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Chapter 1 Introduction 

Precipitation of energetic particl es into the upper atmosphere is known 

t o cause aurora at high latitudes . Sanae is situated in the vicinity of 

t he South Atlantic Geo~gnetic Anomaly (Gledhill and Van Rooyen (1963)) 

where the magnetic field intensity is very low and it i s felt that this 

phenomenon may enhance the loss of particles from the trapping zone into 

t he upper atmosphere . 

Previous work at Rhodes has shown that it is extremely likely that particle 

precipi ta tion could be the cause of some ionospr,eric effects' at Sanae . 

Gledhill and Torr (1966) found that a "disturbed" ionosphere at Sanae '.vas 

linked with "high" fluxes of precipitated electrons in the area conjugate 

t o Sanae . Later papers by Gledhill , Torr and Torr (1967), and Tor r and 

Torr \1967a , 1968a) established that electrons are preci pitated over a large 

par t of the earth ' s surface and this phenomenon is probably responsible 

for an average of about 30% of F- layer disturbances . The frequency of 

precipitation and corresponding disturbances is most pronounced in the 

South Atlantic GeomagnetiC Anomaly . 

Several authors have used the idea of precipitated electrons as a cause of 

some ionospheric phenomena . These include Blamont and Chanin-Lory (1965), 

Ivanov-Kholodny (1965) Kamiyama (1966) , Krassovsky ~ al (1965), Lauter and 

Knuth (1965), Maehlum (1967, 1968) , Nesterov et al (1964) , Oguti and 

llJarubashi (1966), Ondoh (1966) and Yonezaw8. (1965a) . 

Nearer home Gledhill (1970) and TOrr and Torr (1967b, 1968b, 1969a , 1969b , 

1970) have taken account of electron precipitation to explain some ionos­

pheric effects at Sanae and they have had reasonable success in each case . 

Further work is being hampered by a lack of knov/ledge of the height 

distribution of the ionization caused by precipitated ener~etic electrons . 

Ionization rate profiles produced by precipitated electrons have been used 

for the investieation of auroral phenomena, see e . g . Rees (1963 , 1964b), 

Maeda (1965) and Berger , Seltzer and Maeda (1970) . The ionization rate 

profiles have been calculated for the case of energetic partj.cles precipi ta'ted 

vertically above the geomagnetic pole (vertical incidence) . Sanae (geomagnetic 
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coordinates ( - 63, 62~ 44,13') lies outside the auroral zone and without 

thorough investigation we have no reason to believe that we will obtain 

the same results for Sanae as at the pole . 

The aim of this thesis is to develop a simple and fast computer program 

which will reproduce the best results to date for electrons vertically 

incident at the geomagnetic pole and then to study the effect of changing 

the model atmosphere and other parameters such as latitude and dip angle 

of the magnetic field . 

For Sanae in particular we will study hourly and seasonal variations and also 

the influence of solar activity, measured by the 10,7 

and the geomagnetic index (a ) on the ionization rate 
p 

cm solar flux (F10 ,7)' 
profile . The 10,7 cm 

solar flux is an indicator of the x-ray flux Mlich is responsible for 

j_ncreased ionization in the model atmosphere. (Gibson and Van Allen 1970) . 

In the above cases we will consider a monoenergetic beam of electrons of 

"IDH" pitch angle distribution . ("IDH" is an abbreviation fo r "isotropic 

over the dowm ..... rd hemisphere" - a term which ' .... ill be described in the next 

chapter). Finally in Chap't -er , 2 we look at the ionization rate profile 

produced by a flux of electrons with a typical integral exponential energy 
- E/E spectrum of the type J 7 E = J o e 0 where 

J / E is the integral directional flux of electrons with energy> E 

J is the integral directional flux of electrons with energies greater o 
than zero, 

E is the e-folding energy and o 
E is any selected energy. 



3/ 

Chapter 2 Background 

The question to be answered is: "If energetic electrons are precipitated 

into the upper atmosphere and lose their energy by ionizing collisions 

wi th heavier molecules , how is this energy loss distributed ,vi th al ti tude?" 

From a study of the dynamics of charged particles in the earth's magnetic 

field we know that under collision-free conditions electrons are guided 

along field lines until they reach their mirror pOints and are reflected 

back along the field lines. Alfven's equation tells uS that the mirror 

field i ntensity is determined by the magnetic field intensity B and the 

pi tch angle of the electron at some reference leveL Some e·lectrons arc 

always lost from the trapping region Le . those in the "loss cone" which 

ei ther travel along the field line (w:i.th pitch angle f) = 0) or have pitch 

angles such that they would mirror low down in the atmosphere where the 

likelihood is great that they will collide with heavier molecules and lose 

energy while a lso being deflected from their original path . Since the 

mirror point is determined by the magnetic field intensity we Vlould expect 

a far greater supply of energetic electrons to regions of higher atmospheric 

densi ty to occur when an anomalously low magnetic field intensity Ca'_\8eS 

electrons to penetrate much more deeply into the atmosphere. This is the 

situation which arises in the South Atlantic Geomagnetic Anomaly . 

Let us for the moment ignore the magnetic f ield and the complj.cations tG 

which it gives rise such as mirror pOints and the spjTal motion of charged 

particles and consider a very simple situation. Assume a p2.ane stratj.fied 

atmosphere, decreasing in density with height, demarcated into horizontal 

lamina tions. I"le know the mass densi ty at each level . Monoenergetic electrons 

are fired vertically downwards into this atmosphere . We want to know hoY! 

much energy is lost by the "average" electron in each lamination . Energy 

is released to the surrounding medi~~ when the electron collides vrith, and 

exci tes or ionizes, the atoms and molecules of the medium . The elec tror, is 

very light and is expected to be deflected considerably from its origina.l 

direction of trave l as a result of collisions. It is ~~us very difficult 

to estimate the most likely path of the electron. 30 we may look ';0 nuclear 

phYSics and the results of analyses of the penetration of 0 raYG in air. 

These results represent a statistical average of many individual case 

histories . llicperiments haV"e been carried out and the results for!Oulated as 

empir ical range-energy relations. The r ela tioll is usually of the form 



4/ 

R = m E
i
n Imere R (the range) is expressed in the units g/cm

2 
when Ei (the 

i nitial energy) is in keY, m and n are constants found from experiment . 

The range, R, is the total "distance" the electron is expected to penetrate 

into the target medium before it has lost all its energy . 

The units g/cm2 may at first seem rather strange but it is actually a neat 

way of expressing the behaviour of an energetic electron under widely differ­

ing conditions . The distance an "average" electron will travel in a certain 

medium depends upon how quickly it gives up its energy to the surroundings 

i.e. on the number of coll isions it undergoes . This naturally depends on 

the density of the medium. So we express range in g/cm2 by multiplying the 

distance travelled in em by t-lJ.e density of the medium in g/cm3 • We can now 

apply the same formula to the case of an "average" electron fired into another 

medium with a different denSity and find out the depth to vmich the electron 

is expected to penetrate the medium. This depth is measured in the convention­

al uni ts of cm. 

If t he electron lost equal amounts of energy along equal intervals of the 

range the formula would simply be : 

(Energy deposited per cm3 per sec per unit flux at altitude h) 

= (initial energy/r~nge) (density at h). 

Unfortunately things are a little mOre complicated than appear at first. 

Theoretical calculations by Spencer (1955) and experimer,ts by Griin (1957) 

show that the amount of energy lost at any particular stage along the range 

is dependent upon the fraction of the range which has been covered. The 

normalized energy deposition function has been call ed the "Lambda function" 

?\(z/R) by Griin and we shall refer t o it in the same way . The diagram 

below shows the A- function appropriate for the monodirectional case . 

1.6 - - - - - - I 

i 
A (ZjR) 

o 0.4 

Z/R ~ 



Our problem is nOw formulated : 

(Energy deposited per cm3 per sec per unit flux at h) ~ 
(initial energy/range) (density at h) ( A-function at h) 

in symbols : 

e~F is the energy deposited 

z is the total "path length" 

down to height h. 

per cm3 per sec per unit flux at height h 

in g/cm2 from the "top of the atmosphere" 

z/R is the fraction of the range travelled . 

All other symbols have previously been explained . 
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To convert (2- 1) to ionization rate or ion pairs produced per unit volume 

per unit time per unit flux we divide the right hand side of (2-1) by the 

average energy lost per ion pair formed whose value we take to be 35 eV/ 

ion pair formed (Rees (1963» . If Ei is in keY this becomes 

ion pairs/el-cm (2- 2) 

(2- 1) and (2- 2) have been expressed in different notation by different 

workers in this f ield . Any difference in results usually lies in the 

choice of a ~ - function and the model atmosphere (D(h» . 

The A - function also changes When the pitch angle of the incident electron 

changes (see Fig 3 from Berger et al (1970) . (Reproduced overleaf) . 

It seems unlikely that precipitating electrons would be monodirectional unless 

they were fired from a rocket (e.g . Hess et al (1971» . Normal~y we v~uld 

expect some kind of distribution in pitch angle and it should be possible 

to find an appropriate A-function for any pitch angle distribution by in­

tegrating over the A's for the relevant pitch angles , weighted according 

to the distribution function . O' Brien (1962a)has measured fluxes of particles 

and found that during precipitation events they have a distribution Which is 

j':30tropic over the downward hemisphei'e (IDH). The "). -function for the IDE case 

is also sho\~ in Fig . 3 from Berger et al . 

Although IDH fluxes are obvi ously very important the author has "ever yet 

seen a lucid treatment of the concept . Till now we have only considered a 

monodirectional flux which , as its name implies, travels initially along a 
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single direction . (Any later change in direction of travel as a r esult of 

collisi ons is taken into a ccount in t he ::\ - function . ) The term "i s otropic" 

means that particl es are equally likel y to come from any direction and if 

we are talking ~f a flux which is isotropic over the dovmward hemisphere 

we mean t hat particles are equally likely to come from any dire ction which 

has a dOl'mward component . IfJ mono i s the directional flux for a mono-

energetic beam of electr ons then the IDH flux J 1DH = 'II J mono This last 

sta tement is described clearly in a treatment of the concept of fluxes with 

special reference to IDH fluxes due to Professor J .A. Gledhill . He has 

very kindly permitted me to i nclude hi s treatrr£nt in this thesis and it 

may be fOtL~d in Appendix 1 . 

In this thes i s we consider only ionization rates per unit flux and Vie denote 

the flux by F, whether it is monodirectional or IDH . Although (2- 1) and (2- 2) 

have been derived for a mcnodirection3.1 flux the expressions reooin the Game 
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for an IDH flux provided the appropriate A-function is used . 

The results given in this thesis may be used to calculate the ionization rate 

for any given flux . If the directional flux value is given the corresponding 

IDH flux is 1r x directional flux . 

Recent contributions to our knowledge of icnization rate profiles are the 

papers of Chamberlain (1961) , Rees (1963 , 1964b), Maeda (1965) and Berger 

et al (1970) . Each has used the same basic formula «2-1) or (2- 2)) with 

slight changes . 

Chamberlain (1961) used results of Spencer (1955, 1959a) in the calculation 

of ionization rate profiles from formula (2- 2) . Spencer used radia ti ve trans­

fer theory to calculate theoretical values of the range of p particles in 

air a~d also the A - function (in his notation J~ /J~ ' ) . His results did o 
not take account of straggling . The formula Chamberlain used differs slightly 

f r om (2- 2) by the subtitution of (D(R) n(;~)/n(M)R) for D(h) where 

z refers to the total path length down to height h, R refers to the range . 

z and R have the same units of g/cm2 . 

n(lJ) = number density of ionizable constituents at point z:in path z 
( = n(M)h) 

n(J.I)R = number density of ionizable constituents at point R in path 

D(R) = the mass density "at the bottom of the atmosphere" . 

This is a reasonably valid way of scaling the atmospheric densities if the 

relative concentrations of the different molecules r emains the same . However , 

above 100 km the atmospheric molecules separate out according to their 

relative molecular masses . This means that the mean molecular mass changes 

as we go from 90 km to 300 km . 

(2-3) 

implies that the mean molecular mass remains constant for the r egion from 

300 km down to R as may be seen from the follov,'ing reasoning. 

The average molecular weight at the ith altitude .. 

M. = Z n . . IVL: I\, 
l k Kl k .l 

nlci = number density of' molecules Qf species k with molecular Vleight M
k

. 
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The mass density at the ith altitude D. 
l 

M. 
l 

L, n, 
k Kl 

Choose another altitude j (ji= i) 

with t he mass density at the jth altitude D, = M
J
. L: n , -(a) 

J k KJ 

For relation (2- 3) to hold this implies 

""'~ '\:J' =M .. ~ 
l k 

Comparing (a) and (b) we see that this implies M, = M .• 
J l 

-( b) 

The ClRA 1965 mean model atmosphere gives the mean molecular weight at 

90 ~ as 28 , 94 and at 300 ~ as 18,87 . We see ~~at M90 P ~OO and the 

use of (2-3) in the scaling of atmospheric densities leads to an overestimat­

ion of density at greater heights . 

Rees (1963) closely followed Chamberlain ' s method , differing only in the choice 

of a range-energy relation and the -;\ - function . For these he used experimental 

results of Grlin (1957) who measured the luminescence radiation emitted by 

nitrogen when bombarded by monodirectional electron beams with energies 

between 5 and 54 keV. He obtained the A - function by integrating the light 

output over plane slabs perpendicular to the 

Grlin found the range- energy relation to be R 

direction of the incident 

= 4 , 57 x 10- 6 E 1 ,75. 
o 

For a 32 keY beam of electrons Grlin recorded a three- dimensional energy 

deposition distribution which he published in the,form of contour lines 

beam. 

of equal luminosity . Rees used this to obtain the A - function for different 

pitch angle distributions viz . monodirectional, "isotropic" (00 
_ 700) , 

"isotropic" (00 
- 800

) as well as the "cosine distribution" which is also 

known as "isotropic over the downv.ard hemisphere". Note that Reeslo use of 

"isotropic" is incorrect and does not conform to the usual definition. 

The model atmosphere used by Rees is given in table 2- 1 . 



9/ 

Table 2-1 

Rees Model Atmosphere 

h(JrJll) D(g/cm3) n( l1I) (cm-3) 

92 2,17 (- 9) 4,37 (13) 

96 9,93 (- 10) 2,07 (13) 

100 4,48 (- 10) 1,04 (13) 

108 1,32 (-10) 3,18 (12) 

114 5,70 (- 11) 1,43 (12) 

120 2,61 (-11) 6,61 (11) 

126 1 , 30 (- 11) 3,40 (11) 

132 7,05 (-12) 1,91 (11) 

140 3,47 (-12) 9,70 (10) 

150 1 ,70 (- 12) 4,92 (10) 

162 9,00 (- 13) 2,66 (10) 

192 2,94 (- 13) 9,50 (9 ) 

230 1,16 (- 13) 3,89 (9) 

252 7,60 (- 14) 2,57 (9) 

276 5,00 (- 14) 1 , 72 (9) 

300 3,42 (-14) 1,20 (9) 
-

For 2,17(-9) read 2,17 x 10-9. Likewise for all subsequent tables . 
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In a second paper (1964b)", Rees included the effect of the earth I s magnetic 

field and concluded that any influence it had was very small . 

Maeda (1965) used 1mnt e Carlo type calculations i . e . studying the case 

histories of s everal thousand electrons undergoing Coulomb scattering 

and continuous energy loss in the ClRA 1965 mean model atmosphere . The 

basic formula is the same as (2- 1) (although the notation is different) . 

The Monte Ca:cla method calculates the A - function and range using the 

Bethe theory for determining the mean energy loss, multiple scattering 

theory of Goudsmi t and Sanderson (1940) and single scattering with Mott IS 

cross section (Mott, 1929) . Straggling is taken into account using the 

theory of Blunck and Liesegang (1950) . Maeda studied IDH and monodirectional 

(vertical incidence) cases both with and without straggling for monoenergetic 

electron beams from 2 - 20 keV . 

Berger, Seltzer and 1~eda (1970) extended this work and took into account , 

t he effect of a magnetic field . The 'A - function was calculated by the Monte 

Carlo me thod and gcive good agreement with the experimental r esults of Grill . 

They published values of practical range for different energies for both 

monodirectional and IDH f~uxes. Range- energy ~elations were derived from 

thes e published values ~~d ,were found to differ in the mono directional and 

IDH cases . (See f ig 2-1 Which shows the plot of log E vS log R fo r both 

cases) . 

l,mnodirectional: 

IDH: 

R = .i , 42 x 10- 6 

R = 4,17 x 10- 6 

cf Grill (monodirec~iorilil) : R 

E 1,75 
i 

E 1 , 74 
i 

g/cm2 

2 
g/cm 

The denSities were used directly from the ClRA 1965 mean model atmosphere 

and 110t scaled from the greatest density as Chamberlain and Rees preferred 

to do . 

While most workers have used formulae simi,lar to (2- 1) or (2-2), Gledhill 

and Van Rooyen (1963) proposed an entirely different method . They took 

account of the earth IS lIlilgnetic field by using a monopole approximation 

to the dipole field . Then they could "unwind" the helical path of the 

electron to ob't:ain the actual path length and use this in the residual 

range method ta determine the energy lost in each lamination . 



It wa.s an interesting method but, al though it takes account of electrons 

mirroring in the magnetic field,it assumes that electrons vath a given 

pitch angle at "the top of the atmosphere " cor.tinue along the same path 

va thout being deflected by collisions. This i s an assumption which 

oversimplifies the situation as the electrons are naturally deflected 

considerably from their original direction of travel as a result of 

collisions . The A function takes account of this . 

11/ 
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Chapter 3 1he Computation of Ionization Rate Profiles 

As we have mentj.oned before, the aim of this thesis is to pr oduce a fast 

and accura.te method of computing ionization rate profiles to fit the best 

available results to date. 

For our standard we ha.ve chosen the results of Berger et al whose Monte 

Carlo type calculations are based on known interactions of atoms and 

electrons . The A function calculated in this way gives good agreement with 

experimental results of Grlin (1957) . The Monte Carlo calculations also 

yielded values of the "practical" range cf electrons in air which differ 

only slightly from Grlins result. For these reasons v:e believe the results 

of Berger et al to give a truer representation of the ionization produced 

by precipitated electrons than, for example, results of Chamberlain who used 

Spencer's theoretical !. ' s which have not been compared with eXF-=rimental 

results , or results of Rees who used Grlin ' s experimental values for /\ 

but did not takemto account the change of range with pitch angle distribu­

tion and also assumed constant composition of the relative constituents 

of the atmosphere . 

Although we are interested mainly in the case of IDH incidence the modifica­

tion from monodirectional to IDH is very easy so we shall first discuss 

the method of soluti.on for the monodirectional case and indicate the 

conversions necessary for the IDH case. 

The atmosphere from 300 km to 90 km is divided into horizontal laminations 

of varying thickness. We are not interested in the region below 90 km 

because we do not have ionograms for that part of the ionosphere and also 

beca.use bremstra.':!lung begin to play an increasingly important part and this 

would complicate computations (G .J . Freyer III (1969)) . This has the dis­

advantage that oar r88ul ts ca.nnot be used to calculate the absorption of 

radio WOlves which talces place mainly below 90 km. 

Let us nOw consider a n:onoenergetic , rnonodirectional beam of electrons with 

zero pitch an.;le (i . e . they travel along the magnetic field lines) . Vie may 

represent the nth lall'j.na tion diagra.= tj.cally. 
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The two height levels are h 1 and h with respective densities D (h 1) n- n n-
and n(h) . ~ h is the thickness of the nth l amination. If the lines 

n n 
of force of the magnetic field have an angle of dip I then the distance 

an avcorage electron will travel through a lamina tion is L h
n

.· cosec I. 

This "distar..ce of travel" in the lamination must be converted to "path length" 

in the uui ts g/ cm2 . 1'0 do this we convert 6, h to cm and multiply 6. h 
n n 

cosec I by the average mass density in the lamination . To find the average 

mass ,~ensi ty we assume an exponential distribuUon of density with height 

in the lanination . 

D(h ) = D(h 1) exp [- '0 (h - h )] 
n n- - n n-l 

';<;a constant 

and find that the average may be expressed in the following way 

See Appendix 2) . 

The total path length dovm to the height h must now be expres sed as a 
n 

fraction of the range in order to find the value of the normalized energy 

deposi tiOll factor A (z/R) at the height h . 'I'he range is found from the 
n 

range- energ-f relatj.on for monodircctional electrons R = 4,27 x 10- 6 El , 76 g/crl 

(deri veu f:>:>om results published by Berger et al) . 

The values obtain3d ac above are substituted into the formula (2- 2) viz 

qh IF' =(E/O,035R) '/\ (zjR) n(h ) 
n 

n 

with E. the initial enerGY in keY and D (h ) in g/cm3 
1 n 

Note that here F rerers t o the monodirectional flux . 
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Note that D(h ) refers to the density at the height h and not to the n n 
average density in the nth lamination . This is because we are interested 

in the energy deposited per unit volume per unit time per unit flux at 

the heights selected and the resulting ionization rate profile will 

represent the vertical distribution with heiglt even when the dip angle I 

i s not 90 0
• To illustrate this consj.der the diagram below. 

h 
of l,Tagnehc Field 

0 - I --.::-,'<c-r-):--------=.;;=-r::::;);=~+=s='-=---=--'=-

We are interested in the ionization rate at A ~nd B. If the beam of electrons 

i s vertically incident on the layer then the path length z is simply 

t h D ( f:l h ) and I, (z/n) at A determines the rate at which ionization 
n n 

is produced in a unit volume at A. If we now consider a beam of electrons 

incident along the direction of the magnetic f i eld (I j 900
) then the path 

length in the lamination ismcreased to U hn D (fl hn ) cosec I and the 

). (z/R) at A for the beam of electrons is nOw different from thc one 

appropriate for vertical incidence . This meanS that the beam of electrons 

incident along the field line ~ith I j 900 p~s lost more energy in the 

overlying laIr.inations and produces less ionization at A than the beam of 

electrons with vertical incidence . Ionization at B is caused by the electrons 

vnlich have travelled through C while the electrons vnlich caused ionization 

at A leave the lamination at D. 

To convert the program from the mono directional to the IDH case only two 

variables are changed: the range R and the A -fQnction . It is not economical 

to obtain the IDH ionization rate profile directly from the monodirectional 

profiles by using tile method of integrating OVE:r the pitch angles . This 

method would involve calculating monodirectional profiles for electrons at 

frequent intervals 01' pitch angle, each with its own ). - function , and summing 

over the contd.butions each of which have berm \':oighted by the factor sj n e 
cos e d G (see Appendix 1) . Vie havc therefore used a mean !'IDIfunctiOrl obtained 

from values published by Berger et a1. They found the I, IDH function 



IDH 
1,4-

. 

, '.' 

0 ,8 

/ y .', . 

'; . 

" 

, 



15/ 

to vary slightly withi'lcident energy and the AIDH function used (shown 

in Fig 3-1) has been chosen to repr-esent the Hmean" of the A - functions 

obtained for 2 , 5 ,10 and 20 keY incident electrons . The "]aean" was found 

not to differ by more than 3% from any of the other curves at any point . 

Since the A - function is different for the IDH case it might be reasonable 

to suppose that the range also changes. Results from Berger et al indicate 

that the range for the IDH case is best expressed by the relation 

R = 4 ,17 x 10-6 E 1 , 74 
i 

2 
g/cm 

Note here that we can still find out the ionization rate profile due to 

an IDH flux in a magnetic field with I }. 900
• This is because IDH has been 

defined as the flux passing dovmward through an element of area oriented 

perpendicularly to the direction of the magnetic field . So the dip angle 

will still affect the path length ill any lamination and although the ioni­

zation is along the field line we are only interested in the vertical dis­

tribution which is cal culat ed from our formula (2- 2). 

Vie now compare the results of Rees and Berger et al with those of the compu~e::, 

program (called AW IS) which calculates the,ionization rate profile follm7ing 

the method outlined abOve (see Appendix 3 for the flow chart) . 

Fig . 3-2 sho'.'IS the close agreement with the results of Berger at al. The 

solid lines are the results of Berger et al and the X I S denote the Al'l lS 

calculations with the 8IRA 1965 mean model atmosphere used by Berger at a l . 

The four profiles are i'or E_ = 2 , 5 , 10 and 20 keV . Note that we have 
~ 

plotted the energy deposHion per unit flux (eV/e1-cm) against height as 

did Berger et al, rathor than the production ra'3e per unit flux . 

Fig . 3-3 shows Rees's curves for 1 -and 10 keV incident electrons (solid 

lines) and AW lS computations with the Rees' atmosphere for the same initial 

energies (broken lines) . For the 1 keY electron flux the maximum ionization 

rate (qm/F) increases from 3,5 x 10- 6 in pairs/e1- em (Rees) to 3 ,S x 10- 6 

ion pairs/e1-cm (AW IS) while the height of lJl.aximum drops from 170 km (Rees) 

to 162 km (AW IS) . 
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For the 10 keV electron flux~mfF) decreases 

(Rees) to 1,6 x 10-4 ion pairs/el-cm (AW 18) 

(Rees) to lOS kill (AW 18) . 
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from 1,85 x 10- 4 ion pairs/el-cm 

and h increases from 107 km 
m 

As the AW 18 program depends so very much upon the Monte Carlo results of 

Berger et al the limitations of their results are also the limitations of 

the AW 18 results viz: 

1. No account is taken of a spatially varying magnetic field . All cal­

culations assume a constant magnetic field . 

2 . Calculations for ~ (z/R) were carried out at energies for which the 

electron scattering crOSS sections are not very well known . 

We conclude this chapter by mentioning that we are interested mainly in the 

type and size of differences introduced by changing different parameters 

and as a result if there are some inaccuracies in the calculation of absolute 

values these will not affect the differences in which we are interested. 

In later chapters we will study the influence of different model atmospheres, 

changes in dip angle and the expected ionization rate profiles for stations 

at different lati~udes. For Sanae, in particular, we "wIll study seasonal 

and daily variations as well as the effect of changes in geomagnetic activity 

index a p and 10,7 cm solar flux (FIO , 7 ) . 
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Chapter 4 . Electron Production ;.n Different Model Atmospheres 

A model atmosphere such as ClRA 1965 consists of tabulated mass densities 

and number densities for different heights . Different workers have produced 

such model atmospheres by attempting to fit theoretical results to satellite 

data and extrapolating Lhese results through regions where data are not 

available (e . c; . betv/een 80 and 120 Jan) . These models are nece.ssarily 

simpl ified and, while their derivation is not of particular interest to 

us, we must fully understand any limitations and the possible influence 

of these on results derived from the model atmosphere . 

The ionization rate profile depends directly on the mass densities of 

t he model atmosphere . Rees used the model atmosphere given in Chapter 2 

while Berger et al used ClRA 1965 mean model atmosphere in theirs . The 

CIBA 1965 mean model atmosphere is shortly to be replaced by ClRA 1970. 

For reasons given below we have chosen to use the model atmospheres of 

Jacchia (1965) . 

The mean model atmosphere CIRA 1965 is calculated for low latitudes and 

i s not held to be applicable at r~gh latitudes . Jacchia ' s model atmospheres 

include a correction for latitude and it is felt that this may help nk~ce 

the model more representative of conditions at high latitudes . The 

atmospheric density distribution is known to change with exospheric 

temperature T exo Jacchia has published tables of mass densi ty with 

2100 K in height for the temperature range T = G50 K to T = exo exO 
50 degree intervals. He also outlines a method for ce.lculating T exo 
from the geographic latitude , hour angle of the sun, day number and 

declination of the sun, 10,7 cm solar flux (FlO,.,) and the geomagnetic 

activity index a . See Appendix 4 for a flow chart of the computer 
p 

program which evaluates T exo 

The limitations of Jacchia ' s model atmosphere (120-300 km) are 

a) the number densities are fixed at the lower boundary . IncidentaJ.J.y 

they are the same boundary conditions as used in ClRA 1965 (viz . 

( ) 11 ( ) 10 () ,,12 T = 355 K, n N2 = 450 x 10 ,n O2 = 7,5 x 10 ,n 0 = 7,6 x lw , 

n(He) = 3 , 4 x 107 , the units of n being particles per cm3). These 

values arc aclmowledged to be among t he best available of recent data 

from rockets and '''' telli tes. 



b) the temperature is invariant at the boundary (120 kIn) and has a 

constant gradient between 120 kIn and 150 kIn . The temperature 

distribution above 150 lcm was calculated for the "hottest " model 

(greatest T ) asswning thermal equlibrium. Other models were exo 

18/ 

obtained from this model by conduction cooling of the atmosphere in 

the absence of external energy sources . 

c) Static equilibrium of the atmosphere is assumed and this may not 

be a very good assumption considering that the atmosphere is 

subject to large variations of temperature (day - night) . 

Jacchia (1.965) also pOints out (p 220 § 6) that ~'120 may change with 

geomagnetic activity and also with solar EUV . As T120 is assumed to be 

a fixed boundary condition this may have a marked effect on the realism 

of ,the model. 

Since we are interested mainly in the upper atmosphere above Sanae (high 

latitude) we have chosen to use Jacchia 's model atmospheres above 120 kIn 

rather than elBA 1965 because it at least takes some account of the 

variation of atmospheric parameters with latitude . The elBA 1965 mean 

mOdel atmosphere is used from 90 kIn to 120 kIn . T is calculated exo 
following Jacchia's method and the densities are interpolated f rom 

published values of densities given by Jacchia in Table 1 of his 

publicaticn . (See Appendix 5 for the flow chart of the interpolation 

program. ) 

Let us now take a look at the effect of different model atmospheres on 

the ionization rate profile (Figs 4-1 to 4-4 . ) (Note that the height scale 

is different for each figure) . Vie see that for low energy electrons 

(Fig 4- 1) the profile changes shape from 700 to 2100 K. For a low T exo 
when the atmosphere is more compressed , most of the energy is lost around 

the peak while at higher T there i s mOre atmosphere at greater altitudes exo 
and more energy is deposited at these altitudes so the profile appears 

"broader" and peaks at a greater altitude than for low T This feature exo 
i .s pronounced for 1 keY electrons , the peak altitude (hID) shifting upwards 

by some 23 lan while the peak ionization rate 'k/F decreases from 5,8 x 10- 6 
r 

to 3,1 x 10- 0 ion pairs/el cm i.e . by 47%. T'ne behaviour cf 2 keY electrons 
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is similar although in this case hm only shifts by about 4 Jan and q . I1<' 
m 

decreases from 1,5 x 10- 5 to 9,6 x 10- 6 ion pairslel em i . e . by 36%. 

When we come to look at the profiles for 5, 10 and 20 keV electrons 

(Figs 4- 2, 4- 3, 4- 4) we see that the values of bm and qjF do not 

change . Since all three profiles peak at altitudes below 120 Jan this is 

most probably a result of using the same model atmosphere (elRA 1965 mean 

model atmosphere) below 120 Jan . 

We also notice that for 1 keV electrons at high altitudes the ionization 

produced in a model atmosphere with low T is much less than that in a exo 
model with high T • exo This trend is observed until the region between 

210 to 180 Jan is reached when a cross - over takes place and mOre ionization 

is produced in a model with low T than exo 
The altitude at which the productions are 

varies for the values of T involved. exo 

in a model with high ~ • exo 
equal for two different T ' s exo 

Similar behaviour is observed for 2 keV electrons although in this case 

the crOSS-over takes place between 190 and 155 Jan . For 5 keV and 10 keV 

the crOSS -over region is between 180 and 155 Jan while for 20 keV it is 

between 165 and 150 Jan. Below 150 Jan the 5, 10 and 20 keV electrons also 

show that production is less for T high than for T low until below exo exo 
120 Jan when all production rates become practically the same . This i s 

doubtl ess connected with the fact that we have used a model which docs 

not vary with T b~low 120 Jan. exo 

Fig 4-5 shews ,~lues of hm plotted vS T as well as values of log q IF exo m 
vs T exo As the height of maximum production and the peak ionization 

rate are difficult to r ead off the graphs they were calculated by takin~ 

four pairs of hand q values around the peak and solving for hm and qjF 

by setting 

q/F = a + b h + c h
2 + d h 3 (4- 1) 

then d~/F»h = h +' 2ch + 3dh2 
= 0 at the maximum. The expression is 

solved to give hm (one r"al solution within the b01.Lnds) hm was then sub­

stituted into (4--1) to give q IF. See Appendix 6 for the flow chart of 
m 

program ;,IAlCHQ. 

Vie see from .~'ig 4-·5 ·that for 1 keV electrons hm i ncreases and q IF 
m 

decreases as Tcxo increanes from 700. K to 1500 K, from 1500 to 2100 K 

the increase i.n hm becomes negligible, lying Vii thin 2 lnu of its asymptoti.(; 
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val ue , which difference would not be possible to see on any ordinary 

ionogram although the decrease in q IF only becomes negligible (i.e . 
m 

"> 3% v.hich we have chosen as the accuracy of our results because this 

is the order of the maximum difference between the results of Berger 

et al and AWlS) above 1700 K. 

We see for 2 keY electrons that there is negligible difference between 

h
m 

in the temperature r ange goo to 2100 K while any decrease qmfF is 

negligible at temperatures ~ 1300 K. 

For 5, 10 and 20 keY electrons there is no di1'ference in either h or 
m 

q IF . 
m 

One of our major regions of interest in the ionosphere is the F- layer . 

Prc,viously it has been general ly accepted that ionization produced per 

unit flux of precipitating electrons in the region above 200 km has 

been due to low energy electrons (soft spectrum) . We notice from 

Table 4- 1 that electrons of 20 keY contribute an amount equal to 

a bout 11% of that produced by 1 keY electrons . These percentage 

contributions are calculated such that the production by 1 keY 

electrons is taken to be 100 . We also note that the percentage COn-

tribution is very nearly independent of T in the range 700 t o 2100 K. exo 

Table 4- 1 also gives values of q/F for three heigh':s in the F- region 

for Texo = 700 K, goo K, 1100 K; 1300 K, 1500 K, 2100 K. 



Tabl e 4-1 
Variation of q/F with T i n the F-region . exo 

--
T Alt. q/P (1 keY) q/ F (2 keY) q/F (5 keY) q/ F (10 keY) q/F (20 keY) q/F (50 keY) q/F (100 keY) exo 

2100l~ 280 7,88( - 7) 100% 4,74( - 7) 6Cffo 2,41( - 7) 3r:f/o 1 ,45( - 7) 18% 8 ,66( -8) 11% 4,40(-8) 6% 2,63(28) 3% 
240 1,46(- 6) 100% 9 ,05( - 7) 62% 4, 65( - 7) 32% 2,79( - 7) 19% 1 ,67( - 7) 11% 8,48(-8 ) 6% 5,08( -8) 3% 
200 2,80(- 6) 10r:f/o I 2, 03( - 6) 73% 1, 06( - 6) 38% 6,38(- 7) 23% 3,83(- 7) 14% 1, 94( - 7) 7% 1 ,16 (-7)4% 

1500K 280 6,65( - 7) 100% 4, 01( - 7) 6Cf'/o 2,04(- 7) 31% 1 ,22( - 7) 18% 7,31( -8) 11% 3,71(-8) 6;' 2 ,22( -8) 3% 
240 1 ,37(- 6) 100% 8 ,46( - 7) 62% 4 ,34( - 7) 32% 2, 60( - 7) 19% 1, 56( - 7) 11% 7, 91 (--8) 6% 4 ,74( -8) 3% 
200 2,90(- 6) 100% 2,04( - 6) 70'$ 1,07( - 6) y(f; 6,41( - 7) 22% 3,84( - 7) 13~b 1, 95( - 7) 7% 1 ,17( - 7) 4% 

130me 280 5,64( - 7) 100?b 3, 39( - 7) 6r:f/o 1 ,73( - 7) 31% 1 ,03( - 7) 18% 6,19(-8 ) ll% 3,14(-8) 6% 1 ,88( -8) 3% 
240 1 ,25( - 6) 10~ 7,68( - 7) 61;' 3,93( - 7) 31% 2,36(- 7) 19% 1 ,41( - 7) 11% 7,17(-8) 6% 4, 29( -8) 3" 70 

200 2,88( - 6) 10r:f/o 1 ,97(- 7) 68i~ 1,03( - 6) 36% 6, 19( - 7) 21% 3,71( - 7) 13% 1,88(- 7) 7% 1 ,13(- 7) .d 
410 

1100K 280 4 ,17( - 7) 10r:f/o 2, 51(- 7) 6r:f/o 1 ,28( - 7) 31% 7,64( -8) 18% 4,57( -8) 11% 2,32(-8) 6% 1,39(-8) 3% 
240 1 ,03( - 6) 10r:f/o 6, 28( - 7) 61% 3,21( - 7) 32% 1,92( - 7) 19% 1,15 (- 7) 11% 5,85(-8) 6% 3,50(-8) 3% 
200 2,71( - 6) 100% 1 ;79(- 6) 66% 9,31( - 7) 34% 5,60( - 7) 21% 3, 35( - 7) 12% 1 ,70(- 7) 6% 1 ,02( - 7) 4% 

900K 280 2, 52(- 7) 100% 1 , 51(- 7) 6r:f/o 7,69( -8) 31% 4, 61 (-8) 18% 2, 76( -8 ) 11% 1,40(-8) 6% 8 ,39( - 9) 3% 
240 I 7,18( - 7) 100% 4,35( - 7) 61% 2,22(- 7) 31?~ 1, 33(- 7) 19% 7,97( -8) 11% 4, 04(-8) 6% 2 ,42( -8) 3% 
200 2,31( - 6) 100% 1 ;47 (- 6) 64% 7, 56(- 7) of 33/ 4, 54(- 7) 2r:f/o 2,72( ":7) 12% 1,38(- 7) 6% 8 ,27( -8) 4% 

1

700K 280 1,13(- 7) 10r:f/o 6,79( -8) 60% 3, 45( -8) 31% 2,06( -8) 18% 1 ,24(-8) 11% 6,27( - 9) 6% 3,75 (- 9 ) 3% 
240 3,92( - 7) 10r:f/o 2,36( --7) 6Cf'/o 1,20( - 7) 31% 7 ,20( -8) 18% 4,31(-8) 11% 2,19(-8) 6% 1 ,31(-8) 3"· I' 

'" .t::: 
, 

, 200 315; I 1,65( - 6) 10r:f/o 1,01( - 6) 61% 5,19( - 7) 3 ,U( - 7) 19% 1 ,S'{( - 7) 11% 9 ,47(-8) 6% 5,67( -8) 3% I , 
I - -- - _ .. - , 
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Normalization of the ionization rate profiles . 

Figures 4-1 to 4- 4 show ionization rate profiles for 5 different 

initial energies and several different values of T These graphs exo 
all have the same general shape and this suggests that it may be 

possible to normalize them so t hat they may be represented by a sinele 

curve . 

A similarly shaped curve is that of the Chapman function which represents 

production due to photoionization . Vie might then su!'pose that a similar 

type of function would describe a normalized ionization rate profile 

produced by energetic electrons . The Chapman function for normal ' incidence 

may be expressed as 

Q = exp (1 - X_e- X) where X is a scaled height and if we solve 

this for X = 0 we find Q = 1, and for X = 1, Q is 0,69 . 

The curves in Figs . 4- 1 to 4- 4 were normalized by calculating 

Q = VF . 
The height at which q/F fell to 0,69 qjF ?as denoted by hO, 69 and H 

was defined such that 

1~e scaled height was calculated as 

The values of (X, Q) were plotted for 150 pOj.nts scattered along the 

range X = -1 to X = ll . These points represented the profiles for 

1, 2, 5 , 10 and 20 keY electrons in model atmospheres whose values of 

l' ranged from goo K by 200 K steps to 2100 ~(. These points were 
exo 

used as, da ta for a Clll've f itting program t o fit a roodi.fi ed Cnapman-type 

function, namely 
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2 3 x Q = (1 + aX + bX + cX ) exp (1 - X - e- ) 

(I am indebted to James G. Greener for helping me to use this Fortran 

program HYPE , adopted from the original obtai ned from the U. S.A. ) 

The solid line through the X IS in Fig 4-6 is the theoretical curve 

which fits the expression 

This normalized curve or the equation (4- 2) provide us vath a means 

of rapidly computing ionization rate profi les as long as q / F , h -and m m 
H ar e known . The f irst two may be found from Fig 4-5 for any T exo 
from 700 K to 2100 K. Fig 4-7 is a plot of H vS T for the eL"rgi es exo 
1, 2 , 5, 10 and 20 keY. The val ue of H could only be r ead to within 

1 km and the pOints are plotted with error bars . The smooth curves 

drawn through the experimental values of H may be used for determining 

a likely value of H for 1 , 2 , 5, 10 and 20 keY electrons in the range 

700 to 2100 K. The values of HI at 900 and 1100 K do not fallon the 

smooth curve . It is possible t hat the values of hand/or q /F were 
m m 

inaccurate by more than 1 km for these two values of T exo 

Use of the normalized curve . 

The follol"ang is a p'rocedure for calculating ionization rate profiles 

using the normalized curve . 

1 . Determination of T exo 
(follO\~ng a slightly modified method of Jacchia (1965)) . 

To find T for any ' particular event tile follOwing must be known . exo 

~ 0 = l a titude of station 

6 0 
= declination of the sun 

,- d = day number (running from 1 for January 1st to 365 for Dec . 31st.) 

a .. - geomagnetic activity index 
p 
H = hour angle in degrees 

FIO , 7 = 10,7 cm solar fl~x 

FIO , 7 = five monthly average 10 , 7 cm solar flux . 
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These m:'.y be used in Program Jacchia (Appendix 4) or used in the following 

formulae (from Jacchia (1965» 

1j =t( lP- O ) 

9 =t( l(J + o ) 
' /2 = (H - 45

0 
+ 12: sin (H + 45

0
» 

/:; T = 1,00 a + 1250 (1 - exp ( - 0 , 08) a ) 
p p 

FIO , 7 To = 418
0 

+ 1 ,8
0 

FIO ,7 + 1 ,8
0 

" (0 , 37 + 0 ,14 sin 2 Tt d - 151) 
365 

d - 59 -
FIO , 7 sin 4 Tt ( 365) 

T =' T exo 0 
(1 + 0 , 28 sin 1,25 e ) 1 , 25 ." .1 , 25 e 2 

(
COS "- Sln 5 ) 
~~----~~~~--~~ cos ' ~ 
1 + 0 ,28 sinl ,2 56 2 

(1 + 0,28 

+ /:; T 

'(Note : Vie haye used 1,25 in sin 1,2 56 etc . from Jacchia a"d Slowey (1967) 

rather than 2,5 as published by Jacchia (1965») . 

2 . Having found T , q /F and h may be read from Fig. 4- 5 and II may exo m m 
be read from Fig . 4- 7 . 

3 . Pairs of X a.nd Q JIlP.y be found from Fig. 4- 6 and h = XH = hand 
m 

q/F = Q q~F calculated . 

The ionization rate profile may now be plotted . 

This method provides a rapid means of calculating approximate ionization 

rate profiles without the use of computers. T'he reliability may be 

assessed from Fig . 4- 6. 
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Chapter 5 The Effect of Different Dip Anglcs 

Stations at different latitudes often have different values of I, the 

dip angle of the magnetic field . We are interested in the difference 

introduced in the ionization rate profile when we change the dip angle 
o 0 ( through the values -90 to - 30 . The negative signs denote that we 

are considering conditions in the southern hemisphere but is irrelevant 

in so far as the interpretation of the results is concerned . ) We do not 

consider 1< 300 because in this thesis we are not interested in the 

possible precipitation of electrons near the geomagnetic equator . 

The main effect of changing the dip angle is to increase the distance 

travelled in any lamination by the precipitating electrons . As we 

have seen in Chapter 3 this means that more energy is lost in the 

l amination but less is deposited at the height level in Which we are 

interested . This explains the shape of the ionization rate profiles 

shown in Fig. 5- 1 to 5- 4 . At first sight it appears that less than the 

t otal incident energy is lost when I ~ 900
• However, we are looking 

at the vertical distribution in height and if we were to integrate the 

energy loss along the direction of the field with dip angle I we should 

obtain the correct total incident energy. 

o 0 Differences between the ionization rates for dip angle from - 90 to - 30 

became significant at the following altitudes and below 

E . Altitude above which differences <. 3% 
l 

1 keY 240 kID 

2 keY 200 kID 

5 keY 150 kID 

10 keY 130 kID 

20 keY nO kID 

Note that the dip angle does not appreciably influence the ionization 

rate in the F2- region except perhaps for 1 keY electrons while the 

ionization rate in the Fl- region is influenced by changing the dip 

angle in the case of energies of 5 ke V and less . 



o 
O'J 
N 

o 
-JI 
N 

F \ Cr. S - I 

o 0 
N 0 
N ,.j 

'. 
lID[ N1 :;[CID;L 1m" 

o 
Oi 

o 
-J) 

o 
./-

\t) 
I 
o 

' .. 

~'*'"'~~~ 5 

-'- '::':';':'F"F+=-~ , 

~7+,'-+---+'-~"*","~ , 

-.- . - - - _.- -.- .... - .- .. 
-,~ .. . -... ~- - . -- - - -----

: ' :~r:-: :::~: .: ::::r.::':: 
t~ . ··:·t:, .' 1- ! -d~I .. : .. . .. I:: I~ · ·,·: · ; ... •... . .... ~)=: ::::~~: ~~~:::: ~ 
.i-I:::'. :-T:- "': r=4 ~ . "~ .. ~: :~':': .":< ·r::, t=;= - >:::--::-: ~ £ 

~~~4J'::r ;'~f"c~ . . J:f -J:-T~=-=+ .j.--:- ~ -~~ 6 

tb+~,,~;.~Lll~ , .. ~:~:I '. "j"J77t: ~ ~J~ ·tfl~Jrl . -: .~ : 
~-'-1L ' ~L~-:-~-[~:.~q;--±t'L.~:~l. ;~14lli - .I ' l- . -~ '-. ! --'-"I- ~ i - : - C8:' 3 

i';.;:: . ,: .: .;: ::' 1 : .. ' I . ' 1:;: . I J 1 ' 1' :.' I:;" " 
=-i'~rT.-:- . ~-rrT I " --;=' 1 --r- --t :-·l-·'-----·F--: .: 
lf iii :: :i:~:i ; !:";:. ·l····i: i·T:'I·::;·y·i: 'i:I:: ':LI!"':! I: . I t : '11; I!I:/J':I ~" 
I,,·ij:·l !:!· ' '1'' : "[" . ':.:.J..:.:L.. " . ",:~ .. ... ;':.,:.:.:..;' . .. ::~L.: .~Jj2l.L ...... :.~~~.:L...'. " J ':: 

o 0 9 0 0 0 0 0 
0:> >J) ~ N 0 ~J '" 'It 
<'I N " ,J . N -



--I , ... . .. ... ; .. . 

I 

L 

5 

4 

'<l" 
1 

,~ 
, 
, 
5 

4 

3 

2. 

, 
, 

2 

lj) 

'0 -

JJ 
I 
o 

'-
o 

, 

4 

3 

2 

r;-
0 , -

crj F; 

X 

S 
'" E-i 
H 

13 
&1 
Pi 

r£l 
E-i 

Pi 
z 
0 
H 
';-: 

~ 
H 

6 
H 



FIG-. 5-3 

r · ··· 
.... " 1' .• ,! •. 

f~~~~ ~~: : ~i:~J:;, ... ' . 1.:': ::;T'" . : ' :" >:~~- ·;~~f~·i; .. :,: : ~;" ::'+f; :;:.1';" ':::i~ .. ' :. ' ~'::~ 8 

:::.:I-:i-~. ~~~U:: :, >m:~: _ ~~:!~ :~~r~:: "1"::. ::::::... .::::: :: .:: .. :. . ',: ~ .:L'::- ::: .. : 1:::: ;:. .. 6 
5 

; ~T'; <~~ <! j .'L:: ;l'::"': .":!~ .. , .:,~ : .• ~, ....:!' .j .. ,: « :: o;~ 4 

'I I ·'" ,T - .. .. :,;,' I . ,. I . I. • 0 [l (5 

~[1"j ~ d"- ~1;."-;:: ~~~?]: :t;;m '~m-> ~¥j~~ : , 
!'i',4:[ ;F !" '.:+. ;T'~F ~.,.:, _--d\ .~ ,e ,'9 

r:iI _. 8 

§ "" ,'. ~.-:;j . _. . .. -. 

P, 
H 
R 

--- _. ~ - - - . Fl· ,. -YT::-r.1~ --j.~ . 
.. T: ~~:Fl · : i ,:·;~:::I =· ::- -::-1-':·>-· --.;:. {-:E: . . :i±h.E; , : J:::r~ 
....- .:..). 

:~~>L: n :T~~:::U::~:':~- :) Co':> +;.':/:;~ I-H.·:Y :~;? : 

5 

I-' 4 

3 

, 
~ 

I 
o 

, 

h • 
- 5 

4 

,--, I ' ., j ~" " ,~, __ , '1'-" , Rill- -r ,·' 
(r':: r J:i ' : :,; · I':T- , ' '::f _. i .:'" i -:~::I!.~I.: ': i.' '} ! . r, 
-' i " ' I' ~L:_ ' I ' .L~ I· .'.' I' Li,:,::.L ._ , 5: 

o 
('\I 

o 
<J 

o 
r 

lID! NI :,rUi1LlJiIV 

o 
IJl o 

z 
~ 
E-I 
..: 
N 
H 

15 
H 



o 
t 
N 

o 
2 

FIG- . 6" - 4 

o 
I):l -

o 
.,[) 

o 
~ 

o 
('J 8 

a 
H 
8 

~ 
H a 
H 



IGo 

'4-0 

120 

I .,' .J 
, l " 

' I 
I: . .1'. ., 

'.' 
. ~ ... . 
:. ' J; 

. ~ .. •• • j ',-.,. 
~~ t: - -·- .. . :....j.~ .. :: :. L. 

' I, ~~~~-+===_~2}: R~· · :e.~V~"'~··~'~' 
-: f- . 

1" •• 

"', ' 
:,' j 

. .. 
j .... - ~:. 

.-~:-l ';1 . , 

1-

" 

1 .::.1 

,;' 

, • . :.J .: 
. 1. ,. 

,. -: .~: - :'- , . 
! . 

' .. -

. , 
'· :. lO"ReV 

~ 1,'8)<10'5 

. .-.: . ~, ' a "!<' 10.5 

i. _ , 

.-
-

.. --

~.2. x \O·S . -I 

l rO ' )J 10''­

" 8,0 x 10"'''' 

5,/q. 'Ie 16-" .1 

: ~. -t--": .7 ·3 ~-"'1'O-~ .j 
. ~; · ~:s· '<C\o·L. · 

9;0 ">(' "'0' <" 

-:- --- .' 

. ~ . 

. .2,2.. ~ ·IO-:(.. 

;;7 ... : 10·1.. 
· 1:i :_ ~ .. , 



261 

Variation of h!n and '1/~' w.ith dip angle are shown in Fig 5- 5. We see 

t hat for all energies in the range 1-20 keY r~ increases for decreasing 

values of I but the increase is 

e.g . when the dip angle changes 

greatest for 
o from - 90 to 

lower energy electrons 
o - 30 we find that h!n 

increases by 29 km for 1 keY electrons but only by 5 km for 20 keY 

electrons. The decrease in '1/F is typically of the order of 60% for the 

same range in I. 

o We are most interested in the r esults of I = - 60 which is close to the 

value of I (ground) at Sanae (_62,60 ¥lDCA 1911) . Comparing values ob­

tained for I = _600 with those of I = _900 w.ill give us some indication 

of the error involved when we apply results for vertical incidence at 

the pole to Sanae . Vie find that for 1 keVel ectrons the increase in hm 
o 

from -90 to 

be up to 20% 

_600 is small (about 5 km) while the estimation Of·'1/F can 
o greater than would be the case for I = 60 • 

Practically all previous workers have applied results calculated for 

vertical j_'lcidence at the pole for studies of auroral- type phenomena 

(e.g. Jacobs , Kist and Rawer (1969)). In Antarctica we find that I may 

be as small as - 56° (Decepcion Island) and this means that the maximum 

ionization rate ('1 IF) can be up to 25% less tl>..an the value for vertical m . 
incidence lIhile hill could ha"Te shifted upwards by as much as 8 km. 

Note that all calculations of ionization rate profiles have assumed that 

I remains constant ~oughout the region 100 - 300 km. This is not 

strictly true ' but the changes in I in this region are about 10 and this 

has a negligible effect on the results . 
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Chapter 6 Stations at Different Latitudes . 

The geographic latitude is one of the parameters which af·fects the 

value of T Since some stations of the same geographic lati t ude exo 
have a different value for the magnetic dip angle I, we have chosen 

several specific stations in the Southern Hemsphere (ranging in 

latitude from _900 to _19,20) f or determining what the i.onization rate 

rate profile looks like when we are at different geographic latitudes. 

The followir,g stations were chosen : 

Station latitude dip angle IG T exo 

South Pole _900 _'14, 20 
1244K 

Halley Bay - 75,5 
0 

- 64,3 
0 

1264K 

Sanae - 70 , 3 
0 

-62,6 
0 1270K 

Port Stanley - 51 , 7 
0 

- 47,5
0 1289K 

Marion Island - 46,9
0 

- 63,3
0 1293K 

Cape Town -34,2 
0 

- 65, 7 
0 1301K 

Tsumeb _19 , 20 C7 30 
-J , 1307K 

The T for the model atmospher e for each station was found by exo 
varying the lati t ude only in Program Jacchia (appendix 4) . All 

other parameters were kept constant vi,, : 

Ilour angle 0
0

, Declination'Oo , Day 80 , ~\O, 7 = 150 , F10 ,7 = 150 , a p = ll. 
This means that we have calculated the model atmosphere at midday on 

the 21s t :,~<).rch (equinox) under conditions of mean solar activity 

(denoted by F10 , 7 = 150) and mean geomagnetic activity (denoted by 

a = 11) . 
P 

Fig., . 6- 1 to 6-4 show ionization rate profiles fcr four stations 

(South Pole, Sanae, Port Stanley and Tsumeb) . 

We illll!lediately see that the dip angle has mOre influence than the 

lati tude correction in the model atmosphere by virtue of ihe fact that 

there is greater separation between the prDfil£s around t he peak than 

at al ti tudes above 200 lUll where the model atmosphere plays a more 

i mportan t . part . 
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This is the reason why Port Stanley (Texo = 1289 K, I G = - 47,g) 

peaks at a greater altitude than 1'sumeb CTexo = 130'lK,IG = -5"1,-5). 

This is also borne out by comparing values of hand q IF in table 
111 111 

281 

6- 1 for stations with similar dip angles but different la ti tudes and 

hence T e . g . Marion Island and exo Sanae . These two stations differ 

in latitude by approximately 23
0 

(and in Texo by 23 K) 
o 

angle by only 0,7 . We see that differences in h 
111 

and 

but in dip 

q/]' for the 

two stations are negligible. 

The same is true of Halley Bay and Cape Town whose difference in 

lati tude is even larger (approximately 42 0 
I'mich gives us a difference 

in T of 49°) but waose dip angles differ by 1 ,40
• exo 

It is indeed surprising as well as interesting to f'ind that !:alley 

Bay and Cape TO'tm should have such similar values for the dip angle 

I
G

, especially if we remember that Halley Bay is situated on the 

Weddell. Sea in Antarctica and Cape Tovill is " Itidlati tude city lying 

on the tip of the African Continent . The reason for this similarity 

in dip angle is the S0uth Atlantic Geomagro.etic Anomaly which has 

the effect cf giving sOl!le high latitude stati.ons in Antarctica such 

as Ealley Pay and Sanae and Decepcion Island values of dil' angle 

~hich are close to those normaJly found at mid latitude stations. 

Fig. 4 from Cain and ;;eilb~ (1963) shoIN'S c0utours of constant 

inclina tJ on (or dip angle) . 

This figure is reproduced on the GI'posi tn. page together with their 

Fig. 1 (contour':> of total i.ntensity of the magnetic field) . 

The approximate positicns oi' Halley Pay, Sanae, Port Stanley, Marion 

Islar.d, Cape TOvY£1 and Tsumeb are plotted on Fig . 4 . We see that 

Halley Bay , Sanae, r,l~·i.r2.on Island and Cape Town all fall wi thin the 

strip bOunded by I = -6c? and I = -70~ We 8.1s0 see that Port Stanley 

(latitude _ 52°) f &1-:"8 on a contour of lOVier I than ~!su.rneb (latitude !~ 

_52°) falls 0[1 a COUl;Ci-lT of 10VlS!' I thpn TSU~ilCh (lati.tude _19°) and 

this is obv.iously also a result. of -:he Sou~ch Atlantic Geomagnetic 

Anomaly. 
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istation South Pole 
Ei 

llceV 182,8 

2keV I 143,2 

5keV 117,1 

10keV 106,6 

I 20keV 98,5 
I 

r--
i3t",tion I South Pole E, 

J. 

l keV 3,48(- 6) 

2keV 9,74( - 6) 

5keV 5,51( - 5) 

10keV 1 , 64( - 4) 

20keV 3 ,98( - 4) 

Halley Bay 

185,8 

145,2 

117 ,7 

107 ,2 

98 , 9 

h for stations at different latitudes m 

I 

Sanae Port Stanley /&o,rion ISlandl 

186,6 194 , 5 186,9 

146,0 151,2 145,9 

117,9 120,0 117,8 I 
107,3 108 , 7 107,2 

99,0 100,0 99,0 

q IF for stations at differ ent latitudes 
m 

Halley Bay Sanae Port Sts.r.ley Marion Islar.d 

3,19( - 6) 3 ,13( - 6) 2,54( - 6) 3,13(-6) 

8,69( - 6) 8,40(- 6) 6,65( - 6) 8,41( - 6) 

5,00(-5) 4,89( - 5) 3,75( - 5) 4 ,94( - 5) 

1 , 52 (-4) 1, 50(- 4) 1 ,20( - 4) 1 , 51( - 4) 

3,74( - 4) 3,68( - 4) 3 ,00( - 4) 3 , 70( - 4) , 

Cape Town 

186 ,2 

145,1 

117 ,6 

107 ,1 

98 ,9 

Cape Town 

3 ,18(- 6) 

8,61( - 6) 

5 ,09( - 5) 

1,54(- 4) 

3 ,78( - 4) 

Tsumeb 

190,2 

148,0 

118,7 

107,7 

99,3 

-
Tsumeb 

2,93(- 6) 

7,82(- 6) 

4,54(-5) 

1,41( - 4) 

3 ,45 (- 4) 

I 

>-3 

'" 0-
f-' 

'" 
'" r 
f-' 

I\l 
'.D 
'-. 
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Note that we have used the value of I a.t ground as given in WDCA (1971) 

for each of the stations and have assumed that this value remains 

constant from ground to 300 kID. This is not strictly true but if 

we calculate ionization rate profiles for 1100 to 1300 (calculated 

from STP4 notes which gives values of IG and 1400 ) we find that the 

maximum rate of ionization does not differ by more than 2% wnich is 

well wi thin our 3% limi t of accuracy . 

In conclusion we note that the ionization rate profi les do change 

for different stations a~d that the dip angle has a greater influence 

On the profile than the latitude correction for temperature . 
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Chapter 7 Sanae - A Specj.al Study 

Since we at Rhodes University are most interested in the effects of 

precipitatinG electrons over Sanae, we have chosen this station for 

studying the effect of changin.:; the parameters which affect the 

exospheric temperature of the atmospheric model, namely, the hour 

angle of the sun, the season , the ]0,7 em solar 1'lux FIO , 7 and the 

geomagnetic activ;.ty index a . T was calculated from these para-
p exo 

meters following a slightly modi1'ied versior, of Jacchia I S method 

(Appendix 4) . The values chosen as standard for the input data were 

hour angle = 0
0 

(midday) , geographic latitude = _70,30 (Sanae) , declina­

tion of the sun = 0
0 

and day number = 80 (corresponding to the autumn 

equinox 21st lI'arch), ]'10,7 (the daily value of 10 , "( cm solar flux) and 

F10 , 7 (the five moathly average value of the 10 , 7 cm solar 1'lux) 'were 

chosen to be 150 corresponding to average solar fl~~ conditions . 

(The units of FlO 7 are 10
22 

W/m2 but as we are using the values of 

flux adjusted to l·A .u. , S we will refer to the flux 01' 150 x 1022Vl/m2 
a 

as FIO , 7 = 150 ). a p was chosen to have the average daily value of 11 . 

Each of these parallieters \':a8 varied in turn keeping the others constatlt 

2.t the standard when the influence of a particula", parameter ·.'las being 

studied . 
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1. The hour ungle Via s varied through OC , 300, 90
0 and 1200 corresponding 

to 1200 h, 1400 h, 1800 hand 0400 h respectively . 

different hour angles are 

Hom' angle T ", 
exo 

00 (1200 h) 1270 K 

300 (1400 h) maximum. 1279 K 

90
0 (1800 h) 1261 K 

_1200 (0400 h) minimum 1204 K 

The T ' s for the exo 

We see that the maximum temperature difference involved is 75 K 

representing a 4% diffe rence in T The ionization rate profiles exo 
were calculated for the appropriate model atmospheres and the results 

ID"-y be seen in Fig . 7- 1 to 7-4 . Only the profiles for 0400 h and 1400 h 

were plotted as those for 1200 hand 1800 h lay between these t wo ~iffiits . 

Table 7- 1 gives values for hand q /F for the different hour angles . 
m m 

We find that differences in h are negligible, b&ing of the order of 
m 

2 kID which is less than the accuracy to which most" ordinary ionograms 

can be scaled. Di[ferences in qrufF are also negligible, being of the 

order of 3% or Jess and this is within the accuracy liI!1it we have chosen. 

Table 7- 2 shows values of q/F for the few profiles at selected altitudes 

in the F-regic,n . We see that for all energi.es in the range 1- 20 keY the 

maximum difference is 10% at 280 kID dropping to 6% at 240 kID and 3% at 

200 kID. 



~e E. 
~ .............. 

l.keV 

2 k8" 

5 keY 

10 keY 

20 keY 

~~ E. 
~ 

1 keY 

2 ke"V 

5 keY 

10 keY 

20 keY 

Table 7-1 

h vS hour angle at Sanae 
m 

00(1200h) 30°(140011) 

186 , 6 186,9 

146,0 146,0 

117,9 117,9 

107,3 107,3 

99,0 

I 
99 ,0 

I 

q /l<' vs hOUl' angle at Sanae 
m 

00(1200h) 300 (1400h) 

3,13(- 6) 3,12(- 6) 

8,40(-6) 8,37( -6) 

4,89(-5) I 4,89( -5) 

1, 50( -4) 1, 50( -4 ) 

3,68(-4) 3,68(-4) 
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900 (1800h) -120
0

(0400h) '1 

186, 4 184,9 

145 ,9 145,6 

117,9 117,9 

107,3 107,3 

99,0 99,0 

I 
900~ 1800h) - 1200 (0400h) 

3, 

e , 
4, 

1, 

3, 

14(-6) 

42( - 6) 

89( - 5) 

50(-4) 

63(-4) 

3,23(-6) 

. 8 ,58(-6) 

4,89( - 5) 

l,50(-4) 

3,68(-4) 



~ Ei Ali; . (kIn) 

1 keV I 280 
I 240 I 

I 200 

I I 
2 keV 280 

240 

200 
I 

5 keV 280 

240 

200 

10 keV 280 

I 240 

I 200 

I 

20 kev i 280 

240 

L 
200 

i 

Table 7- 2 

Variation of q/F with hour of day in the F- region 

q/~' (1200li) I q/F (140Oh) ,,/F (180oli) 

5,44( - 7) 5, 50(- 7) 5,38( - 7) 

1,22(- 6) 1,23( - 6) 1,2l(-6) 

2,76( - 6) 2,76( - 6) 2 . 75( - 6) 

3,27(-7) 3,31(- 7) 3,24(- 7) 

7,50(-7) 7,55( - 7) 7 ,45 (- 7) 

1,95(-6) 1,95(- 6) 1,94(- 6) 

1,67(- 7) 1,68(- 7) 1,65( - 7) 

3.84(-7) 3,87(-7) 3,82(- 7) 

1,02(- 6) 1 ,02( - 6) 1,01(-6) 

9, 98(-8) 1,01(- 7) 9,87( -8) 

2,31( - 7) 2,32(-7) I 2,29( - 7) 

6,12(-7) 6,14( -7) 6,10( - 7) 

I 

5,97( -8) 6 ,04(-8) 5,91 (-8) 

1,38(-7) 1,39(-7) 1 , 37(- 7) 

3 ,67( - 7) 3,68(- 7) 3,66(- 7) 

-

q/F (04 oolj ) 

4 ,98( - 7) 

1,15(-6) 

2 ,73( -6) 

3,00(- 7) 

7,08( - 7) 

1,90(- 6) 

1,52(-7) 

3,63( - 7) 

9,90(- 7) 

9,13( -8) 

2,17( - 7) 

5,96( - 7) 

5,47( -8) 

1,30(- 7) 

3,57(- 7) 
j 
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2 . The seasonal varia-c1.on in Tat S.:mae was fOlUld to be as shown 
exo 

bel ow. This vari ation is typical of the Jacchia model atmosphere . 

1300 

1'200 

1100 
o 40 

T vs Season 
exo 

.1: 

APRIL J"ULY O <.T 

g, 

DAY NV"MB E I( 

We see that ther", are two peaks , one in October and the other in April 

and two minima , one in June 'and the other in January . The ll'.8.XimuIn 

diflerence i3 about 200 K. 

The ioniz:J.tion r ate profiles shovm 1.n Fig. 7- 5 to 7- 8 are plotted for 

15th July, 6th Nov ember , 4th February and 5th April. These days a:::-e 

marked wi. th an X on the Fig . shown above (Texo VS season) . 

The variat:Lon of hand q IF with day munher is "hown in Fig 7-9 . For m m 
1 keY electrons see -chat the maximum variation in h i s about 6 lan . 

m 
]'01' energies of 2 keY and greater there is negligible change in h 

m 
throu£hout the years . For 1 keY electrons the variation in qm!F is 

O 4 ~ of the order of 1 ~J , for 2 keY this has dropped to 6,0 and is negligible 

for 5 , 10 and 20 keY . From Table 7- 3 it is seen tha t there is a greater 

influence i n the F regj.on . At 280 lan the maximum difference is 28% and at 

240 km ~ l8% . '['his order of differ ence is found Ior all the energies at 

which we have looked . This c ould clearly be of importance in the inve8ti­

gation of the effect s on the F--reGion of electron precipitation . 



Table 7-3 

Variation of q/F va~h season in the F-region , 
(35) (95) (196) (310) li;ax. di fference 

E . Alt . 
~ (km) 4th Feb . 5th April 15th July 6th C'ov . (196 :' 3iO) 

- . 
1 keY 280 5,19(- 7) 5,47(-7) 4 ,3~( -7) 5,76( -7) 28% 

240 1,18(-6) 1 ,22(-6) 1,05(-5 ) 1,26( - 6) 18% 
200 2,74( - 6) 2 ,76( - 6) 2,67( - 6) 2,76( - 6) 4% 

2 keY 280 3,13( - 7) 3,29(- 7) 2,61(-7) 3,47( - 7) 28% 

7,28(-7) 7,53( - 7) 6,45(-7) 7,77(-7) 19% 
I 

240 
, 

200 1,92(-6) 1,95(-6) 1 ,81( - 6) 1 , )8( - 6) 9% 

5 keY 280 1, 59( - 7) 1,66(-7) 1,33(-7) 1,76(-7) 28% 
240 3,73(-7) 3,86(-7) 3,30(- 7) 3,99(- 7) 19% 
200 1 ,00( - 6) 1,02( - 6) 9 ,44( - 7) 1,03( - 6) 9% 

10 keY 280 9,52(-8 ) 1,00(-7) 7,95( -8) 1,06(- 7) 28% 
240 2,24( - 7) 2 ,31( - 7) 1,98(- 7) 2,39( -7 ) 19% 
200 6,04( - 7) 6,13( -7 ) 5,67(- 7) 6,22( - 7) 9% 

I 
20 keY 280 5,70(-8) 6,01( -8) 4,76( -8) 6,33(-8) 28% 

240 1,34( - 7) 1. 39( - 7) 1,18( - 7) 9. 40( -8) 19% 
200 3,62(-7) 3, 68( - 7) 3 ,40( - 7) 1, 43( - 7) 9% '" ~ 
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3 . As solar activity increases so does the exospheric temperature of the 

Jacchia model atmosphere . 

The following values of T were found for three different values of exo 

"' T 
~ 10, 7 exo 

100 (Jaw solar activity) 1043 K 

150 (mean solar activity) 1270 K 

200 (high solar activity) 1497 K 

On the basis of increased T we would expec t h to move upwards for exo ill 

higher values of F10, 7 and thi s is the case as may be seen for low 

that h 
m 

energy electr ons in Fig . 7- 10. For 1 keY electrons we see 

100) is about 180 km while hm (F10, 7 = 200) has shifted to 

The corresponding decrease in qrufF i s about 20% for the same 

increase i n FlO 7 . , , 
electrons although 

Similar behaviour is again observed for 2 keY 

in this case the change in h is only 2 km which 
m 

may be regarded as negligible . The ionization rate profiles for 5, 

10 and 20 keY electrons are shown in Figs . 7- 11 to 7- 13 . Fig 7- 14 

shows the var iation of hm and qrufF with F'l O, 7 . 

The dj,fferen(;es between the profiles are much greater in the F-region . 

Table 7- 4 gives values of q/F for 280, 240 and 200 kID for 1 , 2 , 5, 10 , 

and 20 keY electrons for severa} values of F10 , 7 from 100 to 200 . 

For 1 keY electrons we find that the ionization rate increases by 57% 

at 280 Jan v,nen FlO 7increases from 100 to 200. At 240 km this increase 

has dropped to 36< 



Table 7~4 

Variation .of t vdth F10 , 7 in the F-region 

r I I q/F (100) q/F (125) q/F (150) q/F (175) q/F (200) foage difference I Ei . I Alt. 

I 100- 200 
I , 

3,70(-7) 4,62(-7) 5,44(-7) 6,11(-7) 6,63( -7 ) 57% 1 keV 280 

240 9,43( - 7) 1,10( - 6) 1,22(- 6) 1,30(-6) 1,36(-6) 36% 

I 
200 2, 57( - 6) 2,70(- 6) 2,76( - 6) 2,75(-6) 2, 73( - 6) 6% 

I 2 keV 280 2 ,23( - 7) 2,78( - 7) 3,27(- 7) 3,69(- 7) 4, 00( - 7) 57% 
I 240 5,77( - 7) 6,73( - 7) 7,50(- 7) 8,06(- 7) 8 ,43('-7) 38% I 

200 1,71(- 6) 1,85(- 6) 1,95(- 6) 2,00( - 6) 2,03( - 6) 17% 

5 keV 280 1,13(-7) 1 ,42( - 7) 1,67(-7) 1,88(- 7) 2,04(-7) 57% 
240 2,95( - 7) 3,45(- 7) 3,84(-7) 4,14( - 7) 4,33(- 7) 38% 
200 8 ,88( - 6) 9,65( - 7) 1,02 (-6) 1,05(- 6) 1,06(- 6) 17% 

J.O keV 280 6, 77( -8) 8,46( -8) 9,98( -8) 1 , J.2( - 7) 1,22(- 7) 57% 
240 1,77(- 7) 2,07( - 7) 2,3J.(- 7) 2 ,48( - 7) 2,60( - 7) 38% 
200 5,34( - 7) 5,8J.(-7) 6,J.2( - 7) 6,31(- 7) 6,41(-7) 18% ! 

, 

20 keV 280 4,06( -8) 5,07( -8) 5,97 (-8) 6,72(-8) 7 ,30(-8) 57% 
240 1,06(- 7) J. ,24(-7) J.,38( - 7) J.,49( - 7) J.,56( - 7) 38% 

'" 200 3,20(- 7) 3,48(-7) 3,67( - 7) 3 ,79( - 7) 3,84(- 7) J.8% ~ 
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4 . Finally We 

rate profiles . 

look at the influellCe of a on T and the ionizution p exo 
Vie found the following variation of T with a • exo p 

a = 4 (geomagnetically quiet day av~rage) T = 1224 K 
P exo 

a _. 11 (average daily value) T = 1270 K 
II €xo 

a = 32 (geomagnetically disturbed day average) T = 1334 K 
P exo 

The ionization rate profiles for a = 4 11 and 32 are shown in Figs 7~15 
p 

to 7- 18. Values of hand n IF verSUS a are given in Table 7- 5. Vie m"'lll' p 
see that even for 1 keV electrons h only changes by about 3 km and this 

m 
is just about the maximum accuxacy to which one can read -an ionogram , 

although the DRSI handbook recommends that heights in the F-region 

should not be scaled more accurately than 5 km. q IF decreases by 
m 

about 4% as a increases from 4 to 32 . Variations for energies of 
p 

2keV and greater are negligible . 

Table 7-6 shows F-region variations , the increase in qlF at 280 km is 

about 10% for all energies . At 240 km this increase has dropped to 6% 

and becomes negligible by 200 km. 
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Table 7- 5 

h vs a (geomagnetic activity index) at Sanae . m p 

. -
E. 4 

1-
11 32 

1 keY 185,4 186,6 188,2 
2 keY 145,8 146,0 146,2 

5 keY 117 ,9 117 , 9 117 ,9 
10 keY 107,3 107 , 3 107,3 
20 keY 99,0 99,0 99,0 

q IF vs a at Sanae m p 

E. 4 11 32 
1-

1 keY I ;' ,20( - 6) 3,13(- 6) 3 ,06( - 6) 
2 keY 8,52( - 6) 8,40( - 6) 8,26(-6) 
5 keY 4, 90(- 5) 4,89( - 5) 4,89( - 5) 

10 keY 1,50(- 4) 1 , 50(- 4) 1 ,50(- 5) 
20 keY 3, 6e( -4) 3,68(-4) 3, 68( -4) 



E . al titude 

I ~ 

I 
1 keV 280 J 

I 240 

I 200 

I . 2 keV 280 
I 240 

200 

I 
5 keY 280 

240 

I 200 
I 

I 10 keV 280 
i 
J 240 

I 200 

20 keV 280 

240 

I 200 

I...-.-

Table 7- 6 

Variation of q/F with a in the F-region 
p 

4 11 32 

5,12 (·-7) 5,44( - 7) 5,84(-7) 

1 ,17( - 6) 1 ,22( - 6) 1,27( - 6) 

2,74( - 6) 2 , 76( - 6) 2 , 76( - 6) 

3,08( - 7) 3,27( - 7) 3 , 52(-7) 
7 ,21( -7 ) 7,50(-7) 7,84( - 7) 
1 , 91( - 6) 1,95( - 6) . 1.98(-6) 

1,57(-7) 1,67(- 7) 1 , 79( - 7) 
3,69(- 7) 3,84(- 7) 4,02( - 7) 

9 , 99( -7 ) 1 ,02( -6) 1,04( - 6) 

9,39 (-8) 9,97(-8) 1,07( - 7) 
2,22( - 7) 2,30( - 7) 2,41( - 7) 
6,01( - 7) 6,12( - 7) 6,24( - 7) 

5, 62( -8) 5,97(-13) 6, 42( -8) 

1,33( - 7) 1 , 38(- 7) 1 ,44(-7) 
3 , 60(- 7) 3 , 67( -'r) 3,74(-7) 

'foage difference 
between 4 and 32 

df 
13/0 

8% 

negl. 

14% 

9% 
negl. 

13% 

9% 
negl. 

13% 

9% 
negl. 

13% 

9% 
negl. .". 

'v '-. 
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5. Figs. 7-19 to 7- 21 show hm and qrnfF vs Texo for Sanae . The 

equivalent curves for vertical incidenee at the geomagnetic pole 

(dashed lines) are also shown and may be compared with those for 

Sanae . The most obvious features are displacement of the peak 

altitude h upwards for Sanae relative to that for geomagnetic pole 
m 

and the downward displacement for q IF for Sanae relative to that 
m 

for the pole . This almost constant displacement in the peak values 

fcr Sanae fro!'1. those for the pole seems to indicate that the relation­

ship between hand q IF for any two dip angles is unaffected by T • m m ~ 

431 

This seems very reasonable since T merely redistributes the atmosphere. exo 

In conclusion to this chapter we note that as far as the peak 

production rate values and altitudes are concerned we can, to a first 

approxi~tion , ignore diurnal and seasonal variations as well as any 

influence of the geomagnetic 

10,7 cm solar flux is fairly 

of the laree increase in T exo 

activity index a . The irifluence of the 
p 

marked over the range we have chosen because 

Thus we can expect considerable change 

in ioniza tion rate profiles produced by thesame electron fluxes during 

~eriods of solar activity. 

As regards the F-region, for which we take the 280 kID level as charac­

teristic, all the parameters exert some influence . The hour angle and 

a produce a maxi= difference of 1056 while the seasona l maximum p 
difference is of the order of 25% . We also note that the percentage 

. difference is about 60 when FIO , 7 increases from 100 to 200 • 

Another point to be noted is that the ionization rate profiles given in 

this thesis for Sanae depend only on the value of T which is de t ermined exo 
by the latitude of Sanae together with the parameters already mencioned . 

During a precipitation event, however, the temperature of the atmosphere 

would be expected to increase . (Hernan a"ld Chandra (1969) estima 1;e that 

2 eV per ion pair formed is used to increase the kinetic energy of the 

ambient eas) . Ou:r calculation of the model atmosphere does not t ake 

accoUl:' t or this Ll1.crc3.se tn t emperature and so it is like:;'y -'l;ha t we 

underestimate production at greater heights USillg the pr€'scD.t theory . 
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Chapter 8 . -E/E 
An Enerl5'J Spectrum of the Type J>E = Joe 0 

Satellite observations indicate that fluxes of monoenergetic electrons seldom 

occur . (Although r~ans (1968) reported a n9arly monoenergetic flux of aurOrae 

electrons) . Most ·electrons fluxes measured may be described by an integral 

mery spectrum of the type 

J =' J e -E/Eo el/cm2 sec keY sr »E 0 
(8- 1) 

where J> E is the directional flux of electrons having ener~ /E. 

J i s the directional flux above zerO energy o 
E is the characteristic (or e- folding) energy 

o 
E is any selected energy 

(Ulwick, Reidy and Bo.ker , 1967 and Bailey, 1968) 

Several authors such as Sharp(private communication with Hultqvist (1965)) 

Christensen and Karas (19 70) and Gal perin and Temny (1968) have analysed 

aatellite data and found E to vary from 2 to 200 keY . o 

Previously we have dealt with monoenergetic fluxes and calculated values of 

q/F contributions over a range of energies, multiplying each contribution 

by the fraction ~f the total flux density e~pected in each sffiall energy 

interval. Note that F represents the IDE flux for each given energy 

interval. 

The (hrectional flux density in the energy i:<tcrval b, E is given by 

For an IDH flux (8-2) becomes (from Appendix 1) 

E =: n J o 
- E/E e 0 

We find the iopization rate at a given altitude by summing (q/F) 

over all energies 

i.e . Q=".9.. L-.tp 
E 

It J o 
A E 
E o 

-E/Eo e 

(8-2) 

(8-3 ) 

. A E J D 

• 



451 

or ">~ 11 E QI IT J =.",--/.9,. -.-
o E F Eo 

(S- 4 ) 

wm.ch is th~ ionizati on rate per unit integral IDIl flux . 

The AVQS program can be used to calculate ionization, rates for a flux 
- E/E of electrons with the assumed energy spectrwn J '- " = J e 0 or for 

~ .i'J 0 

a flux of monoenergetic electrons . An appropriate data card determines 

which ionization rate profile is to be calculated (See Appendix 2 for the 

flow chart and printout of the AWlS program) . 

uSing q/F as calclClated for a given energJ E 

chosen rar~e), multiplying the result by the 

the contibutions over the 8'lergy range . 

Briefly, the method involves 

(this energy varies through a 
t:. E - E/E factor -- e a and summing 
Eo 

The e- folding energy E is of prime importance in determining vmether the 
a 

energy spectrum is hard or soft . For a hard spectrwn E is typically greater a 
thah 40 keV and for a soft spectrum E is from 2 to 10 keV . o 

l!'or DlIT calculations we have chosen the energy ral188 to be from 1 keV to 

10 E and the energy inteI'val 6. E to be E/lOO . o 

We have not included energies below 1 keV because the scattering cross- sections 

are not well knovm for lower energies. It is doubtful j.f the value of 35 eVI 

ion pair formed can be applied to energies below 1 keV. 

Hultqvist (1965) mentioned that Sharp et al (in a private commm1ication) 

"did not on occ:lsion find any energy flux below 1,5 keV", O' Brien and 

Taylor (1964) concluded from lwninosity measurements above 250 km that 

the cnergy spectrum is not of the power law type below 1 keV . Burch (1968) 

however, showed that this is not necessarily the case . Ignoring energies 

less than 1 keY will have the effect of underestill'.ating the ionization rate 

in the F-·region abOVE 200 km but will !lot seriously influence the energy 

deposi bon below this al ti tune. 

The Upp8I' energ:{ limit i,::; chosen to be 

electrons to be very great ~,bove this. 

10 E as we do 
o 

(If J is 106 
c 

-l'~/K- J'o 
J /' E = Joe . "::: 50000 -::::: 20 cls-cra2 sec sr)' 

not expect the flux of 
2 electrons/em sec Br; 
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Choosing /::, E = E/IOO gives us an incrEment which increases proportionately 

to E. This means that smaller increments are used at the low energy end, 

where the ionization rate profiles change rapidly with small changes in 

ini tial energy, and greater increments towards "the upper limit of the 

range vd1ere the differences between the ionization r2.te profiles are not 

great for small changes in initial energy . 

Figure 8-1 shoVis the ionization rates per unit IDE flux (Q/rrJ ) for o 
. different e- folding energies (solid lines) . The harder spectra produce 

less ionization in the F- region and also peak at lower altitudes than 

do the softer spectra . The peak al ti tudes and ionization rat'es per 

unit flux for several e- folding energies are : 

E (keV) h (Jan) Qm (ion pairs) 
0 ill 11 J o el-cm 

2 119 ,4 7,8 x 10- 6 

5 108,6 3 , 5 x 10- 5 

20 92 ',7 2,0 x 10- 4 

50 below 90 4,9 x 10- 4 

100 below 90 5,8 x 10-4 

Suppose we have 

/::, E = j 1.'> E 

-B/E e 0 then the flux in the energy interval 

f1 E; we may noV! find the average energy carried 

by the flux 

1 1:0 E e- E/Eo dE (8-5) = J Eo 0 0 

1 1: e-
E/Eo dE = E 

0 

- E (8-6) 
0 

Thus the e- folding energy is the average energy per electron for a 

spectrum of this type . The dashed l ines on Fig . 8-1 are the monoenergetic 

profiles for 2,5 and 20 keY . 'rhe profile for the monoenergetic flux is 

denoted by .E. (i.ni tial energy) whi 1.e that for the C'!"!::rgy spcctrW!l is 
l 

denoted by E 
0 

(the e-fol.<hng energy) . 
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ComparinG the dashed lin.0Z (E
i

) with the solid lines (Eo) shows that in 

each case the profj.le for 

on both sides of the mean 

E i s broader Le. there is a spread of energies 
o 

thus givj.ng mere ionization both above and 

below the maximwn. llecause of this the maxi.mum ionization rate is less 

than that for the monoenergetic case . 

Comparing tho curves for E = 2 keY and }; . = 2 keY it appears that more 
o l 

ionization is produced by t.I:le monoenergetic e lectrons than by the "energy 

spectra" electrons . The reverse appears to be the case for Eo = 20 kev 

and E. = 20 ke V. The reason for this lies in our assumption of 2 ke V as 
l 

the average energy per electron of the energy spectrum with e - folding 

energy 2 keV . This is true j.f we integrate between the limits 0 and QO 

as shown i n (8- 5) . However our ionization rate profiles are calculated 

wi th a lower energy limit of 1 ke Vi . e . Vie should l.;.Se the limits 1 and 00 in 

the integral of (8-5) . Recalculating using the limits 1 and ~ we obtain 

the average energy per electron 

For E = 2 keY we nOw have the corresponding r.~ ......... 1, 8 keY ~. -0 J.. 

E = 5 keY we 
0 

now' have the correspond.ing Ei "'" 4,9 keY 

E = 20 keY W~ now have the corresponding Eo:::O 20 keY 
0 

This means tlBt the E. curves for 2 and 5 keY are not truly representative 
l 

of the ionization rate profiles .... ~ if the 101"18r energy limit is. sj.gnificant1y 
o 

greater than zero. Alternatively, we note that the ionization rate p:>:'ofiles 

~J for 2 and 5 keY are not representative if the lovler energy limit is 
'IT 0 . 

not 1. Comparinl': E _. 2 keY and E. = 2 keY it seemS that the ionization 
....... 0 1 

rate (_ Q_) for Eo ~ 2 keY would be very much greater if the 10Vier energy 
1'( J 0 

limi t were O. 

The harder spectra (;> 20 keY) are virtually unaffected by increasing the 

lower limit from 0 to ) keY . 

Figs 8-2 and 8-3 show the dependence of the ionization rR te pI'ofiles for 

:b~ ::;: 2, 5 and 50 ke V o 
1300 K and 1700 K. 

on tp 
-~xo 

Th:>:'ee 

\70 see that the 

ve..lues of ~~ ~"tere choaen namely 900 I: , 
exO 

pC::>.ic produc tion rates and altitudes 

are unaffccted: probably bCCR'.lSe thc'y O<::<'lJr hdD" 120 km where the use of 

the same menn mode l atmosphere caUse'l );'(' ::,:,.-;.[;e.b18 dj.ff" r ence bet'i:cen reonl ts . 
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The modification oi' the shape is similar to that of monoenergetic 

electrons i.e. more energy is lost at greater altitudes in a "hotter" 

model atmosphere than would be the case for a cCloler model atmosphere . 

It is interesting to, note that the cross-over region in all cases falls 

between 160 and 190 kill . All the profiles converge at 120 kill when differences 

became negligible (a result of using the same model atmosphere below 120 kill). 

·As for the monoenergetic case we find that we caJDlot ignore the effect of 

, temperature variations on the ionization rate profile in the F region 

(see Table 8-1) . 

The influence of dip angle on the ionization rate profiles is shown in Figs 

8-4 and 8-5 . 

small ,amount 

in fig 8-5). 

8- 4) . 

It is interesti.ng to note that the dip angle exerts only a 

01' influence when the e- folding energy is high (Eo = 50 keY 

For 101'/ values of E , the dip ar.gle cannot be ignored (Fig . o 

It is of interest to note that decreasing the dip angle dORS not cause the 

peak al ti tud.e to shift nearly as much as was t.l:lc case for monoenergetic 

electrons. When E = 2 keY the peak when I = _90
0 is ~ 118 kill, shifting o 

upwards to,~ 127 kill when I = _30
0 an increase of 9 kID compared "i th a 

shift of 20 kID when E. = 2 keY (Chapter 5) . When E = 5 keY the peak 
l 0 

o 0 only shifts upwards by about 3 km when I decreases from -90 to -30 ; 

for E. = 5 keY this shift i.s about 10 km . 
l 

Figs 

T exo 

8- 6 to 8- 9 show 

= 900 K, 1200 K 

typical ionization rate profiles for Sanae 

and 1700 K for 2,5 , 20, 50 and 100 keY) . 

for 

It is, hoped that these rn2,y be usefl'.l for anyone wishing to study electron 

precipi ta tion ef!'ects at Sanae . 
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Table 8- 1 

variation with T for different E values exo 0 

I ~" 'Alt . (kro) -I' -- ---;00 K 1300 K l 1700 K %age increE.se from 
I O. I 900 K to 1700 K 
~- ! i ::keV 280 8,39( -8) 1,88(-7) 2 ,41( - 7) 187% 

i 240 2,41( - 7) 4,24( - 7) 4 ,84( - 7) 101% 

I 200 8 , 06( - 7) 1 ,07(- 6) 1,10(- 6) 36% 

I 5 keY 280 
I 

I 
120 kJ 

I I 
I I 
I , 50 keY 

240 

200 

280 

240 

200 

280 

2.a.O 

21 

8,01(-8) 

2,30(- 7) 

7 ,75( - 7) 

4 , 75(-8) 

1,37(-7) 
4,64( -"() 

1,79(- 7) 

4 , 06( - 7) 

1,04(- 6) 

1 ,07( - 7) 

2 , 42(-7) 

6 ,27( - 7) 

6,54(-8) 

1 ,49( - 7) 

3,87( - 7) 

2 ,30(..,7) 

4,65( - 7) 

1 ,08( - 6) 

1 ,37( - 7) 

2,77( - 7) 

6 , 50(- 7) 

. 8 , 40( - 8) 

, 1,70(- 7) 

4 , 02( - 7) 

187% 

102% 

39% 

188% 

102% 

4C/f 

188% 

102% 

41% 

189% 

103% 

41~~ "" ~ 
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VA~lATION OF Q/ Tl: J WITH Texo ' AT SANAE . . 
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Chapter '2.. Conclusionz 

It is generally felt chat the most important aspect in ~~e study of 

electron precipitation effects in the ionosphere is the accurate deter ­

mL~tion of electr on fluxes . Any large variation in these electron fluxes 

will outweigh any effect of the model atmosphere on the ionization rate 

profile . This is the r eason why most authors have applied j_onization rate 

profiles calculated in a fixed model atmosphere for any application e . g . 

Evans et al (1972) . Whil e it is obviously true that flux variations are 

very import ant the resul t s shown in this thesis seem to indicate that variations 

in temperatnre should not be ignored in an:;, calculations of likely ionospherir. 

events caused by precipitated electrons. Baker, Pfister and Ulwick (1967) 

have reported electron temperatures of up to 3400 K in active aurOras 

and t here is undoubtedly some hea.ting of the atmosphere by transfer of 

energy and this could rrarkedly aff£~t the profile . 

The effect of changing the dip angle I of the magnetic field ought not 

to be ignored , especially when dealing with stations in th8 vicinity of 

the South Atlantic Geomagnetic Anomaly which has the effec t of giving some 

high lati tude st!i tions mid- latitude dip angle values. l'his results in an 

upward shift of ~~e peak and a decrease in the maximum ionization rate . 

For the investj.gation of }'- region phenomena any dip angle variation may 

be ignored as it has very little ini'luence in t hat region. 

The results obtained in thi s thesis are realistic only as far as different 

parameters us ed are realistic . This would be especiall y true w11.cn using 

these result« to describe an electron preci pitation event. 

The assumptions ',.hich ar e made in the AWlS program are : 

1. the range-energy r el a t i on and the A-functiQ;-l derived from results 

published. by Berger et al (1970) for the energy range 2-20 keY is 

applicabl e tlLroughout t he energy range 1- 1000 keV . 

2 . the ave ra t;8 energy r3quired to pro0.uce one ion pair is 35 eV and 

this hold8 throughout the energy r ange 1- 1000 keY . 

3. the exo:Jphcric t2mr .. ~ra ture c!1c1 t!lb l' esul ting f.J.vuel a t mos ph :re are 

re,Px·0.3c.t!"t;a. tiYe of cand i l.:Luns dUl'tnG a n e l CC"Ll'On pr ecipi t o. t i on even t ~ 

'l'he ·',·'-("U(-nc'''·<.' o~ ·'l· '·Y·l-l·' l S C "" """t l ~ 1"!j'1 sO]Dr f1 \)x p r::1~; var"; t:..+i.(Jl1'=' > .J,. 1 ... .J.. . • . • \..= "'" .I. U v .. . ('~ 'j _h)~ ...... J •. ' 10 7 ..... - ... ... . ...... ..... 
- , p 
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are calculated from a slightly modified method given by Jacchia 

(1965) (Appendix 4) . These variations of T do not include exo 
which we might expect when enere;etic any increase in temp8raturc 

electrons are precipitat~d . While Jacchia's model atmosphere does 

include a small correction for la ti tClde, ther'e is not sufficient 

data available for high latitude stations in the Southern Hemi­

sphere to be sure that these models would be representative of 

conditions there . 

4. the pitch angle distribution throughout has been assumed to be 

100 "at the top of the atmosphere". O'Brien (1971) pOints out 

that this may not necessarily be so . 

5. the results in chapter 8 are calculated for an integral energy 

spectrum of the type 

- E/Eo e 

O' Brien (1971) published rocket results showing that this llk'1y not 

always be the case. Other publications of a similar nature are 

those of Eather and Mende (1972) and Riedler (1968). 

The next stage in obtaining realistic ionizatlon rate profiles for 

di~ferent energy spectra would involve using actual flux distributions . 

This could be done b~' numerical integration and it seems likely that 

it would be a very profitable line for future research . 
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Summary 

The aim of this thesis was to find a rapid computer program for 

cal culating ionization rat" profiles for monoenergetic electrons v.i.th 

an IDII pitch angle distribution, and to extend this to i nclude calculat ions 

of profiles for an electron flux VQth a given energy spectrum. The 

method used is basically that of Rees (1963 ) but altered to give agreement 

wi th the results of Berger , Seltzer and Maeda (1970) . The final method 

was choson aft er a detailed comparitive study had been made of availabl e 

literature . 

The effec t of different Jacchia/CIRA model,atmospheres on the ionization 

r ate profile was investigated and it 'NaS found that more ionization is 

produced in t he F-region when the atmosphere is "hotter". The peal~ 

alt itude and peak producti on rat8 v~ried in a regular manner when T exo 
was changed . 

'!'he normalized ionization rate profiles for different energies and model 

atmospheres fell on the same ctrrve which was found to be descr ibed by a 

r elationship of the type 

the scaled hcig.':!t . This provides ' uS with a "ready-reckoner " for 

calculating approximate ionization rate profiles . 

Decreasing the dip angle of the magnetic fiel,a had the effect of 

increasing h and decreaSing q /F in a regular manner . This effect of 
m m 

the dip angle played a most important par"'; on ic,nizat ion rate p"ofiles 

for stations at dif'ferent latitudes . The effect of latitude on the 

model atmosphere was very small and this had little influence on the 

profile . 

Seasonal and diurnal changes at Sanae were found to have little influence 

on the ionization rate profile as did the geomagnetic activity index . 

Large v'l1':i.a'Lion of 10 , 'I CD! solar flux had a II::J.rked influence on the 

ioniza·~ion J:,atc profiles . 
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Profiles were also calculated for a flux distribution of the type 
- E/E 

J> E =J,o e o. The results of changing the e- folding energy , model 

atmosphere and dip angle were also investigated. In appearance the 

changes were similar to those for monoenergetic fluxes but the magnitudes 

were different . Profiles are also included ill this thesis for different 

e-folding energies in different model a tmospheresa t Sanae. 

I 
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AI-PENDIX 1 

Particle Fluxes by J.A. Gledhill 

We cons~der a space in which pa.rticles are moving . Let us set up a 

cartesian co- ordinate system vvi th a convenient origin and consider a 

point P , deno t ed by the vector -: to t he point (x ; y ; z) . Consider an 

element of area 5 A at P (Fig . 1) r epresented also by the vector 5~ 
perpendicular to it as shown , the orientation of the surface being arbit­

ra.ry . We now confine our a t tention to particles of one s pecies only , 

wi th energies lying in the range E to E + Ii E, approaching 5 A from 

directions which lie in the element of solid angle 5 Q 

centred on the unit vector ti, w'nich makes a,'l angle e with 

which is 

6 A. Let 

5 N such particle" cr oss the surface el ement 5 it in time 5 t . 

Since the effective area of 5 A as seen from the di rection of arrival 
- -+ 

of the particl es - u is 6 A cos e , ViZ may wri te 

-40 

U , 

. . (":":' ~ ~ ~) wnere J \r:i u , r:.o , IJ 

E, t ) 5 A cos e 5Q 5 E 5 t 

is a dis tribution function w'nich takes aCCOU:l"t 

of the dependence on the bracketed variables . Note that if cos e ~ 1, 
. - -10 

i . e . i f 6 A is perpendicular to u, we could write 

b N 
= j (~U7 E, t) 7iAO 52 15 E [, t 

s o that j is the number of particles Ylh ich croSs 5 A per unit area 

per unit s olid angle per unit energy per unit time from the direction 

ii when [, A is oriented pe~.~.cular to this di.rection . j is ca lled 

t he directj.onnl flux de~lsi ty . 

Consider now the case ¥,.herp. we are dealJ!1g r.d. th electri~;ally charged 
...... 

particles ani there i8 a mRt;!tetic field B. Set up cartesian axes .at 

t he point P a8 shown in Fig . 2, choosing~lle 7,'mcis to lie along t'le 
...... 

direction of B. Now let 0 A lie in "the x :l plane, so that tt is --. 
perpendicular to 13 . rioYI erect Go unit sphere rou.od P and let e , lP 

--> 
De the pola.r coordinates of thE unit v8ctcX' u . Then the element of 

solid all £;le 5 5? in cur previous discussi.oll becon:,,>; the solid anGl" 

between 0 r'nd e + 6 e , cp cn,l IV . " 6 e 3!ld is gi yen by 



58/ 

= Gin e 6 B G Ijl 

Vie may substitute thi s in (1) and write 

since "U' and& II are now related by ()) . Note that e i s now the pitch 

angle of the charged particles . 

Isotropic case, 

I f j is independent of lfJ (i. e. there is no "cyclotron bunching" 

(Roederer , 1970)), we can integrate (4 ) over 'P to get 

6 N (~ e , E, t) = 2 Tt j (~ e , E , t) 5 A COG e sin e 58 5 E 5 t 

( 5) 

If j is also in:lependent of e the flux is said to be isotropic at the 

point P and. we may integrate over G : 

Tt 

O N (~E, t) = "j(r: E, t) 2 Tt 6 A 5 E o t i Sin e cose d e 
o 

= 0 

shoWirg tl~t the net flux th~o~h 5 A is zero , as we should expect 

since equal number:1 of particles go through it upwards and downwards 

in 3 t . 

I f we are interested only in the downward fl",e through 6 A , we 

integrate only be31{Cen e = 0 and e = n /2, obtaining: 

S H' (r', E, t) = j ('r, E , t) 2 'IT B A 5 E 6 t 

'"" n j (r" E, t) 8 A 5 E [) t 

cos e d e 

(6) 

This is the case referycd to as iE:otropic over the downv:ard hemis phere 

or IDH , The Du,:!'::>er of parti:oles travelling downward per unit area per 

wi t enzr,::;Y per ll.'1i t ti,m0. (tl:e dHfereni;ial ~o"":ward flux density is 

'where J" l"~ thp (-ic.r.+rOlll"n \ d-i-r>oC"H O" Dol '(' -'ux ..... , _ • .• ;.:)\.' • .• ' ,.) _... V.'- ...... .' .. 
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Omnidirectional flux 

I f we have a region of space in which there i s an isotropic particle 

f l ux with directional flQX density j (r~ E, t) , we may calculate the 

total flux into a sphere of radius p Energy element of area 0 A 

of the surface of the sphere is crossed by a number of particles 

o N' (~, E , t) given by (6) , coming from all directions but going 

inv~rd into the sphere . Since the flux i s isotropic t he orientation 

of 0 A is immaterial and we have 

o N" (1", E, t) = Tt j (r, E , t) 0 E 5 t 4Ttp 2 

_ 4 TI 2 P 2 j (r: E, t) 5 E 6 t (8 ) 

f or t he total number of p3.rticl es in'.the energy range oE which would 

b" counted in time 5 t by an orrmidirectional spherical counter of 

r adius p at the point P. Vie can Vlrite (8) in the fo r m 

Ii N" (r; E , ~) = 4 Tt ( Tt (l 2) j (-ct, E, t) Ii E 5 t 

= (TIP 2 ) J (~ E, t) 5 E 5 t 

So that t he counting rat e per unit time per unit energy of a spherical 

omnidirectional counter of unit crOSS s ectional area (rc p 2 = 1 ) at P 

would be 

6 Nil (r: E , t) 

o E Ii t 
= J (r: E, t) 

which defines the differential omnidirectional flux denSity 

J (:2, E , t) . 

Energy inte~t'_on 

(9) 

Clearly, since E is an independent variable, we can integrate any of 

the equations such as (1) , (4), (6) Or (9) with respect to energy over 

a convenient range (commonly> E , vlhere E is the counter threshold) 
o 0 

t o get the corresponding expressions for the integral directional, 

IDH and. omnidirectional flux nctl.Si ties J> E ' etc. 
o 
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APPENDIX 2 

Consider two altitude lev"ls h 1 and h (with respective mass densi t ies 
n- n 

D(hn_l ) and D(h
n

)) as shown . We wish to find -the average density 

va thin the lamination . 

We assume an exponential distribution of th" mass density with height 

within the lamination althol~h this is not true for the atmosphere 

as a whole . 

We therefore have D(h ) = D(h 1) exp [- y (h - h 1)1 if ds is 
n n- n n- 'J 

t he element of path ler.gth in km and we reg'd.rd db/ds constant with 

the lamination . 

D(hn _l ) _ 

D(h ) 
n 

D(h
n

_l ) - D(hn ) 

D = loge D(hn_l)/D(hn ) 



APPEl,DIX 3 ------

AWlS 

Calculate and store coefi'icients for cubic fit 
(z/R). and (z./R)'+l for all i (Poole method). 

ii'iterpolatiof; later in program) . 

between 
(Used for 

Read R = number of different model atmospheres "!;o be 
computed in its rclll. 

L = 1 (monoenergetic) or 0 (energy spectrum) . 

/ 

N = number of laminations. 

M = nUPlber of differentjnitial energies ( ~ S). 

__ . ___ u:.o:.-_m.:::·,::~_~_·_u=.p~t:.o~e::i::!ge:h=t~d::i::f:.:f:.;' 8::r:..:e::n:.t:....:i::n::i:..:t::i::a::l:....:e:::u::e::r.=/P-::·..:e.::s_.....,-_1 

f 
US- 14 = specifications of condi tj.ons determining 

choice of model atmosphere , (hour ~ngle , 
latitude , declination, day FlO 7 ' FlO 7' 
a ) , , 

P 
H = dip angle I of magnetic field . 

T = T for model atmosphere . exo . 
(Hi' D. ) model atmosphere (alti t'ctde, density) 
from gOIan - 30 Ian (N+l) values . (klti tude 
i n lan, density in g/ em)). J -

FIlL'" l7 

G2/ 
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No Yes 

S 

A ': ~m :~:,~:: :,J 
G = EO = 10 x e - foldLng I max 

A = 

G = 

initial energy (E
i

) 

E = initial energy . 
max 

D 

E 

D = t> E = 0 

energy. 

= E = ¥lOO initial 
energy . 

,,' E. = 1 k eV. 
IJllll 

t 
C 1 .. , W' g/ 2 a c~ate ranee I n em 

Calculate multiplying factor X = (D/A) exp ( - E/A) 
= 1 for monoenergetic 
p 1 for energy spectron 

l 

Calcu.la te path c.ength z. lamination and sum over 
all previous lamination§. Calculate (z/R) . 

r---~<~]:a th length .~ . range? 

~, 
Yes 
V 

o 
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______ 1-
r----'-' --------.----.., 
I Increase E by 10~ C 

c 
e 

C 

alculate (z/R) using 
oefficients evaluated 
arlier . 

alculate q./F 
~ 

'" q . L F ~ X for e"ergy 

s pect rum case . 

~L_-. 
_ move on one I 

lamination.-l 

- -------------«------

L (( t:. E - - 0 monoenergetic) 
t:. E pO energy spectrum) 

No 

J 
;;:~E~l 

Yes 

J._ , 
~Pr~nt results 

__ ~. otal nwnber R bee) 

Move to ney.,r model 
atmosphere 

[ _______ 8XC e e d cd? ---------I 
- i -......:...--~----- ¥ 

--·----------No-·· ~.es .. ----.1 

'-)~ \ 
" v ) 

~ / -.--
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APPIDIDIX 4 

Program Jacchia Atm (for calculating T ) (~aken from a section of 
Howard William ' s ProgI'am) eqn numbers f&~er to equation in Jacchia (1965) . 

-
Set up loop 'In. th R = number of T to 

be calculated 
ex o 

.. 
Z' = H = hour angl e 

X' = l atitude in degre<os 
/ Read 

Y' = = solar c.eclination in degre8s 

~Print input specifications 

Ca].cal a te cos m 1] , s in m e where 

1] =?t (x'- y ' ) , 
e =! (x ' + y ' ) 
ill = 1 , 25~' 

Read and pr int 

I - . day number 

B = ~' .• ° 7 solar flux indicator 
~ , 

7 

C = FlO , ? 5 monthJ.y solar flux average 

At = a geomagnetic actj.vi ty index 

,---- _ . ----~-----.----------...., 
Calculate i ncrease j.n temperature due t o a eqn (14) , 
Calculate To frcm eqn (9) , ~~is takes accoRnt of any 
variation wi thin one solar l'otation a8 well as semi­
annual and diurnal variations . -,-------

r----..;...b ----~ 
" 

CalClila'':8 cos 
constants S= 

__ . __ J _________ _ 

(-r;,/2) >!.'ler5-r is de~ined by eqn (12) - , 
~,5 , p = 12 , Y = 45 . 
-~--------.--

'\', 
c-' 
,::) ) 

.... ~/ 

.~ Jacchia (1965) used ra = 2 , 5. 
We h:J.vc used m = 1 , 25 from 
Jaccllia Ul.ld. Blowe;;, (1967) . 
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2 ~ 
cos -r /2 ~O?>---1>"'<---Y()S -'P--- Calculate cos ,J L/2 

and include in calculation 
of '!' from eqn. (13) exo 

No plus 6T. 

/Prir..t reslUY 

Move to next set -- ro ---4;.,--J R exceeded? 
o£ data L-----7,---__ J 

f 
Yes 



APPENDIX 5 

INTERATM ----

-------------; 
Read in Jacchia 
Atmosphere as data . 
272 values f r om T = 1500 K in 
50 K intervals toeXo700 -K each 
from 125 ~ to 300 kn 

~-~~~= 

I-

/ Read TelCo / 
t r<E 99999 Yes --...... ---,. 

No 

Se t J in loop 
from 1500 to '700 
in 50 K intervals 

S < J 

No 

r<0>-1 
No 

- S- J ::J Y- -- 50 
linear interpolation 

U = difference between 
densities for T (S) 
and T (J) atefigight K 
(T er§) .... T (y) -,. 

exo / eXO " 

Yes · 

Yes 
I 

Store 
data 

move J on 
by 50 K 

(!orrect input 
for output 

T xo (J)) 

1 Calc'lla te d ensi t;,' for J I height K and store 

~~~utj_m] 

~_ _ - Ye3 

Imve densities been-caic~l~ted I 
for all heights ? ~ 

No 

~~~~t . , 
-<- ! 

66/ 



APPENllIX 6 

Program 1,:AXHQ 

,.--- - - - - - - --_ . __ ._-
.---........ -1 naad : T and initial energy E exo 

4 pairs of data around the 
peak in the oriier of decreas­
i.ng al ti tude , 

Arrange input data in matrix form where 

A 

c 
B 

is a 4 x 1 matrix (ql q2 q3 q4) 
is a 4 x 1 matric (a b cd) 

is a 4 x 4 

Prim; coeffidents 
i n the form : 

2 q=a+bh+ch 

1 h-.L ~2 ~3 
2 3 

1 h2 h2 h2 
2 3 

h3 h3 h3 
2 3 

1 h4 h4 h4 

stored in C 

I Salvo> quadratic to find h , I 
I One real root only wi t hl.n ~e 

- liQits hl and h4 ' 

I '- I _ ~ 
/ Pri.nt h 8alculate ,I 

/ " m / 

_~L '~hTJ 

67/ 



EQ=YQ- AQ XQXQXQ-BQXQXQ-CQXQ 
JutliP2 0 f Q=N- 1 
14)RE PEA T 
Q=N 
L=1 
JUMP8 
20)READ(R) 
READ(L) 
READ( N) 
READ( tvi) 
S=o 
O:N 
J=1(1)M 
READ(UJ) 
REPEAl 
J:1(1)R 
1::8(1)14 
REAO(UI) 
REPEAT 
READ(H) 
READ(l) 
I=S<1}O 
17) READ(HI) 
READ(DI) 
REPEAT 
K=1(1)M 
E=U K 
V;H 
JUMP45, l;:1 
SPACE46 

&WO o~ 1\ IN'Te:RPOLA''T\oN 
NUk&'ER OF O'F~E."c.N"T ~obe.L A~~O~PHItRlt,. 

L~ t l MO~OIiNE(.t6-e.,.tc.) L= 0 E:N&'~'''( SV~<."1't.VM 
N t:. NU .... a~R O~ LAMtW",.\()~S 

NUM6'CR O~'N i1'iAL ~Ne.RG-I6.S (6 '8) 

A '-.,. ,T U1)E} MO D~ L. A't MOCiP\o\&'R.E 

DE.NS ",,( 

PRINT('ENE RG Y FLUX J=JO EXP(~ E /EO)') 
JUMP-46 
4S)SPACE51 
PRINT('MO MO ENERGETIC FLUX·) 
46>NEWlINE 
SPACE50 
PRINT('LAMBDA 10H UNIVERSAL') 
NEWLI NE 
SPAC 39 
PRINT('RA NG E: R=4 .. 17&-6 EXP(1.74LOG(E» (SSM IOH)') 
NEwLINE 
SPACE-45 
PRINTC'JACCHIA/CI RA MODEL ATMOSPHERE') 
PRINT(' T EXO :i ) 
PRINT(T)4, O 
NEkLINE 
PRINT(' HOUR ANGLE : I) 
PRINT(U 8 )3,O 
PRINT(' DEG REES LATITUD E: ') 
PRINT(U9) 2 ,2 
PRINT(' DEGREES DECLINATION:') 
PRINT(U10)2,2 
PRINT('DEGR EES DAY:') 
PRINT(lJ11)3,O 
PRINT(' F10.8:') 
PRINT( UI 2)3,1 
NEwLI NE 
PRINT(' BARF10 . 8:') 
PRINT(U "1 3)3,1 
PRINT( ' 
PRINT(U14 )2 ,Q 
NEwLI NE2 
SPACE1 8 

A P : ') 



PRINT(N)2, O 
PRINT('LAMI NATIONS REF. ALTITUDE 30 0 KM 
PRINT(' DIP AT GROUND ') 
PRINT(V)2, 2 
PRINT(' DEGREES I) 

Y=%MOD( Y) 
Y=(£Y)/180 
Y::1/( %SI N(v)] 
NEWLINE 
SPACE1 B 
JU~P42 !L=1 
PRINT(' E-FOLD ING ENERGY') 
PRINT(E)2,1 
A=E E-FOLDING ENERGY 
G=10E E MAX 
E'=1 E MIN 
O:E'/1QO 
E=E'+ 0.5 D E 
JUMP4 1 
42) PR INT (' INITIA L ENERGY I) 
PRIN T( E)2 ,O 
A:E 
G=E 
D:O 
41 )P RINT( fKE V') 
98)NEwLINE3 
SPACE1 7 

B AT -10 0 Kf¥l ' ) 

PRINTC'AL TITUDE Q/F ENERGY LOSS(EV/CM)') 
PRINT{' £Q /F=Q/J O(B AILEY)') 
NEWLINE2 
1=O(1)N 
E(I+2 '1 )=O 
REPEAT 
1 () ) w;;: 4 ~ 1 7 & - 6 % E X P ( 1 • 7 4 % lOG ( E ) ) RAN 6-1: _ e: N t:: R (j. Y R e,-A"t, 0 N ('l: 0 "') 
X~(O/A)%EXP(-E/A) 

J UMP48,X#O 
X:1 

48 )F=O 
i;;N 
11)JU MP12 f l#N 
ZI=O 
VI=O 
JUfwlP66,I= N 
12)U=H(1+1 }-HI 
JUMP4,l=O 
V;YU 
U·:[D(I+1)-OI]/(%LOG(D(I+1)/DI») 
13)ZI=1000 0 0U'V 
F=F+ZI 
Z=F/w 
JUMP4,F>W 
Q:%lNTPT(Z/.05) 
VI=AQZ ZZ +BQ ZZ+CQZ+ EQ 
VI=(E VID I)/(. 0 35~) 

E(J+21)=VIX + ~ (I+21) 

66)1=1-1 
JUMP12 
4)D=E/ "100 
E:E+D 
JLJMP5 {) ,E>:G 
JUMP10 
SO)I=N(-1) O 
1 5 )SPACE2 0 



AUTO= LDt 
F 11#XMAE#COfl.~ Pt 

AUTO= LDt 
G0211' 
Ll ST 
RUN 
DU MP ON (E D,PROGRAM DUMP) 
SEND TO(ED ,I CLA·DEFAULT~TUCKERS) 
PRO GR Atv1 (A W18 ) 
I NP UT1=CR O 
OUiPU1' 1 =LPO 
MAIN 600 
CHAPT ERO 
H->42 
0"'> 42 
l->42 
V->42 
\11->42 
U->13 
)(->21 
Y->2 0 
F->20 
G->20 
A->20 
B->20 
C -> 2-0 
E->75 
L.=O 
1=0 
1)READ(XI) 
J UM P2,XI=99 99 9 
READ(YI) 
1=1+1 
J UMP1 
2)N=I-2 
P=N-2 
Q:O(1)P 

JUMP5,Q#O 
J=Q 
J Uti. P6 
S)J=Q+1 
.JUMP6,X(J+1 )#XJ 
16)HALT 
6)FJ=(V(J+1}~YJ]/[X(J+1)-XJJ 

JUMP5,J=O 
7)C';:::X(Q/2)-X Q 
JUMP5,J=O 
C t :X( Q+2) ... XQ 
JUf<I;P2 0 ,C';:;O 
A'=(F( Q +1)~FQ ) /C' 

B'=(FQ(X(Q+2)+X(Q+1»~F(Q+1)(XQ+X(Q+1»]/C' 

JUMP3,Q#O 
8)GQ=2A ' XQ+B' 
.IUMP3,L#1 
Q=N-1 
JUrJ.p9 
27)HALT 
3)G(Q+1)= 2A' X(G+1)+B~ 

9)D';;X(Q+1)-XQ 
D'=D'D' 
AQ=[GQ+G(Q+1>-2FQ]/O' 
SQ=-[(G(Q+1)+2GQ)X(Q+1)+(GQ+2G(Q+1»X Q-3( XQ +X(Q+1»FQ] 10' 
CQ=[G QX(Q+1)( 2 XQ+X( Q+1»+G( Q+1)XQ(XQ+ 2 X(Q+1»-6XQX(Q+1)FQ]/ Dt 



PRlN T (HI ) 3 , O 
-SP,A CE1 0 
PRINT( E(I+ 21 »O,4 
SPACF. 10 
PRINT(3 5 E{I+2 1 ) O,4 
SPACE '10 
PRINT(E(I+ 21) £ ) O,4 
NEWLI"'E 
REPEAT 
REPEAT 
REPEAT 
51)EN D 
CLOSE 

**** 

q,/F ,o~ ro.\VS I e\-<.fV\ 

:3 5 ~ / \= e V I e\ - c:.1'Y\ 

9, J J' 0 \ 0'" ~·ws I e.t - c.f'Y\ 

o 1 w3 0.05 1.28 0.1 1.26 0 . 15 1.24 0.2 1.21 0.2 5 1.18 0. 3 
0.35 1.1 0 0.4 1.05 0.45 0 . 98 0. 5 0.91 0 .55- 0 •. 84 0.6 0 . 7 5 
0.6 5 0.600.7 0 .57 O~ 7 5 0 .48 0. 8 0 . 39 0 .85 0. 3 1 0 . 9 0.2 4 
0.95 0.1 8 1.0 0 .12 99999 
4 0 42 
5 2 5 2 0 5 0 100 
o -7 0.3 0 8 0 150 150 11 
... 62 . 6 
9 00 

1 • 1 4 

9 0 3.018 2& ·9 91 2.4954&·9 92 
1.189 6& -9 96 9.9474&-10 97 
4~992 5 &·10 101 4.1727&-10 
2~ - 496 0 &-'O 105 2.1219&-10 
9.9147& - 11 1 12 7.1432&-11 
3 1 1 34&- 1 1 120 2.4b1&~11 

.1656 &-1 0 130 .8506&~1 1 

.221 0& -11 1 55 .1773&-11 

2 • 1 39 5 & ... 9 9 '3 1 . 7 1 21 & .... 9 94 1. 42-5 2 ~ - -9 
9 5 
1 0 0 
1 0 4 
, 1 0 
1 1 8 
125 
150 
1 7 5 
240 

.715 8& -12 18 0 .5741&-12 

. 82 1 0& -13 260 .4752&-13 

8 . 33 68 &-10 9 8 7. 0 129&- 10 99 5 . 9 1 3 5 &-10 
102 - 3~4991 & ·10 103 2. 9509 &-1 0 
106 1. 8 117 ~ -1 0 108 1. 33 2 4 &-1 0 
114 5.2905 &-11 116 4. 01 1 9 &-1 1 

135 
160 
190 
280 

.625 8&. ... 11 

.133 6& -11 

. 396 4&-12-

. 284 3& - 1 .3 

14 0 
'6 5 
200 
30 0 

.4010 &- 11 

.1097&-1 '1 

. 28 03&-1 2 

.1749&-1 3 

1 45 
1 -'0 
220 

.31 '1 0& ";1 '1 

.857S&-1? 
• 1 4 -77 & - -.:1 2-


