
High-energy gamma-ray
astronomy
The highest-energy particles and processes in the Universe
provide clear and often unique information on the structure and history
both of our Galaxy and of the regions beyond.

Carl Fichtel, Kenneth Greisen and Donald Kniffen

All the natural electromagnetic radia-
tion reaching the Earth, whether from
nearby or remote parts of the universe,
brings with it information on the con-
tents or structure of the region in which
it originated. This is true of each part
of the spectrum, from radio waves
through the visible, ultraviolet and
x-ray regions, to the realm of high-ener-
gy gamma rays which is our subject
here. We will be concentrating on ce-
lestial gamma rays, with energies above
about 10 MeV, which provide clear and
in some respects unique information on
the high-energy particles and processes
in the universe, both currently and in
the remote past.

Gamma rays relate directly both to
the very high energy electrons as they
interact with photons, matter and mag-
netic fields, and to the energetic nuclei
as they interact with matter. Of all the
electromagnetic spectrum, high-energy
gamma-ray astronomy measures most
directly the presence and effects of the
energetic charged particles—cosmic
rays. Moreover, not only our own gal-
axy but also the universe is extremely
transparent to gamma rays; therefore,
these photons retain the detailed im-
print of spectral, directional and tempo-
ral features imposed at their birth, even
if they were born deep in regions
opaque to visible light and x rays.

After more than a decade of search-
ing for the rare celestial gamma radia-
tion, the region of the spectrum above
35 MeV has now reached the explorato-
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ry phase with recent observations.
These latest observations are confirm-
ing the utility of gamma-ray astronomy
as a very important tool in the study of
galactic structure and dynamics, as well
as the contents and evolutionary history
of the universe. The study of localized
source regions at these very short wave-
lengths provides important new infor-
mation with which to determine the
emission mechanisms of objects such as
pulsars, supernova remnants, external
galaxies and possible black holes, and
perhaps objects that emit radiation only
in the gamma-ray portion of the spec-
trum—gamma-ray stars.

The radiation reaching us from the
greatest distance takes us back in time.
The radiation now arriving from the
farthest bounds of the universe had a
much higher energy at its creation than
the one seen by local gamma-ray tele-
scopes because of the cosmological red
shift, and this radiation images a uni-
verse in a more compressed and earlier
state of evolution. For these reasons—
and because of the present transparen-
cy of the universe at gamma-ray ener-
gies—the radiation from such remote
regions is probably not too weak to de-
tect. In fact, such radiation may ac-
count for most of the diffuse gamma-
ray background seen at high galactic la-
titudes.

Early observations

Although it had long been realized
that high-energy gamma-ray astronomy
held these potentially great rewards, its
development has been slow and diffi-
cult, primarily because of the low inten-
sity of celestial gamma rays both in ab-
solute terms and relative to the cosmic
rays. Early experimental attempts to
detect gamma rays with relatively sim-
ple instruments flown on balloons in the

1940's and 1950's were unsuccessful.
New theoretical work in the late 1950's
reemphasizing the importance of
gamma-ray astronomy stimulated ex-
perimenters to develop more sophisti-
cated detectors in spite of the failure of
the early experiments to achieve posi-
tive results.

The first certain detection of celestial
high-energy gamma rays came from a
satellite experiment flown on the third
Orbiting Solar Observatory (OSO-3).
With this detector, William Kraushaar,
George Clark, Gordon Garmire and
their colleagues1 observed the emission
from the galactic disk of gamma rays
with energies above 50 MeV as well as a
possible diffuse flux. The limited spec-
tral and spatial resolution of this excel-
lent pioneering experiment left many
questions unanswered, however. A
gamma-ray spark-chamber telescope
with substantially greater sensitivity
and angular resolution (a few degrees)
flown on the Second Small Astronomy
Satellite (SAS-2), has now provided a
better picture of the gamma-ray sky,
especially when combined with the data
on low-energy gamma rays that are be-
coming available from several other sat-
ellite and balloon experiments.

Instruments

The small wavelengths involved in
gamma-ray studies preclude the use of
conventional optical techniques for the
direct detection of the primary photons;
however the,high energy contained in
the quanta permits their detection by
such varied particle counters as scintil-
lators, spark chambers, proportional
counters, Cerenkov detectors and solid-
state counters. Because of the low in-
tensities of the celestial gamma rays
and the high background of charged
particles to which these devices are also
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sensitive, one must use counter configu-
rations that provide efficient detection
combined with a reliable identification
of the gamma rays and virtually total
rejection of primary charged particles.

The basic property of the gamma ray
that distinguishes it from the bulk of
the cosmic rays is its chargeless state;
hence the observing telescope generally
includes an active anticoincidence
counter as its outermost element.
Upon passing through the anticoinci-
dence system the high-energy gamma
ray is converted into an electron pair
whose presence is detected by a system
of particle counters. Accurate angular
measurements are difficult, both be-
cause the high frequency precludes op-
tical and low-energy x-ray techniques,
and because the low absorption cross
section makes collimating techniques
impractical. As a result, angular infor-
mation on the arriving gamma ray must
be obtained from measurements on the
electron pair. This leads to some un-
certainty owing to Coulomb scattering,
especially at low energies and for thick
converters.

In the 1960's the pictorial type detec-
tors were developed and used for the
energy range above about 10 MeV to
provide an unambiguous identification
of the gamma ray by observing the
unique pair-production process and to
give relatively good angular resolution
over a large acceptance angle. The pic-
torial detector is an extension of the
earlier counter-telescope technique
with the addition of imaging devices to
provide a "picture" of the electron and
positron trajectories, allowing the posi-
tive identification of the ambient
gamma ray as well as a better determi-
nation of its arrival direction and ener-
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The SAS-2 gamma-ray experiment. The photograph shows the gamma-ray spark-chamber
telescope with the thermal cover, anticoincidence dome and pressure-vessel removed; these
components are shown, however, in the schematic cross-sectional diagram. Figure 1
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SAS-2 experiment and a schematic
drawing of its components.2 This de-
tector contains the anticoincidence
counter and the two-element charged-
particle coincidence telescope charac-
teristic of the counter telescopes, but
introduces in addition two spark-cham-
ber assemblies, each consisting of 16-
wire grid spark-chamber modules. The
converter consists of thin plates of high-
Z material interleaving the 16 upper-
chamber modules. This configuration
optimizes the information that can be
obtained on the secondary electrons;
the high-Z material minimizes the ener-
gy loss of the electrons for a given
gamma-ray conversion probability.
Similar plates in the lower assembly
allow a clear identification of the
gamma ray and a better estimate of the
energies of the electrons from a study of
their multiple Coulomb scattering, and
hence the energy of the parent gamma
ray. The determination of the position
at which the electrons pass through
each module level of the spark chamber
stack provides a three-dimensional
"picture" of the charged-particle trajec-
tory. Figure 2 presents a computer-
generated reproduction of such a
gamma-ray produced electron-pair
event seen by the SAS-2 gamma-ray
telescope.

In the energy range above a few hun-
dred MeV, observations have been
made with a gas Cerenkov counter tele-
scope developed by Kenneth Greisen
and his group at Cornell,3 depicted in
figure 3. Again, a very efficient anti-
coincidence system is employed to dis-
criminate against charged particles.
This instrument is a modification of the
counter gamma-ray telescope in which
the Cerenkov counter contains a gas ra-
diator rather than a solid one as in the
earlier devices. With its inherent small
acceptance angle this instrument is not
suited for a sky survey, but it has the
advantage of good directionality and
the potential for very large collection
areas at relatively low cost and com-
plexity.

At extremely high energies (above
10n eV), ground-based gamma-ray ob-
servations can be attempted by detect-
ing the Cerenkov emission produced by
the cascade shower induced in the at-
mosphere by a single impinging high
energy gamma ray. Because the radius
of the Cerenkov light pool at the ground
is about 100 meters, the Cerenkov
shower techniques provide a large sensi-
tive area (104-105 m2) and hence rather
high counting rates even for primaries
of quite high energy. Unless special
care is taken the background in this ex-
perimental approach is quite high,
being the sum of that produced by high-
energy charged-particle cosmic rays,
starlight, and other light that appears
in the night sky. One can reduce this
background problem by using a small
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A gamma-ray pair-production event seen by
the SAS-2 gamma-ray telescope. In these
two orthogonal views the x's and y's denote
cores set by the passage of charged particles
in the x and y view, respectively. The vertical
axis is compressed by a factor 2.7 relative to
the horizontal axis. Figure 2

acceptance angle, a very short resolving
time, and a large (about 10 meters) re-
flector system, which focuses the light
onto a photoelectric device,'5 or by
using more complex techniques with
more than one reflector system.6

Many instruments have been devel-
oped by other groups who use variations
of the gamma-ray detection techniques
described here. More extensive discus-
sions of gamma-ray detectors appear in
a number of reviews on this specific
topic.7"11

Galactic gamma-ray emission

The most striking feature of the ce-
lestial sphere when viewed in the fre-
quency range of high-energy gamma
rays is the emission from the galactic
plane,1'1213 which is particularly intense
in the galactic longitudinal region from
about 300° to 50°. When examined in
detail the longitudinal and latitudinal
distribution appears generally correlat-
ed with galactic structural features, and
particularly with spiral-arm segments.
For example, the peaks shown in figure
4 are seen in the experimental distribu-
tion at 310-315°, 330-335° and 340-
345°, corresponding to galactic features
known as the "Scutum arm," the
"Norma arm" and the 4-kpc arm, re-
spectively.4 Whereas any one peak may
not be considered statistically signifi-

cant, the fact that all three peaks are
observed is significant. On the other
side of the galactic center, the arms are
not as clearly separated; however, the
observations show an excess between
20° to 40° that may be related to the
tangents to the 4-kpc and Scutum arms.
The sharp decrease between Z11 = 50°
and 55° is consistent with the tangent
to the Sagittarius arm as shown in fig-
ure 5 from the work of Christopher Si-
monson.14 The valley from 50° to 70°
reflects a lack of features in that direc-
tion, and the increase in Cygnus from
70° to 80° is in the direction of the
Orion arm. There also appears to be a
contribution from the galactic center it-
self, or other sources in that direction.

On the basis of its amplitude, spec-
trum and angular distribution, and on
the lack of quantitatively successful al-
ternatives, the diffuse high-energy
gamma radiation from the galactic
plane appears to be explained best as
resulting primarily from cosmic-ray in-
teractions with interstellar matter—
principally atomic and molecular hy-
drogen.

The nuclear component of cosmic
rays, because of the relatively large
mass of the individual nuclei compared
with electrons, does not respond strong-
ly to the electromagnetic fields; but it
does interact strongly with nuclei.
Hence, the nuclear cosmic rays selec-
tively induce responses from any matter
that is distributed in space—such as in-
terstellar gas, atoms, ions, molecules
and dust. The characteristic nuclear
reactions lead to the prolific creation of
pions, and the neutral pions decay into
gamma rays. The spectrum of these
gamma rays carries a unique signature
of their mode of origin: namely, the
spectrum has a broad peak at

M.
= 68 MeV

and above a GeV parallels the high-en-
ergy (>10 GeV) cosmic-ray spectrum.

The amplitude of the spectrum from
any direction is proportional to the line
integral of the product of the cosmic-
ray flux and the matter density. Ab-
sorption of the radiation is normally un-
important, because the mean free path
of the high-energy gamma radiation is
more than a hundred times the distance
through the longest path in our galaxy,
and at least 103 times the average thick-
ness of the universe. Thus by varia-
tions seen in the amplitude of the
gamma-ray distribution, we can identi-
fy the arm structure of our galaxy, esti-
mate the product of the cosmic-ray den-
sity and the gas density near the center
of the galaxy, and measure (eventually)
the large gas clouds.' Also the excess
cosmic-ray flux surrounding a superno-
va appears to have been observed.15'16

The high-energy electrons and posi-
trons in cosmic rays, which are much
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less numerous than protons of the same
energy, produce gamma rays by inter-
acting with matter via bremsstrahlung,
with lower-energy photons through
Compton scattering, and with magnetic
fields via synchrotron radiation.
Bremsstrahlung appears likely to be the
most important of these three for the
gamma rays below about 30 MeV in the
general diffuse galactic radiation. The
other two mechanisms probably are not
important for the galactic nor the extra-
galactic diffuse radiations, with the pos-
sible exception of Compton radiation in
the galactic center; but they could be
quite important for compact objects,
which we will discuss later.

The general galactic radiation may
ultimately prove to be of great value in
studies of the galactic structure. We
have already noted the high penetrating
power of gamma rays, which allows
them to reach the solar system easily
from almost anywhere in the galaxy.
Further, the structure contrast as re-
vealed by gamma rays (at least on the
scale of galactic arm segments) may be
very high, as seen from the following
considerations: If it is assumed that
the cosmic rays and magnetic fields are
galactic and not universal, then, as
Peter Bierman and Leverett Davis,17

and Eugene Parker18 showed in more
detail, the magnetic fields and cosmic
rays can only be contained by the
weight of the gas through which the
magnetic fields penetrate; hence, they
are tied to the matter. The local ener-
gy density of the cosmic rays is about
the same as the estimated energy densi-
ty of the average magnetic fields and
the kinetic motion of matter. Together
the total pressure due to the cosmic-ray
gas, the magnetic fields and the kinetic
motion of the matter is estimated to be
approximately equal to the maximum
that the gravitational attraction can
hold in equilibrium. This estimate
suggests that the cosmic-ray density
may generally be as large as would be
expected under quasi-equilibrium con-
ditions. Lending some theoretical sup-
port to this concept is the calculated
slow diffusion rate of cosmic rays19"21 in
the magnetic fields of the galaxy, based
on the cosmic-ray lifetime and the small
cosmic-ray anisotropy, and also the
likely high production rate of cosmic
rays. These two facts together suggest
that in general the cosmic rays should
be plentiful in a dense region and will
not move quickly to less dense regions.

Therefore, it appears reasonable to
assume22 that the energy density of the
cosmic rays is larger where the matter
density is larger. If, for example, the
cosmic rays are assumed to be propor-
tional to the average matter density on
the scale of galactic arms reasonable
agreement with the experimental data
is achieved,23 as shown in figure 4. On
the other hand, with a constant cosmic-
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ray density (as an extragalactic theory
of cosmic rays would require) this de-
gree of agreement is not possible.

The molecular-hydrogen distribution,
which was assumed to be proportional
to the atomic hydrogen in the above, re-
mains one of the greater uncertainties
in these calculations. Floyd Stecker
and his colleagues24 have used a model
for the molecular-hydrogen distribution
based on the work of Nicholas Scoville
and Philip Solomon,25 which suggests
that, although the cosmic rays must still
be preferentially associated with the

1.5 x 10-4

matter to obtain agreement with the ob-
servations, the correlation is not nearly
as strong as the first power of the mat-
ter density. The degree to which the
cosmic-ray density is related to the
matter density in any specific region
will only be established when more de-
tailed gamma-ray measurements and
better estimates of the tptal matter
density become available.

Diffuse celestial radiation

Regions away from the galactic plane
show an apparently diffuse intensity of

180 240 300 0
GALACTIC LONGITUDE (degrees)

120

Distribution of high-energy gamma rays (greater than 100 MeV) along the galactic plane as ob-
served by SAS-2. The data are summed from b" = - 1 0 ° to b" = + 1 0 ° . The diffuse back-
ground level is shown by the colored area at the bottom, and the error bars reflect calibration,
energy resolution and statistical uncertainties. The longitude distribution of the galactic high-
energy gamma-ray emission deduced from the spiral-arm model is shown by the colored line.
The increase around longitude 265° is due to the Vela supernova remnant, and the increase
from 180° to 205° is due to the Crab nebula and possibly other sources. Figure 4
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gamma rays that has been observed by
several experiments and now appears
clearly established. In view of the lim-
ited angular resolution of the experi-
ments (from a few degrees to over 10
deg) and the limited region of the sky
surveyed by most of the experiments,
caution must be used in interpreting
the radiation as truly diffuse, as op-
posed to the sum of many point sources.
The energy spectrum determined for
this radiation has the rather interesting
shape shown in figure 6.26 The line la-
beled "B" in this figure is a plot of the
function dJ/dE = 0.1 IE"2-3 in units of
photons/(cm2sec-sr-MeV), with E ex-
pressed in MeV. This line, chosen to
pass through both the SAS-2 data13 and
the 1-MeV gamma-ray data, is also con-
sistent with the high-energy x-ray data
within stated uncertainties.28'29 How-
ever, the majority of the data from 1 to
10 MeV seem to lie above this line and
have a flatter spectral shape than this
power law would indicate, implying first
a decrease and then an increase in spec-
tral slope. The intensity in the 5 to 40
MeV energy range is quite uncertain at
present.

The list of candidate models to ex-
plain the diffuse radiation is lengthy.
The shape of the spectrum is at present
consistent with a red-shifted gamma-
ray spectrum, integrated over the time
of the universe, with an additional steep
component at low energies. These
characteristics have led to several cos-
mological origin theories including: the
particle-antiparticle annihilation in the
baryon-symmetric big-bang model; the
cosmic-ray-intergalactic-matter inter-
action model, and the cosmic-ray-
blackbody interaction model. To these
we could add numerous multiple dis-
crete source models, including one in
which matter falls toward a black hole,
producing neutral pions in interactions
outside the Schwarzschild radius. The
mesons decay into gamma rays, which
are red shifted as they leave the gravita-
tional field. In the future we may be
able to distinguish between these
theories by measuring the degree of
small-scale uniformity of the diffuse ra-
diation and making improved determi-
nations of the energy spectrum at all
energies.

Before we leave the discussion of the
diffuse radiation, we should mention an
interesting conclusion that can be
drawn from the relatively low intensity
of gamma rays above 100 MeV in the
diffuse radiation. This intensity level
places a constraint on the distance to
which cosmic rays at the density ob-
served in the vicinity of Earth may ex-
tend in a closed universe. Because the
limit is sufficiently close to Earth to
avoid any major cosmological effects,
the calculation is straightforward. The
observed gamma-ray intensities imply a
limiting radius of about 50 megaparsecs
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Spiral arms and other features of the galaxy,
shown in a smoothed spatial diagram of the
locations of the maxima of the matter density
deduced from 21-cm HI line measurements
and the density wave theory. Figure 5

for the local cosmic-ray density, if the
gas density outside the galaxy is that re-
quired for a closed universe—namely
about 10~5/cm3. Thus, a cosmic-ray
density equal to that near Earth cannot
pervade the universe if it is closed; how-
ever, the possibility that cosmic rays
exist at the local density throughout our
local super-cluster of galaxies cannot be
eliminated under these conditions. If
the universe is not closed, the matter
density may be much lower. For an
open universe we must consider specific
cosmological models, because the large
distances that then apply lead to sub-
stantial red shifts in the observed
gamma radiation.

Discrete sources

Gamma-ray astronomy has been lim-
ited in its search for localized sources by
the low intensity of the sources, the lim-
ited angular resolution of the detectors
and (in the case of observations from
balloon platforms) by the atmospheric
background.

The first confirmed discrete source of
high-energy gamma radiation is
NP0532 in the Crab nebula, the fastest
(that is, shortest-period) pulsar known.
In this case the observation of pulsed
emission at the same period as, and in
phase with, the radio pulsar adds confi-
dence to the identification of the
source. The observations of this
source30 are summarized in figure 7
where it can be seen that the observa-
tions extend to at least a GeV. Obser-
vations in the 15-100-MeV range have
yielded rather uncertain results, with
reported upper limits and fluxes in ap-
parent or near disagreement. Because
the reported intensities in these balloon
observations were just marginally de-
tectable above atmospheric back-
ground, this uncertainty is understand-
able.

The most striking feature of the spec-
tral distribution for the Crab pulsar in

the 104 to 109 eV range is the transition
from a predominantly unpulsed flux at
lower energies to a predominantly
pulsed flux at higher energies. The
data are still too uncertain to allow de-
finitive interpretation; however, we may
draw a few conclusions. The pulsed
and unpulsed emission mechanisms
clearly have a different energy depen-
dence, which is understood, qualitative-
ly at least, by a model in which the
pulsed emission comes from synchro-
tron radiation at the speed-of-light cyl-
inder while the unpulsed component
comes from regions of lesser magnetic
field strength, probably by a combina-
tion of scattering of electrons by the un-
pulsed synchrotron radiation and inter-
action of high-energy protons and the
ambient gas. The unpulsed synchro-
tron radiation is known to extend at
least to x-ray energies; so the upper lim-
its that can be set on the Compton-syn-
chrotron emission lead to a lower limit
of 10~4 gauss on the magnetic field
strength in the nebula.31 Meanwhile the
absence of significant circular polariza-
tion in the radio spectrum sets an upper
limit of about 10~3 gauss in the emitting
regions, bracketing the field in the neb-
ula rather closely.

Recently the intensity of the pulsed
radiation at high energies (greater than
0.8 GeV) has been reported to have
changed significantly (by at least a fac-
tor of five)32 between October 1971 and
July 1973, in marked contrast to the
lack of any significant (30% or more)
variation in the total emission in the 1-
to 10-keV range over the same period as
observed by UHURU. This significant
result is difficult to understand without
additional observations.

The third fastest radio pulsar known
at present is PSR 0833-45 in the Vela
region. It is four times closer than the
Crab pulsar and also within the enve-
lope of a supernova remnant. The total
gamma-ray flux seem from Vela1516'33

is about the same as that from the Crab.
A temporal analysis shows that there is
a very significant luminosity of pulsed
emission at the radio pulsar period, as
well as a constant component. The
pulsed emission consists of two peaks,
one following the radio peak by about
13 msec, the other 0.4 of a period later.
The pulsed emission above 100 MeV
from Vela is 0.1 that of the pulsar
NP0532 in the Crab nebula, whereas
the pulsed emission from Vela at optical
wavelengths is less than 2 X 10~4 that
from the Crab.34'35

The flux observed at Earth from the
total Vela emission above 100 MeV is
(6.3 ± 1.1) X 10-6 photons/(cm2sec).
Even if it is assumed that only a fourth
of this emission is associated with cos-
mic rays from the Vela supernova rem-
nant interacting with local matter, 1050

ergs of cosmic rays from the supernova
are contained within the remnant, a
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Diffuse celestial radiation observed by several experiments (see ref.
26). The line B is the function 0.011 £~ 2 3 photons/(cm2 sec ster
MeV), as discussed in the text. Colored lines A and T represent cal-
culations by Floyd Stecker and his colleagues (ref. 27) based on the
matter-antimatter annihilation of the baryon-symmetric cosmology (A)
and the annihilation curve plus a low-energy power-law component
(T). (Normalized to reflect recent measurements.) Figure 6

Spectrum distribution of fluxes observed from the region of the Crab
nebula (ref. 30). The colored line and the colored boxes refer to the
total flux and the remaining lines, points and upper limits refer to the
pulsed flux. The most striking feature here in the 104 to 109-eV range
is the transition from a predominantly unpulsed flux at lower energies
to a predominantly pulsed flux at higher energies, with a different en-
ergy dependence in the two cases. Figure 7

value well above the minimum required
if supernovae are to supply the galaxy
with cosmic rays at the level observed in
the vicinity of the solar system. It
should be possible to confirm this hy-
pothesis, at least as a mechanism of
gamma-ray emission, by observation of
the angular diameter of the source, for
both Vela and the Crab. This result
emphasizes the need for more refined
observations (especially with improved
sensitivity and angular resolution) to
examine in more detail other young su-
pernova remnants. A very likely possi-
bility is the Cygnus region, for instance,
which shows a gamma-ray enhancement
in a direction that contains nine super-
nova remnants. However, the angular
resolution of the present observations is
insufficient to determine if excess emis-

sion is associated with some or all of
these supernova remnants, or is just a
generally enhanced galactic emission.

Another region of localized enhance-
ment is that associated with Gould's
Belt (a local galactic feature), and there
are several other reports of localized
sources beyond those already men-
tioned.

In the future . . .

The association of the high-energy
gamma rays with cosmic-ray-interstel-
lar-matter interactions suggests that, in
the future, gamma-ray astronomy to-
gether with astronomy at other wave-
lengths holds great promise for the
study of the galaxy—both in terms of
the matter distribution and the cosmic-
ray pressure distribution. Gamma-ray

instruments of the future will have the
sensitivity and the angular resolution to
study the cosmic-ray-matter distribu-
tion not only on the broad scale of arms,
but on the finer scale of variations with-
in arms. Then the question of cosmic-
ray expansion from sources and their
propagation and distribution can also
be studied in detail to see the effects of
the cosmic-ray gas pressure and to
study galactic structure in finer detail.

With improved angular resolution,
possible contributions from discrete
objects would be distinguished more
clearly from more extended features of
the interstellar medium, which might
show enhanced gamma-ray emission
such as HI and HII regions, molecular
clouds, globular clusters, dark clouds,
supernova remnants and the hot regions
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thought possibly to be the source of
0.25-keV x rays. As well as the study of
the matter distribution and the cosmic-
ray nucleons within these regions
through observations of high-energy
gamma rays, the study of the energy
spectra in the medium-energy range
(about 8 to 40 MeV) is important for in-
vestigating the electromagnetic pro-
cesses in galactic gamma-ray produc-
tion. The study of emission from su-
pernova remnants should provide the
most direct available evidence indicat-
ing whether supernovas are the long-
sought sources of cosmic rays; if they
are, details of the emitted radiation will
provide a means of studying the ques-
tion of cosmic-ray expansion from
sources, and their propagation and dis-
tribution can be studied in detail.

With the addition of improved energy
measurements and angular resolution,
the energy spectrum and uniformity of
the diffuse radiation could be studied
with the hope of testing the currently
proposed explanations of this radiation,
including models that place its origin in
the cosmological past, models that ac-
count for the gamma rays as an exten-
sion of the diffuse x-ray spectrum, and
models that attribute the gamma rays
to distinct high-energy processes in the
contemporary universe. These three
theories predict significantly different
energy spectra for the gamma radiation.
Also, as greater sensitivity permits
studies at high galactic latitudes in
more detail, emission from other galax-
ies can be studied, thereby providing a
new dimension to galactic studies.

From these considerations, we see
that the motivation for continued re-
search in gamma-ray astronomy is
clearly high. Much of what can be
learned is predictable, but, from the
previous experience in astronomy when
large steps in sensitivity of the observ-
ing instruments have occurred, we know
that many discoveries will be made that
cannot be foreseen.
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