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fREFACE 

In this thesis I have given an account of the 

work carried out by me on the measurement of the spectra 

and decay times of a few selected organic phosphors 

under ultraviolet and ionising radiation. The purpose 

of the investigation has been to attempt to throw more 

light on the mechanism by '1hich energy migrates within 

the crystalline lattice. 

A general introduction is given to the process of 

fluorescence and the various proposed theories by which 

the excitation energy, which eventually appears as 

fluorescence light, is able to move about in the crystal-

line lattice. This constitutes Part I. In Part II 

I have recorded the investigation or the spectra of some 

of these phosphors under ultraviolet light. The rather 

interesting results which were obtained here were first 

presented in a paper read at the Jubilee Meeting of the 

South African Association for the Advancement of Science 

held at Gape Totom in July 1952.
1 

The inherent dif'fic::ulties 

of this spectral method of approach led me to suggest, 

at this meeting, that it should be possible to determine 

the part played by photon•emiss1on and re-absorption in 

the energy transfer process, if the decay time of the 

fluorescence emission was measured for large and small 

crystals. On returning from this Conference I started 

work on this projeqt. 



At first p.rogre ss was very slow.. This was due 

to the f act that at this time the laborato~y was very 

poorly equipped for research • . In particular, quartz 

optical components ,.,ere urgently needed for the fluori­

meter and could not be obtained. For this reason the 

geologists were consulted and several plates and lenses 

were eventually ground• in their department, from odd 

pieces of quartz and some home~gro~na crystals or alum. 

The optical plates were ground by M.r. H~v. Eales and 

myself and the lenses by a loeaJw optician. The second 

reason tor the apparent lack ot prog~ess during these 

first taw months was my inexperience of research -

especially in the fields of electronics, ultrasonics _ 

and gaseous discharg.es. Thirdly, Professor J .:s. Birks' 

illness at this time lett me somewhat to my own devices. 

However, by December 1952 all the individual units ot the 

fluorimeter had worked and in January 1953 th& first 

decay time results were obtained. A repo~t on the con­

struction of the fluorimeter and the results obtained 

with it have been published in a paper in the "Proceedings 
2 

of the Physical Society11 • 

After completion of this work two lines of develop­

ment lay open; either the "pilot" .fluoritneter could be 

improved, on the experience gained on working with it, 

or the suggestions of Birks' photon theory could be 

followed up. The latter choice \<tas taken. A technique 



was developed whereby the fluorescence of a range of 

phosphors could be photographed under excitation by an 

intense beam or electrons. This work is described in 

Part IV. 

After obtaining results from this section I wanted 

to derive an expression for the time a molecule takes 

to reaoh thermal equilibrium in a lattice when excited 

thermally in the electronic ground state. Dr. G.t. 

Wright suggested that a consideration of the the.rmal 

conductivity might give a method of finding this, as 

the dimensions ot a thermal conductivity contain the 

inverse of a time. By considering this and the other 

thermal coefficients I have wo~ked out the problem 

theoretieally in a fairly simple manner, and the results 

obtained are presented in Part V together w1th a dis· 

cuss ion. 

Part VI desc~ibes some other experiments performed 

with the electron beam on quartz and on glass. Part Vl.t 

gives the results obtained 1iith thin metal foils. The 

results of this seetion have been published in "Nature"• 

At this time in the laboratory it was realised 

that a great deal could be learned about the part playe4 

by molecular structure in determining p~operties of 

fluorescence if a systetnatic investigation of the decay 
o n 

times and spectra was conducted ~ a large variety of 

different phosphors. In this programme I was allooated 



the job of finding a suitable method of measuring the 

decay times ot phosphors under ionising radiation. A 

technique developed by Liebson was used and an original 

method devised whereby a calibrating parameter 'n' could 

be found w1thottt the use of elaborate equip~ent. The 

results obtained here are presented in a summarised ro~m 

and their implications are discussed, It is concluded 

that this technique 1s suitable for a rapid but approxi• 

mate survey of many phosphors . It is suggested that a 

pulsed or modulated x .... .ray technique would give more 

accurate results. 

Fart VIII is the Conclusion. Here I have disoussed 

the two ~~eori~s or the mechanism of ene~gy transfer. 

One is due to Professor J. B. Birks, and the other to 

Dr. G.T. Wright. My own ideas on the subjeat are given· 

at the en(l or this section together with ~t.me e:x.pe.riments 

wh1eh I consider might throw more light on the transfer 

mechanism. 

In the appendix I have put all matter whiQh has no 

righttul place in the main body o£ the text. Appendix I 

concerns the art. of crystal growing; appendix II the 

stabilisation or the high voltage supply for the photo­

multiplier; and appendix III an integral which appears 

in the text. 

I hereby certity that, unless otherwise stated, 

the work done here 1s or1g1~· 
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I 

EARL Ill,. gENERAL INTROWQT:tON 

§ectiQD A, 

~hi Ptscsss gg ,.yprQSCipce 

For an understand1ng of the process giving rise 

to fluorescence in organic crystals we will consider 

first the behaviour or a simple fluorescent diatomic 

molecule. (Bowen 1949). 

&<a} riglecul,at H9del 
. Let such a molecule consist or two atoms X and Y 

separated by a distance ' r ' • If we plot the potential 

energy of the configuration against the separation we 

obtain the familiar Morse curve as shown in Figure I. 

Tl;le eurve ot lowest energy corresponds to the ground. 

state of the moleeul~ and has a position ot equilibrium 

at the point .of minimum potential energy •a•. At higher 

electronic energies we obtain the first electronically 

excited level at B' also with a position of equilibrium. 

This position or equilibrium will be• 1n general, at a 

dU.ferent separation to that of the ground state because 

the molecule may have here a higher rotational energy 

causing a aentritugal broadening. Thus the e~oited 

molecule will interact with the environment to an extent 

depending upon its electronic energy. Above the first 

level are the second, third; •••• etc . , excited electronic 

levels extending up to the curve ddt which has no minimum 

except at infinity. At this energy the molecule will 



• 
·. 

v 

a 

0 

·-
d1atc .. 11a nolacule. Tb Fotonti rw 
•v 1 p:tottod nc;tU.x .. ot tl OG~}~l!'at1on • r' 

of thO cunstituont ntomc, 



2 

no longer remain bound and the atoms will separate. 

The molecule also possesses energy by ~irtu~ or 
the Vibration of its constituent atoms. Hence super• 

imposed upon each of the electronic levels of the mole­

cule will be the vibrational levels. The binding force 

ot the atoms ~rill determine the fre'Q.Uency ., with which 

they vi~rate and the eneJ~gy difference Jl E between 

these vi~tional levels will be given by the quantum 

oonditiont · 

AE. h)J 

The allowed collfigut·ations of the molecule are 

given by the constant energy li~s ee•, rr• etc •• as 

sh~ in the figure~ The atoms vibrate between the 

limits ee•, f£' etc. with potential energy at any in­

stant given by the position on the Morse eurvet and 

with kinetic energy equal to the difference in energy 

between this position and the constant energy line ee', 

it it lies in the ee' vibrational level. 

to determine in what state we are likely to !1nd a 

particular molecule ~e must resort to Boltzmann statistics. 

(Garlick, 1949). The number ot molecules n1 in a 

particular energy level E is given by the equationa 
-E.- E., 

I -
"(\ .=: no e._ KT 

where1 E is the energy of level with population nf. 

Eo is tbe energy of level with population Do· 
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k is the Boltzmann constant. 

T is the absolute temperature~ 

The first electronic level is a tew electron volts 

above the ground state and the separations o£ the 
4 f"'e 

vibrational levels ts or the order of o.oa eV fo~ 

typieal molecUles. The product kT is of the order 

of o.o2 eV at room temperatures. By putting these 

values in the above equation we see that most of the 

molecules are in the lowest vibrational-levels ot the 

grottnd state. In considering the absorption or light 

we can then limit ourselves to molecules in these low 

levels. 

tn the case of organic molecules eompos$d or a 
large numper ot atoms, this Morse diagram must be re­

placed by one 1n many dilnensions to allow tor tne inter ... 

action of all the particles. However, as most of thQ 

properties of fluorescence may be see~ from the simpler 

model, we will use it to explain the basic ideas of 

emission, quenching and resonant transfer ot energy in 

organic phosphors • 

. A ~1(2 ilJW£fU}Cenqc 

Having obtained now a suitable model or the mole­

cule let us consider what happens when it absorbs light 

and becomes excited. Later we will consider the more 

complicated process ot excitation by ionising radiation. 

From the above we see that the light '-Iill be 



absorbed by a molecule in one of the low vibrational 

levels or the ground state, Its energy ~Till rise 

along the vertical line AA•. Accor ding to the Franck• 

Condon princi}Jle (Mott and Sneddon, 1948), the momentum 

and separation of the molecular constituents will not 

change appreciably during the t ime for this electronic 

transition. Thus on the diagram the line Will be 

vertical and tfill meet one of the vibrational levels 

ot the excited state at such a place that the momentum 

condition ~dll be satisfied in this level. Owing to 

the different positions of equilibrium in each level, 

the molecule may be i.n both an excited electronic state 

and a high vibrational level. This uhotrt molecule will 

dissipate its excess energy in one of three ways. 

Firstly, it it is strongly coupled to its neigh~ 

bours it will quickly reach thermal equilibrium with 

them by dissipating its excess v~brational energy before 

the optical transition to the ground state will have a 

chance to take plaoe. fhis optical transition, which 

is the fluorescent emission or light, will then co~r.~s­

pond to the ret~n pRth BB•. From B !t will lose further 

thermal energy until it again reaches equilibrium with 

1.ts neighbours in the ground state, 

The second possibility occurs if tne molecule 1s 

not $trongly coupled to its neighbours. In thi$ case 

the optical transition may possibly occur before the 



molecule has reached thermal equilibrium. The mole­

cUle will then be able to make any transition between 

A "A and B•B. This is known as a resonant transition 

since ~ the processes of emission and absorption can 

occur at the same frequency and are thus thought of as 

being in resonance. This would result in a strong 

overlap of' the emission and ab$orption bands .. 

The third case occurs if the molecule rises into 

suoh a high vibrational level that the constituent atoms 

move to D, where tbe ground and first excited states 
approach each other very clos&lY• At D a non-radiative 

t~ansition from the excit~d state to a high vibrational 

level of the ground state can oeeur, and all the energy 
is lost as heat to the latt;lce. l.f the probability of 
this process is q per unit time and the probability per 

_L 
unit time of the optical transition is. Pt then t+f 

of the absorbed photons '\d.ll be lost as heat. The quantum 

effi~ieney, which is defined as the ~atio or em1tte4 

photons or tlourescence to absorbed photons, will then 

be I -A-· f.;, • A rise in temperature will increase 

the population or the higher vibrational levels of the 

ground state, and hence will increase the probability 

of a transition to an excessively high vibrational 

level in the electronically excited state. This will 

inerease the probability of non.radiative dissipation 

of energy and thus decrease the quantum efficiency of 
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the J:;rocess. 

In some molecules the position at which the con­

stituent atoms are in equilibrium (in each of the ex­

cited states) may be a~~roximately the same. In this 

case transitions from the ground state to a higher 

electronic state will take place between the ground s,tate 

and only the low vibrational levels of the electronically 

excited state. The reason for this is that the momentum 

condition of the Franck-Condon l'rinciple must be obeyed 

so that the absorption coefficient for radiation will 

be small except for transitions into the lot-i vibrational 

levels. The factor q will be small and the quantum 

efficiency high. However, the emission and absorption 

bands will strongly overlap one another and the material 

will not be highly trans~arent to its fluorescent 

radiation. 

A <c) S~okes' Law 

It can be seen from the model that, in general, 

some heat will be dissipated to the neighbours in each 

ot the emission processes. This loss of energy between 

the absorbed and emitted photon will cause the fluorescent 

light to be of longer wavelength than that of t he ab­

sorbed light as is in agreement with the classical Stokes' 

Law (Pringsheim, 19~9). This law states that the 

fluorescent light will be of longer wavelength than the 

absorbed light. Anti-Stokes' emission can be accounted 
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tor by the same model. 

If a molecule, in a high vibrational level or the 

ground state, rises to a low vibrational level of the 

exoi ted state and returns via B'B the difference in the 

vibrational energies will be converted into electronic 

energy which will give light of shorter wavelength than 

the absorbed light. This ~rocess has a smaller pro­

bability of occurrence than normal Stokes• emission. 

If the higher electronic levels are excited in the 

molecule instead of the first level only (whether by 

light or ionising radiation) the energy is degenerated 

by dissipation of heat to the lattice, and the return 

path is generally believed to be down MNO into th& first 

excited state. (Pringsheim, 1949)• From here it may 

make the optical transition to the ground state \!Tith the 

same emission as that for the first electronic level 

directly excited. The spectrum of the emitted light 

will be or the same shape, regardless of the energy or 

excitation up to the ionisation level, Above ionisation 

or energy or dissociation we are no longer considering the 

same molecule so that the recombination spectrum might 

contain high energy components not found in the normal 

emission spectrum. It is supposed that the time for the 

return path via MNO is so short that the chance of a 

direct optical transition from any ~oint along it is 

negligible, compared to the probability of the transition 
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from the first excited state. This is based on the 

experimental evidence that the observed fluorescent 

spectrum is independent of the wavelength of the ex• 

citing light. This implies that the energy must have 

been thermally dissipated to the level of the first 

excited electronic state before an appreciable amount 

of light could have been emitted. An alternative ex• 

planation of this has been put forward recently by 

Birks (Birks 1952). Howevert this will be considered 

~ate~ 1n the light of some of the experimental results. 

This simple model explains satisfactorily the 

fluorescent behaviour of the organic phosphors like 

anthracene• naphthai'ene and stilbene. These are all 

ci'ystalline phosphors 1n whieh the molecules are rigid 

struct~es barely perturbed by environment and loosely 

coupled to one another 1n the lattice (Birks, 1953). 

Theil:' behaviour should correspond closely to that of the 

second type conside~ed above, in which the emissiori and 

absor~tion bands strongly ov~rl~p and the quantum 

efficiency is high. 

Part I. ,Section ij 

<a) Enel'gy Transfer Proo;e§ses in Orga.n~c Phosphors 

Bot<ren and others (Bowen et alt 1949; Ganguly, 1944) 

have shown that the molecule in a crystalline lattice, 

which emits light in the fluorescent process, is not 

necessarily the same molecule which originally absorbed 
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the exciting light. This implies that the excitation 

energy is capable of moving about within the lattice ot 

the phosphor. Several theories have been put forward 

in order to e~plain this energy exchange process. We 

will consider these in turn after reviewing some of the 

experimental eVidence. 

Bowen et al (1949) studied the energy transfer pro­

cess by investigating the fluorescence or solid solutions 

ot the phosphors containing a small known amount of 

imJ;uri ty in the benzene ring series C4-n. + 2 R2n + lt. 
Figure 2 shows the results they obtained with (a) 

anthracene 1n napthalene; (b) naphthacene in anthracene; 

and (c) acridine in anthracene. These results were ob-

tained by measuring the relative intensities ot the light 

transmitted by suitable filters selected so as to trans­

mit either the fluorescence or the host or o£ the 1m· 

parity. Three points should be noted in these results. 

Firstly, in the case o~solutions ot anthracene in 

napthalene(solld)it was arranged so that the exciting 

light was absorbed princi~ally by the host. Thus it 

can be seen tbat even at concentrations as l0\-1 as l0-5 

gm/gm of impurity• an appreciable amount of the absorbed 

light energy is transmitted to the impurity. Secondly, 
in the naphthac ene o ase 've have a similar eff' ic ient trans-

fer of energy, but where the concentration of the impurity 

exceeds 10-3 gm/gm the efficiency of the phosphor rapidly 
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drops to a very low value. This is due to the 1mpur1 ty 

molecules being too close to one another in the anthracene 

lattice with .. a resultant quenching of the fluorescence. 

~hirdly, with acridine in anthracene, at the same low 

concentrations, it can be seen that the acridine captures 

the excitation energy, and, as it does not fluoresce 

itself, degrades it to heat without the emission of light. 

At these very low concentrations of the impurity 

1t is necessary to postulate some mechanism or transfer 

of energy which allows the energy to move through a large 

number of molecules. This enables the few impur-ity 

molecules which have a high capture cross-section tor the 

energy to capture the excitation energy. At these im­

purity centres the energy is captured and emitted as 

fluorescence which is characteristic of the impurity 

(e.g. anthracene in napthalene) or, ·alternatively, it 

mar be quenched, as in the case of acridine. 

At the time W'hen the experimental work to be des­

cribed in this thesis was started (January 1952), four 

theories had been put forward in an effort to explain 

the transfer of energy in these organic phosphors, We 

will consider these in turn. 

B (b) Theories gt th§ Jnergx Transfe; Prgcesses 

(I) Energx trQnster by EAOiQn emission and re­
absQ&pta,on. 

The first suggestion to account tor the above results 
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was that the host molecule absorbed the inCident ex­

citing energy, and emitted a fluorescent photon which 

was then re-absorbed by the impurity, and re-emitted 

as the characteristic fluore3cence of the impurity, 

(Bowen 1949; Bowen & Lawley 194-9) • Evidence in 

:avo~ of this process 1s provided by the fact that an 

efficient transfer of energy to the 1mpurity takes 

plao~ when the absorption bands of the impurity strongly 

overlap the emission bands of the host. H~rever, Bow$n 

discarded this theory on the grounds thats 

(a) the fluorescent spectrum or the host suffers no 

change when it contains the impurity, whereas '\'le should 

expect, trom the above theory, that the structure of the 

absorption bands or the imp~ity would alter the observed 

spectrum of the host•s emission. 

(b) the intensity of the impurity's emission is greater 

in mixed crystals than in homogeneous mixed sols of the 

same compos1tion.. This indicates that the lattice plays 

an important part in the ~ne~gy transfer process. 

(c) when the crystals are dissolved in benzene, the 

tran3fer process disappears and the emission becomes 

solely due to the original host molecule. (Ref. Birks 

l95'3>· 

Bowen et al considered that this was sufficient 

evidence against this theory to make it necessary to 

find some other mechanism for the transfer of the 
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excitation energy. Franck and Livingston (19lt9) 

considered three other procresses of energy transfe~ in 

organic materials. They are electron migratio~ 

exciton mig~ation and sensitised fluorescence. Electron 

migration may be summarily dismissed, as B~4en used 

an .energy of excitation which was below the ionisation 

level of the molecule so that the exchange ot ene~gy 

be~een nearby molee.ules cannot take place by the motion 

or the released electrons. Liebson (1952} observed 

further. that even under excitation by gemma rays, the 

photo-conductivity is very small, so that even at these 

· high energies of excitation this mode or exchange is 

relatively unit:Lportant. We will consider the two 

other processes; exciton migration and sensitised 

fluorescence. However, as there appears to be some 

confusion in the literature ov~r the question ot sensi­

tised fluorescence this ~ill be considered in two parts.t 

firstly, the intermediate host molecules between the 

excited hOst molecul$ and t.he impurity take part in the 

transfe~ of the excitation energy to the impu~ity; 

seoondly., they do not take MY part, and the energy is 

assumed to jump from the excited host directly to the 

impurity. 

(hil Energx T£ansfe£ by EJciton Misr§l1on 

The Exciton 1s defined by Frenkel {Mott and Sneddon 

1948) as "an electron and a positive hole existing ••••• 
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•••• in a series of states ••••• in which they are 

bound in one another's field". Bowen uses this term 

in a different sense, justto label the position ot 

tbe excitation energy at any moment~ 

As the electron is bound in the Coulomb field of 

the positive hole, the absorption bands of this will 

be similar to those of the hydrogen atom, with th$ 

levels broadened by heat motion. This, Franok and 

Livingston co~1der should be shown by an additional 

series ot bands in the absorption spectrum of the solid 

crystal as compared to that ot the solution or gas, 

In a typical organic phosphor like anthracene, in vh1oh 

a migration of energy takes place, the crystalline 

absorption spectrum is similar to that ot its solution 

in alcohol and to its gas, except that the maxima suffer 

a slight shi.!t to longer wavelength (Garlick, 19~9) • 

This appears to preclude this type of energy transfer. 

(J;ll) iMJ:£X Tr<mste.£ bx Sensi't(j~ed FlJlpr escEUlC..Jl• 

The idea of sensitised fluorescence is taken 

directly from the process ot the saroe name in gases 

(Arnot). For example, if mercury vapour and a small 

quantity of thallium vapour be excited by the resonance 

line of' mercury, the mercury atoms \'7111 strongly absorb 

the light whil~ the thallium will not. However, an 

excited mercury atom on colliding with a thal lium atom 

can transfer its energy or excitation to it. The 
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difference or energy of the excited states in the two 

atoms will be equalised by a change of the kinetic 

energy of the parting atoms. When this takes place 

the mercury emission will be quenched and the tl1allium 

spectrum will appear in its place. The probability 

of such an exchange taking place increases rapidly as 

the energy difference between the excited states of the 

two atoms is decreased. If this condition of resonance 

or near resonance is fulfilled, the transfer of energy 

c an take place over large distances o£ the order or 50A 

in gases. 

We might expect a similar process to occur in a 

crystalline lattice in which the absorption and emission 

bands of the constituents overlap. However, here we 

must draw a distinction between the process in gases and 

that in a solid lattice. In the case or a gas it is 

immaterial v!hether we consider that the excitation energy 

is capable of being transfer red bet~een similar molecules, 

or only between the host and the impurity, for the 

individual atoms are moving at random throughout the 

whole volume of the containing vessel. In a solid, 

though, the individual atoms are restricted to a fixed 

position 1n the lattioe and it becomes very important 

whether transfer may take pl ace between similar molecules 

or not. 
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(I.I) (a} Transfer between similar mo1ecu1es. 

In an organic phosphor the emission bands of the 

host are kn~v.n to overlap both the absorption bands of 

the host and of the impurity, it an efficient transfer 

of energy to the impurity takes place. Also, the molecules 

lie very close to one another so we might reasonably 

expect a transfer of energy in the lattice to take place 

in the following waya at each vibration of the excited 

moleoule, it vtould a:r.proach one of its neighbours very 

closely and a transfer of energy could take place. This 

next mo~~oule would no1N become excited and could transfer 

the energy to any one of its neighbours in a like manner. 

As the period or vibration is very short compared to the 

time for the optical transition back to the ground state 

(lo•12 sees compared with about lo-8 sees), the excitation 

energy (or Bowen•s 'exciton') '~uld pass through a great 

many molecules before being omitted as fluorescent light. 

If the excited molecule should come adjacent to one of 

the impurity molecules, the impurity woula trap the 

excitation energy. The reason for this is that the 

energy levels of the impurity are slightly lower than 

those or the host, so that the impurity 'rould act as a 

potential well. Wright (1953) has successfully used 

this theory to account for the results obtained by Bowen 

et al and for his own results on mixed crystals. 
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<l:til ~(l>._l _Trcm~'fll· 2$ . ~.n..e.tg:z .t2 LJrQ.~r•~~ .Qiij.¥• 

In gases it has been observed that energy may be 

t~ansferred over distances of the order of 50A in this 

process of ~ens1t1sed fluoreseence.- Some workers have 

interpreted the analogous case in the organic phospho~s 

as an ove~lapping or the wav~tunetions or the host and 

i.mpnrity molecUles over distances ot the same order. 

It is considered that the R~obabilities for the fluorescent 

em1ssion of the host and the transfer of the energy to 

the 1Jnpu~1ty are about the srune,. The 30 odd molecules, 

w~ich wo~d :J.~e in the path of the interaction, to account 

to~: the lafge captm.-e c:oss ... section ot t he impurity• are 

assuoed to play no part· 1n the transfer of the energy. 

(See Birks, 1953)~ This theory 1s open to the obvious 

criticism that physiC.ally 1t is very di!fi~ult to see 

how the wave-functions of the molecules could interact 

so st~ongly over large distanees and yet leavG the other 

host ~olecules eompl.etely 1.Ulpertu.rbed.. It is even more 

diffieul. t to s~e 'rhy the other host moleonlea should not 

accept this energy when they ar:e mueh more in re$onance 

with the excited moleCUle (being identical molecules} 

than the impurity. A possiPle way out of thi$ impasse 

is for the tr~sfer of the energy to take placa b7 the 

actual emission and re-absorption or a photon •. 

' 

1 
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Figure 3· Relative Emiss1on of Anthracene (A) to 

Naphthalene (N) in Mixed crystal of concentration 

x grams I gram of anthracene i n naphthalene. 
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PAh T II, SPECTRAL 11EASUREMENTS ON ORGANIC PHOSI-HORS 

Sectiop 4 

!!Ja.t:lY W or\) 

Bowe~ et al (1949) prepared specimens or mixed 

crystals of anthracene in a naphthalene lattice. They 

irradiated these 1·Tith u1 traviolet light and measured 

t he intensities of the anthracene and naphthalene 

emission as a function of the concentration of the 

anthracene. Their results are shown in Figure 3, and . 
I(~ I 

could be expressed by the formulae: 11:. I+IC"X 1 ft::: 1-;;x, 

where: x is the ratio of the number of molecules of 

anthracene to the number of molecules of naphthalene: 

k is the relative probability of capture of the 

excitation energy by the anthracene to the 

probability of the capture of this energy by the 

naphthalene: 

A is the anthracene intensity: 

N is the naphthalene intensity. 
4 

The value of 'k' \oJas 5 x 10 , BOlten et a1 con-

sidered that this ruled out the possibility that the 

energy coUld be transferred entirely by the simple 

emission of the naphthalene's fluorescence and subsequent 

absorption by the anthracene. The relative absorption 

coeff icients were nowhere l ar ge enough to allow such a 

large transfer probability. Bo\lren, therefore, postulated 

a theory of energy transfer by quantum mechanical 
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resonance between adjaoent molecules. 

Birks (1950) had measured the same ratio by a 

scintillation technique. He measured the relative 

pulse height of the anthracene emission and the naphtha­

lene emission using a photomultiplier and filters to 

detect and filter the light,and electrons from lndium 

J.ll.t- and eJ.pba particles from Pot.IOto excite the phosphors. 
. . 

His alpha particle and electron results agreed with one 

another and could be expressed by a similar relation to 

Bowen's results. HOlrevert the value of the parameter 

1k 1 came out to be lf-3, 

Birks • and BOt-Ien • s experinl$nts v1ere done under 

~ather diffe~ent experimental conditions, and it was 

!elt if these measurements were repeated using the same 

~z-,-~-t~s under ul tra.violet anti i!'nising ;radiation 

then the true difference between the values o! 1k' 

by the two methOds or determination could be found. 

Thus any theory: of the energy transf'E)r process would 

have to a~oount tor this difference in the capture 

parameter k in the two eases. 

<a> <&) Pr!14Jninvx hPifWntaJ. W:grl$ 

A $1mple fluorimeter was set up to measure the 

ratio or the anthracene emission to that of naphthalene 

in a series of mixed crystals of different concentrations. 

See Figure ~. The methods by which the crystals were 

grown are described in the Appendix. The fluorimeter 
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19 

consisted of a type EM.l 6262 photomultiplier 1n a 

brass container with a circular lid able to rotate and 

with three window-s :Ln 1 t. over one was a tU ter vi th 

the transmission characteristics shown in Figure 5(1). 

OVer the second window\es mounted a Wratten filter with 

the characteristics shown in 5(11) • The-se transmission 

curves were measured on a Cenco...Shaard Spectropho~elo- · 

mete~. The third hole was left uncovered. The filters 

were chosen to differentiate as tar as possible between 

the ~wo components of the emission in the anthracene/ 

naphthalene ·mixtures. · The lid could be clipped into 

one of three positions, allowing the light to pass through 

either of the two filters or through the clear hole. 

The crystals under observation were mounted in ~ront 

of this box andlSre excited by light from a low pressure 

mercury arc, from which the 2~mu mercury line was 

selected by a quartz monochromator. This particular 

line was chosen tor excitation since 1t lay outside the 

sensitive range of the photomultiplier. This made it 

possible to ignore any light from the surface or the 

crystals whioh might be scattered on to the photo­

mUltiplier. The phototube was operated by a high-voltage 

stabilised power- supply wbieh is described in Appendix 

2. The current from the collector anode was measured 

on a sensitive galvanometer. For lot~ light intensities 

the current is proportional to the intensity of the 
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light impinging on the photomultiplier. (~ren 1953). 

(A> <pl Method or twasurement 

The filter factors tor the anthracene and naphtha­

lene emission had first to be determined for the tlto 

filters. A crystal of pure anthracene was placed in 

position in front of the phototube, and the deflection 

for each or the three windows noted. The reduction 

factors for the two filter$ were thus found. This 

was repeated for naphthalene. It the factors fo~ 

the first fU ter are F1 and F2t and for the second FJ 

and F~ tov anthracene and naphthalene respectively, 

th$n the reading ot the galvanometer fot each of the 

tbrea windows observing a mixed crystal might be expect~d 

to 'bet 

01 a ~(AFl + NF2) 

~2 w li(AF3 +- N!\,) 

Q3 = B(A + N). 

B = constant. 

We have three equations !rom lthich to obtain B 

and the ratio A/R. This will give two values of this 

ratio which :itould be identical. 

The experiment was earried out, but the values 

ot A/N did not agree with one a.notbel'. This ean be 

explained 1f we assume that the filter factors for the 

emission or the anthracene and naphthalene light from 

the mixed crystal are different to those from the 

$eparate pure crystals. This implies that a variation 
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Figure ~· Apparatus for Fluoresce~ce Spectra. 

(a) Mercury Lamp. 

( b ) Quartz i,ionochromator. 

( c) Crystal specimen. 

( d ) Grating spec to graph. 

( e ) Photomultiplier. 

( f ) Cooling fan. 
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in the Sfectra occurs in the mixed crystals. This 

sr•ectral shift lTOuld have a major effect on the at:parent 

value of the parameter ' k' 9 so its investigation Has 

considered of impor·tance. 
Section B 
.{_i).} (c) ll1easu,t!iment, of Flyor~§cent S1:;ectra 

It ~ras decided to measure the· variation of the 

in-tensity of the .fluorescent S~eetrum with \1aVelength for 

crystals of different sizes and of different concentrations 

of anthracene in nai,:hthalene. It was necessary to deter­

mine the enission of the pure crystal of both the com­

ponents i . e . anthracene and na1·hthal.ene: 
Exper1men~a1 AJ:rangewent , 

Figure 6 sho~rs diag.rammo.tically the ex}:..e.rimental 

arrangeUJ.ent a The crystals t-Iere excited by the mercury 
254 mu line selected, as before9 by_ a quartz monochromator. 

The crystals were mounted at the entrance slit of a grating 
spectroJ,hotelometer uhich .t·Tas adapted for ·these ueasure­
ments by re~lacing the barrier-layer ~hotocell ( as radiation 
detector) by a photomultiplier EHI 6262 in order to obtain 
greater sensitivity. The integrated current was again 

mer~sured on a sensitive galvanometer. The !-·hotomul til--lier 
'I:Jf.lS 01)erated !'rom a stabil,.ised 2KV Pouer SUPJ.·lYo 

For the measured spectra to have any absolute value 
for the determination of the paraoeter 'k'~ it is ess~nt1al 
that: 
(a) the Sl.:ectrophoteloruete.r be standa.rdised for variation 
Of transmission for different i:JaVelengths; 

(b) the variation of the response or the photomv~tiplier 

dth \lravelength be kn01:rn; 
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(c) any effect due to ·stray light from the monochromator 

be eliminated • 

. on (b) Ste.ndardisit1on of tb9 Swectror.hotelometer 

The Cenco-Sheard sr)ect:ro:t-hotelomete.r \'7hich \'laS 

used for these measurements had been stanuardised for 

variation of transmission vr~th '\!Javelength by Dre ~J! .E. 

Szendrei who used a standard lamp of .kn~~ colour tem­

perature . The c:llipra:t ion CUI'Ve is shown in figure 7. 

The varia.tion of tl,ansmission. t-rith t-ravelength, but not 

the absolute transmission coei'fici(;;lnt, 't-ras determined. 

U.}.l (c) Photomultinlier Fes-eonse 

The absolute determination of the res},onse or a 

~hotomultiplier to light of different wavelengths is 

an extremely long and difficu.l t 1--iece of 'l·rork, so i·t 

t-tas decided to use the at1troximate curve as SUf)!lied by 

the makers. The t.t•ue curve is kno'lvn to differ aJ;:r-reciably 

£ . .:-om the mean for individual tubes (Engstrom 1952); 

but as \:Je \'19I'e principally interested in that par·t or 
the S:f eCtl'Ulli vhere ·the .rest:onse of the tube is deter­

mined chiefly by the transmlssion or the glass envelope, 

this could be reasonably expected to be more nearly 

the same for each tube . Figt~e 8 gives the variation 

or the res1:;onse of the l_;hototube and Si_.·ectrometer. 

The spectra recorded here uere corrected for this 

variation of res1.onse with t1avelength. Subsequently, 
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the spectral response curve of the photomultiplier w~s 

measured by Dr. M.E. Szendrei and found to agree well 

with the maker•s curve. 

<1> (d) Cbepk for scattered light 

In order to determine how much ot the beam of 25~ 

mJl radiation coming from the monoahromator was light 

of longer wavelength (due to internal scattering in the 

instrument), the apparatus of the preliminary experi-

ment was again used. The total current from the photo­

tube was measured for different settings of the mono­

chromator, the light from "rhich excited the fluorescence 

of an anthracene cryatal. Figure 9 gives the curve ob­

tained. Any stray light can be expected to be ap~reciably 

con~t.ant for small variations of the setting of the mono­

chromator. The figure shows that the stray light 

amounts to less than 2% of the total emission of fluorescent 

light from the crystal, and can bG reasonably neglected 

l'Jhere the fluorescence is strong, as in anthracene. 

(B) (e) Instrument setting an4 adjustment of Ate Lamp 

In order to obtain themaximum signal to noise ratio, 

i.e. the maximum ratio or 254 ~ radiation to stray light, 

the monochromator was adjusted to have a wide entrance 

slit and an exit slit just broad enough to allow the 

entire line-breadth to pass through. This widening of 

the exit slit further only increased the amount of stray 

light, without adding to the exciting radiation. 



·h. c.... 

The most efficient use or the spectrophotelometer 

is made l.'lhen the exit slit is made as wide as the de­

crease in resolution will allow. The reason for this 

is that if a fine exit slit is used, the stray light of 

the mercury lines will be comparable with the fluorescent 

light at these lines, 't-thereas, by opening the slit further, 

more fluorescent light 1s admitted while the amount of 

mercury light from the narro"rly defined lines remains 

constant. Then the fluorescent light can swamp the 

lines at the expense or resolution. (Harrison). 

(B) (f) Mercurx LamD 

The mercury lrunp used was of the low pressure 

type .run on direct current in an envelor e of fused quartz. 

The power for this was obtained from the D.C. Mains. 

Once thermal equUibr1um t-ras reached, the intensity of 
- ... 

the light was steady enough to do without any additionBl 

stabilisers. The initiat~on of the discharge was 

stabilised by a large inductance and resistance in series 

with the input-leads. At first it was found that the 

inttmsity of the lamp fell on heating and no increase of 

the potential across the lamp could make the intensity 

increase. As the intensity of the lamp '\>Tas not sufficient 

to take readings on the ~corer phosphor naphthalene, a 

cooling fan was fitted in order to cool the lamp and so 

allow it to operate at a higher current. By use of a 

miniature fan, the intensity was increased by a factor 



of four~ The improvement was so good that it was 

thought worthwhile to consider the possibilities of 

water cooling the lamp. 

A tofater-tight container was built with a sealed .. 

in window of quartz arranged so that cool tap water 

could circulate round the lamp., The cooling circuit 

was very efficient and currents of up to 20 amps could 

be passed through the lamp thus causing an increase 

in intensity of ten-fold over that obtained by ai~ 

cooling. However, the tap water was found to contain 

sufflaient impurity uith the result that while the 

visible emission was increased ten times (as measured 

on an exposure meter~ in fact, the emission at the 2~ 

mp. lravelength \'faS reduced due to the strong absorp~ion 

by impurities in the 1>rater.. The air.cooled lamp was 

therefore used tor the measurements~ 

CAl <6) Crxstlli 
The anthrQ.oen~ ru;~d in thg sin&le crystal measure­

ments was obtained from National Radiac Inc.,. while 

the anthracene, used tor measurements on microcrystals, 

mixed crystals and some or the powder spectra, was 

obtained by Professor J.B. Birks from Professor J,W. Cook 

(Department of Organic Chemistry, Glasgow University}. 

The naphthalene used in the mixed crystals was the 

purest available commercial naphthalene from Schering-

Kaulbaum A.G. Berlin. It \>tas not sr ecially purified 
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Figure II • ( a ) Ant hracene-naphthalene mixed crystal spect.rmllo 

(b ) EO\fder spectrum of anthracene. 
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Figure 12. Anthracene-baphthalene crystal from 

0.1% Melt. 
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before use and hence might be expected to contain 

mim.tte traces of anthracene. (Bowen• l95'2). The 

diphenyl-acetylene was obtained as a scintillation 

crystal from National Radiac lnc. 

§1gtl9n c, Ri§ULT§ 

AQ.th:aceu 
Figure J.O shows the fluorescent spectrum ot 

anthracene crystals of different sizes. The lowest 

curve 1n the diag.ram is the spectrum or a l em. cube 

viewed through the thickness ot the crystal. Spectrum 

(b) is that ot anthracene p~der deposited on a quartz 

plate, while (~) is that or a very fine deposit ot 
microcrystals. These crystals were formed by evaporat­

ing to dryness a \-Teak solution of anthracene in xylene 

on a quartz plate. The intensity scales or the two 

crystals and the pO\-rder we.re normalised at a wavelength 

of 445 mp. It ean be seen that the spect~a coincide at 

wavelengths longer tho.n this. Preferential absorption 

of light of l-Tave.lengths less than lt45' mp. occurs in the 

thicker crystals. 

AatAti9ft.M Soliq Soly.tism 

Figure II shows the spoo tra obtained from an 

anthracene/naphthalene mixed crystal grown from a melt 

or l.O% concentration of anthracene to naphthalene, 

compared with the powder spectrum of Figure 10. These 

are strildngly similar. 
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In figure 12 are the results obtained for a 

crystal or 0.1% anthraQen~ in naphthalene. The 

further shift t01-1ards the ul t.ra-violet can be seen 
. ~ ... . 

and the spectrum is similar to that ot the microcrystals 

o.r pur~ anthracene. The small bump at the short ~1a.ve 

end is due to the naphthalene component. In f'igu.re 13 

are shown the spectra of (a) the fine powder and (b) 

the transmission spectrum or another arystal from 

the 1% anthracene in naphthalene melt. Figure l~ 

shows the $peetrum of a crystal grown from a o.oo1~ 

anthracene in naphthalene melt. Curve (a) is or a 

? mm thick crystal viewed in transmission, while (b) 

show·s the reflection spectrum of a fine powder rubbed 

fr()tn the same crystal on a ground glass plate. When 

this spectrum was taken it was noted that local differences 

in conoentration or the crystal gave powder spectra or 
considerable variety. A typical spectrum is illustrated. 

lfaphthal;pe 

Figure l~ shows the spectra obtained with naphthalene. 

The c~ystals were grown from the purest commercial 

naphthalene available, but probably contained minute 

quantities of anthracene or other imp~ities. This 

would account for the spect~ extending into the visible 

beyond ~0 mp, which, according to Bowen (1952) does 

not occur in the case of pure naphthalene. The first 

spectrum is that of a 4 mm thick crystal of naphthalene 
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Figure 15. Naphthalene Fluorescence spectrum. 

( a ) Transmission spectrum of 4mm crystal. 

(b) Reflection spectrum of 4rr~ crystal. 

(c) Microcrystal spectrum. 
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vie\red in transmission, (b) is the renection spectrum 

or the same crystal. Again it can be seen that some 

or the light of short ,.,avelength is preferentially 

re-absorbed within the thicker crystals. A fine powder 

deposited from a xylene solution on to quartz gave spectrum 

(c). The curves are probably unreliable at wavelengths 

below 330 ~~ where the correction factor for the in• 

strument is very large. 

D1phgPJ1-actt~gne 

ln Figure 16 the spectra of diphenyl~acetylene 

exoit~d by 2~ ~ radiation are shown for different 

thieknesses of crystal. (a) is the .fluorescence spectrum 

or a 1.1 em. thick crystal in transoission. (b) is that 

of t. 3 mm crystal and (c) is that of a tine powder de .. 

posited 011 quartz. Again a spectral shift to shorter 

wavelengths is seen as the size of the crystals is reduced. 

S~ction p, DISCUS§ION 

It has been sho~:.n that in the case or pure anthracene 

and pure diphenyl~a~etylene, the size of the specimens 

observed determines the shape of the emission spectrum. 

In both cases it is seen that the maxima of the curves 

shift towards the sho.rter wavelengths as the s1ze of the 

specimens is reduced. This can be explained if the taU 

of the absorption spectrum continues through a considerable 

portion of the emission bands. If we take these two 

phosphors as typical examples or an organic phosphor, 
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then we see that internal absorption of the emitted 

light plays an important part in determining the 

position and shape of the emission spectrum in crystals 

ot the a1~ used for scintillation counting ( _, 1 em. 
' 

cube). 

Thes~ res·ults do not show whether the re-absorbed 

light is ro-emitteu, or lost as heat to the lattice. 

It is }..'ossihle that the quantum efficiency tor the 

emission process changes when the exciting wavelength 

lies within the normal emission region of the crystal. 

Here it may be so low that, effectively, all the re­

absorbed light 1s iost as heat in a large crystal. 

Only if an appreciable amount of this re-absorbed 

light is re-emitted can we say that an appreciable 

amount of the energy-transfer process takes place br 

photon emission and re-absorption. 

In the solid solutions of anthracene in naphthalene 

a similar shift towards the shorter wavelengths, as 

found for fine powders of the pure solid anthracenet 

took place when the concentration of the impurity in 

the lattice was reduced. The emission spectrum or a 

fine powder of anthracene was found to be very similar 

to that of a weak solid solution of anthracene in 

naphthalene. This clearly indicates that the ~rinc i pal 

cause or the shift in spectrum in solution is due to 

simple reduction in the self-absorption of the solute 
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itself as the concentration is reduced. Koski (1951) 

has i nterp-reted simil a.r results of an ex1-eriment on 

weak solid solutions of anthracene in polystyrene as 

due to the different molecular environment in whi ch the 

solute is situated. The shift that he observed uas 

of the same order of magnitude as that found in 

naphthal~n.e and nay be partly due to this reduced self­

absorption. Shifts have been observed in the absor}tion 

spectrum of some molecules 't'rhich indicates that the 

environment does play some part. 

In all spectra the size of the crystalline specimens 

had a major affect upon the observed spectrum, except 

in the case of the weakest solid solution of anthracene 

in na._;hthalene . In this case the spectrum or the 5 mm 

thick crystal "ra.s not arpreciably different from that 

of the fine pouder i'rom the same crystal. Yet the 

efficiency of the transfer process of the excitation 

energy from tho naphthalene lattice to the ant~acene 

must have been about lOO% as shown by the lack of ·any 

naphthalene emission. This strongly suggests that 

some agent, other than the simple emission by the host 

and subsequent absor(tion of the emitted light by the 

impurity, is responsible for the trans!ort of energy 

at lou impu.ri ty concentrations . 

Pij.OSjJQOF Effiei<.~ncy 

The results on diphenyl-acetylene raise an interesting 



point. Dr. M.E. Szendrei (Birks & Szendrei, 1953) 

noted that the spectrum of anthracene did not suffer 

any appreciable ohanie when the crystal size exceeded 

l mm. At the same time it can readlly be seen from 

the spectra ~n Figure 16 that a very appreciable ehange 

occurs 1n the spectrum or diphenyl-acetylene even when 

the crystal is increased in size from 3 mm to ll mm. 

If any of the light whieh is absorbed 1n trave~s1ng 

this extra 8 mm is not re-emitted, then the efficiency 

as a phosphor or the ll mm crystal will be less than 

that of a smaller crystal, if the comparison be made 

with a crystal of anthracene ot the same size as the 

speeimen in each case. King (M.Sc. Thesis, Rhodes 

University 1952) noted a discrepancy in the values ot 

the ~ublished efficiencies and suggested that such an 

absorption might account for it. Diphenyl-acetylene 

was particularly anomalous in the values whieh he listed 

and it was examined for this reason. We thus conclude 

that the efficiency of a phosphor is a function of the 

thickness and the shape of the 'tail• or the absorption. 

~§Ction 1~ 

ponplusiQD 

The results obtained from these spectra raised 

points of interest, in that they served to show the 

difficulty of obtaining a reliable value for the transfer 

parameter k. Ideally, if we could obtain a perfectly 



homogeneous mixed crystal of known concentration we could 

observe its emission spect~, correct it for the 

variation of the sensitivity or the detecting apparatus 

tor wavelength and then integrate the area under the 

ourves for the anthracene and naphthalene components. 

The ratio of these would then give the ratio of the 

light emitted by the two components, and, knowing the 

concentr~ti('n we could immediately find k. The 

difficulties 1n doing this are as follows • 

. It is inherently very difficult to grow homog~neous 

large crystals from a melt of a mixture of two materials .. 

The crystals formed tend to beoome more pure, and, con• 

saqucntly, the conoent~ation of the mother liquor '\>Till 

change as the c~ystallisation proceeds. 

Anthracene/naphthalene crystals are a bad choice, 

tor the naphthalene readily evaporates at room tempera­

tures. In a mixed crystal we would, therefore, expect 

an increase in concentration of the anthracene towards 

the surface. 

It would be necessary to measure the concentration 

. of the anthracene in the mixed crystal after it had been 

used for the spectral measurements to ensure that the 

concentration had not been changed by either of the above 

causes. 

Because or the relatively low intensity of tne 
light source and the insensitivity ot the detector, the 
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spectral resolution obtainable ,.;as poor. 

To obtain a reliable value of k, the emission of 

the nnth.racene and naphthalene vhould be comparable 

in intensity. At such concentrations the ef'.f'ic1enoy 

of the phosphor is very low and the light is spread , 

over a wide interval ot wavelengths, so that the signal 

strength at any one tor~.velength is low. It -was found 

that the ngnal. strength was only slightly above noise 

and no reliable spectra. for extremely \'Teak solutions of 

anthracene in naphthalene could be obtained with the 

apparatus. 

At this time it was learned, too, that Wright had 

carr1ed out accurate measurements on simila~ mixed 

crystals or anthracene in naphthalene using alpha particles 

and 2~ m~ radiation. The concentrations of the crystals 

were determined after crystallisation from the melt by 

a fluorimeter teehnique. He observed a considerable 

purification of the melt during the erystall~t1on process. 

He obtained no significant difference be~1een the para­

meter k for the ~dO methods of excitation. (Ref. Wright, 

195'3). Fu..rthermore, Bir!cs• results agteeo. with Wright's, 

when the:r had been corrected for the purification during 

the crystallisation process. 

The above difficulties ~nd the work of Wright 

strongly suggested the dezi~ability or 2 n~ approach to 

the study or the energy transfer process. It was felt 



that if a method could be found of measuring some other 

more distinotive characteristic than the emission 

spectrum of a molecule; then it might be possible to 

investigate the transfer mechanism as it occurs tn pure 

crystals, and so avoid the d1ff1cult1es of tbe mixed 

crystals~ ~th~rmore, if this characteristic coulu 

also be measured under ionising radiation, it might 

be possible to understand that more complicated process. 

A property ~rhich is charaote~istic or the molecule and· 

satisfies the second eondition is the time for the deoay 

or the intensity of the emitted light from an excited 

crystal. It was decided to investigate the possibility 

of measuring these decay times under excitation by ultra ... _ 

violet light. 



fAiT III; W HelA§UREMEiiT OF TRE DECAY TIME· OF 

fWJORI&SCENCjif tllh§SION FJlOM ORgJWIC PHOS1-HOR2 

ltiil:lv work 

Before considering the results of earlier workers 

and their methods of appro~cht let us consider first 

what it is we are attempting to measure. If we take an 

isolnted ~olecule which is in an excited state there 

\-till be a ~ertain probability per unit time of 1ts 

making the optical or a non-radi~tive transition back 

to th~ ground state. The reciprocal of this quantity 

will be of the dimensions of a time• It is this 

quautity t>rhich we "rish to measure. This quantity 

knoun1 the effect of ·the lattice• impuritj.es r.nd sub• 

sequent processes will be open to measurement. 

If' we take a large number of rnolec1u~~ the variation 

ot the intensity of the emitted light as a function ot 

time may be computed. If at a time t = 0 ~1e have N0 

a~cited molecules, and the probability per unit time of 

an optical transition back to the ground st~te is p per 

second, and all other com!;)eting proeesses by uhich the 

molecule may de-excite is q per second~ then the total 

number of ~olectues de-excited in a small interval of 

time dt '\vUl be 1 

-tfl= -(tiN, + tt~) = {t-t,)lltit 
(3) 



· The nnmner of quanta a~itted 'per second is the number 

of optic~l transitions t aldnz place per unit ti~e and 

hence the intensity or the emitted light ,.Till be pro-

~ por tional to • The integrated equation (3) 

gives us t he value of N at any time t. 
-V' +j)t fl. ) 

h=~e.. \'1" 

The intensity at any t ime t '"ill then be: 
-(/+j)t 

I= It ·!'· e (5') 
-.t 

or simplya J; -4 t 7 (6) 

The decay time 7 is defined by the value 

(~:,_) sees. 

Using pulsed photomultipliers, and directly measur­

ing the va~iation of the intensity or the emitted ligh~ 

from several organic phosphors bombarded by particles 

of ionising energies, Post (1952) has sh~~n that the 

emitted light does, in fact, decay exponentially 1n 

accordance with equation (6 ) . 

During recent years a considerable interest has been 

taken in scintillation counters and phosphors capable of 

resolving ionising even~s separated by intervals or 

time of the order of lo-8 seconds and less. Numerous 

measurements have been made of the scintillation decay 

time$ of organic phosphors like anthracene, stilbene and 

similar compounds when bombarded by ionising particles 

and under gamma rays, (Sangster, 1952). These are of 

some technical interest, but as 1.re know that the l attice 
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suffers considerable damage (Birks, & Black, 1951) 

under particle bombardment aud that the processes 

invoLved are extremely complex by ~hioh the energy 

of the incident particle is absorbed. These are not 

the mosrt sui table measurements to use for the study 

of the energy transfer process~ To simplify the 

problem as much as possible these measurementssnould 

be made under low energy ultraviolet light, i.e. at 

energies below th~onising energy of the molecule. 

An e:lthaustive search of the literature has revealed only 

three investigations of this type made dUring the last 

twenty-five years, each investigation based on the 

~amo gen~ral principle. The three investigations were 

made by Gav1ola (1927), tummerman (19*1) in the U.s.s.R. 

and Liebson et al (l952), only the last named using a 

photomultiplier technique. The theory of the method 

1s based on the work of fummerman1 but has not been 

published in English. For this reason the theory ot 

the method developed by the author will be considered. 

It ttrUl be shO\Tn that it a phOsphor be excited by 

light which is modulated in intensity at an angular 

frequency (A) of the rormt I • 10 (l + oe. Sin2ut), the 

fluorescence emission will also be modulated 1n intensity, 

but will lag behind the exciting light in phase by an 

angle ~. This angle ~ is given by t he relation tan ~ • 

2~7 , where 7 is the decay time ot the phosphor. Furthermore, 
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tho do! .. e ot moduJ. .• t ion d(:)ff.Md bye s .... ..,. + S...:-
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GMSiaAJ! 

L.~t ua st that t light 1s ulntotl acoor~ 

to the re1 tion• 1 • %0 [1 + « ~:t.n~wt] t (7) 

~ · l lS the tntemu.tr ' a u t , « 1a n oon&tnntt 

4 w 1 the ODBUl r t!t uOJJCy ot the at1oa. 

fbOD intcoaltr ot nuo.roooent li:Jht t any time 

t ' ·., be obtained br tho eo .ton int M1 tJ 

due to 11Cllt lbnO&- ~iJls t lnto.rvol of t to 
(;J 

t + 4t a)'eCl bJ' o t ·to• e- 7 r ~ voluos ot t 

cok to • 1lltiD1t¥ ~~- } t' ~ 1.!:.! ( . ., , 1 So = 1;, 7/ ~ 7 { 1<~-x!.. ~.d'/ (8) 
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· -to l 1rl oqun'1on ( 7) • 'Ilia ol t1on ct\1 
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Put too latter 1nter:r.nl oqttcl t~ ."l, th&rU 
t'' -1'!.1' 

R ;z / e ~ t;o ~".t. ,dt 
~~ /~- ~~~ 

.:: 7' ~ clc.:>r I + o2~v- e I • ;;, ,; ~.t. #. 
- .o r' t!r 

~ r ~:leo/'+ ,2..,,.[,-J/,~ •. /- .?o:£ €-: {., .?w.tud 
II ;: 7" ~ :llc)r I+ e2¢r~ eiw~1- 4. v.t~~ ll 

= /+~.,..{ &., ~d' + .)~,.J!.. ;p.,.tj. 
= ~~ ~f2~/'-IJ ~ 4-nl=:ttAJr. 
~~1 ~ 

f. - .z r¥{1+ 1] - ¥«- ~~ tr;o(!d!..rf) 

=: L-; {( [; + 1 I I - ~ l ~ (.?IV~'- !~)}]. 
.C.., -J:.... = I +;(1+~¢)-(;+1(1-~~)} 

...c_ + ~"":: I r 1(1 ... ~I)+(; + ~ (1- ~I)} 
= tl(~t[ 

r.2 + ~ 

tX 
T.M degree of Dl04ulntion • .J.+tt{. Oos tl 

~be phaDe shift j vnere tan - : 2~~. 

'roo tteear ttce of the phoalibo~ mo.r be uwasu.recl 

troo tba phase shitt fl br observing the ohang 1n the 
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degree ot mowilaticn or the actual phase shift. The 

a~paratus must be designed to: 

( a) modulate light at a suitable frequency, 

(b) detect the fluorescenc~ e~ission, and 

(c) measure the shift i n ph~se or the degree ot 
modulation. 

The first requirement is to kn~r the most suitable 

frequeDCy for modulation of the ultraviolet excit ing 

light. Liebson•s measurements indicated that 7 for 

anthracene and other associated compounds was of the 
-8 order ot 10 sees. Putting this value in relation 

(9) gives a value of' about 7•5 ~1c/sec for the frequency 

or moc:tulation for ' = lt5° • This value was chosen for 

the frequency or modulation. 

eiation g 

MUBAIJIS 
<al ijadio freguencx Power Sou~ge 

Radio frequency J>Ol'Ter was obtained from a single 

stage selt-exeited Hartley Oscillator dissipating ~o 

watts at 7.5 Me/ sec. This was built !rom parts of an 

old transmitter and the power for it was obtained from 

two laboratory power supplies, one providing 500 volts 

tor the anode of the 807, and the other 300 volts for 

the screen, as well as the filament supply. A 70 ohm 

coaxial cable was connected and matched across the 

lowest two turns ot the Tank Circuit and supplied power 



I 

.. 

!Q)V+ 300V+ Out.L 

IMi t 
--;OI?!-'1flf! 1f'll'1:7f7!1Jll:'l¥c:r!J¥ilf::r lfOOA 

BATJ'J(IAJ. .Pulf! Lite 

Out l 807 



c..i ~h~.i:' ~v the ul·t.I-a. ... so.nic gene.rat;c..r or to the disQharge 

tube rcsv.t:lan:t circuit, d(;I1H~nding upon the lilathod of 

light modulation useU.. A second lead pr0vided 

e:z~:l.-tation for the siliilJle 6L6 frequency doubler, the 

output of whi<;h was inductively coupled to the phase 

:3hi!te.r. The li.'l'. su:J;Jply for this unit came !rom tne 

SC.t>een };10\oJ"e!' Sll,Pl .. lY of t.he o0'7. The circuit 1s snown 

in figure l7. 

A ~hase sblfte~ was required to· give a signal cf 

conSti U~ ~~~litude, b~t contiAucusly variable in phase 
0 

over 270 or mora. RC or sir!i_ple LC networks do not 

An ar tificial delay line was built s:lmUa.r 

in ~rinciple to one described in Huud's book (1936)t 

but designed to work at 15 Me/see. This eon$1Sted of 

ten 2p. H ccils ,..{ou,n.d on a 20 em. lcmg bakelite to.fmer 

in the for;.(! of a continuous windir.agt sL.<Anted tv aa~th 

avery 2JLH by ~ondeusers of 50pf eac~ The line was 

terminated in it~ ~ha.racteristic impedance of ~OOohms 

pur-e resistance. Down the centre of the delay line a 

small !Jickup coil ~ras ru.0unted on a graduated screw shaft. 

It could be moved along the cGntre portion or the line. 

Flexible leads took this signal to a eoaxial output plug. 

The line was fed by a matched inductive coupling on the 

tank circuit of the frequency doubler. 
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(c) ~ogyl2]ed Light §oprces 

Huch previous work has been donf3 on the modulation 

or light for the d.etel"tn!nation of the velocity or light 

and for television. Consequently, sever~u a1 ternati"fe 

methoCis are availabl'ih Gaviol~ in his classic experi­

ments used biased Kerr cells. For work in the ultra-

violet this method is not suitable. P~most all liquids 

which have a reasonably high Kerr constant have st~ong 

absorption in the ultraviolet. In fact, very f~w liquids 

can be found 11hich transmit light at 25'+ rau. at all. 
" 

Besid-es this, polilrisers are .requit".ed which must also 

be trans~arent to the ultraviolet in this range. These 

,;er e net available. Furthermore, this is a very in~ 

efficient way of modulating the light as only a small 

fraction of the incide~:rt light i s ava.1lable as modu~ated 

light. 

There a.re other more suitable methods of modulating 

the light: Bergmann (Ultrasonics, Dell & Son) describes 

11ow ultrasonic waves in 1iq1Ji<l~ nn.d solids may be used 

to modul~ta lightt and Frey (1936) gives a method with 

t;. modulated Q.isch.e.rge ~Gtlbe. 

{c), Li} jJJ.traso¢c C~ll 

Ini ti&:!..ly, the t-:.1 trasonic method 1vas .favoured. 

The i dea is to ge:ner:~te a grid of p~t.rallel standing 

·ue.ves of sound at t he modulating frequency in a liquid 

transversed by a pa~allel beam of light perpendicular 



to the sound waves. See figure 18. The v~rying density 

of the liquid at ~he nodes and antinodes causes some 

of the incident light to be diffracted out or the 

parallel bea.ltl. The grid or sound '"aves acts as a 

diffraction grating which is created and destroy@d twice 

every cycle of the modulating frequency of the sound 

t<Taves. The transmitted beam will be partially modulated 

at twice the f.r.equency or the sound tv-aves and the 

diffracted beam wholly so. By masking off the central 

beam and taking off only the dif.f'raoted light He should 

obtain lOO% modulated li~ht at twice the .fre(!uency of 

the sound waves. The advantage of this method is that 

the intensity or the excit1nr light may be ro~atly in~ 

creased b:,r increasing the intensity or the source, and 

~·r1thout having to use more R.F. pOvTer in the ul·trasonic 

cell .. 

!c) {i) ( a ) qo}lstrycUon of ultra.son:t,c .<;.~lJ. 

An ultrasonic cell was constructed as sh~rn in 

A 7.5 Me/see quartz crystal was silvered 

on both sides and mounted in a bakelite holder on a 

heavy steel pl~.te. A phosphor bronze SJlring m~d.e 

col'mect.;.on to the front fa.ce of the crystal while tbe 

rea . .r f';=:~.c e l~y pres seC!. R.gC" i~1~t the metal su.rf~ce. When 

several hun0.r€'d voJ ts acr(\AS 5t, iP reson..?.."'.ce <r·~i·&h 

the crystalis frequency, the front surface vibrated 
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in and out like a piston, driving out sound waves across 

t he liquid in the cell. The whole ensemble vas con­

tained in a square glass cell upon which were cemented 

quartz uindows to allow the ultraviolet light to enter 

and leave the vessel. 

'\'tater. 

The cell contained distilled 

(c) (i) (b) Freliminarv ExPeriments 

The cell was set up at right angles to the beam 

from a white lamp, slit and lens as shown in figure 18. 

The second lens focussed the parallel beam or light 

into a narrow image of t he slit. On tuning of the 

oscillator through the resonant frequency of the crystal, 

the first and second order spectra became visible a few 

degrees on either side of the central line. To obtain 

a standing wave pattern a glass plate was used as a 

sonic reflector at the opposite end of the cell and ad­

justed to be accurately parallel to the oscillating 

crystal. This done up to 15 orders of the spectra 

could be seen on either side of the central image of the 

slit. 

Care had to be exercised in adjusting the vower fed 

to the crystal. The intensity of the light diffracted 

out of the central image is 1JrOJ:.·O.t'tional to the r.·o·trter 

driving the crystal, so that as much J..O\·rer as possible 

should be used to get good intensity. However, as the 

power is incr eased the surface of the crystal heats up, 



and the water in contact with the surface is pushed 

across the light beam by the radiation pressure of 

the sound \'Taves. When this happens the warm water 

shows up as streamers across t he field of view and a 

good deal of stray light is scattered out of the beam 

which is of no use and is not modulated. The power 

had to be adjusted to obtain the optimum output '~lith­

out having streamers. 

It having been ascertained that sound waves were 

being generated in the water, the field or view was 

examined by a low-powered microscope in parallel light. 

The standing "t·Tave pattern could be clearly seen ex­

tending from the crystal to the sonic reflector. It 

a~peared as bright and dark bands of light accurately 

parallel to the crystal surface. 

The diffracted light vras next viewed w:tth the 

tuned photomultiplier described in the next section. 

Briefly, this consisted of a photomultiplier coupled 

to a tuned l~~c/sec amplifier, the output of which was 

displayed on the Y ~lates of an oscillosco~e. The X-axis 

was swept by a 15 Me/sec signal obtained from the frequency 

doubler cou~led to the same oscillator which drove the 

ultrasonic generator. In general, the picture on the 

'scope face should be an ellipse, the axes of Hhich 

eould be measured to obtain the relative vhase relation 

of the X and Y signals. 
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A strong signal was observed at 15 Me/sec, but the 

phase relation between the two uas seen to fluctuate at 

great speed. A possible eX}·lanation of this is that 

the standing wave pattern may be considered as a very 

stable configuration which will only change betHeen 

integral numbers of waves, while the oscillator may 

drift enough about the mean frequency in order to affect 

the measured phase displacement. Alternatively, it 

may be due to the system jumping between different 

modes o! vibration, as happens in large electro-magnetic 

cavity resonators (as suggested by Professor Birks). 

Whatever the cause, no satisfactory method of eliminating 

this ~ras found. 

The difficulty could be overcome by using two tuned 

amplifiers and phototubes, one to view the exciting light 

and one to view the modulated fluorescent light. This 

would be probably the best way to do the experiment, 

but, as it entailed building a new amplifier and obtaining 

another phototube, a sim~ler method was tried using a 

directly modulated discharge tube. 

(c) (ii) Discharge Tub~ 

Frey (1936) had observed that the light from a 

simple discharge tube -vras still modulated in intensity 

when excited by an R.F . potential as high as 107 cycles/ 

second. A preliminary check with a hydrogen lamp 

verified that the light output was modulated at 15 Me/ sec. 



when excited by the field from the oscillator tank 

circuit. A quartz lamp containing hydrogen and 

yielding a continuous spectrum was next tried and this 

too gave a strong modulated signal. Ho·wever, the 

discharge was spread throughout the tube making it 

rather difficult to excite the crystal, and the intensity 

was low. 

At low pressure we should expect the decay of the 

intensity of light from an excited state in a gas to 

be ex~onential, just as in the case for a phosphor. 

The decay time is determined by the transition pro­

bability per unit time for the transition. In oxygen 

and nitrogen this decay time is of the order of 10-7 

to 10-8 seconds. The effect of the decay time is 

similar to that for a phosphor considered previously. 

The degree of modulation of light from a volume of gas 

(\-Jhich is excited by a modulated potential) l-Till vary 
IJ 

as Cos 0, '!tJhere Tan ¢ = 2Vr; ~-,. is the modulating 

frequency and r the decay time of the gas. If the 

decay time r is very small compared to ;5- then the 

light will be effectively 100% modulated in intensity. 
I 

If, however, r- w 1 then Cos ~ vrill be considerably 

less than 1 and the modulated light will be superimposed 

on a continuous bacl~round. 

If, however, the pressure of the gas be increased 

so that the excited molecules can make several collisions 
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within their normal lifetime, the excitation may be 

quenched and the decay time shortened. If the emission 

is due principally to transitions from metastable states 

of the molecule, the high collision rate wilL knock the 

molecules from these sta~es, and thus reduce ~ and in­

crease the degree of modulation of the souroe. 

On the basis of this idea, a discharge tube '\'Tas 

c<;mstructed to work at pressures or up to 15 ems. Hg of 

air. The tube consisted of two finely pointed tungsten 

electrodes one mm. apart in a pyrex envelope with a 

quartz t<lindo''l' sealed to its end. (See figure 20) • 

The fine points and small separation of the electrodes 

enabled the discharge to be maintained at higher pressures 

than are noi·.r...:ll.r l!sed in ui.:;,c!1arge tdces. Furthermore, 

the high field intensity localised the discharge to the 

electrode tips \-Then the pressure was relatively high. 

The electrodes were connected to a resonant circuit 

drivr:n by a coaxial cable from the 40 watt 7 .5' ~ic/sec 

oscillator. The discharge tube was connected to a 

vacuum pump and needle valve, and the pressure could 

be maintained at any value between 0.3 mm and atmospheric 

pressure, 

Some difficulty \ITas experienced in initiating the 

discharge. The normal sequence of operations was to~te to 

0.3 mm pressure and then bring up a bright source of 

light close to the tube. The photo-electric emission 



from the electrodes released enough electrons into 

the r.f. field to start the discharge. The discharge 

immediately settled down and the pressure could then 

be raised to as high as 20 ems of mercury before the 

discharge vras extinguished. At lovr pressures the 

discharge completely filled the tube but as the pressure 

was increased from about l em Hg the size of the dis­

charge decreased and formed into an intense blue 

sheath around the two electrodes. At higher pressures 

the sheath became more intense but thinner and crept 

towards the fine points. The discharge usually be-

came unstable above about 18 em Hg pressure. 

(d) Detecting system 

Two different detecting systems 1<rere used, the 

first for calibtation or the apparatus, and the second 

for the actual measurements• 

(g) 'i) OscillO§Copic Display M&thod 
.. 

For all the erly work on investigating sui table 

light sources, an E.M.I. 6262 photomultiplier was used 

and later an E.M.I. 5060. The collector electrode 

was connected to a ~esonant circuit tuned to 15 Me/sec., 

the output of ,m.ich was fed via a cathode follower to 

a t '\'ro-stage tuned amplifier. The output of this was 

taken to the Y pl ates of an oscilloscope adapted to 

take coaxial leads right u~ to the base pins of the 

tubeo With an input signal of 5 milli-volts at 15 Me/ sec 

J 



li.illl:la ~& Plot of phase reading f vs voltage 

on phototuba. (a) Light of high intensity~ 
(b) Lo't:Jer intensity. 
(c) Low intensity. 
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to the cathode follower, the amplifier gave a ftul 

screen deflection on the •scope. The X plates were 

driven by the signal from the frequency doubler. 

:I:'he artificial delay line t-Jas included in the 

frequency doubler lead so that the ellipse formed on 

the screen by the ~vo sinusoidal 15 Me/sec signals on 

the X and Y plates could be reduced to a straight line. 

Any variation in phase in either channel would show 

itself as a departure from the straight line into the 

ellipse. The magnitude of phase could be determined 

by the additional delay ~ the artificial delay-line 

channel necessary to obtain a linear trace on the 

screen. 

Late·r, a phase distortion was observed in the 

amplifier which varied according to the intensity or 

the light on the photomultiplier w'hen it was handling 

large signals and this method of detecting the phase 

difference between the two channels was abandoned in 

favour of the following method. (See figure 21). 

The reading of the phase shifter for a linear trace on 

the screen was plotted against the potential applied 

to the photomultiplier for light of three different 

intensities. ( a) is the highest intensity and (c) the 

lowest. The intensity was changed by sepaxating the 

lamp from the photomultiplier by a few centimeters. 

The variation in transit time for the electrons through 
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the photomultiplier should account for the shift in 

phase as the voltage across the tube is changed. 

The three curves should coincide, and be independent 

of the intensity ~f the incident light. We can see 

that a considerable distortion occurs in the phase 

of the signal • 

. ~,g) (i~) 11odulg;ted photgcathod§ de;tector 

If the potential bett•Teen the photocathode and the 

first dynode of a photomultiplier is varied, the gain 

of the tube as a whole will vary linearly with it for 

small potential Changes (Zworykin), If nov1, the light, 

being detected, is itself modulated in intensity at 

the same frequency as this potential, then the output 

current will be a function or the phase difference 

between the light modulation and the cathode potential 

frequeney. 

If the cathode potential relative to the first 

dynode varies as Sin(2"t+ IJ(,) when this is positive, the 

gain o! the tube will be proportional to it, and when 

this term is negative, the gain of the tube will be zero. 

If the intensity of the exciting light varies as Sin2~, 

the average d.c. current over many cycles may be obtained 

by integrating: t~ ~ 
-.z., 

~·,:: <~/ / $/·d. .£,(,2.,.,r+ol.)t#. 
v 

which becomes simply, 



. -·· ~ · - ···- ---· --- - .. .. - -·· -- · .. · ---·· ·····. 

0 /() li 

1 v f 

Figure 22. 
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(See Appendix). The effect of (a) h&rmonic terills in 

the modul at ed light and (b) non-linearity in the gain 

of the detector is considered in Appendix IV. 

An R.c.A. 931A photomultiplier was used for these 

measurements. Across the dynode-cathode electrodes 

or the 93lA photomultiplier a resonant circuit was 

connected, driven by a coaxial lead from the tuned 

amplifier described in the previous section. The in-

put of the amplifier was fed by a signal of variable 

phase from the phase~changer. The ph~se-changer gave 

an output signal of about 50 volts which varied by 

about ten volts along the whole traverse of its pick-

up coil. The signal was clipped by the first stage 

of the tuned amplifier and the cli~ped signal was fed 

on through the resonant circuits which restored the 

sinusoiual form of the signal. The output was f 'ed to 

the photomultiplier resonant circuit. The voltage of 

the output signal of the amplifier was found to .remain 

constant to better than one part in a thousand when the 

phase-changer was moved over its full traverse. The 

current from the collector anode of the 93lA was measured 

by a 0 to l.O;t amp Cambridge galvanometer. Figure 22 

shows typical working curves obtained with this arrange­

ment of the apparatus. 

(a) is a curve obtained with the room light on and the 

discharge tube not illuminating the photocathode. Note 

l 
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that there is no variation of output with phase. 

(b) shows the curve due to the modulated light from 

the discharge tube illuminating the photocathode. 

(c) is a typical noise curve obtained by placing a 

Woodts glass filter between the lamp and the ~hotocathode 

so as to cut out all but the ultraviolet com~onent of 

the exciting lightt followed by a Wratten 2A filter 

to cut out the ultraviolet. The small fraetion or 
light transmitted by both filters gives this weakly 

modulated background signal. 

(d) is the signal obtained \Then an anthracene crystal 

is placed betueen the two fil te.rs. The fluorescent 

light of anthracene is passed by the 2A filter. 

It should be noted that the signal vs phase curve 

is close to a sine curve l>Ti th a small distortion due to 

the non-linearity of response of the phototube for 

variation of the photocathode potential, and to the 

light from the discharge tube not being exactly of the 

form£.~~ . (See Appendix IV). 

sv;ct!oa D. 

CaJ,JJ?rat~on of_ j(he faase Chswgsu: 
The oscilloscopic method of display toJas used to 

calibrate the phase changer against a knovm le:ngth of 

cable. The phototube was modulated by the light from 

the discharge tube. The signal from the phototube was 

fed via a length of cable to the tuned at!l:plifier which 
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ChiiNN~I. I 

D:tagtarnatie .Ci.r:cuit to; Cal,ibration of Phas_,e_ 

caw~:, 



drove the Y 1l ates of the oscilloscope. This was 

Channel 1., The X plates or the oscilloscope vere 

driven directly b.;~ the signal from the phase changer. 

This constituted Cba~nnel 2. Incorporated in channel 

1 loras a s~ritch \•Thich could suitch in or out an additional 

length of coaxial cable - a polythene-insulated cable of 

about 87 ems. The rhase in this channel couJ.d be further 

altered by L~reasing the potential on the phototube 

and thus saturating the amplifier so that a phase change 
0 

of about 90 would take place. A further change of 

phase could be int~oduced by slightly detuning the resonant 

circuits of t he amplifier. By e.djusting e8.Gh of these 

in turn it vas possible to obtain a line on the sc~een 

throughout the range of the phase changer. 

(a.) Ca1 ib.ratio~ 

The chav~er was calibrated by reducing the ellipse 

on the screen to a line. The 8? oms of cable in channel 

1 was introduced to form an ellipse . The reading of the 

I'hase changer vras noted e..nd a. further reading taken to 

determine how much delay had to be introduced in this 

channel 2 to again obtain a line on the screen. The 

cable 't~as then st>ri tched out o..nd a l)hase shitt introduced 

(by either of the above methods) into channel l to 

reform the line. Then the procedure was repeated. 

This \<Tas continued through the range of the phase changer. 

The electrical length of the cable was found by 
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me~ suring the resonant frequency of it when connected to 

an additional long cable, first with the cable switched 

out and then with it switched into the circuit. This 

is sho\'rn diag.rammatically in figure 23. The measure-

ments are shown in Table 1. The calibration curve is 

given in Figure 2~. The calibration was checked sub­

sequently by observing the phase shift from the maximum 

to the minimum position of the signal vs phase curve 

with the discharge tube exciting the photocathode. 

This was done using the second method of detecting the 

phase angle. This phase measurement came out to be 

l88 ± 10° which agrees with 180° within the experimental 

error. 

(See Figure 22). 

(b) E;p~rimental Precaut~ons 

All adjustable controls on the oscillator and 

phase changer were sealed with wax before the calibration 

and vrere left unbroken throughout the experiment~ 

measurements. 

The amplifier leads and phototube had to be care­

fully shielded in order to prevent direct pickup from 

the field about the discharge tube. All the "Pye" 

type of coaxial plugs had to be sandpapered to ensure 

good earth connection. All the units Here separately 

earthed. The main oscillator and amplifier 't-Tere 

housed in separate metal containing boxes. Care had 
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also to be t aken to t erminate all interconnecting 

cables in their characteristic im~edance in order to 

prevent reflections in the cable. Thi~had to be done 

~o JGh~ cablo le,~ding to the plates of the oscilloscope 

to prevent couplillg between the X and Y r.lates. 

S2Qifi9U E., 

~st~g~tioa.ot gi~charge tube chasacteristici 

{a} ~h~ v~riation of the degree of modu1atiop wiih 

~res sure 

The unpertubed decay times of the excited state of 

oxygen and nitrogen moleclues are or t he order of 10~7 
-8 to 10 sees- (Frey, 1936). If~ however, the pressure 

or the gas be increased the excitation of the molecules 

will be quenched by collision. The ef fect of this will 

be t o r educe t he decay time and reduce the intensity o£ 

the emitted light. In a collision the molecule will 

be able to ~ake a non~radiative transition to the ground 

state. Thus it loses its excess energy by internal 

vibration or by a collision cf the second kind i.e. 

l oses all its excess energy as kinetic energy o£ the 

r,arting molecules. The frequency of collision will be 

t:roportional to the r:ressure of the gas, so the decay 

time of the excited state of the molecule should be 
~ 70 ' = l+tlp where 7; i~ the un}•ertubed decay time. 

' a ' is a const~nt and p is the pressure of the gas. 

If, then, we measure the degree of modulation of 



•10 
I , 

e . e 

ID 
p 

-:c ... . : .. 

Ftaure 25 o Pofoonto.g :oltulnt.ion v~ Prcsouro 

t~ diooM.te tubo. 



I 

s I~ 

E~ sat Intoncity ot modulated light from 

dtsch'.l!'ge tube plotted ,. c,;aill$~ gas r>ress~ in ot>.s 

ot oercury. 



-- --------

57 

the light fro~ the discharge tube as a !unction of 

gas pressure it should be ot the form A Cos ¢ where 

Tan ~ • 2~r just as for a phosphor (Section B). The 

value of A vas found not to be 1,0 as :hi; would be 

expected t0 'be. This may be attributed to some light 

falling directly on the first dynode, so that the 

current does not fall to zero at the minimum in the 

cycle even for the highest pressures in the lamp. 

The value of t-1, the measured degree o£ modulation, 

is ~lotted against pressure in Figure 25. A theoretical 

curve to get the best fit is drawn too. This is given 

for the values of A' = o.65; ~ = 3.26 x lo-8 seconds 

for air; and a = 0.35 /em Hg pressure. 

In Figure 26 the variation ot the intensity or the 

light from the tube is given. Quenching is seen to re-

duce the light output at high pressures. In both curves 

the· points at low pressure are probably unreliable as 

here the discharge filled the whole volume of the tube, 

and the \ihole nature of the dis0harge changed. 

This method of investigating the deeay times of 
' 

the excited states o! gas molecules appears to offer great 

potentialities, particUlarly if narrow-band filters are 

used to separate the different optical transitions. 

Since, however, the work was subsidiary to the main 

investigation, measurements "'ere restricted to those 

required to establish the optimum conditions of the 
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operation or the modulated discharge tube. 

segtion f· 
l4EASWEVWWC: QF TH.l? f'fiOl:OfWO~ESCENT l?ECAY Tll;!E....QE 

ORGAbAG fHOSPUOB§ 

~a} Mei.QOA 

For these measurements the discharge tube was 

mounted 2 ems above the photocathode of the 931A. 

In front of the quartz ~.-rindow of the discharge tube a 

Wood's glass filter '\'ras introduced to cut off all the 

visible light. In front or this was p~aced a copper 

gauze electrostatic shield vrhich vras earthed, This 

was necessary in order that the cap~itf of the resonant 

circuit of the discharge tube "t-10uld remain unchanged 

on inserting the fluorescent specimen. Over the 

window giving ac~ess to the phototube com~artment a 

\'lratten 2A f'il ter uas placed. This filter stOyJ:ed 

practicslly all the ultr:;.violet light transmitted by 

the Wood's glass filter frcm entering the phototube. 

To measure the decay time of the s,;eci.lilE:~n ·i;he 

following procedure was taken: the Wratten 2A filter 

was removed and a plot taken of the gal~anometer reading 

against the readin.g of the ~hase chr .. nger. It was 

necessary to take ur the backlash of the screw of the 

pickur coil of the phc~e~changer. The filter was next 

~ut into ylace and the ~otentitu ocross the photo• 

tube increased. The specimen "'as then put between the 
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t'\ITO .filters. The gal vanomet~r then gave something 

close to a full scale reading. A plot of the galvano-

meter vs phase changer reading W·'l~ til3r.t tak~Ii, ·· The 

crystal and fil te.r were then rem-oved and the first 

plot measured again tv check that no shift of the phase 

had occurred in the amplifier or associated circuits. 

From the two curvez obtained the dis~placement of 

their minima was obtained and read from the coJ.ibration 

graph (lt.,igure 24) in degrees of phase. From the re .. 

lation Tan ~ = 2wr the decay time r vras found for each 

specimen. Several check experiments t1'ere made to 

verify that the shift in phase '\ITUS due only to the 

decay time oi' the r.hosphor and not to an:y spurious 

cause. 

!b) Clu~ck Experihlents and 1-x;ecauJtions 

An important check w~s taken to see that the phase 

of the measured signal vTas independent of the potential 

a_t;plied across tt.le phototube. It is reasonable to 

expect that it '\'TOuld be independent of the yotential, 

as it is the potential of the photocatnode itself 

\<ThiCh is modulated, c.nd any transit-time effects would 

occur after the first dynode. 

made by taking the plot of the exciting light fall ing 

direc·tly on to the photocathode, and then tak:i.n:J another 

plot by interposing a sheet; of paper "\-Thich dii'i used the 

J 
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light and so reduce~ its intensity, The phototube 

potential was then increased until about the same current 

was f lo,.;ing through the galvanometer as before. A 

second plot t-ras then taken. The curves are seen to 

be es:;,~ntially the same "ri·th their ·minima occurring 

a t the same phase setting. See Figure 27 (a) and {b). 

The phototube current was plotted against the 

setting of the phase-changer !or light of different 

wavelengths selected by a series of Wratten filters, 

This allowed different par·ts of the spectrum of the 

lamp to fall on to the photocathode. There was no 

relative phase shift between these, which indicated 

that the decay time of the gas molecules was being de­

termined principally by the high collision rate due to 

the high pressure of the gas. Hence, it does not matter 

at '\~That wavelength the erysta.J. absorbs the light. 

The discharge tube \'Ta~ used at 5 ems Hg pressure 

at all times 't<Then readings were taken. 

The avparatus was allowed to w·arm up for a period of 

an hour before any readings v1ere taken. If this was 

not done it was found that the plot of the signal vs 

phase ou.rve \vould change a fe\•r degrees in the time taken 

to take a plot of the crystal's cu..rve, F'u.rthermore, 

after this time the frequency of the oscillator settled 

down to the value originally measured. This frequency 

was measured by beating the r adiated signal against the 

J 
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signal from a standard Harconi ~ignal Generator and 

listening to the beat on a receiVe!' in the next room. 

The frequency of the oscillator wus ~easure~ to be 

7.31 Me/sec. The accuracy o! the decay time measure­

ments w~s determined chiefly by the accuracy with which 

the minima of the phase plots could be found, ~rhich 

was 0f the order of 20/<~1 and. hence it was not necessary 

tCJ ~mov the frequency of tile oscillator to a high degree 

of accuracy • 

.t~o change of the position ol' the phase minimum 

was observed when a l'TOoden block was moved about bet\1-reen 

the photocuthode and the electrostatic screen. This 

sh~;ed that the dielectric of the crystal was not re­

sponsible fo1• a detuning of the l"'esonant circu:i. t of the 

discharge tube vith a conse<',tuent phase change. 

A considerable amount of difficul~was had in 

sl ielding the amr-·llfier and leads from direct pickup 

of the r &diated field from the leads to the discharge 

t ube. This cru1 be understood vhen it is realised that 

the ~hoto-multiplier box had to be only 2 ems. from the 

discharge tube \vhere the electric field rose to several 

hundred vol ts/Iiifll. " :t-yelf plugs gave a lot, c;.· v.::·oubla 

until they \>1ere all sanded and uo.rked into :t;lace. 

Se}:arat,e earthed leads ha<i to be taken froL.l tlach of the 

ur..i ts and. the discharge tu.be was mounted on short leads 

close to its resonrmt circuit t-rhich was housed in a 
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separate earthed ~otal box with a lid. The amplifier 

a.nd main. oscillator ·vrere in separate metal boxes and 

were ke~t at least ten feet from the phototube and 

disehe . .rge tube units, and connected to them by coaxial 

cables. I n taking readings the operator ke}Jt 1oTell 

clear of the unshielded pc..rts of the a1-:r;aratus. 

After the general trend of the curves had been 

established, only tP2t portion of thB curve close to the 

minima vras plotted in each case. These ;·rere nsed to 

determine the decay times of the phosphors o 

Flgure 27 indicates one of the earlier measurements 

on ~nthracene. (a) and (b) shovr the curve cbte.ined tor 

light of high md loY intensity respectively. These 

sh~1 that the mir.ima of the curves are unchanged on 

increasir~ the potential ~cross the phototube. Curve 

(c) is that plotted for a 3 mm thick anthracene crystal 

wrapped in Al foil so thnt only the transmission spectrum 

of the specimen is cbserved by the fhotclimltlr;J.ier. 

(d) is that obtained from a fine powder of anthracene. 

The pouder ~."!'c.s mnde by rv.bbing the crystcl used in 

(c) on to a plate of ground glas~. The :;11ase shi.f.t 

for the t"'ro s p9Ci.i'iens, indicated by the d.isrlc:.cements 

of their minime., should. be noted. The.se Jlhasc sf\..ifts 

determined the decay times for the t·;o spec i::1ens as 

17 ± 5 millimicroseconds and 6.5 ±1.0 millimicroseconds 
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on assumption that the fluorescence decayed exponentially. 

With this arrangement it was found difficult to 

determine the minima trith a high degree or accuracy 

owing to the small curvature at the minima. Hol'tE\ver, 

by an increase of the "Q" of the resonant circuit 

across the photocathode arid first dynode of the 93lA, 

a higher alternating potential was obtained to modulate 

the gain of the .. tube, and sharper minima 111ere obtained 

for the follO\•ring measurements: 

Figure 28 shO\ITS the measurements of an anthracene 

crystal 3 mm thick, anthracene p~~der, and anthracene 

microcrystals prepared in the same way as for the 

s pectral measurements. 

figure 29 are the measurements on stilbene 2 mm 

crystal, stilbene microerystals, terphenyl 2 mm crystal 

and terphenyl powder, diphenyl-acetylene 2 rum crystal 

and naphthacene in anthracene. (Figures 29 - 32 
inclusive). 

The results obtained are sm~arised in Table II. 

(d) Discussion of Resu1ts 

The first and most obvious factor which these 

results bring to light is the very a~preciable difference 

in the decay time bet1·reen a fine po,·rder and a crystal of 

the normal size used for sc~tillation counting. 

Figures 28 and 29 are conclusive evidence that the process 

of repeated emission and absorption of the absorbed 
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energy plays an important part in the transfer or energy 

for crystals of this size. The spectral measurements 

in the previous part showed that a large portion of the 

absorbed light which was emitted as fluorescent light 

was re~absorbed in a large crystal. These measurements 

of the decay times show that this re-absorbed light is 

efficiently re-emitted and contributes much to the 

longer decay time of the large crystal as compared to that 

of a powder. To express t his quantitatively we will 

consider the eff~ct of size on the measured decay time 

of a crystal. 

As we saw earlier, the number of optical transitions 

in a short time dt will be p . N.dt. If, however, the 

light is re-absorbed within the crystal with a probability 

/ - hthen the net loss of excited molecules will be: 

~ -tiiY = -{dAlr +~~)::: -It Alii/+ lfi-6)A1#] ~ 

= =II -I'+~)(§+;>} AI"" 

= -(1- Q6)f·Aitll 
where dN0 is the loss due to optical transitions, and 

dNr is the loss due to non-radiative transitions. Then 

the intensity of the observed light will be dNo/dt: 

-tf.!.:6JtJ 
dlio/ dt = N • e "'r (I • b) •P 

We see that the decay time is still exponential 

in form but increased by the factor (I/ l - bQ), where 

------
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Q is the quantum efficiency for a fine crystal. 

In this approximate analysis it is assumed that 

the light has the same probability of escaping from 

the crystal wherever it is emitted; and also that 

the quantum efficiency is constant over the whole 

emission range of the fluorescent light. 

The value of 'b' may be calculated from the spectral 

measurements. I! b' is the probability of escape of 

a photon of wavelength A in the crystal, then the 

total probability of a photon escaping ~f it has an 

emission spectrum F( ) d , will be: j 1/ r().} d'A. 
j"' F(>-.}dA. 

This is immediately seen to be just the ratio or 

the area of the curve under the large crystal spectrum, 

divided by the area under the curve or the microcrystal 

spectrum, normalised 'ttThere b' =/.o. (See Figure 10). 

The ratio of the t\170 decay times, calculated from these 

two areas and Bowen's value of the quantum efficiency 

for anthracene of 0.9, is 3•3 for thick crystal to the 

micro-crystals or anthracene, The measured decay times 

are in the ratio of ~! 1:1. There is thus reasonable 

agreement between the two. 

The other measurements show that the variation 

of decay time is not peculiar to anthracene. The 

others are typical phosphors all of which show this 

effect to a greater or lesser extent, so that we can 

generalise and say that all organic phosphors of this 



Phospho.r Decay Time (Liebson et al ) Decay Time 

Gamma-ray Ultra-violet t-teasUl"ed. 

Anthracene 
(size not 

30 musecs 17 musecs Iltmuseos 

statea) 

Stilbene 8 3.1 J.I 
Terphenyl 6 II.O 3·9 
Diphenyl-

lt acetylene 2.5 3.5 

t% Anthracene 
in BenzeM - 2.0 -
t% Terphenyl 

2.0 2.5 in Toluene -
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type have this property. 

The second important result becomes apparent 

when we compare these results with those obtained by 

other workers using ionising particles for excitation. 

These ultraviolet values are all considerably less 

than the corresponding values for ionising radiations. 

Table III gives the results obtained here and the 

results obtained by others for the phosphors listed. 

These measurements are 1n good agreement with those 

obtained by Liebson et al who used ultraviolet excitation, 

in that they are all less than the decay time obtained 

for excitation by ionising radiation. 

As the difference between the short decay time 

obtained for the small crystals could be readily ex­

plained by the assumption that the emitted light was 

emitted anu re-absorbed a number of times before es­

caping, and, as this correlated several other results, 

Birks (1953) has proposed a theory on these lines to 

account for the photofluorescence and the ionising decay 

times. The gist of the theory is that the ionising 

particle ionises the molecule as it passes close to it. 

When the ionised molecule recaptures an electron it 

emits a photon in the far ultraviolet near its ionising 

energy. The absor~tion of phtons in this part or the 

spectrum is very strong and the emi tted photon is 

quickly re-absorbed in a nearby molecule, which, after 



Figure 32. 
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its natural lifetime for this energy of excitation, 

de-excites with the emission of a photon. This 

process continues \Tith the photon losing a little 

energy as heat in each of the molecules in which it 

resides until it is finally degraded, so that. on 

emission it is able to escape entirely from the crystal 

in that portion of the spectrum to which the crystal 

is transparent. The sum of all the decay times due 

to these emission and absorption processes lvould acc.ount 

for the long decay time for ionising particle excitation, 

since here a larger number of transfers of energy ttTould 

have to take place before the energy could be sufficient ... 

ly degraded to be emitted as light in a crystal or 
normal size, than if the molecule were excited by low 

energy ultraviolet light. Wright (1953) has suggested 

that the longer decay time may be accounted for by the 

time taken for the ionised molecule to recapture its 

electron., 

Figure 32 shows us that the decay time of a solid 

solution of naphthacene in anthracene has a decay time 

which is longer than that for pure anthracene, indicating 

that the energy trru1sfer could be simp~y photon emission 

and re-absorption. It was not possible to excite the 

naphthacene \'rithout doing so via the anthracene lattice, 

so that a measure of the decay time of naphthacene alone 

could not be obtained. This 1-TOuld have shown whether 
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the resultant decay time when excited via the anthracene 

was simply the sum of the anthracene and naphthacene 

decay times. 

(e) Limitations of tne AppggatB~ 

The limitations of this "P.Uotn a}.paratns soon 

became apparent. Firstly, no fil tars w·ere available 

to transmit light of shorter wavelength than the Wood's 

glass band near 350 ~' so that it was not possible to 

excite naphthalene, or any of the anthracene-naphthalene 

mixed crystals via the naphthalene l attice. For this 

reason the mixed anthracene-naphthacene crystal was 

tried. Using the existing filters it was possible to 

excite the green fluorescence of naphthacene by absorption 

1n the ultraviolet by the anthracene, foll~~ed by transfer 

to the naphthacene. However, the intensity of the lamp 

was not high enough to excite any measurable fluorescence 

in the naphthacene when using a blue filter to excite 

the naphthacene directly. Thus, in no case was it 

possible to measure the decay time of two components of 

a mixed crystal in both the mixed crystal and separately. 

It had been hoped that the measurements could be 

checked by measuring the decay tim~of solutions used 

by Gaviola and Liebson, e.g. Rhodamine B in water. 

Hera again the intensity of the l amp was too low to detect 

any appreciable fluorescence from a solution of Rhodamine 

B in water. Sodium Iodide could have provided a check, 



but the fluorescence of it could not be excited as 

the absorption bands of the lattice lie too far into 

the ultraviolet for the light from the Wood's glass 

filter to excite it. 

Further, the intensity of the lamp was too low 

for the measurement of the decay timeso£ solutions of 

anthracene in benzene. It was not possible either to 

do experiments on phosphors which have emission bands 

very close to the transmission band of the Wood's 

.filter, since then the sooond filter \!Tas not able to 

transmit enough of the fluorescent light to be detected, 

without some of the exciting light also coming through. 

Initially it had been hoped that it would be 

possible to select the exciting light with a quartz 

monochromator and to detect the fluorescent light with 

a spectrometer and rhotomultir li.er. With this arrange­

ment it would be possible to see the variation of the 

decay tfme with respect to the vavelength of excitation 

and of detection. The first would be able to give 

valuable information of the excha....~e mechanism and 

indicate whether it be due to sensitised fluorescence 

or to the emission and abso.r~tion of photons. The 

second would give information on the effect of thicYJless 

or the specimen on the decay time. Emitted light of 

long wavelength could be composed of components of single 

emission or of multi-emission processes, but that of the 
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short-1·ravelength end of 'the spectrum could be composed 

op~y of single-emission processes. Therefore, a 

variation of decay time might be expected to occur 

across the emission spectrum. Unfortunately the 

intensity of the exciting light was too low to allot., the 

use of any monochromators other than coarse filters with 

broad transmission characteristics, so this experiment 

could not be performed. 

At this stage two lines of development lay open~ 

either the a paratus could be refined and modified to 

enable the above ex1eri.ments to be carried out, or the 

suggestions of Birks' theory could be followed up­

This theory suggested that photons were emitted by 

these phosphors when excited by ionising radiation, which 

would lie in the ultraviolet at shorter wavelength than 

the normal emission band. However, they 1>rould be 

readily absorbed by the ~hosphor so that a search for 

such photons would have to be made using very thin crystals. 

As the possible existence of photons at these energies 

raised points or fundamental importance in the theory of 

fluorescence and the related fields of bio-physics 

(Birks - unpublished work) this line "VTas selected for 

further research. A search was planned for photons of 

wavelength between 330 ~ and 185 ~ from anthracene 

t-rhen excited by ionising radiation. 



fart IV, 

IHE IN¥~STXGATION Of T~ §fEQTfiA OF SOME ORGANIC fHOS}HORS 

UNDER IONISI~G, RADIA~ION 

Secta,on A 

Ea,rJ.x .Work 

Sangster (1952) 1 Albfecht et al (1952), Pringsheim 

and others (lo/1-9) have measured the spectra of organic 

phosphors excite,~ by Po-alpha particles, X-.rays or 

ultraviolet light. Without exception the measurements 

show the emission spectra occurring purely in the visible 

or in the very near ultraviolet, with no difference be­

tween excitation by ionising radiation and ultraviolet 

excitation. The criticism of these results is that, 

firstly, the crystals used were usually quite thick and 

very much thicker than the estimated mean free path of 

photons of the expected energy near the ionising level 

( ~ 7u). Secondly, the intensity of the emission was 

very low as radioactive sources or X-ray were used for 

ionising excitation, which meant that exposure times 

of 60 to 90 hours had to be taken. This meant that 

if any weak emission bands should lie to the ultraviolet 

side of the spectra, they would have a good chance ot 

being missed. It was therefore decided to devise some 

method of exciting the crystals above the ionising 

energy and to use fine powders, so ~hat the high energy 

photons 1-tould have the opportunity of escaping .from the 



~ 
e t. b 

·DC 
l 

t' 
••• 

.. 



72 

phosphor and being detected on the photographic plate. 

§eatiop B 

Experimental Work 

Preliminary experiments using a radioactive source 

for excitation showed that exposure times much in excess 

of 30 hours ,.,ould be required for the sources and equip­

ment available in order to obtain reasonable exposures. 

A simpler method of excitation or anthracene 

appeared to be to place the specimen in a highly evacuated 

chamber and bombard it with electrons from an electron 

gun, accelerating the electrons through 1 to 2 kV. The 

vapour pressure of anthracene is compatable with that of 

me·rcu.ry at the same temperature so that if the specimens 't'Tere 

cooled to the temperature of dry ice, the anthracene 

vapour should give no trouble. 

(B) (a) Vacuum Bombarding Ch9WPer. 

The vacuum of a small ex-army klystron was broken 

at the reflector anode, and a ground glass seal and an 

evacuating pipe were added beyond this point together 

with a viewing windO\IT of fluorite. See Figure 33. 

The other end of the ground glass seal held a glass 

fitting holding a nickel electrode to which the specimen 

was affixed with fine copper wire. The t'\vo copper 

plates of the resonant cavity were freed from the rest 

of the wave-guide and connected to different potential 

sources so as to act as focussing electrodes for the 
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electron beam which passed through the hole in their 

centre and impinged upon the specimen which was held 

at about 500 volts with respect to cathode. 

The seal was held ~rith vacuUlll grease and the whole 

assembly evacuated \1'ith a backing pump and oil diffusion 

pump. This vacuum system and ionisation gauge had to 

be assembled and set up. The Phillips' ionisation 

gauge used was calibrated by the manufacturers, and? 

as it was unnecessary to knm~ the pressure to a high 

accuracy, this calibration was used. Considerable 

tro'\lble "ras had ''ith the backing pump and drying tubes 

before a satisfactory high vacuum could be obtained. 

A mercury diffusion pump was used at first as there 

was a selection of ground glass fittings for this pump, 

but the need of liquid air at regular intervals made 

this inconvenient.. Renee a fitting was made for the 

Metro-Vic. 03 oil pump 1t1hich proved much more convenient 

once the backing pump could be arranged to reach the 

rather lower backing pressure necessary for the oil 

pump before it would taka. With this arrangement 

pressures of 10•5 mm could be obtained after a few hours 

or rn:unpingo 

A 1 F~a thick crystal of anthracene was put into 

the ohamber on the anode and bombarded with an electron 

current of bet\'reen 200 and 400 ~ amps at 500 volts, 

concentrated into a spot focus on the crystal. Where 



the beam struck the speeimen the fluorescence was 

brilliant blue, but after two or three seconds of bom­

bardment changed to a pinkish glen.,.. The intensity of 

the electron beam t-ras so great that the surface or the 

crystal vapo~rised and sputtered anthracene all over 

the inside of the chamber. At first this rendered the 

electron beam visible, but as the pressure became too 

great the electron emission fell, and the tube flashed 

over. 

Birks and Black (1949) have shown that the efficiency 

of anthracene is reduced after long periods of bombard· 

ment by high energy particles; and ~s the ionisation is 

more localised and more intense for slow particles we 

should expect electrons or 0.5 kV to do much damage for 

the amount of light they causa to be emitted. This was 

qualitatively found to be true. 

The beam was swept over the surrace of the crystal 

by using a magnetic field until the whole surface had 

been rendered only feebly fluorescent. Then the 

vacuum was broken and the surface of the damaged crystal 

was scraped. The system was re•evacuated and the 

,.,hole process repeated. Still not enough light could 

be obtained from the crystal to obtain an adequate 

exposure using Kodak Pl200 plates. This wasacumbersome 

and ineffective method of obtaining the full spectrum. 

Some improvement was necessary so that the spectrum 
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Figure 34. Ra..nge of eleGtrons in aluminium .... . __.......,... 

plotted aeainst electron energy. 
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could be obtained more quickly and without having to 

break the vacuum during t he exposure. This was next 

attempted by applying 22 kV across t he tube. An 

improvement did result but the vacuum 't'las still co~ 

taminated t.Yith sputtered anthracene. 

A more suitable method or exciting these crystals 

was devised so that the specimen cOUld be held outside 

the vacuum. 

,<B) (b) Lenard tiindow Investigation 

On account of the comparatively high vapour pressure 

of the phosphors used in this investigation, and the 

hig~ rate at which these phosphors lose their fluorescent 

efficiency it was necessary to; 

( a ) bombard the specimen outside the vacuum; 

( b ) use electron energies much higher than 22 Kev. 

Fortunately these t~ro factors are not mutually 

exclusive but rather go hand inhand. The curve in 

Figu.re 34 shows the range of electrons in aluminium foU 

for different energies. (Hoag & Korff ) . If a foil 

of about 3 mgm/cm2 is sup~orted upon a grid of stronger 

gauze, such as that described in Cathode Ray Oscillo­

graphy (MacGregor-Morris, 1936), it is capable of 

standing the pressure or the atmosphere. 

Using aluminium foil from a discarded paper con­

desser of mass 1.96 mgm/cms backed by a coarse zinc 

gauze and waxed on to the end of a brass cone (turned 
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to fit the ground glass joint at the end of the electron­

gun) it was possible to maintain a high vacuum within 

the tube. (See Figure 33). The whole surface of the 

paper had to be waxed by flowing warm \•Tax over it. 

This served to fill the tiny pinholes which puncture 

the foil. This, of course, increases the effective 

thickness of the foil. 

A zinc grid l·tas soldered on to the inner end of 

the brass fitting in order to act as an electrostatic 

shield and to all~r the electrons to pass through the 

brass pipe and reach the Lenard windou at the end with­

out being drawn to the '\>Talls by the defocussing action 

of the cavity. 

the filament of the electron gun of the klystron 

was heated by an accumulator, and the focussing electrodes 

were maintained at an adjustable potential between 0 and 

500 volts \tJ'ith respect to the cathode t-rhich was earthed. 

The Lenard '\ITindovr and brass end pipe were connected to 

the H.T. of a large induction evil. The low end of 

the H.T. \tras returned to the cathode. The primary of the 

induction coil was driven by the D.C. Mains, using 40 

volts at an average current of 3 amps interrupted by a 

motor driven mercury interrupter. This gave a spark 

between 7 and 10 ems in length between brass spheres l em 

in diameter which indicated a potential of about 100 to 

200 Kv. 
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At first t~e tube gave trouble by breaking down 

bet,reen the focussing electrodes and the brass anode. 

Sometimes these sparks punctured the glass, but the 

holes could be sealed with hot \"taX• This difficulty 

uas partly overcome by painting a strip of Indian ink 

bet\.;een the t\110 electrodes, with a narl"O\'T band round 

the tube every centimeter. The res~stance of the 

Indian ink served to act as a potential divider 1orhich 

distributed the potential along the glass and also 

served to focus the electron beam an~ prevent it 

diverging on to the walls of the tube. Hovrever, t<Then 

the ink dried, a small ruaount of sparking took place 

be~1een the granules of the dried ink. 

After trying to use this apparatus for some time 

it was noted that the total emission from the cathode 

was only about 100 micro-amps as compared with several 

milli-amps as it was on first using the tube. It was 

thought that the oxide coating had been contaminated by 

the anthracene vapour \'rhieh had been in the tube, and 

had so contaminated it as to render the emission very 

low. The cathode was re-activated by the following 

method described by Spangenberg (Vacuum Tubes, MacGraw­

Hill, N~~ York). First, the cathode was cleaned by 

dropping a 1-reak solution of Hdl on to it with a medicine 

dropper, by flushing \vith \•Tate.r:, and next by cleaning 

with alcohol. Next, a 1:1 solution of Sr(co3) and 
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Ba(C03) in acetone was prepared and mixed with a little 

"Je\fellex" cement and dropped on to the cathode. Tbe 

cathode was then allOtfed to dry :in air fox· some hours 

after vhich the tube was evacuated to the highest 

attainable vacuum, • lo-6 mm ap~roximately. Th~ fila-

ment was then heated to drive off the occluded gasee 

and when the vacuum had again reached about the same 

value, the filament t-1as re-heated to nearly t-Thite heat 

tor 15 seconds, This served to liberate a small 

amount of Ba and Sr which dissolved in the cathode 

material. lt was then dra1-m to the surface by the 

electrolytic action by maintaining the cathode at about 

l000°C for 10 minutes tiT1 th 500 volts applied t o the 

accelerator plates. The current drawn from the plates 

increased steadily until a. steady value of 2 ma uas 

obtained. This was sufficient for all the work. 

It was thought advisable to maintain the anode to 

\•rhich tha Lenard , .. rindow 't-ras fixed, at earth potential, 

so as to make the interchange or specimens and the 

setting up of the spectrograph less dangerous. While 

doing this a spark punctured the glass envelope of the 

tube close to the heated cathode and broke the vacuum. 

All attempts to seal the hole failed as the waxes and 

cements were unable to l!tithstand the temperature t·Tithout 

softening, and since with all this attention the hole 

developed into a crack the apparatus was set aside and 



a different one builtt 

,(IU , (g) GaQiS?y,s a\§!ltrcm Acfinetatrc 

A disused X•.ray tube was opened uhere ?!le of the 

s1de a,rnl$ u.sed fo.r holditl3 tha tnrgat bad been. OVG.r 

tllis wns !Jlaeed a. metal car. v1th 20, l t.llil holes in it+ 

The cav was senled on to tho tube with hardt-~ to to!:m 

n vo.cutun se~ end the uholo tub uas i'itteo. on to tho 

top ot the oil dii'fusion Pt'll!Pt through ..,_ needle valve 

fittine. Over tho holes or ~e end on.; ua.o sealed a 

toil of oluminiun vili-...h l1as u· ~<ed into I)laeo. 'fbe 

uho~o oosombly uos evacuated r.md a };Ot~ntial or about 

120 Kv ar t!l1cd ncrvsa the tu~ lror.t! the induction ccu. 
Dy ~1 1 ly ine t, potentiEll. of the co.t:rect pol ~1 ty so 

ns tQ accelerc.tc electrons tovar the .\.IOMl.,d ,.,indOttt 

a smell be~JU 'tins obse.rved cuts!de the vindov by the blue 

em1osion ot light in the air. Ho~aver1 the anod boated 

rop1dl;, and softened the wax holdir.~& it in pl ce. This 

d.U.t'icul ty was ove.rcomo by Svlde!'inB a CO};l)e.t ;t:jpe round 

t ho end•plate and pssstns wator through it• This ovol1ng 

was otreotive in preventtne tha vax melting at the bighest 

ctu:-rents attcinnble, tbvugh en= e had to be taken to sea 

that the vacuum wa3 high enough before 311-lYing the high 

liOtentiul to tho tube. lf1 on tho other hand, the vacuum 

vas poor o C].0\1 dischaL .. 8e uould pass through the tube, 

and the heat tron this would be too mueb for the oooltng 

system, a.nd so tho w~ vould melt and b.reak the vo.cuum. 
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Figure, 35. Gaseous Electron Accelerator. 

(a) Water cooled end plate ,.,i th perspex 
specimen holder • 

(b) Glass bulb ''ducoe-d~ black. 

(c) Concave Target. 

(d) Evacuating pife 
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Section C 

Tests on the accelerator 

Outside the wind~q and in contact with it was 

placed a small holder constructed of perspex into \tThich 

specimens to be irradiated could be placed. (See Figure 

35). A nickel plate \oJ'as placed in this holder and 

connected to the H.T. lead via a microammeter so as to 

measure the strength of the external beam from the tube. 

In this set-up of the apparatus, the anode or the tube 

was at earth potential and the target at about 120 Kv. 

The maximum beam current measured was ~.o microamperes, 

but it was usually used at a beam current of only about 

0.5 microamps. The effectiveness or this method of 

exciting the phosphors can be readily seen when compared 

'·rith a r adioactive source. The lower current corres­

ponds to a source of about 200 curies directed on to 

the cr ystal, whereas sources usually used for this type of 

work are or the order of a few millicuries in strength. 

RESU1TS 

Section D 

The complete anthracene spectrum 

A fine pmyder specimen of anthracene was rubbed on 

to a pl ate of fused quartz and pl aced in the specimen 

holder in the electron beam. The emitted light was 

photogra~hed using a small quartz spectr ogr a¥h and Pl200 

plates. The resultant spectrum is shown in Plate I. 



{a ) 

( b ) 

(c) 

• 

354 mu. 

Plate I.(a) Anthracene microcrystals on quartz. 

( b ) Air emission. 

(c) Mercury Calibr.1tion spectrum • 
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(a} shows the spectrum of anthracene microcrystals on 

qw-~.rtz, 

(b) the spectrum of air in f'.ro11t of the Lenard window 

with the aQlthracene and quartz removed, and 

{c) mercury calibration spectrum. 

At first sight this a1peared to con£irn completely 

the predicted spectrum according to the theory proposed 

by Dirks. This theory predicted that anthracene would 

emit light in the region betueen its ionisation energy 

and its normal emission regiot4 when it was excited 

b.,- lignt above its ionisation ener£Y Clr by ionising 

particles, if the observed specimen was sufficiently 

thin. The photogra~hed svectrum was visible down to 

about 250 !!f'• at t-J"hich 'l.vavelength the ::·late became 

insensitive. A check exper~ent done on a clean piece of 

quartz, however, gave a similar spectrum. The quartz 

gave out a bright blue fluorescence. f late II de11on-

strates this . The a.ddi tional bands seen on the Sl-·ectrum 

of anthracene on aluminium are due to the emission from 

the air immediately in front of the foil and into Hhioh 

the electrons from the beam penetrate. 

The spectrum of quartz i·tas investigated in a later 

section. It was found possible to support the anthracene 

microcrystals on aluminium foils and this is hotr spectrum 

(a) vas obtained. 

The method of depositing the anthracene on the 



( a ) 

( b ) 

(e) 

( d ) 

I 
( e ) 

\.. 

&luc ~ {a. Anthracene on Aluminium foll backing. 

( b ) Ant.t:wacene on quartz. 

( e ) Quartz alone. . 

( d ) Ant hracene on qu!'lrtz. 

( e ) a er cury i!alibr11tion spectrum. 

( !'Cote e:.rl.ssion f'roro. air in e~cctron ooun } • 
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aluminium was as follows: a beaker containing anthracene 

trns vra.rmed and a cool piece of alUii1in1um foil held above 

it in the vap~ur. !he sublimed anthraceno deposited 

itself in fine cryst~s and adhered to the metal s~rface. 

The foU used tjaS thin enot..gh to allovr "the electrons to 

penetrate through the foil and excite the anthracene 

wluch was directly opposite the entrance slit of the 

spectrograph. 

In orde.t• to see '\·:hether any light \'ras emitted by 

these fine crystal~ in the ultraviolet to which the 

J;.lates t-rere insensitive, they were ~onsitised by a 

technique given in Strong's book on Laboratory Practice 

{Blo.ckie and Sons). This was done by making a dilute 

solution of liquid paraffi."l in acetone and dipping the 

unexposed plates into this. After drying, a thin 

layer of paru.ffin lay on the sensitive surface. Ultra­

violet light falling on this l~.yer causes it to fluoresce, 

and the plate under the fluorescing paraffin becomes 

exposed. Before development the plates were cleansed 

in a wa.shbath of pure acetone, and then developed ln the 

usual way. 

As the light in the far ultraviolet emitted by the 

anthracene might be reasonably expected to be considerably 

less intense tha..."l that emitted in the normal emission 

bands, all the plates were severely over-exposed for 

the visible. After several attempts in '·rhich the t·rhole 



Plate III;, Anthracene microcrystal spectrum on 

ultr~violet S§nsiti~ed plates under ionising r~diatio1 

Exposures from 30 minutes to 3 minutes. 

~ercury calibr ation spectrum. 
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plate became fogged, through the paraffin being incom­

pletely removed by the wash bath, Plate III resulted. 

No trace of light can be found anywhere, but in the 

normal emission bands round ttoo IUJl• This plate shows 

clearly that if any light is emitted in the region 

considered, i.e. from 185 ~ to the normal emission 

bands or anthracene at about 400 ~, the intensity is 

very much less than that in the visible. The crystals 

.tvere certainly smaller than the mean free path of the 

expected photons, and furthe~nore, the electrons were 

of such an energy as to ju~t penetrate the anthracene 

and enter the air beyond. 

This result suggests that the energy ot excitation 

is degraded internally by the molecule to the level or 
the first excited state, and not·by the actual emission 

and re-absorption of photons. 

Sectio:q D. 

(b) Ionisation spectra of other P.hosphgrs 

By use of this method of exciting phosphors above 

the ionisation level, the spectra of other organic 

phosphors we.re photographed using the quartz spectrograph. 

These are shown in Plates IV to VI. 

Section E. 

piscussion of Spectra 

We s~e that the ionisation spectra are effectively 

the same as those obtained when the phosphors are excited 



( a ) 

( b ) 

(c) 

(d) 

{e) 

365 317 254-mp.. 

f*ate IV. Specimen Changes under bombardment. 

(a) Naphthalene 2mm crystal 

(b) Naphthalene po1-rder Turns pale yellm·r. 

( c ) Terphenyl 3mm crystal 

(d) Terphenyl powder. Turns yellow. 

{e) Mercury calibration. 



( a ) 

( b ) 

(c) 

( d ) 

(e) 

438 365 317 

Elate v. 
Specimen. 

( a ) Diphenyl- acetylene pouder 

( b ) liphenyl-acetylene crystal 3m<1l 

(c) Terphenyl crystal 3mm 

( d ) Ter:phenyl povrder 

( e ) 1-iercury cali'bration spectrum. 

Changes under bombardmen 

Turns Yellovr. 

Turns very pale yello1:r-g 



{ a ) 

fb ) 

( c ) 

{ d ) 

( e ) 

317 251+ mu. 

Pl ate VI. !!ltray;j.ol e t Sensiti§ed Pl ate. 

( a ) Mercury Calibration. 

(b ) Terp~enyl on Aluminium. 

( c ) Naphthalene on Al. 

( d ) Anthracene on Al. 

{e ) Anthracene on Al.. 
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by ultraviolet light. No additional components appear 

in the spectrum in the region between tbe visible and the 

limit set by the transmission or the quartz in the 

spectrograph, which is at about 185' In)l• 

The difference of the spectra bet't-reen the powder and 

the large crystal specimens is again .illustrated. 

Owing to the poor dispersion of th~ quartz spectrograph 

in the visible and near ultraviolet portions of the 

spectrum, however, the spectra are crowded together in 

one corner of the plate so that the effect does not show 

up so well as it did using the grating spectrograph and 

phototube as in Part III. 

It was again observed that after a period or bom­

bardment in the intense electron beam, the specimens 

all lost their fluorescence, and after the intensity of 

emission fell they became discoloured, as shown in the 
. 

remarks column under Plates IV and VI. This shOl-tS that 

either the crystal. is becoming oxidised in the beam or 

some violent damage is being done in the lattice. 

It had been shown in the discussion in Section A 

of Part I that the excited molecule is nsually left very 

hot immediately after becoming excited into one of the 

electronic levels. If th$ time taken for this molecule 

to return to thermal equilibrium-with its neighbours 

could be calculated from its therme~ properties, and the 

time compared with the lifetime of the electronic state, 
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a reasonable guess could be made whether this damage 

was due to oxidation or to dissociation of the atoms of 

the molecule and consequent damage to the regularity or 
the lattice. I am indebted to Dr. G.T. Wright for 

suggesting the use of the thermal conductivity as a . 
method of determining the time the molecule would take 

to reach thermal equilibrium. 
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f!MT v. 
j.'h2orej;1ca1 Iny:estiga!<:J.on for the T1aple for ® ftic1ted 

MoJ.,§gule to reaeh The;ma1 Eguilib.tium Jo1i t h j,ts NS;?igbbours. 

Initially we can consider that all the heat energy 

is concentrated in the one molecule which is excited. 

The problem is then to see how long this molecule takes 

to dissipate enough of this heat to allow its temperature 

to become comparable with its neighbours'. A broad 

interpretation is here used for the word temperature: 

it is considered that a single molecule can have a unique 

temperature. The temperature of the molecule is taken 

to be the mean vibrational energy of the molecule divided 

by the Boltzmann constant k. i.e. E/ k • T. 

The temperature at any point a distance 'r' from 

the origin of the heat source at any time t may be got 

from the thermal conductivit~Kand specific heat S in the 

follotofing t-ray. 

The quantity of heat crossing the surface of a 

sphere of radius r in a time dt is - dQ. 
L'? 

Then -dQ/ dt = +- lt 7T ~I< zj - {1) 

The heat used to raise the temperature or the spherical 

shell at r is: oil 
j;(?f) = -#.71"1"~· J ;r 

jl=- ~4. 
and we get the equation that t~re is no loss of 

(2) 

heats 

{;.( r /!) = ;.,.,z(Jf), ~ J. = 4 
(3) 
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This can be easily shown to have the solution: 

- hT~ -
T= 

t 

(lt) 

,.,hich behaves like: when t is small. - a \-function. 

T 

0 ,.,. 

and like this, '\!Then t is large: 

~ 
0 ~ 

If l'Te average the temperature over a volume dV then 

we can normalise the equation and geta 

3 h ~ 
lh)~ -~ T = 7; Cii7 e r. ~V (5) 

~\1 is taken to be the size of the molecule and is then 
3 

lt/3TTr01 where r 0 is the radius of the molecule. T0 is 

the mean temperature over the molecule at the time t : o. 
At large t, the heat is spread out over many molecules 

-bi 
and ~ t will be practically constant and equal to 

1.0 over small variations of r near the origin. The 

average temperature of the molecule will then be: 

(6) 

For anthracene the ionisation level lies at about 
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8 eV and the first excited electronic level at about 

3 eV, so that even if the molecule took up the whole 

of this energy difference as vibrational energy, the 

highest vibrational level or the electronically ex­

cited first level would be less than 5 eV above the 

vi brational ground state, At room temperatures the 

average energy of each mode of vibration of the mole-

cule is of the order of 0.02 eV. The time ror the 

molecule to reach thermal equilibrium with its neigh­

bours must be of the order of 't' in the equation: 

{?.) = (f/} <>. ~" 
(7) 

'\'There I 
= 

I -8 From tables we see that = 1.25, r 0 = 7 x 10 ems, 

8 = 0.3 cals/gram/°C. at 50°C and k = 10-3 cals/sec/°C/c~m~ 

By substituting these figures in equation (7) a 

t ime or 5.9 x 10-ll seconds is given for the time to 

reach thermal equilibrium in anthracene. 

This estimate of the time should only be considered 

as correct to an order of magnitude since several 

criticisms can be levelled at the naive approach to this 

estimate. Firstly, it is highly unlikely that one can 

consider the microscopic properties of a material can 



be extrapolated to regions o£ the order of the molecule 

in size. Secondly, the thermal conductivity ~rill 

certainly rise in magnitude when the amplitude of 

vibration of the molecule is large, as it 1dll be in 

the early stages of the cooling process, This will 

have the effect of causing the temperature of the 

excited molecule to fall very much faster at first, 

and then to settle down to the rate as here predicted. 

The overall effect of this will be to shorten the time 

necessary to reach thermal equilibrium. Thirdly, 

the axes of the crystal have been ignored and an average 

taken over all directions for the thermal constants. 

Fourthly, it is highly unlikely that the molecule would 

rise to a vibrational energy as high as ~eV above ·the 

first excited state, without rising into one of the 

higher electronic levels; so this again sets the estimate 

as an upper limit to the time necessary to reach thermal 

equilibrium in the lattice. 

(B) Discuss*on 

We have arrived at a value of less than 5.9 x 1o-ll 

sees. for the time that the anthracene molecule takes to 

reach thermal equilibrium in thelattice. Also tve see 

from Part III that the half life of the first electronic 

state of the molecule is 3.5 x 10-9 seconds. We are 

thus justified in saying that the excited molecule does 

reach thermal equilibrium with its neighbours before 
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it has an appreciable chance of emitting its fluorescent 

photon. 

It was observed that all the phosphors exposed to 

bombardment by electrons were rendered less efficient 

as the result of either oxidation or other damage to 

the molecule or crystal lattice. In anthracene it 

was noticed that the damage took place even when the 

bombardment took place in vacuum, indicating that the 

damage '-ras probably not due to oxidation. This is 

not conclusive as it is possible for some oxygen to 

be occluded on the surface, or as small bubbles in 

the crystal. Furthermore, the molecule remains hot 

for such a short time (as compared to the collision 

rate of oxygen molecules on the surface of a phosphor 

exposed to the radiation in air at normal pressures. 

Time betv.reen collisions of an oxygen molecule "Jith an 
-10 

anthracene molecule at N,T,P. ~ x 10 seconds) that 

we can rule out the possibility of the anthracene 

being oxidised when it is hot. 

The damage seems likely to be caused by: 

(a) the lattice being severely distorted near the path 

of the ionising particle• due to: 

(b) the possible production of comple~ons at the 

high energy of excitation, 

(c) the dissociation of the molecules into groups of 

atoms causingt 

(d) vacancies and interstitial atoms in the lattice. 
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PAgT VI. 

Experiments with E•ect~on Beam 

Seg~ion A 

The first photographs of anthracene on quartz 

excited by the external beam of electrons showed that 

the fused quartz, upon which the anthracene crystals 

~1ere mounted, emitted an intense blue light. Furthermore, 

it was noticed that, when looking at the plate, more 

light seemed to be emitted at e~ angle ot 90° t~1ards 

the direction of the incident electron beam. This 

type of anisotropy in the distribution of light would 

be explicable if the source of the light was bremstrahling 

from the decelerated electrons. Dieners (1953) has 

shown that when a l~r-energy electron of only a f~J kV 

enters a material it knocks on a very great number or 
other electrons. These electrons will move predomin-

antly in the forward direction. Consequently, on losing 

speed they will have to be decelerated along the axis 

of the motion of the incident electron. This will 

cause the light from the decelerated electrons to be 

emitted with a maximum of intensity in a plane at 90° 

to the incident direction and polarised with the electric 

vector along this direction. The intensity of the 

light emitted in this type of process is proportional 

to the inverse of the radius of curvature of the electron's 

path and proportional to the ~th power of the energy. 



Figure 36. D-shaped Glass block. 

(a.) Heavy lead screen. 

I 
\ 

I 
\ 

I 
I 
I 

(b) Narrow slit in aluminium shield . 

(c) Glass block. 

(d) Aluminium guide to hold film. 



92 

~hese relations have been verified qualitatively by 

observations on the light emission rrom the electrons 

in the Berkeley synchrotron (Annual Review of liuclea.r 

Fhysics, Vol. l 1953)• 

To investigate this further a D-shaped glass 

block was placed with the centre of the D in the 

electron beam and so shielded that only a na1~r01>1 flat 

beam could enter the glass. The maxiJnum or the light, 

in this case, seemed to lie t~vards the green, but 

again a slight anisotropy appeared in the distribution 

of the light as seen by the eye. A strip or photo­

graphic paper was stuck round the glass block as shown 

in figure 36. This showed a greater darkening of 

the paper at 90° to the electron beam. However, as 

this part of the paper was nearest the glass bulb of 

the x-ray tube, it was thought that the darkening might 

be due to X-rays. The glass block was then carefully 

shielded with a lead screen and another exposure taken. 

This time very little change could be seen in the 

density of the paper over the range 0° to 90°. It was 

concluded that if an anisotropy did exist in the angular 

distribution of the light, the amount of light involved 

in this anisotropy was smaller than that uhich arose 

from the fluorescence of the glass in the range covered 

by the photographic paper. 

Using a sheet of polaroid, no preferred direction 
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of polarisation of the emitted light at 90° could be 

found. As several people agreed that an anisotropy 

did appear in the angular distribution of the emitted 

light the ansvrer may be physiological otdng to its 

low intensity. 

§ect1on B 

Jnv§Stigation of the l~ght epis~~on from tbin met~ 
fqil§ under electron bombar4ment 

Norman et al.(l953) and Riahards and Cole (1951) 

had bombarded thin films of metal '\'Ji th Po210 Of, -particles 

and had observed photon emission in the near ultra-

violet region of the spectrum. Richards had observed 

the light ui th a photomultiplier and Norman had been 

able to photograph the spectra. The spectra obtained 

by Norman et al. were the same for all the metals used 

by him. Also his published spectra agreed with that 

obtained here for fused quartz. As his specimens had 

all been mounted on quartz, it seemed possible that he 

had erroneously attributed the quartz spectrum to the 

metals. Richards han also mounted his metal foils on 

quartz and noted that the scintillations from the metal 

foils appeared to stop when the range of the bombarding 

particles was insufficient to penetrate the quartz. 

As these results could be easily checked with the beam 

of electrons with the existing apparatus, several metals 

were bombarded in turn, and their emission spectra 



(a) ' 

.(b) 

(c);, 

( d) ~ . 

2;limu, 

Pl ate UI. (a) Qua!'"ta 10 minutes exposure. 

(b) Aluminium fall l hour exposure. 

(c) Cellophane paper t hour exposure. 

(d) Mercury calibration spectrum. 



( a ) 

( b ) 

(c) 

( d ) 

(e) 

Elate VIII 1 ( a ) Mercury calibration spectrum. 

(b) Gold foil . I hour exposure. 

(c) Cellophane paper. t hour exposure. 

( d ) Tin foil. 1 hour exposure. 

(e) Quartz plate. 10 minut e exposure. 



photogru.phecl. 

Fle.te VII shows the spectra obtained .f1•om quartz, 

A1 foil, cellophane paper and the calibra tion spectrum 

or Hg ~rom a discharge tube. 

~late VIII is that of quartz, tin foil, thick 

cellophane, gold foil z~nd the ce~ibrcttion spectrum. 

In the above the spectre for the metals were 

obtained using an exposure ·.£ one hour in each case, 

and thnt for the quartz was under 10 minutes to~ the 

same conditions or beam strength. 

No detectable light could be round from the metal 

foils under the bombardment by the electron~. In the 

case of cellophane the light emitted by the air be­

tt-reen the spectmen and the Lenard mndow is recorded 

with characteristic emission bands near 350 ~· 

Co:gcJ.ysion 

One is forced to conclude that the light detected 

by Norman et a1 and Richards came from the quartz 

support, and that metal foils do not emit an appreciable 

amount of light when bombarded by ionising radiation. 
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PARA VII 

Measurements of the Degay Times ot Organic Phosphors 

ynder Ionis~ Radi§tion 

It t..ras realised at thi~ stage that a considerable 

amount of useful information could be obtained about 

the · energy transfer process and the part played by 

the molecular structure in determining fluorescence 

characteristics, if a systematic e~amination or a large 

number 9f different phosphors were n~de of the spectra 

and decay time under u.v. and ionising particle ex-

citation. The magnitude of the task was thought to 

be beyond the capacity of one worker, so the part asGigned 

to the writer \'tas the investigation of a method of 

measuring decay times under ionising radiation, which 

would be suitable for a rapid survey of a large number 

of phosphors. 

Section A 

Ea rly Wprk 
y 

Measurements on the decay times of the fluorescence 

of phosphors under excitation by ionising radiation are 

based on a scintillation counting technique. The excited 

phosphor is observed by a photomultiplier which converts 

the light flash into a current pulse. The difficulty 

of measuring decay times of organic phosphors lies in 

the fact that the pulses rise in the order of l0-9 sees. 

An amplifier of approximately 1000 Me/sec band-width 
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l-tOuld be required to amplify :t'ai thtully a pulse with 

a .rise-time of this order, Amplifiers with suoh 

characteristics are not readily available owing to 

the obvious difficulties or stray capacities_, inductive 

leads and electron transit times in the valves when 

working at these prohibitive frequencies. In order 

to overcome these difficuJ. ties severa~ methods have 

been used to avo iii the use of ~ride-band amplifiers. 

T~e earliest work was done by directly coupling the 

collector anode or the photomultiplier to the deflector 

plates of a fast oscilloscope~ and photographing the 

resultant trace trhen the phototube Yas viel>ring an 

excited phosphor. (Collins, 1948). By taking a large 

number ~t photographs and averaging the rate at which 

the charge collected on the deflector plate, a measure 

was obtained of the decay time of the phosphor. The 

deflections obtained were less than a millimetre in 

height so that the accuracy attainable 't>Tas not high. 

R.F. Post (1952) improved on this method by increasing 

the gain of the photo tube • By applying a pulse ot 

up to 5 Kv to a 93lA photomultiplier (which normally 

works at 1.25 Kv) for a few microseconds at a low 

repetition .rate he "m.s able to get a gain ofiDcr directly 

from the photomultipliero This was sufficient to give 

pulses of up to 70 volts for stilbene, and noise pulses 



------ ---- ---

Figure. 37. Apparatus for measurement or Scintillation 

Decay .. times •. 
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of up to 70 volts for stilbene, and noise pulses of 15 
volts. The 931A is an electrostatically focussed photo-

multiplier so that the spread in transit time is small. 

Furthermore, the extremely high fields in the tube re­

duced the spread in the transit time to the order ot 
-10 5 x 10 seconds. By photogr aphing a large number of 

pulses he was able to show that the decay in intensity 

was exponential with respect to time and that the rise 

time was determined by the rise time of the photomultiplier 

pulse and associated cireuits. Though elegant this method 

of measuring decay times is not suitable for a rapid survey 

of a lot of different phosphors . Liebson has devised a 

more simple method. (Liebson. 19,2). 

Post had sh~tn that the pulse from the collector anode 
!!I . -t: 

of the photomultiplier may be expressed by p? :: ~ e ' 

where q is the charge on the collector, t the time, and 

7 the decay time of the phosphor. The rise time is 

effectively vertical at t : o. Liebson fed this pulse 

down a 50 ohm coaxial cable to a crystal diode. At the 

diode another cable, or variable length and shorted at 

its end '\'las connected. The integrated pulse from the 

diode was fed to an amplifier, and the pulse height 

measured with a discriminator and scaler. (See figure 

37). The pulse, on arrival at the crystal diode, would 

feed through to charge up the capacity of the leads to the 

amplifier until that portion of the pulse \4'hich had gone 
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down the shorted cable had returned. The reflection 

at the shorted end "rould invert the pulse and it "rould 

now interfere destructively with the pulse at the diode 

and no more current would contribute to the charge 

entering the ampl ifier. The shorted cable would be• 

come effective in reducing the size of the phosphor's 

pulse '~hen its length was such that the time for the 

reflected pulse to return to the diode was or the 

order of the decay time of the phosphor. 

We \!Till consider this process further. The in­

coming pulse from the photomultiplier viel1ing the 
-!-

phosphor will be of the form,e' , and zero for negative 

t. The out-of-phase reflection will arrive back to 

cut this pulse, \!Then t • 2t', where t• is the electrical 

delay introduced by the cable of the shorted line. 

The factor of two appears ~ring to the tact that the 

pulse must go to the end of the cable and come back 

again. The reflected pulse will interfere destructively 

\'Ti th the original pulse as shown in Figure 37. 

The charge which will collect on the grid of the 

tirst valve in the amplifier will be proportional to 

the integral of the current which can flow through the 

crystal diode. The cr-ystal diode is a non• linear 

rectifier and the current flowing across it is given by: 

(i) 
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t<There n is assumed to be a constant. V is the potential 

applied across the diode, and k is a constant. Then the 

total charge collected is: 

;;a~ 
-e' (ii) 

h 
. . , r 

ti ere l. J.S - "' • Then the pulse height, as measured 

by the amplifier with a long integrating time, is given 

by integrating this from t = 0 up to the time set by the 

clipping time of the shorted line. 

This gives• 

~ //. _.,/" 
I! = /1; .e -,_ t# 
~ (1 

( -~} 
f=t 1- ~ 71 

(iii) 

(iv) 

We see then that by plotting the pulse height against 

the length of the shorted line we obtain a straight line 

parallel to the x-axis for long lines. When the pulse 

begins to interfere with itself, the pulse height falls. 

When the pulse height falls to (I - I/e) then the decay 

time 7 becomes equal to • n 1 times 2ce, the length of 

the shorted line. 

This method avpears to be ideally suited to the 

rapid measurement of the decay times of a large number 

of phosphors . It would only be necessary to plot the 

pulse height of the pulses from the phosphor against a 
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series of different lengths of cable, and then ~ead off 

the value of l t and knowing n, to find the decay time 

r . 
§@Ction B 

Experilljental Atrangement 

A 931! photomultiplier was selected as the most 

suitable ~hotomultiplier to use for the measurements. 

It has electrostatically focussed dynodes for focussing 

the electrons in the multiplication processes, which 

enables the electrons to pass through the tube with a 

very small spread in transit time. This phototube was 

mounted in a brass container which, in turns was mounted 

on a copper chassis With the electrodes connected so 

aa to have the collector anode at earth potential and 

the photocathode at the high negative potential. The 

collector anode was connected to a 60 ohm T7324 cable 

which was matched at this point to a 60 ohm resistance 

to earth. The cable led to a six position switch and 

a Type IN34 crystal diode. The anode of the diode toras 

connected to another matched 60 ohm cable WP~ch conveyed 

the pulse to the input of the amplifier. Ce.bles of 

different lengths ,.,ere led from each of the six positions 

of the switch. These cables had their outer sheaths 

earthed and they were securely shorted at the end farthest 

from the switch. A series of different lengths of 

shorted line could thus be connected in turn across the 
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output of the photomultiplier. The output of . the 

amplifier l>rent via a discriminator to a counting rate 

meter. 

As the pulse from the photomultiplier is fed 

across a 60 ohm load and is further attenuated by passing 

through the crystal diode and into another 60 ohm load, 

the major problem in this experiment was obtaining an 

amplifier which could give a gain of about 106 witho~t 

any appreciable noise. I.t was found impossible to use 

two standard amplifiers in series 1-ti thout getting an 

excessive amount of noise even at such modest gains of 

10!5'. The amplifier l>Ihich had been built in tho laboratory 

on the design or the ModeJ. 100 M.I.T. is credi.ted \dth 

being able to give a gain of about 106 when used in con­

junction with its pre•amplifier. A pre~amplifier for 

this \tas buU t and the original amplifier modified to 

aut down hum and sho~ten the pulse length by adding a 

differentiating circuit bett~een the two .rings,..of-three. 

With ten megohms as the input impedance to the pre~ 

amplifie~ and at a maximum gain setting, the noise level 

was less than one volt in height. This was considered 

satisfactory. 

The pulse from the crystal diode circuit uas fed 

into this stage by a 10 pf condenser, To speed up the 

time taken for measurements, the output of the amplifier 

was fed to a standard scaler Hith discriminator, and the 



102 

pulse taken orr at the first stage beyond the dis­

criminator and fed to the counting rate meter of a 

radiation monitor. 

The phosphor to be examined 1-tas tied to the glass 

.face ot the photomultiplier with almninjum foil and 

taped into position. For gamma ray measurements 

the phosphor "Vras bombarded "rith Co.60 gamma. rays from 

a strong source close to the photomultiplier assembly. 

For the measurements• using alpha-particles, a small 

windot~ 't~as cut in the aluminium toil backing and a 

Po2l0 source of alphas used to bombard the crystal beyond. 

In order to obtain pulses of sufficient height 

it was necessary to over-run the photomultiplier at 

be~1een 15'00 and 1200 volts. It was found that immediat.ecy­

after applying this high potential to the tube1 the noise 

counts want up to a very high counting rate, but after 

a few minutes at this potential the noise pulses returned 

to only a very little above the original value. 

§ection c 

Method of Taking Measurements 

In taking a neasurament on a phosphor* the shorting 

S'\·Titch '\-ras set at the longest available shorted line, 

uhich ~re.s about six metres in length and corresponded to 

a clipping time of 6.21 x 10-8 seconds. This is 

effectively an infinite line for pulses of the length 
-8 used, which were of the order of less than about 2 x 10 
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seconds. 

A plot was then taken of the counting rate against 

the discriminator bias level P tor the pulses from the 

amplifier, with the phosphor under bombardment by the 

gamma rays or alpha particles. This done the counting 

rate was next plotted for different bias settings at the 

discriminator for varying lengths of shorted cable and 

tor a particular bias setting• Po, on the counting • rate· 

,s cable length curve. The length of cable which gave 

this counting rate was read off. The mean of this 

length for each of the bias curves on the second graph 

was taken for each specimen, and the result converted 

into time by using the maker·'s value of the velocity 

coefficient.. This time is equal to ! t where n is the 

crystal constant, and r the required decay time ot the 

phosphor (equation iv). 

At first it was thought that the value of n would 

be easily· obtained by doing a simple experiment with a 

potentiometer and measuring the current through the 

diode for different potentials applied across the diode. 

The result obtained is shown in Figure 38. Above about 

0.1 volts the diode shows a linear relation of the log­

log plot with a slope or very nearly 3· This indicates 

a cube law variation and n • 3· However, using this 

value of n in the measurements on anthracene gave a 

result widely different to the accepted value for the 
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decay time. Liebson had found a value of 0.9 for his 

value of n, so it 't'Tas suspected that the high frequency 

response of the diode was very different to its d.c. 

characteristics. 

Liebson had been able to measure the value of ~ by 

using pulses from a pulse generator which gave pulses of 

the same size and length as those obtainable from the 

photomultiplier . We "tere not in possession of even a 

simple pulse generator so some other method had to be de­

vised whereby the actual pulses from the photomultiplier 

could be utilised to measure the value of •n•. 

A determination of n should be possible from the 

foll<>lring considerations. Without the crystal diode in 

the cil'Cuit and "rith the pulses applied directly to the 

input of the amplifier, let the pulse height be a function 

f(V) of the voltage across the phototube. f(V) is just the 

gain of the photomultiplier for different values of the 

potential. Nm-1, '\ITith the diode in place, the non-linearity 

of its response should then yield another function or V 

such that this ~rould be related to the first function f(V) 

in the following t-Tay. The ne~r function F(V) • A. (f(V) )n. 

By plotting the pulse height against voltage across the 

photomultiplier for the t wo cases, the logarithm of their 

pulse heights l·rith the crystal diode in the circuit could 

be plotted against the logarithm of the pulse height with 

the diode removed. The slope of this curve would then 
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give the value of 1 n1 • This is done in Figure 39· 

This clearly shows that •n• is not a constant for 

the crystal diode but decreases for large pulse heights at 

the diode input to a value well below that obtained for 

anthracene pulses by Liebson. In order to use this method 

of measuring decay times it is important then to measure 

the value of n for each of the phosphors because the 

h&ight of the pulse at the input ot the crystal is depend• 

ent on both the efficiency of the phosphor and the decay 

time as well as the gain setting of the photomultiplier and 

the optical coupling to the photocathode of the phosphor. 

§action D 

Preltmipary ~pertments 

In getting the apparatus to work a very interesting 

eft'ec·t tvas observed. The amplifier was at this time 

connected so that it counted only positive pulses at 

the input to the pre- amplifier. With the gain at 

maximum, and a high potential applied to the phototube, 

counts were recorded on the counting-rate meter '"rhen 

anthracene was used as the phosphor and bombarded '-11th 

gamma rays. The usual discriminator integral-bias• 

curve t-ras plotted and the counting rate vs cable length 

plotted to find the effective deoay timqbf the pulses 

recorded. The value obtained was ~ x 10-9 seconds. 

This clearly could not have been the decay time of the 
• 

anthracene pulses which are nearly ten times longer than 
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this. A reasonable explanation seems to be as follows: 

the crystal could only see pUlses which were positive, 

so that, in effect, if a negative pulse comes along it 

sees it upside down - the rising edge now being a falling 

edge and the falling edge being the rising edge. The 

circuit then behaves in the normal ~ray and measu.res the 

decay tim~ of the falling edge. The value obtained 

should then'be the rise time of the original pulse at 

the photomultiplier anode. '.rhis value is in approximate 

agreement with the value obtained by Liebson at these 

potentials on a type 93lA., which he used t .o correct 

his measured decay times. 

§ectazon D (bl 

~A!i9l of 'theory of Metjlod 

A preliminary experiment was performed to verify 

that the simple theory developed to measure the decay 

time was valid. This was done bY measuring the pulse 

height from anthracene bombarded with gamma rays from 

Co6o for five different lengths of shorted line. The 

pulse height '\'Tas determined by finding at what bias 

setting ·the counting rate \tras 500 per second. This is 

sho~m in the lo:t.rer part of Figure 4o. 

This pulse height was then plotted against the 

clipping time corresponding to the length of shorted 

cable used. This is illustrated in the upper part ot 

Figure 4o. From these points the length o! cable, 
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which would give a clipping time such that the pulse 

height would be reduced by the factor (I - I/e) i.e. 

0.632, was read off. This came to a clipping time of 

18.5 millimicroseconds. By use o1' this value for "In 

in equation (iv) t and normalising at a pulse height 

of 21.0 volts, for t = infinity, the solid curve was 

obtained. 

This is seen to agree very 1-1ell "ri th the experi­

mental points which are those shown by a circle and a 

0ot if"l the middle. The only point vrhieh appears to 

be slightly off the ·theoretical cU.rve is the one at the 

shortest time interval, where the length of the shorted 

line is comparable \'Ti th the rise time of the photo­

multiplier's pulse. As these measurements agreed well 

with the theory, the simpler method of taking the measure­

ments as described in Section c, t-Tas used in all the sub­

sequent measurements of the decay time$• 

§ectign ~ 

RJitSJndTS 

Figures 41• 42 and 43 are the results obtained for 

stilbene, terphenyl and diphenyl-acetylene respectively. 

In column 4 in each case is recorded the critical length 

Lc of cable giving a clipping-time in units of l0-8seconds, 

such that the pUlse height is reduced by the facto~ 0.632. 

The phosphors vrere bombarded by gamma-rays in each case. 

The results obtained for all the measurements are 



Table IV. 

Phoaphor Excitation Decay Time 
-9 

in IO sec : 

Anthracene 3mm I - rays 26 :i' 3 

Anthracene 3mm o' -particles I5 . I ± 2 

Anthracene fine 
po-vrder q -particles 11.3 :t. 2 

Stilbene 3mm • -rays 6.8 ± I.O 

Stilbene 3mm C(-particles 5.0 ± I.O 

Terphenyl 3mm t - rays 5.7 ± I.O 

Diphenyl-acetylene t- rays 7.0 ± I.O 

Table IV. 
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summarised in t able IV. 

S,e>;t~on E 
Uiscn~s~on of Resulta 

These resluts bring to light several points ot 

interest. Firstly, i.'Te shopld look again at the pre-

liminary experiment carried out on anthracene, where 

the experi!nental technique lias checked. The curve 

plotted, assuming the decay of the emitted light to 

be exponential, agreed very well with the experimentally 

dete!'mined points. This then coni' irms OUI' initial 

assum!-;tion and we :may be reasonably sure that in anthra­

cene no other exponential decay lies ~1ithin the region 

from about ~ x 10-9 seconds to about 6 x 10~8 seconds, 

apart from the measured decay. 

experiment gives no information. 

Outside this range the 

Secondly, it should be noted that the decay times 

measured under Ol -pa.rticle and ~-ray excitation ax·e 

different in both antr.l.l'acene anc stilbene. In both cases 

the al~ha-particle decay time is the shorter. Under 

alpha particle bombru:·dnlent it is knO't'In that the ionisation 

in the path of the particle is very intense so that it 

may cause the density of t he excited molecules to be so 
great that they interact with one another and quench 

their fluorescence and so decrease the observed decay 

time. This has been observed by Bittman et al (1952). 

Thirdly, a fine po~rder of' anthracene 't'Tas bombarded 
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with alpha-particles and the decay time of fluorescence 

measured. It was found to be considerably smaller 

than that found for the 3 mm thick crystal indicating 

that photon emission and re-absorption did play a fairly 

large part in determining the decay time of the large 

phosphor. It was not possible to use microcrystals for 

this experiment as an a~preciable thickness is required 

in which to stop the alpha-particles, so as to obtain a 

pulse at the photomultiplier collector sufficiently large 

to be detected after passing the low impedance loads on 

the crystal. However, it was judged from the results 

obtained under ultra-violet excitation that the molecular 

decay time for anthracene under alpha-radiation appeared 

to be about 10 ~ecs, compared with 3·5 ~seconds under 

Ultra-violet excitation. 

It was noticed that if the crystal was poorly tied 

to the optical system of the photomultiplier, then the 

apparent decay time appeared to be considerably less than 

that for the crystal correctly fiXed in place, If only 

a f~IJ photoelectrons were emitted, otring to poor light 

col~ection efficiency, the pulse at the collector anode 

would be indistinguishable from a group of noise pulses, 

and a measurement of the decay time would only give 

information on the spread in the transit time through 

the tube. Thus, unless we have enough photoelectrons so 

that the individual pulses overl~p and smooth out the 
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collector pulse, the measured decay time will be less 

than the true value. Hence all the above results are 

probably slightly lower than the true decay times. 

It should be noted further that the above decay 

times have not been corrected for the effect of the finite 

spread i~ the transit time in the photomultiplier. This 

will amount to about .2 to-4 x 10-9 seconds. 

Section q 

gpnclusioQ 

We have come to the conclusion that this method 

is suitable for measuring the decay times of organic 

phosphors when a rapid, approximate survey is required 

of a large number of specimens. However, the following 

precautions shou~d be followed: 

(a) the value for n should be determined for each 

specimen, instead of relying on the value obtained by 

comparing the pulse height ot the specimen vrith that ot 

stilbene '\:Ti th a standard amplifier set-up, and deducing 

the pulse height at the crystal diode from the apparent 

decay time ~ , as 't'Tas done in these measurements. 

(b) the phosphor must be excited by high energy pulses 

to obtain enough photoelectrons from the photocathode. 

(c) good light collection geometry is essential. 

From the above it '~uld appear that for accurate 

measurements it would be preferable to use either a 

pulsed x-ray beam, or, alternately, a system similar 
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to that for ultraviolet described in Section B of Part 

III, but using modulated x-rays. 
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Conclu§ion 
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In summing up the results obtained here, two of the 

latest developments of the theory of the transfer or 
energy in organic phosphors will be considered and then 

the autho~*s Olin ideas on the subject will be put to the 

fore. 

Birks (1953) has put forward a theory to account 

for the transfer mechanism. This is a development of 

the transfer process t~king place by photon emission and 

re-absorption. He suggests that a "primary11 photon is 

emitted by the phosphor molecule when it is excited by 

an ionising particle . This primary photon is expected 

to lie in the far ultraviolet, close to the molecular 

ionisation level. At this energy, the mean free path 

of the photon in the organic specimen1rlll be about 

7 P· He suggests three possible ways in which this 

primary photon may be emitted: 

(i) by ion recombination after dissociation. 

(ii) by any allowed transition from a highly excited 

electronic level to the ground state. 

(iii) by excitation of the continuous x-ray spectrum and 

the characteristic x-rays of carbon by the ionising particle, 

On assumption that primary photons are emitted, this 

theory is capable of explaining some of the properties 

of organic phos~hors under both ionising and ultraviolet 

excitation. 
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Taylor et al (1951} and Birks and King (1952) had 

shown that the specific fluorescence dS/dr, (where dS 

is the fluor.escence emission from a length dr of track), 

was not related linearly to the energy loss dE/dr for 

short range alpha-particles nor for very slav electrons. 

Birks and King found the effect could be quantitatively 

accounted for by assuming that photons were escaping 

.from the suri'ace of the crystal uhen the particle pene­

trated less than about 7J' into the crystal. Aluminium 

reflectors did not appreciably affect the dS/dr vs dE/dr 

curve. This indicated that the photons t-Tere probably 

of such high energy that they were only poorly renected 

by the aluminium. 

If primary photons \·tere produced ini tial.ly by ion 

recombination, followed by a large nuober of high energy 

transitions from the highly excited electronic states 

to the ground state, follm~ed by absorption and subsequent 

emission, this theory ~rould also be able to account for 

the difference between the decay times of ultraviolet 

excited phosphors and phosphors excited by ionising 

radiation. In the c ase ot particle excitation, a large 

number of emission and absorption prooesses ~d take 

place before the energy could be sufficiently degraded to 

be emitted in the normal emission bands as fluoresoence 

light, On the othe: ~and, if the phosphor vras excited by 

u1 traviolet light o! energy, well bel~r the ionisation 



114-

level, then the light ~>Tould have less energy to lose 

be£ore reaching that portion of the spectrum to whieb 

the crystal would be transparent, and consequently the 

decay time would be smaller. 

Furthermore, in anthracene it is found that about 

67 eV of energy has to be dissipated by the ionising 

particle for each photon of 3 aV energy which is emitted, 

whe.reas it is known that an energy of about 30 eV is 

required to produce an ion ~air in gaseous organic com­

pounds similar to anthracene. Tll..is indicates that the 

quantum efficiency must be about 30/67 in transferring 

energy f:rou the ionisation level to the first excited 

state, t-rhile in the ultraviolet, B~ren has found that the 

quantum efficiency is independent or wavelength over a 

large range and equal to 0.9. The difference can be 

accounted for if a large number of emission processes take 

place. If this number is "n", then the effective quantum 

efficiency would be 0.9n. The value o! n, determined 

from decay t~e measurements makes the result agree well 

with the experimentully derived one. 

Ageno et al have sh~rn that in stilbene crystals 

excited by alpha-particles the excitation energy is 

transferred over distances of the order of a fe\1 milli ... 

metres. This suggests that the energy is transferred 

by primary photons. Ho\rever, the \V'riter considers that 

this is simply the photon emission and absorption process 
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observed in any thick organic-phosphor specimens and 

not due to photons of high energy. 

Further evidence ror pr1mary photons was given by 

Richards and Cole (1951), Dee and Richards (1951) and 

Birks and King (1952) , by their observation of materials 

which were not normally fluorescent under ionising 

radiation. However, these have been recently sh~1n to 

be an incorr·ect interpretation of the experimental results, 

so ~e will .not consider them further . 

This theory appears to be a~le to account quantitatively 

for mvst of the properties of scintillation phospho~ and 

in this way it is very useful and suggests the line 

't·T.h.ich research should follm'l in this field. It strongly 

· suggests that the spectra and decay times of phosphors 

1n the vacuum u~traviolet should be investigated more 

fully • This is a relatively uncharted part of the 

spectrum, and absorption and fluorescence measurements 

here will open up a field entirely new to the chemist 

and the biophysicist. It is suggested that the light 

emission from the accelerated electron be3m in the 

Berkeley and other synchrotrons might be usefully employed 

to provide a light source in this region. The intensity 

is large enough• and the spectrum extends dOlln to below 

50A, and is, of course, generated in vacuum and is a 

continuous spectrum • in fact one ide~~ for absorption 

measurements. 
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A criticism of this theory lies in the fact that 

these photons have never been observed. The spectrum 

of anthracene itself uas investigated in the text in 

Part IV. No emission of light of any appreciable in· 

tensity uas found in the region from 185 mf up to the 

normal emission bands. This does not preclude the 

JOSsibility of the primary photons having energy greater 

than that corresponding to a wavelength of 185 ~· 

H~rever1 as the energy has to be transported to the 

visible part of the spectrum from the ionising region, 

same other process, othe~ than that of photon emission 

and absorption, is suggested whereby the energy is de­

graded and not emitted until the energy corr esponds to 

that of the first excited electronic state~ Wright 

has made an effort to account for all the above pro­

perties of fluorescent materials by an entirely different 

theory. This theory is a quantitative development of 

the theory of sensitised .f'luo.:escence wt:.ich was described 

in Part I of this Thesis. 

Wright (1953) considers the behaviour of pure 

crystals with regard to excitation by ionising particles, 

and mixed crystals with regard to their fractional 

emission of fluorescence light '\'Tith .res1--eet to con­

centration, and the variation~ the decay tine "nth 

concentration. 

In the path o.f' the ionising particle, Wright considers 
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that the particle lases energy to tbe molecules aud 

they dissipate this energy in three wayso 

(i) by bimolecUlar quenching. 

(ii) by monomolecular quenching. 

(iii) by fluorescence emission. 

The monomolecular quenching is considered to be 

important when the ionisation is lOt.r as in the case of 

fast electrons. HO\<reve.r, ,.,hen the intensity of ionisation 

becomes intense, as for example, along an alpha-particle 

track or at the end of an electron track the ions are pl"O• 

duced so close to one another that they may inte~act with 

one another. The Coulomb field from the ions may inter­

act strongly \trith neighbouring molecules and ~low them 

to return non-radiatively to their ground states. The 

highly excited molecules may interact with ono another 

rorning conplex molecules (such as di-anthracene in the 

case of anthracene~ These quenching centres cause a. 

reduction in 'the specific fluorescence at the end of the 

t r a.ck of an electron, and further:> cause the relative 

response or the phosphor to alpha-particles to be less 

than t o el~ctrons of the same energy. Using experi• 

mentally determined values in the equations obtained by 

the above considerations, Wright obtained excellent 

agreement for the variation or dS/ dr wlth dE/dr, and also 

successfully accounted for the difference be~reen the 

response to alpha-particles and electrons, without auding 
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any adjt~table, arbitrary constantso 

vlright has developed this theory further in consider­

ing a fourth process ~Thieh may o<Jcur in both a mixed 

and a pure crystal. (but which cannot be readily studied 

in a pure crystal). This is the tr&"lsi'e.r of the ex.­

citation energy to a neighbouring molecule. He considers 

that the excited molecule transfers its energy only to 

one o£ its immediate neighbo~s . He consid~rs that the 

expanded electron orbits of the excited molecule will 

~-VS e. strong chance of interacting directly 't~ith the 

immediate neighbours, and further that these molecules 

will strongly shield the mo.re distant molecu~es from the 

excited molecule, 

lie equates the frequency or transfer of the excitation 

energy from molecule to molecule to the frequency ot 

vibration or the molecules in the lattioe. For 
12 

anthracene this is of the orde.r of lO /second, so that 

in the normal lifetime of the molecule (of the order 
-8 4 

of 10 sees.) the energy may pass through 10 molecules. 

This enables the excd tat ion energy to be readily trapped 

by even a very l0t1 concentration of impu.ri ty • Using a 

more sophisticated analysis and obtuining the full 

mathematical equations he was able to plot the fraction$~ 

emission ot th.e components in a mixed c.rysta~ as a 

function of the concentration of the impurity, and compare 

them with tb.e experimentaJ. 11alues obtained by careful 
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measurements. He obtained reasonably good agreement. 

A criticism of this theory might be that equating 

the vibrational frequency of the molecules to the 

frequency of the energy transfer is not entirely justified, 

and furthermore, the measurements in Part III shO\-r that 

the decay time of the anthracene molecule is considerably 

smaller than t.P..e ve.lue obtained for a large crystal {the 

so called technical decay time), as used by Wright. 

HOl<rever, these are not serious criticisms, as the order 

of magnitude is ce.rtainJ.y right and until more experimental 

evidence is forthCOQiug on the intercction or highly 

excited molecules in a lattice, it lTOuld be dangerous 

to dispute that the energy eould not be transferred con­

siderably more often than once in each vibration of 

the widel y expanded excited molecule. 

At first sight these two theories appear to be 

entirely different in all respects . H01·rever, it is 

felt that a true interpretation of all the experiment~~ 

facts could be Zound by going back a little and studying 

further the process of sensitised fluoresceiwe. In 

this process the energy is transferred by the method 

outlined by Wright, but the probabi lity of the trru1sfer 

taking place is determined by the optical properties 

of the molecule, just as it occurs in gases. This 

brings in the reasoning employed by Birks. The fact 

that the photons l'Tere not observed in the case of 
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anthracene lends st~ength to this argument that the 

~~ processes are bound together by this link. In 

biophysics and in many of the processes of radiation 

Cher.!istry, the undel'"Sto.nding Of What happens is greatly 

simplified if we assume that the energy can be trans­

ferred from o~e moleeule to another• or from one radicle 

to another, i£ the energy lies only in a narrcn-r band 

(Birkst unpublished work). This is explieablo 1£ the 

photons exist in a narrm1 band in the high ~nergy £9gions 

of the spectra, but also if thG tr0..'tsfer oceurs by ·t•c.y 

of virtual. photons. These photons 't'fOuld never actually 

see the light or day, but could carry energy between two 

adjacent molecules if the emitting and absorbL~ eentres 

'·rere in resone.nce with one another i.e., their emission 

and absorption bands ttTould overlap one another. Thus 

the probability of the process wotud be determined by 

the optical absorption coefficients, uhile the transfer 

mechanism vould take place by sensitised fluorescence. 

The above line of re8soning is so analogous to 

the ~rave and particle aspects of radiation that it 

suggests that a thorough 1-ravemeehaniea.l treatment or 
the pt•oblen ~rould clea.r up all the dii'.ficul t.i..es. H01·rever, 

this might obscure the physical ideas of the theories, 

and for this reason it wuld be as well to rely on the, 

two theories as they stand, in order to suggest suitable 

lines for further developll~nt. As yet not nearly enough 
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e~per~ental uor~ has be~n dona 1n these fields to 

allou us to argua t~isich 1s the right nnd vhich is the 

1:1rong theory. It is muoh 1aore imJ,ortant to see uhat 

ext-eriments are north doing. 

It has been suggested earlier that much or value 

t-Jould be obtained if we were to measure the deeay times 

of crystals at. different 't.Yavalengths of excitation. 

This is L robably one t! the most vo.lue.ble methods ot 

obtaining nnta on the tr4nater 1rocess. 

Anothel> eXJeriment, t-thieh the lt1r1 ter ~onsiders might 

bel~ to cl 1rify the 10sition; is to necsura the decny 

time or isolr. teo moleoules, as,for exam~le; molecules 

in a ..uolecul.~r beam. Theu ue \!Ould be nbla to find out 

tho offect of the lattiea on the molecule. This arrange­

ment might also be used to soe hot-1 the internal vibration 

of tho molecule ~roots tho decay two o.nd the quantum 

effieieney, by va~y1ne the ten1arature of thG oven feeding 

the ;::.olecula.r beao. The obvious advantage or tho mole­

cular be~ ovor the use or the gns itself is that the 

donsi ty of tho molecules i n the b0am. eorl"9SI,.ond$ to the. 

conditions in the coll\~:.a.ratival. y high 1Jrassu.re oven, while 

the oolllsion rato corres onuo to that 1n the high vacuum 

enclosure. 

Furthe~ra, it would be useful to study the emission 

st ectrum of the oolecule by this oethod, both ae ragards 

}...vlar1sc.t1on of the fluorescence light uitil res1--ect to the 
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polarisation ot the exciting light, and as regards the 

SJ.ectrum of thG fluorescen~a light in th~ va11uum ultra­

violet. 

Tbe writer considers that the use of the ionising 

particles to study the energy t.ranst'e.r mechanism tands 

rmch too rtmob to comj;.lice.te the issue. It is tel t that 

much mora coUld be learned if some of tho above ex~er1-

ments vore earr1od out so that ~1a could understan<l 

first the bobav1ou.r or the molecule itself and then 

attem1.~t to see hmr it behaves ,.,hon. local.isod in the 

lattiuee 

One might fittingly oonclu&:· \11th the words of Cecil 

John Rhodes, which so a~tly describe the Iressnt state of 

solid state phys1es, 

"So little done, so much to do". 
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GM?WU1 • 

CrysteJ, gr0ww Tes;bgiqJ.l§ 

In the early part of this work mixed crystals of 

anthracene in nar-hthalene were required. Naphthalene 

was the basic lattice and anthracene was introduced as an 

impurity of known concentration. 

Crystals may be Qonven1ently grown in a number of 

different ways which may be divided up into two distinct 

sections: growth from t he melt, and growth from. a cooling 

$aturated solution. For mixed crystals the malt is the 

most convenier.~.t l7ay or obtaining o.rystals w1 th a oon;:~tant 

rati o of tho constituents. In all the different techniques 

ot growing crystals from the melt three tmportant pcints 

must be borne 1r mlnda 

(a) the crystal growth must be allowed to uevelop from 

only one crystal r.ll.tcleus. Tb1s ens~es that initially 

only one orystnl will grow, and a polycrystalline mass wUl 

not be able to develop. 

(b) the melt must bo allowed to aool very slowly so that 

the c rystal w;Ul only form on the nucleus crystal and not 

on the walls or the vessel and U1.on any other S!JeCk of 

tm~urity which might b& present. The see4 crystal should 

be the coolest part of tho melt. 

(c) aft~r the crystal bas r eached the requir$d size it 

must be all~1ed to anneal very slowly until it ~eaebos 

room tao~orature. This ls a ~racaution aGainst thermal 
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b 

Thermostatic Tank. 

(a) Large voJ.u••ue water bat}}. 

(b) Sti~ring mo~or, heater ana thermostatic 
control. 

(c) Beaker containing melt. 

( d) Earthenware tank. 

(e) Brass stirrup holding crystal. 



fra~ture to which most large o.rystal.s are 1.rona. 

Several different teoimi~ues uere tried tor growing 

these crystals and thesa t.:rill be described in turn. 

1bili2atQti9 i§~Q.~Qni810 
lnit1ally7 n technique develov$d by Black of Glasgow 

(unpublished wo.rk) t-ras used. A beaka.r eontaining the 

asl t vas ilumarsGu 1n n t<tatar•f1lled thermostatic tank 

held a.t a temperature a. little above the melting point of 

napbtnru.ene (79•2 °C). Uhen all the na.z.,htbalsne had 

mel ted, the beaker was rni.sotl so tbat the surfooe ot the 

na:pbthalene lay about a quarte~ of an inch above the 

surf'aoe ot tbe water in the thenostat. The slightly 

cooler air a.bo..ra the surface of the \tOtter gives rise to 

a the~nal gradient across the surface or the molten 

n&l;hthnlene. t1hen the temperattU"e 1s eo.rreatly adjusted 

a thin film of solid M!.>htl~ene fo.rms on the su.rtaee. 

~his is 1:revented from falling b~ck ~J.to the 11qu1d by 

han&ing :a stirru.r,. of brass uire 3ust below the na.z:.hthe.lene 

surface. Th& surtaea skin adheres to this and gradually 

the crystal erovs dot~ards into the melt. (SeG figure 

~). The wire stil·ru~ may be nov eitber slowly lifted 

from the be~ksr to allow tbe growth to continue, ort 

alternately, the toormostr.1t oontrol can be adjusted to 

bring the tem.JH~l"ature down 1n ste})S of 0.1-C. every few 

hours. By this methOd crystals an irwh thick Gnd three 

inches in diameter ware ·grow of rfure napbt.halene. 



\4hen the melt vns almost exhausted the whole crystal 

'.:laS lifted t.rom the beaker and transter.red to a large 

vide--mouthed thermos flask, \tlich had previously been 

heated with uarm water. This allowed the crystal to 

cool slooly a.wa.y from tha melt, and snnai to tho teinf!eratw-e 

ot the rt::om. After several hours the crystal was removed 

and eleened up in preparation tor use. 

Basically this ssems to be a purfeotly fool-~root 

method, but in practice, qu1te a considerable amount of 

trouble vas had in maintaining the thermostat at a teo• 

perature vthich was constant to better tban o .1 °C. The 

t:r&ter level had to be oa1nto.ined constant so that the 

thermostat con-trol element would be hold alva.JS at the 

same deJ;th bel(:., the surfa.ee ot the vater. This difficulty 

tome sol. ved by covering the watel' w;t. tb paraffin t;ax which 

mel ted and l)rEWented the vate.r ttom evo.pora.t1ng duing 

the growth of the crystal. Some difficulty ttas had uith 

the stirring motor due to the high temperature envix-onment 

in whiob it had to be .run tthich caused the ban.rings to seize. 

:l'his teahnique yielded some good naphthalene crystals 

and mixed erystalst but the method seemed to be unneoassarily 

lGbor1oust so a. simple.r method was devised. 

XP2lWlA nulii bs&mirmt 

A v~euUQ flnsk was filled w1th boiling wate~, and 

into the sto:t:rei :m the neck a test-tube containing the 

melt wns 1n$artea.. When this melted., the teet-tube wa.s 
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stoppered and all t he air oare.fully removed. The whole 

assembly ~ras then inverted and allOVt0d to stand tor 

several hours. Aoross the neck or the vacuum flask, 

between the cool outside ai.r and the hot vater of the 

1nt~rior, there wGs a thermal gradient so that the 

naphthalene in the l0¥191" 1-art of the tube t-ras e.rystallised 

tiret. As the .rest or the v-ate~ slowly cooled in the 

interior ot the flaeh, the cool region spread inuards 

along tho test tube and the crystal oolitU .. fied along the 

79.2 Qc isotherm as 1t s~read inwards. When the crystal 

uas full grolm and ell the melt E«Jmusted the tonpernture 

tell alouly and aJ'I..nea.le4 the crystal to l'oom tettpernture. 

It onty remained to open the flask and 3entl.y crack the 

test tube off the crystal. Tbe reason tor inverting 

the flask is that the naJbthalane on solidifyine is 

heavier than 1 ts mother liquor and ~uld tend to f'all to 

the bottom or the containing vaosel and henee several 

nuclei t~uld form if the bottom were not made t he coolest 

part Qt ttl$ tube. (See di~r~ lt') • 

This technique was tried out and gave $everal stngle 

orysta1s ; oms in longth and 7 to 8 ~ in thiC~$S£• 

It \Jus not possible to i,row a single rod ot }"1U'S crystal 

in a test tube. This was probably due to th0 erystal 

grOWing from severnl smaller crystals at the cooler end 

of the tube. A test tuba uith a constricted neck gave 

slightly improved results, but neve~ a aingle eryst~ 
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par t~st tube. This techni~ue bas been published in 

the "Jou.rne.l of Seientifio Instruments'' (Vol. 30, p 253t 

July 1953). 

The above techniqu.es are only suitable for growing 

e~ystal s which have a melting point betTf1eE::n about 30 °C 

and the boiling point or water. When other ;vhospb.or s 

are required ratbe~ bigh$r t~1~eratureo are needed. 

fUrs antnrseene• for example, molts at 21.6 °~ • In order 

to grow erystels oi' thi.s tn-e a thc.rm.sl oven technique 

vas tried. 

The oven was constructed on tho tollowillg lines. 

A coil o;f' heating uue uas ~:ound round a porcelain pipe 

one inCh in di~eter and 011e met.re long. Silt tllooos 

f:o_m the to~ ot the tube the wire VrlS elosoly •.10und and 

.further dotm the tube the b1.ndings uere spaced farther 

and farther a}: art, Dob'lt the tiiJe a therm.oeouplG evuld 

be c.ovod to read the ten1'ernture at any point. The 

temperature ·Has z.·lotted along the lenetn o:t the tube 

and showed a high temperature .region at the top with a 

gradual decrease d~Jn to roam temperature at the botto~. 

A string suz.~J;.ort attach~d to the M.tutulredau aha!'t 

of n uattrnetel' lattered the test tube, co11taining the melt, 

at about an 1neb a.n hour through the pipe. The test 

tube had a flat bottom \-11th a capillary tube estendir~ a 

few centimo'tres belov th¢ ~entre of the bue and seo.led 

off at its bottom. As the test tube passad tha wa~ 
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section (f the pipG the phospho.r mel ted and as it moved 

tu»ther dOWn the tube, that part ot the melt tth!Qb was 

tn tbe constricted tuba crystallised and formed a &a$d 

orrstal tl'om uhteh the rest of the a.rystel 8l"W• Tb$ 

tempel.'atul .. e of the C!~yetal \Tas aUO\of~d to :tall sl~tlY 

as the specimen p~ooeeded to the cooler parts of the 

tube. 

This is an ideal experimental arrangement for growing 

any t,-pe ot orystal. Ho,lfever, it was not aasy to get 

this oven to work proporlt• 

By attach1ng a themoeoupl0 to the test tube carrying 

tM melt it was ponsible to read the temper o.twae of th 

melt at all times during 1 ts passage ti~m the heated 

v1pe. 1n use it vas .found that the current to the 

heaters of the oven bad to be controlled to extremelY' 

fine lirlli ts 1n order to keep t~ temperatu.re eons tent 

in all':/ one p~l't cf the oven. Furthermore, oa.re h:.ld to 

be taken to see thnt the s~ecimen was never overheated 

so as to QQuse oXidation. 

l~o sucuesstUl result& tte.re obtained w1 th this set• 

up a.s, at tbe timet we had no means by wl't..1cb the tempera­

ture C¢J'Ul d bo aoourstely contr<>lled in the oven, and the 

mains fluctuations and v~1at1ons tn the temperature in 

the room caused the temperature to drift through several 

degrees 1n the bout. Thus the QOOling ot the specimen 

neve.r took place in the manner sought. As , .. m uere not 



desperately 1n need ot crystals other than untb.racene 

1n naphthalene, no more time wa.s spent tn t.ryU\g to 

stabilise tho tempera~e ot the oven and it was abandoned 

until the need nrose. 

lt«&:AU~ta Q' c.r:nUi&l ~tiJQfiUl 
Antltr~ene-naphthalene mixed crystals are vary 

soft and may be readily cleQved with tbe aid of a razor­

blade. SimUarly, they may be shaved to any required 

shape '1ith a blade, Tl'.tOf may b& pcliahed by rubbirlg 

cently the surface ot tha c~ystal on a ~1eee of t11ter 

papeR. No abrasive ie necessary, but care r~st be t~ 

so as not to hent loonlly the tu'J:'>t>iDg surfaof'J, and so 

crack tb~ crystal. At~e.r a few hours, however 'roll the 

su.rtaco has 'be6.n polirJhed, the sh1na Will go t.rom the 

surface owing to tbe w ax.ora.tion ot the su.rteee layers 

in an uneven manner • 

ilil•UTMU& li 

WJW !91ias~ §:Sab3cl3.ruu1 f&ul .~lulriD,.i 
A h18h voltage stabUisad t>Ove.r sut-.vlY l-tas built 

to p.rovide a stabilised voltage tott the, photow.tl tii~lier • 

~he J..Otrer eur-~l·lY un.s built out ot the J.arts ot an olde.r 

unstnbUised su:t l,lY • the high vol t~e uas obtained t.rom 

a 10 KY transtotme:r £rom which tllo 2.5 XV tal-; tng vas 

uaod. This was rectified through a half wnve rectifier 

and tUtared throUgh a ohoka 1nput filter. The out}:ut 

ew•rent t·ras dra\m throu~ .. h a r.:entode uhioh was stabilised 
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uith a CV 71 Neon stabUi.ser. Tb& outpu·t varied by 

lees than 1% tor a 20p variation in Mains voltage. 
The output was not stabilised against cho.nge ot our.rant 

so that a ohange of load from 0.3 mA to 0.4 mA caused a 

change of 150 volts in 1200 vol t~h liovaver• as the 

photomul ti .. lier Ol.U'.rent coonged by m1o.roam~oras only• 

tbis did not matte!'• The tmuer su}:ly could not give a 

larger cur.r$nt that o.lt ur.A sta.bilis$d• 

In the l::lO.N:l eeneral case ue ooy ho.ve light wbieh 

is il'..oompletely modulated i.e. instaaa of Sin2
Mt tie may 

ha"te 1 -+- K sm2 t. In this ouae it ia seen from tbe abo;re 

that the .result tdll bet 

,i ~ .(, -4 ot,.o(. 

-,. 'b·-----
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At·PAAfUI .II 
t411i tttfect gg tiumgme iVN ~ $llta l:tQQllli\SH~4 l.l.f/Ai .~ 

tbe iUEtQ.t ,Qt noQel..lMU!:Ut An liM .~~51~2: 
SupfOSe the ge:Ln of the pb.otomul.tipl1el* 1e not a 

linear tt~.nction ot the l:,otontial betueen the photo-cathooe 

and the fas-t dyno.da. fhen1 it this potential ts m.odul.ated 

sinusoidally the gain t!Ul not vary s1nuso1dslly with ~t. 

The no~linearity will distort the·s1nusoidal ~om~onent 

and 1ntroauce bnrmonio terms with the modulating frequency 

a.s the fundamental. tie can tak$. this into account by 

eltpressing tbe go.ins at any titne t by the tunct1ont 

l f' 4, ~K'tJi! where B and 'w are constants 
N•t1 •'-

tmd n any +vG integer. 'lA>1 is the angul~ frequency ot 
tho fundamental. 

Tha intensity of tha light falling upon the photo-

cathode mo.~ not vary sinusoidally 'With ti.m:e • Wo can 

exr,ros.s 1 ts timo deJ<endence by the gener3l tunc t1ont 

I: /1 fa,.,~ (,.,tJ~ +«.) t'lhere A ~ end 0( w.. are eon. 
Af•o I - rn ~n 

stants., and tn 1s &1:\V +ve integer. 

Th~ current nt the eolleetor ot the I·hotomu~ tipl1er 

will be prO)tortional both to the intensity ot the light 

an" to the gain of the detector. ~he 1nstuntauQouS 

current at ttme t Will be proportional to• 

/1,6?'~' a,., 6~ J'~A? (,.,~ + t)('~) ~ 111,JT. 
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the average d.o. current ·uUl be px·oportional to the 

vrodUet int~atad ov-er a J:e.riod ot the fundamental. i.e. 

/Mj uf"'f'Q,. 4.,/m(~,.<G..} ~~~~,:.J/:a!/. 

= ¥/~r' .. "fk ~N»J~~l#~ P/!ia~"~~~~ 
- tl ~ M·~ Arl'/•1'1-:.o. 

-: !Y. g a 11 k~ + b £/a t. £. ot. 
o2. 41 0 0 0 ot ~ .- "" ...., "'· 

I -1- K (.1 a;f4 4. kat,... 

The etfaot of introducing the phosr:hor ia to introduce 

a. phase shift ¢JQ bet~-recn the Fourier components of the 

exciting modulated light and the oorres~onding oooi.onents 

of t!W nuoroscenee. ~he shit't in vha.se will be different 

for ea.oh vaLue of m. !fhJ .. e sbitt !s giv~n by the relat1on 

~ :::. tan•1 (Jlul') • Thus the effect of ba.rmonic torms and a 

non•linear1ty in the detector 1e to introduce an error in 

the measw:ed deoay time. Too magnitude or this e.rro.r ma.y 

be .tound by knowing the values ot the har oonic terl..lS s;.1and 1<i,. 

Curve ( b) in Figure 22 shows tlmt tbis orro.r is small. 

This c.urvo behave a essentially o.s 1 + K S1nCI(. 1rri th no te.rms 

of appreciable magnitude ot the ro1'111 n:,.s1n ~tith M'>l• 

This shove tlmt the harmonic te.rms uere conside.rably smaller 

than the tunda~mentol in these measurements . 
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