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1. INTRODUCTION

1 HE rapid development of cosmic-ray techniques and
methods of detecting electromagnetic cosmic radiation
have led to the creation of new divisions of astronomy
(infrared, x-ray, and y-ray astronomy). At the present
time the Universe is being studied over a wide range
of frequencies from 10e Hz, corresponding to radio
waves with wavelengths of several hundred meters, to
1028 Hz, corresponding to superhigh-energy y radia-
tion (of the order of 1014 eV). An extension in the range
of observations, as a rule, is accompanied by discovery
of qualitatively new phenomena of nature and frequently
leads to an important change in concepts of the struc-
ture of galactic and extragalactic cosmic objects.

In this respect the study of cosmic y rays (CGR)
presents substantial interest, y radiation accompanies
interactions of energetic particles with matter and
radiation, and annihilation of matter and antimatter,
and the intensity of the y radiation is comparatively
simply related to such quantities as the density of the
matter, radiation, and cosmic rays in the sources or
the density of antimatter in intergalactic space. The
study of CGR permits in principle evaluation of such
quantities, and in a number of cases (for example, in
evaluation of the density of intergalactic cosmic rays)
this approach turns out to be the only possible one.
The observation of γ radiation from various objects,
both galactic (supernova remnants , pu l sar s , x-ray
sources) , and extragalactic (quasars, radio galaxies,
galaxies with increased activity in their nuclei), in
association with observations in other regions, leads
us to a deeper understanding of their s t r u c t u r e . The
resu l t s of γ astronomy should help in solution of the
problems of cosmic-ray sources and of the mechanism
of their production and propagation in in ter s te l la r and
intergalactic space.

The directions of r e s e a r c h in γ astronomy a r e
quite d iverse . Among them we should mention m e a s -
urements in the intensity of diffuse CGR (the isotropic
metagalactic and anisotropic galactic components), the
s e a r c h for d i screte s o u r c e s , and the study of secondary
y radiation in the upper layers of the a tmosphere . A
r a t h e r interesting division of y astronomy is devoted
to determination of the composition of celest ia l objects
(the moon, and so forth) from their character i s t ic y
radiat ion. 1 1 1 This subject l ies outside the scope of our
review. It is discussed in detail in the work of Goren-
stein and Gursky. [ 2 ]

y radiation is defined as photons with energies
above 0.1 MeV. The range of energy occupied by y
radiation is so broad that the nature of the origin and
the methods of detection of y rays of different energies
differ greatly. Therefore, it is convenient to divide y
radiation into severa l reg ions :

1. Soft y r a y s (photon energy 0.1 — 10 MeV) immed-
iately adjacent to hard χ r a y s .

2. Energetic y rays (photon energy 10—1000 MeV).
Most work on y astronomy has been car r ied out in the
soft and energetic photon reg ions . This is due to the
fact that the expected fluxes of CGR fall off rapidly
with increasing y-ray energy.

3. Hard γ rays (photon energy 1—100 BeV).
4. Superhigh-energy γ rays (Ey > 100 BeV). In

spite of the extraordinari ly smal l fluxes expected in
this region, the interval ΙΟ2—104 BeV has been investi-
gated much better than the preceding range of hard y
r a y s . This situation has a r i s e n as the resu l t of use of
an original method of detection of e x t r a t e r r e s t r i a l γ
rays of superhigh energy by means of the Cerenkov
radiation of showers generated by photons in the a tmos-
phere, proposed by Chudakov et a l . C 3 > 4 ] The technique
of detection of Cerenkov radiation from atmospheric
showers is discussed in detail in the review of J e l l e y / 5 1
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The total number of papers devoted to y astronomy
reaches several hundred. Reviews of earlier CGR
studies have been given by Ginzburg and Syrovatskn, [6]

Kraushaar and Clark, [ 7 ] Hayakawa,'"1 Oda,[9] Garmire
and Kraushaar, [ 1 0 ] Rossi, [ 1 1 ] Fazio, [ 1 2 ] and Gal'per
and Luchkov.[131 Research carried out in recent years
has been summarized in the reviews of Duthie,'141

Chuikin,[15] Syrovatskn, [ 1 6 ] Pal, [ 1 7 ] Fazio, [ 1 8 ] and
Silk.[191 The special reviews of Peterson et al . ' 2 0 ] and
Romanov'211 have been devoted to research on soft y
r a y s . Work on the χ rays and γ rays of the Sun has
been brought together in the review of Dolan and
F a z i o , f 2 2 ] and work on γ radiation in the a tmosphere
in the reviews of Chuikin' 1 5 1 and Romanov. ' 2 ' 1 A review
of the' experimental methods of CGR r e s e a r c h has been
given by Kraushaar . ' 2 3 1 For completeness we note that
the resu l t s of r e s e a r c h on cosmic χ rays can be found,
for example, in the reviews of Syrovatskii, ' 1 6 1 Silk, [ 1 9 ]

F r i e d m a n , [ 2 4 ' 2 5 ] and Ginzburg. [ 2 7 ]

The technique of detection of χ rays is discussed in
detail in the review of Giacconi et a l . ' 2 6 1

The purpose of the present review is to systematize
the methods, experimental data, and theoret ical studies
of CGR, the need for which is due to the large and
rapidly growing number of studies in this field which
have been c a r r i e d out recent ly, and also to the absence
in the Soviet l i terature of a r a t h e r complete review on
this important field of r e s e a r c h .

2. MAIN PROCESSES OF CGR PRODUCTION. INTER-
ACTION OF CGR WITH THE INTERSTELLAR AND
INTER GALACTIC MEDIUM

Investigators began to be interested in cosmic γ
r a y s at the beginning of the 1950s. Up to that t ime p r e -

liminary data had been obtained on the composition and
spectrum of cosmic r a y s , and the c r o s s sections for
nuclear interactions at high energies had been measured
in relat ivist ic proton a c c e l e r a t o r s . It became c lear that
the study of CGR can provide valuable information on
the interaction of cosmic rays with matter and rad ia-
tion in galactic and extragalactic s o u r c e s .

A number of authors (Hayakawa et a l . / 2 8 " 2 9 1 Bur-
bidge and Hoyle, [ 3 0 ] M o r r i s o n / 3 1 1 Ginzburg and
Syrovatski i , [ 6 ] and others ' 3 2 " 3 9 1 ) made prel iminary
est imates of the y-ray intensity from the metagalaxy,
the galaxy, and from galactic and extragalactic radio
s o u r c e s . These resu l t s can be examined in more d e -
tai l in various rev iews . ' 6 ' 1 0 ' 1 2 1 In these studies made
in the early stage of y-astronomy development, the
basic processes for CGR production were suggested.

Cosmic y rays a re produced in interaction of e n e r -
getic e lectrons, protons, and nuclei with matter and
radiation, in annihilation of mat ter and ant imatter , and
in radioactive decay. Table I enumerates the main
p r o c e s s e s of CGR production and l ists their spectra l
and polarization c h a r a c t e r i s t i c s , which a r e necessary
in analysis of the spectra of various s o u r c e s ; re fer-
ences a r e given to papers in which these processes a r e
discussed in detai l .

One of the striking features of CGR is their high
penetrating power. Our galaxy is practically t r a n s p a r -
ent for y rays over a wide energy range. Nevertheless ,
in a number of cases it i s necessary to take into a c -
count the interaction of CGR with the surrounding
medium. We will discuss this question in more detai l .

Interaction of γ radiation with the inters te l lar and
intergalactic medium reduces to two p r o c e s s e s :
Compton scatter ing by e lectrons, and pair production

Table I. Main Production P r o c e s s e s

Process

Decay of neutral pions
produced in nuclear
collisions

Relativistic electron
bremsstrahlung

Inverse Compton
effect

Synchrotron
radiation

Radiation of
excited nuclei

Annihilation of matter
and antimatter

y radiation in radio-
active decay

Inverse brems-
strahlung

Characteristics of Process

Spectrum for high 7-ray energies power law with
exponent close to that for cosmic rays, for about
70 MeV has a maximum. Polarization is absent.

Spectrum shape close to that of radiating electrons.
For anisotropic angular distribution of electrons
a linear polarization can be observed

Power law spectrum, exponents of electron and photon
spectra related by ay = ae + 1/2. In scattering
polarized radiation by relativistic electrons the
scattered radiation can be polarized

Spectrum the same as in inverse Compton
effect. Linear polarization is possible

Continuous spectrum with a large number of lines.
No polarization

0.511-MeV line. In annhilation of a proton and
antiproton a continuous spectrum arises with a
broad maximum in the 100-MeV region. No
polarization

line spectrum. No polarization

Arises in collision of fast protons with electrons
at rest. Properties similar to ordinary
bremsstrahlung
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in the field of electrons, protons (nuclei), and photons
occupying galactic and intergalactic space.

The density of gas in the galaxy and metagalaxy is
rather low. Compton scattering and pair production in
the field of charged particles do not substantially af-
fect the propagation of γ rays from galactic sources
and extragalactic objects with small red shifts. Inter-
action of γ rays with intergalactic gas, however, has
played an important role in earlier stages of the ex-
pansion of the Universe, when the density of intergalac-
tic gas was higher by several orders of magnitude than
the present value. This question is discussed in detail
in the papers of Rees^83·1, Arons and McCray [ 6 4 ], and
Syunyaev[65]. Arons and McCray noted that it is possi-
ble to observe the most remote discrete sources in the
region of soft γ rays (in this region the absorption
coefficient for electromagnetic radiation, due to
Compton scattering and pair production, is minimal).
We note for reference that questions of the connection
of the red shift, distance, density of intergalactic gas,
and the expansion of the Universe are discussed in de-
tail in the monographs of McVittie [6e] and Zel'dovich
and Novikov[67].

The density of electromagnetic radiation in the
metagalaxy is significantly higher than the density of
gas. For example, the density of the so-called residual
radiation is 400 cm"3, while the density of intergalactic
gas does not exceed 10"5 cm"3 in order of magnitude.
Consequently, at sufficiently high y-ray energies
> (me2 )2/e, where me2 is the electron rest energy
and e is the average energy of the electromagnetic
radiation) the main process for interaction of γ rays
with the intergalactic medium becomes pair production
in collisions with low energy photons. This question
has been discussed in more detail in refs. 46 and
68—73. It is interesting to note that at y-ray energies
above 1014 eV, the mean free path of photons is signif-
icantly smaller than the galactic dimensions. In this
energy region development of unique cascade interac-
tions of γ rays with radiation is possible (for more
detail see refs. 72 and 73).

3. METHODS OF INVESTIGATION OF CGR

The γ rays are detected by means of secondary
electrons which they produce in interaction with
matter: photoelectrons, Compton electrons, and elec-
tron-positron pairs, γ radiation of almost all energies
can be detected by devices known as γ telescopes,
which consist of an anticoincidence counter, a block of
matter—for high-energy γ rays this is called a con-
verter, and one or more counters which detect the
secondary electrons and determines from them the
energy and direction of arrival of the γ ray. This
counter or group of counters determines the energy
resolution and geometrical factor of the apparatus.
Geiger, scintillation, Cerenkov, and semiconductor
counters are used. Cerenkov counters, in spite of their
small pulse height, are used in many γ telescopes be-
cause of their insensitivity to low-energy background
particles and the possibility of recording directional
fluxes.

Soft y rays are detected with scintillation counters
using Nal(Tl) or CsI(Tl) crystals or by semiconductor

germanium-lithium detectors with active (scintillation)
or passive (lead) collimators. The converter is the
crystal itself. For γ rays of 0.1—1 MeV the energy
resolution of detectors with alkali halide crystals is
10—20%, and of detectors with semiconductor crystals—
an order of magnitude better. Nondirectional detectors
which record radiation in a Air solid angle are often
used. As an example of a nondirectional detector, we
have shown in Fig. 1 an apparatus for study of γ rays
in the range 0.25—6 MeV in the artificial Earth satel-
lite ERS-18,[74] a satellite for study of the near-Earth
environment. The sodium iodide crystal which records
the γ rays is protected from charged particles by an
anticoincidence scintillation counter on all sides except
the end through which it is viewed by the photomulti-
plier. The signals from the crystal and from the
plastic scintillator are connected in coincidence. A
layer of plastic scintillator is often placed between the
crystal and the photomultiplier which views it, and the
crystal is then completely covered by the anticoinci-
dence counter. Separation of the signals from the
crystal and the plastic scintillator is accomplished on
the basis of the difference in pulse duration.

A detector of this type, supplied with a collimator,
will record radiation only in a certain solid angle. The
detector aperture, which characterizes its angular
resolution, is usually ~30°. When special active honey-
comb collimators are used, it has been possible to im-
prove the angular resolution to ~1O°.[211 The geometri-
cal factor of a directional detector usually does not ex-
ceed 10 cm 2-sr. By decreasing the detector area and
collimator entrance window, it is possible to obtain
better angular resolution, but in this case both the
geometrical factor and therefore the number of y rays
recorded are unavoidably reduced.

This inconsistency between improvement of the
angular resolution and increase of the aperture of the
apparatus is fundamental for γ telescopes consisting
only of counters ("blind" γ telescopes). However,
telescopes for detection of energetic γ rays can be
made "seeing" by introducing into the telescopes a
controllable track detector which records the path of
each electron-positron pair, from which it is possible
to reproduce the direction of arrival of the γ ray. The
track detector most suitable for the purpose of γ
astronomy is a spark chamber, since it is simple and

Voltage divider
Photomultiplier

Voltage divider

Nal(Tl) crystal
(diameter 6 cm,
length 7.2 cm)

V

Photomultiplier

Plastic scintillator
(diameter 8.7 cm,
length 9.8 cm,
thickness 1 cm)

- Al ft/mm j

FIG. 1. Diagram of a nondirectional detector for detection of y
rays in the energy range 0.25—6 MeV. [74]
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cheap, can be made light and compact, and requires a
small expenditure of electrical energy for operation
(<1 watt). The angular resolution of spark y telescopes
does not affect the geometrical factor and is deter-
mined by the accuracy of reproduction of the y-ray
direction from the tracks of the pair. The angular ac-
curacy in measurement of a charged-particle track in
multiplate spark chambers is ~1°, and in wide-gap
spark chamber even 0 . Γ / 7 5 1 However, the angular
distribution of spark y te lescopes at the present t ime
is determined not by this accuracy, but by multiple
scat ter ing in the converter . In fact, the conver ters
used at the present t ime of thickness 0.2—1 radiation
length provide comparatively high efficiency for y-ray
detection (15—50%), but broaden the angular resolution
up to 3—5° for y-ray energies Έγ «s 50 MeV.

An example of a " b l i n d " telescope is shown in Fig.
2. This apparatus was used by Anisimov, Bratolyubova-
Tsulukidze, Grigorov, et a l . , to detect y rays with en-
ergy Εγ > 30 MeV in the satel l i te Cosmos 2 0 8 / 7 6 ] Two
Cerenkov counters with r a d i a t o r s of Plexiglas, 1, and
T F - 5 lead g lass , 2, form a directional telescope whose
backward counting r a t e , checked in cosmic-ray muons
at sea level, is 0.5% of the forward counting r a t e . The
telescope is mounted inside a guard (anticoincidence)
cover of plastic scinti l lator (3,4) which provides p r o -
tection against not only charged par t ic les which a r r i v e
within the te lescope ' s acceptance angle but also those
which hit the s ides . The converter consis ts of a
CsI(Tl) plate, 5, of thickness 4 mm and a lead plate
6 of thickness 2 m m . The y-ray energy is measured
in the lower Cerenkov counter, whose radiator contains
2.6 radiation lengths. The efficiency of the anticoinci-
dence cover in the check with muons was η > 0.9998
± 0.0002. This value is an important character i s t ic of
blind y te lescopes, since it determines the extent to
which the device detects background ar is ing from fail-
u r e of the anticoincidence counter to count charged
p a r t i c l e s . Since the desired flux amounts to ~10" 4 of
the flux of cosmic-ray charged par t ic les , a value
η > 0.9999 is necessary for the effect to equal the
background.

Blind y te lescopes s imi lar in their general features
to that described have been used by Danielson [ 7 7 ] ,
C l i n e [ 7 8 ] , Duthie et a l . [ 7 9 ] , Chmkin et a l . [ 8 0 ] , and
Sood [ 8 1 ] in experiments at balloon altitudes and by
Kraushaar and Clarkf 8 2 ' 8 3 1 , Fazio and Hafner [ 8 4 ] ,

FIG. 2. Diagram of blind y tele-
scope for detection of 7 rays with
energies Ε γ > 30 MeV. [88]

G r i g o r o v e t a l . [ 8 5 > 8 6 ] , B r a t o l y u b o v a - T s u l u k i d z e ,

G r i g o r o v , e t a l . [ 8 7 ' 8 8 ] , C l a r k , G a r m i r e , a n d

K r a u s h a a r [ 8 9 " 9 1 ] , and K a p l o n a n d V a l e n t i n e [ 9 2 ' 9 3 ] in

e x p e r i m e n t s in s a t e l l i t e s .

Such s e v e r e r e q u i r e m e n t s on t h e a n t i c o i n c i d e n c e

c o u n t e r a r e not i m p o s e d on s p a r k y t e l e s c o p e s . S ince

t h e f ina l s e l e c t i o n i s a c c o m p l i s h e d on t h e b a s i s of

e v e n t s in t h e s p a r k c h a m b e r , t h e s e c o u n t e r s c a n o p e r -

a t e u n d e r b a c k g r o u n d c o n d i t i o n s 1 — 2 o r d e r s of m a g n i -

t u d e g r e a t e r t h a n t h e y - r a y c o u n t i n g r a t e / 9 4 1 U s e of a

s p a r k c h a m b e r i n c r e a s e s t h e r e l i a b i l i t y of o p e r a t i o n of

a t e l e s c o p e and t h e t r u s t w o r t h i n e s s of i t s r e s u l t s ,

p a r t i c u l a r l y in t h e c a s e of s e l e c t i o n i n t h e c h a m b e r of

f o r k s p r o d u c e d by e l e c t r o n - p o s i t r o n p a i r s , for w h i c h

t h e p r o b a b i l i t y of i m i t a t i o n i s v e r y s m a l l , o r in t h e

c a s e of d e t e c t i o n of a n e l e c t r o n s h o w e r w h i c h c a n b e

d i s t i n g u i s h e d f r o m e v e n t s p r o d u c e d by b a c k g r o u n d

n u c l e a r - i n t e r a c t i n g p a r t i c l e s . A m u l t i p l a t e s p a r k

c h a m b e r i s often u s e d a l s o a s a c o n v e r t e r . H e r e t h e

u p p e r g a p s of t h e c h a m b e r t h r o u g h w h i c h t h e y r a y s

p a s s b e f o r e t h e i r c o n v e r s i o n in t h e e l e c t r o d e s s u p p l e -

m e n t and c h e c k t h e a n t i c o i n c i d e n c e c o u n t e r .

V a r i o u s m o d i f i c a t i o n s of s p a r k c h a m b e r s a r e u s e d

i n y t e l e s c o p e s : t h e o r d i n a r y m u l t i l a y e r c h a m b e r , I 9 5 " 1 0 5 !

t h e w i d e - g a p s p a r k c h a m b e r / 1 0 2 " 1 0 5 1 t h e s p a r k c h a m b e r

with p h o t o e m u l s i o n s / 1 0 6 " 1 0 8 1 and a l s o v a r i o u s t y p e s of

s p a r k c h a m b e r s wi th a u t o m a t i c r e a d o u t ; t h e a c o u s t i c

c h a m b e r / 1 0 9 ' 1 1 1 1 t h e w i r e c h a m b e r / 1 1 2 " 1 " 1 a n d t h e

v id icon c h a m b e r / 1 1 5 " 1 1 7 1 T h e u s e of a g iven t y p e of

s p a r k c h a m b e r i s d e t e r m i n e d by t h e i n d i v i d u a l t a s t e s

of t h e e x p e r i m e n t e r a n d by t h e e n e r g y r a n g e of t h e y

r a y s and t h e e x p e r i m e n t a l c o n d i t i o n s . C h a m b e r s wi th

a u t o m a t i c i n f o r m a t i o n r e a d o u t p e r m i t y t e l e s c o p e s t o

b e i n s t a l l e d in u n r e c o v e r a b l e o b j e c t s . In t h i s c a s e a l l

t h e i n f o r m a t i o n f r o m t h e a p p a r a t u s , i n c l u d i n g t h e n u m -

b e r of s p a r k s i n t h e g a p s , t h e i r c o o r d i n a t e s , and s o

f o r t h , i s c o d e d a n d t r a n s m i t t e d t o t h e E a r t h by t e l e m e -

t r y .

F i g u r e 3 s h o w s t h e s p a r k y t e l e s c o p e u s e d by F r y e

a n d W a n g [ 9 8 > 9 9 1 in m a n y b a l l o o n m e a s u r e m e n t s . A

c o u n t e r t e l e s c o p e c o n s i s t i n g of t w o s c i n t i l l a t i o n

c o u n t e r s and o n e d i r e c t i o n a l C e r e n k o v c o u n t e r , in t h e

a b s e n c e of a s i g n a l f r o m t h e a n t i c o i n c i d e n c e c o u n t e r s ,

t r i g g e r s a s p a r k c h a m b e r in one of w h o s e p l a t e s t h e

Entering 7 ray
l'

Upper anticoincidence
counter

Mirror

Plastic
coincidence
counter

FIG. 3. Diagram of a spark γ telescope for detection of γ rays with
energies E 7 > 50 MeV. ["]
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γ ray is converted. The chamber consists of 30 gaps
of 4.8 mm and 31 plates of stainless steel 0.5 mm
thick. The efficiency for detection of a 100-MeV y
ray is 32%, and the accuracy in measurement of the
arrival angle is ~3°. The apparatus is a γ telescope
with large aperture (geometrical factor 175 cm 2-sr)
intended for examination of extended portions of the
sky in searches for y rays with energy Ε y > 50 MeV.

The use of spark chambers has permitted a substan-
tial increase in the area-solid-angle factor of γ tele-
scopes, y telescopes have been built and tested in
operation in high-altitude balloons with area-solid-
angle factors Γ equal to 126,[115-1171 175, [ 9 β 9 8 ] and
even 1360 cm 2 -sr ' 1 0 1 ] for an angular resolution Δ θ
= 1—5°. Blind γ telescopes, as a rule, have
Γ « 10 cm z-sr for ΑΘ « 15°, i.e., they are inferior
to spark telescopes by two orders of magnitude in
aperture and one order of magnitude in angular resolu-
tion. It would appear that such huge deficiencies would
lead to rapid abandonment of blind γ detectors. How-
ever, the simplicity and small size and weight have
permitted them to compete successfully with more
highly refined detectors. In fact, it is blind detectors
which have been used recently to make important dis-
coveries in CGR. Kraushaar, Garmire, and Clark in
the satellite OSO-3 (orbiting solar observatory ) [ 8 8~9 1 ]

used apparatus for which the product of the area-solid-
angle factor and the y-ray detection efficiency was
Γη = 0.5 cm 2-sr and the acceptance half-angle ~15°
to discover galactic γ rays with Ey > 100 MeV. Good
statistics were obtained as the result of operation of
the apparatus for one year.

A unique separation of "spheres of influence" has
been observed: blind γ telescopes have been used, as
a rule, in satellites, where the long duration of the
measurements compensates for the small geometrical
factor, and spark γ telescopes have been used in high-
altitude balloons. This is explained by the fact that the
first qualitative studies of CGR did not require high
resolution of the telescopes (the satellites themselves
did not yet have adequate orientation and stabilization),
and also by the fact that the spark-chamber technique
applicable to conditions of space flight was rather
complex and not yet completely mastered. However,
the first steps in use of spark chambers in satellites
have already been taken. Cosmos 264 included a y
telescope with multilayer shower and wide-gap spark
chambers, whose geometrical factor and angular reso-
lution were respectively Γ « 22 cm 2-sr and Δ θ
a 4°>[104>105] A telescope with an acoustic spark cham-
ber operated also in the satellite OGO-5 (orbiting geo-
physical observatory). [ 1 1 0»u l ]

Another method of studying CGR is by the nuclear
photoemulsion technique. Since it is a true track
detector, a photoemulsion has high reliability, easy
visualization of the recorded events, and good spatial
and energy resolution. However, the absence of a time
scale, the lack of controllability, and also the complex-
ity of analysis substantially limit the use of the photo-
emulsion method of CGR studies. Since they are not
competitive with γ telescopes, nuclear photoemulsions
are used only where use of γ telescopes is not suf-
ficiently efficient. This situation has occurred first of
all in the energy range 10—100 MeV, where photoemul-

sions have been used because of their high efficiency
in y-ray detection,C u e"1 Z 0 ] and in the hard y-ray inter-
val (1—100 BeV), where the small flux has hindered
the use of spark y telescopes. Photoemulsion chambers
have been used to study hard CGR at balloon alti-
tudes. [ 1 2 1" 1 2 1 ] It should be noted that CGR studies by the
emulsion method have led to less definite results than
studies with γ telescopes.

In the superhigh-energy y-ray region, investigations
are carried out on the Earth by means of large-area
optical mirrors (several square meters) which collect
and focus onto a photomultiplier the Cerenkov radiation
produced by an electron-photon shower in the upper
layers of the atmosphere.

In addition to high-energy cosmic y rays, similar
showers are produced by secondary y rays and charged
particles, which produces a background Cerenkov radi-
ation. Nevertheless, as the result of the good directiv-
ity of a telescope (angular resolution ~1—2°), large
area, and the possibility of measurements repeated
many times, one can hope to identify the excess flux
from certain celestial objects as they come into the
acceptance cone of the apparatus. The deficiencies of
the method lie in the fact that observations can be made
only on moonless and cloudless nights.

The Cerenkov y-telescope method permits detection
of CGR from discrete sources in the energy range Ey
= 102—2 χ 104 BeV. Investigations of this sort have
been made by Chudakov et al., [ 3>4 ] Long et al., [ 1 2 5 ]

Fegan et al., [ 1 2 8 ] Tornabene et a l . , t l 2 7 ] Fazio et

C128132] [»313e]
and O'Mongain et a l . [ 1 3 a ]

At still higher energies, attempts have been made to
obtain information on CGR from data on extended air
showers (EAS) with a small number of muons. Ap-
paratus for detection of EAS are located at sea level,
occupy an area of several square kilometers, and con-
tain a large number of counters, ionization chambers,
and other detectors. This method permits in principle
the study of y rays in the energy range ΙΟ5—107 BeV,
but has not as yet led to any definite results. t l 3 9 " 1 4 1 ]

4. COMPARABILITY OF EXPERIMENTAL RESULTS:
CALIBRATION OF y DETECTORS

As in any new field of investigation, the spread in
individual experimental results of CGR measurements
is still rather large. The corresponding values of
y-ray fluxes in the Earth's atmosphere and from defi-
nite regions of the sky, measured by different apparatus,
differ by several times. The range of energies, deter-
mined mainly by the detector threshold energy Ey, is
sometimes established quite arbitrarily. The cause of
the large spread in experimental values is often poor
statistics of the observations. However, there are
cases in which the main cause lies not in statistical
fluctuations but in correct calculation of the character-
istics of the apparatus: the area-solid-angle factor,
y-ray detection efficiency, and so forth. The uncer-
tainty is aggravated by the fact that these characteris-
tics are not strictly constant quantities, but depend on
the energy spectrum and angular distribution of the
flux being recorded.
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Values of y-ray fluxes exaggerated as the resul t of
incorrect calculation of apparatus c h a r a c t e r i s t i c s have
been reported in r e f s . 79, 82, 90, and 91. A part icu-
lar ly str iking example is the r e s u l t s of Clark, G a r m i r e ,
and Kraushaar obtained in the satel l i te OSO-3. [ 9 0 > 9 1 ]

The large values of diffuse isotropic and galactic y-
r a y fluxes measured in this work were inconsistent
with theoret ical es t imates^ 6 ' 1 2 1 and with the data of
other experimental g r o u p s . 1 8 8 ' 1 0 0 ' 1 " ' 1 4 2 1 Simultaneous
recal ibrat ion in an acce le ra tor of a prototype of the γ
te lescope used in OSO-3 with the apparatus of Fichtel
et a l . [ 1 1 4 1 showed that the γ -telescope efficiency a s -
sumed previously was substantially underest imated
(by about three t i m e s ! ) . [ 1 4 3 ] The recalculated resu l t s of
Clark et a l . t l 4 4 ~ 1 4 6 ] correspond much bet ter to the theo-
re t ica l calculations and a r e in satisfactory agreement
with the data of other exper iments .

In order to compare the resu l t s of different groups
and to obtain objective data on the absolute fluxes of
CGR, it is necessary to cal ibrate telescopes in acce l-
e r a t o r s , which is possible at the present t ime up to
energies of tens of BeV. Calibration enables us not
only to determine the detection efficiency of the ap-
paratus for γ rays of various energies and to calculate
the geometr ical factor and acceptance angle, but also
to bring to light various cases of simulation of γ
events by nuclear-interact ing par t ic les .

Calibration of te lescopes in γ r a y s with energy Ε γ
> 100 MeV often is made difficult by the absence of
intense b e a m s of monochromatic γ r a y s . A way out of
this situation lies in calibration in beams of monochro-
matic e lectrons with subsequent calculation of the ef-
ficiency for detection of γ r a y s by the device. This
calculation, as c a r r i e d out in the work of Volobuev,
Gal 'per , et al./ 1 0 4- 1 includes the experimentally m e a s -
ured electron detection probabilit ies for the conversion
pair components.

Calibration of a y-telescope energy detector is very
important . Energy detectors often consist of counters
or spark chambers containing a total of only 3—4 r a d i -
ation lengths, since use of total-absorption detectors
(10—15 radiation length) in experiments outside the
atmosphere is hindered by their large weight and s ize .
Because of fluctuations in the initial development of a
shower, the energy resolution of s p e c t r o m e t e r s of this
type is r a t h e r poor and for a single event amounts to
~50—70%. Nevertheless , s p e c t r o m e t e r s with poor
resolution can be used successfully to study the energy
spect ra of CGR. The measured spect ra a r e ra ther
smooth and close to a power law

Ν (Ε) = AE~ (1)

a n d t h e e x p e r i m e n t a l p r o b l e m often c o n s i s t s of d e t e r -

m i n i n g t h e e x p o n e n t a o r t h e d e v i a t i o n f r o m t h e p o w e r

law (1). C a l i b r a t i o n of t h e e n e r g y d e t e c t o r p e r m i t s d e -

t e r m i n a t i o n of t h e i n s t r u m e n t a l funct ion f ( x , E ) , w h e r e

χ is the quantity measured by the detector (pulse
height, number of part ic les in a shower, scatter ing
angle, and so forth) which depends on E. The spectrum
R(x) recorded by the apparatus , the instrumental func-
tion, and the energy spectrum being measured a r e r e -
lated by the expression

= \ N(E)f(x,E)dE, (2)

where Ei and E 2 determine the energy range of γ rays
recorded by the detector. The problem of finding the
spectrum N(E) from the known function f(x, E) and
the measured distribution R(x) has been solved by
Bezus et a l . [ 1 4 7 ] for the case of a power spectrum and
by Gal 'per et a l . [ 1 4 8 ] for any smooth spectrum.

The method of measuring energy by multiple scat-
tering in a spark chamber has been used by Fichtel et
a l . [ 1 4 9 1 The accuracy in the energy measurements is
30% at Ε γ = 30 MeV and 200% at Ey =150 MeV.

In experiments with p h o t o e m u l s i o n , [ 1 0 6 ' 1 0 7 ' u 8 " 1 2 4 ]

the y-ray energy has been measured in the range
10—1000 MeV from the separation angle of the pair
components. The average opening angle of a pair is

3 * ™ l n £ l , 0 )
Ey III '

where m is the electron m a s s . For Ey <? 1 BeV the
energy has been determined by multiple scatter ing of
electrons and from the development of the electron
shower . [ 1 2 4 ]

5. CONDITIONS OF CGR STUDY. ATMOSPHERIC AND
LOCAL BACKGROUNDS

Hard electromagnetic radiation with energy above
1 keV is penetrating and not strongly absorbed in
m a t t e r . For this reason, and also because the y rays
encounter little mater ia l in their path, they t r a v e r s e
inters te l lar and intergalactic distances with practical ly
no absorption.

In the E a r t h ' s a tmosphere, y rays a r e absorbed
with an absorption length equal approximately to the
radiation length in a i r (37 g/cm 2 ) , producing secondary
electron-photon showers . This re su l t s in the fact that
even in the upper layers of the atmosphere the flux of
CGR is strongly attenuated, and at mountain altitudes
it is practically absent. At the s a m e t i m e , the charged
component of pr imary cosmic rays produces in the
upper atmosphere a secondary " a t m o s p h e r i c " y flux
which is the background in measurement of CGR. The
gradient of the secondary flux of energetic y r a y s [ 9 5 > 1 1 6 ]

is ~ 0 . 6 x 10"3 (cm 2 -sec-s r-g/cm 2 ) " 1 . It is easy to show
that for an expected CGR intensity of ~10" 4 of the
p r i m a r y cosmic ray intensity, the flux of CGR is com-
parable with the atmospheric background even at a
depth of 0.15 g/cm 2 of res idual a tmosphere (~70 km).
The high background of " a t m o s p h e r i c " y rays has led
to the fact that study of CGR could be begun only during
the last ten years as a resul t of progress in the tech-
nique of high altitude balloon flights and sate l l i tes ,
which have permitted y telescopes to be taken to the
top of the atmosphere and beyond.

Balloon studies a r e c a r r i e d out at alt itudes of
30—40 km, corresponding to 10—3 g/cm 2 of res idual
a tmosphere . The duration of a flight i s usually s e v e r a l
hours , 2—3 hours being occupied in the ascent, and the
remaining time spent in drift at approximately constant
depth.

In recent y e a r s , longer flights lasting severa l days
have been achieved. Since the magnitude of the " a t m o s -
p h e r i c " background depends on the intensity of cosmic
r a y s incident at the top of the a tmosphere, balloon
studies a r e preferably c a r r i e d out near the geomag-
netic e q u a t o r / 8 1 ' 9 5 ' 9 9 ' 1 0 0 ' 1 2 4 ' 1 5 0 1 In Table II we have
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Table II. Fluxes of energetic and hard γ rays in upper
layers of the atmosphere

Authors

>
1

Oine (1961)|"1
Duthie, Hafner, et al.

(1963) ["1
Cobb, Duthie, and

Stewart (1965) ["]
Duthie, Cobb, and

Stewart (1966) ["]

Frye and Smith (1966) ["]
Chuikin, Romanov, and

Lenin (1966) ["]

Frye and Wang (1967) ['*]

Fazio etal. (1968) ["·]
Duthie and Osborn

(1968) [1SO]
Delvailleetal. (1968) (""]

Fichtel, Kniffen, and Ogelman
(1969) [114]

Frye and Wang (1969) [··)

Anand, Daniel, and Stephens
(1968) I1**]

Geomag-
netic lati-
tude λ ^

55

42

17

42

42

47

42

42

- 2 3

46

40

42
20

17

*At the 95% confidence level.

Maximum
altitude,

g/cm1

8.5

4

6,5

4.1

3.5

9

2.3

4

3.4

10

3

2.5
2.9

6

Threshold
energy,
MeV

50

60

100

50

30

70

50

100

100

1000

30
50

100

50
50

50
100

2 000
5 000

10 000
50 000

Flux at
maximum
altitude

10"s

7 , 0 ± 0 . 7

4 . 3 ± 0 . 2

3 .94±0.18

5 . 2 ± 0 . 5

8 ± 2

3 . 7 ± 0 . 4

1 . 9 ± 0 , 2

3 .04±0.15

2,2

5 . 7 ± 0 . 6
4 . 8 ± 0 . 5
3.0+.0.4

1.3
0.6
0,26
0.14
0.06
0,03

Flux ex-
trapolated

t o h = 3
g/cm*

(cm*-sec-sr

2 . 0 ± 0 . 2

2 . 0 + 0 . 1

2.9

4 . 5 + 0 . 4

~ 3

4 . 8 + 0 . 5

1 . 4 ± 0 . 2

2.7

3

5 . 7 + 0 . 6
4 . 8 + 0 . 5
3 . 0 ± 0 . 4

Flux ex-

trapolated
to top of

atmos-
phere

~l

1 ± 3

< 2

< 5

< 4

< 0 . 5 . )

< 1 3
< 0 . 6
< 0 . 2 6
< 0.14
< 0 . 0 6
< 0 . 0 3

listed the results of measurements of y-ray flux in
the upper layers of the atmosphere, carried out in
high-altitude balloons. When the differences in accep-
tance angle and threshold energy of the telescopes is
taken into account, good agreement is observed between
the different results when reduced to the same depth
(3 g/cmz). The intensity of the atmospheric γ flux
decreases with increasing energy [ 1 1 2 ] but, strange as
it may seem, no dependence is found on the geomag-
netic latitude X g m in the range from 17 to 55°.

The energy spectra of the atmospheric γ flux have
been measured by Svensson,[151] Klarman, [ 1 1 8 ] and
Frye et al. [ 1 2 0 1 in photoemulsions, by Chuikin et a l . [ 8 0 ]

and Kohn et a l . t l 5 2 ] by means of scintillation spectro-
meters, and by Duthie et ai. [ 1 4> 9 4> 9 5 ] and Bezus et
a l . t l 5 3 ] by means of spark chambers. The measured
spectrum agrees in its main features with that calcu-
lated by Hayakawa et a l . [ 3 e l and Okuda and
Yamamoto, [154] although some discrepancies are ob-
served. Thus, for example, in refs. 14, 94, 95, and
120 an excess of y rays with energy Ey < 50 MeV is
observed. Bezus et a l . [ 1 5 3 ] have observed a change in
the exponent of the spectrum with altitude: the exponent
of the differential power spectrum a changes from
1.93 ± 0.08 at a depth 75-120 g/cm2 to 2.46 ± 0.07 at
a depth 20—30 g/cm2. Measurements of the energy
spectra of soft γ rays in the atmosphere have been
made by a number of workers. [20>211 Schwartz and
Peterson 1 1 5 5 1 showed that at a depth of 3.5 g/cm2 in the

range 1—10 MeV the differential spectrum has a power
form (1) with an exponent ο = 1.55.

An interesting aspect of the study of atmospheric
γ rays is the search for annihilation γ rays with en-
ergy 0.511 MeV and 70—100 MeV carried out by
Konstantinov et a l . t l 5 e ] to check the hypothesis of anti-
matter composition of comets and meteor fluxes.
These authors state that measurements in the atmos-
phere and also in the satellite Cosmos 135 show [ 1 5 7 ]

that there is a definite correlation between the radia-
tion investigated and meteor fluxes.

FIG. 4. Angular dependence of
atmospheric γ-ray flux with energy
Ey > 100 MeV at a height of 3
g/cm2 of residual atmosphere. [114]
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The intensity of γ rays in the atmosphere var ies
with the zenith angle of the γ telescope Θ. In Fig. 4
we have shown the intensity variation of the flux of γ
r a y s with energy E y > 100 MeV at a depth of 3 g/cm 2

as a function of the zenith angle of the telescope
a x i s . t l l 4 ] The intensity i n c r e a s e s as the angle θ in-
c r e a s e s from zero (the d i rect vert ical flux to the
Earth) to 90°. Although the angular measurements in
the a tmosphere have not been made very accurately,
there is a bas is for assuming that the largest flux will
be observed from the line of the horizon, which at an
altitude of 40 km is visible at an angle 0h = 96°. The
albedo flux (coming from the Earth) of atmospheric γ
rays falls off with increas ing β. The albedo flux at
θ = 180° at a depth of 3 g/cm 2 ag rees within experi-
mental e r r o r with the direct flux of atmospheric γ
r a y s .

In satel l i te s tudies, the telescope is taken beyond
the a tmosphere, and the atmospheric background is
represented only by the albedo flux. The greates t in-
tensity here is also observed from the horizon line,
which for a height of 200 km is visible at an angle θ\ι
= 104°. Figure 5 shows the angular dependence of the
counting r a t e of a y telescope in the satel l i te OSO-3. [ 9 1 ]

In this study, γ rays arr iv ing at an angle θ < 60°, i .e.,
at least 40° above the horizon, were assumed to be
cosmic r a y s . The vert ical albedo flux (θ = 180°) can be
used to check the operation of the apparatus in flight.
Table III l i s ts the intensit ies of the vert ical albedo flux
with energy E y > 100 MeV at a latitude X g m = 40°.
The albedo flux obtained by Clark et a l . in OSO-3 is
severa l t imes larger than the resu l t s of other m e a s u r e -
ments , which indicates an underest imated efficiency of
the appara tus . When the correc ted value of efficiency
is taken into account, the value of albedo flux in OSO-3
comes into agreement with other m e a s u r e m e n t s .

In addition to the background of albedo γ r ays , which
can be removed to a considerable degree by appropr i-
ate installation of the γ te lescope, the local background
plays a major role in m e a s u r e m e n t s in sate l l i tes . This
is due to γ r a y s produced by cosmic r a y s in the sate l-
lite and in the mater ia l surrounding the γ te lescope.
In Cosmos 264, secondary γ rays produced in the
mater ia l above the telescope 1 - 1 0 4 ' 1 0 5 1 were taken into
account by use of an external scintillation counter
placed outside the satel l i te within the acceptance cone
of the apparatus and whose operation indicated that a
recorded γ ray belonged to the secondary background.

The local background increases when the satel l i te
t r a v e r s e s radiation belts and anomalies (for example,
the Brazi l ian anomaly). The high intensity of trapped
radiation flux leads to an increase in background not
only during t r a v e r s a l of the region of the anomaly but
also after leaving it, as the resul t of res idual induced
radioactivity in the mater ia l surrounding the te lescope.
This background is part icular ly high for the soft y-ray
r e g i o n . [ 1 5 7 ) 1 5 8 ] The detector readings for a certa in t ime
after the satel l i te e n t e r s an anomaly a r e excluded, in
o r d e r to avoid systematic e r r o r .

A measure of the extent to which the recorded flux
contains background γ r a y s is the dependence of the
flux on the geomagnetic latitude of observation. Since
the pr imary cosmic rays at satel l i te alt itudes have a
character i s t ic latitude dependence, a s imi lar latitude

Table III. Vertical albedo flux of γ rays with en-
ergy Εγ > 100 MeV at \ g m = 40°

Authors

Kiaushaaretal.(1962)[M·"3!

Grigorov Kalinkin, et al.
(1966) ["•"]

Clark et al. (1968) ["]

Fichtel, Kniffen, and Ogelman
(1969) ["«]

Object

Explorer-l 1

Proton-1,
Proton-2

OSO-3

Balloon

Altitude, km

300—1100

500

350

- 4 0

Vertical albedo flux
(9 = 180°), KT1

(cm'1 -sec-sr)"1

1 . 9 ± 0 . 5

- 2

1 0 . 5 ± 1 . 0

3 . 7 + 0 . 8

d e p e n d e n c e i s o b s e r v e d a l s o i n t h e b a c k g r o u n d f l u x e s ,

w h i l e t h e C G R i n t e n s i t y n a t u r a l l y s h o u l d n o t d e p e n d o n

t h e p l a c e o f o b s e r v a t i o n o n t h e E a r t h . F i g u r e 6 s h o w s

the latitude dependence of albedo atmospheric γ rays
and cosmic γ rays measured in the satel l i te OSO-3. [ 9 0 ]

The amount of latitude dependence (the ra t io of the
counting ra te at the maximum—at high latitudes—and at
the minimum—at the geomagnetic equator) permi t s the
degree of background contamination of the γ flux to be
taken into account and the pr imary CGR flux which does
not depend on latitude to be extracted, as was done in
the work of Valentine et a l . [ 9 3 i and Bratolyubova-
Tsulukidze et a l . [ 8 8 ]

6. RESULTS OF MEASUREMENT OF DIFFUSE CGR
IN BALLOONS. THE y-RAY FLUX EXTRA-
POLATED TO THE TOP OF THE ATMOSPHERE

In many studies of γ rays car r ied out in balloons,
the flux has measured a s a function of the depth of
res idual a t m o s p h e r e / 7 8 ' 8 0 ' 9 5 ' " 1 which has permitted
determination of the flux extrapolated to the top of the
atmosphere, h = 0 g/cm 2 . For depths h <C l n u c and
h <̂C /, where Znuc ~ 80 g/cm 2 and I » 37 g/cm 2 a r e
respectively the nuclear and radiation lengths in a i r ,
and the altitude dependence of the secondary a t m o s -
pheric flux is a l inear function of h . [ 1 5 4 ] Therefore the
res idual flux of CGR can be obtained by l inear extra-
polation of the measured points. Figure 7 shows the
counting ra te of a spark γ telescope with a threshold
energy of 100 MeV as a function of the atmospheric
depth, measured in one balloon flight by Duthie et
a l . [ 1 4 ] The points show the total counting r a t e , and the
c r o s s e s the counting ra te of spurious events, i .e.,
events without t racks in the spark chamber . It is evi-
dent that the finite extrapolated flux is completely ex-

FIG. 6. Intensity of 7-ray flux
with energy Ε γ > 100 MeV as a func- .1
tion of geomagnetic latitude, meas-
ured in the satellite OSO-3. [90] · - a
atmospheric 7 rays; O—cosmic (Θ <
60°) 7 rays.

1//7

1.00 10 W 30 40
Geomagnetic latitude,
north or south
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FIG. 7. γ-ray flux with energy Εγ > 100 MeV as a function of the
depth of residual atmosphere. [14) Φ-Total counting rate; X-counting
rate of spurious events.

plained by the spurious events. From this we can un-
derstand why various studies made with blind γ tele-
scopes led to finite and rather large values of the flux
at the top of the atmosphere. [ 7 9 ]

In both the soft and energetic y-ray regions, simi-
lar measurements have not given a definite value for
the diffuse CGR flux, but have led only to a calculation
of upper limits. In the last column of Table II we have
listed the values of y-ray fluxes extrapolated to the top
of the atmosphere. Even in the best studies of this
type, made by means of high-aperture spark y tele-
scopes, no finite flux of CGR has been observed. [98»114]

According to Frye and Wang[99] the upper limit of the
flux is 5 x 10"* (cm^ec-sr)" 1 at the 95% confidence
level. In order to measure the flux of CGR by extrapo-
lation to the top of the atmosphere, it is necessary to
have high statistical accuracy in measurement of the
altitude dependence and, possibly, a more complete
knowledge of y-ray production processes in the upper
atmosphere.

In measurements made in balloons by means of
nuclear emulsions, the only quantity determined has
always been the y-ray flux at the drift altitude of the
balloon and, consequently, only upper limits of the CGR
flux could be measured/ 1 1 8" 1 2 4 1 As the result of the
good spatial resolution of the photoemulsion and the
possibility of reliable separation of y events from

10'

10°

a-'

to-'

ο — ο /

• 2

. a 3

I *

V

\

γ

1 1 \0.010.11.0E, MeV10
FIG. 8. Differential energy spectrum of cosmic diffuse flux of χ rays

and soft y rays according to experimental measurements. 1— ref. 160;
2-ref. 164; 3-refs. 296, 158;4-ref. 155; 5-ref. 74. Solid line-power
spectrum with exponent a = 2.3.

nuc lear interact ion e v e n t s , t h e s e upper l i m i t s of CGR

for e n e r g i e s of 50—100 M e V have turned out to be

s m a l l e r than m o s t other upper l i m i t s , which w e r e ob-

tained by the extrapolat ion method. In addition, the

photoemuls ion method has been u s e d to obtain the upper

l i m i t s l i s ted in Table II for the f luxes of hard y r a y s

with Εγ > 2, 5, 10, and 50 BeV.[124]

7. RESULTS OF MEASUREMENTS IN SATELLITES.
THE ISOTROPIC COMPONENT OF DIFFUSE CGR

More definite results in investigation of the diffuse
flux of CGR have been obtained in measurements in the
satellites Explorer n / 8 2 » 8 3 ! OSO-1, [84] Proton-1 and
Proton-2, t 8 5 ' 8 e ] Ranger-3, [ 1 5 8 ] OSO-3, [ 8 9 ' e l ' 1 4 6 i

ERS-18, [74] OGO-5, [ 1 1 0 ' 1 1 1 ] Cosmos-208, [ 7 β > 8 8 ' 1 4 2 ] and
Cosmos 264. [ 1 M ' 1 0 5 ]

Figure 8 shows measured differential energy spec-
tra of the diffuse flux of hard χ rays and soft y rays,
made mainly with nondirectional detec-
tors . [ 2 0 > 2 1 ' 7 4 ' 1 5 5 > 1 5 8 " 1 6 5 ]

In the hard x-ray region (10-40 keV), the upper
limit of the anisotropy of the diffuse background is
about 4%.[1ββ] In the soft y-ray region almost no meas-
urements of anisotropy have been made.

As can be seen from Fig. 8, the energy spectrum of
diffuse γ rays in the energy region 0.1 — 1.0 MeV is a
power function with an exponent α = 2.3 ± ο.2. [ 1 5 8 ' 1 β 3 ]

The spectrum of soft y rays, consequently, can be
considered an extension of the hard x-ray spectrum*.
In the energy region 1—6 MeV the situation changes.
Vette et al . [ 7 4 ] , using the nondirectional detector shown
in Fig. 2, have measured a diffuse flux spectrum in the
range 0.6—6 MeV which departs appreciably (by 2.5—
5.5 times) from the power-law spectrum which we have
described. The excess flux is ~0.35 (cm^sec)" 1? .

Extrapolation of a power-law spectrum with an ex-
ponent a = 2.3 to the energetic y-ray region leads to a
flux ~5x 10"5 (cm^ec-sr)" 1 for Εγ >: 100 MeV. In
Table IV we have given the measured values of diffuse
flux in this energy range. All the measurements give
only upper limits of the diffuse flux of CGR. The reason
lies in the impossibility of separating the true cosmic-
ray events among the background y rays. The only in-
dication of the cosmic nature of the isotropic flux is
the absence of a latitude dependence. However, with the
poor statistics of the recorded events, this criterion is
extremely ambiguous, as can be seen, for example,
from Fig. 6, where for the "cosmic y r a y s " (θ < .60°)
this dependence may exist within the statistical errors .
For a similar reason (absence of convincing arguments
in favor of cosmic origin) the results obtained in the
satellites Cosmos-208^88] and Cosmos-264 [104] can be
accepted only as upper limits of the diffuse flux of

*The background x-ray spectrum has a complex shape. In the energy
region 1 -20 keV the spectrum is a power law with an exponent a, = 1.7.
j lei, i67] F o r e n e r g i e s greater than 20-40 keV the spectrum becomes
softer, and its exponent increases to ct2 = 2.3 ± 0.2. However, according
to the measurements of Schwartz et al. [167] in the satellite OSO-3, the
spectrum exponent in the energy region 40-113 keV is a3 = 3.0 ± 0.3.

tMeasurements of diffuse 7 rays in the interval 0.3-3.7 MeV in the
satellites Cosmos-135 and -163 [62] are inconsistent with Vette's data
and agree with the spectrum extrapolated from the x-ray region.
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Table IV. Experimental measurements of diffuse
flux of energetic y rays

Authors

Kraushaar
etal. ["·"]

Fazio and Hafner ["]

Grigorov, Kalinkin,
etal. [·'·•·!

Kaplon and
Valentine {"·>*}

Clark etal. ['".'«]

Bratolyubova-
Tsulukidze,
Grigorov, et al. ["]

Volobuev, Gal'per,
etal. C"]

Time of
observation

April-October
1961

March-May
1962

1965

April-March
1967

April-December
1967

March-April
1968

January 1969

Object

Explorer-11

OSO-1

Proton-1,
Proton-2

OSO-3

OSO-3

Cosmos-208

Cosmos-264

Thresh-
old

energy
MeV

100

100

loo

100

100

30
50
90

150
500

200

Intensity

10'4 (cm'-sec-sr)"'

< 3.3+1.2

< 20+20

< 5 + 3

< 1.67+0.60

< 0 . 3

< 2.3+0.5
< l.i +0.3

< 0.53+0.22
< 0.13+0.09

< 0.046+0.034

< 4.1 + 2.3

C G R . A l t h o u g h a v a l u e o f t h e f i n i t e f l u x of C G R i s r e -

p o r t e d b y V a l e n t i n e e t a l . , 1 · 9 3 1 e v e r y t h i n g t h a t h a s b e e n

s a i d a b o v e a p p l i e s c o m p l e t e l y t o t h e i r r e s u l t s , w h i c h

m u s t b e c o n s i d e r e d o n l y a s a n u p p e r l i m i t .

T h e r e s u l t s o f B r a t o l y u b o v a - T s u l u k i d z e , G r i g o r o v ,

e t a l . [ e 8 ] a r e t h e p r e s e n t - d a y r e c o r d u p p e r l i m i t s o f

t h e d i f f u s e C G R f l u x . T h e u p p e r l i m i t s o b t a i n e d i n t h i s

w o r k a r e i n g o o d a g r e e m e n t w i t h t h e p o w e r s p e c t r u m

e x t e n d e d f r o m t h e x - r a y r e g i o n a n d t h e s o f t y - r a y

r e g i o n ( F i g . 9 ) . T h i s m a y m e a n b o t h t h a t t h e u p p e r

l i m i t s m e a s u r e d i n C o s m o s - 2 0 8 a r e c l o s e t o t h e t r u e

v a l u e s o f c o s m i c f l u x , a n d t h a t i n t h e t r a n s i t i o n f r o m

t h e x - r a y r e g i o n t o t h e e n e r g e t i c y - r a y r e g i o n t h e

s p e c t r u m b e c o m e s s t e e p e r .

In o r d e r t o s o l v e t h e p r o b l e m of t h e i n t e n s i t y , t h e

s p e c t r u m , a n d t h e d e g r e e o f i s o t r o p y of t h e d i f f u s e

f l u x , a d d i t i o n a l e x p e r i m e n t s c a r r i e d o u t w i t h h i g h e r -

a p e r t u r e t e l e s c o p e s a r e n e e d e d .

8 . G A L A C T I C A N I S O T R O P I C D I F F U S E C G R F L U X

y r a d i a t i o n f r o m t h e g a l a c t i c p l a n e ( t h e M i l k y W a y )

a n d i n p a r t i c u l a r f r o m t h e g a l a c t i c c e n t e r , w h i c h i s

FIG. 9. Experimental measure-

ments of integrated fluxes of ener-

getic CGR. 1-Explorer-l 1 [ " ] ; 2 -

Proton-1, 2 [ 8 6 ] ; 3-OSO-3 ['«•'«];

4-OSO-3 [ 9 3 ] ; 5-Cosmos-208 [ 8 8 ] ;

6-Cosmos-264 [ 1 0 4 ] . Dashed line-

Extrapolation of the power spec-

trum (a = 2.3) from the soft 7-ray

region.

10

l o c a t e d in t h e c o n s t e l l a t i o n S a g i t t a r i u s ( r i g h t a s c e n s i o n

a = 17 hours 40 minutes, declination δ « -30°), has
been looked for by many investigators in various energy
r a n g e s . Convincing r e s u l t s on the existence of a galac-
tic flux were obtained from the satel l i te OSO-3 by
Clark, G a r m i r e , and K r a u s h a a r , [ 9 1 ] who recorded a
maximum in the y-ray counting r a t e in the direction of
the galactic plane. Since the angular width of the peak
is the same as the angular resolution of the apparatus
(±15°), no conclusion can be drawn from these data on
the thickness of the band emitting y radiat ion. They
a r e consistent with the assumption of a l inear y-ray
source located in the equatorial plane of the galaxy. An
anisotropy of y radiation over galactic longitude was
measured, with a maximum in the galactic center where
the flux is (1.2 ± 0.3) χ 10"4 ( c n ^ - s e c - r a d ) ' 1 . ^ 4 ' 1 4 6 1

The energy spectrum of the galactic flux was not
measured accurate ly . According to pre l iminary
d a t a [ 1 8 8 ] it is more energetic than the spectrum of the
diffuse flux, and the prel iminary data of Kniffen and
F i c h t e l t l 4 3 ] indicate that in the interval 50-150 MeV
the spectrum of the galactic flux is flat.

After publication of the resu l t s of Clark et a l . [ 9 1 ] ,
re su l t s of many experimental groups appeared, based
on analysis of both old m e a s u r e m e n t s and new m e a s -
urements specially designed to check the data of

oso_3_tei,99,ioo,1o7,iio,ni,ii4 ] A s u m m a r y o f t h e m e a s u r e -

ments of intensity of the galactic component of CGR,
together with the t ime and conditions of the m e a s u r e -
ments (the object, geomagnetic latitude, angular r e s o -
lution of the apparatus), is given in Table V. Most of
the m e a s u r e m e n t s , if not always quantitatively, at
least qualitatively confirm the resul t of Clark et a l . [ 1 4 6 ]

The balloon measurements of Fichtel et a l . [ 1 1 4 ] and
Kniffen and F i c h t e l [ 1 4 3 ] indicate existence of a y - r a y
maximum from the galactic center and a r e in good
agreement with the intensity of the flux measured by
Clark et a l . [ 1 4 5 > 1 4 6 ] The measurements of Sood [ 8 1 ] ,
while closely confirming the existence of a flux from
the galactic center , do not agree in intensity with the
revised resul t of Clark et a l . [ 1 4 6 ] Excess y rays from
other portions of the galactic plane have been observed
from the region of the galactic anticenter by Delvaille
et a l . [ 1 0 1 1 , and from the region of the constellation
Cygnus by Frye and Wang [ 9 9 ] , Valdez and Wadding-
t o n , [ 1 0 7 ' 1 0 8 ] and Hutchinson et a l . [ l u ] in the satel l i te
OGO-5. Indication of an excess of y rays from the
galactic plane was obtained also in another detector
located on OSO-3. [ 9 2 ]

The resu l t s of Frye, Staib, et al ., [ 1 0 ° 3 obtained in a
balloon by means of a high-aperture spark y telescope,
a r e in striking disagreement with these s tudies . They
did not detect an excess flux from the galactic center
and give only an upper limit of 3 χ 10"5 (cm 2 -sec-rad)" 1

(at the 95% confidence level), which is four t imes
smal le r than the flux of Clark et a l . r i 4 6 ] This resul t is
most likely e r roneous , although we cannot exclude the
daring point of view that the resul t of Frye et a l . indi-
cates a variable d i screte source located in the d i r e c -
tion of the galactic center . At the present t i m e ,
variability is known in the 3—12 keV region of x-ray
sources with periods from tens of minutes (Sco
X R - l ) t l 6 9 ' 1 7 0 ] to severa l days (a new x-ray source in
the sourthern sky [ 1 7 1 ] ) and months (Gen XR-2 [ 1 7 2 ] ) . The
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Table V. Experimental measurements of galactic component
of energetic y r a y s

Authors

Delvaille et al. (""]

Frye and Wang ["|

FiQjitel, Kniffen, and
Ogelman["4]

dark, Gaimire, and
Kraushaarl1"·14*!

Valdez and
Waddington[""]

Sood["]

Hutchinson et al. ['" J

Frye, Staib, et
al. [•»]

Kniffen and Fichtel

Time of
measurement

April 1966

July, Septem-
ber 1966

December
1966

April,
December
1967

July 1967

October,
November
1967

March, April
1968

February
1969

October
1969

Object

<Vi>

Balloon
(47°)

Balloon
(42°)

Balloon
(40")

OSO-3

Balloon
(42°)

Balloon

(0°)

OGO-5

Balloon

Balloon

* I n units of 10" 4 (cm 2 -sec-sr) ' ' .

Angu-
lar res-
olution

± 1 °

± 2 . 3

± 3 °

± 1 5 °

± 1

± 2 5

± 3 °

± 2 . 3 °

± 3 °

Thresh
old en-
ergy,
MeV

1000

loo

100

loo

100

50

40

50

100

Line source intensity, 10"4

(cm1-sec-rad)"1

Galactic
center

2 . 3 + 1 . 2

1 . 2 ± 0 . 3

5 . 0 ± 0 . 6

< 0 . 3

2 . 0 ± 0 . 7

Anti-
center

6 ± 3 · )

0 . 4 ± 0 , l

Cygnus
region

0 . 4 ± 0 . 2

0 . 6 ± 0 . 3

3 ± 1 . 5

4 . 9 ± 2 . 1

i n c r e a s e o f i n t e n s i t y a t t h e p e a k i n c o m p a r i s o n w i t h t h e

q u i e s c e n t s t a t e a m o u n t s t o a f e w t i m e s t o f a c t o r s o f

t e n , t 1 7 1 1 a n d i n t h e c a s e o f G e n X R - 2 s e v e r a l o r d e r s o f

m a g n i t u d e , s o t h a t t h e e n t i r e p h e n o m e n o n r e c a l l s t h e

f l a s h o f a s u p e r n o v a i n t h e x - r a y r e g i o n / 1 7 2 1

I n t h e s o f t y - r a y r e g i o n , n o e x p e r i m e n t s h a v e b e e n

p e r f o r m e d o n o b s e r v a t i o n o f t h e g a l a c t i c c o m p o n e n t o f

t h e d i f f u s e b a c k g r o u n d . A g a l a c t i c c o m p o n e n t h a s b e e n

o b s e r v e d i n t h e s o f t x - r a y r e g i o n ( 2 - 1 8 k e V ) [ 1 6 e ' 1 7 3 ] ,

a n d i n t h e h a r d x - r a y r e g i o n o n l y u p p e r l i m i t s h a v e

b e e n o b t a i n e d . 1 1 6 β ) 1 7 4 ] T h e r e s u l t s o f m e a s u r e m e n t s o f

t h e g a l a c t i c c o m p o n e n t o f a d i f f u s e r a d i a t i o n a r e s h o w n

i n F i g . 1 0 .

F I G . 1 0 . E n e r g y s p e c t r u m o f g a l a c t i c

c o m p o n e n t o f d i f f u s e r a d i a t i o n i n t h e x - r a y

a n d 7 - r a y r e g i o n s . 1—ref. 1 7 3 ; 2 - r e f . 1 6 6 ;

3 - r e f . 1 7 4 ; 4—ref. 1 4 6 ; 5 — c o m p t o n m o d e l

s p e c t r u m ( a = 1.8) ( 1 7 3 ] .

1.0 10 100 1,0 10
keV Energy i MeV

9 . S E A R C H F O R D I S C R E T E C G R S O U R C E S

S e a r c h e s f o r e x c e s s r a d i a t i o n o v e r t h e b a c k g r o u n d

f r o m v a r i o u s p o r t i o n s o f s k y h a v e b e e n c a r r i e d o u t

o v e r t h e e n t i r e r a n g e o f y - r a y e n e r g i e s i n s a t e l l i t e s ,

b a l l o o n s , a n d a t s e a l e v e l . T h e s e s t u d i e s h a v e b e e n

c a r r i e d o u t b o t h a s a s y s t e m a t i c s u r v e y o f t h e e n t i r e

s k y b y y t e l e s c o p e s w i t h l a r g e a p e r t u r e a n d r a t h e r h i g h

a n g u l a r r e s o l u t i o n ( t e l e s c o p e s w i t h s p a r k c h a m b e r s )

a n d a s a n o b j e c t - o r i e n t e d s t u d y o f p o s s i b l e y r a d i a t i o n

f r o m k n o w n c o s m i c o b j e c t s . I n t h e l a t t e r c a s e , h i g h l y

d i r e c t i o n a l t e l e s c o p e s w i t h h i g h a n g u l a r r e s o l u t i o n a r e

b e s t s u i t e d .

T h e " s e a r c h i n g p o w e r " o f a t e l e s c o p e c a n b e c h a r -

a c t e r i z e d b y t h e m i n i m a l f l u x f r o m a d i s c r e t e s o u r c e

F m i n w h i c h t h e t e l e s c o p e c a n d i s t i n g u i s h i n t h e b a c k -

g r o u n d r a d i a t i o n :

F , - A l Β Ω \"2 ( 4 )

where Β is the intensity of the background isotropic
flux, Q is the solid-angle resolution of the apparatus,
η is the y-ray detection efficiency, S is the detector
a r e a , t is the t ime of observation of an object, and
A RS 3 is a constant equal to the value of the positive
excess in the standard deviations of the background
counting r a t e at which this excess can be considered
statist ical ly demonstrated. Since Β, Ω , and η a r e
functions of y-ray energy, the minimal flux depends
also on Εγ.

Let us es t imate the minimal fluxes detectable by
contemporary γ te lescopes . The value of background
flux is Β « 10"3 ( c m 2 - s e c - s r ) " 1 in balloon m e a s u r e -
ments and approximately an order of magnitude lower
in satell ite m e a s u r e m e n t s . For y te lescopes with a
spark chamber, whose angular resolution is Δ θ « 1°,
Ω is ~10" 3 s r , and for blind telescopes (ΔΘ » 15°)
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Ω « 0.2 s r . The average efficiency for detection of y
r a y s with energy Εγ 2 100 MeV is η « 0.2. Then for
the usual present-day telescope with a spark chamber
(S « 100 cm 2 ) mounted in a balloon, the minimal m e a s -
ureable flux from a d i scre te source for five hours of
observation will be Fmin ^ 5 χ 10"6 (cm 2 -sec)~\ The
s a m e value of minimal flux is also character i s t ic of the
typical c u r r e n t blind y telescope in a satel l i te
(S s» 10 cm 2 ) for an observation t ime ~1.5 months.

P r o m i s i n g sources for γ r a y s from the point of
view of the possibility of their observation a r e :

1) Sources of nonthermal radio radiation. Some of
them a r e nebulae produced by explosion of supernovae.
Among these a r e the Crab Nebula (remnant of the
supernova of 1054), the radio nebula Vela X, the r e m -
nants of the supernovae of Tycho Brahe (1572) and
Kepler (1604) and of the supernova of 1005, the loop in
Cygnus, Cassiopei A, and so forth»

2) Sources of χ r a y s , the most powerful of which a r e
sources in the constellations Scorpius and Cygnus:
Sco XR-1, Cyg XR-1, Cyg XR-2, and so forth.

3) Sources of pulsating radio radiation (pulsars).
Some of them have been identified with supernova
r e m n a n t s , for example, the pulsar NP 0532 in the Crab
Nebula.

4) Extragalactic s o u r c e s such a s the c losest galaxy
M31 (Andromeda A) and powerful radio galaxies and
q u a s a r s : M87 (Virgo A), Cygnus A, and so forth,
galaxies with active nuclei (Seyfert and Ν galaxies).

5) The Sun, part icular ly during f lares .
In Fig. 11 we have shown a sky map with " p r o m i s -

i n g " y - r a y sources plotted on it. Cosmic objects
which have already been the subject of a s e a r c h for y
r a y s a r e surrounded by a c i r c l e . In o r d e r not to com-
plicate the map, we have not shown on it many extra
galactic objects from which y r a y s have not been
searched for. A summary of the upper l imits of
fluxes from discrete sources is given in Table VI.
Systematic studies have been made of ~60% of the
celes t ia l sphere in the northern hemisphere and ~40%
in the southern h e m i s p h e r e . 1 " ' 1 0 0 ' 1 5 0 1 It is apparent
that hardly 10% of the promising sources have been
studied in the y region. It is also t r u e , however, that

•one Crab
Nebula" „

jKa? Crab
• " „ Nebula

i 13 21 21 20 IS № 17 № IS 1Ί 13 12 II 10 S S 7 S S 4 3 2 I a
Right ascension a, hours

F I G . 1 1 . S k y m a p o f p o s s i b l e d i s c r e t e 7 - r a y s o u r c e s . S o l i d l i n e — e q u a -

t o r i a l p l a n e o f t h e g a l a x y . S u p e r n o v a r e m n a n t s ; · — x - r a y s o u r c e s ; + — p u l -

s a r s ; X — q u a s a r s ; A — r a d i o g a l a x i e s ; * — v a r i a b l e r a d i o s o u r c e s . T h e s o u r c e s

surrounded by circles have been checked in the γ-ray region.

m o s t of t h e m r e q u i r e h i g h e r - a p e r t u r e y t e l e s c o p e s for

i n v e s t i g a t i o n .

In T a b l e VI we h a v e s h o w n a l s o t h e u p p e r l i m i t s of

f l u x e s f r o m p o r t i o n s of t h e s k y w h e r e e x c e s s e s of y

r a y s h a v e a t any t i m e b e e n o b s e r v e d . T h e s e " s o u r c e s "

a r e C o r n e l l - 1 and - 2 , R o c h e s t e r - 1 , and C W R U - 1 , o b -

s e r v e d by t h e g r o u p s of i n v e s t i g a t o r s a t C o r n e l l ,

R o c h e s t e r , and C a s e - W e s t e r n R e s e r v e U n i v e r s i -

t i e s . 1 9 4 ' 9 7 ' 1 0 9 1 T h e e x c e s s flux f r o m t h e s o u r c e

R o c h e s t e r - 1 in O c t o b e r 1965 a c c o r d i n g t o D u t h i e e t

a l . [ 9 4 ] amounted to (1.5 ± 0.8) χ 10"4 ( c m ' - s e c - s r ) " 1 .
According to the data of Frye and Wang, [ 9 8 ] who
studied this region of the sky with a h igher-aper ture
telescope before and after the measurements of
Duthie et al . , no excess was observed. The upper limit
of the flux for E y > 100 MeV is 6 χ 10" s and 1.2
χ 10"5 (cm 2 -sec) for January 1965 and July 1966, r e -
spectively. Fluxes from the " s o u r c e s " Cornell-1 and
-2 and CWRU-1 also were not observed in repeated
m e a s u r e m e n t s . I9 7»1 0 9!

A s imi lar situation exists also in the region of
superenerget ic y r a y s . Excess radiation with energy
Ε γ > 10 1 2 eV has been observed by a number of
w o r k e r s . F r o m the pulsar CP 1133 fluxes have been
observed J y » 5 x 1O' U (cm 2 -sec)" 1 for E r > 3
χ 101 2 eV (O'Mongain et a l . t l 3 8 ] ) , J y « ^ " ( c m ' - s e c ) ' 1

for Εγ 2 10 1 3 eV, [ 2 9 5 ] and J y « 2 x 10"1 2 (cn^-sec)" 1

for Εγ 2 7 χ 10 1 3 eV (Charman et a l . [ 1 3 3 ] ) . F r o m
pulsar CP 0950 a flux of magnitude J y « 4
χ 10"1 1 (cm 2 -sec)" 1 was observed by Chatterjee et
a l . t l 3 7 ] for Εγ a 10 1 3 eV. However, the subsequent
measurements of Fazio et a l . [ 1 2 9 ' 1 3 0 1 and Charman et
a l . [ 1 3 4 1 , made about a year la ter , did not confirm these
r e s u l t s . In Table VI we have listed only the upper
l imits of the fluxes from these s o u r c e s .

Although the s ta t i s t ics of the observations a r e s t i l l
very poor, such frequent appearance and disappearance
of excess fluxes may indicate the existence of variable
pulsating sources of y r a y s .

This conclusion, possibly, is confirmed by the ex-
per imental re su l t s of Frye et a l . , [ l o t > 1 Kniffen and
F i c h t e l , [ 1 4 3 ] and Volobuev, Gal 'per , et a l . t l 7 5 > 1 7 6 ] A
discre te source of y rays with energy Ε γ a 50 MeV
located in the constellation Sagittarius: β = 288 ± 3°,
δ = -35 ± 2°, and named Sgr y-1 was discovered by
Frye et a l . [ 1 0 0 ] from observation of the excess count-
ing r a t e of a spark y telescope in two balloon flights in
February 1969. The probability of a s tat i s t ica l fluctua-
tion leading to the excess was 8 χ 10~4 for the two
flights together. The intensity of the flux from SGR y-1
was (3 ± 1) χ 10"5 ( c m 2 - s e c ) ' 1 . Kniffen and F i c h t e l , [ 1 4 3 ]

who studied this portion of the sky in detai l in October
1969, observed no excess and obtained only an upper
limit of the flux from Sgr y-1 of 12.4 χ 10"5 (cm 2 -sec)" 1

(at the 95% confidence level), which, however, is not in
sharp disagreement with the flux of Frye et a l .

In the work of Volobuev, Gal 'per et a l . [ 1 7 6 1 c a r r i e d
out with a y telescope on the satel l i tes Cosmos-251 and
Cosmos-264, an excess flux of y r a y s with energy Ey
a 100 MeV was demonstrated from comparison of the
counting-rate c h a r a c t e r i s t i c s of the apparatus in each
of two flights. On the assumption that the radiat ion of
a d i scre te source was detected, the intensity of the
flux is (6.0 ± 2.3) χ 10"4 ( c m ^ s e c ) " 1 . In the region of
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Table VI. Upper limits of fluxes from discrete sources

Source

Supernova
remnants

Crab Nebula
IC 443
Kepler 1604

HB 21
Loop in Cygnus
Cassiopeia A

x-ray sources

Tau XR-1
Sco XR-1
Sco XR-2
Oph XR-2
Sco XR-3
Oph XR-1
Sgr XR-1
Sgr XR-3
Sgr XR-2
Cyg XR-1
Cyg XR-3
Cyg XR-2
Loo XR-1

Pulsars
NP 0526 + 21
NP 0531+21
CP 0950 + 08
CP 1133 + 16
AP 1541 + 09
PSP 1642—03
CP 1919+21
AP 2015 + 28
Sun
Moon

Galaxies
Andromeda

Nebula (M31)
Centaurus A
Large Magellanic

Cloud
Small Magellanic
Hydra A (NGC

4151)
Radio
galaxies

Virgo A
(3C274, M87)

Her A (3C348)
CygnusA

(3C405)
Perseus A.

(3C84; NGC
1275)

3C231 (M82)
3C458
NGC 5236
NGC 2782
NGC 7469
NGC 7714

Quasars
3C9
3C47
3C48
3C138
3C147
3C181
3C186
3C191
3C196
3C208
3C273
3C286
3C287
3C380
3C345
3C245

CorneU-1
CorneU-2
CWRU-1
Rochester-1

Λ

05
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23

5
16
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20

12
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07
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α
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1 0
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4 1
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1 9

1 5

2 8

4 8

5 7

1 6

5 1

1 7

3 3

3 4

1 8

3 8

2 5

4 0

0 2

0 9

5 0

2 6

2 8

2 8

2 8

4 1

4 0
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•

10
31.46
30.76
26.9
10
25
37.0
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2.

17

48.0
44.3

30
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40.3
49.8
16.5
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20.3
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03.7
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(Εγ > 50 MeV)

1. Galactic sources

21

22
- 2 1

50
30
58

22.1
- 1 5 . 2
- 3 6 . 4
—23.5
—44.3
- 2 0 . 7
—29.2
—21.6
—17.1

34.5
40.4
38.8

21
21
08
16
09

- 0 3
21
28

59

43
25
30
12
32

58
58
09
07
38
00
47
31

55
48
35

14

17»»

20»·
3 9 " »
21»»
11»»

2300 83

17»»
3911»
2 6 " °
6 5 1 »
70 iso
39U3
39113
39113
12150
25»»
16»»
28»»

17»»
17 »9

19»»

16»»
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100 2Ό
280 2Ό
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30» '
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3. Unidentified sources
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35
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the possible location of the s o u r c e , which is bounded
by the coordinates a = ( 3 . 6 - 5 . 0 ) h , δ = 4 - 9 ° , there a r e
two " p r o m i s i n g " y s o u r c e s : quasar 3C93 and
N-galaxy 3C120. As follows from an analysis made by
Volobuev et a l . [ 1 7 6 1 , the most probable source of the
excess γ radiation detected is 3C120 (a <* 4.5 ,
δ f» 5°)—a powerful source of infrared r a d i a t i o n 1 1 7 7 ' 1 7 8 1

and a variable i r regu lar shortwave radio s o u r c e . [ 1 7 9 > 1 8 1 ]

The m e a s u r e m e n t s of Volobuev et a l . [ 1 7 e l were made at
the t ime of the most intense f lares of radio radiation
of 3C120 in recent y e a r s (October and November, 1968).

In study of pu l sa r s , a t tempts have been made to ob-
serve pulsating y r a y s with a period equal to the
period of the radio r a d i a t i o n [ 1 3 0 ' 1 3 3 ' 1 3 4 > 1 " ' 1 8 2 ] ; here it
was assumed that pulsating y radiation a r i s e s as the
resu l t of interaction of protons accelerated in the
pulses with the m a t e r i a l of the sources . [ 1 8 3 ~ 1 8 5 ] Except
for the work of Vasseur et a l . , [ 1 8 2 ] which is discussed
below (Sec. 10), s e a r c h e s for pulsating y r a y s have
not given a positive r e s u l t .

A part icular ly large number of studies have been
devoted to the s e a r c h for γ r a y s from the Crab Nebula
(Taurus A), the radio sources Cygnus A and Virgo A
and the Sun in view both of the great importance of
these objects for as trophysics and the very high y-ray
fluxes expected from t h e m . The r e s u l t s of these stud-
ies a r e discussed below.

10. γ RAYS FROM THE CRAB NEBULA

X rays from the Crab Nebula were discovered by
Clark et al. [ 1 8 6 ] in the energy range 15—62 keV. The
hard x-ray and soft y-ray region has been studied by
Peterson et ai#)[

20>lf"»188] Haymes et al., [189] Grader
et al., [ i e o ] and Frost et al. [ 1 9 1 ] The energy spectrum
of the radiation in the range 35—560 keV is described
by the power law[189]

dE
(cm2-sec-keV)~ (5)

which is in good agreement with most of the results.
Above 0.5 MeV the studies which have been made give
only upper limits of the flux:

Fy < 7 χ 10 5 ( c m ' - s e c ) ' 1 for Ey = 0 .49-0.65 MeV,
Fy < 4.5 x 10"5 (cm'-sec)" 1 for Ey = 0.65-0.77 MeV, [ 1 9 1

and

Jy < 1.7 χ 10"3 (cm'-sec-MeV)" 1 at Ey = 1 MeV,
J y < 1 χ 10"3 (cm'-sec-MeV)" 1 at Ey = 5 MeV, [ 1 9 2 ] .

Pulsating χ r a y s from pulsar NP 0532 located in
the Crab Nebula were recent ly discovered by F r i t z et
a l . [ 1 9 3 ] and confirmed by Bradt et a l . , [ 1 9 4 ] Fishman et
a l . , [ 1 9 5 ] and Floyd et a l . [ 1 9 e ] (see also ref. 197)*.

The spectrum of χ r a y s and soft y r a y s of the Crab
Nebula joins smoothly onto the spectra of optical and
radio radiation, which have the same power law. This
p e r m i t s the conclusion to be drawn that the entire

range of electromagnetic radiation of the Crab Nebula
from 1 0 8 t o 10 2 0 Hz is synchrotron radiat ion. 1 1 8 9 1 Ac-
cording to this assumption there must exist in the
Crab Nebula a magnetic field with an average value of
the order of 10 ' 4 Oe and a flux of e lectrons accelerated
to an energy of 10 1 4 eV.

Extrapolation of the measured power-law spectrum
to the energetic y-ray region gives a flux of (1.5
± 1.0) χ 10' 5 (cm 2 -sec)" 1 for Ey ζ 50 MeV. This extra-
polated flux value is consistent with resu l t s obtained in
the search for γ r a y s in this energy region, which have
been summarized in Table VII. In most of the s tudies,
only upper l imits of the flux have been determined,
and the most rel iable of them for Ey 2 30—100 MeV
amount to ( 2 - 5 ) χ 10"5 (cm 2 -sec)" 1 .

A finite flux of energetic y r a y s from the Crab
Nebula was recorded by Vasseur et a l . [ 1 8 2 ] by means
of a spark chamber in a balloon. By measuring the
t ime of a r r i v a l of the γ ray with an accuracy of 1 m s e c ,
Vasseur et a l . were able to identify a pulsating com-
ponent of y rays with a period the same a s for the
radio, optical, and x-ray radiation of pulsar NP 0532
( - 3 3 m s e c ) . [ 1 9 3 " 1 9 6 ] The intensity of the pulsating part
of the flux of y rays with energy Ey > 50 MeV is
~10" 5 (cm 2 -sec)" 1 , which is in agreement with the
upper l imits of other investigations and with the value
of the extrapolated flux*.

In study of the Crab Nebula by γ te lescopes on the
Earth by means of Cerenkov radiation of the upper
a t m o s p h e r e , Fegan et a l . [ 1 2 6 ] recorded an excess flux
of magnitude 1.5 χ 10"1 0 (cm 2 -sec)" 1 for energies Ey
> 2 x 10 1 2 eV. More accurate data obtained by Fazio
et a l . [ 1 2 9 > 1 3 0 ] a year later in the world 's largest appa-
r a t u s of this type did not confirm this r e s u l t .

11. y RAYS FROM THE EXTRAGALACTIC SOURCES
CYGNUS A (CA) AND VIRGO A (VA)

The extragalactic radio sources Cygnus A (3C405)
and Virgo A (3C274 or M87) have been studied r e -
peatedly in the x-ray and y - r a y regions . The x-ray
source Vir XR-1 has been identified with VA and is
the first rel iably established extragalactic source of
χ r a y s . [ 1 9 8 ' 1 9 9 ] The x-ray spectrum of VA has not been
accurately established, but there a r e indications that
there is a single power law for the entire spectrum
from VA (from radio to x-ray) with an exponent
α « 1.65. [199~201] No χ rays from CA have been found.
The upper limit of the flux in the energy range
2 - 5 keV is 0.03 ( c m 2 - s e c ) - ' . [ M Z 1 Haymes et a l . [ 2 0 3 ]

have reported observation of soft y r a y s (up to 0.45
MeV) from the x-ray source Cyg XR-1, which is lo-
cated not far from CA but which i s , apparently, an
intragalactic s o u r c e . In the energetic y-ray region no
flux has been reliably established either from CA or
VA. The upper l imits of the y - r a y fluxes with E y

> 50 MeV a r e 1.6 χ 10"5 ( c m ^ s e c ) " 1 for CA and 1.5

*Hillier et al. [146] have observed pulsing γ-rays from the Crab
Nebula in the range 0.6-9 MeV. The flux of the pulsating component
is 2.5 Χ 10'8 erg/cm2-sec. It is interesting to note that the ratio of the
intensities of the pulsating and constant components of the hard radia-
tion of the Crab Nebula increases with increasing photon energy.

*Charman and White [298] and Delvaille and McBreen t 2 9 9 ] point
out the inadequate statistical basis of the work of Vasseur et al. On the
other hand, experimental indications of the existence of a pulsating flux
of γ rays with Ε γ > 10 MeV from NP 0532 are contained in the work
ofKinzeretal. [226]
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Table VII. γ -radiation of Crab Nebula

Authors

Kraushaar,
Clark, and
Garmire ("·"]

Frye and Smith
["1

Cobb, Duthie,
and Stewart [·•

Delvaille et
al. I 1 "]

Fazio etal. ["']

Frye and Wang
["]

Fichtel, Kniffen,
and Ogelman
['"]

Clark, Garmire, am
Kraushaar | " · " *

FeganetaL ['"]

Vasseur et
aL ["]

Time of
observation

March-
October
1961

February
1964

AprU 196S

April 1966

May 1966

July-Sep-
tember 1966

February
1967

April, Decem-
ber 1967

Winter 1966-
1967

July, Septem-
ber 1969

Object
Ogm.li)

«Explore r-
11»

Balloon (42°,
3.5g/cm2)

Balloon (17°,
6.5 g/cm1)

Balloon (46°,
10 g/cm2)

Balloon (42°,
4 g/cm1)

Balloon (42°,
2.5 g/cm1;
20°, 2.9
g/cm·)

Balloon (42°,
3 g/cm1)

0S0-3

Cerenkov
telescope

Balloon

*At the 95% confidence level.

Angular
resolution

±17°

2±2,5°

2±2°

±1°

±5°

±2.6°
±1.3°
±1°

±5°
±3°

±15°

±1°

2°

Thresh-
old en-
ergy
MeV

50

30

100

1000

100

50
150
500

30
100

100

2-10»

50

Flux, 10~*
(cm1-sec)"1

< 6.6 ·)

< 1 . 5 · )

< 0 . 4 9 · )

< 0 . 1 2 · )

<0,31»)

< 0 . 1 7 · )
< 0 , 0 9 · )
< 0 . 0 5 · )

< 2 . 7 · )
< 1 . 8 · )

< 0 . 5 · )

1.5-10-»»

0.1

Flux from
Crab Nebula
region, 10"*

(cms-sec-sr)"1

6±3

0.4±0,l

χ 10"5 (cm^sec)" 1 for VA (see Table VI). The upper
limit for VA in the region Ey > 50 MeV lies signifi-
cantly below the extrapolation of the x-ray spectrum. [ 8 8 ]

In some studies, an excess energetic y-ray flux has
been recorded from regions located not far from CA.
In addition to the excess flux of Duthie et al.
(Rochester-l) [ M j already discussed, an indication of
the existence of a flux from a region close to CA was
obtained by Clark et al. In OSO-3, [ 9 1 '1 4 6 ] and by Valdez
and Waddington[107"108] and Frye and Wang[99] in
balloons. This excess radiation is regarded by these
authors as part of the flux from a linear source in the
galactic plane (see Table V). However, the poor angu-
lar resolution of the instruments themselves and the
inaccuracy in determination of their location in space
do not permit certain rejection of the idea that this
excess flux may be associated with radiation from CA.
The same remark must be made also in regard to the
measurement of the linear source near the anticenter,
which, because of the inaccuracy in its absolute po-
sitioning in the sky, may be confused with a discrete
source in the Crab. On the other hand, the galactic
radiation is a background which hinders observation of
the flux from discrete sources located near the
galactic plane, such as the Crab Nebula and CA. In
this sense a convenient location is occupied by the
source VA, which is located far from the galactic
equator. Excess radiation from the region of VA has
been observed by Fichtel et a l . [ U 4 ] by means of a large
wire spark chamber in a balloon.

The deficiency of all observations of excess flux in
the region from CA to VA is their poor statistical ac-
curacy. As a rule, the effect does not exceed two

standard deviations and, consequently, may arise as
the result of a statistical fluctuation.

12. y RADIATION FROM THE SUN

Radiation from the Sun occupies a special place in
studies of CGR, since it serves as the solution of quite
different problems than the study of CGR from remote
space. At the same time, both in production processes
and in methods of study, the y radiation from the Sun
has no basic difference from the radiation of any other
cosmic source.

Investigation of the Sun is technologically quite
convenient in view of the possibility of achieving accu-
rate orientation toward it of telescopes, using following
systems, and utilizing the day-night effect for nondi-
rectional detectors. In spite of these advantages, no
χ rays or y rays from the quiet Sun have been observed
in the range 0.01—10 MeV. The upper limits measured
for the flux by Schwartz and Peterson [ 1 5 5 ], Peterson et

alij[iae,i92] and F r o s t e t a l #[iei] a r e . 0 < 0 5 ( c m 2- S ec)- 1

for Ey = 0.16-0.8 MeV and 0.02 (cm^-sec)"1 for 0.8
MeV. Measurements of y-ray lines from the sun have
also led only to establishment of upper limits, which
are 0.005 (cn^-sec)"1 for Ey = 2.22 MeV (the line
arising in np capture) [ 1 5 8 ' 2 0 4* and 0.014 (cm^sec)" 1 for
Ey = 0.511 MeV (the positron annihilation line). [ 1 5 8 > 1 9 1 ]

Figure 12 shows the calculated spectrum of χ rays
and soft y rays from the quiet Sun [22] and the measured
upper limits.

The limits of the flux of solar energetic y rays with
energy Ey >: 50 MeV measured in satellites and
balloons are given in Table VIII. It is interesting to
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FIG. 12. Differential energy spectrum calculated by Dolan and
Fazio [22] of χ rays and γ rays from the quiet Sun, and experimental
measurements. 1-ref. 297, 2-ref. 155, 3-ref. 192, 4-ref. 191, 5-ref.
192.

note that none of t h e s e s t u d i e s have r e v e a l e d e x c e s s y
r a y s f rom the quiet Sun s i m i l a r to the e x c e s s f luxes
f r o m the r e g i o n s of the Crab Nebula, Cygnus A, and
Virgo A, although the s t a t i s t i c s of the o b s e r v a t i o n s a r e
approx imate ly the s a m e in a l l c a s e s . The b e s t upper
l imi t of the y - r a y flux f r o m the quiet Sun, d e t e r m i n e d
by Frye and Wang, [ 9 9 ] i s 1.6 χ 1(Γ 5 ( c m ^ s e c ) " 1 .

While the radiation level of the quiet Sun has not yet
been measured, increase in the flux during solar f lares
has been recorded. P e t e r s o n and Winkler [ 2 0 5 1 observed
an 18-second r i s e in the flux of y r a y s with energy Ey
= 0.2—0.5 MeV at the t ime of the peak of an optical
flare in 1958. Cline et a l . [ 2 0 6 ] detected a y-ray flux
with energy in the range 0.08—1 MeV whose intensity
at the maximum exceeded 300 (cm 2 -sec)" 1 during the
flare of July 7, 1966. At high y-ray energies , no flux
has been detected from the Sun even during f lares .
Thus, Frye and Wang observed no flux of solar y r a y s
with Ε γ > 50 MeV during two subf lares , f 9 9 ] and Fazio
et a l / ] determined only an upper limit of the flux,
equal to 6 χ 10"3 (cm 2 -sec)" x for E y > 100 MeV for a
c las s 2+ f lare.

13. INTERPRETATION OF THE RESULTS OF CGR
STUDIES

As can be seen from the preceding sect ions, the
r e s u l t s of r e s e a r c h on cosmic y rays a r e r a t h e r in-
definite and somet imes even contradictory. In spite of
th is , important conclusions can already be drawn from

Table VIII. Exper imental m e a s u r e m e n t s of ener-
getic y r a y s from the sun

Authors

Fazio etal. ["*]

Frye and Wang ["]

Fichtel et al. ["»)

Duthie and
Osbornj'"]

Kaplon and
Valentine [9»>»3J

Fichtel, Kniffen,
and Ogelman

Time of
observation

May 1966

July, Septem-
ber 1966

September 1966

November 1966

March-April
1967

February 1968

Object (\gm, h)

Balloon

Balloon (42°,
3g/cm')

Balloon (47°)

Balloon (23°,
3.4g/cm!)

OSO-3

Balloon (42°,
3g/cm!)

Thresholdenergy
Ε γ , MeV

100

50

30

50

50

30
100

Flux, 10"4

(cm^-sec)"1

< 0.74

< 0 . 1 6

< 0 . 2 4

< 0 . 4 4

< 0 . 2 2

< 1 . 3
< 0 . 3 8

t h e r e s u l t s o b t a i n e d i n r e g a r d t o a n u m b e r o f c o s m o -

l o g i c a l p r o b l e m s ( e s t i m a t e s c a n b e m a d e o f t h e d e n s i t y

o f m e t a g a l a c t i c c o s m i c r a y s , a n d o f t h e d e n s i t y o f

a n t i m a t t e r i n t h e U n i v e r s e ) a n d o u r i d e a s c a n b e

c l a r i f i e d r e g a r d i n g p r o c e s s e s o c c u r r i n g i n c e r t a i n

c o s m i c o b j e c t s ( r a d i o g a l a x i e s , q u a s a r s , s u p e r n o v a

r e m n a n t s , a n d s o f o r t h ) . I n t h i s s e c t i o n w e w i l l d i s c u s s

a s t r o p h y s i c a l a p p l i c a t i o n s o f t h e r e s u l t s o f C G R r e -

s e a r c h , m o d e l s e x p l a i n i n g t h e o r i g i n o f v a r i o u s c o m -

p o n e n t s o f c o s m i c y r a y s , a n d t h e e x p e r i m e n t s w h i c h

a r e m o s t i m p o r t a n t , f r o m o u r p o i n t o f v i e w , f o r v e r i -

f i c a t i o n o f v a r i o u s m o d e l s .

A . T h e I s o t r o p i c C o m p o n e n t o f D i f f u s e C G R

I t i s n a t u r a l t o i d e n t i f y t h e i s o t r o p i c c o m p o n e n t o f

C G R w i t h r a d i a t i o n o f t h e m e t a g a l a x y ( o r i n t h e e x -

t r e m e c a s e t o c o n s i d e r i t a s a n u p p e r l i m i t o f t h e i n -

t e n s i t y o f m e t a g a l a c t i c y r a d i a t i o n ) . T h e i m p o r t a n c e

o f s t u d y o f m e t a g a l a c t i c y r a y s f o r s o l u t i o n o f c o s m o -

l o g i c a l p r o b l e m s h a s a l r e a d y b e e n e m p h a s i z e d i n e a r l y

w o r k o n y a s t r o n o m y / 6 ' 1 0 ^ T h e h i g h p e n e t r a t i n g p o w e r

of γ r a y s , the direct connection between the intensity
of the radiation and the density of metagalactic cosmic
r a y s (or ant imatter) , the t ransfer of an appreciable
par t of the energy of cosmic r a y s (or energy re leased
in annihilation) to the y r a y s produced—all of these
factors make y rays a unique source of information on
interactions of intergalactic cosmic r a y s with i n t e r -
galactic gas and annihilation of mat ter and ant imatter
in the galaxy and metagalaxy. The upper l imits to the
intensity of isotropic diffuse CGR obtained in recent
s t u d i e s / 8 9 " 9 1 ' 1 4 4 ' 2 0 7 1 permit definite conclusions to be
drawn on the density of ant imatter in the galaxy and
metagalaxy and the energy density of metagalactic
cosmic r a y s .

We will use the resu l t s of Kraushaar et a l . , cor-
rected after r e c a l i b r a t i o n / 1 4 5 ] to est imate the density
of ant imatter in the Universe (for more detail see ref.
208). The intensity of y radiation accompanying the
annihilation of ant imatter in intergalactic gas is given
in order of magnitude by

F~±llHnn(ov), (6)

where R H » 10 2 8 cm is the Hubble radius of the meta-
galaxy, η and η a r e the densit ies of mat ter and ant i-
m a t t e r , respectively, ( σ , ν ) « 10~15 cm 2 /sec is the
averaged product of the annihilation c r o s s section and
the relat ive velocity of the p a r t i c l e s . Consequently, the
upper limit to the product of the densit ies of mat ter and
ant imatter in the intergalactic gas is approximately
10~17 cm" 8 . If the density of intergalactic gas is 10"5

cm" 3 , the density of ant imatter must be seven o r d e r s
of magnitude s m a l l e r . This resul t presents consider-
ably difficulty for charge-symmetr ic models of the
Universe. A detailed analysis of this question has been
given by Ste igman. [ 2 0 8 ]

The upper l imits to the intensity of the CGR iso-
tropic component permit an upper limit to be d e t e r -
mined also for the product of the density of intergalac-
tic gas and the energy density of metagalactic cosmic
r a y s . This question has been discussed in detail by
Ginzburg, [ 2 0 9 > 2 1 0 ] Rosental ' and Shukalov/ 2 1 1 1 and
S t e c k e r / 2 1 2 ' 2 1 3 1 F r o m the upper limit obtained by
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Kraushaar et al . [ 1 4 5 1 it follows that for an intergalactic
gas density equal to the critical value, the metagalactic
cosmic-ray energy density cannot exceed 10'2 eV/cm3—
a value two orders of magnitude smaller than the en-
ergy density of galactic cosmic rays. It should be noted
that at the present time measurements have been made
of the background radiation in the energy region
30—50 MeV, [ 2 0 7 ] which permits an estimate to be made
of the density of metagalactic cosmic rays also in the
cosmological model of Lemaitre (for more detail see
ref. 209).

It is interesting to note that from the intensity of
isotropic χ rays it is possible to obtain an upper limit
for the energy density of metagalactic electrons with
energies greater than several giga-electron-
volts. [ 2 1 4 ) 2 U ' 2 1 5 ] According to Rozental' and Shukalov[211]

the energy density of metagalactic electrons is at least
four orders of magnitude smaller than the energy
density of galactic electrons.

Indirect estimates of the density of metagalactic
cosmic rays [ 2 0 e > 2 1 0 ' 2 x e ' 2 0 0 1 lead to a similar result—the
density of metagalactic cosmic rays should be several
orders of magnitude lower than for galactic cosmic
rays.

Let us now consider the question of possible sources
of isotropic y rays. In the energy region 0.1—1.0 MeV
the spectrum of isotropic γ rays is an extension of the
spectrum of hard χ rays. [ 1 5 e ] Therefore we should ex-
pect that the nature of the soft y rays and hard χ rays
is the same and that they are produced in the same
sources. The complex question of the nature of the
sources of χ rays is beyond the scope of our review.
Various approaches to this question are presented by
a number of workers. [ 1 9 2 1 7 " 2 2 3 ]

In the energy region from 1 to 6 MeV the situation
becomes more complex. According to the results of
Vette et al.1 7 4·', the intensity of background radiation in
this region is appreciably greater than that extrapolated
from the hard x-ray region. Since the measurements
were made with a nondirectional detector, the nature of
the radiation is not clear. However, as the authors
state, metagalactic origin of the background radiation
in this region is most likely. Explanation of the meta-
galactic origin of the radiation measured by Vette et
al., however, encounters great difficulties. For exam-
ple, the hypothesis of Clayton and Silk [224] regarding
radiation in lines during supernova flares and the hy-
pothesis of Brown t e i ] on inverse bremsstrahlung of
metagalactic cosmic rays, as has been shown by
Prilutsku and Rozental> [ e o 1 and Syunyaev[225], are in
direct contradiction with experiment. The hypotheses
of Stecker [ 2 7 7 ] and Rozental' and Shukalov[211] on the
pionic origin of metagalactic y rays in the region
1—6 MeV are consistent with measurements of back-
ground radiation in the range 30—50 MeV [ 2 0 7 ] only for
a rather soft spectrum of metagalactic cosmic rays
(a > 3.2). Syunyaev[225] has proposed that the excess
background radiation in the energy region 1—6 MeV is
due to radiation of a relativistic plasma surrounding
sources of infrared radiation (see also refs. 227 and
228). However, the interaction of relativistic plasma
with a magnetic field and with radiation, which is not
taken into account in the work of Syunyaev and collabor-
ators/ 2 2 5 ' 2 2 7 ' 2 2 8 1 substantially changes its properties,

and therefore the question of the validity of Syunyaev's
hypothesis requires additional study (see, for example,
the paper by Ochelkov et a l . [ 2 2 9 ] ) .

As can be seen, the results of Vette et al. have not
yet received an unambiguous theoretical interpretation.
It should be noted that measurements of background
radiation in this region are rather complicated, and
repetition of the measurements of Vette et al. with a
directional detector must be considered one of the
most necessary experiments on study of the background
γ radiation.

At high energies (Ey > 10 MeV) it is evidently
premature to raise the question of the origin of the
background radiation. The upper limits obtained for
the intensity of isotropic background radiation are still
consistent with the assumption of identical nature of the
χ rays and γ rays. It can be noted that the combined
radiation of all galaxies (if they radiate in the y region
as much energy as our galaxy) is at least an order of
magnitude lower than the upper limit of intensity ob-
tained by Kraushaar et a l . [ 2 3 0 ]

B. The Galactic Component of Diffuse CGR

Estimates of the galactic y-ray intensity made by
several workers (see, for example, refs. 6, 10, and 38)
have shown that the main contribution to galactic γ
radiation in the energy region near 100 MeV must be
from γ rays from decay of neutral pions produced in
interaction of cosmic rays with interstellar gas. How-
ever, the measurements of Kraushaar et al . [ 9 1 1 have
shown that the observed intensity exceeds the theoreti-
cal value by more than an order of magnitude. This
discrepancy lay far beyond the limits of error of the
initial data (the density of interstellar gas and the in-
tensity of galactic cosmic rays), and several alternative
models have been advanced to explain the high intensity
of galactic γ rays. However, recent experimental data
(the reduction in the value of the galactic y-ra.y flux
given by Kraushaar et al. after recalibration of the ap-
paratus [ 1 4 5 ' " e ] , measurements of the galactic component
of background radiation in the x-ray region/ 1 6"' 1 7 3 ' 1 7 4 1

and the spectral characteristics of the background rad-
iation in the range 50—100 MeV [143]) apparently argue
in favor of a pionic origin of galactic γ radiation in the
energy region greater than 50 MeV. We will discuss
this question in more detail.

The models advanced to explain the galactic com-
ponent of diffuse y rays can be divided into three
groups:

1) Decay of neutral pions produced in collisions of
cosmic rays with interstellar gas. This model is char-
acterized by presence of a broad peak in the spectrum
in the energy region near 70 MeV. The measurements
of Kniffen and Fichtel f l 4 3 ], according to which the spec-
trum of galactic y rays in the region 50—150 MeV is
flat, apparently support the pion model. According to
the calculations of Stecker et al., [ 2 3 1>2 3 2 ] in order to
explain the corrected results of Kraushaar et al. it is
necessary to assume that the density of interstellar
hydrogen is approximately 1 atom/cm3. This is some-
what greater than the density of atomic hydrogen in the
galaxy, which is 0.3—0.5 cm'3.1™1 This disagreement
can be removed by assumption of an increased concen-
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t ra t ion of cosmic r a y s in the vicinity of the galactic
center . In addition, it is not excluded that a significant
part of the inters te l lar hydrogen is in molecular
f o r m / 2 3 2 1 which apparently is confirmed by recent
m e a s u r e m e n t s / 2 3 4 1 Final verification of the pionic
hypothesis can be accomplished by more accurate
spectra l m e a s u r e m e n t s of galactic y r a y s in the
region 30-1000 MeV.

2) Inverse Compton effect of relat ivist ic e lectrons
and the res idual or infrared radiat ion. Felten and

M o r r i s o n [ 2 1 7 ] have discussed this model in detail for
the res idual radiat ion. Explanation of the r e s u l t s of
Kraushaar et a l . in t e r m s of this model r e q u i r e s too
high a density of re lat iv is t ic e lectrons in the galaxy,
considerably exceeding the density observed near the
E a r t h . [ 2 3 5 ] A number of authors (see re f s . 145, 2 3 6 -
238) have attempted to overcome this difficulty by con-
sidering the inverse Compton effect of galactic e lec-
t rons and the intense infrared radiation observed by
Shivanandan et a l . [ 2 3 9 ) 2 4 0 ] * . However, the resu l t s of
m e a s u r e m e n t s of the galactic component of background
χ radiation [ 1 6 6 > 1 7 3 > 1 7 4 1 apparently a r e incompatible with
the Compton model. Figure 10 shows the resu l t s of
m e a s u r e m e n t s of the galactic component of background
radiation in the energy region 1 keV-150 MeV. It can
be seen from the figure that the power spectrum of the
Compton model (shown by the dashed line) is incon-
sistent with the r e s u l t s of spect ra l measurements of
the galactic component of background radiat ion.

3) The d i s c r e t e - s o u r c e model. O g e l m a n [ 2 4 6 ] has
pointed out that the r e s u l t s of Kraushaar et a l . can be
explained as y radiation of galactic x-ray sources if
we a s s u m e that their energy spectrum is a power law
with an exponent a = 2. This hypothesis is apparently
i n c o r r e c t . The point is that most galactic x-ray sources
have a t h e r m a l spectrum which is exponentially cut off
at high e n e r g i e s / 2 4 7 ' 2 4 8 1 However, it is not excluded
that y-ray sources exist which have a low luminosity

in the x-ray region (see, for example, re f s . 100 and
249).

Longair and Sunyaev [ 2 5 0 ] have suggested that the
Compton scat ter ing of infrared radiation of the galactic
center observed by F r e d e r i c and Hoffman t 2 5 1 ] and
Aumann and Low1-2521 by relat ivist ic e lectrons can
contribute to the galactic component of diffuse y r a y s .
Detailed analysis of a s imi la r model, c a r r i e d out by
Maraschi et a i . [ 2 5 3 > 2 5 4 ] has shown that, although γ rays
from the radio source Sgr A, which is located in the
galactic center , can be detected by contemporary y
te lescopes , the total contribution of Compton radiat ion
to the galactic component of diffuse γ rays is compara-
tively smal l (see also the work of Stecker et a l / 7 4 a i ) .

Considerable interes t is presented by study of
galactic y rays in the soft y - r a y region. The y-ray
intensity in this region can be re lated to the density of

*Shivanandan et al. I239] have reported detection of background
radiation in the range 0.4—1.3 mm with an effective temperature of
8°K. If this has a metagalactic origin, then the entire metagalaxy is filled
with radiation with an energy density tens of times higher than for the
residual radiation. This leads to definite difficulties (for more detail see
refs. 241-244). According to recent measurements the effective tem-
perature of the background radiation in this region is 5°K. [245]

subcosmic r a y s in the galaxy (this question is discussed
in detail by Fowler et a l . [ 2 5 5 ] ) . Annihilation of low-
energy galactic positrons can serve as an additional
source of galactic y rays in the 0.5—2 MeV region.
Recently Cline and H o n e s [ 2 5 6 1 have reported detection
of a r a t h e r intense flux of cosmic positrons of low
energy (^,1 MeV), equal to 102 m" 2 sr" 1 sec" 1 MeV~ 1 .
The intensity of y radiation produced in annihilation of
these positrons is sufficiently high for separation of
the galactic component in the background of isotropic
metagalactic y r a y s / 2 5 7 1

C. The Sun

Measurements of the γ -ray intensity of the quiet
Sun up to the present t ime have not yielded positive
r e s u l t s . Theoret ical es t imates of the y-ray flux from
the quiet Sun lead to values lying below the limit of
sensitivity of contemporary d e t e c t o r s . Cosmic rays
a r e not produced in the quiet Sun, and three p r o c e s s e s
a r e apparently responsible for the production of solar
y rays in this period: 1) interaction of galactic cosmic
rays with the solar a tmosphere; 2) y rays from
natural radioactive e lements (K 4 0 and so forth) and
3) γ r a y s of radioactive nucle i ' 5 7 1 produced in solar
f lares .

Very great interest is attached to study of solar y
r a y s at the t ime of f lares . A solar flare is accompan-
ied by production of a large number of e lectrons and
protons (nuclei) of high energy. Interaction of these
part ic les with the solar atmosphere is accompanied by
production of intense γ radiat ion. By studying the
propert ies of this radiation we can obtain information
on processes occurr ing during the flare and on the
c h a r a c t e r i s t i c s of the flare mechanism (density of
matter in the vicinity of the f lare, preferential d i r e c -
tion of emission of solar cosmic r a y s , and so forth).

The processes for y-ray production in a flare a r e
extremely d iverse . In the energy region 0.1—1 MeV
the important processes a r e electron b r e m s s t r a h -
lung, [ 2 5 8 ] inverse b r e m s s t r a h l u n g , [ 5 9 ] and annihilation
of e lectrons and pos i t rons . In the region 1 — 10 MeV
an appreciable contribution is made by y r a y s from
excited nuclei produced in collisions of cosmic rays
with matter in the solar a t m o s p h e r e / 5 3 ' 2 5 9 1 At higher
energies the main role begins to be played by y r a y s
produced in decay of n° mesons formed in nuclear
co l l i s ions/ 2 6 0 1

According to Ell iot ' s model f 2 f U ] a flare in y r a d i a -
tion can precede an optical f lare.

Est imates of the fluxes expected depends strongly
on the flare models . Details on specific calculations
can be found in the ar t ic les cited in the preceding
paragraph and in the review by Dolan and F a z i o / 2 2 1

P r o b l e m s associated with the energetic radiation from
solar f lares a r e also discussed in the review by Neu-
p e r t / 2 6 2 1

D. Discrete y-ray Sources

Interpretation of the resu l t s of study of y rays from
discre te s o u r c e s located outside the solar sys tem a r e
r a t h e r indefinite. On the one hand, the experimental
r e s u l t s a r e not very numerous and a r e somewhat con-
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t r a d i c t o r y . On the other hand, we know too little about
the conditions in potential s o u r c e s of cosmic y r a y s -
q u a s a r s , radio galaxies, galaxies with increased a c -
tivity in the i r nuclei, supernova r e m n a n t s , pu l sa r s ,
and so forth. Calculations of the expected fluxes a r e
quite numerous (see, for example, re f s . 27—33 and
the reviews of Ginzburg and Syrovatski i [ e 3 and
F a z i o [ 1 2 ' 1 8 ] ) but a r e quite uncerta in; the calculations of
different workers frequently differ by an o r d e r of mag-
nitude or even m o r e .

Nevertheless the r e s u l t s of study of d i scre te y
s o u r c e s present great in teres t for verification of var i-
ous hypotheses on the s t r u c t u r e of cosmic objects, on
the energy sources of the radiation from radio galaxies,
q u a s a r s , and supernovae, and on the possible existence
of unusual objects (neutron s t a r s and so forth). In this
section we will d iscuss s e v e r a l such astrophysical ap-
plications of the exper imental r e s u l t s of s e a r c h e s for
d i scre te y-ray s o u r c e s .

For example, the upper l imits on the intensity of
d i sc re te sources in the energy region ΙΟ 1 1—10 1 2 eV [ 4 > 1 3°3

permit a choice to be made between different models of
relat iv is t ic electron production in the Crab Nebula and
in the radio galaxy M87. Burbidge [ 2 e 3 ] has proposed
that the relat ive e lectrons responsible for the r a d i a -
tion of the Crab in the radio-optical and x-ray regions
a r e produced in decay of pions formed in nuclear col-
l i s ions. However, the upper limit of >-ray intensity in
the range ΙΟ 1 1—10 1 2 eV i s two o r d e r s of magnitude be-
low the intensity calculated by Burbidge's model. Con-
sequently, the hypothesis of secondary origin of the
e lectrons in the Crab is not valid, and it is necessary
to a s s u m e that in the Crab Nebula continuous injection
of relat ive e lectrons o c c u r s . It is possible that the
electron source in the Crab is pulsar NP 0532. [ 2 6 4 ]

Similar calculations have been made also for the out-
burs t in radio galaxy Μ 8 7 , [ 9 β ' 2 β 5 ] in which continuous
injection of e lectrons is a lso n e c e s s a r y .

Ginzburg and Syrovatsk i i [ 2 β β ] and Gould [ 2 6 7 ] have
pointed out that in some objects appearance of intense
χ rays and y r a y s is possible in the scatter ing of r e l a -
tivistic e lectrons by thei r own synchrotron radiat ion.
Knowledge of the upper l imits of γ radiation permi t s
determination of the lower limit of the average mag-
netic field in the source (for more detail see re f s . 267,
268). In this way lower l imit s have been obtained for
the field in the Crab Nebula ( H C N > 4 χ 1(Γ 5 O e [ 9 9 ] ) ,
in pulsar NP 0532 (ΪΤ > ΙΟ3 [ 2 β 9 ] ) , the outburst in M87
( H D > 10"5 O e t 9 9 ] ) , and other s o u r c e s . i 2 e 8 ]

As has been noted previously, m e a s u r e m e n t s of
CGR a r e a powerful instrument for searching for ant i-
matter in cosmic space . The upper l imits of y-ray
intensity from quasar 3C 273 [ B 9 : l and a number of
sources of infrared radiat ion [ 2 7 O ] refute the hypotheses
that annihilation of mat ter and ant imatter serve as an
energy source for the radiat ion of quasar s and active
galaxies, which have been advanced by Ekspong1·2 7 1 1 and
Low [ 2 7 2 ] .

Measurements in the soft y - r a y region can serve
a s a decisive check on the hypothesis of radioactive
sources for the energy of supernova explo-
s ions . t5 S '5 e>2 7 3>2 7 43 According to these hypotheses the
flashes of supernovae should be accompanied by in-
tense y r a y s in l ines in the energy region 0.4—3.2 MeV.

Continuous monitoring of the sky with detectors with
high angular resolution located in satel l i tes will p e r -
mit verification of a number of suggestions as to the
existence of unusual y-ray s o u r c e s . Among the poten-
t ia l sources we should mention galaxies with increased
activity in thei r nuclei (for more detail see Burbidge's
rev iew [ 1 7 7 ] ) . A character i s t ic feature of these sources
is the variability in the radio, infrared, and visible
r e g i o n s . [ 2 7 5 ' 2 7 6 ] S h k l o v s k u t l 8 1 ] has pointed out that
explosions in such sources can be accompanied by in-
tense χ r a y s and y r a y s . It i s not excluded that the
excess radiation observed by Volobuev, Gal 'per, et
a l . [ 1 7 e : l is none other than the flare of the variable
radio galaxy 3C 120 in the y-ray region.

No less interest ing would be the observation of y
r a y s produced on the accret ion of inters te l lar gas into
neutron s t a r s (for more detail see re f s . 67 and 278).

According to an es t imate by Shvar t sman [ 2 7 8 ] the
fluxes expected from neutron s t a r s a r e ΙΟ"6—10"7

cm" 2 -sec" 1 , which lies within the range achievable by
contemporary y te lescopes .

Very recently Ginzburg and Osernoy ' 2 7 9 ] have d i s-
cussed a completely new aspect of the interaction of
cosmic y rays with matter—the change in chemical
composition of the m a t e r i a l of a source on bombard-
ment by an intense y-ray flux. They showed that in a
number of cases upper l imits can be obtained for the
intensity of y-ray sources from optical observations
character iz ing the chemical composition of the s o u r c e .

14. PROSPECTS FOR FURTHER STUDY OF CGR

During the first ten y e a r s of work in the y a s t r o n -
omy field a level of ~10" 4 ( c m ^ e c - s r ) " 1 has been
achieved in measurement of the diffuse flux and
~10" 5 (cm 2 sec)" x in measurement of the flux from a
discrete source for y r a y s with E ^ >: 100 MeV. The
next step, as a resul t of which the level of accuracy
of measurement of both fluxes will be ra i sed by another
order of magnitude and which can be accomplished in
2—3 y e a r s , is in fact already prepared . It consists in
use in satel l i tes of spark y te lescopes with a geometr i-
cal factor 100—200 c m 2 s r , an effective a r e a 100—1000
c m 2 , and an angular resolution 2—3°, which have been
tested during the last few y e a r s in balloons. The first
instruments of this type will be the telescope with a
wire spark chamber of the Goddard Space Flight
Center (Seff = 650 c m 2 ) , which is planned to be put
into operation in 1971 in the satel l i te SAS-B (small
astronomical satel l i te ) [ 1 8 ' U 2 ] and the telescope with a
vidicon spark chamber of the Joint European Group
(Seff = 132 cm 2 ) , which should go into operation in
1972 in the satel l i te ESRO T D - l . [ 1 8 ) 2 8 0 ]

In operation in a satel l i te the minimum detectable
flux of the Goddard Space Flight Center y telescope is
5 χ 10"7 (cm 2 sec)" 1 under the condition of viewing the
entire sky for a period of six months and
1 χ 10"7 (cn^sec)" 1 under the condition of t racking a
definite d i screte source for a period of one week. ' 2 6 8 1

At a t ime when yes terday ' s balloon y te lescopes a r e
being mounted in a satel l i te, spark y te lescopes of
st i l l la rger dimensions a r e being built for use in
balloon f l ights/ 2 8 2 ' 2 8 3 1 Thus, for example, the apparatus
built by Board et a l . [ 2 8 3 5 u ses a 42-gap spark chamber
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of area 3000 cm2 with a 35% y-ray conversion efficiency
for Εγ = 100 MeV and an angular resolution of 1.5°.
For eight hours of flight the minimum measurable flux
is 5 x 10~7 ( c m ^ e c ) " 1 .

There is a r e a l possibility of making further ad-
vances and detecting fluxes from discrete sources at a
level ΙΟ"7—10"8 ( c m ^ e c ) " 1 . This possibility involves
use in a y telescope of a gas Cerenkov counter operat-
ing at low p r e s s u r e . 1 1 8 ' 2 3 1 For an effective a r e a Seff
= 5 x 104 c m 2 the angular directivity of the telescope
will be ±1°. Additional advantages of this type of te le-
scope a r e its s implicity and low background as a resul t
of suppress ion of the nonrelativist ic part icle counting
r a t e . The f irst apparatus of this type with Seff ^ 2
χ 103 cm 2 , intended for measurement of y r a y s in the
energy range 10—100 MeV, should be tested in a
balloon flight by 1970. [ 1 8 ' 2 8 4 ] A diagram of this device
is shown in Fig. 1 3 / 2 V 8 4 ] it was expected, in a six-
hour flight, to m e a s u r e a minimum flux from a d i s-
c r e t e source of 5 χ 10~7 (cm 2 sec)" 1 . Then, as in the
case with spark y te lescopes, apparatus with gas
Cerenkov counters will be used in sa te l l i tes . Installa-
tion of this type of apparatus has been planned in one
of the large orbiting scientific stations of NASA/ 2 3 1 In
the tracking mode in a period of one month the mini-
mum detectable flux will be 8 χ 10"9 ( c m ' s e c ) " 1 / 2 6 8 1

F u r t h e r development of γ te lescopes will take place
not only by increase of the geometr ical factor and ef-
fective a r e a , but also as the resul t of improvement in
the angular and energy resolut ions of the d e t e c t o r s . A
promising method in this direction is the combination
of a spark chamber with photoemulsion. The spark
coordinates indicate the place in the photoemulsion
where conversion of a y ray occurred, and the high
spatial resolution of the photoemulsion is utilized to
determine the direction and energy of the y ray . To
facilitate the s e a r c h for the pair in the emulsion, a
wide-gap spark chamber is used, which has a higher
accuracy in measurement of the coordinates and slope
angles of the pair c o m p o n e n t s / 2 8 5 ' 2 8 9 1

The y telescope with a spark chamber and photo-
emulsion of Minnesota and St. Louis Universit ies
scheduled for operation in a satel l i te in 1972 will per-
mit measurement of a minimum flux from a d i screte
source 5 χ 10 8 ( c m 2 s e c ) ' ' under tracking condi t ions/ 2 6 8 1

A substantial increase in the accuracy of energy
measurement in y te lescopes can be obtained by using
a total-absorption shower counter developed by Hof-
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stadter and H u g h e s / 2 8 6 ' 2 8 7 1 For a y-ray energy Ey
= 10 BeV the energy resolution is ~ 1 % . In an apparatus
for study of CGR with energy Ey > 100 MeV using as
an energy-measuring device a total-absorption counter
(a cylindrical crys ta l of Nal(Tl) or Cs l(Tl) of d iameter
30—40 cm with a height equal to the d iameter) and a
telescope of multiwire proportional counters to de ter-
mine the y-ray angle of a r r i v a l , for an angular resolu-
tion of about 1° and an energy resolution of 1% or
bet ter , it is expected to achieve a geometr ical factor
of ~540 c m 2 s r and to reach a limiting measureable
diffuse flux as low as 2 χ 10 ' 1 0 ( c m 2 s e c - s r ) " 1 . [ 2 S 8 ] The
device will be mounted in the High Energy Astronomi-
cal Observatory (HEAO), which is planned to be
launched in the middle of the 1970's.

P r o g r e s s in CGR r e s e a r c h depends on improvement
of detection methods over the entire range of y-ray
energ ies . In the soft y - r a y region, substantial improve-
ment of te lescopes involves use of germanium-lithium
detectors with an active col l imator. The angular r e s o -
lution expected here is ~3°, and the accuracy in energy
measurement ~2% for E y * 1 MeV/ 2 8 1 1

Two y-ray energy ranges remain little studied up to
this t i m e : the range 5—30 MeV and the range 1 — 100
BeV, the first because of the low efficiency for >-ray
detection, and the second because of the absence of a
suitable method of detection of the low flux which
exists at these energ ies . Special interest is presented
by the first unstudied interval, since it can give basic
information on the interaction of cosmic rays with gas
in the early stages of the expansion of the Universe
(see Sec. 13A, p . 645). Apparatus for detection of y
rays in this range has already been b u i l t [ 2 8 4 ) 2 8 5 ] and in
the near future will be used in exper iments .

The range 1-100 BeV will be investigated with the
aid of high-aperture y t e l e s c o p e s / 2 8 2 " 2 8 5 ' 2 8 8 , ' 2 8 9 1 Thus,
the y telescope of Hofstadter and H u g h e s [ 2 8 8 ] has a
high aper ture and detection efficiency, which will p e r -
mit detection of the y flux up to energies Ε γ ~ 103

BeV.

Future progres s in CGR Studies will also involve
m e a s u r e m e n t s of the polarization of y radiation, which
will permit a deeper understanding of its nature and a
separation of the various components of CGR. Appa-
ra tus has already been built for measurement of the
polarization of χ r a y s / 2 9 0 1 methods for measurement
of y-ray polarization have been p r o p o s e d / 2 9 1 1 and the
first at tempts have been made to measure the degree
of polarization of the flux of soft x-ray p h o t o n s / 2 9 2 " 2 9 4 1

We can hope that most of the y-ray detectors which
have been built or projected will be used successfully
in exper iments , and that the second ten years of r e -
search on γ astronomy will contribute many new im-
portant discoveries in this field of study and signifi-
cantly extend our knowledge of the Universe.

FIG. 13. Diagram of γ telescope with gas Cerenkov counter. [ 2 3 ]
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