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ABSTRACT 

A study i s made of a model f o r the diffuse gamma-ray back-
groiind i n which cosmic-ray interactions with the microwave 
radiation at early epochs i n i t i a t e an electron-photon cascade 
whose end product i s the presently observed gamma-ray spectrum. 
Cosmic-ray protons ( at least those with energies above 10 eV) 
are assumed to be of extragalactic o r i g i n , and the shape of the 
cosmic-ray spectrum i s assumed to be determined i n part by 
the energy losses on the microwave background, so that the gamma-
ray and cosmic-ray spectra can be related. 

Strong evolution of the cosmic-ray sources i s required at 

a rate which can be determined from the observed cosmic-ray 

spectrum. The model parameters required to give the observed 

spectrum are obtained, and the r e s u l t i n g model used to compute the 

gamma-ray spectra expected, using both analytical and numerical 

approaches. 

I t i s found that the predicted gamma-ray spectrum i n the 
5 8 

range 10 - 10 eV shows remarkably good agreement with the obser­

vations. However a detailed assessment of the model indicates a 
7 

possible discrepancy with observation above 10 eV, although 

confirmation of experimental results must be awaited before the 

theory can be rejected. 
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Chapter 1. A Review of Observational and Theoretical Aspects of 

the Origin of Cosmic-Rays and the Diffuse Gamma- Ray 

Background. 

1.1 Introduction. 

I n the quest f o r an understanding of the physical processes occur-

ing in the Universe, the u n i f i c a t i o n of apparently unrelated observational 

data i s an important way of simp l i f y i n g the problem, and may lead to 

greater insight into the evolution of physical systems and of the Universe 

as a whole. This thesis i s concerned with an attempt at such a synthesis, 

to relate the primary cosmic-ray spectrum observed at the Earth, the 

diffuse gamma-ray background, and, i n d i r e c t l y , the fact that powerful 

radio sources appear to have been much more numerous i n the early history 

of the Universe. 

The theoiy developed here Involves the following assumptions: 

a) the primary cosmic-ray. spectrum i s of extragalactlc o r i g i n at least 
12 

above about 10 eV, b) the shape of the primary spectrum can be related 

to interactions with the blackbody background radiation at early epochs, 

(c) that the sources of cosmic-rays (CR) were much more numerous i n the 

past, evolving i n a manner similar to that of powerful radio sources, 

(d) the gamma-ray spectrum i s the end product of an electron-photon cascade 

i n i t i a t e d by the interactions with the blackbody radiation, and proceeding 

v i a firrther electromagnetic interactions with t h i s and other radiation 

f i e l d s i n extragalactic space. The derivation of t h i s spectrum i s the 

main subject of l a t e r Chapters, the object being to compare the pred­

icted spectrum with the observational data. 

To provide the framework and context against which t h i s theory has 

been developed, i t i s necessary to review current ideas on cosmic-ray 

Ga 1975 
SE TICK 

UB A RI, 
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o r i g i n , the gamma-ray background and radio-source evolution. The 

following sections discuss these topics i n turn. 

1.2 Observational facts, about Cosmic-rays. 

The main observational data which can be used i n arguing about CR 

o r i g i n ( with reference p a r t i c u l a r l y to the question of Galactic or 

extra-Galactic o r i g i n ) w i l l now be b r i e f l y summarized. The existence of 

a highly isotropic fl\ax of e x t r a t e r r e s t r i a l r e l a t i v i s t i c p a r t i c l e s with 
20 

energies ranging from less than 100 MeV up to more than 10 eV has been 

established using techniques ranging from direct observation from space­

c r a f t at low energies to extensive air-showers f o r energies above 10^^ eV. 

A survey of the experimental data i s given i n the appendix to Chapter 2; 

f o r the present section the important features are: 

(a) The over a l l energy density i s about 1 eV cm~^ , mainly i n the form of 

nucleons below lOGeV, About one percent of the energy i s i n the form of 

electrons, 

(b) The spectral shape i s of the form j ( E ) = AE" , with"y~ '2 .5 up 

to about 10^^ eV, beyond which a steepening to T 5 , approximately, occurs. 

A power-law dependence continuing up to the highest observed energies i s 

consistent with the data. 

(c) The fl \ z x i s extemely isotropic, both at low and high energies. Below 

lo"*^ eV, the CR are isotropized by the interplanetary magnetic f i e l d , 

but above t h i s energy the angular d i s t r i b u t i o n should begin to r e f l e c t 

that beyond the Solar-System. The muon telescope experiment of E l l i o t (1974) 

gives an anisotropy S= ( l ^ ^ - I ^ i J / d ^ ^ x ^min^ < 2 10"^ f o r a median 

energy 1.5 10'''' eV, which implies a velocity of streaming past the Sun 

less than 50 km s~''. At the high energy end of the spectrum (> lO^^eV), 

where deflections by the Galactic f i e l d become small, no si g n i f i c a n t 

departures from isotropy appear to have been found to date, although some 

results of marginal significance have been claimed (Bell et a l . 1973» 
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Krasilnikov et a l . 1974, H i l l a s and Ouldridge (1975). Kiraly and V^Tiite 

1975). Further discussion of t h i s point i s given i n Sec I . 3 , 

(d) Data on the chemical composition at energies between lOOMeV and 100 

GeV, i n p a r t i c u l a r the r a t i o of 'primary' nuclei (C,K,0.etc) to 'daughter ' 

nuclei (Ll,Be,B etc, which cannot be primarj' since they are destroyed 

rapidly i n s t e l l a r . i n t e r i o r s ) , can be used to obtain the path-length In 

grams X = ̂ c-t , where ^ = density of the i n t e r s t e l l a r medium and X. = 

mean l i f e t i m e of CH i n the Galaxy (see f o r example Meyer 1974). There i s 

good evidence f o r a decrease of /X with Increasing energy, the mean value 
-2 

being about 5 gm cm (Shapiro and Silberberg 1970). The r a t i o of pos­

i t r o n s to electrons can also be used to obtain a sim i l a r value f o r X 

(Panselow et a l . 1969). Another important r e s u l t i s the inorease i n the 

number of Fe nuclei r e l a t i v e to C,N,0 with increasing energy, above 

a few GeV (Ormes et a l . 1975). 

(e) The l i f e t i m e of CR i n the Galaxy follows from ^ provided we know 

yo , and in s e r t i n g the t y p i c a l Galactic density of 1 H atom cm ̂  gives 

f ^'lO^ years. However, i t i s uncertain how much of the path length i s 

traversed i n sources, and i t i s possible that CR are excluded from the 

denser clouds, so that t h i s estimate may be wrong. A direct determination 

of the CR l i f e t i m e i s required, and the decay of Be''° ( h a l f - l i f e 1.6 10^ 

years) i s a possible 'clock', since i t s abundance r e l a t i v e to other 

secondaries w i l l be higher f o r small than f o r large "C . Extensive study 
7 9 

of the Be/B r a t i o (which includes Be and Be'̂ ) has been made (O'Dell et 

a l . 1973 ; Shapiro and Silberberg 1970), giving "C < 5-10 10^ years. 

However, the v a l i d i t y of t h i s r e s u l t has been questioned by Raisbeck and 

Ylou (1973) on the basis of the inaccuracy i n our knowledge of production 

cross-sections, and they claim that the isotoplc abundance of Be"*̂  must 

be determined f o r a r e l i a b l e r e s u l t . 
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( f ) The overall abundance d i s t r i b u t i o n of elements i n CR at a few 
GeY per nucleon shov/s strong s i m i l a r i t i e s to the Solar System abund-
ances ( see e.g. review by Rasmussen 1975)* I n p a r t i c u l a r , the alpha-
p a r t i c l e nuclei C,N,0,Ne,Mg,Si etc. show similar abundance r a t i o s . The 
main differences are ( i ) an underabundajice of H and He (normalized to 
the C,N,0 group), ( i i ) a lower even-Z to odd-Z r a t i o , ( i i i ) an over-
abundanceof the elements L i , Be, B and the sub-iron group (Z = 19 - 25). 
Of these ( i i ) and ( i i i ) are mainly a t t r i b u t a b l e to propagation effects i n 
the i n t e r s t e l l a r medium. The 'source' composition and path-length d i s t ­
r i b u t i o n required to f i t the observed abundances has been extensively 
studied. Shapiro and Silberberg (1974) f i n d that a function of the form 
dN/d9̂  = (1 - exp(-2.8A ̂ ))exp(-0.25'X ) f i t s a wide array of observed 
abundances, and the r e s u l t i n g source abundances are then generally 
well correlated with Solar-System abundances (Fig 1, fron. Shapiro and 
Silberberg 1974). A decrease of the r a t i o of CR to Solar-system abiond-
ances wi t h increasing f i r s t ionization p o t e n t i a l has been pointed out 
by Casse and Goret (1975) and by Kavnes (1973). The possible i n t e r p r e t ­
ation of t h i s i s discussed i n Sec 1.3. 

1.3 Galactic Theories of CR o r i g i n . 

Galactic o r i g i n f o r the bulk of CR has. been championed c h i e f l y 

by Ginzburg (1964» 1970 and ref s . therein). I t should be pointed out 

at once that the CR electrons must be Galactic on account of t h e i r 

short (—'10 years) l i f e t i m e i n the microwave background radiation, 

so that only the nucleon component need be discussed here, A general 

problem which arises f o r Galactic models i s that i f CR propagate by 

3-D d i f f u s i o n and are confined to the Galactic disc f o r 10^ years, 

then an anisotropy greater than that observed i s expected (Speller et 

a l . 1972). Ginzburg and Syrovatskii (1964) developed a model i n which 



u 
c 
o 

•a 
, c 

< 
£ 

to 

a 
o 
if) 

I 
E 

8 
g 

X I 

Atomic number 

P i f O z l 

Ratio of elemental abundances of cosmic-rays at 

sources to those f o r the Sun and meteorites. (The 

values are normalized to i i n i t y at I r o n ) . Prom 

Shapiro and Silberbsrg (1974). 



- 1 1 -

raost of the l i f e t i m e i s spent i n a spherical 'halo' around the Galaxy; 
8 - 2 - 3 i n t h i s case t . ~ 1 0 years and ^ ~ 1 0 cm , and the anisotropy l i m i t s 

can be s a t i s f i e d . However, the evidence f o r such a halo i s equivocal, 

and has not been observed i n normal external s p i r a l Galaxies (Lang and 

Terzian I968) . Also, the Be/B r a t i o suggests that x<10 years (see Sec 

1.2(e) ) . However, i t now seems l i k e l y that p a r t i c l e s diffuse i n 1-D 

along stochastically wandering f i e l d l i n e s (Jones 1971), and that the 

p r o b a b i l i t y of observing a lov/ anisotropy i n t h i s case, although s t i l l 

small, i s no more u n l i k e l y than any other value. Taking into account the 

random nature of sources (assumed to be supem^^e) i n space and time, 

Dickinson and Osborne (1974) showed that the pro b a b i l i t y of observing 

S~10~^ i s t y p i c a l l y a few percent, so that an 'accidental' low value 

cannot be ruled out. 

The most l i k e l y sources of CR in the Galaxy are supemovae ( o r i g - . 

i n a l l y suggested by Baade and Zwicky, 1934)i t h e i r remnants, possibly i n 

association with pulsars, or pulsars themselves. A Galactic volume of 

4.10^^ cra^ (assuming a disc radius 15 kpc and thickness 1 kpc), f i l l e d 

with CR to a density of 1 eV cm ^ requires about 6.10^'^ ergs i n CR, so 

that i f •C'-IÔ  years, we require 6.10^^ erg yr""" injected. Taking a 

supernova rate of 1 per 50 years (llovaisky and Lequeux 1972), we need 

about 3.10^*^ ergs per supernova. This i s of the same order as the energy 

content of supernova remnants on the basis of t h e i r sychrotron emission 

i f we assume the l o c a l r a t i o of electrons to protons, v i z . about 1% . 

Perhaps the most convincing evidence i s the recent observation of the 

Vela Sl-IR as a gamma-ray source (Thompson et a l . 1974); i f interpreted 

as the effect of pion-decay following CR - gas interactions, a t o t a l 

CR content of about 10^'' ergs may be required, and i f typical of other 

supernova remnants, t h i s i s more than adequate to supply the Galaxy at 

the observed l e v e l . Another important clue i s provided by the chemical 

composition of CR. Nucleosynthetic calculations (Schramm and Amett 1973) 
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Indicate that the explosions of massive stars ( > 8M̂ .. ) , the probable 

natiire of Type I I supemovae, can produce the ohsewed abundance ra t i o s , 
12 

The C detonation model of Amett (1969)» which involves less massive 

stars, appears to be ruled out as the pri n c i p a l source of Galactic CR, 

since i t bums the bulk of i t s C and 0 to the iron peak elements. 

The difference i n spectral shape between iron nuclei (J= 2.0 ± .14) 

and the l i g h t e r elements ( 9' = 2.4 - 2.8) (Ormes et a l . 1973) may be 

a r e s u l t of I n t e r s t e l l a r propagation ( Webber et a l . 1975, Audouze and 

Cesarsky 1973> Meneguzzi 1973)i but may al t e r n a t i v e l y r e f l e c t a d i f f e r ­

ence i n the source f o r Fe nuclei (Balasubramanyan et a l . 1975). Because 

the surface of neutron stars i s believed to consist p r i n c i p a l l y of iron , 

Ramaty et a l . (1975) suggest that pulsaisare the source of the iron nuclei. 

Colgate and Johnson (I960) examined the accelaration of particles 

i n supernova shock-waves. The underlying mechanism i s the deposition 

of nearly a l l the energy of a supernova i n the expanding s h e l l , the 

v e l o c i t y of which increases as i t propagates into the lower density 

surrounding medliun. R e l a t l v i s t i c v e l o c i t i e s can be reached and a maxira-
15 17 

um p a r t i c l e energy of 10 eV ( or 10 eV i f plasma o s c i l l a t i o n shocks 

are considered) can be produced, with a spectral index 3'-^5. For a 

10~^ mass f r a c t i o n ejected from a 10 Mg star, the energy available i s 

/v/2 10̂ "* ergs, adequate to maintain the Galactic flvix (Colgate and 

7/hlte, 1963, 1966). Later calculations (Colgate et a l 1972, Colgate 

and McKee 1972) gave a spectrum J'~5.'' and energies up to lo"*^ eV . 

Possible evidence against such a shock-wave mechanism i s provided 

by the decrease i n cosmic-ray abundances r e l a t i v e to the Solar-System 

abundances with increasing f i r s t Ionization p o t e n t i a l : t h i s suggests that 

an electromagnetic rather than a hydrodynsimic process Is at work (Casse 

and Goret 1973 ; Kavnes 1971, 1975). 
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Tumlng to the p o s s i b i l i t y of accelerating CH in pulsars, the most 

Important evidence comes from the observation that the spectrum of the 

Crab nebula i s of power-law form from radio frequencies up to the X - ray 

region, strongly indicating a synchrotron o r i g i n . The very high energy loss 

rates f o r the electrons Involved, which have energies up to about lo''^ eV, 

Implies continuous i n j e c t i o n of p a r t i c l e s . The pulsar ITP O532 at the 

centre of the Crab nebula seems a l i k e l y source f o r these electrons, and 

Indeed the slowing - down rate of the Crab pulsar shows that i t s energy 

loss i s approximately equal to the required energy input f o r r e l a t l v i s t i c 

p a r t i c l e s . The acceleration may occur v i a the lov/ frequency electromagnetic 

waves generated by the pulsar (Gunn and Ostriker, I 9 7 I , Ostrlker and 

Gunn, 1971). The dynamics of the expanding supernova remnant may be gov­

erned by the, pressure of r e l a t i v i s t i c p articles which f i l l the cavity 

l e f t by the shock-wave as i t sweeps up the i n t e r s t e l l a r medium (Ostriker 

and Gunn 1971). According to the theory of acceleration by electro­

magnetic waves (Gunn and Ostriker, 1971)» the energy reached depends on 

the parameter v = eB/mcXt , where B i s the magnetic f i e l d and J l i s the 

frequency of the wave. In the immediate v i c i n i t y of the pulsar, where B 
12 '18 25 

/-lO • gauss, the energies expected are 10 - 10 eV during the early sta­
ges; when has f a l l e n to values small enough to give 1 GeV pa r t i c l e s , most 
of the pulsar energy has already been l o s t (Gunn and Ostriker I969; 

Kulsrud, Ostriker and Gunn 1972). Such a mechanism may explain the high­
est energy end of the spectrum and a spectral index of 2.5 Is pred­
icted (Gunn and Ostriker I 9 6 9 ) . For the low energy end, i t i s necessary 
to consider regions much f a r t h e r from the pulsar, where-B i s smaller, and 
a possible s i t e i s the expanding supernova s h e l l . Using thef model f o r 
a supernova remnant developed by Ostriker and Gunn (1971) » Kulsrud et 

Q 16 

a l . (1972) showed that p a r t i c l e energies of 10̂  - 10 eV, with spectral 

index '2r~2, could be producedi Although more energy goes into electrons 

than protons, most of thi s i s l o s t by synchrotron radiation. The t o t a l 

energy injected i n r e l a t l v i s t i c p a r t i c l e s was 10*̂ — lO'^^*^ ergs. 
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At the high energy end of the spectioira, where the deflections of CR 

i n the Galactic magnetic f i e l d /become progressively smaller, there i s the 

p o s s i b i l i t y of distinguishing Galactic' sources as anisotropies i n the 

angular d i s t r i b u t i o n . A uniform d i s t r i b u t i o n of sources i n the Galaxy 

should also lead to anisotropies on account of the d i f f e r e n t path-lengths 

through the Galaxy i n d i f f e r e n t directions; t h i s has been considered by 

Karakula et a l (1972) and Osborne et a l (1973) using various f i e l d con-
17 

figurations and data on a r r i v a l directions of CR above 10 eV from the 

Haverah Park and Sydney (SUGAR) arrays. These authors conclude that a-

large f r a c t i o n of the pa r t i c l e s at these energies must be of extragalac-

t i c o r i g i n , unless they are predominantly iron nuclei. 

The most recent analysis of the isotropy of a r r i v a l directions has 

been made by K i r a l y and IVhite (1975)i using data from f i v e air-shower 
19 

arrays, a t o t a l of 119 events above 10 eV. The d i s t r i b u t i o n of a r r i v a l 

directions i s shown i n Fig 2. An analysis by Krasilnikov et a l . (1974) 

STiggesteda s i g n i f i c a n t 1st harmonic amplitude centred at R.A. 13h , with 

a chance p r o b a b i l i t y of 2,^°h» This i s i n contrast to the analysis of 87 

showers above 1,5 lo"*^ eV by Linsley and Vfetson (1974), who concluded that 

the d i s t r i b u t i o n was essentially iso t r o p i c ; the difference was made 

apparently by the addition of 20 showers from the Yakutsk array and 12 

from Haverah Park. Atentative i d e n t i f i c a t i o n of the excess with the Virgo 

cluster was made by Krasilnikov et a l (1974). A d i f f e r e n t interpretation 

i n terms of Galactic centre sources has been given by K i l l a s and Ould-

ridge (1975)*. the I J h peak i s centred on 1 = 0° ( i , = Galactic longitude) 

but l i e s south of the Galactic plane, and the authors suggested that t h i s 

could be the effec t of deflection by a f i e l d along the s p i r a l arms (though 

K i r a l y et a.1. , (I975). point out that; the f i e l d d i r e c t i o n would have to be 

oppositely directed to that observed l o c a l l y ) . ' Kiraly and V.'hite (1975) 
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Table 1-1 

- 1 5 -

Pro-per ties of main classes of Galaxy 

Type Description Example Number 
Density 
Mpc"^ 

Lumi 
Radio 

nosity 
I.R. 

, . -1 (ergs s 
Optical 

) 
X-ray 

Spiral 
Sa - Sc 
E l l i p t ­
i c a l 
ED - .E6 

Normal 
Hubble 
types 

90% S 
10% E 

M31 

M52 
10-2 1058 . 1042 1045-44 1o59 

Radio 
Galaxies 

Often 
double, 
centred on 
giant E l l i ­
p t i c a l s 

Cyg A 

' ° " 5 5 10 ^'^ 

1o45 

10^3 
10^2 

10jf(Cyg A) 
- lÔ '̂ CHer A) 

Seyferts Small s t e l l a r 
nucleus. 
Broad emission 
l i n e s . 

NGC 
1275 

10-4 10^9 
CNGC4151) 
1042 

(NGC1275) 

-10^6 
10'^2(4151) 

- 10'^'^U275) 

QSO's S t e l l a r app­
earance. 
UV,IR excess 
Large re d s h i f t 
Broad emission 
l i n e s 

5C275 10-?-5 

10-^ 

1045 

10^4 

1045-46 

(3C273) 
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used IvTonte Carlo techniques to determine the significance of the sugg­

ested peaks, and found that such d i s t r i b u t i o n s can be generated by 

chance with quite high p r o b a b i l i t y . I t therefore appears that we must 

await f u r t h e r s t a t i s t i c s before conclusions can be drawn from a r r i v a l 

directions. 

I f CR are of Galactic o r i g i n , then i t i s possible that the increase 

i n slope at 3 ''o''^ eV i s related to an energy dependent mean free 

path above t h i s energy. B e l l et a l (1974) used the observed d i s t r i b u t i o n 

of r a d i i of neutral hydrogen clouds ( 1 - 100 pc) and t h e i r associated 

magnetic f i e l d s to predict t h i s energy dependence, and fi n d a good f i t 

to the spectrum up to about 10 eV. The model predicts l i f e t i m e s of 
5 15 o n l y - 3 10 years f o r CR below 10 eV, a value which would only be 

consistent with the traversal of 5 cm of matter i f most of t h i s i s 

traversed i n the sources themselves, 

1.4 Exitragalactic Cosmic Rays. 

The p o s s i b i l i t y of a Universe f i l l e d with CR protons to a density 

of '1 eV cm ^ , equal to that i n the Galaxy, was o r i g i n a l l y put forward 

by Burbidge {^^S?.), the most extensive discussion being i n Brecher and 

Burbidge (1972). The p r i n c i p a l objections to such a hypothesis were o r i g ­

i n a l l y thought to be connected v;ith the energy requirements - the mean 

density of the Universe i s about 10 ergs cm ^ ( i f we include the 

observed, luminous matter only, i.e. a density of'-10 atoms cm ^ ) , 
-12 

so that a CR density of ~ 10 ergs cm requires very e f f i c i e n t con­

version to high-energy p a r t i c l e s . A contribution of 10^^ ergs per normal 

Galaxy i s required. Table 1 summarizes the properties of the main types 

of Galaxy which populate the Universe. The most obvious candidates f o r 

sources of CR are the powerful radio sources such as M87, which are known 
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to contain a minimum of 10^^ - 10^° ergs i n r e l a t i v i s t i c particles (the 

estimates depend on the assumed proton to electron r a t i o ) . I f we ima­

gine that a l l galaxies go through a phase of strong radio'emission, then 

since the density of galaxies i s 10 cm ̂ , we f i n d an average CR 

density of only 10"'''^ to 10 ergs cm ̂ , much less than that required. 

Brecher and Burbidge (1972) pointed out that since the energy calculated 

i n t h i s way..>,is that f o r equipartition between f i e l d and p a r t i c l e s , i t 

i s possible that much higher p a r t i c l e fluxes (and hence much lower f i e l d s ) 

are present. Seyfert galaxies are another possible CR source; t y p i c a l 

Seyferts emit 10^^"^^ ergs s i n the infra-red, corresponding to a 

t o t a l output of 10^*^"^^ ergs i f t h e i r l i f e t i m e i s 10^ years, v/hich i s 

the value suggested by the f a c t that about 1?o of a l l galaxies are Sey­

f e r t s and assuming a l l galaxies go through a Seyfert stage. The IR 

radiation probably originates i n CR electrons v i a synchtrotron or 

Inverse Compton processes; a proton to electron r a t i o of 100 would 

then give the required output of CR protons. 

A classic test f o r extragalactic o r i g i n of CR protons i s provided 

by the interactions with the in t e r g a l a c t i c mediiom, which w i l l result 

i n the production of tx °-decay gamma-rays. The rate of production of 

gamma-rays above 100 MeV f o r the local CR spectrum has been calculated 

by Stecker (1975) to be q(> lOOlJleV) = 1.3 10"^^ s-"* per H atom, where 

corrections f o r the presence of He nuclei i n the CR and the gas are 

included. Neglecting r e d s h i f t effects (which introduce factors of 

order u n i t y ) , the expected^-ray f l u x from the intergalactic medium i s 

j ( > loOMeV) . ̂ ^ ' ^ < "IGH 
G ' "g 

-2 -1 -1 
cm s sr 

where rij^^ is. the extragalactic gas density, and and ŵ^ are the 
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energy densities of extragalactic and Galactic CR respectively. 

i s the Hubble constant (see Chapter 2 ) , here taken to be 50 km s ̂  

Mpc"''. The diffuse background f l u x reported by Pichtel et a l (1974) 

i s j ( > 1 0 0 MeV) = 2 10"^ c m " V s r ~ \ so that 

^ 2 10""̂  . 

Ĝ " I S M 

Hence a closed Universe, with n^.^,.'^ ^o''^ cm~^ would exclude extra-

galactic o r i g i n , assuming most of the matter was i n the form of gas. 

However, there i s no evidence at present f o r any intergal a c t i c gas 
-7 -3 

( F i e l d , 1972); the density of luminous matter i s about 10 cm , 

and t h i s i s low enough to allow ŵ ^ = ŵ .̂ This test i s thus ambigu­

ous, at least, i n the case where CR soiirces are assmned not to have 

been more numerous at early epochs. Models of the l a t t e r kind, inc­

luding the one developed i n subsequent Chapters, have more stringent 

l i m i t s f o r the gas density (see Sec 2,9)» hut these are s t i l l within 

the observational l i m i t s . 

Another possible test involves the detection of gamma-rays 

from the Magellanic clouds (Ginzberg, 1972). Fluxes of the order 
-7 -2 -1-

of 10 cm s i n gamma-rays would be expected from the interaction 

of extragalactic CR with the gas i n the LMC and SMC; however, pres­

ent detection techniques can only put upper l i m i t s an order of mag­

nitude above t h i s at present (Fichtel et a l . 1974). As an alternative 

to t h i s method, Dodds et a l . (1975) proposed that the gas i n the 

Galactic anticenter dir e c t i o n be used as the CR detector, and showed 

that i f CR are uniform i n the Galaxy then an excess of gajnma-rays i n 

t h i s d i r e c t i o n i s predicted even f o r a veiy conservative estimate of 

the hydrogen density (Molecular hydrogen, which may constitue about 

50 % of the t o t a l density, was not considered). Fig 5 shows the 

predicted l a t i t u d e d i s t r i b u t i o n of gamma-rays i n the uniform CR case 
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/ \^^'Extragalactic 

-Galactic* -

1 1 1 1 
-10< 10̂  .50 0° 5° 

Galactic Latitude 

The l a t i t u d e d i s t r i b u t i o n of Gjalactio gamma-rays ( > lOOKeV) averaged 

over the regions 1= 90-150°, 160-170° and 200-260°, as predicted on 

extragalactic (upper curves) and Galactic (lower curves) models of 

Cosmic Ray o r i g i n . For comparison, the d i s t r i b u t i o n observed- by Pichtel 

et a l . (1974) f o r the same regions i s shown. Only neutral Hydrogen gas 

i s included. Ihe extragalactic model assumes uniform CR i n t e n s i t y ; the 

Galactic model assumes a CR v a r i a t i o n of the form exp -(R-10J/2.44. (R 

i n kpc), which i s an approximation to the d i s t r i b u t i o n of mass density 

and also the surface density of supernova remnants. Solid l i n e s : no a l l ­

owance f o r detector resolution, dashed l i n e s : Gaussian response with 

o-= 3° assumed (an approximation to that of SAS-II, Pichtel et a l , 1974)• 

Prom Dodds et al . ( 1 9 7 5 ) . 
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compared with the observational results from SAS-2 (Fichtel et a l . 1974). 

I t i s possible that t h i s provides the f i r s t conclusive evidence against 

extragalactic CR at energies of a few GeV. 

For the very high energy CR, an important test of o r i g i n i s 

provided by the onset of photomeson production by interactions with 
19 

the blackbody rad i a t i o n , the threshold f o r which i s 5 10 eV. The 
attenuation length rapidly f a l l s to '̂ 10 cm at 10' eV, so that 

we would not expect to observe CR of t h i s energy from 'cosmological' 
28 

distances ( ̂ l O cm). The apparent absence of any cutoff i n the 
19 

primary spectrum above 10 eV i s often interpreted as conclusive 

evidence against the extragalactic o r i g i n of such particles,but Strong 

et a l . (1974a) have shown that the data i s at present consistent' with 
—2 75 

a production spectrum of the form E~' ( d i f f e r e n t i a l ) at a l l energies. 

Fig 4 shows the expected spectrum f o r a model i n which we take an 

expanding cosmology with Ĥ  = 50 km s Mpc and q^ = 0 , 
1 2 

the normalization being at 10 eV, The large s t a t i s t i c a l and system-
20 

a t i c errors at 10 eV inherent i n the data preclude the elimination 

of such a model at present. I n Chapter 2, we consider i n d e t a i l a model 

with sources evolving with epoch, and shovi that i t too may be consistent 

with observation. I t was pointed out by Strong et a l . (1974b) that i f CR production 

i s proportional to the density of galaxies, then the local super-
''O 

cluster w i l l dominate at 10" eV, since the photomeson cutoff does not 

s i g n i f i c a n t l y attenuate CR from the supercluster. Taking a supercluster 

radius of 20 Mpc and a density of galaxies i n the supercluster 25 times 

the average density of the Universe, i t i s found that such r e l a t i v e l y 

l o c a l sources contribute about 105̂  of a l l CR below 10"*̂  eV, but eventually 

dominate at higher energies. Fig 5 shows a possible spectrum from such a 



£. (eV) 

Fig 1-4 Comparison of expected form of a power-law CR spectrum, 
attenuated by pair-production and photomeson production, 
wi t h experimental data from Haverah Park (H) and Sydney (S) 
.arrays. Production spectrum of form E~2.75 i s assiimed, and 

' normalized to data at 10^^ eV, UR production rate assumed 
\miform i n expanding Universe with Hq = 50 km s-''Mpc~''. 
Present day blackbody radiation temperature T = 2.7 K, 
Prom Strong et a l . (1974a) 

E. CeV) 

Fig 1-5 Proton spectrum expected f o r extragalactic o r i g i n assuming 
source density proportional to density of Galaxies. Curve E 
shows the contribution from Universal CR ( s t a t i c Universe 
case), C and D the supercluster contributions taking a super-
cluster f r a c t i o n of (f/o and ̂ % respectively. The t o t a l spectra 
are shown as curves A and B. Prom Strong et a l . (1974b) 
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'supercluster enhancement' model. I t can be seen that the photomeson 

cut o f f may be very much less than f o r the usual extragalactic models. 

A more r e s t r i c t e d type of extragalactic model involves production 

and confinement w i t h i n the lo c a l supercluster (SC). The local SC i s 

centred on the Virgo cluster of galaxies at about 18 Mpc distant (de 

Vaucouleurs, 1970), vfhich contains about 10'̂  galaxies and also the 

powerful radio source K87. Brecher and Burbidge (1972) suggested that 

since d i f f u s i o n out of superclusters i s probably a slow process, taking 
9-10 

10 years, a SC confinement model i s more reasonable and. at the same 

time reduces the energy requirements by a factor of about 100. 

I f CR do f i l l the Universe at the lo c a l energy density, then we 

would expect them to be is o t r o p i c at a l l energies. On the basis of the 

low anisotropy at 10 -10 eV, E l l i o t (1974) has suggested that extra­

galactic sources predominate at least above these energies, with a 

possible change from extragalactic to Galactic o r i g i n at lower energies. 

Such a change may be supported by the apparent drop i n the secondary to 

primary r a t i o betv.-een 10^°, and lo'''' eV.(see e.g. Meyer 1974). The 

evidence f o r anisotropy at the highest energies has been discussed above 

(Sec 1.3)» anf' does not at present arguo strongly f o r or against extra-

Galactic o r i g i n . 
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1.5 The Gamma-ray Background. 

The existence of an i s o t r o p i c , diffuse f l u x of X-rays and gamma-

rays i s well established, and the experimental data r e l a t i n g to the 

spectrum i s reviewed i n Chapter 9 as a prelude to comparison with 

the theory developed i n preceding chapters. As in the case of the 

CR spectrum, attention i s now directed towards the main features of 

current observations and theory of o r i g i n . 

Fi g 6 shows a compilation of the data above 10 keV taken from 
-2 1 

Ch, 9. I"t i s worth noting at once that a power-law of the form E ' 

provides a rough f i t to the whole spectrum from 10 keV to 50 MeVj 

although individual experiments give evidence of deviations particu­

l a r l y i n the 10 MeV region, v/here an excess may be present. Above 

30 MeV, the SAS-2 data indicate a steeper spectrum, roughly E ^. 

I t i s possible that the X-ray part of the spectrum (I-IOO keV) 
7 8 

i s due to i n t e r g a l a c t i c plasma at temperatures of 10 - 10 K and 

densities of the order of the c r i t i c a l density (^10~^ H atoms cm"-̂ ) 

.required to give a closed Universe (see e.g. Schwarz and Gursky, 1973). 

Such models can provide an adequate f i t to the observed spectrum in 

t h i s range. However the exponential cut-off with increasing energy 

precludes such a mechanism as an explanation of the gamma-ray part of 

the spectrum, which continues as a power-law up to much higher energies, 

For t h i s reason the thermal models w i l l not be discussed further here. 

The existence of large energies i n CR electrons i n radio galaxies 

suggested one of the f i r s t possible mechanisms for the X- and gamma-

ray backgrounds, Felten and Morrison (I963) proposed that the X-rays 

were generated by the inverse-Compton scattering (ICS) of s t a r l i g h t 
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Fig 1^6 Compilation of data on the Gamma-Ray Background. A 
survey of the data and key to the experimental points 
I s feiven i n Chapter 9, 
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photons by r e l a t i v i s t i c electrons i n in t e r g a l a c t i c space. V/ith the 

discovery of the raicrov/ave background, with i t s high photon density 

(400 cm 3 compared to perhaps 10 cra~^ f o r s t a r l i g h t ) , the rol e of 

ICS had to be re-assessed. Feltsn and Morrison (I966) suggested that 

electrons leaking out of radio galaxies could explain the X-ray back­

ground i n t h i s way. Although the i n t e n s i t y expected on the basis of 

energy-equipartition between par t i c l e s and magnetic f i e l d s i n radio 

sources was two orders of magnitude too small compared to the observed 

X-ray f l u x , the p o s s i b i l i t y that such equipartition i s not valid can­

not be excluded (see Sec 1,5). The shape of the spectrum i n t h i s 

model agrees roughly with that observed; both simchrotron and ICS 
. I J I 

processes produce photon spectra of the form j(E)o^E 2 f o r an 
electron spectrum with power law index I n the case of radio emission 

the spectrum i s generally expressed i n the form l ( v ) oC V , (units 

of Watts Hz ^ sr ^ ) , so that c< = ( T - 1 ) / 2 . Since many radio sources 

have e^'^0.8, the corresponding ICS X-ray spectrum should be of the form 
—1 8 

E ' , which i s quite close to that observed above 10 keV. This also 

implies T =2.6 f o r the electron spectrum, which i s i n good agreement 

with measurements of the l o c a l electron spectrum. 

An attempt to overcome the energy problems mentioned above was 

made by Brecher and Morrison (19^9)» who showed that electron leaking 

out of normal galaxies on a timescale of 10^ years could provide the 

observed X- and gamma-ray fluxes by ICS, They also related the possible 

increase i n the spectral index of the X-ray spectrum at 40 keV to that 

observed i n the radio spectra of normal galaxies between 5OO and I5OO 

Jffiz, the magnetic f i e l d required i n t h i s case being 4 jiG and the elec­

tron energies a fev/ GeV, Their model took in t o account the dispersion 

i n the radio indices and spectral break energies of galaxies, and used 

an appropriate luminosity function f o r the radio i n t e n s i t i e s . The 
-2 

spectral shape predicted was of the form S from about 40 keV up 
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to 10 MeV (corresponding to electron energies up to 50 GeV), and 
—18 

f l a t t e n s s l i g h t l y to E~ ' at higher energies i n the absence of elect-
- 2 . 3 

. ron energy losses, which are expected to steepen the spectrum to E 

at 100 MeV. This type of spectrum i s obviously compatible i n a general 

way with the observations as shown i n F i g 6 . The a b i l i t y of the model 

to account f o r the detailed shape of the X-ray region has been quest­

ioned by Cowsik and Kobetich (1972), although Brecher (1973) has argued 

that t h e i r criticisms are not consistent v/ith the observed spectral 

shape of the radio fl-uxes from, galaxies. 

Other theories designed to account f o r the gamma-ray background 

have assumed a separate o r i g i n from the X-ray region, Stecker (1969a,b, 

1971) proposed that TT^-decay gamma-rays from CR-gas interactions at 

high redshifts (z-^/lOO) could explain the background. The -decay 

spectrum has a peak at 70 MeV, which i n t h i s case w i l l be redshifted 

back to 1 MeV and can thus produce the excess at around t h i s energy 

which some observations have shown, A comparison of th i s model with 

the data i s shown i n Fig 7. A good f i t i s obtained above 1 MeV. Unfort-

\mately the maximum r e s h i f t f o r the proposed CR sources i s an ar b i t r a r y 

parameter with no theoretical basis at present. 

Another possible source of TT^-decay gamma rays i s matter-antimatter 

a n n i h i l a t i o n at high red s h i f t s , which i s expected to occur on the boxmd-

aries of matter and antimatter regions i n the Omnes baryon-symmetric 

cosmology (Omnes, 1969).Stecker et a l . ( l 9 7 l ) have shovm that the spectral 

shape i s essentially determined by absorption by Compton interactions 

with i n t e r g a l a c t i c gas, which cuts o f f the spectrum below 1 MeV, and 

by pair-production interactions with matter at higher energies. Fig 7 

shows t h i s model compared 7 d t h the data; the f i t i s excellent, a l t h -

outh i t should be emphasized that the nomialization i s a r b i t r a r y . 
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ZMAX=100 

Log(Ej^/eV) 
F i g 1-7 Comparison of two models f o r the gamma-ray backgroxaid 

with a summary of the data i n Fig 1-6, The models are 
1) redshifted pion-dscay spectrum from CR-gas interactions 
at early epochs ( z~100), 2) matter-antimatter annih­
i l a t i o n i n baryon-symmetric cosmology. Both theoretical 
spectra are from Stecker 11975)." 
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1.6 The Evolution of Radio Sources and QSO 's. 

The theory f o r the gamma-ray background developed i n l a t e r Chapters 

involves extragalactic CR sources which are supposed to have been more 

niiraerous (or more powerful) i n the past, on a cosmological time-scale. 

Although these sources are not here i d e n t i f i e d with any p a r t i c u l a r class 

of object, s i m i l a r evolutionary trends are found i n the powerful radio 

sources, which are knovm to be sources of r e l a t i v i s t i c electrons, and 

i n the QSO 's* In t h i s section, the evidence f o r such evolution w i l l be 

r e v i ewed. 

Using the technique of radio source counts (described below), i t 

was o r i g i n a l l y hoped that information on the cosmological parameters of 

the Universe could be obtained; however, i t has become apparent that none 

of the standard cosraological models can reproduce the observed counts, 

and that they are dominated by evolutionary effects so large that only an 

accurate physical model of radio-galaxy development would allow the 

cosmological variations to be distinguished. For the more lim i t e d 

samples of objects which have o p t i c a l l y measured redshifts, the •lum­

inosity-volume te»t can be applied, and as w i l l be described l a t e r , t h i s 

shows that evolution also occurs i n the case of the-radio-quiet QSC's. 

Source Counts 

Source counts determine the quantity N ( > S ) , the number of sources 

per steradian having a radio f l u x density greater than S.(The d i f f e r ­

e n t i a l form N(S ) i s preferable given enough s t a t i s t i c s , and t h i s has 

been used by Longair (1974), but most e a r l i e r results are quoted i n terms 

of N(>S) ) . For Euclidean space and a non-expanding cosmology, the exp­

ected f3rm N^(>S) f o r a uniformly distributed population of sources with 

luminosity function ^ ( p ) (such that the number of sources per i m i t 
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volume between luminosity P and P+dP i s ^(P)dP), i s easily derived. 

A source of luminosity P i s included i n S) provided P/r > S, so 

the number of such sources i s N(> S,P) = 4^3 / o ( p ) ( P / S ) p e r u n i t 

volume. For the whole population of objects, 

N(>S) = S-̂ /̂  rn(p) P^/^dP 
3 J — 

This i s independent of ̂ (p) (except f o r a normalizing constamt), so that 

a knowledge of t h i s function i s not necessary i n order to test the u n i f ­

ormity of the source d i s t r i b u t i o n i n space. 

More generally, when the cosmological model i s taken into account, 

a more complex form of N(>S) i s predicted, which depends on the spectrum 

of the sources because of the r e d s h i f t i n g of the radio f l u x and which 

involves the modified inverse-square law of non-Euclidean space (see 

e.g. the review by Longair, The expected shape of N(>S) i s 

s t i l l independent of ^(P ) , provided that t h i s i s not i t s e l f a function 

of r e d s h i f t . For t h i s reason, the counts are usually presented i n the 

form Yl{>S)/li^{}S), The important feature of such predicted source counts 

i s that without evolutionary effects a l l cosraological models predict 

a less steep slope than i n the Euclidean case. 

Source counts are now available at frequencies from 178 to 5000KHz. 

The most extensive i s that of Pooley and Ryle (I968), the 5C survey at 
—? — ?5 

408 IvIHz, which covers a flixx range of 10 to 50 f.u." ( i f.u. = 10 

Watts m"̂  Hz"*''.).' FigS shows the forni of N/N^ (from Longair, 1971). I t 

i s clear that the slope of the curve i s higher than the Euclidean value 

(-1,5 on a log-log scale), and i s more l i k e -1.8 at high f l u x densities. 

There i s an excess of sources i n the 0,1 - 10 f.u. range compared to the 
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Euclideaxi case. PigSalso shows the prediction f o r a typ i c a l cosmol-

ogical model with no source evolution (Longair 1971)» which i s clearly 

i n c o n f l i c t with the observations. The counts at other frequencies have 

been summarized by Longair (1974). At 178 fflz ( the JCR, 4C and North 

Polar Surveys), 408 Ifflz (5C and Parkes surveys), and 1420 }fflz (?vester-

bork, Greenbank, and Bavis (1973) and Maslowski(l973) surveys) the 

same feature of a steep slope at high f l u x densities i s found. At 

2700 I£Hz (Parkes) and 5OOO Wxz (Parkes and Greenbank) the d i s t r i b u t i o n 

i s much f l a t t e r , and does not deviate s i g n i f i c a n t l y from the Riclidean 

curve. 

Longair (I966) showed that the 3CR (178 Ifflz) survey was consistent 

with.either density or luminosity evolution of the brightest sources, 

with the form p(z) (or P( z)) oC (l+z)'', up to a maximum redshift z^. Here, 

the density i s defined r e l a t i v e to co-moving volumes, i . e . volumes which-

expand with the Universe. For the case of density evolution, the best 

model had /3 = 5.7 sni = 4. Models i n which a l l radio sources evolve 

were ruled out on the groxmds that too many f a i n t sources are predicted. 

To obtain the rapid convergence below ,25.f.u. shovm by the 5CR counts, 

i t was necessary to r e s t r i c t evolution to sources with luminosity more 

than 10^^'^ 17 Hz sr"'' at I78 Tfflz, i ,e. to the most powerful radio 

sottrces , An independent r e s t r i c t i o n on the value of z.̂  i s provided by 

the radio background, which corresponds to a brightness temperature of 

30 ± 7 K at 178 ( B r i d l e , I967). EVolution of the form ( l + z ) ^ would 

give an excess background i f z^> 3 (Longair 19 71). However the source 

counts do.not i n f a c t require a sharp cutoff at z^ - i t i s s u f f i c i e n t 

that the source density does not continue to increase s i g n i f i c a n t l y 

beyond z^. Rowan-Robinson (19^8) showed that evolution of the form 

exp (const. (1 - 7^— )) would f i t the data equally w e l l . 
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Luminosity - Volume Test... 

The existence of a maximum reds h i f t f o r evolution at Z'>'3 

indicated by the source counts strongly suggests a connection with 

quasars, f o r which there appears to be a cutoff i n the range z = 2 to 

5, and t h i s led Longair (19^6) to suggest that the evolution of QSO's 

was responsible f o r the shape of the N(> S) curve. To test t h i s hypoth­

esis requires N(> S) f o r a sample of radio sources i d e n t i f i e d as QSO's 

but the number of such objects i s too small f o r the source count method 

to be applicable. However, since the redshifts of QSO's i s known, t h e i r 

s p a t i a l d i s t r i b u t i o n can be determined (assuming cosmological o r i g i n of 

the r e d s h i f t s ) , and th i s forms the basis of the 'luminosity-volume 

test' (Schmidt I968). 

This test was devised to overcome the selection effects which 

necessarily arise i n the catalogues of QSO's. Samples of QSO's i d e n t i ­

f i e d by op t i c a l searches ( usually by looking f o r objects with a UV 

excess) have a single well defined l i m i t i n g magnitude. However those 

QSC's discovered as a res u l t of opt i c a l i d e n t i f i c a t i o n s of radio sources 

have a more complicated selection ef f e c t , since the source i d e n t i f i c a t i o n 

i s l i m i t e d f i r s t by the radio survey l i m i t and second by the l i m i t to 

which the optical i d e n t i f i c a t i o n can be made. The selection i s further 

complicated by the varying r a t i o of optical to radio luminosity i n QSC's. 

The liiminosity-volume test overcomes th i s problem by calculating f o r 

each object the quantity "V/V̂  , the r a t i o of the volume V out to the 

source distance to the volume corresponding to the maximum distance 

at which the source would be detected and i d e n t i f i e d as a QSO, For a 

uniform d i s t r i b u t i o n of sources i n Euclidean space, the mean value f o r 

t h i s r a t i o f o r many sources,< V/Vj^> , i s 0.5 , and larger values imply 

a concentration of sources at large z . 
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Schmidt (I968) applied the luminosity-volume test to 33 i d e n t i f i e d 

3CR sources with S(l78 Ifflz) > 9 f.u. and m . <18.4 , and obtained 
V i s 

<V/V^>-0.69 ; only six of the sample had V/V^<0.5. '^e probability of 

the r e s u l t occuring by chance was estimated to be only .Olfo (see also 

Rees and Schmidt 1971)> and shows that QSO's.are clustered towards the 

l i m i t s of t h e i r observable range. Schmidt (1972a) showed that density 

evolution of the form ôC ( l + z ) ^ , or al t e r n a t i v e l y poc10^^ (where X = 

l i g h t t r a v e l time to the source i n terms of the age of the Iftiiverse) 

up to =' 2.5 i s consistent with the d i s t r i b u t i o n of redshifts and 

1-uminosities of th i s sample. Pure luminosity evolution was ruled out 

because of the large numbers of o p t i c a l l y i d e n t i f i e d PSO's at ̂ ^-^^ = 19 

with z> 2.5 which would then be predicted. 

Lynds and Wills (1972) applied the test to 3I Q̂ O's i n the 4C cata­

logue and obtained <V/Vjjj>= O.67 ± O.O5, i n good agreement with Schmidt's 

(1968) r e s u l t . Pig 9 shows the histogram of values of V ^ j ^ ii"^ t h i s case. 

I t i s of i n t e r e s t to see whether other classes of object apart from 

QSO's show evolutionary effects. Applying the luminosity-volume test to 

25 radio galaxies w i t h known red s h i f t s , Schmidt (1972b) showed that there 

i s l i t t l e evidence f o r evolution (<V/V^>= 0.53 ± O.O6), but the maximum 

re d s h i f t measured was only 0 .25. Schmidt also attempted to separate the 

radio galaxies from the QSO's in the 5C survey at 408 Ifliz (Pooley and 

Ryle 1968) by subtracting the expected contribution from QSO's according 

to the evolutionary schemes obtained previously i n Schmidt (1970) and 

Schmidt (1972a), taking a r a t i o of QSO's to radio galaxies of 0.2 The 

source-coxmt method was then applied to the remaining sources, and strong 

evolution, similar to that suggested by Longair (19^6), was found. 

On the other hand Schmidt found that the sharp changeover from no evolut-
26 8 —1—1 

Ion to strong evolution at P(178 Iffiz) = 10 * W Hz" s r ' could not 

account f o r the steep slope of N(>S) without overestimating the number 



Fig 1-9 D i s t r i b u t i o n of Y/Y^ f o r 5I QSO's i n the 4C catalogue 

i^Lynds and W i l l s , 1972). The mean value i s <VAn>= •̂ 7 ± .05 
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of f a i n t sources. 

The luminosity-volume test has been applied to samples of 

o p t i c a l l y selected QSC's complete down to magnitude 18 by Schmidt 

(1970). A si m i l a r evolutionary law to that f o r the radio QSO's v;as 

found. 

I n conclusion, there i s now evidence f o r the rapid evolution of 

various types of powerful sources of radiation, and, as discussed i n 

Sec 1.4» such objects must also be sources of energetic p a r t i c l e s . 

This provides some j u s t i f i c a t i o n f o r the assumption of evolution i n 

cosmic-ray sources necessary f o r the theory developed i n l a t e r chapters. 
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1.7 Introductory description of the, new model f o r the Gamma-Ray 

. Sackgroxmd. 

The model f o r the gamma-ray background uses a model f o r the 

shape of the primary proton component of cosmic-rays suggested by 

H i l l a s (1968). I n the H i l l a s model, i t i s supposed that CR primaries 

are of extragalactic o r i g i n ( i n the 'Universal' sense), and that the 

shape of the spectrum i s related to the interactions with the blackbody 

r a d i a t i o n at high r e d s h i f t s . As an introduction to the more detailed 

treatment i n l a t e r Chapters, a general description .of the processes 

responsible f o r the CR and gamma-ray spectra i n the present develop­

ment of the model w i l l now be given. 

The spectrum of CR at production (only the proton component 

i s considered) i s taken to be a power law with spectral index ^ ; 

the t o t a l number of sources i s supposed to increase i n the past, 

according to a law of the ty^e (1 + z ) ^ , up to a maximum z^ , 

where z i s the cosmological r e d s h i f t . This i s similar to the evolution 

which seems to occur f o r powerful radio sources and QSO's, as dis­

cussed i n Sec 1 .6 .Protons lose energy by red s h i f t a f t e r production, 

so th a t E = E^/(l+z), where Ê  i s the energy a t production and E 

i s the energy at the present time i n the absence of other losses. 

I n addition, other losses occur due to interadions with the black-

body rad i a t i o n ( r a d i a t i o n temperature 2.7 K, mean photon energy 

6 10"'̂  eV); the pa i r production process ( p +^^^—> p + e"*" + e~, 
18 

denoted PC) has a threshold at 10 / (1+z) eV, while photomeson 

production (p + \-^-* V + -H" ) has a threshold at 5 10^^/(l+z) eV. 

The PC process i s considered to be the o r i g i n of the increase i n 

spectral slope at about 10^^ eV (the 'knee'); the position of the 

knee-is determined by ẑ^̂  and the change i n slope by ̂  . I n Chapter 
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2 i t i s shown that the parameters =• 14.3 and /3 = 4.4 give a 
12 19 

good f i t to the primary spectrum i n the range 10 - 10 eV. 

The gamma-ray spectrum, which i s the main subject of l a t e r 

chapters, i s a consequence of a photon-electron cEiscade i n i t i a t e d 

by the PC electrons; the cascade proceeds v i a two electromagnetic 

processes - Inverse Compton Scattering ( e + 3*^^ -» e + ̂  ) , and 

pair-production ( ̂  + }f—> e"*" + e~ ) , denoted by ICS and PP respect­

i v e l y . I n i t i a l l y both processes occur v i a the microwave radiation; 

f o r ^ - r a y energies below ^0^^/{^+z) eV, PP cannot proceed i n t h i s 

way, but the presence of the s t a r l i g h t background ,(photon energy 

t y p i c a l l y 1 eV) allowsthe process to continue down to energies near 

10^^ eV, Fig 1-10 showns schematically the t y p i c a l energies and 

the associated processes which occur i n the development of the cas­

cade. 

The model i s examined i n subsequent Chapters as follows. I n 

Chapter 2, the primary spectrum i s calculated for various parameters 

of the model, and compared with observations. The TT^-decay gairana-

ray flux, produced i n low energy CR - gas interactions i s also d i s ­

cussed here, since i t sets important l i m i t s on the gas density a l l ­

owed i n the model i f i t i s to account f o r a l l CR protons above GeV 

energies. Chapters 3, 4 and 5 are devoted to detailed examination 

of the PC, ICS and PP processes f o r tise i n the subsequent treatment 

of the gamma-ray spectrum i n the model. Chapter 6 reviews observat­

iona l and theoretical aspects of the various radiation f i e l d s which 

play an important r o l e i n the model. I n Chapter 7> the gamma-ray spec­

trum i s calculated using approximations which show that the model i s 

p o t e n t i a l l y an explanation of the observed spectrum. Chapter 8 deals 

wi t h a detailed nxunerical approach to the spectrum, using more r e a l -
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i s t i c models f o r the s t a r l i ^ t radiation f i e l d s . I n Chapter 9, an 
extensive review of observational data on the gamma-ray backgroimd 
i s made as a prelude to comparison with the data and an assessment 
of the v i a b i l i t y of the model. 
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Chapter 2. The primary cosmic-ray spectrum on the H i l l a s model. 

Introduction, 

This chapter w i l l be concerned with the calculation of the spectrum of 

primary cosmic-rays i n the E i l l a s model, and a comparison with recent experi­

mental data. Since the model draws on certain concepts of cosmology, a b r i e f 

summary of cosmological principles i s given, i n which the important parameters 

are introduced, A general description of the methods f o r computing p a r t i c l e 

spectra i n evolving cosmological models i s followed by t h e i r application to 

the H i l l a s model, using both an analytical approximation, which gives useful 

insight i n t o the form of the spectrum, and also accurate numerical solutions, 
12 

A comparison with the data f o r energies above 10 eV i s then made. An:-:.estiTnate 

of the energy l o s t to electron pairs i n (3^,p) interactions i s made on the basis 

of the experimental and theoretical spectra, f o r use l a t e r i n normalizing the 

r e s u l t i n g gamma-ray spectrum. F i n a l l y , the gamma-ray f l u x r e s u l t i n g from i n e l ­

a s t i c c o l l i s i o n s of cosmic-rays with i n t e r g a l a c t i c gas i s calculated, placing 

severe l i m i t s on the i n t e r g a l a c t i c gas density allowed i n t h i s model. 

1. . Cosmological models. 

The 'cosraological p r i n c i p l e ' that the Universe i s , on a large enough scale, 

homogeneoiis and i s o t r o p i c , leads to the Robertson-Walker form of the l i n e element 

ds^ = c^ d t ^ - R^(t) dr^^+ r^(de^ + sin^e d<t.̂ ) (2,1) 
1-kr 

where r,©,^, are spherical polar co-ordinates, and k>=+1, 0, or -1 according as 

space i s open (hyperbolic), f l a t (Euclidean) or closed (spherical), R(t) i s 

a dimensionless scale factor, and i s the same at a l l points f o r the same cosmic 

time, t . Substitution of ( 2 . l ) i n the Einstein f i e l d equations gives the follow­

ing two equations f o r R : 
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r r (2.2) 

2R + + kCp - A = ^P/°^ 
R R R 

where ^ i s the density and p the pressure.A i s a constant of integration. We 

are interested i n matter-dominated models i n which the pressure i s negligible 

(the Prledmann models). I n t h i s case equations (2.2) give 

which i s j u s t conservation of matter. 

d(oR5) = 0 (2.5) 
dt ^ 

Zero-pressure models can be parameterized and wri t t e n i n dimensionless 

form as follows (Stabell and Refsdahl, I966): 
tt • 

Define q = -R p 1 o- - 4 G p , H = R (2.4) 
RH 3 E R 

Then equations (2.2) become 

= 3H^(o-- q) = 3H^(O'Q - q^) 

kc^ = H^R!(30Q - - 1) 
^R5 = 

where subscript zero indicates present values, Substitution i n (2.2) then 

gives 

il = 20-0 1^ + (0-0 - + qQ + 1 -30Q (2.5) 
R RQ.' 

The 'cosmological constant' A w i l l be taken as zero, so that o^ = q^. I t i s 

often convenient to use the r e d s h l f t z as the independent variable, rather 

than t . R i s related to z by 

R = _1 (2.6) 
RQ 1 + z 

A photon emitted at time t with wavelength X w i l l have a wavelength A, at a 

l a t e r time t ^ given by 

R(t.) = X = 1 + z (2.7) 
R(ty > 1 + z 

where z and are the redshifts corresponding to t and t ^ . The variation of 

z with t i s given by (2.5) as 
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2,2 P a r t i c l e spectra i n cosmolop:ical models. 

In deriving p a r t i c l e spectra i n an expanding cosmology, i t i s conven­

i e n t to use the f l u x defined i n terms of co-moving coordinates ( i . e . coord-

inates expanding with the Universe), j ( E , z ) . This i s related to the f l u x i n 

proper coordinates j^(E,z) by 
0(E,z) = i (E,z)(1 + z)5 (2.9) 

••o 
•"o 

I n t h i s way the change of density due to the expansion i s automatically 

allowed f o r , and need not be included i n the equations f o r the f l u x . The dev­

elopment of the spectrum when there are no catastrophic or cascade type pro­

cesses i s described by the continuity equation i n energy space: 
j db 

dE " ^(^'^^ (2.10) 

where b(E,z) = dE/dz and G(E,z) i s the source function defined as the f l u x 

of p a r t i c l e s produced per i r n i t energy range and reds h i f t per unit of co-moving 

volvime. Equation (2.10) can be solved by integrating along a contour i n the 

( E , Z ) plane, t h i s contour being the solution of dE/dz = b(E,z) with i n i t i a l 

condition E ( E ^ , 0) = Ê , Writing J'(E^ , z) = j(E(E^ , z ) , z ) , so that 

= 9j,A + d_X' 9E\ (2.11) 

E ^ " /E ^"Iz ^ I E o o 

Then equation (2.10) becomes 

l l ] + j ' 3b\ = G(E,z) (2.12) 

9^4^ a^iz 

M u l t i p l y i n g (2.12) by the i n t e g r a t i n g factor exp 3_b\ dz' allows the J dE, 
solution to be w r i t t e n as 

j' ( z „ , E ^ ) e x p f£b\ dz' - j ( 0 , E ^ ) = /G(E,z')exp/£b\ dz" dz' (2.13) 
J 3E) ° J J 3Ej 

where E = E ( E ^ , Z ) and ẑ^̂  i s the maximum_redshift from which particles are 

generated. 

The i n t e g r a l spectrum can be calculated more simply using the i n t e g r a l 

source function G(> E , z ) . Then 

j ( 0 ,>E^) = J G ( > E ( E ^ , z ' ) , z') dz' (2.13a) 
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2.3 Solution of Biergy-loss equation., 

I n the case of protons losing energy by interactions with the blackbody 

ra d i a t i o n , the important processes are pair-production and pion production. 

Pair-production i s treated i n d e t a i l i n Chapter 3» and the calculated energy 

loss rates shown i n Fig. 3-5 are used i n the present work. For pion production 

( i . e . the 'photoraeson process*), the energy losses are taken form Stecker (1968). 

The inverse t o t a l attenuation lengths are plotted i n f i g 2-1» f o r a temperature 

T-«t277K. As explained i n Ch. 3 , the attenuation lengths at any other temperature 

can be obtained using the r e l a t i o n 

i d E l " ' ' ='X(E, T) = ^^(E^ , T ) . M ^ 
E dx T^ (T , (2 .14) 

where T = T^(1 + z ) . 

Using (2.8) and (2 .14)» equation (2 .11) becomes 

CH"'' . (1 + Z ) 1 
= 7^(EC'l+z),Tj (1 + 2q^z)^ 

dE 
dz 

(2.15) 

0 0 

To solve t h i s f o r E ( E ^ ,z) i t i s convenient to define Ê  

then 
(1 + z) dE = dE - A E 

dz dz - (1 + z) 

(1 + z) 
Ey^(l + z ) , since 

and equation (2 .15) becomes 

dE. 
dz I E ; T I?;)S T^) (1 + 2q^z)* 

(2.15a) 

In t h i s way, the energy losses due to redshift are automatically included. 

Equation (2.15a) was solved numerically using a Runge-Kutta program. 

2.4 Evaluation of 5 b' 
^ / z 

I t i s useful to rewrite 9b/pE i n the form 

3E 
_9 dE 

dz 
1 
9E ,E dzZ 

1 dE 
^ dz 

1 + I. 
pin El 

In 1 dE 
•E"?z 

z 
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Fig 2-1 

Ep (eV) 
10' 

Ehergy losses f o r protons i n a 2.7 K radiation f i e l d . The Inverse attenuation 
lengths are taken from Stecker (1968) fbr the photomeson production, and from 
Chapter 3 f o r pair-production. Redshift losses f o r z = 0 and 50 km s" Mpc" 
are also shown. 



-41-

and 

I n the energy region ( i i ) , i t i s a good approximation to assume t h i t c o n t r i ­

butions to the spectrum come only from z < z ^ j above t h i s r e d s h i f t , energy 

losses increase rapidly, so the contribution from z ,̂  i s small. 

For energy losses by r e d s h i f t only, Q'b/^E^ = l / ( l + z ) , and equation (2.13) 
• "Z 

becomes z 

G( E^(l+z), z)(l+z) dz (2.18) 

= z^ ^ f o r E^> E^ 

V/e now consider the case •srhere the production rate i s assumed to follow 

a power law i n (1+z), as i n the models f o r radio source evolution discussed 

I n Chapter 1. Then 

G(E, z) o BH"'' (1+Z ) ^ E"f ,.x 

f o r a prodution rate of the form B(l+z) E , where B i s a constant. 
Substitution i n (2.18) gives z. max 

j ( 0 , E ) = B H ; S ; ^ f"(l^z)^-f-''dz (2.20) 
/ ( > 2 V ^ 

For the case q^ = ?, o 

j ( 0 , E ) = B H ~ ' ' E " ^ ( 1 + Z ) ' ^ " ^ ~ * -1 E < E ''̂  ' o' 0 o ^ m' O K 

^ - ^ " ^ (2.21) 

= ( E , , / , ) 2 -1 E^>.^ 

For E^̂ > E^ , i . e . , j u s t above the 'kink' i n the spectrum, equation(2.21) 

shows that the increase i n slope i s , f o r q^ = ̂  , 

Si m i l a r l y , f o r q = 0 (2.22) 

A ^ = K / 3 - > ) 

Hence i f the spectrum i s parameterized by?',<^, and , the model parameters 

/3 and z can be found. / m 
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Now since 

I IE 
E dz 

.-1 ^ cH" 1 
(l+z)^'(1+2q z ) * 

we have 

9b 
5E 

CH"'' 7̂  ( E . Z ) 1 

T i ^ z ) ^ (1+2q„z)* 
" i + d I n ) ' 

^InE z 
(2.16) 

The logarithmic gradient d/3lnE ^ {')\') was derived from Pig 2-1, and i s shown 

i n Pig (2 .2 ) , f o r z = 0. The values f o r d i f f e r e n t z and energy E can be obtained 

by reading t h i s curve at E ( l + z ) . Hence to evaluate 9 b/(9El , the value of 

E ( E ^ , Z ) i s f i r s t obtained as described i n Sec.2.3» and then the functions 

given by Figs (2 .1) and (2.2) are used'ito evaluate the expression of equation 

(2.16). 

2.5 Analytical approximation f o r the proton spectrum i n the H i l l a s model. 

A good understanding of the way i n which the spectrum depends on the model 

parameters can be obtained using a simple analytical, approach. The spectrum can 

be divided i n t o three energy regions, characterized by 

( i ) energy loss by r e d s h i f t only f o r a l l z up to z . E E 
in o ic 

( i i ) energy loss by re d s h i f t up to some z^ , a f t e r which the pair-prod­

uction losses begin to become dominant. Ê  > Ê  

( i i i ) energy loss by pair-production and photomeson production are dominant 

f o r a l l z. 

Here, i s the energy at which the change i n slope ( the 'kink') i n the prim­

ary spectrum i s taken to occur. The value of z^ f o r a given Ê  i s given approx­

imately by 
^0^^ ^ = ̂ t h ^ ̂ u) 

where Ê ^̂  i s the threshold energy f o r pair-production at z = 0, approximately 

7.10 '̂̂  eV. Hence 

(1 ^ \ ) = / E. W E p 



u o 

I 
e 
+> 
+> < 

C 
O 

c o 
T3 <) 

s g 
0) TH 
C oJ 

CMl 

>> 
o 
o (tS i-i PQ 
g 
n c o 
s 



-43-

2.6 Comparison with the experimental data. 

The experimental data on the primary spectrum i s discussed i n the 

Appendix to t h i s Chapter. The data, presented i n i n t e g r a l form, are summar­

ized i n Fig 2-3. An estimate of the 'best' d i f f e r e n t i a l spectrum (from H i l l a s 

1974) i s shown i n Fig 2-4. 

The spectrum i n Fig 2-3 i s well represented by a power law of index 

^=2.5 f o r E<3.10''^ eV, and ^ - t - A ^ =3.2 f o r E>5.1o''^ eV. This gives f o r the 

model, from equations (2.17) and (2.22) 

m 10^^5.10''^ = 15.3 (2.23) 

and 7 3 = 2(3.2 - 2.5) +2.5 +0.5 = 4.4 ( q j j 4 ) (2.24) 

These values were used as the basis of the calculations for.;the model spectra 

using equations (2.13) smA (2.13a). The model with parameters given above, 

and = 50 km s""* Mpc"^ i s taken as the'standard'model. 

I n comparing the experimental data with the model, i t must be pointed 

out that since only the proton component of the cosmic-rays i s considered i n 

the.model, i t i s the proton spectrum data which should be used. However, the 

presence of extragalactic nuclei at energies below 10'̂ ^ eV w i l l not affect the 

spectrum of nucleons i n the model, and i t i s the nucleoli spectrum to:'.which 

the data of Fig 2-3 r e f e r . There i s no experimental evidence f o r the presence 
15 

of heavy nuc l e i above 10. eV (the highest energy composition data being at 
12 

10 eV, see Appendix to t h i s Chapter), so that the assumption of pure proton 

composition above 10^^ eV i s not unreasonable. 

The;;spectrum calculated f o r the 'standard model' defined above i s shown 

i n Fig 2-5, together with the experimental data of Fig 2-3. NorfBall^atiSn 

i s to the data points i n the 10^^ - 10^^ eV range ( i . e . those from the work 

of Kerapa (1973) assuming proton composition). Agreement i s generally good 



T-—r 7—T r - j — T r - j T 1 — I — I 1 — r — r r T — 1 — r r 

10̂  

10̂  

10= 

(0 

LLJ 

10̂  

10̂  

10 

A 

L _ L J I 0 L _ j I 
1012 

rif; 2-5 

Ep (eV) 

Comparison of experimental data with models with Ĥ  = 50 km 8~\pc"\ 
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the Hubble constant are roughly Ĥ  = 25 - 100 km s~\5pc~'', and the effect of 
using these values i n the standard, model i s shown i n Pig 2-7. A. decrease i n 

cl e a r l y makes the f i t at high energies worse, while Ĥ  = 100 km s ^Mpc~\ 
by r a i s i n g the high energy end of the spectrum by a factor of 2 r e l a t i v e t o . 
the low energy end gives a rather better f i t in the 10^^ - 10^^ eV range than 
the standard model. 

19 20 
2.7 The energy range 10 -10 eV 

The presence of the photomeson cutoff i s a problem i n any 'universal' 

model of cosmic-ray o r i g i n , and i t i s important to gissess whether the present 

model i s consistent with the observations, taking i n t o accoiint the probable 

I experimental errors at the highest energies. 

The d i f f e r e n t i a l spectraj frtjra the Haverah Park array (Edge et a l . 

1973) and the Sydney array ( B e l l et a l . 1974) are shown i n Pig 2-8. For 

comparison, the d i f f e r e n t i a l spectrum, evaluated as described i n Sec 2-2 

i s shown f o r the 'standard model'. The spectrum has been normalized to the 

spectrum of nucleons i n the 10^^ - 10^^ eV range, taking E^j(E) = I . 5 10^ 

cra'V'sr~"'eV at lo'''^ eV. 

The standard model i s consistent with the data i n the range up to about 
19 

6.10 eV. At higher energies, the predicted spectrum f a l l s below the Haverah 

Park data, but i s s t i l l consistent with the Sydney points. In view of the 

large errors, both s t a t i s t i c a l and systematic, which are s t i l l associated with 

the highest energies, the photomeson cutoff does not at present give a conclusive 

t e s t of the theory. This i s especially true of a steeply f a l l i n g spectrum, 

where errors i n estimating the energy of events must lead to a f l a t t e n i n g of 

the experimental spectrum. • 



1 

17 19 
Log(E/eV) 

21 

Fig g-S 
• 18 20 D i f f e r e n t i a l primary spectrum i n the range' 1 0 - 1 0 eV f o r the 

•standard model' compared with the data from the Sydney and Haverah 
12 

Park experiments. Normalization i s to nucleon spectrum at 10 eV. 
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2-8 Estimate of t o t a l energy i n the T-ray spectrum from ( , p) interactions. 

The derivation of the '^-ray spectrum which results from the cascade 

i n i t i a t e d by electrons from (3^, p) interactions i s described i n Chapters 7 & 8. 

The normalization of t h i s spectrum requires a knowledge of i t s t o t a l energy 

content, and t h i s i s best obtained by use of the primary spectrum studied i n the 

preceding Sections. We note that since the redshift energy losses are indejjend-

ent of the form ( protons, electrons or gamma-rays) i n which the energy i s carr­

ied,, the difference i n energy content between the 'immodified' proton spectrum, 

which would be produced in the model i n the absence of interactions with the 

blackbody background, and that which i s actually produced when the interactions 

are included, i s equal to the energy f i n a l l y appearing i n the gamma-ray spectrum. 

This energy difference can be derived from the 'standard model' f i t to 

the data, shown i n Fig 2-5. For energies near E^ , t h i s spectrum i s adequately 

represented by the two power-law approximation described i n Sec.2.8 . The energy 

content, expressed as a f l \ i x W, i s given by 

W = / ( E j ^ ( E ) - EdiE) ) dE (2.25) 

where ^^(E) i s the unmodified spectrum with index o and E^ i s the highest energy 

contributing to electron pair-production. Since the spectrum of protons i s 

steeply f a l l i n g , i t i s s u f f i c i e n t here to assume E^->°^ . j(E) has index 

^ f o r E<J^ and 7+CiY f o r E>J^ . Then equation (2.25) leads to 

W r - 1 w - 1 (2.26) 
_ 3'-2 ni\y-2 

From the standard model spectrum of Fig. 2-5, ^ = 2.5, and y+i^=3 .14, giving 

W * 1.1 o(> E^). Taking the model value at = 5.10^^ eV, gives W = 1.9 10^ 

—2 —1 —1 
eV cm s sr . The error on t h i s value i s determined by the uncertainty i n the 
primary spectrum, which would allow a factor of about 2 i n either direction i n 

5 - 2 
the normalization of the standard model. Hence we can take W = (l - ^.10 ®̂  
-1 -1 s sr . 
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2-9 Diffuse y-ray f l u x from interactions with inte r g a l a c t i c gas. 

I f the H i l l a s model i s taken to apply to a l l primary cosmic rays, i n c l ­

uding those of energies around a few GeV, then i n e l a s t i c interactions with 

i n t e r g a l a c t i c gas, producing TT"-decay 3'-rays, place severe observational 

l i m i t s on the density of such gas allowed i n the model. 

The ^-ray f l u x from t h i s process can be calculated from 

I ( > Ep = c JJ j ( E , z)n (l+z)"V(> E^(l+z),E ) dEdt (2.27) 

where n i s the gas density at z, j(E,z) i s the proton f l u x ( f o r proper lengths ) 

at z, and (>E^ , E ) i s the cross-section f o r producing/-rays above E y by 

protons of energy E. j ( E , z) i s given by 

j ( E , z) = /G fEfl + z ' ) , z' luz' (l+z ) 5 d t dz' (2.28) 
i L (1+z) J 1+z / dz' 

where the source function i s given by equation (2.19). This integral can be 

evaluated to give 

j ( E , z) = j ( E , 0) {U.f^^ X (l.zJ-^-^-Q'^- (1.z)-^"^-
( i..j^-a'-o . 5 _ , 

« j ( E , 0) P(z) (2.29) 

Equation (2.2?) can be w r i t t e n i n the form (using h = n^(l + z ) ^ ) 

P(z) q(>Ey (1+z)) _ d z _ _ (2.30) 
47t 0 (l+z ) ^ - 5 

where q(> E ) i s the i n t e g r a l production rate of ̂ -rays per hydrogen atom of 

target gas, evaluated f o r the primary cosmic-ray spectrum. This function has 

been calculated by Cavallo and Gkjuld (1971)» and by Stecker (1970). The shapes 

of the fxmction obtained by these authors are compared i n Pig 2.9 • They d i f f e r 

only i n small d e t a i l s , although there i s some discrepancy i n absolute magnit­

ude. The most recent calculation (Stecker, 1973) gives q(> 100 MeV) =1 .3 10~^^ 

i 0,2 s"^ , and t h i s value i s adopted here. (The calculation of q includes 

the e f f e c t of interactions of Helium nuclei both in the cosmic-i*ays and the 

gas; normal i n t e r s t e l l a r composition i s assumed f o r the Helium; t h i s w i l l also 

hold f o r the i n t e r g a l a c t i c meditim provided Helium i s primordial). 
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The function under the i n t e g r a l i n equation (2.30) i s shown in Fig 2-10, f o r 

the parameters of the standard model. The main contribution comes from z ~ 5 • 

Integrating under the curve and s u b s t i t u t i n g i n equation 2-30 gives 

I v ( > 1 0 0 MeV) = 1.0 10^ n^ cm"^ s""" sr""" (2.51) 0 o 
Ihe experimental value given by the most recent analysis of the SAS - 2 data 

(see Chapter 9) i s l ( > 100 MeV) - 2 lO"^ cm"^ s~'' sr""" (Pichtel et a l . 1974). 

Hence the experimental value i s violated i f 

> 2 10"V 1.0 lO"̂  = 2 . ""O'̂  • 
The significance of t h i s l i m i t has been discussed i n Chapter 1. 
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Appendix : Summary of experimental data on the tirimary CR spectrum 

above lo""^ eV. 

A large number of d i f f e r e n t techniques have been used to study 

the primary CR spectrum, the p r i n c i p a l ones involving d i r e c t detection 

by balloon and satellite-borne experiments (mainly f o r energies below 

10^^ eV) and by study of extensive air-showers (EA.S) which i s applicable 

to primary energies ablve 1o''̂  eV. The s a t e l l i t e experiment of Grigorov 

et a l . (1971) i s unique i n extending the di r e c t observational technique 

to energies above lo"*^ eV. The energy ranges lo""^ - lo"*^ eV, 10"*̂  -

17 17 10 eV and >10 eV w i l l be considered separately. 

1Q̂ Q - 10^^ eV 

The data on the proton and He spectra from balloon and s a t e l l i t e 
12 

ionization-calorimeter experiments agree well up to 10 eV. Pig Al 

shows the spectra as determined by Ryan et a l . (l972) and VJebber (l973 

and r e f s . therein) using balloons, and Grigorov ( l 9 7 l ) using the PROTON 

series of s a t e l l i t e s . Ryan et a l (1972) found a d i f f e r e n t i a l spectral 

index J= 2.15 ± .03 f o r protons (5 10""° - 2 lo""^ eV) and 2.77 ± .05 f o r 

Alpha-particles (5 lo"*^ - 5 lo''"' ev/nucleus). Grigorov et a l . (1971) 
1 ^ 

claimed to fi n d a steepening i n the proton spectrum at 10 " eV, from 
^= 2.7 to 3»2 , while the a l l - p a r t i c l e spectrum shows no such steep-

12 

ening but rather a 35/̂  drop i n overall i n t e n s i t y at 10 eV, These 

results y/ould imply a predoninance of heaviy nuclei at higher energies, 

whcih however i s i n disagreement with studies of the ground level 

p"*" to y" r a t i o (Kempa et a l . 1974 and refs therein). 

The Goddard group has also obtained the iron spectrum i n the 3 -

50 MeV range (Ramaty et a l 1973)» and a very f l a t spectrum with T= 



Webber 
[all particles) 

protons 

Webber 

Grigorov 

11 12 13 
Kinetic energy (eV/nucleon) 

Fig A~1 

Summary of data on the primary cosmic-ray spectrum between 10^ and 10^^ eV, 

from Webber (1973), GSFC (Ryan et a l . 1972), Grigorov et a l . (1971) 

• and Kerapa et a l . (.1974). 
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2.12 ± .13 , compared with 2r= 2.64 ± .04 f o r the C, N, 0 nuclei^ 
was found. 

I t i s possible to use information on the sea-level muon spectrum 

to derive the primary nucleon spectrum. Raraana-Idurthy and Subramanian 

(1972) f i n d that the data i s consistent with the Feynman scaling 

hypothesis provided T=2.67, which i s close to the value found by direct 

methods. Using t h i s exponent, the absolute f l u x of CR can be derived, 

and the results are roughly i n agreement with the Grigorov et a l . 

(1971) a l l - p a r t i c l e spectrum assuming composition as at lo''^ eV. 

Elbert et a l . (1973) lise the muon spectrum to derive the nucleori spect­

rum up to lo''^ eV, and the agreement with the PROTON results i s 

good. 

Another i n d i r e c t technique i s the study of the spectrum of nuclear 

active p a r t i c l e s at various depths i n the atmosphere. Kempa et a l . 

(1974) used t h i s method to obtain the nucleon spectrum i n the range 

6 10^'' - 4 10^^ eV. The spectrum i s consistent with that of Grigorov 

et a l . (1971)* assuming 'normal composition' (the nucleon spectrum 

i s converted to that f o r nuclei with normal composition (that at 

lo"*^ eV) by multipl y i n g by I . 5 5 ) , 

10''4 _ IQ̂ "? eV, 

Above 10^^ eV, d i r e c t methods of observation are not possible 

owing to the low counting rates, and th i s region i s exclusively studied 

at present by EA.S. The maximimum of shower development f o r t h i s energy 

range occurs at mountain alt i t u d e s ( ^ 5OOO m), and many experiments 

have measured the electron component at such a l t i t u d e s . The data have 

been summarized, by Kempa et a l (1974). 'Ihe highest mountain labor-
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atory i s on Mt. Chacaltaya (5200 m), and experiments by Bradt et a l . 

(1965) and LaPointe et a l . ( I968) have determined the primary spectrum 
15 16 • 

i n the range 10 - 5 10 eV. Other experiments have been located 

in the Pamirs (386O m ; N i k o l s k i i et a l . I962), on Mt. Norikura 

(2770 m; Miyake et a l . I962 and Kameda et a l . I960) . The data from 

these arrays, together with that from Moscow State University 

(Kristiansen et a l . I972) have been used by Kempa et a l (1974) to 
15 17 

obtain an estimate of the spectrum i n the 10 ^- 2. 10 eV range, 

using a uniform conversion from size to energy. The result i s shown 

i n Fig A2. These authors point out that there i s an apparent increase 

i n i n t e n s i t y above that expected from a power-law extrapolation of 

the spectrum at lower energies. 

The existence of a rather sharp change i n slope ( the 'knee') 

at about 4. lo"*^ eV i s most clearly shown i n the electron size 

spectra of showers. Pig A3, from H l l l a s (1974) compares the integral 

size spectra at various alt i t u d e s with predictions based on a model 

i n which T changes from 2.5 to 3«3 at 4.10^^ eV ( t h e primaries 

were assumed to have A = 10) . The f i t to the data i s good. Above 

1.6 lo"*^ eV, the spectrum appears to f l a t t e n to p= 3.0, consistent 

with that which prevails at higher energies (see below). 

Results from the sea-level muon spectrum (which should give 

a more accurate primary spectrum than electrons on account of the 

slower attenuation i n the atmosphere and hence smaller zenith-angle 

dependence) are also reported by Kerapa et a l . (1974)f and the results 
X 1 

f o r a l ternative m u l t i p l i c i t y laws (no. of pions oC E'̂  and E^) are 

shown i n Pig A2. 

A siiramary of available EkS techniques f o r obtaining information 
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Fig A-2 The primary spectrum above 10 eV, from Kempa et a l , (1974). Particles 
are assumed to be protons. 

N i k o l s k i i (1962) ; Chudakov (see N i k o l s k i i I962); Bradt et al.(1965) 
LaPointe et a l , ( I968) ; Kameda et a l , (I96O); Miyake et al . (1962) 
Kristiaj^sen et a l . (1972); Lodz data, Olejniczak (1973); 
Kempa (1973)» nucleons; Kempa (1973), nuclei, composition as at 10 eV 
Aguirre et a l . (1973); Krasilnikov (1973); Clark et a l . (19^5); 
Linsley (1973); S - Sydney array, Bell et a l . (1974); H- Haverah 
Park array. Edge et a l . (1973) 
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shower size, N . . 

F i g A-3 I n t e g r a l size spectrum of showers at various a l t i t u d e s . For 
comparison, the expected size spectra f o r a power-law primary 
spectrum w i t h d i f f e r e n t i a l exponent changing from -2.5 to -3*3 
at 4 10''5 eV primary energy are shown. From H i l l a s (1974) 
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Fig A-4 D i f f e r e n t i a l shower size spectra f o r energies above 5 10^eV, 
plotted to give a horizontal l i n e f o r a primary spectrum 
From H i l l a s , 1974. The size pairameters S and values of are: 

Volcano Ranch (VR) o=No. of electrons 
S=No. of electrons 
S= No. of muons 
S= Cerenkov signal 
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(X = .90 

=1.07 
c< =1.04 
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about. the mass composition i n t h i s range has been given by V7atson (1975)' 
The f l a t t e n i n g of the CR spectrum r e l a t i v e to that at lower energies, 
and the steep proton spectrum suggersted by Grigorov et a l . ( l 9 7 l ) ' 
would indicate a dominance of heavy nuclei at about lo"*^ eV i.e. j u s t 
before the 'knee'. However, most of the data are consistent with a 
mass compostion similar to that at 1o'"̂ eV (although uncertainty i n the 
nuclear physics at these energies i s a major problem). . 

> 10'''̂  eV 

The information i n t h i s range i s mainly from sea-level electron 

and muon EA.S measurements. The e a r l i e s t results were from Volcano Ranch 

(area 8 km ; see Linsley 1973 -for most recent re p o r t ) ; the data are 

being re-analysed at present. The measured parameter i s here the 

number of electrons i n the shower at ground-level, and t h i s i s also 
2 

measured i n the Yakutsk array (area 3.3km ; Krasilnikov et a l . 1973) 

which also uses the Cerenkov l i g h t signal. 

The muon component i s measured at the Sydney (area 45 ^ > Bell 

et a l . 1974) and Haverah Park (12 km^ ; 5Hge et a l . I973) arrays. The 
17 19 

spectral indices i n the 10 - 10 eV range quoted in these papers are 

= 2 .96± .02 and 7= 3.17 ± .03 respectively. However, according to 

Bel l et a l . (1974) the use of the same model to analyse the data leads 

to almost i d e n t i c a l primary spectra. A useful comparison of the four 

experiments mentioned above i s given by Hi l l a s (1974)» from which Pig A4 

i s taken. In each case, the quantity S used as a measure of the primary 

energy i s plotted i n the form j(S)S^°' versus S. ( j(S) i s the 

d i f f e r e n t i a l f l u x with respect to S). The values ofc< f o r each exper­

iment come from model calculations, but are not very model dependent. 

The r e s u l t i n g plots are consistent with j(S)S = constant, which 

i s easily shown to follow from a spectrum j (E)oC e"̂  . However the 
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20 s t a t i s t i c a l errors become very large towards energies of 10" eV, 
so that f i r m conclusions about the lack of a photomeson cutoff cannot 
be made at present (see Ch, 1 Sec 4 and Strong et a l . 1974a,b f o r 
furt h e r discussion of t h i s p o i n t ) . 

At the present time there i s no f i r m evidence r e l a t i n g to the 
17 

mass composition above 10 eV. Measurements on the fluctuations i n 
a r r i v a l times of p a r t i c l e s at large distance from the shower axis 

(\Vatson and Wilson 1974) may indicate mainly proton primaries at 
18 

10 eV, but according to H i l l a s (1974) nuclei fragmenting i n stages 

i n the atmosphere might produce the same ef f e c t . 
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19 up to about 4.10 ̂  eV, where the photomeson cutoff sets i n . A more detailed 
discussion of the high energy region i s given l a t e r , using the d i f f e r e n t i a l 
spectrum. The model cannot accoimt f o r the 'hump' i n the spectrum which may 
exist i n the 10^^ - lo"*^ eV range. The existence of this feature i s , however, 
a matter of controversy- (see Appendix f o r d e t a i l s ) . On the model, the spect­
r a l break at 5«10^^ eV i s quite sharp, a feature which also shows up i n the 
electron size spectra of showers (see Appendix). 

•Eie e f f e c t of varying the model parameters from those of the standard' 

model w i l l now be considered. 

(a) Variation of z^. 

This determines the position of the 'kink', as shown by equation (2.23). 

However, the uncertainty i n , and the f a c t that the threshold energy f o r 

pair-production i s not sharply defined, allows some variation i n th i s param­

eter. Fig 2-5 shows how the standard model i s affected by changes of z^ to 

= 10 and to = 20. These extremes encompass roughly the range allowed 

by the data. 

(b) Variation of ^ 

The change i n slope of the spectrum at i s determined by t h i s parameter, 

but again some va r i a t i o n i s allowed by the data. Fig 2-6 shows the consequence 

of taking/3 =3«0 and 6.0 as well as the standard 4.4. Agreement at the high 

energy end i s cle a r l y not possible f o r values of/S less than 4.4 , while 

the maximum value consistent with the data i s about 5.0. 

(c) Variation of H . 

From equation ( 2 . 2 l ) , the f l u x below £^ i s inversely proportional to 
19 

Ĥ  i n the model, while above 10 eV, i t i s independent of Ĥ , since only 

contributions from small redshifts are s i g n i f i c a n t . Hence an increase i n Ĥ  

results i n an overall, f l a t t e n i n g of the spectrum, although i t does not 

produce any change i n slope near . The extreme experimental l i m i t s f o r 
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Chapter 3 . Pair - production by Cosmic - ray protons i n a Blackbody 

radiation f i e l d . 

3.1 Introduction 

The significance of the reaction ^ + p - * p + e'*" + e~ (referred to 

hereafter as PC), was f i r s t discussed by Peenberg and Primakoff (1948) who 

were concerned only with interactions with photons i n the optical range. With 

the discovery of the microwave background radiation i n 19^5, Greisen ( I 9 6 6 ) 

pointed out that PC would r e s u l t i n some attenuation of extragalactic protons 
18 

with energies above 10 eV. 

The threshold proton energy f o r t h i s interaction i s given roughly by the 

requirement that the photon energy i n the proton frame must be at least two 

electron masses. Hence, f o r a head-on c o l l i s i o n 

2Zs > 2m^ 

where £ i s the laboratory photon energy. For a 2.7K radiation f i e l d , £ = 2.7kT'^ 

6,10"^ eV (see Sec 4 .6) so that the threshold proton energy E i s given by 
p,tn 

E =- 5 10^eV/6 10"^eV M = lo""^ eV p,th L J P 

For higher temperature radiation f i e l d s with T » 2.7(l+z), the threshold i s 

reduced to 10 / ( l + z ) . 

The energy losses of protons by PC were treated i n d e t a i l by Blumenthal 

( 1 9 7 0 ) , using accurate expressions f o r the d i f f e r e n t i a l cross-sections. These 

re s u l t s provide a useful check on the d i f f e r e n t i a l production rates of electrons 

from PC derived i n t h i s Chapter. 

A rough estimate of the attenuation length 'X̂ ^ f o r PC may be made as 
2 —28 2 

follows. The i n t e r a c t i o n cross-section i s roughly o<r^ = 6 10 cm , and 

each i n t e r a c t i o n has i n e l a s t i c i t y K-^'^ia^M^^ 10"^ , The photon density f o r 

a 2.7K r a d i a t i o n f i e l d i s 40O. cm~^(see Sec 4 . 6 ) , so that 1/ Kn , 0- 4 10 ph 
27 cm 

.Since„Aj,is of the .same .order as the Hubble radius, attenuation by PC i s only 
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important on cosmological time-scales. 

3«2 d i f f e r e n t i a l reaction rates f o r PC. 

Consider a c o l l i s i o n between a high energy proton and a low energy 

photon, with the geometry shown i n Pig 3-"I" and £ are the laboratory 

frame energies of the proton and photon respectively, and 9 i s the angle 

between t h e i r momenta i n the laboratory frame. E| and E' are the posit­

ron and electron energies i n the proton frame, 0+ and 6- the angles made 

with the incident photon di r e c t i o n i n the proton frame. Since >^ £ , 

t h i s d i r e c t i o n i s p a r a l l e l , to a very good approximation, to the proton 

momentum. The proton-frame photon energy t! i s given by 

i ' - ^ t d + cos 0 ) (5.1) 

where ^= Ep/M^. 

Ihe laboratory-frame energies of the electron and positron are given 

by 

E = ^'(E' - /3 p'cos 0- ) 

\ - 7{^\ - /3p;cos©+) 

where p| and pj^ are the proton-frame momenta of the positron and electron, 

and /3 = (1 - 1/^2 ) ^ . (As usual i n t h i s type of problem, the r e c o i l 

energy of the proton i s neglected, since i t i s only about lO'^ (=mg/Mp) of 

the electron-positron r e c o i l energies). 

For constant E| , E' 

<iE; - - p; cos (3.3) 

so that i f we know the d i f f e r e n t i a l cross-section 

dEj_ d(cos ) ^ 
we have 

dE^ dE_̂  



LAB FRAME 

PROTON REST 
FRAÎ E 

Fig 3-1. Geometry of pair-creation i n a proton-photon interaction, 

i l l u s t r a t i n g notation used. 

Fig 5-2. Maximum and minimum laboratory electron energies i n PC 

as a function of electron energy i n proton frame (schematic). 
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For calculation of electron spectra from PC we require the function 
gp^(Eg , defined by 

gpc(Ee . = ±_ ^on) (E^ , Ep) = 2 L e ' )d£' f ( E ; dE'^ (5.5) 

where E^ and EĴ  are replaced by Ê  since the process i s symmetrical with 

respect to electrons and positrons to a good approximation (Blumenthal, 

1970). 

The l i m i t s of integration on Ê  can be obtained from (3 .2) . For 

the extreme values of E^ at cos 0 = ±1 

Eg = ?r(E^ i p4) (since/3=1 e f f e c t i v e l y ) (3.6) 

'e,max The form of t h i s function i s shown i n Fig 3-2. I t i s clear that E, 

i s l i m i t e d only by the maximum available energy from the PC process, i . e . 

E' e,max (3.7) 

To obtain Ê  , equation (3.6) can be solved f o r Ê  to give 

E m. 'e,min | + T i e (3.8) 

Another r e s t r i c t i o n i s that E'> m ; however the form of equation (3.8), 

which i s symmetric i n Eg/'̂ mg and i t s inverse, shows that t h i s i s always 

s a t i s f i e d by the expression f o r E^ 

The lower l i m i t on d i s that which allows production of an electron 

at rest together with one of energy Ê  ̂  , so 

ra. 1 E„ + 1^ (3.9) 

3.3 The function f ( E ^ .Qi. £ ) 

The cross-section f o r PC af t e r integrating over has been given 

by Gluckstem and Hull (1955) as : 
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dE_d(cos a) 
2k 5 

-4sin 0, 2- 2E^ + 1 + 5E^_ - 2Ê E_ + 3 

+ 2E. 

p!A-

P-P+ 

,2E sin^9 5k + p S + I — — + 2E^(/+£^) - 7B^-5E^E_-E^+1 

k (5^ - E_Ê  - 1 ) ( _ 2 _ 

where | kl « S*/™, 

A . 

A_ = E' .- p'cos 0' 

P+T (A . 

k = photon momentum i n proton frame , 
2, 

5k 

"A7 
k(p^ - k^) 

T k - p^ 

Y = 2/pfln [(E^E_ + p^p_ + l ) / k ^ 

y^ = p7 m [ ( E ^ + pJ/( E ^ - p^)] (5.11) 

= I n [(T + p^)/(T - p_̂ ); 

The quantities i n equation (5.10) are a l l f o r the proton frame, the primes having 

been dropped. Electron energies are i n units of m̂  . 

We also have £* = Ê  + E' because the r e c o i l energy of the proton i s 

neglected. Using equation (5 .10)» "the i n t e g r a l (5.5) can be evaluated, but some 

care i s required i n the integration over E' since terms i n the denominator i n 

(5.10) approach zero i n certain regions. Note that from eq .(5.2) 

m (3.12) 

and that t h i s i s to be preferred to the expression involving a difference of two 

terms given i n eq.(3.11) , whenZi_is small. I t i s preferable to tre a t A. as the 

primary variable, and use 

cos = (E_l - A'- )/p: (5.15) 

Other terms involving differences can be expressed i n terms of A-

= j£'%p:^ - 2£'E^ m. 
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T = J s ' + p I ^ - 2 Pi cos 9^ 

T^ - p|^- 2£'(E_;^ - pj_ cos 91 ) = 2^'A'-

Hence 

T̂ - p|^- 2 £'A_ /(T + p|) 
f = I n (T + p : ) ^ 

— f (3.14) 

Por large E| the denominator i n the logarithmic term i n y_̂  becomes small, 

and a better approximation i s obtained using 

E; - p; - (E;2- p;^) / (E; + p ; ) = mJ/2E; f o r E;» m̂  
y+ - (1/p;) I n (2E;^/mg)2 o (2/p;) i n 2E« f o r E;» m̂  

(3.15) 

3.4 Transformation of Planck spectrum to a moving frame. 

We require the d i s t r i b u t i o n n(£') seen by a highly r e l a t i v i s t i c 

p a r t i c l e moving with respect to the blackbody radiation which i s isotropic 

f o r fundamental observers ( i. e . observers at rest, r e l a t i v e to the expanding 

substratum). I n such a highly r e l a t i v i s t i c frame the photon f i e l d becomes 

a collimated beam along the direc t i o n of motion of the frame. The spectrum 

n(£') i s given by 

n(£') » /n(£) P(£l£') (1 + cos 9 ) 

since the photon f l u x seen by the moving observer i s proportional to the 

r e l a t i v e v e l o c i t y c(1 + cos 9)between the obsearver and the photon i n the 

laboratory ( i , e , fundamental observer) frame. 

Using eq ( 5.l), we have f o r constant £ 

At' Te d(cos 9) 

P(l'U) d£ = P(cos 0) d(cos 9) 

p(£'|£) = i / 2 r e 

n(£') = / n M d£ (5.16) 
J 2iri n 
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From eq .(5.1) we have 

The Planck spectrum has the form 
n U ) = (l/-n-̂ ^^ ĉ5) £ V ( e ^ / ^ ^ - 1) 

g i v i n g n(£' ) = ^' . M / _d2L 
^^^5^5 e^ - 1 

1 .'kT ln(T-e-^'/2rKT)-1 ( 3 . , , ) 

TT^-fi^c^ 2^2 

5.5 Eesults of calculations f o r PC reaction rates. 

Using equations (5.10) - (5.15) and (5.17), the double integration (5.5) 

was performed numerically f o r values of Ep and Eg over the range of interest 

f o r the H i l l a s model. Both inner and outer integrations were evaluated using 

Romberg routines. The r e s u l t i n g curves f o r gpQ(Eg ,Ep) are shown i n Pig 5-5 

f o r Ep = 10^^, 10^^ and 10^° eV. The quantity E^ Spc^^e ' ' ^^^^^ 

the energy i n a logarithmic i n t e r v a l of E^ , i s plotted i n Fig 5-4. 

For use i n the calculations on the gamma-ray spectrum, a table of values 

of gpp was constructed f o r Ê  = 6 10'''' - 10̂ ^ eV and Ê  = lo""^ - lo""^ eV. 

A routine f o r i n t e r p o l a t i n g i n the table allowed the value of gp^ to be 

evaluated rapidly f o r any Ê  and Ê . The calculations were done f o r T̂ = 2.7K, 

but the values f o r other T can be obtained as described below from the T 
0 

values. 

3.6 Derivation of . ̂E^) f o r any T. 

Given the function gr,^(E , E , T ) i t i s possible to obtain the 
r\t e p 0 

fimction f o r d i f f e r e n t T as follows. Prom equations (5.5) - (3.9)i (3.17)» 

we have cO l-^e. 

gpc(Ee , E , T) = kT /_£L l n ( l - e" ̂ 'Z^^^^)"V / f ( E ; , , ̂ ),W^ 
'rfii^o^j2r^ / -p; 



Log(Eg/eV) 

D i f f e r e n t i a l rea,ction rates, f o r the'PC process f o r various proton energies, 

i n a Blackbody radiation f i e l d with T = 2,7K. 



> -̂10 

13 

Fig 3-4 

15 16 

Log(Eg/eV) 

17 

The reaction rates f o r PC from Fig 5-3 multiplied by E~ to show the 

d i s t r i b u t i o n of energy i n electrons, as described i n the text. 
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since 9' =• 9'(E' , EJe) from eq . (5 .2) . e ® P 

Writing x = £ ' /2^kT gives 

gj,Q(Eg , Ep , T) - kT (2^kT)^ /x l n ( l - e"'')"'' f'(Eg/Ep . 2?" kTx) dx 

CC ̂  F(EyEp , EpT) (5.18) 

Therefore 

gpc(Eg , Ep , T) - tV t^ gpc^y/^o ' V/^o ' "̂ o) ^5-19) 

which can be obtained d i r e c t l y from the tabulated function gnp(E , E , T ), 
r\* e p o 

3.7 Attenuation lengths f o r protons f o r PC i n a Planck radiation f i e l d . 

The attenuation length (l/Ep dEp/dx)"'' can be calculated from 

gpQ since £p-ôft̂^ 

dE^ . JÊ  gpc(Ee . Ep) dE^ (5-20) 
dx 

The form of f o r T = 2.7K i s shown i n Fig 5-5. A useful check i s 

obtained by comparing these results with those of Blumenthal (1970), 

and the agreement i s found to be good. 

The v a r i a t i o n of with T can be obtained from eq,(5.18) : 

(1/Ep) dEp/dx oC EpT/TUEySp) T̂  H^JE^ ,EpT) dE^Ep 

» T^ F'(EpT) (3.21) 

I n t h i s i n t e g r a l , the contribution from the range of E near the upper 

l i m i t i s very small, so that the va r i a t i o n of with t h i s l i m i t 

can be neglected. 
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Inverse attenuation lengths f o r the PC process i n a Blackbody 

radiation f i e l d with T » 2.7 K. 
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Hence 

\ ( E p , T) = (T/Tj5')^(EpT/T^ , T^) (3.22) 

This form of ̂ c i s as expected, since the density of photons i s proportional 

to T^, and the f r a c t i o n a l energy loss per c o l l i s i o n depends on f* (̂ .̂...E T ) 
e ̂  

from eqs . (3.1) and (5 .2 ) 
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Chapter 4. Inverse Compton Scattering on a Blackbody radiation f i e l d . 

4.1 Introduction 

The c o l l i s i o n of a high energy electron with a low-energy photon, 

r e s u l t i n g i n the transfer of energy to the photon, i s known as Inverse 

Compton scatt e r i n g (ICS), by analogy with Compton scattering, i n which 

the photon transfers i t s energy to the electron. 

This process was o r i g i n a l l y discussed by Feenberg and Primakoff (1948), 

i n connection w i t h the interactions of cosraic-ray electrons with s t a r l i g h t 

i n the Galaxy and i n extragalactic space. The possible significance of ICS 

i n producing the X - ray and gamma-ray backgrounds, by scattering on the 

microwave background, was pointed out by Felten and Morrison (1963»1966) , 

who give a useful accoxmt of the theory of ICS applied to astrophysical 

si t u a t i o n s . 

I n the present Chapter, expressions are derived and evaluated f o r 

the d i f f e r e n t i a l reaction rates f o r ICS on a Planck radiation f i e l d , which 

are used i n the calculation of the 3-ray spectrum i n Chapters 7 and 8. 

Attenuation lengths and the mean energy transfer as a function of electron 

energy are computed from these expressions, 

4.2 Kinematics of ICS. 

Fig .4-'' shows the notation adopted here, with 

Eg » £g energy and momentum of electron before c o l l i s i o n 

Egi , " " " a f t e r 

g. , k " " photon before " 

E^ , k.j " " a f t e r 



- - - T --—A.* 

Pig 4-1. Geomety of Inverse Corapton Scattering, i l l u s t r a t i n g notation 

used. 
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t>( angle between momenta of electron and photon i n i t i a l l y 

9 angle of deflection of photon 

ô ^ angle between incident electron momentum and outgoing photon 

momentum. 

From conservation of. 4-niomentum ; 

£g + k = £^ + k^ 

Eliminating the energy and momentum of the outgoing electron s 

-(£e+^-i^l)^ + + £ - -= ml 
i . e . Eg£. - E^ - EgE^ - £g.k + £g.k^ + k.k^ = 0 

Writing ^ = i^/Eg gives 
Eg£; - Eg,S - EgE^ -y3Eg£ cos"^+y3EgE^cos'<^ + i E ^ c o s 9 = 0 

i. e . E^ ^ 1 - ^gcos'^ (4.1) 
^ 1 - /3cos'<, + £(1 - cos 0) 

I n the special case of an electron a t r e s t , /3 = 0 so that the usual 

Compton formula i s obtained ; 

F ^ . 1_ (4.2) 
^' ^ (1 - C 0 S 9 ' ) 

e 
where dsishes denote electron rest-frarae quantities. 

V/e require Ê ./Eg i n terms of the electron-frame quantities. Using 

= ' 3 r E ' ^ ( l +/3cos^ \) 

gives 

f/mg (1 + fi coscK.;) ^4^3^ 

1 + £ ( t . cos 9') 

In the case of inte r e s t f o r the present work, we always have ^>>1, so 

that o<' i s very small f o r a l l but a negligible f r a c t i o n of the photons 

f o r an isotro p i c radiation photon d i s t r i b u t i o n i n the laboratory frame. 
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This can be seen as follows. I f the components of photon momentum 

p a r a l l e l and perpendicular to the electron momentum are denoted by 

k„ , kj_ , k j and k]^ i n the laboratory and electron frames respect­

i v e l y , then 

K ' ^(^H -/3k) = ?k(cosc< - ^ ) 

k^ = kj= k Bind 

so that tan<<' = k^ = sin 
kj, TTicoo'^ -

I n the laboratory frame, one h a l f of the photons , have K>90° and i n 

the electron frame these electrons are contained i n a cone of semi-

angle , where 

tane<' = -1/7/3 

Thus even f o r electrons of a few GeV, with ?'~2000, most of the photons 

have o<'~180°, i. e . , the c o l l i s i o n i s head-on i n the electron frame. 

In t h i s case, = 9' - ô ' = 9' - 180°, so that coso< • •= -cos 9', 

and equation (4.5) becomes 
^V"e f o r (4.4) 1̂  =• 

« ^ + i ' ( 1 - c o s 9 ' ) 
"•e 

We can now distinguish high and low energy l i m i t s f o r eq . (4 .4) . Since 

» (1 - ^ cos « ) 

clearly Ê /Ê  1 f o r 7k.>>m̂  e 
and E^ -̂  9-̂ £ / f o r 2r£.« % 

A Blackbody radiation f i e l d with T = 2.7K has J-IO'^ eV, so the 

changeover from low to high energy domains occurs at electron energies 

(5 10^)^/10"-^ = 2.5 10̂ ''̂  eV. Above th i s energy, the electron trans­

fers most of i t s energy to the photon - the process i s catastrophic, 

while a t lower energies, the energy losses become more continuous. 



-68-

4.3 D i f f e r e n t i a l reaction rates f o r ICS. 

The d i f f e r e n t i a l cross-section f o r the Compton effect i s given by 

the Klein-Nishina formula, summed over the i n i t i a l and f i n a l polarizations 

states. I n terms of electron-frame quantities, the resul t i s (Jauch and 

Rohrlich, 1955)« 
(4.5) do-

dJl' 
r ^ 
2 \^ / 

e' E V sin^©' 

where r ^ = e^/mc^ and d l l • = 2-nsin 9' dO' 

I t i s convenient to wri t e t h i s expression i n terms of the f r a c t i o n ­

a l ^ energy transfer to the photon i n the laboratory frame, v = /Eg . 

I t follows from eqs. (4.2) and (4.4) that 

1-v 

and 9 2 sin 0' = 1 - cos 9' = 

For constant ̂ ' , from eq.(4.4)» 
dv = dE^ = s' /m s i n 9' 

1 , / V \ - m. [ V 
l l - V / ^ I 1 - vJ 

(1-v)^ sin 9' d9' 
E. 

1 + (1 - cos 9'F 

Hence from (4.5) 

60-= TTr^ (iHg/E') - 2 
\ l - v j r 1-v 

dv (4.6) 

m. 
fo r 0 ̂  V < 1 + 2^7m^ 

To obtain the d i f f e r e n t i a l reaction rate g^^ = d/dl^< on > ̂ ^(E ̂  , E^) 

we can use the expression f o r n(€') derived i n Sec(5.4), eq. (3.17), to 
give 

kT 

r^fi5,5 2̂ 3 
X 2 / V f m: - 2 r v _ \ m̂  

g"- l l - v j i-' 
+ (1-v) + _ L 

1-V 

ln(1 - exp(-E'/2ykT))"'' ds' (4.7) 
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^rain obtained using the upper l i m i t f o r v f o r given e' from eq.(4.6) : 

= m ( V \ (4.8) 

Equation C4«7) can be w r i t t e n i n diraensionless form as follows t 
Put y = e'/2yicT , V = / V \ m (4.9) 

Y (l-vj2EgkT 
so that £' = i ISQ,' 

''ra 
Then 

SlC^% ' V " ( k T ) ^ I6(1-v) 

where I . « - ln(1 - e""̂ ) dy 
' J 

(4.10) 

m̂ 

I , > - | l n ( 1 - e"y) dy (4.11) 
m̂ 

. 1 l n ( l 
w 

I z = - 1 l n ( l - e"^) 

The functions - were evaluated numerically using a Romberg routine. 

Evaluating the constants i n eqs, (4.9) and (4.10) gives 

y = 5.05 lo"*^ V f o r Ê  i n eV EV 4 ( 1 ^ 
(4.12) 

2.08 10-^4^5 ̂ - 1 
TT V c 5 

Approximations f o r y large and f o r y small. 

For large y, the integrals , can be done a n a l y t i c a l l y . Thus 

I j - ^ f y ' ^ ' ^ d y ^ e-ŷ " (4.13) 
m̂ 
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Hence the terms i n and 1^ i n eq . (4 .10) cancel f o r y » 1 , and the 

reaction rate i s given by 

% L 
2 + _v_ 

1-v 
cm 

-1 (4.14) 

(4.15) 

For small y,. -ln(1-e-y)-> - l n ( y ) , so that 

1^-4 - ln(y) dy = y ^ ( l - I n y j 

I ^ - ^ - y"''ln(y) dy = - ( i n y j ^ 

- y-^ln(y) dy . - I J ^ ̂  ) 

For y^ < 0 . 1 , the integrals were evaluated using eqs, (4 .15) over the range 

with y < 0 . 1 , and then adding the contribution from y > 0 . 1 . This gives 

1̂ "-ym(^ - ^ y m ) ^ ^-^4 

I 2 - i ( l n y^r + 0.659 

I 5 - - ( 1 + m y j / y ^ + 2 . 0 7 

(4.16) 

The re s u l t s of numerical evaluations of the ICS reaction rates are shown 

i n F i g 4-2 f o r E >10^^ eV and Fig 4-3 f o r E^<10^^ eV. I n Fig 4-2, the 

quantity plotted i s gjQ(E^ ,Eg) v ( l - v ) against ( l - v ) on a logarithmic 

scale. This gives a true indication of the d i s t r i b u t i o n of energy i n the 

scattered gamma-rays, since dv = - (1-v) d ( l n ( l - v ) ) , so that equal areas 
• * 

on the graph correspond to equal energies. Similarly, i n Fig 4-3» the 

quantity g^^ ( E ^ , E^) v i s plotted against v . 

'Hiese graphs clearly demonstrate the energy regions discussed i n 

Sec 4 , 2 , v i z . , the high energy region (E^^lO^^ev) i n which the photon 

takes most of the energy, and the low «iergy region i n which E^(^E^. 

• A f t e r allowing f o r the logarithmic v e r t i c a l scale of the graph. 



L _ _ J 

F i g 4-2 

D i f f e r e n t i a l reaction rates f o r ICS f o r E^ > 10̂ 5 

multiplied by v(1-v) to show the energy d i s t r i b u t i o n 

of the scattered photons. 



E«=10 eV 

D) -25 o 

F i g 4-3 
.15 D i f f e r e n t i a l reaction rates f o r ICS f o r Ê  < 10 ' eV| 

i n - t h i s p l o t m u l t i p l i c a t i o n by v" shows the energy d i s t ­

r i b u t i o n i n the scattered photons. 
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4.4 The Gajnma-ray spectnim f o r a unique target photon energy i n ICS. 

The d i f f e r e n t i a l cross-section i n the form of eq . ( 4 . 6 ) , and the 

electron-frame d i s t r i b u t i o n of target photons, eq . ( 3 . l 6 ) , together give 

the f o l l o w i n g expression f o r the mean d i f f e r e n t i a l cross-section f o r 

an i s o t r o p i c d i s t r i i i u t i o n of photons of energy £ t 

dcyP(£'|£) d£' 

2 
> 7 

m. 
E 

V 

.2 r m 
E. 

2 

- 2/_v_\ _e + (1-v) + _ 1 . 
1-v £' 1-v 

v( 2-2v-v^) 2_v_ln\ v_ /v_\.^ 
2 ( l - v ) ^ 1-v m 1-v " \ > y j 2ri 

dg' 

e . 

+ 2 (1-v + 1 \ 2JI 
1-v m. 

(4.17) 

The range of v a l i d i t y i s given by eq . (4 .4 ) as 

n • y y 4 y£ /m 0 ^ V ^ — ^ - e — 
1 + 4r£/m^ 

For )'£<S:m , v ~ 1 so that eq . (4 .17) can be approximated retaining only 

terms of f i r s t order i n v. Putting x = m v/^Yi we get 

This agrees with the form given by Cowsik (1973) 

(4.18) 

The mean energy of the Compton scattered gamma-rays can be obtained 

from eq.(4.18) : 
(1 + X -2x +2x In x ) x dx 

J 0 
-2x +2x I n x) dx 

(4.19) 

2 

Therefore <E^> = 4/3 £ » as given, f o r example, by Ginzburg and 

Syrovatskii (1964). 
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4.5 Total. IC cross-sections f o r a unique target photon energy. 

Integration of eq . (4 .6 ) over v gives the t o t a l cross-section f o r ICS 

f o r given fixed The r e s u l t i s (see f o r example, Jauch and Rohrlich, 

1955) » 

o- (£') = 2rTr^ L±_£ [ 2 E a±w) _ i„(i^2w) + 
3 H-2w ^ ' 2w w / 

- I l + 2 w l 
(l+2w)' 

(4.20) 

where w = e^m . 

For £ ' - ^ 0 , eq . (4 .20) reduces to o'= 8/3 rf r ^ , the usual Thompson 

cross-section. For £ *>} ra^ , 

o w „ V- _ w 
+2w) _̂  ln(U2w) _ 1 _ 

2w 4w 

In 2E' 
•"e 

(4.21) 

For an i s o t r o p i c f i e l d of photons.of energy £, the average t o t a l cross 

section i s obtained using (3.16) as 
2 f £'d£' 1 

e ' 

^ 2 IT r ra^ ' o e 
n 

(4.22) 

This expression gives an approximate check on the results f o r the ICS 

inte r a c t i o n lengths on a blackbody radiation f i e l d derived i n the next 

section. 

4.6 Intera c t i o n lengths f o r ICS i n a Elackbody radiation f i e l d . 

The in t e r a c t i o n length (E^) i s given by 

\{E^ , T) ( E ^ , T) = Jo{e^) n(£') dc' (4.23) 

where (?(£') i s given by eq . (4 .20) and n(£') by eq.C5.17). The results of 

a numerical evaluation of eq . (4 .23) are shown i n Fig 4-4, f o r T = 2.7K. 
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At low energies, the resul t i s equal to ^/c^ , where N i s the number 
—25 2 

density of blackbody photons and cr^ = 6.65 10~ cm , the Thompson cross-

section. N i s given by 
N = _! / e^d£ = (kT)^ { x^ctx » 2.404(kT)^ 

<2fi3,5 JT^TW—; ^2^3,5 . , ^2^3,5 
0 o 

= 20.3 T^ photons cm~^. 

For T = 2.7K, N = 4OO cm"^, so that (6.65 10"^^ . 400)'"' = 3-76 lO^cm. 

For the high energy l i m i t , using eq . (4.22), 

\ 1.535 10"*̂  5£ f o r >> m (4.24) 
AT no ^ />tv̂  I ® e I 

The mean energy f o r a blackbody d i s t r i b u t i o n i s given by 

x^dx ^ 4 
kT 1-kT X 

= . ̂  2.7kT (4.25) 
2, 2.404 

X dx 
e - 1 
-3 

Using t h i s value , and N = 400 cm"^ i n eq.(4.24) gives the cur/e shown i n 

i n Fig 4-4 ( marked 'approximate formula') . I t agrees with the exact 

solution to about 10̂ 4 at lo"*^ eV but rapidly diverges below t h i s energy. 

Using eqs.(4.23) and (3.17)t and changing the variable of integration 

to X = e'/2aTcT, we f i n d that ^^^^(Eg ,T)oC T^x a function of EgT.(cf. the 

case of the PC process. Sec 3 .7) . Therefore the function'X (E , T ) 
J.O0 e o 

can be used to obtain '\ any other E and T. 
J.00 e 

4-7 Mean energy transfer i n ICS on Elackbody radiation. 

For approximate treatments of energy spectra from ICS, i t i s useful 

to \ise the quantity VT_„ , the mean f r a c t i o n a l energy transfer to the photon, 

weighted according to the appropriate reaction rate: 

ICS •= — 7 ? 
e J ^IC^^J^ '"̂ ê  '"^iT 

This .expression was evaluated numerically, using.eq,.(.4.7)-for ,g . 
IC 
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The results are shown i n Fig 4 - 5 » f o r E = lo'''' - lo'*'^ eV, and T = 2 . 7 K . 

For comparison, approximations f o r v^^g are also shown. In the low energy 

l i m i t , using eqs. ( 4 . 1 9 ) and ( 4 . 2 5 ) gives 

v^_„ = 3.2 10"""^ E„ f o r E^ i n eV, and T = 2.7K. 
X Ob e e 

« ( 4 . 2 7 ) 

This i s very close to the acciirate calculations f o r E^^io''^ eV. 

In the high energy l i m i t , i t can be shown that (Allcock and V/dowczyk, 1 9 7 2 ) 

- ^ ln(2£'/m) - 5 / 6 (4.28) 
ln(2tVra) + 1 / 2 

This follows from taking the appropriate mean at fixe d using e q . ( 4 . 6 ) . 

For the case of head-on c o l l i s i o n s , £' = 2 E £/m. , giving v̂ .-,̂  = . 5 2 , 
e e XL»o 

. 7 4 and . 8 6 f o r Ê  = 10"*^, lo"*^ and lo'''^ eV respectively, taking f o r £ the 

mean value given by e q , ( 4 , 2 5 ) . A l t e r n a t i v e l y , using the value f o r £' 

obtained by averaging an is o t r o p i c laboratory d i s t r i b u t i o n over angles: 

£ / ( 1 - cos G)^sin9 d9 
<e > 7 5 

j ( 1 - cos 9) s i n e d© 0 

gives v^-_ =» .44» . 7 1 and ,81 f o r the E values above. The approximations 
V 16 

agree with the accurate r e s u l t s to within 10?& f o r E > 1 0 eV. 
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Chapter '3. Pair-production i n photon-photon c o l l i s i o n s i n a blackbody 
radiation f i e l d . 

5.1 Introduction . 

The importance of the pair-production process ^ + 1 ^ e ^ + e~, here­

a f t e r denoted by PP, was f i r s t pointed out by Nikishov (19^2), who treated 

interactions of gamma-rays, with the s t a r l i g h t f i e l d s in the Galaxy and 

metagalaxy. Soon a f t e r the discovery of the microwave background, Jelley 

(1966) showed that PP results i n severe attenuation of 'Jf-rays of energy 

above 10̂ *̂  eV over distances of only tens of kiloparsecs. More detailed 

calculations were carried out by Gould and Schreder ( I966 ,1967a ,b), v^o 

give a n a l y t i c a l expressions f o r the interaction lengths on.a blackbody 

radiation f i e l d . Allcock and Wdowczyk (1972) give expressions f o r the 

mean energy of the outgoing electrons f o r a unique target photon energy 

in the high energy l i m i t , assuming head on c o l l i s i o n s . In the present 

work, the spectrum of the outgoing electrons f o r interactions with a 

blackbody f i e l d i s required, and to t h i s end the d i f f e r e n t i a l reaction-

rates are calculated as described i n the following Sections. 

5.2 Kinematics of Y?, 

I t i s convenient to work in terras of center-of-momentum quantities, 

which w i l l be denoted with an asterix. Consider the c o l l i s i o n of two 

iphotons of momenta and energies and £ , with Ej,»S , Let 

the angle between the momenta be i n the laboratory frame, (Pig 5-1). 
if. 

In the CM. frame, the t o t a l energy i s 2Eg , and the t o t a l momentum i s 

zero, so that 

' ^ ^ c ^ since E ^ ^ £ (5.I) 

Transforming the electron energy in t o the laboratory frame, 

Eg - 3rc(E* - P* cos 9*) 



LAB FRAME CM. FRAME 

Pig 5-1. Geometry of pair-production i n T - T c o l l i s i o n , i l l u s t r a t i n g 

notation used. 
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| ( 1 - ^ c o s G * ) 
e 

(5.2) 

where 0 i s the angle between the CM. direction of motion and the 

electron momentum in the CM. frame. 

Using the invariant square of the 4-momentum, 

(2E*)^ = (Ey + st- (£^ + = 2E^£ ( l - cosc^) 

so that 

'E E (1 - cos o<) (5.3) 

For an i s o t r o p i c photon d i s t r i b u t i o n i n the laboratory. 

P(E*) dE* = P(o() do( = ̂  sino< ( l - cos ) d <K 

From eq.(5.3), 

do( ' i ( l - cos^.)"* sine< 

• / 2 (1 - coso< ) 3/2 

Substituing from eq.(5.3) we get 

P ( < ) 4 E ^ 

^4 
for 0^E*<J~E1 (5.4) 

5,3 D i f f e r e n t i a l reaction rates f o r PP. 

Ihe d i f f e r e n t i a l cross-section f o r PP can be derived iising covariant 

quantiun electrodynamics (see Jauch and Rohrlich, 1955), and i s given by 

dcr 2-7r r /3 m. 
E 

1 -/S ĉoŝ 9 + 2(m /E Ysix^^ 

(1 -/3̂  c o s V ) ^ 

• » sin9 d9 

(5.5) 

where A = p /E .A factor of 2 has been included since we do not d i s t -

inguish between electrons and positrons i n the present work. 

We require the cross-section i n terms of the f r a c t i o n a l energy trans­

f e r to an electron, Vpp =• • eq.(5.2), 
v^= i(1 -/3 COS 0*) (5.6) 



cos 0 <= 1 - 2v 

D i f f e r e n t i a t i n g eq.(5.6) f o r constant ft 
dv = ^ sin 9 d9 

Putting x =• E /m̂  gives 
6 6 

do- 2Trr 1 
dv " ° "2 

X 

(1 - (l-2v)'^ + ,2 
1 - 1 . (1-2V) 

I 6 v ^ ( l - v ) 2 
(5.7) 

Integration of eq.(5.7) over v gives the t o t a l cross-section f o r fixed 
E 

cr(E*) = (1-/3 2) 2/3(2-/3 ^) (5.8) 

which agrees with form given by Jauch and Rohrlich (1955). 

I n the high energy l i m i t , t h i s reduces to 

(5.8a) 

and i n the low energy l i m i t t o ^ 

(5.8b) 

The d i f f e r e n t i a l reaction rate gpp(Eg , Ej- ) = d/dv "orn ( E ^ , 5^) i s 

given by oo 

W^e . V ' fe '"'̂  (5-'' 
where n(Eg) i s the d i s t r i b u t i o n of one type of electron (e or e~) i n 

the CM. frame. n( E^) can be obtained using eq. (5,4) and n(£) = 

d/trVc^) £2/(exp(£/kT) -1) 

v (E*) = r f r ^ (21n2x - I ) 

cr(E*) =Trr^/3 

n ( E j (Ode 

4 E 
'e kT l n ( l - e 

_E* /E^kT 
(5.10) 

* * * E i s obtained by solving eq.(5.2) f o r E with cos 9 =1, giving min 6 

E m 
min 

,,-2/y(1-v) 
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*2 ra 
Introducing y » /E^kT , = T^kT. 4v(l-v) 

and s u b s t i t u t i n g in eq.(5.9) gives 

r2 
'ra 
(5.11) where . I ^ and axe given by eq.(4.11) and the constant by eq,(4,12) . 

The reaction rates for PP were calculated niunerically from eq..(5.11) 

and the r e s u l t s are shown i n P i g 5-2 for E = 10*''̂  - lo'''̂  eV. For ŷ ^ 

large, the terms in 1^ and cancel, and I^—> e so that 

, gpp(Eg • = 8 t r r ^ (kT)^ (1 - 2v(l-v)) y^e'^ni (5.12) 

TT^h^c^ 

5,4 Interaction lengths for PP on blackbody radiation. 

The interaction length given by 

gpp (Eg , Ey) dv (5.15) 

i s shown i n Pig 5-3 f o r E^ = 7 lo""̂  - lo""̂  eV, and T = 2.7 K. 

Also shown i s the approximation obtained from eq.(5.8 ) , assuming that 

£ XI £ s 2.7kT, N = 400 cm"^ , and assuming head-on c o l l i s i o n s so that 

E* = ^E^e . The error involved i n using these approximations leads 

to values about a factor of 2 above the accurate values. 

As i n the case of ICS, the interaction length for different T i s 

obtained from 

^ P P = ^V^^^'^^^/^o ' ^0) ^5.14) 

(^^tj Mean energy transfer for PP. 

The mean f r a c t i o n a l energy transfer Vp^ to the more energetic of 



Ey=10 eV 

B i f f e r e n t i a l reaction rates for the PP process 

f o r various gamma-ray energies, as a function of the 

f r a c t i o n a l energy tranfer v^^ to one of the electrons. 



27, 

26̂  

25 

E 
o Q. Q. 

23 

22 

n r T 1—T r 

J L 

Approximation 

13 15 16 

Log(Ex/eV) 

17 

Interaction lengths for the PP process on a Blackbody 

radiation f i e l d with T 2.7 K, Also shown i s the app­

roximation using eq, (5»8) for head-on collsions and 

a radiation f i e l d with unique energy 2.7kT = 6 lO"^ eV, 
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the p a r t i c l e s i n the electron-positron pair was calculated from • 

V = J, -̂ PP Sp^'^e ' V ^̂ PP • (5.15) 

Since gpp i s symmetric i n Vpp and (1-Vpp), the mean f r a c t i o n a l energy 

transfer to the less energetic p a r t i c l e i s (1 - Vpp) , Using eq.(5,11) 

i'or t "the numerical results are shown i n Fig 5-4 f o r = 7 lo"*̂  -

10''̂ eV. 

Equation (5.7) can be used to obtain an approximation to Vpp f o r 

unique E^ i n the high energy l i m i t , the re s u l t being (Allccck and 

Wdowczyk, 1972), f o r head-on c o l l i s i o n s , 
1 

(5.16) 
P̂P 

1 + ZJJUL 
2 I n X + In 4 - 1 

The value given by eq.(5.15) i s also plotted i n Pig 5-4 f o r the case of 

head-on c o l l i s i o n s w i t h photons of energy 2.7kT. 

5.6 PP and ICS treated as a single process. 

PP and ICS can be treated together as a single process i n which 

the i n i t i a l photon produces two photons of lower energy. The mean 

energy transfer to the higher energy photon i s 

V..V.. = 2 ^ P P ^ I C ( V P P ) V % ' V ) '"PP 'PP IC (5.17) 

/ ' V W ^ j - ) ^-pp 

Changing the l i m i t s i n the numerator to 0 and ̂  gives the expression for 

the lower energy photon. The res u l t of a numerical evaluation of eq,(5.17) 

i s shown i n Fig 5-5. 
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of PP and ICS processes. The curve i s f o r the gamma-ray prod­
uced by the higher en«rgy electron of the pair. 
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Chapter 6. The Electromafflietic Backgroimd Radiation - a survey 

of Observational and Theoretical aspects. 

6.1 Introduction. 

The previous Chapters have discussed the physics of the interactions 

of cosmic-rays and gamma-rays with the electromagnetic radiation f i e l d s 

which may exist i n extragalactic space. I t i s therefore important to 

discuss the observational evidence, where i t i s available, f o r such 

background r a d i a t i o n , and to examine theoretical ideas on the background 

where i t has not yet been observed. In fact,,evidence f o r a cosmic 

photon f l u x only exists i n the radio and microwave regions of the spect­

rum - shortwards of 1mm only upper l i m i t s are available. The radio 

background longv/ard of about 10 cm i s not of interest i n the present 

work, so we shall d i s c u s s . f i r s t the microwave region (lO cm - 1mm), 

then the f a r - i n f r a r e d ( around 100 microns ) , and f i n a l l y the near i n f r a ­

red, o p t i c a l and u l t r a v i o l e t bands (10 microns - 100 % ) . Experimental 

and theo r e t i c a l fluxes are summarized i n Pig 6-1, 

6.2 The Mcrowave Background. 

Observations. 

The f i r s t evidence f o r a large isotropic microwave f l u x was found 

by Penzias and vTilson (1965), at a wavelength of 7.35 cm. Their result 

corresponded to a blackbody temperature of 3*0 ± 1.0 K. Subsequently 

many more ground-based experiments have confirmed that the spectrum i s 

blackbody i n form, with T near 2.7K, up to a wavelength of 3.3 rm, roughly 

the peak i n the Planck spectrum. Tne departure from the Rayleigh-Jeans 

p a r t of the spectrum ( f o r which i^"*"^^) i s shown in the shortest 

wavelength results at 5,3 mm by Boynton et a l . (1968) and l i i l l e a et a l . 
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ground radiation. 
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^ Sudbury and Ingham ( 1 9 7 0 ) ^-r* Harwit et a l . ( I 9 6 6 ) ^ L i l l i e ( I 9 6 9 ) 

I McNutt and Peldman ( I 9 7 O ) (see also Peebles 1 9 7 1 } ^ Hayakawa et a l ( I 9 6 9 } 

LT(1) and L T ( 2 } - possible contributions from Seyfert galaxies, 
from Low and Tucker ( I 9 6 8 ) . 1 - model 1 of Tinsley ( 1 9 7 3 ) . 

A 2 .7 K blackbody spectrum i s also shown, with recent results by 
Robson et a l . ( 1 9 7 5 ) i n the millimetre band (o « o o). 
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(1971). At shorter wavelengths, ground-based observations are not poss­

i b l e because of the absence of s u f f i c i e n t l y transparent atmospheric 

windows, and i t i s necessary to use either detectors on balloons and 

rockets, or the.indirect method of i n t e r s t e l l a r molecular absorption 

l i n e s . Bortolot et a l . (1969) obtained T = 2.83 ± 0.15 K at 2.64mm , 

using CÎ  absorption lines in JOphiuchi. Other results from t h i s method 

have so f a r given only rather high upper l i m i t s , but which l i m i t the 

possible blackbody temperature to 4.7^ at I . 3 mm, 5.4 K at .56 mm and 

8.1 K at .36mra (Bortolot et a l . I969). 

Direct Helium-cooled-radiometer measurements above the atmos­

phere have been made from rockets (Comell-NRL group, Pipher et a l . 

1971, and the LASL,group, B l a i r et a l , I971) and from balloons (MIT 

group, Muehlner and V/feiss, 1970). Fluxes well above the expected 

Planck extrapolation from lower energies were reported by the Cornell 

and I.ilT groups. The s i t u a t i o n has been reviewed by Thaddeus (1972). The 

MIT group found a high f l u x near 1 mm suggesting a strong spectral l i n e 

feat^^re superimposed on the blackbody radiation, but further balloon 

f l i g h t s f a i l e d to confirm t h i s l i n e (Kuehlner and Weiss, 1972). The 

Cornell experiment gave a f l u x corresponding to 2 10^ cm ^ ( in., the units 

of Fig 6-1) i n the 1.3 - 0.44 mm band. However, the LASL rocket experi­

ment obtained a r e s u l t equivalent to a temperature T = 3.1 ^2*0 ^~ 

0.8 mm range. This would only be consistent vdth the Cornell result i f 

there were a strong background radiation confined to the region 0.44-

0.8 mm. Recent results by Robson et a l . (1974) using.a balloon-borne 

cooled po l a r i z i n g Ivlichelson interferometer,are consistent with T = 2.IK 

: i n the range 3 - 0.8 mm, and i n f a c t l i e very near t h i s curve at 0.8 mm. 

At the present time therefore there i s good reason to adopt a 

2.7K blackbody spectrum at least up to 8mm (2 lO"'^ eV), and no confinn-
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ation of reported high fluxes at shorter wavelengths. 

Theoretical aspects of the blackbody radiation. 

The existence of a blackbody background was f i r s t suggested by 

Gamow (1948) as a consequence of the physical conditions i n the hot 

early universe. At early epochs, the energy density of the universe 
-4 

was dominated by radiation, since radiation density ^ ^ o C R whereas 

matter density rC^ , where R i s the scale factor f o r the universe 

(see Chapter 2). For t h i s reason, the expansion rate at early epochs 

i s independent of the cosmological parameters ( e.g. the matter density), 

and i n f a c t the radiation temperature T can easily be shown to be 

T = 1,5 10̂ *̂  t " ^ . I f i t i s assumed that Helium i s primordial ( and 

obsefvations of the oldest stars seem to support t h i s view), then i t 
was b u i l t up by a series of reactions s t a r t i n g with n + p—>d + I f . 

9 

Above T = 10 K, the blackbody photons have s u f f i c i e n t l y high energy to 

destroy the deuterium by the reverse of th i s reaction, so that deuterium 

( and hence helium) does not accumulate u n t i l the. temperature drops 

below t h i s value. The r e l a t i o n between T and t given above shows that 

t h i s point i s reached about 200 seconds after the 'big bang'. Since 

the present helium abimdance i s about 30/̂  mass, a s i g n i f i c a n t port, 

of the t o t a l hydrogen content of the universe must have been converted 

to helium i n a time comparable to 10 seconds ( the reaction rates f a l l 

r a pidly i n the expanding universe, so most of the production occurs soon 

a f t e r the n(p,d)i?r reaction becomes i r r e v e r s i b l e ) . This implies that 

c r n ( t ) v t — 1, where cr i s the cross-section f o r the n(p,d)'y reaction, 

and V i s the mean thermal v e l o c i t y of the nucleons. Prom th i s r e l a t i o n , 
H O T Q 

f i n d n'^ 10 cm"-' when t = 200 sec corresponding to T = lO'̂  K, Then sing n oC R~^oC T̂  we get T = 5K f o r n = lO"*^ cm"^, roughly the 
we 

us 

density of matter observed at the present time. This simple t r e a t ­

ment, due to Garaow (1948), gives a temperatuire close to that observed. 
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The form of the spectrum i s expected to be blackbody because at very 

early epochs (T>1o''^ K) a l l the constituents of the universe (protons, 

neutrons, electrons, neutrinos and radiation) are i n thermal equil­

ibrium. Fatter and radiation are coupled by the reaction e"̂  + e" J+Z 

at these temperatures, and by Thompson scattering at lower temperatures 

\ m t i l T;̂  3000 K, when the cosmic plasma recombines to form neutral 

hydrogen and the coupling ceases.Although the radiation and matter are 

not i n equilibrium during the Thompson scattering phase( the di f f e r e n t 

expansion characteristics mentioned above cause a flow of energy from 

the radiation to the gas) the departure from an equlibrium spectrum i s 

very small (Peebles, 1971). 

6.3 The Far Infrared region {^0^x- 100^ ) 

Obseirvations of the background i n the f a r IR are confined to 

upper l i m i t s from rocket experiments by McNutt and Feldman (1970) at 

lOOji and by the same group at 24}i (see Peebles, 1971a).These l i m i t s 

are shown i n Fig 6-1. I n the absence of observational data, the 

background i n t h i s region- must be estimated from our knowledge of the 

output of discrete soirrces. 

Observations of extragalactic sources have revealed large IR 

fluxes from the nuclei of Seyfert galaxies and from quasars, the energy 

output i n the IR often exceeding that at a l l other wavelengths. A typical 

Seyfert galaxy, NGC 1068, emits about 10^^ erg s""* i n the IR compared 

to about lO'^^"'^^ erg s'"* i n the IR from the nucleus of our own Galaxy. 

We would therefore expect a s i g n i f i c a n t contribution from Seyferts to 

the IR background, and possible spectra.have been estimated by Low 

and Tucker (1968). Tliey use the mean emission spectrum from 5 Seyferts 

observed by Kleinraann and Low (1970), and consider models i n v/hich there 
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i s evolution of sources with epoch similar to that of the powerful 

radio sources (as discussed i n Chapter 1) as well as non-evolving cases. 

Seyferts are taken to constitute ^fo of a l l galaxies, giving a niunber 
-77 -5 

density of 2 10 cm . The r e s u l t i n g backgroimds f o r the extreme models 

are shov/n i n Pig 6-1. Both are well inside the l i m i t s set by McNutt 

and Feldman, but near enough f o r the l i m i t s to be of in t e r e s t . I t i s 

possible that the models give an overestimate of the i n t e n s i t i e s , since 

the sample of Seyferts includes NGC 1275 and 3C120, both of which are 

two orders of magnitude brighter i n the radio than most Seyferts and 

are also the most important contributors to the average IR f l u x used. 

However, Lov/ and Tucker suggest that t h e i r results may not be unreas­

onable because ( i ) a l l the IR luminosities l i e within a factor of 10 of 

the a.verage and ( i i ) the radio emission from Seyferts comes mainly from 

the halo while the IR comes from the nuclegir regions, and the two 

are not necessarily correlated. 

6.4 Near-IR, Optical and UV backgrounds. 

Observations, 

Rocket experiments by Eanvit et a l . (1966) give upper l i m i t s i n 

the 1 - 10 |i range, but these are too high to be of very much interest. 

In the o p t i c a l region (jiOOoK - 10,000^ ) l i m i t s have been obtained 

i n ground-based, rocket and s a t e l l i t e experiments. A l l require corr­

ection f o r the zodiacal l i g h t (sunlight scattered from interplanet­

ary dust) and f o r Galactic l i g h t , and are therefore limited by the 

accuracy of models f o r these sources. Roach and Smith (19^8) carried 

out ground-based observations which gave an upper l i m i t a f t e r the corr­

ections of 5 tenth-magnitude stars per square degree at 5500^, t h i s 

being only about V/<, of the background from non-cosmic sources. Rocket 
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results by L i l l i e (1969) at 4100X gave a similar l i m i t , as shown, i n Fig 
6 - 1 . 

In the UV, the Galactic s t a r l i g h t spectrum f a l l s rapidly, so that 

the separation of the extragalactic component of the cosmic f l u x i s 

easier, but solar Lyo< re-emitted by hydrogen i n the Solar System 

makes the sky very bright i n t h i s region. Hence only upper l i m i t s have 

been obtained. Measurements with g a s - f i l l e d couters on the USSR space­

c r a f t Venus (Kurt and Sunyaev, 1967) gave l i m i t s between IO5O and 

I340S. A rocket experiment by Hayakawa et al.(1969)gave a l i m i t i n the 

1350-1480i range. Sudbury and Ingham (1970) mapped the Milky Way at 

25O0X using a rocket-borne detector, and also obtained a l i m i t on the 

s t a r l i g h t background at t h i s wavelength. The most recent results are 

from the UV telescope on the CAC-2 s a t e l l i t e ( L i l l e , 1972) ; the l i m i t s 

obtained at 2000 and 236oi are an order of magnitude below those from 

the e a r l i e r rocket experiments. 

Beyond the Ly«<. l i m i t (912I ) , which i s inaccessible to direct 

observation because of ionization absorption i n i n t e r s t e l l a r gas, s i g ­

n i f i c a n t l i m i t s can nevertheless be obtained from the observation of 

neutral hydrogen around galaxies. The neutral gaseous disc of M3t, which 

i s shielded from the UV background by a layer of ionized gas, can be 

used to derive an upper l i m i t of 6 10""^ cm~^ between 3OO and S^2k 

(Sunyaev, I969). This i s more than two orders of magnitude below the 

d i r e c t observational l i m i t s set j u s t below the Lyman l i m i t . 

Theoretical predictions i n the near-IR, o p t i c a l and UV. 

A rough estimate of the expected energy density of s t a r l i g h t 

i n the o p t i c a l region from normal galaxies i s easily made. The pres­

ent luminosity of galaxies per u n i t voltirae has been calculated by 
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Oort (1958), van den Bergh (1961), Kiang (I961) and Davidson and 

Narlikar (19^9)• A l l these authors give values agreeing within about 
8 

5053, and we w i l l take that from Davidson and Narlikar, v i z . 2.8 10 Lg 

Mpc ^ = 3.2 10~^^ erg s~'' cm~^. The expected s t a r l i g h t density assuming 

that galaxies have been emitting f o r the Hubble time i s roughly 
w , = 3.2 10"^^ . 6 1o'''̂ sec ~ 10"^ eV cm"^ 

1.6 10-12 

Bavidson and Narlikar calculate the value f o r various cosmological 

models, and obtain results which are a l l within a factor of 2 of 3 10~^ 

eV cm ^. Reference to Pig 6-1 shov/s that t h i s i s of the same order 

as the present upper l i m i t s i n the op t i c a l region. 

Any improvement on such estimates must involve models f o r the 

evolution of galaxies as well as the cosmological model, the former 

being the dominating factor. Early calculations by Whitrcw and Yallop 

(1963,1965) used a 60OOK emission spectrum, and either no evolution or 

a time-dependent temperature without any theoretical basis. An attempt 

to obtain a better estimate was made by Partridge and Peebles (1967), 

using models of Galactic evolution based on s t e l l a r b i r t h - r a t e functions 

f o r our own Galaxy. The models were designed to give a 30?o conversion of 

hydrogen to helium i n stars (helium was assumed not to be primordial), 

and hence the models have very high luminosity i n t h e i r early stages. 
8 

The epoch of galaxy formation v/as taken to be 1.5 10 years on the basis 

of a g r a v i t a t i o n a l i n s t a b i l i t y model f o r galaxy formation. This corr­

esponds to redshifts z'̂ 'IO - 30 depending on the cosmological model. 

I t i s now generally^believed that Helium i s primordial i n o r i g i n , and 

hence the predictions of t h i s model are probably too high. Pig 6-2 

shows the most probable spectrum according to Partridge and Peebles, 

The most comprehensive treatment of the problem has been made by 

Tinsley (1973). She has developed models of the evolution of e l l i p t i c a l 
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and s p i r a l galaxies which give a good representation of t h e i r col­

ours and luminosities at the present epoch. The method adopted i n 

computing the integrated background emission v;as to use the observed 

spectra f o r the various types of galaxy at the present time together 

with the models f o r evolution in each spectral region. Ground-based 

observational data on induvidual galaxies are available i n the 5400X 

-3.4 j i range, Beyond 3*4 f i | a Rayleigh-Jeans extrapolation was used, 

thixs excluding the contribution from bright IH sources. For the 912-

3400X range, recent results from OAO-2 (Code et a l . 1972) were used. 

These indicate large tP7 fluxes from e l l i p t i c a l galaxies due to the 

presence of hot, young stars. For E galaxies, the model used gives 
g 

an i n i t a l l y high luminosity, f a l l i n g o f f with a tiraescale of 10 years. 
g 

The s p i r a l models reach a maximum liuninosity at around 10 years 

before s t a r t i n g to fade. I n i t i a l l y the UV component i s very strong 

i n a l l the models due to the young stars which are formed soon aft e r 

the galaxy condenses. The Sa s p i r a l models are based on M3I, and the 

Sc models on M33« Owing to the dominance of the hot young stars i n the 

i n i t i a l luminosity function, a l l the f i n a l backgroiind spectra resem­

ble a greybody at 1-3 10^ K redshifted back to z = 0 from the epoch 
8 

of formation, taken as 1.3 - 2.6 10 years. 

For comparison, a model ( c l ) with no evolution v/as also computed 

by Tinsley. The evolutionary models show l i t t l e v a r i a t i o n with the 

cosmological parameters and q^. Fig 6-2 shows model c1 and model 1, 

i n which = 100 km Mpc~'' and = .02, and formation redshifts 

of 35 f o r E galaxies and 20 f o r s p i r a l s . Also sho™ are greybody 

spectra with T = I5OOK, ŵ^̂  = 4 10"^ eV cm"̂  , T = 6OOOK, ŵ ,̂  = 10"^ 
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eV cra"^, and T = 30,000K , ŵ^̂  = 2 10~^ eV cm~^. Tne combination 
of the I5OOK and JOjOOOK curves give a reasonable representation of 
the Tinsley model 1, and these parameters were adopted f o r use.in the 
l a t e r treatment of the gamma-ray spectrum. Development of the spectra 
with r e d s h i f t was approximated by redahiftlng the I50OK spectrum 
back from z = 0 i n the usual way, while leaving the 30,000K spectrum 
constant since i t represents the contribution from contemporary hot 
stars at any p a r t i c u l a r time. 
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Chapter 7. The Gamma-ray spectrum i n the Hi l l a s Model : semianalytical 
solutions. 

7.1 Introduction, 

The development of the gamma-ray spectrum i n the H i l l a s model 

involves an electron-photon cascade i n an expanding Universe i n which 

reaction-rates, i n t e r a c t i o n lengths and energy transfers are varying 

functions of time. I t i s t h i s v a r i a t i o n , due to the changing black-

body rad i a t i o n temperat\ire, which introduces some complexity into the 

calculation of the expected spectrum at the present time. In Chapter 8, 

a numerical method i s described which e x p l i c i t l y follows the cascade as 

fimctio n of r e d s h i f t ; however, by making si m p l i f y i n g assumptions, a 

reasonable approximation to the spectrum can be obtained, with consequ­

ent b e t t e r understanding of the important features of i t s production. 

The processes involved i n the production of the spectrum are, 

f i r s t l y , the pair-production of electrons by high energy protons on 

the blackbody radiation (,PC process), followed by an ICS - PP cascade. 

This cascade i s maintained by the blackbody radiation u n t i l the gamma-

ray energies are no longer high enough f o r PP on microwave photons; 

instead, PP may now occiir on the much lower density s t a r l i g h t background 

which maintains the cascade \ i n t i l gamma-ray energies f a l l below about 

10^^ eV, There i s thus a buildup of photons with energies <10^^ eV 

which do not in t e r a c t again, and these form the f i n a l gamma-ray spectrum. 

The important. features of the various stages w i l l now be discussed , 

leading to the si m p l i f y i n g assumptions which are then used i n the 

approximate solutions. 
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7.2 Pair-production by protons i n the Elackbody radiation (PC). 

This process was treated i n d e t a i l i n Chapter 5» At z = 0, the 

attenuation length f o r protons well above threshold f o r PC ( i . e . Ep--

1o''̂ eV) i s , from Pig 3-5, about 4 10̂ "̂  cm. At any other z, the rate 

of attenuation i s given "by A-z- ' (1/E iE/dz) where (see Sec 2-3) 

cH""" (l+z)5 

LApc(l+'')^(l-^2q^^)* 

-1 

/Xpc (7.1) 
1.9 10^^ (1+z)* 

f o r = 50 km s"'' Mpc"^ and = ̂ » Thus f o r energies well above 

threshold, ~0,2(1+z)~^, so that attenuation occurs i n a small 

i n t e r v a l of z, and i t i s a good : approximation to assume that a l l the 

proton energy i s l o s t to electrons at the same reds h i f t a.s the protons 

are produced. At lower energies, the s i t u a t i o n i s not so simple, since 

A 2 becomes larger, and more of the energy losses occur at smaller z. 

Since the energy input to protons per logarithmic energy i n t e r v a l i s 

oC E"̂ ^ = E~̂ *̂ , these lo7^er energy protons w i l l be the major c o n t r i ­

butors to energy i n electron pairs. However, whenAz approaches z^ , the 

protons lose a large part of t h e i r energy by re d s h i f t i n g , so that i t does 

not appear as electron pairs. Fig 7-1 shows Az as a function of Ê  

f o r z «= 0 and z = 14, derived from Pig 2-1 and eq . ( 7.l). Fig 7-2 shows 

the same qusmtity as a function of z f o r constant Ê  , as well as the 

value Az = 1+z corresponding to reds h i f t losses. I t can be seen that 

whenever the PC losses predominate over re d s h i f t losses,Az f a l l s rapid­

l y w i t h increasing z,and the change i n z required f o r a proton to lose 

most of i t s energy i s about Sz'*'3 at most. Since t h i s i s small compared 

to , where most of the energy i s injected, i t i s a good enough approx­

imation to assume a l l the proton energy loss by PC to occur at the red-

s h i f t of proton production. 



N 
< 

18 19 20 

Log (Ep/eV) 

F i ^ 7-1 

Proton attenuation lengths expressed i n terras of r e d s h i f t , 

Az 

21 

1 i s 
E dz 

and z =0 and z = 14. 

~^ , f o r the case =» 50 km s ^ Mpc ^ , , 

22 



r—r 
Az=Uz 

OGl I t t \ I \ I I t J ! L_ L 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 U 15 

REDSHIFT Z 

z as a function of z f o r various proton energies, f o r = 50 

km s~^ Mpc"^ » q^ = i". 



-95-

The energy spectrum of electrons from various proton energies i s 
shown i n Figs 5-3 and 5-4. The l a t t e r shows how the energy i s d i s t r i ­
buted, as explained i n Sec.5-5, and since in these curves there i s 
symmetry about the maxima;, the maximum also gives the mean energy of 
electrons (weighted according to energy content rather than niunber of 
electrons). Near the threshold, the mean electron energy i s 5 10^^ eV 
f o r T = 2,7^, as expected, since f o r electrons produced at rest i n the 
proton frame 

E = m /M . E = 10''^eV/2000 - 5 lo""̂  eV (7.2) e e p p 
Since E ..^ (1+z)"^ E^5 1o''V(l+z) eV near threshold. In the p,xn , ® 
approximate treatment of the spectrum, a l l electrons were assumed to 

be produced with E^- 1o''^/(l+z) eV. The j u s t i f i c a t i o n f o r t h i s proc-

ediire i s that since the energy input to protons f a l l s o f f as Ê *̂̂ , 

most of the electrons w i l l be produced by electrons near or rather 

above the threshold energy. 

7-5 Inverse Compton Scattering. 

The mean energy transfer to photons i n ICS on a 2.7^ radiation 

f i e l d i s shown i n Fig 4-5* ^'or otheif temperatures, the value of 

Vjj,g i s given by 

^^ICS =^ICS (^'^/To 'V ("̂ -5) 
For Eg<10^^/(1+z), the approximation ( from eq,4.27) 

= 3.2 10"''5 (Eg/eV) T/T^ (7.4) 

i s applicable. Above t h i s energy, the approximation becomes inacc­

urate, and the computed curve of Fig 4-5 must be used. 

Reference to Fig 4-4 shows that the interaction length f o r 

electrons on the blackbody radiation i s always ^ cĤ '' f o r electrons 

i n the energy range of inte r e s t . The same i s true of the attenuation 

lengthsAjcs* ^^^^ energy end of Fig 4-4, ^ c s " ^ \ c s OH-
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For the low energy end, consider electrons of energy 10^^ eV, producing 
( f o r z = O) gamma-rays of energy about 3 10^ eV, about the lowest energy 
of i n t e r e s t here. I n t h i s case, Vj^g => 3.10 ^ and hence •^jQg = ^ i c s / ̂ ICS 

A/4.10^V3»10~^ ~ lO^^cm , a value s t i l l << cH^ . I t can therefore always 
be safely assumed that ICS i s a 'point process', i . e . , the electron con­
verts a l l i t s energy into gamma-rays at the same time as the electron i s 
created. 

Spectrum generated by ICS from a single electron. 

Since each electron loses e f f e c t i v e l y a l l of i t s energy to gamma-

rays i n a short time, as shown above, i t i s convenient to calculate the 

spectrum of gamma-rays r e s u l t i n g from the conversion of a l l of the elect­

ron energy v i a ICS, This i s easily done provided the energy loss process 

can be treated as continuous ( t h i s i s not val i d f o r Eg > 5 1o''V(1+z)» 

when VT^C.) 0,3 ) , Then by conservation of energy, as the electron loses 

energy dE^ , the gamma-ray spectrum between E^ and Ê + dE^ i s formed 

according to 

= ̂  j(E^) E^dEy 

j ( E j = ̂  I ^ (7.5) 
' 47r dEy 

where E^ = Ê  Vjc3(Eg) , Etjuation (7.5) i s conveniently written 

I n the low energy approximation, w r i t i n g E^ = KE^ ( from eq. 4.27), 

we have 
1(E) = J l l - . C7.7) 
^^V 4tT 2/r 

The photon spectrum produced by an electron spectrum o(Eg) i s . 

j(E.) = ^e) d In E, (7.8) 

^ICS^^e)^^ ^ 
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where E^ = Ê  V^„JE) and j ( > E^) i s the i n t e g r a l form of j ( E ), 
^ e iKjo e e e 

The- function d I n Ê  /d I n E^ i s shown i n Fig 7-5 f o r z = 0, 

approximated by two stra i g h t l i n e s on a log-linear p l o t which were found 

to represent well the values of the derivative obtained from Fig 4-5. 

At other r e d s h i f t s , the curve must be read at energy E-^/(l+z) . 

7.4 Pair-production i n photon-photon collisions.(PP) 

For t h i s process we must distinguish between interactions with the 

blackbody radiation and those with s t a r l i g h t photons. The f i r s t process 

has a threshold f o r gamma-ray energy 1o''V(l+z), siid. the interaction 

length as a function of energy i s shown i n Fig 5-3. Above the threshold 

the i n t e r a c t i o n length i s much less than cH~\ and therefore i t i s a 

good approximation to t r e a t PF on the blackbody radiation as ,a point 

process. The v a r i a t i o n of mean energy transfer Vpp to the higher energy 

electron i s shown i n Fig 5-4 ; near the threshold the energy of the 

gamma-ray i s divided almost equally.between the two electrons. In the 

approximate treatment, t h i s was assumed to be the case f o r a l l gajnma-

ray energies. The j u s t i f i c a t i o n f o r t h i s i s that f o r a steeply f a l l i n g 

gamma . . spectrum, most of the interactions producing a given electron 

energy w i l l occur near threshold. 

The i n t e r a c t i o n lengths f o r PP on s t a r l i g h t are. subject to the 

large uncertainties i n the spectrum of extragalactic s t a r l i g h t . Theor­

e t i c a l and experimental work on t h i s subject has been discussed i n Ch. 6 

and Pig 6-2 showns possible spectra f o r z = 0, The corresponding i n t e r ­

action lengths for.PP f o r the various greybody spectra shown i n Fig 6-2 

to represent the possible s t a r l i g h t spectra, are plotted i n Fig 7-4. 

This was derived from the curve f o r T = 2.7K shown i n Fig 5-3 , There 

i s a large spread i n the possible interaction lengths, and also uncert-
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ainty in the epoch at which the s t a r l i g h t was produced. I f i t was emitted 

at early epochs (z/^15) and haa a spectrum similar to Tinsley's (1973) 
—2 — 

model 1, (corresponding r o u ^ l y to T = 1500K, w = 4.10 eV cm at 

z = O), then the interaction length i s small enough to allow pair-prod­

uction by PP to be treated as a 'point process'. I f , on the other hand, 

s t a r l i g h t production occurs l a t e r , or has an energy density much less 

than the Tinsley model 1, then PP on s t a r l i g h t w i l l only occur on scales 

cH~ '^lO cm. In view of the uncertainties i n the model, two 

treatments, A and B, representing the extreme situations described above, 

were developed. Comparison of the r e s u l t i n g spectra of gamma-rays then 

gives an indi c a t i o n of the s e n s i t i v i t y of the spectrum to the assumptions 

of the model. These two treatments w i l l now be described i n turn. 

7.5 Treatment A. 

The i n t e r a c t i o n length f o r PP on s t a r l i ^ t i s assumed to be small f o r 

a l l gamma-ray energies greater than a minimum, E^ . Below t h i s energy, 

i t i s assumed that no furt h e r interactions of photons occur, and energy 

i s l o s t by r e d s h i f t only. E was taken as re d s h i f t independent, and a 
}•, t n 

value E. = 1o''̂ eV was taken as representative. Fig 7-4 shows that at 
o, "th 

. OP o X 
t h i s energy, App'^10 cm f o r the 6000K (w - 10" - eV cm"-̂ ) s t a r l i ^ t 

27 
f i e l d , and f a l l s to a minimum of about 10 cm at higher energies, so that 
the assiunptions described above do approximately represent t h i s s t a r l i g h t 

"x 28 

model. For lower energy s t a r l i g h t f i e l d s , App ̂  10 cm f o r a l l gamma-

ray energies, so that the approximation w i l l not be v a l i d . 

The procedure used was as follows: 

i ) For each r e d s h i f t , compute the gamma-ray spectioun j^(S ) generated 

at t h i s r e d s h i f t by an electron of energy 1o''^/(1+z) eV by ICS, using 

equation (7,8), 
i i ) The part of ̂ ^(E ) with E^> undergoes PP on s t a r l i g h t . The 
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resulting spectrum i s calculated from 

^el(Ee) = % l ( 2 E e ) 
= 0 

i l l ) The ICS gamma-ray spectrum from j^^ i s obtained using eq.(7.8) : 

j . . . = . j e l O ^ e ) 

Eg< 5 10 eV. 

7 2 
V-.(EjE, 

din E 
din fi! 

(7.10) 

'10^ "e^^/ 

where E^ = V j ^ ( E j E , f o r V * ^ ^ t h ^ I C ^ ^ t h ) (7.11) 

^e=iEj.^th E < ^ ^ / , t h ^ I c ( * ^ / , t h ) 

i v ) steps ( i i ) and ( i i i ) are repeated to obtain j ^ ^ , j ^ ^ etc, u n t i l no 

gamma-rays remain, with E > E . The gamma-ray spectrum formed at z i s 
^, tn 

then the sum j y (Ey ,z) = ^ j ^ ^ ^ (Ej, ,z). 

v) The spectrum AJ/^^ »2) r e s u l t i n g from the re d s h i f t i n g of the 

spectrum foimed at z back to z = 0 i s given by 

Aiy ( E ^ . z) = ( l + z f j ^ E j . ( l + z ) , z ) (7.12) 

f o r each 10^^ eV of energy going i n t o gamma-rays at z, 

v i ) The contributions from a l l z to the gamma-ray spectrum at z = 0 are 

smraned, a f t e r weighting according to a factor giving the amount of 

energy going i n t o electron pairs by PC per u n i t z. This energy, Z\J^z), 
i s proportional to 

(1 ^ z) 
/3 

(l+z)2(l+2q z ) * 

E Ep _ p,th 
1 + z 

dE (7.13) 

1 + z 
—y 

For a power-law spectrum of protons j ( E )oC E ~ 
P P , 

AE(z)cC (1+z)'^''^ (1+z)"^(1+2q^z)"^ 

Putting 3'= 2.5, /3= 4.4 and q^ = gives AE(z)<< (1+z)^*^. The f i n a l 

spectrum at z = 0 therefore has the form 

(7.14) 

/-z 

j ( E ) 

m 
(1+z)^-^AjiEy ,z) dz (7.15) 

rz_ m 
{^+zf'^ dz 
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The spectrum i s f i n a l l y normalized to the t o t a l energy f l u x i n gamma-

rays, which i s determined from the shape of the primary proton spectrum 

as described i n Sec,2-8, 

Results of Treatment A, 

The procedure outlined above i n steps ( i ) - ( i i i ) was followed f o r 

z => 0 and z = 9. The development of the spectra i s shown i n Pigs 7-5 aĴ d 

7-6, Summation over j„ and re d s h i f t i n g to z = 0 as described i n steps 
i,n 

( i v ) and (v) resulted i n the spectra shown i n Fig 7-7. 

The following comments may be made on the features of the spectra 

of Fig 7-7. 

1, Electrons are always produced with E > E^ /2 = 5 lo"*̂  eV, Thus a l l 

electrons produce a spectrum of the form given i n eq ,(7,7) f o r gamma-ray 

energies below 5 10^^ ̂ 103^5 1o''°ey) = 8 10^ eV, This r e s u l t i s indep­

endent of the r e s h i f t of electron production, since the gamma-ray energy 

a f t e r r e d s h i f t i n g to z = 0 i s , using eq ,(7.4) 

E^= 3.2 10"''̂  Ê  ( l+z ) / ( l+z) = 3.2 10"''^£^ (7.16) 

Hence f o r E^< 8 10^ eV, the spectrum i s a summation of curves of the 

form given i n eq , (7 ,7)» i . e . a power law with index -3/2. 

2, The maximum energy i n the contribution from z, A j ( E ^ ,z) , occurs 

at E. . , / ( l + z ) , as a consequence of the assumption that gamma-rays i n t e r -
Cf xn 

act i f E, > E, at z. r 3", t h 

3, I n the intermediate energy range E^^^^/(l+z) -> Ê  > 8 10^ eV, both 

the z = 0 and z = 9 curves are well approximated by a power law of 

exponent -1.93. Since, therefore,the shape of A j i n th i s energy range 

i s i n s e n s i t i v e to z, the spectrum contributed by any z can be estimated 

fromAj(E^ ,z=0). I t was found that A j ( E ^ ,2) was very nearly equal to 



Development of 2r-ray 
spectrum i n Treatment A, 
fo r z = 0. KLectrons injected 
with E = 10''5 eV. The electron 
and photon spectra are labelled 
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As f o r Pig 7-5, f o r the case z = 9. Electrons injected with 

Eg = 10''^ eV. 
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The contributions to the gamma-ray spectrum at z = 0 
r e s u l t i n g from electron interactions at z = 0 and z = 9. 
The spectra are ^lormalized to the ssune energy input at these 
redsh i f t s as explained i n the te x t . 
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the spectrum obtained by redshif t i n g Ajj;Sj^ ,0) from z to 0, by multi­

p l y ing by (l+z)"°'^^ ( t h e factor appropriate to a spectral slope 

-1 .95). 

Summarizing 2) ajid 3) above, we have, f o r E ^ ^ ^ y ( l + z J 

^AJ/E^, 0) (Uz ) - ° - 9 5 

. 0 ^ ^?,th/(1+z) 

and f o r Ê ^̂ .̂ ^ ""̂  
AOj(E^ ,z) = £ij/S^,0) (1+z) 

Hence, from (7.15) 

-0.93 

u 

1 ra 

(Uz)^-^'^ dz 

(7.17) 

(7.18) 

(l+z)^-"^ dz 

where Uz^ = E ^ ^ ^ ^ / E ^ f o r E^ >E^^J{U^J 

\ = \ \ t h ^ Q̂̂ ^̂  

Evaluation of eq.(7.18) gives, f o r z^ = 14.5 (see Chapter 3) 

r 

j(Ey) 
0.11 o(E3>,0) 

1.3 10'4 j ( E y ,0) E 2.47 

f o r E > 6.5 10̂ eV 
^ (7.19) 

,th -1 6.5 10^ > Ê ' 
>8 lO^eV 

For E < 8.10 eV, a spectrum of slope -5/2 can be f i t t e d to match the 
if 

value given by eq.(7.19) at t h i s energy. 

The spectrum was f i n a l l y normalized to the t o t a l energy f l u x deter-
5 -2 -1 -1 

mined from the proton spectrum i n Sec 2-8, w = 1.9 10 eV cm s sr . 

Fig 7-8 shows the r e s u l t i n g spectrum. 

y .6 The Gamma-ray spectrum; Treatment B. 

In t h i s approximation. C l̂̂ s'̂ â sumed that the s t a r l i g h t density 



The o-T3.y spectrum from 
Treatment B, f o r d i f f e r e n t 
values of E . Bie t o t a l ,̂max 
spectrum from treatment A i s 
also shown. 
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density i s low enough that PP interactions of gamma-rays with s t a r l i g h t 

only occur on distance scales of order cĤ '' 5 f o r s i m p l i c i t y , these 

interactions are assumed to occur at z = 0 , and, as i n Treatment A, 

a threshold energy i s estimated below which no PP interactions 

are allov/ed. Unlike Treatment A, a l l the electrons from PC are assumed 

to be injected at z = ẑ ^ ; t h i s i s a good approximation f o r most of the 

gamma-ray spectrum, since the output from sources according to the model 

i s strongly peaked at . On the other hand, the high energy end of the 

gamma-ray spectrum (E >10 eV ) , which originates mainly at low z i n 
0 

Treatment A, i s underestimated i n t h i s treatment. 

The stages i n the calculation are as followss 

( i ) Pair-production by protons on the Blackbody radiation (PC) occurs 

at Zj^ to produce electrons of energy roughly 5 10^^/(1 + ẑ^̂) eV. 

( i i ) These electrons produce a gamma-ray spectrum by ICS with a maximum 

energy ( a t ẑ ^̂) of 1.5 10^^ eY/{^•^•z^) , using Fig 4-5. The form of the 

spectrum i s given by eq . (7.8). The PP interaction length f o r the 

2.7K r a d i a t i o n increases very rapidly below I . 4 1o''V(''+z) eV, so that 

t h i s i n t e r a c t i o n i s e f f e c t i v e l y bypassed i n t h i s treatment. 

( i i i ) The f i r s t generation of gamma-rays does not, according to the 

assiimption stated above, in t e r a c t with the s t a r l i g h t background u n t i l 

z = 0, The gamma-ray spectrum i s therefore redshifted so that i t s max-

mura energy i s 1.5 '\0^^/{^+z^^7 10̂ ''eV. I t i s clear that, taking 

+1, = ''o''̂  o"^y o'̂® cycle of PP (on s t a r l i g h t ) + ICS i s required 
of "th 

to reduce the energy of a l l gamma-rays to less than 

( i v ) The gamma-rays with E^> E^ produce an electron spectrum of the 

form f using eq . (7.7) f o r the gamma-ray spectrum and assuming 

that the PP process on s t a r l i g h t divides the gamma-ray energy equally 

between the electron and positron. The maxira\im energy of t h i s electron 

spectrum i s , using the r e s u l t of ( i i i ) above, E^^^^^ = 7 1o''V2 = 5.5 I0'''' 

eV. The minimum energy electrons, from gamma-rays at the minimum energy 
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Ey f o r PP, have E . = 5 1o"'°eV. jr,th ' e,min 
(v) The electron spectrum formed i n stage ( i v ) interacts by ICS to 

give the observed gamma-ray spectrum at z = 0, The form of the spectrum 

i s rE 
e,max 

j ( E j = AE'5/2 g-3/2 
i ' J E / ® e,l 

(7.20) 

where , using eq.(4.27)f 

E e,l E. 'e,min 

^^,max> ^a-^^e,min 

^<^^,min 

(7.21) 

Introducing E ^ ^ ^ . ^ - KE^^^ 8 10^ eV , E j . ^ ^ = ^^e.r^yT ̂  ' ^^'(7.20) 

gives 

j ( E j = AK* E'J/^ E . 
\4 

E 

d J-tmin 

J'jmax/ 
/ 

1 -
i 

E y^min 
E i',max/ 

f o r Ey >E >E.- . 3r,max y 3,min 
(7.22) 

f o r E <E^ . 

The spectrum must now be normalized to the t o t a l energy f l u x w, determined 

i n Chapter 5. Writing R = ^}^^jf^iY\^^T,max energy fluxes i n the spectra 

of eq .(7.22) are found to be 

-1 = 2AK'- (1 - R * ) ' (7.23) 

"2 = 4-,inax " -

Thus the t o t a l energy i n the spectrum which has been produced v i a the FP 

process i s 

P̂P = + W2 = 2AK* E^^^ (1 - (7.24) 

The f r a c t i o n of the t o t a l energy which undergoes PP i s given by 

IT 
?-,max 

= 1 - 5 3 / E ^ „ 3 , (7.25) 

f o r E i n eV. Since = fw, the spectrum of eq.(7.22) becomes ,̂max r r 
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•W 
2 

E-* 
2r,max 

(1 - R^) 

! l - E, E r7/4 
E (5", max/ 

E>̂  > E > E^ . I*,max ^,min 
(7.26) 

° — ,̂max J,min E ,-5/2 E<E /,min 

v i ) The part of. the spectrum f o r which no PP has- occured must also 
-5/2 

be added. This has a spectrum of the form E^' up to Ê ^̂ ^̂  and 

t o t a l energy w(l - f ) . The normalized spectrum i s then 
j ( V = ̂ ( ^ ) E-5/2 (7.27) 

I n order to evaluate expressions 7.26 and 7.27, values f o r 
,6 

. . and E.. ^,min 3; max Lc-are required. The value E^ ~ 8 IO" eV cal< 

ulated above i s adequate, since the spectrum does not depend c r i t i c a l l y 
8 

on t h i s parameter. However, the shape of the spectrum near 10 eV 
i s sensitive to E. , and there i s no simple way of determining the 

0, max 
best value f o r t h i s parameter apart from the rough estimate i n (v) 

above (eq . 7 .20) . I t w i l l i n any case depend on the uncertain density 

of s t a r l i g h t photons. Therefore Ey was taken as a free parameter 
8 8 9 

and the spectrum calculated f o r Ey = 10 , 5 10 an<3 10 eV, to 
v,max 

determine the e f f e c t of v a r i a t i o n around the value estimated i n ( v ) . 

The r e s u l t i n g spectra are shown i n Pig 7-8. Since, as mentioned at 

the beginning of t h i s Section, t h i s treatment underestimates the high 

energy end of the spectrum, the shape predicted near Ey i s not 
,̂max 

of significance. 

7.7 Discussion and comparison with observations. 

The experimental data on the gamma-ray background are reviewed 

i n Chapter 9. Pig 7-9 shows a comparison between the data and the 

spectra derived here. I t i s apparent that there i s a good p o s s i b i l i t y 

of agreement between the theory and observation, since a l l the 
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approximations lead to spectra which l i e f a i r l y close to the obser­
vational points i n the 1-100 MeV range. 

Probably the most important source of error i n the calculations 

described i n th i s Chapter i s the use of mean values f o r the energy 

tr a n f e r i n PC,PP and ICS processes. Reference to Pigs 5-4,4-5,4-4 and 

5-2 shown that i n each of these processes, the energy i s distributed 

over a wide range ( t y p i c a l l y a factor 10 on each side of the mean). 

As a r e s u l t , more energy v / i l l be distributed i n the h i ^ energy end 

of the spectrum than i s found in the simple treatments. 

To remove the ambiguities, and having shown that approximate 

treatments give a spectrum remarkably close to the observations, 

(especially because the normalization of the spectrum i s derived indep­

endently from the properties of the primary cosmic-ray spectrum), i t 

was decided to refine the calculations to give a truer representation 

of the processes involved. This involves the use of the proper energy 

d i s t r i b u t i o n functions calculated i n the pre\'-ious Chapters, and a more 

rigorous approach to the development of the spectrum as a function of z. 

These calculations are described i n Chapter 8, 
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Chapter 8 Numerical approach to the Gamma-ray spectrum on the 
H i l l a s model. 

8.1 Introduction. 

I n the approximate treatments of the gamma-ray spectrum described 

i n the previous Chapter, i t was necessary to make many sim p l i f y i n g 

assumptions about the processesinvolved i n order to render the problem 

tractable. Thus, the i n i t i a l production of electrons by the PC process 

was taken to give electrons of \mique energy at any red s h i f t , and the 

ICS spectra were derived using the mean values f o r energy transfer. 

Pair-production i n photon-photon c o l l i s i o n s (PP process) was treated 

by d i v i d i n g the gamma-ray energy equally between the two electrons. 

The main d i f f i c u l t y was i n the interactions between gamma-rays and the 

s t a r l i g h t background; i t was necessary to assume that some could 

be chosen so that gamma-rays in t e r a c t only f o r 2y>E^ , and to con­

sider t h i s process as occuring either at the reds h i f t of electron prod­

uction, or a l t e r n a t i v e l y , at z = 0. No attempt was made to include the 

ef f e c t of a cosmologically varying s t a r l i g h t spectrum, although from the 

discussion of Chapter 6, a r e a l i s t i c model involves such a varia t i o n . 

The calciilations described i n t h i s Chapter are an attempt to 

fo l l o w the development of the gamma-ray spectrum e x p l i c i t l y ; f a r as 

possible approximations have been avoided i n order to derive a r e l i a b l e 

r e s u l t . 

8.2 Outline description of techniques. 

The basis of the method i s the di v i s i o n of the i n t e r v a l of red-
s h i f t z = 0 - z int o a number of sub-intervals Sz, over which the 

m 
blackbody temperature T and the s t a r l i g h t density are nearly constant. 
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F i g 8-1. Summary of Development of ^-ray spectrum from z to -Z^-Az 
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The change i n the gamma-ray spectrum over Sa i s computed as indicated i n 

Pig 8-1, which summarizes the description which now follows. 

At the s t a r t of each new a i n t e r v a l (z-) z - Sz), the spectrum of 

protons at the s t a r t of the i n t e r v a l i s taken to be the siun of the newly 

produced protons from sources over z, and the protons remaining from 

the previous i n t e r v a l . The electron spectrum from the PC process over 

Sz i s computed, together with the proton spectrum remaining at the end , 

i.e. at z - Sz • The approximation made here i s the replacement of a 

continuous i n j e c t i o n of protons over Sz by i n j e c t i o n at the s t a r t of 

the i n t e r v a l . The error introduced by t h i s procedure i s small provided 

T i s nearly constant over the i n t e r v a l . 

The gamma-ray spectrum from the ICS of these f i r s t generation 

electrons i s computed, and added to the gamma-ray spectrum carried over 

• from the previous i n t e r v a l . This i s a 'point process' as discussed i n 

Chapter 7» so that t h i s spectrum, which w i l l be denoted j^(E ^ ^ z ) , i s 

e f f e c t i v e l y formed at.z . The propagation of j^ to z - ̂ z i s now f o l l ­

owed. 

The effect of the PP process on j^ i s calculated as follows. F i r s t , 

the part of the spectrum which does not interact by t h i s process within 

Sz i s subtracted from j ^ . Paiote t h i s non-interacting component by 

Sj^(E^ , z ) . Then 

Sj^(E ,z) = j^(E ,z) exp - dx (8.1) 

where ^-p-p i s the PP interaction length on the blackbody and s t a r l i g h t 

background. The gamma-ray spectrum at z-Sz , j^(E, ,z-Sz) i s incremented 

by S j ^ . Tiie remaining part of the spectrum i s denoted j ^ ( = j ^ - ? j^) . 

The PP electron spectrum from j ^ i s then derived, and the ICS gamma-ray 
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apectrum from these electrons, ̂ 2^^i »'̂ ) ' obtained. The result 

of subsequent PP - ICS cycles i s then determined by a repeat of 

the procedures above, to obtain j j ( E j , z ) etc. After several of these 

cycles, most of the energy i s tramsferred to the new r e d s h i f t , i . e . , 

5^{E^ ,z) <̂  ^'^i^'^y ' ̂  • " ^ ^ ) * '̂̂ en t h i s condition i s met, the prop­

agation of the spectrum to z - Sz i s regarded as complete. The whole 

procedure can now be repeated f o r the next z i n t e r v a l . The f i n a l spect-

i s obtained when z = 0 i s reached. 

6.3 Details of computational techniques. 

The calculations were carried out on a computer, so that a s u i t ­

able method f o r representing the various spectra was required. The 

energy range of i n t e r e s t (10^ - lo'''̂  eV) was divided up into n bins 

of range - , such that there were between 5 .20 bins per 

decade of energy. The spectrum i s represented by n quantities Unprop­

o r t i o n a l to the t o t a l f l u x of p a r t i c l e s w i t h i n the k'th bin. A conv­

ention of decreasing energy with increasing k was found to be convenient 

so that p a r t i c l e s move to bins of increasing k as the spectra develop. 

For the pxirpose of calculation, the pa r t i c l e s were asstuned to be \mi-

forraly d i s t r i b u t e d w i t h i n the energy bins. The spectra can then be 

developed by operating on the 1^^ with matrices appropriate to the 

various processes. The d e t a i l s of t h i s procedure w i l l now be described. 

( i ) ICS process. -

The electron and gamma-ray spectra are represented as described 

above by the vectors and respectively. Ifatrices K̂ ^̂  and 

are defined such that 



- n o ­

where said ^"S^ are the increments to N^ and N^ consequent 

on the removal of a l l the electrons from the k'th bin by ICS. Hence, 

by definition, M^^^ = 0, 

The d e f i n i t i o n of the m3,trices given above i s convenient i n that 

i t allows the complete conversion of an electron spectrum into a 

gamma-ray spectrum i n approximately -̂ n̂ steps of the form: 

f o r a l l k from 1 to n : 

( i ) f o r 1> k, replace by N^ + A N ^ . 

( i i ) f o r i:$>k, replace by N^ + A N ^ « 

( i i i ) set Ng » 0. 

The calculation of the matrix elements w i l l now be described. F i r s t 

the quantities Q^pp calculated from 

Q k l 

;+1 

Pj(,(E ,Eg) dEgdEj. (8.5) 

Qjjp i s the p r o b a b i l i t y f o r an electron i n the k'th bin producing 

a gamma-ray i n the I ' t h bin i n one I C S i n t e r a c t i o n . I'JQ(E^ ,E^) i s 

the d i f f e r e n t i a l p r o b a b i l i t y spectrum- f o r gamma-rays from one electron 

of energy E^ , given by 

^^e 
(8.4) 

where ĝ .™ i s the d i f f e r e n t i a l reaction rate f o r ICS defined i n Chapter 

4. 

Si m i l a r l y , f o r the electron d i s t r i b u t i o n from one ICS inter a c t i o n , 
k l we calculate Q.JQ-Q from 

.kl Q: ICE 

•E. 

+1 
^IC^^e '^e) "̂ ê '̂ '̂e ^^-^a) 

E4=%+1 . 
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,kk kk 

The quantity Q,--, i s the p r o b a b i l i t y of an electron remaining i n the 

same bin a f t e r ICS, and cam be used to obtain I^l^g and J^Jp • Pi^3v-

ided we can ignore the r e d i s t r i b u t i o n of electrons w i t h i n the k'th bin, 
the effect of repeated ICS interactions i s to reduce the contents of t h i s kk Jc kk N bin by the factor Q̂ ĝ each t i n e . Since Ng(1 - Q̂ ĝ ) electrons leaving 

k k l 

bin k produce Ng gamma-rays i n the I ' t h energy bi n , i t follows 

that 
-^1 _ . k l 
^CE = %CE / kk 1 
, k i ^ k i . . (^•5) 
T̂:CP " % c p , 

14 

This method was used f o r ICS from electrons with energies above 1.5 10 eV 
kk 

f o r v/hich QJQ^ i s not too near 1, so that eq.(8.5) gives a re l i a b l e 
r e s u l t . For lower electron energies, where the energy loss on each 

kk 

i n t e r a c t i o n i s small and QJQ£^1» a s l i g h t l y d i f f e r e n t procedure i s used. 

The electron energy loss i s assumed to be continuous, and instead of 

computing the new electron d i s t r i b u t i o n whai a l l electrons are removed 

from the k'th bin i n a d e f i n i t e ntimber of ICS interactions, the electrons 

are redistributed uniformly i n the ( k + l ) ' t h bin. Ihe number of inte r a c t ­

ions i s therefore not defin ed, but the t o t a l energy transfer to gamma-

rays i s known, and i s equal to 4 ( 5 ^ - \+2^* electron. The quantity 

k l 
Q.j(Tp i s defined as before. \̂'e then have 

4 c E = ° 

^ICE ^ 
l ^ J g = 0 1 > k+1 (8.6) 4 J p = ^fcP • - ̂ +2> /^trans 

^^^^^ ^trans = S ^ J p + ^+1^/^ i s the energy transfer to 

gamma-rays i n one ICS int e r a c t i o n . 

This method i s only suitable when the mean f r a c t i o n a l energy loss 

of an electron i n one c o l l i s i o n ' i s small, and the changeover between 
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the two methods i s made when th i s f r a c t i o n a l energy loss i s about 0.2. 
At t h i s energy, provided the bin-width i s small enough, both methods are 
suitable. 

( i i ) Photon-photon interactions (PF process). 

"HTiis process i s easier to treat than ICS, since only one interaction 

per gamma-ray converts the spectiTim t o t a l l y into electrons. The relations 

used are (of.Sec 8-2) 

^ " ^PP'" (8.7) 
A » f - « < g N l ( 1 - e x p ( - | l | | ) ) 

where/YN^ i s "the increment to the gamma-ray spectrum at z-Sz from 
c k l 

gamma-rays not interacting within o z, AN^ i s the increment to the I ' t h 

bin of the electron spectrum from those gamma-rays which do interact 

w i t h i n fz, i s the pr o b a b i l i t y of an electron being produced in 

bin 1 from a gamma-ray i n bin k, given that the interaction does occur. 

'X pp i s the PP interaction length at the mean energy of the k'th bin. 

( i i i ) Redshift energy losses. 

These losses occur continuously throughout the various stages of 

the cascade development, and are independent of whether the energy i s 

i n electrons or photons. The method used here f o r representing the 

energy spectra allows a simple procedure to include the effect of red-

s h i f t i n g ; the siergies Ej^ defining the bins are allowed to vary with z 

according to = \ { ' ^ ) ( l + z ) ' I n t h i s way a l l particles are red-

shif t e d by the correct amount, as the spectrum develops, 

( i v ) The proton spectrum and the PC process. 
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Fig 8-2 Summary of Development of Electron I n j e c t i o n Spectrum. 

7.-7,. 

ADD 
Proton input from 
sources i n (z^ ,z^) 

N;(Z) « ^ P > lesser of 

Choose such that. ̂ 2 > 
and \(£^2)< 2'X^(Ep^1) 

Increment N'^(z-Jz) by 
where 

P P " P P 

p dz p 

P V 

Compute electron 
i n j e c t i o n spectrum in 
(z , z- 6 z) ADD 

Total 
electron 
injection 
in (z^ .z^) 

z-^ z - S z 

z < ẑ  
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The proton spectrum was followed e x p l i c i t l y as a function of red-

s h i f t , so that the electron spectrum injected i n each redshift i n t e r v a l 

could be calculated. The large v a r i a t i o n i n the rate of energy loss by 

the PC process necessitates the f u r t h e r division of Sz into smaller 

i n t e r v a l s appropriate to the d i f f e r e n t energy ranges. 

The proton energy range of in t e r e s t (10 - 10 eV) was divided 

logarithmically into ra bins such that the k'th bin spanned the range 

and contained N protons. (As before, the convention of P P P ^ ^ 
increasing k with decreasing energy was adopted). A flowchart f o r the 

method adopted to develop the proton spectrum from some ẑ  to = 

ẑ  - ^z i s given i n Pig 8-2. 

The source-generated protons f o r the i n t e r v a l (z^ ,2^) are assumed 

to be injected at ẑ  ,as explained i n Sec 6-2. The injected proton 

spectrum i s added to that remaining from the previous z i n t e r v a l . The 

r e s u l t i n g proton spectrum i s then followed through the series of sub­

divisions ^'z , chosen according to 

(^^)dz/d: 
g'z = greater of . P (8.8) 

(. z - z« 

where Ê"* i s the highest proton energy present i n the spectrum i n s i g ­

n i f i c a n t amount. A second energy i s also chosen such that s'^^is the 
P P 

lowest energy f o r which 

(.^^) < 2\ (E^^) (8.9) 
PC P PC P 

The proton spectrum i s now developed through successive intervals ̂ 'z 

u n t i l the bins between Ef̂"* and have been depleted ( i . e . contain 

a n e g l i g i b l e f r a c t i o n of the pa r t i c l e s they contained at z^). The devel­

opment through 5•z i s carried out by calculating the energy loss f o r 

protons at the mean energy of the b i n , and t r a n f e r r i n g the contents o f 
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each bin to the new bin appropriate a f t e r the energy loss. Thus 
N^(z - S'z) i s incremented by » where 

^ = + ^'^^ )/2 (8 .10) p ^ P P 

When the bins k l -» k2 are depleted, a new z i s chosen appropriate 

to the highest energy now present, and the process i s repeated i i n t i l 

i s reached. The energy loss term dE/dz here includes re d s h i f t , 

PC and photomeson energy losses. 

At each step ^'z, the injected electron spectrum /̂ N'̂  i s also 

calculated from 

"here . ^ J ^ - f^^f^^ . ̂  ' Â ê (6.12) 

^PCS related to the reaction rate gp^ defined i n Chapter 5 by 

^PCE = %C • ^^'^^^ 

The procedure described above was designed to give a reasonably 

accurate r e s u l t f o r the electron i n j e c t i o n spectmm without involving 

long computation times. The method does not produce an accurate f i n a l 

proton spectrum, because the errors i n each step are cmxilative; however 

t h i s i s not important f o r the electron spectrum since most of the energy 

injected i n t o electrons from a given proton occurs while the proton 

energy i s comparable to i t s i n i t i a l energy. Accurate methods f o r 

calculating the proton spectrum were described i n Chapter 2. 
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8-4 The Gamma-ray spectrum i results of computations. 

The gamma-ray spectrum was computed using the techniques described 

above f o r the following model parameters: 

(a) a greybody s t a r l i g h t spectrum with T̂  = I5OG K and energy density 
s 

-2 -3 

Wg = 4 10 eV cm at z = 0, and undergoing redshift back to z^ ; also 

a UV spectrum with T ^ = 3 10'^ K and energy 2 10~^ eV cm~^, assumed not 

to vary with z. As discussed i n Chapter 6, the former spectrum gives a 

reasonably good representation of the Tinsley model 1 spectrum shown i n 

Pig 6-1, and the l a t t e r the unredshifted contribution from young s t e l l a r 

populations at small z. The cosmological parameters were taken as f o r the 

•standard model' of Chapter 2, i . e . , HQ = 50 km s""* Mpc""* and = -|. 

(b) As f o r ( a ) , but with q^ = .02. 
-2 —5 ( 0 ) A greybody s t a r l i g h t spectrum with T = 6OOOK and w = 10 eV cm , s s 

The s t a r l i g h t v;as assumed not to vary with epoch. As before, K^=50,q^=t. 
(d) As f o r ( c ) , but with w = lO"'' eV cm"^ 

s 

Pigs 8-3 to 8-6 i l l u s t r a t e the development of the gamma-ray spectrum 

i n the four cases. The spectrum f o r each z i s shown as i t i s at the end 

of a r e d s h i f t i n t e r v a l Sz, before i n j e c t i o n of further electrons by the 

PC process. The spectra are shown i n the form S-̂  J(Sp i n order to i n d i ­

cate the energy d i s t r i b u t i o n . Pig 8-7 compares the f i n a l spectra obtained 

f o r each case, normalized to the t o t a l energy f l u x calculated i n Ch. 2. 

The norm.alized spectra from cases (a) and (b) are almost i d e n t i c a l , 

showing that the value f o r q^ used has very l i t t l e effect on the spectrum, 

wi t h i n the range .02 - ,5 . The pr i n c i p a l difference between the cases 
9 10 

(a),(b) and (c),(d) i s i n the energy remaining in the lO'̂  - 10 eV 

range; i n the former cases, most of the energy i s tranferred to gamma-rays 

below 10*^ eV, while the l a t t e r models have a spectrum which does not 
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cut o f f before lo"*^ eV, and consequently lower fluxes i n the range below 
7 

10 eV. The difference i s a r e s u l t of the high temperature s t a r l i g h t 

f i e l d s which occur f o r large z i n models (a) and ( b ) , and the effect of 

these i s shown i n Fig38-3 and 8-4 as a sharp cutoff i n the spectrum 

above 1o''° eV f o r z- z^ , followed by r e d s h i f t i n g o f f the cutoff to 

about lO'̂  eV. Case(c), with the lower s t a r l i g h t density, cuts o f f at 

a s l i g h t l y higher energy ('̂  4 10"*̂  eV) than ( d ) . 

The models described above would appear to represent extremes i n 

what i s reasonable to assume about the s t a r l i g h t spectrum during d i f f -

emet epochs. Case(a), corresponding to the galaxy evolution models of 

Tinsley (I975)t i s perhaps the most plausible of the models. Here, 

interactions with s t a r l i g h t occur on scales small-compared to the Hubble 

distance. Cases (c) and (d) i l l u s t i * a t e the resu l t of a s t a r l i g h t spectrum 

of lower temperature which does not vary with epoch. 

Comparison with approximate treatments of cascade. 

Pig 8-8 compares the spectra obtained in t h i s Chapter with the 

approximate solutions of Chapter 7. The curve f o r treatment A i s a 

f a i r l y good approximation to the constant high density s t a r l i g h t case 

of curve ( d ) . This i s as would be expected since treatment A assumes a 

high enough s t a r l i g h t density f o r PP on s t a r l i g h t to be a 'point' process, 

and uses parameters appropriate to a 6000 K greybody spectrum l i k e 

that assumed f o r curve ( d ) . The nearest equivalent i n the approximate 

solutions to the low density s t a r l i g h t case of curve (c) i s treatment B. 

As remarked i n Chapter 7» the sharp dip predicted i n this treatment above 

the energy E i s u n r e a l i s t i c owing to the energy spread i n the PP 

and ICS processes, which was ignored i n t h i s method, Tne curve with 

Ev. = 1 0 eV comes nearest to curve (c) at least i n the low energy J, max 
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Q 
range, and the curves are within a factor of 2 up to 4 10 eV. 

The approximate treatments do not attempt to include the effects 

of varying the s t a r l i g h t density with epoch; hence none of the 

approximate solutions can be compared with curves (a) and ( b ) , i n 

which s t a r l i g h t i s assumed to increase with z i n energy and density. 

8.6 Discussion. 

The numerical treatment of the gamma-ray spectrum described i n 

t h i s Chapter i s found to confirm the general features of the spectrum 
7 

given by the approximations of Chapter In the energy range 1 0 -
8 8 1 0 eV, a l l the models (except treatment B with = 10 eV) 

/f, max 
give s i m i l a r spectra, so that t h i s energy range provides a good test of 

the model independent of the details of a p a r t i c u l a r version. Data 
8 7 above 1 0 eV are not at present available. Below 10 eV, models (c) 

and (d) predict a slope -1.5» whereas models (a) and (b) give a slope 

nearer -2 and consequently much higher fluxes i n the range below 1 MeV. 

This part of the spectrum i s therefore dependent on the model de t a i l s , 

and not so well suited f o r a general test of the model. 
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Chapter 9. Review of Observational data on the Gamma-ray Background 

and comparison with the models. 

9.1 Introduction 

The f i r s t d e f i n i t e evidence f o r the existence of a cosmic background 

of gamma-rays came from the Ranger I I I and V moon-probes (Arnold et al.» 

1962), which carried s c i n t i l l a t i o n counters designed to detect gamma-rays 

near 1 MeV. Upper l i m i t s to the f l u x i n the 100 MeV region were also 

obtained at t h i s time by the Explorer Xl s a t e l l i t e (Kraushaar and Clark, 

1962); but the low fluxes at these energies prevented the i d e n t i f i c a t i o n 

of a d e f i n i t e cosmic f l u x t t n t i l the development of the gamma-ray telescope 

on the OSO-III s a t e l l i t e (Clark et al , , 1 9 6 8 ) and l a t e r the SAS-II exper­

iment ( F i c h t e l e t a l , , 1974), 

A large n\imber of experiments, from balloons, s a t e l l i t e s and other 

spacecraft, have been carried out to determine the form of the gamma-

ray background spectrum. In the following sections, a short account of 

the techniques involved i n gamma-ray astronomy i s given, followed by a 

description and discussion of the problems peculiar to the experiments 

from which data has been taken. The sections are divided according to 

whether experiments are from balloon or spacecraft, and have energy 

ranges above of below about 30 MeV. A short account of the X-ray region 

i s also included. 

9.2 Gamma-ray astronomy techniques 

Gamma-rays are detected v i a the electrons produced i n interactions with 

matter, by the photoelectric e f f e c t , Compton effect or pair-production. In 

the 1-10 KeV range, the Compton effect dominates, while pair-production 

becomes the most important above t h i s energy. The electrons are detected 
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by s c i n t i l l a t i o n counters ( consisting of fluorescent translucent 
material viewed by photomultipliers) , Cerenkov counters, spark chambers, 
and most recently, solid-state detectors. In balloon experiments, the 
use of nuclear emulsions i s also possible, as i n the NRL detector (Share 
et a l . 1974). A large-Z material, e.g. lead or tungsten, i s normally 
used f o r the conversion of the gamma-ray to electrons. 

The most frequently used detector i n both balloon and space exper­

iments has been the Thallium-doped Nal s c i n t i l l a t o r , which gives an 

energy-loss spectrum from a pulse-height analysis of photomultiplier 

signals. The main disadvantage i s the lack of d i r e c t i o n a l i t y , since 

collimation of gamma-rays i s d i f f i c u l t owing to the problem of absorbing 

the shower produced i n the shielding material. Much better angular res­

o l u t i o n can be obtained by the use of the double-Compton telescope 

(Schonfelder et a l , 1975) i n which two widely spaced s c i n t i l l a t o r s are 

used to define a small s o l i d angle f o r the Compton-produced electrons. 

However, the used of t h i s technique severely l i m i t s the quality of the 

s t a t i s t i c s which can be obtained. 

I n the energy range above lOKeV, spark-chambers give good angular 

resolution ( better than 5 ° ) and a more certain i d e n t i f i c a t i o n of gamma-

ray events, since a 'picture' of the event i s produced. The energy i s 

deteimined from a study of the Compton interactions of the electrons i n 

the cJ^amber. 

Further discussion of the techniques mentioned above w i l l be 

found i n the sections on the p a r t i c u l a r experiments below. 
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9,3 Gamma-ray ex-periments from balloon altit u d e s . 

9.3,1 General 

Experiments designed to determine the diffuse gamma-ray spectrum 

using balloon-borne detectors have been developed f o r a variety of tech­

niques. The most important problem common to a l l i s the large atmospheric 

gamma-ray albedo present i n the electron-photon cascades i n i t i a t e d by 

primary cosmic-ray p a r t i c l e s . Discrimination against charged particles i s 

generally by means of a p l a s t i c - s c i n t i l l a t o r anticoincidence shield surr­

ounding the detector. However, gamma-ray events may be simulated i n various 

ways by charged p a r t i c l e s , depending on the type of detector in use (see 

discussion of induvidual experiments). 

The usual method f o r removing the atmospheric background i s to extra­

polate the gamma-ray i n t e n s i t y versus atmospheric depth curve back to zero 

depth, either assuming t h i s to be l i n e a r on a log-log scale, or using a 
- ^ t -2 

function of the form At + Be ( t = atmospheric depth i n gm cm ) , which 

i s appropriate when large depths are included and absorption of the primary 

gamma-rays i s s i g n i f i c a n t . 

The i n t e r p r e t a t i o n of the f l a t t e n i n g of the intensity-depth curve (the 

'growth' curve) at small, depths may be inva l i d f o r energies below a few 

MeV. Calculations by Banjo (1972) on the expected growth curve, taking into 

account photoelectric e f f e c t , Compton effect and pair-production i n the a t ­

mosphere show that at small depths there i s a buildup of contributions from 

upward-moving photons generated at larger depths, and t h i s leads to a 

f l a t t e n i n g of the curve. Of course, t h i s w i l l only apply to detectors incap­

able of discriminating against upward-moving photons, i , e , those xising 

s c i n t i l l a t o r s only. The results of Bamle et a l . (1972), using a Nal(Tl) 
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s c i n t i l l a t o r , and Vedrenne e t a l . ( l 9 7 l ) using an organic s c i n t i l l a t o r , 
are p o s s i b l y subject t o t h i s e f f e c t . (See discussion by Pal,1972) . I n 
the Vedrenne experiment, the neutron component o f the atmospheric p a r t i c l e 
f l u x was used t o e x t r a p o l a t e the growth curve, on the assumption t h a t 
atmospheric neutrons and gamma-rays develop i n the same way. However the 
d i f f e r e n t modes of propagation of neutrons and gamma-rays may i n v a l i d a t e 
t h i s assumption f o r neutrons measured above a threshold near t h e i r prod­
u c t i o n energy o f . ' - I MeV ( P a l , 1972) . 

The development o f spark-chamber techniques has l e d t o improved 

event i d e n t i f i c a t i o n and angular r e s o l u t i o n , and e s p e c i a l l y the means 

o f a c c e p t i n g only downward-moving gamma-rays a t small angles t o the 

z e n i t h . This reduces the growth-curve e x t r a p o l a t i o n problems mentioned 

above. A gamma-ray i s i d e n t i f i e d w i t h a w e l l - d e f i n e d inverted-V event 

o r i g i n a t i n g i n the converter, and problems can a r i s e i n the d i s c r i m i n ­

a t i o n against simulated inverted-V events due t o charged p a r t i c l e s -

f o r example i n the Share e t a l . experiment (1974)» more than h a l f of the 

events were of t h i s type. 

The double-Corapton telescope used by the Wl group (Schonfelder and 

L i c h t i 1974) i s also capable o f f a i r angular r e s o l u t i o n ( about 20°) and 

also up-down d i s c r i m i n a t i o n from the t i m e - o f - f l i g h t measurement. I t was 

claimed to be immune from locally-produced background, but gamma-rays 

produced by albedo neutrons r e a c t i n g i n the upper detec t o r l a t e r proved 

to be an important c o n t r i b u t o r t o the count r a t e . 

We now t u r n to an i n d i v i d u a l discussion of the major balloon §xperi-

• iments. The main fea t u r e s o f each experiment are siunmarized i n Table 

9 - 1 , t o which reference should be made i n conjunction w i t h each s e c t i o n . 

A l l o b s e r v a t i o n a l r e s u l t s discussed are p l o t t e d i n F i g 9 - 1 . 
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9 » 3 . 2 D e s c r i p t i o n o f b a l l o o n experiments. 
l ) Share e t a l . (1974) 

This i s the only experiment i n c o r p o r a t i n g a nuclear emulsion stack, 

as w e l l as a spark chamber, to help i d e n t i f y gamma-ray. events. The 

emulsion I s also the converter, producing e l e c t r o n p a i r s which can be 

photographed i n the spark-chamber. Events appearing i n photographs as 

downward-moving p a i r s are traced back to t h e i r o r i g i n s i n the emulsion, 

a l l o w i n g good i d e n t i f i c a t i o n and an energy r e s o l u t i o n o f 2%. The 

r a t e o f gamma-ray events was determined between depths o f 55 and 3 gm 

cm , and a l i n e a r e x t r a p o l a t i o n made t o the top of the atmosphere, A 

3.8 o- r e s i d u a l f l u x was found. 

Two Important sources of events which can simulate gamma-rays 

had t o be considered. These r e s u l t from upv;ard-moving e l e c t r o n s which 

are scattered backwards i n the emulsion, producing inverted-V t r a c k s . 

The e l e c t r o n s can come e i t h e r d i r e c t l y from the atmosphere through a 

gap I n the telescope geometry, o r from conversion o f upward-moving 

atmospheric albedo gamma-rays co n v e r t i n g i n the P l e x i g l a s Cerenkov 

counter. The two e f f e c t s account f o r more than h a l f o f the r e s i d u a l 

inverted-V events. 

The presence o f these electron-generated events r e s t r i c t e d the 

r e s u l t s to upper l i m i t s . These l i m i t s , however, a t 20, 50 and 40 KeV, 

f a l l more than a f a c t o r o f 2 below the Apollo - 1 5 r e s u l t s (see l a t e r 

s e c t i o n ) i n the same energy r e g i o n , and may i n d i c a t e the l a t t e r e x p eri­

ment was s e n s i t i v e to charged p a r t i c l e s , A s t r o n g East-West e f f e c t 

( a f a c t o r o f 1,4) was found a t c e i l i n g depth, probably a r e s u l t of 

ch a r g e d - p a r t i c l e Interackons I n the m a t e r i a l o v e r l a y i n g the instmiment. 
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or t o the G a l a c t i c plane, 

2) Mayer-Hasselvfander et a l . (1972); K e r t e r i c h et a l . ( l 9 7 3 ) . 

This experiment used a 13-gap w i r e spark chamber on three f l i g h t s . 

V i s u a l i n s p e c t i o n o f a l l events was performed, o n l y pair-events showing 

two t r a c k s i n at l e a s t two p r o j e c t i o n s being c l a s s i f i e d as gamma-rays. 

E x t r a p o l a t i o n to t h e top o f the atmosphere was made using a f i t to a 

l i n e a r - p l u s - e x p o n e n t i a l -function (see Sec 9 » 3 « 1 ) . The spark chamber 

had not been c a l i b r a t e d by a c c e l e r a t o r when the r e s u l t s were f i r s t 

presented (Kayer-Kasselwander et a l . 1972). C a l i b r a t i o n s were l a t e r 

made, i n c l u d i n g use o f a DESY tagged gamma-ray beam w i t h the chamber 

on a co-ordinate t a b l e a l l o w i n g gamma-rays to i n j e c t e d a t a l l o r i e n t ­

a t i o n s . 

These r e s i i l t s were the f i r s t t o i n d i c a t e a gamma-ray background 

i n the 30-50 MeV range about a f a c t o r 10 above the extrapolated X-ray 

background, which appears to have been confirmed by l a t e r work, i n c l u d i n g 

the Apollo - 1 5 r e s u l t s , 

3) A g r i n i e r et a l . (1973) 

A 1 3-plate spark chamber telescope was flown i n France and B r a z i l 

t o o b t a i n d i f f e r e n t geomagnetic c u t o f f s , as showi i n Table 9 - 1 . Events 

recognizable as downward-moving e l e c t r o n p a i r s were counted v/ithout gamma-

ray d i r e c t i o n r e c o n s t r u c t i o n , g i v i n g an acceptance angle of 2 0 ° . Curves 

o f growth were obtained w i t h a r a t i o of slopes a t the two c u t o f f r i g i d ­

i t i e s agreeing w e l l w i t h the r e s u l t s of Share et a l . ( 1974) , which 

in v o l v e d almost the same c u t o f f r i g i d i t i e s . E x t r a p o l a t i o n to zero depth 

gave a 3.60- excess a t the top of the atmosphere f o r the II.5OV r e s u l t . 

The geometrical f a c t o r f o r an i s o t r o p i c gamma-ray f l u x had to be 
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estiraated u s i n g the computed atmospheric spectrum of Beuerraan( l97l)» since 

the experiment was only c a l i b r a t e d f o r a x i a l incidence. The f i n a l r e s u l t 

was computed assuming a s p e c t r a l shape E f o r the cosmic background. 

I t should be regarded an an upper l i m i t , since the authors give three 

e f f e c t s which lead t o overestimatlon o f the f l u x . These are, an under­

estimate o f the geometrical f a c t o r a t low energies, a po s s i b l e c o n t r i b ­

u t i o n from the Ga l a c t i c d i s c , and possible l o c a l production of gamma-

rays I n the det e c t o r . 

4) Kuo et a l . (1973) , ^ 

The spark chamber used i n t h i s experiment consisted of ah upper 

chamber w i t h t h i n A l p l a t e s f o r t r a c k d e f i n i t i o n , and a lower chamber 

w i t h i n c r e a s i n g l y t h i c k Al p l a t e s f o r energy determination. The main 

background was due to upward-moving e l e c t r o n scattered back i n the 

chamber. The wide opening angle c h a r a c t e r i s t i c o f such simulated p a i r -

events enabled them to be eliminated by accepting only events w i t h an 

opening angle less than 7 6 ° , w i t h no s i g n i f i c a n t e f f e c t on the number of 

r e a l p a i r - e v e n t s . 

Hie gamma-ray f l u x f o r z e n i t h angles l e s s than .60° at 10 MeV and 

depth 3 gni cm was compared w i t h the atmospheric f l u x estimated from 

ot h e r experiments a t the same r i g i d i t y c u t o f f . An e x t r a t e r r e s t r i a l 

component was i n d i c a t e d by the presence of an excess i n each case, 

although the a c t u a l value v a r i e d widely. The f i n a l quoted spectrum was 

obtained u s i n g the mean of a l l the atmospheric f l x i x estimates, g i v i n g 

a value which i s a f a c t o r 2 above the Apollo - 1 5 value a t 10MeV, but 

co n s i s t e n t w i t h i n the quoted e r r o r s . 
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5) Hopper e t a l . ( l 9 7 3 ) 

This experiment was intended t o check the r e s u l t s of the ll P I group 

(l&yer-Hasselwander e t a l . 1972, discussed above), b y . f l y i n g spark 

chambers designed f o r the same energy region a t higher a l t i t u d e and 

highe r c u t o f f r i g i d i t y . The high e r a l t i t u d e reduced the atmospheric 

background by a f a c t o r o f more than 2 over the MPI experiment. Only 

upper l i m i t s were obtained however, the e x t r a p o l a t i o n t o the top of 

the atmosphere being c o n s i s t e n t w i t h zero i n t e r c e p t . The upper l i m i t s 

are s l i g h t l y below the IsIPI, maximum value a t 40 MeV, and consistent 

w i t h the SAS-II r e s u l t a t 100 MeV, although too high too be of much 

i n t e r e s t i n t h i s r e g i o n . 

T^ie f o l l o w i n g experiments were designed t o i n v e s t i g a t e the energy range 

0.1 - 10 KeV 

6) Vedrenne e t a l . (1971) 

The d e t e c t o r was flov/n a t three d i f f e r e n t l a t i t u d e s i n order t o 

estimate the atmospheric background (see Table 9 - 1)• This was necess­

ary because the organic s t i l b e n e d e t e c t o r was almost o m n i d i r e c t i o n a l , and 

no p i c t o r i a l i n f o r m a t i o n was obtained. The main i n t e r a c t i o n process i n 

the d e t e c t o r was t h e Compton e f f e c t : thus both the gamma-ray and neutron 

specctra could be obtained u s i n g pulse-shape d i s c r i m i n a t i o n . The r a t i o of 

gamma-rays t o neutrons was fo-und to increase w i t h decreasing geomagnetic 

l a t i t u d e (and hence i n c r e a s i n g c u t o f f r i g i d i t y ) ; t h i s was a t t r i b u t e d t o 

an e x t r a t e r r e s t r i a l gamma-ray component. The form o f the atm.ospheric 

gamma-ray spectrum a t l a t i t u d e 10° N was taken as t h a t from the France 

and USSR f l i g h t s , which both gave E'"* *^'spectra, and the absolute norm­

a l i z a t i o n was obtained from the neutron spectrum assuming t h a t neutrons 

and gamma-rays show the same development v/ith depth. This assiomption 

has been challenged by Pal (1972) as mentioned i n Sec 9 . 3 . 1 . 
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The r e s u l t s agree q u i t e w e l l w i t h the Apollo - 1 5 curve below 1.5 JaeV; 

the two p o i n t s below t h i s energy f a l l a f a c t o r o f three below t h i s curve, 

7) Damle et a l . (1972). 

A c o l l l m a t e d N a l ( T l ) s c i n t i l l a t o r measured the growth curve up t o 

6 gm cm depth. A r a d i o a c t i v e source provided i n - f l i g h t c a l i b r a t i o n 

a t 2 .68 MeV. The growth curve extrapolated to the top of the atmos­

phere showed an excess which appeared t o be Independent o f the p o i n t i n g 

o f the telescope towards the G a l a c t i c Center or a t r i g h t angles to the 

G a l a c t i c Plane, This was claimed as evidence f o r an e x t r a g a l a c t l c o r i g i n 

f o r t h e f l u x . No a c t u a l vales were given. 

8) Daniel et a l . (1972). 

This experiment was designed to check the r e s u l t s of the HlS-18 

s a t e l l i t e ( V e t t e e t a l . 1970, see l a t e r d i s c u s s i o n ) , p a r t i c u l a r l y the 

h i g h f l u x values above 1 MeV. The detecto r system was very s i m i l a r to 

t h a t on ERS-18, so t h a t d i r e c t comparison o f energy l o s s spectra was 
- 2 

p o s s i b l e . The t o t a l count r a t e above 1 MeV a t 4.-7 gm cm depth was 

s i g n i f i c a n t l y l e s s than t h a t from -BRS-IS, c o n f i r m i n g the conclusion of 

G o l e n e t s k i i e t a l . (1971) from the Cosmos 135 and 163 experiments (see 

Section on s a t e l l i t e s ) , t h a t the ERS-18 d e t e c t o r was s e r i o u s l y a f f e c t e d 

by n u c l e a r s p a l l a t i o n Induced by cosmic-rays. Since most of the gamma-rays 

a t the depth o f the Daniel et a l . experiment are atmospheric, the upper 

l i m i t t o the cosmic gamma-ray f l u x (obtained . assiiming a power law 

. dependence o f atmospheric f l u x on depth) i s much lov;er than t h i s t o t a l 

count r a t e , and i s a f a c t o r o f 4 below the Apollo - 1 5 values a t 7 MeV. 

The c a l c u l a t i o n s of Banjo (1972) would suggest t h a t even these low values 

a r e overestimated (see Section 9 . 3 . 1 above). However, other experiments 

have not' confirmed t h a t the f l u x above 1 MeV i s as low as claimed here. 
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9) Schonfelder and L i c h t i ( 1974) . 

A double-Compton telescope was used i n t h i s experiment, i n an attempt 

to reduce the background e f f e c t s , i n c l u d i n g l o c a l l y produced r a d i o a c t i v i t y , 

and to g i v e some d i r e c t i o n a l i t y i n the energy range-.l-IOMeV , other 

d e t e c t o r s i n t h i s energy region being mainly o m n i d i r e c t i o n a l . The t o t a l 

energy o f the gamma-ray i s estimated from the energy losses E^ and E^' 

o f the Compton el e c t r o n s produced i n the two det e c t o r s . A time-of-

f l i g h t measurement d i s c r i m i n a t e s against upward-moving gamma-rays. The 

s c a t t e r i n g angle 0 a t the f i r s t Compton i n t e r a c t i o n can be estimated 

from E' and E" , and by r e q u i r i n g t h i s angle t o be l e s s than 30° an 

e f f e c t i v e aperture w i t h f u l l w i d t h a t h a l f maximum o f 20*̂  a t 2.75 MeV 

was obtained. 

The growth curve was determined up t o a depth o f 2.45 gm cm , and 

the gamma-ray excess a t the top o f the atmosphere estimated u s i n g a f i t 

t o a l i n e a r - p l u s - e x p o n e n t i a l f u n c t i o n . The s t a t i s t i c a l e r r o r s i n t h i s 

type o f experiment are q u i t e l a r g e because o f the small number o f events 

f a l l i n g i n the narrow acceptance angle. From the angular d i s t r i b u t i o n 

i n c e l e s t i a l co-ordinates, a t l e a s t f o u r - f i f t h s o f the emission appeared 

to be o f e x t r a g a l a c t i c o r i g i n . 

An a d d i t i o n a l source of background was found to be atmospheric 

albedo neutrons undergoing i n e l a s t i c gamma-ray producing i n t e r a c t i o n s 

w i t h carbon i n the upper d e t e c t o r . I h i s led t o a redu c t i o n i n the derived 

e x t r a t e r r e s t r i a l spectrum by 14% below 3 MeV and by 50% f o r 3-10 HeV. 
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Table 9.1 Balloon observations of the Gamma-Ray Backgro-gnd. 

Ref. Energy Location V e r t i c a ] 
c u t o f f 

C e i l i n g 
depth 2 . Detector 
( g era" ) 

^ng.Res. 

Share et a l . 
(1974) 
NRL 

lOMeV Argentina 
Texas 

11.5 GV 
4.5 

2.5 
5.0 

Snulsion 
+spark chamber 

1°. 

Mayer-Hassel-
wander et a l . 
(1972) 
H e r t e r i c h et 
a l . (1973) 
KPI Iv'Ainich 

30-
50 MeV 

4.5 GV 1.7-
2.2 

Spark chamber 

A g r i n i e r e t 
a l . ( l 9 7 3 ) 
F r a n c e - I t a l y 
- B r a s i l 

20 MeV France 
B r a s i l 
B r a s i l 

5.4 GV 
12. GV 
12. GV 

2.0 
2.3 
5.5 

Spark chamber 20° 
accept­
ance 

Kuo e t a l . 
(1973) 
Case-V/estem 

10 MeV Pa l e s t i n e 
(Texas) 

4.5 GV 3.0 Spark chamber « 

Hopper e t a l . 
(1973) 
Case-Western-
Melboume 

30 MeV Queens­
land 

8.8 GV 1 . Spark chamber 

Vedrenne et 
a l . ( 1 9 7 l ) 
Toulouse 

0 . 7 -
4.5 MeV Guiana 

France 
USSR 

4. 
3.5 
4 . 

Stilbene s c i n t ­
i l l a t o r 

Omni­
d i r e c t ­
i o n a l 

Damle et a l . 
(1972) 
TATA I n s t . 

0.25 
- 4 . 2 
MeV 

Hyd erabad 6. N a l ( T l ) s c i n t i ­
l l a t o r ( c o l l i m -
a t e d ) . 

55° 

Daniel e t a l . 
(1972) 

0 .1 
- 8 . 5 
MeV 

Hyderabad. 4.7 N a l ( T l ) s c i n t i ­
l l a t o r . 

Omni­
d i r e c t ­
i o n a l 

Schonfelder 
and L i c h t i 
(1974) 
1£PI IvTunich 

1.5 
-10 
MeV 

Pa l e s t i n e 
(Texas) 

4.5 GV 2.5 
10. 

Double Compton 
telescope 

20° 

, Tanaka 
(1974) 
Nagoya 

0.1 
-7.5 
MeV 

Eyd erabad 4.3 >Ial(Tl) s c i n t i ­
l l a t o r i n a c t i v e 
s h i e l d . 

2-rr 

1 . 

2. 

3. 

4 . 

5. 

6. 

7. 

8. 

9. 

10 
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9,4 Gamma-ray' Observations from Spacecraft. 
9 . 4 . 1 General, 

The main problem associated w i t h balloon-borne gamma-ray exp e r i ­

ments, the atmospheric background, can only be s a t i s f a c t o r i l y resolved 

by t a k i n g d e t e c t o r s r i g h t out o f the atmosphere, e i t h e r on s a t e l l i t e s 

o r on space-probes. 

I n s a t e l l i t e experiments, close J k r t h o r b i t s ('^ 500 km above the 

Efeirth's surface) are g e n e r a l l y p r e f e r r e d since they avoid the high 

p a r t i c l e f l u x e s associated w i t h the trapped r a d i l a t i o n b e l t s s i t u a t e d a t 

a few Earth r a d i i . As w i t h b a l l o o n work, d i r e c t i o n a l detectors are b e t t e r 

f o r d i s t i n g u i s h i n g the cosmic gamma-ray component; some experiments 

have used o m n i d i r e c t i o n a l detectors which are s e n s i t i v e to background 

from J k r t h albedo gamma-rays (e.g. the Cosmos 135 and I65 experiments, 

G o l e n e t s k i i e t al.,1,971, and Cosmos 4 6 l, Mazets et a l . , 1974). I n t h i s 

case, attempts are made t o use the v a r i a t i o n i n the t e r r e s t r i a l component 

w i t h c u t o f f r i g i d i t y t o s u b t r a c t the•background. 

Contamination by gamma-rays o r i g i n a t i n g i n m a t e r i a l near the det­

e c t o r , and from s p a l l a t i o n products o f cosmic-ray i n t e r a c t i o n s i n the 

d e t e c t o r ( o c c u r i n g around 1 MeV), must be allowed f o r . The l a t t e r i s a 

p a r t i c u l a r cause o f d i f f i c u l t y i n the I n t e r p r e t a t i o n of experiments i n 

which a s c i n t i l l a t o r i s c a r r i e d through the r a d i a t i o n b e l t s (e.g. Vette 

et a l . , the ERS-18 experiment, and Apoll© - 1 5 , Trombka et a l . , 1973). 

I n the f o l l o w i n g s e c t i o n s , the main s a t e l l i t e experiments to date 

are described, and the problems associated w i t h each are discussed. 

The main f e a t u r e s o f each experiment are summarized i n Table 9 -2 . 
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9'4»2 D e s c r i p t i o n o f S a t e l l i t e and Space-probe experiments. 

The f o l l o w i n g experiments operated i n the energy range 0.5 - 30 MeV: 

1) Arnold et a l . . ( l 9 6 2 ) ; Mezger et a l . . ( I964) . 

These p i o n e e r i n g i n v e s t i g a t i o n s on the Ranger I I I and V moon probes 

were the f i r s t t o give d e f i n i t e evidence o f a cosmic gamma-ray f l u x around 

1 MeV. The s c i n t i l l a t o r was mounted on a s i x - f o o t boom to avoid contamin­

a t i o n from gamma-rays from the spacecraft. The instioimental response was 

not unfolded i n the spectrum quoted I n Mezger ( I964) . 

2) V e t t e e t a l . (1970). 

The energy-loss spectrum f o r an o m n i d i r e c t i o n a l N a l ( T l ) d e t e c t o r 

a t energies around 1 MeV was measured. The iRS-18 s a t e l l i t e was i n a 

high o r b i t , and t h e r e f o r e encountered the trapped r a d i a t i o n b e l t s . The 

r e s u l t s show a marked f l a t t e n i n g of the spectrum above 1 MeV, which 

may be the consequence o f the decay o f l o n g - l i v e d ( h a l f - l i f e of order 

days) Isotopes formed as s p a l l a t i o n products o f cosmic-ray i n t e r a c t i o n s 
127 

w i t h I i n the d e t e c t o r . Such events w i l l n ot t r i g g e r the a n t i c o i n ­

cidence system o f the telescope. The problem has been discussed by 

Dyer and M o r f l l l ( l 9 7 1 ) , Pishman (1972,1973) and G o l e n e t s k i i (1971). 

Other experiments u s i n g the same type o f de t e c t o r have overcome t h i s 

problem e i t h e r by op e r a t i n g near the geomagnetic equator where the 

cosralc-ray i n t e n s i t y drops by an order of magnitude (e.g. Cosmos 135 and 

163, G o l e n e t s k i i et a l . (1971) ) , o r by attem p t i n g t o p r e d i c t the induced 

r a d i o a c t i v i t y and s u b t r a c t i n g the gamma-ray l i n e s from the spectrum (e.g. 

the Apollo - 1 5 experiment, Trombka et a l . 1973). 
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3) Trombka et a l . (1973). 

The Apollo - 1 5 and l 6 moon missions c a r r i e d N a l ( T l ) detectors 

very s i m i l a r to those used by the ERS-18 and Ranger I I I and V 

experiments. The instrument was mounted on a boom extendable up to 

7.6m from the s p a c e c r a f t , to a l l o w an assessment o f the spacecraft-

generated background. The observation t h a t the gamma-ray i n t e n s i t y 

v a r i e s by a f a c t o r o f 5 w h i l e the spacecraft s o l i d angle a t the det­

e c t o r v a r i e d by a f a c t o r o f 20 showed t h a t most o f the counts were 

not o f l o c a l o r i g i n when the boom was f u l l y extended. 

Conversion from the energy-loss spectrum t o the photon spectrum 

was made u s i n g a m a t r i x i n v e r s i o n technique v.'ith a measured response 

l i b r a r y f o r the d e t e c t o r . The gamma-ray l i n e s (appearing as d i s c o n t i n ­

u i t i e s i n the spectrum) were removed by r e q u i r i n g a smooth v a r i a t i o n 

o f the spectrum - r e s u l t i n g i n the removal o f about 17% of the counts 

i n the 0 ,6 - 3.5 MeV range, (Of course, any cosmic gamma-ray l i n e s 

are also removed by t h i s technique). The main l i n e s removed were a t 

0.51 MeV ( p o s i t r o n a n n i h i l a t i o n ) , O.63 and O.69 MeV ( proton-induced 

j124 ,126 c r y s t a l ) , 1.47 MeV ( n a t u r a l k'̂ ^ i n the spacecraft) and 

. 2 .6 MeV (Thorium i n the s p a c e c r a f t ) . 

Hhe most d i f f i c u l t c o r r e c t i o n was t h a t f o r the r a d i o a c t i v e s p a l l ­

a t i o n continuum. The method adopted was to s u b t r a c t a spectrum of the 

shape c a l c u l a t e d by Fishman (1972) and Dyer and M o r f i l l (1971)» v a r y i n g 

the n o m i a l i z a t i o n o f the subtracted spectrum u n t i l the remaining spect­

rum was smooth over the 0 .6 - 3,5 MeV range. An experimental determination 

o f the s p a l l a t i o n continuum was also made by f l y i n g an i d e n t i c a l c r y s t a l 

on the Apollo - 1 7 mission, and measuring the gamma-ray i n t e n s i t y i n the 

c r y s t a l f o r a period s t a r t i n g 1-̂  hours a f t e r t h e r recovery o f the space-
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c r a f t . The r e s u l t was consistent w i t h t h a t obtained from Apollo - 1 5 as 
described above v/hen account was taken o f the d i f f e r e n t exposure 
p r o f i l e s f o r Apollo - 1 5 and 17 ( the l a t t e r encountered the r a d i a t i o n 
b e l t s t w i c e before the measurements were s t a r t e d ; a l so the detect o r 
environment was d i f f e r e n t ) . 

The f i n a l spectrum obtained i n d i c a t e s a f l a t t e n i n g over a power-

law e x t r a p o l a t i o n o f the X-ray region above 1 MeV, but only about 

h a l f the e f f e c t claimed by Vette e t a l . (1970). 

4) G o l e n e t s k i i et a l . (1971) 

These experiments on Cosmos 135 and I63 used an om n i d i r e c t i o n a l 

N a l ( T l ) d e t e c t o r and v/ere designed to study the gamma-ray f l u x over 

a wide range o f geomagnetic l a t i t u d e a t close-Earth a l t i t u d e s . As i n 

a l l experiments u s i n g o m n i d i r e c t i o n a l d e t e c t o r s , the remova,l of the 

upward atmospheric gamma-ray f l u x i s the main problem. To reduce the 

e f f e c t o f induced r a d i o a c t i v i t y , the data used were mainly obtained 

between the launch and the f i r s t passage through the South A t l a n t i c 

Anomaly (where trapped p a r t i c l e f l u x e s are h i g h ) . 

The 0.511 MeV posltiX)n a n n i h i l a t i o n l i n e was monitored together 

w i t h the continuum f l u x , and the r a t i o ng 5A0.4-2.5 found to 

be n e a r l y constant w i t h c u t o f f r i g i d i t y (evaluated a t the p r o j e c t i o n 

o f the s a t e l l i t e ' s p o s i t i o n onto the Earth's s u r f a c e ) , confirming 

a common o r i g i n f o r both these gamma-ray components ( i . e . 

the e l e c t r o n - p o s i t r o n cascades from primary cosmic-ray protons). 

Tt> evaluate the cosmic component o f gamma-rays n^ , the atmospheric 
c 

r a t e n was assumed to f o l l o w a power law i n r i g i d i t y R, so t h a t the 

t o t a l r a t e n = n Xi^ H"*̂  . D i f f e r e n t assumed values of o( lead t o c a 
d i f f e r e n t estimates o f n„ ; the best value was deduced by p l o t t i n g 

c 
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the r a t i o n^ c / ( " - " ) against R; f o r ̂  -^, the r a t i o i s independent u, 5 c 

of R, as i t should be, so t h i s value was adopted. I n the geomagnetic 

e q u a t o r i a l r e g i o n , the cosmic c o n t r i b u t i o n to the gamma-ray f l u x was 

less than 23fo. A l l cosmic f l u x e s were given as upper l i m i t s only. 

The l i m i t s found were lower than the ERS-18 r e s u l t s by a f a c t o r 

of about 3 above 1 MeV, and are consistent w i t h a power-law e x t r a p o l ­

a t i o n o f the X-ray spectrum w i t h slope - 2 , 3 to -2 ,5> and do not show 

even the m i l d e r f l a t t e n i n g observed by Apollo - 1 5 . The authors a t t r i -

•bute the h i g l i e r fliuces from the EPiS-18 work to s p a l l a t i o n e f f e c t s ; 

the low cosmic-ray i n t e n s i t y i n the geomagnetic e q u a t o r i a l region 

near the Earth reduces t h i s problem i n the Cosmos experiments, 

5) Mazets et a l (1974) 

I Designed as a development o f the Cosmos experiments described 

above, the Cosmos-46l d e t e c t o r was also flown i n a close Earth o r b i t 

below the r a d i a t i o n b e l t s to avoid contamination o f the c r y s t a l , and 

o n l y the f i r s t few hours o f data were used,to e l i m i n a t e the e f f e c t s 

o f induced r a d i o a c t i v i t y . Results very s i m i l a r t o those from Apollc - 1 5 

were obtained, w i t h a f l a t t e n i n g o f the spectrum above 1 MeV, The 

absolute i n t e n s i t i e s above IMeV v/ere a f a c t o r o f about 1,5 below the 

Apollo - 1 5 r e s u l t s . 

The remaining experiments t o be described are concerned vdth 

the energy range above 30 MeV 

6) Kraushaar and Clark ( I 9 6 2 ) ; Kraushaar et a l , ( I 9 6 5 ) . 

The f i r s t s a t e l l i t e experiment designed to detect a cosmic gamma-
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ray f l u x above lOOMeV, the Explorer X I • s a t e l l i t e used a Csl/Nal 

d e t e c t o r i n a sandwich c o n f i g u r a t i o n f o r energy e s t i m a t i o n . C a l i b r a ­

t i o n was by pion-decay gamma-rays from an MIT synchrotron and a tagged 

photon beam a t Caltech. The technique used f o r the exposure c o r r e c t i o n , 

adopted also i n the l a t e r OSO-III experiments by t h i s group, was to 

generate random a r t i f i c i a l events d u r i n g the ON periods of the detec­

t o r , w i t h a mean I n t e r v a l of 20 sec., f i v e times the t r u e counting r a t e . 

Then the number of a r t i f i c i a l events recorded i n p a r t i c u l a r time i n t e r ­

v a l s measures the exposure w i t h i n these I n t e r v a l s . Although a d e f i n i t e 

cosmic gamma-ray f l u x was not claimed, a u s e f u l upper l i m i t on the 

whole-sky average was obtained, 

7) Kraushaar et a l . (1972)^ 

The Third O r b i t i n g Solar Observatory, OSO-III, which operated f o r 

l 6 months i n I967-8 , c a r r i e d a gamma-ray telescope designed as a succ­

essor to the Explorer X I detec t o r . A very high r e j e c t i o n e f f i c i e n c y 

f o r charged p a r t i c l e s was obtained. C a l i b r a t i o n again used the Caltech 

tagged gamma-ray beam, and an i n - f l i g h t measurement of the t e r r e s t r i a l 

gamma-ray f l u x , on comparison w i t h the Explorer X I r e s u l t s , revealed a 

c a l i b r a t i o n e r r o r which was l a t e r corrected. The response f u n c t i o n of 

the d e t e c t o r was found to be adequately represented by a f u n c t i o n of 

the form a(E ,e) = A f ( E ) e x p ( - ( 9 / l 5 ° ) ^ ) , where Q i s the angle made by the 

gamma-ray w i t h the a x i s of the telescope. However, the n a d i r I n t e n s i t y 

o f atmospheric gamma-rays determined by OSO-III v/as almost a f a c t o r 

o f 2 h i g h e r than the value from a bal l o o n f l i g h t by F i c h t e l et al . ( 1 9 6 9 ) . 

The reason f o r t h i s discrepancy was not apparent. 

The Improved angular r e s o l u t i o n ( about 30°) of t h i s experiment, 

and the whole-sky coverage obtained dui'ing the period of observation. 
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allowed an interpretation i n terms of the Galactic and isotropic com­
ponents to be attempted. In order to separate out the isotropic f l u x , 
the region of the sky away from the Galactic centre ( i n fact with 
30°< 1< 500°) was divided into two areas with |b|<50° and |b |>30°. 
Then using the integrated neutral hydrogen column densities f o r the 
Galaxy (from Daltabuit and Meyer, 1972) together with the exposure 
corrections (derived from a r t i f i c i a l event generation as f o r the Explorer 
XI experiment), the t o t a l gsurana-ray f l u x expected i n the two areas was 
expressed as the weighted mean of Galactic and isotropic components. 
This gave two simultaneous equations which were solved-to give the sep­
arate components, 

A f i n i t e f l u x of isot r o p i c gamm-rays was claimed, being a factor 

10 below the upper l i m i t set by Explorer XI. The OSO-III resu l t rem­

ained the p r i n c i p a l experimental datum fo r energies above 100 MeV u n t i l 

the advent of the SAS-II s a t e l l i t e i n 1972. 

8) Valentine et a l . (1970). 

A scintillator-Cerenkov p a r t i c l e telescope operated by the Univ­

e r s i t y of Rochester was also carried on OSO-III, Interpreted as an iso­

tropic f l u x , the r e s u l t obtained f o r energies above 100 MeV was more 

than a f a c t o r 5 above, the f i n a l OSO-III value. However, t h e i r low ang­

ul a r resolution did not allow the Galactic component to be separated. 

Also, an i n e f f i c i e n c y i n the anticoincidence system complicated the are 

analysis of the r e s u l t s , 

9) F i c h t e l et a l . (1974). 

The second spark-chamber gamma-ray telescope i n space was carried 
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on the s a t e l l i t e SAS-II, which operated f o r eight months during 1972-3* 
(The. f i r s t appears to have been on Cosmos-264, see Galper et al . ( l 9 7 0 ) 
and note below). The magnetic core spark-chamber consisted of an upper 
chamber with I6 modules separated by th i n tungsten plates (05 radiation 
lengths) i n which pair-production occurs with known efficiency, and a 
fur t h e r set of I6 modules below a set of four central p l a s t i c s c i n t i l l ­
ators, which form anticoincidence systems with four directional Cer-
enkov detectors below the lower chamber. A p l a s t i c s c i n t i l l a t o r dome 
surroxmds the whole telescope to give anticoincidence discrimination 
against charged p a r t i c l e s , except those t r a v e l l i n g upivards, f o r which 
discrimination i s made by coating the top of the Cerenkov radiators 
black, thereby absorbing the Cerenkov l i g h t from such particles and 
preventing activation of the coincidence systems. The threshold f o r 
the telescope was 30 MeV, and energies up to 200 MeV could be determined, 
as w e l l as the i n t e g r a l f l u x above 200 MeV", 

Events were examined v i s u a l l y and selected on the basis of a 

set of rales designed to discriminate against non-cosmic gamma-rays. 

The energies were determined using the multiple scattering of the pair 

electrons i n the tungsten plates, using techniques developed by Pinkau 

(1966). Calibration was done using gamma-ray beams at the National 

Bureau of Standards, and at , DESY, Hamburg. 

The gamraa-ray background was determined as the mean f o r s i x 

directions with |b |>30°, only gamma-rays within 25° of the detector 

axis being accepted. These regions were found to have uniform intensity 

w i t h i n the experimental s t a t i s t i c s . The spectrum was found to be steeper 

than determined i n e a r l i e r balloon experiments with a similar detector, 

( F i c h t e l et a l , 1969,1972), having a d i f f e r e n t i a l slope -2.4 ± 0.2. 

-2 
The only non-cosmic backgroimd originates i n the O.I5 g cm of material 
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around the detector, and t h i s i s probably an order of magnitude below 

the cosmic f l u x . The SAS-II results are s l i g h t l y lower than the OSO-III 

values, but agree within the expected errors and- allowing f o r the. fact 

that the OSO-III r e s u l t may contain some Galactic contribution due to 

the lower resolution. The fluxes are consistent with the upper l i m i t s 

from other experiments, but c o n f l i c t with the high 40 MeV f l u x reported 

by Herterich et a l . (1975) (see section on balloon experiments above). 

10) Bratolubova-Tsulukidze et a l . (1969). 

This paper reported results from the s a t e l l i t e s Proton-2 and 

Cosmos-208. Only upper l i m i t s v/ere obtained, including results f o r 

energies above 5OO MeV. The contribution from charged pa r t i c l e s was 

undetermined, 

11) Galper et a l . (1975) ; Volobuev et a l . (1969). 

The f i r s t satellite-borne garama-ray spark chamber was in operation 

i n 1969 on Cosmos-264. The upper l i m i t obtained f o r the diffuse f l u x 

above 100 Mev i s consistent with the SAS-II value, being a factor of 7 

above the f i n i t e f l u x found by Pichtel et a l . (1974). 
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Table 9« 2 S a t e l l i t e observations of the Gamma-Ray Background. 

Ref. ^hergy Spacecraft Detector 
Arnold et a l . 
(1962) 
Mezger et a l . 
(1964) 

0.7-4.4 MeV Ranger 3,5 
moonprobes 

Csl(Tl) s c i n t i l l a t o r 
on 6 foot boom.. 
32 channel PHA 

Vette et a l . 
(1970) 
GSFC 
USCD 

0.25-6 MeV ERS-18 
15,000 -
117,500 km 

Nal(Tl) omnidirectional 
6 channel PIIA. 

Trombka et a l . 
(1973) 
GSFC,USCD, 
JPLjLASRL 

0.3-27 MeV Apollo 15,16 Nal(Tl) omnidirectional 
on boom out to 7.5 ^ from 
Service Module. 
511 channel PHA 

Golenetskii et 
al . ( 1 9 7 l ) 
A.F.Ioffe I n s t 
Leningrad 

0.3-3.7 MeV Cosmos 135 
Cosmos 163 
250-660 km 

Nal(Ti) omnidirectional 
64 channel PHA 

Mazetz et a l . 
(1974) 
A.F.Ioffe Inst 
Leningrad 

28keV-
4.4 MeV 

Cosmos 461 
500 km 

Nal(Tl) omnidirectional 
on boom. Development of 
Cosmos 135,163 detectors 

KraTishaar and 
Clark(l962) 
Kraushaar et a l 
(1965) MIT 

> 100 MeV Explorer XI 
480-1800 km 

Sandwich Csl+Nal converter 
Cerenkov counter 

Kraushaar et a l 
(1972) 
MJT 

. >100 MeV CSO-III Csl converter 
Lucite Cerenkov counter 
Nal(Tl) sandv.'ich energy • 
discriminator 

Valentine et a l 
(1970) 
Rochester N.Y. 

. >100 MeV OSO-III Pb converter 
Lucite-Cerenkov counter 

F i c h t e l et a l . 
(1974) . 
GSFC 

35 MeV 
-200 MeV 

SAS-II 
440-610 km . 

32 gap Sparkchamber 
"Cerenkov counter 

Bratolubova-
Tsuludidze et 
a l . (1970) 
Moscow 

5 0 -
1500 MeV 

PROTON-2 
Cosmos-208 

S c i n t i l l a t i o n counter 
Cerenkov. detector 

Galper et a l . 
(1973) 
Volobuev et a l . 
(1970) 
Moscow 

>100 MeV Cosmos-264 
270 km 

Spark chamber, 4 gap 
Pb converter 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 



-140-

9.5 Revievf of experimental data on the X-ray Background. 

The models described i n the present work are not intended to 

provide an explanation of the X-ray background as well as the gamma-

ray background, but f o r completeness some discussion of the region 

10keV - 1 MeV i s included here. Fig 9-I. includes the results discussed. 

The X-ray background has been the subject of a large number of 

experiments from balloons, rockets and s a t e l l i t e s . The agreement 

between d i f f e r e n t results i n absolute f l u x i s good enough (generally 

w i t h i n 30fo) to be reasonably confident about the general natiire of 

the spectrum i n t h i s range, t h o u ^ arguments continue as to the exact 

spectral shape. 

X-ray experiments are subject to similar problems as f o r gamma-

rays (with the exception of s t a t i s t i c s , which are generally ample 

i n the X-ray region). Detectors are usually Nal(Tl) or Csl(Tl) scin­

t i l l a t o r s . Balloon experiments require the subtraction of large atmos­

pheric fluxes, while s a t e l l i t e s encountering the radiation-belts of 

the Ekrth are contaminated with radioactive isotopes which subsequently 

decay inside the anticoincidence systems and simulate X-rays. Schwartz 

and Giirsky ( l975) have summarized what i s i n t h e i r opinion the, most 

r e l i a b l e data, and t h i s , together with more recent results from CSO-V, 

w i l l be discussed here. 

The experiments selected operated either over d i f f e r e n t geo­

magnetic l a t i t u d e s , or 'osed d i r e c t methods of discriminating against 

electron-induced counts. The balloon experiment of Bleeker and Deeren-

berg (1970) used a Kal(Tl) s c i n t i l l a t o r at geomagnetic latitudes 20°, 

40° and 50° , and investigated the energy range 20 - 220 keV. A shield 
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was used to give some d i r e c t i o n a l i t y , the f u l l width at half maximum 
being 35°« The cosmic-ray induced background was determined by runiiing 
with the telescope aperture closed. A power-law form of the depth-inten­
s i t y curve was used f o r extrapolation to the top of the atmosphere. 

The ASE rocket experiment of Gorenstein et a l (I969) determined 

the cosmic f l u x i n the 1-15 keV range using a proportional counter and 

a methane-filled anticoincidence counter. Rocket experiments have the 

advantage of operating above the atmosphere but below the radiation 

b e l t s , and Schwartz and Gursky (1975) consider that t h i s experiment 

should be uniquely free from charged p a r t i c l e contamination. 

The USCB detector on OSO-III (Schwartz et a l . I97O) used concen­

t r i c c y l i n d r i c a l Nal and Csl counters i n anticoincidence to give a 

resolution of 1 1 . 5 ° . The energy range was 7.7 - 115keV. The geomagnetic 

l a t i t u d e variations were used to eliminate the electron contamination 

events ( about 80 io of the data). Induced r a d i o a c t i v i t y from papsage 

through the South A t l a n t i c Anomaly, i n the form of Nâ '̂  which decays to 

Mg^^ wit h a h a l f - l i f e of 15 hours, was the second largest correction. 

However, results from OSC-V (Dennis et a l , 1975)» using a similar 

detector, suggest that the assumption that Na^^ decay dominates the 

spallation backgroimd may be erroneous, and that several other products 

are of equal importance. This l a t e r experiment has an increase of s t a t ­

i s t i c s of 2 orders of magnitude over OSC-III, and allowed the subtraction 

of a large amount of the non-cosmic background on the basis of short-

term variations. The corrected results agree' well with those of OSO-III, 

but the authors consider t h i s f o r t u i t o u s because of the reservations 

about the OSO-III r a d i o a c t i v i t y corrections mentioned above. The OSC-V 

res u l t s f i t rather well onto a power-law curve of slope -2,08 ± ,2 f o r 

the energy range I4 - 200 keV. 



-142-

9.6 Comparison of models with experimental data. 

I n Chapter 7 i t was shown that simple treatments of the model 

f o r the gamma-ray background discussed therein led to spectra i n 

reasonable agreement with the data, but a more detailed comparison 

was not possible because of the uncertain accuracy of the treatments 

used. Chapter 8 showed how numerical techniques were applied to obtain 

r e l i a b l e predictions from the model, and compared these with the 

previous analytical treatments. Here the data reviewed i n t h i s Chapter 

w i l l be used to assess the v i a b i l i t y of the model. 

Pig 9-2 shows the observations and spectra f o r models (a) and (c) 

of Chapter 8. As pointed out i n Ch. 8, i n the energy range where obser­

vations are available ( i e , below lOOMeV), there i s l i t t l e difference 

between the predictions of models (a) and ( b ) , and between (c) and ( d ) , 

so that only (a) and (c) are shown i n Fig 9-2. The imcertainty i n the 

energy normalization determined i n Ch. 2 from the primary proton spect­

rum means that the predicted spectra can be moved a factor of 2 up or 

down. 

The following points can be noted: 
6 8 

( i ) I n both models shown, the overall sigreement i n the 10 - 10 eV 

range i s good, i n view of the f a c t that the normalization i s derived 

from the primary proton spectrum. 

( i i j Neither model can reproduce the spectrum in the range below 10^ eV, 

and a separate mechanism (e.g. plasma brem^strahlung) must be invoked, 

( l i i ) I n the range 10^ -10^ eV, the model with increasing s t a r l i g h t 

density i n the past, model ( a ) , agrees well with the data, while the 

constant s t a r l i ^ t model (c) f a l l s below the observations i n t h i s range. 

This i s satisfactory since the Tinsley s t a r l i g h t spectrum of model (a) 
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i s almost certainly the more r e a l i s t i c of the two. 
6 7 

( i v j Agreement i n the 10 - 10 eV range i n satisfactory f o r both 

models. The existence of a 'hump' i n t h i s region i s not predicted, 

but as discussed I n the review of observations above, there i s s t i l l 

considerable disagreement as to the size and even the existence of 

such a 'hump' (e.g. Daniel et a l , 1972 f i n d upper l i m i t s i n t h i s 

region considerably lower than the fluxes reported by other experi­

ments). Other theoris of the gamma-ray background which attempt to 

explain the 'hump' have been mentioned i n Sec 1,5. 
7 —2 (v) Above 10 eV, both models predict a spectrum,of the form E 

approximately, while the observations of Pichtel.et a l . (1974) from 

the SAS-II s a t e l l i t e suggest JjT^, and are i n agreement with the OSO-III 

re s u l t at lOOMeV. Since t h i s region of the spectrum i s f a i r l y indep­

endent of the s t a r l i g h t spectrum assiuned (as discussed i n Chapter 8 ) , 

i t provides a c r i t i c a l test f o r the model. I f indeed the spectrum i s 

confirmed to have the steeper slope, t h i s would constitute a disproof 

of the theory i n i t s present form. However, i t would be wise to await 

confirmation of the experimental data i n t h i s region before stating 

categorically that the model i s untenable. There seems to be no way 

i n which the model could be modified to give a steeper slope, since 

very high UV and X-ray backgroimd fluxes would be required to allow 

the necessary "^f-^ interactions to occur, and such backgrounds would 

c o n f l i c t with observational l i m i t s , 

9.7 Conclusions 

The o r i g i n a l motivation f o r studying- the gamma-ray spectrum from 

the H i l l a s model of the CR primary spectrum was to t r y to determine 

whether i t was consistent with the observed fluxes of gamma-rays, and 

thus possibly to disprove the model independent of tests involving 

gamma-rays from UR-gas interactions, which depend on assiunptions 
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about gas density, and i n any case do not apply i f we assume a Hil l a s 
1? 

type o r i g i n only f o r CR energies above say 10 " eV). Ylhen simple 

treatments showed a remarkable s i m i l a r i t y between the predicted 

and observed gaunraa-ray spectra, a more detailed treatment was promp­

ted i n an e f f o r t to obtain a d e f i n i t i v e comparison with observation 

to be made. Using a plausible model f o r the s t a r l i g h t background 
c g 

rad i a t i o n , a rather good overall f i t i n the 10 - 10 eV range was 
obtained, although the theory does not predict the steepening i n the 

7 8 

10 -10 eV observed by the SAS-II experiment. Nevertheless, the 

agreement i n general shape and absolute i n t e n s i t y i s s u f f i c i e n t l y 

remarkable to suggest that the model should be considered a serious 

contender f o r the explanation of the gamma-ray background, and which 

moreover provides a useful Tinification of the gamma-ray and cosmic-

ray primary spectra. 
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