Cosmic y-spectroscopy
. L. Rozental’, V. V. Usov, and . V. Estulin

Space Research Institute of the Academy of Sciences of the USSR

Usp. Fiz. Nauk 127, 135~161 (January 1979)

Features of the origin of y-lines under cosmic conditions, the methodology of cosmic y-spectroscopy,

and the characteristics of y-spectrometers are discussed. Observational data are provided on discrete y-
lines caused by solar flares as well as on those arising in cosmic objects outside the solar system. A
possible interpretation of the detected y-lines is discussed. In closing the article, the prospects of cosmic

y-spectroscopy are analyzed.

PACS numbers: 94.40.Lx, 95.75.Fg, 95.85.Qx, 94.40.Cn

CONTENTS
Lo Introduction . ... ... ittt ittt it et e e e 46
2. Features of nuclear reactions under cosmic conditions ................ ... ... . ... ... 46
a) Nuclear 7-8pectroscopy . ... oottt i i i i 46
b) General considerations on the intensity of nuclear cosmic y-lines ....................... 48
¢) Ontheprofileof ylines ... .o i i it cienaes 49
d) Productionof neutrons ........ ... oot e 50
e) Theannihilationy-line ... ... ... i i e s 50
3. Methodology of coSmic Y-8PeCLroSCOPY « . ¢ vvn ittt it iiaie e e eareeaaanennnns 51
4. Fundamental observationaldata ............ ... ... . i i 53
S. Astrophysical interpretation of the observationaldata ...................... ... ... 55
a) yLinesfromtheSun ... ... .. i i e e e 55
b) Galacticylines . . .. ... i i et e i 57
¢) v-Lines from theradiogalaxy Cen A . ... ... . . . i e 58
6. Results and future prospects . ... i i 58
References .. ... ... iinn it i it ittt eann e, 59

1. INTRODUCTION

Cosmic y-spectroscopy is a new field of extraatmos-
pheric astronomy. It is based on observing the line
spectra of y-quanta of energies ~10"'-10 MeV that arise
in outer space.) These lines are due to annihilation of
positrons and to nuclear reactions that occur in the
outer layers of cosmic objects or in interstellar and
intergalactic space.

The use of nuclear fusion reactions inside stars for
interpreting their evolution has become customary for
astrophysicists and needs no comment. In cosmic y-
spectroscopy we encounter new (for astronomers) phys-
ical phenomena and new (for physicists) objects of
study.

Cosmic y-spectroscopy helps us to study the prop-
erties of the outer layers of non-steady-state objects.
Although the periods of existence of cosmic objects in
a non-steady phase can differ substantially (from 1 sec
to 10' sec), yet they all have one extremely important
feature in common: the existence of high-power fluxes
of corpuscular particles of relatively high energies
(0.1 MeV). Study of the characteristics of these fluxes
is also facilitated by cosmic y-spectroscopy.

It is now customary to bring together quite different
fields of science “under one roof.” However, when

v We note that studies of continuous cosmic y-rays of quantum
energy in the range 0.1-10" MeV (see, e.g., the review of
Ref. 1) have also been developing very vigorously in recent
years.
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such a new science is in the process of being estab-
lished, it takes a special approach to present it. One
must satisfy the interests and curiosity of all the “in-
terested parties” —in this case, the astrophysicists and
nuclear physicists., Therefore some sections of our
article (e.g., Sec. II) contain no substantially new in-
formation for specialists in the field of nuclear physics,
while some other sections (Sec. V) are not very new

for astrophysicists; however, as we see it, such ex-
travagances are needed for a full understanding of the
results and prospects of cosmic y-spectroscopy by
both physicists and astronomers.

2. FEATURES OF NUCLEAR REACTIONS UNDER
COSMIC CONDITIONS

a) Nuclear vy-spectroscopy

The atomic nucleus is a complex quantum system
having many discrete excitation levels. The energy dif-
ference between the levels is ~27%%/m,R*~ 1-10 MeV,
where m, is the mass of a proton, while R=(0.3-1)
X107'2 ¢m is the characteristic radius of nuclei. If we
impart a large enough energy to an atomic nucleus dur-
ing collision, then it will go into an excited state. Then
after some time the nucleus will revert to the ground
state or transform into other nuclei, thereby emitting
nucleons, a-particles, S* electrons, or y-quanta. We
shall be interested below in the latter type of reaction,
gince only radiation is the direct source of information
on cosmic objects.

We note two important properties of radiative tran~
sitions:
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1) if the nucleus emits a y-quantum after it has
stopped, then the energy of the y-quantum is E, = const
within the accuracy of the natural line width AE ,;

2) the natural line widths differ quite substantially
from one another.

In the absence of competing processes, the lifetime
A7, with respect to emitting a y-quantum is connected
to AE, by the uncertainty relationship

Aty AE, ~ k. (1)
If ATy ~107'7 sec, then we have AE, ~1keV.

The quantity A7, fluctuates considerably. As a rule
it is small, though occasionally states are found with
relatively long lifetimes. For example,? the line E,
=6,13 MeV in the spectrum of the %0 nucleus has the
lifetime A7, ~ 107" sec.

Usually the excited nuclei arise in a state of motion,
and the Doppler effect gives rise to a shift (with di-
rected motion of the nuclei) or a broadening (with ran-
dom motion of the nuclei) of the y-lines that they emit.
An exception arises in the levels that emit during ex-
ceptionally long times in condensed media in which the
nucleus can stop before decaying. Under cosmic con-
ditions a nucleus practically always (with the possible
exclusion of the dense photosphere of pulsars) emits
while having the momentum that it received at the mo-
ment of excitation.

Let us examine further some possible types of ex-
citation reactions of nuclei.

In the collision of electrons or positrons with nuclei,
the interaction arises from electromagnetic forces:

e+ (z, A)—>(z, A)* + . (2)

Here (2, A) is a nucleus of atomic number z and mass
number A; and (z, A)* is the excited nucleus. Subse-
quently the nucleus (z,4)* can emit a y-quantum in a
transition to another state: (z,A)*~{z,A)+vy. Asa
rule, the most intense y-lines correspond to transi-
tions to the ground state.

The interaction of heavy charged particles (protons,
a-particles, etc.) with the nuclei of the medium arises
from electromagnetic and nuclear forces. An example
of such a reaction is:

p+ (s 4)—>(z 4)* +p'. (3)
Proton-capture reactions are also possible:
p+E A—~@E+1,4+1)* (3a)
or ejection of a nucleon:
(3b)

Figure 1 shows a diagram of the proton-capture reac-

p+z A—>(z—1, 4 —1)* + 2p".

x
/] ;‘——
Y
1
A T (z-1,4-3)

FIG. 1. Diagram of proton-capture reaction with production
of the compound nucleus (Z+1, A +1) and subsequent emission
of a-particles and y-quanta.
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tion (3a).

Moreover, nuclei can be excited in reactions involving
neutrons. For example, we have:

n+(z, A)—>(z, A+ 1), (4)
n + (z, A) = (z, A)* + ', (4a)

etc.

Reactions can also occur with breakdown of a target
nucleus into two or more fragments that subsequently
emit y-quanta. For example, we have

p+(z A)—>(z+1, 4+ )= (5, 4) + (5, 4,). (5)

Under cosmic conditions processes involving protons
play the major role. This involves the following prop-
erties of the relativistic cosmic plasma:

a) it is electrically neutral;
b} very light nuclei and protons predominate in it.

This implies that the numbers of electrons and of
heavy particles in the cosmic plasma are about the
same. However, since the electromagnetic interaction
constant is about 100 times smaller than that of the
strong interaction, process (2), in which the electro-
magnetic forces dominate, is substantially suppressed
as compared with reaction (3). Hence we can neglect
process (2) in estimating the intensity of cosmic -
lines.

The relative abundances of the elements in the uni-
verse and in cosmic rays differ only slightly from one
another (a small enrichment of cosmic rays in complex
nuclei is observed). The exceptions are the nuclei of
Li, Be, and B, of which the cosmic rays contain about
10° times more than on the average over the universe,
As we know, the abundance of the elements up to iron
declines with increasing z. This implies that reaction
(5) is less probable than reaction (3), if an excited nu-
cleus is produced that has z and A values that coincide
with those of the primary nucleus.

The excited states of Be and B can constitute excep-
tions, since a reaction of type (3) is improbable owing
to the relatively low abundance of Li nuclei. Reaction
(4) involving neutrons can be inefficient owing to decay
of the neutrons (the half-life of neutrons is 7,~1000
sec). In order for this reaction to proceed intensively,
a high enough concentration # is required:

OV, 1. (6)

Here 0,y is the cross-section for the interaction of
neutrons with nuclei accompanied by emission of y-
quanta, and v is the relative velocity of the neutrons
and nuclei.

The cross-section for the reactions (4) involving
neutrons is determined by the well-known Breit-Wigner
formula. However, for rough estimates we can assume
that

Opy ~ A%, (7

Here A is the wavelength of the neutron that corresponds
to the resonance value E,, For estimates we can as-
sume E, to be 10 MeV. Then Eq. (6) implies that
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7>10' cm®, We stress that this condition is necessary
but not sufficient for the existence of intense cosmic
rays emitted by excited nuclei produced by neutron cap-
ture. The existence of such y-lines requires also pow-
erful sources of neutrons, which themselves arise in
nuclear reactions: e.g., of the type of (5) (for more de-
tails, see Sec. V). For all these reasons, the produc-
tion of y-lines in reactions (3) initiated by protons is
more probable than in reactions (4) involving neutrons,

b) General considerations on the intensity of nuclear
cosmic vy-lines

Let us find the general expressions for the luminosity
in a given y-line. We define the quantity ¢, as follows:
Let there be one nucleus per unit volume and let the
concentration of cosmic protons having energies above
E also be unity. Then the luminosity ¢q, in the given
line E,, is the number of y-quanta of this energy emit-
ted per unit time.

Let us study the reaction (3) further. Let ¥(E) be the
normalized differential spectrum of the protons in the
cosmic rays:

S Y (E)dE=1. (8)
0
Here E is the kinetic energy of the protons. We denote
by ,K* the ratio of the concentration of the element of
charge z and atomic weight A to the concentration of
hydrogen. Then we have

go=2K* | ¥ (E)0a(E)vxdE. (9)
[
Here o,(F) is the excitation cross section of the given
level, and v, ~v2E /m,. We are using the nonrelativis-
tic approximation, since the main contribution to'the
integral in (9) comes from particles of energies E <100
MeV.

Figure 2 shows the ¢(E) relationship for excitation of
12C nuclei (with emission of the y-line E, =4.43) and of
180 nuclei (y-line 6.14 MeV) by protons and a-particles
[(p,p'y) and (a, a’y) processes].

Table I gives the cross sections of certain reactions
(see, e.g., Ref. 3).

The yield of y-quanta in various reactions of parti-
cles having E ~3-10 MeV has been studied in many

1w’

FIG. 2. Variation of the
cross-section of C and O
nuclei for excitation by

protons and a-particles.
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TABLE 1
Energy of
Nucleus | level, MeV Value of cross-section, millibarns
cu 12.7 10 (18) 30 (20) 4 (28) 4 (30}
Nut 2.3 24 (8) 32 (10) 34 (14)
3.95 58 (8) 77 (10) 22 (14)
Qte 6.92+7.12 80 (13) 70 (14) 35 (16) 40 (19)
8.87 40 (16) 30(19)
Sis 1.37 320 (8) 150 (14)
1.78 320 (8) 150 (14) :
i 2.14 250 (5) 120 (8) 100 (11) 60 (14)

The values given in parentheses are the energles of the inci-
dent proton measured in MeV,

papers in connection with astrophysical applications.
For example, (p,p'y) reactions of the nuclei *C, **Si,
295i, *°Ti, °®Fe, and %*Ni have been studied in Refs.
4-8. The yield cross sections agreed in order of mag-
nitude with the theoretical estimates made using the
optical model.?

We can draw a number of important conclusions from
Fig. 2 as well as Table I:

1. If the mass of the incident particle is substantially
smaller than the mass of the particle at rest, then the
cross-section ¢(E) has a maximum at E ~(2-4)E,, and
then it declines.

2. The cross-section approaches zero when the en-
ergy E<2E,.

3. The o(E) relationship has a highly complicated
form that is hard to represent analytically (especially
in the region of the maximum).

4. Although the cross-section o(E) of different pro-
cesses differ among themselves rather strongly, yet
in the region of the maximum they are of the order of
~100 millibarn,

We can easily understand the first two of the listed
properties on the basis of the laws of conservation of
momentum, energy, and mass,

Let us study the collision of the nucleus (z,,A4,) with
the nucleus (2,,A,) at rest, with production of the com-
pound nucleus (z, +2,,4, +4,). The reactions (3)-(5)
are special cases of this more general reaction. In or-
der that the compound nucleus (2, +2,, 4, +4,) being
produced can emit a quantum of energy E,, the mass
of the compound nucleus must satisfy the condition

(10)
In the nonrelativistic approximation this implies that
the momentum p, of the incident particle must satisfy
the condition
I, 1
=z ( +

A
z‘M *

z.+z,MA'+A' } t,MA‘ + z,MA'+ E.r

(11)

1

M MR ) > B
In other words, the energy threshold E ;, of the reac-
tion satisfies in order of magnitude the conditions E
2E, (for ,M*1<, M*2)or E,, 2 2E (for, A~ MA2).

The Coulomb barrier plays an essential role in de-
pressing the reaction cross section of charged parti-
cles at low energies. The energy of the barrier is E,
~2,2,¢%/R (R~10"2 cm is the characteristic dimension
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of nuclei), For light nuclei E, is about 10 MeV. The
probability of reactions for E<E, (sub-barrier reac-
tions) declines rapidly with decreasing energy E of the
incident particle. Since the reaction cross sections in
the immediate vicinity of the energy threshold are usu-
ally small (owing to the effect of the phase volume),
then o(E) also rises with increasing E. However, then
the resonance factor begins to operate. The latter
arises from the discreteness of the levels, whereby the
cross-gection g(E) for Ez(2-4)E, begins to decline
with increasing energy E. The above-listed features
of the behavior of the cross-section ¢(E) allow one to
simplify substantially the calculation of the integral ¢,
in Eq. (9).

Usually the spectrum of the subcosmic rays is ap-
proximated as follows:

Y (E)=K,E™* (nonthermal spectrum), (12)
¥ (E) = K,e~P/Ps (quasithermal spectrum). (13)

Here s, K,, K,, and P, are constants, E is the energy
of the nucleus per nucleon, and P is the rigidity (mo-
mentum per unit charge).

Since the cosmic-ray spectrum declines rapidly with
increasing E, we can substitute for E in the integral of
(9) the value E,,, at which the cross section o(F)
reaches a maximum. In this case, taking ¥(E) as de-
fined by Eq. (12), we have

e = KN (> Emax) 0 (Emax) vx (Emax). (14)

Here N(En,) = J;. ¥(E)dE is the integral spectrum of
the cosmic rays. Analogously we have for the spectrum
of (13):

2o KN (> Prnax) 6 (Prmax) vk (Praa)i (15)
here P,,, is the rigidity that corresponds to E_,,.

In the first approximation, the ratio of intensities of
the lines o and B i8 ¢, /45

Study of such relationships is important for determin-
ing the spectra and intensities of cosmic rays in the en-
ergy region of the order of several tens of megaelec-
tron-volts.

Thus far we have assumed that the cosmic-ray spec-
trum does not change in time. In the actual case in
non-steady-state objects, the cosmic-ray spectra (12)
and (13) are altered by interactions with the medium.
These are primarily electromagnetic interactions
caused by ionization losses.

Whenever these losses are not compensated by a cor-
responding acceleration and the mean free path for
these interactions is substantially smaller than the
mean free path for production of y-lines, then com-
monly such a medium is termed thick, For a thick
medium, one must account for the transformation of
the cosmic-ray spectrum caused by the total losses

(16)

Here f(E) allows for the electromagnetic losses due to
ionization and to nuclear interactions (including the
production of y-lines). Equation (16) has a definite
solution E(x). When x=0, the distribution function has

[
22 =1(B).
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the form (12) or (13). If we know the solution E(x), we
can easily reconstruct ¥(E, x). Employing this function
and Eq. (9) or (14) and (15), we can find the number of

y-quanta produced by the cosmic rays.*

The total luminosity of a cosmic object in the y-line
ais
Lys = gaVanyny. (17)

Here V, is the effective volume of the emitting region,
and 7, and n, are the concentrations of the cosmic rays
and of the particles of the plasma that participate in the
reaction,

The flux I,, of detectable y-quanta at the boundary of
the earth’s atmosphere is
Lya (18)

la=Zzpr -
Here R is the distance to the object under observation.

¢) On the profile of y-lines

We mentioned earlier that the natural width of the
lines is small (51 keV). However, there are a number
of additional factors that broaden the observed y-lines.
The most trivial one is the poor resolution of the in-
struments (see Sec. ITI). In certain observations this
resolution has amounted to several tens of keV. More-
over, y-lines can become substantially broadened by
the following factors: 1) motion of the colliding parti-
cles, which leads to Doppler broadening; 2) scattering
of the y-radiation of the lines. Let us examine both
these phenomena.

1) Doppler broadening. As we mentioned above, the
compound nucleus under cosmic conditions almost al-
ways emits photons while moving at the same velocity
v that it had at its instant of origin:

2E
MAT

Z

(19)

Hence the Doppler shift willbe ~v/c~v 2E/ (, M*ic?). For
exact calculation of the broadening, we must average the
ratiov/c over the spectrum ¥ (E) of the colliding particles.
However, for estimates it suffices to use the value £ = Epax
that corresponds to the maximum cross-section. For
example, when E =2E, ~10 MeV and A =10, the width
of the y-line caused by the Doppler effect amounts to
~(0.05-0.1)E,. We note, since the angle of emergence
of the y-quanta from the compound nucleus (in a sys-
tem of coordinates associated with the nucleus) does
not depend on its direction of motion, that the Doppler
broadening extends on both sides of the detected line,

in the “red” and “violet” regions.

2) Scattering of y-quanta. As a rule, Compton scat-
tering diminishes the energy of y-quanta. An exception
is the case in which the concentration of relativistic
electrons is high enough. The broadening caused by the
Compton effect is insignificant whenever the effective
thickness of the emitting region is considerably smaller
than the mean free path of the y-quantum with respect
to the Compton effect. For E,z1 MeV, this mean free
path is ~100g-cm™2. In principle the Compton effect
makes itself felt even during passage of y-quanta
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through interstellar and interplanetary space. How-
ever, in this case the optical thickness is small—sub-
stantially smaller than 10g-cm™2,

In the region of y-quantum energies E, ~1-10 MeV,
the Compton cross section declines, and hence the
blurring of the y-lines due to the Compton effect de-
creases with increasing E,.

In conclusion we note another exotic effect that leads
to one-sided shift of y-lines. If y-quanta are emitted
near a compact object (e.g., a neutron star), then a
gravitational red shift occurs—a decrease in the energy
of the y-quanta when detected far from the object. For
a neutron star this shift can be as much as ~10-20%.

d) Production of neutrons

_ Neutrons can arise in various nuclear reactions, e.g.,
inthe reactions ‘He(a, 7) "Be; 2C(p, pn) 1'C; '°O(p, pn) °0,
etc. They can also be produced in inelastic charge-ex-
change reactions, -e.g.,

p+p—p +n+a (20)

Figure 3 shows the total cross sections for neutron
production in the interaction of protons with light ele-
ments. Figure 4 gives the results of calculations? of
the yield g, of neutrons for a thin target in various re-
actions. Figures 3 and 4 imply that the charge-ex -
change reaction in the range of low neutron energies
(<100 MeV) plays a substantially smaller role than the
reactions involving complex nuclei. The total number
of neutrons emitted per unit volume is l,=q,n,7,,
while the neutron flux within the limits of the emitting
region is

(21)

Here 7, is the mean neutron velocity. The subsequent
fate of the neutrons depends on the density of the medi-

I, = Lt
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um. In a rarefied medium the neutrons will mainly de-
cay. If the inequality (6) is satisfied, the fast neutrons
produced in nuclear reactions can be slowed down to
thermal velocities. Such thermal neutrons are mainly
captured by protons: n+ p-d +vy. In this reaction
E,=2.23 MeV,

a) The annihilation y-line

Positrons can arise from the following processes:
production of 8*-active nuclei (with subsequent decay)
and production of 7*-mesons (with the subsequent decay
71"~ p*~e*), Figure 5 shows the yield of positrons
upon production of several unstable nuclei.

Positrons can also be produced in strong magnetic,
electric, and gravitational fields.

The latter mechanism is especially nontrivial. It can
occur only in the immediate vicinity of black holes of
mass M <10'7 g whose gravitational radius 2GM /c® does
not exceed ~%/m,c (see, e.g., Ref. 10).

In strong magnetic fields the following processes can
occur:

y+H>H+ e te (22)

or

e+ H—H + 2% +e. (23)

In an electric field e'¢” pairs can be spontaneously
created from the vacuum. This process occurs especi-
ally intensively when the electric field intensity § is
close to the critical value &, .

The critical field-intensity value ., is reached when
the potential difference of the electric field multiplied
by the charge of the electron reaches the value mc? of
the mass of the field at a distance of the order of the
Compton length %/m c of the electron. This yields the
condition

mic3
€
€ -

~ 4.1013 CGSE., (24)

el
Here e is the charge of the electron,

Such strong electric fields can exist only in the vicin-
ity of extremely compact objects, e.g., pulsars.

When £ < &, the number of electron-positron pairs
created per unit volume is

1= () e (55) oo (— ). (25)
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The process of e’e” pair production becomes rather
efficient when ¢ ~10''-10'2 CGSE.

If we use the customary formulas for magnetic
bremsstrahlung (see, e.g., Ref, 11), then we can write
the condition for efficient occurrence of process (23) in
the form

(26)

it ( B

2
o\t ) 7 mc2.
2 G

From this we derive

”/ m2c? ( m:,c‘ )z )
eft E,

(2m

In this case the probability of pair production is
~aWyy [(.o,;,7 is the probability of producing a photon
with an energy determined by the condition (26);

@ =1/137 is the fine-structure constant].

Since positrons are annihilated mainly with emission
of 2-3 quanta (see below), we can assume in estimates
that the yield of annihilation y-quanta is I ,~q,n,%,.
Here g, is the number of photons arising per unit vol-
ume per unit time when one positron and one electron
exist per cm3; #n, and n, are the concentrations of elec-
trons and positrons respectively.

This estimate holds when the mean free path of the
positrons, which in our case is <1g-cm™2, is smaller
than the dimensions of the emitting region.

Let us proceed to examine some details of the posi-
tron annihilation process.

Positrons can be annihilated either in the free state
or in an already-bound state —positronium (Fig. 6).
The cross section for two-photon annihilation ¢, as
calculated by Dirac for

1= B (28)
has the form
Ga==0y _lny_"‘ ’ (29)

where we have
Gp=m (7"-‘5—)' a2 2-10-28 cm~2,
In the other important limiting case where E,
<m,c*(y~1), we have
(30)
We note that free annihilation into n (2>2) photons is
relatively improbable: o, (ny)~0(2y)a" 2. Whenever

positronium is formed, two states can exist: ortho-
positronium, which decays into three y-.quanta, and

c
Og &% Gp ——.
Yp

"o 107

2 F
2 F

E b

S

E . FIG. 6. Probability of an-
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parapositronium, which decays into two y-quanta.

Decay into two quanta in the limiting case of (30) or
in the parapositronium case leads (without accounting
for possible broadening) to a distinct line of energy
E,=0.51 MeV. However, three-photon decay yields a
diffuse spectrum with an energy in the range 0<E,<0.51
MeV. Hence the resultant distribution of photons with
respect to the energy E, depends on the fraction of
orthopositronium decays, which in turn is determined
by the parameters of the plasma. This problem has
been treated in detail in Ref. 12. The qualitative con-
clusions derived in the study are highly perspicuous:

1) as the temperature approaches 10° °K, the role of
three-photon decay increases, and the natural line
width increases;

2) when T7<10° K or T>>10° K, the positron is an-
nihilated with emission of the line E7=O.51 MeV. The
line width is determined by the lifetime and by Doppler
broadening;

3) when three-photon decay plays a considerable role,
the resolving power of the instrument plays a definite
role. The mean energy of the detected annihilation y-
line is determined by averaging the spectrum over the
resolution interval of the instrument.

In closing this section, let us examine the influence
of other effects on the width of the annihilation y-line.
The natural width of the annihilation line is very
small.’® The broadening due to the Doppler effect is
more substantial. Here we must distinguish two cases:
1) annihilation of positrons in flight, i.e., when E,
kT, 2) annihilation of positrons having energies close
to kT. If E,<1 MeV, then the probability of annihila-
tion in flight is ~1%, and hence we can neglect it. How-
ever, if relativistic positrons are being produced with
E,=z10 MeV, then their annihilation probability in the
relativistic state increases and reaches 10%. Asa
rule, the broadening due to the thermal motion of e’e”
pairs is quite substantial. The width of the annihilation
y-line amounts in order of magnitude to

AE, &~ 1.810%m V' T. (31)

Here T is the temperature of the plasma measured in
K.

Thus an exact study of the annihilation-line profile
can enable one to determine the spectrum of subcos-
mic rays, and in the case of established thermal equi-
librium —the temperature of the plasma.

3. METHODOLOGY OF COSMIC v-SPECTROSCUPY

A cosmic y-spectrometer consists of a spectrometric
v-ray detector and a multichannel amplitude analyzer.
In most of the experimental studies discussed below,
scintillation y-detectors with Nal (T1) crystals and an-
alyzers with 128-512 channels have been used. In re-
cent years Ge (Li) detectors and pulse analyzers with
4048 channels have begun to be used.

Cosmic y-spectroscopy has its own methodological
features, namely:

1) The Earth’s atmosphere (of thickness ~1 kg/cm?)
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is opaque to the y-rays in the range of interest to us.
Hence one must either elevate apparatus for measuring
cosmic y-lines to the boundaries of the atmosphere
(balloon experiments) or put them in a spacecraft. For
example, in operating with a Ge (Li) detector in a
spacecraft under conditions of weightlessness, the
problem arises of designing a special cooling device.

2) In cosmic studies the discrete y-lines are mani-
fested against a background of continuous radiation of
comparable intensity, Hence one must take measures
to increase the ratio of the useful signal to background.

3) In studying cosmic objects, one must bear in mind
the fact that the counts from the apparatus when ob-
serving the source do not exceed 10-20% of the count
from background radiation., In balloon measurements,
the background mainly involves atmospheric y-rays
that arise under the action of cosmic rays. In working
in a spacecraft, the intrinsic emission of the latter can
exceed by an order of magnitude the intensity of the
diffuse cosmic radiation,'® Moreover, y-lines can ex-
ist in the background radiation, which hinders identi-
fying them with a source. For example, the intensity
of the y-line of energy 511 keV in the background in
cosmic studies amounts to no less than ~5X10? quan-
ta/cm?- sec, whereas the intensity of this y-line from
cosmic objects does not exceed the order of 10°% quan-
ta/cm?- sec. Therefore one usually applies a difference
method of spectral measurements in which one sep-
arately measures the background »n, and the radiation
in the direction of the cosmic source n,. The sought
radiation flux of the celestial source n, is found by sub-
tracting the spectra:

(32)

The difference method of measurements requires high
stability of operation of the apparatus.

ng = Ny —~ Ry

4) The intensities of cosmic y-lines at the Earth as
predicted in most theoretical studies lie at the level
107°-107° quanta/cm?: sec. Fluxes have been found
experimentally at the level of 10™ and even 10°° quan-
ta/cm?- sec. When one uses the difference method,
prolonged observations are required for reliable de-
tection of y-lines of weak intensity from discrete
sources. In balloon experiments the observation of
a fixed celestial object has not exceeded four hours.®
Only in spacecraft is it practical to make exposures in
measurements of up to days or weeks.

Detectors of y-rays with an angle of view of about 47
have been used in studying diffuse cosmic y-rays,'s+!7+1?
In these experiments a y-line of energy ~510 keV, was
found, but difficulties arise in identifying the source, since
difference measurements cannot be made. We note in
principle two possibilities of making the measurements:
in studying the Sun, to compare measurements made in
the day or night,? and to compare measurements while
the Earth is eclipsing particular regions of the sky*'
(e.g., the center of the Galaxy). These possibilities do
not seem very promising to us, owing to the high back-
ground in a global detector. Studies of y-lines using
global detectors have been treated earlier by one of the
authors of this article.?? The cosmic nature of the y-

62 Sov. Phys. Usp. 22(1), Jan. 1979

c-i‘ib;ntim
CsI(Na)-
nticoi - FIG. 7. vy-Ray spectrome-
o T1(Na)- ter that operated in the
- shield crystal 080-7 satellite.

(mticoinci:oml
crystal witl
m”mphowmultipliur

lines observed here was not reliably established, in
spite of multiple repetition of the experiments,?®

Reliable data on the intensities of cosmic y-lines
have been obtained by employing a spectrometric de-
tector combined with a y-ray collimator. Below we
shall take up some concrete types of such instruments.
The scientific results obtained by using these instru-
ments are described in the following sections of this
article.

Figure 7 shows a detector employed for seeking y-
lines in solar flares.?**?® The y-detecting NalI (T1)
crystal of effective area 45 cm? was placed together
with a photomultiplier in a shell made of a CsI (Na)
crystal. The angle of view of the instrument of 120°
X70° was shielded by a thin layer of CslI (Na) to exclude
counting of charged particles in the central detector.
The spectrometer measured radiation in the energy
range from 0,3 to 9.1 MeV. The instrument operated
in a rotating section of the OSO-T satellite, and in-
cluded a multichannel pulse analyzer having 377 chan-
nels. In flight the energy calibration of the spectrom-
eter was performed with a radioactive **Co source.

A diagram of a typical y-ray spectrometer employed
in balloon experiments has been given in Ref. 26,

Figure 8 shows a setup with a Ge (Li) spectrometer
and a system for cooling the detector®” that operated on
the polar satellite 1972076 B. The detector of volume
50 em?® with an effective area $=15 cm? was shielded
with a plastic scintillator of thickness about 30 g/cm?,
Radiation was detected with energies 0.04-2.7 MeV
over the broad aperture angle ¢ =+45°, The energy
resolution of the spectrometer in the first 10 days of
flight was AE =3.5-4 keV, while later it deteriorated
to 10 keV owing to leakage of the bias voltage applied
to the Ge (Li) detector, The axis of the instrument was

Plastic

Light guide

FIG. 8. Apparatus with a Ge(Li) detector that oper-
ated in the 1972-076 satellite.
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scanned over the sky and the atmosphere of the Earth
at the rate of one revolution per 5 sec. The cryogenic
apparatus for cooling the detector was a cryostat with
a solid CO, coolant (15 kg). The cryostat maintained a
constant temperature of the detector T'=130 K during
7-8 months of flight. The published data® give the en-
ergies of 20 different y-lines and their interpretation
as radiation of the atmosphere and the apparatus y-
lines of the detector, The latter arise mainly in pro-
cesses of radiative neutron capture (n, v) and subse-
quent activation of the detector. The astrophysical re-
sults of scanning the spectrometer over the celestial
sphere®® will be discussed in later sections of the arti-
cle.

The instruments depicted in Figs. 7 and 8 employed
a shield made of scintillators as the active collimator.,
The collimator has a multipurpose task. First, it lim-
its the angle of view of the central detector. We note
that considerable difficulties arise in designing a spec-
trometer having a small aperture angle (¢ <10°) for y-
rays of energies 0.5-5 MeV. Second, the active col-
limator discriminates against pulses from energetic
charged particles, including those from y-rays arising
in the collimator upon reacting with energetic charged
particles. The influence is also partially eliminated of
the activation of the collimator, except for cases of
excitation of isomeric nuclear states. Third, the col-
limator ensures operation of the central detector in a
regime of suppressed Compton scattering.

We note that the resolution of a Ge (Li) spectrometer
exceeds that of scintillation spectrometers by a factor
of more than 15. Therefore Ge (Li) spectrometers are
highly promising for further experiments. In particu-
lar, we should consider Ref. 27 as proving the possi-
bility of prolonged operation of a Ge (Li) spectrometer
under space conditions, However, a large number of
apparatus y-lines are found when one employs a spec-
trometer of high energy resolution (see, e.g., the
above-cited Ref, 28). Many background y-lines are
also detected when a Ge (Li) detector is lifted in bal-
loons.***3! Further methodological improvements in
order to diminish the background lines and development
of a method of revealing an effect against the “back-
ground” of the remaining y-lines are needed.

4. FUNDAMENTAL OBSERVATIONAL DATA

In 1972 a large number of flares was observed on the
Sun that were accompanied by emission of X~ and y-
rays. For example, the high-apogee satellite
“Prognoz-2” (R, ~200 thousand km) detected 29 solar
flares in the period from Apr. 14 to Aug. 1, 1972 with
emission of hard X-rays in the region 30-350 keV.*

Intense emission of y-lines was detected by the low-
apogee satellite OSO-7 during the very large flares on
the Sun on Aug. 2, 4, and 7 of 1972. Figure 9 shows
the spectrum of the pulses measured during the solar
flares of Aug. 4, 1972,3% We clearly see peaks from y-
lines at energies of 0.5, 2.2, 4.4, and 6.1 MeV, as well
as peaks from the calibration source.?® The curve be-
low is the background spectrum in simultaneous mea-
surements in the antisolar direction.
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FIG. 9. Spectrum of pulses detected on Aug. 4, 1972 during a
solar flare (6.26-6.35 AM).

Table II gives the experimental data on the y-lines
observed during the solar flares in August 1972, The
third and fourth columns of the table are the data of
Ref. 24. Here the mean fluxes of y-quanta in the indiv-
idual y-lines (photons/cm?- sec) are given as measured
on Aug. 4 and 7 in a period of 9 minutes.

The time course of rise and decay of the y-line of
energy E, =2,2 MeV is discussed in Ref. 34. These
data are shown in Fig. 10.

Detection has been reported® of y-lines by the satel-~
lite “Prognoz-2” during the solar flare of Aug. 2, 1972,
The stilbene detecting crystal of the instrument did not
allow discrimination of the peaks from the y-lines and
did not satisfy the original requirements for y-spec-
troscopy (see Sec. 3). However, the radiation flux in
the y-line of energy E, =0.5 MeV and an upper limit
for E, =2.2 MeV were determined from the shape of
the y-ray spectrum during the flare (2nd column of
Table II).

Repeated attempts have been made to detect y-lines
from the quiet Sun,?® The upper limits obtained on the
radiation flux of y-lines, e.g., from the data of Ref,
30, exceed the theoretical predictions by about two or-
ders of magnitude.

Detection of a nuclear y-line of cosmic origin was
first reported in Refs. 26 and 37. In this experiment a
spectrometer was employed having the following tech-
nical data: S, =75 cm? angle of view ¢ =24°, The in-

TABLE II. Flux of y—quanta (photons/cmz-sec) in individual
lines at the Earth during the solar flares in August 1972,

Time of measurement (date, August, 1972)
me‘x,xy £, Aug. 2 Aug. 4 Aug. 7

20" 46m 06%26™ — 0ch35™ | 15R58™ — 5he7m
0.5 0.6+0.5 {7+14.5)-1072 (3.74-0.9)-10-2
2.2 < 0.33 (2.240.2) 1072 (2.6x1) 10-2
.4 - (3x1)-10° <210
6.1 - (3x1)-10- <2107
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strument was lifted in a balloon in 1970 to a height of
residual atmosphere ~3,1-3.4 g/cm®. An extra count
of pulses was observed at the moment of passage
through the region of the galactic center when the axis
of the instrument coincided with the galactic X-ray
source GX3 +1, A peak was noted in the spectrum of
the pulses from a y-line of energy E =476+ 24 keV.
Data on the intensity of the y-line and the shape of the
continuous spectrum of the source as measured in the
stated time interval are given in the second column of
Table III.

The search for y-lines has also been conducted in
balloon experiments: on May 15, 1973, and during
the night from Apr. 1to 2, 1974.’° Figure 11 shows a
map of the sky in galactic coordinates; the dots indi-
cate x-ray sources according to the “Uhuru” catalog.
The circles of diameter 15° indicate the regions of the
sky observed on this flight, with centers at GX1 +4'¢
and Cen A (@ =13"*23" 5=-42°53"),%°

In observing the region of the galactic center, the
axis of the spectrometer was aligned in the direction
of the x-ray source GX1+4. This region of the sky was

FIG. 11, Map of the sky in galactic coordinates.

followed for about 4 hours, Figure 12 shows the effect
of the source with the background subtracted. The
power law of the continuous spectrum of the emission of
the source was determined from measurements at low
energies E, <300 keV. The form of the continuous
spectrum found in Ref. 16 agrees with the measured in-
tensities in the region E, 2100 MeV from the data of the
SAS-2 satellite. Figure 13 shows the spectrum in ex-
cess of the continuous distribution. The peaks from the
y-lines E, =530+10 keV and 4.6+0.1 MeV were found
with a reliability of 3.6 ¢ (from the area of the peaks).
The intensities of the y-lines are given below in Table
II. It was not possible to resolve the region of the
spectrum in the range 1.2-2 MeV into individual -
lines. The peak of energy 0.9+0.1 MeV is poorly
marked.

It is natural to compare the results of studying the
region of the galactic center in 197037 with the mea-
surements of 1974 !° (see Table IM). The existence of
a y-line of energy 476 keV was not confirmed in the
repeat experiments. The authors of Ref. 16 point out

TABLE LI a possible explanation in the differing angles of view of
Diroction of the | _ Centerof the Galuxy | py . the spectrometers employed in Ref. 36 (¢ =24°) and
wisof theinstru- [~ T | eleane | GmA [ COONOWR | gt 16 (9 =15°). The line at E, =476 keV may be emit-

Y ted from the region of the galactic disk having coordi-
Lo\ %o Now. 25 N nates 8°<1”<17°, which was not studied in the 1974
: O, - s
%”%o‘»j" % | 1970 Apr.1-1, 1974 1973°] 193 | measurements. Refs. 36 and 16 also differ in the re-
o sults of measuring the intensity of the continuous radi-
0.400+0.001 @2 | ation from the region of the galactic center (see Table
e 0.65) .
0.47640.024 ., éis.s . X10-3 m).
0.58+0.00 [ ) @ | <50 In comparing the results of measuring the background
0.9:0.1 e in different regions of the sky (dashed lines in Fig. 11)
1.4540.07 F3p-0 (3.4 <10~ in sector 10, where the dotted curve crosses the galac-
6 RN Y tic disk, they found an excess count,* In 30 minutes of
) +1.5).10-3
1.2-2.0 2.6
o1 +0 6)5 .10 09 W
4620 *2.7)-10- +3)-10-4
Flux of continwows [(10.54+2.2 | (40.7 9.5 (0.86
radiation, quanta/ xE-t2 | +12.5) +2.6). +0.17) 2
cm?2 - gec - keV » E-@. 781085 F—2.410 1)l £-1.9010,00) x
Distance to object, ~ 10 ~3 5-10% 1.9 f FIG. 12, y-Ray spectrum
kee § detected in observing the
) a. 5403 4.7 .40 g galactic center. The
Contiruous B o § stralght line 1s the power
Luminosity, erg/sec , e law 40.7 E-2.78,
-Li 7.10% 2.6.4048 sa08) 2
¥-Lines 10 7.40m 2.2.108 *
The values given in the table of fluxes of y-quanta in the lines are measu:ed
in quantajem? - sec.
Energy, keV
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ter.

observations, they found a continuous spectrum of the
shape of 9.5E™2-%, the power law of which agrees with
the data measured in the SAS-2 satellite for y-quanta
having £,2100 MeV. The resulting spectrum, or more
exactly, the excess over the continuous distribution,
was obtained upon observing a region of the Galaxy in
the form of a circle of radius 6,5° with its center at the
coordinates [”=345° p”=+5°. A peak stands out on the
histogram at the energy 1.15+0.07 MeV that exceeds
the mean counting level by 2.6 . An upper limit is al-
s0 given® for the intensity of the y-line at 0.5 MeV.

Figure 14 shows the excess over the continuous dis-
tribution in an observation of the region Cen A (the ob-
servations took 85 minutes).?® We can see symmetric
peaks at energies 1.6 and 4.5 MeV. Here the peak at
energy 1.6 MeV is broadened by a factor of three times
the apparatus width of the peak. The natural width of
this peak is AE =350 keV (assuming it to be single).
Yet we cannot rule out the more realistic assumption
that the peak has a complex structure, i.e., consists of
several y-lines that are not resolved by the spectrom-
eter. The peak width of the y-line at 4.5 MeV does not
exceed the apparatus width. In view of the remoteness
of the object (R =5 Mpc), the appreciable intensity of
the y-line at the Earth (see Table III) indicates a con-’
siderable luminosity of Cen A in these lines.

Three objects were observed during one of the bal-
loon experiments: the Crab Nebula, the pulsar NP
0532, and the Perseus galaxy cluster.®® In studying
the Crab Nebula and the Perseus cluster a method of
rotating the spectrometer was used to record the “back-
ground.” In detecting the pulsar NP 0532, the pulses
were classified in time into the pulsar-flash time (mea-
suring the effect of the source) and the gaps (detecting

ground,
sec - keV
3

FNEEC N
T

'
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Flux in excess of back

10-6 photons/em?2 -

Energy, MeV
FIG. 14, Spectrum of y-rays observed from Cen A.
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the “background”). In all three cases emission from
the studied objects was found in the form of a continu-
ous spectral distribution without an excess from y-
lines. At the 2¢ level upper limits were obtained on
the radiation flux of y-lines at the Earth of 7,< 10°¢
photons/cm?- sec (see Table III).

Interesting results*' have recently been obtained in
observations employing a Ge (Li) spectrometer with a
collimator made of Nal (T1) on the Crab Nebula in a
balloon experiment. Radiation was detected in the en-
ergy range 0,1-5 MeV in an aperture angle of the in-
strument of ¢ =11°, One of the 12 y-lines (E, =400+1
keV) that had been observed in the spectrum by the dif-
ference method was assigned to a source in the region
of the Crab Nebula., The broadening of this y-line is
$2-3 keV, and the radiation flux at the Earth is 7,
=1073 photons/cm?®- sec. However, difficulties arise
in comparing the experimental data of Refs. 41 and 39,
since, as was pointed out above, y-lines having I,
>107? photons/cm?- sec were not detected in Ref. 39.

The results of a 10-day scan of the sky with a Ge (Li)
spectrometer (see Fig. 8) are given in Ref. 29, An-
alysis of the energy spectrum indicates emission from
the region of galactic latitudes 255-328° of y-lines of
energies 1121 and 1369 keV. The authors of the ex-
periment ascribe these y-lines to processes of inelas-
tic interaction of subcosmic rays with **Ti and **Mg
nuclei, respectively.*

A report® has given the results of a balloon experi-
ment performed in 1974 with a Ge (Li) spectrometer
having an aperture angle of 30°. When a transient x-
ray source that flared for 15 minutes passed into the
field of view of the spectrometer y-ray lines of 1.8 and
6.1 MeV were detected. The axis of the instrument at
the instant of observing the y-lines had the celestial
coordinates @ =6"56™ and 6 =22°. The radiation flux in
the y-lines, which apparently involved excited nuclei
of 28Si (1.8 MeV) and %0 (6.1 Mev) was of the order of
107 erg/cm?- sec.

The experimental results discussed in this chapter
are given in Table III, where the upper rows give the
fluxes of the y-lines at the Earth (photons/cm?- sec).
The lower rows of the table contain certain supplemen-
tary data on the sources emitting the y-lines: the shape
of the continuous-radiation spectrum measured at the
instant of detecting the y-lines, the distance R to the
object, and the luminosity L, in the continuous spec-
trum and in the y-lines. The distance R =3 kpc for the
region [7=345° p"=+5° (4th column of the table) was ob-
tained by assuming that the radiation of *Sc (E, =1,156
MeV) is being detected; it is genetically associated with
the decay of *Ti. The radioactive isotope *'Ti is con-
tained in the remnants from explosion of supernovas.

5. ASTROPHYSICAL INTERPRETATION OF THE
OBSERVATIONAL DATA

a) +y-lines from the sun

As we mentioned in Sec. 4, y-lines have been detected
during solar flares with the quantum energies of 0.5,
2.2, 4.4, and 6.1 MeV. Let us examine the nature of
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this radiation.

The 2-2 MeV line is emitted during formation of deu-
terium nuclei by capture of thermal neutrons by pro-
tons: p+n-~d+y. The processes in which thermal
neutrons are produced during solar flares are dis-
cussed in Sec. 2. An analysis of propagation of neu-
trons in the solar atmosphere and of generation of the
2.2-MeV y-line has been carried out in Refs. 44-46,

It was assumed that initially the neutrons are isotropi-
cally distributed in the chromosphere or in the lower
corona, and then propagate independently of the mag-
netic field of the Sun and interact with the matter of its
atmosphere. The fundamental processes of interaction
of neutrons with the solar plasma are elastic scattering
by protons and capture of neutrons by protons and He
nuclei (see Sec, 2). The role of the other nuclei in neu-
tron capture is small [e.g., the probability of the reac-
tion *N(n, p) *C constitutes less than 10™® of the overall
neutron-capture probability]. Only in capture of neu-
trons by protons are y-quanta produced. The capture
of a neutron by a *He nucleus occurs without emitting a
y-quantum,

The intensity of the 2.2-MeV y-line depends very
strongly on the ratio of concentrations of hydrogen and
helium in the region of most efficient neutron capture.
Even a very small helium content suffices to depress
emission in the given y-line. Actually, the capture
cross-sections of neutrons by protons and helium nu-
clei are 2.2x107* 8™ em? and 3.7X107%8™ cm?, re-
spectively. Here B=v/c, while v is the velocity of the
neutron with respect to the particle that captures it.
Hence we see that the rates of capture of neutrons by
protons and helium nuclei are equal when the ratio of
concentrations of He and ‘H amounts to ~6X107°, Thus,
at a He concentration outside the neutron-capture re-
gion [subphotospheric layers of density ~(1-3)x 10"
cm™®] higher than 6X10°Ny, capture of neutrons by
helium nuclei will predominate, and hence the intensity
of the 2.2-MeV line will be depressed.

Let us estimate the radiation flux in the 2.2-MeV
line. In order to do this, we shall employ the following
formula for the value of the total y-ray flux throughout
a flare at the distance 7 from the Sun (see Sec. 2 and
Ref. 47):

% n;
~ fi
Fyx 4nr? Z ng
i=C,N, 0

(33)

S Wi =N, (E)dE.
Eqhreshold
Here » is a coefficient that determines the fraction of
the neutrons absorbed by hydrogen to form deuterium
and emit a y-quantum, »; /n, is the relative concentra-
tion of nuclei in the atmosphere of the Sun, A(E) is the
mean free path of a proton for nuclear interaction with
the nucleus i, X(E) is the thickness of matter traversed
by the accelerated particles, N,(E) is the differential
spectrum of the total number of protons in the region
of the flare, and W, is the probability that a y-quan-
tum will be produced by nuclear reaction of the proton
with the nucleus .

The mean thickness X of matter through which the
accelerated particles pass until they emerge into the
interplanetary medium apparently does not exceed sev-
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eral tens of milligrams,® i.e,, we have A/X=2X10°,
This quantity is also of the same order of magnitude
when the accelerated protons move in the direction
toward the Sun, since the low-energy protons make the
major contribution to the studied process.’

The fraction of neutrons absorbed by hydrogen in the
atmosphere of the Sun depends on the abundance of *He,
According to Ref. 4, it varies from 0.1to 0.4. If we
adopt for the sake of concreteness »=0.2, we get from
(33) the following relationship between the total number
of protons N, that “settle” in the atmosphere of the Sun
and the expected value of the total flux of y-quanta per
flare®”:

Fym 2-40°%N,  (E>2 MeV). (34)

The number of protons ejected during the flare into the
interplanetary medium is

N;:j F,ds, (35)
Here F, is the total flux of protons through a 1-cm?
area throughout the flare,

In the flare of Aug. 4, 1972, the total flux of protons
of energy 1-5 MeV at the orbit of the Earth was ~2Xx10°
particles/cm®. Hence we have

Ny (E=1MeV) ~ 105 22 (particles), (36)

Here AQ is the solid angle occupied by the protons
ejected in the flare,

If we take the total numbers of protons “settled” in
the atmosphere of the Sun Nj to be equal, we get from
(34) and (36):

(37

The duration of generation of line y-rays at 2.2 MeV in the
flare of Aug. 4, 1972 was At~ 10° sec. Hence the mean flux
of y-quanta of energy 2.2 MeV near the Earth should be
~F,/At ~AQ /47 quanta/cm®- sec. For AQ/4m~0.1-1,
this quantity is approximately equal to the observed
flux of y-rays of 2.2 MeV, which amounts to 0.28 quan-
ta/cm?®- sec.* Consequently we can explain the ob-
served intensity of the given y-line within the frame-
work of the hypothesis that the 2.2-MeV y-line is gen-
erated by capture of thermal neutrons by protons.

A0
Fy ~10°— (quanta/cm?) .

The 4.4 and 6.1 MeV lines amount to emission from
excited *C and '°0 nuclei (see Sec. 2). Excitation of
2C and 0 nuclei in a solar-flare region arises mainly
from their collision with protons having an energy
~(10-100) MeV, In the y-emission of the 4.4-MeV line,
a substantial contribution also comes from the spalla-
tion reaction of oxygen: '®0(p, ap)(**C,.,)*. Estimates
show that excitation of **C and 0 nuclei requires a
total number of accelerated protons in the flare region
analogous to the quantity given in Eq. (36).*

The 0.5-MeV line is produced by annihilation of posi-
trons with electrons of the photosphere of the Sun. The
source of positrons is pions and radioactive nuclei.*

The mean energy of the positrons in the decay 7= p*
-e" is ~70m,c2.%" The generated ultrarelativistic posi-
trons in the flare region (1, ~10°<10" ¢m™, H ~100-
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1000 gauss) at first lose their energy mainly by syn-
chrotron radiation, and then (after slowing down to en-
ergies ~1 MeV), ionization losses bégin to predominate
(for more details, see Sec. 2),

The positrons produced by B-decay of the radioactive
nuclei 'C, 2N, 3N, 40, '°0, etc. have mean energies
from hundreds of keV to several MeV and are slowed
down by ionization losses.

There is a ~10% probability that a positron will be
annihilated while having a relativistic velocity.** How-
ever, owing to Doppler broadening, this annihilation
does not contribute to the intensity of the 0.5-MeV line
(see Sec. 2).

The positrons slowed down to nonrelativistic veloci-
ties annihilate with electrons of the photosphere of the
Sun. Here a-rays are produced of energy 0.5 MeV.
Just as in the case of the 4.4- and 6.1-MeV y-lines, the
number of protons in the region of a solar flare re-
quired to explain the intensity of the 0.5-MeV line is
close to the value given in (36) in order of magnitude,

Line y-radiation is another information channel con-
cerning solar flares. Observations of the y-line of
quantum energy 0.5 MeV allow one to estimate the plas-
ma parameters in the region of production of this y-
ray line. Namely, analysis of the time-dependence of
the intensity of the annihilation line observed during the
_solar flare of Aug. 4, 1972 implies that the density of
matter and the magnetic field intensity in the annihila-
tion region exceed ~10'* cm™ and ~500 gauss, respec-
tively.* We note that the width of the 0.5-MeV line is
very sensitive to the temperature T of the surrounding
plasma [see Eq. (31)], and one can determine T by
measuring the width of this y-line. The existing mea-
surements®? offer only an upper limit on the temper-
ature of the plasma in the annihilation region, which is
~10" K.*

However, instruments already in existence (e.g.,
those using germanium detectors) can measure the
width of the 0.5-MeV line to an accuracy of ~1 keV,
and hence measure the temperature of the plasma in
the region of a flare to an accuracy of ~10* K.

As we have noted, annihilation of positrons can occur
either in the free or the bound state (see Sec. 2 and Fig,
6). The probability of producing positronium of spin 0
amounts to 25%, and of spin 1 to 75% (see, e.g., Ref.
50). Positronium in the singlet state has a mean life-
time of 1.2X107 sec and decays into two quanta of en-
ergy 0.51 MeV. Positronium in the triplet state has a
mean lifetime of 1.4X1077 sec and decays into three y-
quanta of energy <0.51 MeV. If the density of the sur-
rounding medium is greater than ~10"® em™, then trip-
let positronium is dissociated by electron collisions,
and free annihilation plays the major role. The latter
also dominates in the case of a rarefied plasma if its
temperature exceeds 10°°K (see Sec. 2).* According to
the observational data on the hard x-rays and soft y-
rays of the Sun, the fraction of positrons that undergo
three-photon annihilation does not exceed ~20% of the
total number of positrons annihilating in the solar at-
mosphere. Hence, in the region of annihilation of posi-
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TABLE IV
Model of a thin | Model of a thick
radiating layer radiating layer
He*/H=-0 240.2 340.3
He® H=5-10-% 1.810.2 2.7+0.2

trons we have either 7,210 cm™ or T2 10° K.

Observations of y-lines allow one to decide on the
spectrum of accelerated protons and nuclei of energy
~10 MeV/nucleon directly in the regionof a solar flare.
This involves the fact that the mean energies of the ac-
celerated particles responsible for generating different
v-lines differ. Consequently we can determine from
the measured ratio of y-line intensities the ratio of
densities of particles having different energies, i.e.,
find the particle spectrum. For example, let us study
the 2,2- and 4.4-MeV lines. The ratio of intensities of
these lines observed during the flare of Aug. 4, 1972
was &, ,/®, ,=0.11+0.04. Assuming the spectrum of
accelerated particles in the flare region to be the power
function of (12), we can determine the exponent of the
spectrum (see Sec. 2). Table IV gives the values of the
exponent of the proton spectrum under different hypoth-
eses concerning the ratio of concentrations of *He and
H in the plasma and the nature of the interaction of
protons with nuclei.*

We note that the value of the exponent of the proton
energy spectrum obtained in the thin-layer model s=2
is close to the exponent of the proton spectrum at en-
ergies ~10-100 MeV observed on the day of the flare
(Aug, 4, 1972) outside the Earth’s atmosphere.

The detection of y-rays of 2.2-MeV energy in the
solar flare of Aug. 4, 1972 showed that an appreciable
fraction of the neutrons is not absorbed by helium nu-
clei, Hence the ratio of concentrations of helium and
hydrogen in the subphotospheric layers does not sub-
stantially exceed the value of ~5X107° observed in the
plasma of the solar wind.

In closing this section, we emphasize that all these
results have been obtained from observing the y-lines
from only one large solar flare. Evidently further
studies of solar vy -lines together with simultaneous ob-
servations of the continuous radiation over a broad fre-
quency range will allow us to advance considerably in
understanding the physics of solar flares,

b} Galactic y-lines

Galactic y-lines are produced either by annihilation
of positrons with electrons or by emission from excited
nuclei of “Li, '?C, ®Ne, **Mg, 2®Si, etc. For most of
the observed y-lines we cannot yet finally say whether
they originate in discrete sources (pulsars and super-
nova remnants) or in extended regions upon interaction
of subcosmic rays with the interstellar gas.

Table V gives the most probable identifications of the
observed galactic y-lines. For all these identifications,
we can explain the observed intensities of the galactic
v-lines by using the formulas of Sec. 2 with an appro-
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TABLE V

Energy of ob-

2. Emission in annihilation of

;:v‘;d ylines, Nature of the y-radiation Emitting object
0.400-£0.001 | Emission in annihilation of Pulsar NP 0532 in the Crab Nebula
N positrons and
. electrons
0.476-4-0.24] 1. Emission from excited 7Li | #) Interstellar medium. Lithium nuclei con- »
auclei with mean quantum tained in cosmic rays are excited on colliding
energy 0.478 MeV with particles of the interstellar gas. 53

b) Pulsars. The excited lithium nuclei are
produced by collisions of helium niuclei emerg-
ing from young pulsars with helium nuclei
contained in the gaseous ghell ejected in for-

mation of the pulsar.S4
. Ne star ting the ding gas. 55
The difference of the mean of the de-

nuclei with mean quantum
energy 4.43 MeV. 16

Positrons and eiectrons red shift of the quantum energy in the po
ful gravitational field of the star.
0.53+0.01 | Emission in annihilation of di posi in the in-
i and ek 16 1 dium are produced by decay of
p-radioactive nuclei, and also by decay of
positive pions produced in collisions of cosmic-
ray protons with particles of the interstellar
gas.
0.9+0.1 Emission from excited 56Fe | Interstellar medium.
nuclei with mean quantum en-
ergy of 0.847 MeV.16
1.2—-2 Several unresolved y-lines, 16 | Interstellar medium. Nuclei of Ne, Mg, and Si
Most likely these lines are gen- c_o!mined in cosmic rays are excited upon co}
erated by excited nuclei of liding with particles of the interstellar gas.
20Ne, 24Mg, and 28Si
1.1540.07 | Emission from excited 49Sc | Supernova remnant. The excited 44Sc nuclei
nuclei with mean quantum en-  are produced by decay of 49Ti created in the
ergy 1.156 MeV. 44 explosion of the supemova. The half-life of
44T amounts to ~103 years.
4.6+0.1 | Emission from excited 12C  |Interstellar medium. Carbon nuclei contained-

in cosmic rays are excited upon colliding with

tected y-quanta from 0.511 MeV is due to the |

particles of the interstellar gas.

priate choice of parameters (density of the interstellar
medium, density of subcosmic rays, flux of particles
from a pulsar, etc.) that do not contradict any other
observational data. Now we shall discuss in greater
detail only the nature of the 0.4-MeV y-line from the
Crab Nebula, which is a remnant from the explosion of

the supernova of 1054. Most

probably this radiation

arises from e'e” annihilation at the surface of the pul-
sar NP 0532, which lies inside the Crab Nebula. We
can explain in a natural manner the difference of the

mean energy of the detected

y-quanta from 0,511 MeV

by a gravitational red shift with z=(0.511 - 0.400)/0.400
=0.28. This is the size of red shift that should arise as
quanta emerge from the surface of a neutron star of
mass ~1.4M. In order to explain the luminosity L, ~4
X 10% erg/sec of pulsar NP 0532 in the given y-line, we

must assume that L,/2m,c?

~10%! positrons are anni-

hilated at its surface per second. Interestingly, about
the same number of electrons (and perhaps of posi-

trons) must be ejected from

pulsar NP 0532 into the

Crab Nebula to maintain its luminosity at the observed

level.5®

Essential information on the region of generation of

the 0.4-MeV y-line is given
line width AE,: AE, <3 keV

by measurements of the

. This implies that the

radial dimension of the region of production of the 0.5-
MeV line at the surface of the pulsar is

AE
AR(T'—R~1O‘cm,
A4

Here R ~10° cm is the radius of the neutron star. The

nature of the source of such

a large number of positrons

near the surface of pulsar NP 0532 has not been finally
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established. We can only say that these positions are
not in thermodynamic equilibrium with the surrounding
plasma, since otherwise the plasma should have a tem-
perature higher than ~10® °K, while this does not agree
with AE, <3 keV [see Eq. (31)].

¢) v-lines from the radiogalaxy Cen A

Cen A is the radiogalaxy nearest to us, which coin-
cides with the optical galaxy NGC 5128, The distance to
Cen A is about 5 megaparsecs. Two gigantic radio
clouds are observed on opposite sides of the optical
galaxy NGC 5128. The emission from these clouds is
generated by relativistic electrons moving in a mag-
netic field (synchrotron radiation), These radio-emit-
ting clouds were produced either by explosion of the
core of the galaxy NGC 5128 or by quasistationary ejec-
tion from it of relativistic electrons. The high-power
processes in the radiogalaxy Cen A have not only oc-
curred in the past but continue into the present. This
is indicated by observations from it of infrared radi-
ation x~-rays, and y-rays, which are apparently non-
thermal in origin. Hence it is quite natural to detect
powerful y-radiation from Cen A in the 1.6 and 4.5 MeV
lines.

Most likely, the broad y-line of mean quantum energy
1.6 MeV amounts to the total y-radiation of excited
nuclei of ®Ne, Mg, and **Si, whose y-line energies
lie very close and are as yet unresolved. Apparently
the vy-line at 4.5 MeV is emitted by excited *C nuclei.
Let us estimate the parameters that would allow us to
understand, e.g., the intensity of the 4.5-MeV y-line
observed from it. In order to do this, we shall employ
the following expression for the flux of y-rays from *C
nuclei in the 4.43-MeV line (see Ref. 16):

Vnp®.P

=

(38)

*

Here V is the volume of the region of generation of the
4.43-MeV vy-line, %, is the concentration of protons in
the interstellar medium inside Cen A, @, is the differ-
ential flux of carbon nuclei in the subcosmic rays of
Cen A, and P is the differential yield of the nuclear
reaction, which is ~4.2X107% ¢m?- MeV.*® For F,
=10"% quanta/cm?- sec and =5 megaparsecs, we ob-
tain from (38):

Vn,®, = 0.6-10™ cm™? sec™!(MeV/nucleon) ' . (39)

When 7, ~1-10 em™ and V ~10%"-10% cm®, we have
&, ~10°-10° nuclei/cm?- sec (MeV /nucleon). This value
of the flux of carbon nuclei in the subcosmic rays of
Cen A is about 10°-10* times as great as in our Galaxy.
Such a high density of cosmic rays in Cen A is quite
natural, since radiogalaxies, including Cen A, are
among the most active astronomical objects in the Uni-
verse.

6. RESULTS AND FUTURE PROSPECTS
Cosmic y-spectroscopy is a young research field.

The first y-lines of cosmic origin® were discovered

9 Ip this review we are not treating y-lines of planetary origin
(for more details, see the monograph of Ref. 58).
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only several years ago in observations of the high-
power solar flare in August 1972, In the following five
years y-lines have been detected from the galactic cen-
ter, from the pulsar NP 0532 in the Crab Nebula, and
from the radiogalaxy Cen A. There are also indications
of y-~ray lines in other regions of the celestial sphere.
It is worth noting that the radiation flux in these lines
lies at the limit of sensitivity of modern y-spectrom-
eters and does not substantially exceed 3-4 standard
deviations. Perhaps subsequent studies will not confirm
some of the published results on detection of cosmic y-~
lines. However, the reliability of the observations of
most of the cosmic y-lines gives no cause for doubt.

In spite of the small number of objects from which y-
lines have been detected and the small number of ob-
served y-lines, cosmic y-spectroscopy has already
substantially deepened our concepts of certain astro-
physical phenomena. Thus, for example, observations
of y-lines allow us:

1) to make conjectures, although to date only crude
ones, concerning the parameters of the regions of solar
flares (magnetic field intensity, plasma concentration
and temperature);

2) to estimate the exponent of the spectrum of accel-
erated protons immediately in the region of a solar
flare,

3) to “weigh” the pulsar NP 0532 that lies inside the
Crab Nebula and is genetically associated with it;

4) to estimate the density of subcosmic rays in our
Galaxy and in the radiogalaxy Cen A,

The list of the most urgent problems of cosmic y-
spectroscopy includes:

1. To confirm the existence of the observed y-lines
and to seek new y-lines from nonstationary astronomi-
cal objects.

2, To perform simultaneous observations of a large
number of y-lines, since only this type of measure-
ments will allow us to solve many astrophysical prob-
lems (e.g., to determine the spectrum and chemical
composition of cosmic rays in the region of generation
of the y-lines, and also to form opinions concerning the
parameters of the thermal plasma in this region).

3. To measure the angular paremters, and if possi-
ble, to study the structure of the y-line source by in-
creasing the angular resolution of y-spectrometers.
This will substantially facilitate the identification of y-
line sources.

4. To study in detail the shape of the y-lines. This
is possible when one uses Ge (Li) spectrometers. We
can estimate more reliably the parameters of the emit-
ting region of cosmic objects (e.g., the plasma temper-
ature) by reducing the instrumental width of the lines to
a minimum,

Perhaps in the future the recent discovery of baryoni-
um (a2 bound state of a nucleon and an antinucleon®®: %)
will be of great importance in determining the concen-
tration of matter in the Universe. This system, which
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is named by analogy with positronium, can have excited
levels with a transition energy E, ~100-1000 MeV.

In closing this article we wish to note that cosmic y-
spectroscopy undoubtedly has a great future, since ob-
servations of cosmic y-lines are apparently the only
information channel on the characteristics of the nu-
clear component of subcosmic rays inside various as-
tronomical objects.

Note added in proof. A symposium was held on Apr.,
28-29, 1978 in the United States on cosmic y-spec-
troscopy. A short account of the proceedings of the
symposium is given in an article by R. Ramaty et al.
[Nature 273, 591 (1978)]. The account indicates that
y-ray lines with E, of 0.511 and 4.4 MeV from the gal-
actic center have been confirmed. The half-width of
the 0.511-MeV vy-line proved to be very small (AE, <3
keV). There are also indications of existence in the
v=-ray spectrum of the galactic center of an excess
caused by three-photon annihilation of positrons.
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