than 5 eV. 
By this means it was ensured that the resonance maxima 
in the counting yields (NA or No) vs incident neutron 
energy observed for the selected samples could be 
attributed entirely to neutron capture gamma-rays. 
A value of K was thus determined for each element (or 
resonance) simply by taking a ratio of the resonance 
areas observed (after subtracting background) using 
"bank A" and "bank B" respectively. The results of 
these measurements are listed in table 1. A value of K 
obtained using a source of The" (2.66 MeV) gamma­
rays in the form of disc of the same diameter (7.9 em) 
as the scattering samples is also given in table I. These 
results verify that the ratio of gamma-ray efficiencies, 
K, is independent of gamma-ray spectrum, and give 
the best value, K = 1.64 ± 0.03. It should in particular 
be noted that the most conven ient method of calibra­
tion, namely by means of the The" source, gives a 
result which is in agreement with the "direct" 
method, using resonance capture gamma-rays. 

5. Discussion 
5.1. DETECTION EFFICIENCY AND TIMING RESOLUTION 

It is of interest to compare the new scintillation 
scattering detector with the assembly of BF, propor­
tional counters previously used at Harwell for resonance 
scattering work 12 - 14). In the latter detector 18 BF, 
counters (5 em in dia.) containing a total of 45 g of 
lOB were assembled to make an annulus 60 em long 
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Fig. 5. The yield, Y, plotted against neutron energy. for a sample of 197Au. These data were obtained using a five-glass detector. 
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by 13 em i.d. and 30 em o.d . IS). The solid angle of this 
system was therefore nearly 4n; however, a distance 
uncertainty of about 30 em was introduced by the 
extended counting volume and a timing uncertainty 
of 0.5 JiS or more was introduced by the characteristic 
"jitter" of the proportional counters. 

Fig. 8 shows as a function of neutron energy: a, the 
calculaled efficiency; and b, the calculated energy 
resolution, ,jEjE, for both the BF, detector assembly 
and the five-glass scintillation detector. The energy 
resolution calculations were based on eq . (1) and took 
into account both the distance uncertainty of 6 em 
introduced by the neutron source and the timing un­
certainties introduced by both the source (0.25 Jis) and 
the timing channels (0.25 Jis) of the time of flight 
spectrometer. It is clear from fig. 8 that the efficiency 
and energy resolution of the scintillation detector are 
each better by about a factor of three than the corre­
sponding values for the BF, counter assembly, More­
over while the efficiency of the BF, assembly could 
only be increased at the expense of its energy resolu­
tion, the efficiency of the scintillation detector could 
immediately be increased by a large factor without 
affecting its energy resolution, simply by increasing the 
solid angle. 

l. 
I 

5.2. EFFECTS OF GAMMA-RAY SENSITIVITY 

The main drawback of the scintillation detector 
system arises from its sensitivity to gamma-rays, not­
withstanding the fact that the effective gamma-sensi­
tivity is, in principle, zero. For a resonance of very small 
neutron width, i.e. Tn 4! ry, a very high statistical 
accuracy is required of the primary measurements, NA 
and Na and the ratio of gamma-ray efficiencies, K must 
also be known to a very high accuracy, in order to 
achieve even modest accuracy in the net counting rate, 
y = (NA - KNa). These considerations will generally set 
a lower limit on the value of <7or" in eq. (7) which can 
be measured with useful accuracy, say to 20 per cent 
or better. It has been found that measurements of this 
accuracy are feasible for GOrn ;:: 5 eY' barn. It is diffi­
cult however to generalise since the limit is also a 
function of several other factors, e.g. incident neutron 
energy and intensity, duration of the experiment, actual 
ratio of rn to r, etc. 

The above limitation will not exist for a neutron 
detector for which the gamma-sensitivity approaches 
zero, (as in the BF, proportional counter), or is other­
wise effectively suppressed, rather than compensated. 
Two important conclusions emerge from this consider­
ation. In the first place the BF, detector assembly 
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Fig. 7. A plot of neutron width, rn. vs total width, r, for the 
17.4 eV neutron resonance of 169Tm. The two sets of curves 
correspond to the two possible total angular momenta, J = 0 
or J = 1 respectively, with which the compound nucleus (170Tm) 
can be formed. The curves in each set were derived as follows: 
(i) curves T I , T 2 and T) from transmission measurements made 
using samples o f thickness ' 6.97 x 10- 3, 2.04 x 10-) and 
3.16 x 10- 4 atoms/ barn, respectively; (ii) curve c, ref. 4) from 
capture measurements; (iii) curves s, from the scattering data. 

remains a better detection system than the 6Li-glass 
sci ntillator assembly for scattering measurements below 
about 10 eV neutron energy. Below 10 eV ro ~ r" in 
general, and the BF, detector is reasonably satisfactory 
in respect of both efficiency and time resolution. In the 
second place the technique of compensation employed 
in the 6Li-glass system is potentially less advantageous 
than discrimination against capture by a method which 
actually reduces the gamma-sensitivity of the detector, 
e.g. by time-of-flight differentiation or by pulse shape 
discrimination. The use of time-of-flight to distinguish 
neutron scattering in the resonance region from both 
capture and fission (i.e. fast neutrons) has been, and is 
being, attempted at a number of laboratories including 
Harwell' 6). Pulse shape discrimination against gamma· 
rays has been demonstrated both for lOB loaded 
liquidsl7) and for 6Li-glass scintillators 18) of com­
position somewhat different from those used in the 
present detector. However in both of these systems 
operation appears to be near to the limit of the pulse 
shape discrimination technique, and the best results 
obtained are typically 50 per cent loss of neutrons for 
90 per cent rejection of gamma-rays. This factor, in 

contrast to the simplicity and ease of operation of 
6Li.glass sci ntillators (without pulse shape discrimina­
tion), works in favour of the latter. The position may 
change in the future, for example when more experi­
ence is available on time·of-flight discrimination 
methods, or if a better means of pulse shape discrimina­
tion becomes available* .In the meanwhile, however, the 
simple 6Li.glass detection system may provide an 
answer to many of the experimental problems associated 
with neutron scattering measurements between about 
10 eV and I keY. 

We are indebted to Drs. E. Bretscher and E. R. Rae 
for the interest they have shown in this work and for 
the support they have given it. We are also grateful for 
for the interest shown by several members of the Linac 
group in particular to Mr. F. W. K. Firk for providing 
the first 6Li-glass scintillator. We also wish to thank 
Messrs. M. G . Schomberg and J. E. Jolly for their 
assistance and one of us (M.A.) would like to thank the 
Pakistan Atomic Energy Commission for their sponsor­
ship and financial support at Oxford University for the 
duration of these studies. 
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Alpha and eta are fission parameters which are of particular 
interest to the reactor physicist. For a given nuclide and lor 
neutrons of energy E. alpha. a(E). is the ratio ot the capture 
cross section, 0c(E). to the n •• ion cross section, 0r(E): 

a(E)= ac(E)/af(E) (I) 

Eta, ,,(E). ill the number of fil.ion neutrons emitted per neu­
tron (of energy E) absorbed. and can aha be deCined in terms 
of atE) and the average number of neutrons per Ii .uion. v: 

v 
'l(E) = (l+a(E)) (Z) 

Over the restricted energy range considered in thie paper 
(E S 30 keV), it appears reasonable to ••• ume that v is inde­
pendent ol E. 

For the nuclides U231 , tfu . and pUll', .ome accurate values 
of eta and alpha have been available at low energy and at high 
energy for about three years . Leonardi 8ummarized the low­
energy data . Which gave a(E) and Tl(E) to Z'o or better for 
E ~ 1 eV; and Hopkins and Diven' measured the ratio of the 
average capture cross section to the average Cisllion crOSB sec­
tion, i. e . I the ratio< 0c(El > /< ortEl >, at nine incident neu­
tron energies between 30 keY and 1 MeV. The latter measure­
ments gave the quantity U+ « ac{E» /<opE» II to an accuracy of 
about Z'/o or better. 
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In contrast to these accurate high _ and low- energy values, 
the data available three years ago for neutrons with energies 
between 1 eV and 30 keY were sparse and often very rough. 
Since that time, this "intennediate" energy range has become 
the object of intense research. Methods for measuring TJ(E) 
have improved,3 and a(E) has been directly measured in the 
resonance region for the first tirne.~ These developments 
have been motivated largely by the demands of rea.ctor physi­
cists for nuclear data in this energy region. Interest in the 
resonance cross sections of the fissile nuclides has also in­
creased as a result. of recent developments5 in the theory of 
fission processes induced by resonance-energy neutrons. 

On the practical side. much of the progress that has occurred 
has been made possible by technical developments COIl'llnon to 
the whole field of slow-neutron spectroscopy, notably develop­
ments in pulsed-neutron sources, radiation detectors, and 
data-collecting and data-processing systems. This would thus 
seem to be a very suitable moment to review the methods 
presently being used to measure a(E) and Tl(E), to consider the 
problems concerning the future development of these measure­
ments, and to discuss and compare some of the data obtained 
80 far. 

Measurement of Eta and Alpha: General Considerations 

Energy Resolution 

In any experiment which utilizes a neutron spectrometer it is 
most important to bear in mind that the spectrometer does not 
perfectly define the neutron energy. The quantities measured 
in an experiment. or in any part of an experiment, are averages 
over the resolution function of the spectrometer. Equations 1 
and 2 and other equations which relate individual fission param­
eters and cross sections wi1l not necessarily be valid for aver­
ages of these parameters and cross sections. However, when 
the resolution width of the spectrometer is sma1l compared 
with the average resonance width. the effects of finite resolu­
tion are small and can be ignored. 

In the follOWing discussion. the effects of finite energy resolu­
tion will first be ignored completely. How and at what energies 
these effects become important will then be considered. 

Direct Methods 

Both alpha and eta can. with sorne restrictions, be measured 
directly, that is, without actually measuring the cross sections 
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which are basic to their definitions. Alpha can be measured 
by placing a thin sample of fissile material in a beam of neu­
trons of energy E, and observing the rates of capture and of 
fission in the sample. The ratio of the capture rate to the fis­
sion rate then gives a(E). 

If a thick sample of fissile material is placed in the neutron 
beam of energy E. and the rate at which fission neutrons are 
produced by the sampleis observed, n(E) can be obtained. If 
the fraction of incident neutrons scattered within the sample is 
small, then. by definition. fl(E) is proportional to the fission­
neutron count rate divided by N(E) • F(E}, where NeE) is the 
rate at which neutrons are incident on the sample and F(E} is 
the fraction of incident neutrons absorbed by the sample. The 
eta experiment must therefore include measurements of both 
N(E) and F(E). Ideally, F(E} should be made to approach unity 
by using a thick sample. If an appreciable fraction of the inci­
dent neutrons scatter within the sample. a correction to allow 
for the effects of this scattering must be included in the cal­
culation of fl(E). 

Calculations from Other Data 

Since v is known to high accuracy, 1 Equation 2 can be used 
to calculate ,,(E) from measurements ofa(E}, and vice versa. 
In this connection it should be noted that if aCE} is small. a 
rough measurement ola(E} will give a relatively accurate value 
of ,,(E). To compete with the alpha experiment. the eta experi­
ment must therefore be simpler to carry out and give a more 
accurate result. 

Values of a(E) and 11(E} can obviously also be derived from 
cross-section data, lor example. from capture- and fission­
cross-section data . Alternatively, if the scattering cross sec­
tion. O's{E) , is known with sufficient accuracy and the total and 

fission cross sections are then measured. n(E}, for example. 
can be derived from the following equation: 

~(E) - " (E) -" (E) 
t 8 

V ' "rlE) 
( 3) 

However, like the direct measurement of ,,(E) itself. this meth­
od is subject to greater uncertainty when the scattering cross 
section constitute s an appreciable fraction of the total cross 
section. 
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Energy Measurement 

For neutron energies less than a few eV, it is possible to 
obta.in "monoenergetic" neutron beams by using a. crystal spec­
trometer . For energies exceeding about 30 keY. "monoener­
getic" beams may be obtained by using a Van de Graaff Accel­
erator in conjunction with the (p. n) reaction on Li 7 or tritiwn. 
The neutron sources available for experiments in the inter­
mediate energy region' produce a broad and continuous spec­
trmn of neutron energies and are pulsed or chopped so as to 
allow mea.surement of the neutron energy by the time-oi-night 
method. These sources include neutron choppers (operating 
in conjunction with high-nux reactors), the pulsed reactor, 
pulsed accelerators. and nuclear detonations. Since this paper 
is concerned with measurements of alpha and eta in the inter­
mediate energy region. attention will be focused for the tlX)st 
part on experiments involving pulsed. continuous-energy 
sources, rather than those involving the "monoenergeticll type 
of source. 

Direct Measurement of T'l( E) 

Outline of the Method 

The direct measurement of eta using a pulsed. continuous­
energy neutron source consists of three basic experimental 
measurements. It is desirable that each measurement should 
be carried out with the same energy resolution for incident 
neutrons, i. e .• the same night-path length, same compound 
timing uncertainty in the tiIne-oi-night measurement. etc. 

Suppose that the experiment is carried out using a uniform 
slab oi pure fissile metal as a sample. and let the thickness 
of the slab be n atoms per barn. First, the spectrum of inci­
dent neutrons (i. e., the relative number per energy (or timing) 
interval versus energy) at the sample position (see Figure 1) 
is measured, Second, the yield of fission neutrons from the 
sample is measured as a function of incident neutron energy. 
Dividing the second measurement by the first gives Y(E. n}, 
the corrected relative yield of fission neutrons per incident 
neutron. 

Finally, the neutron transmission, T(E. n), of the sample is 
measured. If the neutron energy is such that scattering of in­
cident neutrons is negligible, i. e., Gg(E} «Ot{E). then 
(I - T(E, n» closely approximates the fraction of incident 
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neutrons absorbed by the sample. 

equation 

k-Y(E,n) 
~(E) = (1 _ T(E, n)) 
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Figure 1. Fission-neutron de­
tector for the measurement l 

of 11(E). The position of the 
fissile sample is at (l). Four 
liquid scintillators were used. 

Hence, T'l(E} is given by the 

(4) 

and where k is a constant which is independent of incident neu­
tron energy and depends on the detection efficiency of the 
fission-neutron detector. A value for k can be obtained by 
referring to some standard value of ,,(E}, e. g •• the value ob­
tained from. the absolute mea surement of eta at thennal energy,1 
The relative values of ,,(E) are thus normalized to the standard 

value. 
The necessity of using a ''thick'' sample in the eta experi­

ment is illustrated by Equation 4. For a "thin" sample, T(E. n} 
tends to unity, so small errors on the transmission measure­
ment lead to overwhelming large errors in Tl(E}. It is easily 
shown, in fact. that the yield Y(E, n) is proportional to the fis­
sion cross sectionof(E) in the thin-sample limit, so the 
"eta-experiment" measures 0t<E} rather than Tl(E} in this limit. 
Conversely, for T(E,n} tending to zero (''thick'' sample), the 
result obtained for Tl(E} is insensitive to T(E. n) and the mea­
sured yield Y(E. n) i s directly proportional t'}%'\(E). Provided 
that 0s(E)« 0t(E), the measurement of ,,(~then becomes very 
simple. Th~l detector requirements. for example, may be no 
more than a l/v - detector" for the spectrum measurement and 
a gamma-insensitive fast-neutron detector for the fission­
yield measurement. The use of the thick sample also ensures 
that a good count rate is obtained in the yield measurement, 
thus allowing high accuracy to be obtained. 

Unfortunately, the condition 0a(E) < < 0t(E) is seldom satis­
fied outside the thermal region. When this condition is not 
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satisfied, Equation 4 is suspect or invalid for two reasons: 

1. Be cause (1 - T(E, n ») is an overestitnate of the fract ion of 
incident neutrons absorbed. 

Z. Be c ause the yield Y(E. n) also includes fast neutrons from 
fi ssions caused ind i rectly by incident neutrons, i. e. , 
a!ter the incident neutrons have fir 5t s uffered one or more 
scatterings within t h e sample. 

The second effect would be of no consequence were it not for 
the fact that a neutron loses energy in the process of scatter­
ing . If A is the mass nwnbe r of the target nucleus (asswning 
A :! 30) and E is the energy of the incident neutron, then the 
average energy loss per scattering, 6. E. i s given approximately 
by the following equation: 

ZE 
AE= (A +Z) 

Thus, {or A ...... 240, t£ I E is slightly le ss tha n 10/0. 

( 5) 

Fissions observed for a particular incide nt energy, E, may 
therefore include some fissio ns produced by scattered neutrons 
with energ ies between E and (E - 2. • 6E). Unless eta happens 
to be constant throughout this ener gy range , some allowance 
must be made for the energy spread of the neutrons actually 
responsible for t he observed fissi ons; otherwis e . a wrong value 
of 1'](E) will be obtained. 

Except where scattering i s small, the quantity given by Equa­
tion 4 is not 1'](E) but depends on such factor s as sample thick­
ness and s hape, O't{E). 0s (E). AE, etc. Thus, ior a g ive n sam­
ple of thickness n. a quantity T\m(E. n) can be defined as follo ws: 

k · Y(E . n) 
~rn(E.n) = (I _ T(E. n)) (6) 

The calculation of ,, (E) from 11 (E. n) can become a very 
complicated operation. In fact, Yi is probably true that the 
calculation of scattering corr ections c onstitutes t he major part 
of the effort require d to measure 11(E) directly for E ~ 10 e V . 

For the transmission and spectrwn measurements in the e ta 
experime nt. it is poss i ble t o use methods and teclmiques that 
have been developed for total and partial c r oss-section mea­
surements. Therefore. the two main points of interest in the 
various methods that have so far been used t o measure ,,(E) 
are perhaps the type of detector used'in the fission-yield meas ­
urement, on the one hand. and, on the other hand, the method 
used to calculate sc attering corrections. 
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Fig 510n - Neutron Detection Systems 

The fission-neutron detector for the eta experiment must 
discriminate effectively against gamma rays in order not to be 
sensitive to neutron-capture events . WhUe a high detection 
efficiency for fission neutrons is aleo desirable. it should be 
n o ted that an efficiency of leas than about 10,"0 makes the eta 
experiment approximately independent of the assumption that v 
is constant . For a neutron detector of low efficiency the proba­
bility o f simultaneously detecting two neutrons from the same 
fission. and registering thetn as one neutron. is very small. 
The experiment therefore always tneasures the number of neu­
~ per n eutron absorbed. i. e .• eta. U the efficie ncy for-­
detecting a fission neutron approaches unity. the expe riment 
measures the number of fissions per neutron absorbed. and 
this is proportional to eta only if the number of neutrons per 

fission. v. is constant. 
Hornyak ' fast-neutron detectors were W!led in many of the 

early measurements 9-11 of ,,(E). a notable exception being the 
m easurements of Farley·2 for Pu23 •• for which a methane-filled 
ion- c hamber was used. In all of theae experiments . the effici­
ency for detecting a fission neutron was a very small fraction 
of 10/0. Bollinger, et al.,l) were the first to take advantage of 
the higher detection efficiency to be obtained by using large 
liquid-scint illator detectors. For som.e time previous to their 
experiments. the use of such detectors had seemed prohibited 
by their sensitivity to gamma rays. However. Bollinger. 
et al. ,13 were able to discrim.inate effectively against capture 
gamma ray s by the judicious use of lead shielding together with 

coincidence circuitry. 
More recently, organic-scintillator detectors-have been used, 

and the pulse_shape_discritnination method has been applied to 
discriminate against gamma. rays. ,.W,15 Fission-neutron de­
tection efficiencies of a few percent have been obtained using 
liquid scintillators . Sowerby, et al.." have recently demon­
strated that an efficie ncy of about 40'0 for detecting a fission 
neutron can be obtained by using a syeteIn o{ liquid- scintillator 
detectors with pulse-shape discrimination. 

Calculation of Scattering Corrections 

The calculation of scattering correction. for incident-neutron 
energi e$ below about 10 eV presents fe"W proble:rn.s because the 

average energy 108s pe r scattering . AE. i. generally consider­
ably less than the average level spacing, D . a.nd because the 
neutron width, rn. is generally a very small fraction of the 
total width, r. for neutron resonances at energies below 10 eV 
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in the fissile nuclides . It is therefore correct to say that scat­
tering is a small effect compared with absorption at energies 
in the vicinity of the larger resonances. In the vicinity of the 
weaker resonances O1nd at off-resonance energies. the scatter­
ing cross sectionos{E) may be taken as equal to the potential 
scattering cross section. At these energies, therefore. as{E) 
will con stitute an appreciable fraction of the total cross section 
and the scattering correction will be appreciable. However, 
since 6E« D, the variation of O"t(E) over the energy range 
26.E will often not be large. 

It is thus reasonable to calculate scattering corrections neg­
lecting the energy loss in scattering, 6E, for E « 10 (!V. The 
correction is essentially a corr ect i on for the fact that the term 
(l - T(E. n}) in Equation 3 overestimates the fraction of incident 
neutrons absorbed by the sample. To calculate this correction. 
O's(E) must be known and the probability that a scattered neutron 
will escape from the sample must be calculated. Various me­
thods have been used 3,9,11 which appear to permit calculation 
of the scattering c orrection to an accuracy such that it contri­
butes less than about 3% uncertainty to the uncertainty in 'rl{E). 

For incident neutron energies exceeding 10 eV, account must 
be taken of the energy loss in scattering when calculating the 
scattering correction. Yeater. et al. .

lI
have desc ribed a method 

of calculation which is based on the Monte Carlo technique. An 
alternative approach has been evolved at Harwell . l

•
1j and a brief 

description of this method may be of interest here. By taking 
account of scatte rin g to the first order . the fallowing equation 
can be derived: 

Tlm(E, n) = TI(E) . 
a,( E) 

W(E) + a (E) , < P(E',e,n) ' TI(E')·W(E'»(7) 
t 

In this equation WeE) = 1 - (Os{E) / Ot(E)). The term p(E',a. n) 
d e notes the probability that a neut ron scatte red through an angle 
a and having an energy E' after scattering will not escape from 
the sample. The triangular brackets , < " . . > . indicate that the 
product enclosed must be averaged over a :: 0 to 21T, over the 
energy range from E' = E toE' :: E _ 2AE. and ove r the spatial 
distribution o f scattering centers i n the sample . The second 
term on the right-hand side of E quation 7 represents the effect 
of fissions caused by neutrons which have previously been 
scattered once. Terms corresponding to neutrons which have 
undergone two or more scatter ings nave been neglected since 
this appears to be a reasonable approximation provided that 
resonance scattering is small (1. e .• r < O.ln. 

n 
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If the sample should contain a significant proportion of ma­
terial of mass number very different from that of the Cissile 
material. then the term < •.• >, in Equation 7 must be replaced 
by a sum of such terms, including one term for each component 
in the sample. This would apply. for example. for oxide or 
alloy samples, or for samples clad in almninum or copper cans. 

If unclad samples of pure metal are used and 'rlmfE. n) is 
measured for a series of samples of different thickness, n. 
then a fairly simple method may be used to correct for scatter­
ing effects. By using total-crass-section data 0t{£} calculated 
from the transmission measurements, the quantity < P{E', 9. n» 
can be cal c ulated for each sample at each incident energy . 
Furthermore. since it is reasonable to assum·e that the quanti­
ties P(E'.a. n) and'rl(E') • W(E') will be uncorrelated. the follow­
ing approximation can be made; 

( P(E ',S ,n) · TI(E') . W(E'» = (P(E',S,n»'<TI(E') W(E'» (8) 

Equation 6 can therefore be rewritten in the following form: 

Tlm(E,n)= TI(E) · W(E)+X' <P(E' ,S,n» 

where X. is a factor whi ch is independent of sample thickness . 
At each i ncident energy. E. a straight line can therefore be 

fit to the T\m(E. n) and <PtE', a, n» data for the set of samples. 
This gives T\ (E) . W(E), and provided that O"s(E} is known. Tl(E) 
can be obtained. 

This method cannot readily be employed to correct data ob­
tained using oxide. alloy, or canned sample s because Equation 
8 will contain one or more additional terms of the form X. • 

< P(E', a. n», but with X di!ferent from the range of the average, 
2 . AE" For such samples: however", 'the calculation of'rl(E} 
can be programmed to run from low to high incident neutron 
energy and thus to provide, " as it proceeds. data which can be 
used to calculate the terms of the form <PtE'. B, n} . T'J(E') 
. W(E'». Thus, as before, neE) can be obtained provided that 
O"a(E) is known with sufficient accuracy. 

The calculation of scattering corrections for E.G 10 eV would 
obviou sly be far too tedious to attempt by hand calculation . 
However, these are very trivial calculations for a large digital 
computer to perform. For example, using the Harwell method. 
about five minutes oflBM-7030 time is sufficient to calculate 
l1{E) and also O"t(E). O"f(E), O"c(E). and a(E) starting from the raw 
data (counts p er channel versus channel number) for five sam­
ples (12 runs) and 2000 channels per run . 
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Limitations of the Eta Experiment 

Measurements of T'\(E) using the methods and techniques out­
lined above may be expected to be valid for neutron energies of 
up to a few tens of eV, assuming t hat the neutron-energy resolu­
tion for t he measurement is good. As the experiment is ex­
tended to higher neutron energies, the validity of the methods 
used and the assumptions made become more open to doubt. In 
particular, the effects of energy resolution on the measurements 
must be carefulLy considered, and it must also be noted that 
scattering effects will become more important because the 
average neutron width increases with neutron energy. 

The effect of poor energy resolution on the eta experiment 
depends on the thickness of the sample used and on the extent 
to which scattering occurs in the sample . If scattering is small 
compared with absorption and if the transmission. T(E. n), oC 
the sample tends to zero over the energy range spanned by the 
resolution function, then <Tl(E». 1. e., the average of T\(E) 
over the resolution function, is measured. If scattering is 
small and the average transmission. < T(E. n», approaches 
unity, then the experiment measures the quantity (v . <O't< E) > / 
<O't(E»), i.e., the ratio of average lission and average total 
cross sections. The two quantities measured in these two 
limiting cases will not necessarily be equal. even if Gt;(E) »O's(E) 
over the re solution function. 

If scattering effects are appreciable, there is the further 
complication that the calculation of the scattering correction 
will also be subject to errors introduced by poor resolution. 
This, and the fact that the scattering correction will increase 
in magnitude at higher neutron e nerg ies, effectively limits the 
usefulness of eta measurements at low energies. Even with 
the best energy resolution likely to be obtainable in the next few 
year s, it would probably not be worthwhile to attempt to extend 
the measurement of eta to neutron energies exceeding about 
1 keY. 

Direct Measurement of o:(E) 

Outline of the Method 

In contrast to the measurement of T'\(E) , the measurement of 
a (El makes g reat demands on the dete'ction techniques availa.ble 
at the present time but can always be carried out in a manner 
designed to keep scattering corrections small. As mentioned 
earlier, the direct alpha experiment consists oC two basic 
measurements. The rate of capture in the fissile sample is 
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observed in one measurement, and the rate of fission in the 
same sample is observed in the other measurement. The ratio 
of the two measurements is proportional to aCE) provided that 
secondary (i. e., post-scattering) captures and fissions do not 
constitute more than a small proportion of all the captures and 
fissions observed. U the detection efficiencies for both cap­
ture and fission are known. absolute values of a(E} are obtained. 
Furthermore. if a measurement of the incident neutron spec­
trum is also made. capture- and fission-cross-section data can 
be obtained. However, this is not necessary for the determina­
tion of a(E). 

The alpha experiment poses the same difficulty as would an 
experiment designed to measure the capture cross section of a 
fissile nuclide for resonance-energy neutrons. The capture 
of a neutron results in the prompt emission of gamma radia­
tion, and the obvious way to detect capture is by means of this 
radiation. However , fission also results in the prompt emis­
sion of gamma rays; hence, some method must be found to 
discriIninate against the fission gamma rays or to correct for 
their presence . Fission gamlTla rays can be gated out if the 
fission itseU is detected and identified with high efficiency , 
e. g., by using fission-Cragrnent or fission-neutron detectors. 
An alternative which is more difficult with the techniques avail­
able today is to exploit the different properties of the gamma 
radiation from fission and capture, e. g., spectrum, total 
energy, and / or multiplicity. in order to discriminate between 
the two types of event. 

A further requirement which is imposed on the capture de­
tector used in an alpha experiment is that its efficiency for 
detecting a capture must not depend on the spectrum of the 
capture gamma radiation. This spectrum may vary with 
i ncident-neutron energy although the total garruna-ray energy 
i n the cascade following each neutron capture will be effectively 
constant for neutrons with energies of less than about 30 keY. 

The equipment required for the alpha experiment therefore 
include s capture and fissi on detectors with characteristic s or 
specifications which are by no means easy to satisfy. On the 
other hand, relative ly thin samples can be used, so in contrast 
to the eta experiment. the calculation of scattering corrections 
is not necessarily a major problem. 

Detection Techniques for ar:(E) Measurements 

Hopkins and Diven
2 

have demonstrated that the use of large 
liquid-scintillator detectors offers a solution to sOrn! of the 
problems encountered in measuring alpha. A spherical liquid 
scintillator with a diameter of I meter or greater will absorb 
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more than 900/0 of the energies of neutrons and / or gamma. rays 
released in a fission or capture wh ich occurs at the center of 
scintillator. The efficiency for detecting either process is 
therefore close to unity. In order to distinguish fission from 
capture, a scintillator solution containing about l%(by weight) 
of cadmiwn c an be used. A capture event is then characterized 
by a single prompt pulse, whereas a fission event is charac­
terized by a prompt pulse followed, within a few microseconds. 
by one or mare delayed pulses. These delayed pulses corres­
pond to capture of the fission neutrons by the cadmium after 
they have slowed down to thermal energy in the liquid. 

This detection system was used by Hopkins and Diven to ob­
tain values of <oc(E» / <O' (E», i. e., the ratio of the ave r age 
capture cross section to the average fission cross section for 
neutron energies exceeding 30 keV. They used a pulsed "mono­
energetic!! neutron beam with a spread in neutron energy of a 
few keY and a beam pulse length of 60 nanosec. Using. such a 
beam permits a simple method of discriminating against scat­
tered neutrons. The Uprompt" time, 1. e., time of arrival of 
incident neutrons at the sample, is uniquely defined with re­
spect to the beam pulse. and either a capture or a fission will 
result in a la r ge scintillation pulse at this time. A scattered 
neutron will cause only a very small pulse at the "prompt" 
time, followed by a large pulse a few microseconds later, when 
i t is captured. If a continuous beam o r a beam with a very 
broad spread in neutron energy were used, the prompt time 
would not be uniquely defined and scattering events would be 
indistinguishable from capture events. 

Despite the problem of having to cope with sensitivity to 
scattered neutrons, the detection system of Hopkins and Diven 
can be used with a continuous-energy neutr on source. This 
has been demonstrated by Van Shi-di. et a1.,17 who have used 
a very similar detection system to measure the capture and 
fission cross sections of U21~, and their ratio. for neutrons 
with energies from thermal up to 30 keY. 

T he most detailed measurements of alpha yet published for 
any fissile nuclide are those of de Saussure. et al..~ for U23~ 
The detection system used for these measurements is shown 
in Figure 2 . A multiplate fission ionization chamber contain­
ing about 4 g of U23~ was placed at the center of a large tank 
(eCCective diameter, 1.25 meters) containing liquid scintillator. 
Considerable effort was made to maintain an e ffic iency close 
to unity for detection of fission fragments by the fission cham­
ber. Essentially all of the gamma rays emitted by the U 2l5 fol­
lowing a neutron absorption were detected by the scint illator. 
After experimental-background and a few other small correc­
tions were made. the ratio of scintillator pulses in 
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anticoincidence with the fission chamber to those in coincidence 
with the fission chamber gave a(E}. 

It would seem very difficult, if not impossible, to use the de­
tection system of de Sauasure, et al;' to measure a(E) for fissile 
nuclides other than U13~ The difficulty arises primarily be­
cause the fission detector must accommodate a minimUlTl quan­
tity of a few grams of fissile material in order to be able to 
carry out a measurement of a(E} using any of the pulsed­
accelerator neutron sources available today. Even with semi­
conductor detectors or gaseous scintillation counters instead 
of an ionization chamber, it would be impossible to accommo­
date more than a few tenths of one gram of U 233 or PUll', for 
example, because of "pile-up" difficulties associated with the 
high alpha. activity of these nuclides. 

Sowerby, et a1., 16 have recently constructed a detection sys­
tem which incorporates liquid-scintillator counters for detect­
ing fission neutrons and a Moxon-Rae

1
• detector for detecting 

capture events. Pulse-shape discrimination is used in the 
neutron detectors. Although the efficiency for detecting a 
single fission neutron is only about 40"10, th:e fact that two or 
three neutrons are emitted per fission makes it possible to 
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detect fission with an efficiency of about 80%. The alpha activity 
of the samples is of no consequence in this caSe . The limit is 
set by the " pile_up" of rejected gamma-ray scintillations in the 
puls e-shape-discriminatlon system. Samples of Pu239 wei ghing 
up to a few tens of grams can be handled by this detector. The 
Moxon-Rae detector is well known for its appli cation to capture­
cross-section measurements 18,1' for nonfissile nuclides. 

A method for measuring alpha which utilizes the differences 
in gamma-ray spectra to distinguish capture from fission has 
been described and d i scussed by Diven and Hopkins2 and by 
de Saussure, et a1..4 A large liquid-scintillator tank like that 
shown i n Figu;;Z-is used ; the fissile sample is placed at the 
center of the tank and bombarded with neutrons (preferably 
"monoenergetic"), and the pulse-height spect runt of scintilla­
tions from the tank. is observed. Since the pulse-height spec­
tra associated with fission and capture have different s hapes 
and the fiSsion pulse-height spectrunt can be determined in­
dependently ~sing a fission chamber in place of the sample, it 
should be possible to subtrac t the fission spectrum and hence 
to obtain the capture spectrum and the ratio of capture to fis­
sion, or alpha. The fissi on spectrum to be subtracted from the 
absorption spectrum must be normalized at high pulse heights 
corresponding to gamma-ray energies of lTX)re than 10 MeV. 
whe re no contribution from the capture spec t rum is possible. 

This method would be convenient if alpha were about unity. 
F or low values of alpha. however, it i s rather inaccurate be­
cause the capture spectrum is determined as a difference. 

H emmendinger
20 

has recently described the measurement of 
neutron resonance c ross sec tions us i n g a nuclear detonation as 
the neutron source. A notable feature of these experiments is 
that the detonation deliver s i n a single pulse as many neutrons 
as it would take a pulsed accelerator about one hundred years 
to produce. Accurate m easureme nts of cross sections are 
therefore possible using extremely small quantities of sample 
in conjunction with detectors of low efficiency . The short dura­
tion of each measurement also makes it possib le to e xperime nt 
with highly radioactive material s. Special Moxon-Rae detec­
tors have been c onstructed

20 
using semiconductor counters for 

capture-cross_section measurements, and it seems very likely 
that t he nuclear-detonation experi ments will s oon become a 
very important source of a(E) data a~ well as other neutron­
c ros s-section data. 

Effect of Energy Resolution o n Alpha M e asurements 

When the energy resolution for incident neutrons is poor, the 
direct alpha experime nt measures the ratio of ave rage cr o ss 
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sections'<C'c(E» /< ct<E». the cross sections being averaged 

over the resolution function of the neutron spectrometer .• This 
ratio of averages is not neceesarily the same as the average of 

the ratio, 1. e .• <alE» ~. However, the ratio of average cross 
sections appears to be of more value to reactor physicists than 
< a(E». There is therefore no serious limitation or restric­
tion which affects the alpha experiment when it is carried out 
at high ene rgies o r with poor energy resolution. 

Result s of Eta and Alpha Measurements 

U
235 

Since U235 is. in many ways. the easiest fissile nuclide with 
which to experiment. i t has received a good deal more atten­
tion than other fissile nuclides. In Figures3 through 10. so~ 
examples of data that have been obtained for this nuclide are 
presented. Measurements) of eta for energies up to 100 eV 
are shown in Figures 3 through 6. Below 5 eV these data are 
in very good agreement with values of Tl(E} calculated from 
fission - and total-cross-section measureme nts by Shore and 
Sailor . 15 The data shown in Figures 3 through 6 were obtained 
with good energy resolution up to an energy of about 20 to 30 eV. 

The cross-section anda{E) measurements of de Saussure • 
.tl...Al. ,4 from 3 to 25 eV are shown in Figures 7 and 8. A com­
parison may b e made between their a(E} values. shown in Fig­
ure 7. and a(E) v alues calculated from Tl(E) data.

l 
shown in 

Figure 9. The two sets of data agree rairly well at the reso­
nance energies (which can be identified from the plot of ct(E) 
given in Figure 4}. but not so well at energies fo r which the 
absorption c ros s section is small. However, this is not sur­
priSing, since at these energies both measurements are prone 
to systematic error s due to experimental backgrounds; in 
addit ion, the scattering correction in the T1(E) measurement 
is largest at these energies. 

Var i ous compilations and evaluations of U 235 cross-section 
data have been carried out from time to tilne. Free:mantle 21 

recently described an evaluation which includes data for ener­
gies up to 100 keY. In Figure 10. a summary given by Free ­
mantle 21 of the ratio < erc(E» /< er~E) > from 10 eV to 100 ke V is 
shown. The combined data define a. fa.irly consistent pattern 
for the gross variation of the rat.io with energy. although there 

are some large differences among the various sets of data. 
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(multiplied by the s quare root of the neutron energy) and 
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a. the values of a are averaged over the approximate 
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U
233 

and Pu13
' 

Measurements of T](E) for U133 for energies above 1 eV have 
been reported by Fluharty. et al.,1' and Yeater, et a1.

l1 

23? . 
Measurements of l1(E) for Pu for energies above 1 eV have 
been reported by Farley12 and by Bollinger. ~.13 All of 
theso! measurements were published prior to 1961 and by now 
have received wide circulation. No measurements of a(E) for 
neutron energies below 30 keY appear to have been reported 
for U233 or Pu2

". However, much attention is now being de­
voted to the special problems associated with measuring a(E) 
for these two nuclides, so this position may perhaps improve 
fairly SDon. Further detailed measurements of 11(E) for U

233 

and pul" have been made at Harwell. The data obtainei
7 

for 
neutron energies below 11 eVare shown in Figuresll and 12 
for U 233 and PU2l', respectively. These data are in agreement 
with the earlier data for U2Jl and Pull'. 

Cross-Section Data Obtained in Conjunction with Eta and Alpha 
Measurements 

When alpha. or eta is measured, useful cross-section data 
may also be obtained at the cost of very little extra experimen­
tal effort. If the incident-neutron spectrwn obtaining in the 
alpha experiment is measured, capture- and fission-cross­
section data may be obtained as well as alpha. Capture - anQ. 
fission-crass-section data obtained by de Saussure, et al. ," 
are shown in Figures 7 and 8. 

It the eta experiment is repeated for a series of samples of 
different thickness, both total - and fission-crass-section data 
may be obtained in addition to eta. 3 The measurement of 
af(E) is subject to the assumption that the average number of 
neutrons per fission, \i, is independent of i ncident-neutron 
energy. The capture cross section (1 (E) may also be derived 
from these measurements, provided1hat the scattering cross 
section is known. 

Total-crass-section data obtained in conjuncti on with T\(E) 
measurements l are shown for 0 23' in Figures 3,4, and 6. 
Fission- and capture-crass-section data are shown in Figures 
3 and 13. For the purpose of resonance analysis, it is very 
useful to have a set of partial-c rass-section data measured 
with the same energy resolution, plus a set of transmission 
data for several samples of different thickness. 

Cros s - section data s u c h as those shown in Figures3 and 13 

may also be used to calculate r e sonance fission and capture 
integrals, as given in Table 1. By using the Harwell data 3 Cor 
the energy range 0.45 to 100 eV with the data of Uttley22 and 
Michaudon 23 for the range 100 eV to 10 keV and the data oC 
Hanna and Walker 21 Cor the range 10 keY to I MeV. the values 
given in the second row oC Table I are obtained. The ratio of 
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in the energy region 1 to 11 eV. These data were obtained at the 
same time as the data shown in Figure 3. 
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Table 1. Fission and Capture Integrals 

, 
E o( dE E O"c' dE 

If = { 45 e:;--E 1-1 -- Ie 
c- O. 4 5eV E --

(ba rns) (barns) If 

E = 100 e V 2 08.5 125.3 

Ref. 3 

E = 1 MeV 268 152 0 . 57±0.06 

Refs. 3, 
22.23,28 

E = 1 M e V 
Ref. 29 274±10 144 :5 0.526 .0 .02 7 

the capture integral t o the fission integral thus obtained is 
D. 57 ±O. 06. The recommended values from integral 
measurements of the fission and capture resonance i nt egrals 
given by Stehn, et aI, ,29 are liste d in the third row of Table.!. 
These data give a value of D . 52 6 ;1;0.027 for the ratio of capture 
to fission. The valu es obtained from the differential and inte­
gral measurements are therefore consistent. 

Conclusions 

The situation regarding a lpha and eta measurements might 
be summarized as follows. At low energies, i.e., provided 
that good energy resolution is available, the eta e xperiment is 
reliable and has the advantage o f exper i mental simplicity. 
However, the eta data obtained from the eta exper iment are 
difficult to interpret if the energy resolution is not good. The 
value of this experiment is increased c onsiderably i f it is re­
peated using a series of samples of different thickness, so that 
total-, fission-, and capture-cross-section data can also be 
derived from the basic m e asurements. 

The alpha experiment requires the use of fission and capture 
detectors which must meet very stringent specifications. It is 
therefore considerably more difficult, from the experimental 
viewpoint, than the eta experiment. However, the data ob­
tained are easy t o interpr et and the experiment may readily be 

extended to provide fission- and capture-cross-section data as 
well as alpha data. At low ene r g ies a{E) is measured, but at 
high energies <O:c(E» / <Of(E) > i s obtained. 
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It i s to be hoped that in the near future, accurate data for 
T\ (E) and atE) for U

233
, U23

'. and PU
739 

will be available for 
neutron energies up to a few tens of eV. It is perhaps even 
possible t hat a comparison of accurate atE) and T)(E) measure­
ments i n the low-energy region (upto a few eV) will provide a 
test of the asswnption that v is constant. The future of mea­
sureme n t s above a few tens of eV. and particularly of measure­
ments in the kilovolt-energy region. would appear to lie with 
the alpha e xperiment. In both types of experiments, it seems 
likely that the capability to provide auxiliary cross-section data 
w i ll receiv e increasing attention and emphasis. 
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Abstract: Moxon-Rae detectors were used to measure ratios of the radiative capture cross section 
of elemental Cr, Mn. Ni, Nb, Ag, Sb and Au to that ofIn for neutrons of energy 8 to 120 keY. 
Relative capture cross sections of In for 8 to 30 keY neutrons were also measured. These were 
converted to absolute cross sections by using the In capture cross sections determined by Gib­
bons et al. The data were analysed to determine p-wave strength functions for Nb, Ag. Sb and 
Au. and average radiation widths for Cr, Mn and Ni. 

E NUCLEAR REACTIONS Cr, Mn, Ni, Ag, In, Sb, Au(n, y). 
E = 8-120 keV; measured O'n (E). Ocducedru1/D, r . 

1. Introduction 

Studies of radiative capture of keY neutrons have in the past been conducted with 
a variety of aims in mind. Some investigations have beeu motivated by interest in 
the properties of the compound states formed by neutron capture. Strength functions 
and resouance parameters have been determined 1- 3) from capture cross-section 
measurements and compared with theoretical predictions 3.4) based on compound 
nucleus theory. In addition the capture data are sometimes of interest to the theory 
of stellar nucleosynthesis 5.6), and they are often of considerable importance 7) in 
reactor physics and reactor design studies. 

The work reported in this paper deals with three groups of elements. The elements 
Cr, Mn and Ni, which form the first group, are important from the reactor data view­
point and possibly also from the stellar nucleosynthesis viewpoint, yet few capture 
cross-section data are available for them. In addition to this, the capture cross sections 
of these elements in the ke V region are of such a nature that an analysis to determine 
average radiation widths is possible. 

655 
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The second group includes the elements Nb, Ag, In and Sb. The capture cross 
sections of these elements were studied with the aim of determining values of the p­
wave strength function S, in the mass number", 100 region. Theories have predicted 
and experiments have confirmed that Sl reaches a maximum in this mass region, 
but there has been controversy 8.9) as to whether the data indicate a single maximum 
or two maxima. 

The capture cross section of Au is of interest as a standard cross section 6,7), 

particularly since this element may be investigated by all of the main methods of 
capture cross-section measurement in lise at the present time. Most of the capture 
cross-section data available for Au have been summarised and reviewed by Ponitz 7), 
and he notes in particular that there are significant discrepancies between different 
measurements of the shape of the cross section in the 1-1000 ke V region. 

2. Experimental method 

The present experiments consisted of two parts. In one part, the relative capture 
cross section of In was measured in the 8-30 keY region using a long counter ' 0) 
to measure the relative incident neutron flux. In the second and major part, ratios of 
the capture cross sections of the remaining elements to that of In were measured at 
a number of neutron energies in tbe 8 to 120 keY region. 

In order to measure the capture ratios, similar sized samples of indium and of the 
different elements were bombarded by neutrons and the relative yields of capture 
gamma rays were measured with the aid of Moxon-Rae 11,lZ) detectors. Neutrons 
were obtained from the 7Li(p, n)'Be reaction, the protons being provided either by 
the 3 MV pulsed Van de Graaff of the South African Atomic Energy Board at 
Pelindaba, Transvaal or by the 5.5 MV pulsed Van de Graaff of the Southern Uni­
versities Nuclear Institute at Faure, Cape Province. The neutron flux was monitored 
both by integrating the proton charge deposited on the target and also by means of a 
long counter. 

The samples used for the measurements on Cr, Mn, Ni, Ag, In and Au were metal 
discs of either 2.5 cm or 5.1 cm diam. The Nb and Sb samples consisted of powdered 
metal packed into thin-walled aluminium containers. The thickness n of the samples 
expressed in atoms per b ranged from 0.005 to 0.027, and samples of two or more 
different thicknesses were studied in the cases of Ni, Ag, In and Sb. Details of the 
samples are given in table 1. 

Tbe Moxon-Rae detectors were based on tbe design of Macklin ef al. lZ) and 
consisted of 3.4 g/cmZ thick Compton converters (80 % graphite plus 20 % Biz 0,) 
backed by scintillation detectors utilizing 0.5 mm thick NE 102A plastic scintil­
lators. Two alternative detection systems A and B were used. The A-system consisted 
of a single 12.5 cm diam. photomultiplier tube with matching scintillator and con­
verter. Tbe B-system consisted of four 5 cm diam. photomultipliers (with matching 
scintillators and converters) connected in parallel. Each detector provided output 
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pulses suitable for operating a conventional "fast-slow" electronic system, i.e. a 
"fast" output for nsec time-of-flight measurement and a "slow" output for selecting 
events in the "Moxon-Rae peak" of the pulse-height spectrum. 

Element 

Cr 
Mn 

Ni 

Nb 

Ag 

In 

Sb 

Au 

(0) 

TABLE 1 

Sample parameters 

e 
(MeV) M. 

8.12 0.831 

7.27 0.928 

8.23 0.820 

7.23 0.934 

7.07 0.955 

6.75 1.00 

6.64 1.017 

6.50 1.038 

DMOXON-RAE b:d DETECTOR 

LITHIUM t 

Thickness n 
(atom/mb) 

26.0 

12.7 

( 6.7 
13.4 
26.8 

6.14 

( 8.26 
14.8 

5.53 
7.89 
6.50 
9.19 

5.78 

LONG 
COUNTER 

TARGET SAMPLE d 0 
----~,--~r--- ~---I~-----t---------
PROTONS: NEUTROf'BI CJ , , 

!<t-D--+I<4-->lmetre " 
(b) N~NG COUNTER 

V' ' .... ',Y-'35° 
...... "':~i, UTHIU~ 

.... .... \ .. TARGET PROTOI"S , ~ __ n n_ 

SAM~E.~;' o ..... /! 
// I 

MOXON'R~E '" / /;Z::: __ 135 
DETECTOR 7cm 

'-----L 

Fig. 1. Experimental arrangements for capture yield measurements: (a) in geometries I ahd III; and 
(b) in geometry II. The distance d was 8 and 10 cm in geometries I and ill. respectively. Tie distance 
D was 8.1 em in geometry III. 7 cm in geometry II and varied between 12 and 26 em fa' different 

measurements in geometry 1. 
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Neutron time-of-flight analysis was used to separate the neutron capture gamma 
rays from background gamma rays, particularly those originating at the (p, n) 
source. In some phases of the work, time of flight also served to measure the neutron 
energy. Three alternative detection geometries (1, 11 and III) were employed. In 
geometry I, thin ('" 2 keY) lithium targets were used in order to obtain "mono­
energetic" neutrons and the target, sample and detector were disposed as shown in 
fig. I (a). The neutron energy was calculated from the proton energy assuming a Q­
value of -1.6433 MeV for the 'Li(p, n)'Be reaction 13). The neutron energy 
resolution (FWHM) in this geometry varied from about 10 keY at 30 keY to 6 keY 
at 100 keY. A typical time-of-flight spectrum obtained in geometry I using a 5.1 cm 
diam. silver sample is shown in fig. 2(a). Besides the gamma-ray peak (channel 80) 
and the major neutron peak (chonnel 62) corresponding in this example to capture 
of 58-keV neutrons, there is a minor peak (channel 45) corresponding to capture of 
7 keY neutrons from the associated kinematic group emitted at 180' (c.m.). The 
background data [indicated by crosses in fig. 2(a») show the results of a run taken 
without a sample. After correcting for background and for the contribution of the 
low-energy group, the area of the 58 keY peak was obtained and compared with the 
area obtained under the same conditions using an indium sample. The ratio of these 
areas gave the yield ratio Y,(E) for silver at E = 58 keY. This procedure was repeated 
for the remaining samples at the same energy, and then the whole procedure was 
repeated for the full set of samples at a series of neutron energies in the 30-100 keY 
region. The results of these measurements were thus a set of yield ratios for different 
samples at different neutron energies. 

In geometry II, a thin (;:;; 10 keY) lithium target was used and the capture sample 
was placed 7 cm from this target at an angle of 135' to the proton beam direction, 
as shown in fig. I(b). The Moxon-Rae detector A was placed 7 cm behind the sample, 
,and the neutron energy was determined from the time-of-flight measurement. Data 
were taken at sevefal neutron energies in the range 10 to 40 keY. The neutron energy 
resolution (FWHM) varied from 3 keY at 10 keY to 8 keY at 40 keY. A typical time­
of-flight spectrum obtained using a 5.1 cm diam. indium sample is shown in fig. 2(b). 
The neutron capture peak is again clearly resolved (channel 72), and the additional 
peak observed in the vicinity of channels 30 to 40 is attributed to capture of neutrons 
in the detector itself. A set of capture yield ratios was measured as in geometry I. 
In geometry H, however the incident neutron fluxes for runs at different energies 
were monitored using the long counter placed at the same angle and solid angle with 
respect to the target as the sample [see fig. I(b»). 

In geometry HI, a thick ('" 25 keY) lithium target was used and the capture sample 
and Moxon-Rae detector were placed as shown in fig. 1 (a). Using detector B, the 
capture !ield was then measured as a function of time of flight and thus as a function 
of neuton energy in each run. The proton energy was held at 1.891 ±O.OOI MeV so 
as to maintain a stable continuous neutron spectrum for all of the runS carried out 
in this -""ometry. Three typical runs are shown in fig. 2(c); these are a background run 
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respectively. 
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(no sample) and two runs obtained using 5.1 em diam. samples of In and Ni, respec­
tively. Capture yield ratios were obtained by dividing the yield for each sample 
(channel by channel) by the yield for indium. The energy resolution was determined 
mainly by the time resolution (3.6 ns FWHM) of the system and varied from about 
7 % at 8 keY neutron energy to 23 % at 50 keY. 

3. Reduction of cross-section ratios 

The ratio R.(E) of the capture cross section of the element z to that of indium at 
the neutron energy E was obtained by multiplying the measured yield ratio Y.(E) by 
three factors as follows: 

R.(E) = Y,(E)M.q,.(n, E)!rJ>o(n, E). (1) 

The factors q,. and q,o are introduced to correct for the effects of self-screening and 
multiple scattering of neutrons in the element z sample and indium sample, respec­
tively. Each factor q, is a product of two other factors q,' and q,", the correction 
factors for self-screening and multiple scattering, respectively. For the measurements 
on Nb, Ag, In, Sb and Au the self-screening factor q,' was calculated using the method 
described by Macklin 14) and the mUltiple scattering factor q," was calculated using 
the method described by Gibbons et al. '). The factors q,' and q," were found to lie 
within 5 % of unity for all of the samples, and the final ratio q,.fq,o was never found 
to differ from unity by more than 2 %. 

These methods were not readily adaptable for calculating the mUltiple scattering 
and self-screening corrections for Cr, Mn and Ni owing to the resonance structure 
in the neutron cross sections of these elements in the 8 to 100 ke V region. The factor 
q,.No has been assumed equal to unity in calculating the cross-section ratios for these 
elements. 

The factor M. is introduced into eq. (1) to account for the variation ofthe detection 
efficiency of tbe Moxon-Rae detector from element to element. An essential feature ") 
of this type 0: detector is that the probability of detecting neutron capture is propor­
tional to the total energy of the gamma-ray cascade which follows a capture event. The 
neutron separation energies e of compound nuclei formed by neutron capture are 
typically 7 MeV, thus for radiative capture of neutrons of energy less than 120 keY 
the efficiency of the detector will to a good approximation he proportional to e. 

In the present measurements elemental samples were used, with each element 
typically containing several isotopes. The weighted average value of 0 applicable in 
this case is given by 

m m 

0= 'La,ct,od'La,ct" (2) 
' - 1 tel 

where I" ct, and 0, denote the fractional abundance, the relative capture cross section 
and til! neutron separation energy respectively of the ith isotope and m the number 
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of isotopes in the elemental mixture. Since the relative cross sections U; are generally 
not known, we make the approximation that they are equal and eq. (2) reduces to 
the following: 

m 

S = La/si' 
i""! 

(3) 

The values e used in this work are summarised in table 1. The values of B; used in the 
calculations were taken from the data given by Maples et al. "). The factors M, were 
obtained by dividing the value of e for indium by the value of e for the corresponding 
element. 

4. Results 

The results of the cross-section-ratio measurements R,(E) are shown in figs. 3 
and 4. The solid circles in these figures represent data obtained using either geometry 
I or geometry II, while the open circles represent data obtained using geometry III. 
In the data shown for Ni in fig. 4, the triangles also represent data obtained using 
geometry III. The open circles, the open triangles and the solid triangles show the 
results of three independent measurements using Ni samples of different thickness. 
The general consistency of the three sets of data suggests that the neglect of self­
screening and multiple scattering corrections has probably not led to very serious 
errors. 

Capture cross sections have been calculated by multiplying the ratio data shown 
in figs. 3 and 4 by assumed values for the radiative capture cross section of indium. 
The mdium cross sections used were based on an empirical fit to the data of Gib­
bons et al. 1); it should be noted that the latter data were normalized to the absolute 
measurement of Schmitt and Cook 16) at a neutron energy of 24 keY. The fitting 
led to the following empirical expressions for the indium cross section as a function 
of energy: 
(i) for 7 keY < E < 18 keY 

utE) = 1820-39.1 E; 

(ii) for 18 keY < E < 120 keY 

u(E) = 44000/{v'E(1 +4Eo.2S
)}, 

where E is in keY and u(E) in mb. 

(4) 

(5) 

The cross sections obtained are shown in figs. 5-7. The solid circles show data 
obtained using either geometry I or geometry II, while the open circles show data 
obtained using geometry Ill. In the case of Ni (fig. 7), the open circle cross sections 
were calculated from weighted mean values of the three sets of ratios at each energy 
(fig. 4). 

The solid circles for In in fig. 5 represent the measurements for which the relative 
neutron flux at different energies was determined by means of the long counter. 
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These measurements used geometry II, in which the long counter and capture sample 
received the same neutron flux from the (p, n) source [see fig. l(b)]. The cross 
sections were normalized to u = 760 mb at E = 30 keY, which is the indium capture 
cross section given by eq. (5) at this energy. The dotted line in the plot for In (fig. 5) 
shows the energy dependence of the empirical fit [eqs. (4) and (5)] to the In capture 
cross section of Gibbons el al. '). 
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Fig. 5. Capture cross sections versus neutron energy for In , Ag, Au and Sh .• ·geometries I and II; 
O-geometry Ill; .6..-ref. 1). The solid curves show cross sections calculated using the parameters 
listed in table 2. The dashed curves are taken from ref. 1), the dotted curve (for In only) shows the 

empirical fit [eqs. (4) and (5)] to the data of ref. 1). 

5. Analysis 

5.1. THE p-WA VE STRENGTH FUNCTION s, 
The theory of neutron capture has been developed by several authors, notably 

Margolis 17) Dresner 18), Lane and Lynn ") and Cameron 3). By making some 
approximations and assumptions, we can apply this theory to derive values for the 
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p-wave strength function from capture cross sections. The method is similar to that 
used by Gibbons e/ al. '). 

The average capture cross section <<1) for a given neutron energy may be expressed 
as the sum of average partial cross sections for different incident neutron partial 
waves I. For each I-value, the partial cross section is summed over the allowed values 
of compound nucleus total angular momentum J 

<<1) = I I (<1(JI). (6) 
, J 

The neutron strength function S,CJ) for compound states of angular momentum J 
formed by capture of neutrons of energy E and orbital angular momentum I is defined 
as follows: 

where 
S,(J) = (r~(J)j(D(J), 

r~(J) = rn(JI)jp,.jE, 

(7) 

(8) 

and <DCJ) denotes the average spacing for these states, while for individual states 
rnCJI) denotes the neutron width and p, the neutron penetrability. For s-wave 
neutrons Po is unity. while for p-wave neutrons 

P, = x2 j(1+x2
), 

where x = kR and k and R denote the neutron wave number and the nuclear radius, 
respectively. 

We now assume Ci) that the neutron strength function S, is the same for all allowed 
values of J; (ii) that (DCJ) = (D)jgCJ), where (D) is the observed spacing for 
all values of J and gCJ) the statistical weight for levels of angular momentum J; 
and (iii) that inelastic neutron scattering, where present may be neglected and hence 
that the average total width may be expressed as: 

(r(JI) = ~(IJl)(rn(Jl) + (r,(Jl), (9) 

where ~CIJI) is the number of contributing channel spins for a target nucleus spin 
I and a given combination of J and I and (r,CJI) the average radiation width for 
levels of given J and I. 

The average partial cross sections for s- and p-wave capture at neutron energy E 
are then reduced to 

(<1(0) = 2,,2 S .fE I g(J)(r,(JI)F(aJ) 
k' 0 J (r,(JI) + {So(D).j Ejg(J)} 

(10) 

«(1) - 2,,2 S IE" g(J)(r,(JI)F(aJ) 
<1 ) - k2 'P'V 't (r,(JI) + {WJ1)S,p,(D).jEjg(J)} 

(11) 

where FCaJ) denotes the correction factor 3.'9) required when the ratio of averages 
is used in place of an average of ratios. 
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For neutron energies less than 30 keV, the penetrabilities p, for partial waves of 
order I > I are very much smaller than the penetrabilities Po and p,. We therefore 
neglect these higher-order components and assume that the observed average cross 
section may be regarded as a sum of s- and p-wave components given by eqs. (10) 
and (11), respectively. The p-wave strength function S, can then be determined from 
this analysis if the s-wave strength function So, the level spacing (D) and the average 
radiation widths (r,(JI) are known. 

Values of S, were determined for Nb, Ag, In, Sb and Au hy fitting a sum of s­
and p-wave components to the present measurements of the respective capture cross 
sections in the 8 to 30 ke V region. The fitting was carried out by computer using a 
method of least-squares. The values So, ( D) and (r,(JI) used in the analysis are 
listed in table 2. In all cases it was assumed that (r,) was the same for all values of J. 
For Nb, different values of r,(JI) were assumed for I = 0 and I = I, respectively, in 
accordance with the results reported in ref. 2'). For the remaining elements, the radia­
tion width for p-waves was assumed to be the same as that for s-waves. The values of 
S, obtained from the analysis are given in table 2. The solid curves in fig. 5 show the 
fitted cross sections calculated using the parameters summarised in table 2. 

TABLE 2 

Strength functions 

(r,) .) ( D ) .) 
Element (cY) (eY) 

Nb rl50 (I = 0) 
0.230 (I = 1) 

73.5 (I = 0») 
65 (/ = 1) 

Ag 0.137 23 
In 0.079 8.7 

Sb 0.115 24 

Au 0.115 17 

4) Based on data given in refs. 11,20, tl, U). 

5.2. RADIATION WIDTHS r, 

0.35 

0.85 

0.6 

1.0 

1.5 

s, 
(x JO') 

3.3 ±1.8 

5.6 ± 2.3 

3.9 ± 1.5 

3.7 ±1.5 

0.69±0.40 

The capture cross sections of Cr, Mn and Ni (figs. 6 and 7) show maxima and 
minima which can be attributed to partially resolved resonances. This structure in­
dicates regions where the cross sections are dominated by a few levels and makes it 
possible to determine average radiation widths. 

The capture cross section may be written as the sum of capture cross sections at 

for the m members of the elemental mixture 

m 

a=LQtO'j, 
i == 1 

(12) 

where a, denotes the fractional abundance of the ith isotope. We assume that each 
cross section (J, may be described as a sum of isolated Breit-Wigner single level 
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resonance components, that r" "" r for all resonances, and that r, does not vary 
much from resonance to resonance. The integral of the cross section under the jth 
resonance of the ith isotope is then given by 

f~~ eT<JdE = 2,,2j.fl g<J<r,), (13) 

where '-II is the reduced neutron wavelength corresponding to the resonance energy 
and g'l the statistical weight. 

The integral of the capture cross section over an energy range E, to E2 may now 
be expressed as a sum rx+p, where P represents the contributions from distant levels, 
and 11. is obtained by combining eqs. (12) and (13): 

(14) 

where r, is the number of resonances involving the ith isotope in the energy range E, 
to E2 • 

We now approximate the wavelength j.'1 by a constant effective wavelength ;t 

corresponding to an energy <E), which is the mean of E, and E2. We also assume 
an effective average <g,) for each isotope and express r, in terms of the average level 
spacing <D,) as 

r, = (E 2 -E,)/<D,). (15) 

Then from eqs. (14) and (IS) 

(16) 

Eq. (16) has been used to calculate values of <r,) for Cr, Mn and Ni. The choice 
of the limits E, and E2 was determined in each case by the structure of the capture 
cross section (figs. 6 and 7). The contribution P of distant levels to the cross section 
in the region E, to E2 was estimated by inspection, and an important criterion in 
the choice of E, and E2 was that p should be as small a fraction as possible of the 
total integrated cross section (rx+P). The parameters used in calculating <r,) are 
shown in table 3 with the results of the calculations. 

6. Discussion 

The cross-section ratios shown in figs. 3 and 4 are the basic results of the present 
experiments, hence it is useful to compare them with independent measurements. 
Although other authors do not present their data as cross-section ratios to indium, 
such ratios may readily be calculated from the cross-sections reported by Gibbons 
et al. ') and by P6nitz 7). Thus the cross-section data reported by Gibbons et al. ') 
for Ag, Au Sb and Nb have been divided by the empirical fit [eqs. (4) and (5)] to 



NEUTRON CAPTURE CROSS SECTIONS 669 

the indium cross sections reported by these authors, and the resulting ratios are shown 
as triangles in fig. 3. The solid curves in fig. 3 indicate ratios calculated from the 
average cross sections reported by Ponitz 7); these data are averages of many in­
dependent sets of data (including those of Gibbons et at. 1) at (approximately) the 
same energy. 

TABLE 3 

Radiation widths 

Z Element E, E, Isotope a) (D) (r,) 
(keY) (keY) A (keY) (eY) 

24 Cr 16 80 
52 10.4 b) 

2.3 ±1.0 
53 2.8 ') 

25 Mn 14 50 55 2.9 4 ) 0.67±0.25 

L: 
20 

58 1.1') 
0.29±0.13 

28 Ni 
60 0.7 .) 
58 3.9 .) 

0.34±0.14 50 60 3.5 .) 

&) The less abundant isotopes of Cr and Ni have been omitted from the calculations. The effect 
on the results is insignificant. 

b) Based on data in range E < 600 keY from refs. 20,3.), 
C) Based on data in range E < 30 keY from refs. 10,36). 

d) Based on data in range E < 100 keY from ref. 31). 
e) Based on data in range E1 to EI from ref. 37). 

Comparison (see fig. 3) shows that the present cross-section ratios for Ag and Au 
are about 10 % lower than the ratios derived from the data of ponitz. The present 
ratios for Sb on the other hand are about 10 % higher than the Ponitz values. The 
data for Au agree satisfactorily with the ratios obtained from the data of Gibbons 
et at. Allowing for standard deviations of about 10 % on the ratios obtained by both 
Ponitz and Gibbons et aI., we conclude that the three sets of data for the elements 
Ag, Au, Sb and Nb are consistent. There are no data available for similar comparisons 
for Ni, Mn and Cr shown in fig. 4. 

The present cross sections for Ag, Au and Sb (fig. 5) were obtained by multiplying 
the corresponding cross-section ratios shown in fig. 3 by a smooth function [eqs. 
(4) and (5)] fitted to the indium cross-sections obtained by Gibbons et at. 1) (triangles 
in fig. 5). Therefore, as can be seen in fig. 5 the present cross sections agree with those 
reported by Gibbons et at. where the cross-section ratios agree and vice versa. The 
discrepancies between these two sets of cross sections on the one hand and the 
average cross sections obtained by Ponitz on the other hand, contrast with the 
general agreement between the three sets of ratios shown in fig. 3. Since the various 
ratios and cross sections shown in figs. 3 and 5 were obtained using a variety of 
methods and techniques for the capture yield measurement, the cross-section dis­
crepancies must originate from systematic errors in other phases of the experiments, 
e.g., normalization or the relative measurements of incident neutron intensity. 
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Bogart t for example has drawn attention to the fact that inconsistencies arise between 
relative neutron flux measurements based on the "Li(n, a)3H and 10B(n, ay)7Li 
reactions, respectively, and that these inconsistencies can lead to significant dis­
crepancies when a comparison is made between capture cross-section measurements 
which are referred to the different reactions. 

Some independent capture cross-section measurements 1,23 - 33) for Cr, Mn and 
Ni are compared with the present data for these elements in figs. 6 and 7. The present 
data for Cr and Ni are systematically higher than most other measurements. In the 
case of Ni, the present data are in good agreement with the data of Staviskii and 
Shapar 33) in the energy region 30 keY to 120 keY. The present data for Ni are also 
in agreement with the capture cross sections predicted by Schmidt 38) on the basis 
of thermal capture cross-section values and resonance capture integral data. The 
maximum at E", 15 keY in the present data for Ni is consistent with the high­
resolution capture-yield measurements reported by Block et al. 37), provided al­
lowance is made for the much poorer energy resolution of the present measurements. 

The p-wave strength functions obtained for Nb, Ag, In and Sb (table 2) lie in the 
range 3 x 10- 4 to 6 X 10- 4 and agree with several recent measurements for different 
nucleides in the mass number range 90 to 120. The results are also consistent with 
the values predicted by Buck and Perey 4) for the 3P size-resonance of S, in the 
A '" 100 region. On the other hand, the analysis used to derive S, is subject to some 
basic limitations. It depends on the use of assumed values for parameters such as 
So, (T,) and (D). The results are sensitive to uncertainties in these parameters, 
in normalization of the cross-sections (in the case ofIn), and in the In cross sections 
reported by Gibbons et at. ') (in the cases of Ag, Au and Sb). The analysis is 
particularly sensitive to the ratio (T, ) /(D) and also therefore (except in the case of 
Nb) to the assumption that this ratio has the same value for s- and p-wave resonances. 
The precision of S, is low ('" 50 % standard deviations) because of these uncertain­
ties. However, the results indicate a lower limit of S, ;;; 2 X 10- 4 for the nucleides 
Nb, Ag, In and Sb. 

The radiation widths (T,.) obtained for Cr, Mn and Ni (table 3) follow a trend 
previously noted 3) in this mass region showing (T,) decreasing with increasing 
atomic number. Similar values of (T,) are obtained for Ni when the data are analysed 
in the 8 to 20 keY and 20 to 50 keY regions. From the capture measurements of Block 
et al. 37) and the total cross-section data of Garg et al. 39) it appears that p-wave 
resonances contribute most of the capture cross section of Ni in the 20 to 50 keY 
region, whereas the s-wave resonances at 12.7 keY and 15 keY contribute a significant 
fraction of the capture cross section in the 8 to 20 keY region. Therefore the average 
radiation widths for these s- and p-wave resonances in Ni are probably not very 
different from one another. 

The radiation width observed for Cr is considerably higher than that observed for 
the neighbouring elements Mn and Ni (table 3) and is also significantly higher than 

t See discussion in ref. 1). 
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might be expected from the theoretical predictions of Cameron 3). The result is 
nevertheless consistent with the value <r,) = 2.9±0.9 eV reported by Cote et al. 40) 
for Cr. Despite this agreement, the present value of <r,) would be high if the average 
level spacing of 10.4 keV assumed (table 3) for the most abundant isotope of Cr, 
namely "Cr, is an overestimate. This is a real possibility since the level spacings 
assumed for Cr are based on Van de Graaff measurements 34.35) taken with energy 
resolution of about I keV, whereas the spacings assumed for both Mn and Ni are 
based on higher-resolution measurements 36,37) using electron linacs. In view of this 
possibility, it would be interesting to study the capture cross section of Cr with the 
high resolntion which Block et al. have used for Ni. The capture measurements of 
Block et al. showed about three times as many levels as had previously been noted in 
total cross-section measurements on Ni. A similar increase in the number of Cr levels 
would bring about a proportionate decrease in the present value of <r,), which 
would thus be consistent with expectations based on theory 3) and <r,) values 
observed for neighbouring nueleides. 

We are indebted to the technical and operating staffs of the Van de Graaif ac­
celerators at the A.E.B.laboratories, Pelindaba, and the Southern Universities Nuclear 
Institute, Faure for their assistance in carrying out these experiments. We also express 
our thanks to the South African Council for Scientific and Industrial Research for 
the support which they have granted to this project and for a bursary to one of us 
(LMS). The support and hospitality granted to two of us (LMS and FDB) by the 
South African Atomic Energy Board is also gratefully acknowledged. 
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Abstract: The excitation of the 59 keY level of 1271 by neutron inelastic scattering was studied using 
a small NaI scintillation crystal as both target and detector. Measurements were carried out 
in the incident ncutron energy range 50-500 keY, and the neutron flux incident on the crystal 
was monitored with a 8Li loaded glass scintillator. The cross sections obtained are compared 
with those calculated from Hauser-Feshbach theory. 

E NUCLEAR REACfIONS 1211(n, n'y). E = 50-500 keY; measured ann' (£). 

l. Introduction 

The statistical theory of Hauser and Feshbach 1) has been widely used 2) to in­
terpret experimental measurements of neutron inelastic scattering. Subsequent 
developments in the theory of nuclear reactions 3) have emphasized the efIects of 
compound nucleus level structure on average reaction cross sections. In particular, 
for the case of inelastic neutron scattering it has been shown 2,4,,) that when the 
distribution of level v.idths in the compound nucleus is taken into consideration, 
the reaction cross section may be reduced by up to about 50 %. This reduction in 
the cross section is greatest at neutron energies close to the inelastic threshold and 
much smaller, in general, at highcr energies. 

The study of inelastic neutron scattering at neutron energies close to the threshold 
is therefore of particular intercst. Measurements based on conventional techniques 
may be hampered in this region by the low reaction yield and the low energy of the 
inelastically scattered neutrons. In the study of inelastic scattering to the 59 keV level 
of 127 1, however, the use 6, ' ) of a small Nal crystal as both target and detector 
minimizes the first of these difficulties and avoids the second difficulty. With this 
arrangement, it is possible to detect the de·excitation radiations (59 keY gamma rays 
or internal conversion electrons plus X-rays) resulting from inelastic scattering in 
the crystal with high efficiency. In this paper, we report measurements using this 
technique for neutrons in the energy range 50 to 500 keV. 

t Present address: A.E.B. Isotope Unit, Southern Universities Nuclear Institute, Faure. C.P. 
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2. Experimental method 

A schematic diagram of the experimental arrangement used for the measurements 
is shown in fig. I. The neutron source was the 'Li(p, n)'Be reaction produced by 
protons from the 5.5 MV pulsed Van de Graaff accelerator of the Socthern Uni­
versities Nuclear Institute, Faure, Cape Province. Thin Li metal targets were used to 
obtain neutrons of well-defined energy; the neutron energy was calculated from the 
proton energy assuming a Q-value of -1.6433 MeV for the 'Li(p, n)'Be reaction '). 
The Nal crystal used in the experiment was 3.8 em diam. and 0.16 em thick. 

2·2 mm L/i-GlaSS 
LEAD __ -

Ll- TARGET t-I 1'01'\5 - --

--+--"'-.-l'~ _~~\lL~'C __ ___________ c:::J 
PROTONS'-- ---L01 c:::::J : .-

7cm: I :LONG 
~ ~ - - bOUNTE 

33cm 

, '. 
\ 

1 met er 

Fig . 1. Schematic diagram of the experimental arrangement. 

The neutron flux incident on the Na! crystal was monitored by a 6Li loaded glass 
scintillator 9). The two scintillators were mounted on EMI-6097B photomultiplier 
tubes, which were placed symmetrically about the 0° (proton beam) direction (fig. I) 
so as to receive the same mean incident neutron energy and flux from the (p, n) 
source. The pulsed-beam time-of-flight technique was used to discriminate against 
background, particularly gamma rays originating in the Li target. A 2.2 mm thick 
lead sheet was placed between the target and the scintillators in order to shield the 
scintillators from an intense flux of low-energy gamma rays, which originated from 
the target. A long counter 10) placed at 0° at I m from the ' Li target was used as 
an auxiliary neutron monitor. 

A standard "fast-slow" electronic system was used to obtain time-of-flight spectra 
from the two detectors. The fast outputs from the two photomultipliers were coupled 
and fed to the start input of a common time-to-pulse-amplitude converter. The 
slow outputs from the photomultipliers were fed to separate single-channel pulse­
height analysers; the outputs of these analysers were used to coincidence-gate the 
multi-channel analyser, which recorded the time spectra. The two pulse-height 
windows also operated the routing control of the multi-channel analyser so that 



314 C. A. R. BAIN AND F. D. BROOKS 

the two time spectra were recorded simultaneously in different segments of the 
analyser memory. This arrangement ensured that the counting losses (due to analyser 
dead time ) were exactly the same for the two spectra, so that no deadtime correction 
was necessary when a ratio of count rates was determined from the two spectra. 

I ~ i I I I 
1000 I 40 80 100 120 keY , 

800 

<J> 
~600 
:0 a 
u 
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0 
0 20 40 60 80 

CHANNEL NUMBER 

Fig. 2. Pulse~height spectra obtained from the NaI crystal using different neutron energies; .0.-45 
keY, .-75 keY, 0 -90 keY. The peaks centred at the 59 keY pulse-height are attributed to decay 
of the 59 keY level 0[1271 after neutron inelastic scattering. The pulse-height scale is calibrated in 

terms of the 61 keVy-ray emitted by 241Am. 
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Fig. 3. Time-or-flight spectra obtained using neutrons of energy 110 keY. The spectra were obtained 
simultaneously from the Nal and the Li glass detectors, respectively. 
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A preliminary investigation was carried out of the pulse-height spectra obtained 
from the Nal crystal for different incident neutron energies of 40-90 keY. The results 
(see fig. 2) demonstrated that a peak centred at a pulse-height corresponding to an 
electron energy of 59 keY appeared when the incident neutron energy exceeded this 
value. Thus for the time-of-flight measurements, the single-channel analyser as 
scciated with the NaI crystal was set to select pulse amplitudes corresponding to 
the electron energy range 59 ± 15 keY. Assuming an internal conversion coefficient ") 
of 1.95, we estimate the efficiency e for detecting depopulation of the 59 keY level of 
1271 as 0.97 ± 0.02. 

The experiment was divided into two measurements. In one set, a small Li glass 
I (diam. 2.9 cm and thickness 0.25 cm) was used and in the other set a larger glass II 
(diam. 3.8 cm and thickness 1.27 cm) was used. The glasses were type NE-905 (sup­
plied by Nuclear Enterprises Ltd., Edinburgh) with a nominal 6Li content of 7.0 % 
(by weight). In each set of measurements, the single-channel analyser associated with 
the Li loaded glass detector was set so as to select pulses corresponding to 6Li(n, IX)'H 
reactions in the scintillator 9). 1 he efficiency of the glass for detecting such reactions is 
essentially unity. 

The time-of-flight measurements were carried out using a 33 cm fl ight path. 
The time resolution obtained was about 10 ns (FWHM) for both detectors. Two 
typical time-of-flight spectra for a mean neutron energy of 110 keY are shown in 
fig. 3. In each time spectrum, the peak in the region of channel 76 is attributed to 
neutron interactions in the corresponding scinti llator, i.e. (n, n'y) in the Na[ crystal 
and (n, IX) in the Li glass, respectively. Similar pairs of spectra were obtained at a 
series of neutron energies; at each energy, the areas of the neutron peaks in the two 
spectra and the ratio R of these areas (Na!: Li) were measured. 

Since the geometry was chosen so as to equalize the neutron fluxes incident on the 
two detectors, in first approximation for each detector the count rate in the neutron 
peak is proportional to three factors. These are 

(i) the solid angle Q subtended by the scintillator at the neutron source, 

(ii) the thickness n of the scintillator expressed in nuclei (of 12'[ or 6Li, respectively) 
per cm2 and 

(iii) the cross section" for the appropriate reaction. 
We now introduce a factor <p to take account of the combined effects of self-screening 
and multiple scattering of the incident neutrons in the scintillator. For a given 
neutron energy 

(I) 

where the subscripts I and 2 denote the NaI crystal and the Li glass, respectively. 
The cross section", for popUlation of the 59 keY level is thus obtained from the 
known cross section "2 for the 6Li(n, <X) reaction 12), the observed count rate ratio 
R and direct calculations of Q" Q 2' n" n2 , <p" <P2 and e. 
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The factors <PI and <P2 were calculated using cross-section data obtained from ref. 12). 
The values obtained for <PI were in the range 1.03- 1.05, while the values obtained 
for <P2 ranged from 1.10 to 1.20 for glass I and 1.22 to 1.56 for glass II. A correction 
was also applied for the contribution of neutron radiative capture events to the 
neutron peak recorded by the NaI detector. This correction amounted to about 25 % 
for 70 keY neutrons, 10 % for 90 keY neutrons and less than 5 % for neutrons of 
energy exceeding 120 keY. 

3. Results and calculations 

The results of the cross-section measurements for the 59 keY level are shown in 
fig . 4. The open circles denote the measurements using the thin Li glass (glass I) 
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Fig. 4. Cross section for population of the 59 keY level of U7 I by neutron inelastic scattering; 0-
present data (based on glass I), .-present data (based on glass II), 6 -ref. 6), A-ref. 7). Curves A 
and B show the cross sections calculated from the Hauser-Fcshbach theory using transmission coef­
ficients based on the potentials of Bjorklund and Fernbach 11) and Perey and Buck :0). respectively. 
The dashed sections of these curves ind icate energy regions in which the calculations are based on 
extrapolated values for the neutron transmission coefficients . Curve C shows results of the calculation 

reported by Sharma and Nath U). 

and the solid circles the data obtained using glass II. The two sets of data are con­
sistent. The open and closed triangles in fig. 4 show the results of the earlier mea­
surements reported by van Loef and Lind 6) and by Guernsey and Wattenberg '), 
respectively. The present results are in marked disagreement with these data. 

The nucleus 1271 has excited states at 59, 203, 375 and 417 keY, respectively; as 
far as we know, there are no additional excited states below 417 keY [ref. 13)]. The 
cross sections observed for the 59 keY level (fig. 4) in the energy range 59-203 keY 
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will therefore correspond unambiguously to the cross sections for inelastic neutron 
scattering to tbe 59 keY level. The cross sections observed at energies above 203 keY 
may be partly due to inelastic scattering to tbe 203 keY level with de-excitation by 
cascade through the .'>9 keY level. However, the contribution of such events to the 
Na! count rate is likely to be small because the branching probability for transitions 
between the 203 keY and 59 keY levels has been reported 14) to be 7.5 %. The cross 
sections observed between 203 keY and 375 keY are therefore expected to represent 
a good approximation to tbe cross sections for inelastic scattering to the 59 keY level 
at these incident energies. The information available about the decay properties of 
the 375 keY and higher levels is very limited. However since the 375 keY level is 
believed 13) to have angular momentum t, it is unlikely to decay via the 59 keY level 
(J = n The cross-section data obtained at neutron energies up to at least 417 keY 
are therefore expected to be those for inelastic scattering to the 59 keY level. 

It is of interest to compare the cross-section data shown in fig. 4 with inelastic 
scattering cross sections calculated on the basis of a statistical model of the type 
proposed by Hauser and Feshbach '). Calculations have been performed using the 
modified Hauser-Feshbach theory formulated by Auerbach and Moore 15). As­
suming that inelastic neutron scattering dominates all other modes of decay of the 
compound nucleus, we obtain 15) for the cross section utE, Eo) for inelastic scattering 
of neutrons of incident energy E and final energy Eo 

(2) 

where m denotes the number of final states which c~n be reached with the incident 
energy E and the subscripts i and n the final states reached with emergent energies E, 
and Eo> respectively. The reduced incident neutron wavelength is denoted by .t and 
the total angular momentum of the ground state of the target nucleus by I. The 
transmission coefficients for incoming and Qlltgcing neutrons are denoted by T; 
incoming neutrons are implied by the absence of subscripts in tbe parameters I, j 
and E. The coefficients Tare summed over all combinations of neutron orbital angular 
momentum /, channel spinj and compound nucleus angular momentum J allowed by 
conservation of angular momentum and parity. The ranges over which the quantum 
numbers J, / alldj are allowed to vary therefore depend on the angular momenta and 
parities of both the initial state and the appropriate fina l state of the target nucleus. 

The cross sections for inelastic scattering of neutrons to the first four excited states 
of 1271 have been calculated from eq. (2) assuming tbat the ground state and the 
states at 59, 203, 375 and 417 keY have total angular momenta and parities 1 +, ! +, 

t +, ! + and ~ +, respectively 13). The neutron transmission coefficients used in the 
calculations are based on val ues calculated by Auerbach and Perey 16) for A = 128. 
These authors have fitted elastic-scattering data for a range of nuclei using the 
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Bjorklund and Fernbach 17) potential; they give tables of neutron transmission coef­
ficients T(!jE) for neutron energies down to 100 keY. In order to extend the present 
calculations to incident and final neutron energies less than 100 keY, the transmission 
coefficient data have been extrapolated to lower energies. For s-wave neutrons, the 
transmission coefficients were extrapolated to reach a limiting value T(O, t, E) = 

4k'R2 for neutron energies E ;;; 10 keY, where k is the neutron wave number and 
R the nuclear radius. For the partial waves I ~ I, the extrapolations were arbitrary; 
however this did not seriously affect the final result, since these components contributed 
less than 10 % of the cross section below 100 keY. 
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Fig. 5. Cross sections for neutron inelastic scattering to the 203 keY, 375 keY and 417 keY levels of 
1271. respectively; .. -ref. f), a-ref. 18). The curves show cross sections calculated from the Hauser­

Feshbach theory using the same transmission-coefficient data as used for curve A of fig . 4. 

The inelastic scattering cross sections calculated for the 59 keY level are shown by 
curve A in fig. 4. For neutron energies exceeding 160 keY (indicated by the solid 
portion of the curve), the calculations are essentially independent of any assumptions 
made in extrapolating the transmission-coefficient data. The results obtained in the 
6~ I 60 keY region (dashed part of curve A) are subject to uncertainties arising from 
these assumptions. 

The inelastic scattering cross sections calculated for the 203, 375 and 417 keY levels 
are shown in fig. 5 with the measurements reported by van Loef and Lind 6) (triangles) 
and Day and Lind 18) (circles), respectively. 
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4. Discussion 

The discrepancy (see fig. 4) between the present results and earlier data 6,7) for 
the 59 keY level is disturbing. The data obtained from the Nal crystal are very un­
likely to have appreciable systematic errors, and corrections for multiple neutron scat­
tering in this scintillator were only a few per cent. Larger multiple-scattering cor­
rections were necessary for both Li glasses; however, consistent results were obtained 
for glasses I and II, respectively, for which the multiple-scattering corrections dif­
fered considerably. 

In view of the fact that the present results depend on assumptions regarding the 
chemical composition of the Li glass scintillators, the composition of glass II was 
checked by measuring the neutron transmission of the glass at several energies 
between 40 and 500 keY. The results were consistent with transmissions calculated 
from total cross sections 12) and the composition supplied by the manufacturer of 
the glass scintillators. The present results depend on the assumed 6Li(n, a)3H cross 
section 12). If, as has been suggested by Fort and Leroy 19), the latter cross sections 
were about 10 % higher than reported in ref. 12), the present cross sections (fig. 4) 
would have to be increased correspondingly, and the discrepancy with the earlier 
data 6,7 ) would be increased. 

The symmetry of the experimental arrangement (fig. I) was checked by carrying 
out runs with the detectors interchanged; it was demonstrated that the assumption 
of symmetry did not lead to significant errors. The discrepancy with the earlier 
measurements therefore remains and is not understood. 

The present data are in good agreement with the cross sections for inelastic scat­
tering calculated from the theory of Auerbach and Moore IS ) for incident neutron 
energies above 160 keY (curve A of fig. 4). The calculated cross sections are very 
dependent upon the assumed neutron transmission coefficients. The cross sections 
for inelastic scattering to the 203, 375 and 417 keY levels were based on the same 
transmission coefficient data as used for the 59 keY level; the results of the calculations 
for these three levels agree well with the data reported by Day and Lind 1') and van Loef 
and Lind 6) (see fig . 5). Calculations performed for the 59 keY level using an al­
ternative set of transmission coefficientsl6 )based on the potential ofPerey and Buck'O) 
led to higher cross sections (curve B of fig. 4) for 150-500 keY neutrons. The results 
of independent calculations recently reported by Sharma and Nath 21) using trans­
mission coefficients quoted by Beyster el al. 22) are also shown in fig. 4 (curve C). 
The present experimental values agree to within about 20 % with the calculations 
(curves A-C of fig. 4) in the 160-500 keY region. 

For incident neutron energies below 160 keY, the present experimental values for 
the 59 ke V level are significantly lower than the cross sections obtained from the 
present calculations (curves A and B of fig. 4). These discrepancies are significant, 
notwithstanding the fact that the cross sections calculated in this energy region 
depend sensitively on the extrapolated values of the s-wave neutron transmission 
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coefficients. However, the validity of the model used in the calculations is questionable 
at energies close to the inelastic threshold. The discrepancies would probably be 
reduced if a theory incorporating a level width fluctuation correction 2- 5) were 
used. For further calculations in the threshold region, it would also be desirable to 
have reliable values for the neutron transmission coefficients for neutron energies 
down to a few keY. In the case of 1271 in particular, this implies a need for neutron 
elastic scattering cross-section data in the keY energy region. 

It is a pleasure to acknowledge the assistance and cooperation of the staff of the 
Southern Universities Nuclear Institute during th is experiment. We also express our 
thanks to the South African Council for Scientific and Industrial Research for 
financial support. 

References 

1) W. Hauser and H. Feshbach. Phys. Rev. 87 (1952) 366 
2) L. Cranberg, Progress fast neutron physics (University of Chicago Press, 1963) p. 89; 

R. B. Day in Progress, Progress in fast neutron physics (University of Chicago Press, 1963) p. 111; 
A. T. G. Ferguson, Nuclear structure study with neutrons (North-Holland Pub1.Co.,Amsterdam, 
1966) p. 63 

3) A. M. Lane and J. E. Lynn, Proe. Phys . Soc. A70 (1957) 557; 
P. A. Moldaucr, Phys. Rev. 123 (1961) 968; 129 (1963) 754 

4) A. B. Tucker, J. T. Wells and W. E. Meyerhof, in Camp. Rend. Congr. Int. de physique nucleaire, 
Paris (1964) p. 671 

5) A. B. Smith and P. T. Guenther, Nuclear structure study with neutrons (North-Holland Publ. 
Co., Amsterdam, 1966) p. 89; 
D. Wilmore, ibid, p. 510 

6) J. J. van Loefand D. A. Lind, Phys. Rev. 101 (1956) 103 
7) J. D. Guernsey and A. Wattenberg, Phys. Rev. 101 (1956) 1516 
8) F. Everling, L. A. Koenig, J. H. E. Mattauch and A. H. Wapstra, Nuclear Data Tables, Part I 

(1961) 
9) F. W. K. Firk, R. J. Ginther and G. C. Slaughter, Nucl. Instr. 13 (1961) 313 

10) A. O. Hanson and J. L. McKibben, Phys. Rev. 72 (1947) 673 
11) L. A. SHv and 1. M. Bland, Alpha-, beta- and gamma-ray spectroscopy, Vol. 1 (North-Hol­

land Publ. Co., Amsterdam, 1965) p.1639 
12) D. J. Hughes and R. B. Schwartz, BNL-325, 2nd ed. (1958) 
13) Nuclear Data Sheets, compiled by K. Way el al. (Print ing and Pub!. Office, National Academy 

of Sciences-National Research Council. Washington 25 , D.C., 1959-66) 
14) J. Kownacki, J. Ludziejewski and M. Moszynski, Nucl. Phys. AI07 (1968) 476 
15) E. H. Auerbach and S. O. Moore, Phys. Rev. 135 (1964) B895 
16) E. H. Auerbach and F. G . Pcrey, BNL-765 (T-286) (1962) 
17) F. Bjorklund and S. Fernbach, Phys. Rev. IO!} (1958) 1295 
18) R. B. Day and D. A. Lind, Ann. of Phys. 12 (1961) 485 
19) E. Fort and J. L. Leroy, Nuclear data for reactors, Vol. 1 (IAEA, Vienna, 1967) p. 267 
20) F. G. Perey and B. Buck, Nucl. Phys . 32 (1962) 353 
21) H . C. Sharma and N . Nath, Nucl. Phys. AI06 (1968) 241 
22) J. R. Beyster, R. O. Schrandt, M. Walt and E. Salmi, Los Alamos Scientific Laboratory Report 

LA-2099 (1957). 



C.A.R. Bain and F.D . Brooks 13 . 
Inelastic scattering of neutrons to the S9 keV level of 
~27I 

Nucl. Phys. ~ (1989) 312-320 



F.D. Brooks and D.T.L. Jones 
Polarization in n-p scattering at 21.6 HeV 
Proc . 3rd Int . Symposium on Polarization Phenomena in 
Nuclear Reactions, ed. H. H. Barschall and W. Haeberli 
(Univ. of Wisconsin Press, 1971)430-432 

Polarization in 

Neutron-Proton Scattering at 21.6 MeV 

F. D. BROOKS and D. T. L. rONES, University of Cape Town, 
South Africa 

The polarizations observed [1,2] and predicted [3] in neutron-proton 
scattering at En < 30 MeV are of the order of a few percent and are 
therefore difficult to measure accurately. In this paper we present 
some polarization data obtained l;>y a new method which may have ad­
vantages in the study of n-p scattering. 

The new method utilizes the directional dependence of scintillation 
pulse shapes from an anthracene crystal [4] to determine the left-right 
asymmetry of proton recoils within the crystal. The pulse shape is 
characterized by the output S of a pulse shape discrimination circuit 
[5]. This output S and also the total light output L from a scintillation 
depend on the proton direction in the crystal; Land S pass through a 
minimum, a maximum, and a shallow saddle as the proton direction is 
scanned through the three mutually perpendicular axes (1, Z, and 3; 
see fig. 1) of the crystal. The amplitude L is a maximum for the direc­
tion which corresponds to a minimum in S and vice-versa. 

Two-parameter analyses of (L,S) are shown in fig. 2 for monoener­
getic neutrons incident in the 12-plane of the crystal at diHerent 
angles e to axis 1: (a) 9=0"; (b) 9=60"; and (c) 9=90". The variation 
in S for a change of 90~ in proton direction is seen by comparing S 
values at the points of maximum L (corresponding to forward recoiling 
protons) in fig. 2(a, c) . Different L values along the proton locus cor­
respond to unique proton energies Ep and recoil angles $ related by 
Ep = En COS 2 $ . At 9 =0 (fig. 2a) the proton locus is relatively narrow 

3 (.-t') , , ... , 
"T 
1 . 0 

" .. ) 
Fig. 1. Fig. 2. Two-parameter spectra. 
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fit . Previous measurements [1, 2) at En = 16 MeV and 24 MeV have 
favored [3) the YLAN3M' fit. 

The present technique could clearly be improved by adding a sole­
noid to rotate the spin of the incident neutrons J and we hope to do 
this soon. In other respects the technique should compare favorably 
with the conventional coincidence geometry us ed to determine P np . 
Since all scatterings are detected, a range of scattering angles can 
be studied simultaneously and electronic requirements are simple. 
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The scint illation pulse height responses and scint illation pulse 
shape disc rimination (PSD) properties of anthracene crystals 
have been imestigated for protons at six different energies 
in the range 1- 22 MeV. Similar investigations were made for 
stilbene , terphenyl and quaterphenyl crystals at 8 MeV and 
fo r stilbene and naphthalene crystals at 22 MeV. The pulse 
height and rSD responses were investigated as a function of 
proton direction using recoil protons released with in the crystals 
by monoenergetic incident neutrons. The pulse height anisotropy 
of anthracene crystals va ries from 33% at 1 MeV to 8% at 
22 MeV. The pulse height anisotropies of the other crystals are 

1. Introduction 

The sci ntillation pulse height responses of organic 
crystals to protons and heavier ions are known l - 6) to 
depend on the direction of the ion relative to the axes 
of the crystal. The directional phenomena ha,'e been 
studied using alpha particle beams') and using recoil 
protons released in crystals by fast neutrons3

-
6

) . It 
has been suggested" ',') that there may be preferred 
directions of exciton propagation in the crystal lattice 
which affect the dynamics of the scintillation mecha­
nism in such a way as to render the scintillation 
response direction-dependent. 

Most previous investigations of the directional 
phenomena have concentrated exclusively on the 
scintillat ion pulse height response, that is on the 
integral of the light output over the full scintillation 
decay. The form of this decay') is also of fundamental 
interest and practical importance. Tsukada and 
Kikuchi") showed in 1962 that the scinti llation decay 
of anthracene, excited by 3.7 MeV protons, was 
direction-dependent. Thereafter it was shown') that 
the directional anisotropy of scintillation properties 
provided a means for determining the directions of 
recoil protons in an anthracene crystal. No other 
investigations of the directional dependence of scin­
tillation pulse shapes appear to have been reported 
for anthracene or for other organic crystals in the 
meantime. 

The scintillation decay of an organic crystal may be 

• Present address: Physics Depa rtment, University of Wisconsin, 
Madison , Wisc. 53706, U.S.A. 

similar to thal of anthracene at the same energy. The PSD 
an isotropy of anthracene expressed as a percentage of the PSD 
dispersion between Compton electrons and recoil protons varies 
from 3% at 1 MeV to 92% at 22 MeV. The PSD anisotropy 
of naphthalene is about half that of anthracene at 22 MeV and 
the PSD anisotfopies of the other crystals are 3- 7 times smaller 
than that of anth racene at 8 MeV. The pulse height and PSD 
anisotropies of anthracene are consis tent with a model which 
assumes that the transfer of excitation energy during the scint il­
lation process occurs preferentially in directions lying within 
the ab-planes of the crystal lattice. 

described( ,7) in terms of two components, a "fast" 
exponential component of lifetime typically 4-80 ns, 
depending on the crystal, and a "slow", non-exponen­
tial "tail". The integrated intensity of the fast com­
ponent is typically four or more times larger than that 
of the slow component. Pulse shape discrimination 
(PSD) techniques fO! parlicle identification rely on the 
fact that for many organic scintillators the relative 
intensities of the fast and slow components differ for 
different types of particle. 

In their studies of directional effects in anthracene 
Tsukada and Kikuchi") investigated the individual 
direction dependences of the integrated fast component 
and the integrated slow component for proton scin­
tillations. They found that both components were 
direction-dependent and that the fast component was 
significantly more so than the slow one. This implied that 
the scintillation decay of anthracene was dircction­
dependent and it therefore seemed possible that PSD 
techniques might be used for direction-sensing as 
well as for particle identification. The present work 
was initiated with such an application in mind and it 
has already led to a new method for measuring the 
left- right asymmetry of proton recoils from n- p 
scattering within an anthracene crystal ') . In asso­
ciation with the development of this method directional 
effects were investigated in five different types of organic 
crystal, all of which were known9) to be effective pulse 
shape discriminators. The aims of the investigation 
were, firstly, to study the direction dependences of the 
scintillation pulse height responses of the crystals, and 
secondly, to determine to what extent their scintillation 

69 
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Crystal 

Anthracene-A > 
Anthracenc-B 
Naph tha lene 
trans-S tilbene 
p-Terphcnyl 
pop ' -Q uatcrphenyl 

TABLE I 

Details of crystals. 

Molecu lar 
formula 

C14H lO 

ClOH s 
C 14H l2 

ClsH14 
C24H 18 

Shape and dimensions 

irregular: volume = 1.5 crn3 

cyl inder: 2 em diam. x 2 em 
cylinder: 3.5 em diam. x 2.5 em 
cylinder: 4 em diam. x 1 em 
cube : 1 em side 
irregular: volume = 2 cm3 

decay characteristics, as indicated by a PSO system, 
were direction-dependent. 

2, Experimental 

The crystals studied were monocrystals of anthra­
cene, trans-stilbene, p-p'-quaterphenyl, p-terphenyl 
and naphthalene (see table 1). The studies were carried 
out at room temperature, (20 ± 5) °C, using monoener­
getic neutron beams from the 7Li (p,n), O (d,n) and 
T (d,n) reactions. The reactions were induced by 
protons or deuterons from the 5.5 MV Van de Graaff 
accelerator of the Southern Universities Nuclear 
Institute, Faure, C.P., and gave neutron energies in 
the range 1- 22 MeV. Pulsed beams and time-of-fl ight 
gating were used in some of the measurements to 
define the neutron energy precisely and to suppress 
backgrounds . 

For each crystal studied a particular face of the 

Fig. 1. (a) Definition of coordinate axes. The neutron beam n 
and the photomultip lier axis (0 = 0°) are coplanar and horizontal. 
The reference face of the crystal is normal to the photomultiplier 
axis and the marks M on th is face define the azimuthal axis 

(¢ = 0'). (b) Block diagram of the electronic system. 

crystal was chosen as a reference face and was optically 
coupled to the photomultiplier cathode by means of 
paraffin oil. A coordinate system was then defined in 
which the polar axis (0 = 0°) was perpendicular to 
the reference face and coincided with the photomulti­
plier axis. as shown in fig. la. and the azimuthal axis 
(¢ = 0°) was arbitrari ly defined by characteristic 
physical features (or marks scratched) on the reference 
face . A horizontal neutron beam was used and the 
photomultiplier was mounted with its axis horizontal 
and free to rotate about a vertical axis OC (fig. la) 
which was fixed in the laboratory frame and passed 
through the centre of the crystal. The photom ultiplier 
assembly could also be rotated independently about its 
own axis. Thus the polar coordinates 0 and ¢ of the 
neutron beam were varied by rotating the crystal 
about the axis OC and the photomultiplier axis respec­
tively. For convenience we shall sometimes refer to the 

Fig. 2. Isometric plots of LS spectra (coun ts vs L vs S) obtained 
for 21.6 MeV neutrons incident on anthracene crystal A: (a) for 
(O,¢) ~ (0' , 40' ); and (b) for (B,¢) ~ (90' , 40' ). The upper limit 

of the counts sca le is 1500 in (a) and 800 in (b) . 

I 
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Fig. 3. Contours of equal count rate for the LS spectra (a) and (b) shown in fig. 2. The ridges in the spectra are attributed to: Compton 
electrons (C); recoil protons (P) ; escaping recoil protons (E) and alpha particles (A). The point (L ' , S') indicates the limit of the 
proton ridge in each spectrum. The position of the pulse height window LlL used in the subsequent analysis is also shown. 

coordinates (O,</» defined in this way as the "crystal 
orientation ". 

The experiments were conducted using two types 
of photomultiplier tube, namely EM! 6097B and 
Philips 56A VP. The 56A VP tube was fitted with a 
mu-metal shield and both tubes were tested to check 
that their responses were not affected by movement in 
the earth 's magnetic field. Three outputs were taken 
from the photomultiplier circuit. These were: a fast 
signal for timing ; a pulse height output L proportiona l 
to the total light in the scintillation; and a PSD output 
S. The PSD output was obtained from a circuit similar 
to that of ref. 9 and was a non-linear measure of the 
proportion of slow component in the scintillation. 
After processi ng in the electronic system9) shown in 
fig. I b the Land S outputs were fed to the two inputs 
of a 4096-channel two parameter analyser (Northern 
Scientific type NS625/630). 

3. Direction dependences of Land S 

The direction dependences of the scintillation 
response and the scinti llation decay of anthracene are 
illustrated by two-parameter analyses of the photo­
multiplier outputs, L and S, for monoenergetic 
neutrons. A pair of LS spectra obtained using neutrons 
of energy Eo = 21.6 MeV incident on the anthracene 
crystal A at (0, </» = (0°, 40°) and (90°, 40°) respectively 
are shown in fig. 2. Contour plots of the same two 
spectra are shown in fig. 3. 

The most prominent feature in each spectrum is the 
" proton ridge " P, which extends from the origin up 

to a well-defined limit (L ', S '). As the crystal rotates 
the proton ridge sweeps across the L- S plane between 
the limiting posit ions shown in fig s. 2 and 3. In the pro­
cess the limit (L' , S') moves in such a way that S' 
increases as LI decreases. The ridge observed at the 
orientation giving maxi mum L ' (fig. 2a) is narrower 
(i.e. sharper) with respect to S than that observed at 
the orientation giving minimum L ' (fig. 2b). 

Other features of interest in the LS spectra (figs. 2 
and 3) are the ridges attributed to Compton recoi l 
electrons (C), escaping recoil protons (E) and alpha 
particles (A). The alpha particles are attributed to 
I'C(n,a)9Be and I'C(n, n') 3 '" reactions within the 
crystal. The Compton ridge, unlike the proton ridge P, 
does not change position with crystal orientation. This 
is to be expected since Compton electrons undergo 
mUltiple large-angle scattering as they slow down and 
therefore do not maintain a unique direction. 

The escaping protons responsible for E are presumed 
to be mainly hi gh energy protons (> 10 MeV) whose 
ranges in anthracene are comparable with the linear 
dimensions of the crystal. Consider two protons, one 
which escapes from the crystal after depositing sufficient 
energy to produce a pulse height L and one of lower 
initial energy which produces the same pulse height 
after coming to rest in the crystal. 1n the former case 
the average excitation density along the proton track 
within the crystal will be smalier, so the escaping proton 
will have the appearance of a particle of mass inter­
mediate between that of a proton and an electron. This 
explains why the ridge E lies between P and C and 
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why E lies close to P near the limit L",L' and close to 
C at low L. The escape ridge is obscured in the spec­
trum taken at (0, 4» ~ (90°, 40) (figs. 2b and 3b) 
because the ridges E and P are both broader at this 
orientation of the crystal. 

For a proton recoiling at angle Op relative to the 
neutron beam the proton energy Ep is equal to En COS Z 

Op. Thus all protons with directions lying within the 
surface of a cone of half-angle Op about the neutron 
beam will have the same energy. The proton energy Ep 
will therefore not uniquely characterise the proton 
direction except in the limit Ep = En corresponding 
to ep = 0°, i.e. to protons recoiling forward. Our 
interest is therefore focussed on the regions L"" L' of 
the LS spectra (figs. 2 and 3) since these are the regions 
for which Ep "" Eo . and for which we can therefore 
assume that the proton direction lies close to that of 
the neutron beam, namely the direction (0,4» in the 
crystal coordinate frame. 

The direction dependence of the pulse height 
L(O,4» was studied by observing the limit L' for 
different orientations (8,4» of the crystal. After 
erasing the gamma ridge C the remainder of each LS 
spectrum was projected onto the L axis and L' was 
estimated from the resulting pulse height distributions 
(fig. 4a) by extrapolating the region of maximum slope 
of each distribution to the abscissa . 

The direction dependence of thc PSD amplitude 
S(8, 4» was studied by comparing PSD amplitudes S 
at a constant pulse height, L, the latter pulse height 
being in fact a small range LI L of L close to the mini­
mum observed limit L ' , as shown in fig. 3. The selected 
region was projected onto the S-axis to give a PSD 
amplitude distribution as shown in fig. 4b and the 
PSD amplitude S(8,4» was taken as the median 
value of this distribution. 

The direction dependences of Land S were also 
investigated by simpler methods which avoided the 
need for full-scale two-parameter analysis. The pulse 
height dependence L(O,4» was determined by pulse 
height analysis, leading directly to spectra as in fig. 4a. 
In these measurements the PSD output was used merely 
to discri minate against gamma background. The PSD 
amplitude S(O,4» was studied by electronically 
selecting events in the range LI L (fig. 3) of L and pulse 
amplitude analysing S for these events. This was done 
either usi ng a gated multichannel analyser, which gave 
spectra of the type shown in fig. 4b Of, more convenient­
ly, by using two amplitude discriminators and scalers. 
The discriminators were biased at sui table levels 
within the range S, to SI (see fig. 4b), such that the 
scaler count rates each provided a non-linear measure 

of S. The count rate scales were calibrated in terms of 
S by comparison with results obtained by means of the 
first method. 

Comparative studies of L(O, 4» were made for four 
of the crystals listed in table I (anthracene-A, stilbene, 
terphenyl and quaterphcnyl) using 8 MeV neutrons. 
Then L(O, 4» and S(O,4» were studied for anthracene 
(both crystals) at different neutron energies in the range 
1- 22 MeV. The maxima and minima of the Land S 
responses of anthracene, sti lbene and naphthalene were 
also compared at Eo ~ 22 MeV. 

Data obtained for anthracene at Eo ~ 8 MeV are 
summarized in contour plots of L(O, ¢) and S(O,4» 
in fig. 5. These plots are based on observations at 80 
(fig. 5a) and 240 (fig. 5b) different settings of (0,4», 
covering in each case a solid angle range of slightly 
more than 2n. The measurements included several 
complementary pairs which confirmed that results 
obtained for the opposing directions (8,4» and (n - O, 
¢ +n) were identical. This identity was then assumed 
for the remaining data and used to extend the contour 
plots over the full 4rr solid angle range, as shown in 
fig. 5. 

For anthracene at 8 MeV, as can be seen in fig. 5, 
Land S vary smoothly (approximately sinusoidally) 
with 0 or 4>. This is also the case at other proton 
energies and for all the crystals studied. The directions 
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corresponding to the maxima or minima of L or S are 
found to be independent of proton energy in all the 
crystals studied. The directional properties of the 
crystals are therefore defined in terms of these maxima 
and minima. We define the pulse height anisotropy AL 
by the equation 

A L = 2(L, - L ,)/(L , + L,), 

where the Ll and L2 are the minimum and maximum 
observed values of L(8, ¢). The PSD anisotropy As is 
defined by the equation 

As =2(S,-SI)/(S, +S,-2S,), 

where S, and S, are the proton PSD amplitudes at the 
orientations corresponding to the pulse heights L , 
and L, and S, is the gamma-ray PSD amplitude, that 
is the median value of the Compton electron group in 
the projected S spectra. 

Thus A L is a measure of directional variation of the 
pulse height relative to the average pulse height and 

15 30' 

t 
~ 

I 

$ 
I 

21 
/'~ 

'" 3300 

40 3UO 

Fig. 5. Contours of: (a) equal pulse height L(O,¢); and (b) equal 
PSD output S(fJ,¢), as a function of proton direction (O ,¢) for 
8 MeV protons in anthracene crystal A. The scales of Land S 

are arbitrary. 

TABLE 2 

Anisotropies at 8 MeV and 21.6 MeV. 

8 MeV 21.6 MeV 
Crystal AL As R AL As R 

Anthracene 0.19 - 0.42 4.0 0.08 - 0.88 7.2 
Naphthalene 0.11 -0.43 1.6 
Stilbene 0.22 0.12 0.5 0.09 0.29 1.2 
Terphenyl 0.20 0.06 0.1 
Quaterphenyl 0.20 0.12 0.5 

TABLE 3 

Anisotropies versus proton energy for anthracene. 

Ep (MeV) 3 5 8 16 21.6 

AL 0.33 0.29 0.23 0.19 0.11 0.08 
As - O.QJ - 0.10 -0.36 -0.42 -0.84 - 0.88 
R 0.1 0.5 2.8 4.0 6.1 7.2 

As is a measure of the directional variation of the PSD 
amplitude relative to the PSD separation of protons 
and electrons. We also define a directional resolving 
power R as follows: 

R = 2IS,-SII / (LlS, +LlS,) 

where LIS, and LIS, represent the full widths at half­
maxima of the groups S, and S, in the projected PSD 
spectra (fig. 4b). Using Rayleigh's criterion therefore, 
a value of R exceeding unity indicates that the PSD 
anisotropy is sufficient to distinguish protons recoiling 
in the mutually perpendicular directions corresponding 
to the minimum and maximum PSD outputs. 

a-OLIVER & K'NOLL 
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Fig. 6. Pulse height anisotropy AL of anthracene as a function 
of proton energy: (a) this work (solid circles); (b) from ref. 6 

(open circles); and (c) from ref. 5 (triangles). 
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The values of A L , As and R obtained from the com­
parative studies of different crystals at Eo = 8 MeV 
and Eo = 21 .6 MeV are summarised in table 2. The 
results obtained from studies on anthracene crystals at 
different energies in the range Eo = 1- 22 MeV are 
shown in table 3 and in fig. 6. 

The anisotropy properties of the other crystals were 
not studied as extensively as were those of anthracene. 
However, the PSD anisotropies of sti lbene, terphenyl 
and quaterphenyl were also investigated at the proton 
energies 1 and 3 Me V and found to be less than at 
8 MeV. The PSD anisotropy of terphenyl was similarly 
found to be small at 21.6 MeV. 

The parameters As and R are of limited quantitative 
significance because the non-linear response of the 
PSD system makes the PSD output S sensitive to the 
circuit settings and photomultiplier operating condi­
tions as well as to the sci ntillation pulse shapes. The 
circuit and photomultiplier settings were constant 
within each set of data shown in table 2, i.e. for 8 and 
22 MeV respectively, hence comparisons within each 
of these sets are meaningful. However, the data shown 
in table 3 were obtained under different experimental 
conditions owing to the large dynamic range (22 : I) 
of neutron energy covered. The PS 0 anisotropies As 
listed in this table may partially reftect these changes in 
operating conctitions. 

4. Discussion 

We previously noted that the proton ridge (fig. 2) is 
narrower with respect to S in the LS spectrum observed 
at (0, q,) = (0', 40' ) than in that observed at (0, q,) = 

(90' ,40' ). This can be explained with reference to the 
PSD contours shown in fig. 5b. The near-circular form 
of the lower contour levels (60-70) indicates that, for 
recoil angles less than 60' , the direction 0 = 0' is an 
approxjrnate axis of symmetry for S. For neutrons 
incident at 0 = 0' the PSD outputs resulting from recoils 
at a given angle Op( <60' ) are approximately indepen­
dent of the azimuthal angle of recoil q,p. For example, 
for ep = 45' , S varies from 59 to 62 units for different 
values of q,p. The direction (0, q,) = (90' , 45' ), on the 
other hand, is clearly not an axis of symmetry for S. 
For example, in the case of recoils in the directions 
(0, q,) = (45', 40' ) and (90' ,85 '), both of which make 
an angle of 45' with the direction (0, q,) = (90' , 40' ), 
S = 62 and 76 uni ts respectively. Thus for neutrons 
incident at (0, q,) = (90' , 40' ) there is a much larger 
variation of S with q,p, for a given 0P' and the proton 
ridge is consequently broader than that observed at 
(0, q,) = (0' , 40' ). 

The pulse height anisotropy data for anthracene are 

compared with values based on the data reported by 
Tsukada et al.') and Oliver and Knoll") in fig . 6. There 
is general agreement on the trend of decreasing aniso­
tropy with increasing proton energy. It is also notice­
able from the present measurements at 8 MeV (table 2) 
that the different crystals show similar pulse height 
anisotropies A J~ at the same energy. 

The PSD anisotropies, in contrast, vary considerably 
from crystal to crystal at the same energy (table 2). 
In the case of anthracene the large negative PSD 
anisotropy A s observed for protons of energy greater 
than 5 MeV (table 3) may be interpreted as an indica­
tion that the fast component is significantly more 
anisotropic than the slow component in this crystal. 
This is consistent with the observations of Tsukada 
and Kikuchi') fo r 3.7 MeV protons, which showed that 
the pulse height anisotropy of anthracene was almost 
entirely due to the anisotropy of the fas t component 
and that the anisotropy of the slow component was 
relatively small in this crystal. 

Since the fast component is known to be rosponsible 
for most of the pulse height in all of the crystals 
studied I . ') we infer that the pulse height anisotropies 
of naphthalene, stilbene, tcrphenyl and quaterphenyl 
may similarly be attributed mostly to the anisotropies 
of their respective fast components. Since the pulse 
height anisotropies of these crystals are similar to 
those of anthracene at the same proton energy we 
infer that the anisotropies of their respective fast 
components are similar to that of anthracene. Fur­
thermore, from the relatively small PSD anisotropies 
observed for sti lbene, terphenyl and quaterphenyl 

Fig. 7. Arrangement of molecules in the unit cell of the anthra­
cene crystaI10). The lengths (in A) of the sides of the unit cell 
are a = 8.56, b = 6.04 and c = 11.16. The artificial c'-axis is the 

direction normal to the ab-plane. 
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(table 2) we infer that in each of these crystals the 
anisotropies of the slow and fast components must be 
similar. The PSD anisotropy observed for naphthalene 
on the other hand, being si milar to that observed for 
anthracene, suggests that the anisotropy of the slow 
component is relatively small in this crystal, as appears 
to be the case in anthracene. 

In previous studies' - 6) the pulse height anisotropy 
has been related to the crystallographic axes which 
were independently located by means of X-ray anal­
ysis. The dispositions of the a- , b- and c-axes of the 
anthracene lattice and the orientations of molecules in 
this lattice ' O) are shown in fig. 7. For anthracene and 
naphthalene crystals the direction of minimum L 
coincided with the crystal b-axis and that of maximum 
L coincided with the artificial c' -axis, defined as the 
direction perpendicular to the ab-plane of the crystaL 
This correspondence was found to be reversed in 
stilbene crystals, while for terphenyl crystals L was 
found to be a minimum along the c'-axis and maximum 
along the a-axis. It has been pointed out') that differ­
ences in molecular orientations and spacings in the 
respective crystal lattices could be responsible for 
these effects. However, it is interesting and possibly 
significant that the PSD anisotropy is large and nega­
tive and the anisotropy of the slow component is 
correspondingly small, in those crystals, i.e. anthra­
cene and naphthalene, for which the c'-axis corresponds 
to a maximum in L. 

The possibility that proton channelling may playa 
role in producing the directional anisotropies of the 
pulse height and PSD outputs must be considered. The 
sinusoidal variation of Land S with e and 1> contrasts 
with the multiple sharp variati ons that would be 
expected from channelling. While it remains possible 
that such sharp structure may be present to some de­
gree, but not resolved by the experiments, it seems more 
likely that the gross features of the L and S anisotropies 
are caused by effects related to the molecular properties 
or the inter-molecular coupling within the crystals. 

The pulse height anisotropy observed in anthracene, 
for example, may be related to the crystal structure if 
one postulates that energy transfer by exciton migra­
tion or other means occurs more rapidly within ab­
planes than between different ab-planes. The molecular 
orientations and spacings in the anthracene lattice 
(fig. 7) are such that this would be a reasonable 
assumption. A proton moving parallel to the c'-axis 
of an anthracene crystal will excite molecules in the 
maximum number of ab-planes whereas a proton of 
the same energy moving perpendicular to the c' -axis 
will excite molecules in the minimum number of ab-

planes. The excitation energy wi ll disperse away from 
the proton track more rapidly in the former case than 
in the latter and the average excitation density at any 
given instant after the initial excitation will therefore 
be less. The sci ntillation response is higher for a lower 
time-average excitation density!) hence a maximum 
pulse height will be expected for protons moving 
parallel to the c'-axis, as is observed in practice. In 
terms of this picture we also expect the pulse height 
anisotropy to be larger for higher excitation densities, 
i.e. for lower energies. This is also consistent with the 
experimental observations on anthracene crystals as 
shown in fig. 6. 

The pulse height anisotropies of sti lbene and terphe­
nyl could be interpreted along similar lines provided 
we assumed that the preferred directions of energy 
transfer were within the ac'-plane in stilbene and the 
bc'-plane in terphenyl. While the molecular orientations 
in these crystals I 0) are indeed different from those in 
the anthracene crystal, it is not clear from the infor­
mation avai lable which directions, if any, should be 
preferred for energy transfer. 

The interpretat ion of PSD anisotropies, or more 
fundamentally, of the slow-component anisotropies, is 
complicated by the indirect and semi-quantitative 
nature of the experimental data and by the fact that the 
origin of the slow component in the scintillation decay 
is itself uncertain. According to the model of the scin­
tillation process proposed by Birksl) the scintillation 
emission originates from the fluorescence decay of 
scintillator molecules in their lowest excited n-singlet 
states. The fast component is associated with the decay 
of those n-singlet states which are populated during or 
very shortly after the passage of the primary particle. 
The slow component is associated with excited 1£­

singlet states which are populated over a much longer 
time scale via slower secondary processes which occur 
in the wake of the particle ; for example, ion recom­
bination, dimer formation, or triplet- triplet interac­
tions. This latter process, which is currently the 
favoured candidate for the slow component in anthra­
cene, refers to interactions of adjacent molecules both 
of which are initia lly excited to their (long-lived) 
lowest excited n-t riplet states I). Since the probability 
of triplet- triplet interactions wi ll depend on the 
density of n-triplet excited molecules, anisotropy in the 
energy transfer processes which control this density 
could lead to anisotropy in the resulting slow scintilla­
tion component. It is also conceivable that the propor­
tion of rr-triplet excitations formed in the initial 
excitation stage might depend directly on the direction 
of the exciting particle relative to the crystal axes as 
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well as on the excitation density immediately after its 
passage. The experimental data available at present are 
insufficient to decide which, if any, of these processes 
determine the PSD anisotropy properties of the differ­
ent crystals studied. It would clearly be worthwhile in 
future work to study the directional dependence of the 
scintillation decay itself in detail, or at least to study the 
anisotropies of individual integrated fast and slow 
components, as was done by Tsukada and Kikuchi') 
for anthracene at 3.7 MeV. 

The appreciable magnitude of the PSD anisotropy 
of anthracene for proton energies exceeding 5 MeV 
(see As and R in table 3) is useful from the practical 
viewpoint. The utilization of the PSD anisotropy for 
the purpose of neutron polarization measurements is 
the subject of a companion paper"). Other applica­
tions relating to neutron spectroscopy and neutron 
direction sensing may also be feasible and are now 
being explored. 

We are indebted to several colleagues who have 
assisted in this work, especially Dr L. M. Spitz, Mr 
G. Pauletta and Mr D. Shackleton, to the staff of the 
Southern Universities Nuclear Institute, and to Mr 
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used. We also thank the South African Council for 
Scientific and Industrial Research for financial support 
and for the award of a bursary to one of us (D.T.L.J.). 
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A neutron polarization analyse r is described in which the direc­
tion dependence of the scintillation pulse shape d iscrimination 
(PSD) properties of an anthracene crystal provide the basis for 
observing the left- right asymmet ry of recoi l protons associated 
with the n- p scattering of monoenergetic neutrons within the 
crystal. T he polarimeter consists of a single anthracene c rystal 
mounted on a magnetically sh ielded photomultiplier Lube which 

1. Introduction 

In a companion paper') we described an investiga­
tion of the scintillation pulse height responses and 
scintillation pulse shape discrimination (PSD) proper­
ties of some organic crystals. The direction dependence 
of these properties was studied for recoil protons 
fro m incident neutrons with energies in the range 
1-22 MeV. In anthracene crystals in particular the 
scintillation pulse shape was found to be markedly 
direction dependent over most of this energy range. It 
was apparent that the PSD properties of anthracene, 
besides providing the familiar means for discr imi­
nating against gamma-ray backgrounds, could also 
provide a means for sensing the direct ions of recoil 
protons released within the crystal. An obvious appli­
cation occurred in the study of the neutron polar­
ization in n- p scattering2

). A scintillation polarimeter 
was developed in which the direction dependence of 
the PSD output provided the means for determining 
the left- r ight asymmetry of the proton recoils from 
n- p scattering. The design and operation of this polari­
meter are described in this paper and its suitability for 
the study ofth e polarization in n- p scattering is discussed. 

2. Outline of the method 

The equipment used is identical to that described in 
ref. I and consists of a single anthracene crystal moun­
ted on a magnetically shielded photomultiplier tube 
fitted with a PSD circuit '). The photomultiplier pro­
vides three output pulses, namely: a fast output signal 
for time-of-flight spectroscopy; a linear output L 
which is proportional to the total light in the scintilla-

• Present add ress: Physics Department, Uni vers ity of Wisconsin, 
Madison, Wise. 53706, U.S.A. 
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is fitted with a PSD circuit. The pulse heigh t and PSD outputs 
from the photomultiplier are analysed in two parameter mode 
and a set of observations consisting of a pair of two·parameter 
spectra leads to a measurement of the recoil proton asymmetry 
as a function of recoil angle. The po larization in n- p scattering 
is then deduced as a function of cent re·of-mass scattering angle 
Oem for values ofl:~em in the range 50°_ 180°. 

tion; and a PSD output S which depends non-linearly 
on the proportion of slow component in the sci ntilla­
tion decay. The Land S outputs are processed by the 
same electronic system and two-parameter ana lyser 
as in ref. 1 to give two-parameter spectra of counts 
versus L versus S. We refer to these spectra as LS 
spectra. 

The laboratory arrangement for polarization mea­
surements is shown schematically in fig. 1 a . A mono­
energetic neutron beam is taken at angle' from for 
example, the T(d,n) reaction. The monoenergetic 
beam is selected by time-of-f1ight gating unless the 
choice of beam and target makes this unnecessary. 
The neutron and deuteron beams define a horizontal 
plane and the anthracene crystal is oriented at (a,p) to 

Fig. I. Schematic diagrams of experimental geometry showing 
deuteron beam d, neutron beam n and tritium target T. (a) D ia· 
gram showing reference face RF of anthracene crystal A, photo· 
multiplie r axis PMA, and {J = 0° axis, defined by marks M. 
(b) Diagram showing centre X of crystal, mutually perpendicular 
crystal axes, a, band c', and recoil proton p. The azi muthal 
ax is ~ = 0° is defined by projecting the deuteron beam onto a 
plane normal to the neutron beam. The dashed lines illustrate 
changes implied by a switch from position A to position B. 
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the neutron beam where iX and {3 correspond to the 
angles referred to as e and ", in ref. I. The angle iX is 
the angle between the photomultiplier axis and the 
neutron beam. The angle {3 is the angle between the 
projection of the neutron beam on the reference face of 
the crystal and the azimuthal axis of the crystal. The 
reference face is that face of the crystal which is 
optically coupled to the photomultiplier cathode and 
the azimuthal axis, {3 = 0 in fig. I a , is a line which is 
arbitrar ily defined in this face . To simplify the present 
discuss ion we shall restrict ourselves to the anthracene 
crystal A of ref. I, for which the reference plane was an 
ab-plane and for which the photomultiplier axis 
therefore coincided with artificial e' -axis of the crystal!). 
For this crystal or for any other anthracene crystal 
therefore, the angle iX could equally well be defined as 
the angle between the neutron beam and the e' -axis of 
the crystal. 

The pulse height anisotropy properties of anthracene 
for protons are such that, for a given proton energy, L 
is a minimum for protons moving parallel to the 
b-axis of the crystal and a maximum for protons 
moving parallel to the art ificial c' -axis'). The PSD 
anisotropy characteristicsl

) are such that S is maximum 
when L is minimum and vice versa, as can be seen in 
fig. 2 of ref. I . An optimum orientation for asym­
metry measurements is one in which there is maximum 
variation of S for proton recoils to left and right of the 
neutron beam direction. 

This is achieved if the a-axis of the crys tal is aligned 
vertical (so that the be' -plane is horizontal) and the 

Fig. 2. Isometric plot of an LS spectrum obtained fo r 21.6 MeV 
neutrons incident on the an thracene crysta l A . The spectrum 
shows counts (vertical) vs pulse height L vs PSD output S. The 

upper limit of the count scale is 500. 

neutron beam directio n is intermediate between the 
b- and c'-axis so as to make the angle a = 60°, as shown 
in fig. 1 b. We define two positions A and B (fig. I b) at 
this orientation, depending whether a proton recoil 
from the neutron beam towards the c' -axis is in the 
same sense (A) or the opposite sense (8) as the deflec­
tion from the deuteron beam to the neutron beam. 
We can change from pos ition A to position B by chang­
ing ( to - (, as shown in fig. I b or by rotating the 
crystal through 180' about the neutron beam or by 
rotating the crystal about the a-axis until the e' -axis 
makes an angle (2,, -iX) with the neutron beam. The 
photomultiplier is mounted in such a way that anyone 
of these angles may be adjusted without affecting the 
other two. 

An LS spectrum obta ined at the orientation (iX ,{3) = 
(60' , 40' ) and with other conditions identical to those 
used for fig. 2 of ref. 1 is shown in isometric projection 
in fig. 2. A contour plot of the same spectrum is shown 
in fig. 3. The structure in this spectrum is similar to 
that in the spectra shown in ref. I except that the proton 
ridge P now splits into two ridges P L and P, (see 
fig. 3) over most of its length. We can show that these 
ridges correspond to protons recoiling into the 
forward quadrants on either side of a vertical plane 
through the neutron beam. The ridge P L corresponds 
to recoils into the quadrant co ntaining the c'-axis and 
p 2 to recoils into the quadrant containing the b-axis. 
By comparing the numbers of counts under each ridge 

20 '0 s- 60 80 
Or--'--~'~~--~-,,-~' 
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Fig. 3. Contour plot o f the LS spectrum shown in fig. 2. The 
ridges in the spectrum arc identified as follows: Compton elec­
trons , C ; recoil protons PI and P2; escaping recoil protons E ; 
and alpha particl es, A. The line QR represents the locus of a 

constant recoil angle O. 

, 
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we can determine the left- right asymmetry of the 
proton recoils within the crystal. 

The proton component of the LS spectrum includes 
recoi ls at laboratory angles ranging from 0° to almost 
90° re lative to the neutron beam. The pulse height L 
depends on the energy Ep and on the direction of the 
recoil proton. The proton direction is specified by the 
angle of recoil 0 relative to the neutron beam and the 
azimuthal angle of recoil q,. The azimuthal axis is 
defined by projecting the deuteron beam onto a plane 
perpendicular to the neutron beam, as illustrated in 
fig. I b. The energy Ep is related to the angle 0 and the 
incident neutron energy En by 

(1) 

From measurements !) of the Land S anisotropies 
we know that the loci of constant Ep and hence of 
constant reco il angle e approximate to straight lines 
across the LS-plane, such as the line QR in fig. 3. 
By defining a series of such lines we can therefore 
divide the proton region of the LS spectrum into 
angle bins corresponding to different recoil angles. 
Tn principle therefore a single LS spectrum contains 
sufficient information to determine the left- right 
asymmetry as a function of recoil angle over a wide 
range of recoil angles. 

3. Operation for a particular proton recoil angle 

The operation of the asymmetry analyser is best 
described by first showing how the left- right asym­
metry would be calculated if the LS spectrum contained 
only proton recoils at a particular recoil angle and then 
showing how the LS spectrum is sub-divided into a set 
of recoil angle bins for a series of such calculations. We 
therefore confine the initial discussion to a specific 
proton recoil angle 0 = 30° and to a specific neutron 
energy E, = II MeV for which the recoil proton energy 
at 0 = 30° is Ep = 8.3 MeV, from eq. (1). The direction 
dependence of S at this energy may be deduced from 
the data given in ftg. 5 of ref. I for the nearby neutron 
energy of 8 MeV. These data are referred to the crystal 
coordi nate frame defined in ref. I, so we must transform 
them to the present laboratory frame in which the 
crystal is oriented at (a, fJ) = (600, 40°). The transformed 
data for positi on A of this orientation in the laboratory 
frame are shown in fig. 4. The laboratory recoil direc­
tions corresponding to minimum and maximum PSD 
output, Sm;, and 5mB are (0, q,) = (60°,0°) and (30°, 
180°) respectively. From fig. 4 we can read the variation 
of S(O, q,) with q, for the recoil angle 0 = 30° and we 
obtain a curve of the form shown in fig. Sa, in which 

S ranges between the values S _ (at q, = 0' ) and S + (at 
q, = 180°). We define the fractional dispersion F(O) 
of S with q, for reco il angle 0 by 

F(O) = (S+ -S_)/(SmB - Sm;,)' (2) 

Thus from the data shown in ftg. 4, F(8) = 0.9 at 
0= 30°. These data also indicate that for a ny value of 
o within the range 0;;570 ' the PSD outputs at q, = 90° 
and 270° are very nearly equal. Assuming that in the 
ideal case these outputs for q, = 90° and 270° are the 

Fig. 4. Contours of equal PSD output S for 8 MeV protons as a 
funct ion of proton direction (O,tp). The plot is for the crystal 
orientation (ex, {J) = (60°, 40°) and was obtained by transforming 
the data shown in fig. 5 of ref. I to this orientat ion. The latter 
figure is equialent to a contour plot of S(O,tp) for the crystal 

orientation (a,fJ) = (0°, 40°). 

270" rt 9 1 270' 
~-

Fig. 5. PSD responses and spectra (schematic) for 8 MeV proton 
recoils at 0 = 30°: (a) PSD output S vs recoil azimuth tp; (b) 
Id¢/ dSI vs ¢; (c) da/d¢ vs ¢ f rom eq. (3); (d) projected and 
resolution-broadened spectra d NldS vs S fo r e:' 0 (solid curve) 
and e = 0 (dashed curve); and (e), as (d) but for e .: 0 (solid curve). 
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same and equal to Sm (e) for recoils at angle e, we note 
further that S<Sm(8) for 4> in the range 0' ±90' and 
s>sm(e) for 4> in the range 180'± 90' . Thus the PSD 
output S indicates whether thc associated proton recoil 
direction is to the" left " or the" right" of the neutron 
beam. For equal numbers of left and right recoils 
Sm(e) should correspond to the median of the number 
distribution with respect to S. 

The left- right asymmetry £ (e) of proton recoils from 
n- p scattering may therefore be deduced from the 
amplitude distribution of the S output as follows . 
The partial differential cross section (d,,/d4»,. for 
elastic proton recoil in direction (8, 4» in the laboratory 
frame is given by 

(d,,/d4»,. = [,,(0) /2,,] [1+Po pee) cos 4>] 

= [,,(8)/2,,] [1+£(8) cos 4>] , (3) 

where ,,(e) is the total differential cross section for 
elastic recoil at angle 0, Po denotes the polarization of 
the incident neutron beam, and pee) denotes the ana­
lysing power for proton recoils at angle 8 in n- p 
scattering. 

The number of proton recoils per unit S at angle 0 
and leading to a PSD output S may now be written 

(dN/dS),,, = k L (M/d4»,. Id4>/dSI,., (4) 
• 

where k depends on the incident neutron intensity 
and the crystal thickness and the sum is taken over all 
values of 4> which correspond to the value S (see fig. Sa). 
The modulus Id4> /dSI,. is derived as a function of 4> 
from fig. Sa and has the form shown in fig. 5b while 
(d,,/d4»,. is given by eq. (3) and has one of the three 
forms shown in fig. 5c, depending whether £(8) is 
zero, positive or negative. 

The S amplitude distribution for a constant recoil 
angle e is thus obtained by taking the product, as in 
eq. (4), of the functions shown in figs . 5b and 5c and 
convoluting with the resolution function of the PSD 
output measurement. Figs. 5d and 5e illustrate sche­
matically the types of distribution that will result for 
either zero, positive or negative values of £(0). 

Projecting the LS spectrum associated with proton 
recoils at a particular angle e, e.g. 8 = 30', onto the S 
axis therefore leads to a distribution of the form 
shown in fig. 5d or 5e. The peaks P I and P 2 in this 
distribution correspond to the ridges P , and P2 in the 
LS spectrum. If the proton asymmetry Bee) increases 
the peak P I increases in height and the peak P 2 

decrcases. The opposite happens if Bee) decreases. 
In changing from position A to position B (fig. Ib) 

we either change ( to - (, or we change a to (2,,-a) 
or we rotate the crystal through 180' about the neutron 
beam. The first method reverses the sign of the incident 
polarization Po and hence also that of £(e) . The 
second and third methods produce an equivalent 
effect since they shift the phase of figs. Sa and 5b by 
1800 relative to that of fig. 5c. The effect on the 
projected S spectrum is therefore the same whatever 
the method used to change from position A to position 
B. If the S spectrum for position A resembles the solid 
curve in fig. 5d then that for position B will resemble 
the solid curve in fig. 5e and vice-versa. 

In principle the asymmetry Bee) can be determined 
by comparing the integrals under the peaks PI and P 2 

observed in either position A or position B. For 
position A the integral under the lower part [S < Sm (e)J 
corresponds to recoils with 4> in the range 0'±90°. 
Thus the integral N < under this part is given by 

N < = [k" (e) /2 ,,] f t+: [1+£(0) cos 4>] d4> 

= [k,,(O) /2n] [n + 2£(0)]. (5) 

Similarly the integral N> under the upper part of the 
A spectrum corresponding to recoils with 4> in the range 
180° ± 90°, is given by 

N> = [kO'(0)/2"J [n - 2,(e)J. (6) 

The asymmetry ,(e) is therefore obtained from eqs. 
(5) and (6): 

Bee) = tn(N<-N» /(N< + N>l 
=t"dNA/N A, (7) 

where L1NA therefore represents the difference between 
the integrals under the lower and upper parts of the 
spectrum obtained at position A and N A represents the 
integral of the full spectrum. 

The corresponding result obtained using the position 
B spectrum instead of the position A spectrum is 

(8) 

where L1Nu and Nn are defined in the same way as 
ANA and NA . The minus sign arises in this case because 
the lower and upper regions of the spectrum correspond 
to recoils with 4> in the ranges 1800 ± 90' and 0'±90° 
respectively, which is the reverse of the situation 
applying for the position A spectrum. 

Asymmetries determined directly from either eq. (7) 
or eq. (8) will clearly depend sensitively on the value 
of Sm (e) used, through the effect this has on the 
difference .dNA or .dNs' However, for small errors in 
Sm(e) the effect on dNA is nearly exactly equal to that 



POLARIMETER FOR n-p SCATTERING 81 

on tJNB. The asymmetry term in eq. (3) contains cos ¢ 
as a mUltiplicative factor and therefore has very little 
influence on the value of dN/dS at S""Sm(O) where 
¢",90° or 270°. The errors arising from a slightly 
incorrect choicc of Sm(8) will therefore cancel in the 
difference (tJNA - tJNB) and may be eliminated as 
follows. Summing eqs . (7) and (8) we obtain 

e(8) = (n /4N,J[tJNA - (NA/NB)tJNB]. 

Thus if we normalize the A and B spectra so as to 
make NA = NB = N we obtain 

e(8) = (n/4N)(tJNA - tJNB). (9) 

A suitable method for determining the limit Sm(8) 
is to take the median S value of the sum of normalized 
projected A and B spectra. The summed spectrum 
should contain equal numbers of left and right recoils 
hence the median value should correspond to Sm(O) as 
noted earlier. We must also note, however, that both 
this assumption and the assumption that small errors 
will cancel in the difference (tJNA - tJNB) depend on 
the A and B positions of the experiment being perfectly 
symmetric about the neutron beam, A monitor of this 
symmetry is provided by the points of inflection in the 
projected A and B spectra illustrated in figs. 5d and 5e. 
We identify these points of inflection with the limits 
S _ and S + defined in eq. (2). Small experimental 
asymmetries shift the projected spectra slightly along 
the S axis or produce small changes in the dispersions 
(S + - S _) of the spectra without otherwise altering 
the form of the spectra significantly. The presence of 
such asymmetries is thus revealed by differences 
between the S _ limits or the S+ limits of the A and B 
spectra respectively. Provided the shifts are small, 
however, they can effectively be eliminated and false 
asymmetries thereby avoided by shifting and redispers­
ing one spectrum or both spectra with respect to S 
until the S _ and S+ boundaries of the two spectra 
coincide. 

In practice therefore the proton recoil asymmetry 
8(8) given by eq. (9) can be rendered insensitive to the 
choice of Sm (0) and to small asymmetries in the ex­
perimental geometry if the limits S_ and S+ of the 
projected LS spectra are aligned before Sm (0) is deter­
mined or any other calculations are made. 

4. Determination of asymmetry .s a function of 
recoil angle 

To calculate proton asymmetries from a pair of LS 
spectra we divide the proton regions of the spectra 
into angle bins, each corresponding to a finite range of 

recoil angle 0, and calculate the asymmetry for each 
bin in the manner outlined in section 3. The preferred 
procedure is to determine beforehand the limits or 
points of inflection S _ and S + at each value of L in 
each spectrum. The LS spectra (not the projected S 
spectra) are then redispersed so as to bring their S _ 
and S+ limits into line. Furthermore, the final values 
of S _ and S + are chosen so as to simplify the next step 
in the data reduction, namely the definition angle bins. 
The limits of the angle bins are defined by straight 
lines (such as QR in fig. 3) in the L- S plane. The widths 
tJO of these bins are chosen with reference to the pulse 
height resolution of the crystal at the appropriate 
energy. Widths of tJO = 5° or more in the laboratory 
frame (i.e. 10° or more in the em frame) have been 
used for the incident neutron energies 16 MeV or 
22 MeV. The A and B data within each angle bin are 
then projected onto the S-axis and e(O) is calculated 
from the projected spectra as previously described. 

The LS spectra are redispersed and the angle bins 
are defined in the following way. Each spectrum is 
presented as a data matrix in which the elements are 
counts and the row and column numbers correspond 
to Land S respectively. Assume that the number of 
columns is 4n and that the points of inflection S _ and 
S + are specified for each row of both the A and B 
data matrices. Each row of each data matrix is trans­
formed so that the counts within the region S _ and S + 
are linearly redispersed over a region extending from 
column [2n - n F(O)] to column [2n + nF(0)], where 
F(O) is the fractional dispersion given by eq. (2) for 
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Fig. 6. Red ispersion of LS spectra (schematic) and definition 
of angle bins: (a) spectrum of counts vs S for a single row 
(L value) of the original LS data matrix; (b) spectrum (a) after 
redispersion; (c) a portion of spectrum (a); (d) the corresponding 
portion of spectrum (b); and (e) defini tion of angle bins in the 

redispersed LS spectrum. 
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the mean recoil angle 0 corresponding to the pulse 
height L. The angle 0 is determined by using the 
known 4) relative pulse height versus energy response 
of anthracene to protons to determine the mean recoil 
proton energy Ep corresponding to L and using eq. (1) 
to determine 0 from Ep. 

The redispersion process is schematically illustrated 
in fig. 6. Figs. 6a and 6b illustrate the transformation 
of a single row of the LS spectrum. The transforma­
tion may be pictured if we imagine firstly, the distri­
bution shown in fig. 6a shifted along the S axis until its 
centre corresponds to S = 2n in fig. 6b and secondly, 
the S scale of fig. 6b multiplied by a factor (S+ - S_)f 
[2n F(O)]. The forms of the two distributions will then 
be identical and the distributions will only differ in 
their count scales and in the number of points or histo­
gram steps along their S axes, as illustrated for a small 
portion of the two distributions in figs. 6c and 6d. The 
number of counts N j in channel j of the redispersed 
distribution is given by 

4, 

N j = L f,N" (10) ,-, 
where N j represents the number of counts in channel i 
of the original distribution and f, is the fraction of this 
channel which is overlapped by channel j of the redis­
persed distribution, as illustrated in figs . 6c and 6d. 

Since the interval (S+ -S_) in the original distribu­
tion corresponds to an interval 2nF(O) in the redispers­
ed distribution we see from eq. (2) that the interval 
(Smax - Smin) in the former will correspond to an 
interval 2n in the latter. From the data of fig. 4 we can 
also show that the values S = nand 3n in the redispers­
ed distribution will correspond to the limits Smin and 
Sm .. in the original distribution. In the redispersed LS 
spectrum, therefore, we assume that the S values nand 
3n correspond to Smin and SmRlt for every row or L 
value as illustrated in fig. 6e. The limits S _ and S + 

which vary with L are illustrated by the lines S _ and 
S+ in fig. 6e. These limits vary smoothly from row to 
row, but always lie symmetrically about S = 2n and 
within the region S = n to 3 n. 

The proton region is now subdivided into angle bins 
by defining boundaries as illustrated by the lines 
V m W m in fig. 6e. Each such line corresponds to a 
specific recoil angle and hence to a specific proton 
energy Ep, given by eq. (1). The pulse height aniso­
tropy ') at proton energy Ep is a measure of the amount 
that L varies as S varies from Srnin to Smax. The angle 
boundaries are therefore defined with reference to the 
ordinates S = nand S = 3n as follows. From a cali­
bration run such as fig. 2a of ref. 1, for which the crystal 

c' -axis was aligned with the neutron beam, we deter­
mine the maximum pulse height that could be observed 
for a proton energy Ep = Eo and mark this point Vo 
on the ordinate S = n as shown in fig. 6e. From a 
similar calibration run such as fig. 2b of ref. I, for 
which the crystal b-axis was aligned with the neutron 
beam, or from the pulse height anisotropy data for 
anthracene ') we obtain the minimum pulse height 
that could be observed at this proton energy and mark 
this pulse height Wo on the ordinate S = 3n as shown 
in fig. 6e. These points define the bin boundary line 
Vo Wo corresponding to the bin limit 0 = 0°. The 
boundaries V l Wl' V2 Wz etc. corresponding to suc­
cessively increasing boundary recoil angles 0 are 
determined by calculating the recoil proton energy 
from eq. (I), using the relative pulse height versus 
energy data 4) for anthracene to determine Vu V2 etc. 
and using the pulse height anisotropy data shown in 
fig. 6 of ref. I to determine Wl from VL' W2 from V2 

and so on. 
The first angle bin is thus defined by the lines Vo Wo 

and V, Wl in fig. 6e, the second by the lines V L WL and 
V2 W2 and so on. The boundary lines are extrapolated 
across the LS plane as shown in fig. 6c and the counts 
between each pair of boundaries are projected onto 
the S axis to give the projected spectrum (A or B) for 
the corresponding angle bin . The counts in those 
channels which are cut by the boundary lines are 
distributed proportionally between the bins on either 
side of the boundary. The asymmetry B(e) is determined 
by comparing the projected A and B spectra as out­
lined in section 3. The median limit Sm (0) is specified as 
outlined in that section. The other limits used in cal­
culating the integrals NA and N B and the differences 
ANA and A NB are specified far away from the proton 
ridges provided these ridges are well resolved from 
other significant structure in the projected spectrum. 
If significant other structure lies close by the ridge, for 
example that due to alpha particles or escape protons at 
the low L values (figs. 2 and 3), then limits lying be­
tween this structure and the proton ridges are used. 

The analysing power pee) for proton recoils at recoil 
angle 0 is equal to B(e)fPo. Thus, with negligible error 
we obtain the polarization in n- p scattering Pnp(f)cm) 
at the associated centre-of-mass neutron scattering 
angle e,m = ,,-2e from 

P",(O,m) = -P(O) = -B(e)fPo . (11) 

The calculation of n- p polarization values from 
pairs (A and B) of LS spectra is accomplished with 
the aid of a Fortran IV programme POLYANA. The LS 
spectra from the multiparameter analyzer are provided 
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either on magnetic tape or punched cards. These are 
read in together with other data required for the cal­
culation and the complete data reduction is carried 
out leading directly to a table and plot of Pop (O,m), 
with errors, as a function of Oem. The time required for 
calculation is typically 1 s of c.p.u . time per angle bin 
on a Univac-I 106 computer. 

An example of a measurement of Pop(O,m) for 
21.6 MeV incident neutrons is shown in fig. 7a. The 
data shown in this figure are discussed in another 
publications). 

5. Limitations and uncertainties 

Although LS spectra (figs. 2 and 3) may be obtained 
which include proton recoils at angles extending over 
most of the kinematically allowed recoil angle range, 
0<90°, only the data at laboratory recoil angles less 
than about 70° are sui table for analysis. Recoils at 
larger angles lead to events in the lower pulse height 
region of the spectrum and cannot be resolved fro m 
other components in this region, notably the protons 
and alpha particles from neutron-induced reactions 
on carbon. Furthermore, the fractional dispersion 
F(O) given by eq. (2) drops oft· at 0> 70°, as can be 
appreciated from fig. 4, and the resolution of the left­
right asymmetry determination is consequently im­
paired . This latter difficulty could be partially over-
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Fig. 7. Polari:cation Pnp and asymmetry EVS neutron cm scattering 
angle Oem for inc ident neutrons or energy 21.6 MeV: (a) polari­
zation measurements; and (b) nu ll asymmetries determined 
either by using an un polarized incident neutron beam (sol id 
circles) or rrom analysis of a pair of A spectra (open circles). 
Thc error bars in (a) were calculated from eq. ( 13). The error 
bars in (b) are statist ical only and were calcu lated from eq. (12). 

come by using a different crystal orientation e.g. 
(a, fJ) = (45°, 40°) instead of (60°, 40°), but then F(O) 
would be smaller at small recoil angles (0;5 40°) and 
the sensitivity for asymmetry measurements at these 
angles would be reduced. 

Multiple neutron scattering in the anthracene crystal 
could lead to errors in the polarization measurement, 
especially if the primary scattering was on carbon, for 
which the energy loss is small and the analysing power 
can be high. This problem could be serious with larger 
crystals, but it appears to be unimportant at the 
neutron energies (Eo> 10 MeV) and for the small 
crystals used to date. The linear dimensions of these 
crystals are about 2 cm or less and therefore correspond 
to less than one-tenth of the incident neutron mean 
free path at these energies. 

On the other hand, for small crystals and for neutrons 
of energy greater than 10 MeV, the fraction of recoil 
protons escaping from the crystal is appreciable. 
However, problems that could arise from this effect 
are largely avoided by the fact that the escaped protons 
fo rm a separate ridge in the LS spectrum (E in fig. 3) 
and can therefore be excluded to a large extent by 
proper choice of the integration limits for the asym­
metry calculations. The effect of any residual escape 
component is to dilute the observed asymmetry with­
out introducing spurious asymmetries. This dilution 
can be estimated and corrected for by using the data 
obtained in calibration runs, such as that shown in 
fig. 2a of ref. I, in which the escape ridge is clearly 
resolved from the main proton structure. 

'The fact that virtually every recoil proton is detected 
has an important consequence when we estimate the 
statistical uncertainty on an asym metry measurement 
within a pa rticular angle bin . The experimental 
method assigns every recoil within a given bin as either 
" low", if S<Sm(O), or "high " if S > Sm(O), where 0 
is the mean recoil angle for the bin. Each recoil either 
adds one count to , or subtracts one count from, the 
difference LI N between the number of low-S and 
high-S recoils in the bin O. Therefore, since the differ­
ence LIN is in principle determined directly, LI NA a nd 
LI N B may be regarded as primary observations in the 
experiment and we can in consequence show that the 
statistical error LIe (0) may be estimated from 

Ll e(O) = (nj4N) [ ILlN AI + ILlN.1 + N - 1 (LIN;' +LlN~)J t . 

(12) 

From egs. (9) and (12) it can be seen that for a given 
N and a given e(O) the statistical error Ll 8(0) will be a 
minimum if LlNA = -LI N B• The definition of Sm(O) 
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as the median value of the summed A and B spectra in 
fact ensures this equality and thereby helps to minimize 
the statistical error. 

The systematic errors to which the polarization 
measurements are also subject include firstly those 
caused by imprecise knowledge of the incident neutron 
polarization Po and secondly those which may arise 
from experimental asymmetries or errors which pass 
undetected and therefore uncorrected in the measure­
ment. Making allowance for these we can express the 
error PnpC(Jcm) on the neutron polarization measure­
ment by 

LlP".(Oom) = IPo ' l {[Ll e(O)] ' + 

+ (Lle,,,)' + [p". (Oom) LlPo]' }t , (13) 

where Llf", represents the undetected false asymmetry 
and Ll Po the uncertainty on the polarization of the 
incident neutron beam. 

We may estimate an upper limit for the systematic 
error .1 eS) ~ by measuring a known null asymmetry 
under conditions simulating those of the actuaJ 
asymmetry measurement. One way of carrying out a 
null test is to measure recoil proton asymmetries in the 
scattering of an unpolarized incident neutron beam, 
such as that obtained at the angle ,= 0' from the 
T(d, n) reaction. The results of such a test a re shown in 
fig. 7b. Alternatively a null asymmetry should be 
obtained if like runs are paired (i.e. A and A, or B and 
B, instead of A and B) and this can be checked using 
runs obtained at different angle settings. For example 
suppose that we have a set of four runs consisting of 
two A runs at (C~) and (- C 21t -a) respectively and 
two B runs at ( -Ca) and (,, 2x-a) respectively. 
From this set we can obtain two independent null 
checks, based on the A pair and B pair respectively, as 
well as two independent asymmetry measurements 
based on AB pairings. The results of a null check of 
this type are shown in fig. 7b. The error bars shown in 
fig. 7b represent the statistical errors only. Both null 
checks are seen to give asymmetries which are consis­
tent with zero. From such checks an upper limit of 
Ll e,,, = 0.0011 was deduced and was then used in 
eq. (13) to calculate the total polarization erroes shown 
in fig. 7a. 

6. Discussion 
A comparison of the stati stical precisions of polar­

ization values obtaine:! by the present method with 
those obtaine1 in experiments basej on conventional 
double-scattering geometry is of interest. The two 
methods are similar up to the point that a polarized 

incident neutron beam is sampled by n- p scattering in 
an hydrogenous scatterer. In the present method the 
recoil proton associated with each scattering is observed 
and analysed as to recoil angle and direction (left or 
right) without further statistical sampling. In the 
double scattering method , however, further statistical 
sampling occurs in the detection of scattered neutrons 
by two identical detectors which are disposed at equal 
angles 0 on either side of the incident neutron beam. 
The primary observations in the double scattering 
geometry are therefore the counts N, and N, recorded 
by these detectors for a given number of scatterings in 
the scatterer. The asymmetry is given by 

e(O) = (N,- N,)/(N, + N,), (14) 

and the standard deviation .!le(0) is estimated from 

Lle(O) = [4N, N, / (N, + N,)']. (15) 

A comparison of eqs. (12) and (15) for small asym­
metries, lei < 0.1 , and for the same total number of 
neutrons detected, namely N, + N, = NA + ND = 104

, 

is shown in fig. 8. Curve (a) shows the standard devia­
tion given by eq. (12) and curve (b) shows the standard 
deviation given by eq. (15). The comparison in fig. 8 
shows that even for asymmetries as large as 10 % the 
statistical en ors obtained using the present method 
should be lower by at least a factor of two than those 
obtained using the double scattering method. For very 
small asymmetries in particular the statistical precision 
of the present method exceeds that of the double 
scattering method by a much larger factor, more than 
an order of magnitude for example for 8 < 0.01. 

The present method is therefore well suited to the 

()'010 

0·006 
AE 

0·002 

(b) 

OL-~~~0~2--~--~0~~~--~~0~'0· 
j() 

Fig. 8. The statistical erro r Lfe on the asymmetry e as a functio n 
o f If I fo r a total of 104 neutrons detected: (a) by the present 
method [from eq. (12)]; and (b) if the scattered neutrons are 

detected [from eq . (15)]. 
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measurement of small asymmetries and should offer 
advantages in studies of the small polarizations in n- p 
scattering at neutron energies less than 30 MeV. 
It is a single-scattering method and is therefore less 
demanding of neutron beam intensity than double­
scattering experiments. Background levels should, in 
consequence, also be lower than in the double scatter­
ing method. The ability to make simultaneous polar­
ization measurements over a range of neutron scat­
tering angles (e"n"" 50°_170°) is also an advantage. A 
limitation on the other hand is the resolution on the 
centre-of-mass scattering angle, which is about 10° for 
16 MeV neutrons and is expected to be larger (Le. 
worse) at lower energies. This resolution is tolerable 
in the case of n- p scattering, however, because the 
polarization POP is expected to be a slowly varying 
fu nction of Oem. 

The method also has advantages of experimental 
simplicity. In particular the electronic system required 
(fig. I b of ref. I) is simple and the capacity to tolerate 
small mechanical misalignments, the effects of which 
are eliminated in the redispersion stage of the data 
reduction, is also an advantage. The data reduction 
process itself, although complex in principle, is simple 
and straightforward in practice. 

The anthracene polarimeter has been used to date 
with two different crystals, A and B of ref. I, to study 
the polarizations in n- p scattering at 16 and 22 MeV. 
The results will be published elsewhere'). Further 
studies are now being made at other neutron energies 
in the range 8-30 MeV. It appears that the method will 

become less effective at neutron energies lower than 
8 MeV because the directional resolution of anthra­
cene as indicated by the parameter R in table 3 of 
ref. I , drops off with recoil proton energy. On the other 
hand the polarimeter should be suitable for work at 
higher neutron energies than 30 MeV and may well 
prove more effective at these energies than at lower 
energies, provided crystals large enough to avoid 
excessive proton escape are used. 

We thank Mr P.A. Back for construction of much 
of the equipment used, the staff of the Southern Uni­
versities Nuclear Institute for their cooperation and 
our colleague Mr G. Pauletta for his assistance in 
these experiments. We also thank the South African 
Council for Scientific and Industrial Research for 
financial support and for a bursary to one of us 
(O.T.L.J .). 
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Abstract: The polarization in neutron-proton scattering was studied using polarized neutron beams 
obtained from the JH(d, n) reaction, scattering these beams in monocrystalline anthracene 
scintilla tors and observing the asymmetry of the associated recoil protons. The technique used 
is a new one which utilizes the direction dependence of the scintillation properties in order to 
determine the left-right asymmetry of the proton recoils within the scintillation crystal. The 
measurements led to polarization values at neutron c.m. scattering angles from 90° to 1500 at 
16.4 MeV and from 500 to 1700 at 21.6 MeV, in 20° steps in both cases. The Llis and LI~s spin­
orbit splitting phase parameters derived from the measurements are: 0.52° ± O.06° and 
0.02°± 0.05° respectively at 16.4 MeV; and O.93°±0.04° and 0.ll o±0.02° respectively at 
21.6 MeV. The data are compared with the predictions of the Yale-Buffalo and Livermore phase 
parameter fits. 

E NUCLEAR REACTIONS H(n. n), E= 16.4,21.6 MeV; measured polarization (P)O; 
deduced spin-orbit splitting parameters. Natural target. 

1. Introduction 

The phenomenological knowledge of tbe nucleon-nucleon interaction as deter­
mined by the energy dependent Livermore') and Yale-Buffalo 2) phase parameter 
analyses is now reasonably unambiguous above 30 MeV. These analyses are based 
essentially on all the p-p and n-p scattering data up to several hundred MeV. 

The T = 1 phase parameter determinations agree fairly well below 30 MeV. These 
parameters can be determined solely from the p-p scattering data, which have reached 
an advanced level of accuracy. The situation is less favourable for the T = 0 case, 
however, where the parameters must be determined from the sparser and less precise 
n-p scattering data. More accurate n-p data are needed, particularly in order to de­
termine the behaviour of the S-D coupling parameter and the 'P, phase shift. Further 
data on the polarization in n-p scattering are also of immediate interest because they 
lead directly to values for the phase parameters Ai.., and At, representing the ex­
pectation values in Born approximation of the spin-orbit interaction in the P- and D­
states. 

Polarizations in n-p scattering below 30 MeV are of the order ofa few percent and 
are therefore difficult to measure with the precision required for the phase parameter 

t Present address: Physics Department, University of Wisconsin , Madison. Wisc. 53706, USA. 
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analyses. The present work is an attempt to make more accurate measurements of 
the n-p polarization in the 10 to 30 MeV region using a new technique which reduces 
some of the technical difficulties involved. The method utilizes the directional effects 
associated with the scintillation properties of anthracene crystals 3). The potential 
advantages of this method in comparison with the usual double scattering technique 
lie in its experimental simplicity. A single scintillation crystal provides the means to 
detect and identify both left and right scatterings, all scatterings are detected and a 
range of scattering angles can be studied simultaneously. In addition, since it is the 
associated recoil protons which are detected, no further sampling is required and con­
sequently the statistical accuracy is improved. 

2. Experimental method 

The polarization in n-p scattering was studied at 16.4 and 21.6 MeV using polar­
ized monoenergetic neutron beams obtained from the 3H(d, n)'He reaction. The 
deuteron beam was provided by the 5.5 MV Van de Graaff accelerator of the Southern 
Universities Nuclear Institute, Faure, C.P. Seven sets of measurements were made 
with minor variations in the tritium target, the anthracene crystal and other details. 
The experimental conditions for the seven sets of measurements are summarized in 
table 1. The tritium gas target referred to in table I was 3 cm long and was operated 
at a pressure of 0.7 atm. The solid targets were tritiated titanium (2.5 mg/em2

), 

gold-backed and cooled by means of a cold linger immersed in liquid nitrogen. The 
anthracene crystal A was of irregular shape and mass 1.5 g and the crystal B was 
approximately cylindrical with height and diameter both 2.1 cm. In three of the seven 
sets of measurements the primary component in the neutron spectrum from the 
'H(d, n) source was selected by time offligbt gating. The neutron flight path for these 
runs was 0.5 m and the timing resolution (FWHM) was 1.5 ns. 

The anthracene crystal was mounted on a magnetically shielded photomultiplier 
tube fitted with a pulse shape discrimination (PSD) circuit 4). The photomultiplier 
provided a fast output for time-of-flight analysis, a linear output L, which was pro-

TABLE 1 

Experimental details 

Set A B C D E F G 

E, (MeV) 5.0 4.0 4.0 5.0 5.0 5.0 5.35 
~ (deg) 80 80 85 20 20 20 10 
E. (MeV) 16.9 16.2 16.0 21.6 21.6 21.6 21.4 
Po - 0.42 - 0.11 - 0.31 0.21 0.21 0.21 0.30 
Ll Po 0.02 0.02 0.02 0.01 0.01 0.01 0.Q2 
Target solid gas solid gas solid solid solid 
Crystal A A A B A A A 
TOF no no yes no yes no yes 
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Fig. t. (a) Block diagram of electronic system. (b) Schematic diagram of experimental geometry 
showing; tritium target T; centre X of anthracene crystal: mutually perpendicular crystal axes a, b 
and c'; deuteron and neutron beams d and n; and recoil proton p. The dashed lines indicate the 
changes implied by a switch from position A to position B. The ~-axis is defined by projecting the 

deuteron beam onto the plane normal to the neutron beam. 

portional to the total light in the scintillation, and a PSD output S which depended 
non-linearly on the proportion of slow component in the scintillation decay_ The 
outputs Land S were processed by the electronic system shown in fig_ la and fed into 
a two-parameter analyser. The raw data from each experimental run therefore con­
sisted of a two-parameter spectrum of counts versus L versus S. We refer to these 
spectra as LS spectra. 

The laboratory geometry is shown schematically in fig. I b. A monoenergetic 
neutron beam was taken at angle' from the 3R(d, n) reaction, with the neutron and 
deuteron beams both in the horizontal plane. The orientation of the anthracene 
crystal to the neutron beam was determined with reference to the crystal axes in the 
manner outlined below. 

The pulse height anisotropy properties of anthracene for protons are such 3) 
that L is a minimum for protons moving in directions parallel to the b-axis of the 
crystal and a maximum for directions parallel to the artificial c' axis. The c' axis is 
defined as the direction perpendicular to the mutually perpendicular a- and b­
axes of the crystal. The PSD anisotropy characteristics 3) of the crystal are such that 
S is a maximum when L is minimum and vice verSQ. In order to observe the left-right 
asymmetry of proton recoils the crystal is oriented so that its a-axis is vertical and so 
that the neutron beam makes an angle (l = 60' with the c' axis, as shown in fig. lb. 
The angle (l is adjusted by rotating the crystal about its a-axis. At the setting (l = 60' 
the S-output for a recoil at a given angle in the horizontal plane differs according to 
whether the recoil is to left or to right of the neutron beam. The output is lower for 
recoil directions which tend towards the c' axis. We define two positions A and B 
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(fig. I b) at this asymmetry orientation depending whether a proton recoil from the 
neutron beam towards the c' axis is in the same sense (A) or the opposite sense (B) 
as the deflection from the deuteron beam to the neutron beam. We can change from 
position A to position B by changing C to -C, as indicated in fig. Ib or by rotating 
the crystal through 180' about the neutron beam or by rotating the crystal about the 
(vertical) a-axis until the c' axis makes an angle (2,,-IX) with the neutron beam. The 
photomultiplier is mounted in such a way that anyone of these angles may bc ad­
justed without affecting the other two. 

An LS spectrum obtained with an anthracene crystal oriented as shown in fig. Ib 
and a neutron energy of 21.6 MeV is shown as an isometric plot in fig. 2 and as a 
contour plot in fig. 3. The structure in this spectrum is attributed 3) to (see fig. 3): 
Compton electrons (C): recoil protons (PI and P2 ); escaped recoil protons (E); and 
a-particles (A) from nentron reactions on the carbon in the crystal. The recoil proton 
component splits into two ridges PI and P2 over most of the L-range shown in the 
spectrum. We associate these two ridges with protons recoiling into the forward 
quadrants on either side of a vertical plane through the neutron beam. The ridge PI 
corresponds to recoils into the quadrant containing the c' axis and P 2 to recoils into 
the quadrant containing the b-axis. By comparing the number of counts under each 
ridge we can determine the left-right asymmetry of the proton recoils within the 
crystal. 

The proton component of the LS spectrum includes recoils at lab angles ranging 
from 0' to almost 90' . The pulse height L depends on the energy Ep and on the 

Fig. 2. Isometric plot of an LS spectrum obtained for 21.6 MeV neutrons incident on the anthracene 
crystal. The spectrum shows counts (vertical) versus pulse height L versus PSD output S. The 

limiting value of the count scale is 500. 
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Fig. 3. Contour plot of the LS spectrum shown in fig. 2. The ridges in the spectrum are identified as 
follows: Compton electrons. C; recoil protons, P, and P1 ; escaping recoil protons, E; and 

(X·particles. A. The line QR represents the locus of a constant recoil angIe O. 

direction of the recoil proton. The proton direction is specified by the angle of recoil 
o relative to the neutron beam and the azimuthal angle of recoil 4>, as illustrated 
in fig. I b. The energy Ep is related to the angle 8 and the incident neutron energy E, by 

(1) 

From measurements ') of the L- and S-anisotropieswe know that the loci of constant 
Ep and hence of constant recoil angle 0 approximate to straight lines across the LS 
plane, such as the line QR in fig. 3. By defining a series of suclllines we can therefore 
divide the proton region of the LS spectrum into angle bins corresponding to different 
recoil angles. In principle therefore a single LS spectrum contains sufficient informa­
tion to determine the left-right asymmetry as a function of recoil angle over a wide 
range of recoil angles. At the crystal orientation used the S-outputs Sm for recoils at 
azimuths 4> = 90° and 270° should ideally be idential. Recoils having azimuths in the 
range 4> = 00±90° should therefore have S < Sm and those with azimuths in the 
range 4> = 1800± 90° should have S > Sm in position A, and vice versa in position B. 
Thus a comparison of counts below and above Sm' within each bin, should measure 
the recoil asymmetry averaged over 4>, for the recoil angle corresponding to the bin. 

In practice it is not possible to determine asymmetries from a single LS spectrum 
because it is impossible to specify Sm sufficiently accurately. However thi' difficulty 
is avoided if, instead of analysing single LS spectra, we determine the asymmetry by 
comparing two spectra, one taken in position A and the other in position B. The recoils 
which contributed to ridge Pi in position A contribute to ridge P2 in position Band 
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A 

S. Sm 
5-

Fig. 4. Schematic illustration of projected A and B spectra for a single angle bin. Here S_ and S+ 
are points of inflection in the spectra. The spectra are normalized to equal total proton counts N. 

Also, Sm is the median of the summed A and B spectra. 

vice versa, hence the change in the relative intensities of P, and P2 on changing po­
sitions is a measure of the left-right asymmetry of the proton recoils. The asymmetry 
in thus determined as a function of recoil angle from a comparison within each angle 
bin of the relative number of counts under ridges PI and P 2 in the A and B spectra. 

The methods used to define the angle bins and to calculate the recoil proton asym­
metry within each bin are described in detail in ref. '). In brief outline the main steps 
in this process involve: firstly, transforming or redispersing the LS spectra with respect 
to S, into a form convenient for defining angle bins; secondly, defining the angle bins; 
and thirdly, projecting the A spectrum and the B spectrum within each bin onto the 
S-axis and calculating the asymmetry. 

The projected A and B spectra for a single angle bin are illustrated schematically 
in fig. 4. Ideally the points of inflection S _ and S + should coincide for the two spec­
tra. This is not always true in practice, due for example to small mechanical misalign­
ment of the apparatus. However the linear transformation of the spectra in the 
process of redispersion ensures that these points of inflection are so aligned after this 
transformation has been made. The A and B spectra are normalized to the same 
total number N of proton counts and the value Sm corresponding to ¢ = 90° or 270° 
is taken as the median of the sum of these spectra, i.e. the median of the spectrum, 
(A+B). 

In the A spectrum the integrated counts N < and N> in the regions below and 
above Sm correspond to recoils having ¢ in the ranges 00±90° and l80o ±90° re­
spectively. In the B spectrum this correspondence is reversed. Defining AN as the 
difference (N< -N» between the proton counts below and above Sm' we can show 
that the proton recoil asymmetry is given by'): 

(2) 



POLARIZATION IN NEUTRON·PROTON 85 

Ihere the suffixes A and B refer to the A and B spectra respectively. The asymmetry 
iven by eq. (2) is insensitive to small errors in Sm because systematic errors cancel in 
Ite difference (JNA - IN.) and because cos ¢, which is a mUltiplicative factor in the 
.olarization term in the n-p scattering cross section, is zero at ¢ = 90" or 270", the 
zimuthal recoil angles which are associated with a PSD output Sm . 
The analysing power for proton recoils at the mean recoil angle 0 is given by 

pee) = e(O)/Po, (3) 

Ihere Po is the polarization of the incident neutron beam. With negligible error we 
an assume that the polarization in n-p scattering Pop at the associated neutron c.m. 
,attering angle 8,.m. = 11:-2e is given by 

(4) 

The standard deviation JPop of the polarization Pop has a statistical component, a 
ystematic component and a component contributed by the uncertainty JPo on the 
Icident neutron polarization. The expression for JPop is 3) 

(5) 

'he component Lie, representing the statistical error on the asymmetry measurement, 
; estimated from 3) 

Je = (11:/4N)(lJNA I + IJN.I + (1 /N)(JN~ +JN~»t. 

o·ol r------_~_~-_, 

(0) f 
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(6) 

ig. 5. Measurements of null asymmetries obtained: (a) using an unpolarized 22 MeV incident 
!utron beam (at 1; = 0°); and (b) from the analysis of a pair of A spectra obtained at 
', 0:) = (30", 60°) and ( - 30°, 300°) respectively in the G series of runs (see table I). 



86 D. T. L. JONES AND F. D. BROOKS 

The systematic error component Lie", in eq. (5) was estimated by means of two 
different kinds of experiments. In the first method the proton asymmetry was mea­
sured for unpolarized incident neutrons emitted at the angle , = 0° from the 
'H(d, n) source. The results of such a measurement are shown in fig. Sa. In the 
second method the asymmetries obtained by pairing like runs (i.e. A and A or Band B 
instead of A and B) at different angle settings, e.g. «(, <X) and (-(, 21,-<x), were 
studied. The results of such a test are shown in fig. 5b and are seen to be consistent 
with zero asymmetry at every recoil angle. The null measurements and tesls gave 
an upper limit of Lle", = 0.0011. This value was used in the calculation of standard 
errors LlP,p(8) from eq. (5). 

Two points should be mentioned which relate to the standard errors obtained. 
Firstly the fact that the recoil protons associated wilh neutron scatterings are detected 
leads to smaller slatistical errors than would be obtained under equivalent conditions 
using neutron deteclion. Secondly the redispersion of the LS spectra in the data re­
duction process helps to eliminate small systematic errors that might otherwise be 
introduced, for example errors arising fro :n imperfect alignment of the anthracene 
crystal with respect to the neutron beam. These two points are more fully discussed 
in ref. 3). 

3. Results and discussion 

The detailed results obtained in the seven sets of measurements denoted A-G in 
table I are listed in table 2. Measurements A-C aro grouped into one set corresponding 
to an incident energy of 16.4 MeV and measurements D-G into a second set corre­
sponding to an incident energy of 21 .6 MeV. The small energy variations within each 
set are neglected in view of the fact that the polarization P,p varies slowly and 
smoothly with neutron energy. The polarization values were calculated for c.m. angle 
bins of width 20°, a width which comfortably exceeds that corresponding to the 
pulse height resolution of the anthracene crystal over the proton energy range of 
interest. 

The different sets of measurements shown in table 2 span different ranges of c.m. 
scattering angle because experimental conditions varied from one set to another. 
Polarization values were obtained for mean c.m. scattering angles ranging from 90° 
to 150° for the 16.4 MeV data and from 50° to 170' for the 21.6 MeV data. Back­
ground effects, especially those resulting from reactions on the carbon within the 
scintillator limit the measuring technique 3) to c.m. scattering angles larger than 
50' . The use oftime-of-fiight gating helped to suppress backgrounds from low-energy 
neutrons in some of the measurements. However tests showed that such gating was not 
essential provided that well-focussed deuteron beams and clean tritium targets were 
used in the 2H(d, n) neutron source. 

The results shown in table 2 supersede the preliminary values reported by us 5) 
at the Madison symposium in 1970. 



En Oc.m. 
(MeV) (deg) 

16.4 90 
110 
130 
150 

21.6 50 
70 
90 

110 
130 
150 
170 
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TABLE 2 

Results ofpoiarization measurements 

set A set B set C 

0.031 ± 0.003 0.029 ± 0.004 0.031 ± 0.003 
0.027 ± 0.007 
0.020± 0.009 
0.009 ± 0.012 

set D set E set F set G 

0.060 ± 0.002 
0.067±0.003 0.064 ± 0.01l 0.061 ± 0.002 
0.057 ± 0.002 0.052± 0.014 0.054±0.003 0.056 ± 0.002 
0.032± 0.003 0.037 ± 0.015 0.050± 0.007 0.057 ± 0.006 
0.022 ± 0.005 0.023 ± 0.018 0.026± 0.007 0.028 ± 0.007 
0.020 ± o.o09 0.014± 0.007 0.022 :'00.009 

-0.006 ± 0.018 0.002 ± 0.011 

a) Errors are statistical only. 
b) Errors are statistical plus systematic. 
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.dPm ls Average 
P"p(Oc.nlJ b) 

0.002 0.030 ± 0.004 
0.007 0.027 ± 0.008 
0.009 0.020± 0.01O 
0.012 0.009 ± 0.013 

0.002 0.060 ± 0.005 
0.002 0.063 ±0.005 
0.001 0.056± 0.005 
0.002 0.038 ± 0.005 
0.003 0.024 ± 0.006 
0.005 0.018 ± 0.007 
0.009 0.000 = 0.010 

The incident polarization values assumed for the polarization calculation (see 
table I) were based on data quoted in the review article by Walter 6). The standard 
errors quoted for the individual measurements A- G in table 2 are statistical only, 
i.e. those given by the first term of eq. (5). The data at each energy and angle were 
weighted in proportion to the inverse squares of their statistical errors to calculate the 
average polarization for that energy and angle. The resulting average polarization val­
ues are shown in the last column of table 2 and their associated statistical error com­
ponents in the second last column of this table. The standard errors quoted together 
with the polarization values in the last column of table 2 include systematic error 
:omponents corresponding to the second and third terms of eq. (5). The combined 
uncertainties contributed by these terms were AP = 0.004 for the 16.4 MeV data and 
1P = 0.005 for the 21.6 MeV data, at all scattering angles. 

It should be noted that multiple neutron scattering effects in the anthracene crystals 
Ire presumed to have been small owing to the small size of the crystals used. Therefore 
no corrections have been made for such effects. The escape of recoil protons from the 
: rystals on the other hand, was known to be appreciable. However as pointed out in 
ref. 3),the pulse shape discrimination technique effectively discriminates against 
escaping protons by placing them on a separate ridge, E in fig. 3, in the LS spectrum. 
Therefore, since advantage was taken of this discrimination, no corrections were 
required for the effects of proton escape. 

The polarization values are plotted against neutron c.m. scattering angle in fig. 6 
(16 MeV data) and fig. 7 (22 MeV data) together with published data 7- ") at or 
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Fig. 6. Polarization versus neutron c.m. scattering angle for incident neutron energies near to 16 
MeV. The data shown are: 0 - ref. 7) (l6.4 MeV); A - ref. 10) (16.8 MeV); 'V - ref. 11) (16.2 MeV); 
• - present work (16.4 MeV). The solid curve shows the fit based on eq. (7). The broken curves 
show the predictions of the (Y-IV)pp+np and LRL-X (el constrained) phase parameter solutions at 

16 MeV. 

near to these energies. Some of the earlier data have been adjusted to take account 
of the more accurate source polarization values that have become available since 
these data were fir5t published. The effects of these adjustments were to decrease the 
data of Benenson ef al. 7) by 10 % at 16.4 MeV and 26 % at 23.7 MeV and to increase 
the data of Perkins and Simmons 8) at 23.1 MeV by 4 %. The present data are con­
sistent with the previous values but are slightly and systematically higher than the 
other data near to 22 MeV. 

Theoretical curVes based on the Yale-Buffalo 2) and the Livermore 1) phase param­
eter solutions are also shown in figs. 6 and 7. The Yale-Buffalo curve corresponds to 

the (Y-IV)pp +op solution using the n-p T = I phases and was calculated for the case 
of recoil protons detected. The Livermore curve corresponds to the LRL-X (81 con­
strained) phase parameter solution and was calculated for the case of neutrons 
detected. The present data at 16 MeV are consistent with both theoretical curves but 
if all the data at this energy are taken into account the LRL-X solution appears to be 
favoured. At 22 MeV the present data are better fitted by the Yale-IV solution 
whereas the other measurements tend to favour the LRL-X solution. 

In the 10 to 30 MeV region the polarization in n-p scattering is related in a simple 
way to the triplet P and triplet D phase shifts. If the phase shifts are assumed to be 
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small, as indeed they are, the n-p polarization is approximately represented by the 
expression 10) 

Pnp(O"m.l = sin2 001 sin O,.m,(12L1is+60Llfs cos O"m.l/4k'a(O,.m.l , (7) 

where k is the c.m. wave number of the incident neutron, Llis and Llrs are expectation 
values in the Born approximation of the spin-orbit interaction in the P- and D- states, 
and 001 is the triplet S-wave phase shift. The parameters Llis and Llfs are related to the 
phase shifts 0u for orbital and total angular momenta Land J respectively by the 
expressions 10) 

Llrs = ,12 ( -2010-30" +50 ,2), 
Llfs =.-'o( -9021 -5022 +1402 ,), 

(8) 

(9) 

Thus at the level of approximation used in eq. (7) the magnitude of the polarization 
angular distribution relates to the spin-orbit splitting of T = I triplet P waves, where­
as the shape of this distribution relates to the spin-orbit splitting in the T = 0 triplet D 
waves. 
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The L1 LS parameters were determined by fitting experimental data to eq. (7). For this 
purpose the S-wave phase shift was calculated from the effective range formula using 
Houk's parameters 12) and values i5 01 = 91.90 and 84.5" were obtained at 16 and 22 
MeV respectively. The differential elastic cross section was obtained from the ex­
pression 13) 

(10) 

where b = (E,/90>' for Eo in MeV and the total n-p scattering cross section "T, which 
was obtained from Gammel's formula 13), was 609 rob at 16 MeV and 438 mb at 22 
MeV. 

Fits were made to eq. (7) for thee combinations of the experimental data: firstly the 
present data alone; secondly aU other data known to us 7- 11); and thirdly all data, i.e. 
other plus present. In each case each datum was weighted in proportion to the inverse 
square of the total error quoted for it. The L1LS parameters resulting from the fitting are 
shown in table 3 (for the 16 MeV data) and table 4 (for the 22 MeV data). The solid 
curves drawn in figs. 6 and 7 indicate the fits to the present data alone, at 16 and 22 
MeV respectively. Values of the L1LS parameters given by the Yale-Buffalo and the 
Livermore phase solutions are also shown in tables 3 and 4. 

The value of L1is obtained from the fit to the present data at 22 MeV (see table 4) 
is significantly higher than the values obtained from the fit to previous measurements 
or from either of the phase analyses mentioned. However the fits to all three combina-

Source 

present data 
refs. 7.10,11) 

all data 

(
n-p 

(Y -IV)pp +np p-p 
(L RL·X)<:onWtlned 

Source 

present data 
refs. 7-10,14) 

all data 

(
n-p 

(y-IV)PP+RII p_p 

(LRL-X)<:onstro Ined 

TABLE 3 

ilLS phases at 16 MeV 

LfP1S (deg) 

0.52± 0.06 
0.46 ± 0.06 
0.50 ± 0.05 
0.58 
0.54 
0.50 

TABLE 4 

.:J LS phases at 22 MeV 

Ll PLS (deg) 

0.93 ± 0.04 
0.83 ± 0.04 
0.88 ± 0.03 
0.83 
0.76 
0.81 

0.02 ",0.05 
0.03 ± 0.05 
0.02± 0.04 
0.09 

0.03 

0.11 ± O.02 
O.13 ± 0.02 
O.12 ± 0.02 
0.13 

0.06 
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Fig. 8. Polarization at Oc.m. = 90C as a function of incident neutron energy. The data shown are: 
o - ref. 7); 0 - ref. 8); 0 - ref. 10); x _ ref. 11); l:l. _ ref. 14); 'V _ ref. 15); • - present work. The 
data of refs. 7.11 . 14) have been linearly interpolated from measurements at neighbouring angles. 
The associated errors in these cases are those of a single measurement. The curves shown are based 
on the (Y-IV)pp+np and LRL-X (e 1 constrained) phase parameter solutions and the Hamada 

Johnston (HJ) potential model. 

tions of the 22 MeV data give values of Lit which are consistent with the (Y-IV) 
phase solution but differ significantly from the (LRL-X) phase solution (table 4). The 
same is true for the LI~s values obtained at 16 MeV (table 3) except that the (LRL-X) 
phase solution is favoured rather than the (Y-IV) solution at this energy. The different 
Lit, values obtained at 16 MeV (table 3) are consistent with one another and with the 
predictions of both phase analyses. 

From eq. (7) it can be seen that the polarization Pn,(e,.mJ for the scattering angle 
e,.m. = 90° is a measure of the phase parameter LI~s. Fig. 8 shows a plot of polariza­
tion measurements 7, II, 14, 15) at this angle as a function of neutron energy. Theoret­
ical curves based on the Yale-Buffalo and Livermore phase parameter solutions and 
on the Hamada-Johnston potential model 10,16) are also shown. The data are signif­
icantly higher than the latter prediction but do not appear to favour either of tlie 
other solutions, which themselves diverge significantly below 20 MeV. 

The LI~s parameter is of particular interest since the Yale-Buffalo phase analysis 
predicts isospin splitting of this parameter. The magnitude of the predicted splitting 
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is about 9 % at both 16 and 22 MeV as can be seen from tables 3 and 4. A com­
parison of the Ats parameters determined independently from n-p and p-p data 
should indicate the presence and magnitude of the isospin splitting. Such a test has 
not proved meaningful in the past however, owing to the accuracy of the n-p data 
being insufficient. With the additional n-p data now available it might be possible 
to discern the isospin splitting. Further phase analyses based on all the n-p and p-p 
data now available should in any case be worthwhile and interesting. 

We are grateful to Professor G. Breit, Dr. G. Pappas and Dr. M. Tischler for 
supplying the results of the (Y-IV) phase parameter calculations and to Professor 
M. H. MacGregor for supplying the results of the (LRL-X) phase parameter cal­
culations. We are also indebted to Mr. P. A. Back for construction of the equipment 
used and to Mr. G. Pauletta and the staff of the Southern Universities Nuclear In­
stitute for their assistance in running the experiments. We also wish to thank the 
South African Council for Scientific and Industrial Research for financial support 
and for a bursary to one of us (DTLJ). 

References 

1) M. H. MacGregor, R. A . Arndt and R. M. Wright, Phys. Rev. 182 (1969) 1714 
2) R. E. Seamon, K. A . Friedman, G. Breit, R. D. Haracz, J. M. Holt and A. Prakash, Phys. Rev. 

165 (1968) 1579 
3) F. D. Brooks and D. T. L. Jones, Nuc1. Inslr., to be published 
4) F. D. Brooks, Nuel. Instr. 4 (1959) 151 

F. D. Brooks. R. W. Pringle and B. L. Funt, IRE Trans. Nucl. Sci. NS-7 (1960) 35 
5) F. D. Brooks and D. T. L. Jones, Proe. 3rd Int. Symp. on polarization phenomena in nuclear 

reactions, ed. H. H. Barschall and W. Haeberli (the University of Wisconsin Press, 1971) p. 430 
6) R. L. Walter, Proc. 3rd Int. Symp. on polarization phenomena in nuclear reactions, ed. H. H. 

Barschall and W. Haeberli (The University of Wisconsin Press, 1971) p. 317 
7) W. Bcncnson, R . L. Walter and T. H. May, Phys. Rev. Lett. 8 (I962) 66 
8) R. B. Perkins and J. E. Simmons, Phys. Rev. 130 (1963) 272 
9) J. J. Malanify, P. J. Bendt, T. R. Roberts and J. E. Simmons, Phys. Rev. Lett. 17 (1966) 481 

10) G. S. Mutchler and J. E. Simmons, Phys. Rev. C4 (1971) 67 
11) R. Garrett, A. Chisholm, D . Brown, J. C. Duder and H. N . Burgisscr, Nucl. Phys. AI96 (1972) 

421 
12) T. L. Houk, Phys. Rev. C5 (1971) 1886 
13) J. L. Gammel, Fast neutron physics. part 2, ed . J. B. Marion and J. L. Fowler (Interscience, 

New York, 1963) p. 2185 
14) A. Langsford, P. H. Bowen, G. C. Cox, G. B. Huxtable and R. A. J. Riddle, Nucl. Phys. 74 (1965) 

241 
15) N. Ryu. J. Sanada, H. Hasai, D. C. Worth, M. Nishi, T. Hasegawa, H. Ueno, M. Seki. K. 

Iwatani, Y. Nojira and K. Kondo, Nucl. Phys. AlSO (1972) 657 
16) T. Hamada and J. D. Johnston , Nucl. Phys. 34 (1962) 382 



D. T.L . Jones and F.D. Brooks 1 
Polarization in neutron-proton scattering at 16.4 and 21.6 
HeV 
Nucl. PhYB. A222 (1974) 79-92 



• 



I '. 

!t.B:2.A.l/ Nuclear Physics A255 (1975) 267-274 ; © Nor/h-Holland Publishing Co" Amsterdam 

Not to be reproduced by photoprint or microfilm without written permission from the publisher 

CROSS SECTIONS FOR THE n+d BREAKUP REACTION 

G. PAULEITA t and F. D. BROOKS 

Physics Department, University 0/ Cape Town, Rondebosch 7700, South A/rica 

Received 5 September 1975 

Abstract: The n + d breakup cross section has been measured between 8 and 22 MeV by integrating 
the energy distributions of breakup protons and recoil deuterons observed in a deuterated 
scintillator. The results obtained deviate from the trend suggested by recent measurements of 
the cross section for proton-induced breakup and favour predictions based on a local N-N 
potential having a hard core in the singlet state . 

E NUCLEAR REACfIONS 2H(n, 2n), E = 8.2- 22 MeV; measured cross section. 
Enriched target. 

1. Introduction 

At energies between 100 eV and the threshold for pion production, deuteron 
breakup is the only significant process, other than clastic scattering, in the neutron­
deuteron interaction. Consequently, it is important that calculations and phase 
analyses reproduce the total breakup cross section "b' Snch calculations have indi­
cated ') that the doublet state contributes significantly to this cross section. It is 
also well known that the doublet phases are sensitive to the details of the nuclear 
force, hence the same is expected to be true of the breakup cross section. 

Recent theoretical predictions 1 - ') of O'b at incident neutron energies exceeding 
12 MeV have in fact proved sensitive to the nature of the N-N potential and invite 
comparison with experiment. Direct measurements of (f b have been made at energies 
below 14.1 MeV [refs. 6- ')1. The only data available above this energy are those 
obtained indirectly 9 -11 ) by subtracting the cross section for neutron elastic scatter­
ing 0', from the total neutron cross section of deuterium 0',. However the accuracy 
of the indirect method is limited by the fact that 0', is about twice as large as O'b at 
these energies. The present work was motivated by the need for more direct measure­
ments of O'b' especially at energies above 12 MeV. 

2. Experimental technique 

In the present work a ratio proportional to O'b/O', was obtained by bombarding 
deuterated liquid scintillators (NE230) with monoenergetic neutrons and observing 
the energy spectra of the protons and recoil deuterons produced. Neutrons were 

t Present address: Institut de Physique, Universite de NeucMtel, 2000 Neucha.tel. Switzerland. 
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obtained from the 2R(d, nJ and 3R(d, nJ reactions using the pulsed deuteron beam 
from the 5.5 MV Van de Graaff accelerator of the Southern Universities Nuclear 
Institute, Faure, CP, South Africa. The scintillators were encapsulated in cylindrical 
glass cells. Cells of different size were used to test sensitivity to mUltiple neutron 
scattering in the scintillator and sensitivity to escape of protons and deuterons from 
the detecting volume. The cells were all of diameter 27 mm and their lengths were 
12, 25 and 37 mm respectively. 

A block diagram of the experimental arrangement is shown in fig.!. Pulse shape 
discrimination (PSDJ was used to identify and distinguish the recoil deuterons and 
breakup protons. The scintillation pulse height L and the PSD output S were 
recorded in two-parameter mode and a time-of-flight gate was used to select the 
primary component of the incident neutron spectrum. The resulting two-parameter 
LS spectra, of which an example is shown in fig. 2, were resolved into electron, 
proton, deuteron and alpha-particle "ridges". Each row L of the LS spectrum was 
analysed independently and considered as the sum of four Gaussian components 
corresponding to sections of the e-, p-, d- and a-ridges respectively. A least squares 

TARGET 
NEUTRONS 

DEUT 
SCINT 

TARGET AREA 
_ ·_·_·_·-t- --'--1--'--

CONTROL AREA 

COINC. 

Fig. 1. Schematic representation of the experimental arrangement. The time-of-flight system on 
the left is used to reject background and secondary neutrons originating from breakup reactions in 

the target. The linear system on the right is used to obtain the biparametric LS spectrum. 

, 
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Fig. 2. Isometric representation of an LS spectrum obtained for 22 MeV neutrons incident on 
deuterated NE230 scintillator. The ridges labelled e, p, d and ex are attributed to electrons, protons, 
deuterons and alphas respectively. The pulse height L' indicates the position of the minimum in the 
deuteron ridge. The (vertical) counts scale is arbitrarily truncated at the value 500 in this plot. 

method was used to fit the data and the proton and deuteron components were 
then projected onto the L-axis and converted from pulse height spectra to energy 
spectra. The response of the detector to deuterons was determined by measuring 
the endpoint of the projected deuteron ridge as a function of incident neutron energy 
and correcting for the effects of finite resolution. The response Lp of the scintillator 
to protons is related to its response Ld to deuterons by 12) Lp(I!) = tLd(2I!) . 

An example of a proton spectrum obtained using 22.0 MeV incident neutrons is 
shown in fig. 3. The separation of protons and deuterons by PSD was effective 
down to proton energies of about 3 MeV. 

3. Analysis of data 

Assume for the moment that there is no multiple neutron scattering in the 
scintillator, that no deuterons or protons escape and that no reactions other than 
those all deuterium occur. If the integrals of the proton and deuteron spectra are 
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Fig. 3. Energy spectrum (solid circles) of breakup protons observed at 22 MeV incident energy. 
The open circles at low proton energy indicate values before correcting for the contribution from the 
J :!C(n, p)11B reaction. The energy ep is the lower energy limit used in calculating the integral of the 
proton spectrum and the energies EP' and E,," indicate upper limits of the regions where contri­
butions from n-n FSI and n-p FSI are expected (see text). The solid curve shows the phase space 
distribution which was normalized to the data as described in the text and used to extrapolate the 

spectrum to zero energy (dashed curve) in order to calculate the fraction rPP' 

taken with lower energy limits ep and ed respectively then the ratio of these in tegrals 
is given by 

(1) 

where <pp and <Pd represent the fractions of protons and deuterons with energies 
exceeding ep and ed respectively. In the case of the deuteron spectrum it is con­
venient to set ed at the recoil energy corresponding to the minimum in the differential 
elastic cross section at (Jc.m. ~ 120°. A corresponding minimum is clearly seen in 
the L-spectrum for deuterons, for example at L '" L' on the deuteron ridge in fig. 2. 
The deuteron integral is then relatively insensitive to small variations in ed and the 
fraction <Pd can be accurately estimated by integrating the differential elastic scatter­
ing cross-section data. At the incident energies used the differential cross sections 
for n-d and p-d elastic scattering at backward angles are essentially equal and 
Coulomb effects in the p-d scattering at forward angles may be corrected for 9). 
Hence p-d as well as n-d data may be used to determine <Pd' In the present work 
values of <Pd obtained from p-d and n-d elastic data in the energy range 5-50 MeV 
were plotted as a function of energy. A smooth curve was drawn through these 
points and values of <Pd were read from this curve. 

The fraction <pp was estimated by extrapolating the measured part of the proton 
spectrum to zero energy. For this purpose the spectrum was considered to be a 
phase-space distribution with enhancements corresponding to those kinematic con­
figurations which favour either final-state interactions (FSI) or quasi-free scattering 
(QFS). Configurations favouring n-n QFS are localised close to zero proton energy, 
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whereas those favouring n-p QFS are distributed over all proton energies isotropi­
cally. Both n-n and n-p FSI effects are distributed over a range of proton energies. 
The dependences of the FSI amplitudes on the production angle of the interacting 
pair have been investigated "-21). They are found to be strongly peaked at produc­
tion angles corresponding to a proton being emitted in the forward direction, but 
relatively featureless at intermediate angles. Consequently, one expects enhance­
ments due to FSI to be observable near the maximum proton energies for n-n and 
n-p FSI, that is , near E; and E~' where E; is the maximum breakup proton energy 
and E~' '" *E;. The shape of the distribution at intermediate energies should be 
dominated by the phase-space distribution. 

Our measurements support these conclusions (see fig. 3). Pronounced enhance­
ments are seen near E; and E~' and these can be attributed to the n-n and n-p FSI 
respectively. The intermediate region contains no pronounced features. A further 
enhancement is expected near zero proton energy, due to the n-n QFS mechanism, 
but this enhancement is expected 22) to be of the same order as that due to n-n 
FSI at high proton energy. The extrapolation of the spectrum to zero proton energy 
was therefore based on a phase-space distribution normalized to the data in the 
intermediate region Ep '" 0.5 E; (see fig. 3). The uncertainties introduced by tms 
approximation were estimated by taking the n-n FSI component as an uppel limit 
measure of the n-n QFS component. 

Having thus determined the fractions <Pd and <PP' two methods were used to deter­
mine the breakup cross section <Tb from the observed ratio R. The first method was 
based on the fact that the quantity <Pd<T, represents the integrated elastic cross sec­
tion corresponding to the forward recoil peak in the deuteron spectrum. Thus 
using the elastic data to obtain <Pd<T, the breakup cross section was calculated from 

(2) 

The second method was based on the fact that the total neutron cross section <T, 

of deuterium is equal to <T,+<Tb in the energy range under consideration. Thus <Tb 

was obtained in terms of the accurately known <T, from 

(3) 

4. Results and discussion 

The cross-section data obtained by the two methods are in good agreement. The 
mean values obtained at each incident neutron energy are summarised in table 1 and 
plotted in fig. 4. The integrals used to calculate the ratio R were corrected for 
mUltiple neutron scattering in the scintillator and for the effects of proton and 
deuteron escape from the scintillator. Corrections to the deuteron integral are 
facilitated by the fact that the energy distributions are known. For the proton in­
tegral, it was assumed that the breakup products are distributed according to the 
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TABLE 1 

Values of the cross section a b 

En (MeV) B.2 12.17 13.66 14.00 14.BO 16.05 

a, (mb) 103±10 176 ± 14 IBI ± 13 172±12 176±14 IBI ± 12 

En (MeV) 17.40 IB.BO 20.02 21.07 22.00 
a, (mb) 172±12 IBO ±1 7 179 ± 16 IBO± 17 176±16 

250 

200 

:0 
E 

if' 
100 

o 10 20 30 40 
En (MeV) 

Fig. 4. The N + d breakup cross section. Experimental data for incident neutrons are: open circles, 
present work; squares, ref. 6); and open triangles, ref. 8). Experimental data for incident protons 
are: solid circles, ref. 25). Values derived from neutron elastic scattering data are: solid triangles .. 
ref. 10) . Data from theoretical calculations are: solid curve, ref. 1); dashed curves, refs. 3,4); and 

crosses, ref. S). 

phase-space distribution. In view of the similarity of the measured distributions to 
the phase-space distribution (see fig. 3) this is expected to be a reasonable approxi­
mation. The proton integral was also corrected for small contributions from: (i) the 
12C(n, p )12B reaction, using the data of Rimmer and Fisher 23); and (ii) n-p scat­
tering on the small (1.39 %) hydrogen impurity in the scintillator. Another potential 
contributor to the proton integral is the reaction 12C(n, np)"B (Q •.•. = - 16 MeV). 
Cross sections for this reaction are not known hence the lower limit ep was set 
sufficiently high to eliminate errors from tbis source (e.g. ep ;;;; 6 Me V for En = 22 
MeV). The magnitudes of tbe corrections to the proton and deuteron integrals 
never exceeded 15 %. 

The uncertainties quoted in table I and plotted in fig. 4 include contributions 
from statistical uncertainties, from uncertainties in the corrections to the integrals 
and from nncertainties in (J" (J" <Pd and <pp. Of these the last was usually the major 
contributor to the total uncertainty. The uncertainty in q,p could probably be re­
duced substantially by using a realistic breakup proton energy spectrum 2') to 
extrapolate the observed distribution to zero energy. 
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The present data at 8 and 14 MeV agree with the data of Catron et al. 6) at these 
energies Cfig. 4). At higher energies the present data are systematically higher than 
the "indirect" values of 0'. calculated by Seagrave et al. 10) from elastic scattering 
data. The data above 14 MeV also deviate from the trend suggested by the measure­
ments by Carlson et al. 25) of the cross section for proton-induced breakup. 

For comparison, some calculated values of 0'. are also shown in fig. 4. The cal­
culations of Sloan 1) and Doleschall ') were based on separable potentials. Those 
of Kloet and TjOD J, 4) were based all local potentials of the Yukawa type, incor­
porating hard cores. Curve Ca) in fig. 4 was obtained J) using a hard core in the 
singlet N-N potential only [potential I-IV ofref. 4)] whereas curve Cb) was obtained 
using a potential with hard cores in both singlet and triplet states [potential I-III 
of ref. 4)]. Pure S-wave potentials were used in all the calculations except those of 
Doleschall ') which included separable P-wave interactions exactly in the Faddeev 
formalism . Calculations performed by Bruinsma et al. 2) using S-wave N-N poten­
tials yield results similar to those of Sloan 1). 

Although the experimental uncertainties are too large to admit of any conclusive 
comparison with theory, the present results seem to favour the calculations J, 4) 
made using a local potential having a hard core in the singlet state Ccurve Ca) of 
fig. 4). However tlle inclusion of higher partial waves 5) in calculations made using 
separable potentials could also lead to higher values of 0'. as can be seen in fig. 4. 

We are indebted to Prof. 1. SJaus for helpful comments and to Drs. P. Doleschall, 
1. H. Sloan, W. M. Kloet and J. A. Tjon for providing details and results of their 
calculations. We also thank the staff of the Southern Universities Nuclear Institute 
for their assistance and the South African Council for Scientific and Industrial 
Research for financial support and for a bursary to one of us (G.P.). 
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Angular Correlation of Neutrons from Spontaneous Fission O(.'52Cf 
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(Received 18 August 1975) 

The n- n angular correlation for neutrons emitted in spontaneous fission of 252Cf has been 
measured. Discrepancies are observed when these and other experimental observations 
are compared with Monte Carlo calculations based on the evaporation model. It is sug-. 
gested that the discrepancies could be attributed to enhanced neutron emission along the 
fission axis . 

It is well established" 2 that a large fraction 
; -90%) of the neutrons emitted promptly in 
ontaneous or thermal-neutron fission can be 
counted for in terms of evaporation from the 
.ly accelerated fission fragments. However the 
igin of the remaining 10-25% of the neutron 
l ission remains in question and it has been sug­
s ted that these neutrons may be emitted at the 
,tant of scission1

• 2 or during the acceleration 
r iod of the fragments .' Models of the neutron 
lission rest mainly on experimental observa­
'IlS of the velocity and angular distributions of 
~ prompt neutrons, the angular distributions 
ing referred to the axis defined by the direc-
'n of the light fragment. 
\ nother observable in the neutron emission 
ocess is the neutron-neutron angular correla­
In, that is the n-n coincidence rate as a func­
n of angle between emitted neutrons. Such a 
~asurement was reported for thermal- neutron 

fission of 235U by De Benedetti et aI.' in 1948. 
However no further measurement of this observ­
able appears to have been reported since then. 
The n-n angular correlation experiment does not 
require the detection of fission fragments, and 
hence stronger and thicker sources may be used 
than in angular distribution measurements. On 
the other hand, the observations are automatical­
ly averaged over all orientations of the fission 
axis, which implies some loss of detail. The 
correlation is nevertheless sensitive to the char­
acteristics of neutron emission and provides a 
useful additional method for testing models of 
emission process. We have measured the n-n 
angular correlation of prompt neutrons from the 
spontaneous fission of 252Cf. In order to compare 
results with predictions based on the evaporation 
model we have also made Monte Carlo calcula­
tions Simulating our experiment and the measure­
ment of the neutron angular distribution. l 
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The n -n angular correlation was measured 
using a source consisting of 2 Jl g of 25'Cf in the 
form of four 15-mm-long rods, each sealed in a 
I -mm-diam platinum-iridium container. The 
neutron detectors were an NE213 liquid scintil­
lator (38 mm diamx25 mm length) and an anthra­
cene crystal (25 mm diamx25 mm length) each 
mounted on a magnetically shielded photomulti­
plier tube. Pulse-shape discrimination was used 
to reject y events and the detectors were operat­
ed at a proton detection threshold of 0.7 MeV. 
The pulse-shape discrimination rejection effi­
oiencies of both detectors, as measured for 
Compton electrons from 60 eo y rays, were bet­
ter than 99.9%. The proton detection thresholds 
.vere calibrated using monoenergetic neutron 
, earns obtained from the reaction 'Li{p,n)' Be. 
) ne detector and the source were fixed in the 
10rizontal plane and the other detector was ro­
:ated 3.bout a vertical axis through the source to 
lary the n-n correlation angle 8. The time-de­
.ay spectrum was recorded and the true coinci­
lence rate was determined from the peak in this 
'pectrum. The accidental coincidence rate, esti­
nated from the remainder of the time spectrum, 
lever exceeded 10% of the true rate. 

The distances from the source to the two scintil­
a tors were 30 cm for the measurements made at 
I ;;::' 45°. For 8 < 45° one detector was moved back 
o 40- 50 cm and a shadow shield was inserted 
letween the two detectors to attenuate spurious 
:oincidences ariSing from neutron scattering 
r om one detector to the other. This scattering 
lack ground was carefully investigated and the 
:eometry and length of the shield were chosen to 
imit it to a negligtble level. 
The singles count rates N 1 and N, of the two de­

ectors and the coincidence rate Ne (8) at angle 8 
lere determined in the experiment. Let NI be 
he fission rate of the source, v the average neu­
ron yield per fission, and 0 , and 0, the solid 
.ngles subtended by the two detectors. Then, 
ince Oland 0,2 are small, 

Nl:::01E;vNj/ 4rr andN2 :::0 2E2vNj / 4Ti, 

There E I and E2 are the average efficiencies of 
he detectors for detecting a fission neutron. The 
oincidence rate is given by 

Ihere P(8) represents the number of fission neu­
rons emitted per unit solid angle at angle eta, 
nd in coincidence with, the vth fission neutron. 
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We define a ratio 

R (8) =Nc (8) / N,N, =4rrP(8);VNI • 

Thus R (8) is proportional to the angular correla­
tion P(8), independent of the experimental geom­
etry (0 , and 0,), and insensitive to small varia­
tions in instrumental stability insofar as these 
affect " and ',. 

The experimental results are plotted in Fig. 1 
together with a prediction of R (8) based on an 
evaporation model including a 10% scission neu­
tron component. The prediction was generated 
by a Monte Carlo calculation for 4x10' simulated 
fissions . The first stage of the calculation simu­
lated the neutron emission from the source as 
follows. In each fiSSion, pre-emission fragment 
masses were selected by sampling a mass dis­
tribution based on two sets of experimental data.'" 
The (fully accelerated) velocities of the fragments 
in the laboratory frame were determined from 
the data of Whetstone.' For each fragment, the 
average neutron yield v and the variance a v 2 were 
determined from the data of Signarbieux et aI.' 
The actual number of neutrons emitted by each 
fragment was chosen by sampling a Gaussian 
(ii,"") distribution. A fraction' (10%) of the neu­
trons, randomly chosen, was deSignated as scis­
sion neutrons. It was assumed1 that this compo­
nent was emitted isotropically from a source 
stationary in the laboratory frame, while the 
remaining 90% of the fission neutrons were emit­
ted isotropically in the frames of the fully ac­
celerated fragments. The angles of emission of 
both scission and fragment neutrons in the respec­
tive emitting frames were assumed to be uncor­
related. Neutron emission energies were sam-

,I 
,I 

0, 5 '-~~~-~~~~-~~-:'-:~-,' o m W 00 m _ IW 

n-n A.N GLE 

FIG.!. The n-n angular correlation R( e) for 252Cf 
fission. showing experimental measurements (points) 
and Monte Carlo simulation (histogram). 
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led from evaporation spectra of the form 

N(E) = (E / T') exp(-E / T), 

'here T is the nuclear temperature of the frag­
l ent emitting the neutron and E is the neutron 
nergy in the appropriate frame. Fragment tem- . 
eratures were determined from the data of Kluge 
nd Lajtai,' An evaporation temperature T =1.3 
feV was used in the case of scission neutrons. 1 

:1 accordance with recent experimental evidence,9 
nergies of evaporation neutrons were assumed 
) be uncorrelated. The Monte Carlo calculation 
'as checked by computing various parameters of 
.l e simulated fission source. For example, the 
imulation gave"iJ = 3.73 , and a ratio "iJL/ liH, for 
he light and heavy fragments, of 1.15. Both val­
es are in good agreement with experiment. The 
imulat~d neutron spectrum was also consistent 
-ith an experimental measurement. lO 

The final stages of the Monte Carlo calculation 
imulated the present experiment and the angular 
istribution measurement of Bowman et aZ. l The 
imulated angular correlation was normalized to 
.1e experimental data in the range e = 80' -180' 
nd is plotted in Fig. 1. The sensitivity of the 
imulation to the proton detection threshold was 
lVestigated by repeating the Monte Carlo calcu­
ltion using thresholds 0.2 MeV lower and higher 
' an the experimental value of 0.7 MeV. No sig­
ificant change was observed in the form of the 
orrelation. From Fig. 1 it may be seen that the 
imulation reproduces the form of the experi­
, ental data reasonably well at angles in the range 
=100' -180' but not smaller angles. 
The angular distribution measurement of Bow­

lan et aZ. l was simulated using a neutron detec­
ion threshold of 0.55 MeV (velocity 1.025 cm/ 
sec) as used in their experiment. The simulated 
istribution was normalized to their data in the 
ngle range e =40'-140' and is shown (histogram) 
)gether with the data in Fig. 2. A curve by Bow­
lan et aZ . l based on an analytical formula in 
'hich average values, independent of the frag­
lent mass ratio J were used for the velocities, 
~mperatures, and neutron yields of the fission 
,agments is also shown in Fig. 2. Whereas the 
urve fits the data well, the prediction of the 
lonte Carlo calculation is too low both at small 
ngles, e :s; 300

, and large angles, e z 1500
• This 

iscrepancy between the hIlo calculations was in­
estigated by modifying the Monte Carlo calcula­
,on so as to use the fixed values used by Bowman 
t aZ,l for the fragment velocities, temperatures, 
nd neutron yields. The modified calculation gave 

z • c 
~ 0.8 
~ 
~ 

~ 

it 0.6 

• 

ANGLE RELATIVE TO UGHT FRAGMENT 

FIG. 2. Simulated angular distribution of neutrons 
from 252Cf fission (histogram). The points show exper­
imental data (Ref. 1) and the curve shows the fit ob­
tained by using an analytical model (Ref. 1). The stan­
dard deviations of the data are smaller than the point 
size. 

results in close agreement with the curve shown 
in Fig. 2, indicating that the discrepancy between 
curve and histogram may be attributed to the dif­
ferent assumptions made in the two calculations. 
The present simulation (histogram) is more real­
istic insofar as it takes account of the depen­
dence of neutron emission characteristics on the 
fragment masses. For this reason and notwith­
standing the poorer agreement with experiment, 
we consider it a better representation of the an­
gular distribution of the evaporation model. 

Further calculations were made to test the 
sensitivity of the simulations to the scission neu­
tron fraction. For fractions less than 10% there 
is little change in the distributions, while larger 
fractions increase the discrepancies behlleen ex­
periment and theory. It is also evident that the 
fits would not be improved by attributing' a frac­
tion of the neutron emission to evaporation dur­
ing the fragment acceleration period. Such a 
model leads to results intermediate between 
those with and without a scission component. 

We therefore conclude that the evaporation 
model in the form considered here cannot explain 
the results of the neutron angular correlation 
and angular distribution measurements, and that 
some mechanism must operate which enhances 
neutron emission along the fission axis . Eric-
son and strutinski11 have considered the effect of 
fragment angular momentum and have shown that 
this might cause such an enhancement. However 
Cavron and Fraenkel' consider that this effect 
must be small for the case of 25'Cf fission . Anoth-
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r possibility is that neutrons emitted at the scis­
ion stage may be directed preferentially along 
Ie fission axis. Recent studies12 of the analo­
OUS

l3 process of light charged particle emission 
1 ternary fission have indicated an unexpectedly 
lrge axial component and it would therefore not 
e surprising if the same were true for scission 
eutrons. On the evidence now available however 
is not possible to do more than speculate as to 

1e origin of the enhanced axial emission of neu­
·ons. 
We thank the International Atomic Energy Agen­
y , Vienna , for the loan of the 252Cf source and 
le South African Council for Scientific and In­
ustrial Research for financial support and a 
ursary to one of us (J.S.P.). 
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POLARIZATION IN n-d SCATTERING AT 16 . 4 AND 21.6 MeV 

M. Steinbock, F. D. Brooks and I.J. van Heerden 
Department of Physics, University of Cape Town, Rondebosch,Cape, 
South Africa . 

A comparison of the polarization asymmetries observed in n-d and p-d 
elastic scattering provides a test of the charge symmetry of nuclear 
forces . Discrepancies have been observed between the p-d and n-d 
polarizations measured at incident energies near to 22 MeV 1-3) and 35 
MeV 1,.) respectively. However Morris et al. s ) have recently measured 
P d at incident neutron energies of 16.8 and 21.1 MeV and have obtained 
rgsults in good agreement with the p-d polarization data. The present 
work has been motivated by the need for further n-d data in this region. 

The measurements were made using a 3 H(d,n) source with pulsed 5.0 
HeV deuterons from the Van de Graaff accelerator of SUNI, Faure, C. P. 
South Africa. Neutrons emitted at angles 200 and 800 respectively, with 
energies 21 . 6 and 16.4 MeV and polarizations +0.21 and -0.42 respectively 
were used. Time-of-flight gating was used to select the primary co~ 
ponent in the neutron spectrum. 

The polarization analyser was a deuterated anthracene scintillation 
crystal . Recoil deuterons from n-d elastic scattering within the 
crystal were studied and pulse -shape discrimination (PSD) was used to 
determine the left-right asymmetry of the recoils . The experimental 
method is similar to that used previously 6,') to study the polarization 
in n-p scattering and depends on the fact that the PSD response of the 
crystal is sensitive to the direction of the recoil deuteron relative to 
the crystal axes. The scintillation detector provides a fast output for 
timing, a pulse height output L, from which the deuteron energy may be 
deduced, and a PSD output S. Fig.l shows an L5 spectrum from dual­
parameter analysis of data obtained using 21.6 MeV neutrons entering the 
crystal in a direction parallel to its artificial e'-axis. The forward 
recoil deuteron peak F which lies at a relatively low 5 value in fig.l 
would move to the position F' in the L5 plane for neutrons entering 
parallel to the b - axis. Thus for neutrons entering in a direction 
lying within the be'-plane and making an angle of 500 with the e'-axis 
recoils to the right (towards the b-axis)and to the left (towards· the 

t/C1 

/n'-...b 

Fig. 1 L5 spectrum for 21.6 
MeV neutrons directed 

parallel to the a ' -axis, show­
ing ridges due to: Compton 
electrons (C);breakup protons 
(P); recoil deuterons (D); and 
a-particles (A) from reactions 
on carbon. The peak F corres­
ponds to forward recoiling 
deuterons . The point F' shows 
the position of this peak in 
the spectrum obtained for 
neutrons directed parallel to 
the b-axis. 
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Fig.2 Polarization data at energies near to (a) 16.4 and (b) 21.6 MeV. 
Solid circles show present work;squares ref. 2 );triangles ref , 3); 
open circles, ref. s ). See text for curves. 

c'-axis) produce higher and lower S outputs respectively. The dispersion 
of the deuteron component over the LS plane at this orientation of the 
crystal provides a basis for determining the asymmetry. 

The recoil deuteron energy deduc~d from 1 is correlated with t he 
associated neutron centre-oi-mass scattering angle Scm hence the asym­
metry may be determined as a function of Scm' Methods bas e d on those 
developed for the natural anthracene analyser 6,7) have been used, with 
modifications to correct for the partial overlap of the proton and 
deuteron components in the LS spectra. 

The results of the measurements are shown in fig.2 together with 
other data 2.3,5) at nearby energies. The solid curves are based on the 
work of Pieper 8) and were adjusted to 16.4 and 21.6 MeV by interpolating 
his results. The dashed curve in fig . 2b shows the trend of the p-d 
polarization data 1) at 20.2 MeV. The trend of the p-d data 1) at 17.5 
MeV lies close to the solid curve in fig.2a. The data obtained at 16 . 4 
MeV (fig.2a) are consistent with the other data at nearby energies, 
except possibly in the region near Scm C 130°. The data obtained at 
21.6 MeV (fig.2b) are consistent with the recent measurements of Morris 
et aZ .5) and confirm that the negative dip ob'served between 9cm = 800 -
120

0 
is shallower than indicated by the earlier n-d measurements 213) 

and consistent with the p-d data at these angles . We conclude therefore 
that there is no discrepancy between the n-d and p-d polarizations at 
these energies. 
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Abstract 

RESEARCH AND EXPERIMENTAL WORK AT GROOTE SCHUUR HOSPITAL AND THE UNIVERSITY 
OF CAPE TOWN USING CALIFORNIUM-252 SOURCES. 

Experiments have been undertaken to determine the high-LET and low-LET components of the 
absorbed dose from neutron beams. This is achieved by measuring the fluxes of the high-LET and low-LET 
radiations in a tissue-equivalent phantom individually and simultaneously using a scintillation probe fitted 
with a pulse shape discriminator. This system was successfully used with a 22 MeV neutron beam from the 
T(d.n) reaction and has been employed with 2SZCf sources. Results obtained in the low-energy ranges (up to 
3 MeV) indicate that the electron counts exceed the high-LET COUntS by a factor of 2 to 3. These results 
are related to the absorbed dose. Calculations have also been undertaken to establish whether the 
Paterson-Parker system could be used for the design of 252Cf treatments and the optimum needle activities 
to yield the desired dose. Experiments are under \'lay to determine the variation of RBE and OER for 25tf 
radiations around the source. The inhibition of root growth in Vida Faba is being used to determine any 
such effects. Dose rates comparable to that employed in interstitial radiotherapy are being aimed at. A 
study of dose fractionation effects is also being undertaken. 

The selection and nature of the projects was dictated largely by the 
relatively low activity of the sources supplied by the International Atomic 
Energy Agency, the facilities and staff available to undertake the work and 
the past experience gained in these fields of measurement using other 
sources of radiation. 

The research projects initiated cover the fields of energy deposition 
by neutrons in a tissue-equivalent medium and a series of radiobiological 
studies on root systems. To do this efficiently some dosimetric measure­
ments were initiated using ionization chambers, TLD systems and chemica 
dOSimetry. Calculations were also undertaken to determine the feasibility 
of using differently loaded 252Cf sources in interstitial radiotherapy. 

1. HIGH AND LOW-LET PARTICLE COUNTING 

A good deal of experience had been gained in the detection and measurE 
ment of the high- LET and low-LET components of the dose absorbed in a 
tissue-equivalent liquid phantom from neutron beams generated at 8 MeV 
and 22 MeV in a 5.5 MeV Van de Graaff accelerator operated jointly by thE 
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Universities of Cape Town and Stellenbosch (Southern Universities Nuclear 
Institute). This work was done as part of a feasibility study of using cyclo­
tron generated neutron beams in radiotherapy - hence the high energies 
involved. It was considered possible to extend this to 252Cf. 

The basis of the method used is the technique of pulse shape discrimina-
. tion (PSD) by means of which an organic phosphor, placed within the phantom, 
is in effect able to distinguish between high- LET radiations (recoil protons 
and alpha particles) and 10w- LET radiations (Compton scattered electrons 
from gamma photons) . 

In certain phosphors a particle-induced scintillation is composed of an 
intense fast decaying and a low-intensity slowly decaying component, so 
that the light output may be approximated by the expression: 

-r/T2 
+ B' e for 

For example, in anthracene, "'1 = 33 ns and "'2 = 370 ns. 
The importance of this lies in the fact that the ratio B/ A is a function 

of the L.ET, or dE j dx, which in turn is determined by the nature of the 
ionizing particle. In anthracene, B/ A for a proton is about twice that 
for an electron. An alpha particle induces an even higher slow-to-fast 
component ratio. The theory of the operation of the electronic circuits 
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FIG. 2. Two-parameter plot of L (measure of ligh t output) and S (non-linear measure of LET) against number 

of counts (vertical scale) for 8 MeV Van de Graaff neutrons. 
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employed to mix the outputs from the last dynode and the anode of the 
photomultiplier, to which the phosphor is coupled, has been described by 
Brooks [1 J. The mixed output has greater amplitude if induced by' a 
recoiling proton than if arising from an electron recoil for equivalent 
integrated light outputs of the phosphor. 

This PSD technique has been successfully applied to plastic and liquid scin­
tillators, too. For the liquid scintillator NE213 Henchoz and Joseph [2 J have founc 
T1 ' = 2.5 ns and T2 = 150 ns with BfA = 0.007 for electrons and BfA =0.014 
for protons. In the work undertaken to date, an anthracene crystal has 
been used because of its high light output and, consequently, high resolution. 
There are two possible disadvantages associated with the use of anthracene. 
These are that the atomic composition differs rather markedly from that 
of tissue and the fact that it has an asymmetry effect associated with the 
crystal axes, i. e. the height and shape of a scintillation pulse each depend 
on the direction of the char ged particle trajectory with respect to the 
crystal axe s. 

In the present studies the crystal was placed at the optimum orientation 
with respect to the primary neutron beam for the PSD outputs deriving from 
the proton and electron crystal excitations to be as markedly separated as 
possible. Due to the asymmetry effect, the crystal response to events 
induced by radiation scattered in the phantom was inevitably somewhat 
different to that for events induced by the primary beam. 

Efforts will, therefore, be directed towards acquiring a liquid or 
plastic phosphor which approximates the atomic composition of tissue 
more closely than anthracene , and which does not exhibit the directional 
effects associated with crystal phosphors. It will be difficult to achieve 
exact tissue equivalence, since the oxygen content has to be limited because 
of its effect on pulse shape. However, at the relatively low average neutron 
ener gy of 252 Cf neutrons, this lack of oxygen will be of ne gligible practical 
significance. 

The relationship between the energy of the particles and the response 
(luminous intensity) produced in the anthracene obtained by Brooks, as 
reported by Birks [3), is shown in Fig. 1. 

The results of measurements undertaken on an 8 MeV neutron beam 
generated on the Van de Graaff accelerator are shown as a two-parameter 
plot in Fig. 2. This shows the number of counts (vertical) versus param eters 
Land S; L is a measure of light output from each scintillation and, there­
fore, of the energy of the proton or ele ctron causing the scintillation, and 
the par ameter S is a non-linear measure of the LET. The proton recoils 
from neutron-proton scattering in the phosphor form a characteristic ridge P 
in the L-S plane, and the electrons from Compton scattering of gamma rays 
form another distinct ridge C. 

By proje c ting each ridge onto the L-axis one obtains the pulse-height 
distribution and, hence, the energy spectrum for the corresponding particles 
(protons and electrons, respectively). By integrating each spectrum, 
taking du e account of the energy, one can then obtain the integrated high-LET 
and low- LET doses respectively. 

Similar measurements have been undertaken around 25 2Cf sources in 
a tissue-equivalent medium. The final processed results are not available 
yet but will be presented and processed in the same way as described above 
for the 8 MeV neutron beam measurements. Processed results for a 22 MeV 
neutron beam are shown in Figs 3a, b. 
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Figure 3a shows pulse-height spectra observed for electrons and for 
high-LET radiation (protons and alpha particles) with the probe placed in 
a wate r phantom at a depth of 4 cm on the central axis of the beam. 
Figure 3b shows the low pulse-height regions of the same two spectra 
with the pulse-height dispersion increased fourfold. The characteristic 
edge in the region of channel 45 in Fig. 3a provides an energy calibration 
corresponding to forward recoiling 22 MeV protons . The electron energy 
corresponding to this pulse height is obtained from tables of the relative 
pulse-height response of the probe to electrons and protons, and is 16 Me V . 
Figure 3a indicates that the ratio of electron intensity to proton intensity 
drops off rapidly at large pulse heights. Howev e r , the high-ene r gy protons 
in this region of the spectrum contribute significantly to the low- LET dose 
(while they are degraded to - 3 MeV) as well as to the high- LET dose (at 
the end of their range). These protons are therefore less effective than 
low-ener gy protons in increasing the high- LET component of the total dose, 
wh ich i" the aim of neutron therapy. 

The low-energy or low pulse - height regions (Fig. 3b) of the spectra are 
of particular interest in view of this consideration, and the fact that this is 
the energy region of interest in 252Cf neutron radiation. It will be noted 
that the electron counts exceed high- LET counts by a factor of 2 to 3 in 
this region. This is offset, however, by the fact that the energy per unit 
pulse height fr om the probe is higher for high-LET radiations than electrons 
by a factor of about 4 for protons . 

Making allowance for these effects one obtains, as a rough estimate, 
that the low- LET and high- LET components contribute 30 0/0 and 70 0/0 of 
the total dose, respectively. The relative contributions are expected to 
be somewhat different for 252Cf, however, due to the characteristic spectra 
of neutrons and ,, - rays arising from 252Cf fission events. 

2. RADIOBIOLOGICAL STUDIES 

The radiobiological studies being undertaken at present involve the 
inhibition of root growth in Vicia faba to measure the Oxy gen Enhancement 
R a tio (OER) and Relative BiologicalEffectiveness (RBE) of 252Cf radiation. 
Due to the low activity of the available sources the studies will be confined · 
to chronic low-dose - rate exposures of up to 2 rad' h- l for 7 days or more. 
The irradiations will be done at 3.5°C, since cell division at this tempera ­
tu r e is almost completely arrested; hence, the effect of the dose is not 
affected by cell proliferation, though repair of sublethal damage does 
proceed at this low temperature. The effects of different dose r ates 
at different distances from the source will be investigated. These will 
be obtained by positioning the roots on a jig as shown in Fig. 4. The 
sources will be placed on the bottom Perspex ring; different distances 
from the roots confined to the centre can be achieved by using rings of 
various diameters. 

The four SALC 252 Cf sources are arranged symmetrically on this 
ring. The irradiation jig is placed in water at 3.5°C in a tank 
(30 cm X20 cm X30 cm) and the water is stirred vigorously by a Braun 
thermostatic a lly- controlled heater used in conjunction with a cooling unit. 
This stirring prevent de-oxygenation of the water. To irradiate the roots 
under hypoxic conditions oxygen is bubbled through the water; for anoxic 
irradiations nitrogen is, bubbled through. 
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To determine the RBE of 252Cf relative to that of radium and 
iodine-125, the seedlings will be irradiated with radium and iodine 
gamma radiation at about the same dose rates and under the same 
experimental conditions. Although the dose rates for the 252 Cf sources 
are at present calculated from published data, measurements will be 
made using 6LiF and 7LiF thermoluminescent powder. After irradiation 
the roots will be grown at 19°C for 10 days and the m inimum growth rate 
or G 10 (growth in ten days after i rradiation as a fraction of control of 
equal age) used to assess radiation damage. 

An attempt will be made to interpret the results in terms of the different 
LET components arising from 252Cf radiation. In conjunction with these 
studies with 252Cf, experiments will be done at a r ange of neutron dose 
rates available on the Van de Graaff accelerator. Here the gamma-ray 
component will be less. Initial experiments have been run on this unit 
with dose rates of the order of 100 rad· h- 1 • To measure the dose rates 
in these experiments a disc-type ionization chamber was constructed and 
measurements were made with a continuous flow of ethylene gas through 
the chamber. The chamber was made up of conducting tissue-equivalent 
plastic, as produced by Shonka. 
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3. INTERSTITIAL RADIOTHERAPY 

Californium- 252 medical neutron sources have been available for some 
time for therapeutic evaluation programmes. These sources are of such a 
nature that afterloading procedures have to be adopted during implantation. 
When we were considering the acquisition of commercially-produced sources, 
prospective suppliers requested details of the required source activities and 
physical dimensions. An attempt was consequently made to determine 
optimum source loadings and active lengths which would allow of treatment 
planning according to the Paterson-Parker rules if these should be applicable 
for 252Cf sources. In view of the relatively short half-life and relatively 
high cost of 252Cf sources, it was decided to ascertain to what extent the 
required range of needles for direct implantation could be limited and yet 
have sufficient flexibility to cover adequately the specified implant areas 
and volumes encountered -in clinical situations. 

From a radiation protection point of view, afterloading techniques 
are indicated where at all feasible. In such cases tubes could be used. 
Radiotherapists felt, however, that there are certain sites, such as the 
tongue and buccal cavity, where needles would be technically more 
convenient to use. In order to calculate the dose rates arising from such 
implants the calculated dosage data of Krishnaswamy [4) was used, since 
this was available in the most convenient tabular form. These tables give 
the neutron and gamma dose distribution around sources of 1.5, 2.0 and 
3.0 cm active lengths. By graphical analysis it was possible to derive 
from this data reasonably accurate dosage distributions of linearly loaded, 
indian club and dumb-bell type sources, such as are used in radium therapy. 

Initial calculations were confined to rowS of sources .of 3 cm active 
length spaced one centimetre apart. Because of the uncertainty of the 
RBE factor for 252 Cf neutrons, it was thought advisable to calculate the 
neutron and gamma dose components separately. 
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Following the convention adopted by Paterson and Parker, the doses 
were calculated on a 0.5 cm square grid on a plane 0.5 cm from the plane 
of the implant. Similar computer calculations have been undertaken by 
Bloch et al. [5J for linearly loaded sources and the results obtained show 
exceptional agreement with our calculations for linear sources. Their 
conclusions were verified by our calculations. They suggested that in 
order to achieve dose uniformity to within the accepted.± 10% limits over 
the hnplanted area, the inner sources should be removed earlier than the 
outer sources. We extended these investigations by deriving dose distri­
butions around linear sources of different activities and differentially 
loaded sources and then evaluating the dose rates deriving from source 
distributions according to the Paterson-Parker rules. 

The results of our calculations are shown in F igs 5 to 7. A study of 
these dose distributions indicates that the use of the Paterson-Parker system 
is justified if it is assumed that the RBE and OER do not vary with distance 
from the source. Experiments have been planned to determine whether 
any such variation does in fact occur. 
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DEVELOPMENT OF ORGANIC SCINTILLATORS 

F. D. BROOKS 

Physics Department, University of Cape Town. Rondebosch. Cape, 7700. South Africa 

The development of organic scintillators is reviewed with emphasis on work that has been reported since 1964. The 
scintillation process is discussed. Measurements of scintillator properties such as response-energy dependence, energy resolu­
tion, timing characteristics, pulse shape discrimination and scintillation anisotropy are reviewed. Some recent and novel 
applications of organic scintilla tors are noted. 

1. Introduction 
Organic scintillators have a history which ex­

tends back to one of the earliest photomultiplier 
scintillation detectors I ). This first organic detector, 
which was described by Kallmann and Broserl) in 
1947, incorporated a naphthalene crystal scintilla­
tor selected for its large size and its transparency 
to its own fluorescence emission. Several more suit­
able and more efficient organic scintillators were 
introduced within the next few years , among them 
other crystals such as anthracene') and stilbene]), 
crystal solutions such as anthracene in naphtha­
lene'), liquid solutions'-') and plastic solutions'). 
An important general characteristic of the organic 
scintillators, their short response time « 10 ns), 
was also noted') at a very early stage in their his­
tory . 

The organic scintillator scene some thirty years 
later is dominated by the liquid and plastic scin­
tillators . These classes now offer the fastest re­
sponse times and the simplest and most econom­
ical ways of obtaining large efficient detecting vo­
lumes. However, fast response in the present-day 
context implies a time resolution of < 200 ps and 
large size may be reckoned in volumes of kiloliters 
in contrast to the several em] which this descrip­
tion implied in the nineteen forties . 

This technical progress has been led by ad­
vances in the understanding of the organic scintil­
lation mechanism 10-1'). So also has the develop­
ment of practical applications , such as neutron 
detection and liquid scintillation counting, with 
which the organic detectors are particularly closely 
associated. The advent of n-y discrimination by 
the pulse shape technique l') for example has est­
ablished the organic scintillator as the standard de­
tector of MeV neutrons and the development of 
methods for loading active samples into liquid 

scintillatorsl6 ) has led to many applications of 4 IT 

liquid scintillation countingI6.17 ) in the medical, bi­
ological and environmental fields. 

These and other developments of organic scin­
tillators have been reviewed from time to time (for 
example see refs. 10, 18-25) and especially in the 
authoritative text on the theory and practice of 
scintillation counting published by Birksll) in 
1964. In the present review, therefore, we set out 
with the intention of emphasising developments 
in the post-1964 period. We review first the scin­
tillation process in organic materials as it is now 
understood, then the characteristics of organic 
scintillators, brought up to date as far as possible 
by recent measurements, and finally we consider 
some recent applications of these detectors. 

2. The scintillation process in organic 
scintillators 

Practical scintillators can be formed by combin­
ing suitable organic compounds in many different 
ways. We can classify different combinations as 
unitary , binary, ternary or higher order, according 
to the number of compounds they contain. The 
ideal unitary system is a pure monocrystal scintil­
lator such as anthracene or stilbene. Typical binary 
systems might be the liquid scintillator consisting 
of 3 gIl of p-terphenyl (solute) dissolved in xylene 
or toluene (solvent) or the plastic scintillator con­
sisting of 10 gil of p-terphenyl (solute) in polyst­
yrene or polyvinyltoluene (solvent). By including a 
small concentration (0.01-0.1 gIl) of secondary so­
lute , such as 1,4-bis-[2-(5-phenyloxazolyl))benzene, 
better known as POPOP, these binary systems are 
transformed into typical ternary scintillators. 

In the scintillation process in an efficient binary 
system the incident ionizing particle deposits en­
ergy essentially entirely in the bulk constituent or 

IX. SCINTILLATION DETECTORS 



478 F. D. BROOKS 

TABLE 

Organic sc intillator compounds. 

Compound Formula 

1. Benzene 
2. Toluene 
3. p-Xylene 
4. 1, 2, 4, Trimethylbenzene (pseudo-cumene) 
5. Hexamcthylbenzene 
6. Styrene monomer 
7. Vinylto!uene monomer 
8. Naphthalene 
9. Anthracene 

10. Biphenyl 
I I. p-Terphenyl 
12. p-Quaterphenyl 
13. trans-Stilbene 
14. Diphenylacetylene 
15. 1, 1', 4, 4'-tetraphenylbutadiene 
16. Dipheny!stilbene 
17. PPO [2,S-d iphenyloxazole] 
18. a-NPO[2-(j -Naphthyl), S-phenyloxazole] 
19. PBD[2-Phenyl, S-(4-biphenylyl)-I,3,4-oxadiazole] 
20. BBO[2,S-Di(4-biphenylyl)-oxazole] 
21 . POPOP[ 1,4-Bis-{2-(S-pheny loxazolyl)}-benzene] 
22. TOPOT[ 1,4-Di-{2-(S-p-tolyloxazolyl)}-benzene] 
23. DiMePOPOP[ l,4-Di-{2-( 4-methyl-S-phenyloxazol yl)}- benzene] 

a S-primary solven t~ S'- secondary solvent; PS-pri mary solute ; S5-secondary solute; C-crystal scin tillator. 
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Fig. 1. Molecular structures of some organic scintillator compounds. The compounds are numbered as in table L 
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solvent but the final scintillation emIssIon ongl­
nates almost entirely from the solute showing that 
an efficient transfer of excitation energy occurs 
from solvent to solute. In a ternary system there 
is a further transfer of energy from solute to sec­
ondary solute. 

At the outset, therefore, we can distinguish 
three aspects which are basic to the scintillation 
mechanism in organic systems. One aspect has to 
do with the molecular energy states which carry , 
transfer and finally radiate the scintillation energy. 
A second aspect relates to the manner in which 
these states are populated when an ionizing parti­
cle deposits energy in the scintillator. The third 
aspect deals with the processes and interactions 
which take place between excitation and light 
emission and which determine characteristics such 
as the scintillation decay and response which may 
be particularly important from the practical view­
point. 

2.1. MOLECULAR STRUCTURE 

AND n-ELECTRONIC STATES 

Some of the better known organic scintillator 
compounds are listed in table 1 with their chem­
ical formulae. Some molecular structures are 
shown in fig . I. The scintilla tors are aromatic 
compounds with planar molecules built up mainly 
from condensed or linked benzenoid rings" ' ''). A 
key feature of the molecular structure is the pres­
ence of extended groupings of conjugated double 
bonds, based largely on linkages between unsatu­
rated carbon atoms. In simplified terms this non­
saturation implies that only two or three of the 
four valence electrons of carbon are strongly local-

-'-

'x' , 

; 1 
, 
" 'x 

(0) (b) (c) 

," , *!* 
(d) 

'x' 

Fig. 2. Schematic energy level diagram for a scintillator molecule 
X. Vertical lines (a)-(d) indicate radiative (solid lines) and radia· 
tionless (broken lines) transitions. 

ized within the molecular structure. They occupy 
so-called a-orbits positioned between the atoms 
which they bind. The remaining valence electrons 
are delocalized within the molecule and are not as­
sociated with anyone particular atom. They oc­
cupy n-molecular orbitals which extend over the 
conjugated region, above and below the molecular 
plane containing the a-orbitals . The n-electronic 
states are of particular interest because transitions 
between these states lead to the luminescence ob­
served in the scintillation process"''' ). 

To be specific we first consider an ideal pure 
monocrystal unitary scintillator of the compound 
X. The organic scintillator compounds form mo­
lecular crystals in which inter-molecular binding is 
due to van der Waals forces. Since this binding is 
weak the crystal may be approximated as a system 
of oriented but non-interacting molecules. Fig. 2 
shows a schematic energy level sequence for the 
n-electronic levels of a scintillator molecule. The 
ground state configuration is a singlet denoted 'X 
in which the n-electron spins are fully paired. The 
excited n-electronic states include the first excited 
singlet state denoted 'X* and higher excited sing­
lets 'X**. Other n-electronic configurations with 
unpaired n-electron spins give rise to excited 
states such as the lowest triplet state ] X* and the 
higher triplet states ] X** shown in fig. 2. Asso­
ciated with each n-electronic level is a vibrational 
band of substates as shown.in fig. 2. 

The properties and transitions of n-electronic 
systems have been widely investigated in studies 
of photo-excited luminescence"). Photon absorp­
tion is constrained by the multiplicity selection 
rule for electric dipole transitions , which inhibits 
transitions between singlet and triplet states by a 
large factor, typically of the order of 10', for the 
'X - ] X** transition in fig. 2. Thus photon absorp­
tion at wavelengths between those corresponding 
to the 'X - ' X* transition and the molecular ion­
ization threshold effectively excites only the sing­
let states ' X* and '%**. Absorption occurs by v i­
bronic transitions, such as (a) in fig. 2, in which 
vibrational as well as electronic modes are excited. 
For normal or low excitation densities, implying a 
negligible probability of interaction between excit­
ed molecules, all higher singlet excitations decay 
rapidly « 10 - " s), non-radiatively and with near 
to 100 % efficiency to the lowest state of the 'X* 
vibrational band [see (b) in fig. 2J. In this process 
of internal degradation the excess excitation ener­
gy is taken up by vibrational phonons through the 

IX . SCINTILLATION DETECTORS 
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vibrational coupling of the electronic states to the 
molecule. Many organic compounds besides the 
efficient scintillators exhibit this property of effi­
cient internal degradation of excitations from 
higher states to the I X' state"). 

Before and after degradation to the I X' state the 
interaction of an excited molecule with an unex­
cited molecule can lead to transfer") of the exci­
tation energy either radiatively or non-radiatively . 
Intermolecular coupling in organic crystals facili­
tates non -radiative transfer by processes such as 
excitation migration"'''). In this way the electron­
ic excitation energy is effectively delocalized over 
many molecules in the crystal. 

The 'X' state is observed to decay exponential­
Iy , with lifetime in the range 1-80 ns, depending 
on the scintillator, and with a high probability of 
radiative decay or 'fluorescence', For scintillation 
crystals such as anthracene or stilbene the radiative 
branching probability, or quantum efficiency, 
exceeds 80%, The decay proceeds to the vibration­
al substates of the ground state I X, as shown by 
(c) in fig. 2, hence the fluorescence spectrum lies 
predominantly at wavelengths longer than the 
singlet absorption threshold corresponding to the 
I X _ I X' transition , The crystal is therefore highly 
transparent to its own scintillation emission, 

Triplet states have been studied using high in­
tensity photo-excitation. For example, the 'X' 
state of anthracene has been excited using a laser 
source of wavelength longer than that correspond­
ing to the singlet absorption threshold") and high­
er triplet states 'X" have been populated by dou­
b�e photon absorption"-JO) and inter-system cross­
ing 'X"_ 'X", Like the 'X·, states, the 'X" 
states are found") to decay rapidly, non-radiative­
Iy and efficiently to the lowest triplet state' X' as 
depicted by (d) in fig, 2. The decay of the 'X' 
state to the ground state I X is strongly forbidden 
by the multiplicity selection rule and the associat­
ed longer wavelength emission called phosphores­
cence is very weak in comparison with the fluor­
escence emission and does not appear to play a 
significant role in the scintillation process. The 
'X' state decays instead by the process of triplet 
annihilation" -J6), 

3 Xi< + 3 x* -+ I x* + 1 X + phonons. (I) 

in which two triplet excitons interact to form one 
singlet excited 'X,, The time scale of this process 
is determined by the kinetics of the triplet exciton 
diffusion process preceding the triplet-triplet inter-

action and can be many orders of magnitude long­
er than the I X' fluorescence lifetime. The subse­
quent decay of the 'X· states populated according 
to eq. (I) therefore generates an additional delayed 
fluorescence componentJ4- J6) with the same spec­
tral distribution as the prompt fluorescence but 
emitted non-exponentially and over a much longer 
time scale, 

Another type of bimolecular process which can 
be important in photoluminescence phenomena is 
that leading to complex formation between an ex­
cited molecule and an unexcited molecule",l7,,,), 
for example 
1 x* + I X -+ ] D* (2) 

where the product 'D' is an excited dimer, known 
as an excimer if formed from two molecules of the 
same species as in eq. (2), or as an exciplex if 
formed from two different species, Excimers and 
exciplexes behave like distinct molecular species 
and exhibit their own characteristic fluores­
cence"'''). They do not appear to play an import­
ant part in the scintillation process except possibly 
in certain dilute liquid and plastic solutions. 

2.2. PRIMARY EXCITATION BY IONIZING PARTICLES 

The model proposed by Meyer and Murray") of 
the scintillation process in inorganic crystals drew 
a distinction betxeen the roles of primary excita­
tions induced directly by the incident particle and 
those induced by secondary electrons produced by 
the particle, The same distinction is a key feature 
of the model of Voltz et al. 12- 14 ,41,42) which has 
been very successful in describing the organic 
scintillation mechanism, Fig, 3 taken from the pa­
per of Laustriat 4l) represents a portion of the wake 
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Fig. 3. Schematic representation43 ) of the spatial distribution of 
excitations induced by a charged particle in an organic scintilla­
tor (fig. from ref. 43), 
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of a medium energy heavily ionizing particle (e.g. 
10 MeV p, d or a) in a scintillator medium, im­
mediately after passage of the particle. The pri­
mary excitation includes molecules ionized or ex­
cited by the direct Coulomb interaction at dis­
tances up to several molecular diameters from the 
particle path. In addition, secondary electrons re­
leased in close encounters with the particle cause 
further excitations as they are brought to rest in 
the medium. The average density of excitation 
drops off away from the particle path but for heav­
ily ionizing particles we can define a core or track 
consisting of a region of very high excitation den­
sity, extending to a radius '0 measured from the 
path as shown in fig. 3. 

The escape of fast secondary electrons (a-rays) 
from the track leads to further excitation and 
ionization outside the track, including additional 
regions of localized high excitation density, as il­
lustrated by the 'blobs' and 'spurs' in fig . 3. In­
cident beta rays or other high energy electrons be­
have like extremely high energy a-rays and so 
produce no track of the type defined in fig. 3 and no 
high excitation density regions other than the 
blobs and spurs. At the opposite extreme, for a 
very heavily ionizing particle which produces a 
high density of a-rays, the blobs and spurs outside 
the track merge to form a more or less uniform 
annular region of high excitation density. 

For a section of the particle path (as in fig. 3) 
the distribution of primary energy between the 
track and beyond it and the densities of primary 
excitation in each of these regions depend on the 
specific energy loss dEldx, the charge z and the 
velocity of the particle. The two regions each 
make their own distinct contribution to the scin­
tillation process and these contributions must each 
be integrated along the finite path length of the 
particle in the scintillator. 

2.3. THE SCINTILLATION DECAY OF ORGANIC CRYSTALS 

The scintillation emission is associated with the 
decay of ",-electronic states excited by the incident 
particle, by secondary electrons produced by the 
particle, by ion recombination, or by X -ray or ult­
ra-violet photons emitted following ion recombin­
ation. For excitations in regions of low excitation 
density the decay proceeds as in the photolumin­
escence process, that is by efficient internal de­
gradation to the lowest excited singlet and triplet 
states 1 X* and 3 X* in the first instance. However, 
for excitations within the track the final yield of 

fluorescence emission is reduced because addition­
a� non-radiative decay paths are accessible through 
mutual interactions of excited molecules or trans­
fer of excitation energy to transient or permanent 
quenching agents created by the incident particle. 
It is assumed 12-14) that these ionization quenching 
processes compete strongly with the rapid (_10 - 11 

to 10 - 10 s) and otherwise efficient processes of in­
ternal degradation of excitation energy from the 
higher ",-electronic states 1 X** and 3 X** to the 
1X* and 3X* states. 

The 1 X* state is therefore populated promptly 
from unquenched decays of 1 X** excitations both 
within and outside the track and the decay of this 
state leads to the prompt component of the scin­
tillation emission which decays exponentially, as 
in the photofluorescence process, and with the 
same quantum efficiency and lifetime. However, 
whereas in the photofluorescence process essen­
tially all the IX" excitations decay to the 1 X* 
state, in the scintillation process only a fraction do 
so, and this fraction decreases with increase of the 
specific energy loss of the incident particle in the 
scintillator. The assumption that ionization 
quenching operates prior to the population of the 
1X* state and not after, is supported by observa­
tions on many scintillators, which indicate that 
the lifetime of the prompt decay component is in­
dependent of mode of excitation, whether by phot­
oexcitation or by electrons, protons or alpha par­
ticles. In some crystals however the lifetime of the 
prompt emission is sensitive to crystal-thickness 
and the depth below the surface at which excita­
tion occurs11). This effect is important for anthra­
cene crystals at depths or thickness of < 100 11m 
and it can be understood as a boundary pheno­
menon which affects the energy transfer processes 
in the crystal or the absorption and re-emission of 
fluorescence photons"). 

In addition to the prompt emission the scintil­
lation decay exhibits a delayed, non-exponential 
component of mean life typically > 300 ns 11). Like 
the analogous delayed component observed in 
photoluminescence under high excitation density, 
the delayed scintillation component is attributed12) 

to triplet annihilation processes as described by eq. 
(1). Ion recombination provides a mechanism for 
populating higher triplet states 3 X** in the scintil­
lation process, and is expected to favour triplet 
states over singlet states in the ratio of their mul­
tiplicities, that is 3 : l. The triplet annihilation pro­
cesses, being bimolecular and therefore dependent 
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Fig. 4. Schematic representation41) of the scintillation decay, J(t) 
of an organic scintillator showing the prompt component l(t) 
and delayed component l'(t) (fig. from ref. 41). 

on excitation density, are concentrated in the par­
ticle track and in the spurs and blobs of high sec­
ondary excitation density. Excitations resulting 
from ion recombination in the track should be less 
sensitive to ionization quenching than the corre­
sponding prompt excitations because the density 
of excited molecules and quenching agents in the 
track must drop appreciably during the finite time 
« 10 - 10 s) required for ion recombination. Thus 
the delayed component originating from ion rec­
ombination and triplet annihilation is less sensi­
tive to specific energy loss than the prompt com­
ponent. The relative integrated intensities of the 
prompt and delayed components therefore depend 
on dEldx and hence on the type of particle re­
sponsible for the scintillation, thereby providing 
the basis for the technique of particle identifica­
tion by pulse shape discrimination. 

Models describing the kinetics of the prompt 
and delayed components have been formulated by 
King and Voltz" ) and by Voltz et all'.' I). These 
authors have obtained good theoretical fits to ex­
perimental measurements of the scintillation de­
cays of stilbene and anthracene crystals and of 
some liquid scintillators. By fitting these observa­
tions they determine various parameters character­
istic of triplet excitations in the scintillators con­
cerned and the values they obtain are in good 
agreement with independent estimates of these 
parameters based on photofluorescence or photo­
conductivity studies. 

Fig. 4. taken from Voltz et al.'l) illustrates sche-
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Fig . 5. Experimental points4S) and theoretical curve fit 12), 

normalized at 0.2 J,l S, for the delayed component decay resulting 
from excitation of a trans-stilbene crystal by a -particles (fig . from 
ref. 12). 

matically the resolution of a scintillation decay 
into a prompt exponential component and a de­
layed non-exponential component. Fig. 5 shows 
the fit obtained by King and Voltzl' ) to the de­
layed component decay of stilbene for 5 Me V a­
particles, as observed by Bollinger and Thomas"). 

2.4. IONI ZATION QUENCHING 

AND SPECIFIC FLUORESCENCE 

The response L(E) of organic scintillators to 
heavily ionizing particles is a non-linear function 
of the particle energy E and is smaller for the 
more heavily ionizing particle when different types 
of particle are compared at the same energy. A 
very successful semi-empirical model was formu­
lated by Birks") in 1951 to describe this pheno­
menon. Recognizing that the non-linear response 
is caused by quenching processes governed by the 
specific energy loss , or energy deposited per unit 
distance dEldx along the particle path , Birks pro­
posed a relation between the specific fluorescence 
dLldx, representing the scintillation photons em­
itted per unit distance, and dE I dx: 
dLJdx = A dEJdx (1 + kB ' dEJdx) - 1 

= A dEJdx (1 + B dEJdx) - " (3) 
where B'dEldx represents the density of quench­
ing centres produced per unit distance by the in­
cident particle and the specific fluorescence is re­
duced by a factor (l + kB'dEldx) due to quenching 
processes characterised by a quenching parameter 
k. 
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A modified relation, including quenching effects 
to the next order in dE/dx was proposed by 
Chou"): 

dLjdx = A dEjdx [I + B dEjdx + C(dEjdx)'r', (4) 

and a different treatment by Wright") which also 
included second order effects led to a third rela­
tion of the form 
dLjdx = (A j2B) In(1 +2B dEidx). (5) 

The siriillar behaviour of eqs. (3}-{5) in the limit of 
small dE/dx may be demonstrated by putting 
C = lB' in eq. (4) and expanding in powers of 
(B dE/dx), which gives the same expansion to sec­
ond order for the three relations. In agreement 
with experiment the three relations predict a linear 
response L (E) =AE + Lo in this limit. In the limit of 
high dE/dx the relations predict different behav­
iours. For BdE/dx"?> 1 eq. (3) predicts saturation of 
the specific fluorescence, dLldx=A/B, which im­
plies a response proportional to the range R (E) of 
the particle in the scintillator, that is 
L(E)= (A/B) R(E). Eq. (5) predicts a continuing 
rise of dL/dx with increasing dE/dx and eq. (4) 
predicts that dL/dx will pass through a maximum 
if the coefficient C is assumed to be positive. 
These three models and a later and more general 
model proposed by Blanc et aI") share a common 
assumption - that the specific fluorescence dL/dx 
can be expressed as a function of the specific en­
ergy loss dE/dx alone, implying that data from 
different types of particle should all lie on the 
same curve in a plot of dL/dx versus dE/dx. 

Prior to 1964 most of the attempts made to test 
the dL/dx versus dE/dx models were based on re­
sponse measurements on anthracene crystals. The 
general trends predicted by eqs. (3}-{5) were con­
firmed by these early investigations ") but some 
evidence was reported which suggested that dL/dx 
depended on particle type as well as on dE / dx. 
However, the significance of this evidence was 
and remains doubtful, in view of the susceptibility 
of anthracene crystals to surface effects") which 
can distort observations made using low-energy 
surface-incident charged particles. In the mean­
while the dependence of dL/dx on particle type as 
well as on dE/dx has been established from mea­
surements on plastic scintillators using heavy ion 
beams as well as electrons, protonS and a-parti­
cles . In addition Voltz et al."''') have formulated 
a theory of the scintillation response which takes 
account of the spatial distribution of primary ex-

citations (see section 2,2) and of the kinetics of the 
prompt and delayed scintillation components (see 
section 2.3). They obtain the following expressions 
for the specific fluorescences (dL/dx)p and 
(dL/dx)d of the two components 

(dLjdx)p = Cp {( I - F, ) (dEjdx) exp [ - B,( 1- F,) 

x (dEjdx)] + F , (dE jdx) } , 

(dLjdx)d = Cd {<P,(dEi dx) exp[ - B, <P,(dEJdx)] 

+ <P,(dEjdx)} , 

(6) 

(7) 

where the first term in each equation represents 
the integrated (over time) intensity of the scintil­
lation emission resulting from primary excitations 
within the particle track and the second term re­
presents the integrated intensity of the emission 
resulting from excitations outside the track by fast 
secondary electrons, The exponential damping 
factors in the first terms represent the effects of 
primary ionization quenching in the track and B, 
and B, are parameters which characterize the 
quenching of singlet 'X** and triplet J X** states 
respectively. The factors C, and Cd are constants 
of proportionality which depend on the quantum 
efficiency of the final emitting state (the' X* state 
in the case of a crystal scintillator) and the average 
energy which must be deposited in the scintillator 
(assuming no primary quenching) to populate the 
'X* or J X* state respectively, The parameter F, is 
a function") of the quantity z'(dE/dx)- ' where z 
is the charge of the incident particle. The parame­
ters tP , and tP, in eq. (7) depend on the relative num­
bers of triplet states populated within and outside 
the track respectively and on the number of 'X* 
states fromed per triplet J X* that decays or anni­
hilates. Like the fraction F, in eq. (6), the ratio ¢i, / ¢, 
depends on z, 

The components (dL/dx\, and (dL/dx)d given by 
eqs . (6) and (7) therefore depend on particle charge 
z as well as on the specific energy loss dE/dx, 
Like eqs . (3}-{5) these relations predict a linear 
variation of response with energy in the limit of 
small dE/dx, For increasing values of dE/dx the 
behaviour of dL/dx depends on z and different 
forms of variation may occur, depending on the 
values of F" B" B" tP, and tP, . For small values of 
F, or of ¢, / tP, the first terms in eqs, (6) and (7) will 
produce maxima in the dependences of (dL/dx)p 
and (dL/dx)d on dE/dx. For appreciable values of 
F, or r/J, / r/J, the second terms in these equations will 
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Fig. 6. Specific fluorescence, tJSI.dx or DilL" iJx (arbitrary units), 
vs specific energy loss LJEI LJx observed42) using thin foils of 
plastic scintillator NE102. The quantities LJSltJx and Dt1L'/tJx 
correspond 10 (dL/dx) and (dL/dx), [eqs. (6) and (,)1 respective­
ly. Data shown are for: nitrogen ions (squares); protons and 
deuterons (triangles); and JHe+ + and 4He ++ ions (circles) (fig. 
from ref. 42). 

ultimately cause an increase of (dL/dxl. or 
(dL/dx), with dE/dx at high dE/dx. If F, or ¢,/¢, 
are appreciable and constant in the limit of high 
dE / dx then the linear relationship between re­
sponse and energy will be restored in this limit 
but with the constant of proportionality reduced 
from Cp to F, Cp in the case of the prompt com­
ponent Lp\El and from (¢, + ¢,)C, to !/I,C, in the 
case of the delayed component. 

Some of the distinctive characteristics predicted 
by eqs. (6) and (7) have been verified experimen­
tally. For example, Lopes da Silva and Voltz") 
have measured specific fluorescences for thin foils 
of plastic scintillator (NE 1 02) using protons 
(0.3-4 MeV), deuterons (0.3- 1 MeV), tritons 
(0.3-1 MeV), 'He++ ions (1-3 MeV), a particles 
(1-9 MeV) and nitrogen ions (10-80 MeV). Fig. 6 
taken from their paper shows the pronounced dep­
endence of the total specific fluorescence dL/dx 
[equivalent to the sum of eqs. (6) and (7)] on ion 
charge, the absence of dependence of dL/dx and 
(dL/dxl. on ion mass (for a given z) and the pre­
dicted maxima in dL/dx and (dL/dxl. for light 
doubly charged ions. Fig. 7 shows the values of 
dL/dx versus dE/dx derived by Bechetti et al. 50) 

from their response measurements for a range of 
different ions (from H to Br) incident on NE102. 
The curves for individual ions show distinct max­
ima in dL/dx and give different values of dL/dx 
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Fig. 7. Specific fluorescence dL l dx vs calculated specific energy 
loss dE/dx in NE102 for different incident ionsso). The solid and 
dashed curves are based on response measurements with uncer­
tainties ±S96 and ca. ± 2096 or greater respectively (fig. from 
ref. 50). 

at the same dE/dx. Fig. 8 shows measurements of 
dL/dx obtained by Muga and Bridges") for ' He 
ions transiting a NE 102 foil. By measuring the foil 
response at successively lower ion energies the 
variation of dL/dx with dE/dx was followed down 
through and below the maximum of the Bragg 
dE/dx versus E curve. The specific fluorescence 
was found to double back (fig. 8) showing lower 
values of dL/dx at energies below the Bragg max­
imum than for the energies, above that of the 
maximum, corresponding to the same value of 
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Fig. 8. Specific fluorescence tJL/ Jx vs specific energy loss JEt 
tJx for 4He+ + ions transiting a 112Ilg/cm2 NE102 scintillator 
foil") (fig. from ref. 51). 
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dE / dx. The effect can probably be understood in 
terms of the changes that must occur in parame­
ters such as F, ,B, , B, , rP.. and r/!, as the Bragg max­
imum is passed. 

Ahlen et al.") have studied the responses of Pi­
lot Y (0.984 g/cm') and Pilot F (0.328 g/cm') plas­
tic scintillator sheets to relativistic lONe ion 
beams; to cosmic-ray iron ions and to atmospheric 
muons and have discussed their results with ref­
erence to the model of Voltz et all •. "). They use 
a form of F, which is suitable for relativistic en­
ergies 

F, = In (em,, /To) - p' 2, 

2 In (em,,/fo) - p (8) 

where To is the minimum kinetic energy required 
for a secondary electron to escape from the pri­
mary ionization track, fa is the adjusted ionization 
potential of the scintillator material (63 eV) and 
em" = 2 m, C' P' y' with Lorentz parameters y and (J 
for the incident particle. Using their neon data to 
fit the parameters B, in eq. (5) and To in eq. (8). 
Ahlen et al. are able to make accurate predictions 
of the scintillator responses to muons and iron 
ions. Their results also confirm the predicted lin­
ear response to relativistic but highly ionizing iron 
ions as shown in fig. 9 which is taken from their 
paper. 

The model of Voltz et al"''') has therefore al­
ready achieved some notable successes and it re­
presents a significant step forward in the descrip-
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Fig. 9. Response 52 of a Pilot F plastic scintillator sheet 
(0.328 g/cm2) to transiting iron (Z = 26) ions as a function of the 
energy tJE deposited in the scintillators2). The energy at exit 
from the scintillator, of the event with the greatest .dE shown 
here is 47.5 MeV per nucleon (fig. from ref. 52). 

tion of the specific fluorescence dL/dx. However, 
more data are required to check the validity of the 
model over a wider range of incident particle en­
ergy and charge state. 

2.5 . LIQUID AND PLASTIC SCINTILLATOR SOLUTIONS 

A binary solution scintillatorIl,SJ) contains two 
molecular species X and Y such that the lowest 71-

electronic excited states of the solute Y, the sing­
let I Y' and triplet J Y", lie at lower excitation en­
ergies than the corresponding states I X' and J X" 
of the solvent X. In an efficient binary system the 
early stages of the scintillation process are similar 
to those in a unitary scintillator. The only major 
systematic differences are in the mechanisms of 
intermolecular energy transfer, which depend on 
the physical form - crystal, liquid or plastic - of 
the solvent. Primary excitation, ionization quench­
ing and internal degradation of excitation energy 
take place as in a unitary system and excitation 
energy is rapidly fed to the I X' and J X* states of 
the bulk component, the solvent X. In an efficient 
scintillator the process of energy transfer from sol­
vent to solute then competes strongly with other 
modes of de-excitation (fluorescence or quenching) 
of I C' and 'X*. The energy transfers from X* to 
Yare represented by 
IX. + I Y -+ I X + I y. , (9) 

3X' + Iy ~ 'X + 'yo. (10) 

The transfer processes are accompanied or fol­
lowed by internal degradation of the excess vibra­
tional energy in I y* or 'y* thus leaving the ex­
citation trapped in these, the lowest excited states 
of the system . The fluorescence decays of the I y* 
states from eq. (9) lead to the prompt scintillation 
emission. Triplet annihilation [eq. (1)J of the 'y* 
states from eq. (10) populates I y* states over a rel­
atively long period and thus produces a delayed 
scintillation component. 

In liquid or plastic solutions the energy transfer 
process implied by eq. (9) can be radiative or non­
radiative") and the importance of non-radiative 
transfer increases with increasing solute concentra­
tion. The transfer of triplet excitation energy [eq. 
(lO)J requires a non-radiative mechanism. Two li­
miting cases of non-radiative transfer (in solutions) 
are identified by Birks"). One is the situation in 
which complete statistical mixing of X' and Y oc­
curs owing to molecular diffusion and/or migra­
tion of excitation energy X* through the solvent 
system. This collisional type of process appears to 
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dominate the energy transfer in typical binary liq­
uid scintillators based on low-viscosity solvents 
(e.g. benzene, xylene or toluene) and containing 
appreciable concentrations of solutes"). 

The other limiting situation") is that in which 
X' and Y remain effectively stationary, apart from 
possible Brownian rotation, and transfer occurs by 
a long-range, radiationless, dipole-dipole interac­
tion process, the theory of which has been devel­
oped by Forster"). This type of nonradiative 
transfer occurs in typical plastic scintillators in 
which the n-electron systems which carry the sol­
vent excitation energy are localized in individual 
aromatic segmers coupled to polymer chains II ) . 

The time dependence of the prompt scintillation 
component in binary solutions is discussed by 
Birks") and Birks and Pringle"). The prompt 
component in liquid scintillators can be written in 
the form") 

Py(T) = [K /(K - l)] (e - T _e - KT), (11) 

where Py(T) is proportional to the rate of photon 
emission, T( = tITOY ) is the time measured in units 
of the decay time TOY of the solute I y* fluores­
cence and t = time in seconds. The parameter 
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K = kXToy = TOy/TX represents 
lifetimes of the excitation in the 
vent and kx is given by 
kx = 1/<x = (I /<ox) + kyxC Y], 

the ratio of 
solute and sol-

(12) 

where TOX is the I X' fluorescence decay time, [I Yl 
is the molar concentration of the solute and the 
product kYX[ 1 Yl is the rate of the energy transfer 
process represented by eq. (9). 

In a unitary scintillator the rise time of the 
prompt emission is negligible compared with the 
fluorescence decay time because the emitting state 
IX' is populated by very rapid decay from the pri­
mary I X" excitations. In contrast, the prompt de­
cay [eq. (lI)l of the emitting I Y' state in a binary 
liquid scintillator has a rise time determined 
mainly by the smaller of the lifetimes TOY and TX' 

The lifetime TX depends on the solute concentra­
tion [eq. (12)]. By increasing this concentration the 
ratio K of the two lifetimes is increased and the 
scintillation rise time is reduced. The function 
Py(7) of eq. (1 I) is plotted in fig. 10 for values of K 
from 1.5 to ~. 

The time dependence of the prompt component 
in binary plastic scintillators has a different form 
to eq. (I I) due to the different energy transfer pro-

2·0 

Fig. 10. General scintillation pulse ShapesS7) Py vs T of binary liquid solutions (eq. (11)] for different values of the parameter K. The 
time T is expressed in units of the decay time Tor of the solute fluorescence (fig. from ref. 57). 
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cesses which occur in liquid and plastic solu­
tions"). The time dependence is proportional to 
the function"''') 
py(t) oc {exp( - tl<oy) - exp[ - (t l<ox) - 2y(tl<ox)t ]J, 

(13) 

in which the parameter y = [' y]I[' Y1 is the ratio 
of the molar solute concentration [' Y] to a critical 
molar concentration [' Y1 which is defined in 
terms of the critical radius") for the dipole-{jipole 
transfer process. Thus in plastic scintillators, as in 
liquids, a higher concentration of solute will lead 
to a faster scintillation rise time. 

The time dependence of the delayed scintillation 
component in binary systems is discussed and an­
alysed by Voltz et al."·41). Their model predicts") 
and their experiments verify") that the time-depen­
dence of the delayed component in binary liquid 
scintilla tors is determined by the properties of the 
solvent and is independent of the scintillation so­
lute, as illustrated in fig. II. This observation is 
consistent with triplet annihilation, in terms of 
which the annihilation rate which governs the 
time distribution of the delayed component is it­
self governed by the rate of triplet 'y* diffusion 
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Fig. 11. Experimental points and theoretical curve fit41), nonnal­
ized at 180 ns, for the delayed scintillation component resulting 
from excitation of binary liquid scintilla tors by a-particles (open 
points) and y-rays (solid points). The solutions contained 8 gIl of 
PBn (squares), PPO (triangles) or terphenyJ (circles) in toluene 
and were degassed (fig, from ref. 41). 

through the solvent. The effect whereby dissolved 
oxygen reduces the delayed component in liquid 
scintillators" ) is explained") in terms of oxygen 
quenching of triplet excitations and good agree­
ment is obtained") with experimental measure­
ments . 

The addition of a secondary solute to convert 
from a binary to a ternary solution extends the 
scintillation process by a further energy transfer 
stage [eqs. (9) and (l0)] between the solute Y and 
the secondary solute Z. The I y* _ I Z* transfer 
occurs both radiatively and non-radiatively, in the 
latter case by the long range dipole-{jipole interac­
tion"). The use of secondary solutes has advan­
tages if the longer wavelengths of their emission 
spectra are more efficiently transmitted through 
the scintillator to the photomultiplier, for example 
in large liquid scintillators. However, where the 
light transmission is already very good, as is often 
the case for small scintillators , for example, the 
addition of a secondary solute will be no advan­
tage in this respect. It may in fact be a disadvan­
tage in another respect because the additional en­
ergy transfer which is involved can degrade the ti­
ming response of the scintillator"'''). 

Another type of three-component scintillator, 
not usually referred to as ternary, is that obtained 
by adding a suitable secondary solvent" ), for ex­
ample naphthalene, in fairly high concentration 
(e.g. 300 gil) to a binary solution. The role of the 
secondary solvent appears to be 59) to facilitate the 
solvent to solute energy transfer [eqs. (9) and (l0)] 
by acting as an intermediary in the transfer pro­
cess 59 •60 ). The effect is particularly important for 
the triplet energy transfer [eq. (l0)] and therefore 
for applications such as pulse shape discrimination 
which depend on the associated delayed scintilla­
tion component. On the other hand, secondary 
solvents, like secondary solutes , degrade the ti­
ming resolution of the system. 

2.6. DIRECTIONAL EFFECTS IN CRYSTAL SCINTILLA TORS 

In addition to ion channelling effects and block­
ing effects the characteristics of organic crystal 
scintillators exhibit a direction-dependence in their 
response to protons and heavier particles. Invest­
igations with a-particle beams"''') and with recoil 
protons"-71) have shown that the scintillation re­
sponses of crystals are generally anisotropic and 
pass through maxima or minima for a-particle or 
proton directions parallel or nearly parallel to one 
or other of the crystal axes. Fig. 12, taken from 
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Fig. 12. Response S of an anthracene crystal to (X-particles of 
different energy as a function of a-particle direction in the be'­
plane63 ), The angle ¢ indicates the ex direction relative to the 
crystal b-axis (fig. from ref. 63), 

the paper of Kratochwill 63 ), shows the response of 
an anthracene crystal as a function of a-particle 
energy and direction, for directions in the be'­
plane of the crystal. The artificial c'-axis of the 
crystal is defined as the normal to the crystal ab­
plane, as illustrated with reference to the anthra­
cene unit cell in fig. 13. For anthracene the direc­
tion of maximum response (fig. 12) coincides ap­
proximately with the e'-axis and the direction of 
minimum response coincides with the b-axis 63 ). 

A response anisotropy AL may be defined7l ) as 
the variation in response divided by the average 
response, that is 

(14) 

where Lmu and Lmio are the maximum and min­
imum responses. Fig. 14 shows measurements of 
A L as a function of energy for recoil protons in an­
thracene. Like ionization quenching and the asso­
ciated non-linear energy responses, the anisotropy 
is larger at low proton energies. The magnitude of 
the directional effect seriously limits the useful­
ness of crystal scintillators for neutron detection, 
as pointed out by Coon"). On the other hand 
there are also useful applications of the anisotropy 
effect in the field of direction sensing7l ). 

Fig. 13. Arrangement of molecules in the unit cell of the anthra­
cene crystal. The lengths (in A) of the sides of the unit cell are 
a = 8.56, b = 6.04 and c=I1. 16. The artificial c'-axis is the direc­
tion normal to the ab-plane fig. from ref. 71), 

The investigations by Tsukada and Kikuchi68 •69 ) 

of the scintillation anisotropy of anthracene for 
3.7 Me V recoil protons are of particular interest 
because the direction dependences of the prompt 
and delayed scintillation components were separ­
ately measured. A similar form of the direction 
dependence was found for the two components 
(with maxima close to the e'-direction and minima 
parallel to the b-direction) but the magnitude of 
the anisotropy was significantly larger for the 
prompt component. The direction-dependence of 
the scintillation pulse shape implied by this result 
was later confirmed by pulse shape discrimination 
studies 71) using recoil protons of energies 
8-22 Me V and similar effects were found in a 
naphthalene crystal 7l ) and in a deuterated anthra­
cene crystal"). Pulse shape discrimination studies 
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Fig. 14. Response anisotropy AL of anthracene as a function of 
proton energy Ep 11). Data are from ref. 69 (triangles), ref. 70 
(open circles) and ref. 71 (solid circles) (fig . from ref. 71). 
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on stilbene, terphenyl and quaterphenyl crystals 71) 
showed pulse shape anisotropies considerably 
smaller than those for anthracene. 

Ion channeling effects and blocking effects have 
been observed and studied"''') in anthracene and 
other crystals and their relationship to the re­
sponse anisotropy effect has been discussed. 
Wille") shows that for a given specific energy loss 
dE / dx in anthracene the specific fluorescence 
dL / dx is the same for channelled 6-9 MeV a-par­
ticles as for those incident in random directions. 
Kratochwill") compared anisotropy measurements 
for 1-9 MeV a-particles with calculations based on 
quenching models"'''), He finds that the aniso­
tropy of the prompt component cannot be ex­
plained by assuming only that the quenching par­
ameter Bs in eq, (6) is direction-dependent. The 
pulse shape anisotropy characteristics of anthra­
cene may be qualitatively understood!') in terms 
of a competition between transfer and quenching 
processes with the transfer process being anisotropic 
and occurring preferentially within the ab-plane of 
the crystal. 

At the moment a complete quantitative expla­
nation of the direction dependent characteristics of 
crystal scintillators appears to be lacking, It seems 
likely that the origins of the phenomena are relat­
ed to those of the ionization quenching effect but 
it is not clear whether the Voltz model",I4) for 
ionization quenching will provide a suitable basis 
for understanding the scintillation anisotropy ef­
fects. 

3. Characteristics of organic scintillators 
The main characteristics which we use to de­

scribe the performance and properties of an organ­
ic scintillator may be summarized as: 

a) the scintillation emission spectrum and the 
transmission of this spectrum through the 
scintillator; 

b) the variation of response with energy for dif­
ferent types of charged particle; 

c) the absolute scintillation efficiency, the re­
sponse resolution and the associated energy 
resolution; 

d) the fast timing characteristics, including the 
time resolution and the parameters which 
describe the prompt component of the scin­
tillation decay [eqs, (11) and (13)]; 

e) the pulse shape characteristics, including the 
relative intensities of the prompt and de­
layed scintillation components (fig, 4) for dif-

ferent types of particle, and the suitability of 
these characteristics for particle identification 
by pulse shape discrimination; and 

f) the direction-dependence (for crystal scintil­
lators only) of the response and scintillation 
pulse shape. 

The mean free paths for interactions of y rays 
and neutrons in the scintillator and the associated 
detection efficiencies for these radiations are also 
of interest and importance. Further information on 
these subjects may be found in refs, 74-78, The 
scintillation emission spectrum (a) is usually as­
sumed to be the same as that observed under pho­
to-excitation (see e.g. refs, 11, 22) as is verified for 
example by Langenschiedt") for a number of liq­
uid scintillators. 

Measurements of the characteristics (b)-{f) re­
quire the use of a photomultiplier tube and may 
therefore be sensitive to the photomultiplier char­
acteristics which must be subtracted in order to 
obtain the true intrinsic scintillator characteristic. 
On the other hand uncorrected measurements 
which include the photomultiplier contribution 
may be at least as useful in assessing overall de­
tector performance in a practical situation. 

3.1. REsPONSE VERSUS ENERGY FOR DIFFERENT PARTI­

CLES 

Response measurements should ideally be carri­
ed out under strictly controlled conditions in order 
to facilitate comparisons between different scintil­
lators and measurements, The size and shape of 
scintillator should be standardized together with 
the light collection geometry, including the shape 
and material of the light reflector used, Dissolved 
oxygen should be removed from liquid scintillators 
or displaced by nitrogen or argon for example. For 

. crystals and plastic scintillators it is important that 
the scintillator surface should be clean and pure if 
externally incident charged particles are used. For 
crystals the orientation of crystal axes relative to 
the incident particle direction should be known or 
specified, The scintillation emission spectrum F()') 
and the absolute spectral sensitivity ¢(,\) of the 
photomultiplier cathode should be known in order 
to calculate the photocathode response factor " of 
the photomultiplier-scintillator combination. 

ry = f <p(},) F('\) dl/ f F().) d,l, (15) 

where the integrations are taken over the spec­
trum F('\), The photocathode response should be 
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TABLE 2 

Response data reported 1965-1976. 

First author name Year Scintillators Particle and energy (MeV) Ref. 

I) Miller 1965 PilotB e,p 80 
2) Schoett 1966 anthracene, terphenyl , NEI02 d( I()-28), ",(8- 55) 81 
3) Dietzsch 1967 NE213 p 82 
4) Maier 1968 NE213 p 83 
5) Smith 1968 anthracene, stilbene, NE213, NEI02, NE230 e(0.2-1), p(0.3-15) 84 
6) Craun 1970 as (5) 
7) Masterson 1970 NE2 18 
8) Titus 1970 anthracene, plastics 
9) Webb 1970 liquid 

10) Bertin 1971 NE2 13 
II) Katz 1972 NE213 
12) Knox 1972 NE213 
13) Berti 1972 NE230, NE231 
14) Madey 1972 NEI02, NE228 
15) Buenard 1976 Pilot-U 
16) Bechetti 1976 NEI02, Pilot B 
17) Lockwood 1976 NE213 

uniform over the full area used and the photo­
multiplier response should be linear over the full 
range of intensity studied. The integration time 
constant of the photomultiplier output and suc­
ceeding amplifier should be specified since a short 
time constant « 30 ns) will lead to an output 
pulse amplitude which is proportional to the 
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Fig. 15. Response as a function of energy for electrons and 
protons in plastic scintillator NEI02. Data points are taken from 
ref. 84. Theoretical fits sS ) to the proton data are based on eqs. (3) 
(crosses) and (4) (solid curve) (fig. from ref. 85). 

as (5) 85 
e, P(1 - 30) 86 
e(0.25-1.25) 87 
p and d(3()-200) 88 
e«()-3), n(l-6) 89 
p 90 
e(0.3-1) 9 1 
p 92 
p(3.5- 1O.5) 93 
HI(Z = 2-18, £ = 2()-300) 94 
HI(Z = 1-35, £ = 2-160) 50 
P(3-75) 95 

prompt component only whereas a long time con· 
stant (> 0.5 /1s) may be necessary to obtain an out­
put proportional to the total light in the scintilla­
tion. 
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Fig. 16. Response vs energy of typical plastic scintillators.such as 
NE102 to near-normal incident heavy ions50). Estimated uncer­
tainty is ±S% except for dashed curves which are likely lower 
limits to the intrinsic response and have ± 20% or greater uncer· 
tainty50) (fig. from ref. 50). 
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Most response measurements that have been re­
ported for the organic scintillators are uncertain or 
unspecific in regard to one or more of the import­
ant factors mentioned above . Many of the re­
sponse data for crystals are now of limited value 
because they were taken before the response an­
isotropy of crystal scintillators was known or appre­
ciated. Some response measurements for liquid or 
crystal scintillators which have appreciable delayed 
components are also of limited value because no 
output integration time constant is given. This 
type of uncertainty is small for plastic scintillators 
because the delayed component is much weaker in 
these systems . 

A summary of some response measurements re­
ported since 1965 is50··o-,,) presented in table 2. 
Measurements reported up to 1964 are summar­
ized by Birksl !). Fig IS, taken from Craun and 
Smith" ) shows the response measurements report­
ed by Smith et aI") for electrons and "]lrotons in­
cident on the plastic scintillator NE102. Fig. 16 
shows response measurements reported by Bechet­
ti et al. 50 ) for protons and some heavier ions on 
the plastic scintillators NE102 and Pilot B. They 
find that these plastics when prepared under simi­
lar conditions produce relative light outputs equal 
to within 10% for ions Z = 1-16. 

The theoretical fits to the proton data in fig . 15 
were obtained") by integrating the specific fluor­
escence dL l dx given by eqs. (3) and (4) over the 
range of the particle in the scintillator. As illus­
trated by this example, the simpler approximations 
for dL l dx [eqs. (3}-{5)] are suitable for describing 
the response to light ions of medium or high en­
ergy. However for heavy ions or low energy light 
ions the more detailed eqs. (6) and (7) of the Voltz 
model! 3.! ') should be used. Alternatively, Bechetti 
et a1. 50 ) describe four simple empirical parameter­
izations which fit the response data for heavy ions 
(fig. 16) in the range 0.5 <EI A < 15 MeV Inucleon 
to ± 20% or better. One example is 

L = 1.58 Z I.22 (R - 0.042Z). (16) 

where R is the ion range in mgl cm' and L is giv­
en in the units of fig. 16. 

3.2. RESPONSE RESOLUTION 

The energy resolution attainable using a particu­
lar photomultiplier-scintillator combination de­
pends on the matching [eq. (15)] of the scintillator 
emission spectrum with the photomultiplier pho­
tocathode response function, on the efficiency of 

light transmission to the photocathode and on the 
absolute efficiency of the scintillator. The com­
bined effect of these factors can be expressed in 
terms of a practical efficiency e which reflects the 
number of photocathode electrons emitted per keV 
of incident electron energy deposited in the scin­
tillator. Values of 8 = 1-2.5 electronsl keV have 
been reported"''') for the organic scintillators. The 
yield of photocathode electrons and hence the 
pulse height resolution for any particle and energy 
may be obtained by determining the equivalent in­
cident electron energy which corresponds to the 
same scintillation response using the data of figs . 
15 and 16. 

An example of the quality of pulse height res­
olution achieved in practice is shown in fig. 17. 
taken from the work of SI. Onge et al.78 ). The 
spectrum is a Compton distribution for ,oCo 
y-rays (1.17 and 1.33 MeV) obtained using a 
cell of liquid scintillator (NE213, 44.4 mm 
diam. x 19.1 mm deep) which was carefully 
coupled to a selected RCA 8575 photomultiplier. 
The two Compton edges are clearly resolved and 
the response resolution (oLi L) is -7% (fwhm). 
Based on -j n statistics this performance would 
correspond to a response resolution oLlL<3% 
(fwhm) for protons of energy > 15 MeV. Bechetti 
et al. 50) report a comparable performance for plas­
tic scintillators for which they observed 
oLlL<3% (fwhm), relatively independent of ion 
species for L>500 units on the scale of fig. 16. 
They point out that the resolution of semiconduc­
tor detectors degrades rapidly with increasing ion 
mass , due to nuclear stopping, and speculate that 
the intrinsic scintillator energy resolution 8EI E 
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Fig. 17. Pulse height spectrum 78) of 6OCo y-rays in an NE213 
scintillation detector of volume 44.4 mm diam. X 19.1 mm depth 
(fig. from ref. 7g). 
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TABLE 3 
Compari son of measured prompt component lifetimes a. 

Scintillator 

PiiolB 
Nalon 136 
NEill 
Pilol U 

Kirkbride98 ) 

1.90 
1.87 

a Values are quoted in os. 

Lynch " ) 

1.6 
1.6 

2.3 

« oL/ L) for very heavy ions (Z> 35) may ap­
proach that possible with existing semiconductor 
detectors, 

3.3. TIMING CHARACTERISTICS AND TIME RESOLUTION 

The basic limitations of scintillation detectors in 
time measurements are reviewed by Lynch"), The 
time resolution of a scintillation detector depends 
on the scintillation pulse shape and intensity and 
on the timing characteristics of the photomultipli­
er, The relevant time characteristics in the organic 
scintillators are those which describe the prompt 
component in the scintillation decay, The factors 
which determine these characteristics are dis­
cussed by Birks'4) and Birks and Pringle"). 

The single photon sampling technique devel­
oped by Bollinger and Thomas4') provides a direct 
method for observing scintillation pulse shapes 
and has been used4J,,,,,,·lO') to measure the time 
characteristics of prompt and delayed scintillation 
components, Table 3, taken from Lynch"), shows 
a comparison of measurements of the prompt 
component lifetimes Tor in eqs. (11) and (13), for 
four different commercial plastic scintillators, The 
measuring technique should give results reprodu­
cible to wilhin 0.1 ns between different observers. 

TABLE 4 

Figures of merit for fast timing. 

Sc intillator Crystal 

L b 
P 

.11 (ns) ' 
M = Lp / JI 

anthra- stilbene 
eene 

100 
21.5 
4.7 

80 
4.2 

19.1 

Liquid 
PBD' PPO' NE238A 
(10) (4) 

70 
2.4 

29,2 

55 62 
3.2 1.12' 

17.2 55.4 

2.4 
2.3 
1.7 

Binkert 100) 

1.75 

KellylOI) 

1.69 
1.70 

1.66, 2,27 
1.36 

The much larger spread in values could be partly 
due to variation in scintillator constitution from 
one production batch to anothe,', as reported by 
Kelly et al. 101) for NE 111. However, there are also 
indications of systematic effects between different 
observers. For example individual experimenters 
observe very similar life-times for Pilot Band Nat­
on 136, but the highest value is 50% greater 
than the lowest value reported. These differences 
and their possible causes are further discussed by 
Lynch"). 

Birks'4) has pointed out that the scintillation de­
cay time, which is commonly used to categorize 
the time characteristics of an organic scintillator 
does so adequately only for a unitary (pure crystal) 
system for which the scintillation rise time is neg­
ligible in comparison with the decay time. A more 
suitable timing characteristic is perhaps the full 
width at half maximum LIt of the scintillation 
pulse shape. Thus for a pure crystal scintillator of 
decay time T, LIt = 0.693T while for a binary scin­
tillator LIt depends on the scintillation rise time as 
well as on the lifetime Tor [eqs. (11) and (13)J 
which governs the decay of the prompt compo­
nent. The scintillator time resolution is governed 
by the rate of photon emission and therefore de-

Plastic 
Naton NEI02A NEI04 NEill Pilot B Pilot U 

45 
2,6 

17.3 

58 
3,7 

15.7 

60 
2,0 

30,0 

50 
1.55 

32.3 

60 67 
2.8 1.20' 

21.4 55.8 

a Solutions in toluene with solute concentrat ion in g I- I shown in brackets. 
b Assumed relative intensity of prompt component. 
C Fwhm of prompt component time distribution, obtained from ref. 57 except for (d). 
d Obtained from EMl Nuclear Enterprises Ltd., Edinburgh (December 1977). 
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TABLE 5 

Time resolution measurements . 

First author Year Scintillator 

I) Bengtson 1970 NEill 

2) Bollini 1970 NEill 
3) Moszynski 1971 NElli 
4) Dietz 1971 NElli , Naton 136 
5) Bialkowski 1972 NEill 

6) Calligaris 1973 Foils of NElli, NEI04, KL236 
7) Pouthas 1977 NEill foil 

pends on the intensity of the prompt component 
as well as the width ,11. A convienient measure of 
scintillator time resolution is thus the figure of 
merit or ratio M = Lpt ,11, where Lp is proportional 
to the intensity of the prompt component. Table 
4 shows some values of M calculated from the 
data given by Birks and Pringle"). 

The overall time resolution of a scintilla­
tor-photomultiplier detector may be estimated 
from the combined time response function of its 
two components as described by Lynch and 
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Fig. 18. Time resolution R (fwhm) of a thin foil detector (NElli 
plastic scintillator) plotted as a function of the number of photo­
cathode electrons per scintillation n 107). The curve is calculated 
from R = 17oo"'n ps. (fig. from ref. 107). 

Timing res. (fwhm) Ref. 

132 ps (60CO yy) 103 
216 ps ("Na yy) 
140 ps (540 MeV p in transit) 104 
130 ps (200 keV e) 108 
- 200 ps (sec. e from HI) 109 
130 ps (60CO yy, 20% window) 105 
195 ps (60 CO yy , 90% window) 
..... 250 ps for 1 MeV deposited by transiting proton 106 
- 200 ps (transit ing HI) 107 

others"). From the practical viewpoint however, 
measures of achieved time resolution (fwhm) are 
also of interest. Several measurements of time res­
olution in the range 120-250 ps (fwhm) have been 
reported for detectors consisting of small plastic 
scintillators (dimensions of a few cm or less) used 
with fast photomultipliers such as the Amperex 
XP-I020. Information and references'OJ-IO') to 
some of these measurements are summarized in 
table 5. The investigations of Calligafis et al. 106) 

and Pouthas et al. 101), both using thin plastic scin­
tillator foils, included studies of the time resolu­
tion as a function of light output from the foil. 
Pouthas et al. '01) using a thin foil of NElli plastic 
scintillator, report that the time resolution (fwhm) 
R is related to the number of photomultiplier ca­
thode electrons n by R = 1700 ps!V n, as shown in 
fig. 18. 

Some further information about the time resolu­
tions of both small and large organic scintillators 
can be found in refs. 110-119. Among these two 
papers dealing with the minimizing or compensat ­
ing of optical time dispersion in large (> 10 cm) 
scintillators may be specially noted. Poulet and 
Santoni ' '') describe time resolution measurements 
for a prototype plastic scintillator element 
(30 x 30 cm' sheet) of a four element hodoscope 
for high energy experiments. Using a single phot­
omultiplier and no light guide they obtain an es­
timated time resolution of 520 ps (fwhm). Carlson 
et a1. I2O) describe a cylindrical liquid scintillator 
(7.4 I of NE224, dimensions 18.2 cm diam., 
29.2 cm length) for measuring the time-of-flight of 
neutrons entering parallel to the scintillator axis. 
Timing information from photomultipliers at each 
end of the cylinder is used to locate the point of 
neutron detection and to correct for optical time 
dispersion. The intrinsic compensated time resolu-
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tion measured using 60Co y-rays is 0.66 ns and 
that measured using 17.1 Me V neutrons is 1.07 ns , 
including beam spread contributions. Several other 
experimenters, for example refs. 104, 121- 124, 
have also used optical time differences to deter­
mine event position along a plastic or liquid scin­
tillator and Bollini et al l "), for example, report a 
position resolution of ± 1.5 mm for high energy 
protons in NEIll plastic scintillator. 

3.4. P ULSE SHAPE DISCRIMI NA nON 

The pulse shape discrimination (PSD) technique 
was originally developed 15) as a method of neu­
tron-gamma discrimination. It grew from the ex­
perimental observation of Wright I") which 
showed indirectly that the scintillation decay of 
anthracene was slower for a-particle scintillations 
than for electron scintillations. The true nature of 
the pulse shape differences was afterwards re­
vealed by Owen lO6

) who showed that they were 
caused by variations in the relative intensities of 
the prompt and delayed scintillation components 
(fig. 4). Fig. 19a shows, for example, some mea­
surements by Kuchnir and Lynch") which illus­
trate the different proportions of prompt and de­
layed components in the scintillation decay of the 
liquid scintillator NE218 when excited by incident 
neutrons and y-rays respectively. 

The early developments in pulse shape discrimin­
ation and PSD techniques were reviewed by 
Firk127) in 1961. Many new systems have been de­
scribed and discussed since that time , for example 
as detailed in refs. 43 , 78 , 128-152. A typical PSD 
system will generate an output pulse the ampli­
tude of which , S, depends on the shape of the 
scintillation, or. in other words, on the ratio of the 
intensities of the delayed and prompt components. 
Ideally S should characterize the shape uniquely 
and be independent of the response L. In practice 
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Fig. 19. (a) (Left): Measured light intensity vs time (99) for 
scintillations produced by y~rays and neutrons in a NE218 liquid 
scintillator. (b) (Right): Integrals of measured curves on left , 
normalized at (= 500 os (fig. from ref. 99). 

S often depends on the response as well as the 
shape, but in any case different shapes (types of 
particle) define discrete loci in the LS-plane if a 
dual-parameter analysis is made of Land S. In 
one method of pulse shape discriminationl51 ,I5l- 155) 

the output S is obtained by integrating the prompt 
component and the total scintillation (or the de­
layed component) and comparing the two inte­
grals, In another method 156) the prompt compo­
nent drives the final stage of the photomultiplier 
into space-charge saturation and thereby generates 
an output S which is shape dependent. In a third 
and widely used method 132, 133) the time difference 
is measured between the start of the scintillation 
and the time for the integral (fig. 19b) of the light 
output to reach some large fraction of its final va­
lue, This time difference is characteristic of the 
scintillation shape and hence of the type of parti­
cle, as can be seen from fig, I9b The method is 
often referred to as the zero crossing method of 
PSD because the second time measurement is 
made by a zero crossing discriminator operating on 
a double-differentiated signal. A number of PSD 
systems have been reported 137, 14', 151 , ,,,) which are 
designed to operate with high stability at event 
rates up to 50 kHz. 

While the main interest in PSD continues to be 
for its application in n-y discrimination increasing 
interest is also being shown in other applications. 
Figs, 20 and 21 are examples of some of the detail 
that can be resolved by pulse shape analysis of 
scintillation events caused 'by fast neutrons, Fig, 

Fig. 20. Counts (vertical) as a function of response PH and pulse 
shape PS for events in a NE213 scintillator78) when exposed to 
radiation from a 7Li target bombarded by 40 MeV protons. The 
features labelled A-E are discussed in the text (fig, from ref, 
78). 
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Fig. 21. Counts (vertical) as a function of response L and pulse 
shape S for events in a deuterated anthracene crystal 72 ) when 
exposed to y·rays and 21.6 MeV neutrons entering the crystal 
parallel to the artificial c'-axis. The features labelled C, P, 0 and 
A are discussed in the text. The characteristic deuteron forward 
recoil peak F moves to the point F' in the LS plane if the 
incident neutron beam direction is aligned parallel to the crystal 
b-axis (fig. from ref. 72). 

20 taken from SI. Onge et al. ") shows the two­
parameter pulse height x pulse shape distribution, 
or LS spectrum, for events in a NE213 liquid scin­
tillator which was exposed to radiation from a ' Li 
target bombarded by 40 MeV protons. The scintil­
lator was the same as that referred to in fig. 17 
and the maximum neutron energy was 37.5 MeV. 
The ridges labelled A-E in fig . 20 are associated 
with: A, Compton electrons, B, recoil protons 
which escape at the edge of the scintillator ; C, re­
coil protons from n-p scattering ; D, protons from 
the "C(n, p)"B reaction in the scintillator; and E, 
a-particles from the "C(n, a)'Be and \'C(n, n')3a 
reactions. The shift of D from C is attributed") to 
the \'B recoil which, consistent with its high ion­
izing power, appears to have a significant effect on 
the scintillation pulse shape even though it 
makes very little contribution to the response. The 
use of PSD to analyse the response of NE213 liq­
uid scintillator to 3-75 MeV neutrons is further 
explored and discussed by Lockwood et ai"). 

Fig. 21, taken from Steinbock et al. 72), shows an 
LS spectrum obtained from a deuterated anthra­
cene crystal (10 mm diam., 21 mm length) exposed 
to 21.6 MeV neutrons entering parallel to the crys­
tal c'-axis . The ridges labelled C, P, D and A are 
associated with: C, Compton electrons; P, protons 
from the deuteron break-up reaction 'H(n,2n)\H; 
D, deuterons from n-d elastic scattering; and A, 

a-particles from reactions on carbon, as described 
for fig. 20. The peak F corresponds to forward re­
coiling deuterons associated with the strong back­
ward peak in the angular distribution for n-d elas­
tic scattering. Similar spectra to fig. 21 were ob­
tained\") using the deuterated liquid scintillator 
NE230 and the results were analysed to determine 
total cross sections for the breakup reaction rela­
tive to the elastic scattering cross section. Pro­
ton- alpha discrimination has also been used to 
study the (n, a) and (n, n')3a reactions· on \'C us­
ing the liquid scintillator NE213 \" ) or a stilbene 
crystal"). 

Many organic scintillators exhibit pulse shape 
differences sufficient for PSD and comparisons 
have been made lJ2· \42. \49. \ '\.ISJ.\".\,O-\") of n-y dis-
crimination characteristics of different scintillators 
and PSD systems. The common organic crystal 
scintillators , with the exception of diphenylacety­
lene, show good PSD and so do most liquid scin­
tillators based on the common solvents, xylene, 
toluene and benzene, provided dissolved oxygen is 
removed. Most plastic scintillators show relatively 
poor PSD properties , consistent with the low pro­
portion of delayed component in their scintillation 
decays. Since PSD performance varies with scintil­
lator response L, or associated electron energy, qu­
antitative comparisons of PSD characteristics are 
made at discrete electron energies or as a function 
of electron energy. The PSD resolution at a given 
response L can be expressed in terms of the pro­
jected S distribution in a cut across the LS spec­
trum (see e.g. figs. 20 and 21) at that value of L. 
For a projected distribution containing only elec­
tron (y) and proton (n) groups the n-y PSD reso­
lution may be expressed as the ratio \'\' \"' \"'\'\) of 
the separation of the groups to their individual or 
summed widths (fwhm) or as the peak-to-valley 
ratio\") of the distribution. Alternatively a level of 
S may be determined corresponding to some spe­
cific rejection efficiency (e.g. 99%) for electrons 
and the PSD efficiency expressed\" ) as the percen­
tage of protons for which S exceeds this level. The 
PSD efficiency then corresponds to the efficiency 
with which protons are accepted , as a function of 
proton energy, at a given rejection efficiency for 
electrons. 

Different authors have used different methods 
to compare n-y discrimination efficiencies. For 
further details reference should be made to the or­
iginal papers , for example refs. 153, 154, 159, 161 , 
each of which give comparisons between several 

IX. SCINTILLATION DETECTORS 
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Fig. 22. Contours of equal count rate for LS spectra obtained when 21.6 MeV neutrons enter a 1.5 em) anthracene crystal11) moving: 
(a) parallel to the artificial c'-axis; and (b) parallel to the b-axis of the crystal. The ridges in the spectra are attributed to: Compton 
electrons (e); recoil protons (P); escaping recoil protons (E); and a-particles from reactions on carbon (A). The point (L',S') 
corresponds to forward proton recoils (fig, from ref. 71). 

different scintillators. The pulse shape discrimina­
tion properties of large liquid scintillators are size­
dependent 160), as might be expected from optical 
dispersion effects on the scintillation pulse shape. 
Nevertheless good n-y discrimination has been re­
ported for several large scintillators 120.144. 16' -161), 
some involving light transmission over distances 
up to 1 m. Another factor requiring attention 
when using a PSD system is its sensitivity to tem­
perature changes , as observed and studied by Wei-

JrO_,-~40~_Sr-~6~O_,-~8.0 
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Fig. 23. Cont6ur plot obtained17l ) as for fig. 22 but with 
neutrons entering the crystal in a direction lying in the be'-plane 
and making an angle of 600 with the c'~axis. The ridges C, E and 
A identify as in fig. 22. The proton ridge P broadens into lett 
and right recoil components, PI and P2. The line QR represents 
the locus of a constant proton recoil angle in the LS plane (fig. 
from ref. 171). 

nert l68 ) and by Chalupka et al. 16'). On the basis of 
Weinert's findings the complete detector head in­
cluding scintillator (NE213), photomultiplier and 
preamplifier should be stabilized to ± 1 °C in order 
to achieve stable PSD operation. 

3.5. ScINTILLATION ANISOTROPY 

OF ORGANIC CRYSTALS 

The better known organic crystal scintillators in­
cluding anthracene, stilbene, terphenyl and qua­
terphenyl , all exhibit significant response aniso­
tropies similar to those for a-particles and protons 
on anthracene, as illustrated in figs . 12 and 14. 
However, of these crystals only anthracene shows 
an appreciable degree of pulse shape anisotropy. 
Fig. 22 shows contour plots of response-pulse 
shape distributions (LS spectra) obtained") from a 
1.5 cm' anthracene crystal irradiated by 21.6 MeV 
neutrons entering in directions parallel to: (a) the 
artificial c'-axis; and (b) the b-axis of the crystal. 
The points (L' S ') at the limits of the proton 
ridges P correspond to 21.6 MeV forward recoiling 
protons and show the variations that occur in L 
and S for a 90° change of proton direction in the 
crystal bc'-plane. A similar effect occurs in deute­
rated anthracene and the point corresponding to 
forward deuteron recoils moves from F to F' in 
fig. 21 , for example, when the incident neutrons 
enter this crystal moving parallel to the b-axis in­
stead of the c'-axis. 

The directional effects in anthracene and deute­
rated anthracene have been used"·11O.11I ) to deter­
mine left-right asymmetries and hence pol ariza-
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tions in n- p and n~ elastic scattering. Fig . 23 
shows an LS spectrum obtainedI70.171) under the 
same conditions as fig . 22 but with the incident 
neutrons entering the bc'-plane in a direction mak­
ing an angle of 60° with the c'-axis. The proton 
ridge broadens out and forms two distinct compo­
nents PI and P, which correspond to recoils tow­
ards opposite sides of the neutron beam direction. 
These components can therefore be identified with 
left and right recoils , or vice versa, thereby en­
abling the asymmetry in elastic scattering of a po­
larized incident neutron beam to be deter­
mined I1O). The directional effects in anthracene are 
sufficiently large as to permit left-right asymmetry 
measurements to be made down to recoil proton 
energies of about 5 MeV 171 ). 

4. Some applications of organic scintillators 
The suitability of an organic scintillator for a 

particular application may often be judged directly 
from the scintillator characteristics considered in 
section 3. Even when this is the case however, a 
reference to a similar application may be very 
helpful. Many of the applications of organic scin­
tillators may conveniently be grouped under the 
headings: neutron detection ; loaded scintillators; 
large area and large volume scintillators ; thin film 
detectors; and applications in the medical, biolog­
ical and associated fields. Before dealing with 
these topics however, we shall mention a few ap­
plications which do not fall neatly into one or 
other of these categories. 

Organic scintillators are often used ll ) for the de­
tection and spectrometry of (J-rays because back­
scattering at organic surfaces is less than at sur­
faces of detectors composed of higher-Z elements . 
Plastic scintillators are particularly suitable'l) be­
cause they can be shaped in a well geometry to 
further reduce the backscattering effect. A recent 
example of a detection system for (J spectrometry 
is that described by Wohn et al. 172) for the study 
of (J spectra from short-lived gaseous fission pro­
ducts . Plastic scintillators are also used 173) for the 
detection of secondary electrons ejected by heavy 
ions, nuclear recoils and fission fragments . The 
detection of recoil nuclei from (J decay and IX de­
cay, using plastic scintillators , is reported for ex­
ample by McFarlane et al. 174) and Batty et al. 17S). 
The use of stilbene crystal scintillators, with pulse 
shape discrimination, for the routine monitoring of 
laboratories for IX contamination is described by 
Shani and Cojocaru l76 ). 

4.1. NEUTRON DETECTION 

The need for fast efficient neutron detectors has 
always been a strong motivating force in the de­
velopment of organic scintillators. Boron-loaded 
liquids and plastics have been developed177

-
181 ) for 

detection of low energy neutrons « 0.05 Me V) 
and n-p scattering in organic scintillators is the 
standard method. of neutron detection at higher 
energies. In addition, large cadmium-loaded or 
gadolinium-loaded organic scintillators are 
used 182-1") to detect neutrons with high efficiency 
over a wide energy range. Neutrons are captured 
in the loaded element with the release of y-rays, 
after being moderated to low energies by elastic 
scattering in the organic system. 

The properties of neutron detectors based on 
n-p proton recoils have been studied in great de­
tail. At energies less than about 12 MeV n-p scat­
tering is the dominant neutron interaction in hy­
drocarbon media but at higher energies interac­
tions with the carbon component become increa­
singly important. A number of studies and calcu­
lations have been reported 186-192) which deal with 
the primary interaction processes and associated 
neutron detection efficiencies. Time resolution and 
n-y discrimination are often critical factors in the 
assessment of detector performance and a variety 
of neutron detectors have been designed with the 
emphasis differently divided between these criteria 
and the criterion of neutron detection efficiency. 
Response (pulse height) resolution is also an im­
portant factor, especially in applications where the 
pulse height spectrum is unfoldedl87.193-I") in or­
der to derive the incident neutron spectrum. 

Neutron detection by proton recoil in organic 
scintillators is more fully discussed in other arti­
cles l".200) in this volume. Neutron detection by 
deuteron recoil in a deuterated organic liquid or 
crystal"·I".20I) should perhaps be more fully ex­
ploited than it has been to date. Using pulse shape 
discrimination to separate recoil deuterons from 
both break-up protons and Compton electrons (fig. 
21) a recoil deuteron spectrum may be obtained 
with a characteristic forward recoil peak (and low 
valley) for each energy in the incident neutron 
spectrum. The line shape obtained from the deute­
rated scintillator is therefore much sharper than 
that from a proton recoil detector. This should 
make the process of determining the neutron spec­
trum from the deuteron spectrum simpler and 
more accurate than the corresponding process for 
a normal hydrocarbon scintillator. 

IX. SCINTILLATION DETECTORS 
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4.2. LOADED LIQUID AND PLASTIC 
SCINTILLATORS 

The chemistry of organic scintillators sometimes 
facilitates the inclusion of appreciable quantities of 
foreign elements or compounds whose presence 
may assist the detection process without seriously 
degrading the scintillation process . The better 
known examples are the neutron capturing ele­
ments, boron, cadmium and gadolinium, and the 
elements tin, lead and fluorine which have appli­
cations in X-ray and y-ray detection. 

Boron-loaded liquid scintillators contain typically 
1- 5% (wI.) boron (usually enriched in 'OB) in the 
form of methyl borate. Neutron capture results in 
charged particles and y-rays from the reaction 
'OB(n,a)' Li* _ ' Li+y(0.48 MeV) and these pro­
ducts can be detected in 4n geometry in the scin­
tillator. Boron-loading is used for neutron detec­
tion 171) with pulse shape discrimination if re­
quired"'-"O), or as a means of suppressing the 
2.3 MeV y-ray from neutron capture in hydrogen 
in large scintillators '''). A boron-loaded plastic 
scintillator is described by Anisimova et al. "'). 
Cadmium- and gadolinium-loaded scintillators are 
described in refs . 182-185. 

Fluorine-loaded scintilla tors such as NE226 are 
based on organic compounds in which fluorine is 
substituted for hydrogen. They can be effectively 
hydrogen-free and are therefore suitable for appli­
catior.s requiring a low sensitivity to neutrons . 
They can also be used to study the interactions of 
neutrons with carbon or fluorine'o" ,O' ) and Van 
Moellendorff and Slobodrian 'O' ), for example have 
used pulse shape discrimination to identify carbon 
recoils from neutron elastic scattering in NE226. 
Macklin et al.'o",O' ) describe the use of NE226 liq­
uid scintillator for neutron capture cross section 
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Fig. 24. Comparison of pulse height spectra obtained212) using 
NEl40 (5 96 Sn) and NEill plastic scintillators for 60keV )I-rays 
(241 Am). The spectra were recorded under identical conditions 
(fig. rrom rer. 212). 

measurements in the 30-220 keV incident neutron 
energy range. Weston and Todd 20

') describe mea­
surements of the scintillation pulse shapes of this 
scintillator. 

Tin and lead loaded plastic scintillators contain­
ing up to - 7 % (wI.) of the loaded element are at­
tracting increasing interest 'O'-2I ') in the detection 
of X-rays in the 5-100 keV energy region. Photoe­
lectric absorption in the loaded element leads to a 
high X-ray detection efficiency at low energy (see 
fig. 24) while maintaining a low efficiency at high 
energies . The energy resolution is modest but high 
count rates can be handled. Erikson et al. 212), 
Becker et al. 'O' ) and Cho et al. 'O' ) discuss the use 
of NEI40 tin-loaded (5 %) and Pilot lead-loaded 
plastic scintillators in low energy-high rate appli­
cations. The lead loaded scintillator has also been 
used in fast timing measurements '''). 

4.3 . LARGE AREA AND LARGE VOLUME SCINTILLATORS 

Liquid and plastic organic scintillators offer 
the simplest and most economical means of prov­
iding extended dense detecting media for nonrelat­
ivistic particles. Plastic scintillators are particularly 
suited to applications requiring detecting units of 
large area ( > I m') and modest thickness 
( < 10 cm). Plastics with high scintillation trans­
mission efficiencies and fast time response charac­
teristics2l3,2I' ) have been developed (e.g. Pilot Y 
and NEllO). They are used in nuclear physics to 
obtain large solid angles for the detection of neu­
trons2l '·, ,,) and high energy charged particles , for 
example ' He ions of energy up to 430 MeV "'). 
They are also used as 4 n anticoincidence 
shields2l ' ,,,,) for Ge(Li) and NaI(TI) y-ray spec­
trometers. 

Many applications of large area scintillation 
counters may be found in the fields of high ener­
gy and cosmic ray physics. They are used in hod­
oscopes"O-222) and in multiple detector tele­
scopes"""') designed to recognise a specific type 
of event promptly from a particular coinci­
dence/ anticoincidence pattern in the detector array 
and to trigger associated detectors when necessary. 
A recent example is the proton trigger for the 
CERN omega spectrometer, described by Ghidini 
et ai''') which uses a NEllO plastic scintillator 
sheet of dimensions 2 m x I m x 5 cm. 

Another type of multiple scintillator detector 
which has been used for several years in high en­
ergy physics is the laminated detector consisting 
of plastic scintillator sheets separated by sheets of 
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lead or steel. High energy particles or photons de­
velop an electron shower as they traverse the me­
tal plates and the electrons are detected in the 
plastic. Recent examples of such detectors are the 
steel and scintillator sandwich developed by Mar­
shak and Schmiiser226 ) for GeV protons and neu­
trons and the 0.03-1 GeV y-ray detector (lead and 
plastic sandwich developed by Abrams et al'21) for 
the investigation of kaon decays. 

A fast time response and a uniform pulse height 
response are sometimes essential requirements in 
high energy and cosmic ray applications. Some in­
vestigations aimed at optimizing these characteris­
tics in large area scintillators are described in refs . 
119, 214, 216 , 220. 

The use of large volume liquid sc;ntillators has 
grown considerably since their potential was dem­
onstrated by Cowan and Reines l82). Similar large 
liquid scintillators have been used extensively and 
for some time to study y-rays and neutrons from 
nuclear reactions and nuclear fission. A recent de­
scription of a 200 I liquid scintillator for neutron 
capture studies is given by Hellstrom and Be­
shail"). The use of gadolinium-loaded (0.5% WL) 
and cadmium-loaded (1.0 % wt.) liquid scintillators 
(200-500 1) in studies of neutrons from (n, 2n), (y, n) 
reactions and nuclear fission is discussed in refs. 
185, 228. 

The demand for large detectors has stimulated 
the development of new low-cost , high-flash-point 
liquid scintillator solvents22' -231 ) such as 1, 2, 4 
trimethylbenzene and mineral oil, which , when 
suitably purified have good light transmission pro­
perties"') and efficient scintillation characteristics. 
A recent example of an extremely large liquid 
scintillator system is the total absorption hadrom 
calorimeter described by Benevenuti et al. 233) for 
the study of neutrino interactions. This detector 
uses 68 m3 of the liquid scintillator NE235 in 
which the solvent is mineral oil. Other examples 
of uses of large volume scintillators in high enrgy 
and cosmic ray applications are given in refs. 229, 
234-236. 

4.4. THIN FILM DETECTORS 

A significant advance in the field or organic 
scintillators in recent years has been the develop­
ment , led by Muga et al. 2l7-"'), of thin film plastic 
~cjntjIl31ors . . The thin film detcc toi~ are CJ.S y to 
fabricate, even in foils as thin as 20,ug/cm'. 
They are useful detectors for registering the pas­
sage of heavy ions and their scintillation charac-
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Fig. 25. Contour plot of a .1£. E spectrum obtained 23R) from 
252 Cf fission fragments using a thin film plastic scintillator (TFD) 
as transmission (LiE) detector and a semiconductor detector 
(SSD) as E detector. The projected spectra on the £ and LlE axes 
are shown and the dashed curve shows the locus of the L1E· E 
response to accelerated 1271 ions (fig. from ref. 238), 

teristics are ideally suited for time-of-flight mea­
surements'37."'). 

The preparation and mounting of thin film de­
tectors is described by several authors, for example 
refs. 239,242,251,252. The energy loss and strag­
gling of a-particles in thin scintillator foils is dis­
cussed by Geissel et a1 2SJ

) and the pulse height 
resolution of these detectors is discussed by 
Batsch et al.'''). Their use as transmission (AE) 
detectors in counter telescopes is considered by 
Muga et al'38) and Gamp et al.''') and is illustrat­
ed by the contour plot (fig. 25) obtained by Muga 
et al'38) for fission fragments from a mCf source. 

The main interest to date in thin film scintilla­
tors has been their application in time-of-flight 
systems'09,' ''-2l1) for heavy ions and fission frag­
ments. The plastic scintillator foil is an effective 
transmission detector in a time of flight telescope 
because it can be made sufficiently thin to trans­
mit even low energy heavy ions, because relatively 
large active areas are readily obtainable and be­
cause mUltiple scattering and energy straggling ef-

IX. SCINTILLATION DETECTORS 
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Fig. 26. Mass separation by time of flight of reaction products 
obtai ned by bombarding a target containing 7Li and I2 C with 
50 Me V 160 i005256). The time spectrum is shown of products of 
one discrete energy and different masses in the range A = 15-24. 
The data were taken with a time resolution of 500 ps (fwhm) and 
a flight path of 1. 5 m, using a thin film plastic scintillator as the 
transmission detector (fig. from ref. 256). " 

fects in the foil can be kept small""256). Fig 26 
shows an example of the mass separation obtained 
by Gelbke et al. 256) in the analysis of reaction pro­
ducts obtained by bombarding a target contain­
in g 7Li and "c with 50 MeV "0 ions. 

4.5. ApPLICATIONS IN THE MEDICAL AND 
BIOLOGICAL FIELDS 

Organic scintillators have two important types 
of application in medicine and biology. One 
concerns the detection and measurement of y ra­
dioactivity, natural or artificial, in the human body 
or in other biological systems. The detection may 
be accomplished by an organic scintillator scan­
ning or surrounding the biological system. The 
second type of application is that of measuring the 
level of radioactivity in a sample obtained from 
a biological system. This is often accomplished by 

TABLE 6 

Improvements in liquid scintillation counting performance, 
1954-1972"). 

Year 

1954 
1962 
1964 
1969 
1972 

Counting 
efficiency 

(%) 

10 
25 
40 
60 
65 

'H 

a Above 3 H point. 

Back­
ground 
(cpm) 

80 
55 
30 
20 
18 

Counting 
efficiency 

(%) 

75 
80 
85 
90 
97 

Back-
ground a 

(cpm) 

60 
30 
25 
16 
II 

means of 4 n internal counting of the sample in a 
liquid scintillator. 

The estimation of body radioactivity may be 
more quickly made by using a 4 n detector such as 
a large liquid scintillator2

"). Alternatively a sys­
tem of several detectors may be disposed about 
the subject to form a "whole body monitor" 
covering a significant fraction of the 4 n solid 
angle. Some whole body monitors consisting of ar­
rays of plastic scintillators are described in ref-
259. 

The measurement of radioactivity in biological 
samples dissolved , suspended or immersed in liq­
uid scintillators is one of the busiest and most im­
portant fields of application of organic scintillators. 
Developments in this field are reviewed regularly 
at international conferences on liquid scintillation 
counting , the first of which was held in 1957"). 
The proceedings of these conferences ". i1.260-268) to­
gether with other texts"'''''') contain a compre­
hensive literature on the relevant methods and 
techniques of this field . The theoretical back­
ground of the 4 n internal counting technique has 
recently been reviewed by Gibson26'). The im­
provements in instrument performance over the 
period 1954-1972 are summarized by Horrocks") 
as shown in table 6, in terms of the efficiencies 
and background levels for counting the f3 emitters 
JH and 14c. 

Until recently routine liquid scintillation mea­
surements of biological and environmental sam­
ples were effectively confined to f3 and y emitters. 
Although it was known since 1954 270) that IX em­
itters could be measured by similar methods, in­
ternal liquid scintillation counting of IX-particles 
was discouraged by the requirements of sample 
preparation and the high background count levels 
of liquid scintillators compared with other me­
thods of IX detection. These problems have recent­
ly been greatly alleviated by advances introduced 
by McDowell et al. 271-273 ). They have developed 
liquid-liquid extraction procedures which allow se­
lective extraction of IX emitters directly into the 
liquid scintillator and they have introduced pulse 
shape discrimination techniques which reduce 
background count rates to < 0.01 per minute. 
McDowell and Weiss2") describe the application 
of these IX detection methods to the measurement 
of plutonium in bone and tissue samples. 

This review was prepared during a sabbatical 
leave spent at the University of Birmingham. I 
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INTRODUCTION 

In neutron therapy we are concerned with mixed 
beams of neutrons and gamma rays. The effects 
produced by neutrons with energies below 30 MeV. 
are believed to be primarily due to recoil 
protons, with smaller contributions from 
heavier recoil charged particles and reaction 
produc ts • 

It is well known that the RBE of ionizing 
radiations is LET dependent. Compton electrons 
produced by incident gamma rays are low-LET 
radiations, while protons (or heavier particles) 
have low-LET at high energy and high-LET at low · 
energy . Each proton which is brought to rest 
in ~ m7dium therefore produces some high-LET 
radlatlon (at the end of its range) and some 
lo .... -LET radiation if the energy is high enough. 

To correctly assess the biological effect of 
n~utron irradiation we therefore need to, 
fnstly, separate the electron and proton con­
tributions and, secondly. to determine the 
energy of individual protons in order to divide 
this energy between high- and low-LET. It is 
strictly speaking incorrect simply to integrate 
all the energy deposited by the protons and 
regard this as high-LET . 

In, t~is ~ork we have used the pulse shape dis­
cnmlnat~on properties of an organic scintilla­
tor to separate the protons and electrons 
produced in a tissue equivalent phantom in 
T(d,n) and 252 C£ fields and to measure the 
mergy spectra, so that the high-LET component 
of the fields could be estimated correctly. 

The measurements were made at the Southern 
Universities Nuclear Institute, Faure, Cape. 
Neutrons of 22 MeV were produced in the forward 
direction by bombarding a td tium gas target 
lJith S MeV deuterons from the eN Van de Craaff 
acce~erator. For these measurements a special 
toll1mator was constructed. This consisted of 
)50 mm of steel placed next to the source wi th 
)50 tmJ1 of wax and water behind the steel. The 
collimator sys tern presented a 100 mm x 100 nun 
field at a distance of O.B m from the source. 
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The 151Cf source was a short after-loading 
needle of active length 15 rom with nominal mass 
of 0.5 ~g on loan from the IAEA. It was sus­
pended in the phantom to simulate interstitial 
implant ,conditions. The phantom itself consis­
ted of a perspex trough (600 x 275 x 300 mm) 
filled with a tissue equivalent liquid (1). 

The detector consisted of an anthracene (C
14

H
10

) 

scintillation crystal (25 mm diameter x 2S mID 
long) attached by means of a 10 cm long perspex 
light guide to a photomultiplier tube. The 
detector was fitted with a pulse shape discrim­
inator (2) which gave both energy and particle 
identification. It was therefore possible to 
simUltaneously separate and record events which 
produced electrons and those which produced 
protons and to measure the energies deposited 
by the individual particles in the detector. 
The energy-loss spectra for the protons and 
electrons were therefore determined simul­
taneously. 

With the sources fixed measurements were made 
with the detector at different positions in the 
phantom in order to obtain information ahout 
the depth dose characteristics of the high- and 
low-LET components of the sources. The 
operating threshold of the detector corresponded 
to an energy of 50 keY for electrons and 400 keY 
for protons. 

RESULTS 

It is known (3) that at LET 3 50 keV, Um- 1 

there is a sharp step like increase in RBE. We 
therefore use this LET-value as the boundary 
between "low-LET" and "high-LET" radiation. 
For protons an LET (or specific energy loss in 
tissue) of ~ 50 keV.um- 1 is realized only at 
energies ~ 400 keY. This means that effectively 
a proton has high-LET only over the last 400 keY 
of its range. Thus for a proton depositing, for 
example, 2 MeV of energy in the detector, 0.4 
MeV was considered as high-LET radiation and 
1.6 MeV as low-LET radiation. Electrons 
detected in the crystal were classified as 
having low-LET over their full range. The 
energy deposited by each particle was deter­
mined from known scintillation response curves 
(4) • 
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The results ~f some of the measurements are 
given i n Fig. 1. These data have not been 
corrected for geometrical effects , for effects 
due to the non-t iss ue equivalence of the probe, 
or for events which went undetected due to the 
finite operati ng thresho ld of the det ector. 
The upper figure shows the cen tral axis depth 
dose di s tr ibut ions of the total dose (expressed 
as a percentage of the surface dose) and the 
high-LET f raction of the total dose for the 
T(d , n) source. The 50% depth dose occurs at 
130 mm and the proportion of high-LET radia­
tions decreases wi th increasing depth, as 
expected. 

The dose measurements for the 252 Cf source 
( lower fi gure) are normalised to 100% at 10 mm 
(the closest distance whi ch could be studied). 
The dose falls to half of this value 19 rom 
further away. The fraction of high-LET radia­
tions also decreases at large distances, but i s 
higher at sma l l distances t han for the T(d,n) 
source. 

CONCLUSION 

The results obtai ned illustrate the viability 
of this technique for differen t ia ting between 
high- and low-LET radiations from neu t r on 
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sources. The technique is absolute in that 
the energy deposited is directly determined. 
The method is independent . of neutron and gamma 
spectral details and of knowledge of fl uence , 
or fluence-to-dose conversion fac to r s . On the 
other hand the method is limited by the detec­
t or threshold and the fact that the detector is 
not strictly tissue equivalent . However, 
corrections can be made for these effects and 
it is possible that this t echnique could find 
application in neutron therapy. 
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SUMMARY 

A new technique has been developed to s tudy the 
distribution of high- and low- LET r adiations 
from neutron sources within a tis sue equiva­
len t phantom. The method utilizes t he pulse 
shape d i scrimination properties of an anthrac­
ene s cintillation crystal in order to differen­
tiate between protons and elec trons dete cted 
in the crystal and to measure the energy 
deposited by these secondary particles. Protons 
with energies less than 400 keV are cl as s ified 
as hi gh-LET radiations. For both 22 HeV 
neu trons from t he T(d,n) reaction and for 252Cf 
neu t rons it was found that the high-LET fr ac­
tion decreased with depth in the phan t om. The 
method has several advan t ages and could find 
application in neutron t he rapy. 
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An associated particle system for neutron production using the 2 H(d, 0)3 He reaction is described. The system employs a thin­
walled scattering chamber, an assembly to rotate a deutcrated polyethylene target and a magnetic analyzer for recoil particle sepa­
ration in high flux applications. Neutron beam intensities of up to 1000 5-1 are routinely obtainable. 

1. Introduction 

Measurements using neutrons produced with the 
2H(d, n)3He reaction often are improved in precision 
by detecting the associated 3He ions [1-4 J . A mono­
energetic neutron beam of absolutely determined flux 
is defined by detecting the neutrons in time coinci­
dence with the 3He ions. The 3He ions are usually 
detected in a surface barrier detector which subtends 
a small solid angle at the target. The profile of the 
neutron beam is determined by the size of both the 
deuteron beam and the collimator in front of the sur­
face barrier detector, although other factors such as 
multiple scattering and kinematic effects also playa 
role in determining the neutron beam prome. 

As an example, if the collimator subtends an angle 
of 0.4 msr at the target and the deuteron beam spot 
size is 1.5 nun in diameter, a tagged neutron beam 
3_ 40 wide (fwhm) can be achieved for deuterons in 
the 2- 5 MeV range. In a typical application, the cross 
sections of neutron induced reactions on nuclei incor­
porated in organic or inorganic scintillators are mea­
sured [5- 7J. In this type of experiment the scintilla­
tor physically encompasses the electronically defined 

* Present address: institute of Nuclear Sciences , Private Bag, 
Lower Hutt, New Zealand. 
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neu Iron beam and serves as both target and detector. 
Reaction cross sections are then deduced from the 
ratio of the coincidence rate (between events in the 
scintillator and 3He detector) and the 3He detection 
rate. 

In many experiments of this type a neutron rate of 
about 50 S-1 is sufficient to give the required statisti­
cal accuracy in the measurement after a few hours of 
data accumulation. In these experiments the back­
ground count rate in the scintillator is typically a few 
kHz and a higher tagged neutron flux is avoided to 
minimize pile-up effects. However, there are applica­
tions, e.g . in scattering and polarization studies and 
with detectors having low neutron detection efficien­
cies, where increased neutron intensity is desirable. 

Increased neutron beam intensity is achieved by 
increasing the incident deuteron beam current or the 
target thickness. However , limitations are imposed by 
the amount of current which the target can withstand 
and by the count rate (mainly due to elastically scat­
tered deuterons) which the surface barrier de tector 
can tolerate without deterioration. 

An experimental system is described here in which 
a relatively intense monoenergetic neutron beam has 
been produced by means of improved target fabrica­
tion and by optimization of the 3He detection sys­
tem. 
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Fig. 1. Schematic diagram of the scattering chamber. The sur race barrier detector usually positioned on the rotatable circular 
table is not shown. 

2. Target chamber and components 

A thin-walled, 34 em diameter aluminium scatter­
ing chamber. constructed at the Southern Universities 
Nuclear Institute, while having similar features to 
some earlier chambers [2-4], incorporates a number 
of improvements. Cross sectional drawings of the 
chamber are shown in fig. 1, and an overall view is 
shown in fig. 2 . The wall of the chamber is made of 
aluminium sheet 1.5 mm thick and is essentially 
transparent to Me V neu trons. 

A deuterated polyethylene target is used and is 
mounted on an annular ring with an internal diameter 
of 25 mm. It is rotated by a motor mounted outside 

the chamber. The axis of rotation of the target does 
not coincide with the axis of the deu teron beam 
which thus sweeps out a circular path on the foil . 

The rotary motion is transmitted to the target by 
means of a ferro fluidic rotary feed through * and a 
bevel gear and pinion drive mechanism. The target is 
rotated at 5 Hz and by periodically moving the target 
vertically (i.e . exposing a new path) its lifetime can be 
considerably extended. 

The deu teron beam is collimated to 1.5 mm in 
diameter before entering the chamber. After passing 

* Type SB-253-B-N-Q26. Manufactured by the Ferrofluidics 
Corp., Burlington , Massachusets 01803. U.S.A. 
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Fig. 2. A view of the target chamber and magnetic analyzer. 

through the target it is stopped 2 m downstream in a 
shielded beam dump. 

3. Target preparation and performance 

Selfsupporting deuterated polyethylene foils, even 
when rotated at high speeds, typically have a lifetime 
of only a few minutes for incident beam currents of 
the order of 2 p.A. The foils can however be strength­
ened considerably by evaporating thin layers of car­
bon onto both sides of the polyethylene as proposed 
by a number of workers [9- 11]. It has been found 
that these target sandwiches with thicknesses in the 
200-400 p.g cm - 2 range rotated at 5 Hz can with­
stand 2.5 p.A of 5 MeV deuterons for long periods. 
The deuterated polyethylene foil is prepared from the 
powdered form * using a procedure described previ· 
ously [8]. One carbon layer is evaporated onto the 
foil using a carbon arc (arc voltage 150 V) while it is 
still attached to the glass slide on which it was 
formed. After floating the foil off the slide in a water 
bath, the other carbon layer is evaporated onto the 
reverse side. 

Fig. 3 is an electron microscope photograph of the 

* Available from Merck Sharp and Dohme, Pointe-aaireJDor­
val, Quebec, Canada. 

cross section ·of a typical target. In thi' example, the 
deuterated polyethylene layer is approximately 1.2 
p.m thick (corresponding to an areal density of 120 p.g 
em -2) and the carbon layers sandwiching the target 
are approximately 0.25 p.m thick. The thickness of 
the deuterated polyethylene layer, which was nomi­
nally 400 p.g cm -2 (based on the mass of polyethy­
lene dissolved in the solvent) was found on examina­
tion to vary between 100 p.g cm -2 and 300 p.g cm- 2 

over the 2.5 cm diameter foil. 
Typical yield characteristics of a target sandwich 

are shown in fig. 4. It can be seen from the figure 
that, after an initial rapid fall off, the yield remains 
fairly constant for a long period. This type of behavi­
our has been observed previously with such targets 
[9]. 

4. Magnetic analysis of the recoil ions 

When incident deuteron beams of more than 2 p.A 
are used with thick targets (;;>200 p.g cm-2

), the high 
flux of elastically scattered deuterons causes damage 
to the solid state detector as well as producing severe 
pile up effects which limits the resolution of the 3He . 
events. A simple electromagnetic analyzer has been 
employed to partially screen the detector from these 
elastically scattered deuterons. The magnetic analyzer 
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Fig. 3. An electron microscope photograph of a sectioned edge of a deu terated polyethylene target sandwiched between two 
carbon layers. The horizontal scale shown is in units of micrometers. 
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Fig. 4 . The 3He yield as a function of time for a 200 Ilg cm-2 thick "sandwiched" deuterated polyethylene target bombarded 
with 2 .5 IJ-A of 5 MeV deuterons. The 3He particles are detected at 25° in a solid angle of 0.4 msc. Local variations in yield (con­
tinuous line) are due to variations in the beam current. The target was rotating at 5 Hz while the deuteron beam was displaced 
6 mm from the axis of rotation. 
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Fig. 5. Plan of the magnetic analyzer attached to the target chamber. Crosses indicate the magnetic field region. 
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rig. 6. Charged particle spectra obtained with a 30,urn thick silicon surface barrier transmission detector positioned at 25 0 to the 
5 MeV incident deuteron beam. Spectrum (A) was obtained without magnetic analysis while for spectrum (B) magnetic analysis of 
the recoil charged particles was employed. The spectra are recorded for approximately the same number of elastically scattered 
deuterons (channels 25-45). 
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attached to a port positioned at 25° relative to the 
deuteron beam direction is shown in fig . 2. A sche­
matic figure of the magnetic analyzer attachment is 
given in fig. 5. 

The magnet has polepieces with circular cross sec­
tion 10 em in diameter and provides a field of 0.6 T. 
For 5 MeV incident deuterons this is sufficient to 
separate the elastically scattered deuterons and the 
5.3 MeV 'He recoil particles by approximately 3 mm 
at the exit of the field region. 

The 'He detector is a 30 /1Ill thick silicon surface 
barrier transmission detector. This detector is of suffi­
cient thickness to stop up to 5.5 MeV 'He particles , 
while only absorbing a small part of the energy of the 
elastically scattered deuterons. Correct selection of 
the surface barrier detector thickness ensures that the 
elastically scattered particle events do not obscure the 
'He events [2- 4]. 

Fig. 6 shows typical charged particle spectra with­
out (fig. 6A) and with (fig. 68) magnetic analysis. As 
can be seen from the figure , the magnetic analysis 
greatly improves the quality of the spectrum. In par­
ticular the resolution of the 3He group is superior due 
to the reduction in the number of pile up events. 

S. The neutron beam characteristics 

The direction and angular spread of the neutron 
beam are known from the kinematic conditions, 3He 
acceptance angJe and deuteron beam spot size. How­
ever, it is important that the neutron beam proftle be 
measured, firstly in order to assess effects such as 
multiple scattering of deuterons and 'He jons in the 
target, and secondly to check the alignment of the 
apparatus. 

In order to accomplish this a small cylindrical plas­
tic scintillator (NE 102A) which sub tends 1° at the 
neutron source is scanned across the beam in both the 
horizontal and vertical planes. Typically a coinci­
dence timing resolution of I ns (fwhm) was obtained. 

Measured horizontal and vertical neutron beam 
profiles are shown in fig.7 for the calculated kine­
matic conditions: Ed = 5 MeV; 9He = 25

0
; En = 

3 MeV; en = 104.6°. Magnetic analysis was used for 
these measurements. As can be seen from the figure 
the angular width is 3° in both the vertical and hori­
zontal planes while the centre of the neutron beam 
coincides almost exactly with the direction given by 
the kinematic calculations. 
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Fig. 7. Horizontal and vertical neutron beam profiles mea­
sured at Ed = 5 MeV, OHe = 25° with a magnetically analysed 
charged particle beam. The charged particle detector sub­
tended an angle of 0.4 msr at the target and the deuteron 
beam spot size was 1.5 mm in diameter. 

6. Conclusion 

An associated particle system for electronic colli­
mation of a neutron beam from the 'H(d , n)'He 
reaction is described. Using deuterated polyethylene 
foils sandwiched between carbon layers and magnetic 
analysis of the emitted recoil particles a relatively 
intense neutron beam compared with that obtained 
from earlier systems can be achieved, while retaining 
good 'He particle resolution. Using targets 400 Ilg 
cm -' thick and with deuteron beam currents of 2.5 
IlA it was possible to achieve 'He rates (and therefore 
neutron rates) of up to 1000 s- ' . 

The authors are indebted to the South African 
Council for Scientific and Industrial Research and the 
Atomic Energy Board for financial assistance. 
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Abstract: The differential cross section fo r neutron-proton bremsstrahlung has been measured at an 
incident energy of 4.8 MeV and outgoing nucleon angles of 8

n 
= 35°, Op = 25°. An upper limit of 

d2a/d.QndDp = 210,ub ' sr- 2 was obtained. The experimental method was unusual in that the 
hydrogen target was a stilbene scintillation crystal, which also served as recoil proton detector, and 
the bremsstrahlung photon was detected in addition to the two nucleons. A theoretical est imate 

1. of the cross section corresponding to that measured in this experiment was made using an on-shell 
approximation and gave a result of 89 ,ub' sr - 2 . The measured upper limit exceeds this and other 
theoretical predictions but nevertheless represents a marked improvement over previous measure­
ments of n-p bremsstrahlung at energies below 100 MeV. 

I,·l ' 

E NUCLEAR REACTIONS I Hen, np), E = 4.8 MeV ; measured creOn' Op) bremsstrahlung. 

1. Introduction 

In the past 15 years, nucleon-nucleon bremsstrilhlung (NNB) has received atten­
tion as a possible means of investigating the 2-nucleon interaction off the energy 
shell. However, NNB cross sections are small ("" 10 - 5 NNB events per NN elastic 
scatter in typical geometries), which makes measurements difficult. Most of the 
effort has been devoted to proton-proton bremsstrahlung (ppB) as both calculation 
and experiment are easier than for neutron-proton bremsstrahlung (npB). The 
range of 3.5 to 730 MeV has been covered by ppB experiments, and the recent 
trend has been to measure cross sections at a number of outgoing nucleon angles 
simultaneously 1). 

One of the main aims of NNB experiments has been to test 2-nucleon potentials 
which appear to satisfy the on-shell data. However, with increasing sophistication 
of experiment and calculation, as uncertainties of measurement have been reduced, 
so also have the predicted off-shell effects. The result is that even the latest com­
prehensive ppB experiments 1) are unable to show convincingly whether or not 
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particular potentials are satisfactory off-shell 2). In contrast to ppB there have been 
few reported npB measurements, and below 100 MeV the best result is an upper 
limit of 400 I'b ' sr- 2 (Harvard geometry) at 14.4 MeV [ref. 3)]. Cross sections for 
npB are higher than for ppB [e.g. by a factor of 10 at 60 MeV, ref. 4)] , but this 
advantage is outweighed by the experimental difficulties. 

Nevertheless, npB data are necessary for a complete picture of the off-shell 2-
nucleon interaction; moreover, it has been predicted that npB cross sections are 
more sensitive to off-shell effects than ppB [ref. 4)]. The present work was therefore 
initiated with the aim of measuring the low-energy npB cross section to higher 
accuracy than previously achieved and to enable, if possible, a critical comparison 
with theoretical predictions . Although the latter objective was not realized a signif­
icant improvement in precision was achieved through the application of a new 
technique in which a thick target was used and the bremsstrahlung photon was 
detected in coincidence with both outgoing nucleons . 

2. Experimental 

Many of the NNB measurements have used an arrangement known as Harvard 
geometry, in which the two outgoing nucleons are observed in directions coplanar 
with the incident beam, and the photon is not detected. Elastic NN scatters are 
excluded by specifying outgoing nucleon angles 0, and 0, such that 8, + 82 is less 
than 900

, and the NNB events are selected by their position in the E, - E2 plane 
(see fig. I) . Harvard geometry has been popular because each event is kinematically 

• , 

overdetermined and high selectivity..i:; then p-o_s_wl<;,.AIU!.Yro.tiul-,,_scribed by~n",in",e~ __ _ 
variables (3 energies, 6 angles) of which five are independent when energy and 
momentum are conserved; assuming point detectors, six variables are determined 
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Fig. 1. Kinematic restrictions for NNB events. The periphery of the small region is the allowed locus for 
coplanar NNB events at 8] = 8

2 
= 300, E = 5 MeV, as the photon emission angle rotates through 360°. 

£1 and £2 are the outgoing nucleon energies. Non-coplanar events would populate the inside of the 
region. 



J. Whittaker et al. I Neulron·prolon bremsstrahlung 175 

in a Harvard measurement. For ppB, the proton directions, and thus the event 
itself, can be defined within narrow limits by the use of suitable detectors, for ex­
ample multiwire proportional chambers or proton counter telescopes. With suf­
ficient precision, at the expense of event rates, background can be reduced to a 
negligible level. 

In comparison with ppB, npB measurements are more difficult because of the 
relatively poor quality and intensity of available neutron sources, and the problem 
of identifying npB neutrons in a high background of other neutrons. Furthermore, 
in low-energy (;S 20 MeV) experiments the target thickness must be less than about 
10 mg' cm- 2 if the outgoing proton is to emerge for detection and energy measure­
ment. This can lead to prohibitively low event rates. In the present work the problem 
of the short proton range was overcome by using a stilbene scintillation crystal 
(volume 15 em') as proton target and by detecting the npB proton internally in the 
crystal (see I or 2 in fig. 2). The outgoing neutron was detected in a liquid scintillator 
(NE 213, volume 250 em', indica ted by 3 in fig. 2) which employed pulse shape 
discrimination (PSD) to reject gamma rays. The energy of the npB proton was deter­
mined from the response of the target stilbene crystal (lor 2 in fig. 2) but its direction 
remained unknown. To regain sufficient selectivity for npB events a triple coin­
cidence was imposed, requiring detection of the npB photon in a second stilbene 
crystal (2 or I in fig. 2). The two crystals were complementary in that either one 
functioned as target and proton spectromeier while the other detected the photon, 
with PSD used to identify events showing a proton in one crystal and a photon in 
the other. All detectors were as large and as close together as practical in order to 
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Fig. 2. Experimental geometry. The deuteron energy after traversing the entrance window to the 
deuterium cell was 1.6 MeV, giving neutrons of energy 4.8 MeV at angle 00. 
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maximise the observed npB event rate. A wax (CH,) disc was set between the stilbene 
crystals to prevent protons from escaping from one crystal into the other. 

The choice of 4.8 MeV as the incident energy resulted from two requirements, 
effective particle separation by PSD, and the avoidance of certain types of multiple 
scattering event. The PSD resolution is poorer at lower energies whilst at higher 
energies, events such as an np elastic scatter, I H(n, n)1 H where the scattered neutron 
then rescatters inelastically from carbon, 12C(n, n' y), are possible. The particles 
produced by this combination are n, p and y which in certain kinematic regions 
can mimic npB (fig. 3). Indeed, we have estimated that with the particular geometry 
used, if the incident energy were high enough (e.g. 14.6 MeV), then this mimic event 
would be some 50 times more probable than npB. Similar double scatters where 
12C is replaced by any nucleus with an excited state below", 3 MeV would have 
occurred even at 4.8 MeV incident energy if such nuclei had been present in ap­
preciable concentration close to the stilbene crystals. To avoid this problem the 
stilbene detectors were designed so as to exclude elements other than C, Hand 0 
in the light collection system and air e4 N) was excluded by surrounding the targets 
with helium gas. Mimic events of the above type, originating from elements outside 
the helium chamber, were eliminated by means of the extra time delay between the 
signals from the two stilbene detectors. 

The PSD system for the stilbene detectors was designed to be effective at low 
energies and was based on space-charge saturation in the region around the final 
dynode of the photomultiplier tube in a manner similar to that reported by Owen ' ). 
Effective separation down to '" I MeV for protons and", 0.3 MeV for (Compton) 
electrons was achieved (fig. 4). 

The only experimental restriction on the directions of the outgoing npB nucleons 
was that imposed by the geometry of the neutron detector. This implied that the 
energies Eo and Ep were restricted by kinematics to the area bounded by the lines 
eo = 25° and 45° in fig . 5." Now it was desired that the experimental results should 

= 2·1 MeV 

EJ =-4·5 MeV 

E= 14-6 MeV 

TYPICAL npB EVENT 

Fig. 3. Mimic event of the type 1 H(n, n)' H -+ l2C(n, n'y) l1.C. The only observable difference between 
this and npB is the proton angle Op' The missing 0.1 MeV in the mimic event is the energy of the carbon 

recoil. 
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be expressed in terms of Harvard geometry, and this requires both outgoing nucleon 
angles to be defined. This was effectively achieved in the analysis by selecting events 
in the inner area of fig. 5 corresponding to ep = 15° to 35°, eo = 30° to 40°. The 
nucleon energies for this selection were obtained from the pulse height and time of 
flight, respectively. The average observed angle ep was thus 25° and this led to the 
orientation of the stilbene crystals as shown in fig. 2; the .photon angular distri­
bution from npB is close to dipole about the outgoing proton 6) hence the stilbene 
crystal axes were set normal to the proton direction in order to maximise the photon 
detection probability. 

The neutron source for the experiment was a deuterium gas cell in which the 
'H(d, n)3He reaction was produced by 1.6 MeV deuterons from the SUNI 5.5 
MV Van de Graaff accelerator. The resulting !l\lX of neutrons ('" 4 x 10' sr - I . s - ') 
caused high count rates of typically 50 kHz at the stilbene detectors. To prevent 
the recording of incorrect pulse-height and pulse-shape information at these rates, 
pile-up rejection was used on these detectors and particular attention was given 
to the electronics processing the detector signals in order to minimise dead time. 

3. Data reduction 

In all, 2.75 x 106 events from 125 h running were recorded on magnetic tape, an 
event being a coincidence in which all three detectors fired, with the further condition 
that the particle discriminator on the neutron detector (detector 3) had signalled 
a neutron. Information per event consisted of pulse-heights (L) from all three 
detectors, pulse-shape parameters (S) from the stilbene crystals (detectors I and 2) 
and times between the signals from detectors I and 2 (T, ) and I and 3 (T,). The 
particle discrimination information for detectors I and 2 had not yet been applied 
and the large majority of recorded events contained protons in both detectors 
corresponding to an np elastic scatter in each crystal, with a random particle in 
detector 3. The first cut was thus to select events with a proton in detector I and a 
photon in detector 2 (p-y events) and vice versa (y-p events). This was done by 
defining boundaries on the L - S plane for each detector corresponding to the 
proton and electron ridges (fig. 4). This initial cut removed 99 .5 % of the raw data 
collected and set effective bias levels of 1.0 MeV for protons and 0.34 MeV for 
electrons in the stilbene detectors. 

A sample of the p-y data after this cut is shown in fig. 6 as a scatter plot with 
respect to T, and T,. If npB events are present, they lie in the region labelled I, 
which corresponds to a coincidence between detectors I and 2 within T, = ±2.0 
ns, and the neutron time of flight T, covers the range of neutron energies specified 
in fig. 5. Evidently region I also contains a high proportion of accidental triple 
coincidences in which one or other, or both, particles recorded in detectors 2 and 3 
are not correlated with the proton recorded in detector 1. These random coinci­
dences lead to the prominent ridge structure seen in fig. 6. The vertical ridge is 
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Fig. 6. A sample (- 10 %) of the p-y cvents, after app lying the PSD cuts , plotted versus Jry delay time Tt 
and p-n neutron flight time Tzo If npB events are present they will lie in tegion I. Regions 2- 8 were 

u::.ed to estimate the contributions or different types of background event (see text). 

associated with triple coincidences made by randoms in the neutron detector (3) 
in accidental coincidence with true p-y coincidences between detectors I and 2. The 
horizontal ridge is associated with randoms in the photon detector (detector 2) in 
accidental coincidence with true n-p elastic scatter coincidences between detectors 
I and 3. The sloping ridge is attributed to true y-y coincidences between detectors 
2 and 3 in random coincidence with protons in detector I. This type of coincidence 
arises from the small fraction of gammas which bypass the pulse shape discriminator 
of detector 3. It is clear that most of the accidental coincidences in region 1 of fig. 6 
arise from the randoms in the neutron detector which are responsible for the vertical 
ridge. 

Regions 2- 8 in fig. 6 were defined for the purpose of estimating the contributions 
of different types of accidental coincidences. Triple random coincidences, corre­
sponding to uncorrelated particles in all three detectors, were monitored in regions 
7 and 8. These were assumed to be present equally in all regions. Regions 2 and 3 
contained events having a random in the photon detector (detector 2) and regions 
4 and 5 contained events with a random in the neutron detector (detector 3). Region 6 
was defined to identify events with a random proton (detector I) in accidental coin­
cidence with a true y-n coincidence between detectors 2 and 3. However, it was 
consistently found that all the events of region 6 could be attributed to other origins 
already represented in the other regions, hence this region was disregarded in the 
further data reduction. 

The remainder of the analysis was therefore confined to events in regions 1- 5 



180 J. Whillaker el al. I Neutron-proton bremsstrahlung 

and 7- 8 and made use of all the remaining information recorded for each event to 
eliminate non npB data as far as possible. The pulse-height information L" Lz 
and L3 , from the three detectors provided respectively: the proton energy Ep; a 
lower limit for the photon energy E, (derived from the detected Compton electron 
energy) ; and a lower limit for the neutron energy Eo (derived from the recoil proton 
energy in the neutron detector). For events in regions 1- 3 Eo was independently 
determined from the measured neutron time of flight Tz and events showing neutron 
energies inconsistent with the lower limit were discarded. The energy information 
was also used to check energy conservation within each event and to discard events 
which failed to meet this criterion. Events in regions 4-8 were processed in the same 
way as in regions 1-3 except for the calculation of the neutron energy Eo. The time 
of flight Tz was random for these events since the events were all random neutron 
events. To facilitate analysis and enable valid background subtraction therefore, 
the Tz values in each of these regions were first increased (or decreased) by the 
constant required to bring the Tz limits of the region into line with those of region 
I. In principle this approach is the same as the delayed coincidence method used 
by Edgington el al. 7) . 

At this stage a more stringent coincidence window corresponding to - \.I 
ns < T, < \.I ns was introduced for regions I, 4 and 5 only. The purpose of this 
measure was to discriminate against mimic events involving an np elastic scatter 
' H(n, n)'H followed by an inelastic scatter X(n , n'y)X (as discussed in sect. 2) 
where X is on or outside the wall of the helium chamber. The original time window 
of - 2 ns < T, < 2 ns was retained for the other regions (in which the event rate 
was independent of T,) in order to obtain statistically more accurate estimates of 
the corresponding random coincidence rates. 

The surviving events for the y-p data from region I are projected on the Ep - Eo 
plane in fig. 7a. The geometry of the neutron detector should confine npB events 
to the demarcated area in this diagram. However, the density of events in this area 
is not obviously enhanced over that for neighbouring areas. 
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Fig. 7. Surviving y-p events from region I plotted: (a) versus Ep and E,,; (b) versus 9p and 0" as derived 
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count was made for the calculation of the opS cross section. 
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In preparation for the final cut of the analysis the data were first transformed to 
the ep - e, plane, as shown in fig. 7b. This transformation was facilitated by the 
kinematics of npB at low incident energy (E <: me' where m is the nucleon mass), 
which show that the photon momentum is much smaller than the nucleon momenta 
and that, in the limit the angles ep and e, can be calculated as unique functions of 
Ep and E, . 

Events lying in the angular ranges 0, = 30° to 40° and ep = 15° to 35° were now 
selected as shown by the box in fig. 7b for region I of the y-p data. This reduced the 
field of npB candidates (before making background corrections) to 6 from the y-p 
data (fig. 7b) and 3 from the p-y data (not shown). Backgrounds were estimated 
from similar projections of the events of regions 2- 5, 7, 8 on the Op - e, plane. The 
corrected npB count Nb , was then given by 

Nb , = N , -t(N,+N,)-t(N4 +N,)+t(N7 +N,) = "L/,N" (I) 

where I, is the number of events in region i and the second, third and fourth terms 
represent averages of the random photon, random neutron and triple random 
coincidence backgrounds respectively, each of which is estimated in two different 
regions (fig. 6). The fourth term is added because triple random events are already 
included in both the second and third terms and are therefore doubly subtracted. 
Finally, compensation had to be made for the restricted T, window applied to 
regions 1,4 and 5. This was done by proportionally reducing the weighting factors 
/, of eq. (I) for the second and fourth terms corresponding to regions 2, 3, 7 and 8. 

Using eq . (I) with this provision, the nett numbers of npB events after background 
subtraction were 0.3 p-y events and 1.2 y-p events. However these numbers were 
not used directly in evaluating the npB cross section, as the detection probability 
varied with respect to ep and eo. It was thus necessary to weight each event in­
dividually to make the result a true average over the observed angular range. This 
procedure is dealt with in the next section. 

4. Calculation of cross section 

An ideal Harvard geometry experiment has coplanar point detectors for the two 
outgoing nucleons, and no photon detector, and the number of observed npB 
events Nb , may be expressed: 

(2) 

with k = Fln p' where F is the incident neutron flux, I the target thickness, np the 
proton density in the target; e,(ep) the neutron (proton) detection efficiencY; 
bQ,(M2p) the solid angle subtended by (point) neutron (proton) detector and d'(J/ 
dQ,dQp the Harvard cross section. 

In this experiment, there was no restriction on coplanarity, and the photon 
detector imposed limits on the observed photon direction. In order to arrive at a 
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Harvard cross section, these different geometries had to be reconciled, and the 
necessary tools were derived from the known npB photon angular distribution 
which, at the low energy of this experiment, has a dipole pattern about the recoil 
proton direction 6). 

It can be shown 8) that the dipole photon distribution leads to a parabolic distri­
bution of events with respect to the non-coplanarity angle fip (fig. 8) such that the · 
cross section at the kinematic limit is double that for coplanar events (fig. 9). Aver­
aging over this distribution, this means that if the proton detector is extended out 
of the plane so as to observe a finite range of angles fip such that this range exceeds 
the kinematic limit fipm' then the cross section is higher by a factor of 1 than the 
corresponding coplanar cross section. The observed solid angle bOp then becomes 
bOp = 2bOpfipm. This 1 factor continues to apply if the neutron detector is similarly 
also enlarged to cover a range of angles 2fio where bOo = 2bOofio (equivalent to 
rotation of the experiment about the incident neutron direction). Finally, taking 
the proton detection efficiency ep as unity, and including the photon detection 
efficiency e" eq. (2) is rewritten: 

(3) 

where the factor C is inserted to correct for npB events lost outside the time window 
on T, (see sect. 3). 
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Eq. (3) is not yet completely suitable for the experiment as it contains terms 
which are functions of On and e., and is thus only valid for small ben and be •. These 
angle-dependent factors are en which is a function of En and thus of en and 0., P.m 
which is related to en and e. by kinematics, and Pn which varies with en as a result 
of the cylindrical shape of the neutron detector. In order to express the npB cross 
section as a true average over the full ranges Llen and Llep of nucleon angles selected 
for analysis, it was necessary to calculate the above factors for each remaining 
event in the foreground and background regions according to the position of the 
event on the en - e. plane. Replacing Nb, of eq. (3) by a sum over all events, and 
induding the background subtraction of eq. (I), the npB cross section was then 
calculated from 

(4) 

where R is the number of regions and N, and f, are the number of events and the 
weighting factor Ceq. (I)] respectively, for region i. 

Expressing the cross section in the compact form 

d'cr/dQndQ• = Y~:2:: W'j' 
I j 

(5) 

in which y and \Vij are defined as implied in eq. (4), the standard deviation of the 
result was calculated from 

,(d'cr/dQndQ.) =y[2: 2:(wi )']t . 
i j 

(6) 

We now describe how some of the quantities in eq. (4) were determined. Firstly, 
the parameter k = FIn. was obtained by counting np elastic scatters which were 
coincidences between the proton and neutron detectors with the photon coin­
cidence requirement removed. This method was adopted as all the factors in k 
contribute to the npB rate and to the elastic scattering rate, and the cross section 
for the latter is well known, whereas F and I would be difficult to determine by a 
more direct method. Furthermore, absolute values of the neutron-{!etection ef­
ficiency en are now unnecessary; relative values of en as a function of recoil neutron 
energy En were obtained from 

(7) 

where ED is the proton bias level in detector 3, a,\(En) the total np elastic cross 
section at energy En> x the detector thickness and nH the proton density in the detector. 

The photon detection efficiency e, was established by calculation. For a photon 
of energy E, emitted from detector I and detected in detector 2, e, may be written 

e,(E,) = ~ rTm 
.. da,(E,) dT r dV\ r dV,(gexp(~a,n,l)), (8) 

411: VI JTb dT Jdet 1 Jdct 2 1 
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where n, is the electron density in stilbene; d VI ' d V, volume elements in detectors 
1,2; a, the cross section for Compton scattering; Tthe Compton electron energy; 
Tb the electron bias level (0.34 MeV); Trn" the maximum Compton electron energy 
from a photon of energy E,; I the distance between volume elements dVI and dV2 ; 

and 9 is a correction function folding in the dipole photon distribution. The factor 
9 is given by 9 = t sin' 8', where e' is the angle between the recoil proton and the 
photon, and the normalisation is such that the average value of 9 is unity (iJ = 
J gdQ/J dQ = 1). The two volume integrals act to average over all positions for the 
npB process in detector 1 and to add the probabilities of photon detection for all 
volume elements of detector 2. 

The efficiency e, was evaluated numerically 8) from eq. (8) using the Klein­
Nishina formula 9) for the Compton cross section and it was found that e, was 
constant within 2 % over the range of E, observed. The values of e, were 0.0125 
(p-y events) and 0.0147 (y-p events), where the differences are due to the slightly 
different volumes of the stilbene crystals. Estimates of errors in these figures due 
to multiple Compton scattering and electron escapes led to the conclusion that 
these effects could be disregarded. The calculations of e, were checked by measuring 
count rates from a .oCo source of known activity. 

Finally the correction factor C was estimated from a TI coincidence spectrum 
taken using a "Na source placed between the stilbene crystals. The coincidence 
peak observed was close to gaussian in shape with a FWHM of 1.8 ns. The factor 
C was calculated from the integral of this peak between the limits set by the TI 
window. 

After adding the p-y and y-p data the cross section result given by eqs. (5) and (6) 
can be stated as 

d'a/dQndQp = 60± 150 pb' sr- I 

or as an upper limit, including one standard deviation, of 210 pb . sr- '. The large 
uncertainty arises from the small number of true npB events and the large number 
of background events which had to be subtracted. Other sources of error such as 
uncertainties in calculated detection efficiencies are negligible in comparison and 
have been disregarded. 

5. Discussion 

Table I lists the present results together with the results, at or near to en, 8p = 30°, 
30° (Harvard geometry), of all known previous measurements of the npB cross 
section. 

There have been several predictions of the npB cross section at the higher ener­
gies corresponding to the Davis and Harwell measurements and the results agree 
reasonably well with experiment. The work at these energies' has established the 
basic techniques for npB calculations but there are still difficulties with the assess-
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TABLE I 

Results of npB experiments at or near On' Op = 30",30" (Harvard geometry) 

Energy Source °n' Op 
d'q/dll,dn, Ref. Year 

(MeV) (~b . sr- ' ) 

208 U.c. Davis 30", 30" 35± 14 >0) 1968 
130 HalWcll 32°, 29° 77± 32 ' ) 1974 
14.4 Zagreb 30', 30" <400 ') 1970 
14 UCLA 30", all < 170') ") 1967 
4.8 this work 35',25 60± 150 1980 

or < 210 

.) Single differential cross section da/dQ in p.b · sr- 1. This result implies an upper limit to 
d20'/dQ

n
dQ

p 
of the order of 3 mb . sr - 2 . n 

ment of the contributions to the npB amplitude from meson-exchange scattering. 
However, differences between the later calculations 12) based on potential models, 
are small compared with the uncertainties of the experimental results. 

Calculations of npB cross sections at low energy « 20 MeV) are simpler in 
several ways, for instance internal scattering contributions should be negligible and 
only s-wave scattering need normally be considered in the NN interaction. How­
ever, there have been few reported predictions, probably because of the scarcity 
of data for comparison. Of the predictions shown in fig. 10, that of Baier ef al. 13) 
at 10.5 MeV can be disregarded because their one-boson-exchange model does 
not correctly reproduce the s-wave phase shifts 14). McGuire 14) reported two sets 
of calculations; his "0" curve was obtained by extrapolating known values of on-, 
shell phase-shifts into the equivalent off-shell quantities, the quasi-phases [see e.g. 
Sobel 1 ') for definition] , using a prescription based on one-pion exchange. For 
curve "O,t the quasi-phases were replaced by the on-shell phase-shifts. McGuire's 
object was mainly to find those kinematic regions where off-shell effects are most 

120 -
McGuire '0' 

~80 
dflndfip Liou & eno 

IJb/sr1 McGuire 'Oel' 
40 

o 
Baier et 01. 

Incident Energy, E. MeV 

Fig. 10. Calculatcd values of the npB cross section (Harvard geometry, On' Op = 300,30") at low incident 
neutron energy. The results of McGuire 14), Liou and Cho 16) and Baier el al. 13) are shown (see text). 
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marked, rather than to predict reliable values of cross sections by means of the 
1'0 " results. 

The calculation of Liou and Cho 16) is the only one known at the energy of this 
experiment. They used the Hamada-Johnston potential and evaluated the npB 
amplitude in the laboratory frame ; it was then necessary to include a rescattering 
term to satisfy gauge invariance. If the amplitude is evaluated in the c.m. frame as 
is usual, then the rescattering contribution is negligible at these energies 6) so their 
procedure seems cumbersome. 

For comparison with Liou and Cho's result, we have made calculations using 
an on-shell approximation similar to that of Signell 6). The method consists of a 
simple replacement of the off-shell NN transition amplitudes which occur in the 
npB amplitudes by their on-shell counterparts; these were then obtained from 
effective-range parameters. Internal scattering and magnetic-moment contributions 
were disregarded. 

Table 2 summarises the results of the different predictions where extrapolation 
to the energy and angles of this experiment has been made where applicable. There 
is good agreement between McGuire's "0 ,," result , Liou and Cho's result and the 
present calculation, with McGuire's "0" result standing alone. McGuire used a 
similar technique for calculating ppB cross sections ") and higher energy npB 
cross sections 4) and has achieved general agrecment with experiment except at 
very forward angles for ppB 18). However, the differences between "0" and " 0,,.. 
are of the same magnitude or smaller than the experimental uncertainties. The 
difference between "0" and " 0,," is much larger in the energy region under con­
sideration than in most others; it is thus suggested that the " 0 " calculation may 
exaggerate the off-shell effects, a conclusion also drawn by Edgington el al. ') for 
similar predictions at 130 MeV. Furthermore, if the npB cross section is indeed 
much higher than obtained in the present calculation, then the only possible explana­
tion would seem to be that the off-shell NN amplitudes are very different from the 
on-shell values, in other words, that the approximation itself is bad. This is unlikely 

TABLE 2 

Predictions of npB cross sections (Harvard geometry) 

Source 

McGuire "0" 
McGuire "Od" 
Liou & Cho 
this work 

E = 10 MeV 
0n.Op = 30°,30° 

125 
70 
70 
76 

a) Extrapolated from 10 MeV, 8 ,(J = 300,30° result. 
b) Extrapo lated from 4.8 MeV, 8 . 6 = 300, 300 result. " . 

E = 4.8 MeV 
0n.Op = 35°,25° 

140 'J 
83 'J 
84 oJ 
89 

Ref. 

"J 
"J 
"J 
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as on-shell calculations of ppB cross sections using a similar method have achieved 
close agreement with more precise calculations and experiment at 20 MeV [ref. 19)] 
and lower energies 20) .. . 

The balance of the evidence therefore favours an npB cross section of 80-90 
"b· sr - 2 for the incident energy of 4.8 MeV and angles eo = 35°, ep = 25°, and 
suggests that off-shell effects are indeed small at these energies and angles. 
The measured upper limit from this experiment exceeds both this value and the 
higher cross section based on McGuire's " 0 " calculation. 

The question arises as to what npB measurements, if any, might be attempted in 
the future. The present experimental method appears to be capable of only marginal 
improvement in accuracy, but it is feasible that this improvement could be sufficient 
to test McGuire's " 0 " result. The Low theorem 21) which states that the first two 
terms of a series expansion of the NNB amplitude in powers of the photon energy 
can be exactly calculated from on-shell information, implies that off-shell effects 
play the greatest part when, at a given incident energy, the photon energy is 
maximised. In Harvard geometry, this means that one should work at small angles 
of the outgoing nucleons (8" ep ;5 10°). Some such experiments have been under­
taken for ppB [ref. 22)J but they are difficult. However, low-energy npB measure­
ments at small angles may be possible using the techniques of this work. Moreover, 
predictions using the on-shell approximation imply that the low-energy npB cross 
section increases towards small eo and Op. On the other hand, Fearing ") claims 
that a further parameter, Am2 which increases with incident energy, should be 
maximised to obtain the largest off-shell dependence. If this is so, then the low­
energy region even with small 0

0 
and ep may not be a useful one. 

To sum up, the present experiment has succeeded in providing a more accurate 
result than comparable earlier measurements and probably approaches the limit of 
precision attainable. However, in the tradition of earlier NNB experiments, it has 
failed to distinguish the relevant predictions and thus falls short of contributing 
any new knowledge of the off-shell dependence of the 2-nucleon interaction. The 
possibility exists that the experimental technique which has been developed could 
be refined to the extent that McGuire's " 0 " calculations could be tested, and 
modified so that small-angle measurements could be made. Some theoretical 
guidance as to the value of such work would be helpful. 

We thank the South African Council for Scientific and Industrial Research fo, 
supporting this work and for a bursary to one of us (l .W.), the staff of SUNI for 
their cooperation and Mr. P. A. Back for constructing the equipment used. 
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VECTOR ANALYSING POWERS FOR THE12C(d,n)13N,'Be(d,n)'OB AND 
2'Si(d[,n)29p REACTIONS 
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P.M. Lister, J.M. Nelson and K.S. Dhuga 
Dept. of Physics, Univ. of Birmingham, Birmingham, B15 2TT, England 

ABSTMCT 

Vector analysing powers have been measured for the12C(~tn)13N, 
9Be(a,n)lOB and 2'Si(d,n)29p reactions at Ed - 12.3 MeV . The 
results obtained for transitions to the ground state of 13N and the 
1.38 and 1 . 95 MeV states of 29p agree well with DWBA predictions at 
f orward angles and demonstrate the j-dependence of the analysing 
power. 

INTRODUCTION 

As a spectroscopic tool in the study of proton transfer re­
actions the (d,n) reaction is a potentially strong competitor to the 
(3He,d) reaction because of the more intense polarized beams which 
are available for deuterons than for 3He ions. However, this ad­
vantage may be offset by limitations imposed by the efficiency and 
energy resolution of available neutron spectrometers, especially 
when neutron energies exceeding 10 MeV are involved. We report 
here on some (dtn) studies made using a new type of deuteron re­
coil spectrometer in conjunction with the 12.3 MeV vector polar­
ized deuteron beam of the Birmingham University Radial Ridge 
Cyclotron . 

EXPERIMENTAL 

The neutron spectrometer consisted of a deuterated anthracene 
scintilla tion crystal (10 rom diam . x 21 mm length) placed 10-20 cm 
away from the target under s tudy. Recoil deuterons from D(n,n)D 
elastic scattering in the crystal were internally detected and were 
separated from breakup protons (from D(n,2n)H reactions in the 
crystal ) and gamma background by pulse shape discrimination . The 
spectrum of recoil deuterons produced by monoenergetic neutrons 
(E > 5 MeV) contains a prominent forward recoil peak with a sharp 
cu~off at its high ener gy limit, thus giv ing the deuterated 
scintillator a lineshape which is particularly suitable l for 
neutron spectrometry . 8y folding in the correct lineshape the 
neutron spec tum may be extracted from the observed recoil deuteron 
spec trum . Fig. 1 shows an example of a neutron spectrum obtained 
from measurements of the 9Be (d , n) lOB reaction. Vector analysing pow­
ers were determined f r om neutron spectra obtained simultaneously for 
the !lup " and "down" spin states of the incident polarized deuteron 
beam . 

0094- 243X/81/690656-03$1.50 Copyright 1981 American Institute of Physics 
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C H A N N E L N o. 
RESULTS AND DISCUSSION 

Fig.2 shows analysing powers obtained for transitions to di ffer­
ent final states in the 1~C(d,n)13N reaction, together with data 
from refs . 2-~. The data for the ground states are in good overall 
agreement at forward angles but diverge at e ~45°. The DWBA pre­
dictions shown by the solid line were obtaingW using the computer 
code NELMAC s which includes corrections for non-lo~ality and finite 
range. Optical-model parameters were obtained from refs . GI ? The 
agreement between theory and the present data is very good for the 
ground state transition in this reaction. 

The central and lower sections of fig.2 show results for the 
reactions leading to the unbound 2.37 MeV state and the 3.5l-3.56MeV 
doublet in 13N. For the 2.37 MeV state the DWEA calculation was 
performed in the weakly-bound-nucleon approximation where the un-

• bound proton is treated as being 
o~r-~~--T--r--r-'--r--r--r~~, bound by a small (10 keY) amount. 

o 0 "cr., ' ''. The fit to the data is reasonable t, - O'O ~. 

o '---9~~-- data and for those of Tenhaken 
J, ' i L,'I Ji\. ~+ +. at forward angles, both for our 

~-;--~, +'\: • • • t and Quin ~ • 
'C>4 .~ .. t, Figs.3{a) and (b) show 

.~ analysing powers for transitions to 
-o~ ~ A different final states in th~ re-

T actions 9Be(d,n)lOB and 28Si(d,n)29p 
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Fig.~. Analysing powers for the 
12C(d,n)13N reaction leading to 
the ground, 2.37 MeV and (3.51 & 
3.56) MeV states of "N . 
Data shown are: 
.present work (at 12.3 MeV); 
o Krammer et a1 2 (at 10.0 MeV) ; 
. Hilscher et al'{at 8.5 MeV) ; 
C Tenhaken and Quin ~ (at 9 .7 MeV). 

110' Curves show DWEA predictions. 
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eters for the DWBA calculations were taken from refs. B• 9 and from 
refs. 6tID

• Since no experimental spin-orbit parameters were avail­
able for10B+n, the spin-orbit parameters of Bechetti and Greenlees 6 

were taken in conjunction with parameters from ref . s • The DWBA 
describes the overall features of the data quite well and achieves 
satisfactory fits to the data for the 1.38 MeV and 1.95 MeV states 
of 29p (fig.3(b» at forward angles . The analysing powers for these 
transitions show a j-dependence at forward angles similar to that 
found in many neutron transfer reactions. Vector analysing £owers 
have also been determined for other final states in the 9Be (d,n)lDB 
and 2B Si(t,n)29 p reactions and DWBA analyses of these data and the 
data shown in fig. 3 are in progress. 

-0'4 • • 

E. ·o-O 
J,-lL1 -O 

o~--~'-G~~--~~~~~ 

-0·4 

0 '4 0'4!i\ 
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.J E. ~'74. I ! ! ~ . I • I i j ~:: I 

o (o) 20 40 e .... 60 8'0 100- 0 (b) 20 40 B,.. 60 80 100" 

Fig. 3. Analysin~ powers for transitions to different final states 
in : (a) the 9Be(a,n)l OB reaction; and (b) the 2BSi(d,n)29p reaction 
Data shown are: • present work; 0 Kdimmer et a1 2 (taken at 10.0 MeV). 
Curves show DWBA predictions. 
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The pulse height response: of NE102A plastic scintillator film~ to {ragmen! 10m from ~~: Cf srontaneous fi ssion ha ~ hl'cn 
investigated as a function of fragment time-Of-flight and film lhicknes$ 1 in the: range 1-15 ,.,.m. For \'eioCllle!. clo.<.e 1(1 the two real..~ 
in the fragment velocity spectrum and for films of either t 2. 9 f.1m or 1 S 3 ,urn. an approx i maleJ ~ lmear relationship bep ... ·een respc-.n!oe 
and fragment velocity is found. For films of thickness 3-6 ~m or for fragmenb from s~·mmetrit· or highl~ J s~· mmetnc fl~StOn. 
deviations from the linear dependence are observed. The response increases rapidly with film thll.:kne !>~ In Ih ~ range I '" ~-t"> P. m and 
saturates at I?: 9 ~m for both light and heavy fragments. The possible role or surface effect !. in the!.e phenomena l~ dl!>cus!>.ed 

1. Introduction 

Thin film plastic scintilla tors (TFPS) display some 
useful and convenient features for the detection of 
heavy ions {l - 3] and fission fragments [4-10]. They are 
simple 10 prepare [7.11) and the TFPS signal has good 
timing characteristics [5.12-14] and can also provide 
usefu l"information. for example about the mass distri· 
but ion in fission [5.8]. TFPS characteristics have been 
studied and the TFPS scintillation mechanism has been 
discussed [1-3.14-19] with reference to models of the 
scintillation process in other organic systems [20.21]. 
These studies have indicated [1 -3,16-19) that the 
specific lumin~scence versus specific energy loss rela­
tionship traditionally used [20- 22) to interpret the scin­
tillation pulse height versus energy dependence is per· 
haps inappropriate for TFPS systems. They suggest 
instead that the elementary variables which determine 
the TFPS pulse height response to heavy ions are the 
ion velocity and the (velocity-dependent) effective ion 
charge. 

The main aim of the present work was to study the 
TFPS pulse height response as a function of film thick­
nes~ and ion velocity for fragment ions from 252 cr 
spontaneous fissions. The range of thickness studied, 
1- 15 I'm ( -0.1-1.5 mg cm- 2 ), corresponded ap­
proxi mately to the range (- 20 #Lm) of 252Cf fragments 
in NEI02A plastic. The upper limit of 15 JLm also 
ensured that the alpha background from 252Cf produced 
pulses much smaller than those produced by the frag· 
ments in the TFPS. 

Although previous· work on TFPS characteristics is 
extensive it does not, to our knowledge, include an 
investigation in which the velocity and thickness varia· 
bles were studied simultaneously. Information on TFPS 
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response as a fun ction of thi ckness is contradictor:. one 
set [7J shO'o\'ing saturation of the response ICl both lig.hl 
and heavy fragments for t ~ 9 }lm while another 16J 
shows saturation only for the light fragment. Data are 
also available from measurements on multiple Slack s of 
thin films fJ.5]. However. it cannot be assumed that 
these laminated films will give results equivalent to 

those obtained from a single fi lm of the same total 
thicknes!:.. since surface effecls PO) can modify the scin­
tillation mechanism at the interfoil boundaries and since 
nonradiative energy transfer processes. which are known 
to be important in the scintillation mechanism [20- 22J 
are hound to be affected by these interfaces. 

A further objective of the present work was to assess 
the suitability of the TFPS for use as a fragment detee· 
tor in a suhsequent experimental study of neutron cmis· 
sion in spontaneous fission. The dependence of TFPS 
pulse height response on fragment velocity was of par· 
ticular interest for this application. 

2. Experiments 

Thin films of NE102A plastic scint illator were prepared 
by a method based on the technique described by 
Ajitanand and lyengar [7J. A standard sol ution of 11 g 
]- 1 of NE102A in scin tillation-grade xylene was pre­
pared. A measured quantity of this standard solution 
(or an appropriately diluted solution) was transferred 
by means of a glass ~:Tinge onto the carefully cleaned 
and levelled photocathode face of a photomultiplier 
tube (RCA 8575) mounted in a bell jar. The bell jar wa5. 
slowly evacuated so as to ensure tha; a clear. un form 
and bubble· free NE102A TFPS remai ned attached to 
the photocathode face after the xylene had evaporated. 
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TFPS Vacuum 25ICf , , 

Fig. I . Schematic and block diagram or the ex.perimental 
:lrrangement. The NIM modules (Ortec or Canberra) were: 
TF A. timing filter amplifer: CFD, constant rraction dis­
criminator: nsO. nanosecond delay: TPHC, time-to-pulse­
height converter; DA. delay amplifier. LGS. linear gate and 
stretcher: A and PA. linear amplifier and preamplifier. 

The thickness t of the film was calculated from the 
known amount of NEI02A transferred in the solution. 
the film area and the density of NEI02A (assumed to be 
1.032 g cm- 1 ). An independent check made using an 
optical interferometric technique showed that this 
method was capable of making films of thickness within 
10% of the calculated value and uniform to 5% or better 
over an area of 3 cm2. 

The photomultiplier with TFPS attached was 
mounted at the end of an evacuated tube containing an 
dectrodeposited 2s2ef source of strength - 0.2 ,uCi 
(fig. 1). The flight path from the open surface of the 
source to the TFPS was 485 mm. · A sodium iodide 
.~ci ntillation detector (50 mm diameter X 50 mm crystal). 
mounted immediately behind the source. to detect fis­
sion gamma rays. provided a fission time-zero signal. 
The time-of-flight T of the fragments to the TFPS was 
measured together with the pulse height response L of 
that detector, using the electronic arrangement shown in 
fig. 1. Data were wriw;n to magnetic tape, event-by­
~\"ent. in two-parameter format (L and T) for subse­
"-!ut:nt o ff-line analysis. Time-or-flight singles spectra 
were aCl.:umulated and displayed during data acquisi­
tivn. l0 monitor the stability of the T coordinate. These 
checks ve rified that the positions of the light and heavy 
fra gment peaks in the T spectrum were, as expected, 
stable and independent of TFPS thickness. The zero of 
the tlme·of-night scale was detennined by recording an 
JJd it ional two-par3J]1.eter spectrum for one of the TFPS. 
in wruch the TFPS detector was moved in so as to 

reduc.:e the fragment flightpath.from 485 mm to 10 mm. 
The light and heavy fragments were then separated by 
means of the L coordinate and their positions (peak 
I,:e ntre~) 10 the T spectra obtained at 485 mm and 10 

mm respectively were compared so as to determine the 
T = 0 channel by assuming that T is proportional to 
night path length for each fragment. The time calibra­
tion is estimated to be accurate to < 0.5 ns. 

3. Results 

Raw data obtained using a 12.0 ,urn TFPS are shown 
In the density plot (fig. 2) of number of events as a 
func tion of Land T. The predominantly asymmetric 
mass division in ~j2 Cf fi ssion is responsible for the 
structure of this plot, the two peaks corresponding to 

the maxima associated with the light and heavy frag­
ments. A monotonic dependence of L on T (and hence 
of L on the fragment velocity, which is directly related 
to T) is clearly apparent in fig. 2. Similar distributions, 
differing only in their detai led L dependence. were 
obtained for all other film thicknesses studied. 

The two-parameter spectra were analysed by project­
ing either: (a) cuts at different discrete T values onto 
the L axis; or (b) cuts at different discrete L values 
on to the T axis. Fig. 3 shows examples of these two 
types of projected spectra. obtained from the L- T 
spectrum (fig. 2) for a 12 Jlm TFPS. Projec ted spectra 
like these. from cutS through the centres of the light .lnd 
heavy fragment peaks. were used to determine the ( L. T) 
coordinates of these peaks for each film studied. Cuts 
taken at L values of! the fragment peaks were also 
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Fig. 1. Density plot of counts as a runction of lim!! channd :lnd 
o f pulse height L obtained using a 12.0 I'm thit:k TFPS. The 
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fragments respect ivel y from ~ ~ !C f fission. 
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Fig. 5. TFPS pulse height response L to the light rragment 
(crosses) and heavy fragment (squares) as a runction of: (a) 
TFPS thickness I; and (b) energy lost in the TFPS. 

projected and analysed in this way, to determine most 
probable values of T over the full range of L covered in 
the measurements. The (L, T) coordinates obtained in 
this way are less precise than those obtained on the 
fragment peaks however, because the finite resolution of 
the pulse height and time-of-flight measurements can 
distort the observed L-T dependence and this distor­
tion is greater for cuts off the fragment peaks than for 
cuts on the peaks. No attempts were made to correct for 
the distortion but uncertainties representing the limits 
of the associated systematic errors on the T-measure­
ments were estimated. Fragment velocities v (and 
uncenainties) were then calculated from the T data. 

Results showing L versus v for four of the len TFPS 
thicknesses studied are presented in fig. 4. The straight 
lines shown in this figure are not fits to the data. but 
lines drawn through the two most accurately defined 

Fig. 4. TFPS pulse beight response L as a function of fragment 
vdOCit)' u for four different TFPS thicknesses: 1.0 I'm (circles ); 
4.0 J1m (crosses); 5.0 J1m (triangles); and 12.0 11m (squares). 
The error bars represent systematic uncertainties in the L· 

measurements (see text). The straight lines are defined by IWO 

points only for each thickness. namely the points derived from 
the centres of the light and heavy fragment peaks in the L - T 
spectra (e.g. fig. 2) . 
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points. namely those corresponding to the centres of the 
light and heavy fragment peaks, as indicated above. The 
pulse heights L corresponding to these peaks are also 
plotted as a function of TFPS thickness and of energy 
lost in the TFPS, in figs. Sa and b respectively. The data 
in fig. 5b were derived from those in fig. Sa using the 
recent direct measurements by Batra and Shatter [23] of 
the energy loss (as a function of I) of 2S2Cf fission 
fragments in NE102A TFPS. 

-t. Discussion 

The two most striking features of the present results 
are perhaps the step-like variation of the response versus 
TFPS thickness characteristic (fig. Sa) and the linear 
trends shown in the response versus velocity depen­
dence (fig. 4). Some previous work [9) has indicated a 
linear variation of L versus v for fission fragments 
incident on TFPS. The present data (fig. 4) show an 
approximately linear dependence of L on v for TFPS 
thicknesses corresponding to the plateau regions of fig. 
Sa. that is 1 = 1-3 I'm and 1 ~ 9 /lm. For these thick­
nesses the lines (fig. 4) defined by the coordinates of the 
centres of the light and heavy peaks are consistent with 
the experimental data over a substantial fraction of the 
vdocity range studied. Notable deviations from the 
lines occur at the velocities corresponding to symmetric 
fission ( - 12.5 mm ns -I) and highly asymmetric fission 
( S 9 mm ns -I and ~ 14.5 nun ns -I). However, these 
particular velocities correspond to minima in the veloc­
ity distribution for 2s2Cf fission fragments. Thus a large 
proportion of the fragments have velocities in the region 
over which the straight line is a good approximation to 
the TFPS response. for TFPS of /-1-3 or > 9 ~m. It 
is also noted that the linear approximations for all 
TFPS thicknesses extrapolate (fig. 4) to a common 
L = 0 intercept at v = (7.8 ± 0.2) mm ns- I . 

The linear approximation is useful for estimating the 
accuracy with which fragment velocity can be 
determined from the TFPS response measurement alone. 
For the 12 ~m TFPS for example. the pulse height 
resolution (fwhm) for the heavy fragment (fig. 3a) con­
Verts via the appropriate line in fig. 4 to a velocity 
uncertainty of ±0.5 mm ns- I

, or a velocity resolution 
of ±5% (fwhm 9%). For the light fragment the corre­
~pl.)nding figures are ±0.8 mm ns- I or ±6% (fwhm 
11%) for the same TFPS. These estimates will apply for 
fragments close to the heavy and light fragment peaks 
respectively. For other regions. e.g. the symmetric fis­
sion region. the data shown in fig. 4 may be llsed to 
correct for systematic ~ deviations from the linear re­
sponse function. Thus the puJse height response for 
TFPS of thickness ~ 12 Il m provides a simple means 
for determining fragment velocities to ± 5-6% accuracy 
over the full range of the 252 Cf fission fragment spec­
trum. 

The step-like variation of L with TFPS thickness 
(fig. Sa) is surprising and may have important implica­
lions concerning the scintillation mechanism in TFPS. 
For light ions on plastic scintilla tors it seems to be 
established [20-22) that only singlet excitations of the 
polymer molecules lead to significant light emission; or, 
in other words, that in plastics the delayed triplet-tri· 
plet component. impo~tant in other organic scintillators 
(liquid and crystal) is insignificant in comparison with 
the prompt component. It is likely. though not yet 
demonstrated, that this may also hold true for heavy 
ions in plastic scintillators. Two distinct primary excita~ 
tion regions have been identified [21] in the excitation 
of the prompt component by Iighl ions in organic 
scintillators. These are the molecular excitations prer 
duced directly by the incident particle in the "core" of 
dense excitation (diameter - 0.03 /-Lm) which it forms 
around its path and . the excitations to a radius of - 1 
,urn outside this core. produced by secondary electrons 
(8-rays) ejected from the core. For heavy ions or fission 
fragments it is suggested [16,171 that the excitation 
density in the core will be extremely high, that scintina­
tion emission from this region will consequently be 
strongly suppressed relative to that from the outer sec­
ondary electron region. and that the latter is therefore 
the dominant source of the scintillation emission. 

If one assumes that the plastic scintillator is perfectly 
homogeneous. that its physical and chemical composi­
tion are independent of thickness and. for the moment. 
that the range of diffusion of excitation energy by 
nonradiative transfer processes is 1 /-Lrn or less. then the 
present data (fig. Sa) for L vs I yield. by simple 
differentiation. the specific luminescence dL/dx as a 
function of x. the distance along the fission fragment 
track in the plastic. The results would indicate large 
variations in dL/dx with x. showing maxima at x:::; 1 
,u m and x == 4.5 ,u m. It is conceivable that fluctuations 
in the charge of the fragment ion immediately after 
entering the TFPS could lead to fluctuations in the 
specific energy loss -dE/dx and hence in dL/dx for 
x < I ,urn. For x> 1 Ilm however. it is clear that 
- d E/dx varies smoothly [23} with distance x along 
the fragment track. In particular there is no reason to 
expect any unusual fluctuation of - dE/dx at x = 4.5 
,urn. It seems more likely that the apparent increase in 
dL/dx at this depth is an artefact associated with some 
other phenomenon which appears or disappears at a 
film thickness of - 4.5 /lm. Batsch and Moszynski 
(14.15J for example, have reported fluctuations in the 
timing characteristics and pulse height resolution char· 
acteristics of NE102A TFPS at thicknesses of - 3 /l m. 
They suggest that the surface effects involving the loss 
or quenching of excitation energy could be responsible 
for these fluctuations. Using the surface effect model 
proposed by Birks [20J to analyse their data. they esti· 
mate a mean free path of - 7 Ilm for nonrJ.di.J.tive 
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transfer of excitation energy in the plast ic. 
11 i ~ therefore suggested that the sudden chang.e In 

TFPS response at t::: 4.5 I'm (fig. 5a) might he due to 
surface effects. When the film thickness is decreased a 
critical thickness. dependent on the range of the non­
radiative energy transfer process in the plasti c. i ~ even­
tually reached. Below this thickness the TFPS character­
istics are dominated by the properties of the surface 
regions. which show a poorer scintillation efficiency 
than the inner region of a thicker TFPS. Surface proper­
ties as well as the range of the nonradiative transfer 
process may also be sensitive to the method used to 

prepare the TFPS. Further experiments with iom of 
known charge and mass as well as with fission frag­
ments will be required to explore and test these sugges­
tions. One test which should be informative is an accu­
rate comparison of the response of a stack pf several 
thin TFPS with that of a single TFPS of the same total 
thickness and composition. In the meanwhile it would 
seem premature to interpret the TFPS scintillation pro­
cess in terms of the specific luminescence dL/ d x de­
rived from response-thickness (L versus 1) measure­
ments. 
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Abstract: The angular distribution of neutrons from deuteron photodisintegration by 2.75 MeV gamma 
rays was measured at six laboratory angles between 30° and 135°. The dipole cross section ratio 
deri ved from the measurements, uml U e = 0.290 ± 0.021, is consistent with theoreti cal calculations 
which include contributions from meson-exchange currents and isobar configurations. 

E 
NUCLEAR REACTION 2H( y, n), E = 2.75 MeV; measured photodisintegration u (8); 

deduced dipole u(ratio), meson exchange; isobar configuration roles. Enriched target. 

1. Introduction 

In 1972 Riska and Brown I) resolved a long·standing discrepancy of about 10% 
between theory ') and the experimental value 3) for the radiative capture cross section 
of protons for thermal neutrons. They showed that the capture cross section was 
enhanced by 9.7% when contributions from meson-exchange currents (MEC) and 
isobar configurations (IC) were included in the Ml transition amplitude which 
dominates thermal n-p capture. Their results stimulated new interest in both the 
n-p capture reaction and its inverse, deuteron photodisintegration. Work published 
since 1972 on the 'H(", n)IH reaction has been confined to energies well above the 
photodisintegration threshold (2.225 MeV) and has been motivated largely by inter­
est in further evidence of sub-nucleonic degrees of freedom in this reaction. The 
MEC and IC contributions may be expected to manifest themselves more clearly 
in deuteron photodisintegration close to threshold (Ey < 3 MeV) however, since the 

-I Ml transition contributes significantly to the cross section at these low energies. No 
new experimental data appear to have been reported on deuteron photodisintegra­
tion in this energy range since 1965; and the data published up to that time are in 
disagreement with one-another. 

The differential cross sections for photoproton and photoneutron emISSion at 
centre-of-mass angle 0 relative to the incident photon direction in the ' H( 1', n) IH 
reaction may be written 4,5) 

0-( 0) = a + b sin' 0 + c cos e + d sin' 0 cos e + e sin' e, 
0-(0) = a + b sin' e - c cos e - d sin' e cos 0 + e sin' e, 

0375·9474/87/S03.50 © Elsevier Science Publishers 8.V. 
(North-Holland Physics Publishing Division) 

(1) 

(2) 
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respectjvely, where a-e are energy· dependent coefficients. At energies very close to 
threshold only dipole transitions need be considered and eqs. (1) and (2) reduce to 

IT( e) = a + b sin' e, (3) 

in which the first and second terms representthe Ml and El components respectively. 
By integrating over the 47T solid angle it may then be shown that the dipole cross 
section ratio T, the ratio of the photomagnetic and photoelectric components of the 
total cross section, is given by 

(4) 

Thus, in the threshold energy limit, r may be obtained directly from a simple 
measurement of the photo proton or photo neutron angular distribution. Absolute 
measurements of G"( 0) are not required to obtain T. Furthermore, since the inclusion 
of MEC and IC in calculations at these energies affects the photoelectric cross 
section much less than the photomagnetic cross section 6), the change in r will be 
(eq. (4)) proportional to that in O"m. In addition, since 0",> O"m for photon energies 
>2.4 MeV, the fractional change in r due to MEC and IC contributions will be 
larger at these energies than the associated fractional change in the total cross 
section (um+ue). These factors therefore combine in such a way that a relative 
measurement of de) for the ' H( y, n)IH reaction at Ey = 2.75 MeV provides a more 
sensitive probe of MEC and IC contributions than, for example, an absolute 
measurement of the total cross section at the same energy. 

The values of r previously reported 7- 14) at threshold energies were all measured 
prior to 1952 and were derived from angular distribution or cross section ratio 
measurements, assuming validity of the dipole approximation of eq. (3). In 1981 
however Holt 15) reported measurements of differential cross section ratios at slightly 
higher energies, from which he deduced that higher order (L> I) multipole contribu­
tions were significant at photon energies as low as 3.5 MeV. The validity of the 
dipole approximation may be tested by checking the symmetry implied by eq. (3), 
of the angular distribution about e = 90°. This symmetry is broken by the third and 
fourth terms of eqs. (1) and (2), which increase in importance as the contributions 
of higher order multi poles become significant. The contributions from the sin' e 
terms of eqs. (I) and (2) are less important and may be neglected at threshold 
energies. 

Most of the measurements reported in the threshold region 7_14) were made at 
the photon energies conveniently provided by the radioactive sources 
"Ga (2.50 MeV), radiothorium (2.62 MeV) and 24Na (2.75 MeV). The uncertainties 
quoted for these measurements vary considerably and there are irreconcilable 
discrepancies between the measurements which quote the highest accuracies. Calcu­
lations of photodisintegration which include MEC and IC contributions and extend 
to low energies have been reported by Hadjimichael 16), by Arenh6vel et al. 17) and 
by Rustgi et at. 18). None of these papers presents explicit values for T at threshold 
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energies. However from the data or Arenhovel et al. 17) it can be seen, as we shall 
describe presently, that the inclusion of MEC and IC contributions may be expected 
to lead to an increase of 10-20% in 7 at the incident photon energy of 2.75 MeV. 

The present experiment was initiated with the interest in MEC and IC contribu­
tions foremost in mind and also with a view to investigating the contributions 15) 
of higher order multipoles (L 3 2) at low incident energies. The experiment consisted 
of a measurement of the angular distribution from 300 to 1350 of photoneutrons 
from the ' H("y, n)IH reaction for Ey = 2.75 MeV. We have employed a method in 
which the photoneutron and photoproton are detected in coincidence, thus obtaining 
a cleaner signature than the previous experiments in which only one nucleon or the 
other was detected. 

2. Experimental 

Six independent series of experimental runs were made, each of duration approxi­
mately two weeks and spaced at intervals of 1-3 months. The first three series were 
exploratory runs which were used to optimize the experimental arrangement. The 
results presented here are those obtained in the final runs referred to below as series 
A, Band C respectively. These runs were carried out at the Van de Oraaff Laboratory 
of the South African National Accelerator Centre (NAC) at Faure, near Cape Town. 

Each series incorporated both photodisintegration measurements and experiments 
to calibrate, in situ, the energy-dependence of the efficiency of the neutron detector 
used in the photodisintegration measurements. The NAC 5.5 MV Van de Oraaff 
was used via the 23Na(d, p)24Na reaction to make 24Na sources of activity about 
5 mCi for the photodisintegration measurements and, via the ' Li(p, nl'Be reaction, 
to provide monoenergetic neutrons of energy in the range 180-350 keV for the 
neutron detector calibration. 

2.1. PHOTODISINTEGRATI0N MEASUREMENTS 

The 24Na sources (half-life 15 hours) were prepared by bombarding a fused pellet 
(3 mm diam.) of sodium metaborate embedded in the base of a smaIl graphite 
crucible (25 mm diam.) with 5 MeV deuterons. Two such pellets were used in 
alternating 12 hour shifts, one being recharged by the accelerator in a well shielded 
target cell while the other provided gammas for the photodisintegration experiment. 
The photodisintegration experiment was mounted away from the target cell, close 
to the end of one of the Van de Oraaff beam lines, in a position convenient for the 
efficiency calibration runs (sect. 2.2). 

The incident gamma spectrum was monitored throughout the photodisintegration 
measurements by a 100 cm' Oe(LiJ detector placed at a distance of 4.2 m from the 
source (see fig. 1a). The flux of2.75 MeV gammas was recorded by scaling the counts 
in a single channel analyser window centred on the' corresponding total energy peak 
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Fig. 1. Arrangements for the photodisintegration experiment, showing: (a) the experimental geometry; 
and, (b) an abridged block diagram orthe electronic system. Labels in (a) show : deuterated anthracene 
crystal D; stilbene crystal $; hevimet shadow bar B; and ncutron paths for a true coincidence (1 ) and 
an in-scattered background coincidence (2). Crystal D was supported by a light aluminium reflector (not 
shown in (a» linking the upper and lower photomultipliers P. In (b) t, nand F indicate the timing, 
neutron and fast integral outputs respectively, orthe LINK systems model 5010 pulse shape discriminators. 
Other standard NIM modules (Ortee or Canberra) shown in (b) are : linear amplifiers A and preamplifiers 
PA; delay amplifiers DA; time-to-pulse-height converter TAC; nanosecond delay nsD; coincidence CO; 
and Iinear-gate-and-stretchers LGS. The data-acquisition system consisted of five Canberra Model 

8080 ADC's interfaced via a PDP 11 /34 minicomputer to magnetic tape. 

and was also determined after each run from the integral of this peak in the recorded 
spectrum. These measurements also verified that the incident gamma spectrum above 
2.2 MeV contained no other gamma peaks of significant intensity. 

Deuteron photodisintegrations produced by the 2.75 MeV gamma rays in a deuter­
ated anthracene scintillation crystal (10 mm diam. x 20 mm long cylinder, D: H> 99) 
were studied. The photo protons were detected in the crystal and the associated 
photo neutrons were detected in delayed coincidence in a stilbene crystal (40 mm 
diam. x 10 mm thick) at a distance 0070 mm. The photo proton energy was indicated 
by the pulse height Lp of the deuterated anthracene output signal and the photo­
neutron energy by the neutron time-of-flight T between the two crystals. The 
arrangement of the crystals and the photomultiplier tubes used to view them 
(RCA 8850 and 8575) is shown in fig. 1a. The phototubes viewing the deuterated 
anthracene were set back a distance of 40 mm from the crystal in order to facilitate 
the separation of true photo neutron coincidences (path 1 in fig. la) from in-scattered 
photoneutron coincidences (e.g. path 2) by time-of-flight. The difference in T for 
a 0.26 Me V neutron over the direct path 1 and any path such as 2, involving scattering 
on solid material outside the crystal was ;;;:,4 ns. 
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A simplified block diagram of the detector electronics is shown in fig. I b. The 
pulse height measurements Lp and Ln for protons and neutrons respectively were 
obtained from linear outputs taken from the ninth dynodes of the photomultipliers. 
The anode outputs of the photomultipliers were fed to LINK model 5010 pulse 
shape discriminator units 19), which provided outputs for fast timing and pulse shape 
discrmination (PSD). The two photomultipliers viewing the deuterated anthracene 
were connected in parallel and their operating voltages were adjusted to match their 
individual pulse height responses to the 60 keY gamma rays from 241Am. 

The first level of selection for candidate photodisintegration events required 
neutron logic signals (n in fig. Ib) from the two LINK SOlO units together with a 
coincident logic signal (W in fig. Ib) from the TAC. For events which satisfied this 
condition the TAC output T, the pulse height outputs Lp and Ln and two additional 
"fast integral" outputs Fp and Fn. derived from simple internal modifications in 
the LINK units, were digitized and written to buffer tape for subsequent off-line 
analysis. The n-1' discrimination thresholds of the LINK units were set low enough 
to ensure that more than 98% of the detected photoprotons and photo neutrons 
passed the first (on-line) level of selection. The fast integral outputs Fp and Fn were 
used to impose stricter pulse shape discrimination against gammas during the 
subsequent off-line analysis, as described below. 

The LINK pulse shape discriminators, which are based on a Harwell design 20) , 
incorporate pile-up rejection electronics and provide busy outputs for the monitoring 
of dead time. With singles count rates ranging as high as 2 kHz and 20 kHz in the 
stilbene and deuterated anthracene respectively these facilities were essential to the 
present experiment. The PSD technique employed in the LINK 20) is based on 
comparison of two integrals of the scintillation decay. The first, which we refer to 
as the fast integral, is obtained by integrating from the start of the scintillation for 
a period of the order of the lifetime of the fast component of the scintillation decay 
(-3 ns for stilbene and -20 ns for deuterated anthracene). The second integral is 
obtained by integrating for a period of about 500 ns. Minor internal modifications 
were made to the LINK units used, in order to extract the fast integral signals Fp 
and Fn in fig. lb. The analogue processing within the LINK units was then emulated 
digitally in the off-line analysis of the buffered data, by computing pulse shape 
parameters Sp and Sn for each event from equations of the form 

S = kL - F+C, (5) 

in which k and C are constants and L is the associated linear pulse height (fig. Ib) 
which may be assumed to be proportional to the long-period integral within the 
LINK. The values of k and C were chosen so as to simplify the application of the 
final pulse shape discrimination cuts in the analysis, as described below. 

Figs. 2 and 3 show some two-parameter distributions from mUltipara meter off-line 
analysis of calibration runs and of a set of photo disintegration runs obtained at 
9n = 90· in series B. Fig. 2 shows plots of counts, versus Sand L, obtained from 
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Fig. 2. Density plots of counts versus pulse height L and pu lse shape S: (a) for the deuterated anthracene 
crystal; and (b) for the sti lbene crystal. Upper panels display calibration spectra obtained using a sealed 
241Am source and show peaks P corresponding to the 60keV gamma·ray. Lower panels show spectra 
obtained from the summed photodisintegration runs taken at On = 90° in the series B experiments. The 
cuts applied when obtaining the spectra in these lower panels were b, d, e and L1 for (a) and a, c and 
e for (b). The cuts are identified as follows: PSD cuts selecting photoprotons and photoneutrons, a and 
b respectively; photoproton pulse height window c; photoneutron pulse height window, d together with 

either L1 , L2 or ~; and photo neutron time-of-flight window e (see fig. 3). 

24lAm calibration runs (upper panels) and from the photodisintegration runs (lower 
panels). A point of interest is the fact that the deuterated anthracene pulse height 
response Lp to 260 keY photo protons is approximately the same as that to 60 keY 
electrons (fig. 2a), whereas the stilbene pulse height response to 260 keY protons, 
judged from the upper limit of the recoil proton distribution for 260 keY photo­
neutrons in fig. 2b, is only about two thirds of that to 60 keY electrons. The response 
in fig. 2a is enhanced by the factthat the artificial c' ·axis of the deuterated anthracene 
crystal was aligned with the neutron·proton axis SO in fig. 1a and thus with the 
photoproton direction preferentially selected by the coincidence system. The c'-
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direction is associated with enhanced pulse height response for anthracene crys­
tals 21). This pulse height anisotropy characteristic of anthracene therefore provided 
a measure of angular selection for the photoprotons in this experiment, by dis­
criminating against accidental coincidences associated with photoprotons moving 
in off-axis directions. 

The final PSD cuts applied to the deuterated anthracene and stilbene detectors 
are indicated by the lines a in fig. 2a, and b in fig. 2b. The photo proton pulse height 
window is indicated by lines c in fig. 2a. The upper limit of the photo neutron pulse 
height window is shown by d in fig.2b. The levels L" L, and L, shown in this 
figure indicate three different neutron detection thresholds (lower limits for this 
window) used in the analysis. 

Fig. 3 shows a two-parameter distribution of counts versus Lp and T. The most 
prominent features are the ridge and the peak at channels T = 39.5 and 27.5 
respectively. The ridge is attributed to Compton coincidences, a small fraction of 
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Fig. 3. Perspective view (a) and density plot (b) of counts versus photoproton pulse height Lp and 
photoneutron time-of-flight T, obtained from an analysis of the summed On = 900 runs of series B, with 
cuts a, b, d and L j (see fig. 2) applied. The ridge centred at channel T = 39.5 is associated with Compton 
scattering coincidences. The peak centred at channel T = 27.5 is attributed to photodisintegration events. 
The cuts indicated in (b) are (he photoproton pulse height window c and the photoneutron time-or-flight 

windowe. 
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which are not filtered out by the PSD cuts, and the peak is attributed to photo neutron­
photo proton coincidences. The photoproton window, as in fig . 2a, is indicated by 
lines c in fig . 3 and a time-of-flight window selecting the photodisintegration peak 
is indicated by the lines e. The distribution shown in fig. 3 was obtained with cuts 
a, b, d and LI (see fig. 2) applied, the distribution in fig. 2a with cuts b, d, e and LI 
applied and that in fig . 2b with cuts a, c and e applied. 

Photodisintegration runs were made at the six laboratory angles On = 30°,45°,60°, 
90°,1200 and 135°. For each angle the photo neutron yield was determined as outlined 
more fully below, by integrating the counts in the photoneutron peak, by correcting 
for background, geometry, dead time losses and relative detection efficiency of the 
neutron detector and by normalizing to a constant flux of incident 2.75 MeV gamma 
rays, as measured by the Ge(Li) monitor. 

The dead time for the gamma spectrum measurement was monitored by feeding 
pulser signals at 130 Hz into the test input of the Ge(Li) preamplifier and comparing 
the integral under the resulting pulser peak in the spectrum with the real pulser 
integral, monitored by scaler. The pulser signals were also used to monitor the dead 
times in the photo disintegration experiments by recording pulser signals in anticoin· 
cidence with the busy outputs of the TAC and the two LINK units. The dead time 
fractions for the gamma spectrum measurements were typically :!E:5% while those 
for the photo disintegration detection system depended on the source strength and 
experimental geometry and varied significantly with the source decay during a 12 
hour run. For the runs of series A and B the distance d in fig. 1a was 180 mm and 
the dead times measured over 12 hour runs varied between 8-25% depending on 
On . The series C runs were made with d = 240 mm, and thus lower count rates, 
expressly in order to check the reliability of the dead time monitoring procedures. 
The dead times measured in this series ranged from 5-13%. 

2.2. CALIBRATION OF THE NEUTRON DETECTOR EFFICIENCY 

The efficiency of the stilbene detector used to detect the photo neutrons depends 
on the neutron angle On, due to the kinematic variation of the photo neutron energy, 
from 0.24 MeV at en = 135° to 0.29 MeV at en = 30°. The form of this dependence is 
sensitive to the PSD settings, through the action of the PSD cut (b in fig . 2b) and 
to the neutron detection threshold (LI' L, or L, in fig. 2b). The variation of neutron 
detection efficiency with energy was therefore determined independently in each 
series of runs, under conditions identical to those used for the photodisintegration 
measurements. A 'Li-loaded glass scintillator (Nuclear Enterprises NE905, 40 mm 
diam. x 12.5 mm thick) provided a convenient secondary reference standard for these 
calibrations. The energy-dependence of the neutron detection efficiency of the NE905 
was determined from an independent comparison with a standard long counter 
(30 cm diam x 35 cm wax moderator) . The long counter efficiency may be assumed 
to be constant to within 2% over the limited energy range (0.2-0.3 MeV) of interest. 
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The comparisons between the stilbene and NE905 detectors were made by deliver­
ing a pulsed proton beam onto a thin lithium metal target placed at the end of the 
Yan de Graaff beam line adjacent to the photo disintegration experiment. The stilbene 
detector was moved to a position 40 cm from this target at an angle of 10· to the 
proton beam, without disturbing the electronics or cabling of the photodisintegration 
experiment in any way other than as described below. The NE905 detector was 
placed in a symmetrical position at the same distance and angle on the opposite 
side of the proton beam direction. Timing signals from the NE905 were fed in 
parallel with those from the stilbene detector to the start input of the TAC and the 
TAC stop (fig. Ib) was taken from the proton beam pulse instead of the deuterated 
anthracene. Apart from these changes the electronics for the stilbene detector 
remained identical to that used in the photo disintegration experiment. The stilbene 
outputs (Ln, Fn, and T), were recorded in multiparameter on buffer tape together 
with the multiplexed T output from the NE905. The off-line analysis was made 
using the same cuts (b, d and L, , L, or L, in fig. 2b) as used in the photo disintegration 
experiment. Stilbene and NE905 time-of-flight spectra, determined by the common 
TAC and thus with identical dead times, were obtained from these analyses. The 
relative efficiency of the stilbene detector was then determined as a function of 
threshold setting Ln and incident neutron energy from the ratio of the neutrons 
recorded by two detectors for the ground state transition in the 'Li(p, nl'Be reaction. 
Relative efficiencies were measured in this way for 12 different neutron energies in 
the range 180-340 keY. 

3. Results 

The raw data from the three series of photo disintegration measurements consisted 
of 54 runs, each of 10-12 hours duration. Each series was analysed independently. 
After correcting for dead-time losses and normalizing to the same incident gamma 
flux, time-of-flight spectra were obtained by projecting the photoproton cut of the 
Lp- T spectrum (fig. 3) onto the T-axis. Runs at the same angle were first checked 
for internal consistency and then summed in subsequent analyses. Two or three 
analyses were made in which different neutron detection thresholds (L" L, or L, 
in fig. 2b) were used. 

Fig. 4 shows two sets of projected T-spectra obtained from the summed runs of 
series B and illustrates how a higher neutron detection threshold improved the 
signal-to-background ratio for photo neutrons, but at the expense of a reduced 
photo neutron yield. The photoneutron peaks (fig. 4) were integrated after estimating 
background levels from the flat regions of the projected spectra themselves and 
setting T-limits to discriminate against externally scattered neutrons as mentioned 
earlier, with reference to fig. la. The integrals of the photo neutron peaks were then 
corrected for the energy-dependence of the neutron detection efficiency using the 
calibration data measured as described in sect. 2.2. The yields calculated for each 
series at the three different neutron detection thresholds (and therefore with different 
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Fig. 4. Projected T-spectra for events satisfying cuts a, b, c and the photoneutron pulse height windows 
(a) L\ and d; and (b) L3 and d (see fig. 2). The spectra shown are the series B data for laboratory angles 
e" = 30°, 45°, 60°, 90°, 120° and 135° respectively, normalized to the same flux of incident 2.75 MeV 

gamma rays and offset by multiples of 400 counts. 

neutron detection efficiencies) were checked for consistency and then combined to 
give a single value for the measured yield at each angle for the series. These 
consistency checks were important in that they confirmed that the neutron detection 
efficiency calibrations were reliable. 

The neutron yields were corrected for the effects of scattering of photoneutrons 
within the deuterated crystal. On the one hand this scattering removes some neutrons 
originally emitted in the direction of the stilbene detector, thus reducing the observed 
yield. On the other hand, some photoneutrons originally emitted in other directions 
may be scattered towards the stilbene, thus increasing the observed yield, unless 
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the energy loss in scattering is sufficient to permit time-of-flight discrimination (fig. 4) 
against these neutrons. Monte~Cario calculations were made to estimate corrections 
for these effects and the correction factors obtained ranged between 1.01 and 1.12 
at different angles. 

The corrected results obtained from the A, Band C series are presented in table 
1 as relative differential cross sections rr(O). They have been reduced to a common 
arbitrary scale by normalizing the sum L rr( 0) to the same value for each series. A 
weighted average rr( 0) was calculated for each of the six angles, weighting in 
proportion to the inverse square of the uncertainty. The final uncertainties shown 
in table 1 were dominated by the counting statistics of the photo disintegration 
measurements. 

9 

A 

300 1O.9 ± 1.0 
450 16.9 ± 1.2 
600 22.S ± 1.4 
900 29.6 ± 2.0 

1200 2.21 ± 2.2 
1W 17.3 ± 2.7 

al b O.199 ± O.O24 

TABLE 1 

Angular distribution data 

u(8) (arbitrary units) 

B C 

10.4 ± 1.1 10.8 ± 2.8 
IS.2 ± 1.1 19.9 ± 3.4 
23.6 ± 1.3 22.S ± 2.7 
29.6 ± 1.5 30.0 ± 3.9 
21.2± 1.6 22.1 ± 4.5 
16.9 ± 1.8 13.9 ± 3.6 

0.191 ± 0.022 O.184 ± O.O55 

4. Discussion and conclusions 

weighted 
average 

10.7 ± O.7 
17.7 ± O.8 
23.2±0.9 
29.6 ± 1.1 
21.6 ± 1.2 
16.6 ± 1.4 

0.193 ± 0.015 

The averaged angular distribution data are plotted against centre-of-mass angle 
o in fig. 5. The data are symmetric about 0 = 900 within the accuracy of the measure­
ment and do not therefore provide evidence of contributions from multipoles L~ 2. 
It should be noted that this is the first time that direct and unambiguous measure­
ments have been reported at backward angles for the angular distribution in deuteron 
photodisintegration at 2.75 MeV. Previous angular distribution measurements either 
assumed symmetry about 900 [ref. ')], or were confined to forward angles 9-") or 
were indirect insofar as they inferred the photoproton angle from a measurement 
of its energy 14). 

The angular distribution data (table 1 and fig. 5) have been fitted by weighted 
least squares (weighting in proportion to the inverse square of the estimated uncer~ 
tainty) to the dipole approximation of eq. (3) to obtain values for the scale-indepen­
dent ratio aj b. The values obtained from fits to the individual data sets A, Band 
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Fig. 5. Angular distribution of neutrons from deuteron photodisintegration by 2.75 MeV gamma rays 
(weighted mean values) and least squares fit to eq. (3), which led to the value a/ b = 0.193 ± 0.014. 

C and to the weighted mean of the combined data are presented in the bottom row 
of table 1 and are consistent. A single least squares fit to the combined data (18 
points) of series A, Band C has also been made and leads to the value af b = 
0.193 ± 0.014. Taking this as our best estimate for af b we obtain for the dipole cross 
section ratio (eq. (4» T = 3af2b = 0.290 ± 0.021. This result is listed in table 2 and 
displayed in fig. 6, together with published values of T at or near to Ey = 2.75 MeV. 

The presentation in fig. 6 distinguishes between measurements based on proton 
detection (crosses), on neutron detection (triangle and squares) and our measure­
ment by neutron-proton coincidence (circle). The proton-detecting experiments all 
used active targets consisting of deuterium-filled proportional counters but varied 
considerably in method used to define or determine the photoproton angle. Lassen ' ) 

TABLE 2 

Measurements of T for Ey = 2.75 MeV 

N Author and reference 
No. of 
angles 

T 

1 Lassen 8) 6 0.264 ± 0.063 
2 Woodward & Halpern 9) 5 0.49 ± 0.07 0) 
3 Meiners II) 2 O.304 ± O.O60 
4 Meiners II) 2 0.318 ± 0.012 
5 Genevese 12) 4 0.295 ± 0.036 
6 Hammermesh & Wattenberg 10) 2 0.3 1 ± 0.07 
7 Bishop et a{14) 0) 0.247± 0.007 
8 this work 6 O.290 ± 0.021 

A) measured at E., = 2.71 MeV. 
b) angular distribution obtained from energy spectrum (see text). 
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Fig. 6. Display of measurements and calculations of the dipole cross section ratio ., for deuteron 
photodisintegration at E..,. = 2.75 MeV. Data identified by the arbitrary ordinate value N (see table 2) 
are from proton-detecting measurements (crosses), neutron-detecting measurements (triangle and 
squares) and the present n-p coincidence measurement (ci rcle). Band A shows the range of .,-values 
from calculations 22) which do not include MEC or Ie. Band B shows range calculated assuming MEC 
and IC contributions estimated from the results of Arenhovel et af. 17). The dashed line C shows the 
va lue obtained from a recent calculation by Arenhovc l and Miller 23) based on the Paris potential and 

including MEC and Ie contributions. 

(N = I in fig. 6) used single counter geometry and Woodward and Halpern ') (N = 2) 
used a triple counter telescope for this purpose. Bishop er al. 14) (N = 7) derived 
the photoproton angular distribution from the energy spectrum measured by their 
counter. 

The neutron-detecting experiments (N = 3-6 in fig. 6) all made use of heavy water 
targets (masses 1-35 g) and had to contend with problems arising from multiple 
neutron scattering in the target. One of these experiments (N = 3) used an activation 
method for neutron detection. The others (N = 4-6) used moderator-surrounded 
BF, proportional counters. Multiple scattering corrections were estimated by a 
method of extrapolation to zero target thickness, based on comparisons between 
measurements made on targets of different thickness or deuterium content. Extensive 
precautions were taken 10-12) in these experiments to minimize the backgrounds 
caused by neutrons scatttering off the experimental surroundings into the neutron 
detectors . 

It should be noted that the combination of time-of-flight, pulse shape discrimina­
tion and muItiparameter analysis in our experiment was highly effective in dis­
criminating against backgrounds and that the mUltipara meter method made it 
possible to estimate background levels simply and confidently. We also consider 
that the use of Monte Carlo calculations to estimate corrections for neutron scattering 
within the active target (deuterated crystal) represents a significant improvement 
over the methods used in the earlier neutron-detecting experiments. 
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The dipole cross section ratios obtained from the neutron-detecting experiments 
(fig. 6 and table 2) agree with one another. Those from the proton-detecting experi­
ments show a wide spread and include both the lowest value "), which also has the 
smallest quoted uncertainty, and the highest value '). The latter value, by Woodward 
and Halpern ') is for a photon energy of 2.71 MeV, slightly lower than that of the 
other data (2.75 MeV) and was measured by the end-point technique, using a 
bremsstrahlung beam. The lower photon energy might be partially responsible for 
the higher result. Apart from the high value of Woodward ef al. ') the most significant 
discrepancy within the data of fig. 6 is that between the two most accurate measure­
ments, those by Bishop et al. ") (N = 7) and Meiners I I) (N = 4); and this dis­
crepancy seems to be irreconcilable within the uncertainties quoted. OUT result 
(N = 8) is closer to the measurement of Meiners than to that of Bishop et al. 
However. it is clear that more accurate measurements will be needed to resolve this 
disagreement in the experimental data. 

Calculations of threshold photodisintegration cross sections 22) which do not 
include exchange current contributions lead to dipole cross section ratios in the 
range T = 0.249 ± 0.006 for By = 2.75 MeV, as illustrated by the band A in fig. 6. 
Although there have been no calculations reported at this energy which include 
exchange currents and also quote values of T, a value may be estimated from the 
results of Arenhiivel et al. 17). They concluded that the MEC + IC contribution would 
enhance the total cross section for deuteron photodisintegration by about 6% at 
threshold and by about 3.5% at the incident photon energy of 2.75 MeV. If we 
assume that this increase may be attributed entirely to enhancement of the photo mag­
netic component U m and let p represent the fractional increase in the total cross 
section, then the dipole cross section ratio must change by a factor ¢ given by 

(6) 

where T is the value calculated without including MEC or Ie. Thus for p = 0.035 
and T = 0.25 we obtain ¢ = 1.175, implying a 17.5% increase in T for By = 2.75 MeV, 
to the value of 0.293 ± 0.007, as indicated by band B in fig. 6. Our result is consistent 
with this value. 

The calculation of Arenhiivel ef al. 17) was made using the Hamada- Johnston 
potential. They point out that their MEC contribution of 6% at threshold agrees 
with that used by Riska and Brown I) in the calculation of the thermal n-p radiative 
capture cross section. They also note however that their IC contribution at threshold 
is 0.9% , compared with the 3% used by the latter authors, and indicate that this 
discrepancy may be attributed to differences in the methods used to normalize the 
deuteron wave function in the presence of IC. It would be interesting to see how 
calculations based on other approaches or potential forms fare in predicting the 
low-energy deuteron photodisintegration observables, particularly the dipole cross 
section ratio. 
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The preliminary results of some new calculations by Arenhovel and Miller 23), 
based on the Paris potential have recently been communicated to us and are as 
follows, for incident photon energy of 2.75 MeV. Their calculation not including 
MEC or IC gave an angular distribution which we have fitted to eq. (2), obtaining 
the following values for the coefficient ratios: al b = 0.165; cl b = 0.001; dl b = 0.046; 
and el b = 0.0007. Their calculation including MEC and IC led to the same values 
for all but the first of these ratios and this ratio increased to the value of al b = 0.183. 
Thus the inclusion of MEC and IC raises the dipole cross section ratio r from 0.248 
to 0.275. The former value lies at the centre of band A and the latter value is 
indicated by the dashed line C in fig. 6. Our result is thus also consistent with this 
calculation, in which the MEC + IC contributions lead to an increase of about 11 % 
In T. 

It is also interesting to note evidence of higher multiple contributions implied by 
the asymmetry about 90' of the calculated 23) photo neutron differential cross sections 
aCe). Introducing the ratio R(e) defined by 

R(e) = a( 7r - e)1 aCe), (7) 

we find R(45') = 1.05 and R(60') = 1.04 from the Paris potential calculations 23), 
while our measurements (table 1) give R(45') = 0.93 ±0.09 and R(60') = 0.93 ± 0.06. 
The experimental values are thus systematically lower than the calculated ratios but 
the discrepancy is small and of doubtful significance. The proximity of all these R 
values to unity, on the other hand, validates the use of the dipole approximation 
(eq. (3) in the analysis to obtain r-values. 

The angular distribution of the polarization of photoneutrons from deuteron 
photo disintegration by unpolarized incident 2.75 MeV photons has been measured 
by Jewell et al. 24). Their results have a scale uncertainty of about 10%, associated 
with the calibration of their polarization analyser. They disagree by a larger margin 
of 15-30% with several calculated polarization values 18.23-") , the magnitude of the 
measured polarization being systematically smaller than that of the theoretical 
calculations in every case. This discrepancy has attracted comment and 
discussion 25,26) and it seems unlikely that an explanation will be found in terms of 
MEC and IC effects in the calculations, Arenhovel et al. 17) find that the photo neutron 
polarization is relatively insensitive to MEC and IC contributions at this energy, 
Rustgi et al. 18) suggest that the investigations of another polarization observable, 
the asymmetry function measured using a polarized photon beam, should also be 
useful in the study of exchange current effects at low energies. 

Thus, in addition to being difficult to perform, photo neutron polarization measure­
ments at threshold energy do not promise to reveal much about MEC and IC 
contributions. Angular distribution experiments on the other hand are relatively 
straightforward and lead directly to the dipole cross section ratio r which is sensitive 
to MEC and IC contributions. The data now available at 2.75 MeV exhibit incon­
sistencies but tend to indicate values higher than the r = 0.245 ± 0.006 predicted by 
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calculations which do not include MEC+ IC contributions. Further calculations of 
T at threshold energies would be of interest as well as further experimental measure­
ments, preferably measurements made using coincidence methods of the type we 
have outlined here. 

We thank the Foundation for Research Development of the South African CSIR 
for their financial support and for a bursary awarded to one of us (FDS) . We also 
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PULSED MUONS FOR p.CF EXPERIMENTS AT RAL 
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Department of Physics, University of Birmingham Birmingham BJ 5 2IT. U.K 

and 

G.H. EATON 

Rutherford Appleton LAboratory, Chilton, Didcot, aXON aXil OQX, U,K 

An intense, pulsed muon beam has been constructed at ISIS, the spallation neutron 
source of the Rutherford Appleton Laboratory. Both facilities are driven by 800 MeV 
protons having a 10-5 duty cycle. The facility is described and the performance of the 
muon beam given. Two IlCF experiments in active preparation and benefiting from the 
very low duty cycle are described, viz a direct measure of the Ila sticking coefficient, 
J¥s. and a detennination of the J.L 4He X-ray spectrum following sticking. 

1. Introduction 

The advantages of pulsed, low energy muons for many experiments in many 
disciplines are well recognised and several expensive schemes have been proposed 
for providing the initial, pulsed protons. It was suggested that the unusual time 
structure of the proton synchrotron that drives the spallation neutron source 
(SNS) at the Rutherford Appleton Laboratory could provide (a) pulsed neutrinos 
from the SNS for the cost of the floor space for the detector (b) pulsed muons for 
the price of the beam line and a small reduction in the spallation neutron yield. 
The beam line elements have been' acquired' at very low cost and muons are now 
being used for experiments. 

2. The ISIS facility 

A rapid cycling, 50 Hz synchrotron with negative ion injection has recently 
been built to provide 180 /lA of protons at 800 MeV. The extracted beam strikes 
a depleted uranium target to provide neutrons by spallation and fast fission; the 
beam and neutrons are pulsed so that Time-of-flight (TOF) can be used to 
determine neutron energies. Figure 1 shows the accelerator, target station and the 
various neutron beam lines. So far 45 /lA at 750 MeV is routinely available with 
90 /lA and 800 MeV intended for later this year. 

© 1.C. Baltzer AG, Scientific Publishing Company 



Fig. I The Rutherford Appleton Laboratory ISIS Facility. 

Fig. 1. 

A - linac injector 
B - synchrotron 
C - SNS 
o - neutron beam lines 
t - space for muon beams 
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1~---------20MS----------~ 
Fig. 2. Time structure of ISIS proton bursts. 

Fig. 3 Layout of the ISIS 
Pulsed Muon Facility 

A - extracted proton beam 
B - neutral particle dump 
C - beam blocker 
D - velocity separator ----~t---L--r-$------'-

Fig. 3. 
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There are two bunches of protons on opposite sides of the accelerator and the 
fields of a kicker magnet triplet are ramped up between the bunches to provide 
single turn extraction of high efficiency. Figure 2 shows the proton time struc­
ture, two bunches, 330 ns apart, repeated every 20 IllS. The SNS is also an intense 
source of neutrinos. Being pulsed enables p types to be distinguished and the 
effects of cosmic ray background minimized. KARMEN is a large, liquid 
scintillator, neutrino facility presently being assembled. 

Muons coming from pion decay in and around an intermediate target in the 
proton beam will have the time structure of fig. 2, broadened by the 26 ns pion 
life-time. A 2 cm thick graphite target will reduce the neutron yield from the 
spallation target by 5% and with the beam line of fig. 3 180 IlA of protons should 
produce 

3 . 10 6 Il+ /s at 29 MeV /e - 'surface' muons for IlSR 

6 . 10 5 Il-/s at 60 MeV /e - 'cloud' muons for IlCF 

3. The muon beam 

The 20 m long beam line [1] has a conventional double bend with large 
acceptance quadrupoles at the beginning and an almost parallel beam through a 
1 m long crossed-field, velocity separator; the latter is used for particle separation 
and for rotating the plane of the muon polarization. The magnets operate from 
150 MeV /e to below the 29 MeV /e of surface muons. All the beam elements and 
shielding have come from former British accelerators or on loan from CERN and 
DESY while France/Germany/Italy /Sweden/EEC have provided £0.5M to" 
wards a European IlSR facility. The production targets are made from graphite 
and are edge-cooled with water. 

The present beam can be further enhanced by the provision of a kicker magnet 
to separate the two pulses into different areas and/or time slice the pulses down 
to 5 ns. There is considerable space in the vicinity of the intermediate target, 
sufficient for a complex of muon beam lines; this would use the same inter­
mediate production target and thus not affect the neutron yield. 

4. Performance of the muon beam for IlCF experiments 

So far only thin production targets have been used but the muon intensities 
for 29 MeV /e Il+ and 60 MeV /e Il- accord with being pro-rata on the above 
numbers. A beam spot of 2i X 2icm2 at the focus at the position of the IlCF 
target was measured; C:.p/p is ±5% with small beam divergence. 
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Neutron backgrounds and choice of target walls for p.CF experiments have 
been determined with a 2 in. 0 X 2 in. long NE 213 liquid scintillator using a 
LINK 5010 PSD to distinguish the neutrons. A threshold equivalent to 1 MeV 
neutron energy was set. TOF spectra were started with the pulses that also 
initiate proton extraction from the synchrotron, the jitter being ± 3 ns. 

The general background was expected to come from the SNS, being degraded 
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in energy and delayed in time as it passed through the shielding with - 1 MeV 
particles delayed by - 1 p.s expected in the muon experimental area. Tills 
background was found to be very low. However there was a large background 
from the neutral particle dump in the muon line; this protects against neutral 
background coming directly from the muon production target. So the beam line 
was roofed over with 90 cm thick concrete slabs, the neutral particle dump was 
enhanced and polythene shielding placed around the beam pipe. The background 
of figs. 4a - energy spectrum, 4b - time spectrum, was obtained for 10- 1 

coulombs of 750 MeV protons. Tills background is already satisfactorily low but 
will be further reduced by more than 50% when some obvious shielding holes are 
filled in. 

Figure 5 (insert) shows the time spectrum of neutrons coming from a 60 
MeV Ie p.- beam incident on a Ctarget with an AI holder. The two (prompt) 
peaks come directly from the' muon' pulses and their 330 ns separation provides 
a time calibration. Figure 5 (insert) shows the peaks on a X4 expanded time 
scale; the two contributions come from electrons and pions in the beam pulses 
and have the appropriate time separation. If the LINK 5010 selects 'ys' then 
there is a dramatic increase in the peaks associated with the beam pulse electrons 
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Fig. 6. Neutron time of flight spectrum off an Ag target. 

(bpe). There are two exponentials in the tail, T - 2 p.s from p.C atoms and T - 1 
p.s from p. Al atoms. 

Stopping p. - have an effective life-tinJe Tefl < Tl,ee owing to muon capture. As 
the Z of the stopping target increases, Tell is - 2 p.s up to Z - 6 and then falls 
steeply to - 100 ns at Z - 48 whence it levels off [2]. As the data is old and came 
from observing decay electrons, we verified this behaviour for neutrons from a 
range of target materials. Figure 6 shows the neutron tinJe spectrum for a Ag 
target; an exponential with Tell - 100 ns can be seen on the edge of the second 
peak. This second (prompt) peak is reduced in magnitude because of the LINK 
dead time in handling the showering of the bpe. Tell < 100 ns was obtained for a 
Pb target but the showering was much greater. 

The X-rays from p. - stopping in a C target were exanJined with a SiLi detector 
having pulsed optical feedback: the efficiency was very low because of the optical 
resets necessitated by the' y flashes' coming from the bpe. Although we built a 
fast veto for the LINK 5010 and 'y' flash protection is available for the SiLi 
pulse processing, the probability of systematic errors coming from the bpe is 
large, e.g., via pile-up of the long decay components of the NE 213. Therefore the 
BPE MUST BE REMOVED. 

These electrons come from 77 0 -+ yy in the production target with the y 
showering there and in surrounding materials; hence their beam spot is larger 
than that of the p. -. They were thus inJperfectly removed when the velocity 
separator was used with ±25 kV on the plates. 200 kV power supplies are being 
purchased. For a DC beam the dead tinJe caused by these electrons is very small, 
i.e. , - 50 Hz x 2 p.s - 10- 2 %. 
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In accord with TRIUMF [3] data from a similar beam line we decreased the 
beam momentum 60 --> 50 --> 40 MeV I e and obtained relative muon fluxes 
0--> 0.8 --> 0.4. With IJ.plp = ± 5% then changing 60 --> 40 MeV Ie reduces the 
spread in range of stopping /L - by X 5, thus increasing the proportion of /L ­
stopping in low density gas targets by more than X 2 as the reduced degrader 
gives smaller coulomb scattering. 

5. Some possible /LCF experiments 

S. Jones has reported [4a] on an experiment to measure directly w., the /La 
sticking coefficient, from the ratio 

N[(a/L) +-n] 
N[a ++ - nJ 

coincidences with a small, low density gas target. On an E - TOF plot (" - n) 
events were clearly seen and well separated from the region of (/La - n) coinci­
dences; however any signal from the latter was buried under the background 
coming from the > 99.9% of the /L - that stop in the target walls. The LAMPF 
group then suggested the experiment for the pulsed beam at ISIS using a target 
having high Z walls so that interactions therein would be complete within 300 ns 
of the pulse arrival; data taking could then start after this delay. The collabora­
tion, including Bologna and Delft, are actively preparing apparatus. Compared 
with the original experiment there will be two ((/L)a - n) telescopes, Si surface 
barrier detectors only 20 /Lm thick to further reduce background and NE 213 
neutron counters segmented to improve TOF. The target has been made from Ag 
since this construction material has the lowest Z (to reduce showering of any 
remaining electrons) with Teff;$ 100 ns. 

G. Hartmann [4b] and K Nagamine [4c] have reported on experiments looking 
for the K. X-rays following /La sticking. To reduce the background from 
bremsstrahlung of the tritium decay {r , the SIN experiment used low CT and 
neutron coincidences while results were sought at KEK with a pulsed beam. 
Using the improved beam at ISIS, a SiLi detector with Comptom suppression, 
GSPCs and a low mass system should enable K. and K~ X-rays to be measured. 
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A neutron spectrometer consisting of a deuterated anthracene scintiIlalioD crystal and a pulse shape;; discriminator is described. 
Forward recOiling deuterons arc selected by me::ms of their pulse shape signlwres, making use of the direction dependence of the 
pulse height response and scintillalion decay characteristics of tbe Cl)'StaJ. The line shape of the spectrometer for monoenergetic 
neutrons is a sin&le peal.: and (he neutron energy resolution (fWHM) varies frbm 7$ at 9 MeV to 3.5% at 22 MeV neutron energy_ 

1. Introduction 

The demand for accurate neutron measurements in 
research associated with controlled nuclear fusion and 
with neutron therapy has stimulated interest in neutrOn 
spectrometers for the energy range 5-30 MeV. Im­
portant features sought in neutron specuometers for 
these applications are typically a detection efficiency of 
at least a few percent and varying smoothly with neu­
Iron energy in this range and a knowledge of the 
relative efficiency of neutron detection as a function of 
energy, to an accuracy of a few percent. Energy resolu­
tion is less imponant in these applications, a FWHM of 
about 8% being acceptable for most purposes. 

Time·of·flight methods (1] where Applicable, or reo 
coil proton techniques (2] based on organic scintiUators 
such as the liquid NE213, an: traditionally chosen to 
meet these requirements. We prescot here a new variant 
of the recoil spc:ctrometcr, based on the observation of 
recoil deuterons associated with neutron clastic scatter­
ing in a deutcrated anthracene crystal. The deuteratcd 
anthracene spectrometer (DAS) has unique features 
which arise principally from two factors : firstly, from 
the prominent forward deulcron recoil peak associated 
with enhanced backscauering of neutrons in 2 H(n. n)2 H 
elastic Stallering; and secondly, from the dircction-de­
pendent scintillation characteristics of deuterated 
anthracene, which arc similar to those of natural 
anthracene [3). These charactcristics provide means for 
enhancing the forward recoil peak relative to other 
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components-in the pulse height spectrum and this leads 
to a spectrometer with a simple and convenient line 
shape - a single pca.k in the pulse height distribution for 
each energy group in the incident neutron spectrum. 

The: deulcrated anthracenc crystal may not be well­
known as a scintillator. However it has been used 
previously. firstly to measurc lcft-right asymmetries in 
n-d elastic scattering (4], secondly as a recoil spec· 
trometer of the conventional type (5] and thirdly to 
investigate dcuteron phOlodisintcgration close to 
threshold (6]. 

:z. The deutenled anlhracene speclrometer (DAS) 

The DAS (fig. 1) consists of a deuterated anthracene 
crystal (10 mm diameter X 21 mm, D : H> 99), 
mounted via a small perspex light pipe on an RCA 8575 
photomultiplier tubc which is conncctcd to a link Sys~ 
tems Model SOlO pulse sbape discrimination (PSD) unit 
[7}. A simple intcrnal modification was made to the 
LINK to extract an CXlra output pulse F proportional 
to the "short integral" in this unit. The short integral is 
the integral of thc scintillation pulse over a period 
which is normally sct to match thc lifetime of the 
prompt component of the scintillation decay (- 20 os 
for anthracene). The "long integral" (L in fig. 1), is the 
standard integrated output provided by the LINK and 
is proponional to the integral of thc scintillation pulse 
for about 500 DS. It therefore includes contributions 
from both prompt and delayed scintillation camper 
nents. The outputs t . n and l' in fig. 1 are the logic 

30 . 
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Spom pulse 

to ADC$ and comput.r 

Fig. 1. Schematic and block diagram of the deuterated anthra­
cene crystal spectrometer (DAS) as used in conjunction with • 
pulsed neutron source. The NIM modules are: a LINK Sys­
terns model SOlO pulse shape discriminator, nanosc:cond delay 
unit (nsD); time-to-pulse-height c:onverter (l'AC); delay 
amplifiers (DA): linear pte and stretchers (LOS); and univer­
sal coincidence (CO). The event gatc is a twofold coincidence 
in CO. The gamma input to CO is enabled only for calibratiOD 

JUJU. 

signals provided from the LINK for fast timing and 
n-y discrimination. The n or y identification is based 
on a comparison of the internal signals corresponding 
to L and F. The external L and F signals are used here 
(fig. I) for a finer pulse .shape discrimination analysis, 
designed to separate the protons, deuterons and alphas 
resulting from neutron interactions within the crystal, 
and to sense recoil deuteron directions. 1bis analysis 
was carried out off-line in the present work. It could he 
performed on-line by using a modified data-acquisition 
program. 

The DAS as shown in fig. I used a pulsed neutron 
source and included a low-resolution (2 os m -1) mea­
surement of the neutron time of fight. The three param­
eters, L , F and T, were digitised (12 bits) and written 
to an event tape by a data-acquisition system based on 
a PDP 11/34 computer. In the off-line analysis a shape 
parameter S was computed for each event, from 

s-L- kF+ So (I) 

where k and So are constants. The constant k was set 
at the value (Ld)/(Fd) where (L.> and (Fd> are the 

average values of Land 'F respectively Cor deuterons. 
thus making S :; So for these particies. The constant Sf) 
was chosen so 8S to ensure that S was positive and lay 
in the range 0-4095 for all events accepted. With these 
values for k and So the event distribution in the L-S 
plane resembles that of the display provided for selling 
up the LINK. 

Fig. 23 shows an L-S distribution obtained using 
21.9 MeV neutrons (from a lH(d. n)4He souTce) inci­
dent on the DAS in a direction parallel to the artificial 
c '.axis of the deuterated anthracene crystal. Compo­
nents or ridges which may be recognised in this spec­
trum arc those associated with: Compton electrons (from 
background gammas); protons (from 2H(n. 2n)lH and 
12C(n. p)12 S reactions in the crystal); deuterons (from 
'H(n, n)'H and uC(n. d)"B); and alphas (from 
"C(n, a)7Be and "C(n, n')3a). 

A projection (fig. 2b) of the deuteron ridge of fig. 2a 
on the L-axis shows evidence of the two deuteron 
components indicated above. Deuterons from the 
"C(n, d)"B reaction (Q - - 13.7 MeV) are significant 
at pulse heights L (channel no.) $ 35 in fig. 2b. Recoil 
deuterons from 'H(n, n)'H are peaked at L ~ 0 and at 
the upper limit or edge of the spectrum, L = 95 in fig. 
2b. These features correspond to the strong forward and 
backward peaking respectively. of neutrons in the dif· 
fcrcntial cross section for 2H(n. n)2H. The minimum M 
at L E: 75 in fig. 2b corresponds to the minimum in this 
cross section at Ban == 120 0

• 

The forward deuteron recoil (backward neutron 
scattering) peak at L = 90 in fig. 2b is important to the 
operation of the DAS. The anisotropic scintillation 
properties of the crystal may be used. as we outline 
below, to select only these forward recoiling deuterons 
and thereby to obtain a pulse height spectrum in which 
the line shape for monoenergetic neutrons is a single 
peak. 

Fig. 3 shows a pair of L-S distributions obtained 
using 21.9 MeV neutrons: one (fig. 3a) for neutrons 
incident in the direction parallel to the c'-axis of the 
crystal; and the other (fig. 3b) for neutrons incident 
parallel to the crystal b-axis. Note that, as for natural 
anthracene crystals [31, the position in the L-S plane of 
the deuteron forward recoil peak is particularly sensitive 
to the incident neutron direction. For the neutrons 
incident parallel to the b-axis (fig. 3b) the forward 
recoil peak extends to higher S values than other de· 
uteron or proton components of the distribution. A 
similar pattern is found in the L-S distributions ob-­
tained for other incident neutron energies. From mea­
surements of the position of the forward recoil peak as 
a function of incident neutron energy a line or cut AB 
(fig. 3b) may be defined which separates the forward 
recoil peaks from other components in the spectra 
Events with S-values above this Hne then correspond to 
forward recoiling deuterons only and projection of these 



F.D. Brooks et 01. I DeUlUQted anthraC'ene speC'trometer 151 

1500 
1400 

~ 

~ 1200 
z 
< 
51000 
~ 

'" ~ BOO 
~ 
~ 
% 000 ~ 
0 
u 

(e) 
.00 

40 60 80 100 120 
C H A H H E L HUM B E R 

~ 2. Perspective view (a) of counts YS pulse height L and pulse shape S obtained when 21.9 MeV neutrons arc incitlenl along the 
ificial c' -axis of the deutcratcd anthracene crystal. The electron component in (a) is due to C.omplon SC3t1ering of background 
nmas in the crysta1. The prOlan. deuteron and alpha components in (3) arc due to neutron imer3clions wilh tbe 1 Hand 12 C nudc:i 
the cryslal (see text). The pulse height spectrum (b) was obLained by projecting the deuteron component (ritige) of (a) onlO Ihe 

~nts onto the L-axis leads to a pulse height spectrum 
ntaining a peak tor each energy group in the incident 
utron spectrum. 
Fig. 4 shows projected spectra obtained in this way 

r monoenergetic neutrons of energies 21.9 and 16.9 
eV respectively. The forward recoil peaks, have been 
librated in terms of incident neutron energy. for use 
a spectrometer. although they actually correspond to 
uterons of energies 19.5 and 15.0 MeV respectively. 
Ie spectrum for 21.9 MeV neutrons shows an ad· 
tional component at low pulse heights. due to detce· 
m of the (n, d), (no a) and (n, 0')30: reactions on IlC 
the scintillator. This Component can be removed by 

tposing a further two· parameter cut derived from the 
w resolution time·of-flight measurement T, as de· 
ribed in section 4 below. 
The energy resolution of the DAS may be specified 
terms of the widths (FWHM) of the projected pulse 

:ight groups obtained tor monoenergetic neutrons. 
l~asurements of the energy resolution obtained from 
.e projected spectra in fig. 4 are shown in fig. 5, from 

• 

L-axis. 

which it may be seen that J £IE = 4% for neutrons of 
energy 20 Me V. 

3. De.ennination of 'he rcialin efficiency ( E) 

The relative neulron detection efficiency ({ E) of the 
DAS may be determined by comparing the peak area 
(fig. 4) measured for monoenergetic neutrons with the 
integral of the deuteron forward recoil pc::ak. measured 
under the same conditions and for the same number of 
incident neutrons Nu• but with the nc::utrons incident 
parallel to the c'· axis instead of the b-axis. Let Nb ( E) 
represent the peak area measured for Nu incident nc::u­
ICons of energy E in fig. ,s..nd N,( E) the integral (for 
the same number Nu or incident neutrons) of the counts 
from the minimum M to the upper limit of the deuteron 
peak in the corresponding projected c' ·axis spectrum 
such as fig. 2b. Forward recoiling deuterons are very 
cleanly separated (rom other components in the L-S 
spectrum measured in the c'-orientation (fig. 2a). Thus 
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Fig.. 3. Perspective views of counts vs LandS obtained for 21.9 MeV neulrons incident on the deuterated anthracene crystal in 
directions parallel to dirrerent crystal axes: (a) the artificial c'.ws: and (b) the ~axis. The cut AD in (b) is used to select forward 
recoiling deuterons (see text). The component G in (b) is due to neulron interactions with carbon. The insets in (a) and (b) show the 

orientation of the mutually perpeudicular a-. #J.. and artificial ("·axes of the crystal to the incident neutron beam. 

after making a smaU correction for escaping deuterons 
(see later) N,(E) represents the number of deuteron 
forward recoils resulting from No incident neutrons and 
the ratio R(E), defined by 

R(E)-Nb(E)/N,(E), (2) 

represents the fraction of these forward """,ils which 
pass the cut AD of fig. 3b, for measurements ill the 
b-orientation. 

Since the dimensions of the crystal are sma11 ill 
comparison with the mean free paths of 5-30 MeV 
neutrons in it, we may assume that Nc(E) is propor. 
tional to .p(E), where .p(E) is a total cross section 
obtained by integrating the n-d differential elastic 
scattering cross section over the angular range BaD - 8 .. 
to "', and 8M corresponds to the minimum M ill fig. 2b. 
Since the cross section is a minimum at 8M the integral 
N,( E) will not be sensitive to slight inaccuracies in 
locating the lower limit M for the integration. 

The relative efficiency • (E) is proportional, in first 
approximation'. to R(E) and .p(E). Thus 

.(E) = KR(E).p(E), (3) 

where K is a constant. Values of f(E) were detennined 

from measurementS of R( E) for monoenergetic neu· 
trons of energies 8.6, 16.7 and 21.9 MeV in combination 
with values of op(E) taken from a previou5 evaluation 
[8J made in the course of a study of the 'H(n. 2n)'H 
reaction. A correction (- 4%) for edge effects. arising 
from the escape of recoil deuterons from the crystal. 
was included in the calculation. The values of « £) 

obtained from these measurements decreased by 54$ 
over the energy range from 8 to 22 MeV. The variation 
of f( E) at intermediate energies was determined by 
interpolation from these values. 

4. Neutron spectrum from the "F(d, n)20Ne reaction 

The performance of the DAS was demonstrated by 
measuring the ~pectrum of neutrons emitted at labora­
tory angle 10 0 from the 19F(d. n) 2oNe reaction pro­
duced by 4.8 MeV incident deuterons. A 20 !,pY'cm-' ,Ms.] 
CaF2 target was bombarded by a pulsed deuteron beam ., 
and the DAS was mounted 0.6 m from this targel. The 
neutron time of flight to the DAS was recorded together 
with the pulse heights Land F (fig. 1). A simultaneous 
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Fig. 4. Projected pulse height spectra for events satisfying the 
cut AS of fig. 3b, obtained using: <a) 21.9 MeV; and (b) 16.9 
MeV neutrons incident along the b-axis oC the crystal. TIlC 
component G in (a), whicb corresponds 10 component G of fig. 
3b, may be excluded by imposing a funher cut in the T - L 
plane (see fig. 6). The forward recoil peaks in (a)' and (b) aTe 
calibrated in terms of the aSS<X.iated incident neutron energies. 

and independent time of flight measurement of the 
neutron spectrum was made using an NE2l3 liquid 
scintillation detector placed 6.06 m away from the target 
in a direction at 10 0 to. and on the opposite side oC, the 
deuteron beam. 

Raw data obtained from the DAS are displayed in 
fig. 6, which shows plots of counts versus pulse height L 
and TAC output T for events which satisfy the cut AB 
of fig. 3b. The peaks numbered 0-5 in this figure are 
identified as forward deuteron recoils associated with 
the neutron groups from transitions to the ground state 
(0) and excited states (1-5) of "Ne in the "F(d, n)20Ne 
reaction. Peaks ]-5 are attributed to the excited states 
at 1.74, 4~20, 4.96, 5~62 and 6~80 MeV reopectively~ The 
component labelled 6 in fig. 6 is associated with a group 
of several states in lONe with excitation energies rang­
ing from 7.16-9.15 MeV~ 

The structure labelled G in fig 6 is a low pulse height 
component from interactions of high energy neutrons 
with l2C. It is similar to the component G in figs. 3b 
and 4 and may be excluded from the final projected L 
spectrum by imposing the T -L cut indicated by the line 
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Fig. 5. Measured FWHM energy resolution tJ.E/E as a fune· 
tion of neutron energy E for: (u) the DAS (circles and squuresl; 
and (b) the NE213 time·of·flighl spectrometer (triangles). 
Circles in (a) show measurements made from fig. 4. Squares (a) 
and triangies (b) show measurements from peaks D, 1, 2 and 5 

oC spectra in fig. 7. 

CD, shown in fig. 6 and rejecting events with T·cuordi­
nates exceeding this cut. 

The events selecled ror the final pulse height spec­
trum are thus those which satisfy two conditions: (1) 

the L-S cut AB in fig. 3; and (2) the L-T cut CD in 
fig. 6. These cuts ensure that only forward deuteron 
recoils contribute to the final pulse height spectrum and 
consequendy that each discrete ent!rgy group in the 
incident neutron spectrum produces one peak only in 
the final spectrum. 

The pulse height spectrum obtained from the data 
shown in fig. 6 has bc:en regroupeJ in bins of equal 
enc:rgy, correcting for the nonlinear response: of anthra­
cene to deuterons [9J and for the measured energy 
dependence of the relative efficiency (E) of the DAS. 
The resulting energy spectrum is shown in fig. 7a. The 
associated energy spectrum measured simultaneously by 
lime of flight. using the NE2l3 detector at 6.06 m, and 
corrected lor the energy dependence of the efficiency of 
this deteclor, is shown for comparison in fig. 7b. Fur­
ther measurements of llE/ E for both the DAS, and the 
time-DC-flight spectrometer were made from peaks 0, 1, 
2 and 5 of fig~ 7 and have been included in fig. 5. 

5. Discussion 

The spectra (fig. 7) obtained using the DAS and the 
time-of-flight detector agree well on the energies mc:a-
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Fig. 6. Per~pective views of counts vs pulse height Land TAC output T measured hy the DAS lor neutrons from the "F(d. n) 2Il Ne 
reaction al deuteron energy 4.8 MeV and lab angle 10°. Note that T is complementary Co the neutron time or night (!iiec fig . 1). View 
(b) is an expanded display 01 the low-L region of view (a), with the L·dispersion increased by a {:letor of 3. Peaks labell ed 0-5 are 
identified with transitions to dirferent final states in lONe (see text). The cut CD is used (~ee text) to exclude the low·L component G 
(see also figs. 3 and 4) associated with bigh..energy neutrons. The upper limits of the counts scales in (a) and (b) are 2000 counts pet 

cha~me1. 

sured for peaks 0-5. The peak P in fig. Th, which is not 
present in fig. 73.0 is attributed to gamma rays originat· 
iog from an upstream collimator slit in the deuteron 
bcamline. Pulse shape discrimination was not applied 
on the NE213 detector during these measurements. 
Peak P was identified as a gamma peak by making an 
addit ional run using a shorter night path. A comparison 
of relative peak intensities from the two spectra in fig. 7 
also shows reasonable agreement if allowance is made 
for the dillerent backgrounds of the two detectors and 
for the uncertainties introduced when correcting for the 
calculated energy dependence of the detection efficiency 
of the NE213 detector. 

The main feature· distinguishing the DAS from other 
single-detector, recoil scintillation spectrometers r2.3} is 
its inherent facility for selecting forward deuteron re­
coils. The other types of spectrometer depend on a 
computation to unfold the neutron spectrum from a 
mea5ured pulse height spectrum and data of high statis­
tical accuracy are required to unfold accurately, because 
the line shapes or the spectrometers include a wide 
range of recoil proton or recoil deuteron energies. The 
relatively sharp (forward-recoil) line shape of the DAS 
(lig. 4) has tIie advantage that the pulse height spectrum 

obtained after applying the cuts AB of fig. 3b and CD 
of fig. 6, is directly related to the neutron spectrum. It 
these cuts were implemented on-line, through use or a 
suitable data acquisition program. then the neutron 
spectrum could be displayed as it accumulated. 

The time-or-night parameter T (fig. 1) is not es!:en· 
lia) to the operation of the DAS. For measurement!: on 
a nonpulsed neutron beam, for example. the four e1ec· 
tronic units on the left of fig. 1 would be omitted and 
only the parameters Land F would be recorded. Such 
measurements would then lack the facility of eliminat­
ing the low pulse height component associated with 
high energy neutrons (0 in figs . 4 and 6) by means of a 
cut in the T -L plane. such as CD in rig. 6. Some other 
way of removing or correcting for the component G 
would be required if thi5 component was signiricant. 

The energy dependence of the energy resolution or 
the DAS (fig. Sa) shows 11£1£ proportional to £-1/2 

at high energies. as would be expected on the a.o;sump· 
tion that A E is governed predominantly by photoelec· 
tron statistics at the photomultiplier cathode. The non· 
linear energy response of the crystal to deuterons 
accounts for the deviation from the £-1 (2 dependence 
at lower energies. 
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Fig. 7. Neutron spectra measured for the l!11F(d. nf20Ne reac­
tion 21 4.8 MeV incident deuteron energy and laboratory angle 
10 o. using: (a) the DAS; and (b) the NEl13 TOF spectrome­
t(r. The peak.s 0-5 .are identified as in fig. 6. P~k. P in (b) is a 

spurious gamma peak.. (see text). 

For the time-of-flight spectrometer timing uncertain­
ties rather than distance uncertainties are expr!cled to 
govern the energy resolution. so that IlEjE shuuld be 
proponional 10 £'12. Values of 11£/£ (fig. 5b) ob­
tainr!d (rom the data of fig. 7b are consistent with lhe 
expected variation of tlEjE with E. and indicate a 
time-of-flight resolution of 215 ps m- 1, corresponding 
to a timing uncertainty of 1.3 ns (FWHM) for the 
pulsed beam and NEl13 detector system at a flight path 
of 6 m. 

The energy resolution characteristics displayed by 
the DAS are therefore seen to meet the requirements 
specified for neutron measurements in fusion research 
and neutron therapy. The resolution attained may also 
be suitable for certain nuclear physics experiments such 
as studies of pre-equilibrium emission of neutrons in 
neutron reactions at intermediate energies. or studies of 
few-nucleon systems in the same energy range. The 
energy resolution could be improved, for example. by 
using a selected photomultiplier of a type with superior 
characleristics, e.g. RCA8850 instead of RCA8575. Even 
with such improvements however, the potential of the 
DAS (or nuclear structure studies is likely to be severdy 
n:stricted by its limited energy resolution. 

For the particular deuterated anthracene crystal uSr!d 
in this work.. which was a cylinder of Jia~neler 10 mm 
and length 21 mm, the crystal b-axis happened to lie 
parallel to the cylindrical axis. The DAS oper:.Hing with 
b-axis parallel to the neutron beam therefore presented 
the maximum possible thickness (21 mmJ 10 the beam. 
The detection efficiency for neutrons entering the crystal 
in this orientation is estimated 10 be a few percent in 
the energy range 5-30 MeV. The faCI that the energy 
dependence of the rdative detection dficiency can be 
measured effectively in situ and with minimum reliance 
on calculation should prove especially convenient. The 
efficiency measurt:ment can be made as described hen:. 
using a set of monoenergetic neutron sources. Altern ... -
tively. a high-r~olution time-of-night measurement 
could be made with the DAS several metres away from 
an intense pulsed neutron source providing a wide 
range of neutron energies. 

Finally. looking toward further possibilities at higher 
neutron energies. we note (fig. 5) that JE/E impro .... es 
with increasing energy for the DAS in contrast 10 the 
time-of-flight spectrometer, for which the opposite is 
true. However, for work 3.1 neutron t:nergies exceeding 
60 MeV the dimensions or the present crystal begin to 
be OUtstripped by the recoil deuteron range and edge 
(i.e. deuteron escape) effects will become incrc:asingly 
se\'ere. An alternative to obtaining a larger crystal might 
be to add a dc:uterated liquid or plastic scintillator so as 
to rOml an extended telescope with the deuterated crystal 
as the final dl!lecting dement. still pt:rforming tht: key 
task of selecting the forward recoil peak. 
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Abstract: The ana lyzing power in neutron- proton elasti c scatterin g at 21.6 MeV was measured llsing 
po larized neutrons from the 3H (d, n)J He reaction. The res ults agree with recem measurements and 
with revised earlier data in th e vicinity of 22 MeV. The combined data give oJ rs = (O.847 ± O.019 )" 
and tl ?s = (O.100 ± O.008)O and arc consistent with predi ctions made from the Pari s potential. 

E 
N UC LEAR REACTIO N I H (pola rized n, n ), £ = 21.6 MeV; measured A , (8 ); ded uced 

spin- o rbit splining paramete rs. Anthracene crystal target . . 

1. Introduction 

Significant systematic errors have been noted recently ]-.1 ) in low-energy neutron­
proton analyzing power A \.( 0) measurements made using polarized neutron beams 
from (ct, ii ) polarization t~ansfer reactions. Thi s situation highlights the need for 
independent np experiments using different techniques and alternative sources of 
neutrons. Furthermore, for phase-shift analyses such as that now in progress in 
Nijmegen '), it is especially important that the accuracy of available A,.( e) data be 
critically assessed, in order to identify discrepancies and, where possible, to resolve 
these discrepancies. 

In this paper we consider the np analyzing power data at neutron energies 
21- 22 MeV. The A ,.(e) data of Morris et al. 4) and Jones and Brooks 5) , hereafter 
referred to as MT and JB respectively, were important in an earlier evaluation and 
phase analysis of the np and pp data from 20-30 MeV, by Bohannon et al. 6) in 
1976. Morris et al. 4) and Haeberli ' ) have noted discrepancies between the MT and 
JB data and Brock et al. ') have suggested that the JB data require adj ustment from 
their published values to take into account revised values for the incident neutron 
polarization assumed in these measurements . We re·examine the MT and J 8 data 
in the light of these comments and together with more recent Ay( 8) measurements 
at 22 MeV, reported from Karlsruhe 9). We also report new measurements of A,.( e) 
at 21.6 MeV incident neutron energy. 

I Present address: National Accelerator Centre, P.O. Box 72, Faure, 7 131, South Afri ca. 

0375-9474/ 89/ S03.50 <£: Elsevier Sci ence Publishers B.Y. 
( North -Holl a nd Phys ics Publis hing Di vision ) 
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2. New measurements of Ay(e) at 21.6 MeV 

The new measurements were made using an improved anthracene pol arimeter 
based on that originally used by JB '. 10). The improvements were designed: (i) to 
reduce systematic errors associated with instrumental asymmetries; and (ii) to 
calibrate, directly, the method the anthracene polarimeter uses to determine the 
neutron scattering angle. The anthracene polarimeter measures the left-right asym­
metry of the associated recoil proton in np scattering without detecting the scattered 
neutron. The scaUerer is an anthracene scintillation crystal which also detects the 
recoil proton. The method utilizes the directional sensitivi ty of the scintillation 
characteristics of the crystal S. IO) to measure left-right asymmetri es ofrecoiJ protons. 
The pulse height and pulse sha pe outputs from the crystal are the basic observables 
from which this asymmetry and also the associated neutron c.m. scattering angle 6 
are determined. The pulse height and pulse shape outputs are sensitive to the 
direction of the recoil proton relative to the axes of the crystal 10). The crystal was 
mounted on a rotating holder with the axis of rotat ion accurately aligned to the 
incident neutron beam direction (fig. 1). It could thus be easily and accurately 
" flipp ed" through 180· about the neutron beam direction , so as to alternate between 
the two symmetrical orientations in which its own axes were aligned so as to give 
maximum sensitivity for left- right asymmetry measurements 5.10) . The align ment 
and symmetric design of this system, including for example the use of two stationary 
photomultipliers to view the crystal (fig. 1) , ensured that instrumentally-based 
asymmetries were kept to a minimum in the measurements. In addition, the offline 
analysis of the data included checks designed to identify and correct residual 
instrumental asymmetries without interfering with the true asymmetries originating 
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Fig. I. Anthracene polarimeter (schematic) showi ng the crysta l C mo unted on a light al umin ium frame 
F altached to a light, holl ow rotat ing shaft S. The crystal is removed when a ligning th e a xis o f rotation 
para llel 10 the inci d ent neu tro n beam. A light al umi nium ho using (not shown) supports S an d encloses 
th e photo m ultipliers PI and P2 which remai n statio nary in the laboratory. The neutron detector 0 
( NE213 liquid sci ntillator, 50 mm diam x 50 mm), at angle 00 to the neutron beam, is used to calibrate 

the meas urement of the neutron scatteri ng angle by C (see text) . 
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in np scattering. These checks and correction procedures were themselves exhaus­
tively tested and checked , using artificial data sets generated by computer. 

The measurement of the scattering angle 8 from the pulse height and pulse shape 
data was calibrated by using an additional scintillator detector (NE213, 50 mm 
diam x 50 mm - see fig. I) to record coincidentally-detected scattered neutrons. 
Coincidences identified using the neutron time-of-Hight between the two scintillators 
were recorded with the second detector placed at different laboratory angles in the 
range 200 _800

• Coinciden ce events const ituted a small sample of the scatters recorded 
by the anthracene. They were tagged throughout the experi ment and the tagged 
events , taken over the range of associated c.m. scattering angles used, formed the 

basis for the calibration of the scattering angle measurement. 
The scintillation polarimeter has a number of advantages. For example: (i) It 

has a detection efficiency approaching 100 ~~ because essentially all primary scatters, 
including non-planar events, are detected; (ii ) data are collected simu ltaneously 
over a wide range of scattering angles ; and (iii) multiple neutron scattering is 
estimated to have a negligible effect on the observed asymmetry because of the 
small «3 cmJ

) size of the scintillation crystal target. It is also noted that, since only 
primary scatters in a single detector are observed , the instrumental effect due to the 
strong p-wave resonance in neutron scattering from 12C, as described in ref. ,1), is 

avoided. The analyzing power at 21.6 MeV was measured using neutrons from 
the JH(d, fi)4He reaction as this was the only convenient source of pol arized neutrons 
loca lly available. While inferior, in terms of neutron polarization obtained, to a 
(d, il) source, the (d, il) reaction is however free of the systematic effects recently 
discovered in (d, 0) sources and associated with the variation of neutron flux across 
the scattering sample '.' ). Tritium in a gas ce ll at 0.75 atm was bombarded with 
5.0 MeV pulsed deuterons produced by the 5.5 MV Van de Graaff accelerator at the 
National Accelerator Centre, Faure. The deuterons were delivered in 1 ns pulses at 
500 ns intervals with a mean current of about 1 }J.oA. Neutrons em itted at angles 
On = 0° or 200 to the deuteron beam were used in the experiments. The unpolarized 
22 MeV neutron beam emitted at 0° was used to coll ect null polarization data in 
o rder to monitor instrumental asymmetries, of whatever origin, in the experiment. 

For the analyzing power measurements, the neutron reaction angle selected was 
20· , providing an incident neutron beam of polarization 0.25 ± 0.01 according to 
ref. "). In each case the primary component in the neutron spectrum was selected 
by time-of-flight measured over a 0.30 m flight path from the tritium target to the 
crystal. Approximately one third of the beam time was devoted to null runs, which 
were alternated with polarization runs at intervals of 1 or 2 days. 

Facilities fo r rapid reversal of the incident neutron beam polarization, now so 
common in polarization experiments, were not available. Using the modified 

anthracene polarimeter however, this disadvantage is offset by the ease with which 
the crysta l may be flipped through 180· about the beam axis, as described earlier. 
This inverts the measuring laboratory, in effect, instead of the beam polarization. 
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The crystal was flipped in cycles of 1- 2 min, depending on the event rate, and events 
recorded in the two different crystal orientations were tagged for identification in 
the subsequent offline analysis. The primary data recorded in the experiment were 
thus the pulse height and pul se shape coordinates (two parameters) for each event, 
tagged according to crystal orientation and recorded on event (magnetic) tape. 

In the offline data reduction the two·parameter spectra were divided into bins, 
each bin corresponding to a certain range of recoil angles as outlined in ref. 10). 

However, the following important modifications were made to the procedures 
described in ref. 10): (a) the angle bins were defined using the direct calibration 
data obtained coincidentally in the runs; (b) improved methods 12) were used to 
detect and remove residual instrumental asymmetries and to correct for the effects 
of recoil proton escape from the crystal on the measurement; and (c) an error in 
eq. (15) of ref. 10) which leads to an underestimate of the uncertainty on the 
experimentally measured left-right asymmetry, was corrected. 

With reference to point (c), let NA L , N BL , NAH and NSH represent the basic 
information (number of counts) recorded for a particular angle bin, e ± LIe. Sub­
scripts A and B denote the two orientations of the crystal and subscripts Land H 
denote lower and higher values of the pulse shape coordinate as defined in ref. 10). 
Then, assuming an equal number of events N in the A and B orientations, the 
asymmetry e(e) is obtained as in ref. '0) eq. (i2) , from 

where N = NAL + NAH = NSL + NSHo The statistical uncertainty L1e(8 ) is incorrectly 
estimated in ref. 10). Deriving from Bernoulli statistics, it can be shown 1' ) that LIe( e) 

should be estimated from 

The analyzing power is obtained from 

A ,.( e) = ,(e)/ Po, (3 ) 

where Po is the incident neutron beam polarization. 
The data were analyzed using four angle bins of full width corresponding to 20· 

c.m. scattering angle (10· lab angle) and a fifth bin covering the range e = (77.5 ± 2.5 )°. 
This smaller bin was imposed by the electronic threshold of the measurement. The 
results are shown in table I. The angles listed are the centres of the angle bins used 
and correspond within 0.5 0 to the associat~d mean c.m. scattering angles. The final 
A,. ( e) values are weighted averages of results from four internally consistent indepen­
dent experimental runs, made using two different anthracene crystals, one crystal 
being a cylinder (is mm diam x 15 mm) and the other irregularly shaped, of volume 
1.5 cmJ The final values of Ay( e) for each scattering angle were obtained by 
weighting the four individual measurements each by the inverse squares of their 
statistical errors when determining the average. The results listed in table 1 include 
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TABLE I 

The present np analyzing power values at 21.6 MeV 

aA,.( 6 ) 
6 (deg) A , (O) 

(partial) (tolal) 

77.5 ± 2.S 0.0575 0.0065 0.0073 
90 ± 10 0.0469 0.0031 0.0046 

IIO± 10 0.0372 0.0036 0.0050 
130 ± 10 0.0278 0.0042 0.0054 
lS0± 10 0.0089 0.0066 0.0074 

corrections for instrumental asymmetries which were determined from the associated 
null runs made at source reaction angle 0" = 0°. The uncertainties LlAA8) shown in 
table 1 are the partial statistical uncertainties (column 3) calculated from eq. (2) 
for the uncorrected measurements alone and the total statistical uncertainties 
(column 4) which include an additional component LlAnu110 associated with the 
introduction of the correction for instrumental asymmetries. A value of LlAnulI = 

0.0034 was estimated from the uncertainties determined (using eq. (2» from the 
null measurements, averaged over angle. The total uncertainties (column 4) were 
obtained by adding .<lAo"" in quadrature to the partial uncertainties (column 3). 
The 4% uncertainty in the incident beam polarization adds a proportional systematic 
uncertainty to the data in table 1. This is small in comparison with the statistical 
uncertainties shown in the table. 

3. Discussion 

The present measurements (table 1) are plotted in fig. 2 together with the Karlsruhe 
data 9) and two other sets of measurements, set A and set B, which have been derived 
from the earlier JB ' ) and MT 4) data, as follows. The JB data have been revi sed to 
take into account the more recent polarization values of Smith and Thornton II) for 
the JH( d, ntHe reaction used in the experiment. The corrected data have been 
obtained from the original left-right asymmetry data given in the Ph.D thesis of 
Jones lJ), by recalculating the weighted average analyzing power for each angle 
using the revised incident neutron beam polarization data. The corrected data are 
shown as set A in table 2. They differ only marginally from the values calculated 
by Brock e/ al. H), who first indicated the need for this correction. 

The data labelled set B in fig. 2 were calculated as follows from the MT data 4). 
We note that the incident neutron polarization of Po = 0.35 quoted by MTis consistent 
with the data of ref. II) for the energy and angle of their measurement. However, 
if one refers to the measured asymmetries quoted in table 1 of MT it appears that 
their analyzing powers have been calculated using Po = 0.50 instead of Po = 0.35. 
Using Po = 0.35 we obtain the values listed and plotted as set B in table 2 and fig. 2. 
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Fi g. 2. An alyzing power in np elastic scattering ,It 2 1.1 - 22 MeV , showi ng experime ntal data ( tab le 2) 
from set A (triang les), set B (o pen circles ), Karl sruhe II) (squares) and the present meas urements (so lid 
ci rcles). The broken curve shows the fit (based on eq . (4» to th e combi ned experimenta l data, excluding 

set B. The cOnlinuous curve sho\\s the predictio n ca lcu lated from the Pa ris potent ial. 

The agreement between the experimental data in fig. 2 is satisfactory, except for 
the systematically higher values of set B. The situation is very different from that 
noted in earlier comparisons 4,6- H). 

To facil itate further co mparisons it is convenient to parameterize the experimental 
data and theoretical pred ictions in a form suggested by Mutchler and Simmons "). 
They show that fo r orbital angular momenta up to LII1 I1~ = 2, the product of analyzing 
power and differenti al cross section can be fitted by the function 

A,.( 0)0-( 0 ) = sin O(A + B cos OJ, 

TAULE 2 

Revised ana lyzing powers calculated from the JB data ~) (set A) and the MT 
data ") (set B) 

SET A (2 1.6 MeV) SET B (2 1.1 MeV) 

o (deg) A ,( O) o (deg) A, (O) 

50 O.O50 ± O.OO4 40 0.053 1 ± 0.0054 
70 0.053 ± 0.004 60 0.0657±0.0037 
90 0.045 ± 0.004 80 0.0675 ± 0.0053 

110 0.031 ± 0.004 100 0.0541 ±O.OI 13 
130 0.0 19 ± 0.005 120 0.0270 ± 0.0157 
150 0.014 ± 0.006 140 0.0091 ± 0.0038 
170 O.OOO ± 0.008 

(4) 
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where 9 is the c.m. scattering angle. The parameters A and B are related to the 
phase parameters Ll is representing combinations oftripiet I-wave phase shifts arising 
from the spin-orbit part of the nucleon- nucleon interaction. Approximations for 
the Ll is are derived from expressions given by Chisholm et al. 15), where it is assumed 
that the phase shifts for L ;;. ! are small, and the mixing parameter is zero: 

Llrs = 4k'A/ (l2 sin' ('S,», 

(5) 

where k is the centre-of-mass wave number of the incident neutron. The magnitude 
of the analyzing power depends on the spin-orbit splitting Ll rs of the T = 1 triplet 
P-waves, whereas the shape relates to the spin- orbit splitting Ll Ps of the T = 0 triplet 
D-waves. 

A least squares fit to eq . (4) was made for each of the follow ing data sets: the 
present data; the Karlsruhe 9) data; and the set A data (revised JB) of table 2. The 
set B data have been omitted because the validity of the procedure used to derive 
them from the MT values is questionable. A fit was also made to the combined data 
(3 sets) and this is shown together with the experimental data in fig. 2. The A and 
B values obtained from these fits are shown in table 3. 

The data are also compared in fig. 2 with the analyzing power at 21.6 MeV as 
predicted by the Paris potential. No cogniscance was taken of the Mott- Schwinger 
interaction which leads to large negative values of Ay(tJ) at very forward angles as 
shown in ref. ' ). The Paris potential phase shifts at 21.6 MeV were available and A 

and B have been calculated directly from eq. (5) and the p- and d-wave spin-orbit 
combinations of these phase shifts: 

L1 ~s = he - 23PO - 33P1 + 5 3 P 2) , 

LlPs=~(-930, - 5' 0 ,+ 14' 0 ,). (6) 

The A and B values that were determined thus are shown together with those from 
the least squares fits in table 3. The values of A and B derived from the fit to the 
combined data show good agreement with those obtained from the Paris potential. 

TABL E 3 

Compari son of A and B [see eq. (4)] from fits to the analyzing power data and as derived from 
the Paris potential phase shift s 

Energy (MeV) A (fm') B ( fm ') 

present 2 1. 6 0. 1687±0.OO77 0.O844 ± O.O218 
set A 21.6 0.1 578 ± 0.0037 0.1096 ± 0.0089 
Karl sruhe 9) 22 ± 1.5 0.1699±0.0070 0.0990±O.0128 
combined 21.6 0.1688 ±0.0038 0.0994 ± 0.0079 
Pari s potential 21.6 0.1555 0. 1064 
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None of the analyzing power measurements at 21-22 MeV show any indication 
of zero crossing at large scattering angles, which implies that any F~wave contributi on 
is very small. This is in agreement with the 25 MeV np analyzi ng power measurements 
made at Wisconsin 1). 

To summarise, the previous discrepancies in np analyzing power values in the 
vicin ity of 21.6 MeV appear to be resolved, with the three data sets, set A (revised 
JB), Karlsruhe and the present results showing good agreement. A fit to the combined 
np data of these sets gives (for ' S, = 84.0°) A ~s = (0.847 ± 0.019)° and A ~s = 

(0.100± 0.008t. A proper assessment of whether or not there is evidence for isotopic 
spin splitting of the triplet P-wave phase shifts (i.e. A ~s(np) - A rs(pp)) in the vicin ity 
of25 MeV may now be possible by including the data under discussion in an updated 
phase shift analysis. 

We are grateful to Prof. H.G. Miller for supplying the Paris potential phase shift 
parameters, to Dr. D.T.L. Jones for valuable discussions, to Mr. P.A. Back for 
construction of equipment and to the staff of the NAC Van de Graaff for their 
assistance. We also thank the Foundation for Research Development for financial 
support and a bursary to one of us (BRSS). 
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ABSTRACT 

Both (ap)+ and 0: particles h&Te been observed in coincidence with fusion 
neutrons in a gaseous D - T target at 2.8 x 10-3 liquid. hydrogen density. The 
initial Illuon sticking probability in muon-catalyzed d - I fusion, measured di­
rectly for the first time, is (0.80 ± 0.15 ± 0.12 system&tic)% in agreement with 
'stand&rd' theoretical calculations. However, this measured value docs not sup· 
port those theories that invoke special mechanisms to alter tbe iuitial sticklng 
value. 

INTRODUCTION 

ThC're bu bC'C'n I\. nf'f'd for somC' tilllC' for II. riirr:-r:-t Dlr:-I\SUrr:-mC'nt o( thr:- a- - J' 
sticking probability in muon-catalyzed d - t fusion. l The muon loss due to this 
sticking phenomenon is the most seTere limitation to the ultimate fusion yield 
x. The sticking probability, w., has been inferred from the lotal muon loss 
rate alter deta.iled cOrTeetion,s2,S,t.S, and £rom x-ray mea.surelDents' ·7 plus cas­
cade calculations"'. Vorobyovexpects that the LNPI direct ionization cham­
ber method, so successful in dd - pCP, will work for measuring sticking in 
dt -I-lCFi10 so far an upper limit of 1% comes £rom tills lYork.lI 

'!) 1989 Amen....n Institu l.e of PhvsiC$ 

The pre~ent paper dC!5cribcs the first direct mcuurement of the Q -IJ stick­
ing probability, ulling a. Jow dc-Ilsity (::::: 10-1 lh.d) D _ T mixture. 12 As suc-h, 
it comes very dose to mca..suriug the initial sticking probability in tit - pC F. 
Extension of the this work is presendy underway at Rutherford-Appleton Lab­
oratory (RAL). U 
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The CONCEPT of the LAMPF EXPERIMENT 

The (oJl.)+ ions produced by "sticking" events and tbe a-particles fonned 
in the remaining 99+ % majority of eTenb are detected in coiucidence with the 
14.1 Me V neutron a.nd are easUy separable by range ill the low pressufe D - T 
8&3; the density is dictated by the nry limited ranges of lb~e ione. The ract 
tha.t the ions are produced at 180· from the neutrons is useful {ot background 
rejection. Triggers due to (",- ,pn) and (1"-,p2n) capturc3 in the target fI.~k are 
substlWtia.lly suppressed since the cbarged particle is not similarly correlated in 
angle "";th tbe neutron14. Beryllium. chosen for its good properties in containing 
tritium and its very loW' muoo-c&pturt' probability, is the best target material Cu r 
use in the LAMPF beam structure. The Cull ~- beam is directed on the target 
to achieve an adequate event rate; many muons are thereCo~ present in the 
target at one time, and there is then almost no possibility to meuure the fusion 
time with r~pect to the muon urinJ time. (This will he possible uaing tbe 
RAL pulsed muon beam.) Even though bigh·Z materials do not exhibit many 
charged particles in coincidence with neutrons, the high capture probability 
produce'! overwhelming singles rates in both neutron and silicon detectors. 

LAYOUT 

Features or the setup a.re sh01r1l in Fig. 1. Most important, the silicon 
detector mUllt be protected £rom tritium beta radiation. T2 diffuses out through 
the target windoW" W1. limited primarily by the aluminum coating, at .. Olea· 
sured rate of 2.5% per day and is diluted. by tbe large volume of tbe secondary 
container. The :IIecond window W2 tben keeps tbis dilute mixture at a distance 
£raUl the detector where the inteneniag D2 region is guarded by a ma!Detic 
field. The detector housing is sealed acept for a long presllure-equillbuting 
capillary, necesl&!J" when the detector housing is cooled: coolin, to - 7- C im­
proved the timing resolution £rom 3.5 to 3.0 ns. Target filling il challenging since 
the windows cannot support much diffaential pressure; as a molecular sieve cold 
trap cleans the incoming premixed D - T gu, D2 is admitted to the secondary 
container at a rate that maintains low differen.tial pressure. Backgrounds are 
rueuured in an identical apparatul &.ned entirely with D, and normalized to 
incoming muons. A JS'U .ouree. insertable bctwc-en Wt and W2, gave identical 
energy and timing calibrations (or each apparatus. 

The character of the LAMPF experiment is revealed by typical rates: both 
peak rates durinS the LAMPF pwe and average rates a.re given in Table I. 
(During this particular run period, a thin produetion target caused. tbe rates to 
be reduced by & factor of 3 below normal.) The neutron rate n i. taken after 
puhe"-sbape discrimination lS ; the 0 rate includes noisc; o ' b + n) Is tbe trigger 
ra-te formed with a 150 o. eoincidence width. Clearly the fusion procen in not 
observable in either the neutron or the a·aing.les rate. 

RATE MIM2M3 

---------
Peak! s 2.6 x 10' 
Average/3 1.4 x 10· 

TABLE I. Typical rates. 

7+' • 
1.5 x U)" 560 
810 30 

SYSTEMATIC EFFECTS 

Q 

1440 
80 

a-(-r+n) 

2.8 
0.15 

The b .etor 4 ralio between (01-')+ and 0. ranges 1rU utilized by two different 
schemes: in an earlier aperimeut both iODs were detected concurrently, "hile for 
the latest data, optimwn detection o( each ion required dHterent fill pressures . 
Table II compares merih and systematic effecb for each method. At 650 Torr the 
experiment is lIeverely rate·limited and (at LAMPF) background· limited. We 
could not bave been certain that (o.P)+ had been seen without a higher density 
run . ' Using the dual pressure lIcheme, & lItrong (o~)+ signal is seen. However , 
tbe usefulness of the data may be limited by the systematic uncertainty or yield 
x scaling with density til . Thls scheme presents a good opportunity to meuure 
lItripping effects. 

TABLE II. SYltematic effect.. 

(0S')+ ana 0 adeetea cO'ftCtl"/'Tenfly : 

I ) Singlelill, ~ = 1.0 x 10-' lhd, 650 Torr. 
2) o's arc coUected £rom only 1/2 or target volume nearest tbe window. 
3) 1-'- stopping distribution must be well known. 
4) 0. ranges must be known very well. 
5) Gas impurity only affects the fusion yield X • not the sticking result. 
6) Slightly lower stripping tince (01-')+ energies are higher. 
1) No tp. djJ diHusion effect . 
8) C, only alten the yield x. 
Separate D - T fill$ far (Ol-')+ and 0 oouM7ation : 

I) Two fillo , ~ = 7.6 x 10-' (490 T.,.,.)Q and ~ = 2.8 x 10-'(1800 T""')(Q~)+ . 
2) Both ions are colleded £rom the full target volume. 
3) Anume muon stopping rate and di!!ltribution lIcales with density I/l. The 1-'-

stopping distribution only comes into stripping and diffusion correctioDJI. 
4) Mo.t uncertainty in r&nge cancels out. 
5) Gu impurity necessitates an important systematic correction. 
6) Stripping is higher but still weU knOW"1l. 
7) tl-' and dp may diffule to the walls at the low density. 
8) C, cha.nge due to tritium diffusing out tbe window will alter the 

fuaion yidd at each pressure and thereby comwe the normWation. 

~ 
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A Monte Carlo code is useful fat en..luating these systematic effects, but 
the experiment is not so complicated thJl.t the code is ~sf'ntia1 to tht' Analysis. 
Figure 2 wsplay. the distributions of fusion eTenh in the dua1~prelSure scheme. 
reflecting principally tbe muon stopping dUtribution , dt'tector solid angles, and 
particle range. Q-partid~ originating near the back of the Auk fall bt'low the 
0.7 MeV thresuold and are not detected. The code finds a 93% actin voluUle. 
whereas the (QJl)~ active volume is 100%. According to the prescription, .... e 
could bave used about 460 Torr to &Toid this correction. but we favored instead 
a slightly lUgher density to obtain a higher x. The overa.Li efficiency is small 
(0.08% per stopped Jl-), independent of density, a.nd, uide from the ,olume 
correction, canceb out of the sticking r~ult. 

Variation in the muon stopping intensity within the target volume wu 
melUured by counting tbe uMa &etintiou U of thin irOD foils placed iuside the 
non-tritiated target. Compared witb the central maximum. tbe intensity falls 
to 1/ 2 along the axis near tbe window and tbe back wall. The predicted stop 
rate in hydrogen, hued on tbese fow, WIU 4.i x 10-· jJ.- stopped per incident 
Jl- at 490 Torr. 

Fig. 2. Left side: 490 TOrT; a. Active volume is 93% of target volume. Right 
side: 1800 Torr; (0:1£)+ ions arc detectable from the full target volume. Here. 
the 0: 's , having about 1/4 the range oC the (all)+ iow, a.re below threshold. Tht' 
0: locus at the detector and the projection along the target axi. of the fusion 
distribution are shown below. 

The Monte Carlo us~ tbe Bichsel range code, IT which was verified hy de­
grading five a energin £rom the llSU source througb T'atious gas thieltne., ob­
tained by moving the detector. These checks were done betw~n data runs uti· 

liziDg the same windows and fill ga.s as fusion particles, Good consistency was 
obtained, and we conclude tbat the calculated range o( a l.S-MeV Q degraded 
to the 0.7 MeV threshold wu n:rified to about 2 ll1lIl. 

6.5 

> 
4.5 :i 

" 
2.5 

. :; HI/'IIIIIIi!!!" 
.:: IJ!.! ,L!; t ~.-
26 6 .l4 ·34 

f .. - t.. (IU) 

Fig. 3. Monte Carlo prediction for (QJl)+ at 1800 Ton. Time vs energy corre­
lation is evident. The higher energy (OI£)+'S arrive early. 

Corrections for stripping are easily a.nd aecuratdy given by the Monte Carlo 
using the energy-dependeut ,tripping cross ,edions (or D - T gu, aluminum, 
mylar. ILDd Dl ISM. II Table HIlish stripping for tbe seTeral materieJ" .... um..ing 
an average energy at each position. It can be used to aslesS the relative eft"ut 
o( the gas and of the windows, which are approximately equal, 

TABLE 1II. Stripping probabilities. 
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STRIPPING MATERIAL STRIPPING PROBABILITY 

3.9 em 0179. D - T palhleng,h at 1800 Torr 
1600 A Al coating on target "indow 
1.5 micron myla,. target window 
1.0 em D, at 1800 Torr 
1600 A AI coating ou detectoc window 
1.5 rniC'1"'on mllla,. detector window 
1.5 em D, at 1800 Tor.,. 

6.S% 
1.3% 
4.0% 
1.0% 
1.1% 
3.9% 
2.1% 

HoweTer note tbat many of the stripped (QI£)+ still baTe enough energy to be 
detected J.bo'fC thresbold &I a particles, particularly if the strippinS occurs in 

" 
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the detector "indo,.. or the lut l.S-cro D, region. The net te!luit alter the 
code ha.s coo3idered all of the above (stopping distribution. ,olid angle, ener.u 
loss, lItripping at proper energies, LL1d detection thre'hold) is th&l only 16,"0 of 
the initially produced (Qf£)+ are unobserved. Th.is effective !tripping, ReI! :;:: 
0.16, is quite small considering tbat more efficient strippers such &:I aluminum 
and mylar hATe b~n introduced. Stripping is significantly les3 than that ,een 
when the ion is allowed to stop fully in a medium', and convinces us that 
iuitial sticking is close at band in Litis direct wdhod. Verification oC strippillS 
calculations could be accomplished in these experiments. {or example. uy testing 
the effed oC additiona.lmylar. Reduced backgrounds at RAL will al,o be helpful. 
Fusion a particles generated between WI and W2 could simulate ( a/-l)+ events; 
however, C1 i3 50 low there that the correction to w! is e3timated to be much 
leu tb&O 1% of w: and i3 therefore neglected. 

DATA 
The pul5e. shape discriminatioo lS picture is g;ven in Fig. 4 3bowillg the 

location of the cut that select3 the approximately 4,"0 neutron signal &OIU the 
remaining 7'3 that ari3e maialy {rant muoo·decay electroD3. 

The a ·d",ta are pre:sented fiut since the 3igna.! i3 so prominent (F ig. 5) . 
On ly the neutrons have been 3e1ected, and prompt muon.3 haTe been reje-cted. 
T he time differeDce between t he o-·ioo and the fusion neutron i.lI plotted alollg 
the abscissa while the ion energy is plotted alODg the ordinllle. The box drawn 
shotlu the region where the a '., lUe expected from Moole Carlo predictions. The 
position of the box along lhe time &Xi!! cllnnol be known from measurement , so 
the a-dlllll themsel't'es are used as • guide to positioning the box. (0"/-1)+ ions 
are al30 expected in this plot , but with such low rate that background ma.sks 
them. 

The (af')+ spectrum for all data tllk~ at 1800 Torr is ,hown in Fig . 6, 
where the a.xe3 &te the nme u in FiS. 5. A quick comparison with it. compan.iou 
background plot shows ·1l strong 3ignal, but of cowse Dot LS clean a.s the Q data. 
The coincident background, which extend, £:rom threshold to well abon- the 
m aximum (a/-l-)+ energy, comes from Cro m /-1-- capture in the beryllium target 
fiLSk; prolons . deuter011l , tritons, and alpbu. lUe emitted in coincidence with 
neutrons. Non·coincident ba.ckground, in the wings oC the lime distribution . 
originlltes £rODI a mety of sources producing singlC5 , including scatlered muons 
which cannot be completely rejected &lid products from /-1- - capture in beryllium, 
polyethylene, and aluminum. 
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Fig. 4. Neutron srpa.ration by pulse 3hape. 
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Fig. 5. Q data on the left. Background on the right for 1/1 number of incident 
muons. 
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Fig. 6. The (CJ~)+ lIpectrum for IllI data taken at 1800 Torr. Background is 
sbown on the right (or 3/4. number oC incident muons. 

Table IV lists the raw nuwben obtained from the da.ta. 

TABLE IV. Raw Data. 

PRESSURE REGION COUNTS Ml.M2 . .lf3 

1800 Torr (Oll)+ 115 16.ix 10' 
1800 TorT Background 90 29 .1 x 10' 
490 TOTT' • 295 7.2 x 109 
490 TOTT' Background 3 1.05 x 10' 

PURITY OF D - T GAS 

An &nticipated source of trouble WIl3 impuriti~ in the D - T mixture. 
(See table 11.) The mylar window predud~ a high- temperature bakeout of the 
target, and there just is not enough gll3 to overpower swall fixed &mounts of 
contaminants as there is for the high-pressure targets. 12 The procedure used 
was to fill first to 1800 Torr and to. called (Oll)+ data, then to bleed the gas 
pr~ssure down to 490 Torr and colled a data. In this way, the same ga:s wa.s 

used for the meuurement a.nd for t he normwation. Time-dependent evolution 
of conta.minants from the walls by tritium is not prevented by this procedure, 
but DaDe was evident. A second l800-Torr data run produced 30% more (0J.')+ 
than did the first 1800-Torr fill when normali.zed to entering muons while no 
rhanges were evident in the background. It was not pOSllible to accomplilh the 
bl«d procedure for this fill, and 50 confident normali.zation is lacking for more 
thlLn 1/ 2 of the (0,1.')+ counts in Fig. 6. The direction of the observed ~lfect 
is consistent with a cleaner ru.i.xhue beiug obimed for the second fill following 
tritium scouring of the surfaces occuring during the first fill. Contamination 

of th~ D, in the ~econdary container could we eonta.minate the luget gas by 
diffusion through the window: we expect Ie,,' .!Iuch impurity for a second fill. 
Allhaugh the increase is uot statistically condusi,.e, ih direction reinCorce-s our 
belief thlLt it is due to .. cbange in ga.s properties. Consequently, only the fint 
set of rUllS at 1800 Torr were used in deriving the sticlcing probability, the data. 
appearing in Ta.ble IV. If impurity did C!luse the change in X, we e3titnate about 
600 pplll {witb the Z of nitrogen} WLS present. 

RESULTS 

The initial sticking probability is given by 

Here 

Na • 

w~=Na+Na~ 

"a. 
No,. = N4'l(1 R.:,,), 

"a 
No = N¢l 0.93 

( 1) 

(20) 

(21) 
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where no (n .. ~) is the Dumber of doubly (singly) ("harged ions dete1:ted, R~" 
is the effective Itripping, and 0.93 the actiTe Tolume for 0:. N is lhe number 
of in("ident muons in ea("h clI.3e (norwali.zation to the b.igh-energy coincid~nt 
background WII.3 shown to be equiVlLlent). We assume for now that both the 
number of Jl, - slopped and the yield X are proportional to cP. (See tbe next 
section.) The result is w~ = (0.80 ± 0.14)% (5ta.tistical error). 

w~ me~ured in the 650-Torr ~xper:iment is (0.91±O.3)% (statiltical error ) .1' 

The t:rror is larger since fewer (ap)+ were observed in the presence of substantial 

background. 

""" 
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SYSTEMATIC UNCERTAINTY 

We now examine systematic uncertainties (or items in Table II listed under 
.. Separate D - T Jil1., for (01')+ and Q". The t1' and dp. diffusion distances 
are limited by the muon lifetime at such low pressures and could become some­
what longer due to cliffusion while the atoms are still epithermal. We estimate 
this distance to be about 1 em at 490 Torr, somewhat smaller than. the dimen­
sions of the target. No correction is made at this time; generalization of Cohen's 
solution to the time-dependent Bolhma.nn equation20 to get the spatia1 extent 
would be appropriate for a good estimate. 

The most important uncertainty is a consequence of the use of two different 
den6ities in making the measurements. At our densities thermali:tatioD times 
equal or exceed the muon lifetime. Therefore mos t of the molecular formation 
will occur in the epithermal (transient) region where Adl,. is rapidly changing. 
and the yield X may then not scale with density a..s assumed above. Table V 
attempts to outline the .scope of this problem. Thermalization thnts. a.s well 
as average temperature and remaining triplet Craction at a relevant tiwe of 2 
~s (all from ref. 20) tell us that at the lowe.st density the Ip. atoms remain 
hot, and the triplet quenching is not complete. The muon lifetime then selects 
rather different slices oC the epithermal transient (or each density. (See survey of 
experimental low~dellsity transients in refs. 21 and 22 and calculated transient 
cffects in ref. Z3) 

TABLE V. Density Effect. 

QUANTITY 

DmJityrp 
Thermalizaticm time 
Average temperatuTe at 2 JJJ 

iJ-J tripld f Taction at 2 It" 
Average Adt)' 

Extrapolated q lo from n:f.26 

490 Torr 

---------
7.6)( 10-4 

G ~, 
5401\ 
0.33 
1.5 x 10' 
O.i l 

1800 TOTr 

----------
2.8 X 1O- J 

1.6 J-lJ 
340[\ 
0.04 
1.3 x to' 
0. 66 

Next, let 's sce bow large the effect is likely to be. Turning to LeonH to es­
timate singlet and trip let formation rates for our mixturt' at thC' two i\\'C'rage 
temperatures , we find a higher rate for the less-therwalized, low-densi ty ClUe. 
The rates given ill the Table V do not include screening dfects,lS but the.se 
will not aJter the relative magwtudes. Nor should extension to the theory oC 
direct molecular formation" seriously alter the relative magnitudes ~inee the 
molecular-formation rates as a function oC temperature still have similar shapes. 

Other quantities remaining Cor discussion are qt. and ~IO. An extrapolation 
ofthe Menshikov and PonoIDarev ql. is presented in Table V for each deDsity~d: 

------------------------~~ 

here tbe strongest density dependence is pr~ded at low density. The direction 
of the 91. density dependence is to Off3el the increased formation rllte expected at 
the low density. in tlUs simplified treatmcnt, tile 0.33 triplet fraction rem-.in.icl!: 
in the 490 Torr sample has little effect on the conclusiou; in the C'f'ent Lhat 
.\111 is actually larger lb&Q calculated2T , the triplet fraction could approach zero 
without largely affecting the .\.u .. listed ill the table. 

Some comments are in order: 1) Expected epithermal enhiUlcemenl DC Aoitj/. 

makes the ql. density dependence more important ill determining yield at C1 = 
0.4. Hence the RAL experiment may find a larger optimum C f where the higher 
yield would be "elcome. 2) Au effects "ouM likely enter in 1\ important way if 
a proper enluation oyer the complete epithermal peu were done. 3) Thennal­
ization tould be more rapid than reported. 4) We should pay attention to the 
plunging cycle rates at 10" dewitr,t.s keeping in mind that the 101lt'est-density 
points (¢= 1 %) are already heavily into the epithermal region. But simply taking 
X = (/lAc / A .. = 0.08/ 1'- l450 Torr) "ith Ac al 45/113 giTes a predicted rate (or 
our experiment that agrees "ith tl1e absolute number of muon slops in the uUx· 
ture Cound by foil actiVlLtioD. Uufortunately the foil te:st disagrees badly (by a 
factor of 2) with tbe numher oC stops ellitimah:d from beam propertie:s. We wight 
othet-wille have hoped to bracket the extent of tbe epithenual enhancewent at 
10"" densities (subject to "SIIIumptions about gaa purity). 5) We auticipate that 
the RAL pulsed-beam data "ill add to the under.ltllLuding oC this 101lt' deusity 
region and ans1lt'er lIIome of tbe que:stions raised by tbe LAMPF experiment. 

The initial C 1 oC 0.4 falls 1It'ith time, and ionization chamber Dleaaurements 
indi,ate Cl dropped to 0.38 at the end of the data colledion on the first 1800 
Torr fill and to 0.37 at the end of the 490-1'0fT data collection. This small cbange 
is significant only if the optimum Ct is much higher so that 0.4 is ou the rising 
edge of the J.~ n C, curve iUllitead of a t the plateau 1It'here "e intended it to be. 

Vari"lionll in w: depending on cuh used han been en.luated in the thesis 
of Lilt; the rms scatter &Ulouuls to .bout 0.06% which we .dd to the statistical 
error. BlUed on the rdi"bility oC the aboTe assumptions. we belieye it unlikely 
that the density effect will a.lter w: by more tban 15%. Accordingly" sYlilleruatic 
uncertainty illl quoted with the result: w: = (o.ao ± 0.15 :!:: 0.12 sYltewatic)% 
Subsequent experiments or ca.lculations on tbe density effect can be used to 
correct tws result. 

The 650-Torr sticking measurement, as outlined in Table II. does not conttlin 
uncertainly due to the detuity effect. and its consistent n.lue of (0.91 ± 0.3)% 
(statistical error), adds confideuce to our conclusion_ 

CONCLUSION 

In conclusion , "e report a measurement oC the initial Q - l' sticking prob­
ahility in Illuon cata1yzed J. - I fusion at 10" density. w!. measured diredly for 
tbe first tilDe, is (0.80 ::: 0.15 ± 0.12 systematic)% ill agreemeut 1It'ith 'standard' 

, 
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theoretica.l calcwation!28.:v.JQ and not sllpporting those theories that invoke spe­
cial mc-chl'l.lusms to !liter thC' initil'l.l stil'"king. H .J2 .J3 ThC' rC'ported n..tllC' c-'ml..u1l8 

only a 16% correction to the observed sticking due to stripping. Additional ex. 
periments are underway at the RULhl!'rford·Appleton Laboratory where a hj~h-Z 
target in the pulsed muon beam produces lower badc!:round!. Direct normalin· 
tioo to neutron singles, transient ob!ervation, and reactivation test! should be 
possible. 
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ABSTRACT 

This paper gives some ideas to be learnt from magnetic 
confinement fusion and briefly describes the pulsed muon beam at 
ISIS, prog ress with the measurement of ~,\(the ua sticking 
coefficient), future beam plans and possible experiments. 

INTRODUCTION 

u CF has had co nsiderable progress; its continuation requires 
new ideas to be widely discussed at workshops like this. Thought 
must be given to collective and crit ical planning, exploiting 
resources, expanding funding and to acquainting those in authority 
or having influence, non readers of the specialised science 
publications , of u CY. Inter alia, there have been general 
articles in Nature, the New Scient ist and Scientific American. 
Amusingly it was the latter that led to articles in the Economist, 
the (8ritish) Times and 8BC radio. 

------.-.. -.-.. -- .. ---------

IDEAS FROM MAGNETIC CONFINEMENT FUSION 

This subject was investigated last November at JET (Joint 
European Torus and 20km from ISIS) in a SIOA Workshop of the 
European Parliament and EEe. Significant points included there no 
longer being an urgent need for fusion. Although magnetic 
confinement research has made considerable expensive progress, it 
has technical problems and a goal in the distant, costly future. 
Neverthe l ess it should not be abandoned but slowed and savings 
made. However research Is not viable at less than the current 
European spend. The USA STARFlRE had reached similar conclusions. 
Mention was ma de of ITER - the star t of a joint European, 
Japanese, USA, USSR project. The lesson for uCF is obvious - we 
must plan a world programme. Invited as an alternative method of 
fusion, u CY wss presented as interesting physics with basic 
parameters made with relatively small scale, low cost equipment 
divorced from the large, expensive apparatus, the accelerator, 
which was provided anyway for othe r purposes. Progress was rapid 
with 'a low cost, long shot' possibility cif energy production . 
Support for ISIS experiments by Culham, the British fusion cent re, 
was mentioned. 

In the future 550 f usions/u could provide energy break-even, 
heat + heat . If> 20% of the power output is required to drive 
the complex then the financial cost of such becomes too high. 
Therefore, in some sense, economi c break-even requires 2500 
fusl0ns/u. 

THE ISIS PULSED HUON BEAM 

The synchrotron sends protons i n 50Hz pulses to make neutrons 
by spallation and fast fission at a distan t uranium ta r get : each 
pulse contains 2 bunches, 330ns apa r t • . Recently the complex has 
run for appreciable periods at 750 Hev and 90 u a. The 
surface/cloud muon beam1 ,2 is taken off a thin, intermediate 
transmission target. The raison-d ' etre of ISIS, so far, is to 
appear as a pulsed reactor; so the aims are long, steady runs and 
very low backgr-ounds. There is a very good cave around the muon 
target from which· leak-paths are enthusiastically sought and 
blocked. Improved exit collimation from the cave to protect 
downstream magnets has also decreased external backgrounds. 

The performance of the muon beam is given in table 1; ± 55kv 
on the velocity separator and a simple collimator reduced the 
electron contamination by x50. With little advertising for its 
first full year, the beam has been oversubscribed by x2i, mainly 
u SR experiments. A problem with havi ng no switchyard is 
interchanging experiments. 

A DIRECT ~1EASURE OF' \,I" s' THE uo. STICKING COEFFICIENT 

This continues the LAMPf3 dete r mination of the ratio of ua-n 
-a:=n 
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coincidences with a small, low density gas target described at the 
workshop. That experiment had a large 'a '-0 background from the 
> 99.9% of the].J - that stopped In the target walls with general 
accelerator background contributing to the high neutron count 
rate. Data were taken at 490mm Hg target pressure to see a-n 
coincidences and at 1800mm for Ua-n since the event Tate increased 
approximately as the square of the ~T density. 

These backgrounds could be avoided by using a pulsed hearn, 
target walls having high Z and delaying counting by i 1.1 s. As the 
atomic number of an elemental stoppIng medium Is increased the 
effective muon life-time falls from T-2 ].JS for Z - 6 to lOOns for 
Z - 48 where it then flattens. 

Figure 1 shows the apparatus modified for use at RAL. The 
target flask is made from silver since this is the structural 
material having TU (effective) ( lOOns and of the l owest: Z to 
reduce showering. There are 2 NE2l) neutron counters to improve 
timing and the Si surface barrier a-detector was thinned to 50u to 
reduce background. 

The neutron backgrounds were examined as functions of energy 
and time after the muon pulse. That which was non muon-induced 
became softer with increasing time and came principally from the 
muon production target. The muon-induced background had an energy 
spectrum of time-independent shape but magnitude decaying with the 
T)J - Ius characteristic of )J--Al interactions. So the beam-pipe 
end-flange and target outer vessel were covered with 3mm of Pb. 
For En> 3 Mev this was still the dominant background and tests 
indicated an origin in the downstream beam-pipe - this will be 
lined with copper in future. 

There is a tremendous flux of particles and energy during the 
beam burst - principally from the eln contamination. Inhibiting 
each of the signal paths inside the LINK nIl discriminator 
protected the neutron channel. Little background can get above 
the 0.6 Heva counter threshold and pile-up was measured at l~%. 
However the very many sub-threshold pulses during the burst cause 
a 50ns time walk and jitter in the pre-amp . If this cannot be 
inhibited then a thin scintillator will be used to take advantage 
of a photo-multiplier' s stability. 

ua -n events at 1520mm Hg target: pressure and a -n coincidences 
at 765 and 490mm were clearly seen in the raw, on-line data as 
were fusion neutron singles at the same densities. The neutron 
data should provide the cross normalisation between high and low 
pressure required for this and the LAMPF experiments and also 
explore this region of epithermal production. 

THE FUTtTR.F; 

A grant application is being prepared for a kicker magnet to 
spatially separate the muon bunches; this will double the number 
of completed u SR experiments, as they use only a fraction of the 
available beam, and considerably improve their frequency range. 
The undeflected beam position would then be available for more 
permanent experiments such as uCF. 

There are space and plans for a pur~ose-built muon beam on the 
other side of the proton beam and sharing the production target; a 
sw i tch-yard would reduce background and permit the beam to 
alternate between 'permanent' experiments. Table I also gives the 
parameters of a 'conventional' decay channel at ISIS with a 
superconducting solenoid. The total fluxes of decay and cloud 
beams are compatable. As)J CF experiments use only a small 
fraction of the)J - stoppiog volume then the cloud beam would give 
much higher event rates and better signal to noise because of its 
smaller ~ and spot size. The major advantage of the decay 
channel is the negligible.- and e- contamination (the latter only 
with an ultra-thin, solenoid window) n.b. a,..- gives 140 Hev of 
background but a large fraction of the muo n mass goes into the 
neutrino. For the present beam a recently installed double 
collimator should enable higher separat:or volts to reduce the e­
contamination by much more than x50. Next year we aim to 
considerably reduce the.- contamination with a thin durader at 

~~o~~:t~~a:e!~c~: :~e~~e expense of - 25% increase in ~. TIle 

SOME POSSIBLE EXPERHIENTS 

These are mentioned to illustrate the power of the facility. 
IJ3 He and u" He cascade x-rays 

(A) Scavenging by He from excited (u-hydrogen isotope) atoms 
can be distinguished from that via the ground or meso-molecular 
state: the former will doainate during the burst and the latter 
afterwards. Suppression of e/rr contamination from the target and 
charged particles from the detector - GSPC or Compton suppressed 
SiLi - by a solenoid magnet will be required. 

(B) The state of the 'stuck' UB, following O-T fusion, as it 
slows may be followed froll the changes in yield of several 
spectral lines as functioDs of density. 
Exploration of epithermal production and low temperature plasma. 

The 'u t' intermediate state is created with 1gev and its 
t he rmalisa t lon is sufficiently slowed at low densities that it 
spends significant time with energies equivalent to the required 
high temperatures. Neutron singles will explore 10 ... ~ P!>TP and 
o-n coincidences densities below lPSTP ' 
Low temperature plasma. 

This can be achieved \lith the pulsed, a-pinch of a soUd D-T 
f ilament. 
Hyperfine studies 

A pulsed CO laser could induce (ut)s'" (ut)t with polarized 
(u t)t being detected by transverse USR. 

L 
2. 
3. 
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Abstract. A direct method of detennining the alpha-muon sticking coefficient (1)0 

following muon-catalysed d- t fusion, by measuring the ratio of (aJl)-neutron 
coincidences to neutron singles, is described. Initial measurements have used a 
low-presswe D-T gas target and the pulsed muon beam at the ISIS facility of the 
Rutherford Appleton Laboratory and give a preliminary result of Wo = 0.0069 ± 
0.0040 ± 0.OOI4(sys) . 

1. Introduction 

Negatively charged muons catalyse d-t fusion via the resonant formation of a 
muonic molecule in which the dtl' positive ion replaces a deuterium nucleus in the 
D2 molecule. The fusion reaction d + t ..... <>(3.5 MeV) + n(14.1 MeV) occurs rapidly 
by barrier penetration and the muon is generally released and so can catalyse further 
fusions during its 2.21's lifetime. However, there is a small probability Wo that the 
muon will be captured by the alpha particle produced in the fusion and, unless it is 
detached during the slowing down of the (<>1')+ ion (Le. reactivated), it will be 
removed from the catalysis cycle. The effective sticking coefficient w is thus less than 
OJo and can be written 

w = OJo(1- R) (1) 

where R is the muon reactivation coefficient, which is obtained by integrating the 
muon stripping probability over the whole <>1' range. The sticking coefficient Wo is a 
basic observable in the theoretical description [1-4] of muon·catalysed fusion. 
Ultimately the number of fusions per muon is limited to w-', thus accurate 
measures of Wo and R are important in assessing future possibilities of economical 
energy generation by this process . 

0954-3899/ 90/101529 + 09 $03.50 © 1990 lOP Publishing Ltd 1529 
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Theory gives Wo = 0.0089-0.0093 [5,6] and R = 0.37 [7] at liquid D-T densities, 
PI> with only a small density dependence for w via R, e.g. R = 0.30 at O.lp,. 
Experimental measurements agree around w = 0.0041 for p, [8-13], which is about 
six standard deviations less than theory, but vary between 0.005 ± 0.001 [9,11] and 
0.010 [8] at low densities; this allows the possibility of a large density dependence 
and even lower values of w. These measurements are indirect and observe either the 
time evolution of the fusion neutrons or the Ka line from muonic helium using liquid 
targets [10,13]. For the former w is one of several parameters determined 
simultaneously from the analysis and represents a small loss term at long times; 
there is considerable controversy about the large corrections which increase in 
significance as the density is reduced. Obtaining w from muonic x-ray measurements 
depends on untested cascade calculations. The present experiment [14] , and an 
associated experiment [15] at the LAMPF facility of the Los Alamos National 
Laboratory (LANL), aim to determine Wo directly, in low-density conditions , from 
measurements of al'-n coincidences. In the LANL experiment the coincidence rate 
is measured using D-T gas targets at two different pressures. At the higher pressure 
(1800 Torr) only aI', being singly Charged, can make coincidences, whereas a , being 
doubly charged, are ranged out in the D-T gas and the target windows, before they 
can reach the a detector. At the lower pressure (490 Torr) a as well as al' can make 
coincidences. The sticking coefficient may be calculated from the ratio of the 
coincidence rates provided the ratio of fusion rates at the two pressures is known. 

The present work follows a different approach, exploiting the characteristics of 
the pulsed muon beam [14,16,17] of the .ISIS facility at the Rutherford Appleton 
Laboratory (RAL) to obtain low backgrounds, thus allowing measurements of single 
neutron events from low-density D-T targets. A single set of measurements is made 
using a D-T target at a pressure of 1509 Torr and selecting only al'-n events in the 
coincidence measurement. The ratio of these coincidences to the neutron singles, 
which originate from all fusions, is measured. This ratio is proportional to the 
sticking coefficient Wo and the constant of proportionality is simply the probability 
that a collinear al' associated with a detected fusion neutron reaches the '" detector 
and is registered. For gas densities such that the "'I' have sufficient range to reach 
the detector, the probability factor is determined by geometrical considerations and 
in-flight stripping and may be estimated to better than 10% from Monte Carlo 
calculations. The sticking coefficient Wo is thus determined directly from the 
experimental measurement of the coincidence-to-singles ratio . 

We report here on the characteristics and performance of this new direct method 
for determining the alpha-muon sticking coefficient and present a preliminary result 
obtained by this technique. 

2. Experimental details 

The experiment used a pulsed beam of negative muons having a small spot size, 
momentum 40 MeV/c and I1p/p =5%, provided by the cloud muon facility [16,17] 
associated with the ISIS proton synchrotron at RAL. Figure 1 shows the gas target 
together with the three NE213 liquid scintillators employed for neutron detection 
and the surface barrier detector (SDD) used to detect "'I'. The silver target cell (a 
cube of side 70 mm) contained a D-T mixture at a pressure of 1509 Torr. The cell 
was housed in a substantial aluminium vessel containing D2 gas at the same pressure 
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FIg11I't= 1. Experimental arrangement (schematic) viewed looking downstream along the 
muon beam, showing: silver target cell C containing D-T mixture; aluminised Mylar 
windows W; surface barrier detector SBD; and NE213 scintillation detectors 1-3. The 
enclosure E and the outer vessel V were filled with D2 gas at the same pressure as the 
target. 

as the cell and separated from the D-T mixture by an aluminised Mylar window 
(thickness 1.5 I'm Mylar + 0.08 I'm AI) to permit IXI' to exit to the SBO . The SBO , 

area 1000 mrn2 and only 50 I'm thick (to reduce background), was enclosed in its 
own D2 environment, at the same pressure and with an identical entrance window 
for the IXI'. As in the LAMPF experiment [15] , this dual window arrangement was 
designed to protect the SBO against the formidable tritium beta activity (750 Ci) 
present in the target cell. The arrangement ensured that tritium diffusing through 
the first window was diluted in the large outer D2 volume adjoining the inter­
window region, thereby reducing the rate of tritium diffusion through the second 
window, to the SBO. Diffusion through the first window reduced the tritium fraction 
in the target cell from its initial value of 45% to 38% over the period of the 
measurements (2 d) . 

The three NE213 detectors (figure 1), each 13 x 13 cm in area and 7 ern thick, 
used pulse shape to discriminate against gammas. Detectors 1 and 2 were placed so 
that either, in conjunction with the SBO, could register collinear IXI'-n coincidences. 
Detector 3, by registering orthogonal coincidences, provided a measure of the 
coincidence background. The muon beam incident on the target was· monitored by 
integrating a time-gated signal from a plastic scintillator 0.05 mm thick in transmis­
sion geometry, close to the entrance window of the target cell. 

The incident muon beam entered the target cell normal to the plane of figure 1. 
At the target pressure used, about 1% of the muons stopped in the target gas , the 
rest stopping in the walls of the silver target cell. The muon lifetime in silver is 
reduced from 2200 ns to 90 ns by weak interaction processes. Thus, by delaying the 
start of data taking until 500 ns after the beam pulse, the effects of prompt 
background from muon interactions in the silver were greatly reduced. This delay 
also reduced the effects of high-energy background from the ISIS beam dump and 
the muon production target in the proton beam. The inside of the aluminium 
containment vessel was lined with lead to capture (rapidly) stray scattered muons 
and the entire detector system was shielded with lead and polythene (not shown in 
figure 1). 

Signals from the scintillation detectors were processed in Link Systems pulse 
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shape discriminators (Models 5010 or 5020); these had been modified to allow the 
processing circuitry to be inhibited until a preset time (0.5 I's) after the second muon 
pulse in the ISIS beam time structure [17] and to provide an output signal F 
proportional to the fast scintillation component from NE213, as well as the standard 
signal L, which is proportional to the total light output. Signals from the SBO were 
processed using a conventional charge-sensitive preamplifier and slow amplifier 
system and the relative timing 7;, between coincident NE213 and SBO signals was 
obtained via a TAC. The sso timing signals were derived using crossover timing 
because preliminary attempts to use a fast voltage-sensitive preamplifier in the 
timing circuit revealed a poor signal-to-noise ratio of 3: 1, due to the large 
capacitance (2200 pF) of the detector. A signal from any NE213 detector within the 
time window 0.5-7.5 J.1s after arrival of the second muon pulse and satisfying the 
condition L> L' , where L' is the pulse height corresponding to a 2 Me V proton, was 
defined as an event. The pulse heights Land F from the three NE213 detectors were 
recorded on tape or disc for all events, together with the event time T" relative to 
the second muon pulse, which was measured using a second TAC. The pulse height 
from the SBO and the output 7;, from the associated TAC were also recorded, together 
with the L, F and T,. outputs, for SBD-NE213 coincidences. The following 
constraints were applied in the off-line analysis of all events, including both 
coincidences and singles: (i) events in which more than one of the NE213 detectors 
responded were rejected; (ii) pulse shape discrimination based on comparison of the 
Land F outputs of the NE213 detectors was implemented so as to select neutron 
events and reject gamma events; and (iiiran event time cut of T" = 1-7.5I's was 
imposed, to discriminate against a background component showing a decay constant 
of 0.9 I'S and attributed to muon capture in the aluminium beam pipe. Additional 
constraints, described below, were applied in the analysis of the coincidence 
events. 

In addition to the runs made using the D-T target, a second, nominally identical 
sso and target system filled with H2 gas was used to determine backgrounds. Some 
additional runs were also made with the D-T target at lower pressures (710 and 
490 Torr) to check the performance of the coincidence system under conditions in 
which <1'-n as well as <1'1'-n coincidences could be detected. After checking 
consistency between runs made under the same conditions, the raw data were 
summed to form single D-T (1509 Torr) and single H2 runs for each of the three 
NE213 detectors. Figure 2 shows the pulse height spectra obtained from the three 
NE213 detectors for these summed runs. The background spectra measured using 
the H2 target and shown by circles were measured for a smaller number of incident 
muons than the spectra measured using the D-T target (histograms) and have been 
multiplied by a factor of 1.96. This factor was determined by referring to the 
number of neutrons recorded at short event times , T" "" 0.7 I's, at which background 
dominates strongly, so that the number of neutrons in the normalised background 
run should approach closely to "that in the D-T run. Recoil protons (0-14 Me V) 
from the d-t fusion neutrons can be identified clearly above background in the 
spectra from all three detectors in figure 2. 

The off-line analysis of the neutron-sBo coincidence data included a further cut, 
applied to the L outputs of the NE213 detectors to select pulse heights in the range 
corresponding to recoil proton energies of 2.4-15 MeV. Figure 3 shows plots of <1'1' 
energy against coincidence time delay for these data, presenting the H2 background 
runs and the D-T runs in the left and right panels respectively. The coincidence 
data obtained using the D-T target (figure 3), if projected onto the 7;, axis, show a 
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F!pre 2. Pulse height spectra obtained from detectors 1-3 «a)-(c) respectively) for 
muons incident on the D-T target (histograms) and the H2 target (circles). The H2 
spectra have been normalised as described in the text. The pulse height scales, L . are 
calibrated in units of MeV ee (MeV electron equivalent) . that is units which represent 
the electron energy required to give the pulse height indicated. The corresponding 
protoD energies are shown above. 

peak of FWHM about 28 ns at To = 138 ns, with a low intensity tail stretching out to 
about To = 350 ns. Better timing resolution (FWHM = 12 ns) was observed in tests 
made using a 2SzCf spontaneous fission source . The timing degradation under beam 
conditions was investigated and it appeared to be a result of slight baseline 
fluctuations in the output from the SBO to the crossover timing, coming from the 
very many small (and occasional large) SBO signals at beam arrival time (T" .. 0). A 
generous time window of To = 50-350 ns (figure 3) was used to select "'I'-n 
coincidences from the 0-T runs, in order to ensure that events in the wings of the 
coincidence peak were not lost. The corresponding time window for runs taken with 
the Hz target was To = 100-400 ns, the shift of 50 ns being introduced to compensate 
for variations in the crossover timing characteristics of the different SBOS used with 
the Hz and 0-T targets respectively. 

The energy window used on the SBOS to select "'I'-n coincidences was set at 
1.5-3.6 MeV (figure 3), the threshold of 1.5 MeV being chosen so as to exclude the 
small number of detected ",-n coincidences produced by fusions in the region close 
to the exit window of the D-T target. Monte Carlo simulations show that the '" 
from these fusions are not ranged out by the windows and the intermediate Oz gas, 
and may reach the SDO with energies up to about 1 Me V, thus contributing to the 
events which are observed in this region of figure 3. The "'I' reaching the SDO have 
energies between 1 and 3 MeV, depending on their point of origin within the O-T 
target cell and whether the muon is stripped from the alpha in the gas or Mylar 
windows, en route to the detector. The fraction <p of the "'I' directed towards the 
SBO which reaches the SBO with energy exceeding 1.5 Me V was estimated from 
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Fagu.re 3. Coincidence events as function of all energy E and coincidence time 
difference Teo Panels top-to-bottom show data from detectors 1-3, left panels obtained 
using the H2 target and right panels the D-T target. The lines within the panels show 
the cuts imposed on Ye and E in the analysis leading to the coincidence data in table 1. 
Thc number of incident muons (or the Hz data was estimated to be about half that for 
the D-T data. 

Monte Carlo simulations based on the stripping calculations of Cohen [18] and was 
found to be 'P = 0.84 for the conditions of this experiment. 

The data obtained from detector 1 using the H2 target show a concentration of 
events (figure 3) at times To = 200 ± 30 ns, indicating that a significant fraction of 
these events are real coincidences rather than accidental coincidences. The data 
from detectors 2 and 3, H2 target, show lower coincidence rates and no evidence of 
concentration at To = 200 ns. These features, together with the fact that detector 1 
was closer to, and less shielded from, the muon beam (figure 1) than detectors 2 and 
3, suggest that the real coincidence component from detector 1 is beam-associated. 
The real coincidences may be due, indirectly, to muons which find their way into 
light elements (H, C or AI) in,.or close to, the beam and thus survive, as muonic 
atoms or muo-molecules, to event times T~ > 1 flS , before being captured by nuclei. 
Energetic charged particles and neutrons emitted in coincidence from the ensuing 
nuclear interactions could be responsible for the real coincidence component, which 
would thus also be present as a real coincidence background (RCB) in the data taken 
using the D-T target. 

The levels of RCB present in the D-T coincidence data from detectors 1 and 2 
were estimated in two ways: (i) from the measurements made using the H2 target ; 
and (ii) from the coincidences recorded by detector 3 for the D-T target. The 
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Table 1. Numbers of coincidences and neutron singles. 

Coincidences 

Detector Singles. Nn Raw RCB Accidental Nt; 

1 8417 ± 157 24 11 4 9±6 
2 4291 ± 121 7 4 0 3±3 

orthogonal geometry of detector 3 with respect to the SBO implies that all such 
coincidences should be attributed to background and the time distribution of the 
D-T data from this detector (figure 3) shows further evidence of the RCB 

component. Method (i), after normalising the H2 data by a factor of two, as used for 
the singles spectra (figure 2), indicated RCB levels of 16 and 6 events for detectors 1 
and 2 respectively. Method (ii), assuming an isotropic distribution of the RCB and 
normalising by the ratios (1.23 and 0.62) of the singles neutron rates of detectors 1 
and 2 to that of detector 3, indicated levels of 5 and 2 events for the two detectors. 
Since fusion competes with the suggested RCB mechanism, for muons surviving 
beyond II's, we expect a lower RCB rate per muon in the D-T target than in the H2 

target, and hence that method (i) will overestimate the RCB. Method (ii), in contrast, 
may be expected to underestimate the RCB, since this background, by its nature, is 
likely to contain fewer orthogonal coincidences than collinear coincidences. The 
averages of the values obtained from methods (i) and (ii) have therefore been used, 
giving RCB levels of 11 and 4 events for detectors 1 and 2 respectively, as shown in 
table 1. 

The numbers of accidental coincidences shown in table 1 were estimated from 
the numbers of events within the E window but outside the :r; windows in figure 3. 
The increased accidental coincidence rate seen with the D-T target as compared 
with the H2 target (figure 3) can be attributed to the significantly higher (fusion) 
neutron rate associated with the D-T target (figure 2). The numbers of single events 
shown in the table were estimated by integrating the spectra of figure 2 (corrected 
for background) between the same pulse height limits (corresponding to Ep = 2.4-
15 MeV) as applied in the coincidence analysis. 

3. Results and discussion 

The number Nn of singles neutrons registered by an NE213 detector, for No d-t 
fusions in the target, may be written 

(2) 

where E is the relevant detection efficiency of the neutron detector. 
Assuming that all a-n coincidences are excluded by the SBO energy window 

(figure 3), the number Nc of real fusion coincidences registered between this neutron 
detector and the SBO is given by 

(3) 

where the factor B represents the probability that the extrapolated geometric path 
of a collinear al' associated with a detected fusion neutron intersects the SBO and rp 
represents the fraction of these particles which reach the detector with energy 
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greater than the threshold (1.5 MeV). The product cpB may be estimated to better 
than 10% from Monte Carlo calculations. The sticking coefficient Wo is thus, from 
equations (2) and (3), given by 

Wo = No! cpBNn (4) 

and is thus obtained directly from the measurements Nc and Nn. 
Monte Carlo calculations give B values of 0.155 and 0.176 for the coincidences 

from detectors 1 and 2 respectively. With the value cp = 0.84 and the data of table 1, 
we obtain Wo = 0.0082 ± 0.0055 from detector 1 and Wo = 0.0047 ± 0.0047 from 
detector 2. A slight improvement in accuracy is obtained by combining the data for 
both detectors and using a B factor estimated for the combined detector system. 
This gives the result 

Wo = 0.0069 ±0.0040 ± 0.0014(sys) 

for the initial sticking coefficient, the systematic uncertainty reflecting an allowance 
for a 10% uncertainty in the Monte Carlo estimations of cpB and for some 
systematic error in the data reduction procedures. 

The preliminary value reported from the direct measurement of Wo at LANL is 
[15] Wo = 0.0080 ± 0.0015 ± O.OO12(sys). This was obtained from the ratio of 
coincidence rates measured using a target geometry similar to that of the present 
experiment, at 0-T pressures of 1800 and 490 Torr. It was not possible to measure 
neutron singles rates in the LANL experiment, hence the sticking coefficient was 
determined by assuming that the fusion rate per incident muon scales as the square 
of the 0-T target gas pressure p. Scaling as p2 is based on the expectation that: (i) 
the number of muon captures forming dll or til; and (ii) the formation rate of dtll 
are each proportional to the target density, and hence to the pressure. However, the 
decrease with pressure may not be linear for the former because of the increasing 
fraction of muons that, having stopped in the gas, are transferred to the target walls, 
or for the latter, because of the increasing importance of epithermal dtll production 
[19], that is direct dtll formation during the increasingly longer thermalisation time 
of the muonic atom. The data obtained at 710 and 490 Torr demonstrate that the 
dependence of the fusion rate on pressure could be determined by extending the 
present experiment. This would be equivalent to measuring the dtll formation rate 
at high temperatures [20]. 

The present preliminary result is consistent with the LANL value [15] and is 
independent of theoretical assumptions concerning the mechanism of muon­
catalysed fusion. The LANL value, in contrast, depends on the assumed p2 
dependence of the fusion rate in 0-T targets, which still needs to be tested 
experimentally. The indirect experiments that determine w, and hence wo, from the 
time evolution of fusion neutron emission [8, 9, 11, 12] are inherently vulnerable to 
systematic errors, for example through their dependence on knowledge of neutron 
detection efficiencies. The density dependence assigned to q ,,, the fraction of muons 
that reach the dll ground state, is also important in evaluating these measurements 
[21] and the difference between W = 0.005 [9, 11] and W = 0.010 [8] reported for low 
densities could arise from this source. The need for a more accurate measurement of 
Wo obviously remains. The present method, used in conjunction with the RAL 
pulsed muon source, should be capable of meeting this need. 
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SIMULA TION AND EMULATION OF DIRECT MEASUREMENTS 
OF Wo IN dt p.CF 
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Monte Carlo simulations have been used to model and study characteristics of alpha­
neutron coincidence detection systems used in direct experimental measurements of the 
initial sticking coefficient ~ in dt .u.CF. Some characteristics of these systems have also 
been measured experimentally, using the 3H(d. n)4He reaction to emulate dt p.CF. 

1. Introduction 

Several of the direct methods proposed or used to measure sticking coefficients 
in muon catalyzed fusion [1] depend on differences in stopping powers to distinguish 
singly- and doubly-charged fusion products. In the experiment of the RAL collabora­
tion [2], for example, range differentiation occurs in the gas (D-T and D2) and the 
thin mylar windows (fig. l(a» traversed by the a or ap. en route to the surface 
barrier detector (SBD). At a target pressure of 1500 Torr, most of the ap. which 
are emitted towards the SBD reach this detector with energy exceeding 1.5 MeV, 
whereas a are either ranged out in the gas and target windows or arrive at the SBD 
with E < 1.5 MeV. A threshold of 1.5 MeV therefore selects only ap. for measurement 
of coincidences with fusion neutrons detected by the NE213 scintillators (fig. l(a». 
The number of coincidences Ne and neutron singles Nn are recorded simultaneously. 
All fusions contribute to the neutron singles; thus, after subtracting backgrounds, 
the initial sticking coefficient Wo is obtained directly from the ratio of coincidences 
to singles, 

(1) 

where B is the probability that the extrapolated geometric path of a collinear ap. 
associated with a detected fusion neutron intersects the SBD, and ¢ is the fraction 
of coincident ap. on such paths which reach the SBD with energy exceeding the 
threshold of 1.5 MeV. The factors Band ¢ are estimated from Monte Carlo simulations 
(MCS) based on stopping power data, neutron cross sections [3] and muon stripping 
data [4]. 
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Fig. 1. Schematic diagrams of: (a) the RAL detection system; 
and (b) a proposed alternative system in which a 0.1 nun thick 
plastic scintillator P, protected by a 1.6 Jlffi havar barrier H. detects 
the uJl. W are thin, aluminium-coated mylar windows, G is a 
glass window and the D-T target cells C are made of silver. 

The low background levels attainable [2] using the RAL pulsed muon beam 
should allow the ratio N,/No to be measured to a few percent. A comparable precision 
is therefore demanded in the calculation of Band ¢. in order to determine % 
accurately. We report here on simulations of the RAL experiment and of an alternative 
geometry (fig. I(b». In order to check the MCS. we have also used the 3H(d. n)4He 
reaction to emulate dt JlCF experimentally. and compared a-n coincidence measure­
ments made in this way with those predicted by the simulations. 

2. Monte Carlo simulations (MCS) 

Simulations of the JlCF experiments (fig. I) were initiated by estimating the 
spatial distribution of fusions in the D-T targets using the code DEGRAD. An 
arbitrary sticking fraction of 0.5 was assumed in order to determine the characteristics 
of the two types of fusion with similar statistical accuracy. and the histories of 
individual collinear fusion pairs. n and a or n and aJl. were simulated. The a and 
aJl were tracked with energy decreasing in steps of 1-10 keY. using the data calculated 
by Cohen [4] to estimate the probability of muon stripping at each point along the 
aJl path. Neutron interactions with both the carbon and the hydrogen components 
of the scintillators were considered and neutron histories. including multiple scatterings. 
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were followed until the neutron either escaped from the system or dropped to an 
energy less than 0.1 MeV. The output from the MCS included detector efficiencies 
and singles and two-parameter spectra in addition to the B and ¢ factors . 

3. Emulation of dt JLCF 

Alpha-neutron coincidences imitating those from dt JLCF were obtained by 
using a DC deuteron beam to induce the reaction 3H(d, n)4He in a tritium gas target 
(fig. 2(a» at a pressure of 400 Torr. An aperture A (diam. 2 mm) on the side of 
the cell. sealed by a 1.6 JLm havar window. allowed a emitted at 90° to the deuteron 
beam to escape to the detector D, which was either an SBD or a thin NE102 plastic 
scintillator. The incident energy was adjusted so that deuterons entering the T2 gas 
were degraded to 108 keV (the energy of the well-known resonance for this reaction) 
at the intersection of the beam with the a exit direction. Coincident 14.1 MeV neutrons 
emitted at the associated angle of 84° were detected in the NE213 scintillator, using 
a LINK 5010 pulse shape discriminator to reject gamma background events. The 
correct deuteron energy was easily found by tuning the beam energy for maximum 
coincidence rate using a smaller neutron detector (50 mm diam.) placed at the 
associated neutron angle. 

Measured and simulated response functions (pulse height spectra) for an 
NE213 detector (130 x 130 x 70 mm) that was used in the RAL experiment are 
shown in fig . 2(b). The histogram shows the spectrum measured using the emulation 
system (fig. 2(a». Curve M shows the simulated spectrum from the MCS and curves 
A- E show the components of M. Spectra M and A-E have been convoluted with 
a Gaussian distribution to simulate the pulse height resolution of the system. The 
width of this Gaussian was adjusted for best fit at the 14.1 MeV recoil proton edge 
and constrained to vary as {L for other pulse heights L. 

Several features of the response function M are clarified by reference to the 
components A-E. The main component A. due to n-p elastic scattering, shows a 
rise at high pulse heights which is due to neutrons undergoing multiple n- p scattering 
in the detector. The steep rise at low pulse heights is attributed to neutron reactions 
on the carbon component of the scintillator. particularly 12C(n, a)9Be (component B) 
and 12C(n. n')3a (component C). Components D and E are associated with the 
n-p scattering (proton recoils) of neutrons which have first been degraded by 
scattering on carbon. elastic scattering in the case of D and inelastic scattering to 
the 12C 4.43 MeV level in the case of E. It is evident that neutron interactions with 
carbon have a significant effect on the response function at 14.1 MeV and should 
be considered when using low thresholds for neutron detection in dt JLCF. 

The arrangement of fig. 2(a) may also be used to determine the absolute 
efficiency of the NE213 detetctor for detecting 14.1 MeV neutrons, provided every 
a detected is associated with a neutron entering the NE213. Preliminary measurements 
by this method give efficiencies consistent with those estimated from the MCS. 
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Absolute neutron detection efficiencies. although essential for some other JlCF experi­
ments, are not required for the sticking experiments considered here . 

4. Coincidence distributions and backgrounds 

The agreement between the simulated and emulated response functions 
(fig. 2(b)) lends confidence to the MCS and encourages its use in calculations of 
Band t/l and in studies of other features of JlCF experiments. Figure 3 shows, for 
example. simulations of the numbers of coincidences as a function of the time 
difference T= T,, - Tn between neutron and alpha detection and either: (a) the energy 
E measured by the SBD. or (b) the pulse height L measured by the plastic scintillator. 
In the simulations for the RAL system. we assume a time resolution of 3.0 ns 
(FWHM) and an energy resolution of 0.15 MeV (FWHM) at 3.5 MeV (varying as 
{if at other energies) for the SBD. The alternative system (fig. I(b)), which detects 
alphas in a thin plastic scintillator protected from the beta activity of the tritium by 
a thin (1.6 Jlm) havar barrier (5), achieves better timing, but at the expense of 
considerably degraded energy resolution. In the simulations for this system, we use 
the data obtained from the emulation experiments (section 3); a time resolution of 
1.0 ns (FWHM) and pulse height resolution of 50% (FWHM) for 1.5 MeV alphas , 
varying as ,fL for other energies. 

The discrete loci of aJl-n coincidences in the E-T or L-T planes in fig. 3 
provide the means for identifying and measuring sticking in these experiments. The 
events below these loci include the small fraction of a which reach the SBD or the 
plastic scintillator and some of the small fraction (1 - t/l) of aJl which are stripped 
of their Jl before reaching the SBD (fig. 3(a)) or the havar barrier (fig. 3(b)). The 
MCS did not simulate any background coincidences, whereas actual experiments 
would generate background due to both accidental coincidences (from non-associated 
particles) and real coincidences (from associated, non-fusion particles). Experience 
at RAL (2) showed fewer accidental coincidences (which spread evenly in the T 
coordinate) than real coincidence background (RCB) events. Muon- nucleus interactions 
in the material surrounding the D- T gas (cell walls and alpha detector) are a possible . 
source of the RCB . The target cells (fig. I) are made from high-Z material (silver) 
so as to remove muons not captured in the D- T gas (the vast majority) very rapidly 
and the RAL data analysis excludes events earlier than 1 Jls after the beam pulse 
to allow time for this muon scavenging to be completed. Muon- nucleus interactions 
in the surroundings may nevertheless persist beyond 1 Jls, at a low level, if. for 
example: (a) a small fraction of dj.L or tj.L atoms formed in the D- T target gas diffuse 
slowly to the cell walls. or (b) multiple scattering leads to a few muons capturing 
in light elements (Z < 15) in or near to the alpha detector. In either case, since 40 
MeV or more energy may be released in a muon-nucleus interaction, the products 
responsible for the RCB signals are likely to include some high-energy particles and 
the spread in T for RCB events should therefore be less than for fusion events. If 
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all RCB were due to mechanism (b) alone. for example. then time distributions of 
these events should fonn groups of FWHM corresponding to the system time resolution 
and located as shown by the dashed lines in fig. 3. Time resolution may therefore 
be important for discriminating against RCB. 

The simulation (fig. 3(b» for the alternative system (fig. J(b» shows the all 
locus broadening into two regions corresponding to all which: (i) are stripped in 
the havar. or (ii) remain unstripped for part or all of their passage to rest in the 
plastic. The well-known saturation quenching effects in organic scintillators are 
responsible for this broadening. Quenching is smaller (and thus pulse height is 
larger) for (ii) than for (i) because the charge of the particle over part of its path 
in the plastic is half that of a bare alpha. 

The results of the simulations (fig. 3) show that both of the systems considered 
(fig. 1) should discriminate effectively against a-n coincidences. The RAL system 
(fig. I(a» gives better separation than the alternative system (fig. I(b» using the 
plastic scintillator. but may be inferior to the plastic in discriminating against RCB 
due to poorer time resolution. If the RCB is indeed due to high-energy particles 
mimicking the all in the fusion Signature. then discrimination against this background 
could be enhanced by inserting a second scintillator of longer scintillation decay 
time between the plastic and the glass window in fig. l(b), to form a phoswich. 
Fusion signals would then be characterised by a fast component alone (plastic only). 
whereas RCB signals would contain both slow and fast components. Pulse shape 
discrimination could then be used to discriminate against RCB. Tests made using 
the emulator s·ystem (fig. 2(a» have verified that a detector of this type will operate 
successfully. 
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TESTS OF PLASTIC SCINTILLATORS AS ALPHA DETECTORS IN dt JLCF 

W.A. CILLIERS and F.D. BROOKS 
Department of Physics, University of Cape Town, Rondebosch 7700, South Africa 

Thin plastic scintillators are considered for the detection of alphas from muon~ 

catalyzed fusion in D-T gas targets. Tests show that barriers of havar foil (1.6 JLm) or 
aluminium oxide (0.3 ,urn) provide adequate protection of the scintillator against tritium 
decay betas and restrict diffusion of tritium into the scintillator to within acceptable 
limits over periods of eight days or longer. 

1. Introduction 

The detection of a and aJL emitted from 0 - T gas targets in experiments to 
measure, directly, the sticking coefficient in dt JLCF [1-3] can present difficulties . 
A barrier is needed to protect the detector from the activity (typically > 500 Ci) of 
betas and bremsstrahlung from the decay of tritium in the target. The a and aJL 
reaching the barrier may be degraded to energies as low as 2 MeV in their passage 
through the target gas. The barrier must be thin enough to transmit these particles 
without additional energy loss of more than about 0.8 MeV. It must also limit 
diffusion of tritium into the detector itself to a tolerable level over a period long 
enough to complete an experimental run, typically 1-2 weeks. 

The systems used by the LAMPF [2] and RAL [3] collaborations have 
incorporated surface barrier detectors (SBD), protected from the tritium by double 
windows of thin aluminised mylar and layers of O2 gas between the windows and 
the SBD. Leakage or diffusion of tritium through the windows can be a worry in 
such systems, and it has also been suggested [4] that the better time resolution that 
should result from replacing the SBD by a plastic scintillator might improve 
discrimination against coincidence backgrounds. We report here on tests that have 
been carried out to assess the feasibility of altemative detection systems of this 
type, a thin plastic scintillator protected by a barrier consisting of either a thin foil 
of the alloy havar (plain or with surfaces oxidised) or a thin coating of aluminium 
oxide applied to the plastic. 

2. Experiments and results 

The tests on different barriers were made using the arrangement shown in 
fig. 1, incorporating a metal housing H with a cylindrical cavity C (10 mm diam. 
x 30 mm) to contain the tritium. A 210pO a-source S 1 was mounted at one end of 
C and the other end was sealed to the barrier B under test by a viton O-ring V. The 
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Fig. 1. Schematic diagram of the arrangement used for the tests, showing tritium cell C, 210pO 

source S1, 22Na source 52, barrier B. perspex window W. and plastic scintillators PI-P3. 

0.1 mm thick NE118 plastic scintillator PI, beneath B, and the photomultiplier tube 
PM 1 on the opposite side of the perspex window W were coupled to W by means 
of silicone jelly. A second plastic scintillator P2 (15 mm diam. x 5 mm) was coupled 
to PMI beneath the hollowed-out section G, which allowed 0.5 MeV gammas from 
the 22Na source S2 easy access to this scintillator. Annihilation quanta from S2 
could thus make coincidences between P2 and the third plastic scintillator P3 
(10 mm diam. x 20 mm), on photomultiplier PM2 in fig. 1. 

The barriers tested included: (i) a 1.6 p.m thick foil of the alloy havar, 
(ii) a similar foil, but with surfaces chemically oxidised beforehand, and (iii) a 
coating, applied to the plastic by electron beam vacuum evaporation, consisting of 
a 0.3 p.m thick layer of aluminium oxide (AI20 3) deposited on top of a light-reflecting 
layer of aluminium, 0.3 p.m thick. All these barriers are thin enough to be suitable 
for use in a sticking coefficient experiment. They were chosen for study because 
havar is readily available as thin foil, well-known for its use in vacuum windows, 
and because certain oxides, particularly aluminium oxide [5], are well-known for 
their good properties as barriers against gaseous diffusion. Assembly of the plastic 
scintillator PIon the window Wand of havar foils on the plastic (in (i) and (ii)) 
was carried out under vacuum so as to avoid trapping and subsequent release of air 
bubbles beneath B or in the optical coupling jelly between PI and W. 

Two different types of tests were made in the experiments. In the first type, 
the singles pulse height spectrum from PMI was monitored, once or twice daily, 
for up to 8 days after loading the cell C with tritium to a pressure of 450 Torr. 
Source S2 was removed for these tests, hence the spectrum (fig. 2(a)) consisted of 
a peak from the alphas and a group at low pulse heights which included contributions 
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Fig. 2. Data obtained using the aluminium oxide barrier. showing: (a) pulse height spectra obtained (with source S2 
removed) before (histogram) and 25 hours after (points) introducing tritium into the cell C, and (b) coincidence time delay 
spectra observed using a threshold corresponding to 0.7 MeV alpha energy on PMl, before (histogram) and 100 hours 

after (points) introducing tritium. The two spectra in (a) are normalised to the same live time, and likewise for (b). 
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from any tritium activity reaching PI. The second type of test consisted of coincidence 
measurements between PMl and PM2 made with source S2 in position. Real 
coincidences from annihilation quanta detected in P2 and P3 were thus viewed 
against the background of accidental coincidences contributed mainly by tritium 
activity detected in PI, thus imitating the situation in the sticking experiment in 
which true a- n coincidences have to be recognized against accidental background 
from a similar source. 

A conventional fast timing system (timing filter amplifier plus constant fraction 
discriminator) was used to process the signals from PM2. The signals from PMl 
were processed by a Link Systems type 5010 pulse shape discriminator [6], which 
was used as a fast gated integrator. This unit supplied both the integrated output 
(integration time 30 ns) for the pulse height measurements and the fast timing 
output for the coincidence measurements. The results from the latter are presented 
as coincidence time delay spectra (fig. 2(b» . 

Pulse height spectra (fig. 2(a» taken immediately before introducing tritium 
into the cell C, and 25 hours later, show the sharp increase that occurs in the low 
pulse height component after exposure to tritium. The growth of this component 
with length of exposure was monitored by recording the count rate above a threshold 
of 0.7 Me V alpha energy at regular intervals over periods lasting up to 8 days. 
Figure 3 shows results obtained for the three difference types of barriers tested. 
Time delay spectra obtained using the same threshold on PMl were also recorded 
regularly. The spectra (fig. 2(b» taken immediately before introducing the tritium 
and again 105 hours later show that the fraction of accidental coincidences observed 
at this threshold increased by a factor of 15 over this period. 

3. Discussion 

The results in fig. 3 show some systematic trends and some surprising and 
unexpected features. The rates observed using the havar foils increase approximately 
linearly with length of exposure. Their rates of increase can be expressed in 
terms of diffusion or leakage constants of: (i) D = 0.25 counts S- 1 h-1 for havar, and 
(ii) D = 0.60 counts S-1 h-1 for oxidised havar. The increase for aluminium oxide 
is nonlinear at first but approaches linear after about 20 hours exposure, as it drops 
to a rate corresponding to D = 7.5 counts S- 1 h-1• The higher value for the aluminium 
oxide barrier may be partially due to its much smaller thickness. The absence, for 
all the barriers tested, of any noticeable step increase in the count rate immediately 
after introducing tritium into the cell is significant. This implies that betas or 
bremsstrahlung originating from within the tritium gas volume and penetrating 
through the barrier must contribute relatively little to the count rate. The effects 
seen are, on the contrary, consistent with penetration or leakage of tritium into the 
plastic and its decay there afterwards. 

The higher value of D for oxidised havar than for plain havar was unexpected. 
However, subsequent checks have shown that it is extremely difficult to select very 
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thin foils which are completely free of tiny pinholes or other small flaws which 
might permit slow leakage of tritium. The different results obtained for oxidised and 
plain havar foils may therefore have more to do with the condition of the foils than 
the presence or absence of oxidised surface layers. There was also evidence, noted 
after the tests, that the aluminium oxide barrier may have been slightly damaged 
by contact with the O-ring V in fig. 1. Thus, leakage may also have contributed to 
the relatively high D value measured for this barrier. 

The time delay spectrum observed after 100 hours exposure to tritium 
(fig. 2(b» represents the accidental coincidence rate measured in the "worst" conditions 
encountered in these tests, "worst" since this spectrum was recorded at the time 
when the singles rate from PI was highest (about 1 kHz), as can be seen from 
fig. 3(b». Given that the ratio of true P2-P3 coincidences to P3 singles was 0.0012, 
we can use data from this spectrum to estimate the accidental coincidence count rate 
expected in a sticking coefficient experiment made using an aluminium oxide coated 
detector operating at a threshold of 0.7 MeV for alphas, as follows. The true fusion 
coincidences from a sticking coefficient experiment will be spread over a coincidence 
delay time range of about 10 ns, as can be seen from fig. 3(b) of ref. [4]. For a time 
window of this width bracketing the coincidence peak in fig. 2(b), the ratio of 
accidental to real coincidences is about 0.0009; hence, the ratio of such accidentals 
to the singles in P3 is about l.l x 10-6. For the neutrons detected in the sticking 
coefficient experiment, we can assume this same value for the ratio of accidental 
coincidences to single neutrons if the area of the a-detector and the exposure to 
tritium activity are the same as in the tests. Scaling up by a factor of 50 to adjust 
for the higher target pressure and larger detector used in the sticking experiment, 
we estimate a value of 5.5 x 10-5 for the "worst" ratio of accidental coincidences 
to single neutrons that might be expected using the plastic scintillator systems that 
we have considered here. This is significantly lower than the corresponding raiio 
of 5 x 10-4 reported [3] for the RAL experiment. 

We therefore conclude that thin plastic scintillators protected by barriers of 
havar or aluminium oxide will be viable as detectors of the a and all from muon 
catalyzed fusion in D-T gas targets. The reliability of havar barriers might perhaps 
be improved by applying thin coats of aluminium oxide, to plug pinholes or other 
small flaws which are difficult to detect. However, plain aluminium oxide should 
be the best, as well as the most economical, of the barriers tested here, if applied 
in coatings about 0.5 11m thick. The possibility of using aluminium oxide as a 
tritium barrier on semiconductor detectors also looks promiSing and will be 
investigated shortly. 
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High-resolution neutron fluence spectra have been measured in the National Accelerator Cen­
tre's p(66)/Be(40) neutron therapy beam by the pulsed-beam time-of-flight method. ICRU 
muscle kerma spectra have been derived from the fluence spectra. Spectral changes resulting 
from different irradiation conditions have been quantified in terms of the average neutron energy 
and the fractional low-energy ( < 16 MeV) contribution. The changes observed with different 
thicknesses of polyethylene filtration are consistent with changes in quality parameters deter­
mined in biological and microdosimetric experiments. The dosimetry parameters (xtj~~e) Nand 
(W ga,) N calculated for the measured spectra agree with the values recommended in the neutron 
dosimetry protocol. The shapes of the present fluence spectra differ from previous measurements 
of p( > 4O)/Be spectra. In particular, they differ significantly from the spectrum measured by 
recoil techniques in an identical neutron therapy unit at the Clatterbridge Hospital, UK. The 
reasons for the difference are not known. 

Key words: neutrons, therapy, spectra 

I. INTRODUCTION 

Most of the newer neutron therapy facilities utilize the 
reaction of protons up to energies of 66 MeV on thick 
beryllium targets (p+9Be_n+ 9B-1.85 MeV, plus sev­
eral breakup reactions). Beam quality depends on the in­
cident proton energy, precise details ofthe target construc­
tion (particularly the Be thickness and the type and 
thicknesses of backstop materials), filtration, shielding, 
and collimation. Different facilities are therefore likely to 
have beams with somewhat different quality even if the 
incident proton energies are similar. An appropriate unam­
biguous way of specifying beam quality is by means of a 
neutron energy spectrum. I 

Knowledge of neutron therapy beam spectra is impor­
tant since neutron interaction cross sections and kerma 
factors2 as well as biological effects3 are energy dependent. 
The sources of the largest uncertainties when neutron 
doses are derived from tissue-equivalent ionization cham­
ber measurements are the energy-dependent factors 
( Wg,,) N (the energy required .to produce an ion pair in 
TE gas) and (~~~~)N (the tissue/AlSO kerma ratio)4 
Spectral information is of interest when clinical data are 
exchanged between different centers and when radiobio­
logical or dosimetric intercomparisons are undertaken. 
Neutron beam spectra are also used as inputs to certain 
treatment planning programs,5 to calculate the energy de­
posited in various tissues and dosimetry materials, to pro­
vide information for shielding calculations and to aid in the 
interpretation of biological phenomena. 

Measurements of thick-target plBe spectra in air for 
proton energies greater than 35 MeV have been made 
most often by the pulsed-beam time-of-flight (TOF) tech­
nique,6-15 but recoil spectrometryt6,17 has also been used. 
Recently, a novel method that involves the iterative fitting 

of water-attenuation data has been employed to derive a 
spectrum. IS Only the most recent measurements17,18 have 
actually been made in a clinical beam whereas all the other 
measurements have been made in a nonclinical environ­
ment. The earlier TOF measurements made at the Univer­
sity of California, Davis6.7•10 have been questioned.9.16.19 It 
was averred9,19 that there were errors present in the version 
of the neutron detection efficiency code2o which was used 
to derive energy spectra from the TOF spectra. The spectra 
were also considered unreliable l6 because of the poor res­
olution at high energies as a result of the short flight paths 
used. Subsequent measurements at proton energies up to 
46 MeV II- 13,15,16 indicated that the main features of plBe 
fluence spectra were a relatively intense low-energy cam­
ponent attributed to evaporation neutrons (the relative 
magnitude of this component depending on target thick­
ness and beam filtration), followed by a region of approx­
imately constant fluence from about 10 MeV to near the 
kinematic limit and then a steep decrease to the maximum 
energy. This "standard" shape was adopted by Awschalom 
et al21 for their extensive calculations ofkerma for p(4l)1 
Be and p(66)/Be neutrons in various materials. For the 
higher energy beam, the spectrum was simply scaled from 
lower energy measurements. l1 ,13 

The shapes of the two clinical beam spectra measured 
recently at Ep = 45 MeVl' and Ep = 62 MeV17 are very dif­
ferent from each other and neither show the characteristics 
of the standard shape. Furthermore, the onJy previous 
measurements of plBe spectra at proton energies greater 
than 60 MeV, viz at 65.4 MeV6 and at 90-101 MeV'·14 
reveal bell-shaped distributions in the higher energy re­
gions. The shape of these spectra have little in common 
with the standard spectral shape or with the most recent 
clinical beam measurements. 17,18 The need therefore exists 
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for definitive high-resolution measurements of high energy 
plBe spectra. 

At the National Accelerator Centre (NAC) we have 
the unique capability of measuring high-resolution TOF 
spectra in situ in the p(66)IBe(40) neutron therapy 
beam?' Here, TOF spectra have been measured under dif­
ferent irradiation conditions and both ftuence and muscle 
kerma spectra have been obtained from the measured data. 
From these spectra various quality-related factors have 
been derived. The values of some parameters of importance 
in neutron dosimetry have also been ·determined. 

11. EXPERIMENTAL METHODS 

Briefly, the NAC's neutron therapy system" consists of 
an isocentric gantry capable of ± 185' rotation and in­
cludes a collimator with a continuously variable aperture 
providing rectangular field sizes from 5 X 5 cm' to 30 X 30 
cm' at a source-to-axis distance (SAD) of 150 cm. Neu­
trons are produced by the reaction of 66-MeV protons on 
a copper-backed 19.6-mm-thick Be target in which the pro­
ton beam dissipates 40 MeV. The neutron beam is modified 
by 0.8-cm-thick iron flattening filters and a 2.5-cm-thick 
polyethylene [(CH,)J hardening filter (H). One flattening 
filter (FI) is always in the beam and is used for fields with 
sides" 16 cm in length while for fields with longer sides an 
additional filter (F2) is placed in the beam. This large-field 
filter combination is designated F12. Three tungsten wedge 
filters (WI, W2, W3) can be inserted in the beam to tilt the 
beam profiles at a depth of 10 cm in water by 25', 35', and 
45', respectively. The "book-end" collimator consists of 
five layers of four interlocking blocks of iron and borated 
polyethylene, geared to provide a tapered aperture and is 
rotatable through 360'. 

The neutron detector was a cylindrical 5 cm long by 
5-cm-diam NE213 liquid scintillator coupled to a 
RCA8850 photomultiplier tube. The scintillator was ori­
ented with its symmetry axis parallel to the direction of the 
neutron beam and was mounted in the treatment room in 
open geometry at a flight path of 6.06 m from the Be 
target. The center of the scintillator was 94 cm from the 
concrete wall of the room. For all the measurements, the 
gantry rotation angle was set at 270' to provide a horizon­
tal beam. The use of pulse shape discrimination (PSD) 
allowed neutron- and gamma-induced events in the scintil­
lator to be distinguished. Standard pulsed-beam TOF tech­
niques were used: The time reference signal was derived 
from the rf cycle of the injector cyclotron which under 
normal conditions is operated at a frequency of 16.373 
MHz (pulse separation= 61 ns) for 66-MeV protons. Pulse 
selection (1 in 5) was used to give a frequency of 3.275 
MHz and pulse separation of 305 ns. In order to prevent 
overlapping of events from successive beam pulses the 
lower limit of detection was thus 2.1 MeV (neutron en­
ergy). In practice, however, a slightly higher minimum 
threshold was required to eliminate electronic noise and to 
provide adequate gamma discrimination without loss of 
any neutron events. 

Three-parameter event-by-event data acqUISItIon was 
used: Each event was characterized by a pulse height (L), 
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FIG. 1. A typical T·L spectrum (counts versus time-or-flight versus pulse 
height) measured in the lO x 10 cm2 clinical beam. The ridge due to 
prompt gamma rays is not shown. 

a PSD signal (S) (Link Systems Model 5010 pulse shape 
discriminator) and the TOF relative to the cyclotron rf 
(T). To reduce the count rates to acceptable levels proton 
beam currents of I nA or less were used. In order to 
achieve these beam currents the widths of two pairs of slits 
in the low-energy (Ep = 3.15 MeV) beam line (between the 
injector cyclotron and the main cyclotron) are reduced, 
thus ensuring that the 66-MeV beam remains focussed on 
the Be target. The low currents used precluded the accu­
rate measurement of target charge since the target leakage 
current was of the same order as the beam current. Such 
leakage currents are negligible relative to the proton beam 
currents of 25-30 /J.A used for patient treatment. The em­
phasis in the present work is in any case on spectral shapes 
rather than on absolute yields. Dead times in the detection 
system were negligible. 

The FWHM of the prompt y-ray peak in the TOF spec­
tra was typically 1.4 ns indicating an overall time resolu­
tion of the detection system of ± 0.7 ns. This translates to 
an energy resolution of ± 1.5 MeV at 60 MeV and ±O.I 
MeV at 10 MeV for the flight path of 6.06 m. (The flight 
path uncertainty makes a negligible contribution to the 
energy resolution.) Except where otherwise stated all the 
spectra presented in this paper were determined with the 
neutron detection threshold (E,.)set at 3.5 MeV, which 
corresponds to an equivalent electron energy of 1.3 MeV.'3 
No time walk was observed in the T-L spectra above this 
threshold. TOF spectra were measured in air on the beam 
central axis for different field sizes and different filter com­
binations, while some off-axis measurements were also 
made. 

111. RESULTS 

A typical T-L spectrum is shown in Fig. I while illus­
trative TOF spectra are shown in Fig. 2. These latter spec­
tra were derived from event-by-event data with two differ­
ent neutron detection thresholds of 4.8 MeV and 10.7 MeV 
respectively imposed. For the 4.8-MeV threshold two spec­
tra are shown: one without PSD operative and the other 
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FIG. 2. Time-of-flight spectra in the lO X 10 cm2 clinical beam showing 
the prompt gamma peak. These spectra were derived from the same three­
parameter spectrum with the conditions imposed in each case indicated in 
the legend. The time scale calibration is 0.594 ns per channel and the 
flight path was 6.06 m. 

with a PSD cut set to eliminate most of the gamma rays, 
but allowing all neutron events to be counted. The spec­
trum obtained with the 1O.7-MeV threshold has the same 
PSD cut imposed. The very sharp low-energy cutoffs pro­
vide very accurate measures of the detection thresholds. In 
the cases illustrated, one channel corresponds to energy 
bins of about 0.03 MeV and 0.1 MeV at 4.8 MeV and 10.7 
MeV, respectively. The thresholds determined in this way 
were found to be in good agreement with thresholds deter­
mined from pulse height spectra measured with radioactive 
sources providing high-energy gamma ray reference points. 
Appropriate NE213 response functions,23 which were con­
firmed by the present measurements, were then used to 
determine the corresponding neutron energy. 

The fact that there are essentially no events below the 
low-energy cutoff or between the prompt gamma ray peak 
and the neutron kinematic limit in the PSD-gated spectra 
indicates that there is negligible room-scattered back­
ground. Further evidence of the detection of negligible 
numbers of scattered neutrons is the very sharp maximum 
pulse-height (L) edge in the T-L spectrum (Fig. 1). Scat­
tered high-energy neutrons would take a longer time to 
reach the detector than primary neutrons of the same en­
ergy. They would therefore appear as events in the T-L 
spectrum of large pulse height, but at a time corresponding 
to a lower energy primary neutron, i.e., beyond the pri­
mary maximum pulse-height edge. There is no evidence of 
this. Measurements with a I-m-long iron shadow bar and 
at shorter flight paths confirmed the essentially scatter-free 
experimental conditions. 

All the TOF spectra were converted to fluence energy 
spectra using the SCINFUL detection efficiency code.24 To 
test the consistency of the code several TOF spectra were 
derived from the same run with the off-line imposition of 
different detection thresholds and these were converted to 
fluence spectra. In the region above the highest threshold, 
it was found that these spectra were consistent, thus lend-
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FIG. 3. Neutron fluence spectra in a lO X 10 cm1 field for various irradi­
ation conditions as indicated in the legend. The spectra are arbitrarily 
scaled for clarity. HFI is the clinical filter (H = 2.5 cm CH2, Fl = iron 
flattering filter for small fields) and x is the off-axis distance. The neutron 
detection threshold was 3.5 MeV. The portions of the curves to the left of 
the dashed vertical line indicate exponential extrapolation to zero energy. 

ing credence to the efficiency calculations. The efficiencies 
of the detector calculated" with the older Stanton code2o 

were similar at low energies to those obtained with SCIN­
FUL for the same detection thresholds, but diverged at 
high energies. At 60 MeV, the efficiency calculated with 
the Stanton code exceeds that calculated with SCINFUL 
by 19%. The gross features of the spectra were largely 
independent of the efficiency code used, but spectra derived 
with SCINFUL were harder. The spectra were corrected 
for attenuation in the 4.56 m of air between the gantry axis 
and the detector position. This attenuation was 3.4% at 5 
MeV and 2.3% at 60 MeV, respectively. 

Selected, arbitrarily-scaled neutron fluence spectra are 
shown in Fig. 3. These spectra were all obtained with a 
neutron detection threshold of 3.5 MeV. In order to derive 
quantitative information, all the spectra were exponentially 
extrapolated from threshold to the E=O-MeV axis. This 
appears to be a reasonable approach as such an extrapola­
tion for the unfiltered beam approximates that of an evap­
oration distribution2l (see Fig. 6) . An important applica­
tion of the measurement of neutron therapy beam spectra 
is the calculation of kerma in various tissues and materials. 
The lowest energy neutrons contribute relatively little to 
energy absorption and the shape of the fluence spectrum in 
the low energy region therefore has only a small influence 
on total kerma?l 

All the fluence spectra have been converted to ICRU 
muscle tissue26 kenna spectra. The muscle tissue kerma 
spectra corresponding to the fluence spectra in Fig. 3 are 
shown in Fig. 4. These spectra were calculated using the 
ICRU muscle tissue kerma factors given by Caswell et al.2 

for energies below 15 MeV, and for energies above 15 MeV 
those given by Brenner. 27 These kerma factors were chosen 
because they are the most recent which have been pub­
lished in the respective energy ranges. 

The kerma spectra shown in Fig. 4 are represented as 
kerma fraction distributions in Fig. 5. Here, the data are 
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expressed as the total kerma contributed by neutrons with 
energies less than the abscissa energy. From these curves, it 
can be seen that the fraction of total kerma in the extrap­
olation region (below 4 MeV) is in all cases less than 10% 
of the total kerma. 

In order to qua,!!ify the observed quality c!!.anges both 
fluence-weighted (Ep) and kerma-weighted (EK ) average 
neutron energies have been calculated. In addition, quality 
parameters which are termed "normalized fluence softness 
factors" (NFSF) and "normalized kerma softness factors" 
(NKSF) have been derived for all the fluence and muscle 
kerma spectra, respectively. These parameters are defined 
as follows for each filter ([), field size (s Xs) and off-axis 
distance (x): 

FSF(f ,s,x) 
NFSF(f,s,x) = FSF(HFI,IO,O) 

= (FlUenCe below 16 MeV) 
Total fluence 

1 

X FSF(HFI,IO,O) , 

1 00 ,---~~.,--~~-~-...",......., 
I: Noliltel,x_Ocm 
2: HF1,x - Ocm 
3:HF1 -t6cmCH~, x _ocm 

4: HF1,xo< 3Scm 
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FIG. 5. Kerma fractions calculated from the spectra shown in Fig. 4. 
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TABLE I. F1uence· and kerma·weightcd average energies (EFt EK ) and 
normalized ftuence and kerma softness factors (NFSF, NKSF) as a func­
tion of field size, filtration and off-axis distance (x), (H: Clinical harden· 
ing filter (2. 5 em CH2), FI ,F12: Iron flattening fi lters, and W2: Tungsten 
wedge filter]' 

Field size 
at isocenter x EF EK 
(crnxcm ) Filtration (em) (MeV) (MeV) NFSF NKSF 

lO X 10 0 28.5 32.6 1.23 1.22 

10XIO HFI 0 30.8 34.1 1.00 1.00 

lOX 10 HFl +3 cm CH2 0 33.3 35.9 0.78 0.80 

IO X IO HFl + 6 em CH2 0 34.6 36.9 0.67 0.68 

lO X 10 HFI 0 30.8 34.1 1.00 1.00 

lO X 10 HFI 20a) 30.8 34.0 0.99 0.99 

lO X 10 HFI 25 28. 1 32.0 1.25 1.25 

lO X 10 HFI 35 25 .3 30.7 157 1.S2 

lO X 10 HFI 0 30.8 34. 1 1.00 1.00 

lOX 10 HFI2 0 31.4 34.4 0.93 0.94 

lO X 10 HFIW2 0 32.7 35.5 0.84 0.85 

55 X 55 HFI 0 3 1.3 34.4 0.94 0.95 

lO X 10 HFI 0 30.8 34.1 1.00 1.00 

20 X 20 HFI 0 30.2 33.7 1.06 1.05 

29 X 29 HFI 0 29.8 33.5 1.11 1.09 

·) In penumbra 

NKSF(f,s,x) 
KSF(f,s,x ) 

KSF (HFI,IO,O) 

= (Kerma below 16 MeV) 
Total kerma 

1 
X KSF(HFI ,IO,QJ . 

The combination HFI , IO,O represents the reference clinical 
beam spectrum: HFI filters (see above), lO X 10 cm2 field 
size, on the beam axis (x = O). 

Details of the irradiation conditions for the measured 
spectra and the quality parameters which have been de­
rived are given in Table 1. The spectra for 20 X 20 cm2 and 
29 X 29 cm2 field sizes were measured with the clinical FI2 
flattening filter combination. The quality parameters given 
in the Table I for these two field sizes have been corrected 
for the effect of filter F2. The uncertainties in the calcu­
lated parameters associated with the zero-energy extrapo­
lation for the lO X 10 cm2 clinical beam spectrum are esti­
mated to be 2.2%, 0.9%,6.9%, and 4.4% for E", EK, FSF 
and KSF, respectively. 

IV. DISCUSSION 

Generally the spectra and the quality parameters de­
rived therefrom show the expected trends. The spectra 
harden significantly with increasing thicknesses of polyeth­
ylene filtration which preferentially filters out low-energy 
neutrons. The spectra soften with increasing distance from 
the geometrical beam edge. (The off-axis distance of x=20 
cm is in the geometric penumbra of a 10 X 10 cm2 field 
defined at the isocenter.) Some hardening is also observed 
with increasing thicknesses of metallic flattening and 

1 

" 

" 



r 

• 

1289 Jones et al.: Neutron fluence and kerma spectra of a p(66)/8e(40} clinical source 1289 

120 r------------------------. 

100 , 

UJ 

\i 80 
UJ 
::J 
--' 
~60 
> 
i= 
:'5 40 UJ 
a: 

20 

J:\4Sj/Se(2Sj 

p{62)/8e(36) 

.. ... ... p(SG .. 8e 

_ p(66) 'Se(40) 
(This wmk) 

..... ........ .. ................ .......... [ 

oL-~--~~--~~ __ ~~ 
o 10 20 30 40 50 60 70 

NEUTRON ENERGY 

FIG. 6. Comparison of different tluence spectra normalized to 100 at 
maximum fluence. (1) p( 45)/Be(25): University of California- Los 
AngcJes; IS (2) p(62)/Be(36): Clatterbridge Hospital, UK;17 (3 ) stan­
dard p( 66)/Be spectrum scaled from lower energy spectra;21 (4) p ( 66)/ 
Be(40): present work, lO X 10 cm2 unfiltered beam. 

wedge filters while the spectra soften with increasin[ field 
size. The fluence-weighted average neutron energy (Ep) of 
30.8 MeV for the lOX 10 cm2 clinical beam compares with 
a value of 27.6 MeV measured in air at the isocenter by 

. d' 28 Th . d mIcro OSlmetry. e average neutron energIes an nor-
malized softness factors obtained for different polyethylene 
filter thicknesses are consistent with variations in both 
RBE and y* (dose mean lineal energy corrected for satu­
ration) values previously determined with different poly­
ethylene filter thicknesses by radiobiological and microdo­
simetric methods respectively in the NAC clinical beam.29 

Figure 6 shows the fluence spectrum for the lOX 10 cm2 

unfiltered beam measured here together with other 
p( > 60)/Be spectra. The spectra are normalized to 100 at 
maximum fluence. The spectrum measured recently in the 
p(45)/Be(25) neutron therapy beam at the University of 
California, Los Angeles l8 is also shown. Although the en­
ergy of this beam is much lower the spectrum is of interest 
because it was measured in a clinical environment. The 
experimental technique used was spectrum reconstruction 
by interative fitting of narrow beam water-attenuation 
data. Although this method has been used to determine 
megavoltage x-ray beam spectra,30 it has not been used 
before for neutron beams. Ionization chambers were used 
to measure the separate neutron and gamma attenuation 
curves and these were placed at a distance of 2.20 m from 
the target. The field size defined at the isocenter was 4 X 4 
em" The p(62)/Be(36) spectrum shown is the one mea­
sured recently in the neutron therapy beam at Clatter­
bridge Hospital, UK.17 This spectrum was measured by 
NE213 scintillator recoil spectrometry in a lO X 10 cm2 

field in air at the isocenter (SAD = 150 em). There was an 
iron flattening filter in the beam, but no other beam mod­
ifier was used. As mentioned above the p( 65.4 )IBe spectra 
measured by Amols et al. 6 using the time-of-flight tech­
nique have been questioned due to resolution and detection 
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efficiency problems9
•
l6 and are therefore not shown. The 

standard p(66)/Be spectrum2 l is also shown. This spec­
trum was simply obtained by scaling p(41)/Be ll and 
p( 46)/Bel3 spectra. 

The shapes of the spectra shown in Fig. 6 have quite 
different characteristics. It can be argued that the standard 
p(66)/Be spectrum can be discounted because it is not 
necessarily valid to scale a spectrum from one energy to 
another. Furthermore, the original spectra 11 ,13 were mea­
sured with infinitely thick (stopping) targets whereas the 
other measurements shown here were made with targets in 
which only a fraction of the incident energy is dissipated. 
However, the NAC spectrum does agree most closely with 
this standard spectrum. The p(45)/Be(25) spectrum dif­
fers markedly from the standard shape. There is no obvious 
explanation for this although it is possible that there are 
systematic errors in the experimental and fitting proce­
dures used, as mentioned in the original paper.I8 

Of most significance are the differences observed be­
tween the NAC [p(66)IBe(40)] and Clatterbridge 
[P(62)/Be(36)] l7 spectra. These two neutron therapy 
units are identical in every respect including target con­
struction. The very slight differences in beam energy and 
target thickness should result in negligible differences in 
the spectral features. The construction of both targets is 
such that the energy of the proton beam exiting the beryl­
lium is 26 MeV, which is dumped in water and copper. The 
Clatterbridge scintillator was covered by a 6.5-mm-thick 
lead cap, although this was actually only necessary for 
their measurements in phantom. No filtration was used for 
the NAC measurement shown here, while an iron ft.atten­
ing filter was used for the Clatterbridge measurement. 
None of these experimental differences can account for the 
gross difference in shape observed between the two spectra. 
Another difference is the fact that the NAC measurements 
were made at a distance of 6.06 m from the target whereas 
the Clatterbridge measurement was made at a SAD of 150 
cm. However, in the present work spectra have also been 
measured on the gantry axis (SAD= ISO em) and these 
agree very well with those measured at longer flight paths, 
except in the high-energy region where the resolution at 
the short flight path is poor (± 6 MeV at 60 MeV). 

Although most of the data presented in this work are 
from a single experimental run, several sets of measure­
ments have been made at different times over a period of a 
year, and the spectra obtained have always been reproduc­
ible within experimental error. As mentioned above, there 
is confidence in the detection efficiency calculations that 
are a potential source of error in this type of measurement. 
The entire experimental arrangement used here, including 
the detector, has been used in independent time-of-flight 
experiments on other beam lines. No unexpected results 
have been obtained. There is therefore confidence in the 
reliability of the present data. There appears to be no rea­
sonable explanation for the differences between the NAC 
and Clatterbridge spectra, unless there is a systematic error 
in the recoil techniques used to derive the latter spectrum. 

Energy-dependent differential linear attenuation coeffi­
cients were calculated for polyethylene from hydrogen and 



1290 Jones et al.: Neutron fluence and kerma spectra of a p(66)/Be(40) clinical source 1290 

carbon total cross sections.3l Using these coefficients, fiu­
ence spectra were calculated from the reference spectrum 
for additional polyethylene thicknesses of 3 and 6 cm. The 
shapes of the calculated and measured spectra agreed al­
most exactly, thus lending further credence to the present 
data. The integral linear attenuation coefficient in polyeth· 
ylene was calculated to be 0.087 cm - I. Structure due to 
neutron resonant scattering in I'C below 10 MeV was not 
observed because of the smearing effect of the relatively 
large energy bins ( 2 MeV). 

It is interesting to note that a flat peak occurs in the 
NAC spectrum at an energy of about 0.4 of the maximum 
energy. This agrees approximately with the position of 
peaks observed in plBe spectra measured at 90·10 1 
MeV. 8,14 The NAC beam energy is about half way between 
these latter energies and the beam energies of 41 MeVl1 
and 46 MeV l' from which the standard spectrum was 
scaled. If the higher energy distributions were scaled to a 
beam energy of 66 MeV, appropriately normalized and 
added to the standard spectrum, a spectral shape very sim­
ilar to that obtained in this work would be obtained. 

Using the reference 10 X 10 cm' clinical fluenee spec­
trum, the ratio of ICRU muscle tissue kerma to AlSO 
kerma [(K'~~~':,') Nl has been calculated for three different 
combinations of kerma factors, corresponding to the 
combinations,,27,32-34 designated I, II, and IV by Awscha­
lorn et a/..'I The results obtained for the p(66)/Be stan­
dard spectrum are 0.92, 0.96, and 0.98, respectively, 
whereas Awschalom et al. obtained values of 0.92, 0.95, 
and 0.98, respectively for the same kerma factor combina· 
tions. The value recommended in the neutron dosimetry 
protocol" for high-energy p/Be beams is 0.95. The kerma 
ratios obtained here vary by less than 1.0% between all the 
spectra. These ratios are also quite insensitive to the nature 
of the extrapolation to zero energy of the measured 
spectra-there is a difference of less than 0.2% between 
two extreme assumed extrapolations for the reference spec­
trum. Of course the kerma for individual materials are 
quite sensitive to such quality changes (variation of about 
6% for both muscle and AlSO for the reference spectrum). 
The effect of spectral variations on muscle kerma and 
kerma ratios has been examined in detail by Awshalom et 
al .. '1 

A fluence-averaged (W ..,)N value (average energy re­
quired to produce on ion pair in TE gas) of 31.1 eV has 
been obtained for the reference spectrum using (W..,) N 

values given by Goodman and Coyne'· up to neutron en­
ergies of 19 MeV. Above 19 MeV, a constant value of 31.0 
eV was assumed. The recommended value of ( W

8
,,)c (av­

erage energy required to produce an ion pair in TE gas in 
the calibration photon beam) is 29.3 eV.'5 The value of 
W NIW C obtained here is 1.06 which agrees exactly with 
the protocol-recommended value of 1.06±0.02.'5 The 
value of (Wgas) N is also insensitive to the zero-energy ex­
trapolation and a difference of 0.4% between two extreme 
extrapolations was found. (W.",) N varies by less than 
0.5% between all the measured spectra for the standard 
zero-energy extrapolation. 
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V. CONCLUSIONS 

Extensive high-resolution spectra have been measured 
in the NAC's p(66)/Be(40) neutron beam. The measure­
ments comprise one of the very few spectral determinations 
in a pl Be therapy beam and probably the first made using 
the pulsed-beam time-of-flight method. The spectra are 
very sensitive to beam quality changes and parameters 
have been derived from the spectra to quantify these 
changes. The spectral changes observed with different 
thicknesses of polyethylene filtration exhibit the same 
trends as observed in biological and microdosimetry mea­
surements. There is some uncertainty in the extrapolation 
of the spectra from the detection threshold to zero energy, 
but this is of little consequence for dosimetry since the 
kerma factors in this energy region are small. 

The shapes of the spectra obtained do not agree with 
other measurements, although it can be argued that the 
shapes are intermediate between those measured at lower 
energies and those measured at higher energies. The differ· 
ences observed between the NAC beam spectra and the one 
measured at an identical neutron therapy facility at Clat· 
terbridge Hospital, UK by recoil spectrometryl7 cannot be 
explained except on the basis of systematic errors probably 
associated with the response function measurements. 

The dosimetry parameters, (K'~~S;;;) Nand (W.",) N, cal­
culated for the lOX 10 cm' clinical beam agree closely with 
those recommended in the international neutron dosimetry 
protocol. '5 Both parameters are very insensitive to quality 
changes, specially in the low-energy region. In view of the 
significant differences in shape between the spectra mea­
sured here and those assumed for previous p(66) / Be 
kerma ratio calculations,21 a comprehensive re-evaluation 
of kerma ratios for other tissues and materials is required. 
Indications are, however, that the resul ts obtained will not 
be very different, unless more definitive kerma factors be­
come available. Further spectral measurements will incor­
porate accurate monitoring systems so that absolute yields 
and kerma can be calculated. It is also planned to extend 
this work to include spectral and angular distribution mea­
surements of the plBe reaction at various proton energies 
and for different target thicknesses. 
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IV 

DEVELOPMENTS IN NEUTRON DETECTION 

F,D. Brooks 

Physics Dept .. University of Cape Town, Rondebosch, 
Cape. 7700 South Africa. 

ABSTRACT: Neutron detection is reviewed with 8 view 10 its role 
in applications of nuclear techniques. Neutron detection methods 
used In various applications are discussed. for example: neutron 
radiography; nuclear fusion; exploration; industrial monitoring; 
surveillance; safeguards: waste management: neutron dosimetry: 
and neutron therapy. 

1. INTRODU<;T10N 

Measurements involving neutrons are not uncommon among the applications of 
nuclear techniques to areas beyond "pure" nuclear physics, as can be seen in the 

programme for this conference. Applications can require anything from the 
simple detection of neutrons, with or without knowledge of detection efficiency, 
to accurate measurements of neutron spectra or times of detection, with good 
discrimination against other types o( radiation. In Ihis paper we shall aim first to 
review recent developments in neutron detection, emphasising those aspects 
which seem to be particularly relevant to applications. Thereafter we shall 
consider some specific applications fields, aiming particularly to identify where 
new developments have advanced, or could advance. the field. 

2. DETECTION AND MEASUREMENT OF NEUTRONS 

Neutron detection has been reviewed many times during the sixty years that it has 
been practiced. A comprehensive review by Harvey and HilJlIl covers 
developments up to about 1979 (or example. and much valuable information is 
also available in texts on radiation detectionlll· We concentrate here on 
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developments subsequent to 1979. For convenient presentation we divioe the 

field into (wo regions, ~Iow energy", arbitrari ly defined as < 100 keV, ano"higher 

energies" (> 100 ke V). We consider the detection techniques available. the 

methods used to discriminate against gamma rays when detecting neutrons. 

neutron spectroscopy, the calibration of neutron detection efficiency and the 

timing resolution of neutron deteclOfs. 

2.1 Low Ene rgy Neutron Detectors « 100 keY) 

Low energy neutrons are detected via charged particles, fast neutrons or gamma 

rays emitted promptly from an exothermic. neulron-induced nuclear reaction, or 

by detecting the radioactive decay of the product nucleus of such a reaction. 

Traditional examples of the activation method for low energy neutrons are121 the 

neutron radiative capture reactions which produce 56Mn, 1c.!.lIoAg, 1I~.1I6In, I6S Dy 

or I9SAu, from which beta or gamma decay is observed with half lives ranging 

between 72 sand 253 days. 

Some details of the exothermic nuclear reactions commonly used for prompt 

detection of low energy neutrons are shown in Table I. The reaction on lOB, 

leading to emission of either a or a +"'1 , has been familiar in neutron detection for 

many years and is used in conjunction with all the de tector types listed in Tab le 1. 

Recent developments based on Ih is reaction include BF) filled multiwire 

proportional chambers[3.4j, a multistep avalanche gas detectorl5j, a track-etch 

'detector(6[ and thermoluminescent dosimeters[7.81. 

The 6Li(n,a)JH reaction has become very popular for neutron detection during 

the last decade. especially in the form of the Li-glass scintiliator[I.!1. New 

developments include renewed interest in pulse shape discrimina tion in these 

detectors(91 (see section 2.3) and the introduction of6Li-loaded liquid 

scinti!latorsPO.lll. A nat response (i.e. energy-independent) detector has heen 

developed[ 11l. which is similar to the well known "long cou Oler~ for neutrons. but 

uses Li-glass scintillator fibres for neutron de tect ion, ins tead of a BFJ 
proportional counter. 
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TABLE 1: Reactions for detecting the rmal neulrons 

Reaction Q (MeV) a (barn,. Types!! 

JHe(n,p)JH 0.76 5330 124 
6Li(n,a)3H 4.78 940 345 
IOB(n,a)7Li 2.79 3840 1234 5 

2lSU(n,f) - 180 582 1345 

Cross section for thermal neutrons 

b Types of detectors used with the reaction: 1, ion 

chamber/proportional counter; 2. MWPC; 3, semiconductor 

detector; 4, scint illator: 5, track-etch 

The lHe(n,p)JH reaction is also a popular vehicle for therma l neutron detection, 

particularly in the field of applications. where its high thermal cross section 

(Table 1) and the convenience and simplicity of the 3He proportional counter are 

attractive features. Recent deve lopments include the proposal(131 for an improved 

gas filling (65% lHe + 35% CF~ instead of the traditionaI3He-Xe-C01 mixtures), 

to reduce wall effect and gamma sensitivity, and Monte Carlo calculations1141 of 

detector response functions for incident neutron energies up to 2 MeV. Also of 

interest is a proposallIS[ for an in-core (reactor) neutron monitor based on a 3He­

Ne laser which is pumped or triggered by energy released in the nuclear reaction. 

New position sensitive detectors for thermal neutrons have also been described. 

based on the JHe(n,p) reactiOn[l61 and on neutron-induced fission OfmUII7J. Two 

novel techniques also reported recently for thermal neutron detection involve the 

use of microchannel piatesJl8j and pyroelectric ceramicSll9) respectively. 

2.2 Highe[' Ene['g)' Neutron Detecto['s (> 100 keY) 

Higher energy neutrons may be detected via the products of nuclear reactions, 

promptly or after a delay (activation), as for low energy neu trons. They may also 

be detected via recoils associated with neutron scattering or hy moderation of the 
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neutron to thermal energy. followed by detection as for low energy neut ronSlL~1. 

Activation methods may be chosen to he sensitive to neutron ene rgy by select ing 

an endothermic nuclear reaction with a suitable threshold energy. Interesting 

recent additions to the more traditional threshold activation methodsl2) are: (i) 

the de tection of betas from the shorl-lived (seconds) products of !J8U fissiun, 

induced by fast neutrons in a thick uranium radiatorl20I; and (ii) the use of the 

zeSi(n,p)28Aj reactionl!!l to measure dot fusion neutrons (14 MeV) in the presence 

of much stronger fluxes of dod fusion neutrons (2.S Me V) from the JET tokamak. 

Silicon semiconductor detectors have a lso been used for prompt measurement of 

14 MeV neutrons from JETl221. via both the (n,p) and (n.a) reactions on 28Si. 

Germanium detectors have been used for prompt neutron detectionllll, by 

observing the discrete gamma energies associated with inelastic neutron 

scattering in Ge or in some other nearby target. The excellent energy resolution 

of this detector permits good discrimination against backgrounds and seve ral 

gamma peaks may also be monitored Simultaneously, to provide information at 

different neutron threshold energies. 

In nuclear physics the standard methodllj for detecting neutrons of energy 

exceeding about O.S Me V is via recoil protons from n-p elastic scatte ring in an 

organic scintillator. In applications fields. however. the mode rat ion plus captu re 

(MPC) method, employing a thermal neutron detector (Table I) embedded in 

polythene or wax. has traditionally been preferred for detecting Me V neutrons. 

MPC detectors are inferior to o rga nic scintilla tors in t iming resolution and 

neutron detection efficiency. Where timing is unimportant. as is often the case in 

appl ied work, the ease with which MPC detectors may be set up. with good 

discrimi nat ion against gammas. is appealing. Nevertheless the improved 

detection efficiency offered by recoil detectors may eventually see Ihis type 

becoming more popular in applied work. A similar conclusion might he drawn 

from a comparison of different types of MeV neU iron detector, presented recently 

by SekimolO ct al.l2~ l. 

A recent innovation in recoil detection is the co mposite scintilla tor consisting of a 

mixture of plastic and powdered DaF~. of Kuhota et al.l!Sl. An older idea!2(,! with 

somc unique advantages. now being carried furtherIH.2S1. is to detect deuteron 
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recoils. instead of pro ton recoils. using a deulerated organic sci ntillator. We 

return to this in secti ons 2.4 and 3.7. 

2.3 Discrimination Against Gamma Radiation 

Gamma radiation is usually present when neutrons are being measured, hence 

neutron detectors must be insensitive to gammas or must incorporate some means 

for diSCriminating against Ihis form of radiation. Proportional counter and ion 

chamber detectors for thermal neutrons are usually designed to be insensitive to 

gammas by limiting the dimensions and stopping power of the detecting medium 

so that Compton (or other) e lectrons from gamma interactions deposit much less 

detectable energy than the (short range) reaction products listed in Table 1. 

Pulse height discrimination can then be used to select neutrons and reject 

gammas, although pile+up (pulse superposition) problems can sti ll arise in an 

extremely high gamma background. 

The 6Li-glass scintil lation detector for thermal neutrons can be made thin ( < 

mm) so as to discri minate against gammas as outlined above for proportional 

counters. The comparatively short response time « 3 ns) of the scintillator 

makes it less susceptible to pi[e~up problems than the proportional counters. 

Recoil detectors based on orga.nic scintillators often use the pu lse shape 

discrim ination (PSD) technique to distinguish between gammas and neutrons. 

The PSD methodl291 is based on the fact that for many scintillators, particularly 

the organic liquids and crystals. the "shape", or time distribution of the 

scintillation light emission. depends on the type of the particle responsible for the 

scintillation, Fig. I. for example, compares th e shapes of neutron and gamma 

scintillations from the liquid scintillator NE213. The signature which 

distinguishes proton scinti ll ations (produced by neutrons) from electron 

scintillations (produced by gammas) is the larger proportion of slow decay 

component (fig. I) for protons. The quality of discrimination obtained may be 

displayed by making a scatter plot of the numher of events as a function of the 

scintillation pulse height L and pulse shape (or signatu re ) S. where S is a signa l 

whose amplitude depends on the fraction of slow component (tail) in the 
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Fig. 1 Time·dependence of scinlillalions excited in NE213 liquid scintillator by neutrons and gammas 
from an AmSe source. The IwO histograms have been normalised to the same peak inlensity. 

Fig. 2 Counts (vertical) as a function of puhe height L and pulse ~hape parameter S, obsen'ed from an 
NE213 liqu id scinti11:1I 0r (SO mm diam . x 50 mm) irradiated by gammas and neutrons from an AmBe 
source. The putse height scale is calibrated in electron energy on the left and in proton energy on Ihe 
right. The Compton edge (4.2 MeV) and double escape peak (3.4 MeV) from the 4.4 MeV gamma are 

visible on the gamma ridge. 
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scintillation. The plo t shown in fig. 2, for example, was obtained using a NE213 

liquid scintillator in conjunction with an Am Be source, which provides a broad 

spectrum of ne utron energies, extending to ahout 12 MeV. and gamma rays up to 

about 4.4 MeV. In this example the Land S signals were generated by a Link 

Systems Model 5010 Pulse Shape DiscriminatOrllO.311 and wefe derivedrnr from the 

integrals of the scintillation decay between time zero and times II and 12 

respectively (see fig. I). When liquid scintillators such as NE213 (Nuclear 

Enterprises) or BC501A (Bieron) are used optimum values for II and t2 atc about 

20 and 500 ns respectively. 

Several new PSD systems have been described recentlylI0.11.32-HI, all of which 

appear to provide excellent discrimination between neutrons and gammas when 

using liquid scintillators such as NE213 or BC501A. Zucker and TsoupasP21 

describe a system which can be assembled entirely from standard NIM and 

CAMAC modules and bas been used for neutron energies ranging from <. 0.1 

MeV to 200 MeV. The system of Miller and McCollough(33) has been designed 10 

perform PSD on either a scintillator or a hydrogen filled proponional counter. It 

is constructed as a single portable unit and requires only a PC to process the 

output information. The system of Bialkowski et al.l4 11 is designed to perform 

high precision PSD at high event rates. The systems of Heltsley et al./3s[, Aleksan 

et al.ll0.lCil and Ait-Boubker et al.lll) use charge integrating ADCs and Aleksan el 

a\.[361 also describe a system which uses a 100 MHz flash ADC. 

New possibi lit ies have become available recentlyllo.II.36) for using PSD in the 

de tection of thermal and low energy neutrons. AJeksan et a1.l10.36) and Ail­

Boubker et al.llll have shown that good PSD can be obtained using the new lj. 

<.loped liquid scintillator NE320 (see fig. 3). There is a lso new interest in PSD 

from U·glass scintillators. This was reponed by Coceval~!1 many years ago but 

has not been widely exploited in the meanwhile. possibly because the 

discrimination Obtainable was perceived to be of marginal value. SakamolOl!J1 

describes a U-glass detector which he uses together with an Onec 458 pulse­

shape analyser to achieve PSD. Measurements of pulse shapes from a U-glass 

scintillator (NE90S) are shown in fig. 4. The difference between the decay shapes 

for thermal neutrons and gammas is clear and suggests that PSD should be 
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Fig. 3 Counts as a function of integrals 01 and 01 (corresponding to pulse height ;lnd pulse shape) 
obtained rrom II G-lil re ('Li-doped liquid scintill;tlor (NE320) irradiated by g;lmma~ ;lnd neutrons from 

an AmLi !.Curce. The 6Li(n,Q)lH reaction produces the peak in the roreground. Gamma events fa ll on 
the ridge behind. Figure from Ait·Boubker Cf oi.fl tl 
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Fig. 4 Time dependence of scintillations excited b~· thcrmal neutrons and gammas in a NE905 6Li-glas..o; 
scimiJiator (4Q mm di:lm. x 12 mm). The t IVO histograms have been normalised to the same peak 
intensity. 
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capable of achieving good discrimination against gammas in this detectOr. This 

has not yet been realised in practice however, and the reason could perhaps be 

that the PSD systems that have been used have been designed to suit the decay 

shapes of scintillators such as NE213 (fig.I) and BC501A rat her tha n those of the 

glass scintillators themselves (fig. 4). 

2.4 Neutron Spectroscopy 

High-resolution neutron spectroscopy is widely used in nuclear physics, usually 

facilitated by high resolution time-of-flight systemsl4JI some of which cater for 

neutron energies up to several hundred MeV. Time-oC-flight is also extensively 

used for high-resolution studies in condensed matter physicsl"l. at low neutron 

energies. Applications fields involving MeV neutron energies wou ld probably 

benefit significantly if time-of-flight. or some other spectroscopy teChnique 

affording comparable energy resolution. were available at reasonable cost. Since 

this is not yet the case, applications which req uire neutron spectroscopy or 

neutron energy selection in the Me V range generally have to rely on simpler 

forms of spectrometer providing poorer energy resolution than time-of-flight. 

Methods which depend on measurements oC pulse height spectra from detectors 

such as 3He-fiJIedI141. or hydrogen-filled1451 proportional counters or organic 

scinlillatorslll are typical. $~veral develop ments have been reported recenlly146-SoIj 

on the technique of proton recoil spectrometry using organ ic scintillators. Among 

these are three methods which strive to obtain a simpler (single peak) neutron 

lineshape by selecting events in which the neutron energy is totally absorbed. In 

one methodlS~1 this is done by using a large scintillator. Another methodlJ 6J.1j 

employs a boron-loaded liquid or plastic scintill ator and uses the double -pu lse 

technique in which a second pulse (from the capture reaction (Table 1)) signals 

that the neutron has been thermalised and absorbed. The third methodlS51, also 

double pu lse. employs several thin U -glass plates immersed in NE213 liqu id 

scinlillato r 10 capture the thermalised neutron. 

The deuterated organic scintillato r offen; another approachl2GI towards obtai ning 

a simple neutron lineshape in recoil spectrometry. The differential cro~s seclion 
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for n-d elastic scattering is significantly forward-backv.'ard peaked for En > 1 

MeV, hence the associated recoil deuteron spectrum displays a prominent 

forward recoil peak at its upper limit. in contrast to the equienergy distribution of 

recoil protons from n-p elastic scattering. Oeuterated scintillators therefore 

provide a more usefullineshape (a peak) than do natural organic scintiltators (a 

plateau and edge), for monoenergetic neutrons. If a deuterated anthracene 

crystal scintillator is used. for example. and the anisOtropic response and pulse 

shape characteristics of this detector are used to select the forward recoil peak. a 

resolution of 4-6% (FWHM) may be obtained for 10-17 Me V neutrons(211. 

Other recent innovations in neutron spectrometers include the two detector time­

of-flight system designed for measuring fusion neutrons from the JET Tokamak(S6! 

and the system described by Balcazar et aUS7! which uses lithium fluoride and 

uranium oxide radiators sandwiched between track-etch detector foils to measure 

the spectra of neutrons emanating from a nuclear reactor. 

2.5 Neutron Detection Emciency 

A knowledge of neutron detection efficiency may he of greater or lesser 

importance. according to the application under consideration. The review and 

text literature!1.21 provide useful efficiency data for many detector types and 

geometries. To accurately calibrate a specific detector a measurement using 

"tagged" neutrons from an associated particle source!58..(i(11 might be more 

appropriate. Recent papers on recoil detectors also report response function 

data(61.621. detection efficiency data for high energy (25-360 MeV) neutrons!63.64! 

and useful techniques(6.s.r-.6! for calibrating detection efficiency for low energy 

neutrons using 252Cf spontaneous fission sou rces. 

2.6 Timing Resolution 

Timing resolution is clearly an impo rtant consideration in applic:ltinns involving 

time-of-flight or coincidence measurements. For many applications outside 
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nuclear physics this is not the case. The timing resolution (FWHM) of neutron 

detectors rangeS[l .21 from about 130 ps, for some plastic scintillators!67J to about 1 

/lS. for the proportional counters used to detect thermal neutrons, or even several 

/lS for the MPC detectors, owing to the variable delay associated with neutron 

moderation. At the top of the range, the good timing resolution offered by plastic 

scintillators!67] is bought at the price of little or no capability to discriminate 

against gammas by pulse shape. Liquid scintillators can offer timing resolution of 

about 500 ps (FWHM) together with excellent PSO!29], 

3. APPLICATIONS INVOLVING NEUTRON DETECTION 

Applications of nuclear techniques which involve neutron detection encompass a 

diverse range of activities. In referring to some of these activities here we focus 

on the neutron detector in the system and, where appropriate, we speculate on 

how the application might possibly be enhanced by modifying the neutron 

detection technique. 

3.1 Neutron Radiography 

Neutron radiography is a speci~list area with its own regular series of 

international conferences at which progress and developments in the field are 

regularly reviewed. Much of the activity involves radiography using thermal 

neutrons. for whicb a traditional detection system has been a radiator plate (eg of 

Gd), to generate gammas and x-rays from neutron capture, combined with 

photosensitive film to record the image!6S.691. Scintillator screens which 

incorporate neutron converter material (eg UF-ZnS) and are viewed by TV 

cameras or other CCO equipment are also used. A recent example of these 

developments is the real-time thermal neutron radiography system described by 

Reuscher et al.!70J. Track-etch detectors have been used for more penetrating 

radiography with higher energy neutrons; for example, together with a lOB 
radiator, for 25 keV neutrons(6!. as well as directly. by observing prOton recoils 

from n-p scattering of higher energy neutrons in track recording material[71J. 
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3.2 Condensed M:ltter Physics 

Condensed matler physics is now a major user of low energy neutrons and its 

needs. together with those of neulron radiography. have stimulated the 

development of position sensitive low energy neu tron detectors. Developments to 

1988 in this field were reviewed by Batemanl44 ] and have continued energetically 

since then as reported in refs.p .•. 18.1l-7$1. 

3.3 Nuclear Fusion 

Neutrons are impnnant in studies of nuclear fusion and the measurements 

requ ired for these IIlvestigations often requ ire a detailed knowledge of the 

detector propenies. Neutron detection specific to this field is l1iscussel1 in recent 

pape rs relating to 2.5 MeV neutrons from 11-c..J fusionIN.2lI.76.771 and 14.1 MeV 

neutrons Crom dot fusion[l ls2~.78!. Fig. 5 shows, for example. the measured and 

simulated response {unctionSI'll of a NE213 scintillation detector (t3 x 13 x 7 cm) 

used to observe 14 MeV neutrons from muon catalysed dot fusion. 
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Fig.5 Re5ponsc function of a NE213 liquid scinlillalor (13x J}x7 em) fOf 14 MeV nCUlrons. showing 

experimcntal measurcm~nl (hi~LOsram) and Monte Carto simulalion (curve M). The pulse height Lis 
calibrated in MeV electron equivillent (McVee). The proceslIc5 responsihle (or the components A-E 
of Mare: 1\, n_p ~e;l\((.·ring. $ingle ar"J multiple: B. 12C(n,0")9Sc : C, I2C(n.n')3O": :lnd D.E, n-p 

sC:ltlering following cl:l~tic (O) or inelastic (E) ~c:ll1ering on carbon. Figure [rom Henderson t{ 01.1781 
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3.4 Exploration and Industrial Monitoring 

Neutron probes are familiar in the exploration science of oil wel1logging[79] and 

also in on-line analysis and monitoring in the industrial environment. A well 

logging lOol for porosity measurements, for example, may use an Am Be neutron 

source in conjunction with thermal neutron detectors such as 3He-filled 

proportional counters, placed at different distances from the source. within the 

logging tool. Monte Carlo simulations have been employedlSOlto explore the 

feasibility oC making simulta neous measurements with combinations of different 

types of detector, such as thermal neutron, prompt gamma and epithermal 

neutron. It would be interesting to see this approach extended lO incorporate 

trials with an even wider range of neutron detector types_ 

Neutron techniques in the on-line monitoring of industrial processes include 

measurements which sense o r monitor the transmission, scattering or moderation 

of neutrons, for example in material being transported on conveyor belts or 

flowing through pipes. In fast neutron measurements to measure the moisture 

content of coke, for examplelSII, a MPC detector (Li-glass embedded in 

polythene) is used. In another applicationlB2) the thermalisation of fast neutrons 

is monitored to determine the void fraction in the flow of boiling water through a 

small diameter (22 mm) pipe. The detector is a 3He proportional counter housed 

in a cadmium chamber enclosing the pipe. A MPC(3He) detector is used in 

another application in which wear of the refractory lining of an industrial furnace 

is monitored by means of the 9Be(1,n) reactionl83!. BeD test plates a re mounted 

on the inner su rface oCthe furnace and the neutron deteclOr and 1.7 MeV gamma 

source are positioned outside, during measuremems. 

3.5 Nuc lear Sa reguards and Waste Management 

Neu tron techniques for assaying special nuclear materials such as fenile or fi ss ile 

nuclides were reviewed by Zucke r in 198218-11. Subsequent developments include 

detectio n equipment for monitoring spontaneous fission neutrons emitted from 

nuclear warheausl8.Sr, in verification of the INF Treaty, and for monitoring 
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spontaneous fission in spent nue/ear fuel !~(;.1l11. Systems for detecting [race 

quantities of spontaneously fissioning nuctideslS.~1 or of fissile nuctides!891. in [he 

latter case with the aid of a neutron generator. are also described. In one of these 

applicalionsl861 the neutron detector is a mU fission counter. All the other 

systems use MPC(3He) detectors. 

3.6 Detection of Hidden Explosives 

Progress in the development of methods for the detecting hidden explosives, for 

example in airline baggage, is reviewed in other contributions to this conference. 

One approach is to use thermal neutron activation anal),sis[90I. with particular 

interest in the 10.8 MeV gamma from neutron capture in I(N. Another neutron 

method under studyt911 is based on simultaneous measu rements of scatt~ring and 

transmission of fast neutrons from a 2S2Cf source. An MPC neutron detector is 

used, enclosed in a cadmium sleeve to exclude background from neutrons 

moderated in the su rroundings. The neutron is a potentially excellent probe for 

this app lication but the technology needed to realise this potential is still awaited. 

If a monoenergetic neUlron source of sufficient intensit), were available. together 

with a neutron detector spectrometer of adequate energy resolution, at 

reasonable COSt, the prospects for using neutrons in baggage screening migh l look 

much be tier. The kinematics of neutron elastic scattering. for example. should 

provide a good basis for identifying and monitoring the ligh t elements such as 

carbon. nitrogen and oxygen. 

3.7 Medical Applications 

Medical applica tion!; invol .... ing neu lron detection include dosime try 

measurements associated with neutron radiotherapy and meaSllTementS of the 

properties. such as energy spectra, of neutron therapy beams. These topics were 

reviewedl9~1 by the Inlernational Commission on Radiation Units am.! 

Measurements (feR U) in 1989. Further work of interest in this field includes 

microdosimetric measurements for neutrons of energy above 20 MeV. using low 
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pressure proponional cOunterSI?)I, the calibration of detector efficiencies up 10 bU 

Me V for the rapy rneasurementsl941 and measurements of the neutron response of 

a thermoJuminescent detector for applications in biomedical dosimetryl8J. 

The fCR U has st ressed the need for accurate information about the spectra used 

in neutron therapyl92l. Some measurements made at neutron energies extending 

up to 63 MeV are shown below, 10 illustrate what may be done to meet this need. 

Fig. 6 shows the detail and quality of information obtainable from PSD when 

analysing the response of a NE213 scintillator (50 mm diam. x 50 mm) to quasi­

monoenergetic neulrons of energy 63 MeV. Protons, deuterons, alphas and other 

Fig.6 COunts (vcrlical) iI~ a funclion or pulse height L ilnd pulse !'ihape S fo r events produced by 6 
MeV neutrons interacting with the hydrogen or carbon in a NE213liquid scintillator (50 mm diam)( 51 
mm). The ridges arc attributed 10 protons (p), deuterons (d), trilons (t) JHc (h) and alphas (a 
rcleased by the neut ron interactions. Ridge e is attributed to pro!ons which escape from Ih, 
scintillator. 
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charged particles released by neutron interactions with hydrogen or carbon in the 

scintillator are clearly resolved from one-another and from the Compton 

electrons produced by gamma background. Proton events. for example. may be 

se lected by imposing a su itable cui across the L-S plane (fig. 6). In fig. 7 the 

number of proton events is shown (verticul) as a function of pulse height L and 

time·of-flight T, for the broad spectrum of neutron energies (up to 63 MeV) from 

a p(66)/Be(40) neu tron therapy beamI95), i.e. a beam produced by 66 MeV 

protons incident on a 40 MeV thick Be target. T he edge whi ch curves across the 

L-T plane (fig. 7) corresponds to forward recoil protons. i.e. protons of energy 

equal to that o f the incident neu lron. given by the neutron time-of-fligh t T. Fig. 8 
shows anothe r distribution against L and T obta ined using the same inci dent 

bearn, but wi th the NE213 scintillator replaced by a deuterated liquid scintillator 

(NE230) of similar size, and using PSD 10 select deuterons instead of protons. In 

this case the forward recoil deuterons form a disti nctive ridge.- corresponding to 

the peak referre d to in sect ion 2.4, inste ad of an edge . This usefu l feature allows 

the yield corresponding to forward recoils (bacl..-ward neUi ron scattering) to be 

clearly identified and measured. The cross section corresponding to backward 

sca ttering is similarly we ll defined. therefore the incident neut ron spectrum can 

be determined accurately by determining the imegrai over the forward recoil 

peak. Another usefu l fea ture of the deuterated detector is the shorter range of 

the deuteron in the scintillator, th an for a proton of the same energy. This means 

that d istortions due to the escape of recoil ing particles from the scint illato r (wa ll 

effect) are smalle r. 

4. CONCLUS IONS 

Two general conclus ions seem to emerge from this brief look at the sla le of 

neutron detection in nuclear applications fields. One conclusion is that neutron 

applications a re handicapped. in comparison with those invol vi ng charged 

pa rti cles or gamma rays. by the presem lack of a simple detector spectro mete r 

o ffe ring good energy resolution ami detection efficiency. fo r eX<.Imple. <.In energy 

resolution of about 3%, or hette r and a detection efficiency of at least 10% for 14 

MeV ne utrons. Some useful new applica tions might become possible if this 

-166-

NE213 

Fig. 7 Counts (vertical) as I function neutron time·of-Oight T and pulse height L for proton events 
produced in a NE213 scintillator (50 mm diam. x 50 mm) by neulrons from a pulsed p(66)jBe(40) 
neutron therapy beam. The beam pulse width and neutron night path were I ns and 6.06 m 
respectively. The edge corresponding to forward recoiling procons forms a "cia!" which extends from 
the far corner of the plot towards the foreground. 

NE230 

Fig 8. Counts (vert ieilt) as a function of T and L. as for fjg:~. but for deuteron events produced in a 
NE230 deulerated liquid scintillator (40 mm diam. x 5{1 mm). The peak corresponding to forward 
recoiling deuterons forms a ridge which extends from the rar corner of the plOllowards the foreground. 
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deficienc), were to be remedieu in the foreseeable fU lure. The other co nclus ion is 

that the re coulu be advantages in int rouuci ng more of the sta ndaru and recently 

developed neutron detection techniques of nuclea r physics into the applications 

fields. Liquid sci ntillator methods for fast neut rons a nd the (jLi -doped liquiu 

scintillator for thermal or epi thermal neut rons, both of which discri minate 

efficiently against gammas by PSD (section 2.3 ), shou ld be good candidates for 

replacing MPC de tectors in many applications presently in use. 
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The angular distribution of photons from n-p rad iative capture of 63.4 MeV neutrons has been measured. Data taken at eight 
n-)' laboratory angles (45 °- 150°) were transformed to deuteron photodisintegration cross sections at the equivalent laboratory 
energy, Ey= 33.9 MeV, and analysed in combination with independent measurements of the 0° and 180° cross sections. Legendre 
polynomial coefficients obtained from the analysis are consistent with values reponed from global fi ts and deviate marginally 
from predictions based on the Bonn and Paris potent ials. 

Searches now being made for evidence of sub-nu­
cleonic degrees of freedom in nuclei have led to re­
newed interest [1,2] in deuteron photodisintegra­
tion and its inverse, neutron-proton radiative 
capture. These reactions have been a rich source of 
information about the N-N interaction for many 
years. Conventional theories which include relativ­
istic corrections and assume only nucleon, meson and 
isobar degrees of freedom, have achieved considera­
ble success [1-4] in explaining data from deuteron 
photodisintegration and n-p capture at photon ener­
gies up to about 40 MeV. Experimental data [5 ,6 ] 
for the total photodisintegration cross section are 
consistent with values predicted by the theory in this 
energy range [1 ,2]. The theory also appears to be in 
reasonable agreement with most differential cross 
section measurements [1-4], a notable exception 
being the data of Stephenson et al. [7] for photon 
energies in the. range 2-18 MeV. Global fits, in which 
Legendre polynomials are used to describe the cross 
section data over an extended range of energy and 
angle [5,8-10], may be used to compare a larger set 
of experimental data with theory. Such comparisons 
[1 ,2 ] have shown discrepancies between the Le-

gendre polynomial coefficients derived from experi­
ment and theory, thus ra ising doubts as to whether 
the conventional theory [11 ,12] is entirely adequate, 
even at low energies. 

Differential cross sections for deuteron photodis­
integration at E,< 40 MeV have been obtained mainly 
from measurements of the angular distributions of 
photoprotons or photoneutrons. A number of mea­
surements, e.g. refs. [13-16], of differential cross 
sections corresponding to photoproton angles 0 0 and 
180 0 have been obtained from the inverse reaction, 
n-p capture, at equivalent incident neutron energies 
(E, < 80 MeV). However, angular distribution data 
for intermediate angles, obtained from n- p capture, 
are scarce. For incident neutron energies 19-50 MeV, 
Fink et al. [ 10 ] have reponed measurements at pho­
ton laboratory angles 55 °, 90° and 125°. Data from 
n-p capture measurements are especially useful for 
comparison with those obtained from photodisinte­
gration because the experimental techniques, and 
hence sources of error, are quite different. We have 
therefore determined the differential cross section for 
deuteron photodisintegration at the incident photon 
energy of33.9 MeV by measuring the angular distri-
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but ion of photons from n-p radiative capture at 
£,=63.4 MeV. Measurements at eight n-y labora­
tory angles were transformed by means of detailed 
balance so as to obtain differential cross sections for 
the 'H( y. p)n reaction at eight y- p centre-of-mass 
angles between 27 0 and 126 0

• These data were then 
analysed in combination with independent measure­
ments [ 16- 18] of the 0 0 and 180 0 cross sections. 

The experimental arrangement for the angular dis­
tribution measurements is shown in fig. I. A 66 MeV 
pulsed proton beam from the k=200 cyclotron of the 
South African National Accelerator Centre (NAC) , 
Faure, was directed through a natural lithium metal 
target (2 mm thick) and deflected into a shielded 
beam dump. Pulsed neutrons from the (P. n) reac­
tion on lithium emerged from an aperture (50 X 50 
mm') in the shielding ahead of the target (fig. I ). An 
NE213 liquid scintillator (50 mm diam. X 50 mm) 
was placed 5.9 m from the neutron source, and pro­
tons in the NE213 constituted the target for the n-p 
radiative capture reaction. Time-of-flight was used to 
select the strong forward peak (£,=63.4 MeV) in the 
neutron spectrum, corresponding to the transitions 
' Li(p. n)'Be(gs+0.43 MeV). 

The angular distribution of gammas from n-p ra­
diative capture in the NE213 scintillator was deter­
mined by observing coincidences between this scin­
tillator and (anyone of) the eight identical Na! (TI) 
crystals surrounding it (fig. I ). The crystals (75 mm 
diam. X 125 mm) were mounted in identical lead 
shields and a 5 mm thick lead plate was mounted over 
the entrance window to each crystal to remove 

2.5 m 

90' 

p 

105· 

··· · ··5.9 m ........ . .. . . ~ 

Fig. 1. Experimental arrangement (schematic). 
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charged particles. The gamma flight time over the 175 
mm gap between the NE213 cell and the crystals (fig. 
I) was used to reject backgrounds due to non-relativ­
istic particles detected in the latter. Signals from the 
NE2 13 detector were fed to a modified Link Systems 
Model 50 I a Pulse Shape Discriminator, which pro­
vided two outputs from which the NE213 pulse height 
L and pulse shape S were derived [ 19] in the offline 
analysis. The two outputs from the Link were re­
corded event by event on magnetic tape, together with 
the pulse height from the Na!(TI), the incident neu­
tron time-of-flight and the coincidence time delay be­
tween NE213 and sodium iodide. A pattern register 
was used to record the gamma detector active in the 
event and to veto events in which more than one such 
detector registered. The design of the electronic sys­
tem ensured that the same dead time was effective 
for all the Na! (TI) detectors. Three sets of measure­
ments, each 60-80 hours in duration, were made. 
After checking that the angular distribution was con­
sistent, within statistical accuracy, over the three sets, 
the data were combined for final analysis. 

Fig. 2a shows a perspective view of number of 
cvents against NE213 pulse hcight L and pulse shape 
S, for coincidences in which the Na! (TI) crystal 10-
cated at 8,, =90 ' (lab) , detected a gamma of energy 
greater than l2 MeV. Events corresponding to pro­
tons, deuterons and alphas detected in the NE213 
produce the ridges labelled p, d and a respectively in 
the L- S plane (fig. 2a) and n-p radiative captures 
from a sharp peak which can be clearly identified on 
the deuteron ridge. Similar peaks were observed in 
the L-S distributions recorded for coincidences at the 
other values of 8ny• Events on the deuteron ridge (d­
ycoincidences) were selected by a cut in the L-Splane 
and projected onto the L-axis to give the deuteron 
pulse height spectra shown in fig. 2b, for different 8". 
The peaks corresponding to n-p capture stand out 
clearly and display the expected kinematic shift with 
detection angle. 

The n-p capture peaks (fig. 2b) were integrated 
after correcting for background, mainly due to the 
12C(n, dy)11B reaction. A fraction of the events in 
these peaks will be due to n-p radiative captures in­
duced by neutrons which have scattered on C or H 
nuclei in the scintillator, prior to undergoing capture. 
Monte Carlo calculations showed that this fraction 
amounted to (2- 3)% of the peak area at each angle, 

j 
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Fig. 2. (a) Counts (vertical) versus NE21) pulse height L and pulse shape S, for coincidences between the NE213 and the NaI(TI) 
crystal positioned at 8n},= 90° ( lab), showing ridges due to protons (p) , deuterons (d) and alphas (a) detected in the NE2l3. The sharp 
peak on the deuteron ridge is the signature for n- p radiative capture. (b) Projected NE213 pulse height spectra for coincidences identi­
fied as deuterons in NE21) and gammas in Nat (Tl), for different On}, ( lab). 

and hence that the angular distribution was not sig­
nificantly distorted by th is efTect. The peak intensi­
ties were convened to relative difTerential cross sec­
tions for n-p radiative capture by using the code ESTE 
[20] to correct for the variation of gamma detection 
efficiency with eny" Detailed balance was used to con­
vert to differential cross sections for proton emission 
in the inverse reaction, deuteron photodisintegration 
at the corresponding laboratory photon energy of 33.9 
MeV. The results, normalised as outlined below to an 
absolute scale, are listed in table I and plotted in fig. 
3a. The angles e~ and Ll8~ in this table show, re­
spectively, the centroid angle and the spread 
(FWHM) in angle of detection for each gamma de­
tector, calculated by Monte Carlo simulation, allow­
ing for the variation of the differential cross section 
over the solid angle sub tended by the detector. The 
uncertainties shown for da/ dn are statistical on ly. 
Systematic errors introduced in the calculations of 
cross sections are estimated to be less than 5%. 

In order to make a meaningful Legendre polynom­
ial fit to the differential cross section for photodisin­
tegration it is important to have data covering the 

Table I 
Differential cross sections for 2H ( y, p )n, E~= 33.9 MeV. 

O~ (deg) 1I9~ (deg) dq (~b) 
dQ sr 

27.3 20 13.2(22) 
39.8 19 21.4( 18 ) 
52.6 19 25.7(16) 
66.1 18 33.3(18) 
80. 1 17 37.5( 18) 
94.7 17 29.9(14) 

I to.O 16 21.6(13) 
126.0 15 19.1 (15) 

range 0 ° -180°. The present measurements cover 
the range 8~' = 27 °-126 °. However, groups at Mainz 
[ 17,18] and at Louvain [ 16] have recently reported 
new absolute measurements at 0 ° and 180 0 for pho­
ton energies close to 34 MeV. These data are sum­
marised in table 2 and the Mainz data are included 
in fig. 3a. A weighted least-squares Legendre poly­
nomial fit, in which the present data were normalised 
as follows, was made to the combined data set shown 
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Fig. 3. (a) Differential cross section for 2H(y, p)n at Ey(lab) 
=33.9 MeV, showing present data (open circles), Mainz data 
[17,18] (solid circles), least-sq uares fit (dashed curve) and Bonn 
prediction [ II] (solid curve). (b) Legendre polynomial coeffi­
cients, (a)-(f) from table 3: (a) Bonn prediction (solid lines); 
(b) Paris prediction (dashed lines); (c) fit to present and Mainz 
data (solid circles); (d) fi t to present and Louvain data (open 
circles); and global fits (e) Rossi et al. [5] (squares) and (f) 
De Pascale et al. [8] (triangles). The uncertainties for set (e) 
(squares) are smaller than the point size. 

Table 2 
dajdQ data for 8:' =0° and 180°, Er :::< 34 MeV. 

Group Ref. Ey (MeV) 

8)1>=0 0 8"fP= 180" 

Mainz [17] 31.7(26) 5.8316 ) 
Mainz [18] 33.9(29) 4.28(9) 
Louvain [ 16] 32.8 4.72126) 3.93140) 

a ) Uncertainties are statistical only. 

in fig. 3a, A scaling factor was introduced for the 
present data only, and was adjusted in the fitting pro­
cedure so as to equate the Legendre polynomial coef­
ficient Ao to the value 22.9 ~b/sr [11,21], which cor­
responds to a total photodisintegration cross section 
aT=47rAo=287 ~b. The present data are normalised, 
in other words, to a total photodisintegration cross 
section of 287 ~b . This value, based on the Bonn 1'­

space potential [11 ,2 1], is consistent, within 2%, with 
the cross section calculated from the Paris potential 
[12,21] and with the value obtained from the global 
fi t of Rossi et aL [5], which is based on an extensive 
set of experimental data. It should also be noted that 
the absolute values assumed for the 0< and 180< dif-
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ferential cross sections have negligible influence on 
the normalisation procedure used. This is due to the 
effect of the sin e fac tor introduced in the integration 
of the differential cross section to obtain the total cross 
section. Fitting was carried out using the matrix in­
version technique [22], weighting each datum in 
proportion to the inverse square of its statistical un­
certainty. Legendre expansions to orders 3, 4 or 5 were 
investigated using the X'/ dof and the F-test [22] to 
monitor the quality of the fits. For fits to the present 
data combined with the Mainz (Louvain) data the 
X'/ dof obtained for expansions to order 3, 4 or 5 were 
2.2 (2.3),2.7 (2.7) and 1.9 (2.1) respectively. The 
fits based on order 3 were preferred because the F­
test indicated that the fits to higher orders gave A4 
and As coefficients with rejection probabilities of87% 
(96%) and 15% (19%) respectively. 

The Legendre coefficients obtained from the third 
order fit to the combined present and Mainz data are 
listed as (c) in table 3. The differential cross section 
calculated from these coefficients is shown by the 
dashed curve in fig. 3a. The solid curve was calcu­
lated using coefficients (a) in table 3, predicted 
[ 11,2 1] by the Bonn potential. Other coefficients 
listed in table 3 are: (b), predicted [12,21] by the 
Paris potential with meson exchange currents 
(MEe) , isobar configurations (Ie) and relativistic 
corrections (Re) included; (d), obtained by fitting 
the present data in combination with the Louvain 
data instead of the Mainz data; and (e) and (f) , cal­
culated from global fits made by Rossi et al. [5 ] and 
De Pascale et al. [8 ] respectively, to extensive sets of 
experimental data, The Legendre coefficients A,-A3 

from table 3 are also displayed in fig. 3b, to facilitate 
comparisons between them. The coefficient sets (c) 
and (d) were calculated without including system­
atic uncertainties. The effects of including systematic 
uncertainties (by addition in quadrature with statis­
tical uncertainties) have been checked and found to 
produce no significant change to the values in table 
3. 

The present relative measurements of da/dQ may 
be compared with other experimental data taken at 
the same or nearby photon energy by comparing ra­
tios of the n;:::l Legendre coefficients to Ao. Such a 
comparison shows that the present data agree with 
those of Weissman and Schultz [23,24] at £,=35 
MeV, and also with other measurements [25,26] at 
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Table 3 
Legendre polynomial coefficients (lJb/sr) for da/ dQ at £,= 33.9 MeV. (a) Bonn /'-space potent ial [ 11,21 J; (b) Paris potential [ 12,21 ) ; 
(c) present data and Mainz data [ 17,18 ]; (d) present data and Louvain data {161: (e) global fit (Rossi et al. [5 J ); ( f) global fi t (De 
Pascalectal. (8J). 

Set A, A, 

(a) 22.9 5.00 
(b) 23.3 5.02 
(c) 22.9(5) 6.5(8 ) 
(d) 22.9(5 ) 6.5(8) 
(e) 22.8 ( I ) 5.6 ( I ) 
(f) 21.9(8) 5.4(8) 

nearby energies. These measurements [23-26] are 
included in the data upon which the global fits [5,8] 
are based and from which coefficient sets (e) and (f) 
in lable 3 are derived. The present values (sets (c) 
and (d)) for A, devia te from both the theoretical 
values (sets (a) and (b)) and the global fits (sets 
(e) and (f)), the deviation being larger in the case 
ofset (d), obtained by analysis in combination wil h 
the Louvain data [16], than in set (c), obtai ned in 
combination with the Mainz data [17,18]. The two 
sets (c) and (d) are, however, consistenl with one­
another, for A2 as well as for the other Legendre coef­
ficients, thus showing that the analysis is insensitive 
to the values used for the 00 and 180 0 cross sections, 
within the ranges defined by the Mainz and Louvain 
data (table 2). The present values for AI and A, are 
consistent with those obtained from the global fits and 
larger in magnitude than predicted by theory, as is 
the case for the global fits for incident energies 
E,= 20-40MeV [1,2]. 

It is perhaps significant that the values of A I and 
A3 obtained from the present work confirm the de­
viation from theory indicated by the global fits at 
E,=34 MeV [5,8], bearing in mind that the present 
data were obtained using a completely different tech­
nique based on n-p capture measurements. The dis­
crepancy between theory and the global fit of Rossi 
et al. [5] for the A, coefficient amounts to several 
experimental standard deviations. The present value 
of A, «c) or (d)) is not accurate enough to check 
this result convincingly. However, further measure­
ments based on the n-p capture method or on photon 
taggi ng [27,28] should be able to attain the precision 
necessary to to th is. In regard to the theoretical pre­
dictions, we note that calculations based on the Paris 

A, A, A. 

- 16.9 -4.09 -0.7 
- 17.1 -4.07 -0.6 
-17.9(5) -5.7(8) 
-18.5(5) -6.1 (8) 
- 17.2( I ) -5.4( I ) -0.83(3 ) 
-16.2(7) -5.0(6) -0.7 

potenlial [ 12,2 1] demonstrate that , at this energy, 
inclusion of MEC/IC/RC increases the magnitude of 
the coefficient A2 by < 6% and has an even smaller 
effect ( < 1%) on A I and A,. The theoretical predic­
tions are thus very insensit ive to the MEC/IC/RC 
corrections, especially for the coefficients A I and A3, 

hence it seems unlikely that these effects wi ll account 
for lhe discrepancies suggested in fig. 3b. 

In conclusion, the differential cross section for 
deuteron photodisintegration at Ey= 33.9 MeV (lab) 
has been det ermined via the inverse reaction, n-p ra­
diative capture, and found to deviate marginally from 
theoretical predict ions. The deviat ions or the Le­
gendre A I and ....13 coefficients are consistent with 
trends observed in previous direct photodisintegra­
tion measurements. 
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Monte Carlo simulations are used to compare experimental techniques for the direct mea­
surement of the initial sticking coefficient w~ in muon-catalyzed d- t fusion. Three methods 
based on observing alpha- neutron coincidences from fusions in a low-density D 2- T 2 gas target 
afC investigated. The experimental systems use either a surface barrier detector or a thin plastic 
scintillator to detect the a and a~, and mylar windows or a thin coating of aluminium oxide to 
protect this detector from the tritium activity in the target. 

1. Introduction 

One of the promising methods for obtaining an accurate measure of the initial 
sticking coefficient w~ in muon-catalyzed d-t fusion is the method [l] based 
on observing a-n coincidences from fusions occurring in a low-density 
(p < 3 x 10- 3 Po) D 2- T 2 gas target. The selection of a collinear coincidence between 
the a (or a~) and neutron allows good discrimination against backgrounds. The dif­
ference in the rates of energy loss for a (doubly charged) and a~ (singly charged) 
in the gas provides the means for determining the proportion of a~. Corrections for 
the effects of muon stripping in the target gas are small. 

Collaborations using the muon beam facilities of LAMPF, at Los Alamos [1], 
and ISIS, at the Rutherford-Appleton Laboratory (RAL) [2], have reported mea­
surements by this method. In both experiments the a and a~ were detected by a sur­
face barrier detector (SBD) mounted in a pure D2 environment and protected 
from the high tritium activity (> 500 Ci) of the target gas by means ofa pair of thin 
mylar windows (fig. la). The hazards associated with experiments in which large 
quantities of tritium are contained by thin windows naturally encourage considera­
tion of alternative solutions to the problems of measuring a- n and a~-n coinci­
dences in experiments of this kind. Two such alternatives, referred to as geometries 
Band C respectively, are proposed here and compared by means of Monte Carlo 
calculations [3] with a third system (geometry A), similar to that used in the 
LAMPF and RAL experiments. Geometries Band C use a SBD and a thin plastic 
scintillator, respectively, for a-detection. Both employ a thin (2.5 ~m) layer of alu­
minium oxide (ALOX), deposited on the detector surface by means of electron 
beam vacuum evaporation, as a barrier against tritium. 

© J.c. Baltzer AG, Science Publishers 
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2. System characteristics and simulations 

The main features of geometries A, Band C are illustrated in panels (a) of 
figs. 1- 3. Each geometry uses a target cell of volume 300-400 em3

• In geometry A 
the gas is contained in a silver-walled cubical cell of side 70 mm (fig. la), as in the 
RAL experiment [2]. A change to a truncated conical shape is proposed in geome­
tries Band C (figs. 2a and 3a), to follow the broadening of the multiply scattered 
incident muon beam as it progresses through the target entrance wall and gas. 
From a larger set of simulations made at various gas pressures we present only 
results from those made at pressure 1510 Torr, the pressure for which the minimum 
energy of an all reaching the detector is about 2 MeV. 

The procedure for Monte Carlo simulations followed that outlined in a previous 
paper [3]. The distribution of fusion sites within the target cell was assumed to be 
axially symmetric and Gaussian in profile, with FWHM increasing with the depth 
of penetration [3]. A value of w~ = 0.01 was used in simulations of the actual experi­
ments and further simulations were also made using the artificially high value of 
w~ = 0.5, in order to determine characteristics of events involving sticking to a simi­
lar statistical accuracy as for those not involving sticking. 

The neutron detector was a cell of the liquid scintillator NE213, size 

NE213 
{t30 x 130 X 70 mm) 

" 

• D. + TI ", , 

NE102A 
(3 mm) 

> 
w 

"- ~ 2j---+--:.-'J=--t--+''-''-1<''-'=-t--f--i ~ 0, 

\clf/ 
v w 

N .::=-
I s60 0, I 

(0) 

(b) 

Fig. I. Geometry A: (a) experimental arrangement (schematic); and (b) scatter plot showing simu­
lated coincidences as a function of observed energy E and time difference T between neutron and 
alpha detection. Events in which an all enters the SBD intact are indicated by solid circles. Events in 
which the 11 is stripped from an all before detection are shown as plus signs and crosses, for stripping in 
the target gas and the mylar windows, respectively. u- n events are shown as triangles (fusions in the 

target) and squares (fusions in the neck region N). The cut S is designed to select a~-n events. 
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13 X 13 X 7 cm, the centre of which was located at a distance of 18 cm from the 
muon beam axis (all geometries). The system time resolution (for coincidence mea­
surements) was assumed to be 1.2 ns (FWHM) for all geometries. An energy resolu­
tion of 2% (FWHM) at 3 MeV was assumed for the SBD in geometries A and B 
and a pulse height resolution of 30% (FWHM) at pulse height L = 150 keVee (see 
section 6) was assumed for the scintillator in geometry C. The E and L resolutions 
were scaled by jN statistics for other energies. 

3. Results for geometry A 

In geometry A (fig. 1a) the a or all which are associated with fusion neutrons 
detected by the NE213 cell may escape through the mylar windows M and the 
"neck region" N of the outer Drfilled containment vessel V, heading towards the 
SBD. For No fusions occurring in the target cell, let the number of neutrons 
detected beN. Then 

N = ENo, (1 ) 

where E is the detection efficiency of the NE213 cell for 14.1 MeV fusion neutrons 
emitted from a spatial distribution of points corresponding to that of the fusion 
sites within the target. To determine the number Nc of a and all that are registered 
by the SBD in coincidence with these N neutrons, we need consider only the asso­
ciated, collinear a and all whose paths are directed towards the SBD. If we apply a 
cut, as described below, to select only coincidences in which an allis detected then 

(2) 

where B is a geometrical factor which represents the probability that the direction 
of the collinear all intersects the SBD and ¢> is the probability that an all on such a 
path reaches the SBD and satisfies the cut which is imposed to select all events. The 
probabilities Band ¢> are determined in the Monte Carlo calculation [3] . From 
eqs. (I) and (2) 

w~ = (l/B¢»NclN, (3) 

showing how w~ follows directly from the measured ratio N c/ N of coincidence to 
single neutron rates and the calculated product B¢>. 

The cut for discriminating between a- n and all- n coincidences is based on mea­
surements of E, the energy deposited in the SBD, and the relative time delay T 
between a or all detection (Ta) and neutron detection (Tn). Thus 

T = Tn - Ta . (4) 

Consider a fusion which releases a neutron and an all along the axis labelled (1) in 
fig. 1a and leads to a coincidence being detected. If this event were to be repeated 
exactly, except that an a was released instead of an all, then the a would lose energy 
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faster than the u~ on its way to the SBD. A lower E would therefore be measured 
for the u than for the u~and the time Ta would be slightly longer, making Tsmaller. 
The parameters E and T also depend on the position at which the fusion occurs, 
thus events corresponding to u~-n coincidences and u- n coincidences respectively 
are distributed across different regions of the E- T plane (fig. 1 b) as indicated by the 
solid circles and triangles. The solid circles in this plot indicate u~ which reach the 
SBD without the ~ being stripped from the u. The energy E measured by the SBD is 
not significantly affected if stripping occurs in the detector itself. The triangles in 
fig. 1 b represent only a small fraction (8%) of the potential u- n coincidence candi­
dates that were tracked in the Monte Carlo simulation. For most of these candi­
dates, that is fusions in which the neutron was detected and the direction of the 
associated u intersected the SBD, the u was ranged out in the target gas or the mylar 
windows and was therefore not detected. The few (8%) u- n coincidences that are 
observed are those which originate from fusions occurring within a limited region 
of the target gas near to the SBD. This also accounts for these events (triangles in 
fig. Ib) being located atlargervalues ofT. 

The Monte Carlo simulation [3] used values from the theoretical calculations of 
Cohen [4] to estimate the probability of muon stripping during the passage of the 
u~ through the target gas and mylar windows. Events in which stripping occurs in 
the gas and windows are indicated by diagonal crosses and plus signs, respectively, 
in fig. 1 b. The fraction of u~ affected by stripping is very small in this geometry. 

In an ideal situation, in which the windows M are completely impermeable to 
D2 and T 2, the ouly events in fig. 1 b would be those described above and a cut such 
as that indicated by the line S should separate u~ from u almost perfectly. Experi­
ence has shown, however, that D2 and T 2 may diffuse through thin mylar windows 
such as used in the RAL experiment [2]. A low concentration of T 2 then builds up 
in the outer vessel V and fusions catalyzed by muons scattered into the "neck 
region" N between the mylar windows lead to the additional u- n events indicated 
by squares in fig. 1 b. The small energy gap between the triangles and squares corre­
sponds to the energy lost by a fusion u in traversing the upper mylar window in 
fig. la, which thus applies only to the target fusions (triangles). The proportion of 
"neck fusions" (fusions from region N) among the detected coincidences will 
depend on the permeability of the mylar windows to tritium and the profile of the 
incident muon beam and is difficult to predict. The number shown in fig. 1 b is a 
very rough estimate based on the experience [2] over a single run which lasted for 5 
days. The presence of a large number of neck fusions would complicate the posi­
tioning of cut S if the system coincidence timing resolution was inferior to the value 
of 1.2 ns (FWHM) assumed in the simulations. 

4. Results for geometry B 

The most important difference between the proposed geometry B (fig. 2a) and 
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Fig. 2. Geometry B: (a) experimental arrangement (schematic); and (b) scatler plot, as for fig. I, 
except that crosses indicate all- n events in which muon stripping occurs in the ALOX barrier. 

geometry A is the replacement of the two mylar windows, M in fig. la, by the 
2.5 I!II1 thick ALOX barrier deposited directly on the entrance window of the SBD. 
An associated contribution [5] to this conference describes experimental tests 
which showed that an even thinner barrier (0.5 I!II1 ALOX plus 0.21!II1 gold) is effec­
tive in preventing tritium from diffusing into a SBD. 

Fig. 2b shows the scatter plot of events as a function of E and T from the Monte 
Carlo simulation for geometry B. The coincidences are coded as in fig. I b, except 
that crosses now indicate all that have been stripped in the ALOX barrier which 
replaced the mylar windows. Stripping is more likely in this barrier owing to the 
higher Z-values of its constituents. However, since the stripping occurs immedi­
ately in front of the SBD, the displacement of these events from the unstripped all is 
small and all may still be separated clearly from a by means of the cut S shown in 
fig.2b. 

The distinction between "neck fusions" (squares) and other a- n coincidences 
(triangles) is academic in geometry E, since the neck region N (fig . 2a) is contiguous 
with the remainder of the target cell. The results show, however, that good timing 
resolution is essential to discriminate between all-n events and a- n events in this 
geometry. 

5. Results for geometry C 

The evolution from geometry B to geometry C (fig. 3a) simply involves repla­
cing the SED by a thin plastic scintillator detector, an NEI 02A film, 80 11m thick, 
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Fig. 3. Geometry C: Ca) experimental arrangement (schematic); and (b) scatter plot showing simu· 
lated coincidences as a function of scintillator pulse height L and relative time difference T. uJ,l- n 
events are shown by solid circles (all brought to rest in scintillator without stripping), open circles 
(all stripped in scintillator before coming to rest), plus signs (all stripped in target gas) and crosses 
(all stripped in ALOX). Q- n events are shown by triangles (fusions in conical section oftarget cen) and 

squares (fusions in neck region N), QJ,l- D events may be selected by one or other of the cuts, Sand S·. 

viewed through a glass window by a photomultiplier tube. The barrier protecting 
the detector against tritium is, as in geometry B, a 2.5 Jl1lllayer of ALOX. A 0.1 Jlm 
thick aluminium reflector is sandwiched between the ALOX and the NEI02A to 
enhance light collection by the photomultiplier. 

The pulse height response of the scintillator, unlike that of a SBD, depends on 
the rate of energy loss - dE / dx of the incident particle, as well as on its energy E, 
and is a non-linear function of E [6]. The simulated results for geometry C are there­
fore presented as a scatter plot (fig. 3b) of events as a function of pulse height L 
and time difference T, with L calibrated in the units keVee. In these units, "keV 
electron equivalent", a pulse height of X ke Vee, for any particle, is the same as the 
pulse height produced by an electron of energy X keV. The Monte Carlo simula­
tion [3] used the formula of Birks [6] to calculate the pulse height responses L, for a 
and aJl, shown in fig. 3b. 

In fig . 3b, aJl which remain unstripped until the end of their range (defined as 
E < O.1 MeV for the purposes of the simulation) are shown as solid circles. It is 
interesting to note again [3] how the Birks formula predicts a considerably higher 
response L for these aJl than for a of the same energy (squares and triangles). This 
useful feature of geometry C should enhance the separation of aJl-n events from 
a- n events in the sticking experiment. The aJl which pass unstripped through the 
ALOX barrier and then strip in the plastic scintillator, before coming to rest, are 
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shown as open circles in fig. 3b. Those which strip in the barrier are shown as 
crosses. Two possible cuts, Sand S', for discriminating against a- n events are con­
sidered in fig. 3b. Cut S includes a substantial fraction of the all which are stripped 
in the ALOX barrier and would therefore require a smaller correction for events 
lost due to this process. For experimental reasons such as low pulse height back­
grounds, however, it might be preferable to operate at a higher pulse height thresh­
old, as indicated for cut S', and thus with a larger correction for lost all-n 
coincidences. The correction for these lost events, estimated from the Monte Carlo 
simulations [3], should be about 13% and 35% for cuts Sand S', respectively. 

The ability of the plastic scintillator to discriminate between all and a could 
also lead to useful new applications in the experimental study of muon stripping. 
An additional layer of any element or compound could be deposited on top of the 
ALOX barrier in fig . 3a, for example. The numbers of events measured above the 
cut S or S' (fig. 3b), with and without the additional layer, could then be compared 
to determine stripping cross sections as a function of all energy. This approach 
could also be used to estimate or check the stripping corrections required for the 
determination of w~ by method C. 

6. Discussion 

The data presented in figs. 1-3 simulate results that would be expected from 
experiments in which 100- 200 all-n coincidence events are measured using geome­
tries A, B or C, assuming a sticking coefficient w~ = 0.01 . In an experiment carried 
out using the RAL muon beam, for example, it should be possible to gather this 
number of events in about 24 hours. Table 1 shows data for the three geometries, 
obtained as for figs . 1- 3 but with better statistical accuracy for the all- n events, by 
assuming the artificially high value of w~ = 0.5 in the Monte Carlo simulations. 
The numbers shown are percentages of those fusion events in which: (a) sticking 
occurs; (b) the fusion neutron is detected; and (c) the direction ofthe associated all 
intersects the SBD (geometries A or B) or the scintillator (geometry C). Column 2 

Table I 
Statistics for fusions in which sticking occurs, the neutron is detected and the a~ path intersects the 
QIl·detector. 

Geometry 

A 
B 
C 

Percentage of all which: 

enter detr. are stripped 
unstripped 

in gas 

83 9 
70 8 
70 8 

pass 
cut S(S') 

in barrier 

8 93 
22 92 
22 87 (65) 
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of the table shows the fraction of aft which reach the detector without being 
stripped. Stripping subsequent to this stage is insignificant in the detection process 
in a SBD (geometries A and B) but is important in the case of a scintillator (geome­
try C) as noted above. In geometry C the unstripped component of 70% in column 
2 of the table comprises 23% which remain unstripped effectively until brought to 
rest in the scintillator and 47% which are stripped at some stage during the detec­
tion process. These two categories contribute the events shown as solid and open 
circles, respectively, in fig. 3b. 

The third column in table 1 shows events in which aft are stripped in Dr T 2 gas 
within the target cell. These numbers include events in which the a resulting from 
this stripping is ranged out in the target gas or the tritium barrier, and is therefore 
not observed in the experiment. The 9%, 8% and 8% shown in column 3 for geome­
tries A, Band C, respectively, include 5%, 4% and 4% corresponding to events 
which are ranged out in this way. 

Column 4 of the table shows events in which the aft is stripped in the mylar win­
dows (geometry A) or the ALOX barrier (geometries B and C). The latter percen­
tages could be reduced by a factor of 2 to 3, without difficulty, by reducing the 
thickness of ALOX from 2.5 ftm to 0.8-1.2 ftm, since thinner barriers have been 
shown to be suitable [5], as noted above. This should be useful in geometry C, in 
reducing the correction for uft-n events lost below the cut S or S' (fig. 3b). It would 
not be expected to lead to any significant advantage in geometry B. The percen­
tages in columns 2--4 of the table are the same for geometries Band C, as expected 
from the fact that the geometries (figs. 2a and 3a) are identical, except for the detec­
tors used. 

The last column of table I shows the percentages of the specified uft- n events 
which satisfy the cuts S or S' (figs. I b--3b) which are designed to reject a-n events. 
The rejection efficiency for u- n events is 99.99% or better in all cases, while over 
90% oftbe uft- n events are accepted in geometries A or Band 65-87% in geometry 
C, depending on which cut, S or S' (fig. 3b), is applied. The numbers in this column 
give the factor ¢ of eq. (2) (expressed as a percentage) for the different geometries. 

A system timing resolution of 1.2 ns (FWHM) or better is essential in order to 
achieve an effective separation of uft-n events from a-n events in geometries A and 
B, and also in geometry C, if cut S is used. This requirement is relaxed for cut S' of 
geometry C however (fig. 3b), due to the different pulse height response of the scin­
tillator to aft and a. Good timing resolution is nevertheless likely to be required in 
all geometries in order to discriminate against real coincidence backgrounds [5], 
which are expected to contribute events in the regions T > 2 ns in figs. 1 b--3b. 

Comparing the three geometries, geometry A offers the clearest separation of 
uft- n events from a-n events, but only if diffusion of tritium through the mylar win­
dows proves to be negligible. Even with the risk of such diffusion, the performance 
of geometry A may still be adequate but it will be no better than that of geometry 
B which is more robust and effectively eliminates the possibility oftritium leakage. 
Geometry C will be as robust as geometry B and should attain good timing resolu-
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tion without difficulty or a special design of the (I-detector. It is less efficient in 
selecting (I11- n events against (I- n events however (table 1), and therefore more reli­
ant on calculations, or other estimates, of the correction for event losses. The 
most promising system therefore appears to be geometry B, but geometry C also 
has some unique and promising features which could justify an experimental trial 
of this technique. 
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Detectors for recording alphas from fusions in D2- T 2 gas targets require protection against 
diffusion of tritium into the detector medium. Tests have been carried out on surface barrier 
detectors to determine the feasibility of using thin coatings of oxide and metal for this purpose. 
The results show that a layer ofO.51lIIl aluminium oxide plus O.2IlID gold provides effective pro­
tection for at least 280 h, without impairing the transmission of 2 MeV alphas into the detec­
tor. Tests of an alternative detector, a phoswich of thin film plastic and lithium- glass 
scinti1lators, are also described. 

1. Introduction 

The initial sticking coefficient w~ in d-t I1CF may be measured directly [1,2] by 
observing alpha-neutron coincidences from fusions in a low-density ( <2000 Torr) 
gaseous D2-T2 target . To achieve adequate event rates in an experiment of this 
type tritium fractions of 30-50% are required in the target gas, hence the target 
activity will typically exceed 500 Ci. A barrier is thus required to shield the a-detec­
tor from this activity (19 keV beta and associated bremsstrahlung) and to impede 
the diffusion of tritium into the detector. The barrier must be thin so that the 
3.5 MeVa or all from fusion, which may be degraded to energies as low as2 MeV in 
its passage through the gas, can reach the detector with sufficient energy to be 
recorded. 

The coincidence measurements of w~ that have been reported to date [1,2] have 
used surface barrier detectors (SBD) to register the alpha and a pair of aluminium­
coated mylar windows (1.5 11m) to isolate the SBD from the target gas. A possible 
alternative, a thin film plastic scintillator (TFPS) protected by a thin surface coat­
ing (0.3 11m) of aluminium oxide (ALOX), has been tested under conditions simu­
lating the sticking experiment and found to operate satisfactorily [3]. In this paper 
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we report tests of a related alternative system, consisting of a SBD coated with a 
thin ALOX layer. We also describe tests of a modified TFPS detector [3] in the form 
of a phoswich, which may be capable of discriminating between alpha- neutron 
coincidences and particle- neutron coincidence backgrounds in the sticking 
experiment. 

2. ALOX-coated surface barrier detector 

Systems incorporating thin mylar windows have functioned successfully [1 ,2] 
but not without problems and anxiety. Operating with such fragile windows 
requires extreme care to avoid pressure differences across the mylar, particularly 
when filling the target or when adjusting the gas pressure. Experience has also 
shown [2] that the diffusion of tritium through thin mylar windows may be signifi­
cant over the time required to gather data in a sticking experiment. An ALOX­
coated SBD, like the ALOX-coated TFPS previously investigated [3], should avoid 
these problems since aluminium oxide layers are known [4] to be good barriers 
against tritium diffusion and because coating the detector surface ensures a stable 
physical support and avoids the possibility of a pressure gradient across the 
barrier . 

The arrangement used to test the effectiveness of ALOX coatings as tritium bar­
riers is shown in fig. 1. The SBD, area 20 mm2 , thickness 89 ~m, fully depleted, 
was mounted in a recessed aluminium baseplate by means of epoxy cement (fig. la). 

ALOX 

Gold 
T, 

Epoxy Mylar SBD 

(0 ) 

210PO source 

8 mm 

T, 

(b) 

Fig. l. Schematic diagrams of the experimental arrangement showing: <aJ detail of the gold l ALOX 
barrier; and (b) the cell used for the tritium. tests. 
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The Au- Ge eutectic layer ( <0.05 Jlm) forming the entrance window to the diode 
extended over the epoxy onto the plate. An ALOX layer (0.5 Jlffi) was deposited 
over this window by electron beam vacuum evaporation. The same technique was 
then used to add an outer layer (0.2 Jlffi) of gold, extending to the edge of the base­
plate so as to ensure a good mechanical seal over the ALOX. In a sticking experi­
ment performed using a pulsed muon beam [2] the outer gold layer could also assist 
in scavenging muons which might otherwise find their way into the detector and 
cause coincidence backgrounds. 

Not all types of surface barrier detector are likely to be suitable for the applica­
tion of coatings of the type considered here. Normal silicon surface barrier detec­
tors are not sufficiently ruggedized to allow glassy layers to be applied to their 
surfaces. Detectors made using the Au- Ge eutectic layer, developed by England 
and Hammer [5], which are touchproof in normal use, do, however, allow deposi­
tion of such layers. In addition, the window thickness for these detectors is much 
less than for the usual "touchproof' detectors, so that even after deposition of the 
additional layers described above, the a-particle resolution is still good. A detector 
of this type, provided by Qpar Angus, Leominster, UK, was used in these tests. 

In the tests of the ALOX-coated SBD the test chamber (fig. 1 b) was evacuated 
and then filled with tritium to a pressure of 600 Torr . The spectrum of alphas from 
the uncollimated 210po a-source (5.304 MeV) mounted in the chamber was mea­
sured before filling and monitored over periods varying from 15-70 h, commencing 
at different times after fIlling. Measurements continued for 280 h from the time of 
filling, after which the tritium was removed and the spectrum was remeasured with 
the cell evacuated. Fig. 2 shows two spectra, recorded over periods of 
1- 17 and 210- 280 h, respectively, normalised to the same live time. At a-energies 
above about 1.2 MeV differences between the two spectra are insignificant. The 
spectrum taken at the later time shows a rise in count rate at Ea < 1.2 MeV, which 
might perhaps be due to pulse pileup caused by diffusion of tritium through the 
ALOX into the SBD. 

For 2 MeV a-particles entering a SBD via a barrier of the type tested (0 .5 Jlm 
ALOX plus 0.2 Jlm gold) the energy deposited in the SBD will be 1.7 MeV. The tests 
therefore show that such a barrier should be effective in protecting the SBD from 
the effects of tritium radioactivity and tritium diffusion for at least 280 h . This 
should allow sufficient time to make useful measurements in a sticking experiment 
requiring detection of fusion alphas of energy 2 Me V or higher. 

3. Tests ofa TFPS phoswich detector 

The tests reported [3] for ALOX barriers on thin fIlm plastic scintillators 
involved ALOX coatings only (no gold) and the ALOX layer was thinner (0.3 Jlm) 
than in the SBD tests described above. The results obtained with the SBD suggest 
that the small effects which were attributed to tritium diffusion in the TFPS tests [3] 
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Fig. 2. Alpba spectra measured over the periods of 1- 17 h (histogram) and 210- 280 h (points) after 
loading the test cell with tritium. The spectra are normalised to the same live time. 

should be reduced significantly if a barrier similar to that shown in fig. I a were 
used. The TFPS therefore remains a promising option for a-detection in a sticking 
experiment. 

Experience in the direct determination of w~ by measuring a-n coincidences has 
indicated the presence of a "real coincidence background" [2,6] which appears 
most likely to be due to charged particle-neutron coincidences arising from muon 
capture on low-Z nuclei located within, or near to, the a-detector. If the charged 
particle in this mechanism is lighter than the a then it may be possible to discrimi­
nate against this type of background by employing a phoswich detector consisting 
of a TFPS coupled to a second scintillator, ofionger decay time, viewed by a single 
photomultiplier. The principle of operation is that the a or all from fusion should 
be stopped in the TFPS, thus giving a pulse of short decay time ( < 3 ns), whereas a 
lighter particle of sufficient energy should penetrate to the second scintillator, 
thus giving a pulse which includes both slow and fast decay components. Pulse 
shape discrimination (PSD) techniques can then be used to distinguish between 
true fusions and backgrounds of this type. 

A phoswich consisting of a 20 I!ffi thick NE I 02A TFPS coupled to a NE905 
6Li-Ioaded glass scintillator (25 mm diam. x 3 mm thick disc) was used to test this 
scheme. The TFPS was prepared by an evaporation technique [7] directly on the 
surface of the NE905 disc. Measurements were made using a wax-moderated 
AmBe source (neutrons and gammas), to calibrate the NE905 response, and an 
24lAm a-source placed at different distances (in air) above the NEI02A layer, to 
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provide different incident alpha energies. Results taken with the a-source at 14 
and 3 mm, respectively, from the phoswich are shown in fig. 3. The photomultiplier 
output signals were processed by a Link Systems model 5010 pulse shape discrimi­
nator unit and a two-parameter data acquisition system to obtain plots (fig. 3) 
showing event density as a function of the parameters Land S . The pulse height L, 
which is proportional to the total light in the scintillation, increases monotonically 
with particle energy for any given type of particle and is smaller for more heavily 
ionising particles. The pulse shape parameter S depends on the proportion of slow 
component in the scintillation and is therefore sensitive to the fraction of energy 
deposited by the particle in the NE905 sector of the phoswich. Events lying along 
the upper locus, labelled (I) in fig. 3, are attributed to neutron and gamma interac­
tions in the NE905. Peak C is a convenient calibration reference provided by the 
6Li(n,a)3H reaction (Q = 4.8 MeV) in the glass scintillator. Events in which energy 
is deposited predominantly in the NEI02A lie along region (2) in fig. 3. With the 
a-source at distance 14 mm (fig. 3a) the a enter the NEI02A in directions close to 
normal, with energy 4.0 MeV, and do not penetrate into the NE905. Most of these 
events therefore fall within the boundaries of the cut enclosing region (2) in fig. 3. 
With the source at distance 3 mm however (fig. 3b), alphas enter the phoswich with 
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Fig. 3. D ensity plots of events as a function of pulse height L and pulse shape S, obtained with air 
gaps of: <a) 14 mm; and (b) 3 mm between the 241 Am source and the NEI02A / NE90S phoswich. 
Locus (1) corresponds to events depositing energy in the NE905 only. Cut (2) selects events detected 
in the NEI02A only. The points, in order of increasing size, indicate count thresholds of20, 100, 500, 

1000 and 2000. 
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energy S.l MeV and a wider range of incident angles. Those which enter at angles 
close to normal penetrate more deeply into the NE90S component. These events 
are seen to be displaced outside the cut enclosing region (2), towards higher S­
values, thus confirming that the phoswich should be able to distinguish a or all 
events from backgrounds due to lighter particles which penetrate into the NE90S. 
A thicker NE102A layer (80 11m) would be required in a sticking experiment, in 
order to stop both all and a of energy 3.S MeV. The second scintillator need not be 
as thick as that used in the tests and could be of any type exhibiting a decay time 
significantly longer than that ofNEl 02A. 

4. Conclusions 

The results of these tests suggest that the two types of a-detector considered, 
namely the ALOX-coated SBD and a TFPS phoswich equipped with a similar bar­
rier, should both be suitable for detecting fusion alphas in a sticking experiment. 
Factors such as energy resolution, timing resolution or the nature and level of real 
coincidence background [6] in the experiment might indicate a clear preference for 
one detector or the other. It might be advantageous to compare the two types of 
detector in a preliminary sticking experiment by mounting one of each type on the 
same gaseous target system. Two similar detectors could be installed later, if the 
first run indicated a clear preference for one type over the other. 
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ABSTRACT 

The lineshape of a neutron spectrometer 1 consisting of a single deuterated 
anthracene scintillation crystal has been investigated as a function of 
neutron energy from 7-30 HeV. The spectrometer has been used to study 
backscattering of 14 MeV neutrons by samples containing carbon, nitrogen and 
oxygen. The results indicate that it should be possible to analyse bulk 
samples for theBe elements by meana of this technique. 

INTRODUCTION 

When a sample containina light elements such as C, N or 0 is bombarded ~ith 
monoenergetic neutrons the eneray spectrum of backscattered neutrons contains 

... signatures oharacteristic af these elements and could therefore provide a 
means for identifyina the elements and determinin, their concentrations. 
Like the .. ell-known technique ot Ruthertord backscatterinll (RBS) "neutron 
backscattering" (NBS) would use the dependence of the backscattered energy on 
target nuclide DBBS to identify the scatterer. Whereas RBS, using charged 
particles, is confined to surfaoe analysis. NBS would be suited to bulk 
analysis. and might consequently find application in the detection of hidden 
explosives. The practical realisation of both RSS and NBS depends on the 
availability ot a detector-spectrometer for the backscattered particle ~hich 
has good energy resolution and hiah deteotion efficiency together with low 
sensitivity to backgrounds. For example, an energy resolution of < 4% (FWHH) 
is required in order to resolve between neutrons elastically scattered by C. 
N and o. Semiconduotor detectors are obviously ideal for RSS but no neutron 
spectrometer suitable tor HBS seeDS to have emerged yet . In this work ~e 
consider using the deuterated anthraoene neutron spectrometer (DANS)~ for 
this purpose and describe tests to determine whether this detector will be 
capable ot identifying the elements C, Hand 0 in an NBS system. The tests 
(fig 1) included measurements of the lineshape and energy resolution of the 
DANS for ~onoenergetic neutrons in the energy range 7-30 HeV and exploratory 
measurements of the scatterin. of monoenergetic 14 MeV neutrons by samples 
containing C, N and O. 

2 THE PEUTERATED ANTHRACENE NEUTRON SPECTROMETER 

The deuterated anthraoene spectrometer 1 consists of a 
single deuterated anthracene scintillation crystal (10 
mm diam x 21 mn long) which detects neutrons by n-d 
elastic scattering . It utilises the anisotropy of the 
scintillation characteristics of anthracene crystal 
scintillators2 to seleot the forward peak in the 
angular distribution of recoil deuterons associated 
with n-d elastic scattering. Fig 2 shows perspective 
views of events recorded as a function of pulse height 
L and pulse shape parameterl S when 14 MeV neutrons 
enter the crystal in directions parallel to either: (a) 
the crystal c·-axis; or (b) the crystal b-axis 
(perpendicular to 0'). The direction-dependence is 
illustrated by the shift (fig 2) of the forward recoil 
peak P in the LS-plane as the incident neutron 
direction changes from o'-axis to b-axis. For neutrons 
incident in the direction parallel to the crystal 
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b-axis (fig 2b) forward 
recoils are selected by 
requiring events to fallon 
the high-S side of the cut FR 
shoRn in fig 2. The projected 
pulse height (L) spectrum for 
these events gives the DANS 
its simple (single peak) 
lineshape at lOR neutron 
energy. En < 16 MeV. 

3 I.IHESHApr: MEASlIREMENTS 

The lineshape of the DANS was 
studied: (a) using pulsed 14.1 
MeV neutrons, obtained from 
the 3H(d,n)·He reaction; and 
(b). a8 .a function of neutron 
energy (7-30 MeV), by 
time-of-flight, using the 
continuous-spectrum (5-63 KeV) 
neutron beam provided by the 

(0) (b) 

Ii, 2. Counts (9artical) aa a tunction ot pula. haieht L 
and pal.e ahapa paraa.t.r S produc.d by l' H.V neutron. 
incidant on the d.ut.rat.d anthraoan. cryetal in the 
.ataally perpandicular direction. parallel to: (a) the 
orr-tal c'-azla; and (b) the oryatal b-axia. Th. peak P 
oorr •• ponda to fcr.ard d.ut.ron r.ccila frca n-d elaatic 
aoattari~. Tha line FR aho •• the oat u •• d to .al.ot 
d.atarDDa recoiltn. parall.l to tha b-axia. 

neutron therapy facilityS of the South African National Accelerator Centre 
(HAC). Fig 3a ShORS the lineshape measured for 14.1 HeV neutrons. The width 
(FWHH) of the forward recoil peak corresponds to a neutron energy spread of 
0.73 HeV, or 5.2% at the incident neutron energy. The energy resolution of 
the DANS is determined by the aocuraoy with which th~ upper edge of this peak 
is measured. since the ed •• corresponds to the sharply defined upper limit 
in the continuum of recoil deuteron eneraies resulting from n-d elastic 
scattering. The observed edae is broadened by photomultiplier statistics and 
by imperfections in the crystal and the light collection efficiency. A 
measure of the energy resolution correspond in. to the observed forward recoil 
edge i8 obtained by differentiatinl the spectrum N(L) of fig 3a and plotting 
-dN/dL versus L as shown in fil 3b. The width of the peak in fig 3b 
indioates an energy resolution of 2.4% (FWHH) for 14 MeV neutrons. 

In the measurements aade us inc the neutron therapy beam the flight path was 
6.07 m and the observed time resolution was 1 ns (FWHK), giving an energy 
resolution (for time-resolved neutrons) varying froD 1.3-2.5% (FWHM) for En = 
7-30 HeV. Pulse height L, pulse shape Sand time-of-flight T were recorded 
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for each even~. After selecting forward recoil deuterons by tLe cut FR in 
the LS plane (fig 2), the pulse heieht spectrum at any discrete T gives the 
lineshape for the corresponding En. The plots in fig 4, showing number of 
events as a function of Land T, with T calibrated in terms of En , therefore 
present the lineshape as a function of En from 7-30 MeV. At En < 17 MeV (fig 
4a) the lineBhape is dominated by the forward recoil peak . At En > 17 HeV 
(fig 4b) products of the (n , d) and (n,a) reactions on the carbon within the 
scintillator contribute significantly to the lou-L region . The edge 
resolution, as defined above (fig 3b), was determined aa a function of En 
from the data of fig 4 and found to vary from 3.5% to 2 . 8% for En increasing 
from 7-12 MeV, levelling out at 2.5% for En > 17 HeV. These results suggest 
that the time- of-flight resolution of the system may have limited the 
resolution observed at the higher energies. The resolution observed over the 
full energy range investigated is nevertheless inside the limit «4%) within 
which it should be possible to resolve backward elastic scattering- from the 
elements C, Nand O. 

4 SCATTERING HEASIIREHENTS 

Scattering measurements were carried out using pulsed monoenergetic 14 . 1 MeV 
neutrons in an arrangement (fi, 1b) similar to that envisaged for CNO 
monitoring . Neutrons from the source N are scattered by the sample S. 
thrcugh an angle of 150·, into the deuterated anthracene crystal O. The 
scattered neutrons enter the crystal movina parallel to the b-axis. as 
required for the DANS1. The shadow shield SH (10 ~m W) defle~ts about 96% of 
the 14 HeV neutrons heading from N towards D. Even ~ith this shield. 
ho~ever, the number of these direct baokground neutrons detected by 0 exceeds 
the number detected after scattering from a typical sample by a factor of 
about 108 • The time-of-flight difference of about 11 ns bet~een scattered 
and direct neutrons provide. a means for discriminating against the latter. 
This ~as not very effective in the test experiments, however, because the 
time resolution of the (Van de Graaff) pulsed deuteron beam driving the 
neutron source was only 5 08 (FWHH). · A very effective method for 
discriminating against direct neutrons is nevertheless provided by the 
direction sensitivity of the DANS. since these neutrons enter the crystal 
parallel to the c;-axis (fi, 1b) and the vast majority of the events ~hich 
they make consequently fail to pass the FR cut (see fig 2a) . The fraction of 
detected, direct (background) neutrons which pasa the FR cut is estimated at 
less than 10- 8 • from the test measurements. The DANS. in other words, 
functions as a detector telescope which selects neutrons entering along the 
b-axis. thus discriminatina in favour of neutrons scattered from S. 

For 14 . 1 HeV incident neutrons in 
fig 1b the scattered neutron 
energy observed at detector angle 
150' is 10.2, 10.7 or 11.1 HeV for 
elastic scattering on 12C, 14N or 
1 eO respectively. Lower energy 
neutron groups from inelastio 
neutron Bcatterin, are also 
present, at energiss depending on 
the energy level structure of the 
scattering nuclides. Fig 5 shows 
event denSity as a function of L 
and S for a 14.1 HeV calibration 
run (fig Sa) and for a scattering 
run (fig 5b) taken using a 0 . 3 kg 
graphite scattering sample . The 
forward recoil peak P 
corresponding to 10.2 HeV neutrons 
from elastic scattering on 12C 
projects clearly above the cut FR 
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in fig 5b. like that for 14.1 HeV neutrons in figs 5a and 2b. The lo~ energy 
peak I. above cut FR (fig 5b) is attributed to 6.4 MeV neutrons froM the 
inelastic soatterings on oarbon whioh populate the 4 . 43 MeV state of 12C. 
Fig 6 shows projected pulse height (L) spectra (histograms) for events 
satisfying the FR cut . Spectra are shown for scattering samples (mass 
0.3-0 . 9 kg) of graphite (e), liquid nitrogen (N), water (H20) and alcohol 
(C+O) respectively and for a no-sample background run (Blank) as well as for 
the 14.1 HeV calibration run of fig Sa. The background spectrum sho~s an 
approximately linear dependenoe on pulse height L. The spectra obtained 
using ~catterers show the expected increase in the upper limit of L as the 
scatterer is changed from C to N to 0, due to the increase in backsoattered 
neutron energy with increasing target nucleus mass. The strong peak at L = 
320 channels in the spectra obtained from soatterers ~hich contain carbon 
oorresponds to the ine1astio neutron group I (4.43 KeV level) referred to in 
fig 5b. The weaker peak observed at L = 380 channels, for nitrogen. is 
similarly attributed to inelastic neutron scattering in which the 3 . 95 MeV 
state of 14N is populated . The relative intensities of the elastic and 
inelastio peaks for carbon and for nitrogen agree ~ith estimates based on 
scattering cross section data and the oalculated variation of detection 
efficiency with neutron enerlY for the DANS . 

Using the lineshapes measured (section 3) for monoenergetic neutrons as a 
basis, the response functions of the DANS to the neutron spectra resulting 
from the scattering (elastic and inelastic) of 14 . 1 HeV neutrons on C, Nand 
o respectively, at 150·, were oalculated. Least squares fits were then made 
to the experimental data, representinl each experimental speotrum as a 
combination of C, Nand 0 components plus a 
background which drops linearly with increasing L. 
The smooth curves in fig B show the fitted spectra 
and the numbers to the right of the fiaure show the 
relative proportions of baokground, C, Nand 0 
components determined from the fitting. The C: N: O 
ratios obtained for the different samples are 
consistent with their known compositions. This 
demonstrates that the technigu8 should be reliable 
for identifying these elements in a Bcatterer . 

5 COHCI.JJSIONS 

The lineshape measurements show that the DANS has 
the energy resolution reguired to resolve the 
back~ard elastic scattering signatures of C, N and a 
for incident monoenergetic neutrons in the range 
10-30 MeV. For the convenient incident neutron 
energy of 14.1 MeV, test experiments demonstrate 
that NBS signatures, includin& both elastic and 
inelastic, can be used to identify these elements 
reliably . Further work is needed to confirm that 
reliable guantitative measurements can be made of 
element concentrations. With improvements to the 
pulsed neutron source used in the scatterini tests, 
a time resolution of < 1 ns (FWHH), similar to that 
obtained in the lineshape measurements (section 2), 
should be attained. This should make it possible to 
locate the depths of scattering sites in an 
extended sample volume to an accuracy of 5 cm (FWHH) 
from neutron time-of-f1ight measurements. As an 
alternative to using a pulsed neutron beam. 14 HeV 
neutrons obtained from the 3H(d,n)4He reaction, 
driven by a continuous deuteron beam might be 
considered. The time of neutron emission would then 
be indicated by detecting the assooiated alpha in a 
plastic scintillator or a fast surface barrier 
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detector (SBD). Since this technique also tags the direction of neutron 
emission a position-sensitive SBD or a matrix of saos might be employed in 
order to obtain information about the lateral distribution . as well as the 
depth distribution, of scattering sites within the sample volume. In such an 
arrangement, the position signals from the SaD would indicate the direction 
taken by the neutron, the time difference between the SBD and DANS w.ould 
indicate the depth at which backscattering occured and the DANS would identify 
the scatterer as outlined in this paper . 

The scattering experiments also confirm that the direction sensing capability 
of the DANS is effective in discriminating against the main source of 
background expected in an NBS systen. that is neutrons heading directly from 
the source to the detector. The efficiency of the proposed NBS system can 
also be estimated from the fact that the data shown in figs 5b and 6, for the 
0 . 3 kg graphite scattering sample, were obtained in 183 minutes of running 
time, using a deuteron beam current of 300 nAt with the deuteron energy 
degraded so that it matched the well-known resonance for the d-t reaction, Ed 
= 108 keY. at a point near the centre of a 3 cm long tritium gas target filled 
to a pressure of 0.8 Torr. The volume of the deuterated anthracene crystal 
was 1.65 cm 3 . To reduce the measuring time to 90 seconds. for example , 
requires an improvement by a factor of about 120 in the overall efficiency. 
Such an improvement could be achieved by increasing the detector volume to 200 
c~3, for example by using four crystals, each 4 cm diam x 4 cm. To maintain 
the same event rate at a source to sample distance d larger than that used in 
the tests (30 em) would require a further increase in the efficiency by a 
factor proportional to d 2 • At today·s retail prices the deuterated anthracene 
required to make a 50 cm3 crystal would cost about US$4000, allowing for 
reasonable losses in purification and production. 

We conclude that the DANS offers goed prospects for monitoring light elements 
such as C. Nand 0 by means of neutron backscattering and could therefore be 
useful in the detection of hidden explosives. 
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