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The scientific potential of y-ray astronomy has long been reeogi~ized 
from a theoretical standpoint by investigators in the fields of cosm~c-ra:+ 
research and high-energy astrophysics. Gamma-ray studies can help 
answer questions concerning the nature and origin of cosmic rays, both 
galactic and extragalactic: the nature of supernovae, pulsars, ar>d power- 
ful radio sources; the extent and importance of antimatter in  tlae universe. 
and the nature of the universe in the distant past. 

The advent of satellite-borne y-ray telescopes bas recently made 
y-ray astronomy a reality. The first observations, as discussed in this 
book, have already provided important information on gcalavtic and 
extragalactic cosmic rays and interstellar gas. These observatsoni; 
may also have great cosmological significance. The second generahion 
of y-ray telescopes is already in the development stage. 

It therefore seems most appropriate at this time for a eompral~ensive 
theoretical monograph to appear on the scene to aid in the planning of  
future y-ray astronomy experiments and in the interpretation of futulre 
experimental results. It should be of value both as a reference and as 
a text. 

J O H N  F. CLARK 
Director, Goddard Space Flight Center 
Greenbelt, Md 





It is a far cry from the early years of cosmic-ray exploratron when i t  
was widely supposed that the primary cosmic radiation consists ~ n a i l ~ l ~  
of y-rays. Today we know that cosmic y-rays are relatively scarce, and 
that the high-energy particles bombarding the Earth from outer space are 
mostly atomic nuclei and electrons. These fast ions have "6forgntten'' 
their original directions of motion, owing to their tortuous piths in the> 
magnetic fields of interstellar space. Unlike the photons oi optical or 
radio astronomy, which travel in essentially straight lines, they provide 
no directional clues to their sources. This explains in part tihe avid search 
for point sources of cosmic y-rays, which must be'genevated as secomd- 
aries of the high-energy charged particles at the sites of orig~sm. 

There is every reason to believe that high-energy y-rays are produced 
not only at cosmic-ray sources but also in the interstellar and  inter- 
galactic media. Study of this diffuse radiation can also provide signifi- 
cant astrophysical information. 

The very low flux of photons with energies exceeding tens t i i  b~eindaedi 
of megaelectron volts, and the high background of charged paltrcles.. 
makes their detection extremely difficult. However, thc rrn?ortante of 

the quest guarantees that the search will go on. 
The author of this timely monograph has made notewortiii. contrrklu- 

tions to the theory of production and interactions of cosmrc y-rays In] 
the present work he has resisted the temptation to treat S ~ P C E ~ ~ C  ~ n o d ~ l s  
of possible point sources of y-rays; such models are as yet highiy specula- 
tive. His central purpose has been to summarize fundameratal processes 
that are likely to play an important role in future resear~41 mn? this 
discipline. 

The specialist in astrophysics and cosmology, the inre]-csteti physic i \ t "  
and the graduate student will all find this monograph very useful 

MAURICE M. SNAPIRO 
Laboratory for C O S I P I ~ C  R u y  P /~Y \ ICS  
Naval Research LnFioicxrorj 

Washington, D.G. 





Gamma-ray astrophysics is one of the newest branches of physical 
science. Although some theoretical work has been produced, particu- 
larly in the past decade, it was not until September 1968 that the actual 
discovery of cosmic y-rays (above 100 MeV) was announced in the 
literature. This momentous discovery, the work of an MIT research 
team headed by Kraushaar, Clark, and Garmire, not only proved the 
existence of cosmic y-rays but also showed that most of those detected 
originated in the plane of our galaxy. 

Although observations have beell attempted by many other experi- 
mental groups, their results, for the most part, have been either negative 
or inconclusive, allowing only the determination of upper limits on the 
diffuse cosmic y-ray flux and the flux from possible point sources. How- 
ever, present detectors should be sensitive enough, according to theo- 
retical estimates, to measure diffuse y-ray fluxes and possibly fluxes 
from a few point sources. Most recently, Vette, Gruber, Matteson, and 
Peterson have obtained measurements of the cosmic y-ray background 
spectrum between 1 and 6 MeV and have found this spectrum to be of 
an unexpected nature which may have great cosmological significance. 

No attempt is made here to list and discuss these observational 
attempts in detail; such listings may be found in recent reviews. Neither 
is it the author's intention to construct crude models for possible point 
sources of cosn~ic y-rays. The emphasis here is on a discussion of the 
basic y-ray production processes themselves. In addition, the discussion 
is confined to the simple cases of the production of diffuse y-radiation 
in the galaxy and metagalaxy, where the fluxes are directly proportional 
to the products of quantities like gas densities and cosmic-ray intensities. 

Finally, no attempt is made here to repeat in detail derivations of the 
classical electromagnetic production processes of bremsstrahlung, 
magnetobremsstral~lung (synchrotron radiation), and Compton colli- 
sions, which are given in many references such as Heitler, Shklovskii, 
and Ginzburg and Syrovatskii. However, the results of these production 
processes are discussed. 

Most of this book is devoted to a detailed discussion of the high-energy 
processes, primarily in the realm of modern particle physics, which 
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lead to the prodrretloir of cosmic y-rays. The physics of these plocesses 
IS tiler1 applied to tlie problems of astlonomy 2nd cosmic-ray physics 
wllich 7-lay astronotlzy is hest suiteti t o  solve. The final sectior-r is devoted 
to what may tu ln  OLII to be the most slgn~hcarrr area of y-ray astronomy; 

i.e., an examinatioil of the cosmological significance of the energy spectla 
of extragalactic y-radiation. 

An appendix by Donald KnifTen contains a discussion of y-ray tele- 
scopes and the latest techniques being developed for the detection of 
cosmic y-rays. 



This book, in large part, is based on research performed during the 
past 4 years at Harvard College Observatory, Smithsonian Astropllysical 
Observatory, and NASA Goddard Space Flight Center. 

Particular thanks are due Giovanni Fazio for his many and invaluable 
contributions. 

T l~anks  go to Henri Mitler, Frank C. Jones, Martin Rees, Richard 
McCray, Reuven Ramaty, Gerald Share, and David Morgan for their 
discussion and critical comments. Thanks, also, go to Joseph Bredekamp 
for programing most of the ilumerical calculations found throughout the 
book. 

I am grateful to John F. Clark for writing the preface, to Maurice 
Shapiro for writing the foreword, and to Donald Kniffen for his help in 
balancing out the book by contributing an appendix on y-ray telescopes 
from the viewpoint of an active experimentalist in the field. I also 
thank George Clark, Giovanni Fazio, Glenn Frye, Kenneth Greisen, 
William Kraushaar, Lawrence Peterson, Maurice Shapiro, Gerald 
Share, and James Vette for contributing information on their y-ray 
telescopes, some of it prior to final independent publication. 

I also wish to thank the Astrophysical Journal, Astrophysics and 
Space Science, the Journal of Geophysical Research, and Nature for 
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the same form in previously published articles of mine in those journals. 
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1-1 INTRODUCTION 

The importance of studying cosmic y-radiation has been recognized 
for some time, and for fundamental reasons. These energetic photons 
are the direct product of interactions which are basic to high-energy 
astrophysics and cosmic-ray physics. Gamma-ray-producing interactions 
involve the basic constituents of the universe: cosmic rays, interstellar 
and intergalactic gas, cosmic radio waves, the universal blackbody 
radiation, starlight, and cosmic magnetic fields. In addition, y-ray 
observations allow us to test for the presence of significant amounts of 
antimatter in the universe. 

Gamma rays suffer negligible absorption in most cases of astrophysical 
interest and they travel in straight lines from their sources. In this they 
differ from cosmic rays which, being charged particles, have their 
motions continually altered by interactions with cosmic magnetic fields. 
Therefore, much can be learned about cosmic-ray sources and inter- 
actions by studying the spatial and energy distribution of the y-rays 
they produce. 

Recent laboratory studies of high-energy interactions utilizing proton 
accelerators have provided us with much information on the nature of 
these interactions up to - 30-GeV energies. This information can be 
supplemented by studies of cosmic-ray interactions at higher energies 
occurring in the atmosphere. The knowledge gained from earthbound 
studies of high-energy interactions may then be applied to astronomical 
problems involving cbsmic-ray and annihilation phenomena. 

1-2 THE DETERMINATION O F  GAMMA-RAY PRODUCTION 
SPECTRA DUE TO COSMIC-RAY INTERACTIONS 

INTERSTELLAR AND INTERGALAC 

interactions, it will be useful to define a source function ~ ( E Y )  such that 



q (E-/)clE-, lepresenis the uund,ei of y idys  Llavillg vnergies in the range 
hetween E-, ailci Er + tJEv ~,lctt-luced pet u r i r t  volurne per unit time, q ( E i )  
call wl l i te l i  a\ rhc plodilct 

where 11 is the density of target nuclei in the rnecliurn considered, u, is 
the collision frequency per target nucleus, and ( 5 )  is the average numbel 
(multiplicity) of y-rays with energy Ey produced per collision. If we define 
an average collisioll cross section (S), then v, is given by 

where I,, is the average directional intensity of cosmic rays (in units of 
cnl-%-' sr-I), and the factor of 4 ~ r  comes from integration over solid 
angle. Equations (1-1) and (1-2) then combine to give 

I n  general, for the production of y-rays, j and S are functions of the 
primary cosmic-ray energy EP,. Therefore, we define 

m(EvlEp,) - j (Epr)s(E~IEpr)  (1-4) 

and write 

~ ( E Y )  = 4~17 +f dEpr (T (Ev IEpr)I(Epr) (1-5) 

Note that, in general, n and I,, and therefore ~ ( E Y )  are functioils of 
spatial location r. 

We can now derive an expression for the directiollal intensity of y-rays 
of energy EY observed at the Earth. The flux reaching the Earth after 
being produced in a differential source volume dV located at a point r is 
given by 

Thus, the directional intensity clly(Ey, r) reduces to 
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and the total specific intensity is, therefore. 

If, i n  addition, we take inro account the  effects of absorption of y-rays 
by the medium, we must include an exponential absorption factor of the 
form exp [- J dr K ( E ~ ,  r ) ]  , where K ( E ~ ,  r) is the absorption of the 
medium per unit pathlength. Thus, the more general form of equation 
(1-8), which takes absorption into account, is 

We will now derive the source function q ( E y ,  r )  for y-ray production. 
By generalizing equation (1-5) to include collisions between various 
nuclides of cosmic rays and interstellar gas, we can express this function 
as 

so that the total y-ray source function is obtained by summing over all 
the possible contributions from collisions between gas nuclei of type j 
and cosmic-ray nuclei of type k.  We must also allow for various distinct 
y-ray production interactions that can take place between two specified 
nuclei, j and k. To do this, we express the cross section ~~k(EY1Ej.k) as a 
sum over the contributions from various secondary particles which can 
be produced in the interaction and can subsequently decay to produce 
y-rays. Denoting these particles as secondary particles of type s,  we 
therefore write 

where (CY, s) is the average number of y-rays produced by the decay of 
a secondary of type s andfy(EulEs) is an energy distribution function, 
normalized so that 

which gives the probability that a y-ray of energy Ey will result from the 
decay of a secondary s having an energy E,s. 



Bur thls hrealtdown 1.: c t ~ l l  ~nsu f i c i en t  Col the iyre~ficatlon of y lay 
plocIuctio~l inte~actlons.  lye endlcate this by c i t ~ n g  t h e  iollowing example. 

In this example we consider an interaction between two protons. We 
have chosen to follow a particular decay chain which results in the 
production of two y-rays and is given by the double arrows. In this decay 
chain, we first produce an intermediate nonstrange isobar, N * + ,  which 
decays in -lo-'% into a lambda hyperon and a positive I<-meson (kaon). 
The kaon, in turn, decays in - 10-8 s into a positive and a neutral 
T-meson (pion). The neutral pion then decays in - 10-16 s ,  yielding two 
y-rays. At each stage in the chain, there are branches into other possible 
decay modes which occur with specified probabilities (branching ratios). 
For example, the isobar could have decayed into a proton and a neutral 
pion and this alternate decay mode would have produced y-rays having 
a different energy spectrum in the rest frame of the obsekver (hereafter 
referred to as the laboratory system (Is)). 

Therefore, we must determine the sum over all possible y-ray-produc- 
ing decay modes d involving secondary particles of type s to evaluate 
the right-hand side of equation (1-11); i.e., 

where, for decay modes involving I intermediate secondaries, 

Here, the quantities denoted by R indicate branching ratios for  the 
production of various intermediate secondaries. The distribution func- 
tion fa (EY / E,), is given by 

Fortunately, long chain decay modes for y-ray production turn out  to 
have such small probabilities that they may be neglected. 
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1-3 GAMMA-RAY-PRODUCHW DECAY MODES 

We wlIl considel the y-lays produced floai the  follosving secondaly 
~ ~ a r  tlcle clet a-y charlrlels: the elce~lomagrletlc decays 

and also the weak decays 

and 

followed by ro+ 2y. Table 1-1 shows some of the features of y-ray 
production from the decays of p-p secondaries. 

The hyperons can be created by associated production or in hyperon- 
antihyperon pairs; i.e., by the reactions 

and 

" The reactions ZO+ A + T O  and R-+ E - + r o  may also occur, hut production of the 

TABLE 1-1.-Gamma-Ray Multiplicity and Branching Ratios From 
Hyperon and Meson Decays a 

- 
2" and a- hyperons is so rare that these decays will not be considered. 

Decay mode Branching ratio R Multiplicity <-, 1 R<Y 
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.,shere the (V de~lo t t s  nucleon and the Y denotes Lryperon 'They rnay also 
arise from such reactions as 

(\vhere the asterisk derlotes art isobar) fe11~v:ed by 

and 

followed by 

which have end products similar to those of reactions (1-23) and (1-24), 
but whose resultant momentum and angular distributions are affected 
by the formation of the intermediate isobar. (Unless otherwise specified, 
the symbol N stands for nucleon, Y for any hyperon, I< for any kaon, N *  
for any nonstrange isobar, and Y* for any strange isobar.) We may note 
also that at very high energies, as first pointed out by Fermi (1951)' pions 
and kaon-antikaon pairs can be produced as what might be pictured as 
a quasithermal boson gas. 

The experimental results of p-p interactions indicate the  following 
features. 

(1) For p-p machine data where the primary beam momentum is 
less than 10 GeV/c (what will be hereafter referred to a s  the low- 
energy region) secondaries are produced primarily through an 
intermediate stage involving isobar production; for example,' 

~ + p  jA(1 .238)  + N  
followed by 

A(1.238) + N + n  

and 

p + p +  X(1.385) + N + K  
followed by 

C(1.385)+ A + n  

We adopt h e ~ e  the contempora~y notation ftx isobar designattons. T h e  quanti ty in the 
palentheses is the rest mass of the isobar in GeVlcL. N" and A ~ e p r e s e n t  nonstrange 
i s o b a ~ s  having isosplns 112 and 312. respectively. A (  ) and Z( ) leplrsent ~ s o b a ~ s  of strange- 
ness - 1 having isospins 0 and 1, ~espectively. =( ) represents   so bars of s t rangeness  -2. 



(2) Tile chalaetei of tlre ~l l te tac t~oi l  c lidilges so that for "hlg11" e n e ~ a i e s  
(pt rrnat y proton energy greater that1 10 GrV),  tile p-11 ~nteractlolls 
c'o1tiirtur t o  yreld only one or t w o  ~sobars ,  w r t l ~  perhaps as nlally as 
io~11 beeo~ldal) ~i~vwotlh ( K  0 1  T ) ,  f ~ u t  tile hulk of the seeorldal) 
trieso~ls produced dt 111g11 eneigles iesults from the formation of a 
quaslthermal mesorl gas ( F r ~ r n l ,  1951; He~senberg,  1952: and 
Landau, 1953), containing up to one-half the energy of the system 
and localized to one or two centers of excitation (sometimes 
referred to as fireballs), which move much more slowly in the 
center-of-mass system than do the baryon isobars. (See Daniel 
et al., 1963.) 

1-4 ICINEMATICS 

The reactions that we consider involve energies at least of the order 
of magnitude of the rest masses of the particles involved. Therefore, 
we must use the results of the special theory of relativity to describe 
their kinematics. The followillg is a discussion of the kinematics that 
will be needed to describe the reactions listed in the previous section. 

Special relativity makes use of a four-vector algebra with the tor- 

responding four-momenta and four-velocities defined as the vectors 

and 
p(" = (p, iE) 

p(4) =, ( f l ,  i) 

In equations (1-29) and (1-30), the superscript denotes a four-vector, 
f l E  v/c, and the speed of light c is taken equal to unity (as it will be 
hereafter). 

The Lorelltz transformation call be expressed as an orthogonal trans- 
formation that corresponds to a rotation through an angle $ in a complex 
four-vector space. Figure 1-l(a) shows that the p of the Lorentz t rans-  

FIGURE 1-1.-Relativistic energy momentum and velocity triangles. (0) /3 triangle. (b )  P-E 
triangle. 



fox~vatlon 15 theta ec~ual to  ianh Q I t  tollow5 11ldl. uncle~ lhis ~o td t lo~ l .  

the "length" of the four-vectoi momentum 

is a!? izlvarian! a r ~ d  serves to define the proper mass n ~ .  
In figure 1-l(b) the subscript j serves as the index of each of the 

various particles involved in the reaction. 
If we want to transform our kinetic equations from one system to 

another by performing a Lorentz transformation specified by the velocity 
Pe (for example, we will later be concerned with transformatiolls from 
center-of-momentum systems (cms) to laboratory systems (1s) and vice 
versa), the corresponding transformation, being simply a rotation in our 
complex four-space, can be performed merely by adding the angles 
$=tan1lr1 p. Thus, if we label quantities in the original system with 
the subscript 1 ,  the transformation quantities with the subscript 2,  and 
the transfor~ned quantities with the subscript 3, we can write 

and 

4:3=$1+$2 

p, = tan11 cbl P2 = tanh $2  

therefore, 

tan11 $1 + tanh 4 2  - 
P3=ta~1h ( I # J ~ + + Z ) =  -- 

1 + tanh 41 tan11 $2 1 + /31/32 
(1-34) 

To find 4 for the cms, we just add the four-momenta of all the particles 
involved in the reaction. Then, it follows from figure 1-1 (b) that 

From figure 1-1 ( a ) ,  we see that we can write 

and 
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We also introduce here a very useful quantity called the 1,ctlentz factoi 
y, which 1s defined as 

As a particular case of equation (1-35), a case that we will be primarily 
concerned with later on, we consider a proton of energy E in the 1s 
colliding with a proton at rest in the 1s. We then find 

and 

Ycms = ( 1  - p 2  c m  ~ - 1 1 2  = [ f ( ~ +  1)]11" (1-40) 

which, for y * 1,  reduces to 

We can use the definition (1-38) with equation (1-32) to obtain directly 
the Lorentz transformation for y. We find 

y3 = cosh $3 = cash ($1 + $2 ) 

= cosh cbl cosh $2 + sinh $1 sinh $2 

= ~ l y r  + Y I P I  Y P P L  
= r ~ [ y l + f l z ( Y l P l ) ]  (1-42) 

which, together with the definition (1-38), yields the energy transforma- 
tion relation 

E3 = y.2 [El + P21)1] (1-43) 

Similarly, we also obtain the momentum transformation relation 

P3 = m sinh $3 

= m sinh (6, cosh $2 + m cosh $1 sinh $2 

= y . z [ ~ l + P ~ ( n ~ y l ) l  

From the similarity of the P and 11-E triangles of figure 1-1, we can 
recover the Lorentz contraction formulas by analogy with equations 



where s is understood to be the displacement in the direction of motion, 
just as 11 has been understood to be under a similar restraint. We will 
find it useful to generalize our transformations by looking at reactions in 
a two-dimensional r-y plane, .u being taken to be at angle 8 with the axis 
of the Lorentz transformation. Therefore, under the Lorentz transfor- 
mation, Z3=Z1. We can then define a direction of motion by the angular 
parameter 8, such that 

dtl,  3 tan 81 ,~=-  & 

From the definition (1-47) and equations (1-45) and (1-46), we immedi- 
ately obtain the transformation relation for 8: 

sin 81 
tan 03= 

yz [COS 8, + (PPIPI 11 

Equations (1-43) through (1-45) can now be further generalized by the 
replaceinents 

p-+p cos0 (1-49) 
and 

s - + s c o s 0  (1-50) 

which define the axis of the Lorentz transformation, where p and I now 
represent the total magnitudes of these vectors in three-space. 

We now consider the kinematics of two-body collisions and the 
kinematics of particle decay. For our purposes, we may limit ourselves 
to two- and three-body decays, since we need discuss only the decay 
reactions (1-15) through (1-22) and isobar decays where not inore than 
three particles are produced (Morrison, 1963). It should be noted that 
of the decay modes (1-15) througl~ (1-24, only the li' and K! channels 
involve three decay products. In those cases, the three particles produced 
have essentially identical masses, which simplifies the treatment. 
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cvheee particle b rs the  tatget particle. at rest rn the Is Since the length 
of the total four-momentum is invariant, we have 

where quantities in the crns will be denoted by primes. We now let 
E' represent the total energy in the crns. Then, from equation (1-53) 

Using the four-momentum invariant inner product 

[PC' (pL4)+ pi4))  I IS= [p i4)  ' ( P I ? +  p i4) )  I ems (1-55) 

we obtain expressions for the individual crns energies of particles a 
and b. Thus, we obtain 

and 

To obtain the threshold energies for the creation of particles c, d, 
. . ., we write 

where Am is the mass difference between the incoming and outgoing 
particles as defined by equation (1-58). I n  the case that we have been 
considering, where one particle is at rest in the Is, we note that the 
threshold energy is the energy of the incoming particle which is equiva- 
lent to just enough available energy in the crns (given by eq. (1-54)) 

ing particles (given by eq. (1-58)). 



In terms oi kinetic energy T= ( E  - rn) = ( y  - I jm, we  have  

Table 1-2 lists cms energies for a p-p system as a function of labora- 
tory energy, derived from equation (1-40). 

Let us now consider the decay of a particle of mass M into two par- 
ticles of mass m ,  and mb, respectively. From equations (1-56) and 
(1-57), we find that in the rest system of mass M 

TABLE 1-2. -Transformution From Laboratory Energy to cms Energy 
i n  p-p Collisions 

TI,= E l , -  mi,, 
GeV 
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and 

The rest system of mass M must also be the cms of the two decay 
partie!es. Therefare, they are given equa! and opposite momenta of 
magnitude p' in this system. Using equations (1-43) and (1-49), we ob- 
tain the Lorentz transformation to an 1s where the original mass M had 
an energy E.I,= yM. This transformation is given by 

Equations (1-62) through (1-64) then yield the energies of the decay 
particles in the 1s. These energies are given by 

x p l  ( M ,  rn,c, mb)  C ~ S  0' ] (1-65) 

where p' ( M ,  rn,, r n b )  is given implicitly by the conservation of energy 
relation 

Equation (1-65) immediately yields the following results: 

(1) If (cos 0') = 0, i.e., if we have equal emission in the forward and 
backward directions in the crns, 

(2) If particle M decays isotropically, i.e., if there is equal probability 
of emission in all directions in the crns, the normalized angular 
distribution function for the emitted particles is given by 
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so that 
dl?(@') =/?E,uK s i n  8' dB' (1-70) 

is the dirrierisionless ratio of ihe crils energji of the  da:ighter par- 
ticle to the mass of the parent particle, and K = p 1 / M  is the dimen- 
sionless ratio of the cms momentum of the daughter particle to the 
mass of the parent particle. Consequently, 

As a check on the normalization off ( E ) ,  we note that 

I ~ , I ~ ( ~ + ~ K )  ~ P K E \ /  
f ( E )  dE=- d~ = ------- - 1 (1-72) 

~ P K E . I I  8,\l(~-/3~) 2P~E.11 

This function is graphed in figure 1-2. 

FIGURE 1-2.-The form of the energy distribution function for a particle formed isotropi- 
cally from two-body decay. 

(3) If we have a case where a particle of mass M  decays into two par- 
ticles of equal mass m,  e.g., I<:+ 2 r 0 ,  equation (1-65) reduces to 

If, in addition, the decay is isotropic in 0 ' ,  the average energy (El,,) 
and the half-width of the energy distribution A,,, of decay particles 

1 
(Ell,) =; Ear 



W e  find a disoete  erlelgy for the decay pa~iicles in the 1s; i.e., 
A,,,=O. only for two cases: ( a )  Ei,lM2= I .  i.e.. the particle o f  mass 

M is at rest in the 1s; and (b) m = + M ,  i.e., the decay particles have 
no kinetic energy in the cms. 

(4) If particle M decays into two particles, one of which has mass zero, 
e.g., XQ-+ A + y ,  equation (1-65) reduces to 

and - 
M2- nt2 M2 112 

2M ( 1 -  p f ( M ,  m )  cos 8' ] (1-77) 

Since, for a particle of mass zero p= E, we find 

and thus 

En1 M2 - m2 M Z  112 
~ o = ~ ( - )  [ l + ( ~ - - ~ )  eos 19'1 

(5) If both decay particles have mass zero, e.g., .rro+ 2 y ,  equation 
(1-65) reduces to 

In particular, for M2/E2 + 1 ,  i.e., for ultrarelativistic particles, 
equation (1-80) reduces to 

and the energy distribution then has the corresponding parameters 

(Eo) = iE,\r Ao = +E.v (1-82) 
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Tltls frrnctjon 1 %  slrown rn figure 1-3. 

FIGURE 1-3.-The form of the energy distribution function for y-rays resulting from the 
decay of relativistic neutral pions. 

The ultrarelativistic form for equation (1-79) yields a distribution 
function that is similar in form to that of figure 1-3, with the resultant 
Eo given by the simplified expression 

with v(Ad,  ? ? I )  defined by equation (1-79). 
It should be noted that the kinematics of equation (1-65) can be ap- 

plied to isobar decay as well as to the weak and electromagnetic decays 
of the various particles. Thus, we can make a distinction between the 
three-body final state in a reaction such as 

and the double two-body kinematics problem posed by a reaction such as 

Clearly, the kinematics of reaction (1-86) is more restrained than is that 
of reaction (1-85), even though the mass of N *  has an associated uncer- 
tainty f i / ~ d ,  where r d  is the decay time of the isobar and f i  is Planck's 
constant divided by 2v .  



1-5 THE E$/Al,lJATlOh OF 'C1HIE.I SOURCE FIiNCTIONS DUE 
TO VARIOUS DECAY MODES 

Equation (1-80) cap be used to w i t e  an eupression foi t h r  rnrlgy of 
d y-lay pmcluced by ~ l ~ e  decay .irO-+ iy Thls enelgy is tilen given by 

Equation (1-71) reduces to give the y-ray energy-distribution function. 
This result, together with the limits implied by equation (1-87), yields 
the Green's function for the decay fd,(EylE,) of equation (1-14). The 
result is 

- - 1  for +Er(l  - P T )  s EY + P r )  
f(ErlE,) = (1-88) 

otherwise 

We note also that, for the neutral-pion decay. 

and 

Thus, the contribution of neutral-pion decay to the source function 
of equation (1-10) reduces to 

KT, mas 
q ( ~ y ,  r )  =4rr? (r) ,f C ~ E ~ ,  wP, r )  ,f clE, a(E,IEP) . 2 . 1  

E,, min 

. (E; - ) -112 ( 1-9 1 ) 

where the limits En,,,,, and can be found from the following 
considerations. 

The quantity E,,,,,,, is the maximum energy that a pion can have and 
still produce a y-ray of energy Ev. We note that as E-+ a the ultra- 
relativistic form of the pionly-ray energy relation given by equation 
(1-81) becomes valid, so that 

EY 
Ev, mas = -+ co 

[COS' (30') ]mi, 

since 



Froiir i oi l - r lvai io i l  of rile ~ g y .  ~ t c  note that, for the two y-rays protlucetl 

In the extreme case where the y-rays are enlitfed in the direction crf 
f1leiio11, cub 6' = 1, - ? 

and 

Thus, corresponding to the highest energy Ey, ,,, that can be emitted 
by a pion of energy E,, a y-ray of energy Ey,  ,in is also emitted such that 

We can use equations (1-94) and (1-95) to express Ey,rnin in terms of 
EY, ,,, by noting that 

so that 
m2 

Ev = EY, ma, + EY, min = EY, nisx + emax (1-98) 

This criterion can then be reversed to put a lower limit on the pion 
energy integration by writing equation (1-98) as 

where E,,min is now the minimum energy that a pion needs to produce a 
y-ray of energy Ey. Thus, equation (1-91) reduces to 

1-5b The Decay Mode XU-+A+ 

The energy distribution function and energy transformation equation 
for the XU decay are given by equations (1-71) and (1-79) as follows: 

Ey=Ezo q (C", A )  (1 + p z  cos 8') (1-101) 



and 

where 

The evaluation of the source function for the C0 decay can then be 
made in a manner similar to that used for the no decay. For the X0 decay, 
we have 

Ry, nO- , \+Y ' 1 (1-104) 
and 

57, 10-.\+Y = 1 (1-105) 

The distribution function f(EylEz~1) is then written explicitly in terms 
of En as 

f 1 
27 (20, A )  (E; - rn;)'/" 

f(EyIEn0) = for Ex07 (1 - pno) EY EX,,? ( 1 -PnO> 

0 otherwise (1-106) 

Thus, equation (1-10) reduces to 

2n 
qno(Ey, r )  = clEn ~(EnlEp)  

7(X01 A) min ( ~ 2  2: - nii ) 112 

where the limits Ex, ,,, and Ex, are deduced from equation (1-101). 
By analogy with equations (1-97) and (1-98), we find for the case 
of C0 decay 

(EY, min) (EY, m a s )  =,EfV2 (1 - p f o  ) = qZm%=. p2 (1-108) 

where p, as before, is the cms energy of the y-ray. From equation 
(1-101), we find 

En. ma, = Ey - + m  a s ~ ~ - + l  
7(1  -PI) 
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W r  lviii later s h o ~  that 'the c a w  Fz P. I is thc only one o f  ~ m p a r f a n c e  to 
cosmrc y-ray production f iom 2 , O  decay. Thus,  the source iunctlon for 
tile production oi cosmic y-rays through the decay of secondary 2' 
pat t~clrs  pr oduced r n  hrgh-ener gy eosmle p-1) coH11""~)~1s fi gyve" 

where Mz=1.192 GeV and ~ ~ 7 . 4 6 6  X 10-2 GeV, so q-'=15.96. 

1-5e The Decay Mode K!-+2m0-+4y 

For this two-step process, we must express the Green's function, 
f R Y ~  47 (EY IEK) in the form 

where, as we have already shown (eq. (1-88)), 

1 
f,o-gy (EYIE,~) = for +En (1 -P,) (E; - mz) llZ 

s Ey =Z +E, (1 + p w )  

= O  otherwise (1-113) 

'The function f R Y 4  2," (En/ EK) can be derived from equations (1-71) and 
(1-73). Since the decay is isotropic in the cms, we have 

f ~;-2,o (EnlEK) = $A,' for +EK - A K  =Z En Q 4EK + A K  

= 0  otherwise (1-114) 

where AK is the half-width of the square distribution function. From 
equation (1-75), we have 

Figure 1-4 schematically illustrates the relationships between Ex,, 
En,,, and EY for the decay mode K:-> 2d"' 47. 

Referring to figure 1-4, we see that a neutral kaon of energy EK 
(point A on the Eho scale) will decay to produce two neutral pions having 
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FIGURE 1-4. -The relationships between Eti,,, E,,,, and Ev for the decay mode 
Kt;+ 27rt'-+ 4y. 

energies in the range between B and C (when it decays via the  K: mode), 
where 

E,(B) =$EK-AK (1-116) 

and 

E,(C) =$EK + AK (1-117) 

The  resultant y-rays have energies on the Ey scale that  lie between 
points D and F, such that 

E ~ ( D ) = I  (&+I)  -A,(c) 
2 2 

(1-118) 

and 

( 1-1 19) 

W e  have already found from equation (1-99) that 

111% 
En, min = Ey + - 

~ E Y  

Now we must determine the minimum energy that the K: meson state 
needs to produce a neutral pion of energy E,. If we define' 

' Note important difference with equation (1-69). Fro111 equation (1-120) on, K -- 2p'//lil. 



W e  call see that equation (1-122) is analogous to ec~uatioil (1-97) 
and would further reduce to the liinit irn; if K approached unity. This, 
of course, is as  it should be, since a value for K of unity would iinply 
a decay into massless particles. Thus,  equation (1-122) is a generali- 
zation of equation (1-97) for the case of decay into two particles having 
finite and equal masses. We also note from equation (1-121) that a 
value of zero for K implies a motloenergetic spectrum of neutral pions, 
in agrerment wit11 our previous discussion of equation (1-75). 

Using equations (1-42) and (1-49), we find 

TK COS 6')& 

and t l~erefore kaoils capable of producing pions of energy E ,  are re- 
stricted to the energy range 

In the lloilrelativistic and extreme relativistic cases, where PK 4 1 a n d  
PK= 1, we can use ecjuations (1-115) and (1-116) to determine t h e  
limits oil the range of kaoils of energy EK which contribute pions of 
energy E,  as 

and 

EK,  ,,,,, = 12.8 En (1-126) 

EK ,,,I,, =1.09 Ex (1-127) 

for fir = pT = 1. 
Finally, for the  decay inode ICY-+ 4y we have 

and 



We can  t11us recfuce erjrration (1-10) in this ease to ohiaiil ille sourte 
funetloil 

since 

1-5d The Decay Mode K*+ 7rk+ 7r0 * T'+ 2y 

The kinematics for this decay are exactly the same as for the decay 
I(: -+ 27r0 -+ 4y. If we neglect the small difference between the kinetic 
energies released in the above decays (QKo=228.0 MeV, Q,*=219.2 
MeV), the only significant difference for our purposes is that the K' 
two-body decay produces only half as many y-rays as the K:-+ 4y decay. 
The relevant numerical quantities are 

for 

(See eqs. (1-120), (1-128), and (1-129).) The expressioll for the source 
functions from I<' decay is then similar in form to equation (1-130) and 
is given by 

q,, ( E y ,  r) = 2.15~11 (r) clEp I (El), r) I 

1-5e The Decay Mode A-+n + 71.' for Unpolarized A Particles 

The energy-distribution function and energy-transformation equation 
for unpolarized A-+n + decay are given by equations (1-65) and 
(1-71) as follows: 

1 
f \ - T ~ + ~ T o  (EvIE \) =--- for E \ v ( A ,  TO) - A  

2 A, 
G E, G E \ T ( A ,  TO) +A,,,  

0 otherwise (1-136) 



A \,,I= BE \PK 1, (1-139) 

and 

213' 
K \no = - 

171 A 
(1-140) 

and p '  being given implicitly by 

( ~ I ~ + ~ J ' ~ ) I / ~ +  (1n~+11'2)~/2= 172 (1-141) 
Noting that 

nl\  = 1115.44 MeV 

II~ , ,  = 939.55 MeV 
(1-142) 

and 
nl,,, -- 134.97 MeV 

we find from equation (1-141) that 

and 

K = 0.186 

Thus, we obtain 

Using the same techniques used to derive equation (1-124), we can 
now find the limits on the E distribution. 

From equations ( 1-42) and (1-49), we obtain 

(1 + P,P> cos 8 ' )  = ( E i  + cos 8 ' )E ,  (1-146) 



By nslr-rg equations (1 -1  -18) and ( 1 - 1  10)- avr  may j ~ t l t l l e ~  leciuce 

equation (1-146 f to the form 

so that 

Using the numerical values given in equations (1-138) and (1-143)7 
we then find 

(10.52 - 6.44p,)E, s E,, < (10.52 + 6.44&) ETT (1-149) 

Equation (1-147) is analogous to equation (1-123) and reduces 
equation (1-123) for the case of decay into two particles of 
mass, where ~ = 1 / 2 .  The nonrelativistic and extreme relativistic limits 
of equation (1-137) for the parent A yield 

E,\ = 6.58E, for P.\< 1 (1-150) 
and 

E \, ,,,= 16.96E,} 
for P,=P\r_-l E 1, = 4.08E, 

Noting that 

RA,  , ,+ ,o  r_- 0.331 
and 

C Y <  i - , , + ~ , > =  2 

we can reduce equation (1-10) to yield the source function 

In equation (1-153) we have used the double Green's function reduction 

1-5f The Decay Mode C +  -+ p + 7t0 for Unpolarized X+ rart ic les  

The kinematics of this decay are exactly the same as t h o s e  for 
A +  71 + no decay; only the numerical values for the masses  involved 
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are different. For. r h ~ s  decay w e  have 

rul i  = 1189.4 RIlcV 
n l  ct 

ni,, -- 938.26 MeV 
so that 

r, = 0.195 

I>'= 189.03 MeV/c 
and 

K = 0.318 
We also have, for this decay, 

and 
~ Y , z + - ~ + , "  "2  

so that 

where 

E l + ,  ,,in= 5.13E, for P l +  < 1 (1-158) 
and 

Ex+, ,in=2.82E, for pz+ = 1 (1-159) 

1-5g The Three-Body Decay Modes Kg-+ 3n0 and 
K!-+ n++n-+no 

We will treat these three-body decay modes by using the approxima- 
tion m, i  = 7 ~ 1 , ~ )  nz,. We will also make use of the empirical fact t h a t  
the K !  mode is that of a spinless particle that decays isotropically i n t o  

an S state. 
The energy distribution function for the decay is given implicitly b y  

where LC is the decay rate into the three-differential energy r eg ion  
specified by  the energies of the three particles formed in the decay, a n d  
clAT/dQ is the density, in enrrgy space, of the final states of the d e c a y ,  
with each degenerate state counted separately. 
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The quantity M is the matrix ejement for the transition from the I(! 
state to the 371. state and is of the form 

n/!= (3.irlIQ') = (spin and parity part) cl.r2 d ~ ~ e i ~ ~ f  e"." eie:3! . . . I 
a ( 6 1 ~ 2 ~ 3 ) - ' / ~  (1-161) 

where (IT represents an element of space-time volume, the subscripts 
denote the three decay pions, and the E'S denote the energies of each of 
the three pions. Thus, 

We define 

and 

in order to derive the phase-space part of equation (1-160). The derivation 
given here is essentially that given by Williams (1961). First, pl is 
specified, leaving p' and E' to be distributed among particles 2 and 3 as 
shown in figure 1-5. Then the phase-space volume for particles 2 and 3 
is given by 

where 1)2(62) is the maximum momentum of particle 2 in direction 62. 
The remaining integration over particle 1 is given by 

so that 



Letting 1 ) ~  be the independent momentum variable, we can write 

where 

Now, is fixed, so c l~l /dpg  = 0. We also note that 

so that 

or 

Thus, from equations (1-170) and (1-173) we find 

Since pt is fixed, and since fixing O2 merely specifies a coordinate 
axis, we have 

p2 ' p3 (g),,l =- cos 02, :3 =-- 
p2ps 

whereupon, by combining equations (1-168), (1-169), (1-174) and 

(1-175), we obtain the result 

Referring to figure 1-6, we can write 

p:; = p ;  +pg + 2131pz cos 0 
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E 1-6.-'rlie molnclitnti~ vei,tor.s usrti 
11 the cfe~.ivatio~~ of equation (1-lu.). 

so that 

Substituting equation (1-178) into equation (1-176), we obtain 

The integration over the arbitrary dfll yields h. We can write dfl2 in 
the form 

d o z  = 2 7 ~  ~ ( C O S  8) (1-180) 

For a specified el, we have 

d ~ 2  t de3 = 0 (1-181) 

Using equation (1-181) in combination with equation (1-177), we obtain 

- €3 de2 = €2 de2 + P1E2 cos 8 cle2 + plpn d(cos 8) (1-182) 
P2 

Thus, 

-pip: ~ ( C O S  8) = [ p n ( ~ i  + ~ : l )  + EnIJj COS 81 d ~ n  (1-183) 

whereupon equation (1-179) reduces to 

with the use of equation (1-183). 
Substituting equations (1-184) and (1-163) into equation (1-160), 

we find 

where tl and tz are the kinetic energies of particles 1 and 2,  respectively. 



Because of t h e  t h i e r - w a y  symmetry of t h e  kinetic relations in llie 
plobielrl of the decdy Into t h e e  partrcles of eq1ra.1 (or apploxirnately 
ecl~iaf) nrnss, equation ( 7  - 185) can he brttel expressed In the form 

rc  K O r ,  titi, ( i  # / t , 1 . / 8 = 1 . 2 , 3 )  (1-186) 

This fact prompted Dalitz (1953) to introduce a phtt of particle decays 
into a triangular energy space as shown in figure 1-7. 

FIGURE 1-7.-Tlre Dalitz triangle. 

In this plot, the perpendicular distances from each side are pro- 
portional to the kinetic energies ti of each of the decaying particles. 
The geometry of the triangle insures that Cti=Q, Q being the total 
kinetic energy, m ~ - 3 m , ,  released in the decay. From figure 1-7, we 
can see that 

and 

in units normalized to Q, so that a uniformity in d t ,  dtk corresponds to a 
uniformity in dx dy. Thus, the uniform distribution of the decay points 
on the Dalitz plot, which is obtained experimentally, indicates a constancy 
in the matrix element M of equation (1-160) for the case of I<$ decay. 

A more symmetric coordinate system for the Dalitz plot is obtained 



by transfotivatioi~ to polar coord~nates  In the pclal coordinate .iystem 

( P >  4 )  
~ ~ = : t ? t h [ l + ? , ~  cos (d>-&i)] 

~ ~ = + l l ? h j l  i 11p ('05 ( g i   if^)] 
and (1-188) 

c3=+rn,,( i  + A p  cos @) 

where A = Q l n z K  (Fabri, 1954). 
The condition of conservation of momentum further restricts the 

allowed area in the Dalitz plot, since we have the triangular relations 

and 

where 

The limiting case is specified by the collinear distribution of momenta, 
where the equalities hold. From equations (1-188), (1-189), and (1-190), 
it is found that the limiting curve is given by 

- 9 
P " '  1  + ~ ( l +  p cos 3 9 )  

so that all points on the Dalitz plot with p S p,,,.. are allowed. In equation 
(1-191) 

The nonrelativistic limit of the limiting curve is obtained in the event 
that A +  0, which implies B-+ 0 and p,,,,+ Q/3. Thus, the nonrelativis- 
tic limiting curve is a circle, as shown in figure 1-8. 

Equation (1-191) indicates only a slight distortion of the circle when 
relativistic effects are taken into account, since 

and 



FIGURE 1-8.-Kine11latic boundaries on the DaIitz triangle. 

This small distortion will be further obliterated when the energy spec- 
trum is spread out by transformation from the cms of the decay to the 1s. 
Thus, we will find the nonrelativistic a~proximation quite adequate. 

Referring to figure 1-9, we wish to find the energy distribution function 
@(E)  for one of the particles; the results for the other two particles will 
be identical from symmetry considerations. Denoting this energy (in the 
cms of the kaon) as E ,  we see from figure 1-9 that the probability for 
decay into the energy region between E and E +  d~ is proportional to the 
area in the rectangle. (There is uniformity within the circular area.) Thus, 

FI~ ;URE 1-9.-The Dalitz diagram used in the derivation of equation (1-201) 



wirere K i.; a ncrrnralization cwt-?stant. R L I &  that 

Referring to figure 1-9, we express h and E in terms of' (n a 

A=+@ sin 4 (1-196) 
and 

E - I T I ~ = $ Q ( ~ - C O S  4) d ~ = @  sin $ (I$ (1-197) 
so that 

From equations (1-194) and (1-198), we find 

and, eliminating $ from equation (1-196) by using equation (1-197), 
we obtain 

{ [ (; 6-d"")"2J} (1-200) A ( € )  =- Q sin 2 sin-' - - 
3 

so that 

Figure 1-10 shows @ (6). 

FIGURE 1-10.-The crns energy distribution funct io~l  f o ~  pions Corrrletl in  K:' decay. 



Esr, mas= Yii - Q ?rlv AK, mas ($ (1-203) 
where 

AK, mas=  K (ernax) P K ( @ K )  (1-204) 

Thus 

Again, we wish to determine the energy range of I<!$mesons that 
produce pions of energy E,. In this case, however, we must take account 
of the finite range of decay energies E instead of the unique two-body 
decay energies we have previously considered. Setting q ~ l n r ~ ,  we 
again find 

1rlK 
EK = (;) [q + &K cos B1]E,  (1-207) 

but in this case, q and K are not constants but are functions of E .  The 
quantities Q and K,,, are given by 

Q - 93.0 MeV K,,,, = 0.560 for the decay I(; --+ 3 v 0  (1-208) 

and 

Q = 83.8 MeV K,,,,, - 0.534 for the decay I(; --+ rr+ + .rr- + 71-0 

Thus we obtain the limiting values for K,O -+ 3rr0 decay from equations 
(1-203) through (1-205): 

and 
EK = 2.53ET for PK % 1 (1-2 10) 

~ K , , , , , ,  = 9.27ET}  
for pK = p = 1 EK,,,li,, 1.59Er 
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For A; + ?r7 + T -  + 7 ~ "  decay 

Eh 2.56IZn for < I (1-212) 
arid 

The appropriate constants for the two decay modes of I<$ considered 
are 

( = 6 K = 0.265 for I<$ --+ 3n0 (1-214) 
and 

( = 2  R -- 0.114 for I<$--+ n+ + IT-+ rr" (1-215) 

We will thus neglect the small kinematic differences between the 
I<! -+ 3rr0 and I<$ -+ IT+ + IT- + ITO decay modes and use the quantities 

derived for the I<$ --+ 3rr0 mode, which contributes more than six times 
as many y-rays as  does the I<g -+ IT+ + n- -t ITO mode. 

We also note that 

This, together with equations (1-10) through (1-14), (1-99), (1-207), 
(1-214), and (1-215), yields tlie source spectrum 

1-6 SUMMARY OF VARIOUS KINEMATIC PROPERTIES OF 
THE IMPORTANT GAMMA-RAY-PRODUCIW DECAY 
MODES 

In our discussion in the previous section, we rstablished the Lorentz 
transformation ec~uation for tlie two-body decay process give11 by equa- 
tion (1-69). Wlien we evaluate the cosmic y-ray production spectrum 
later on, wr will find it useful to give our results ill the form of a log-log 
plot covering the illany decades in energy which are of astropl~ysical 
significance. At this point, hefore we summarize the lcineinatic properties 
described in the previous srction, we digress a bit to point out an addi- 



eional sjlrlmeil J proprlt) a h ~ c h  holds f t , ~  logal rtllrnrc erlelgv 4pectr a 
that is 11n~)liclt Irl ecluat~orl (1-69) f f o i  two I)ody cieca)s 

Ftom rqrlatiotl (1-69). ~r t o l l o ~ v ~ ~  that a pdltlcle t t~h~c l i  1% ilie prod~lct of 

l i t  o hod) ( I t  ( ~i\- i$11l ha\(" 1\ e n ~ 1 g j  wh~el l  lies I,eiween the minimum 
a i d  ma\Inlum vdl r~es  ct1,taltrcd \ ~ l ~ e ~ i  ('06. N 1 = i  1 'These value5 a i r  

where E,, andE, are the energies of the primary and secondary particles, 
respectively. We have replaced the quantity K in equation (1-69) by 
p to avoid confusion with the definition of K in the previous section. 
The product 

(Es,  ,in)  (Es,  ma,) = ( q 2 - P 2 p 2 ) E 2  111 

We now define a geometric mean for the energy range of the secondary 
particle 

Es=  E,y,  , inEs,  ( q 2 - ~ 2 p 2 ) 1 ' " p p  (1-221) 

Thus, in the nonrelativistic limit, 

where p, as before, is the energy of the secondary in the rest system of 
the decaying primary. 

In the relativistic limit. 

In particular, for photon secondaries 

We have thus proved an important kinematic property regarding the 
energy range of secondary y-rays that are the product of two-body decays; 
viz, 

The geometric mean of the energy range of secondary y-rays 
which are produced in all two-body decays is equal to the energy 
of the y-rays in the rest system of the decaying primary p and is 
independent of the energy of the primary particle. 
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i t  follows that, otr logarithmic plots of the rnergy spectra of these y-rays, 
tlre rest-system energy p will lie halfway bet-rveetl t h e  extrrmunl energies. 

We are particularly concerued with decays that are isotropic in the 
rest system of the decaying particle, such as  the .rrO andC" decays, which 
we have previously considered. For these decays, we  have already s l~own 
that the resultant y-ray energy distribution function is only a function 
of the momentum of the primary; indeed this function is a constant 
which is inversely proportional to this momentum for a given primary, 
within a range proportional to the monlelltum of the primary, and 
vanishes outside this range. Thus, for decays of parent particles with a 
wide range of primary energies, y-ray spectra are generated which are 
made up of a superposition of rectangular spectra, as  sholv~l in figure 
1-11. Higher energy primaries produce the y-rays at the extremes of the 
spectrum. We therefore deduce a second important kinematic property, 
which holds for two-body decays that produce y-rays isotropically in the 
rest system of the decaying primary; viz, 

The energy spectra of y-rays produced isotropically in the rest 
system of the decaying primary will be symmetric on a logarith- 
mic plot with respect to Ey=p and will peak at Ey=p. 

FIGURE 1-11.-Ideal superposition of y-ray energy spectra f'ronr rr" of 2" l~articles having 
discrete values of energy. 
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2-1 CROSS SECTIONS AND ANNIHILATION RATES 

As is well known, electrons and positrons may interact electromagneti- 
cally and thereby annihilate to produce y-rays. This annihilation may 
occur in the  following ways.' 

(1) A free positron may annihilate with a free electron to produce, 
most frequently, two y-rays; i.e., 

(2) A positron and electron of low (typically thermal) energy may first 
combine to form a hydrogenlike system known as  positronium. The 
positroniunl may then annihilate, usually into two or three y-rays. 

We can discuss these annihilations with much more confidence and 
exactness than we can discuss the y-ray productioll from high-energy 
inelastic collisions (as we will in a later chapter) because here we can 
use the results of quantum electrodynamics, which we know to be  a very 
successful theory, whereas there is preselltly no really good theoretical 
understanding of particle production in high-energy interactions. Con- 
sequently, we will be  forced to use a phenomenological description in 
the discussio~l of the high-energy processes. 

2-2 THE FREE-ANNIHILATION GAMMA-RAY SPECTRUM 

The cross section for free positroll anllihilatio~l as a function of energy 
was first deduced by Dirac (1930). An excelle~lt preselltatioli of the theory 

Pos i~rons  rrray annihilate with bound e1ectn)ns to produce a single plrotoli, with momen- 
tuilt being conse~ved  by the b ~ n d ~ n g  lluclrus Hor\erer. the c ~ o s s  sectloll fol t h ~ s  plocess 
1s al\\ays less than rrr;Z7/(137) ' .  w l t e ~ e  tlte atomlc numbel Z 1s almoqt alr\ays 1 01 2 uncle1 

astrophysical conditions. Therefore. tlie single-photon a~uniliilation can be neglcrted in tlre 
following discussion (Heitler. 1960). 



14 g i \ < * ~ l  by MCI :~CI  (1960). '?rhc 111051 ~ m j ) o ~ t a n t  ailn~tlllatloll mcde of t h e  
fire election-poiitrorr sysrern is the < i t~ l~ i i~ l la t io l i  

The irecluency of this annihilation 1s 372 times greater than that of the 
free three-photon annihilation and we may neglect all but the two-photon 
mode in our consideration of the y-ray spectrum from free ef-e- anni- 
hilations. (However, as we shall see later, the three-photon mode becomes 
important when we consider the effect of positronium formation by posi- 
trons of energies less than 5 keV.) 

The differential cross section for y-ray production in the collision crns 
of a free two-photon annihilation may be written as 

where ao= r r g r 2 . 5  X lo-" cm" using the definition of the classical 
e2 radius of the electron, I.,,= :i= 2.8 X 10-13 cm; y is the Lorentz factor nzpc 

of the positron; p= 1 - - ; the crns Lorentz factor and the velocity 
are given by 

[ (;')I 

x is the cosine of the angle between the incoming positron and the out- 
going y-ray in the crns; and the angular distribution function, is 
defined as 

The energy of an annihilation y-ray in the 1s is given by the Doppler 
relation as 

Ey= (nz,c2) y:(l +Prx) (2-5) 

If we now define the dimensionless energy q=Ey/m,c', we may use 
equations (2-3) and (2-5) to determine the normalized distribution func- 
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iici:: i h t  urliijuely n~lares  x to the laboraiol y Lor en[/: i a c  tor of ihr p o s ~ i ~ c i ~ i  

anti llse labor ator y energy oi: r he  y-ray as follo~vs. 

The total number of y-rays produced per second by a positron of energy 
y1nrcLI is 

where nr  is the number density of electrons in the medium. 
Therefore, the y-ray source spectrum from the annihilation of cosmic- 

ray positrons with a density n (y) cm-:' is gjvep by 

We now wish to integrate over the delta functioll in equation (2-7). 
The result of this integration is to  replace the last integral in equation 
(2-7) by a function @(q, y )  such that 

+ [ x o ( r l ,  Y) .  YI for Ixol =s 1 
for IXol > 1 (2-8) 

We may, therefore, replace the integral over dx by the algebraic func- 
tion +[Xo(q ,  y )  , y]  , provided the limiting co~ldition on x o  is tra~lsforrned 
into a limiting conditioll 011 the integratiou over dy. Tile limiting condi- 
tions xo = + 1 correspond to the relations 

It follows from equation (2-9) that the product 



, , I hclciorc.. 7 ,  anci 11- are the  root. of the cltaadrattc ecItaatrolr 

whir11 can he  solved for yr i n  terms of 17 to give 

which is finite and positive for 77 > 112 and has a millirnum of y = 1 at 
7 =  1. 

Figure 2-1 shows the curve defined by equation (2-14) split into the 
branches defined by the physical extremes x=+- 1. Also shown are the 
asymptotes 7 = 112 and 7 = y + 112, the line defining X =  0, and the 
shaded region corresponding to the physical values of 1x1 1. It can be 

FIGURE 2-1.-The kinematic limits on tlre positron 1.orentz factor involved in the determi- 
nalioit of the laltoratory energies of the annihilation y-rays produced (Stecker, 1969a). 



it ,e~r h:)m hgtlre 2-1 that the physreal range of y defined l i j  t!ii- Aaded 
legion ( I X /  s I ) 1s boundrti oil the I~otloni hy ille c u r v e  of eclu;ltiol: 
(2-14) ancl 1 6  u~t l~oui l t l r c i  011 the top 

Kieu~cl 2-1 iildi('?tes i hd i  no Y la )  ( C I ~  E ~ c  j ) l o i l l l ( ( ~ ( I  f ioin illlllil~lla 

tlon process illat has an energy les.; than o r  eciual to 31r1, ('. This phys~cal 
restliction may ?w seen iniile cleally a s  a di1tc.t coilsecjuence oi eqnatloii 
(2-9), since 

7)-c7)<7)+ 
where 

Thus 7 ) -  may approach, but never reach 112 as yc -+ cc. On the other hand 

which increases without bound as y, -+ m. 

The general restriction on the range of 7 may be designated by the 
iiltroductioll of the Heaviside step function H + ( q o ) ,  which is defined 
by the relation 

for 7 )  > 70 + {  f o r s c q n  

We may therefore rewrite equation (2-7) in the for111 

(2-19) 

where 

From the general results which we have obtained, we call immediately 
arrive at forrnulas for asynlptotic spectra that call be used as guides in 
the examination of the results of numerical calculations. These are 
obtained as follows: 

(1) For two-photon at~nihilations at rest, it follo~vs from equation 
(2-5) that the annihilation y-ray spectrum (AGS) is silllply a line 
at  energy ? =  1 (0.51 MeV). This is, of course, a familiar and 
expectrd result. 

(2) The AGS from the two-photon annihilation of an ultrarelativistic 
positron may be obtained from a collsideratio11 of the angular 



diatril.,rrtion ft~nc:iioti 4 ( ~ l y i .  giver1 by eciuatiol~ (2-4). At rrltra- 
relativistic energies, the angular distrihutiotl Cttnetiorr peaks sharply 
at x =jl l so that t h e  y-rays r r s~~l t i t rg  from lhe ai~niliilation lie 
c/trsr t o  tllc asympiotes of figure 2-1; viz,  q- 112 and *I)-- y-I- 112. 
This result, as  pointed out by Heitlet. (19601, iitay be discussed 
pltysical!y as follo~vsr In an ultrareiativistic annihilation, the 
resultant photons are emitted in a sharply backward and sharply 
forward direction in the collision cms. In the Is, the forward photon 
carries off almost all the energy of the collision and the backward 
photon carries off an energy between about 0.25 and 0.5 MeV. 
Therefore, the AGS for -/I 9 1 may be obtained by using the ap- 
proximate production cross section 

The total cross section for free annihilation of positrons into y-ray 
pairs was first calculated by Dirac (1930) and is given by 

At nonrelativistic energies ( y  = I ) ,  equation (2-22) reduces to t h e  
asymptotic form 

At extreme relativistic energjes ( y  9 l), equations (2-21) and (2-22) 
reduce to the  asyn~ptotic form 

and Q ( T )  -+ rz,aocn (7 )  [ln (277) - 11/77 as has been noted by Ginzburg 
and Syrovatskii (1964). A free positron and free electron may also anni- 
hilate to produce three or more y-rays. The cross section for the process 

e++e-+ [ y  
is of the order 

cr.1, = a(5-")~~-.~ , - .) y 

where 



Thy t lo$% ?e~ t lo l l  iol t!~lec>-{>iioto~~ d l ~ l ~ ~ ~ i i ~ a i ~ o ~ i  111 the 1 ~ o 1 1 ~ ? ~ d t l v l ~ t l ~  

/ in~ l t  (0 G 1) is also inveisel) plopor tional to  and 1s gi\ erl by Ole and 
Powrll(1949) 

In our discussion we can neglect processes involving 1;> 3, where cross 
sections contain increasingly large factors of a. 

2-3 THE ANNIHILATION GAMMA-RAY SPECTRUM FROM 
POSITRONIUM FORMATION 

A positron and electron of low (typically thermal) energy may first 
combine to form a hydrogenlike system known as  positronium (which 
we will here designate by the symbol II). The positronium may then 
annihilate into y-rays. We must therefore consider processes of the type 

Here again, we can neglect processes involving 1; > 3. 
The positronium system, which is similar in structure to the hydrogen 

atom, can exist in the ground state (L=O) either as a triplet (:$S1), called 
orthopositronium by analogy with the spectral designation for hydrogen, 
or as a singlet ('So) called parapositronium (also by analogy with hy- 
drogen). In the triplet state, the spins of the electron and positron are 
parallel, whereas in the singlet state they are antiparallel. Since the 
positroniurn system has well-defined values of the c~uantum numbers L 
and S and has no net charge, the system is in an eigenstate of charge 
conjugation. 

The positronium annihilations, unlike the free annihilations, obey 
selection rules since positronium is in an eigenstate of charge conjugation 
C, and C is conserved in electromagnetic interactions. 

If 1; photons are produced in the final state, then 

It  can be shown that under particle exchange, positronium obeys a 
kind of generalized Pauli principle and changes sign. The exchange of 



particles invalves tlic exchange of the product of the space, sprn, and 
charge-conjugatioli parts of the wave function. Therefore, 

- - b  w ~ ~ r t -  7 :. la tllr; vlL;ral ,~-,.+" ar~gular-mgmentur??, quaniurr? !lumber and S is the 

spin quantum number. By combining equations (2-30) and (2-31), we 
obtain the selection rule 

L+S=< (2- 32) 

We may therefore specify the processes given by equation (2-29) as 

and 

Processes involving I f 0 can be neglected (Deutsch, 1953). 
The positronium annihilation rate, or inverse lifetime, is equal to the 

product of four times the free-annihilation cross section, the relative 
velocity of the electron and positron, and the overlap probability of the 
electron and positron wave functions. The factor of 4 is required because 
the free-annihilation cross section is an average over all four possible 
relative spin orientations of the positron and electron; viz, up-up, up- 
down, down-up, and down-down; whereas the positronium system anni- 
hilates from a definite orientation state. 

If we designate the probability density of the wave function as the 
square of its absolute value I$)' in the usual notation, we then find 

where (10  is the Bohr radius given by 



1s the e l e c t ~ o t ~  veloc ~ t y  and i$iO) 1 19 the al-jsoltstr r n a ~ n r t u d e  o f the  wave 
function at the origln of the systcm. The ef iec t~ve B o h ~  radius tor posl- 
trc~nrnm 1s t tu~ce that of ltydrogen, and this 1s taken into account. The 
factor / $ ( O )  1"s just the rffeettve elect~orl  densley seen by the  posltnon. 

Tlle l~fetlrne for posrtron~utn annlhllatlon ~ n t o  three y-lays 1s de~ ived  
from the flee-annihllat~on ciosq s r c t ~ o n  glven hy equation (2-28) t h o u g h  
the use of the same method as that used in the derivation of equation 
(2-36). We thus obtain (Ore and Powell, 1949) 

This result can also be expressed as 

Here again, the factor of 3 in equation (2-40) expresses the difference in 
probability between a singlet and triplet interaction (314 versus 114). 

The lifetimes for both the two- and three-photon annihilations of 
positronium are so short that for galactic y-ray production, we may 
consider the annihilation to take place effectively at the time that 
positronium is formed. Since the probability for positronium formation 
in the triplet state is three times the probability for positronium forma- 
tion in the singlet state, it follows from equations (2-33) and (2-34) that 
314 of the positronium formed in the galaxy undergoes three-photon 
annihilation. 

2-4 THE GAMMA-RAY SPECTRA FROM ELECTRON- 
POSITRON ANNIHILATION 

The energy spectrum of the two-photon annihilation in the cms of the 
electron-positron pair is a single line at Ey = 1 7 1 ~  -- 0.511 MeV, as  can 
easily be seen from considerations of conservation of energy and 
momentum. The natural width of this line due to the uncertainty principle 
is small, being on the order of 

fi 
AE = - = 5.3 x 10-lz MeV 

7 
(2-41) 



Dominant broadening can be expected to he dlle the nopplel effect- 
and is of the order 

The effect of astrophysical conditiolls on ille broadening of the 
0.51-MeV line from two-photon annihilation can be determined as follows: 

In free e+-e- annihilations, we may consider a gas or plasma at 
temperature T. Then the distribution of the component of particle 
velocity along the line of sight of the observed y-ray is of the form 

where 

FIGURE 2-2. -Energy spectrum of ?-rays resulting from tile t j l r e e - p h o t o "  a""il'ilation of 
an electron and a positron. The  abscissa is the photon energy in urrits  of " ' ' c ~ ~  and 
ordinate is proportional to tire number of plrotons pel. unit energy (from Ore and 
Powell, 1949). 
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It follows from equations (2-42) and (243)  that the spectral-line shape 
has the gaussian form 

Equation (2-45) has the same form as equation (2-43), since the number 
of collisions involving velocity v is proportional to av = uoc, independent 
of v. 

The magnitude of the broadening is of the order 

so that for T =  100 K, AE - 10-I keV. However, we have shown in the 
last section that most of the annihilations near rest occur following the 
formation of positronium by positrons having an average energy of about 
35 eV. It therefore follows from the results of the previous section and 
equation (2-42) that 75 percent of the resultant annihilations occur via 
the three-photon channel and 25 percent produce a two-photon line with 
a Doppler width of about 5 keV. 

The energy spectrum from the three-photon annihilation is continuous, 
as allowed by conservation of momentum. It has been calculated by Ore 
and Powell (1949) to be of the form 

The function F ( q )  is shown in figure (2-2). F ( 9 )  is normalized so that 





3-1 INTRODUCTION 

A topic of importance to both cosmology and particle physics is the 
existence or nonexistence of antimatter in the universe (Alfvk, 1965). 
I t  is therefore of interest to determine the extent to which y-ray as- 
tronomy may be useful in determining the existence of cosmologically 
distributed antimatter and antimatter sources in which matter-anti- 
matter interactions take place. 

For the purpose of discussion, we define the terms "RG" and "CR" 
as follows. An RG (rest-gas) proton (or antiproton) is one possessing 
negligible kinetic energy with respect to the surrounding gas in an 
astronomical system. For example, nuclei of the galactic interstellar 
gas clouds from which stars are formed may be considered RG nuclei. 
A CR (cosmic-ray) proton (or antiproton) would be one possessing 
relativistic energy. We may thus envision four situations for discussion 
in which matter and antimatter might interact: 

(1) RG matter + RG antimatter (RG-RE) 
(2) RG matter+ CR antimatter (RG-m) 
(3) CR matter+ RG antimatter (CR-m) 
(4) CR matter+ CR antimatter (CR-m) 

Although astrophysics has revealed many surprising phenomena, we 
would be hard put to imagine a system in which the number of RG 
nuclei did not greatly outnumber the number of CR nuclei. Indeed, the 
evolution of such a system from a more balanced one would violate the 
second law of thermodynamics. Therefore, if we let the number of RG 
nuclei in a typical system be N and the number of CR nuclei in the 
system be of the order EN, with E G 1, then typical interaction rates 
would have the properties 
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We will thus assume that the likelihood of CR-CR interactions is 
negligible compared to the likelihood of RG-CR or CR-RG interactions 
that will produce y-rays of similar characteristics, and we may limit 
ourselves to the discussion of RG-RG and RG-CR (or C R - m )  inter- 
actions. 

3-2 THE GAMMA-RAY SOURCE SPECTRUM 

The y-ray source spectrum from p- j  interactions of the RG-CR 
type is given by (cf. eqs. (1-10) through (1-14)) 

For interactions of the CR-RG type, we use the corresponding 
expression 

The notation for equations (3-4) and (3-5) is the same as that used in 
chapter 1. The quantity n ( r )  is the number of target nucleons in the 
medium per cubic centimeter as a function of position; I ( E ,  r )  is the 
differential cosmic-ray particle flux in ~m-*-s-~-sr-~-GeV-'. The sub- 
script p stands for proton, jj for antiproton, s for secondary particle 
produced in the collision, and d for decay mode. The production function 
crs (Es I Ep) represents the cross section for production of secondary 
particles of type s and energy E, in a collision of primary energy E p ,  [yd 

represents the number of y-rays produced in the decay mode d, Ryd is 
the branching ratio for the decay mode d (the probability that a secondary 
particle s will decay via mode d) and fds(EyJEq) is the normalized 
distribution function representing the probability that a secondary 
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particle w ~ t h  energy E, will decay to ploduce a. y - ~ a y  of energy EY. For 
the purposes of discussion, we will restrict ourselves to ~ ) - p  interactions. 

The situation for maitel-antimatter annihilatiolis ocentring near rest 
1s somewhat drflerent. In t h ~ s  ease, we will hnd it more eonverlient to 
speak of particle densities instead of Auxes or intensities. We thus 
make the transformation 

where v is the relative velocity between the annihilating nucleon and 
antinucleon, which we can consider to be a thermal velocity, and f(v) is 
a normalized distribution function representing the distribution of rela- 
tive velocities between the interacting nucleons. 

The y-ray source spectrum from p-p interactions at or near rest is 
given by 

The form of equation (3-7) suggests that the introduction of the term 
"emission measure" be defined in analogy with its use in astrophysics 
(Shklovskii, 1960). 

We therefore define the "emission measure" B as 

B= drnp(r)nij(r) I 
It  follows from equation (3-7) that 

3-3 CROSS SECTIONS FOR PROTON-ANTIPROTON ANNI- 
HILATIONS NEAR REST 

We now state more precisely what we mean by a "rest gas." We define 
articles such that no particle in the gas has an 

his rather liberal definition of rest is 
sufficient to insure that the only secondary particles produced in RG-RG 
interactions that yield y-rays are secondary mesons produced by nucleon- 



antinucleon annihilation. Our restriction leaves out interactions of the 

since tile threshold for reactions of this type is 286 MeV. (See ch. 1.1 
Since the threshold fer nena:~ni!li?atian, inelastic, 1:-p interactinns that 

produce particles other than no-mesons is even greater, it follows that 
in the RG-rn case, only annihilations; i.e., reactions of the form 

11 + P -+ bosons (3-11) 

L neutral pions 

L y-rays 

need be considered. 
Table 3-1 lists the experimental cross sections for free p-15 annihila- 

tion as a function of incident antiproton kinetic energy at accelerator 
energies. Also listed are PC,, and the product of the annihilation cross 
section (FA) and crns velocity (PC,,). It can be seen from table 3-1 that 
the product of crns velocity and annihilation cross section is constant 
over a very large energy range. For nonrelativistic energies, 

@ being the relative velocity of the particles. We find experimentally 
that 

4.8 X 10-26 cm2 1.4 X 10-l5 cd-s-1 
FA -- - - 

P 
(3-13) 

U 

TABLE 3-1. -Experimental Cross Sections for p-p Annihilation as a 
Function of Incident Antiproton Kinetic Energy 

Tjj, MeV P j j r ~ ,  mb Reference 

Loken and Derrick (1963). 
Cork et al. (1962). 
Loken and Derrick (1963). 
Loken and Derrick (1963). 
Cork et al. (1962). 
Cork et al. (1962). 
Cork et al. (1962). 
Ferbel et al. (1965). 



At all energies above 25 MeV, we find that table 3-1 agrees with the 
theoretical cross section 

T; -2  
1) 

0 . 1  = -- 
PC,,,, 

taking 
;-, - 0.87 X ?O-l3 em /2-1c\ \d l o ]  

as the proton (or antiproton) radius and using the model of Koba and 
Takeda (1958) in which the nucleon acts as a black absorbing sphere of 
radius I-,. 

At lower energies ( 5 10 MeV, which correspond to annihilations of 
matter and antimatter gases at a temperature < 10" K), coulomb 
forces play a dominant role in the matter-antimatter interaction process. 
At energies < 100 eV, bound systems of protons and antiprotons can be 
formed as a; intermediate stage before annihilation. The situation is 
similar to the case of positronium formation discussed in the last chapter. 
As was the case there, we find that under astrophysical conditions, the 
lifetime of the 11-5 system against annihilation is much shorter than 
its lifetime against breakup, so that the cross section for bound-state 
formation becomes the effective annihilation cross section. Until recently 
the effect of coulomb interactions on matter-antimatter annihilation was 
largely neglected and theoretical cross sections for bound-state formation 
processes had not been calculated. However, recently Morgan and 
Hughes (1970) have calculated the cross sections for the radiative capture 
processes 

and 

and the atomic processes 

Ha + He-+ 211p+(various combinations of 2e-, 2e+) (3-20) 

H ~ + H ~ - + ~ , +  ( n ,  or e++e-)+(various combinations o f p , ~ ,  e+ ,  and le-) 
(3 -2 1) 



where we have used the symbols II, and I I r  to denote the bound states 
of the p-IS and e--e+ systems, respectively. Keactions (3-24) and (3-25) 
have already been discussed in the previous chapter with regard to the 
annihilation of secondary cosmic-ray positrons in a tenuous neutral 
hydrogen gas. The cross sections for these reactions, as calculated by 
Cheshire (1964), will be given in a later chapter. With regard to p-IS 
annihilation in intergalactic space, three processes in particular can be 
expected to be of the greatest importance: 

(1) Direct annihilations, such as (3-ll), at energies greater than 10 
MeV, where the cross section can be well represented by equations 
(3-14) and (3-15). 

(2) Direct annihilations at energies below 10 MeV, where the mutual 
coulomb attraction of the proton and antiproton distort the 
wave functions of the two particles with a resultant increase in the 
direct-annihilation cross section. When the cross section given by 
equation (3-14) is corrected for this effect, the cross-section 
formula becomes modified to 

where a is the fine structure constant-For p-IS interactions at ener- 
gies much less than 4 MeV, where /3 e 2 r a ,  equation (3-26) re- 
duces to 

Thus, at an energy of about 4 MeV, there is a transition in the 
velocity dependence of the annihilation cross section from 
W A  - p-' to W A  - P - 2 .  The same is true for electron-positron inter- 
actions at energies of 

hydrogen at thermal energies, the H-R rearrangement collision, 
reaction (3-18), becomes the dominant mode of p-p annihilation. 



Morga~; a ; ~ d  Hughes (1970) [lave calculated the ar~nihilation c ~ o s ~  
section foi this reaction and found that, to withln 20 percent for 
energies between 10-' and I eV (corresponding to thelrnal veloc- 
ities a t  icernltexatrrres lietween 10 K and 10' K) 

where (10 is the Bohr radius of the hydrogen atom. 

Radiative capture reactions of the form of equation (3-17) can be 
shown to be insignificant. The cross section for annihilations of this type 
(Morgan and Hughes, 1970) is 

Equation (3-29)is accurate to within at least 1 percent when j3 a /7 
and is exact in the limit as j3-+ 0. The radiative capture cross section 
for the electron-positron system, viz, e+ + e- -+ II, + y, is given by the 
same formula without the quantity (me/n~,)~. For 12-Is annihilations at all 
energies of interest UA, ,. < a*; however, in the case of electron-positron 
annihilation (in an ionized medium) a*, ,. > F A  for interactions at energies 
less than 20 eV. 

In figure 3-1 we give the cross section versus temperature, energy, 
and thermal velocity for the reactions expected to be of importance for 
cosmological problems (intergalactic p-Is annihilations). Figure 3-2 
shows the values for total-annihilation cross section times velocity (pro- 
portional to the annihilation rate) calculated by Morgan and Hughes, 
which should be valid for astrophysical and cosmological problems at 
the temperatures and kinetic energies indicated. 

We may now make use of equations (3-17), (3-18), (3-27), and (3-28) 
in order to reduce equation (3-7) to a simpler form. To do this, let us 
assume that matter-antimatter annihilations are taking place at thermal 
energies in three temperature regions defined as 

Region I : ~ o " K <  T _ < ~ o ' ~ K  - 
Region 11: lo4 K < T < 1011 K (3-30) 

Region 111: 10 K<T<10"  

It follows from the equations cited above that in each of these regions 
the annihilation cross section varies as some inverse power of the veloc- 



FIGURE 3-1.-Proton-antiproton annihilation cross sections as a function of temperature 
and kinetic energy for free nucleons and ato~lls (Morgan and Hughes, 1970). The curve 
marked u,, takes into account the mutual coulornb attraction between the proton and 
antiproton; the curve marked u,,, is an extrapolation from the accelerator data that 
fails to take this effect into account. 

ity. We can write an expression for this cross section for each of the 
temperature regions defined above thus 

Region I : v ( E s l v )  = v1 (:)-I 

Region I1 : 

Region 111: 

where 
vl = 4.8 X 10-26 cm2 

and 



FIGURE 3-2.-Cross section times velocity for hydrogen-antihydrogen annihilation of 
nucleons given as a sunl for the interactions shown in figure 3-1 integrated over a Max- 
well-Boltzmann distribution at temperature T and taking ionization into account (Morgan 
and Hughes, 1970). (a) a~+ji (extrapolated. (b)  u H + ~  (calculated). (c)  uH+fi, u,,+fi, cr,+n,  and 
c,,. ,. multiplied by appropriate factors to take account of fractional ionization. (d) up+?, 

taking coulomb attraction into account. (e) crr,+~, from high-energy accelerator data. 

We will write for all three regions 

where 6i is the exponent of the power-law velocity dependence of 
cr(E,Iv) as given in equation (3-31) and where, as in previous discussions 

If we assume that the velocity distribution of the interacting nucleons 
and antinucleons is thermal and can be represented by the normalized 
maxwellian distribution 

- 

,,, ,., = ,,/: (5)"" o2 exp (-g) 
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at some given temperature T; and in addition, if we define a normalized 
energy speetrunl of the y-ratliarion in the  rest frame of the gas, 

and smear it out by the distribution function, 

to take account of the thermal Doppler broadening of the y-ray spectrum, 
we may write equation (3-7) in the form 

x du u(3-'i) exp (-g) I ~ E Y o D ( E Y I E Y o ) ~  (Ern) (3-38) 

From the relation 

where r ( x )  is the well-known gamma function 

which has the property, for integral arguments, 

equation (3-38) may be further specified to read 

q -  ( E ,  r )  = n I ( ) i c y  2 -- 4 

Let us now utilize equatlon (3-42) to specifically discuss the tempera- 



t u i e  regions I, 11, arid 111 defined earlier. in region I, 6, = I ,  and therefore, 
from equation (3-7), 

(I?, f ( u  j /lo-,( 11-I - (TIC 

since dv f (v) = 1 by definition. I 
We therefore find that in region I ,  

e,,,-E (EY, r )  = rill( r ) l ~ ( r ) c I c S ~  I dEroD(ErEyo)f (EYo) 

for 10" K < - T < - 10'3 K (3-44) 

In temperature regions I1 and 111, we cannot make the simplification 
given by equation (3-43); however, we can make a different simplifica- 
tion. In these temperature regions, p 1, and Doppler broadening due 
to thermal effects provides only a negligible distortion on the y-ray 
spectrum. Thus, in these temperature regions, we may write 

and therefore 

In region 11, SII=2, and by reducing equation (3-42) and making use 
of the approximation (3-46), we obtain 

for lo4 K < - T < - 1011 K (3-47) 

In region 111, SII1= 0.64, and again reducing equation (3-42) and using 
the approximation (3-46), we find 

for 10 K < T < 10% (3-48) - - 

We will consider more detailed applications of equations (3-44), 
(3-47), and (3-48) in a later chapter when we consider cosmological 
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formulations of these equations. However, it might be useful at this p a n t  
to consider a simplified numerical example of these equations. 

Present theoretical conceptions, based on recent empirical studies, 
indicate that the intergalactic medium is probably a very tenuous ion- 
ized gas with an average density of 10-7 to 10-5 atom per cubic centi- 
In', li.. n r  

. . 
llbt'iil aL a temperature between 104aal:d ?06 K, :vhich places zr m otlr 

temperature region 11. It is found experimentally that approximately 
three y-rays of energy greater than 100 MeV are produced for eachp-ls 
annihilation (i.e., l;y= 3). From equations (3-8), (3-9) and (3-47), and by 
taking T= 106 K, we find 

3B 
I,,;-= (EY > 100 MeV) = - 

4lT 

Recent measurements (Clark, Garmire, and Kraushaar, 1968) have 
indicated that the isotropic flux of cosmic y-rays in this energy region is 
< - lO-"m--2-~-'-sr-~. This places an upper limit on the emission 
measure B: 

B G 2.4 x l ~ h m - ~  (3-50) 

and, from equation (3-8), indicates that by dividing by the visible radius 
of the universe R,,, 

Thus, if n, 2 10-7 ~ m - ~ ,  the mean density of antimatter in intergalactic 
space is 5 2 X 10-l2 particles per cubic centimeter. 

We will now go on to calculate the energy spectrum f (Er) .  

3-4 MESON PRODUCTION AND THE STATISTICAL MODEL 
OF MATSUDA 

In considering the production of mesons from p-I5 annihilation, we 
refer to the simple statistical model of Matsuda (1966) and the data of the 

energy of the 11-p system (equal to 2m,) is distributed in an interaction 
volume and that the system reaches thermal equilibrium. Since in the 



anrrihilation the wave  packets of the two particles completely overlap in 
an 9' state, then for 

(where n, is the density of secondary particles produced) we find that 
the mean free path of the meson produced, I,,,, is 

for an experinlentally observed average number of mesons produced, 
L&, where A,, is the distance traveled by the meson during the strong 
interaction in time t , ,= A,,c-* = S. Thus, we find that there is enough 
time available for the created mesons to collide with each other and 
reach thermal equilibrium before they leave the interaction volume a. 
Matsuda then assumes that there exists a quantized energy level E ,  > 0 
for each type of meson (r=rr, p ,  w ,  q ,  K ,  K * ,  etc.) produced in the anni- 
hilation. The whole system reaches a thermal equilibrium given by the 
parameter cD= l /kT at temperature T ,  which is therefore the same for 
each nonstrange boson (type a= r r ,  p,  w ,  q, etc.) or strange meson pair 
(type u =  l(iE, I<*K*, etc.). We designate the statistical weights by 

T ,  being the isospin of particle r. Because the created mesons are bosons, 
we obtain 

Matsuda then introduces the chemical potential parameter €0 asso- 
ciated with the production of each particle and related to the observed 
average energy (E,) of each particle through the relation 
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so that for nonsi-range mesans equation (3 55) becomes 

( b; ) = 251 (3 -58) " 
exp [@((E,,) - E O )  I - 1 

For pairs of strange mesons, eqiiaiioii (3-55) becomes 

since the formation of each meson involves energy €0.  

The observed average energies of the various mesons produced in 
p-$ annihilations at rest are listed by Matsuda and given here in table 
3-2. We find that by specifying 

1 - 
@ 

= 150 MeV 

and (3-60) 

€0 = 295 MeV 

we obtain excellent agreement with the experimental production rate, 
as shown in table 3-2. The total average number of produced particles 
calculated from equations (3-58) and (3-59) is 

TABLE 3-2.-Average Energies and Production Rates for Various Par- 
ticles Produced in p-p Annihilations at Rest 

[Matsuda, 19661 

Calculated 
production rate 

3.96 
2.3 X lo-' 
4.2 X 10-2 
2.4 X 10-2 
3.1 X 1 k 2  

20.6 X 

3.8 X 10-3 

7, 
particle or pair 

'IT 

P 
w 

T 
kK 

kK", KK* 
/\"I? 

Experimental 
production rate 

Average 
energy, MeV 

380 
850 
950 
860 

(1\)660 

(1<*)980 
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The value given by  the experimental results is 

which also agrees well ~vi th the r,a?cu!ation. 

Both the experimental data and the simple statistical model of Matsuda 
indicate that in p-15 annihilations at rest, p-meson production is an order 
of magnitude less important than pion production and that production of 
other mesons is at least two orders of magnitude less frequent than pion 
production. Table 3-3 shows the decay schemes of these mesons that 
lead to final-state y-rays and other relevant data. Table 3-4 shows some 
recent data on meson production indicating that about 20 percent of the 
y-rays produced arise through nonpionic meson production. The largest 
nonpion contribution to the y-ray spectrum is due to the p-meson decay 
schemes 

The p meson is an isospin triplet (T= 1) constructed from two pions, 

TABLE 3-3. -Decay Modes, Branching Ratios, and y-Ray Multiplicities 
for Various Particles Produced in p-p Annihilations 

Decay mode Branching ratio, / f,R 

1 I 

aOther y-ray-producing decay modes have negligible 
branching ratios. 



T/IBLG 3-4. Product? on Ka tes jofor I h r  rorrs Meson-Pr odtrcr rtg Ch onne/s 
t r r  p-6 Anr~zhilatiorzs a t  12mt 

[From Aaltay er a l  19641 

Cl~anne l  / Rate. 9% 1 I-, 1 ctR 

"Includes cases where T+ r- were from pa decay. 

each having T = 1. Evaluation of the Clebsch-Gordon coefficients for 
this construction yields 

Since the pn construction does not contain any I n n ) l n O )  terms, 

and, therefore, 
,on+ ++no 

Gamma rays from p* decay (reaction (3-63)) possess an average en- 
ergy of 210 MeV, not much different from the 190-MeV average energy 
given to y-rays from the directly produced pions that are an order of 

than pions have a negligible effect on the total y-ray spectrum from 
p-p annihilation. 
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3-5 SE1,ECTllOiBI RULES 

If WP assume that tho large majority of y-rays fi-onr RG-FE interactions 
aricie tllrotrgh ?I"-' decay (as was shown in the previous section), equation 
(3-36) reduces to 

as we showed in our derivation of equation (1-100). 
The process 

~ ) + p +  .rrO (3-68) 

is, of course, forbidden by conservation of momentum. The process 

is also forbidden since IW annihilations at rest occur predominantly 
from the S states of the p-p system. 

The selection rule that forbids reaction (3-69) follows from conser- 
vation of G conjugation parity. 

The process of G conjugation is an extension of charge (C) conjuga- 
tion, which holds for neutral as well as charged particles. It  is defined 
as 

G=Ceinr2 (3-70) 

where C is the charge-conjugation operator and T2 is the second com- 
ponent of the isospin vector. From (3-70) we can show the commuta- 
tion relation 

[T, G ]  = 0 (3-71) 

Thus, we may describe particle states as simultaneous eigenstates of 
both G and T .  

It  can be shown (Sakurai, 1964) that systems having baryon number 0 
are in an eigenstate of G. The p-p system is just such a system. For this 
system 

where L,  S, and T are the orbital, spin, and isospin quantum numbers 
of the state, respectively. 

In a state consisting of a single pion, L= 0 ,  S =  0, T =  1, and, therefore, 
C;=- 1. In a final state consisting of 5 ,  pions, G is given by 



The selection rules 13-72) and (3-73) indicate that f'oz an S-state 
annihilation ( L =  O ) ,  the final state consisting of two neutral pions is 
strictly forbidden (Lee and Yang. 1954). 

Therefole, the extreinurn y-ray energles that w e  would expect Clorrl 
this decay would result horn inten actions of the type 

resulting in pions with the given maximum energy 

3 rn; 
= m,--- = 923 MeV 

4 m, 

Thus, the annihilation y-rays are limited to the energy region 

; [ E ~ , ,  - (E$,  ,,, - m'?,)l12] s E, s +[En,>, ,,,+ (E;,, ,,,, - m2,)'l21 
(3- 76) 

or 5 MeV < Ev < 919 MeV. 
The process 

~ ~ + P + Y + Y  (3-77) 

may also occur; but this process, involving the electromagnetic emission 
(em) of two photons, is of the order 

and therefore this process may be neglected as a significant contribution 
to y-ray production. 

3-6 THE GAMMA-RAY SPECTRUM FROM PROTON-ANTI- 
PROTON ANNIHILATIONS AT REST 

As we showed in the previous section, we can neglect the contribution 
from the decay of mesons other than neutral pions in calculations of the 
y-ray spectrum from p-p annihilations at rest. The normalized y-ray 
spectrum was calculated numerically from the relation (3-68) by the 
author, with the normalized distribution function f~ ( E , )  taken from the 

The resultant spectrum, up to 750 MeV, is shown in figure 3-3. Frye 
and Smith (1966) have recently calculated the y-ray spectrum from p-p 



FIGURE 3-3. -Normalized y-ray spectrum from /'-I' atlnihilation 

annihilation up to 500 MeV, based on recent measurements of charged 
pions from p-p annihilation by the Columbia University group. The 
excellent agreement between the results of figure 3-3 and the calcula- 
tions of Frye and Smith not only serves as a mutual check on the calcu- 
lations but also supports our previous conclusion that mesons other 
than pions have a negligible effect on the total y-ray spectrum from 
p-p annihilation at rest. 

The absolute magnitude of the y-ray spectrum from p-IS annihilation 
at rest is obtained from equation (3-44), (3-47), or (3-48), depending 
upon the temperature region involved. 

3-7 PROTON-ANTIPROTON ANNIHILATIONS IN FLIGHT 

We now turn our attention to RG-CR interactions. Here, because of 
limitations in the data, as well as kinematic and dynamic similarities that 



rvottld m a k e  t h e  y-ray 'jpettla from such  ~nteractrorrs dificuit t o  dis- 
tinguish from the y r a y  spectra of the much more prevalent RG-GR 
ir~teracrions, sue will present only a qualitative treatment. 

An excellent review article on high-energy irlteractioims of antiprotons 
in hydrogen has been presented by Baltay el al. (1964). For high-energy 
p-p iateractions, annihilations of the types 

N + N* + bosons 

N* + N+ bosons (3-80) 

N* + N* + bosons 
and 

Y + T'* + bosons 
11+p-+ 

Y* + Y+ bosons 

1 Y* + F* + bosons 

may occur, as well as annihilations of the type previously considered. 
Reactions of the type given by equation (3-80) seem to occur frequently 

and to be of a similar nature as p-p interactions. For example (Ferbel 
et al., 1962, and Ferbel et al., 1965), 1)-p interactions in the 3- to 4-GeV/c 
range lead to strong production of the A(1.238) isobar, while at 7 GeV/c 
no single resonance seems to dominate. The angular distribution of the 
outgoing baryons is strongly peaked in the forward and backward direc- 
tions in the collision cms. All these facts hold true for the 11-pinteractions 
as we will discuss in detail in chapter 6. In the energy range where pro- 
duction of the A(1.238) isobar predominates, production of neutral pions 
occurs at roughly the same rate in both 11-p and 11-p interactions, as 
indicated in table 3-5 (Baltay et al., 1964). 

This fact, too, strongly highlights the similarity between 11-p and 
nonannihilation 11-p interactions at similar energies. Thus, in the 3- to 

TABLE 3-5. -Cross Sections for In,elastic Single Neutral-Pion Production 
in p-p Interactions as a Function of Incident Momentum 

Reaction 
I , 

Coll is io~~ momentum, GeV/c Cross section, mb 



4-GeV/t range, neutral (and c l~a ig rd )  pion production is dnlninated Ily 

the cha~lnel 
A 4-N 

It may therefore be assumed that the nonannihilation RG-CR (or 
CR-m) interactions will lead to y-ray spectra with the same char- 
acteristics as those from high-energy 1)-1) interactions. (See chs. 5 and 6.) 
Experiments also show that in 11-IS interactions between 1.6 and 7.0 
GeV/c (Biickmann et al., 1966), nonannihilation production of pions in- 
creases with respect to annihilation production. At 5.7 GeV/c, the cross 
sections for the two processes are comparable (and also are comparable 
to the cross section for inelastic 11-p interactions). 

Biickmann et al. (1966) find these values for the cross sections at 5.7 
GeVlc: 

11 +IS-+ 11 + p + bosons (inelastic) 24.8 +- 2.0 mb 
(3-83) 

11 + p -+ bosons (annihilation) 22.5 +- 2.0 mb 

The pion multiplicity in annihilation interactions rises slowly with 
energy, as shown in table 3-6. 

The cross sections in tables 3-7 and 3-8 are comparable in magni- 
tude to those given in chapter 5 for hyperon production in 11-p inter- 
actions. As in 1)-11 interactions, these cross sections are small relative 
to pion-production cross sections, but increase with energy. The out- 
going hyperons are observed to be emitted strongly in the forward and 
backward directions, as in the case of 11-11 interactions. Also, in inter- 
actions involving final-state Y- and T-production, resonances (strange 
isobars) of the type 

Y*+ Y+T 
are commonly produced. 

TABLE 3-6. -Average Pion Multiplicity in Annihilation  interaction,^ as 
a Function of Incident Momentum 

Momentum, GeV/c Multiplicity Reference 



TABLE 3-7.-Cross Secrzons for H ~ p r r o n  Anrrhjri~eron Proclilrfzon rn 
13 pS Zr>ferc~crrons 

Total antihyperon production 1 438 152 1 710 + 78 

" Hased on one event at each energy. 

TABLE 3-8. -Cross Sections for the Reaction p + p-+ A +  as a Function 
of Incident Momentum 

Momentum, GeVlc Reference 

We can summarize the findings for high-energy p-IS interactions as 
follows: 

1.61 ........................ 
3.25 ........................ 
3.69.. ...................... 

(1) There are two distinct types of pion-production processes that may 
be considered: (a) annihilations and (6) inelastic pion production 
without annihilation. 

(2) The ratio of occurrence of process (6) relative to process (a) in- 
creases with increasing energy between 1.6 and 7.0 GeV/c and is 
approximately 1 at 5.7 GeVlc. 

(3) Inelastic interactions (without annihilation) are very similar to p-p 
interactions and exhibit similar resonance production and forward- 
backward peaking. 

5 7 1  18 
87 -t 13 
94 -t 14 

Button et al. (1961) 
Baltay et al. (1964) 
Baltay et al. (1964) 
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(4) Strange particles are produced in similar quantities 1x1 both In- 

elastic p-IJ and P-ji interaetions. 

For these reasons. we may assume that 

(I) A11 "isobar-plus-fireball" model, similar to that discussed in chapter 
5 may be applicable to high-energjr I ) -p  interactions. In this ease, 
annihilation interactions may be included as an added contribution 
to the fireball component. 

(2) At high energies ( E y  > 5 GeV) there is at present no reason to 
assume that the characteristics of the y-ray spectrum from p-P 
interactions will differ from those of the y-ray spectrum from p-P 
interactions. 





4-1 INTRODUCTION 

In this chapter, we wish to discuss the various processes that are of 
astrophysical importance in depleting y-rays in the galaxy and the 
universe. By "absorption" we will mean not only those processes in 
which the y-ray completely disappears, such as pair-production, but 
also those processes in which the y-ray is scattered out of the energy 
range of interest, as can occur in the case of Compton scattering. 

We will consider two basic categories of absorption processes: 
Absorption of y-rays in matter and absorption of y-rays through inter- 
actions with radiation. The latter process is of importance because of 
the recently discovered 2.7 K blackbody radiation field which is now 
believed to fill the universe and to be a remnant of the initial cosmological 
"big-bang." 

4-2 ABSORPTION OF GAMMA RAYS THROUGH INTER- 
ACTIONS WITH RADIATION 

Let us first consider the effects of the universal radiation field on the 
intensity of cosmic y-rays. The attenuation process of importance here is 
the pair-production process 

where y represents the cosmic y-ray and ybb the low-energy blackbody 
photon with which it interacts. This process can only take place if the 
total energy of the y-rays in the cms of the interaction is greater than or 
equal to 2m,c2. The cross section for reaction (4rl) can be calculated 
using quantum electrodynamics and a derivation may be found in Jauch 
and Rohrlich (1955). The importance of reaction (4-1) in astrophysics 
was first pointed out by Nikishov (1961) in considering interactions of 
y-rays with ambient starlight photons and with the discovery of the 
universal thermal radiation. Gould and SchrCder (1966, 1967a, b) and 
Jelly (1966) were quick to point out the opacity of the universe to y-rays 

7 7 



of cncrgy above lofi cV. St:,cker (1969~) and Fazlo and Stecker (1970) 
generalized these calculations by inclridirrg cosmological effects at high 
redshifts. (See ch. 13.) 

In drscusslng reactloll (4-1), we will generally follow the discussion 
of Gould and Schrkder (l96'7a, b) with one important difference: At the 
tifile Gould and Schrkder published their papers, it was generally thought 
that the universal blackbody radiation field was at a temperature of 
3.0 K. More recent measurements (Stokes, Partridge, and Wilkinson, 
1967) have yielded a temperature of 2.7 K for the blackbody radiation 
with a corresponding photon energy density of 0.25 eV/cm3 instead of 
the value of 0.38 eV/cm3 used by Gould and Schrkder. Therefore, we 
have corrected the Gould and Schr6der results to correspond to a 2.7 K 
radiation field. 

In order to determine the threshold energy for reaction (4-l), we make 
use of the same procedure used in the derivation of equation (1-59) 
and start with the four-momentum invariance given by equation (1-52). 
Again, if we denote crns quantities by a prime and Aote that 

equation (1-52) reduces to 

To determine the threshold energy for reaction (4-l), we only need to 
specify that at this energy both the electron and the positron are produced 
at rest in the crns of the interaction. The minimum energy required is 
the one which corresponds to a head-on collision (cos 0=-1). Equation 
(4-3) then reduces to the relation specifying the threshold energy as 

m ,2 
E Y ,  t h = -  

Ebb 

where, as in chapter 1, we have used the convention c= 1. It is interesting 
to note here the similarity between equation (4-4) and equation (1-97) 
for neutral pion decay. This is no accident and can be seen by picturing 
the pion decay run backward; however, instead of a pion, we picture the 
reverse decay of a particle made up of an electron and a positron stuck 
together, with a total rest mass of 2117~. 
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If we consider a typical blackbody photon to have an erlelgy of approxi- 
mately MeV, then from ecluation (4-4) we find a threshold energy of 
approximately 2.5 x 108 MeV for reaction (4-1). However, this threshold 
1s sornewhat blurred because the blackbody photons are not all at the 
same energy, but have a Bose-Einstein distribution in energy given by 
the we!!-knswn formula 

1 E2bb 
=SEG 1 e x p  (E,,//~T) 

We must also allow for the various possible values of cos 8 given by 
the isotropic distribution (1-68) as 

f ( 8 )  =b sin I3 (4-6) 

The cross section for (4-1) is given by Jauch and Rohrlich (1955) 

where the cms velocity of the electron (or positron) is given by 

The absorption coefficient for y-radiation against pair-production by 
interactions with the blackbody radiation is given by 

sin 8 
K Y Y ( E Y )  = 11 dEbb do n ( E b d d E b b ,  E Y )  ( 1  c o s  6) (4-9) 

Gould and SchrCder (1967) have reduced equation (4-9) to the form 

~ y y ( E y )  = (s)3f ( v )  (4- 10) 

where 

They find that the function f ( v )  has a 

f ( v ) +  h 3 v  1n ( 0 . 1 1 7 ~ )  for v <. 1 
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FIGURE 4--1. -Absorption probability per unit distance by y + y'+ e+  + e-  as a function of 
photon energy for y-rays traversing the cosmic-photon gas. The contributions from 
the optical ( 0 %  and 02),  infrared (IR), microwave (M), and radio (R) cosmic-photon gas 
are shown. Absorption at lower energies by X-ray photons is negligible. 01 represents 
the contribution from the light of population 11 stars; 0 2  that from population I stars 
(from Gould and SchrBder, 1967a, b); M is corrected to 2.7 K. 

and 
f ( u )  + (+.rrv)"2eev i(4-12) 

They have also calculated K y r  for y-ray interactions with various 
photon fields in intergalactic space. The results of their numerical 
calculation are shown in figure 4-1. 

4-3 ABSORPTION OF GAMMA RAYS THROUGH INTER- 
ACTIONS WITH MATTER 

There are two types of interactions of importance to be considered 
here. The first is the Cornpton scattering interaction 

whose cross section is given by the Klein-Nishima formula 



In the asymptotic limits, 

and 

a,-+ 3 [;+I, 2,] for E + I 
E 

Electrons play the dominant role in the Compton scattering of y-rays. 
As we mentioned previously, Compton scattering does not eliminate the 
y-ray per se, but will in all probability result in the transfer of some the 
energy of the y-ray to the electron, thus abqorbing the y-ray's energy. 
For y-rays of energy E y  9 mc" almost all of the energy of the y-ray is 
absorbed, and then we can consider that the y-ray has "disappeared." 

In some cases it is useful to define an "absorption cross section" 
a,, such that 

where M y  is the average amount of energy transferred from the y-ray 
to the electron. It is then found that (Heitler, 1954) 

an = €ac for E < 1 (P-19) 
and 

n 2E - +  
va = 

[in 2 e  + 11 for E 9 1 

The second type of y-ray absorption process in matter that we must 
consider involves the conversion of a y-ray into an electron-positron pair 
in the electrostatic field of a charged particle or nucleus. If we designate 
such a charge field by the symbol CF, such an interaction may be sym- 
bolically written as 

y + C F - +  e + + e - + C F  (4-2 1) 

The conversion interaction, or pair-production as it is usually called, 
has a cross section that involves an extra factor of the fine structure 
constant, a = e2/hc, since it involves an intermediate interaction with 
an electrostatic field. At nonrelativistic energies, this cross section is a 
complicated function of energy which must be determined numerically. 



( S e e  H P I I J ~ I .  1954. tor further tletarls.) Howevelr. cloied analyuc aij- 

proxlmat~on for t h ~ s  cross section may be glven tor energles greater than 
I \Ie! . whlclz correspontls to the energy regrorr N hele the pdlr-produfiron 
&loss section becomes more ~nlportarli tllari the Compton scattering 

cross section in the determination of the y lay Inass absorptiorl eoefficlent 
fol hydrogen gas. 

For pair-production in the field of a nucleus of atomic number 2, the 
cross sectioil for reaction (4-21) is given by 

which is the energy region where electron screening of the nuclear 
charge field may be neglected. The no-screening case, of course, also 
holds for an ionized gas (plasma). 

In the energy region where the complete screening approximation is 
valid, 

crp = 2 c,, [$ In (1832-113) - - ZZ for r + a-12-113 
%- 27 1 

(4-23) 

The threshold energy for pair-production in the field of an atomic 
nucleus is, of course, 2m,c2. In the case of pair-production in the field 

total (o,,+aD) cross sections as a function of y-ray energy for absorption of y-rays in 
hydrogen gas (based in part on work of Nelmes, 1953). 



of aionnlc electrcins, the  i l~cs l lo td  enelgy for (4 21) 1s 4 n ~ , ( ~ .  Above thts 
energy, the pall-product~on eloss sectron iriust be rrlod~fied to lrlelude the 
~dclrtional coi~trrbutro~l of the e l ec t~ons  and this may be done approxl 
~ n ~ t t e l y  13y mdkr r~g  the ~cplacerner?~ 

in equations (4-22) and (4-23), where the quantity [ varies from =: 2.6 
at E y  - 6.5 MeV to =1.2 at Ey - 100 MeV. For y-ray energies above 
200 MeV, - 1; and the pair-production cross section has an approxi- 
mately constant value of 1.8 X em2, according to the results of 
Trower (1966). The values of the various cross sections for y-ray ab- 
sorption in matter, as discussed in this section, are shown in figure 4-2. 









Chapter 5 

THE FORM OF THE COSMIC GAMMA-RAY PRODUCTION 
SPECTRUM FROM GALACTIC COSMIC-RAY INTERACTIONS 
FOR GAMMA-RAY ENERGIES LESS THAN 1 GeV 

5-1 INTRODUCTION 

In chapter 1, general formulas were derived for the calculation of the 
y-ray spectrum due to secondary particles produced in cosmic-ray 
collisions with atoms of the interstellar or intergalactic gas. 

This chapter will deal with a calculation of the y-ray spectrum for 
EY < 1 GeV. In this energy region the analysis is complicated by the lack 
of a complete understanding of the various modes of pion production. 
Therefore, the analysis will be carried out in two steps. The first step 
will be a discussion of the general properties of y-ray spectra from neutral 
pion decay, with a determination of the various features of such spectra 
that must, in general, hold true. This discussion will include the results 
of analytic and numerical calculations of normalized y-ray spectra from 
ideal neutral pion energy distributions. Such results serve two purposes: 

(1) They add to an understanding of the salient features of y-ray 
spectra from neutral pion decay. 

(2) They serve as  a test for the accuracy of similar numerical computa- 
tions where an analytic comparison cannot be obtained. 

The general features of y-ray spectra resulting from neutral pion decay 
should be kept in mind whenever a discussion of a particular result is 
desired. The general results will prove invaluable as a guide in discussing 
the results of the particular model used in the numerical calculations. 

Following the general analysis of y-ray spectra from neutral pion decay, 
a specific model will be chosen that will be used for numerical calculation 
of the y-ray spectrum below 1 GeV. This model is of necessity an over- 
simplification of the true physics of pion production, but it can be made 
to fit the present accelerator data to an extent that is adequate for our 
purposes. The model is of the "isobar-plus-fireball" type. The terms 
"isobar" and "fireball7' are here loosely defined to characterize the main 
features of the model. The model assumes that at accelerator energies 



t h e ~ e  exist LI \O dolnl~iant modes of pion p~odue t io~ l .  Thus we may speak 
of two p ~ o n  components: The isobar component, which doruinates pion 
productio~l in coilisions where the cosinre-ray p~otons  have energies in 

die Icr-av GeW range; ant1 rlre firehall component, wl1ir.11 srrppiie.1 the 
main hulk of pions for p-1) collisions of initial energy gteatel than 5 
GeV . 

5-2 GENERAL PROPERTIES OF THE GAMMA-RAY SPEC- 
TRUM FROM THE DECAY d-, y + y 

More neutral pions are produced in high-energy collisions than any 
other y-ray-producing secondary particle. We will therefore turn our 
attention to the-properties of the y-ray spectrum produced by the decay 

We will consider a normalized distribution of neutral pions; i.e., f (E,) 
such that 

We have already shown in chapter 1 how the y-ray spectrum is related 
to the neutral pion spectrum. In terms of normalized distribution func- 
tions, this relation may be expressed as 

where F ( E Y )  is a normalized y-ray distribution function resulting from 
the decay of neutral pions, and 

(See derivation of eq. (1-loo).) 
Equation (5-4) can be written in the quadratic form 

This equation has two roots, E Y ~  and Ey.2, such that 

€ ( E y l )  = E ( K y r )  (5-6) 



Sirlce these roots ale solutiorls o f  a quadratic equation given by equation 
(5-S), they rririsi iatjsfy t i r r  c'onclit~on 

We will find it useful to express equation (5-7) in logarithmic form and 
to define 

1)7, 
v ~ l n -  

2 

a1 = v - In Eyl 
and 

u  - In Eyz 

Equation (5-7) then reduces to 

It follows from equation (5-6) that 

E(V - 6 )  = E ( V  + 6 )  
and therefore 

F ( u - 6 )  = F ( v +  6 )  

where the function F is now expressed in terms of In EY. Equation (5-12) 
expresses a useful symmetry on a graph of F (In Ey).  On a graph of this 
type, the curve defined by F (ln Ey) is symmetric about the line In EY = v 
and thus reflects into itself about this line. This property is illustrated in 
figure 5-1. 



Eq~ratron 15-1 i j c7arr also he expressed a.; 

w l ~ i c h  is easily seen to he  a direct consequence of equations (5-4) and 
(5-5). Thus,  for the important asymptotic cases where the y-ray spectral 
distribution function can be approximated by a power law with exponent 
r of the form 

F ( E y )  -+ IiET for Ey > (5-1 4 )  

which we will later show to be  of astrophysical significance, it follows that 

1712, 
( E )  + I for EY < (5-1 5) 

where 
I' ' = I' (+,?I -zr  

Let  us now define 

From physical restrictions, it follows that 

and 

so that 

W e  can now rewrite equation (5-3) as  the functional relation 

where t is a dummy variable of integration. 
I t  follows that 

F[E. ]  = F  [ E @ ]  + 1: {lt G ( r )  

where 

E a  < E / j  

and, from equation (5-20), 

F [ E , ]  3 F [ E B ]  for E ,  < E P  (5-23) 



Ecluatiun (5 23) sho-vis that I;' [c] IS a 111011010111~d114. dec leasilig f u n e  
tionai oi e. 

In ordel to tejate F ' [ E ]  to F ( j : , ) ,  ~e must consider the quanti ty 

From equation (5-4), it follows that 

Using equations (5-8) and (5-25), we obtain 

and 

e 1  > O  for In E Y >  v 

We now write 

so that 

From equations (5-8) and (5-lo), it follows that 

and 

& < o  for In Ey=v--6 a 6 

Thus, from equations (5-26), (5-28), and (5-29), we obtain 

a_f > 0 at all other points (5-31) 
8 6 



This result, comhined with equations (5-26) and (5-27), yields tile 
conclusion that E increases monotonically with 6. Since F [ E ]  is a mono- 
tonically decreasing functional of 6, it follows that F [ 6 ]  is a monotonically 
decreasing functional of 6. Thus,  F [ 6 ]  I s  a maximurn at 6-0 and de- 
creases more and more with increasing 6. It follows that I.'(Er) is a 
maximum at In EY = V ;  i.e., at Ey= 4nr an4 tha.t this is, in fact, the only 
maximum. Note that these results were reached by less rigorous argu- 
ments in our general discussion in section 1-6. 

Our results are illustrated in figure 5-2, which shows the general form 
of F'(Ey) .  

We will further illustrate our results with two ideal distribution func- 
tions of pion energy. 

Distribution A: 

In this case, 

1 
for EO > E (5-32) 

otherwise 

To find the limits in terms of E Y ,  we need only solve equation (5-5) to 
obtain 

Eo > E implies Ey1 G EY =S EY2 

where 

E Y ~ = * [ E o  - (E6- nz%)112] 
and 
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Distribzrtinn 8: 
A )  f o r E A s E , ~ E 8  

f (E , )  = 

otherwise 
In this ease, 

i fE ,  
for EA 2 E 

E~ dE?, 
for EA E < EB (5-34) (E2, - m2,) 112 

10 for E 2 EB 

The integral 
dt = ln [I.+ (t2 - n ~ 2 )  1 / 2 1  + constant 

( t 2  - m2)1/2 (5-35) 

Therefore, if we define 

E A 1 = 4 [ E A - ( E 2 - m ' $ ) 1 / 2 ]  E A 2 = 4 [ E ~ + ( E j - m 2 , ) 1 / 2 ]  
and (5-36) 

E B 1 = & [ E ~ -  ( E ~ - ~ z ~ ) ~ / ~ ]  EBz=&[E,+ ( E g -  m2,) ' I 2 ]  

we find 

(EB - E A )  -I In (2) for EA* s EY 4 El2 

1 0  otherwise 

F ( E y )  = 

These results are shown schematically in figure 5-3. 

EBZ ( E ~ - E ~ ) - ~  ln ( E y )  for E B ~  s Ey < Ell and 
EA2 s EY < EBZ (5-37) 

5 3  THE ISOBAR-PLUS-FIREBALL MODEL 

In this model, we will assume that in collisions at accelerator energies 
all pions are produced in either of two ways: 

(1) Via intermediate production and decay of the h(1.238) nonstrange 
isobar (sometimes also referred to as an excited baryon or baryon 
resonance). The isobar is assumed to carry momentum directly 
forward or backward in the cms of the collision with an equal 



FIGURE 5-3.-Some ideal y-ray spectra resulting from the decay of some ideal 

spectra of neutral pions. 

probability. This property of isobar production in nucleon-nucleon 
interactions is well indicated from accelerator studies and has been 
discussed theoretically (see, e.g., the review by D. R. 0. Morrison, 
1963). 

(2) From the energy remaining available in the cms of the collision, 
a thermal pion "gas" is created where the pions are given an energy 
distribution which is very similar to a Maxwell-Boltzmann distribu- 
tion (Morrison, 1963). This phenomenon sometimes is referred to 
as  a fireball in cosmic-ray nuclear emulsion studies and will be 
referred to as a fireball here. Its conception dates back to some of 
Fermi's early research into the problem of pion production in 
cosmic-ray collisions (Fermi, 1951). Our low-energy fireball is 
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assumed to be roughly at rest wrth respect to the ems of the colll- 
slon w ~ t h  its pmns dlreeted ~sotroplcally rn tills system As an ~l lus-  
t r  ation, figure 5 -4 shows schematically the situation resulti~lg from a 
TeV (LO3 GeV) colli5ion of the  type we wrll discuss in the next 
chapter. The large difference in the behavior of the mesorls and 
baryons emanating fiom the collision leads to asymptotic forms 
for the high-energy y-ray spectrum described in that chapter. 

The situation for low-energy collisions is not that simple, as is shown in 
figure 5-5. As is indicated, it is much harder to distinguish between the 
two modes of pion production because of the similarity in the momenta 
involved. There is no large disparity in crns momenta as in the case of 
a TeV collision. 

tribution of' secondary 
FIGURE 5-4.-A schematic representation of the distri- pions resulting from a lrp 

bution of secondary pions resulting from a col- collision in the gigaelec- 
lision in the teraelectron volt energy range. tron volt energy range. 

Indeed, we may even conceptually fuse the two components and 
envision all the created pions together as having an elongated crns 
momentum distribution whose anisotropy is a function of collision energy. 
A simple model of this type has been used by Hayakawa et al. (1964) 
in their calculations of the cosmic y-ray spectrum. However, the two- 
component model presented here utilizes the more detailed results 
of more recent accelerator experiments. Among the most striking 
of these results is the complete dominance of the A(1.238) production 
mode in collisions where Ep < 3 GeV (Muirhead, 1965 (p. 666)). Indeed, 
even for collisions below the threshold for production of the mass 
peak at 1.238 GeV, there is evidence that this resonance (whose mass 
distribution extends below 1.238 GeV) affects the pion energy distri- 
bution (Focardi et al., 1965). We will assume here that below 3.16 
GeV, all pion production occurs through the intermediate 1.238 reso- 
nance. This hypothesis is in agreement with the observation that at 
about 0.6-GeV proton kinetic energy, the neutral pion distribution is 
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isot~opic.  since in this energy range the isobal enhalieenlent would he 
fo ln~ed  at rest In the ems. Tlle model is also in agreeiilent with the 
t>bservation of an increasing asymmetry in pion mornentum toward the 
forward and backward cli~eclionq a s  I?,, increases, since at higher 
erlergirs rile isoba-rs tend t o  carry more and more rnomentr~m in the 
forward and backward directions. 

5-4 CALCULATION OF THE GAMMA-RAY SPECTRUM 
FROM THE ISOBAR PION COMPONENT 

We are now ready to specify the parameters needed for the numerical 
calculation of the y-ray spectrum from the isobar pion component, 
hereafter referred to as the i-process component. For our model we 
need to specify the following: 

(1) The energy distribution of the isobar in the cms of the collision. 
(2) The angular distribution of the isobar in the ems. 
(3) The energy distribution of the decay pions in the BARS (baryon- 

isobar rest system). 
(4) The angular distribution of the decay pions in the BARS. 
(5) The cross section for production of the A(1.238) isobar as a 

function of initial proton energy. 

In our model the isobars are assumed to decay isotropically in the 
BARS. The energy distribution of the decay pions is obtained from 
the Breii-Wigner form of the isobar mass distribution. The isobar 
mass distribution is assumed to peak at M:= 1.238 GeV and have a 
width of 0.1 GeV. The Breit-Wigner distribution is given by 

We denote the pion energy in the BARS by the symbol p, which was 
used in chapter 1. In terms of isobar mass, p is then given by 

The normalized distribution function for p is related to the normalized 
Breit-Wigner mass distribution by the transformation 
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which yields 

Equation (5-41) was solved numerically by the author (Stecker, 1970) 
as a check on an intermediate step in the complete numerical solution. 
The results are graphed in figure 5-6 along with the BARS y-ray dis- 
tribution, which results from this pion distribution and is given by 

In the actual calculation of the y-ray spectrum, we must take into 
account the kinematic limits on the allowed pion energy. There is only a 
limited amount of energy available for pion production. In order to specify 
a maximum BARS pion energy pmax, we note that in the extreme case, 
where all the crns energy of the collision is transformed into the mass of 
the resonance, 

M%ax= ( ~ Y c - 1 )  J+'P (5-43) 
Thus we can define 

We must then renormalize the distribution function over p so that its 
integral over the allowed energy region is equal to unity. We thus de- 
fine a renormalizing weighting factor 

which multiplies the distribution *?(p). 
We specify in our model, as before, that the isobars carry momentum 

either directly forward or directly backward in the crns (Morrison, 1963). 
We further assume that the low-energy i-process produces pions through 
the two-stage decay 



FIGURE 5--6.-The energy distribution function of pions in the BARS resulting from the 
decay of the A(1.238) isobar and the energy distribution function of y-rays in the BARS 
resulting from the decay of these pions (Stecker, 1970). 



Furtkerrno~e, let rr5 designate tlre eneigy of the isobam and ploton In the 
crns systern oi the eolllslorl by j;:',, dnd I:'(p. ~ e ~ ~ ) e c t ~ v e I y .  If k ~ d b  heelr 
s l t o ~ n  in  chal-itei 1 (see rq. (1-62)) that 

The energy of the forwardly and backwardly produced isobars in the 
laboratory system are then 

and 

with 

We may therefore write 

We now wish to determine the normalized y-ray energy distribution 
function for the i-process decay of the A(1.238) isobar. As we showed 
in our discussion of equation (1-14), since the i-process is a two-stage 
process, the detern~inatio~l of the distribution functionf,,, ( E y I  E ,) requires 
an integration over an additional energy parameter. We may, if we wish, 
specify this parameter as En as in chapter 1; however, since type i 
decays are symmetric in the BARS, it will be simpler to use EC (the 
energy of the decay y-ray in the BARS). We can then specify 

In the first stage of the decay, the energy of the resultant neutral 
pion in the BARS is again uniquely determined and is given by 

Therefore, the magnitude of the BARS momentum of the neutral 
pion is also unique. We can thus define the convenient parameter 



In the pi011 rest system, each of the two decay y-rays is given an 
energy illl,. Thus, In transfornling to the BARS, we find 

where 4 is tile angle between the y-ray momentum vector in tlre pior, 
rest system and the pion momentum vector in the BARS. 

Once again, the decay is isotropic in the rest system of the decaying 
particle (i.e., in cos +), so we obtain 

for Li s E; s Ui 

l o  otherwise 

where, from equation (5-56), we find 

and 

Once EC is specified, we need only extend the reasoning used in the 

derivation of equation (1-106) to obtain 

I PI* 
for E Y ~  EY s Err 

BE; ( E f  - M*2)1/2 
f (EylEi, EC' = (5-59) 

1 0  otherwise 
so that as Pi-+ 1 ,  

Ei, mas ( E Y )  -+ 

and 

Through the use of equation (1-8), equation (1-10) in this case reduces 
t 0 

where zu,, is defined by equation (5-45), ,urn,, is defined by equation 
(5-44), EG is the y-ray energy in the BARS, R,  =2/3 is the branching 
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ratio for the neutral pion decay mode of the A(1.238) isobar, 

FIGURE 5-7. -The differential cosmic-ray proton and alpha particle kinetic-energy spectra. 



with the cosmic-ray intensity in the galaxy I (E, )  assumed to be constant. 
~h~ iiitegratioiis in (5-6:) -..--- wc;lr;  b a r l i c i l  --..-.- DU: numcricaI!y by 

the author (Stecker, 1970). The product Ricri (E , )  (in millibarns) was 
approximated by a function which was taken to be a three-part power law 
of the form 

I for E, < 1.48 GeV 

10-' Et7  for 1.48 <El, < 1.88 GeV 
R i q  (E,) = I 6.9 

(5-65) 
for l .88<Ep<3.16GeV 

( 69 E ; V o r  3.16 < E, < 10 GeV 
with cri in millibarns.' 

The differential cosmic-ray proton intensity used in the calculation is 
shown in figure 5-7. 

5-5 CALCULATION OF THE GAMMA-RAY SPECTRUM 
FROM THE FIREBALL COMPONENT 

We now calculate the y-ray spectrum produced by pions created in 
the cms of the collision. We will refer to these pions as the fireball com- 
ponent. (The use of the term here is restricted to our previous definition.) 
For the purpose of discussion, we define thefprocess (as opposed to the 
i-process) as the following production and decay scheme: 

where bi- and b are the average numbers of charged and neutral pions, 
respectively ( a  function of initial proton energy), and F is the so-called 
fireball. By no means should F be regarded as a real particle; it is better 
to picture it as a bosonic nonparticle whose only properties are a momen- 
tary possession of the mass energy of the created pions and a momentary 

' S u c h  a cross section is an approximation which ass 

various channels for kinetic energies above 2 GeV (Muirltead, 1965; Ellis et al., 1968; and 
Connolley et al., 1967). 
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oreupation of the interaction volume centered at the center of rxlomentum 
of the collision and therefore moving at 0, with respect to the 1s. 

We assume that the fireball decays isotropically with a crns energy 
distribution which is roughly independent of energy. The justification for 
this assumption comes both from accelerator studies (Morrison, 1963, 
and Fidecalo et al., 1962) and from studies of interactions of cosmic 
rays in the atmosphere (Fowler and Perkins, 1964). Accelerator studies 
(Morrison, 1963) of p-p interactions for energies up to 30 GeV give a 
charged-pion transverse-momentum distribution that fits an empirical 
law of the form 

.fT(p, ) a P ~ ~ - ~ P L I ( P I ) T  (5-67) 

Studies at 300 GeV (Guseva et al., 1962) fit this law very well. (There is 
only a change in normalization involved, indicating an increased multi- 
plicity.) It has also been observed that (p , ) ,  is roughly constant in 11-p 
collisions involving energies of up to lo4 GeV (Fowler and Perkins, 1964). 
If neutral pions also obey this law, we would expect that the resultant 
y-rays would have a transverse-momentum distribution of the form 

with 

Data confirm this exponential distribution for 1 ) ~  > 0.1 GeV in p-p 
collisions involving energies up to lo4 GeV (Fowler and Perkins, 1964). 
Accelerator experiments (Fidecaro et al., 1962) measuring the y-ray 
spectrum from 11-11 interactions at 23.1 GeV have substantiated indica- 
tions of an exponential distribution of neutral pions in the crns. The data 
are well represented by an energy distribution function of the form 

Figure 5-8 shows the average crns energy distribution of y-rays pro- 
duced in 23.1 GeV 11-p interactions as measured by Fidecaro et al. 
(1962). 

Thus, over a wide range of energies 

The quantity p, is a relativistic invariant that is proportional to the 
ems momentum of the pion and, therefore (relativistically), to its cms 



FIGL HE 5-8. -Gamma-ray cms energy spectrum integrated over angles a s  given by Fidecaro 
et al. (1962). The solid line has a slope of - 3.86. 

energy. Letting [ stand for cms pion energy, we may therefore use the 
approximation 

F( [ )  a &-2fi(b) (5-72) 

Since ([) = 0.5, independent of energy for collisions involving energies 
up to 10' GeV, we find that 
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with the normalization constant Z defined by 

so that 

Evidence for a two-component pion production model with thefprocess 
component producing pions isotropically in the collision crns has been 
presented by Dekkers et al. (1965). Their work indicates that the i- 
component yields a very large positive-to-negative pion ratio. Thus, the 
negative pions arise principally through the f-process. It  is also found 
that at accelerator energies, most negative pions are produced iso- 
tropically in the crns (the remaining ones are consistent with a small 
contribution from N* + Nrrrr decays). 

We have thus assumed that the 2-process plus thef-process provide 
all the pions produced; i.e., 

The function [{(Ep) r ( E p )  ]Total is shown in figure 5-9. 
It has been shown that a y-ray of energy E?) in the crns may have any 

laboratory energy EY within the range 

Under our assumption of uniform crns pion emission for thefprocess, 
there is a constant production probability 

within this energy range. It  follows from equation (5-77) that the integral 
over the source function with respect to E?) is bounded by the upper and 
lower limits, UF and L F ,  respectively, where 



FIGURE 5-9.-Cross section times multiplicity for neutral pion production. Data for p-p 
interactions as summarized by Muirhead (1965). Data for pcv interactions from Prokosh- 
kin and Tiapkin (1957a, b), Batson et al. (1959), and Kozodaev et al. (1960). 

FIGURE 5-10.-The calculated differential production spectrum of y-rays produced in 
cosmic-ray interactions based on the "isobar-plus-fireball" model described in the 
text (Stecker, 1970) 



FIGURE 5-11. -Calculated integral production spectrum based on the results of figure 5-6 
(Stecker, 1970). ' 

since only y-rays within this ,cms energy range will produce y-rays of 
laboratory energy E y .  

Therefore, the complete formula for the y-ray spectrum arising from 
the f-process is 

The resultant f-process spectrum was obtained numerically by the 
same methods previously described for the evaluation of the i-process 
spectrum (Stecker, 1970).  The results of the numerical integration are 
shown in figure 5-10. Figure 5-10 also shows the total spectrum produced 
by summation of the i- and f-components. The integral spectrum is given 
in figure 5-11. 

5-6 COSMIC GAMMA RAYS PRODUCED IN COSMIC-RlAY 
p-a AND o~-p INTERACTIONS 

Up to this point, we have restricted ourselves to a discussion of cosmic 
y-ray production in cosmic-ray p-p interactions. The details of particle 
production in p-p interactions have been well studied in recent accelera- 



rol extlelinlents. Such 1s not the case for rrlteractrol~s ~nvoivrng protons 
and helium nuelel. However, these interactmns may be expected to 
provide a substanilal contrib~rtrorl to the total y-ray productlorr of roughly 
the same magnitude as the contilbution from p- j i  interactions. Con- 
sequently these interactions cannot be neglected. 

Figure 5-9 sllows the total cross section times r~~ultiplicity for neutral 
pion production and proton-helium interactions as a function of kinetic 
energy per nucleon. These cross sections have been determined experi- 
mentally for kinetic energies below 1 GeV/nucleon (Prokoshkin and 
Tiapkin, 1957a, b; Batson et al., 1959; and Kozodaev et al., 1960). Below 
1 GeV/nucleon kinetic energy, it has been found experimentally that 
neutral pion production proceeds predominantly through the A(1.238) 
production channel. This is manifested both by the angular distribution 
of the pions and the 2 : 1 ratio of neutral-to-positive pion production in 
p-11 interactions (Prokoshkin and Tiapkin, 1957a). We have therefore 
made the assumptions that the same isobar-plus-fireball model used for 
11-11 interactions is also valid for 11-a and a-11 interactions, that the 
i-process dominates below a total energy of 3.16 GeV/nucleon, and that 
the energy dependences of the cross sections for the i-process and the 
fprocess are the same for nucleon-nucleon collisions in all of these 
interactions (charge independence). For interactions involving kinetic 
energies greater than 1 GeV/nuckon, the cross-section data were extrap- 
olated by assuming that the energy dependence of the pion multiplicity 
has the same form for w p  and p-a interactions as for 11-I-, interactions. 
We assume also that the cross section for A(1.238) production decreases 
with energy as E-2, as is the case for 1)-p interactions. The assumption 
is also made that the pions are produced primarily in interactions which 
simulate free nucleon-nucleon interactions (Batson et al., 1959), but with 
shadowing corrections as given by Kozodaev et al. (1960). 

The energy spectrum of cosmic-ray alpha particles at solar minimum 
is shown in figure 5-7. These particles produce y-rays by interacting 
with the interstellar gas (primarily a-11 interactions). To this contribution 
we must add the contribution of cosmic-ray protons interacting with 
helium nuclei in the interstellar gas OI-a interactions). Interstellar 
helium is estimated to make up approximately 36 percent of the nucleons 
in the interstellar medium so that the ratio of helium nucleons to hydrogen 
nucleons is 0.57 (Allen, 1963). 

The differential energy spectrum of cosmic y-rays from a-11 and 11-a 
interactions was calculated based on the intensities and cross sections 
given in figures 5-7 and 5-9, respectively, and on the assumptions given 

5-10. The total integral production spectrum is shown in figure 5-11. 



THE FORM O F  THE COSMIC GAMMA-RAP BRODUCTION 
SPECTRUM FROM GALACTIC COSMIC-RAP INTERACTIONS 
FOR GAMMA-RAY ENERGIES GREATER THAN 1 GeV: 
THE EFFECT OF THE DECAY OF NUCLEON ISOBARS 
AND HYPERONS ON THE COSMIC GAMMA-RAY SPECTRUM 

6-1 INTRODUCTION 

Several workers (Pollack and Fazio, 1963; Ginzburg and Syrovatskii, 
1964; Gould and Burbidge, 1965; Hayakawa et al., 1964; Garmire and 
Kraushaar, 1965; Lieber, Milford, and Spergel, 1965; Dilworth, Maraschi, 
and Perola, 1968; and Stecker, Tsuruta, and Fazio, 1968) have discussed 
the production of cosmic y-rays by the collision of high-energy protons 
with interstellar and intergalactic gas. Many others have studied cosmic- 
ray pion production in high-energy interactions. Out of these studies 
have come various phenomenological models for pion production, some- 
times referred to as "pionization." Among these models are the hydro- 
dynamical and "fireball" models. (For a general review, see Fujimoto 
and Hayakawa, 1967; see also the discussion in ch. 5.) Gamma rays result 
through the reactions 

followed by (6-1) 

Pal and Peters (Peters, 1962, and Pal and Peters, 1964) have pointed 
out the significance of the production and decay of hyperons and excited 
baryons (isobars) as a source of pions in high-energy interactions, which 
may be of particular importance in producing high-energy pions. In 
chapter 1 we discussed the details of the y-ray spectra generated from 
the formation of various secondary particles produced in p-p inter- 
actions. These calculations and the results of recent proton accelerator 
experiments indicate that in high-energy p-11 interactions, the production 
of the hyperons C+,  Co, and A and unstable baryon resonances N"(1.410) 
and N"(1.688) and their subsequent decay may be important sources of 

109 
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rite decay of a heavy baryon, l~e re  denotrd by B,(i - 2 ,  , A, M X - )  , as 
follows: 

B, -+ 2' t .-no (6-6) 

Llr 
This decay scheme will be referred to, as before, as  an "i-process." 

6-3 THE DIFFERENTIAL PRODUCTION CROSS SECTIONS 
OF HYPERONS AND NUCLEON ISOBARS 

In order to calculate the cosmic y-ray spectrum produced from the 
decay of hyperons and nucleon isobars, we must first determine the 
differential production cross sections cS(Es I E,,) , which are defined as 
the cross sections for the production of a secondary particle of type 
s with energy Es by a proton of energy E, colliding with a proton at 
rest. These differential production cross sections are determined from 
proton accelerator experiments and cosmic-ray shower studies. Such 
studies have indicated that in high-energy collisions the forward baryon 
retains most of its energy, between 50 and 65 percent. (See, e.g., Baradzei 
et al., 1962, and Daniel et al., 1963.) This baryon is strongly directed 
forward, a tendency manifested even at accelerator energies (Morrison, 
1963). We will therefore approximate the differential production cross 
sections for the forwardly produced baryons by the expression 

where vs=x(E,-M,) + A $ .  

Thus, x designates the fraction of initial energy carried off by the 
forward baryon, which has been excited to a nucleon isobar N* or 
hyperon Y. After deexcitation it is thus equal to the fraction of incident 
energy carried off by the forward nucleon plus the most energetic pion. 
We will take x to be a constant and equal to 0.6 in all cases.' 

The factor of + in equation (6-7) is included to take account of the fact 
that only one-half of the baryons are produced in the forward direction. 

There is even some indication that in collisions where baryon excitation occurs, the 
fraction of energy retained by the forward excited baryon may be higher than in collisions 
where excitation does not take place (Kazuno, 1964). Peak and Woolcott (1965) have 
studied cosn~ic-ray interactions with 5 X 1 0  GeV E,, 5 x 10' GeV and find indications 
that the nucleon retains approximately 55 percent of its initial energy; about 25 percent 
of tlte energy goes into pionization (see sec. 4-3) and the other 20 percent may go to an 
isobar-decay pion. With the data plesented in this paper, we hnd that the avelage fraction 
of energy lelegated to the I-plocess pion is 23 percent, in agreement with the c o l ~ j e c t u ~ e  
of Peak and Woolcott. Thus, the Peak and Woolcott data may indicate a value of x as 
high as 0.75. 



We -ru~ll aeglett the backwardly drrrcted baryons. since they wrll produce 
low-energy y rays only, and will produce them at a negligible rate eorn- 
pared with those produced by the more ustlally eonsrdeled T-decay 
pioeess, which we will soon dlseuss. 

Tables 4-1 and 6-2 glue the empirlcal data for the total cross sections 
of hyperolls arid nucleon isohats, ~espectively, as ohtalni-d In proton 

TABLE 6-1. -Hyperon Cross-Section Data 

Proton momentum, 
GeVlc 

Lambda+ neutral sigma cross 
section = 0.77 

Lambda cross 
section, mb 

Neutral sigma 
cross section, 

mb 

Positive sigma 

24.5 

'' Louttit et al., 1961. 
I' Chinowsky, 1966. 
' Holmgren et al., 1967. 
" CERN HBC and IEP groups, 1961. 
' Bartke et al., 1963. 

Lambda + neutral sigma cross 
section = 1.13 

TABLE 6-2. -Isobar Cross-Section Data " 
I 

Incident I 
momentum, 

GeV/c 
A(1.238) 

Reference 

" For reaction channels of the type 1 )  +I)-) N * +  + 1) only. 
I' Blair et al., 1966. 
" Anderson et al., 1966. 
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TABLE 6-3. --Prodnctiorz and Decny Parameters for A ,  C+,  C0- 
NX (1.410), and Nr (1.688) 

[Ki,senield et al., 13651 

" For simplicity, it is assumed that all decays occur via the i-process. More precisely, 
- 10 to 15 percent of the decays occur via the production of 2 pions. 

accelerator experiments. These cross sections are related to the dif- 
ferential cross sections by the condition 

where 5, is the number of particles of type s produced per collision. 
Table 6-3 gives a summary of the properties of the production and 

decay of the hyperons and nucleon isobars with which we will concern 
ourselves in this calculation. In this table we have also listed the value 
we have assigned to the quantity as (Ep)  for Ep >25 GeV. We have 
assumed in all cases that Ithe total cross sections have attained an asymp- 
totic constant value above this energy. There is good evidence that this 
is the case for the production of the isobars that we consider (see table 
6-2), but the poor data on hyperon production above 10 GeV leave some 
uncertainty about the validity of the assumption of constant e x + ,  exo, 
and c,, at high energy. Cosmic-ray studies (Wolfendale, 1963; Peters, 
1962; Yekutieli, 1961; Pal and Peters, 1964; and Kazuno, 1964) indicate 
that the production of isobars and hyperons is significant at energies 
from 103 to lo6 GeV. We note that A(1.238) and N*(1.518) production 
cross sections seem to decrease rapidly with increasing energy (see 
table 6-2),2 whereas the isobars we have considered seem to maintain 
fairly constant cross sections between 5 and 30 GeV. At higher energies 

The cross section for A1*(1.518) may reach a constant value at high energies, but it is 
so small compared to the others that it may be considered to be negligible. 



tEle~e may be sigi~ifieant eol~tlibutioi~s fxom the productron of heav1~3 
resonances (hotli sitarlge and nonstlange), as well as to those irr other 
cl~arpe stcrtes (e.g., N '0(l.68R)). I-lowever , tinerr ale tndlcations of stlong 
rnlilb~tlon of  the plotiuctlon of rrsorranc'es involving a change in isotopic 
spin and involving masses greatel than 2 GeV (Morrison. 1963). 

111 t i i s  discussion we have neglected rile cotltlihittion of kaons to tlre 
cosmic y-ray spectrum. It should not affect our results significantly 
for the following reasons: 

(1) Kaon pairs are produced directly in the cms of the collision in 
the same manner as the pions of equation (6-1). Therefore, when 
the kaons decay through channels that produce neutral pions, 
they will produce the same spectral characteristics as the neutral- 
pion fireball component. (See sec. 6-4c.) 

(2) The ratio of kaon-to-pion production is only 0.10 to 0.20 (Osborne 
and Wolfendale, 1963), so that only a marked difference in their 
production and decay schemes would affect the overall y-ray 
spectrum predicted. 

We note also that we have an additional contribution of A particles 
from the decay C+A+y to consider, apart from the A particles created 
directly. This will increase somewhat the contribution of the A com- 
ponent; however, the spectral characteristics of this component will 
remain unaltered. 

We have not discussed the effect of the production of boson resonances 
such as the r ) ,  p ,  and o mesons, as well as possible unknown resonances 
of higher mass. Data on such production in cosmic-ray showers are 
practically nil, although there is some evidence for it (Nishimura, 1967). 
(It is possible to speculate that the so-called fireballs, presumably 
created in high-energy interactions, may be either heavy boson resonances 
or baryon-antibaryon pairs.) (See sec: 6-4c.) 

While the cross-section data for hyperon and baryon-resonance 
production are still sparse, we hope to have more data in the future. 

6-4 T H E  COSMIC GAMMA-RAY SPECTRUM 

A detailed discussion of the y-ray spectra produced by the formation 
of various secondaries in p-p interactions has already been given in 
chapter 1. In general, the differential y-ray spectrum resulting from 
secondary particles formed in  IF^ collisions is given by 



where r IS a h  ~ d d i d l  v e e t o ~  froril the Ealth t o  the hiorrrce, i i  (r) 1s the 
derlsriy oi rlltr~siellar arid l n t e r g a l a ~ t r ~  gas, idti,  IS ef-iec t lve 111teg1~1tiori 

iengtli. I,,, is tilt crlcrg\ of the ccismrc l a y  1~rotor1 1ntoJvecI 111 the ~ o i l ~ s i o n .  
7 

I 1 ,  1) 1 -  1 1 1  1 t ' f i  1 c 0 1  I ?  1 '  1 ]I<" ~ r t d v x  c 

clenlo~rs a type oi soconda*y partrcle proclricetl the r i ~ d p ~  il '1 decay inocIe 
rhat leads t o  ilre ploductlon cpf a y lay.  cl! the nr~rnher (if y ray t  prodt~ced 
111 this mode, and I?.,! the blanching latlo for decay mode tf The Ilnllt4 on 
the integrals are detelmined by the kinematics of the processes involved; 
e.g., E,,,,,, the lower limit on the E ,  integration, is the threshold energy 
for the production of a particle of type 5, and the limits on the E ,  integra- 
tion are the maximum and minimum energies that a particle of type s 
could have and still be able to produce a y-ray of energy Ey. The last 
quantity in equation (6-9), .f,r,(E~ / E,) , is a distribution function over EY 
for y-rays of energy Ev produced via decay mode d by secondary particles 
of type s and energy E,. Therefore, 

For simplicity, we will assume that all collisions considered are those 
of high-energy cosmic-ray protons with hydrogen nuclei in the inter- 
stellar and intergalactic medium. The only other collisions of astro- 
physical significance are the ~rcr and o r p  collisions, and we will assume 
here that these collisions are basically of the same character as the 
simpler and much more common collisions, particularly in the energy 
region Ep > 100 GeV. 

We will also consider here the space-averaged isotropic flux of cosmic 
y-radiation, so as  not to concern ourselves with the problem of varia- 
tions in absolute intensity expected from various assumptions about 
the galactic and intergalactic cosmic-ray flux. For a discussion of these 
see, for example, Ginzburg and Syrovatskii (1964). 

Thus, we will assume, as in chapter 5, that 

and 

In the following kinematic discussions, we will refer to the rest system 
of the decaying baryon by the abbreviation BARS (baryon rest system). 
We will also use the common relativistic convention of setting c= 1. 
Particle velocities (in units of c)  are denoted by P,  rest masses by M, 
and particle energies (in units of their respective rest masses (ElA4) by y. 
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6-4a Neutral Signn~a-Particle Decay 

In the case of C0 deeay, we note that the energy of the decay y-ray in 
the BARS is irniquely specified by rile laws of conservation of rnomentuni 
and energy. 21 we denote this enexgy hy p l ,  it Lollows from equation 
(1-78) that 

A42  - A42, 
Z 

px = = 0.0747 GeV 2 A l z  

The y-ray energy in the 1s is 

where 6 is the angle between the y-ray momentum vector in the BARS 
and the velocity vector of the BARS in the Is. 

Because the decay is isotropic in 6, the resulting distribution of EY 
is uniform between the upper and lower limits allowed by equation (6-14), 
so that, by imposing the normalization conditions discussed previously, 
we find 

for Erl a EY a E X  
(6- 15) 

l o  otherwise 
where 

E Y 1  =YZp5:(1  - P I )  and Eyz=yzpz( l+P5:)  (6-16) 

so that as Pz-+ 1,  

and 

provided the C0 particles are created with an energy of the order of a 
gigaelectron volt or greater. We will find that this condition will be ful- 
filled in those cases that are of greatest interest for discussing the effects 
of C0 decay on the cosmic y-ray spectrum. 

Incorporating equations (6-7), (6-15), and (6-17) into the general 
formula (6-9), as well as assumptions (6-11) and (6-12) and the branch- 
ing ratio from table 6-3, we obtain 
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If we assume (as previously) a constant production cross section for 
E ,  >25 GeV and write I,,(I;;',,) in the folm 

where K ,  and r are empirical cotlsiants, equation (6-18) can be inte- 
grated to give an approximate asymptotic spectrum for Er > 10 GeV. 
The result is 

Izo(Ey) -+ K z o E ; ~  (6-20) 
with 

6-4b The i-Process Decays 

The baryons C.+, A ,  N*(1.410), and N"(1.688) decay by the i-process 
defined previously and thereby produce y-rays. Because the i-process is  
a two-stage process, the determination of the distribution function 
f,rj(EylEj) requires an integration over an additional energy parameter. 
We will again, as in chapter 5, specify this parameter to be E; . Equation 
(6-9) can then be expressed as (see derivation of equation (5-61) 

(6-22) 
where Mi is the mass of the isobar or hyperon considered; 

with pi defined by equation (5-55). 
The relevant parameters needed to solve equation (6-22) for N*(1.410), 

N*(1.688), C+,  and A are given in table 6 4 .  If we assume, as before, that 
the production cross sections are constant above 25 GeV and that I (Ep)  
can be written as I(,E,r, equation (6-22) can be integrated to yield an 

TABLE 6-4. -Kinematic Parameters for A, C+* N* (1.41 0 )  , and N* (1.688) 

(U,/111,)~ 

6.89 X 

3.81 X lo-" 
1.51 X 

0.58 X 10-2 

Particle 

N*(1.688) ................. 
lV'(1.410) ................. 
x+ ......................... 
A , . .  ........................ 

U,, GeV 

0.579 
.379 
.211 
.I37 

p,,, GeV 

0.586 
,391 
.232 
.I70 

L,, GeV 

0.007 
.012 
.022 
.033 

p, 

0.339 
.262 
,159 
.0929 

C,/(riL) 

0.737 
.954 

1.60 
1.78 



asyrnproiie approxirrlation f o r  Ey > 10 GeV. The result is agairr of the 
for nl 

I t  ( E y )  .KtE*i' (6 24) 
witlr 

6-4c Gamma Rays  F r o m  ma-Mesons P r o d u c e d  by Pionizat ion 

We will now calculate the cosmic y-ray spectrum predicted from the 
decay of kaons and neutral pions created by the so-called pionization 
or fireball processes. (See review article of Fujimoto and Hayakawa, 
1967.) We have already derived the expression for the y-ray spectrum 
produced from neutral pion decay (Eq. (1-100)). It then follows from as- 
sumptions (6-11) and (6-12) that 

The function {,(E,)a,(E,) is plotted in figure 5-9. In the high- 
energy asymptotic limit, we again assume I(Ep) --I(,Eir. We also 
assume a,(E,(E,) to be of the approximate form 

with the coefficients a 0  and xo and the exponents a and b taken as 
constants. We then obtain from equation (6-26), for Er > 5 GeV, the 
asymptotic form 

(6-28) 
which can be integrated to yield the solution 

where 

and 

Pionization is a term that may be taken to include the various models 
that have been proposed to explain the bulk of pions produced in high- 
energy collisions. In these models, energy lost in the collision is con- 
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TABLE 6-5 -Paranrefers for D ~ f ~ r m r n t r z g  y -my  Spectra Frorn Various 

'' See Fujimoto and Hayakawa (1967). 
" Gamma-ray spectrum proportional to E?'.', according to Lieber et al. (1965). 
NA = Not applicable. 

sidered to concentrate initially into one or more pion-emitting centers 
or fireballs. Studies indicate that the firebqlls move relatively slowly in 
the cms compared to the baryons we have considered. Therefore, the 
pions arising from this process are, in general, not so energetic as i- 
process pions. Depending on the model, different multiplicity laws 
<(Ep)  are predicted, all of which can be made to fit the data available in 
appropriate regions of Ep because of the large errors involved and the 
relatively slow variations of {(E,) predicted over large ranges of Ep. 
The multiplicity laws yield the quantity a in equation (6-27). If we 
assume, as the data indicate, that, on the average, a constant fraction of 
energy goes into pionization independent of ED, then 

The exponent in equation (6-29), g/b, can then be determined for the 
various models, as shown in table 6-5. All the pionization spectra have 
steeper energy dependences (larger g/b) than the calculated i-process 
spectra (exponents equal r at high energy), reflecting the fact that 
pionization produces y-rays of lower average energy than the i-process. 

6-5 NUMERICAL CALCULATION OF THE ENERGY SPEC- 
TRUM OF GALACTIC GAMMA RAYS ABOVE 1 GeV 

Equations (6-18), (6-22), and (6-26) were solved numerically (Stecker 
et al., 1968) assuming the cosmic-ray proton energy spectrum to be a 
broken power law of the form I(,Ear, as shown in table 6-6.3 The effect 
of a-p ,  11-a, and a-a interactions was taken into account by estimating, 

T a b l e  6 in Stecker (1968a) is in error. 



from the cross section and energy spectrum data given in figures 5-7 
and 5-9, that 1) -cr and a-p intelaetions cont~ibute  an additiorlal Aux 
of about 60 percent of that from 11-p inteiactions and that a -a inter- 
actions corltrilrute another 10 percent. Thrrs, wc rlrcly define an effective 
co~rnic-ray spectrtlm in enelgy pel n u c l e c x ~ i v e n  I-by I(,,R;,', where 

= .71<!,. 

TABLE 6-6. -Form of the Cosmic-Ray Spectrum I(Ecr)= KcrE,,T 

Energy range, GeV cr  I' 

" See Bradt et al., 1965. 

The cross sections for the production of nucleon isobars and hyperons 
in 11-p interactions are given in tables 6-1 and 6-2 for E, < 25 GeV and 
were assumed to have the values in table 6-3 for E,  > 25 GeV. 

The solution of equation (6-26) for E p  < 150 GeV is based on the one- 
fireball model. (See table 6-5.) It assumes a unique average cms pion 
energy independent of E, (see ch. 5 and also Hayakawa et al., 1964) and 
also a multiplicity law of the form <(El,) - Ehl'. The upper limit of 150 
GeV on E, for the validity of the one-fireball model is in accordance with 
the treatment of Fujimoto and Hayakawa (1967). For E,  > 500 GeV, a 
two-fireball model may be taken to approximate the data more closely. 
As for the one-fireball model described above, equation (6-26) must be 
integrated numerically; the two-fireball model may be well represented 
by the asymptotic solution given by equation (6-29) with ~ = 0 . 2 5  and 
6=0.75. (See Fujimoto and Hayakawa, 1967.) A smooth transition be- 
tween the one-fireball and the two-fireball models was assumed to occur 
in the region 150 E,  500 GeV. It is found that the resulting solution 
is determined by the one-fireball model for E y  < 3.5 GeV and by the 
two-fireball model for Ev > 10 GeV. 

Figure 6-1 shows the total y-ray spectrum calculated with the use of 
equations (6-18), (6-22), (6-26), and (6-29), as just described as well 
as the results from chapter 5. Our results in figures 6-1 and 6-2 show 
that if we sum the contributions to the y-ray spectrum from the pioniza- 
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FIGURE 61 .  -Calculated y-ray spectra front various secondary particles produced in galac- 
tic cosmic-ray interactions. 

tion processes just described and from the i-process discussed in the 
previous sectior., we find that the characteristics of the spectrum for 
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FIGURE 6--2. -Total calculated galactic y-ray production spectrum as described in the text. 
The internal error in ahsolute intensities-(due to uncertainties in experimental cross 
sections, cosmic-ray intensity, and branching ratios) is approximately 35 percent. The 
error in r is approximately 0.2. 

E y  >6000 GeV may indeed be determined by the decays of various 
hyperons and baryon resonances." 

"01 a discussion of the effect of l iype~ons and nucleon resonances in atmosphelic 
cosmic-ray interactions and a cornparison with the observed y-lay and muon spectla as  
well as  the muon charge latio, see Pal and Peters (1964). Obse~vational verification of the 
importance of the [-process in intelactions where E,, > 10' Ge\' call br found in Kazuno 
(1964). 



T 
1 lie clldxat is~ist ics  of the 71 r a y  spec.1~ a gnvt-in In figure. 6-1 ailcl 6-1 

edri be ~ e d d d y  nndenstoocl. The irlclease r r l  the inlmary sprctr,ri ~litiex 
f ~ o m  2 1 to 3 2 at 1000 're\' lesuits r r i  a c ~ o r l e ~ l , o c r  tnclr,lsr In the  
-1"~" t ~ d  :"d1.r: oi rh: i I t r t r c  t 54 y r a \  .jrc.i t i , i  I l o r i - i  2 7 to 3 2 at d l t r l r t  

200 'l'eV Mowrvel, rltr char-tge 111 r h p  pirmary ipectrun) prodtlcrs a 11101~ 

p ~ o ~ o ~ ~ w c ' d  3teeiitninp 111 tire spectral ilrclex :,f tile pionizatiori y l ay  
sljectium, ine~eas ing  11 from 2 . 9 t o  3.6 at al~ploxlinatelp 3 TeV. (bee 
table 6-5.) The effrct of tliese changes on the total y-lay spectiurn 
(i-process plus pionization) is a gradual increase in the spectial indrx from 
2.9 to 3.2 between 3 and 300 TeV. The total calculated spectral index 
is approximately 2.9 between 0.1 and 1 TeV and 3.0 between 1 and 10 
Te:7, and is consistent with the present data on the y-ray spectrum pro- 
duced by atmospheric cosmic-ray collisions, as  summarized by Fujimoto 
and Hayakaw; (1967). 





7-1 INTRODUCTION 

The annihilation of cosmic-ray positrons has for some time been rec- 
ognized as a potential source of cosmic y-rays. Gamma-ray fluxes from 
cosmic positron annihilation have been estimated and discussed by 
various authors (Pollack and Fazio, 1963; Hayakawa et al., 1964; and 
Ginzburg and Syrovatskii, 1964). Pollack and Fazio (1963) have discussed 
the possible relationship between the present flux of 0.5-MeV y-radiation 
from positron annihilation and the cosmic-ray intensity and galactic 
gas density lo9 years ago. Ginzburg and Syrovatskii (1964) have pointed 
out that the intensity of the 0.5-MeV line may be a sensitive measure 
of the leakage rate of cosmic-ray positrons from the galaxy. These 
authors have also given an approximate formula for the calculation of 
the y-ray spectrum from the annihilation of high-energy positrons. 

It has therefore become apparent that the cosmic y-ray spectrum from 
cosmic-ray positron annihilation may contain much potential information 
reflecting various astrophysical conditions in our own galaxy and in 
possible cosmic-ray sources, both galactic and extragalactic. 

Cosmic-ray positrons may be produced in the galaxy either from the 
decay of secondary rr+-mesons via the decay chain 

As was the case with the neutral pions discussed previously, the 
positive pions may be produced either in cosmic-ray interactions with 
the galactic gas or in matter-antimatter annihilations. 

In addition to the positrons resulting from pion decay, lower energy 
positrons are produced in the galaxy, principally by cosmic-ray p-12C, 
l r ' W ,  and l r160  collisions at relatively low energy, which result in the 
production of radionuclei having P-ray-positron-emitting decay modes. 
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Since these interactions are nuclear tra~~smtltations rather than pion- 
producing interactions, they involve relatively low threshold energies 
(of the order of 10 MeV rather than 300 MeV). Moreover, the /3-ray 
positions are I ) ~ ~ d ~ ~ e d  d i ~  t h e  galaxy, plincipally hy cosmic-ray p - ' T G .  
whereas the spectrum of pion-decay positrons peaks at about 35 MeV 
and decreases rapidly toward lower energies. Thus, if there exists a 
large flux of low-energy galactic cosmic rays, these particles may provide 
the most copious source of low-energy cosmic-ray positrons. This source 
may then contribute significantly to an observable flux of positrons near 
the Earth at and below 1-MeV energy. Furthermore, because of their low 
energy, P-ray positrons are much more likely to stop and annihilate in 
the galaxy to produce 0.51-MeV y-rays than are the positrons from the 
pion-decay process. Reversing the argument leads to the conclusion that 
the intensity of the 0.51-MeV positron-annihilation line in the galaxy 
may provide a sensitive measure of the galactic cosmic-ray flux below 
1 GeV/nucleon. 

A typical cosmic-ray positron may undergo one of three fates: it may 
escape from the galaxy, annihilate with an electron while at relativistic 
energy, or lose almost all of its energy before annihilation. One must, of 
course, consider that annihilations may occur either between free elec- 
trons and positrons or through the formation of intermediate bound states 
of positronium. All of the physical processes listed in this section must 
be considered in calculating the final positron annihilation y-ray spectrum. 

7-2 THE POSITRON PRODUCTION SPECTRUM FROM THE 
DECAY OF POSITIVE PIONS 

Positron production arising from pion-producing cosmic-ray inter- 
actions followed by the decay process (7-1) has been discussed in many 
places in the literature (Hayakawa, 1963; Hayakawa and Okuda, 1962; 
Hayakawa et al., 1964; Ginzburg and Syrovatskii, 1964; Jones, 1963, 
1965a; Pollack and Fazio, 1965; Scanlon and Milford, 1965; Ramaty and 
Lingenfelter, 1966a, b, 1968; and Perola, Scarsi, and Sironi, 1968). We 
present here a brief review of the kinematics of the decay along with the 
results of the most recent calculations by Ramaty and Lingenfelter. 

The decay process (7-l), being a three-stage decay chain, will involve 
three intermediate integrations of the form of equation (1-14) in order 
to determine the positron production spectrum. The decay 

is a two-particle decay involving one massless particle (the neutrino), 
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so equatron (1-78) is applicable. Erom ec~uatlons (1-65) and (1-781, m e  
ohtail1 

cos 0' 

(7-3) 
or, using 7 and p,  

As was shown in chapter 1 (e.g., see eq. (1-147)), equation (7-4) can 
also be expressed as 

Mz, E, = - [q(M,,  M,)+ $ P P ~ ( M r ,  M,)  cos 0'1E, ML (7-5) 

through the use of equation (1-42); equation (7-5) can be used to place 
limits on the energy range of pions which produce muons of energy E,. 
We thus obtain 

~ n ,  max .f '(En) 
(E')  = dE, ( M , ,  M,) (EZ, - YZ,) ( 7 4 )  

En. min 

where 

Equation (7-7) may be numerically approximated by 

E,%m,x = (1.36 f- 0.36pW)Ep 
mln 

(7-8) 

and, as p, -+ 1, 

Er .  Inin + El, 
The decay 

p++e+ + v , f  v, 

is a three-body decay with a resultant broad energy spectrum of the 
positron in the rest system of the muon. Let us denote the normalized 
positron energy spectrum in the muon rest system by D,(Ei) .  It has 
been shown that 



w h e ~ e  i.: the  maximum energy available to the  r l e c t ~ o n  in the  deeav. 

and w = 314 is the Michel parameter (Michel, 1949). 
From equations (1-42) and (1-49) we obtaln the relatioil between E ,  

agld C: f o ~  a glvcn value of E, as 

which sets the limits on the energy range of muons which produce 
positrons of energy E,. 

Putting all of these results together in a manner similar to that used 
in chapter 1 for obtaining formulas for y-ray production spectra, we 
obtain 

IEI ~ E ; D  (E;  ) jOlf l i f i f i)E.E:.II+P.,P:) 

q ( E < , + )  = 27-r~~ I clEp I ( E p )  dE, 
Ell',, ,\,, . \ / ~ ; 4  - M;t ( M , i A ! ~ ) E , E ~ ( I - P ~ P : f  

FIGURE 7-1. -The  source  spectrum of positrons producecl from the  decay of positive 
pions fo rmrd  in cosmic-ray collisions. 
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11 xq of rrlic1~4t l o  note that  rrlost c'al(-ulations of the posit rot^ productior~ 
i p e c t l u n l  trosn p ~ o n  nde(-ay have  II I (  tlrdrtl ilir ~ ~ ~ r ~ ) u o u ~ n r , r t ~ o r i  oi ileglec irir:: 
lfrtr rrrilori iccorl in the, pion d e c a y  hy  setting /3, = p- In this apploxr 
rnaiion the rsyht ilarld lntrolal In ecluat~on (7-14I rs el~rnrrtaieti. atrd l i l t  

Irruon and pion 111 totluc>t~on functions obey ilie r elallon 

Ramaty and Lingenfelter (1966a) have shown that this approximation 
introduces little error into the calculation. 

The most recent determination of the positron production spectrum 
from charged pion decay, as calculated by Ramaty, is shown in figure 
7-1. 

7-3 THE POSITRON PRODUCTION SPECTRUM FROM THE 
DECAY OF RADIONUCLEI 

The production spectrum of radionuclei q,.(E,.) is given by (Ramaty, 
Stecker, and Misra, 1970) 

where E, and El are the energies of the primary and secondary particles, 
respectively; I, is the intensity of primary cosmic-ray nuclei of type z in 
interstellar space; I I ~  is the number density of interstellar gas atoms of 
type X ;  a, ,  , I ,  is the interaction cross section for production of a radio- 
nucleus of type I-, and j, , l,,.(E, \ E l )  is the normalized energy distribution 
function for production of a nucleus with energy E l  in an interaction of 
energy El. 

Among the variety of P-emitting nuclei which may be formed in galactic 
cosmic-ray interactions, only "C, ':'N, 1 4 0 ,  and ' 0  contribute signifi- 
cantly to positron production. The principal reactions and their threshold 
energies are given in table 7-1 along with their decay modes and maxi- 
nlum positron energies. The cross sections were summarized by Lingen- 
felter and Ramaty (1967) and by Audouze, Epherre, and Reeves (1967). 
The distribution functions j',, is(EJEi) are, in general, unknown. Their 
detailed form, however, is not important for the present problem since 
most of the positrons are emitted from nuclei decaying near rest. Thus, 
the positron production spectrum is determined mainly by the /3-ray 
spectrum of the parent nuclei. Ramaty et al. (1970) assumed that in these 
1)-CNO interactions, the kinetic energy per nucleon is equally distributed 
among all the secondary nuclei produced, so that 
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12C(]', p211)'~C 
'"NO,, 2 p 3 ~  )'OC 
160(p, 311, 47l)loC 

?=Unknown and not included in estimate of positron production. 
"This cross section has a value of ahout 10 111b at energies below 12 MeV hut is negligible 

above 150 MeV. 

where A,  and Ax. are the mass numbers of the incident and target nuclei, 
respectively. 

They assumed for the purposes of calculation that the ratios H:C:N:O 
in the interstellar gas are 1 : 3.4 x : 1.1 x 1@% 5.8 X based 
on the composition of the solar atmosphere (Durgaprasad et al., 1968), 
which agree reasonably well with the universal abundances given by 
Suess and Urey (1956) and Cameron (1959). 

The cosmic-ray energy spectrum and charge composition at solar 
minimum has been measured by a number of experimenters. The 
proton spectrum above 20 MeV was summarized by Gloeckler and 
Jokipii (1967), and the spectrum below 20 MeV is given by Fan et al. 
(1968). The CNO spectra above 50 MeV/nucleon were summarized by 
Meyer (1969). Because of the lack of data at lower energies, we have 
assumed that these spectra are of the form Ef.4, normalized to observa- 
tions at higher energies. 
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r 1 llle interstellar prirliary cosmic-ray intensities can be obtairieii from 
the solar minirnrlm spectra. tllroirgkl i-nnltiplicatioi'i by a modr~lntion 
frrrletion o f the  form 

where K and f i  are rigidity and velocity respectively, iitt is a cliai-actexistic 
transition rigidity that depends on the distribution of interplanetary 
magnetic field irregularities, and R,. is a parameter which is space and 
time dependent and defines the total residual modulation. This modula- 
tion function was recently discussed by Ramaty and Lingenfelter (1969). 
They have shown that above a rigidity of 500 MV the observed cosmic-ray 
2H and 3He spectra are consistent with those obtained from nuclear 
interactions in interstellar space, with R, - 350 MV and a mean path- 
length for galactic cosmic rays of X - 4 g/cm'. Since there is no informa- 
tion on residual modulation at lower energies, we have to treat Ro as a 
free parameter. 

Since the lifetimes of the CNO p-emitters are short, the positron pro- 
duction spectrum q+ can be obtained directly from the spectra q,. by 
taking into account the kinematics of the decay. Thus, 

where E,, EL,  and E+ are the total energies of the decaying isotope, the 

positron in the rest frame of the isotope, and the positron in the galactic 
rest frame, respectively; E* is the maximum value of E ;  and is given in 

table 7-1 for the various isotopes involved. The function P ( E ; )  is the 

normalized distribution function for positron production from beta-decay 
processes and is given by Fermi (1934) as 

The limits Elmmi;:; are found once again by using equations (1-42) and 

(1-49) and are given by 

Using the data previously discussed, Ramaty et al. (1970) have numeri- 
cally solved equations (7-16) and (7-19) for the solar minimum spectrum 
and for R ,  =350 MV with various values of Ro. As an extreme assump- 



lion, they also used a power-law cosmic-ray sl)ecirr~rri of the hrrrt ' iY2.: ' .  
wit11 low-eilergy cu to f f s  'I'?;. at 5, 15, anti 100 MeV/nucleon. 

Tlrc r .esi l l ta~i~ proilrrctiori slwc1r.a topetlter- wiih  the positrons illat 
i v o i r l t l  r.r>clii l ' r ' t r ln  piciri ibt.i:i~~ iire s l towr~ in figwe 7 1. :Is call aeeii. 
rhc. (:NO source becomes significant oiily if tliere are large Iluxes o l  
1 - , T  

low-energy cosmic rays. 1 he Large positron production at low energies 
for IZo=200 MY and for the power-law spectrum comes primarily from 
J3N and '-'O produced by low-energy protons via the reactions " Q ( p .  
21,211) '"N and 14N ( p ,  n ) I 4 0 .  

7-4 T H E  EQUILIBRIUM SPECTRUM OF SECONDARY 
GALACTIC POSITRONS FROM PION DECAY 

In order to calculate plausible annihilation y-ray spectra from our 
own galaxy, we will assume that the only source of galactic cosmic-ray 
positrons above a few MeV energy is the result of primary cosmic rays 
colliding with atoms of interstellar hydrogen and helium gas in the 
galaxy and producing positive pions which rapidly decay into positrons 
and neutrinos. 

W e  further assume that these positrons have reached a quasi-equilib- 
rium condition in the galaxy determined by leakage out of the halo, 
annihilation, and energy loss by ionization and coulomb interactions, 
bremsstrahlung, Compton collisions, and synchrotron radiation. 

The positron equilibrium energy spectrum 7 1  (E+)cIE+ then obeys the 
relation 

where q ( E + ,  t )  is the generating source function of high-energy positrons 
(in this case, from the decay of mesons formed in high-energy inter- 
actions) and r,(E+, t )  is the total positron loss rate due to annihilation 
and leakage from the galaxy. 

In the cosmic medium, energy loss mechanisms such as synchrotron 
radiation are at work, resulting in a continuous loss of energy per positron. 
W e  can take this effect into account by transforming equation (7-22) into 

For convenience, we will now drop the subscript "+" and rewrite 
equation (7-23) in the differential for 
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\viih t h e  loss t e r m  I (I;, I }  r e w r i t t e ~ i  in  ielrns of a scirvrval trnie ~ , ( k ,  f j  
5nch that fol an ~i~rriiltilaiic,ii iime T 4 and a leakage time ?-i. 

T,(F, .  t )  r- 
T ~ ( E ,  t ) q ( E .  I )  17-25] 

74(E, i )  7 7 i ( E ,  t )  

and 
rlE 

T ( E )  = - (7-26 j 
dt 

The Green's function form of equation (7-24) is 

a a 
- G [ E ,  t lE ' ,  f ' ]  +- [ r ( E ,  t ) C [ E ,  t l E 1 , t ' ] ] +  

G [ E ,  t l E ' ,  t ' ]  
a t  aE  T ~ ( E ,  t )  

= G(E - E ' )  G(t - t ' )  (7-27) 

In the case where r ( E  1 t )  = r ( E )  and n,-(t)  = it,- independent of 
time, the Green's function for equation (7-27) has the structure 

1 G [ E ,  t lE ' ,  t ' ]  = 

d E  

Thus, the solution for 77 ( E ,  t )  is 

At this point, we will refer back to the basic formulas derived in chapter 
2  for calculating the y-ray spectra from positron annihilation. We will 
again find it useful to discuss these calculations in terms of the positron 
Lorentz factor, y=E/M, .  Assuming a time-independent source q+(y) ,  
we can then write equation (7-29) as 

Equation (7-30) may then be used to obtain numerical solutions for 
n ( y )  and the positron equilibrium Aux 



B 34, COSMIC: GAAli)lA MAYS 

The  .;urvival time used will be giver) by 

with I,$( y) a n d  ~ [ ( y )  being the annihilation time and mean leakage time 
(or diEusion time) for positrons of energy yillc? From equation (2-221, 
we obtain 

The leakage time will be assumed to be inversely proportional to 
velocity so that 

1 - (y2- 1)'12 
-- T I  = constant 
7 1 ( ~ )  YTI  

Most of the interstellar gas in our galaxy is un-ionized with the excep- 
tion of the so-called H-I1 regions near the very hot 0 and B stars, which 
are powerful sources of ionizing ultraviolet radiation. Allen (1963) gives 
the proportion of space near the galactic plane occupied by clouds of 
interstellar gas and dust as 7 percent and that occupied by ionized clouds 
(H-I1 regions) as 0.4 percent. We will therefore assume that the galactic 
gas is entirely neutral for the purposes of these calculations and take 
for the energy loss rate from ionization the expression (see Heitler, 1960; 
Morrison, 1961): 

8 
T I ( ? )  =- son .-c 

3 
{22+1n [ y ( y - l ) ( y 2 - 1 1 1  

( y *  - 1)1/2 

The energy loss rate from bremsstrahlung may be taken as 

based on radiation lengths for hydrogen and helium given by Dovzhenko 
and Pomanskii (1964). 

The loss rate from synchrotron radiation and Compton collisions may 
be taken as 

rs+,(y)  = (1.3 X 10-9HL + 3 X 10-llpy)y2 (7-37) 

where H is given in gauss and the radiation density p y  is given in eV/cm3 
(Ramaty and Lingenfelter, 1966a). 
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The total positron energy-loss rate is taken to be the sum of equations 

(7-35) through (7-371, so that 

? ( y )  = ? I ( ? )  -+ t d y )  k ~ , ~ <  (7 )  (7' 38) 

We have now specified all the quantities needed for the numerical 
solution of equation (7-30). The solution to equation (7-30) then yields 
the function rz(y), which can be used in equation ( F i g )  to obtain a 
numerical solution for the in-flight annihilation y-ray spectrum (AGS) 
discussed in chapter 2. From equations (2-19) and (7-30), we obtain 

An interesting case to note in calculating the equilibrium positron 
spectrum I+ (y )  is that for which the source q+(y)  is a source of low- 
energy positrons, as is the case with the positrons arising from P-decay as 
discussed in section 7-3. For those positrons, ionization losses pre- 
dominate so that r (y)  ^- ~j (y) , which is proportional to the gas density. 
We may then reformulate equation (7-30) in a slightly different, but 
instructive, way. 

The leakage lifetime r~ can be expressed in terms of the mean amount 
of matter traversed by cosmic rays, X = PcPT,,. From cosmic-ray spalla- 
tion studies, it is found that X=  4glcm2. 

Equation (7-31) for the equilibrium positron flux I+ = n+pc/47r can 
be written as 

1 1  
I+(Y) =-- [ dylq+(yl)  exp [-+ ['* 

477 I((Y) I( (y") 1 + XIX* (y") I 
where K(y)  = r(y)/ppc (in cm*/g) is the stopIjing power of protons in 
hydrogen, and XA is an equivalent annihilation pathlength given by 

As can be seen, the positron intensity I+ depends only on the inter- 
stellar cosmic-ray intensity (through the production function q+) and on 
the pathlength X. Furthermore, at low positron energies, where the 
range of these particles is much smaller than X, I+ depends only on the 
cosmic-ray intensity itself. 



136 COS WIC  CA If t i  1 R 1Y.5 

TABLE 7--2. -Auercigr Astrophysiciil I3trrcinierrrs ,for the  Gtrlncric Disk 
( 1 1 2 d  HUIO 

-. ..... 

In oi-der to utilize equations (7-30) and (7-39) to determine the positron 
equilibrium flux and AGS in the galaxy, Stecker (1969a) chose typical 
average values for the quantities n,, H, py, and Tl for both the galactic 
disk and the galactic halo models. These values are given in table 7-2. 
The radiation density py includes the contribution of 0.25 eV/cm3 from 
the 2.7 K universal microwave field (Stokes, Partridge, and Wilkinson, 
1967). 

Using the values given in table 7-2 for the galactic halo model to 
integrate equations (7-30) and (7-39) numerically, Stecker (1969a) 
obtained typical galactic spectra from pion-decay positions for I+ (y )  
and Q ( q ) .  The results are given in figures 7-2 and 7-3 for various 
values of mean pathlength X (g/cm2) and corresponding TI.' The flux of 
annihilation y-radiation observed at the Earth, IA (Q), is given by 

where Leff is the effective pathlength for y-ray production. 
For leakage times less than 10 million years, the equilibrium positron 

flux has roughly the same characteristics as the source spectrum of 
figure 7-1, and its magnitude is proportional to the leakage time. In the 
case of longer leakage times, the positrons are trapped in the galaxy for 

' The relation between mean pathlength S and mean leakage time T I  is given by the 
equation X = p c ' l i ,  where p is the meat1 density of the gas in the medium (Ramaty and 
Lingenfelter, 1966a). Assuming the galactic medium is 90 percent hydrogen and 10 percent 
helium, with X in g/cm2, 1 1 ~  in atoms/cm", and TI  in millions of years, this relation becomes 
A' = 5nrrT1. Thus, for a halo model with S= 5 g/cm2 and r l / , =  10-2 cm-:'. TI=  10X years; 
whereas for a disk model with S = 5  g/cm2 and I I I I =  1 cm-" T I =  10"ears. We choose 
here to discuss the background y-ray spectrum from a halo model of t h e  galaxy, since it 
has been shown by Ramaty and Lingenfelter (1966b) that such a model gives a positron 
equilibrium spectrum, even in the disk, which is almost identical with t h a t  obtained for a 
disk-plus-halo model. The inclusion of a spatial diffusion term of the form DoV2.V in equa- 
tion (7-24) will have little effect for positrons with y ( 2  x 10'. It may a l so  be noted that a 
recent study by Anand, Daniel, and Stephens (1968) indicates that there i s  n o  large gradient 
of the cosmic-ray electron intensity between the disk and the halo for energies less than 
10 GeV. 



FIGURE 7-2. -Various positron equilibrium fluxes for the halo model of the galaxy given 
for various approximate mean pathlengtl~s and mean leakage times (Stecker, 1969a). 

a sufficient time for the energy loss processes, particularly ionization loss, 
to affect the spectrum by progressively flattening it below 30 MeV. Studies 
of spallating cosmic-ray nuclei yield a mean pathlength, X =  4 + 1 g/cm2 
for cosmic-ray nuclei. The curve in figure 7-2 corresponding to X = 5  
g/cm2 is in agreement with the cosmic-ray positron measurements of 
Hartman (1967). It may be noted that measurements of the galactic 
positron flux below 30 MeV would yield a more sensitive check on the 
galactic mean leakage time. 

Figure 7-3 shows the annihilation y-ray spectra obtained using the 
positron equilibrium fluxes of figure 7-2. The spectra shown are from 
annihilations in flight of positrons having energies greater than 5 keV. 
The AGS from positrons annihilating with energies below 5 keV will be 
discussed in the next section. It can be seen that the peaks of these 



FIGURE 7-3. -The annihilation y-ray flux spectra for the positron equilibrium fluxes given 
in figure 7-2 that result from annihilations in flight of positrons with energies greater 
than 5 keV (Stecker, 1969a). 

spectra lie in the region 112 < 17 < 1. This effect is due to a pileup of 
those y-rays from the annihilation of relativistic positrons that are 
emitted in the backward direction in the cms. (See ch. 2.) 

Using a value of 4 g/cm2 for X and the formulas given in this chapter, 
Ramaty et al. (1970) calculated the total positron source spectrum and 
equilibrium flux in the galaxy from both pion-decay positrons and P-decay 
positrons. These spectra were calculated for various values of Rv and 
RO in equation (7-18) in order to convert from the cosmic-ray spectrum 
measured at the Earth to various possible galactic cosmic-ray spectra. 
As an extreme case, Ramaty et al. (1970) also considered power-law 
cosmic-ray spectra in kinetic energy per nucleon with an exponent of 
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FIGURE 7-4. -Positron production spectra per gram of interstellar material calculated using 
a power-law cosmic-ray spectrum with various low-energy cutoffs, T,.. and demodulated 
solar minimum spectra with various values of R,. and KO (Kamaty et al., 1970). 

- 2.5 and various low-energy cutoffs, T,.. The source spectra calculated 
are shown in figure 7-4 and the resultant equilibrium spectra are shown 
in figure 7-5. As can be seen, the source spectra and equilibrium spectra 
of low-energy j3-ray positrons are particularly sensitive to the various 
modulation parameters which determine the low-energy cosmic-ray 
flux. This is, of course, due to their low production threshold energy. 

As can be seen, positrons with energies greater than about 2 MeV 
come principally from pion decay. At lower energies, the relative contri- 
bution of the j3-emitters depends critically either on the value of Ro (for 
K ,  =350 MV) or on the assumed low-energy cutoff (for a power-law 
spectrum). 



FIGURE 7-5. -Positron intensities in interstellar space together xvith the  avai lable  positroll 
measurements below 1 GeV (Ramaty et  al.. 1970). 

Solar minimum I 

TABLE 7-3. -Cosmic-Ray Energy Density (eV/cm3) 

j", = 5 
RPeV/ 

ucleon Nucleon 

K,. = 350 MV 
( T  3 5 MeV/ Nucleon) Power law 
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The energy densrtrei; of cosnnc rays for the various sprc t la  just dis- 
cussed are given r n  table 7-3. A s  cdn he seer1 from figlt~e 1-3 and table 
7-3, unless the energy density in low-energy cosmic rays is of the o r d e ~  
of a JCM tens of elect1011 volts per ctllrxc centrmrter. most ot the pnsltron 
flux at - 1 Met' would tome  from pion decay rather than CNO p-decay 
and would be small compared to the upper limit given by Cline and 
Hones (1968). If spread uniformly over the galactic disk, such energy 
densities lead to serious difficulties regarding the stability of the galaxy 
(Parker, 1966). On the other hand, since the ranges of both low-energy 
protons and positrons are short (- 0.1 g/cm2), the - 1-MeV positron 
measurements sample only a small region of space which may not neces- 
sarily be representative of the galaxy as  a whole. 

For example, consider a 10-MeV proton; its range in hydrogen is 
0.05 g/cm\ which, for an ambient density of n atoms/cm3, leads to a 
lifetime t -- 2 X 10"/12 years. The net streaming distance corresponding 
to t is a -- (4$/3A/3ct)'b, where A is the mean free path for diffusion. If 
A =  1 pc, a = 100/nlb pc. Since the rate of supernova explosions in the 
galaxy (volume == 2 X cm3) is about lo-' per year, in a spherical 
volume of radius 100/n'12 pc a supernova would be expected to occur 
once every 2 X years. For n 2 1 atomlcm", this time interval is 
much larger than the lifetime against ionization given before. Therefore, 
if these protons are produced in supernova explosions and not by more 
frequent events such as novae or flare stars, their intensities would 
exhibit shdrl~ maxima close to the time of tlre explosion and decay to 
much lower values later on. According to Gold (1969), a supernova ex- 
plosion may liberate as much as 10"" ergs. If 50 percent of this is in low- 
energy cosmic rays, the mean energy density for about 2 X 10"n years 
over a sphere of radius 100/nli"c would be - 30 m3E eV/cmB. This is 
sufficient to produce a detectable flux of P-ray positrons. On a galactic 
scale, however, the same sources of low-energy cosmic rays occurring 
at a frequency of per year would only produce an average energy 
density of 3/n eV/cm3. For n= 1, this is somewhat large but not in- 
consistent with the overall energetics of the galaxy. 

Since the large fluxes of low-energy cosmic rays are restricted to 
small volumes and short times, they do not conflict with observations 
that integrate over large distances, such as the temperature of H-I 
clouds, based on 21-cm observations, and the density of free electrons, 
based on the observed spectrum of nonthermal radio emission. (The 
connection of these quantities with low-energy cosmic rays was dis- 
cussed by Balasubrahmanyan et al. (1968). The - 1-MeV positron 
measurements, however, by sampling only a small region of space 
corresponding to the range of the positrons of 0.2 g / c d  ( t  = 10"ln years, 
a = 70/n11+c), may provide evidence for local enliancement of low- 
energy cosmic-ray fluxes. 



14.2 COSMIC: GAMi1f4 RAYS 

As can he seen from figure 7-5, @xien a reasonable solar modulation, 
the positron measurenients above a few MeV are all consistent with the 
calculated spectra froin the pion-decay process. Since the range of 
protons above pion production threshold is larger than 4 g/crnL. these 
spectra represent mean values over time periods comparable to the 
positron leakage lifetime fiorn the galaxy. The spatial and temporal 
inhomogeneities discussed previously, which would allow large but 
localized low-energy cosmic-ray fluxes, do not apply to this energy 
domain. The positron spectrum above a few MeV, obtained from a de- 
modulated cosmic-ray distribution with R,=350 MV, would therefore 
be a good representation of the interstellar positron intensity. 

7-5 THE NUMBER OF COSMIC-RAY POSITRONS ANNI- 
HILATING NEAR REST 

We now come to the problem of determining the AGS from cosmic-ray 
positrons annihilating near rest. Because some aspects of this deter- 
mination seem deceptively simple, there has been a tendency to over- 
simplify this problem in the literature. For this reason, I will first list 
various aspects of the problem essential to an accurate analysis before 
proceeding to treat them. 

(1) The most important source of the cosmic-ray positrons having 
energies greater than a few MeV is the decay of secondary charged 
pions. There are, however, sources of relatively low energy posi- 
trons (less than a few MeV) which, as we have seen, may have a 
greater probability of being trapped inside the galaxy until they 
annihilate near rest. These sources are the p-emitters, which are 
produced predominantly by low-energy cosmic-ray interactions 
involving carbon, nitrogen, and oxygen. Therefore, any observable 
0.5-MeV line radiation from the galaxy may be primarily due to 
these p-emitters and an observation of the intensity of the 0.5-MeV 
line could supply information on the intensity of low-energy cosmic 
radiation in the galaxy. 

(2) In considering annihilations near rest, one must consider the 
possibility of the intermediate formation of the bound electron- 
positron system; i.e., the positronium atom. At low energies, the 
cross section for positronium formation becomes much greater 
than the cross section for free annihilation. 

(3) Once formed in interstellar space, a positronium atom will anni- 
hilate into three photons 75 percent of the time. This  situation, as 
we have seen in chapter 2, contrasts sharply with t h e  case of free 
annihilations, where three-photon annihilations occur with a prob- 
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ability sf less than 112 percent. Therefore. the three-photon anni- 
hilation process, which produces a contirluoils spectrum irorn O to 
0.5 MeV. must be considered along with ilre two-photon line anni- 
hilations. TI-reii relative impcirtance depends directly on the f ra r -  
tion of positrons which ultimately form positronium. 

The positrons which antlihi!ate near rest most likely come from two 
sources: 

(1) Positrons from the decay of secondary charged pions which were 
created at low enough energies to be trapped for a sufficiently long 
time in the galaxy to lose essentially all their energy before either 
annihilating in flight or escaping from the galaxy. 

(2) Positrons from the decay of @-emitting nuclei formed in collisions 
of low-energy cosmic rays involving nuclei of carbon, nitrogen, and 
oxygen. 

The fraction of the original positron flux from the decay of secondary 
pions which annihilate near rest, f+, is given by 

This fraction was calculated numerically (Stecker, 1969a) using equations 
(7-32) through (7-38) and is given in table 7-4 and figure 7-6 for various 
possible mean leakage times T,. Table 7-4 also gives the corresponding 
values of Q,,,,, ,, the total number of positrons from pion decay per gram 
per second annihilating below 5 keV for the halo model of table 7-2 
Q,,,,, , being defined by the numerator of equation (7-43). 

TABLE 7-4. -Annihilations Near Rest (T+ 5 KeV) 

T,, 10"yr I /+, % 1 Qrest, rg-l-s-l 



FIGURE 7-6. -The fraction of pion-produced positrolls which annihilate at energies less 
than 5 keV as a function of mean leakage time (Stecker, 1969a). 

In the case of an infinite leakage time (all positrons being trapped and 
annihilating in the galaxy), we find that 80 percent of the positrons pro- 
duced annihilate near rest, a figure which is in perfect agreement with 
that given by Heitler (1960) as an asymptotic value for the annihilation of 
ultrarelativistic positrons when the dominant energy loss comes from 
ionization. However, for the leakage time usually considered as plausible 
for the galactic halo (lo8 years, corresponding to X = 5  g/cm2), only 
1 to 2 percent of these positrons annihilate near re&. 

Ramaty et al. (1970) made use of equation (7-43) to calculate the 
total number of positrons that annihilate near rest, including the contribu- 
tion of P-ray positrons as well as pion-decay positrons. They used the 
various source spectra given in figure 7-4 for q+(y ) .  Their results for 
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Solar 
n ~ i n i ~ n u r n  

0.5 

the various assumed low-energy cosmic-ray spectra and for X = 4  g/cm 
are given in table 7-5. As an extreme case, they computed the annihila- 
tion rates that would result from an interstellar positron flux of the 
same order as the upper limit given by Cline and Hones (1968). 

Using a total positron intensity of 2 X, particles of 1 MeV/cm2-s-sr, 
they also computed a maximum annihilation rate corresponding to a 
positron lifetime against ionization of lO5/n years and a mean rate 
corresponding to an average time between supernova explosions of 
5 X 106r~"~ years in a spherical volume of radius 70/n11"c as discussed 
in section 7-4. These rates are also given in table 7-5. 

7-6 GALACTIC POSITRONIUM FORMATION 

The cross section for positronium formation by fast positrons in atomic 
hydrogen has been calculated by Cheshire (1964) and will be used as an 
approximation for the interstellar' medium. The ratio of positronium 
formation to free annihilation is only significant at nonrelativistic energies 
and may be approximated by 

0 (y-  1) > 10-2 

( y -  1)-3 10-4 < (Y-1) < lo-2 

10-2(y-1)-2 for 2.5 X < (y-1)  < 
6.4 X 10l1 (y- 1)  10-5 < ( y -  1) < 2.5 X lo-" 

o (7-1)  < 10-5 
(7-44) 

At energies of the order of the hydrogen binding energy, the probability 
for positronium formation in the ground state has been estimated to be 
between 0.25 and 0.50 and the probability for positronium formation in 
excited states is small (Deutsch, 1953). 

Equation (7-44) was used by Stecker (1969a) to determine the amount 
of positronium being formed by positrons combining with electrons as a 
function of energy. The result of this calculation is shown in figure 7-7. 



FIGURE 7-7. -The percentage of positrorls which, having surviveci to reach an energy of 
10 keV,  survive to reach lower energies. The dashed line indicates the survival fraction 
found when only free annilrilations are considered; the solid line indicates the survival 
fraction when positrol~ium forlnatioll is also taken into account (Stecker, 1969a). 

This figure shows the percentage of positrons which, having survived to 
reach -a 10-keV kinetic energy, survive to reach lower energies. The 
dashed line indicates the survival fraction for free annihilation only; the 
solid line indicates the survival fraction when positronium formation is 
taken into account. Figure 7-7 shows that almost all of the positrons 
annihilating near rest do so through intermediate positronium formation 
with an average energy of about 35 eV. 

7-7 THE INTENSITY OF THE POSITRON ANNIHILATION 
LINE AT 0.5 1 MeV 

It follows from the results of the last section and from the discussion 
in chapter 2 that galactic cosmic-ray positrons annihilate primarily from 
an S state of positronium with 75 percent of these annihilations producing 
a three-photon continuum rather than a two-photon line at 0.51 MeV. 
Therefore, on the average, one 0.51-MeV photon is produced for every 
two positrons which annihilate. Thus, the intensity of 0.51-MeV y-rays 
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observed along the line of sight a s  a function of galactic coordinates is 
given by 

where M ( i l ' ,  b " )  it1 g/emVis the amount of interstellar gas in the direc- 
tion of observation."quation (7-45) was used by Ramaty et ai. (i940j 
to determine possible intensities of the 0.51-MeV annihilation line in 
different directions in the galaxy based on the values of QT, rest given 
in table 7-5. The results of this calculation and their implications will be 
given in the next chapter, where we will complete our discussion of 
galactic y-ray production. 

' The symbols I" and b" denote galactic longitude and latitude respectively. 





In this chapter we will briefly discuss four other mechanisms for 
galactic y-ray production; viz, Compton interactions, bremsstrahlung, 
synchrotron radiation, and photomeson production. The results of these 
discussions, together with the results of chapters 5, 6, and 7, will then 
be summarized and applied to estimate y-ray production spectra in 
various parts of the galaxy. 

8-1 GAMMA-RAY PRODUCTION SPECTRA FROM COMPTON 
INTERACTIONS 

The Compton effect has been treated extensively in the literature of 
high-energy astrophysics from three points of view: As an interaction 
in which cosmic-ray electrons lose energy (Feenberg and Primikoff, 1948, 
and Donahue, 1951; see also ch. 7); as an interaction in which y-rays 
lose energy to electrons of thermal energy (e.g., see ch. 4); and as an 
interaction capable of producing high-energy y-rays when thermal 
photons interact with cosmic-ray electrons. This last process, which we 
will now briefly discuss, has long been considered to be a potentially 
important source of cosmic y-rays, first by interactions with starlight 
photons (Feenberg and Primikoff, 1948; Felten and Morrison, 1963) and 
later by interactions with the universal blackbody radiation (Felten, 
1965; Gould, 1965; Hoyle, 1965; Fazio, Stecker, and Wright, 1966; and 
Felten and Morrison, 1966). The Compton process is the relativistic 
form of Thompson scattering. It is the scattering of a photon off an elec- 
tron. Such a scattering is shown in figure 8-1 in both the laboratory 
frame and the rest frame of a cosmic-ray electron (Felten, 1966). We will 
use Felten's notation, with quantities in the electron rest system primed 
and laboratory quantities unprimed. Quantities referred to before the 
interaction will have no subscript and those referred to after the inter- 
action will have the subscript 1. The cosmic-ray electron in the 1s is 
assumed to have an energy E= ymc2. Using the formulas derived in 
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chapter I and referring to figure 8-1, we find 

E X  =YE;(I  - /3 eos a ; )  (8-2) 

and 
sin a 

tan a'  = 
Y (  cos a + P )  

Combining equations (8-1) through (8-3), we then find 

y2e( l+P COS a ) ( l - p  COS a;)  
El  = (8-5) 

1 += (1  + p  cos a)  ( 1  - cos $ I )  

mc2 

For the applications of principal concern here, we will have the 
condition ye G mc2, so that the Compton cross section (Heitler, 1960) 

and, from equation (8-S) , 

€1 - Y'E ( Y E  G mc') 

FIGURE &-1.-A photot1-electron collision, viewed in two reference frames (Felten, 1966). 
(a) Cosmic frame S. (b)  Electron rest frame St. 
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In the other extreme (Heitler, 1960) we rllust use the Klein-Nishina 
formula for the  cross section, which has the asymptotic form 

and we also find from equation (8-5) that 

Under the condition ys n1c2, the differential cross section for 
the production of a y-ray of energy E Y = E ~  by Compton scattering 
is given by (Ginzburg and Syrovatskii, 1964) 

and the mean energy of the y-ray produced is given by 

for an initial photon density distribution n t j h ( ~ ) ,  where 

The total y-ray production spectrum is, of course, given by 

In the case where the cosmic-ray electrons have an energy distribution 
of the power-law form 

it is found that (Ginzburg and Syrovatskii, 1964) 

For the important case of interactions with the blackbody radiation, 
wher 
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~ * , e  find that 

Tlie radiatioil density 

p y = /  dr n, , (c)  = 4.75 x 10-"Ti GeV/cm3 (8-18) 

and the expression (8-13) for the resultant y-ray intensity reduces to 

2 e )  yr-s)!d 
I(E-,) = f ( r )  - ~ r ~ , f f ~ y ( m C ' ) l - r ( $  3 I i  e E-cr+l)iz y (8-19) 

which, in numerical form, becomes 

where Leff is the effective pathlength for y-ray production and 

r ( x )  is the well-known gamma function and ((x) is the Riemann function 

In particular, Ginzburg and Syrovatskii give the values for f(r) 
listed in table 8-1. 

Thus, we find that for most applications of importance to high-energy 
astrophysics, where 2 < r < 3 .5 ,  f ( T )  = 1. 

TABLE 8-1. -Approximate Values of the Functiorl f ( T )  in Equation (8-21) 

I' I ./.( 1.) 
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dq a check on ery la t~on (8--19). one can ~ ~ ~ a l i t :  r l re  approximation 

Then 
i d< E" i(i,) =n,,,,o-,L,, 1 d6 X,,E-'8 ji:~-? ( c )  71 

112c2) 

which, for f(l')= 1, is in excellent agreement with equation (8-19). The 
small numerical discrepancy between equations (8-19) and (8-24) 
arises because of the Bose-Einstein distribution in photon energies for 
a thermal photon field. 

8-2 GAMMA-RAY PRODUCTION SPECTRA FROM BREMS- 
STRAHLUNG INTERACTIONS 

Bremsstrahlung, which is a German word meaning "breaking radia- 
tion," is the radiation emitted by a charged particle accompanying deceler- 
ation. The cross sections for y-ray production from bremsstrahlung are 
derived in Heitler's book (Heitler, 1960). In the case of bremsstrahlung 
from nonrelativistic electrons radiating in the field of a target nucleus, 
the cross section for production of a y-ray of energy Er by an electron 
of energy E in the field of an atomic nucleus of charge Z is given by 

where f;)(EYlE) is again the normalized distribution function for y-ray 
production; and where, in terms of kinetic energy T= E- me2, 

di (17;~) { [ ( T )  ' I 2  + ( T  - E Y )  '"1 ' } (&) 
a,) ( E ,  Ev) =T (TT - 

E-/ 

for 27rZa G j3 4 1 (8-26) 
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In the ultrarelativistic case, where the cross section is calculated by 
taking into account the screening of the charge of the atomic nucleus 
by atomic electrons, the resultant cross section is given by 

for E 9 a-'2-'13~nc2 (8-28) 

Of course, in the case of an ionized gas, equation (8-27), derived for 
the case where screening effects are unimportant, is applicable at all 
relativistic energies. The cross sections given in equations (8-26) to 
(8-28) may be corrected for the additional contribution from inter- 
actions between cosmic-ray electrons and atomic electrons by the 
replacement Z 2  -+ Z (Z + 1) .  

Another case which may be of astrophysical interest for y-ray produc- 
tion is that of brelnsstrahlung from nonrelativistic protons, as has been 
pointed out by Boldt and Serlemitsos (1969). In this case, it is the elec- 
tron which is at rest and the proton which is the energetic particle in 
the Is. The appropriate cross section for this interaction, which cor- 
responds to equation (&26) for cosmic-ray electrons, is then 

It is immediately obvious from equations (8-27) and (8-28) that for 
relativistic particles, the bre~nsstrahlung cross sections have little or no 
dependence, except for a linear one, on E. Indeed, equation (8-28) may 
be written in the form 

where ( M )  is the average Illass of the target atoms in grams and (X) 
is the average radiation length for the gas in grams per square centi- 



meter. The average radiation length for interstellar rliatter is 

based on the values given for pure hydrogen and pure heliuin by Dov- 
sherlko and Pomanskii (1964): 

To a good approximation, especially in the case of relativistic brems- 
strahlung (Heitler, 1960), the normalized distribution of y-rays produced 
may be taken to be a square distribution given by 

for O S E y s E  

otherwise 

so that the y-ray production spectrum is given by 

where p(r) is the matter density of the gas in grams per cubic centi- 
meter. For bremsstrahlung between cosmic-ray electrons and inter- 
stellar gas, we may use equation (8-31) to write equation (8-35) in 
the form 

8-3 GAMMA-RAY PRODUCTION SPECTRA FROM SYN- 
CHROTRON RADIATION 

Synchrotron radiation, or magnetic bremsstrahlung, is the radiation 
emitted by a relativistic particle spiraling in a magnetic field. Its mathe- 
matical description has been given by Schwinger (1949). An electron 
suffers energy losses by synchrotron radiation at a rate 
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where the magnetic energy den.;ity pi{ is 

This rate ean be compared with the energy loss rate suffered by ari 
electron through Comptoil interactions with a photon field of energy 
density py. That rate is 

The equivalence of equations (8-37) and (8-39) is not accidental, but 
can be shown to be a direct consequence of electromagnetic theory 
(Jones, 1965b). 

The photons emitted as synchrotron radiation have a characteristic 
frequency given by 

The synchrotron effect can be thought of as the interaction of the 
electron with "virtual" photons of the magnetic field. Denoting these 
photons by the subscript v ,  it is found (Jones, 1968) that they have an 
average energy 

and a number density 

The resultant y-rays have a characteristic energy found from equation 
(8-40) to be 

Equation (8-43) expresses the same type of energy dependence on the 
electron energy, E =  ynzc2, as did equation (8-11) for Compton y-rays. If 
we take a power-law spectrum of the form 

Ie (E) = KeE-r (8-44) 

we will again get the same power-law dependence for the resultant 
synchrotron radiation as we did for the Compton radiation in the deriva- 
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tion of equation (8-24), viz, 

Ginzburg and Syrovatskii (1965) give the exact formula for I,,,,(Ey) 
in a form suitable for calculation. The y-ray spectrum, llunlelically 
modified from the form given by Ginzburg and Syrovatsltii and expressed 
in gigaelectron volt units, is 

with the coefficient a (T)  given by table 8-2. 
A relativistic electron of energy E in gigaelectron volts, spiraling in 

a magnetic field of amplitude H, in gauss, will produce a characteristic 
spectrum of y-rays having a peak at 

Ev, ,I,= 1.9 x 10-11H,E2 GeV (8-47) 

where H ,  is the component of the field perpendicular to the circular 
component of motion of the electron. 

It  follows from equation (8-47) that in a field of H I =  5 X G, which 
is of the order of the fields found in interstellar space, it takes a 108-GeV 
electron to produce a 1-GeV y-ray. If we consider for comparison Comp- 
ton interactions with starlight photons of roughly the same energy density 
and having energies of about 1 eV per photon, it only requires a 14-GeV 
electron to produce a 1-GeV y-ray. Such electrons are at least 15 orders 
of magnitude more plentiful than are 108-GeV electrons, if indeed the 
latter exist at all; so it may readily be seen that for almost all cases 
of astrophysical interest at present, synchrotron radiation may be re- 
garded as a negligible source of y-rays.' 

TABLE 8-2. -The Coeficient a(T) in Equation (8-46) 
[Ginzburg and Syrovatskii, 19651 

fields, such as pulsars. 
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8-4 GAMMA RADIATION FROM PHOTOMESON PRODUC- 
TION IN7'ERACTIONS 

W e  wrll rllelltiort here. in passirtg, the rneclia~lisrn foi ptocluctiorl oi 
y-lays fiorn the decay of neutral pions prtrduced by interactions of 
ultra-l~igll-rncrgy cosmic rays; i.~., via intrrac,tions such a s  

where the threshold for interactions with starlight photons is of the 
order of 108 GeV. Hayakawa (1963) suggested that this interaction may 
be important for y-ray production at energies above 10"eV if the 
ultra-high-energy cosmic rays are universal. This is no longer' thought 
to be the case, since, as we have seen in chapter 4, y-rays of such 
energies cannot propagate more than 3 x 10" cm, or about 3 X of 
the visible radius of the universe, because of interactions with the uni- 
versal blackbody radiation. In addition, there is considerable doubt as 
to the universality of ultra-high-energy cosmic rays (Stecker, 1968). 

8-5 POSSIBLE IMPLICATIONS OF PRESENT OBSERVA- 
TIONS OF GALACTIC GAMMA RAYS 

In this section, an attempt will be made to relate some of the theoretical 
calculations on galactic y-ray production to the present observations 
and to thereby construct a plausible model for y-ray production in our 
galaxy which is consistent with the present data. Unfortunately, it is 
necessary at this writing to preface this section with a caveat. We are 
now just on the threshold of establishing the field of observational y- 
ray astronomy. It has become apparent that in order to detect diffuse 
fluxes of cosmic y-rays above the atmospherically produced background, 
it is necessary to make use of satellite-borne detectors. Such detectors 
are just now at the stage of development where they have attained the 
sensitivity necessary for cosmic y-ray detection. Instruments now in the 
developmeilt and planning stages will eventually provide a vast improve- 
ent in resolution and sensitivity. The data used here should be consid- 
ered to be preliminary and subject to change. Thus, the interpretation 
of these data, as presented here, may require future modification. 

We may mark the birth of observational y-ray astronomy with the 
detection of cosmic y-rays above 100-MeV energy by Clark, Krausl-iaar, 
and Garmire (1968). (See appendix.) Their results indicated that cosmic 
y-radiation is strongly anisotropic, being most intense in the galactic 
plane and particularly at the galactic center. (See figs. 8-2 and 8-3.) 
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FIGURE 8-2.-Dependence of y-ray intensity on galactic latitude bn (data summed over 
all galactic longitudes 1"; Clark et al., 1969). 

FIGURE 8-3.-Dependence of y-ray intensity (within 15' galactic latitude of the galactic disk) 
on galactic longitude In (Clark et al., 1969). 



The cletection oi this anisotropy itself is a strortg indicatio~l that a large 
iraciictn of the y-lays detected w r l e  of galactic origj~t. Fichtel, KniEe'eri, 
ant1 Ogelnlarl (1969) appear also to 11ave detected the source at the 
galactic cerrtet Sood (1969); Valdcz, Frier. and Wadclington (1969); and 
Hutchinson et al. (1969) have also reported an apparent anisotropy in 
detected y-rays toward the galactic plane; althougl-i Frye et al. (1969) 
failed to detect such an anisotropy. 

The absolute intensities of the y-ray line source from the galactic 
plane and the peak in the intensity distribution at the galactic center 
remain somewhat in doubt (by probably not more than a factor of 2); 
and the intensities originally reported by Clark et al. (1968, 1969) have 
now been revised downward by approximately a factor of 2, due to a 
recalibration of the sensitivity of their detector (Clark et al., 1970). We 
shall utilize these revised intensities in our discussion in this section. 

There appears to be a y-ray flux from the galactic center above 100 
MeV having a line intensity of - 2 x cm-'-s-I-rad-l. Gamma rays 
coming from the region of the galactic disk have a line intensity of 
0.5 x cm--'-s-'-rad-'. Clark et al. suggested that these fluxes, first 
reported to be an order of magnitude higher than those predicted from 
various diffuse production mechanisms, may originate mainly in unre- 
solved discrete sources (a suggestion which was further explored by 
 gelm man, 1969). However, they were careful to point out that large 
amounts of undetected hydrogen may also account for these fluxes. 

From 21-cm radio observations of the galaxy, it has been found that the 
average value of the product of mean density and linear extension (usually 
denoted as ( n L )  for emitting atomic hydrogen in the galactic disk, spread 
out over the 15" resolution cone of the detector aboard the OSO-3 satel- 
lite is approximately 3 X 1O"l cm--'. This value corresponds to a mean 
density in the disk itself of approximately 0.7 cm-3 (Kerr and Wester- 
hout, 1965). If the atomic hydrogen seen in emission were to be con- 
sidered the full content of hydrogen gas in the galaxy, the resultant y-ray 
production from d-decay,  according to the results of chapter 5 (fig. 5-10), 
would produce a flux of y-rays of energy greater than 100 MeV of 
- 3 x 10p5 cm-"s-l-rad-l, and the fluxes estimated from other produc- 
tion mechanisms in the galactic disk would be considerably lower. 

The author (Stecker, 1969b) attempted to account for the fluxes 
originally reported by Clark et al. (1968) by suggesting that these y-rays 
result from the decay of neutral pions produced in cosmic-ray interac- 
tions with the total nucleon content of interstellar gas, much of which was 
hypothesized to be in the form of molecular hydrogen. Arguments were 
given, based on recent results from other branches of astronomy dealing 
with the study of the interstellar medium, to support this hypothesis. 
This paper was closely followed by a detailed presentation of the OSO-3 
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results by Clark et al. (1969) at the 37th IAU Symposium in Rome show- 
ing that the y-ray spectrum from the galactic disk closely matched that  
of the horizon-albedo y-ray spectrum from the Earth, arising mainly 
from the decay of neutral pions produced by cosmic-ray interactions 
with the Earth's atmosphere. This gives tentative, but not calnclrasrve, 
support to the pion-decay hypothesis for the origin of galacttc y-rays. 
Stronger support for the pion-decay hypothesis has recently heen ctrra:- 
municated by Fichtel and Kniffen (private communieatloi~) who have 
found that in the galactic-center region, I ( E y  > 50 MeV) < 1.51 (Ey > 100 
MeV). (See also Kniffen and Fichtel (1970).) 

To explain the y-ray intensity originally quoted by Clark et cai. (19681, 
using the pion-decay hypothesis, a mean gas density in the galnctrc dash 
of the order of 5 nucleons/cm" was required, a value close to the tapper 
limit allowed by galactic dynamics (Parker, 1968). However. d lue  to  ~i 
recent recalibration of the sensitivity of the OSO-3 detectam, the y-ray 
fluxes originally given by Clark et al. (1968) have been revised downwari9 
by a factor of - 2 (Clark et al., 1970). A total nucleon density of rhc 
order of 2 cm-"ill provide a y-ray flux in the galactic dish >~itlian ~ h c  
accuracy of the revised observational value under the dSSUII1E)ilOPI OP 
uniform cosmic-ray intensity in the galactic disk. Since 21-crn albse~vn- 
tions indicate a mean density of atomic hydrogen in the gaiac~rc drik 
of the order of 1 cm-\ the y-ray observations indicate that 

under the assumption of a fairly uniform cosmic-ray intensity in riie 
galaxy. 

A considerable quantity of molecular hydrogen in the rll;ei.sieilrl 
medium had been considered a likely possibility untml Stet her anti 

Williams (1967) found an effective mechanism for its photodr-~t~rsetiiin 
It now appears that in the presence of an average interstellar nadiatnor! 
field, the amount of molecular hydrogen expected to be preseilE will lie 
negligible. Recent rocket measurements appear to suppoct tBlr\ (om6 1 s 

sion (Carruthers, 1968; Smith, 1969). In dark clouds. however.. the '  Pate 
of molecular hydrogen formation is expected to exceed the pl9o"~cdestluc- 
tion rate; and essentially all the hydrogen is expected to  exist i l i  rnolei 11- 

lar form. Recent observations of dark clouds (Hollenbacil and ScnQpeter. 
1970, and Garzoli and Varsavsky, 1966) show an antlcorrelation be- 
tween atomic hydrogen and dust which may indicate that tile t~ydroge-rr 
in these clouds has been converted into molecular form. 

Kerr and Westerhout (1965) have argued that the hydrogen contained 
in cool, optically thick interstellar clouds can be expected to  equal that 
seen in 21-cm emission, which is a more smoothly distributed componerit. 
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of gas at a considerably higher temperature. Additional theoretical sup- 
port for the model on the basis of dynamical stability arguments has also 
been given (Parker, 1968). In addition, the galactic longitude distribu- 
tion obtained for interstellar hydrogen from 21-em emission measure- 
ments alone appears to be far more isotropic than our concept of the 
Sun's position in the galaxy would indicate, which again suggests that a 
significant fraction of interstellar gas must be present in optically thick 
clouds within 10 kpc of the galactic center (Kerr and Westerhout, 1965). 
This argument is further strengthened by the fact that the gas-to-dust 
ratio in the interstellar medium appears to be constant, together with the 
observation of 27 magnitudes of extinction toward the galactic center 
(Becklin and Neugebauer, 1968) which implies that there is a large 
quantity of interstellar gas in that direction. 

Gould and Salpeter (1963) and Gould, Gold, and Salpeter (1963) have 
pointed out that the observed spatial distribution of K-giant stars as a 
function of perpendicular distance from the galactic plane suggests a 
much stronger gravitational field for the galaxy than can be accounted 
for by stars and observed atomic hydrogen in the disk. A mean gas 
density of 5 ~ m - ~  in the disk would be required to produce the observed 
K-giant distribution. 

From an analysis of the observed distribution of atomic hydrogen gas 
and 8-Cephei variables, Dorschner, Giirtler, and Schmidt (1965) have 
come to the same conclusion, suggesting that 80 percent of the inter- 
stellar gas is in the form of molecular hydrogen. They show that the 
unseen mass necessary to produce the galactic gravitational field would 
have to be very strongly concentrated toward the galactic plane and 
therefore would not likely be composed of stars. 

From studies of the spin temperature of interstellar hydrogen from 21- 
cm line spectra, Mebold (1969) has recently concluded that the total 
mass of interstellar hydrogen has been considerably underestimated 
from emission-line studies and that there exists a large quantity of gas 
which is in a condition favorable for star formation; viz, in the form of 
cool, dense clouds. 

Werner and Harwit (1968) have observed a faint infrared emission 
feature which they have interpreted to be evidence for the existence of 
substantial amounts of molecular hydrogen in a dark cloud in Orion. The 
number of molecules along the line of sight is given as > lP1 ~ m - ~ .  Such 
clouds, although inherently difficult to observe, may be quite common in 
the galactic disk. 

Since molecules such as NH3, OH, HzO, and CH20 exist in detectable 
quantities, it would indeed be surprising if the H2 molecule, made en- 
tirely of the most abundant element in the universe, did not exist in 
appreciable quantities. Indeed, Heiles (1968) has suggested that the 
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primary mechanism lor the formatio~l of OH molecules 111 dark clouds 1s 
based ori tlie I eactiori 

(Carol1 and Salpeter, 1966) in which the Hi molecule plays a fundamental 
role. 

Studies of external galaxies have indicated that regions containing 
young stars (regions of active star formation) do not coincide in many 
cases with the regions of maximum atomic hydrogen density as seen in 
21-cm emission. This would not be at all surprising if star formation 
occurred mainly in cool, dense, unobserved clouds, as suggested by 
Mebold (1969). 

Most recently, Carruthers (1970) has made a direct observation of the 
H2 Lyman resonance absorption bands in the far-ultraviolet spectrum 
of the star .$ Persei. His results indicate that, at least in this direction, 
nearly half of the total interstellar hydrogen exists in molecular form. 
Theoretical calculatioils by Hollenbach and Salpeter (Astrophysical 
Journal, in press) indicate approximately 100 percent efficiency for 
formatioil of molecular hydrogen on dust grains in neutral hydrogen 
(H-I) regions in the galaxy. 

Thus, the pion-decay hypothesis for the origin of the disk component 
of galactic y-radiation (under the assumption of a total mean nucleon 
density of interstellar gas of - 2 provides a natural and adequate 
explanation for both the intensity and spectral characteristics of this 
radiation as observed by Clark et al. (Stecher and Stecker, 1970). The 
intensity distribution of this component as a function of galactic longitude 
shows only one statistically significant peak; viz, the peak at the galactic 
center. Observations made by detectors with better sensitivity and resolu- 
tion should enable y-ray astronomers to map the disk component for 
y-ray "hot spots," which should reflect the true distribution of the total 
content of interstellar gas, independent of temperature and optical 
opacity conditions in various regions of the galaxy. However, we are at 
present limited to a general discussion of the intensity of the disk com- 
ponent with the possibility of an additional source component at the 
galactic center. The peak in the y-ray intensity at the galactic center, 
which has a line strength of - 2 x 10-Qm-2-s-1-rad-1 above 100 MeV, 
as determined both by the revised OSO-3 measurements and by Fichtel 
et al. (1969) requires further discussion. Approximately half of these 
y-rays can be explained as due to the decay of neutral pions produced 
in cosmic-ray interactions with the galactic gas (the disk component we 
have been discussing) on the assumption that the cosmic-ray intensity 
is uniform throughout the galaxy. An increase in cosmic-ray intensity 



rowaltI the galaetlc t en t e l  hy an adtiitlonal factor of - 2 couk! thus 
account for the increased flux In the galactic center region. Alternatively 
we could introduce a ""two-cornpollent" model fat galact~c y-rays in 
which y-rays from a produetlon rrreclianisrrl other tllarl pron decay eon- 
tribute an additional flux to that pzoduced by the general disk component. 
We would thirs classify the galactic renter a3 a ?-ray Source There may 
be such a source of y-rays produced by Compton interactions of cosmic- 
ray electrons with the intense infrared radiation field located at the 
galactic center and detected at 100p by Hoffman and Frederick (1969). 
Hoffman and Frederick have found this source to extend < 2"3' in 
galactic latitude and > 6'5' in galactic longitude and to have a brightness 
temperature of 16 K. The source has been suggested by Lequeux (1970) 
to be produced by reradiation of intense starlight in the central region 
of the galaxy by interstellar grains produced in the atmospheres of red 
giant stars (Donn et al., 1968), with such grains being an order of magni- 
tude more numerous in the galactic center region than in the disk. Using 
the infrared intensities given by Hoffman and Frederick, we find that 
cosmic-ray electrons with the same spectrum as that observed at the 
Earth can produce a y-ray flux of 2 x to 7 X 10-5 ~m-~- s - l - r ad - l  
above 100 MeV by Compton interactions, which is the same order of 
magnitude as the estimated flux from the disk component in the galactic 
center region. A hypothetical y-ray spectrum from the galactic center 
is shown in figure 8-4. It is impossible at this time to determine theo- 
retically whether pion decay or Compton interactions would be expected 
to play the major role in the production of y-rays at the galactic center 
under the assumptions of the two-component model presen'ted here.2 The 
situation is further complicated by the possibility of increased fluxes of 
both cosmic-ray electrons and nucleons at the galactic center, although 
there is no need to postulate the existence of such fluxes in order to 
account for the observed y-radiation. It is also unnecessary to postulate 
the existence of an 8 K graybody infrared radiation field of galactic extent, 
a hypothesis which was invoked by Shen (1969) and Cowsik and Pal 
(1969) based on a measurement of Shivanandan, Houck, and Harwit 
(1968). In order to account for the originally quoted OSO-3 measure- 
ments, however, the proposed existence of this 13 eV/cm3 radiation 
field poses serious theoretical problems pertaining to its origin and role 
in the galactic energy balance and its effect on cosmic-ray electrons 
(Anand, Daniel, and Stephens, 1969) and ultra-high-energy cosmic rays 

100 MeV as in the model sltown in figure 8-4. 
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FIGURE 8-4.. -A possible y-ray spectrum from the galactic center based on the two-com- 
ponent source model (pion decay and Compton interactions), as discussed in the text. 

(Encrenaz and Partridge, 1969).3 The 8 K hypothesis is also in conflict 
with measurements of the spin temperatures of various molecules in the 
interstellar medium (Bartolot, Clauser, and Thaddeus, 1969; Thaddeus 
and Clauser, 1966; and Evans, Cheung, and Sloanaker, 1970) and most 
recently has been directly contradicted by a new infrared measurement 
by McNutt and Feldman (1970).4 

Based on the discussion we have just presented, Stecher and Stecker 
(1970) reached some tentative conclusions regarding the origin of galactic 
y-rays. 

(1) Gamma rays originating in the galactic disk most likely result from 
the decay of neutral pions produced in interstellar cosmic-ray 

' It has also ~ecent ly  been found to conflict with measured upper llrnits of haxd X-lay 
emission fiom the galactic plane (Blecker and D e e ~ e n b e ~ g ,  1970). 

darl (1970) has leported that due to a lecent t e r a l ~ b ~ a t i o n  of the11 d e t e c t o ~ ,  
the flux oliginally repo~ted  by Shivanandan et al. (1968) should be  educed by a factor of 
- 4 and that the rev~sed  flux should be cons~dered an upper limit. 
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and, with the ""missing-mass hypotj.lesis," possibly also as  a disk average. 
The calculated y-ray fluxes, however, were obtained by assurnirlg thak 
the priillary cosrnic-ray interlsities are spread uniformly along the line 
of .iighi ovcl whiell; the an~~ihi la t ion is formed, St1c.h an asstirnption 
requires a mean cosmic-ray energy density of - 50 eV/cmJ in order to 
produce a detectable annil~ilation line for the demodulated cosmic-ray 
spectrum with K ,  =350 MV and Ro=200 MV and for the power-law 
distribution. This energy density is at least an order of magnitude higher 
than that allowed by the general dynamics of the interstellar medium 
(Parker, 1966). The energy requirements for the power-law spectrum with 
T c =  100 MeV/nucleon are smaller and therefore not necessarily incon- 
sistent with the energy arguments mentioned above. A primary cosmic- 
ray spectrum of this form, however, conflicts with the 2 H  and W e  
calculations (Ramaty and Lingenfelter, 1969) and possibly with the 
positron measurements in the 10 to lo3 MeV region. (See fig. 7-5.) 
Therefore, it is probably not a good representation of the overall galactic 
cosmic-ray distribution. 

We conclude that the 0.51-MeV annihilation y-ray intensity produced 
by positrons from both pion and CNO beta emitters for a homogeneous 
disk model most probably will be smaller than the observed X-ray 
background and hence be unobservable. 

As can be seen from table 8-3, however, if the 1-MeV positron measure- 
ment of Cline and Hones (1969) is regarded as a real flux rather than as 
an upper limit and is spread uniformly along the line of sight, the annihila- 
tion line would be observable both toward the galactic center and as a 
disk average. However, if these 1-MeV positrons are produced in super- 
nova explosions and exhibit spatial and temporal inhomogeneities 
corresponding to their short ranges, the resultant y-ray flux would again 
be below the X-ray background and would be unobservable. 

Since the galactic center is known to be an intense source of high. 
energy y-rays, and since the energy arguments that we have used do not 
necessarily hold for that region, the galactic center may be a detectable 
source of 0.51-MeV y-rays. It may thus be more profitable to look for this 
radiation with a high-spatial-resolution detector than to look for a diffuse 
galactic flux. This argument is valid even if a diffuse flux is detectable, 
since, as can be seen from table 8-3, such a flux would still bt: more 
intense toward the galactic center. 







Chapter 9 

9-1 INTRODUCTION 

In the general theory of relativity, Einstein set out to identify the 
gravitational field with the geometry of space time itself. Using differential 
geometry, he derived an equation which identified the curvature of space 
time with the matter-energy density contained in it. Expressed in tensor 
form, the Einstein field equations are written 

where Gwu is the Einstein-Ricci tensor, G is its trace, gPv is the metric 
tensor which is defined by the equation 

p and u are tensor indices which take on four values (one timelike, three 
spacelike), A is the cosmological constant, y is the gravitational con- 
stant, and T,, is the energy-momentum tensor given by 

for a macroscopic body. In equation (9-l), p is the pressure, p the mass 
density, and p, and p, are components of the comoving velocity vector 
within the mass. 

For an isotropic and homogeneous universe, the metric tensor has the 
Robertson-Walker form in dimensionless spherical coordinates; i.e., 

0 0 0 

- R (t) ( 1  - kq2) -1'2 0 0 
(9-4) 

0 - R ( t ) r  0 

0 0 - R ( t ) ~ s i n O  



where K ( t )  is a titr~e-dependent scale factor to h e  detem?ir:etf by solvli~g 
the fieid equations (eq. (9-I)), and k is the curvature constant which has 
the values - 1, 0, and + 1. 

Using the Robertson-Walker metric, equation (9-1) simplifies into the 
relations 

and 

In the present state of the universe, p s=- plc2, and equations (%) 
and (9-7) are usually solved for the zero-pressure approximation. 

The Robertson-Walker line element given in equation (+5) can also be 
written in the form 

~ls2 = c2 cZt2 - R2 ( t ) dz~2 
where 

(9-8) 

The dimensionless length measured along the radial direction is then 
given by 

s i n  q for k = +  1 

Photons travel along geodesics which obey the same relation as in 
special relativity; viz, 

CIS' = 0 (9-1 1) 

which, from equation (9-8), is equivalent to the condition 

with t ,  being the time when the photon was emitted and t,. being the time 
when the p 

The emit 
the distance between them is changing by the scale factor R ( t ) ;  the 
dimensionless rnetric distance u is a constant. If we therefore consider 
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two successive wave crests of a light ray as being emitted at tames I' and 
t,+At,, respectively, and received at times t ,  and t ,  + At, ,  then 

Thus 

At, At, =---- 
R ( t , )  ~ ( r , )  -' 

At, At, -- 
R ( t , )  -Ro 

Since the wavelength of the emitted wave is cat,  and that of irhe wave 
when received is cat,, from equation (9-14) it follows that  he wa\7eielagth 
is shifted by the amount 

A, - A, AA - R ( t , )  - R (t,) --- Z'-------- 
A R  (t,) 

We have observed this shift in the spectral lines of distant caEaxie,s as 
always being toward longer wavelengths, so that R ( i ,  j > R i t ,  ). Ftom 
this evidence, it has been deduced that our universe i s  expanding with 
time. 

9-2 GAMMA-RAY FLUXES 

Let us now consider the effect of cosmological factors in i alcuiatinp 
y-ray fluxes emitted at large redshifts, z. The number of phoro~ms reeerved 
per second is reduced by a factor R ( t , ) / R ( t , )  from the  number produced 
per second at time t,. We consider here y-rays produced rn particle 
collisions between two components having densities r?, ,  ( t ,  ) and nb (i, ) . 
respectively. We specify the differential photon intensity prodracrd per 
collision as 

G ( E y )  (cmS-s-sr-GeV-~rn-~) - I  

Then the differential photon flux received at t ,  is given by 

dF, = 4wn,( te)no(te)G(E~,e)  dE7.e dVe aftc 
4wR2 (t,) r)" 6) 
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where the numerator represents the photon flux emitted at t,, and the 
denominator indicates the fact that at t, this flux is evenly distributed 
over a spherical wavefront of radius R (t,). 

We now define the dimensional length 

so that the volume element 

Since 

and 

because the energy of a y-ray is inversely proportional to its wave- 
length, we may substitute equations (+18) and (9-19) into equation (+17) 
and obtain 

[:[:j EY,  x 
~ T R *  (te) q2 d f l  dl  dEy. r dt ,  

dFr= na(te) nb(te)G - 4 ~ R 2  (tr) s2 

Dropping the subscript r from equation (9-20), since y-rays are 
measured only when they are received, we may reduce equation (9-20) to 

by using the relation (9-15). 

9-3 DERIVATION OF dlldz: 

Equation (9-21) is quite useful in evaluating the metagalactic y-ray 
spectra from various high-energy interactions. The results are obtained 
from numerical integration of the relation 

Therefore, in order to utilize equation (9-22), we must determine the 
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factor i / l / t lz by solving the field equations (9-6) and (9-1) for particular 
cases. As eve shall discuss later, the two most important eases to consider 
are the Einstein-de Sitter model and the low-density model. We shall 
i low evaluate cllf(lz for rllrse models and f o r  the more general case. 

%3a The Einstein-de S i t te r  Model 

This model corresponds to a Euclidean three-space with I; = A = 1) = 0. 
Equation (9-7) then reduces to 

In this case, our space is a Euclidean three-sphere containing a constant 
mass-energy M ,  so that 

M 
p - R "  

From equations (9-23) and (9-24) we find 

In these equations, it is common to define the Hubble parameter 

so that from equations (9-25) and (9-26), we obtain 

It is also common to label quantities associated with the present epoch 
(z=O) by a subscript 0. The quantity Ho is then referred to as the 
Hubble constant. From equations (9-15), (9-25), and (9-27), we then 
find 

and 

From equations (9-8), (9-ll), and (9-17), we obtain 



and from equations (9-27), (9-28), and 19-29), we obtain 

9-3b The Low-Density Model 

8%- ypR 
This model holds when A=O and - < 1. Thus, equation (9-7) 

3 c2 
reduces to 

For a physical solution, we must specify k=-1 (negative curvature) 
and, therefore, R = constant and R = K t ,  where K = constant. Therefore 

and 

From equations (9-29) and (9-32), we then find 

9-3c Other Models With A = p  = 0 

For models of a more general form with A = p = 0, but where k f 0 
and p # 0, it is useful t6 define a new parameter 

which provides a measure of the gravitational deceleration of the uni- 
versal expansion caused by the presence of matter of density p. By 
subtracting equation (9-7) from equation (M), we find that this de- 
celeration is directly proportional to p and is given by 
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From eqrration.; (9-151, (9--29), and (9-34), we then  firid 

Fmrn ecpations (9-7) (in the case where A = 0 ) ,  (9-26), and (9-3S), 
it f"Uows that H (z) is given by 

since 
const - 

~ = ~ " - p o ( l + z ) ~  

Substituting equation (9-37) into equation (9-36), we then find that 

But, from equation (9-37) for t = to, we obtain the identity 

so that by substituting equation (9-40) into equation (9-39), we find an 
expression for dlldz in the useful form 

Equation (9-41) reduces to equation (9-30) in the case where R =  1 
and to equation (9-33) when fl+ 0. 

If we specify the value of -1W8 cm for c/Ho (which is determined 
from astronomical observations for z <, 3 x lo-:' to only rt 50 percent), 
and if we express po in terms of an atomic density of no atoms/cm3, 
we may use equation (9-35) to define a critical density n, such that 

and 



It then iollows fzorn ecruatiorls 39-40) and (9-43) that if the mean 
ifensity of the universe is greater than n , ,  the universe will have a pobi- 
live curvature; if no  < n , ,  the iznivetse will have a negative cilrvdture, 
and in the case w h e ~ e  rr ,, = n,, we I-rave a Euclideari ~anivel se oi L e r  o 
curvature (the Einsteln.de Sitter model we consideled earlier). 

We will not consider here models of a still more general nature where 
A # 0, since there is at present no empirical need to do so. However, it 
is interesting to note in passing that models with A # 0 can lead to states 
of metastable equilibrium in which the universe can maintain a static 
phase at a fixed value of R for an indefinite period of time. This static 
model of the universe is known as the Lemaitre model. 



In chapters 5 and 6 we made use of recent accelerator and cosmic-ray 
data to determine the details of the cosmic y-ray spectrum from the 
secondary particles produced by cosmic-ray collisions in the galaxy. 
Here, we will make use of the cosmological formulas derived in chapter 
9 in order to determine the cosmic y-ray spectrum from secondary 
particles produced by cosmic-ray collisions in extragalactic space. This 
spectrum will differ from the galactic (or local) y-ray spectrum because 
most of the generating collisions take place at large distances where we 
are looking back to a time when the universe was more compact and 
collisions were more frequent. These "early" y-rays will be of lower 
energy due to the progressive redshift of the general cosmic expansion. 
Using the formulas derived in chapter 9, we take account of time- 
dilatation, volume-diminution, redshift, and curvature effects which 
become important at large redshifts. 

In chapter 9, we obtained the important relation between redshift and 
radius of the universe, given by equation (9-15) 

where t e  is the time when the y-ray was emitted and t,. is the time when 
the y-ray is received (detected). 

It follows from equation (9-15) that in a universe where most of the 
energy density is in the form of mattel, 



wlzere ri ( r ) ,  [7'v(t), and n r t t )  are the average particle density of matter, 
and the temperature and photon density of cosnlie blackbody radiation 
in the universe. Let G,(Ey) be the y-ray spectrum generated by the 
galactic cosmic-lay spectrum, i,(E,,), in traveling a unit pazticle length 
(1 em-" through the intergalactic medium. (This spectrum is the same 
as t?lc c~caz~ti ty I(E-y)/(rzL) calculated in chs. 5 and 6.) 

We now assume that some ubiquitous generating mechanism causes 
cosmic rays to be produced throughout the universe with the same power 
law as observed at the Earth, so that the metagalactic cosmic-ray 
spectrum differs only in absolute intensity from the galactic cosmic-ray 
spectrum. It follows that the form of the cosmic y-ray spectrum any- 
where in the metagalaxy, when observed in the comoving frame at that 
point, will be the same as the form of G,(Er). We may then write down 
an expression for the integrated metagalactic y-ray flux in any direction as 

with the derivation of equation (10-4) being similar to the derivation 
of equation (9-22) in the previous chapter. Here we have used the 
symbol I, to represent the total intensity of galactic cosmic rays of 
energies above the pion-production threshold in order to normalize the 
generating spectrum G, and to relate I,(Er) to the extragalactic cosmic- 
ray intensity I, (2). We have also included in equation (10-4) an added 
exponential factor to account for absorption of y-rays, which may become 
important at high redshifts under certain conditions which we will 
discuss later. The following evaluation of equation (10-4) is based on a 
calculation by the author (Stecker, 1969~). 

We will assume, for the purposes of calculating I,(Ey), that at some 
early epoch, corresponding to z 3 z,,,, conditions were unsuitable for 
the acceleration of cosmic rays. We will consider z,,, to correspo~ld to 
the epoch of galaxy formation and consider two possible models for the 
origin of a metagalactic cosmic-ray flux. For model I, we will assume 
that the extragalactic cosmic-ray flux arises through leakage from the 
halos of radio galaxies from z=z,,, to z=  0. For model 11, we will 
assume that this flux was created primarily in a burst at the time of 
galaxy formation. For z,,,, we will also consider two extremes. One 
extreme is z,,,= 102, which corresponds to the earliest epoch when 
galaxy formation could probably occur. At z=  lo3, the blackbody tem- 
perature of the universe was of the order of lo3 to lo4 K, cool enough for 
ionized hydrogen to combine to form a neutral gas. According to Peebles 
(1965), z=  lo3 also corresponds to the epoch when gas clouds may 
have begun to form gravitationally bound systems. 
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The other extreme for I,,,,, which we rnay consider corresportds to 
the h~ghes t  ~ e d s h ~ f t  yet observed foi a quasa l ;  v ~ z ,  2 2.' T h ~ s  IS, of c o u ~ s e ,  
an exileme which is llniited by techulque rather than by any physrcal 
cr~terra ,  and IL is rrlciucied nlalnly for purposes of drscussror-i. We will 
also con side^ vdrious lnterllled~ate values foi L,~, ,  of 4, 9, and 40. 
(Dolokhkevlcb, Zeldovlch, a n d  Novlkov (1967) suggest that galaxy 
formation took place at z= 10 to 20, whereas Weymann (1967) suggests 
z =  102.) 

It  is important to note here that the upper limit z,,, may be effectively 
restricted, not by the epoch of galaxy formation, but by attenuation of 
the metagalactic cosmic-ray flux due to the collisions themselves. The 
cross section for inelastic cosmic-ray p-1, collisions is of the order of 
30 mb. Therefore, the lifetime of the metagalactic cosmic rays against 
collisional losses is given by 

1 T --= c -  
1 

ncrc r10ac ( l+z )~  

The lifetime of the universe at a redshift z is 

for an Einstein-de Sitter model, where no = cm3. 
Cosmic rays cannot accumulate in the metagalaxy if the ratio Tc/Tl1 < 1. 

Therefore, the condition Tc/Tt1 = 1 defines a critical value for an Einstein- 
de Sitter model of z,,, - lo2 beyond which a further buildup of meta- 
galactic cosmic rays cannot occur. With these limitations on z in mind, 
we will now consider the various ideal models for describing the meta- 
galactic cosmic-ray flux. 

For model I, we assume a constant leakage rate so that the total 
number of cosmic rays in the metagalaxy is proportional to the time 
elapsed since galaxy formation. It follows from equation (10-6) that for 
an Einstein-de Sitter model this time is given by 

T~ = 101°[(1 + z ) - ~ / ~  - (1  +z,,,,,)-~/~] years (10-7) 

The cosmic-ray density will then increase with redshift according to 
the relation 

This number has since grown. 



However, the cosmic r a) s which pt oduce tire n e u t ~  a1 pions nreessar y 
for y-lay pioduetioli are orily those above a threshold kinetic enelgy 
E,), -- 114, of atlcrut 300 Me\ . W e  must i l re~ciola  deteriliiiie 

For a power-law cosmic-ray spectrum of the form 

I ( >  E )  - (10-10) 

as is approximately valid in the energy region where most pions are 
produced (see ch. 5), it follows from the redshift relation that 

so that we must use an effective flux of 

For model 11, we assume that the metagalactic cosmic rays were 
created in a burst at the time of galaxy formation. We thus find for 
this model that 

Using the models defined by equations (10-12) and (10-13), together 

TABLE 10-1. - Value of L/I, for no = ~ r n - ~  

[Stecker, 1969~1 

Model 
Z",,, 

2.2 100 4 9 40 
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FIGURE 10-1.-Differential spectrum for leakage model (model I) (Stecker, 1969~) .  

with the value for dlldz given by equation (9-30), Stecker (1969~) used 
equation (10-4) to calculate ;the extragalactic y-ray spectra produced 
by cosmic-ray models I and 11. These results were normalized by re- 
quiring the integral y-ray spectrum above 100 MeV to be equal to 
1.1 X cm-"s-l-sr-l, according to the results of Clark et al. (1968) 
measured by the detector aboard the OSO-3 satellite.' As has been 
noted previously, such a normalization makes possible the determination 
of upper limits on the value lo/Z,; i.e., the present metagalactic intensity 
of cosmic-ray nucleons. These upper limits are given in table 10-1. 

The y-ray fluxes thus calculated are given in figures 10-1 to 10-4. 

This value has now been determined by Clark et al. (1970) to be approxin~ately a factor 
of 2 to 4 too high. 



FIGURE 10-2.-Integral spectrum for leakage model (model I) (Stecker, 1969~) .  

FIGURE 10-3.-Differential spectrum for burst model (model 11) (Stecker, 1 9 6 9 ~ ) .  
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FIGURE 10-4.-Integral spectlum for burst model (model 11) (Stecker, 1969~).  

FIGURE 10-5.-Diffe~ential spectlum for the galactic halo ( (r lL)  = 3  X loL" cm-'). 



d~rec t~on  of the pole. ba6;ed on the resultl: qf chaptrrs 5 a~ld  6 at id  

taking ( n L )  --- 3 x 10'" ci11-'/5. It can be seen that the local y-ray flux 
from the galactic halo will not explain the data of Clark et al. and should 
he unimpoitant cornpaled to the extragalactrc. flux. The extragalact~c 
y-ray spectra tend to peak neat 7 X lo-'/ (1 + z,,,,) Geli , being weighted 
toward higher redshifts by the effect of greater densities at earlier 
epochs. Because of the density effect, a cosmic-ray burst at large red- 
shifts is much more effective in producing y-rays than a continuous 
production of the same number of cosmic rays. 



1 1 - 1 INTRODUCTION 

The existence or nonexistence of antimatter in the universe is a 
question of importance in the fields of cosmology and particle physics 
(Alfvkn, 1965). Recently, Harrison (1967) has proposed the existence of 
large amounts of antimatter in the universe in order to account for the 
condensation of matter into galaxies. The only practical way of deter- 
mining the existence of such antimatter is by the detection of the 
radiation produced when antimatter and matter annihilate into mesons 
having y-ray-producing decay modes. The y-ray spectra from such 
annihilations are presented here. They are based on the results of recent 
accelerator experiments on antiproton annihilation as discussed in 
chapter 3 and also include cosmological distortions of local annihilation 
y-ray spectra. 

11-2 THE LOCAL ANNIHILATION GAMMA-RAY SPECTRUM 

The annihilation y-ray spectrum (AGS) for p-ls interactions involving 
kinetic energies less than 286 MeV (the threshold for nonannihilation 
pion production) is given by-the expression 

as shown in chapter 3, where v is the relative velocity of the proton and 
antiproton, f (v) is the normalized distribution function over this velocity, 
s is an index representing the particular type of particle produced in the 
annihilation, as(E,lv) is the cross section times multiplicity of particles 
of type s and energy E, produced in a collision of velocity v, and the index 
d specifies a specific decay mode with a branching ratio R Y ~  which 
produces [yd y-rays with a normalized energy distribution f (Eyl E,)  . 
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FIGURE 11-1.-The ~~ormalized local differential y-ray spectrum from p-p annihilation. 

The quantity B is defined as the product of interacting proton and anti- 
proton densities integrat&d over a line-of-sight pathlength 1; i.e., 

Based on the calculations of Morgan and Hughes (1969), we showed in 
chapter 3 that (Eslv)  can be represented as having a power-law velocity 
dependence using three different exponents given by equation (3-31) 
for three different temperature ranges given in equation (3-30). Using 
equations (3-47) and (3-48), we may thus write 

for 10 K s T a 10" (11-3) 
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and 

The local annihilation spectrum f ~ ( E Y ) .  as  caicuiated in chapter 3. is 
shown in figure 11- 1. 

11-3 REDSHIFTED SPECTRA 

For cosmological y-ray production 

where, from equation (9-41), 

Taking (from equation 9-38) 

n p ( z )  = n , , ~ ( l + z ) ~  

and 
7 2 p ( Z )  = 7 2 ~ ,  , , ( l + ~ ) ~  

and defining 

we find by using equation (9-21) that 

where i = I I ,  111; rl1= 2; all,= 0.64; rII= 1.1 X lo-" em" rltt= 2.6 X 10-18 
cm" GA ( E y )  = < ~ f  4 ( E y )  where fA ( E y )  is shown in figure 11-1; and 
T,,, is the matter temperature of the universe, which is a function of z. 



A t  the earllest stages Tn the evolnt~on of the universe. when the 
matter in the universe was In thermal equ~ltbr~urn with the universal 
blackbody r adlaticin drre to  %:ompton irltel actlolls betweell tllernral 
photons arid eiectrons, T,,, was equal to I ;  (the tenlperature of the 
iadiation field). Zeldovlch. Kult, and Syurlyaev (1969) have shown that 
even though the intergalactic gas has cooled t8-i the 50-percent n e t i r ~ a l  
point by the time corresponding to a redshift of 1200 to 1300, the small 
fraction of ionized material left at lower redshifts is enough to sustain 
temperature equilibrium between matter and the radiation field until 
a redshift of 150 to 200. 

The photon density of a radiation field at temperature TO is given from 
the Planck formula as 

87r E-E 
TI,., O ( E ,  TO)dc:=- (11-9) 

h "c" 

At a redshift z # 0 ,  this distribution is given by 

87r ( ~ + z ) ~ E ~ c / c  
rz,(z, E ) ~ E = -  

( I + Z ) E  - 1  exp [-I I~T,., o 

= ( 1  +z)~?I , . ,  O [ E ,  T , . ( z ) ] ~ E  (11-10) 

where 

Thus, we find that the redshifted Planckian maintains its form with 
the parameter T ( z )  in the exponent given by equation (11-11). The 
photon density redshifts in the same manner as matter density as 
given by equation (10-1). The energy density in the radiation field 
then redshifts as 

p r = ~ , . , o ( l + z ) ~  (11-12) 

in accord with the definition of T,.(z) given by equation (11-11) and the 
relation p - T4. 

We therefore find that 

TI,, ( z )  = T,.(z) = T,, ~ ( l  + z )  for z > 150 to 200 (11-13) 

At lower redshifts, when the matter has thermally decoupled from 
the radiation field, the momentum distribution of the atoms in the 
intergalactic gas is g 



These atoms lose momentum through collisions due to  the effect <tf 

the overall adiabatic expansion of the urriverse; their resultant momentum 
change is 

Substituting equation (11-15) into equation (11-14), we then find 

lzlll ( 2 ,  13) dl) = ( 1  $- Z )  311 111, o [ I ) ,  Tlll ( z )  ] (11) (1 1- 16) 
with 

T n , ( ~ ) = T l l l , ~ ( l + ~ ) 2  (1 1- 17) 

From equation (11-16), it is immediately evident that the total number 
of atoms, - 71R3, is conserved during the expansion, as must be the case. 

We thus find that 

TI,, ( z )  = TI,, , o  ( I  + z ) ~  for z <_ 150 to 200 (11-18) 

with 

TI,, (150 to 200) = T,. (150 to 200) (11-19) 

The adiabatic expansion concept may be used to link the derivations 
of equations (11-11) and (11-17) for the temperature-redshift relations. 
In an adiabatic expansion, it is well known that 

TV(y-l)= constant (11-20) 

where the quantity y here is the ratio of specific heat at constant pressure 
to that at constant temperature and Y is the volume of the gas (in this 
case the volume of the universe) which from equation (9-15) is given by 

For photons and monatomic gases at relativistic temperatures (pc - E ) ,  
y =4/3, whereas for nonrelativistic gases, y = 513. Thus, from equations 
(11-21) and (11-20) we immediately obtain equation (11-11) for photons 
and relativistic gases and equation (11-17) for nonrelativistic gases. 

Equations (11-11) and (11-17) may then be used in equation (11-8) to 
evaluate I A  ( E Y ) .  

It is of interest to note that since J A  ( E Y )  is nonvanishing only within a 
restricted energy range (given by eq. (3-7611, there exists an energy region 
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500 keV-70 MeV 
15+1000 70 keV-500 keV 
10"108 < 70 keV . 

where the integral in equation (11-8) is independent of the form of 
f~ ( E y )  and the resultant spectrum has a power-law form when absorption 
may be neglected. In actuality, the power-law form of the spectrum is a 
valid approximation even over a wider energy range, where a change of 
the limits of integration over f~ ( E y )  does not significantly affect the 
value of the integral. In this case, we find 

I A  ( E Y )  = 2Boa,C,~l<Ey(~+l) - E (1  1-23) 
where 

919  M e V  
I< = 1 ~ E Y E Y ~ Y  ( E Y )  

5 M e V  

and cr is the exponent of the total power-law dependence of the integrand 
on ( 1  + z )  ; i.e., 

For an Einstein-de Sitter universe, 1R = 1,  whereas for a low-density 
Friedman universe, 1R = 0. Thus, we find the power-law production 
spectra with exponents given in table 11-1 for the various ranges of y-ray 
energies at z = 0. 



12-1 COSMOLOGICAL GAMMA RAYS FROM COMPTON 
INTERACTIONS 

We next take into account the cosmological effects in colnputing the 
extragalactic y-ray spectrum from Compton interactions between 
cosmic-ray electrons and photons of the universal blackbody radiation 
field in intergalactic space. The local ( z =  0 )  spectrum is given from 
equation (&19) as 

for Compton y-rays produced by cosmic-ray electrons having a power-law 
energy spectrum of the form 

We have shown that, under the conditions where equation (12-2) is 
valid over all redshifts from 0 to z,,, and where electron energy losses 
other than those from the universal expansion are neglected, the trans- 
formation from K,,, to K,(z)  is given by 

K,(z) = K,,"(l + z)"l  + 2)"-I 

where the first factor of ( 1 - t ~ ) ~  represents the density effect and the 
factor of ( I + z ) ~ - '  represents the transformation of the power-law 
energy spectrum from a burst of relativistic cosnlic-ray electrons oc- 
curring at z,,, 3 z. 

Substituti~lg equations (11-12), (11-13), and (12-3) into the general 
formula (P-22), we find 

Under these conditions, the power-law form for the Compton y-ray 

193 
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spectrurri 1s rna~rriairretl but tile co~nlologrcal A U Y  15 rnltarrced h y  a 
factot given by the ~rltegral over z rn equa t~or~  (12-4). 

However, Blechel and Molrlcion (1967) showed that the true situation 

1s not as simple as that gl\cn Ey ecluailorl (12 -4) under the condrtrons 
1121en the high-eneigy end of the electroil spectluin is steepened ow~ng 
to energy losses horn the Cornpton ~nteractlons themselves Since t h e  

blackbody radiation density 1s proportional to (1 + z ) ~ ,  electrons lose 
energy primarily from Compton interactions, with the energy loss 
rate given by 

with 

The energy loss from the universal expansion is given by 

From equations (12-5) and (9-41), we obtain 

The two energy loss rate terms are equal at the critical energy, 
Ec=: ycmec2, where 

For E < E,, the electron spectrum maintains its power-law form 
since these electrons lose their energy through the universal expansion; 
equation (12-3) is therefore valid. However, for E > E,, the equilibrium 
electron flux is given by the solution of equation (7-24) under the 
conditions when Compton losses dominate. Under these conditions, 
equation (7-24) reduces to the form (Brecher and Morrison, 1967) 

where key-'' is the original (injection) electron spectrum and I?' is the 
exponent of the resulting equilibrium electron spectrum. It follows from 



equation (12-1 1 ) thdt 
r r = r + l  (12-l.2) 

and 

so thai the cyulLtliaii;l electrdrl sptetrun; is depleted by 2 facto: prcxpc\r- 
tional to (1 + z) "by Compton interactions with the universal radiation 
field and, in addition, the exponent of the electron spectrum is steepened 
by one power of E,. 

This steepening in the electron spectrum corresponds to a change of 
4 in the exponent of the Compton y-ray spectrum at an energy 

Thus, the Compton y-rays are expected to be produced by the steepened 
electron spectrum at all y-ray energies. From equation (12-13), 'Brecher 
and Morrison conclude that unless there is a large evolutionary factor 
in the electron production spectrum, i.e., kg - (1  +z) " I ,  where m 2 4, 
there will be no significant enhancement of Compton y-rays at large 
redshifts over those produced at the present epoch. 

12-2 COSMOLOGICAL GAMMA RAYS FROM BREMSSTRAH- 
LUNG INTERACTIONS 

The local y-ray spectrum from relativistic bremsstrahlung interactions 
is given by equation (8-36) as 

Making use of equations (9-22) and (12-3), we obtain for the cosmo- 
logical bremsstrahlung production spectrum 
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TABLE 12-1.-Characteristics of Predicted Extragalactic y-Ray Spectra From Various Processes i ~ t  8 
~ -- 

3 
1 to 100 MeV > 100 Mci' 

3 
2 

s 
- E-2." 2 

= ( p i  1)/2 and /3 is the index of the cosmic- !? 
f? 

ray electron spectrum. In particular, r=2.3 
for  p = 3.6 a s  d i scussed  by Fe l ten  a n d  3 
Morrison (1966). 8 

Bremsstrahlung ........................ Power-law spectrum of form E-r where r Power-law spectrum of form - E-'" $ 

Annihilation. ,. . . . . . . . ... .. . . . . . . .. . .. 

Inelastic strong interactions ........ 

= p  and /3 = 2 6 in an open universe. 

Negligible contribution: power hw of form 
- E + r  where r = 3 .  

. 

E-r. where T = p  and 
p = 2.6. (See text.) 

Spectrum peaks in this energy 
region at = 70 MeV(l+z,,,)-I. 

Power-law production spectrum of form E-r, 
where r = 2.68 for flat universe and T= 3.18 
for open universe. Absorption effects become 
important in this energy range. (See ch. 13.) 

- E-i 

Power law of form E-r. where 
r = 2.86 for flat universe and 
r = 3.36 for open universe. 

b, 

Power law brc.i)mi.i %teeply 0 

falling spectrum with n o  F 4 
flux above 919 Me\ d 



FIGURE 12-1.-Extragalactic electron intensities (Steckel. and Silk, 1969). 



FIGURE 12-2. -Extragalactic proton intensitirs (Stecker and Silk, 1969). 
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FIGURE 12-3.-Relaxation of a power-law cosmic-ray electron spectrum in an expanding 
universe with a n  ionized intergalactic medium (no= lo-' ~ m - ~ )  (Silk and McCray, 1969). 

FIGURE 12-4.-Diffuse X-ray observations cornpared with calculated flux from burst 
model (dashed curve). The 0.25-keV point of Henry et al. (1968) has no correction for 
interstellar absorption (Silk and McCray, 1969). 



In chapter 4, we discussed in detail the processes which result in the 
absorption of cosmic y-rays. In that chapter, we pointed out that there are 
three main absorption processes of importance under the conditions in 
interstellar and intergalactic space: Pair-production interactions of 
cosmic y-rays with the universal blackbody radiation field, Compton 
interactions of coslnic y-rays with electrons in the interstellar or inter- 
galactic gas, and pair-production interactions of cosmic y-rays with atoms 
of the interstellar or intergalactic gas. In this chapter, we will show 
how the effectiveness of these absorption processes is enhanced at high 
redshifts due to increased photon and matter densities at these redshifts 
when the universe was in a more compact state. We will also derive the 
energy dependences of these absorption processes, taking cosmological 
factors into account as discussed in chapter 9. 

13-1 ABSORPTION BY PAIR-PRODUCTION WITH 
PHOTONS OF THE UNIVERSAL RADIATION FIELD 

We begin our discussion by considering the absorption of cosmic 
y-rays by pair-production interactions with photons of the universal 
blackbody radiation field. These interactions are primarily of the form 

Detailed calculations of the y-ray absorption coefficient KYY(EY) for 
this process have been made by Gould and Schrider (1967a, b) and have 
been discussed in chapter 4. This absorption coefficient, which repre- 
sents the probability per unit pathlength 1 that a y-ray will be destroyed 
by the pair-production process (13-1) can be expressed for y-rays inter- 
acting with a blacltbody radiation field of temperature T as 



a = 1/1-37 being the fine structure constant (e2/hc).  A = fi/nzc= 3.86X 10-" 
cm, and i, being the Bohzmai;;~ cc;r;s:ant. 

111 the other extreme, 

0.117 v , 1 ~ y y  (Ey ) = $ (5) In (_) (13-4) 

For cosmological applications, we lnust take into account the redshift 
dependences of T and EY in an expanding universe, 

and 

where the subscript zero refers to presently observed (z= 0) quantities, 
so that To = 2.7 K. 

Taking the z-dependences into account, we then find that equation 
(13-2) is applicable in the energy range 

Ey @ 
1.12X106 GeV 

(1 +z)" 

The optical depth of the universe to y-rays is then given by 

where, from equations (9-41) and (9-42), 

no being the present mean atomic density of all the matter in the universe. 
We will consider here two types of model universes: a "flat" or Einstein- 
de Sitter model with no= l O - 5 ~ n 1 ~  and an "open" model with no  4 10-'2. 
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For the flat model. rqriatlon 113-7) reduc-es to 

~ 1 1 1 ' i \  

7 ( E y o .  zm,$.,) = 3 9 X 10hEyr;ii (lz rxp  

with Ey,] in GeV. 
For z,,, 9 1 ,  equation (13-9) can be further simplified to yield 

~ ( E y 0 ,  zmax)  = 1.7 X 1O2Ey; ( 1  +z,,,)'i2 exp (13-10) 

A numerical solution found by setting equation (13-7) for ~ ( E y 0 ,  zc,it) 
= 1 ,  which defines the critical redshift where the universe becomes 
opaque to y-rays of energy Ern, can be well approximated by the 
expression 

For the open model, we find 

7(Eyo,  z,,,) = 3.9 X 1O8E;;l2 
lo" 

((13-12) 

For z,,, 9 1, equation (13-12) may be approximated by 

~ ( E y n ,  zmax)  ̂. 1.7 X 1O2Ey; ( 1  +z,,,) exp [ - " I 2  "7 (13-13) 
(l+~,, ,)eE~n 

Thus, there is no significant difference between the opacities of the 
open and flat model universes. This being the case, we may invert 
equation (13-11) to obtain an expression for the predicted cutoff energy 
E ,  above which y-rays originating at a redshift z,,, cannot reach us. 
This relation is then given by 

E ,  = ( 2 . 6 0  X 102)2.'J6 
1 + Z,,, 

and is graphed in figure 13-1. 
In the other extreme, v < 1, we find that as we consider higher and 

higher energies, the universe will not become transparent to y-rays again 
until we reach an energy Et,,  where the optical depth 7 ( E t r ,  zmax)  again 
falls to unity. The expression for the optical depth when v 4 1 is given 



FIGURE 13-1.-Cutoff energy versus redshift for cosmological y-rays (Fazio and Stecker, 
1970) 

for a flat universe by 

and for an open universe by 

In both cases we find that E,, > 1O1%eV so that we may safely assume 
that the universe, due to the blackbody radiation field, is essentially 
opaque to y-rays of all energies greater than E,. 

13-2 GAMMA-RAY ABSORPTION BY PAIR-PRODUCTION 
AND COMPTON INTERACTIONS WITH INTERGA- 
LACTIC GAS 

Gamma-ray absorption by pair-production and Compton interactions 
with intergalactic gas at high redshifts has been examined by Rees 
(1969a, b) and by Arons and McCray (1969). Our discussion here essen- 
tially follows theirs. The absorption cross section for Compton interac- 
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tiorls is given i n  equations (4-19) and (4-20); that for pair-productiori, 
in e q ~ ~ a t i o n  (4-23). These absorption processes are discussed in chapter 
4, and the  cross seetiorls are graphed in figure 4-2, The total absorption 
cross section above ~OO-MC\~ energy is roughly constant arrd equals 1.8 
x 10-2; ccm2, 'or   he case o f  a constant absorption cross section, the 
optical depth as a funetitrn nf redshift z,,, is given by equations (13-7) 
and (13-8) as 

where 
r c  = ncucH;l = 1.8 X 

a result which was first obtained by Gunn and Peterson (1965). 
For an Einstein-de Sitter universe (Q = 1) 

and for a low-density universe (Rz 4 1) 





By comparing the theoretical calculations of isotropic y-ray spectra 
from intergalactic secondary particle production (ch. lo), matter-anti- 
matter annihilation (ch. l l ) ,  bremsstrahlung, and Compton interactions 
(ch. 12), we find that extragalactic bremsstrahlung and Compton inter- 
actions may be possible alternative explanations of the observed isotropic 
X-ray spectrum below 1 MeV. Both processes produce power-law X-ray 
spectra with exponents in the range from 2.4 to 2.6 from interactions 
involving cosmic-ray electrons having spectra similar to that of galactic 
electrons. However, as  we showed in chapter 12, the bremsstrahlung 
X-rays are produced by electrons in the energy range where they are 
unattenuated by Compton interactions, whereas the Compton-produced 
X-rays result from interactions of higher energy electrons with a steeper 
energy spectrum, which have been attenuated by Compton interactions. 
Thus, as we showed in chapter 12, we can get cosmological enhancement 
of the bremsstrahlung X-ray spectrum at high redshifts, but such is not 
the case with Compton-produced X-rays. 

The recent observations of Vette et al. (1969,1970) have now provided 
measurements of background y-rays with energies up to 6 MeV. (See 
appendix.) These data, providing the first measurements in this energy 
range, have already yielded valuable information. Their preliminary 
results are shown in figure 14-1. These measurements are consistent 
with the well-known power-law X-ray spectrum below 1 MeV. However, 
they indicate a marked departure from the power law above 1 MeV. 
For example, the 6-h1eV point is an order of magnitude higher than what 
would be expected on the basis of a power-law extrapolation of the X-ray 
data. Also included in the figure are an upper limit set by a balloon 
flight of the University of Rochester group and updated by a recent 
recalibration and an upper limit at 10 MeV set by a balloon flight of the 
Naval Research Laboratory Nucleonics Division (Share, 1970). The 
OSO-3 point shown in tlte figure is based on the recent recalibration of 
Clark et al. (1970). The solid p - p line for z,,, = 100 is the same as that 



FIGURE 14-1.-Extragalactic high-energy photon spectra. 
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calculated Irr chaprei- 10 (Stetkel. 1969~)  liot collrslons irxvolvirlg eosrnie 
rays with a power-law spectrum of exponent -2.5. The dashed line 
irldicates the y-lay spectrum getlerated b y  cosmic ray5 with a powel-law 
spectruln of exponent -2.1. The data above I hIe'i1, 1~1111 the data of 
Clark et al. being interpreted as  a real flux, fit the shape of the theo- 
zetica! y- lay  spectrum from cosrnit-ray p-p interactio~ls integrated to a 
maximum redshift of - 100 for a burst or evolving source model where 
cosmic-ray production was higher in the past. They do not seem con- 
sistent with other theoretical spectra for energies above 1 MeV. Vette 
et al. (1970) have interpreted their results to indicate a new component 
of the cosmic y-ray spectrum above 1 MeV which they find to be con- 
sistent with the theoretical interpretation presented here. In addition, 
Clark et al. (1969) have reported qualitative results indicating that the 
isotropic component of cosmic y-radiation above 100 MeV has a softer 
spectrum than the galactic component. This result is also in agreement 
with the theoretical predictions presented previously. 

These suggestive results make it even more imperative to obtain 
other y-ray observations in the 1- to 100-MeV region in order to con- 
firm the present data and to extend the range of the measurements. 
However, on the basis of these first results, we can present the following 
interpretation. 

Comparison of the predicted spectra with the y-ray observations indi- 
cates that extragalactic y-radiation may be due to the decay of neutral 
pions produced in inelastic collisions of extragalactic cosmic-ray protons 
and gas. The peak in the resultant y-ray spectrum, which normally occurs 
at - 70 MeV, is redshifted down to - 1-MeV energy. This effect is due 
to the increased collision rate at larger redshifts, when our expanding 
universe was in a more compact state, as well as to increased cosmic-ray 
production at large redshifts. A cosmic-ray production rate which is 
constant over all redshifts will not account for the new observations. 
The assumption of various time-dependence models for cosmic-ray 
production leads to differing requirements for the present metagalactic 
cosmic-ray flux needed to produce the observed y-rays. (See fig. 12-3.) 
The maximum redshift needed to fit the observations is - 100, which 
corresponds to an epoch when the age of the universe was lo7 to 10H 
years and the temperature of the universal radiation field was - 270 K. 
This may correspond to the epoch when objects of galactic mass were 
beginning to form from the metagalactic medium (Weymann, 1967). 
There is mounting evidence that radio sources were more active (or 
prevalent) at earlier epochs (Longair, 1966; Rowan-Robinson, 1968; 
Schmidt, 1968) and it is plausible to speculate that in these sources, 
where electrons are accelerated to cosmic-ray energies, protons may also 



be accelerated to these energies.' Whereas eleetlons have short l lfet~mes 
at high nedstlifts clue to Co~npton intetaetions with thr univelsal radia- 
tion held, possilslgi resltirtlrig their radii:-ernissior: stage to rvdshifts 
oi - 10 o r  less. the protons do not undelgo sigll~ficarlt depietior~ horn 
Compton Interactions. Thus, the sources producing y-rays at redshlfts 
of - 100 will :lot be visible as radio sources. T1:ey may also be unabserv- 
able in the optical (Gunn and Peterson, 1965) and X-ray regions (Rees, 
1969, and Arons and McCray, 1969), since a dense intergalactic medium 
becomes opaque to X-rays at redshifts < 10. Thus our best chance of 
studying these sources comes from y-ray observations; and their study 
should be of prime importance to the young field of y-ray astronomy. 

I will henceforth refer to these primordial cosmic-ray sources as 
6 6 protars." It  seems reasonable to speculate that protars may be early 
stages in the evolution of quasars and galaxies; i.e., of objects of high 
mass that are in the initial stages of condensing out of the metagalactic 
medium. The subsequent release of gravitational energy coupled with 
the generation of strong magnetic fields during the contraction could 
then provide energy for the acceleration of cosmic rays. 

Although most theoretical arguments favor a present intergalactic 
gas density of to ~ m - ~ ,  studies of the spectra of quasars having 
redshifts of - 2 have indicated a neulral hydrogen density < 10-l1 cm-" 
(Burbidge and Burbidge, 1967). This fact argues for a strongly ionized 
intergalactic medium. In addition, soft X-ray observations by Henry et al. 
(1968) have produced evidence of a hot intergalactic plasma with a den- 
sity of 10-"0 10-s cm-% Recent comparisons of radio observations with 
theoretical models of free-free emission spectra from ionized intergalactic 
gas (Payne, 1969) have indicated that the intergalactic medium could 
have become ionized at some redshift < 100. Cosmic rays from protars 
would provide a natural source for heating the intergalactic medium at 
this epoch. It can be shown (Weymann, 1967) that once the ionization 
occurs, the medium would then remain ionized due to subsequent 
cosmic-ray heating up to the present epoch. Rees (1969b) has recently 
argued for an intergalactic gas remaining neutral at redshifts between 
- 2 and - 1000. 

Cosmic rays from protars that have energies of - 300 MeV (the 
threshold for neutral pion production) at a redshift of - 100 would have 
their energy reduced to - 100 keV at a redshift of- 2 and would be 
about 50 times more effective in heating the intergalactic gas. There- 
fore, cosmic rays from protars existing out to redshifts of - 100 could 
cause a delayed ionization of the intergalactic medium effective at much 
lower redsh 

Other possible implications have been suggested by the author (Stecker, 1971). 



It sh<>ii!rf kc polntrd out that tile rrdshrttc of - 100 p~opoiccl hrxr for 
the protals rnay rndic ate that they ale ne'il the lrnnt of obse~vabtlrty fol 
y-iay oi~selvat~ons.  Flees (!c)hicda) and Axo i~s  and lllcaClay il069) have 
rncley,endrntly c oils~tlerecf rile ahsollitiori 01 y-lclys by inlelgdjri(ii( gds 
due to Compton lrlteractlons and pa11 p ~ o d u e t ~ o ~ i .  111 all Elrrstein-de 
c:tt-= >7m*. 0 7  ' D ,,, ,L LL,x;i,,,, ::rith s gat density cbf 10-' cnt-', tile y-tay ahsoiptlon 
coefficient varies as the 312 power of redshift. For a high-density universe 
and a redshift of z= 100, we find froin equation (13-17) that the optical 
depth is - 1.2 for y-rays with present energies between 1 and 100 MeV. 

Thus, for a high-density universe, the y-rays reaching us may he 
partially depleted by absorption effects. Of course, for models with 
no < 10-5 cm-", absorption effects are negligible at z= 100. 

It has been shown in chapter 13 that the y-ray opacity due to inter- 
actions with the universal blackbody radiation for z <  100 is negligible 
for E 6 E, = 7.1 GeV. However, above this energy absorption effects 
become important and steepen the resultant y-ray spectrum. The spec- 
trum above 7.1 GeV, instead of being an integral over the range 
0 < z 100, becomes an integral over the range 0 6 z 6 z,,,~, with z,,,~ 
given by equation (13-11). 

Thus, for z,,, + 1,  assuming that ~ , , , ~=260  Eqli\ considering a burst 
model for cosmic-ray protons (see ch. lo), and taking G(Er) - Ey3 
above 10 GeV, we find from equation (F22)  

where m= 0 in the case of an Einstein-de Sitter universe and m=3 in 
the case of a low-density universe. Thus, for an Einstein-de Sitter model, 
the exponent in the cosmological y-ray spectrum should increase by a 
factor of Afr = +, and for a low-density universe the increase is AT7 = 3. 

It should also be noted that in a high-density model at redshifts of 
the order of 100, cosmic-ray attenuation by nuclear collisions will also 
become important. (See ch. 10.) Thus, we must increase somewhat the 
cosmic-ray production requirements for the high-density model. However, 
for present densities less than 0.5 X 10-%m-3, attenuation is negligible. 

Taking absorption effects into account, and considering models where 
the present gas density is to 10%m-3, we can conclude that if the 
protar hypothesis is correct, protars have filled intergalactic space with 
remnant cosmic rays having a present density of 10-5 to 10-"he galactic 
value; i.e., 10-l7 to 10-l5 erglcm". 
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A-1 INTRODUCTION 

Even though astronomy is one of the oldest of the experimental 
sciences, dating back over 5000 years, investigations in the highest 
frequency portions of the electromagnetic spectrum have developed only 
within the last two decades. Atmospheric absorption of X-rays and y-rays 
prevents their direct detection and study from ground-level observa- 
tories, hence data on these energetic photons were not available until 
high-altitude balloons, sounding rockets, and satellites became available 
to place instruments above the atmosphere. In this appendix we describe 
the telescopes which have been developed for such observations and 
outline the direction of future experimentation in y-ray astronomy. 

A-2 TECHNIQUES 

There is no property of the y-ray which allows it to be detected directly. 
It is thus necessary to use secondaries produced by the interaction of 
y-rays with some suitable target material. Heavy-metal targets because 
of their large atomic number Z provide large interaction cross sections. 
(See ch. 4.) Figure A-1 shows that for energies above 1 MeV the most 
important interactions of photons in heavy-metal targets are the Comp- 
ton scattering process up to a crossover energy of about 10 MeV and 
the electron-positron pair-production above 10 MeV.' 

The reliability with which y-rays may be detected by these interactions 
depends upon the discrimination between these events and those caused 
by interactions of unwanted particles in the cosmic-ray environment. 
In fact, this consideration plays a dominant role in the design of y-ray 
telescopes, since the photons must be observed above a background of 
lo4 tirnes as many charged particles. Since the consequences of the de- 

T h e  crossover energy increases with decreasing atomic number becoming about 
55 MeV for hydrogen (fig. 4-2). 



FIGURE A-1.-The interaction coefficients (proportional to cross sections) for interactions 
of energetic photons traversing a large atomic number (Z= 79) medium, plotted as a 
function of photon energy. (For No photons incident upon the material, N=Noe-*' remain 
after passing through t radiation lengths of the material, where p is the interaction 
coefficient; Kniffen, 1969.) 

sign depend strongly on the particular objectives of the experiment, a 
variety of different types of detectors have been developed to search 
for extraterrestrial y-rays with energies above 1 MeV. However, in 
each case the instrument must be able to have a reasonable detection 
efficiency for y-rays with a high rejection efficiency for other types of 
events. In addition, it must have some degree of energy resolution and 
the ability to measure the arrival directions of the y-rays in order to 
identify the source regions and to compare their y-ray energy spectra 
with theoretical predictions, such as those presented in this monograph. 
The slowly varying nature of the expected continuum spectra for cosmic 
y-rays above 1 MeV does not necessjtate a particularly high energy- 
resolution for the detectors. 

The telescopes currently being used in y-ray investigations or planned 
for use in the near future consist of four basic types: The scintillator- 
Cerenkov detector telescope, pictorial-type detectors, gas Cerenkov 
telescopes, and ground-based night-sky Cerenkov detectors. Each of 
these types has its unique characteristics and advantages. 

A-3 SCINTILLATOR-CERENKW DETECTOR TELESCOPES 
As the name implies, the basic element of this type of detector, as 

depicted in figure A-2, is a two-element telescope consisting of a scin- 
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FIGURE A-2 -A schematic ieplesentation of the sc~ntillatol-Celenkov counter of Duthle 
et a1 (1963) wlth plastic sc~ntillatol antlcolnc~dence counters, A , ,  A z ,  and E; a lead con- 
velter, Pb,, scint~llation countels. B,  and Br,  and Cerenkov detectol, C The counter 
paws ale used for ledundancy 



FIGURE A-3.-This figure depicts the principle of the anticoincidence shield. A charged 
particle (a) produces a flash in both scintillators A and B. The y-ray conversion (b)  pro- 
duces two flashes in B, but none in A. Thus charged particle backgiound events are 
discriminated against. 

tillation counter and a Cerenkov detector. Each of these devices registers 
the passage of a charged particle by sensing the light emitted as the 
particle traverses the detecting medium. The scintillation counter con- 
sists of a translucent fluorescent material viewed by a photomultiplier 
tube, which converts the light flashes produced in the fluorescent mate- 
rial to electric pulses. The Cerenkov detector consists of a radiating 
medium (radiator) and a photomultiplier. Relativistic particles traveling 
faster than the speed of light in the radiator, c/n, where n is the refrac- 
tive index of the radiator material, produce an optical "shock wave" 
which emits light in a forward cone with the particle trajectory as its 
axis and a half angle 6 given by 'cos 6= 1/Pn. When the photomultiplier 
is placed beneath the radiating medium, this device provides a direc- 
tional detector which triggers only on particles moving downward with 
velocities greater than cln. 

The scintillator-Cerenkov coincidence telescope is placed beneath a 
thick target (converter) which converts the photons into electron-posi- 
tron pairs; and the entire device is surrounded, except from below, by 
an anticoincidence scintillator which vetoes charged particle events. 
(See fig. A-3.) All events which pass undetected through the anti- 
coincidence counter and provide simultaneous light flashes from the 
two elements of the charged particle telescope are recorded as y-rays. 

This instrument has the advantage of being relatively small, light, 
and simple, which makes it very useful as a space research detector. 
However, it has poor angular resolution and, most importantly, an in- 
herent ambiguity in uniquely identifying weak y-ray intensities, because 
of its lack of pictorial capabilities. Scintillator-Cerenkov telescopes 



FIGURE A-4. -The OSO-3 y-ray detector of Kraushaar et al. (1968). The principle of opera- 
tion of this advanced scintillator-Cerenkov detector is discussed in the text. 

have obtained very valuable data on y-rays with energies above 50 MeV 
as "first-generation" y-ray telescopes. 

The counter-type detector has been used in balloon-borne experi- 
ments by Cline (1961) and Duthie et al. (1963) in search of a diffuse 
background intensity of cosmic y-rays and in the satellite experiments 
of Kraushaar and Clark (1962) on Explorer 11; Fazio and Hafner on 
OSO-1 (1967); and Kraushaar, Clark, and Garmire (1968) and Valentine 
et al. (1970) on OS(f3. Figure A-4 is a schematic representation of the 
most advanced of this detector type, the 0.50-3 instrument of Kraushaar 
et al. (1968), with a converter sandwich-esigned to verify the electro- 

'The converter sandwich consists of two different types of scintillators, each examined 
by separate photon~ultiplier tubes. Because cross sections for electronragnetic interactions 
have a different dependence on the atomic number Z than do those for nuclear interactions, 
the ratio of y-ray conversions between the CsI and the plastic scilltillation counters is 
1 3 : l .  The expected ratio for neutrons converting to protons is 4 : l .  



FIGURE A-5.-A scllematic representation of the low-energy y-ray counter of Peterson 
e t  al. (1968), consisting of a central totally absorbing crystal scintillator surrounded on all 
sides by a plastic scintillator anticoincidence counter. 

magnetic nature of the suspected y-ray events and an energy discrim- 
inator3 to provide a crude energy measurement. 

Modifications of this general type of telescope have been used in 
recent balloon studies of atmospheric y-rays (Paolo, Paolo, and Con- 
stantinos, 1970) and the galactic line intensity (Sood, 1969). 

The electrons and positrons produced by y-rays below - 5 MeV in the 
converter do not have sufficient energy to penetrate both elements of the 
telescope; hence a different configuration is required. To detect these 
low-energy y-rays, the Cerenkov element is removed and the scintillation 
detector is made sufficiently thick to absorb the converted electrons as 
their kinetic energy is lost in the scintillation material. Peterson et al. 
(1968) have developed such an instrument to measure the isotropic dif- 
fuse intensity of 0.25- to 6-MeV y-rays. This detector, shown schematically 
in figure A-5, consists basically of a large thallium-doped sodium iodide 

T h e  energy discriminator consists of alternating layers of tungsten targets, in which 
the incoming electron initiates an electromagnetic cascade, and scintillation counters, 
which measure the number of electrons existing at sample levels in the cascade. Compari- 
son with shower theory allows a crude nieasure~tierit of the energy of the incoming par- 
ticles and also allows an additional discri~niilation against nuclear particles because of the 
different nature of' tlre nuclear cascade. 
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crystal, surrounded on all sides by a plastic scintillator anticoincidence 
shield which rejects penelrating charged particles. Those y-rays are re- 
corded which p1oduc.e high-eilergy electrons that are detected and totally 
absorbed by the crystal while no signal is recorded in the anticoincidence 
counteen. Gamma lays in this energy range produce high-energy electrons 
predominately by Gompton scattering rather than by pair-production. 
Since this scattering process destroys potential infornlation on the direc- 
tion of the incoming y-ray, this type of detector is limited to studies of 
diffuse y-ray distributions. 

A-4 PICTORIAL-TYPE DETECTORS 

By the early 1960's it had become clear from the results of experiments 
by Perlow and Kissinger (1951) and Critchfield and Ney (1952) that the 
primary y-ray intensity at cosmic-ray energies is several orders of magni- 
tude lower than the intensity of energetic charged nuclei. The many 
problems of identifying such a rare component in a high background led 
several groups to develop a variety of pictorial-type detectors in which the 
pair-production event could be uniquely identified and its properties 
studied to obtain detailed data on each of the detected y-rays. 

A-Pa Nuclear Emulsions 

The first pictorial detector to be used was the nuclear emulsion 
(Bracessi, Ceccarelli, and Salandin, 1960; Klarmann, 1962; Fichtel and 
Kniffen, 1965; and Frye, Reines, and Armstrong, 1965). The emulsion 
provides an excellent medium for the identification of the pair-production 
interaction, since the emulsion material serves as the conversion target as 
well as the detecting medium. This allows the electron pair to be ob- 
served at the point of formation, since rows of developed grains remain 
along the residual ion paths of the charged particles. This allows the prop- 
erties of the electrons to be studied before they are modified by subse- 
quent passage through the remainder of the converter. As a result, this 
medium provides a maximum of information on each detected y-ray, with 
excellent determination of the energy and arrival direction of the incident 
photon down to a few megaelectron volts. Unfortunately, there are some 
very serious undesirable features of this technique which seriously limit 
its usefulness in y-ray astronomy. First, it lacks time discrimination, 
since any y-ray passing through the emulsion, from the time of its manu- 
facture to the time of its development following exposure, is recorded. 
The resulting high background y-ray intensity in the emulsion detector 
restricts its use to searches for discrete sources where its high angular 
resolution can be used to minimize the effect of the background. The 



equalton for the srnsrtivlty o f  a detector to1 discrete sortrce observations 
1s given by 

where Fr is the discrete y-ray source flux, I B  the background y-ray 
intensity, A the detector exposure area, E the detection efficiency, t the 
time of exposure, and 8 the angular resolution of the detector. It follows 
from equation (A-1) that for maximum detector sensitivity, good angular 
resolution is desirable, but not at the cost of a large sacrifice in back- 
ground intensity. At low energies, E is also a very critical parameter for 
emulsion detectors, since it is most tedious and time consuming to 
search for the low-energy electron pairs under a high-power microscope, 
with the resultant deterioration in accuracy and consistency. Finally, 
the necessity for recovery essentially limits the use of emulsions to 
balloon-borne experiments. 

A-4b Spark Chambers 

The advantages of the emulsion detector have led many experimenters 
to develop other types of pictorial detectors which incorporate, to as 
great an extent as possible, the advantages of that technique without 
its disadvantages. Of the other imaging detectors which might be con- 
sidered for y-ray telescopes, the spark chamber is the most advan- 
tageous for space research. A number of different approaches have been 
taken by experimenters in adapting this device to y-ray observations. 

Historically, the first spark chambers used in y-ray astronomy (Cobb, 
Duthie, and Stewart, 1965; Frye and Smith, 1966; and 0gelman et al., 
1966) incorporated the pl~otographic readout system. In this type of 
device, the spark-chamber modular unit consists very simply of two 
parallel metal plates with a gap containing the spark gas. The gap is 
sufficiently large that the sparks formed in the gas between the plates 
can be viewed optically and recorded on film. 

The first such instrument to be used in studies of extraterrestrial 
y-rays with energies > 100 MeV was developed by the group under 
Duthie at the University of Rochester (Cobb et al., 1965). Ogelman 
et al. (1966; used a similar detector for studies of y-rays above 1 GeV. 
In principle, this detector is similar to the counter-type detector shown 
in figure A-2, with sets of spark-chamber modules placed above the 
converter and between the scintillation and Cerenkov counters. In- 
coming y-rays are converted into electron-positron pairs in the converter. 
As the pair electrons pass through the spark chambers the spark gas 
is ionized along the particle paths. When the scintillator-Cerenkov 
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FIGURE A+.-The one standard deviation error in determining the arrival direction of 
y-rays in a typical spark chamber telescope as a function of y-ray energy (Fichtel et al.. 
unpublished). 

telescope detects a y-ray event, high voltage is applied across the plates, 
and the sparks which occur along the ion paths are recorded on photo- 
graphic film. This determination of the trajectory results in a much- 
improved y-ray event identification and an accurate determination of its 
arrival direction and maintains a wide acceptance angle. The spark 
chamber above the converter serves as a redundant anticoincidence 
indicator to prevent acceptance of charged particle events. 

Frye and Smith (1966) and the group under Fichtel at Goddard Space 
Flight Center (Ehrmann et al., 1967) improved upon the spark chamber 
b y  distributing the converter as thin plates placed between the modules 
of the spark chamber. This feature provides more detail in the "picture" 
of the event, approaching more closely the advantages of the emulsion 
detector. The result is a still more reliable event identification and a 
more accurate determination of the y-ray arrival direction. Figure A-6 



FIGURE A-7. -A recent version of the balloon-borne spark chamber y-ray telescope of 
Frye et al. (1969). 

shows the accuracy with which the y-ray arrival direction can be ob- 
tained with such a configuration. 

A recent version of the Case Western Reserve photographic chamber 
(Frye et al., 1969) is shown in figure A-7. 

The balloon-borne detector of the GSFC group contains target plates 
between the modules beneath the scintillation counter, as shown in 
figure A-8. Such a configuration provides a better identification of 
the event, and a study of the coulomb deflections of the electrons in the 
plates allows a determination of the energy of each electron and hence 
the energy of the y-ray (Pinkau, 1966; Kniffen, 1969). This energy 
information also improves the knowledge of the y-ray arrival direction 
(Fichtel et al., 1969). The GSFC group (Ehrmann et al., 1967; and ROSS 
et al., 1969) employs a ferrite core readout system consisting of a stack 
of spark modules. Each wire is threaded through a ferrite core and 
attached to a bus common to all wires of the same plane. As an event is 
detected and high voltage is applied across the grid, a spark breakdown 
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FIGURE A-8.-The 4- by 4-m digitized wire-grid spark chamber y-ray telescope of the God- 
dard Space Flight Center group (Ross et al., 1969). [PM= photomultiplier tube.] 

causes current to flow along the affected wires, "setting" the respective 
cores. Reading out the cores identifies an x and y spark location at each 
modular level, hence a stack of modules provides a three-dimensional 
'L picture" of the charged particle trajectories. Figure A-9 presents 
a microfilm printout of such an event obtained in a balloon fight experi- 
ment. This type of readout system has the advantage that it does not 
require that large amounts of film be carried with the experiment, and 
the data can readily be transmitted to a ground-based receiving and 
recording station. This feature makes this system readily adaptable to 
a satellite configuration. Figure A-10 shows a satellite version of the tele- 
scope developed at Goddard Space Flight Center (cline, Fichtel, and 
Kniffen, 1967). 

Other remote readout systems have been devised for y-ray telescopes, 
such as the video scanning technique developed by Fazio and Helmken 
(1968) for a balloon-borne detector and by a European collaboration 
(University of Milan; Centre d'Etudes NuclCaires de Saclay, France; 
Max Planck Institut fiir Extraterrestrische Physik, Munich) for a satellite 
y-ray experiment. An acoustic readout chamber was flown by Hutchin- 
son et al. (1970) on OGO-5. 

In an attempt to improve the sensitivity of balloon-borne spark- 



FIGURE A-9.-A computer microfilm printout of a y-ray event observed in the spark 
chamber shown scl~ematically in figure A-8. The x (top) and y (bottom) arrays represent 
two orthogonal views of the same pair-production event by sampling the charged particle 
trajectories at  32 modular or z-axis levels. 

chamber telescopes for discrete source studies, May and Waddington 
(1969) and Share et al. (1968) have combined the excellent directional 
properties of nuclear emulsions with the time discrimination of spark 
chambers. Ross et al. (1969), Frye et al. (1969), and Board, Dean, and 
Ramsden (1968) have improved sensitivity by developing larger area 
detectors for balloon flight observations of y-rays with energies above 
30 MeV. 

A xenon wide-gap spark chamber for directional studies of 1- to 
100-MeV y-rays is currently being developed by the NRL group (Kinzer 
et al., 1970). This device, shown in figure A-11, is a pictorial detector 



FIGURE A-10.-A schematic representation of the Goddard Space Flight Center SAS-B 
spark chamber y-ray telescope (Cline, Fichtel, and Kniffen, 1967). 

FIGURE A-11. -A schematic diagram of the NRL xenon spark chamber for 1- to 100-MeV 
y-ray studies (Kinzer et al., 1970). 
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FIGURE A-12. -Root-mean-square directional uncertainty for y-rays detected by Compton 
scattering and pair conversion interactions given as a function of y-ray energy for the 
xenon chamber shown in figure A-11. 

which uses xenon as the spark-chamber gas. Xenon, being a high-Z 
(large atomic number) material, acts as an effective pair-production 
material (ch. 4) as well as a detecting medium in which the produced 
electrons are photographed close to their origins. By use of the low- 
density gas, a sacrifice is made in conversion efficiency to obtain high- 
accuracy directional information. The root-mean-square directional 
uncertainty for the Compton scatter and pair conversion are shown in 
figure A-12. The detector has the additional advantage of event interpre- 
tation allowed with a "picturew-type detector. 

The lack of unambiguous positive observations with balloon-borne 
telescopes, even with the increased accuracies and sensitivities, indicates 
the need for satellite detectors with sufficient energy and directional 
resolution to obtain a detailed map of both galactic and extragalactic 
y-ray intensities as well as to observe discrete sources. 

A-5 GAS CERENKOV DETECTORS 

A new instrument concept has been devised by K. Greisen of Cornell 
University and G. Fazio of the Smithsonian Astrophysical Observatory 
and their collaborators for the examination of possible discrete source 



FIGURE A-13. -A schematic representation of the 100-in. telescope gas Cerenkov y-ray 
detector of the Cornell and Smithsonian Astrophysical Observatory groups. 

FIGURE A-14.-The 100-in.-diameter Cornell-SAO gas Cerenkov telescope. The  telescope 
is shown pointing to tlrc right with the mirror at the left of the picture. On the right end 
are the Cerenkov tubes, scintillators, and lead converter. (See fig. A-13.) The  20-ft-long 
instrunlent was designed and bttilt at Cornell under the direction of Prof. Kenneth 
Greisen (shown at the bottom left with coworker Dr. Brian McBreen). (Courtesy K.  
Greisen.) 



emitters. This instrument, depicted set~ematically in figure A-13 anti 
shown in figule A- 14, can be compared in plineiple to the scintillation- 
Cerenkov detect01 p~esented in figure A-2, with the solid radiatol Ceren- 
kov tletectol repldced by a gas Cerenlcav detector. An event ~vhicl i  is 
accepted passes undetected tlirough the scintillation counter, SI, con- 
v a t s  to one or more charged particles in the lead convelter, and is sub- 
sequently detected by a coincidence between the thin scintillator S L  
and the gas Cerenkov detector. The index of refraction of the gas is very 
near unity, giving it a high-velocity threshold and a small-angle light 
cone. Thus this detector is characterized by its simplicity, potentially 
large collecting area, low background, and moderate angular accuracy. 
A small acceptance angle limits its use to studies of discrete sources. The 
technique should provide excellent sensitivity for point sources, although 
it has the disadvantage that it lacks the unambiguous event identification 
provided by the imaging detectors. This technique can be extended 
down to 15 MeV (Helmken and Hoffman, 1970). 

A-6 GROUND-BASED TELESCOPES FOR OBSERVATIONS 
OF 10" TO 101\V y-RAYS 

Recent observations (Fazio et al., 1970a, b; Charman et al., 1970; 
Chatterjee et al., 1970; and Cliarman and Jelly, 1970) of 10'' to 10" eV 
y-rays have been made utilizing the Earth's atmosphere both as a con- 
verter and as a gas Cerenkov detector for the electrons produced by 
y-rays. The backgrouild I B  in this case is the Cerenkov light produced by 
the isotropic background of charged particle cosmic rays, as well as 
starlight and other light which might appear in the night sky. This back- 
ground is severe, but the small angle 6 subtended by the source and the 
large collecting areas allow excellent sensitivities to be obtained with this 
type of detector. 

The basic instrument is simply a large optical reflector which focuses 
the light onto a photoelectric device, where the detected light pulses are 
recorded for later analysis. Data are collected as the Earth's rotation 
causes the source to pass across the detector aperture, with back- 
ground samples taken before and after each observatio~~. In this observing 
mode, care is taken to keep the instrument stationary in order to minimize 
the variables encountered during the data-collection period. The high 
background involved makes it essential that the system be extremely 
stable. Observations in which the telescope is pointed at the source as 
it moves across the sky have also been made to increase sensitivity by 
increasing the observing time; but the background fluctuations involved 
in moving the system due to varying atmospheric depths, changing mag- 
netic field configurations, etc., make this a most difficult mode. 
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FIGURE .A-15. -A picture of tlle 10-111 reflecting night-sky Cerenkov telescope of the Smith- 
sonian Astropl~ysical Observatory h,fount Hopkins facility. (Courtesy C. G. Fazio.) 

The 10-m telescope of the Smithsonian Astrophysical Observatory is 
shown in figure A-15. 

A-7 SUMMARY 

The detectors described in this brief survey represent the current 
instrumentation being used or planned for the near future in experi- 
mental y-ray astronomy programs. Though intense effort has been put 
into this potentially fruitful observational field, the only unambiguous 
positive results obtained at this writing are the very significant results 
of the OSO-3 experiment of Clark, Garmire, and Krausl~aar (1968) and 
Garmire (1970), and the ERS-18 results of Vette et al. (1970). There is a 
clear need for continued observations in all energy ranges with more 
sensitive detectors and improved techniques to map the detailed spectral 
and spatial structure of the celestial y-ray distribution and to detect 
discrete sources and measure the characteristics of their emitted 
y-radiation. 
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