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Progress in high-energy gamma-ray astronomy has depended upon the development of sophisticated
detectors and analysis techniques. Observations in this decade using space-based and ground-based
detectors have observed gamma-ray emission from a variety of sources. For the first time a consistent
picture of the g-ray sky has emerged. This article describes the detection techniques in g-ray
astronomy, the nature of the astrophysical objects studied, and the present state of the observations.
Several possible new directions in the field are also described. [S0034-6861(99)00304-9]
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I. PREFACE

High-energy g-ray astronomy is a relatively new field.
Despite impressive progress, it is only now becoming
part of mainstream astronomy. This may be attributed
to the fact that most of the scientists working in high-
energy g-ray astronomy have backgrounds in nuclear or
particle physics rather than astronomy. In addition,
many of the important results of the field have appeared
in the Proceedings of the International Cosmic Ray Con-
ference or in physics journals, where they are not likely
to be read by astronomers.

Consequently review articles have played a particu-
larly important role in high-energy g-ray astronomy,
both to inform the astronomical community as to the
status of the field and to place the results in a broader
astronomical context. A number of reviews of high-
energy g-ray astronomy have been written over the past
decade. The most widely read are two articles that ap-
peared in 1988 (Weekes, 1988; Nagle et al., 1988) and a
later review that concentrated on techniques rather than
results (Cronin et al., 1993). A recent review article by
Ong (1998) contains a complete list of recent observa-
tions. An article by Fichtel and Trombka (1997) concen-
trates on the energy regime below 20 GeV. In addition,
some topics in high-energy g-ray astronomy are dis-
cussed by Longair (1994a).

In the 1980s, observations in high-energy g-ray as-
tronomy appeared to show the existence of a number of
strong astrophysical sources of photons above 1 TeV.
Some of these observations, if correct, would have re-
quired new physics, either a new kind of high-energy
photon interaction or the existence of a new type of
long-lived neutral particle. This brought the field to the
attention of a wide scientific audience. Within high-
energy g-ray astronomy, there is now a consensus that
most of these early observations were erroneous. How-
ever, many outside of the field do not know why this is
so, nor do they realize that consistent, exciting observa-
tions are now being made. This article will concentrate
on how the consensus view of the field emerged from
the early contradictory results, survey the present state
of the field, and discuss how it points towards future
progress. In addition, we shall discuss how the observa-
tions relate to the underlying astrophysical processes.

II. INTRODUCTION

A. Background

Astronomy is an observational science, rather than an
experimental science in which repeatable experiments
are prepared and performed. Astronomers observe the
universe using instruments on earth, on balloons, and on
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spacecraft. From these observations and an understand-
ing of known physical processes, they attempt to under-
stand the physical universe.

Historically, observations have driven the science.
Time and time again astronomers have made observa-
tions that have profoundly altered our picture of the
universe. Progress in astronomy has often been the di-
rect result of the development of a new observational
technique, either the study of a previously unexplored
wavelength region of the electromagnetic spectrum or a
great enhancement in sensitivity compared with earlier
observations. The development of new techniques in
high-energy g-ray astronomy holds the promise of simi-
lar progress.

High-energy g-ray astronomy resulted from two dis-
tinct fields of study. In the early 1970s, space-based de-
tectors extended the field of x-ray astronomy upwards in
energy and observed a number of discrete sources of
100-MeV photons. The study of cosmic photons above
;1 TeV (1012 eV) was pursued by physicists with
ground-based instruments, which were an outgrowth of
cosmic-ray studies. Here, however, the development of
new detection techniques did not immediately reveal
new sources or phenomena. It was only recently, after
the development of second- and third-generation tele-
scopes, that the ground-based observations began to
contribute to our understanding of the cosmos.

While the techniques of space-based and ground-
based g-ray astronomy are distinct, the science ad-
dressed by them overlaps considerably. In addition, de-
tectors are being developed to bring the energies studied
on earth and in space closer together. Thus this article
will review the status of observations using both tech-
niques, although it will concentrate on the ground-based
observations.

B. Definition of terms

The two types of high-energy g-ray detectors are
satellite-based telescopes that convert the photon and
track the resulting electron-positron pair to determine
the photon direction, and ground-based instruments that
detect the extensive air showers produced when high-
energy photons interact with the earth’s atmosphere. In-
struments that detect the Čerenkov light produced in
extensive air showers are called atmospheric Čerenkov
detectors. Air fluorescence detectors are sensitive to the
light emitted when nitrogen molecules, excited by ioniz-
ing particles in an air shower, de-excite. Scintillation
counter arrays that detect the (primarily charged) air-
shower particles that survive to ground level have tradi-
tionally been called ‘‘extensive air-shower’’ (EAS) de-
tectors or EAS arrays. However, both air Čerenkov and
air fluorescence detectors also detect extensive air show-
ers, and they may consist of arrays of detectors. To
avoid this ambiguity, we shall use the term ‘‘air-shower
particle detector arrays’’ to describe the counter arrays.

The term ‘‘g ray’’ is generally used to denote electro-
magnetic photons with energies above several hundred
thousand electron volts (eV). Photons with energies
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TABLE I. Gamma-ray astronomy nomenclature.

Energy range Equivalent Traditional
(eV) prefix Nomenclature detection technique

107 –33107 10–30 MeV medium satellite-based Compton
telescope

33107 –331010 30 MeV–30 GeV high (HE) satellite-based tracking
detector

331010–331013 30 GeV–30 TeV very high ground-based atmospheric
(VHE) Čerenkov detector

ground-based air-shower
particle detector

331013–331016 30 TeV–30 PeV ultrahigh ground-based air-shower
(UHE) particle detector

331016 and up 30 PeV–and up extremely high ground-based air-shower
(EHE) particle detector

ground-based air fluorescence
detector
lower than g rays are called x rays, but above x rays all
photons are g rays. Thus g rays occupy an extraordinar-
ily broad (in principle, unbounded) range of the electro-
magnetic spectrum. The term ‘‘g-ray astronomy’’ is too
broad to be descriptive or useful; some subdivision is
clearly needed.

Perhaps the most influential attempt at such a subdi-
vision was that suggested by Weekes (1988) in his review
article. He proposed a classification scheme based pri-
marily on the range of energies over which a particular
detection technique is used. This is a practical scheme
that has been widely adopted. However, since the ap-
pearance of Weekes’ article, the energy range over
which a given detection technique has been used has
changed somewhat, leading to de facto changes in the
use of his scheme. Thus we propose to update the no-
menclature for g-ray energy ranges to reflect current us-
age.

We use the term ‘‘high energy’’ (HE) to include g rays
from 30 MeV–30 GeV. This region is currently explored
with satellite-based detectors, such as the EGRET de-
tector aboard the Compton Gamma Ray Observatory
(CGRO). Weekes defined the very high energy (VHE)
region to cover the range of energies explored by atmo-
spheric Čerenkov detectors. We use VHE to cover the
range from 30 GeV–30 TeV, significantly narrower than
chosen by Weekes. This reflects the present and planned
energy range studied with atmospheric Čerenkov detec-
tors. Accordingly, we define the ultrahigh energy (UHE)
region as ranging from 30 TeV–30 PeV (331016 eV),
which more closely describes the range presently studied
with air-shower particle detector arrays, and extremely
high energy (EHE) as everything above the UHE re-
gion. Table I updates the first table in Weekes’ article
and summarizes the nomenclature we shall use in this
article. We shall also see how new detection techniques
are being added in several of these energy regimes.
., Vol. 71, No. 4, July 1999
III. MOTIVATION FOR THE STUDY OF HIGH-ENERGY
GAMMA-RAY ASTRONOMY

A. Introduction

Until the advent of high-energy accelerators in the
early 1950s, experiments at the high-energy frontier
were conducted with cosmic rays. The muon, pion, and
kaon were all discovered in cosmic-ray experiments. It
was only natural that questions about the origin of cos-
mic rays and how they are accelerated were important to
nuclear and particle physicists. Even after most of the
experimental work in particle and nuclear physics had
moved to terrestrial accelerators, particle-physics re-
search continued with cosmic rays because they could be
used to study particle interactions at energies above
those available at these accelerators.

The realization that astrophysical sources might pro-
duce high-energy g rays and the discovery of several
x-ray sources led to the first efforts in g-ray astronomy.
The study of these sources provides a unique insight into
the production of high-energy quanta. As the observed
photon spectra are nonthermal, they allow us to study
acceleration mechanisms in sources such as supernova
remnants and active galactic nuclei. Extragalactic
sources serve as beacons that allow us to probe the in-
tervening intergalactic medium and thus may give us
clues to the early universe. The production of VHE g
rays may serve as a ‘‘marker’’ for Fermi acceleration of
charged particles and provide a means of determining
the origin of the cosmic rays, since they propagate un-
deviated by intergalactic or interstellar magnetic fields.

In this section we describe the major science areas
addressed by high-energy g-ray astronomy.

B. Probe of acceleration mechanisms

Twenty-five years after the discovery of cosmic rays,
Enrico Fermi devised the first plausible mechanism to
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explain their acceleration. Fermi postulated that plasma
clouds in the interstellar medium might act as magnetic
mirrors and reflect charged cosmic rays (Fermi, 1949). If
the cloud is moving toward a cosmic ray, the cosmic ray
will gain energy, while if the cloud is moving away, the
cosmic ray will lose energy. There tend to be more col-
lisions between particles and clouds that are moving to-
ward each other, leading to a net energy gain to the
cosmic ray (Longair, 1994b). This process is known as
second-order Fermi acceleration. Fermi noted that this
is a very slow process and, in competition with various
energy-loss processes, may not be able to account for
the observed high-energy cosmic rays.

The next advance came when this idea was applied to
a shock front. In the rest frame of the shock, material
both upstream and downstream of the shock moves to-
ward the shock. A charged particle trapped between the
upstream and downstream regions will gain energy ev-
ery time it crosses the shock front, as it is always re-
flected by an approaching wall. This process is known as
first-order Fermi acceleration (Bell, 1978; Blanford and
Ostriker, 1978). Legage and Cesarsky (1983) applied this
model to the shock front produced by a supernova ex-
plosion and estimated that this mechanism could accel-
erate protons up to ;10 TeV. While particles with gyro-
radii larger than the radius of the shock will escape the
acceleration region, the maximum attainable energy is
determined by the lifetime of the shock. In fact, it is
predominantly determined by the lifetime of the blast
phase of the shock (Legage and Cesarsky, 1983). Shocks
are believed to be common in the universe; they may
form where matter accretes onto a compact object, such
as in an x-ray binary system or an active galaxy.

Electromagnetic mechanisms may also be responsible
for the acceleration of cosmic rays. The rotation of a
magnetized neutron star with a period P (sec) can give
rise to strong electric fields that can accelerate particles
with charge Z to ;33Z/P2 TeV (Goldreich and Julian,
1969; Cheng et al., 1986). Accretion disks may be an-
other environment that can create strong electric fields.
Matter in accretion disks is usually in the form of highly
conductive plasma. Since gravity dictates the particle
trajectories, the inner part of the disk rotates at a differ-
ent speed than the outer part. This differential rotation
of a conducting disk forms an electric generator—a uni-
polar inductor. The accretion disk around a neutron star
could give rise to particles with energies up to 1017 eV
(Chanmugam and Brecher, 1985).

Energetic protons and electrons in the vicinity of as-
trophysical objects will produce high-energy photons.
The electrons generate low-energy photons through syn-
chrotron radiation in magnetic fields. These photons can
be boosted to TeV energies by inverse Compton scatter-
ing with other high-energy electrons. Protons and nuclei
undergo strong interactions with surrounding matter,
producing high-energy pions; neutral pions decay into
photons. If there is less than ;1 radiation length of mat-
ter surrounding the acceleration region, the g rays can
escape. Thus observations of VHE g rays can elucidate
the nature of cosmic-particle accelerators.
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C. Cosmic-ray origins

The first hints that cosmic rays existed came in the
late 1800s when it was observed that gold-leaf electro-
scopes slowly discharged, and no explanation could be
found. Faraday postulated the existence of ionizing ra-
diation that penetrated the electroscope. By the early
1900s natural radioactivity had been discovered, and this
was believed to be the origin of the ionizing radiation. In
1910, Victor Hess (1913) made a series of balloon flights
and determined that the ionization rate (the rate of ions
produced per unit volume) increased with altitude above
;2 km. Hess was awarded the Nobel Prize for deter-
mining the cosmic origin of the radiation. In 1938 Pierre
Auger found that the radiation reaching the ground was
correlated over large distances (up to 300 m) and short
time scales (1 ms; Auger, 1939). He had discovered ex-
tensive air showers. Now, more than 100 years after the
first observations, we know that the earth is bombarded
by an isotropic flux of high-energy nuclei. The energy
spectrum of the cosmic rays has been measured up to
;1020 eV, some information on the relative abundance
of the elements is known below ;10 TeV and above
;1017 eV, and the age of the cosmic rays (10 million
years) has been measured. However, there is still no uni-
versally accepted theory of their origin. The search for
the origin of cosmic rays is one of the major motivations
for the study of g-ray astronomy.

Our galaxy is pervaded by a magnetic field of strength
;1 microgauss (mG). The bending radius of a charged
particle in a magnetic field is R50.013(p/zB), where
the momentum p is in TeV, the magnetic field is in mG,
the charge z is given in units of the electron charge, and
the radius R is in parsecs. Thus protons with energies up
to 1018 eV coming from galactic sources ;10 kpc away
have lost all directional information before reaching the
earth. Since g rays do not bend in the galactic magnetic
field, they can trace the sources of the cosmic rays.

D. Study of exotic objects

Two types of objects that have been conclusively de-
tected in the TeV energy band, pulsars and active galax-
ies, contain compact objects—neutron stars and black
holes, respectively. Until the late 1980s, it was thought
that x-ray binary systems (composed of a neutron star or
black hole and a main-sequence star) were prolific
sources of TeV and PeV g rays. While recent observa-
tions have not confirmed these claims, they may yet turn
out to be sources of TeV photons. X-ray binaries share
many characteristics with active galaxies, albeit on a
smaller scale.

In addition, there are speculative objects, such as pri-
mordial black holes and cosmic strings, that may pro-
duce TeV photons. While these objects have not been
observed in any wavelength band and may not even ex-
ist, the TeV band is an ideal place to search for them.
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1. Active galaxies

a. The unified model of active galaxies

A problem encountered in studying active galaxies is
the proliferation of classes and subclasses of active ga-
lactic nuclei (AGN)—quasars, Seyfert galaxies (types I
and II), radio-quiet or radio-loud galaxies, Fanaroff-
Riley galaxies (types I and II), narrow line, broad line,
no lines, highly polarized lines, flat spectrum, steep spec-
trum, optically violent variables, BL Lacs, etc. These
classes are based on observational properties, both opti-
cal and radio, rather than the nature of the underlying
objects. In the last two decades, a unified theory of the
various classes has emerged that enjoys wide acceptance
within the community (Begelman et al., 1984). Here we
shall briefly present this unified model of AGN and dis-
cuss the properties that are relevant to TeV g-ray as-
tronomy.

Figure 1 illustrates the unified AGN model. In this
model, the central engine of an AGN contains a super-
massive black hole M;107 –1010M( . (The Schwarzs-
child radius of a 1010M( black hole is 0.001 pc.) There is
a thin accretion disk around the hole, surrounded by a
thick torus lying in the equatorial plane of the hole. In
addition, radio-loud AGNs have well-collimated jets
perpendicular to the accretion disk. Of less interest to us
are the clouds around the black hole (Begelman et al.,
1984; Padovani, 1997), which are responsible for the ob-

FIG. 1. An artist’s conception of the unified model of a radio-
loud active galactic nucleus (AGN). For some viewing angles,
the thick torus obscures the inner regions of the AGN and is
responsible for the infrared emission. The jets are composed of
relativistic particles and are responsible for both the radio
emission (synchrotron radiation) and the high-energy g radia-
tion (from GeV to multi-TeV). The dark blobs are the high-
velocity clouds, responsible for the broad emission lines, and
the light blobs are the slower clouds responsible for the narrow
line emission. From Urry and Padovani, 1995. This picture is
reproduced with permission from the Astronomical Society of
the Pacific.
Rev. Mod. Phys., Vol. 71, No. 4, July 1999
served emission lines. In this model, the central engine is
powered by accretion—the change in gravitational po-
tential energy of infalling matter. This is a very efficient
process, which may convert 10% of the rest mass of the
accreted matter into radiation (Shapiro and Teukolsky,
1983; Frank et al., 1992).

Active galaxies emit radiation over the entire electro-
magnetic spectrum from radio waves to TeV g rays.
Thermal emission emanates from the accretion disk (in-
frared to x rays) and the torus (infrared). The nonther-
mal emission (radio and g ray) comes from the jets.

Starting with this basic model, it is possible to under-
stand most of the different AGN classifications as con-
sequences of different viewing angles with respect to the
rotation axis. There are two effects of viewing angle on
the observations: simple shadowing effects of the torus
(at large viewing angles, the torus obscures certain emis-
sion regions from view) and the Doppler boosting of a
relativistic jet viewed at a small angle.

Superluminal motion (apparent motion that is greater
than the speed of light) is a consequence of relativistic
flow viewed at small angles (Rees, 1966). Superluminal
motion has been observed in many AGNs. The relativ-
istic beaming also causes the apparent luminosity to in-
crease dramatically and allows high-energy photons to
escape from regions with high radiation fields. The Dop-
pler factor is defined as

D5$g@12b cos~u!#%21.2g~12u2g2!, (1)

where b5v/c , g51/A(12b2), and u is the viewing
angle from the jet axis; the approximation is valid for
u2g2!1. The observed luminosity Lobs is related to the
intrinsic luminosity Lint (Padovani, 1997) by

Lobs5D21aLint , (2)

where a is the integral spectral index of the source (typi-
cally 1). Figure 2 shows the multiplication in observed
luminosity for a jetlike source due to this effect. In order
to observe TeV g rays from an AGN, the viewing axis
must be within ;10° of the jet axis.

FIG. 2. The ratio of observed to intrinsic luminosity for a jet-
like source with an E21 integral energy spectrum as a function
of viewing angle.
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These considerations lead to relationships between
viewing angle (with respect to the jet direction) and ob-
served properties of radio-loud AGNs, as summarized in
Fig. 3. In a radio-loud AGN viewed at a large angle, the
torus obscures the clouds that are close to the black
hole. Only the distant clouds (which are moving slowly)
are unobscured, so narrow emission lines are observed.
The Doppler factor is small, so no TeV emission is ob-
served. At smaller angles, the high-velocity clouds be-
come visible, leading to the observation of broad emis-
sion lines. At very small angles, the Doppler factor
becomes large and TeV emission is observed.

The time scale of the variability of emission also de-
pends upon the viewing angle. As the line of sight gets
closer to the jet axis, the relativistic beaming becomes
greater (causing a Doppler contraction of the time scale)
and the apparent size of the emission region becomes
smaller. Therefore the variability time scale decreases as
the viewing angle decreases. Active galactic nuclei
viewed at small angles should be identified with blazars.
This relatively new term includes BL Lacs and optically
violent variables. While fewer than ;1% of all AGN
are blazars, all of the 50 MeV–GeV extragalactic
sources and both of the extragalactic TeV sources are
blazars.

BL Lacs deserve special mention. The distinguishing
feature of their emission spectrum is the faintness or
absence of emission lines. At present this is not under-
stood. It may be that the intensity of the emission lines is
small compared to the core-dominated emission (as the
observer is looking down the jet axis) and hence unob-
servable. BL Lacs are the only class of AGNs that have

FIG. 3. Schematic diagram of the unified model of active ga-
lactic nuclei. The right half represents a radio-loud AGN; the
arrow corresponds to the jet axis. The left-hand side represents
a radio-quiet AGN (Seyfert galaxy). Note that no jet is
present; however, there is still a preferred direction defined by
the rotation axis. Possible observer positions are on the outer
ring.
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been observed to emit VHE photons. (In the GeV re-
gime the majority of observed blazars are optically vio-
lent variables.) Whether this is a result of the poor sta-
tistics or something fundamental is not known.

The much more numerous (90% of all AGNs) radio-
quiet AGNs are known as Seyfert galaxies and show no
evidence of high-energy g radiation (Lin et al., 1993).
Here again, viewing angle is important. When the angle
between the observer and the rotation axis is greater
than ;45° one is viewing a larger fraction of light re-
flected from the surrounding torus and the reflected
light tends to be polarized. This accounts for the appar-
ent difference between Seyfert 1 and Seyfert 2 galaxies
(Antonucci and Miller, 1985). It is clear that the differ-
ence between radio-quiet and radio-loud AGNs is not
simply a matter of viewing angle. One possible explana-
tion is that large accretion rates may quench the forma-
tion of jets, leading to radio-quiet AGNs (Begelman
et al., 1984).

b. Particle acceleration in AGNs

While there is general agreement that the TeV pho-
tons are created in the jets of AGNs, there is still uncer-
tainty as to the mechanism responsible for the high-
energy emission. There are two basic models: the
inverse Compton models (Levinson and Blandford,
1991) and the proton-initiated cascade (PIC) models
(Protheroe et al., 1992; Mannheim, 1993).

The inverse Compton model has several variants: syn-
chrotron self-Compton, external Compton, and inhomo-
geneous models. In the basic model, electrons are accel-
erated in the jets and they upscatter photons, via inverse
Compton scattering, to high energies. The various mod-
els place the photon source and the acceleration site at
different locations along the jet. In the Synchroton Self-
Compton model (Maraschi et al., 1992), the electrons
are themselves the source of the photons (via synchro-
tron radiation). In the external Compton model, the
source of the photons is outside of the jet (Dermer and
Schlickeiser, 1993; Sikora et al., 1994) and does not come
from synchrotron radiation. In the inhomogeneous mod-
els, emission at different energies originates in different
regions of the jet. In any of these models, energy-loss
mechanisms (inverse Compton scattering and synchro-
tron radiation) limit the maximum g-ray energy to
;10 TeV (Protheroe et al., 1992; Kirk et al., 1997).

In the hadronic models, protons are shock accelerated
to ultrahigh energies, 1010 GeV. The protons interact
with ambient photons (pg˜D), producing neutral
pions that decay and initiate an electromagnetic cascade.
As with the Compton models, the photons can come
from an external source (E-PIC) or from the synchro-
tron emission from the high-energy electrons generated
in the cascade (S-PIC).

There is a range of observations that confront these
models. Since electrons are lighter than protons, they
are accelerated and cooled more rapidly. Therefore
rapid flaring activity tends to favor electron models
(Henri, 1999). Flaring on time scales less than 10–15
minutes is difficult to reproduce in proton models. This
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same rapid cooling makes it more difficult to accelerate
electrons to very high energies. The maximum attain-
able energy depends on the magnetic-field strength.
However, g-ray energies above 10–20 TeV favor proton
models. In all models, TeV emission favors acceleration
sites well beyond the torus. TeV g rays produced below
the torus would be absorbed by the intense infrared ra-
diation field arising from the torus. Finally, correlations
between the optical to x-ray emission range and the
GeV to TeV emission range favor the homogeneous
models. Further high-energy observations, especially of
flaring states in conjunction with x-ray and optical obser-
vations, are critical in improving our understanding of
these objects.

2. Pulsars

Pulsars are rapidly rotating neutron stars with periods
between a few milliseconds and a few seconds, and
strong magnetic fields (;1012 G). Neutron stars have a
maximum mass of ;3M( and a radius of ;10 km (Sha-
piro and Teukolsky, 1983). They are the densest stable
form of matter known.

The spinning magnetic fields generate electric fields
strong enough to remove electrons from the surface of
the neutron star. These electrons (and positrons created
by pair production in the high magnetic fields) are an-
chored to the magnetic field lines and arrange them-
selves in the magnetosphere such that E•B50. At the
radius where these field lines are traveling at the speed
of light (known as the light cylinder), the pulsar wind
region begins. This region terminates with a shock, be-
yond which lies the nebular region.

The condition E•B50 prohibits particle acceleration.
Acceleration can occur only in regions devoid of plasma
(where E•BÞ0). These ‘‘vacuum gaps’’ are thought to
form near the magnetic poles and near the light cylinder.
Pulsed emission from the radio wavelengths to GeV g
rays is thought to originate from these regions.

To date, TeV g rays have been detected only from a
class of pulsars known as plerions, and only unpulsed
TeV emission has been observed. A plerion is a super-
nova remnant with a filled morphology. Figure 4 is a
schematic view of the environment around a plerion.
Electrons and positrons escape from the magnetosphere
along the open field lines and enter the pulsar wind re-
gion. This region terminates in a shock that accelerates
the electrons and positrons. After they are accelerated
to high energies, they escape the shock front and enter
the nebula. The high-energy electrons emit synchrotron
radiation as they spiral around the magnetic field lines in
the nebula. They then upscatter these photons to TeV
energies via inverse Compton scattering. This model is
known as the synchrotron self-Compton (SSC) model
(deJager and Harding, 1992).

3. X-ray binaries

X-ray binaries are systems composed of a neutron star
and a main-sequence star in a tight orbit around each
other. Matter drawn from the companion star forms an
Rev. Mod. Phys., Vol. 71, No. 4, July 1999
accretion disk around the neutron star. This matter spi-
rals inward (transferring angular momentum outward
through viscous forces) under the influence of gravity
until the magnetic forces dominate. At this point, the
matter flows along the field lines and accretes onto the
magnetic poles of the neutron star. This leads to the
formation of ‘‘hotspots’’ at the poles of the neutron star,
with T'10–15 keV. If the magnetic and rotation axes
are not aligned, an x-ray pulse is observed as the mag-
netic pole sweeps past the observer.

Some galactic x-ray binary systems are observed to
have relativistic jets, similar to the radio-loud AGN.
Thus one might expect to observe TeV emission in these
sources. In fact, in the early 1980s there were many re-
ports of TeV–PeV g-ray signals from x-ray binary sys-
tems (Cygnus X-3, Hercules X-1, etc.). However, these
detections have not been confirmed by more modern
detectors, as we discuss below.

4. Primordial black holes

In the 1970s, Stephen Hawking (1975) showed that
black holes are not truly black. They radiate a nearly
thermal spectrum, where the effective temperature is re-
lated to the radius of curvature of the event horizon: T
5(1013/M) GeV, where M is the mass in grams. As with
any gravitationally bound system, the specific heat of a
black hole is negative. The more energy it loses, the
hotter it gets. The luminosity of a blackbody is propor-
tional to the fourth power of the temperature, and the
surface area of the event horizon is proportional to the
square of the temperature (r52M}1/T). Therefore the
luminosity of a black hole increases with the square
of the temperature @L5(c3/G)2K\/M2 ergs sec21#
(Thorne et al., 1986). Here K is related to the number of

FIG. 4. Schematic diagram of a plerion (a pulsar with a filled
remnant) and its environment. The light cylinder is the circle
just outside the magnetosphere. The remnant (nebula) is filled
with an electron-positron plasma, supplied by the pulsar.
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TABLE II. Black-hole emission parameters.

Mass (grams) Temperature Luminosity (ergs sec21) Lifetime (years)

1022 1 eV 53102 231032

1017 100 keV 531012 231017

1012 10 GeV 631023 15
1010 1 TeV 831027 380 (seconds)
108 100 TeV 831031 431024 (seconds)
available states (elementary particles) for the radiation,
which increases with the temperature of the black hole.
This runaway process leads to the complete evaporation
of the black hole, with a rather spectacular end (infinite
luminosity). To put this discussion in perspective, we
give several examples of black-hole radiation in Table
II.

A detector of TeV g rays is well suited to search for
the evaporation of a black hole. At lower energies the
luminosity is low, the background is high, and there is no
unique time signature. At higher energies too little total
energy is released. These calculations assume that no
photosphere forms around the evaporating hole. How-
ever, recent work (Heckler, 1997) indicates that a photo-
sphere does form, in which case the flux of TeV g rays is
dramatically reduced.

The black holes of interest here have very small
masses (holes with a mass of ;1014 grams at the Big
Bang would be evaporating now), and it is natural to ask
how they would form in our universe. The most appeal-
ing process is the density fluctuations in the early uni-
verse. The COBE experiment has measured the density
fluctuations in the early universe on very large length
(mass) scales—of order 100 Mpc (1055 grams; Smoot,
1992). The measured value of the fluctuations dr/r are
too small to create observable numbers of primordial
black holes. However, to rule out primordial black
holes, one would have to extrapolate the COBE results
over 40 orders of magnitude in mass scale. Thus it re-
mains an open question whether primordial black holes
were formed in the early universe.

5. Gamma-ray bursts

Gamma-ray bursts (GRBs) are perhaps the outstand-
ing puzzle of modern astrophysics. First observed in the
1960s by scientists searching for nuclear tests over the
Soviet Union (Klebesadel et al., 1973), these objects still
elicit fierce debate. Observationally, gamma-ray bursts
are short-duration (1 ms to tens of seconds) bursts of x
rays that come from apparently random locations in the
sky. Before the launch of the BATSE detector on board
the Compton Gamma Ray Observatory (CGRO), there
was seemingly strong evidence that GRBs were caused
by some events on galactic neutron stars. The apparent
detection of cyclotron splitting in a very strong magnetic
field (Fenimore et al., 1988; Murakami et al., 1988) natu-
rally led to such an explanation. At that time only a
handful of GRBs had been detected.
., Vol. 71, No. 4, July 1999
Two distributions of GRB locations are of prime in-
terest: (1) the distribution in galactic coordinates and (2)
the radial distribution from the earth. If galactic neutron
stars are the sources of GRBs, one would expect the
distribution of GRBs to be similar to the distribution of
galactic matter—a thin disk. In fact, after the detection
of over 1,000 bursts by BATSE, the distribution is
clearly isotropic. The radial distribution, plotted as the
intensity distribution of the observed bursts, shows an
underabundance of low-fluence bursts—an indication
that we are seeing to the edge of the source distribution.
The actual manner in which this distribution falls off at
low fluence is consistent with a cosmological origin for
gamma-ray bursts.

Current models fall into two categories: cosmological
models and galactic halo models. Naturally if the sources
of GRBs are cosmological, they must be much more en-
ergetic than if they are associated with an extended ga-
lactic halo. In fact, the energy required for a cosmologi-
cal GRB is roughly equivalent to that released in a
supernova. The favored cosmological model is a relativ-
istically expanding fireball (perhaps the aftermath of the
merger of a binary neutron star system) (Cavallo and
Rees, 1978; Meszaros and Rees, 1993). Galactic halo
models rely on a population of old neutron stars that
inhabit an extended halo surrounding our galaxy. This
population may have formed from high-velocity neutron
stars, neutron stars that were kicked out of binary sys-
tems when they were formed in supernovae explosions.
It is estimated that roughly half of all neutron stars are
formed with sufficient velocity to escape the galaxy.

EGRET, the high-energy gamma-ray detector aboard
the CGRO, has observed emission from several bursts.
These observations have placed severe constraints on
the ‘‘compactness’’ parameter of GRB models. The time
scale of the bursts places upper limits on the source size
(the light travel time across the source). The observed
luminosity places limits on the energy of the photons
that can escape the source. In order for high-energy
photons to escape from an intense source (especially
true for cosmological models), the source must be mov-
ing towards us at an extremely high velocity (such as in
AGN jets).

Recently, a new gamma-ray burst detector, Beppo-
Sax, was launched. Beppo-Sax has three x-ray detectors
on board—an all-sky burst monitor, a wide-field camera
(with an angular resolution of 3 arc min), and a narrow-
field camera (with an angular resolution of 50 arc sec).
The ability of the wide-field camera to localize the burst
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position has led to the discovery of a soft x-ray afterglow
that may last for days after the initial burst. The precise
localization of the bursts has also enabled powerful
x-ray, optical, and radio telescopes to search for emis-
sion from gamma-ray bursts.

As of this writing, several optical and radio counter-
parts to GRBs have been observed (Kulkarni et al.,
1997; Sahu et al., 1997; van Paradijs et al., 1997). The
optical counterparts have a visual magnitude of ,;20
and a decay time of ;1 day. The radio counterparts
have a similar decay time. The optical spectrum of
GRB970508 had an absorption line that has been used
to place limits on the distance to the GRB, 0.8,z,2.3
(Metzger et al., 1997). The radio and optical observa-
tions are consistent with the fireball model and point to
a cosmological origin to GRBs (Reichart, 1997).

6. Other phenomena

While cosmologists tend to favor a universe whose
density is exactly equal to the critical density (rc), so
that the universe is exactly closed, the measured amount
of luminous matter in the universe is only roughly 1% of
rc . In addition, nucleosynthesis in the early universe
and the observed abundances of helium and lithium re-
quire that the density of baryonic matter in the universe
be <0.2V0 . Thus, if r5rc , most of the matter must be
nonbaryonic dark matter. If this dark matter is com-
posed of stable massive (TeV) super-symmetric par-
ticles, then ground-based gamma-ray telescopes might
be able to detect them. One of the more promising
methods is to search for annihilation lines. Massive dark
matter should concentrate in the galactic disk and at the
galactic center (along with the other matter). Under
these conditions, the neutralino (a neutral supersymmet-
ric particle) pair annihilation line xx˜gg may be de-
tectable over the background (Urban et al., 1992). Re-
cent calculations (Bergström et al., 1997; Bergström and
Ullio, 1997) yield annihilation rates an order of magni-
tude larger than previous results for Higgsino-like neu-
tralinos. Because the natural width of the neutralino-
pair annihilation line is very small (DE/E;1023), good
detector energy resolution is important to observe a sig-
nal over the cosmic-ray background.

Cosmic strings may also be sources of high-energy g
rays (Hill et al., 1987; MacGibbon and Brandenberger,
1993). Cosmic strings are topological defects that may
have formed during phase transitions in the early uni-
verse (Kolb and Turner, 1990). Such strings would have
masses of ;1018s2 grams (where s is the energy scale of
the phase transition measured in GeV) and would
stretch across the visible universe. Cusps in cosmic
strings emit massive (1015-GeV) particles that would un-
dergo decay and fragmentation processes leading to jets
of lower-energy particles (jets similar to those observed
in particle accelerator experiments, not like jets associ-
ated with AGNs). A problem with attempting to search
for TeV g rays associated with cusp annihilation is the
uncertainty in the time scale over which the emission
would be visible. One estimate puts the time scale at
;1028 sec. Unfortunately this would make such out-
Rev. Mod. Phys., Vol. 71, No. 4, July 1999
bursts virtually undetectable to ground-based instru-
ments, as the entire burst would appear as a single en-
ergetic event within the time resolution of current
detectors.

E. Study of photon propagation—cosmological
implications

The extragalactic diffuse photon background, includ-
ing infrared and optical photons from stars and dust, the
2.7-K cosmological microwave background radiation,
and the diffuse radio noise, sets a limit on the distance
from which g rays can reach us. This is due to the inter-
action of a g ray with a photon from this background via
gg˜e1e2, which is most probable slightly above the
reaction threshold, at about Eg1

Eg2
52me

2.0.5
31012 (eV)2. Visible light (at ;1 eV) and the micro-
wave background radiation (at 1024 eV) absorb TeV
and PeV g rays, respectively. The g-ray absorption
length varies with energy according to the intensity of
the photon background at the corresponding wave-
length. Figure 5 shows the pair-production mean free
path in the current universe as a function of the g-ray
energy. The optical depth for 200-TeV photons is about
1 Mpc, so only g rays from our galaxy or nearby galaxies
can be observed at these energies. The corresponding
cutoff for cosmic-ray protons (the cutoff from the reac-
tion pCR1g˜N* ) occurs at much higher energies, as a
consequence of the high proton mass and its high exci-

FIG. 5. Mean free path l for g rays of energy E , showing
absorption by the various extragalactic backgrounds: solid line,
effect of the microwave background radiation (MBR); dashed
curves (a,b,c), three models of the infrared/optical (IR/O) dif-
fuse background; dashed curves (1,2,3) and triangles, the ex-
tragalactic radio background estimates with cutoffs at 5, 2, and
1 MHz, and upper limits assuming the total observed radio
background is extragalactic, respectively; dotted line, mean
free path for energetic protons. From Coppi and Aharonian,
1997.
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tation energy. Note also that beyond 1020 eV, the uni-
verse has regained some transparency to g rays.

The microwave background radiation is by far the
most intense source of diffuse photons in the universe.
The infrared diffuse intergalactic background is not yet
measured, although the density is known to increase
rapidly with increasing wavelength. Consequently the
optical depth above 1011 eV increases quickly with in-
creasing g-ray energy, as seen in curves a, b, and c in Fig.
5. Distant sources of VHE g rays are either completely
obscured or their energy spectra are distorted. Based on
curve a in this figure, the mean free path at 1 TeV would
be 1 Gpc or z50.3, while at 10 TeV it would be 100 Mpc
or z50.03. For g rays in the HE regime, the universe is
essentially transparent.

The infrared/optical background results from emission
from stars at all epochs and from dust in galaxies, which
is heated by the stars and reemits at these wavelengths.
The strength could provide information on the epoch of
star and galaxy formation. MacMinn and Primack (1996)
have undertaken a systematic parametrization of diffuse
light production by stars from the early universe for
various dark matter hypotheses (cold, hot, or cold/hot)
and the resulting era of galaxy and star formation (as
well as the dynamics of the expansion). Their results
imply that a better determination of this background
could help distinguish among the hypotheses.

To date, there are only upper limits on the diffuse
intergalactic light, except possibly for wavelengths near
the microwave background radiation from FIRAS data
on the COBE satellite; this determination requires a
drastic subtraction of forefront noise from the galaxy
(see below). The observation of the absorption of high-
energy g rays would constitute a nearly direct measure-
ment.

Data from the Hubble Space Telescope have indi-
cated high star-burst activity around z51, far later than
the epoch of galaxy formation (z,4). This late star for-
mation probably results from a high rate of galaxy colli-
sions. According to Stecker and deJager (1998), the for-
mation of infrared light around z51 will impede any
direct correlation between the high-energy absorption
and the era of galaxy formation. Nevertheless the mea-
surement of the infrared diffuse light remains a major
issue.

F. Study of nuclear and particle physics at high energies

High-energy cosmic g rays and nuclei interact with
atoms in the earth’s atmosphere, producing large cas-
cades of elementary particles. Ground-based g-ray tele-
scopes detect particles from these cascades and can
study the nature of nuclear and particle interactions at
energies above those available at terrestrial accelerators.
A nice, although perhaps somewhat dated, review of the
connection between cosmic-ray studies and nuclear and
particle physics is given in the review article by Gaisser
and Yodh (1980).

Claims that UHE g rays coming from Cygnus X-3
produced anomalous air showers (Samorski and Stamm,
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1983a) increased interest in this connection. Among the
proposed particle physics explanations of the anomalous
showers were new physics leading to an anomalously
large neutrino interaction cross section at high energies
(Domokos and Nussinov, 1987; Domokos and Kosevi-
Domokos, 1988), an increasing total photon cross sec-
tion at high energies caused by virtual gluons (Drees and
Halzen, 1988), and new technicolor-inspired particles
(Collins et al., 1989). These claims are no longer gener-
ally accepted, as we discuss in Sec. VI.D below.

The search for new phenomena in the interactions of
high-energy cosmic particles has motivated many high-
energy physicists to enter this field and has enhanced the
development of new experimental techniques. This
seems fitting, since many of the early seminal discoveries
in particle physics came from studies of cosmic-ray in-
teractions.

IV. THE TECHNIQUES OF HIGH-ENERGY GAMMA-RAY
ASTRONOMY

A. Introduction

Three important facts govern the techniques that are
used in high-energy g-ray astronomy.

(a) The earth’s atmosphere is opaque to high-energy
photons. At sea level, the atmosphere is 1030 g/cm2

thick, which corresponds to 28 radiation lengths; this im-
plies that the probability that a high-energy photon inci-
dent from the zenith will reach ground level without in-
teracting electromagnetically is ;3310210. Even at
mountain altitudes, where the atmosphere is consider-
ably thinner, the probability that a photon will survive to
ground level is negligibly small. Thus only a detector
above the earth’s atmosphere, in a balloon or a satellite,
can detect primary cosmic g rays.

(b) The fluxes of high-energy g rays from astrophysi-
cal sources are quite low and decrease rapidly with in-
creasing energy. For example, Vela, the strongest g-ray
source in the sky, has a flux above 100 MeV of 1.3
31025 photons/cm2/s, and a differential flux that falls as
E21.89 (Hermsen et al., 1981). This implies that above
some energy, a detector in a satellite will be too small to
detect enough photons to be useful. A ;1000-cm2 de-
tector in a satellite would detect approximately one
photon/minute from Vela above 100 MeV, and one pho-
ton every two hours above 10 GeV. The pursuit of g-ray
astronomy at TeV energies must be done with much
larger instruments than can currently be launched on a
satellite. Thus VHE and UHE astronomers use earth-
based detectors.

(c) The flux of high-energy charged cosmic rays is
much larger than the g-ray flux. These charged particles
are bent in the interstellar magnetic fields so that they
form an essentially isotropic background. The cosmic-
ray proton flux has been measured from 100 GeV to
;400 TeV to be

dN/dE5~9.262.4!31022E22.76 m22s21sr21TeV21,
(3)



907Hoffman et al.: Gamma-ray astronomy at high energies
where E is expressed in units of TeV (Burnett et al.,
1990). The all-particle cosmic-ray flux is about a factor
of 3 higher in this region. Rejection of the large cosmic-
ray background is extremely important in high-energy
g-ray astronomy.

B. Satellite-based detectors

Satellite-based instruments detect the primary photon
using techniques that have been developed in experi-
ments at accelerators. The photon direction is deter-
mined with tracking detectors following conversion of
the photon into an electron-positron pair; the photon
energy is usually measured in a total-absorption calorim-
eter. A charged-particle veto counter discriminates
against the large background produced by incident
charged cosmic rays.

Good angular resolution is important for identifying
point sources of photons and for minimizing the effects
of diffuse backgrounds. The angular resolution can be
no better than the angle between the incoming photon
and the outgoing electron-positron pair. There are two
contributions to this angle, the intrinsic angular differ-
ence in the pair-production process and the multiple
Coulomb scattering angle in the converter. The typical
rms angle between an incident photon of energy E and a
secondary electron (or positron) in pair production is

urms
pp '~mec2/E !ln~E/mec2!, (4)

while the typical rms angle in multiple scattering is

urms
ms '~20/pb!~L/LR!1/2, (5)

where p is the electron or positron momentum in
MeV/c , b is the particle’s velocity in units of c , L is the
particle’s path length in the converter, and LR is the
radiation length of the converter material. Generally,
urms

ms .urms
pp , so the resolution can be reduced by using

thinner converters. One is then faced with a trade-off
between wanting a large number of thin converters to
increase the overall conversion efficiency while preserv-
ing good angular resolution, and needing to limit the
number of detector channels. Note that Eqs. (4) and (5)
imply that the angular resolution should improve with
increasing energy for a given detector configuration, un-
til the resolution of the tracking detectors becomes im-
portant.

A photon produces an electromagnetic cascade that
develops in the calorimeter; the calorimeter measures
the integrated path length of the charged particles in the
cascade, which is proportional to the energy of the pri-
mary photon. The energy resolution generally improves
with increasing energy until leakage of shower particles
out of the calorimeter becomes important. Common
calorimeter materials include sodium iodide, cesium io-
dide, and lead glass. Good energy resolution is needed
to determine the energy spectrum of a source, often an
important clue to the acceleration mechanism.

Another important parameter of a detector is its ef-
fective area, which is defined as the physical area of the
detector convoluted with the g-ray detection efficiency.
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If a detector is exposed to a photon flux f(E)
photons/m2/s from a point source for a period of time T
and records N events, the effective area Aeff is defined
as

Aeff~E !5
N

f~E !T
. (6)

Two gamma-ray satellites were launched in the 1970s:
SAS-2 in 1972 (Derdeyn et al., 1972) and COS-B in 1975
(Bignami et al., 1975). Figure 6 shows a sectional view of
the COS-B gamma detector. Photons converted in thin
(0.042 LR) tungsten plates within wire spark-chamber
modules, which recorded the direction of the resulting
electron-positron pair. Scintillation and threshold Čer-
enkov counters provided a trigger; the Čerenkov
counter discriminated against particles traveling upward
through the instrument. The electromagnetic energy was
measured in a CsI calorimeter; weight limitations re-
stricted the calorimeter thickness to 4.7 LR . The upper
part of the telescope was surrounded by an anticoinci-
dence counter to assure that only electrically neutral
particles triggered the instrument. Table III summarizes

FIG. 6. Sectional view of COS-B, a gamma-ray-detecting sat-
ellite launched in 1975. B1, B2, and D are scintillation
counters, C is a Čerenkov counter, and E is a CsI calorimeter.

TABLE III. COS-B characteristics.

Energy
resolution

Angular
resolution

Photon energy (FWHM) (FWHM) Effective area

70 MeV 50% 7.2° 12 cm2

150 MeV 45% 4.5° 37 cm2

300 MeV 50% 3.2° 52 cm2

1 GeV 67% 2.4° 48 cm2
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some of the characteristics of COS-B (Scarsi et al.,
1981).

The COS-B energy resolution improves with increas-
ing energies until shower leakage becomes important, at
which point it degrades rapidly. At low energies, the
effective area rises with increasing energy because the
photon conversion probability rises. The effective area
reaches a maximum at roughly 400 MeV and then de-
creases because of the increasing probability that a
charged shower particle will escape from the spark
chambers and fire the anticoincidence counter. COS-B
achieved a typical source sensitivity of
1026 photons/cm2/s above 100 MeV.

The most sensitive high-energy g-ray telescope to date
is the EGRET instrument aboard the Compton
Gamma-Ray Observatory (CGRO; Thompson et al.,
1993). CGRO was launched on April 5, 1991, after a
long delay due to the explosion of the Challenger space
shuttle. EGRET, shown in Fig. 7, is similar to the earlier
COS-B detector, although it is much larger. The perfor-
mance of EGRET is outlined in Table IV.

EGRET has a multilayered spark chamber with tan-
talum photon-conversion foils followed by a spark
chamber with widely spaced plates to measure the
electron-pair direction. The photon energy is measured
in a NaI(Tl) calorimeter 8 radiation lengths thick. A
scintillation-counter time-of-flight system assures that
the triggering particle is traveling downward towards the
calorimeter, and an anticoincidence counter eliminates
charged-particle triggers. The performance of EGRET
was thoroughly tested and calibrated with beams of pho-
tons from the SLAC and Bates electron accelerators and
with protons from the AGS at Brookhaven National
Laboratory (Thompson et al., 1993). The minimum inte-
gral photon flux above 100 MeV detectable by EGRET
is ;531028 photons/cm2/s in a two-week run, a large
improvement over COS-B.

C. Earth-based detectors

Gamma rays striking the earth’s atmosphere interact
with air molecules high in the atmosphere. Earth-based
g-ray astronomy telescopes detect the products of these
interactions.

1. Properties of extensive air showers

The total cross section for photon-proton collisions
has been measured for center-of-mass energies up to 200

TABLE IV. EGRET characteristics.

Energy
resolution

Angular
resolution

Photon energy (FWHM) (FWHM) Effective area

100 MeV 26% 5.5° 930 cm2

500 MeV 20% 2.0° 1570 cm2

1 GeV 19% 1.2° 1300 cm2

10 GeV 26% 0.4° 690 cm2
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GeV (Aid et al., 1995), which is equivalent to a 20-TeV
photon colliding with a proton at rest. Although an ex-
trapolation is necessary to describe the initial interac-
tions of higher-energy photons, the physics of the inter-
actions is believed to be well known. The predominant
interactions are electromagnetic; the cross sections for
the production of hadrons and muon pairs are several
orders of magnitude smaller than that for electron-pair
production. In the electromagnetic shower, photons pro-
duce electron-positron pairs, and electrons and positrons
produce photons via bremsstrahlung. The resulting elec-
tromagnetic cascade grows nearly exponentially as it
propagates through the atmosphere; the primary energy
is divided among more and more particles until the
mean energy of the electrons and positrons approaches
the critical energy e0 ('80 MeV in air). At this point the
ionization energy-loss mechanism, which does not pro-
duce additional shower particles, becomes more impor-
tant than bremsstrahlung. Thus energy is lost from the
shower and the number of particles in the shower de-
creases as the shower continues to propagate.

The longitudinal development (the number of elec-
trons and positrons) of typical photon-induced extensive
air showers (EASs) is shown in Fig. 8 for several pri-
mary energies; note that after shower maximum, show-
ers become increasingly rich in hard photons. The maxi-
mum shower size occurs approximately ln(E/eo)
radiation lengths into the atmosphere, generally well
above ground for all but the very highest primary ener-
gies. Nevertheless, a large number of shower particles
may reach the ground, especially at mountain altitudes.
In an electromagnetic shower, the particles are ultrarela-
tivistic and the dominant physical processes are sharply
peaked forward. Consequently, the cascade arrives at
the ground in a thin front only a few meters thick. The
lateral extent of a shower is due primarily to multiple
Coulomb scattering of the electrons and positrons. The
lateral distribution of the electron particle density is de-
scribed by the so-called NKG function (Nishimura and
Kamata, 1952; Greisen, 1956, 1960).

The more plentiful incident high-energy cosmic rays,
protons and nuclei, also interact high in the atmosphere,

FIG. 7. Schematic view of EGRET, the high-energy gamma-
ray detector aboard the Compton Gamma-Ray Observatory.
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producing extensive air showers; the nuclear collision
length is 62 g/cm2 for protons and less for heavier nuclei.
The initial interactions generate a hadronic cascade;
these interactions tend to quickly divide the primary en-
ergy among a large number of particles, so relatively few
hadrons survive to the ground. Some charged pions and
other hadrons decay before interacting, producing
muons (and neutrinos); the weakly interacting muons
generally lose energy only by ionization and so have a
relatively high probability of reaching the ground. High-
energy neutral pions produced in the hadronic interac-
tions decay rapidly into photons; these photons produce
electromagnetic cascades in the same manner as dis-
cussed above. Thus the particles reaching the ground in
a hadron-induced extensive air shower are mostly elec-
trons, positrons, photons, and muons (plus neutrinos);
except for the presence of the muons, a cosmic-ray
shower at ground level is not very dissimilar to a g-ray
shower. The muon lateral distribution is considerably
wider than that of the electromagnetic particles (Gre-
isen, 1960). There are roughly 20 times more muons in a
hadron-initiated EAS than in a photon-initiated EAS of
the same energy.

In addition to shower particles, Čerenkov photons are
produced in an EAS. Čerenkov light in the atmosphere
is produced by charged particles traveling faster than the
speed of light in air. This emission is governed by the
value of n , the refractive index, which is proportional to
the atmospheric density (which decreases exponentially
with height, with a scale height of ;8 km). The Čeren-
kov emission angle is given by cos uc5(nb)21 and the
threshold for emission is Eth5m0c2/A2n21. With in-
creasing energy, the emission angle quickly reaches its
maximum value of uc5cos21(1/n). At sea level, the
threshold energy for Čerenkov emission to occur is
21 MeV for electrons [or 35 MeV at 8 km above sea
level (a.s.l.)], 44 GeV for muons, and 39 GeV for pro-
tons. The maximum angle of Čerenkov emission is 1.3°
at sea level, or 1° at 8 km a.s.l., independent of the mass
of the emitting particle.

FIG. 8. Longitudinal development of an extensive air shower.
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The maximum of the shower development occurs at a
height of between 10 and 7 km a.s.l. for g rays of ener-
gies between 100 GeV and 10 TeV. The median altitude
for Čerenkov emission from a 1-TeV g shower is 8 km
(slightly lower for a proton shower on average). Half of
the emission occurs within 21 m of the shower axis (70 m
for a proton shower; Hillas, 1996). The Čerenkov light
from an EAS illuminates a ‘‘light pool’’ on the ground,
of radius ;130 m (at 2 km a.s.l.), whose extent is deter-
mined primarily by the Čerenkov emission angle, as
seen in Fig. 9. The average photon density in the light
pool for a 1-TeV g-ray shower is ;200 photons/m2 (at 2
km a.s.l.) in the visible. The Čerenkov light is a thin
front resulting in a pulse of duration 2–3 ns and an an-
gular extent on the sky of ;0.5°. The total distance trav-
eled by all particles above the Čerenkov threshold is
directly related to the energy of the primary particle, so
the Čerenkov yield gives a measurement of the initial
g-ray energy. Due to the flat distribution in the light
pool, a single sample at any point within ;130 m of the
impact point gives a good estimate of the primary en-
ergy.

The large area of illumination on the ground implies
that a single ACT detector anywhere within the light
pool can detect the shower, giving an effective detection
area of 53104 m2 at 2 km a.s.l. for vertically incident
showers.

An extensive air shower can be detected by observing
either the shower particles that reach the ground or the
Čerenkov radiation produced in the shower. In both

FIG. 9. Density of Čerenkov photons between 300 and 600 nm
as a function of distance from the shower impact point (impact
parameter R) for various g-ray energies as seen at 2 km above
sea level for vertical showers. At each energy, the mean and
spread from a database of 100 showers is shown. The fluctua-
tions are thus for a single 1-m2 photon counter and can be
considerably reduced in more sophisticated detectors, as dis-
cussed in the text.
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cases, one uses the properties of the EAS to infer infor-
mation about the primary particle that initiated it.

2. Air Čerenkov detectors

a. Detection of Čerenkov radiation from extensive air
showers

Detectors based on the atmospheric Čerenkov tech-
nique consist of one or more mirrors that concentrate
the Čerenkov photons onto fast optical detectors. Pho-
tomultiplier tubes (PMTs) placed in the focal plane are
generally used to detect the Čerenkov photons.

Two problems in using atmospheric Čerenkov tele-
scopes (ACT) are the night-sky background and the
large isotropic background from cosmic-ray showers.
The energy threshold of an atmospheric Čerenkov tele-
scope is determined by the number of Čerenkov pho-
tons needed to observe a signal above the level of the
night-sky background. On clear, moonless nights at a
dark site at 2 km a.s.l., the night-sky background light
between 300 and 600 nm for an acceptance diameter of
1° is

fb;0.1 photons/m2/ns/f1°. (7)

At a given primary energy, the detected Čerenkov signal
S is proportional to the mirror surface area A , while the
night-sky background-noise fluctuations are }AAtV ,
where t is the integration time and V is the solid angle
on the sky viewed by the mirror. Thus, for a simple at-
mospheric Čerenkov telescope,

S

AB
}A A

tV
. (8)

The effects of the night-sky noise can be reduced by
increasing the mirror area, decreasing the integration
time (to the limit of the Čerenkov pulse length), and
decreasing the acceptance solid angle.

b. Rejection of cosmic-ray background

The flux of cosmic rays in an acceptance solid angle of
1 msr (.B1°) is at least four orders of magnitude larger
than that from the strongest g-ray source. Second-
generation atmospheric Čerenkov telescopes take ad-
vantage of the fact that cosmic-ray showers are more
chaotic than g showers, since their development is gov-
erned by a relatively small number of particles in the
hadronic core. The larger transverse momentum of had-
ronic interactions gives a broader lateral distribution. In
addition, these interactions also produce many more
muons, which can survive to detector level and trigger
the air Čerenkov detector. They can also produce Čer-
enkov photons at large angles to the bulk of the photons
from the hadronic shower.

These differences have led to two strategies for the
rejection of the cosmic-ray background. First, a mea-
surement of the angular distribution of the Čerenkov
photons on the sky for each shower can allow separation
between hadronic showers and g-ray showers. Second,
accurate measurement of the shower arrival direction
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improves the separation between g-ray showers from
point sources and isotropic cosmic-ray showers.

Two detection techniques have been developed utiliz-
ing these strategies. In the imaging technique, the angu-
lar distribution of the Čerenkov photons on the sky is
measured with an array of close-packed photomultiplier
tubes in the focal plane of the mirror. The images thus
obtained provide both directional and shape informa-
tion on the shower photons, as can be seen in Fig. 10.
The g shower appears as a glowing rod in the sky seen
from a direction close to the end of the rod.

The angular width of the image is a direct measure-
ment of the distribution of Čerenkov-emitting electrons
about the shower axis; the image has an rms width of
;0.13°. The image is circular for a shower falling di-
rectly on the detector, becoming more elliptical or com-
etary in shape with a center of gravity displaced from
the source position as the distance from the detector to
the shower axis (or ‘‘impact parameter’’ R) increases;
the rms length increases from 0.13° to .0.5°. Longitu-

FIG. 10. Development of vertical 1-TeV proton and g-ray
showers in the atmosphere. The upper panels show the posi-
tions in the atmosphere of all shower electrons above the Čer-
enkov threshold; the lower panels show the resulting Čerenkov
images in the focal plane of a 10-m reflecting mirror when the
showers fall 100 m from the detector. (Note that the center of
the focal plane is situated at the bottom left of the bottom
panels.)
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FIG. 11. Projections of the light in average g-ray images as a function of impact parameter for 500-GeV vertically incident showers
as seen by a 10-m dish with standard photomultiplier tubes at 2 km above sea level. The longitudinal (along the axis from the
image center to the source) and transverse/lateral distributions are shown for distances to the shower impact point.
dinal and transverse light distributions in the image
plane for average showers at 500 GeV are shown in Fig.
11 for various values of impact parameter.

The major axis of the image points toward the source
position in the image focal plane through the effect of
perspective. This alignment is a measurement of the
source position, usually parametrized in terms of the
angle a between the major axis of the ellipse and the
source position in the image plane [see Fig. 12(a)]. The
direction of the image axis is well determined for show-
ers with R greater than a few tens of meters. Alpha
values are close to zero for g rays from a point source,
compared to a uniform distribution for the isotropic
background [see, for example, Fig. 12(b)]. The shape of
the image (parametrized, for example, by the transverse
width of the image) provides background rejection,
since the cosmic-ray shower images are broader and
more chaotic. This analysis uses the fact that the night-
sky noise in each photomultiplier tube or pixel (picture
element) is small, since the solid angle covered by a
PMT is small.

In the second detection technique, wave-front timing,
the arrival time of the Čerenkov pulse is measured at a
number of mirrors distributed on the ground within the
light pool. For g rays above a few hundred GeV, the
Čerenkov photons arrive in a cone with a wide opening
angle (p/22uc) centered on the shower axis, as shown
in Fig. 13 for a 1-TeV g ray. The conical shape is the
envelope of wave fronts from different altitudes, as
shown in the figure. A fit of the arrival times to this cone
gives the shower-axis direction and thus the direction of
the incident g ray. Background rejection is provided by
correlating the lateral light distribution with the fitted
cone. Below 1 TeV, the cone becomes rounded off near
the shower core, while at lower energies the conic form
becomes more spherical. Thus supplementary measure-
ments of the light pool become necessary at low energies
to determine the shower axis. The trigger for such a de-
tector requires that a number of mirrors have signals
exceeding a given level in coincidence. While the
cosmic-ray rejection power of this technique is not as
good as with the imaging technique, the estimate of the
primary energy of the g ray should be better than that of
a single imaging detector, as the Čerenkov light pool is
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sampled at several points on the ground.
Some extensions of these techniques have been ex-

plored. For example, the use of several mirrors on the
same mount reduces triggers from the night-sky back-
ground and from local muons passing near the detector.

FIG. 12. Imaging parameters used by air Čerenkov telescopes
to reject the hadronic cosmic-ray background: (a) Diagram
showing the parameters a, width, and length. The ellipse rep-
resents the outline of the shower image in the focal plane of
the telescope. (b) An a plot of the signal from the Crab
Nebula, by the Whipple group using data taken between 1988
and 1989. From Mohanty et al., 1998.
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Stereo imaging, the use of a number of imagers, allows
the point of origin of each shower, and thus the direction
of the primary, to be determined in two dimensions, and
completely eliminates problems caused by nearby
muons.

The longitudinal development of g-ray showers of a
given energy is well defined with small fluctuations. Con-

FIG. 13. Arrival-time distribution for Čerenkov photons be-
tween 300 and 600 nm as a function of distance from the
shower impact point (R) for various g-ray energies as seen at
2 km above sea level for vertical showers (log contours).
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sequently the image in the focal plane of an imaging
atmospheric Čerenkov telescope has a well-defined lon-
gitudinal profile that depends only on the impact param-
eter and the angular origin of the shower (Fig. 11). In a
fine-pixel imaging Čerenkov telescope, this profile can
be compared to theoretical g-ray shower profiles, as a
function of the shower energy, impact parameter, and
angular origin. In the case of the CAT imaging telescope
(Barrau et al., 1998), this gives an angular resolution for
individual g-ray showers of ;0.1°. For an array of sev-
eral imaging atmospheric Čerenkov telescopes viewing a
shower simultaneously, the angular origin of the shower
on the sky of the shower is given by the point of inter-
section of the shower axes as seen by the telescopes. An
angular resolution of ;0.1° is achieved with the
HEGRA imaging array (Daum et al., 1997; Puhlhofer
et al., 1997).

In such second-generation Čerenkov telescopes, the
cosmic-ray background can be reduced to a level com-
parable to, or below, the signal from strong g-ray
sources. Table V lists some of the major atmospheric
Čerenkov detectors, all of which use the imaging tech-
nique.

c. Trigger and readout electronics

In both the imaging and wave-front timing methods,
the trigger uses ‘‘majority’’ logic, requiring a fast coinci-
dence of at least several channels (pixels or dishes)
above a given signal level. The time resolution of this
coincidence should be in the range of 3–10 ns, depend-
ing on the anisochronism of the mirrors, signal jitter, and
other uncertainties. Intelligent triggers, which include
only those pixels near the brightest part of the image,
TABLE V. Current major atmospheric Čerenkov telescopes.

Group Site Mounts Dish Pixel Field Threshold
– alt., lat., long. 3 area size of
experiment (m ,°,°) dishes (m2) (°) view (°) (GeV)

Whipple–10m Mt. Hopkins, Arizona 131 72 0.25 3 250
2300 32N 111W

CAT–Imager Thémis, France 131 17 0.12 3 250
1650 42N 2E

Durham–Mk VI Narrabri, Australia 133 42 0.25 4 300
250 31S 110W

HEGRA–Imagers La Palma, Canary Islands 531 5/8.5 0.25 3.25 500
2200 28N 18W

Telescope Array Dugway, Utah 331 6 0.25 4.5 600
1600 40N 113W

CANGAROO Woomera, Australia 131 11 0.19 3 1000
0 31S 136E

CAO–GT-48 Ukraine, Crimea 233 4.5 0.4 3 1000
1100 45N 34W

TACTIC Mt. Abu, India 131 9.5 0.31 3.2 1000
1300 25N 73W

Lebedev–SHALON Tien Shan, Kazahkstan 131 10 0.6 8 1000
3338 43N 77E
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have been tested, and a trigger-rate reduction was also
obtained by subdividing the camera into overlapping
sectors. Even for a relatively low threshold, trigger rates
can be 10–50 Hz.

The amplitudes of the photomultiplier signals must be
measured by the readout electronics and stored for off-
line event analysis. This is often done by integrating the
output signals during a gate time opened by the trigger,
with subsequent encoding by analog-to-digital convert-
ers (ADCs). To limit the noise from the night-sky pho-
tons, the gate should be short, but fast gates (,10 ns)
may introduce electronic noise. An alternative is the use
of individual ‘‘flash’’ encoders (F-ADCs) running at a
fast sampling rate. The digitized values, stored in a tran-
sient memory, are read out at the time of the trigger,
giving a sampling of the output of each photomultiplier.
The integration can be performed offline. There are very
fast F-ADCs running at a GHz, but their cost remains
prohibitive. In practice, the effective integration time
can be at best ;20 ns with 100-MHz F-ADCs. There is
still room for technical improvement on this point.

d. Energy estimation and spectral measurement

From Fig. 9 it can be seen that there are large fluctua-
tions (about a factor of 2) in the photon density within
the light pool for showers initiated by g rays of a given
energy. This limits the energy resolution of a Čerenkov
detector, assuming that the detector is known to be
within the light pool. For both the imaging and wave-
front timing techniques, the position of the shower axis
or center of the light pool is measured typically to within
10–20 m.

Within the light pool, the large fluctuations in the
photon density for showers result from two effects: the
sampling uncertainty for a single detector and fluctua-
tions in the shower development. Simulations show that
the total amount of light reaching ground level varies by
only 5%; thus sampling the light pool at several points
on the ground can reduce the uncertainty in the deter-
mination of the primary energy. In addition, simulations
in which the altitude of the first interaction point is fixed
(thus reducing the effect of shower fluctuations) show
that the photon-density fluctuations are reduced to 30%
by this constraint. If the full longitudinal development of
the shower is measured as in an imaging detector, the
energy resolution for showers coming from a fixed posi-
tion in the sky can be reduced to 20% with a single
sample. With a multitelescope system, such as the
HEGRA imaging array, several samples of the light
pool are measured at known impact parameters, result-
ing in an energy resolution of 20% (Daum et al., 1997).

While the atmospheric Čerenkov telescope has the
advantage over satellite-borne detectors of a large col-
lection area, one disadvantage lies in the lack of a simple
method to determine this collection area and to cali-
brate the energy response. Such parameters can be di-
rectly measured for satellite-borne detectors in particle-
beam tests. The atmospheric Čerenkov telescope must
rely on extensive Monte Carlo simulations of both
g-ray-induced showers (to determine energy resolution
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and acceptance) and cosmic-ray protons and heavier nu-
clei, and local muons (to determine the rejection effi-
ciency for these backgrounds), for a large range of ob-
serving angles from the zenith. These simulations have
become more robust as they have been refined in paral-
lel with new hadron collision parametrizations from ac-
celerator experiments. Comparisons between different
simulations show only minor differences (,10%) in the
Čerenkov yield. The remaining uncertainties are the
condition of the atmosphere (which can be monitored
optically or determined from the zenith-angle depen-
dence of detected events) and the photon collection ef-
ficiency of the photomultiplier tubes. For the imaging
technique, the Čerenkov light from local muons pro-
vides an elegant means of measuring the collection effi-
ciency, as it provides clearly recognizable rings or arcs in
the image plane with a well-defined distribution of Čer-
enkov photons (Vacanti et al., 1994).

e. Effect of observatory altitude and large-zenith-angle
observations

The altitude affects the photon density, primarily
through the straightforward geometrical expansion of
the light pool, which is a cone with an apex at about 12
km a.s.l. With increasing observation altitude, the light-
pool area shrinks and the photon density increases ac-
cordingly. Thus the Čerenkov signal is enhanced so that
the energy threshold is lowered. Conversely, the flux
sensitivity is lowered. To a lesser extent, the Čerenkov
signal is further enhanced by the lowering of atmo-
spheric absorption, which has an effect of the order of
10–15% per kilometer change in altitude. The night-sky
noise increases only slightly with increasing altitude. Al-
together, moving an observatory from 2–4 km a.s.l.
would lower the energy threshold by about a factor of 2
(with a corresponding loss in flux sensitivity of about
15% due to the decrease in the light-pool area). This is a
major advantage, but the cost of running a complex in-
strument at high altitude must be weighed against other
methods of attaining the same objectives.

The changes in zenith angle of the source have small
effects on the observations for zenith angles less than
about 30°. At larger angles the light pool grows swiftly
due simply to the increasing distance of the shower
maximum from geometrical effects. The distance to
shower maximum is further increased at large zenith
angles because an inclined shower encounters more mat-
ter at high altitude, and so the maximum occurs higher
in the atmosphere. Consequently, the observation of
sources at low elevation can be made only at higher en-
ergies, but the flux sensitivity is increased in proportion
to the light-pool diameter. At 45° the collection area
increases by a factor of '2.5 (and the sensitivity by
A2.5) and the energy threshold increases by a factor of
'2. Such observations have been carried out with suc-
cess down to 60° from zenith (McEnery et al., 1998;
Tanimori et al., 1998a), allowing the determination of
the source spectra to be extended to high energies and
lower fluxes. The Crab nebula was observed by the
CANGAROO group from Woomera in Australia, at
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TABLE VI. Recent major extensive air-shower particle detector arrays.

Array area No. EPeak m Det. area Event Years
Group Location (m2) detectors (TeV) (m2) rate (s21) operational

CASA-MIA Dugway, Utah 230400 1089 110 2,500 20 1991–96
870 g/cm2

40.2° N, 112.8° W
CYGNUS Los Alamos, New Mexico 86000 204 50 120 5 1986–96

800 g/cm2

35.9° N, 106.3° W
HEGRA La Palma, Canary Islands 41000 257 50 150 12 1992–
EAS-PDA 800 g/cm2

28.8° N, 17.7° W
Milagrito Jemez Mts., New Mexico 1500 225 1 0 300 1997–98

750 g/cm2

35.9° N, 106.7° W
SPASE South Pole 10000 24 100 1 1987–92

760 g/cm2

90° S
Tibet Yangbajing, Tibet 8000 49 8 0 5 1990–93

600 g/cm2 44000 221 8 0 230 1995–
30.1° N, 90.5° E 5000 109 2 0 120 1996–
30° south latitude (Tanimori, 1998b). For this source, at
a declination of 22°, such observations from the south-
ern hemisphere are in fact optimal for the high-energy
end of the spectrum, as the source remains steadily at
low elevation for several consecutive hours.

3. Extensive air-shower particle detector arrays

Extensive air-shower particle detector arrays (EAS-
PDAs) are generally used to detect EASs produced by
ultrahigh-energy primaries; the fluxes of UHE g rays are
expected to be small, so a detection area in excess of
104 m2 is needed. The cost of a uniformly sensitive de-
tector with this area is prohibitive. However, one can
use the fact that a large number of particles reach the
ground in a UHE shower; a typical EAS initiated by a
100-TeV photon has roughly 50 000 e6 and about five
times as many g rays, spread out over an area in excess
of 104 m2 at mountain altitudes. Because there are so
many particles reaching the ground, an EAS-PDA need
sample only a relatively small fraction of these particles.
An EAS-PDA generally consists of a number of
charged-particle detectors spread over a large area.
Typical arrays have from 50 to 1000 scintillation
counters, each ;1 m2 in size, spread over an area of
104 –23105 m2; the actual sensitive detector area is less
than 1% of the total enclosed area of the array. The
performance of the array can be improved by placing
lead, roughly one radiation-length thick, above each
counter to convert shower photons into charged par-
ticles (Linsley et al., 1987; Alexandreas et al., 1992).
Table VI lists the recent major extensive air-shower par-
ticle detector arrays.

The direction of the primary is reconstructed by mea-
suring the relative times at which the individual counters
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in the array are struck by the shower front. The angular
resolution for ground-based detectors depends upon
properties of both the EAS and the detector. To obtain
good angular resolution with an EAS-PDA, one must
perform a fit to a shower front that is curved by an
amount that is a function of position from the shower
core (Alexandreas et al., 1992). The typical EAS-PDA
angular resolution for a given shower is approximately
described by (Ellsworth, 1991)

su5~Ks t!/~ND!, (9)

where su is the rms projected angular resolution, the
constant K'1, N is the number of hit detectors, s t is the
measured rms timing width in nanoseconds as seen by
each detector, and D is the separation between neigh-
boring detectors in meters.

The angular resolution for an array can be determined
in a number of ways (Merck et al., 1996). The most pow-
erful method uses the measured shape of the shadow of
the sun and the moon in the otherwise isotropic flux of
charged cosmic rays because it is sensitive to all system-
atic errors; its major shortcoming is that it determines
the angular resolution for cosmic-ray, rather than g-ray,
showers. There is some evidence that the apparent
shadow of the sun is markedly displaced by bending in
the solar magnetic field for energies around 10 TeV
(Amenomori et al., 1996). The earth’s magnetic field
should displace the apparent shadow of the moon by
about one moon diameter at ;2 TeV, although the dis-
placement depends upon the location of the moon in the
local sky. A method for the measurement of the anti-
matter content of cosmic rays based on this effect has
been discussed (Urban et al., 1992).

Figure 14 shows the angular resolution for the
HEGRA EAS-PDA as a function of the number of
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struck counters, as determined by dividing an array into
two overlapping parts and comparing the angles recon-
structed separately from these two arrays (from Merck
et al., 1996). The curve is of the form su}N20.87.

The energy threshold of an EAS-PDA depends upon
the minimum number of counters that must be struck to
allow a shower to be reconstructed, the altitude of the
array, and the size and spacing of the counters. While a
shower direction can, in principle, be reconstructed with
as few as three counters, generally a larger number of
counters (;10) is used to accurately determine the di-
rection. The energy threshold of an array is not a well-
defined quantity because the number of shower particles
reaching the ground fluctuates greatly from shower to
shower for identical primaries; the principal source of
these fluctuations is the variation in the altitude and na-
ture of the first interaction. Consequently an array may
record some relatively low-energy events because the
initial interaction was unusually deep in the atmosphere,
and may fail to record some relatively high-energy
events because the initial interaction took place unusu-
ally high in the atmosphere. In addition, for a given en-
ergy primary, the shower size at the ground decreases
with increasing angle away from the zenith and also is
different for primary photons, protons, and nuclei.

An EAS-PDA does not measure the energy of the
primary particularly well. This is not surprising, as all
one has to work with is a sparse sample of the number
and lateral distribution of particles that have survived to
ground level, effectively the leakage out the back of a
thick calorimeter. The energy response can be deter-
mined with the aid of Monte Carlo simulations of air
showers and the array. Figure 15 shows the primary en-
ergy distribution for proton-initiated events for the
CYGNUS array in Los Alamos. Note that, while the
most probable proton energy is around 50 TeV, an ap-
preciable number of 10-TeV proton showers are de-
tected, due to shower fluctuations (Alexandreas et al.,
1992). The energy threshold is typically lower for g-ray

FIG. 14. Angular resolution vs number of counters struck for
the High-Energy Gamma-Ray Array (Merck et al., 1996).
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primaries than for hadron primaries at mountain alti-
tudes, although this is not true when viewing through a
large atmospheric overburden such as at large zenith
angles (Biller et al., 1994).

The energy response of an array is best described by
the effective area, in the same way as is the energy re-
sponse of a satellite-based detector. For ground-based
detectors, the definition of Aeff includes the effects of
shower fluctuations that affect the probability that an
EAS of energy E will trigger the detector. Aeff is a func-
tion of zenith angle and the primary species. Figure 16
shows the effective area of the CYGNUS array for pro-
ton primaries at several zenith angles. Note that Aeff is
larger than the physical area at high energies, as showers
with cores landing outside the array can be detected.
Because the energy of the primary is so poorly deter-
mined, values of (or limits on) the integral flux above
some energy are often given for ground-based measure-
ments. The integral flux can be obtained from the ob-
served (or the upper limit on the) number of events
above background and the detector effective area vs pri-
mary energy. There is some dependence of the derived
integral flux on the assumed spectral shape; this depen-

FIG. 15. Energy response for CYGNUS array in Los Alamos.

FIG. 16. CYGNUS effective area.
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dence can be minimized by giving the integral flux above
the median energy of the detector (Gaisser et al., 1989).

4. Air fluorescence detectors

The very low flux of extremely high-energy (EHE)
cosmic rays (;2 km22 week21 sr21 above 1018 eV) neces-
sitates the use of an experimental technique with a huge
effective volume at these energies. The beamed nature
of the shower particles and the Čerenkov light they emit
limit the use of these signatures for EHE cosmic rays.
Luckily Nature has provided us with an isotropic source
of radiation, allowing very distant air showers to be
detected—fluorescence of nitrogen in the atmosphere.

When an ionizing particle traverses the atmosphere
it can excite the N2 molecules. The excited N2
emits fluorescence photons within about 50 ns of
being excited. The photon yield is similar to that of
Čerenkov radiation — ;5 photons m21 electron21

(Sokolosky, 1989). As with the air Čerenkov detectors,
this signal must be detected in the presence of night-sky
background photons. As the fluorescence radiation is
not beamed, many more shower particles are required to
produce an observable number of photons at the detec-
tor. Air fluorescence detectors have energy thresholds of
order 1018 eV and effective apertures of 10–100 km2 sr.

The Fly’s Eye detector is currently the only air fluo-
rescence detector in operation. The original detector
(1981) consisted of 67 1.5-m-diameter spherical mirrors
(Baltrusaitis et al., 1985). Each mirror was viewed by a
set of 12–14 photomultipliers. Each PMT viewed a 5.5°
hexagonal region of the sky. As the EAS traverses the
sky, fluorescence light intercepts different PMTs, form-
ing a track in the detector. The amount of light received
in each PMT can be related to the number of electrons
in the shower at a specific region of the development of
the shower. In 1986 the addition of a second ‘‘Eye,’’
located 3.4 km away, allowed stereo reconstruction of
each air shower and resulted in much better determina-
tion of the trajectory of the shower. Unlike conventional
air-shower arrays and air Čerenkov telescopes, this de-
tector has a detailed view of the longitudinal develop-
ment of the EAS. This information is crucial in deter-
mining the atomic weight of the primary cosmic ray. It is
in this arena that the Fly’s Eye has excelled. While the
contribution to g-ray astronomy has been minimal, the
Fly’s Eye has made important measurements of the
EHE cosmic-ray composition (Bird, 1994).

D. Estimating the background

Signals in ground-based g-ray astronomy come in the
presence of noise from isotropic (hadronic) cosmic rays.
In the absence of background rejection, the signal-to-
noise ratio is quite poor. For example, the strong signal
observed by air Čerenkov detectors from the Crab con-
stitutes an increase in raw counting rate of less than 1%.

With such high background levels, it is imperative to
correctly estimate the background rate so that the prob-
ability that the observation could be due to a chance
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fluctuation of the background can be assessed. The
background estimate must be made under conditions
that can be changing due to changes in local weather,
instrumental efficiencies, and detector dead time.

Early air Čerenkov observations alternated periods of
looking on source and off source; this technique does
not necessarily correctly account for changing condi-
tions. Imaging Čerenkov telescopes allow the signal and
background to be separated from a single observation
period by measurements of the shape of the Čerenkov
image (a plot of a; see Fig. 12).

The background can be estimated with air-shower
counter arrays by using the data coming from other
parts of the sky with the assumption that g-ray sources
are rare (or weak). Generally, the data are used to char-
acterize the detector response in local coordinates (u,f)
as a function of time; integrating this response over the
live time (again obtained from the data) yields the ex-
pected background in the region of a point source. This
is discussed in greater detail by Alexandreas et al.
(1993b).

V. EARLY OBSERVATIONS

A. Satellites

Two gamma-ray satellite detectors were launched in
the 1970s: SAS-II in 1972 and COS-B in 1975. An elec-
tronic failure terminated the SAS-II mission after only
seven months of operation. Nevertheless, data from
SAS-II showed emission above 100 MeV from the galac-
tic plane, especially in the vicinity of the galactic center
(Fichtel et al., 1975), pulsed emission from the Crab and
Vela pulsars, detection of Cygnus X-3 (Lamb et al.,
1977) and Geminga (although this source was not iden-
tified at that time), and observation of diffuse extraga-
lactic emission (Thompson et al., 1976; Fichtel et al.,
1978).

The COS-B satellite operated for six and a half years
and produced detailed maps of the g-ray sky, with the
prominent feature of the diffuse emission from the ga-
lactic plane (Bloemen, 1989). The most important result
from COS-B was a catalog of 25 g-ray sources at ener-
gies above 300 MeV (Swanenburg et al., 1981). Some of
these ‘‘sources’’ are now believed to be emission from
molecular gas clouds (Grenier et al., 1990). Data on the
Crab, Vela, and Geminga allowed detailed studies of
their g-ray energy spectra; however, they could not con-
firm the detection of Cygnus X-3 (Hermsen et al., 1987).
The COS-B data established g-ray astronomy as an ex-
citing field and provided much of the impetus for studies
with ground-based instruments.

B. Early ground-based results

Ground-based high-energy g-ray observations in the
1980s produced many claimed source detections. These
are summarized in the review article by Weekes (1988),
which presented a ‘‘source catalog’’ containing 13
sources. In this section we briefly review the most widely
known results of this period, those involving Cygnus
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X-3, Hercules X-1, and the Crab. Later we shall discuss
the present view of these results.

1. Cygnus X-3

Cygnus X-3 is an x-ray binary system located about 10
kpc from earth. However, the exact nature of Cygnus
X-3 has been difficult to establish, in large part because
an optical identification has not been made due to ob-
scuration by galactic dust. The source exhibits a 4.79-h
period in its x-ray (but not in its radio) emission, al-
though a complete eclipse is not observed.

Claims of detection of TeV emission from Cygnus X-3
were first made in the mid 1970s and continued through
the mid 1980s. Two observations from EAS-PDA were
particularly important: the claim of a 4s steady excess
by a group in Kiel, Germany (Samorski and Stamm,
1983b) and a contemporaneous observation at Haverah
Park (Lloyd-Evans et al., 1983). These results indicated
a very large UHE flux from Cygnus X-3. The Kiel result
was particularly striking in that the showers appeared to
have a large muon content, indicating new particle
physics—either a new uncharged light particle that inter-
acts hadronically or a known neutral particle (photon or
neutrino) undergoing new interactions at high energies.
Claims of observations of Cygnus X-3 by proton-decay
experiments located deep underground helped bring this
object (and cosmic-ray physics) to the attention of par-
ticle physicists (Marshak et al., 1985).

2. Hercules X-1

Hercules X-1, the second x-ray binary system discov-
ered by the Uhuru satellite (Tananbaum et al., 1972), is
not obscured by dust and so is well studied. The 1.24-s
x-ray pulsations, discovered by the Uhuru group, are be-
lieved to be due to the rotation of the neutron star. The
observation of optical and infrared pulsations at fre-
quencies slightly displaced (;0.1%) from the x-ray fre-
quency are understood in terms of x-ray interactions
with material in other parts of the binary system (Mid-
dleditch et al., 1985).

A number of groups claimed to detect episodic VHE
and UHE emission from Hercules X-1 in the 1980s with
periodicity at the x-ray period. In 1986, three groups
claimed to observe episodic, pulsed emission from Her-
cules X-1 on different nights at a frequency blue shifted
from the x-ray frequency by 0.16%; the observations
were made by the Haleakala atmospheric Čerenkov
telescope (Resvanis et al., 1988), the Whipple atmo-
spheric Čerenkov telescope (Lamb et al., 1988), and the
CYGNUS EAS-PDA (Dingus et al., 1988). The latter
two groups claimed that the detected events from Her-
cules X-1 appeared more like hadron-induced showers
than photon-induced showers, the Whipple group on the
basis of image characteristics (Reynolds et al., 1991) and
the CYGNUS group on the basis of muon content. The
situation was reminiscent of the Kiel observation of
muon-rich events from Cygnus X-3 and further fueled
speculation about new physics at high energies.
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3. The Crab

The field of g-ray astronomy in the GeV-TeV domain
was brought to maturity by the detection of emission
from the Crab Nebula. This source, a plerion, played an
important role in the development of many domains of
astronomy, from optical and radio to x ray. Long before
the Crab Nebula was observed as a source of VHE pho-
tons, Gould (1965) described a model of how it could
produce TeV photons. In this model, relativistic elec-
trons from the pulsar undergo synchrotron radiation in
the magnetic field of the nebula; the electrons also
Compton scatter on the synchrotron photons, boosting
the photons to TeV energies. In this model, the flux of
VHE photons is a function of the magnetic field in the
nebula.

The first detection of VHE emission from the Crab
was by Fazio et al. (1972), based on 150 hours of on-
source data taken during 1969–1972 at Mount Hopkins,
Arizona, using a first-generation atmospheric Čerenkov
telescope with an energy threshold of 140 GeV. This
yielded a flux measurement with a significance of 3s,
(5.761.8)310211 photons cm21 s21, which was treated
as an upper limit.

It was not until over a decade later that the first im-
aging air Čerenkov detector, a camera with 37 pixels of
0.5° diameter each operated by the Whipple group at
Mount Hopkins, saw clear evidence of emission from
the Crab. A signal with a 5.6s statistical significance was
found in 34 hours of data taken between 1983 and 1985
(Cawley et al., 1985). With refinements of the data-
selection techniques and improvements in electronics,
this was enhanced to 9s from 85 hours of data taken
between 1986 and 1988 (Weekes et al., 1989). This de-
tection prompted the move toward higher resolution for
the imaging technique. Observations with the present
Whipple telescope camera with 109 pixels of 0.25° each
in the central region yielded a signal with a significance
of 20s from 30 hours of data taken in 1988–1989 (Va-
canti et al., 1991). This result was consistent with the
previous detections and indeed with the original 1972
result of Fazio et al.

All of these observations were of steady (i.e., un-
pulsed) emission. A number of groups claimed the de-
tection of pulsed emission from the Crab, either tran-
sient or steady. However, the a priori significance of
these observations is difficult to assess and there were no
confirming observations.

VI. OBSERVATIONS IN THE 1990s

At the end of the 1980s, results in high-energy g-ray
astronomy were sparse and often somewhat confusing.
The launch of the CGRO satellite was delayed by the
Challenger disaster, so there were no satellite-based ob-
servations in the 1980s. With the exception of the widely
accepted detection of TeV g rays from the Crab, all
other claimed observations of VHE and UHE sources
were disputed; in particular, the earlier observations of
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emission from Cygnus X-3 and Hercules X-1 were not
confirmed despite the advent of detectors with greatly
enhanced sensitivity.

The 1990s began inauspiciously when the spark cham-
ber failed on the Gamma-1 telescope aboard the Rus-
sian Gamma Observatory, launched in July 1990.
Gamma-1 was designed to detect g rays from 50 MeV–6
GeV, but the spark-chamber failure eliminated the
pointing ability of Gamma-1 and severely reduced the
capabilities of the mission. Nevertheless, the first seven
years of the 1990s brought a remarkably rich view of the
g-ray sky. This was largely due to the new capabilities
brought by the EGRET telescope aboard the CGRO.
Progress was also made with ground-based UHE detec-
tors (but no detections of sources) and exciting new
source detections by air Čerenkov detectors.

A. CGRO–EGRET

The CGRO satellite was launched in 1991 with four
telescopes on board. Of particular importance here are
the EGRET detector, described above, and the BATSE
(Burst and Transient Source Experiment). BATSE con-
sists of NaI timing detectors at each corner of CGRO
and was specifically designed to study gamma-ray bursts
(GRBs). This will be discussed in Sec. VI.A.4 below.
The characteristics of EGRET were discussed in Sec.
IV.B.

EGRET has completed all-sky surveys above 100
MeV and has undertaken prolonged observations of
specific objects (Thompson et al., 1995; Fichtel, 1966).
Highlights of these observations are as follows.

Diffuse g-ray emission from the galactic plane is the
most prominent feature of the g-ray sky (as previously
observed by COS-B). Observations have also been
made of emission from the Large and Small Magellanic
Clouds, with implications as to the origin of cosmic rays.

Diffuse g-ray emission is also observed at high galac-
tic latitudes, which is probably of extragalactic origin.

Seven high-energy g-ray pulsars have been observed.
A new class of objects, high-energy g-ray blazars, has

been identified.
Emission of high-energy g rays from GRBs has been

observed, some at energies above a GeV.
High-energy sources with no counterparts at other

wavelengths constitute an intriguing catalog of about 50
‘‘unidentified’’ objects.

A comprehensive review of all of the results from
CGRO is beyond the scope of this article; more exten-
sive reviews of EGRET results are available in the lit-
erature (Dingus, 1994; Michelson, 1994a; Fichtel, 1996).
Below we briefly discuss some of these results, especially
those that directly impact ground-based observations.

1. Diffuse emission

Interactions of high-energy cosmic rays with matter
are expected to produce g rays, primarily through the
production and decay of neutral pions. Detection of this
diffuse g-ray emission should yield information about
the production and propagation of cosmic rays in the
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Milky Way Galaxy. Diffuse emission within ;10° of the
plane of our galaxy dominates the g-ray sky, with the
highest intensity coming from near the galactic center.
After removal of identified galactic point sources, the
diffuse emission shows structure that reflects the main
features of the mass distribution in the galaxy. The in-
tensity is generally in agreement with expectations, al-
though the flux above 1 GeV is somewhat larger than
expected (Hunter et al., 1997). An updated calculation
of the expected galactic diffuse photon spectrum (Mori,
1997) is consistent with earlier calculations and is unable
to account for the observed excess of events above 1
GeV. A possible explanation is a harder proton spec-
trum near the galactic center than in the solar neighbor-
hood.

Diffuse emission has also been observed from the
Large Magellanic Cloud, with a flux that is consistent
with quasistable equilibrium production by cosmic rays
(Sreekumar et al., 1992). The upper limit for diffuse
emission from the Small Magellanic Cloud (Sreekumar
et al., 1993) demonstrates that cosmic rays are mostly
confined to galaxies.

In addition to the diffuse g-ray flux associated with
the Milky Way Galaxy and the Large Magellanic Cloud,
EGRET has observed apparently isotropic emission at
high galactic latitudes; this is believed to be of extraga-
lactic origin. The differential spectrum above 100 MeV
is well fitted by a power law:

F~E !5~1.0560.04!31028~E/377 MeV!22.0760.03

3photons/cm2/s/sr/MeV (10)

(Sreekumar et al., 1998). This result is in good agree-
ment with, although considerably more precise than, the
earlier measurements made by SAS-2 (Fichtel et al.,
1978). The spectrum of the extragalactic emission is con-
sistent with AGNs being the source of this radiation
(Stecker and Salamon, 1996).

2. Galactic sources

a. Pulsars

EGRET has detected pulsed high-energy emission
from seven pulsars: the Crab, Vela, Geminga, PSR1509-
58, PSR1706-44, PSR1055-32, and PSR1951132. Of
these pulsars, only Geminga is not observed in the radio.
Geminga was first seen as a steady source by SAS-2
(Fichtel et al., 1976; Thompson et al., 1977). Data from
COS-B on the energy spectrum and variability suggested
that it might be a Vela-type pulsar (Grenier et al., 1991).
The nature of this object has been a great mystery as it
was not detected in other wavelengths. In 1992, Halp-
erin and Holt (1992) discovered a 237.0974-ms pulsar
period from ROSAT x-ray observations of Geminga.
An examination of 1991 EGRET data then revealed
pulsed 100-MeV radiation, confirming Geminga as a
g-ray pulsar (Bertsch et al., 1992; Mayer-Hasselwander
et al., 1993).

With the exception of the Crab, the pulsar light curves
change as a function of wavelength, indicating that dif-
ferent energy photons are emitted from different regions
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of the pulsars. Strong unpulsed emission from the Crab
above 100 MeV is observed (Ramanamurthy et al.,
1995) that is believed to be due to processes in the su-
pernova remnant surrounding the pulsar; the angular
resolution of EGRET is not good enough to distinguish
possible emission sites within the nebula. There is no
strong unpulsed emission from Vela or Geminga. The
pulsed energy spectra are relatively hard, with g-ray
emission dominating the observed power, in agreement
with the pulsar models; there is also evidence of a spec-
tral cutoff at high energies for Geminga, Vela, and
PSR1706-44.

Recent evidence has been published indicating the de-
tection of an outburst of high-energy emission from the
massive x-ray binary system Centaurus X-3 by the
EGRET telescope (Vestrand, Sreekumar, and Mori,
1997). This is arguably the first evidence for variable
GeV emission from an x-ray binary system and would
require the sporadic acceleration of particles to GeV en-
ergies within such a system.

b. Unidentified sources

Of the 129 high-energy (.100 MeV) g-ray sources in
the second EGRET catalog, more than half are not
identified with objects known from observations at other
wavelengths. Most of these unidentified objects cluster
near the galactic plane, suggesting a galactic origin.
Analysis of the data indicates that they cannot be a
group of older, low-luminosity pulsars like Geminga
(Mukherjee et al., 1995). Some of these sources may be
associated with nearby supernova remnants (Sturner
and Dermer, 1995; Esposito et al., 1996). Some uniden-
tified source locations overlap SNR locations; g-ray
emission could arise from the decay of neutral pions
produced by collisions of shock-accelerated protons with
the remnant gas. The fluxes of the possible EGRET
sources are consistent with expectations for supernova
remnants, provided the remnants transfer most of their
kinetic energy to accelerated cosmic rays and the shock
is expanding into interstellar gas clouds with densities
.1 atom/cm3 (Drury et al., 1994); however, this hypoth-
esis has not been confirmed by higher-energy observa-
tions (see Secs. VI.B.5 and VI.C.2, below).

The bulk of unidentified sources may be related to the
molecular clouds belonging to the Gould belt, a 300-pc-
radius ring of atomic gas and molecular clouds centered
at about 100 pc from the sun. The dense clouds of Aq-
uila Rift and Ophiuchus at positive latitudes, and Orion
and Perseus at negative latitudes, belong to this expand-
ing structure; its age (about 50 million years) can be
determined from its expansion velocity. A strong corre-
lation of the position of the EGRET sources with the
molecular clouds was established by Grenier (1995),
who also noted that the blue giant (OB-type) star popu-
lation also tends to gather in these clouds. A number of
giant stars produced in these clouds must have ended
their short lives in the last few million years. EGRET
may be observing young pulsars generated nearby. To
prove the point, radio observations are needed; these
are difficult to conduct because of the large EGRET
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error box. More precise positioning, either from space
or from the ground, is needed.

3. Extragalactic sources

Before the launch of CGRO, high-energy g rays had
been observed from only one active galaxy, 3C273, de-
tected by COS-B (Swanenburg et al., 1981). EGRET has
observed over 50 AGNs, at redshifts from z50.03 to z
.2 (von Montigny et al., 1995). The active galaxies ob-
served by EGRET are all blazars, galaxies whose emis-
sion is primarily nonthermal and that appear to have jets
pointed in our direction. On the other hand, high-energy
g rays have not been detected in many relatively close
active galaxies, especially Seyfert galaxies and radio-
quiet AGNs (Thompson et al., 1993).

Gamma-ray-emitting blazars represent a new class of
objects. The energy being emitted by these objects is
extraordinary. Assuming beaming in our direction of
one part in a thousand, the typical luminosity is
1045 erg/s. There is generally more energy observed in
the g-ray region than in any other wavelength band; the
differential energy spectra are well fitted by a power law
with an average slope of 22.1. Nearly all of the blazars
that have been observed on several occasions exhibit
variability in high-energy g-ray emission on time scales
of from months to days; this appears to imply that the
high-energy emission region is very small, even with a
relativistic correction.

4. Gamma-ray bursts

EGRET has detected six gamma-ray bursts in coinci-
dence with BATSE. Photons above 1 GeV were ob-
served from the ‘‘Superbowl’’ burst in 1993 (Sommers
et al., 1994) and, even more surprising, delayed photons
up to 18 GeV were observed from GRB940217 (Hurley,
1994; see Fig. 17). In addition, the energy spectra for
these bright bursts are hard (differential spectral index
;2) and show no signs of a high-energy cutoff. The ob-
servation of these high-energy photons was not expected
in any model.

B. Air Čerenkov

Observations by air Čerenkov telescopes in the 1990s
confirmed the earlier detections of VHE emission from
the Crab Nebula and discovered a number of additional
VHE sources. These are discussed below.

1. The Crab

The detection of VHE g-ray emission from the Crab
Nebula by the Whipple group in the 1980s was subse-
quently confirmed by a number of other groups. The
ASGAT and Thémistocle experiments used the wave-
front timing technique (Baillon et al., 1993; Goret et al.,
1993; Djannati-Ata, 1995), while the HEGRA and
CANGAROO experiments used the imaging technique
(Tanimori et al., 1994; Krennrich et al., 1993). There is
no convincing evidence for pulsed VHE emission, indi-
cating that the emission emanates from the nebula
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FIG. 17. Energy and time of photons from GRB940217 (EGRET).
rather than the pulsar itself. The observed flux from the
Crab has been steady (Carter-Lewis et al., 1998). The
spectrum has been measured to 50 TeV by the large-
zenith-angle observations of the CANGAROO group
(Tanimori et al., 1998a).

The importance of the VHE detection of the Crab,
besides its intrinsic interest as a probe of the accelera-
tion mechanisms in the object, is that it has provided a
standard candle or test beam for the field. This has al-
lowed the various atmospheric Čerenkov techniques to
be compared and data-analysis methods for the rejection
of the cosmic-ray background and the localization of a
source’s position to be refined.

The VHE flux is much higher than expected from an
extrapolation of the spectrum given by space-based de-
tectors at lower energies. This can be reconciled using
the synchrotron self-Compton (SSC) model (deJager
and Harding, 1992), in which the VHE emission is pro-
duced by the inverse Compton interaction of high-
energy electrons primarily with their own synchrotron
emission. This produces a TeV inverse Comptom bump
in the spectrum that is a boosted image of the synchro-
tron bump (;10 MeV) seen by the space-based detec-
tors [see Fig. 18(a)]. The fit of the data to the model
yields the maximum electron energy in the pulsar mag-
netosphere (;231015 eV), and the nebular magnetic
field (1.631024 G; Hillas, 1998). A compilation of the
most recent results at VHE energies is shown in Fig.
18(b); the power-law fit shown here is not expected to
extend to energies above a few tens of TeV but should
reflect the synchrotron cutoff seen at lower energies.
There is no strong conflict between the upper limits at
UHE energies and the current model.

2. PSR1706-44

PSR1706-44, a supernova remnant, was first detected
as a g-ray source in the COS-B satellite data (Swanen-
burg et al., 1981). It was identified with the radio pulsar
by the detection of the 102-ms pulsations in the EGRET
data (Thompson et al., 1992), although the peak in the
light curve is displaced from that in the radio. Unlike the
Crab, no pulsed signal is seen in either optical or x-ray
observations. The pulsar age is estimated from the spin-
down rate to be 17 400 years. X-ray observations with
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the ROSAT satellite indicate an associated x-ray syn-
chrotron nebula (Becker, Brazier, and Trüper, 1995),
and a possible association with the shell-type supernova
remnant G 343.1–2.3 has been proposed (McAdam, Os-
borne, and Parkinson, 1993). However, this has been
questioned given distance inconsistencies and the lack of
interaction between the pulsar and the supernova shell
(Frail, Goss, and Whiteoak, 1994).

VHE emission from this source was detected by the
CANGAROO group [and confirmed by the Durham
group (Chadwick et al., 1998b)] in data from 1992 and
1993 (Kifune et al., 1995), with a steady flux at a level
slightly less than that of the Crab (8310212

photons/cm2/s above 1 TeV); there is no evidence of
pulsed emission. This detection provides a reference
source for the southern hemisphere, which can play a
role similar to that of the Crab in the northern hemi-
sphere.

3. Vela

The CANGAROO group has also detected continu-
ous emission from the Vela pulsar with a significance of
5–6 s. Vela (PSR0833-45) is a young (;104 years),
nearby (;500 pc) pulsar, which was first detected in the
radio band and has also been observed in the optical,
x-ray, and g-ray bands. In the high-energy g-ray band, it
is the brightest discrete object in the sky, with emission
that is 100% pulsed with a double-peaked light curve.
The spectrum shows a clear break above a few GeV.
The pulsar is at the center of the Vela supernova rem-
nant, which has a diameter of 230 light years or 3.3°. The
VHE integral g-ray flux given by the CANGAROO
group from data taken from 1993 to 1995 is 2.560.5
60.4310212 photons/cm2/sec above 2.561.0 TeV, with
all of the emission being unpulsed (with an upper limit
to the pulsed component of 2.760.5310213

photons/cm2/sec; Yoshikoshi et al., 1997). The VHE
emission is displaced by 0.1–0.2° to the southeast from
the pulsar, corresponding to a hot spot in the ROSAT
x-ray data (Fig. 19) (thought to be the ‘‘birthplace’’ of
the pulsar). This point is not along the pulsar rotation
axis (which is in the southwest direction) and so is un-
likely to result from a pulsar jet. It could be related to
shock acceleration at the intersection of the pulsar wind
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with a region of higher matter density. The distance of
the emission from the pulsar would put it outside the
pulsar light cylinder, so that pulsed emission would not
be expected. The displacement of the emission from the
pulsar is statistically not highly significant and so re-
mains to be confirmed by detectors with better source
location capabilities.

4. Active galactic nuclei

One of the more exciting discoveries of the 1990s has
been the observation of TeV emission from extragalactic
objects. As of this writing, TeV emission has been de-
tected from three AGNs. Below we discuss the observa-
tions of two of these sources (Mrk 421 and Mrk 501) in
some detail.

FIG. 18. The observed energy spectrum from the Crab: (a) A
comparison of space- and ground-based results and the syn-
chrotron self-Compton model of deJager and Harding (de-
Jager and Harding, 1992); (b) a compilation of recent ground-
based results.
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a. Markarian 421

The AGN Markarian 421 was first detected (at the 6s
level) by the Whipple group (Punch et al., 1992). Mrk
421 is classified as a BL Lac (a subclass of the blazar
family of active galaxies) and is at a redshift of z
50.031. The Whipple group measured a flux of 1.5
310211/cm2/s above 500 GeV (1/3 that of the Crab) dur-
ing March–June 1992. There was no evidence of vari-
ability during this period. This source had been seen by
the EGRET detector, though it was the weakest ex-
tragalactic object then detected.

The Whipple detection was confirmed (with a signifi-
cance of 5.8s) by the HEGRA atmospheric Čerenkov
telescope group (Petry et al., 1996) in data taken be-
tween December 1994 and May 1995. They measured a
flux of (86223

16)310212 photons/cm2/s above 1 TeV.
Mrk 421 has been seen by the Whipple group in each

subsequent year up to the present (1998). In addition,
short-duration flares have been observed. During some
flares the flux exceeds that from the Crab (McEnery
et al., 1998), as shown in Fig. 20.

FIG. 19. Map of ROSAT X-ray data from Vela with location
of VHE emission from CANGAROO (cross).

FIG. 20. The daily variations of the flux from Markarian 421 in
the 1996 observing season, showing flaring activity. From
McEnery et al., 1997.
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b. Markarian 501

The second extragalactic source seen by the Whipple
group, Mrk 501, is also a nearby BL Lac AGN (z
50.034) (Quinn et al., 1996). Between March and July
1995 the flux was measured to be (8.161.4)
310212 photons/cm2/s above 300 GeV, 0.08 that of the
Crab (Quinn et al., 1998), with evidence of flaring activ-
ity on time scales of days. This source was not seen by
EGRET, but an extrapolation of the flux puts it below
EGRET’s sensitivity. Confirmation of this source was
again provided by the HEGRA group in data taken be-
tween March and August 1996. They measured an aver-
age flux of (2.360.420.6

11.5)310212 photons/cm2/s above 1.5
TeV, about 1/3 of the Crab flux (Aharonian et al., 1997).

In 1997, Mrk 501 began a period of intense flaring ac-
tivity. An intensity several times that of the Crab was
definitively observed by three groups: Whipple, CAT,
and HEGRA (Aharonian et al., 1997; Breslin et al.,
1997; Catanese et al., 1997; Djannati-Ata et al., 1999).
This was the first simultaneous detection of variability in
the TeV energy regime (Fig. 21). Coincident with the
TeV activity, the Rossi X-Ray Timing Explorer satellite
observed an increase in the x-ray flux from 1996 to 1997
(Lamer and Wagner, 1998). The x-ray observation has
been confirmed by the OSSE detector on board CGRO
and the BeppoSAX satellite (Pian, 1998).

Such a strong photon source provides many benefits:
it gives a g-ray-rich database for tests of analysis meth-
ods and background rejection techniques. Mrk 501 is the
first source to be detected by an EAS-PDA [the Milag-
rito detector (A. Smith, 1999)]. Mrk 501 should provide
sufficient data above 10 TeV to test models of AGNs
and the intergalactic infrared absorption (discussed
below).

FIG. 21. VHE observations of Mrk 501 taken during April
1997. The three observations were ‘‘nearly’’ simultaneous, due
to longitude differences in the observatory positions—
Whipple, CAT, and HEGRA.
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c. 1ES 23441514

Recently the Whipple group has claimed the detection
of VHE emission from a third BL Lac, 1ES 23441514
(Catanase et al., 1998). This object is the fourth-closest
known BL Lac (z50.044). Most of the evidence for
emission comes from a flare on December 20, 1995, al-
though observations between October 1995 and January
1996, excluding the night of the flare, also show signifi-
cant emission. Observations taken between September
1996 and January 1997 do not yield significant evidence
for any VHE emission.

d. Implications of the VHE detection of AGNs

As we discussed earlier, there are a number of com-
peting models to explain TeV emission from AGNs. All
of the models use the jet as the primary source of high-
energy particles. However, they differ in the nature of
the accelerated particles (electrons or protons) and the
source of the photons (synchrotron photons from accel-
erated electrons or external photons).

The relevant observations are the correlations be-
tween TeV and x-ray emission, the high-energy spec-
trum, and the time scale of variability. We have ex-
plained the importance of these observations in Sec.
III.D.1.

Models in which the photons result from synchrotron
emission from accelerated electrons (either directly ac-
celerated in the synchrotron self-Compton model or in-
directly produced in the S-PIC model) are strongly sup-
ported by many of the data. The spectra of these BL
Lacs have a characteristic two-hump feature [Figs. 22(a)
and 22(b)]. In these models, the low-energy hump is due
to synchrotron emission and the high-energy hump is
due to inverse Compton scattering of these lower-energy
photons. Though the statistics are low, to date the only
BL Lacs observed at TeV energies are x-ray-selected BL
Lacs (as opposed to radio-selected BL Lacs). This is
consistent with self-synchrotron models, as the inverse
Compton hump would be at much lower energies in
radio-selected BL Lacs. These models are also consis-
tent with the EGRET results for Mrk 501 and 421. The
synchrotron cutoff (the high-energy tail of the synchro-
tron hump) is at 1 keV for Mrk 421 and .100 keV for
Mrk 501. Thus, in the case of Mrk 501, the inverse
Compton hump begins at energies beyond the sensitive
range of EGRET, while in the case of Mrk 421, the in-
verse Compton hump lies well within EGRET’s range of
sensitivity. In addition, the observed correlation be-
tween the x-ray and g-ray emission during flares (Fig.
23) is a natural consequence of these models.

Both of the observed AGNs exhibit strong time vari-
ability over a large range of time scales. There are long
periods of apparent calm and periods of intense activity.
In the active phase these objects can become the bright-
est TeV sources in the sky. To date, the shortest ob-
served time scale of variability was seen by the Whipple
experiment on May 15, 1997. During this observing pe-
riod, the TeV g-ray intensity from Mrk 421 had a dou-
bling time of ;15 minutes (Gaidos et al., 1996). The
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flares from Mrk 501, while more intense, seem to be lim-
ited to doubling times on the order of half a day. While
the very shortest flaring time can be more naturally ex-
plained in leptonic models, a 15-min doubling time is not
short enough to rule out the hadronic models.

The energy spectrum of Mrk 501 has been measured
beyond 18.5 TeV (Konopelko et al., 1999) (Fig. 24), with
no evidence of a spectral break. Such high energies are
easily explained in the hadronic models and can be used

FIG. 22. The observed spectra of VHE blazars: (a) The spec-
trum of Mrk 421 (Buckley et al., 1997). This paper contains the
reference to the data points. The VHE points are from the
Whipple telescope, the high-energy points are from EGRET,
and the x-ray points are from the ASCA Satellite. The dashed
curve shows a scaled synchrotron self-Compton model from
Inoue and Takahara (1996). (b) The observed spectrum of
Mrk 501 (Pian et al., 1998). This paper contains the reference
to the data points. The near-simultaneous VHE data are from
Whipple (filled circles) and HEGRA (open circle and the TeV
spectral fit), the high-energy upper limits are from EGRET,
and the dated x-ray data are from BeppoSAX. Archival data
are shown as open squares. The solid lines indicate fits with a
synchrotron self-Compton model as described by Pian et al.
(1998).
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to determine the ambient magnetic fields in the synchro-
tron self-Compton model. The synchrotron self-
Compton model predicts a relation between the syn-
chrotron cutoff energy Esyn , the maximum electron
energy (in the rest frame of the shock) Ee(max), the

FIG. 23. Multiwavelength observations of Markarian 501,
April 1997. From Catanese et al., 1997.

FIG. 24. Markarian 501 VHE spectrum: d, from the HEGRA
detector (Konopelko et al., 1999); s, from the Whipple tele-
scope (Samuelson et al., 1998).
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magnetic field in the blob B (in gauss), and the Doppler
factor D ,

Ee~max!'53109~Esyn /BD !1/2, (11)

where all energies are expressed in electron volts. Given
that the observed Compton-boosted photon energies
EIC must be less than the maximum electron energy
(EIC,EeD), the magnetic field is given by B'2
31019DEsyn /EIC

2 . In the case of Mrk 501, with Esyn
;200 keV, D;30, and 20 TeV photons observed, the
magnetic field is of order 0.3 G for electron energies of
Ee;600 GeV. A systematic study of available data on
blazars (Fossati et al., 1997) indicates that, although the
peak positions show a large variation (by factors of 103

or more), the ratio of energies between the synchrotron
and TeV peaks seems to be constant at .53108, which
in the above expression implies EICB'1012 eV G.

In the synchrotron self-Compton model, B'@4
31014/DtobsEIC#1/2, where Dtobs is the fastest possible
variation (in seconds) and EIC , as above, is the ob-
served photon energy (in eV). Thus if the observed vari-
ability is due to the acceleration and cooling of elec-
trons, then fields of the order of a gauss are needed to
account for the observed source variability. The spatial
extent of the emission region is constrained by causality
to r'0.5cDDtobs , or 27 AU for the 15-min variability of
Markarian 421. This distance, of the order of the size of
the solar system, is very small compared to the size a
galaxy, but large compared to the Schwartzchild radius
for a 108-solar-mass black hole (2 AU).

e. Intergalactic absorption of g rays

As we discussed in Sec. III.E, TeV photons from an
extragalactic source interact with the IR background.
This leads to a steepening in the observed spectrum at
photon energies in which the optical depth approaches
unity. As a result, there should be a relationship be-
tween source distance and maximum observable photon
energy. This appears to be confirmed by the fact that
only the closest AGNs have been observed in the TeV
domain, while in the ; GeV range, EGRET has ob-
served over 50 AGNs out to redshifts greater than 2.
However, given the intrinsic relationship between
source distance and required source luminosity for a de-
tection in a magnitude-limited survey, and the strong
coupling between intrinsic source luminosity and ab-
sorption within the source, it is difficult to draw any firm
conclusions.

The energy spectrum of Mrk 501—at about the same
redshift as Mrk 421—was measured by three groups,
taking advantage of the high state in 1997. The observa-
tions imply a steepening spectrum that extends up to at
least 18.5 TeV (Fig. 24). A conservative analysis of the
Whipple atmospheric Čerenkov telescope data on both
Mrk 421 and Mrk 501 (Biller et al., 1998), making no a
priori assumption on the shape of the infrared spectrum
as was done by other authors, yields an upper limit of
about 331028 eV/cm3 at 0.1 eV diffuse magnitude, be-
low the best limits derived from the direct observations
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of the infrared light at high galactic latitudes made by
DIRBE on the COBE satellite. On the other hand, this
upper limit lies a decade higher than the recent evalua-
tion of the starlight contribution by Malkan and Stecker
(1998), based on a parametrization of the emission spec-
trum of nearby galaxies convolved with a Z distribution
of infrared galaxies. There is still room for speculation,
but some phenomena that could have contributed to the
diffuse infrared light, such as very massive objects or
radiative decays of massive neutrinos, have already been
ruled out (Biller et al., 1998).

The as yet unexplored 20–250-GeV energy domain is
critical in understanding the nature of the IR radiation,
since most of the sources observed by EGRET should
be observable in this energy range. In the coming years,
experiments sensitive to this energy range will establish
the infrared methodology on a sizable statistical sample.

More direct measurements of the infrared back-
ground are also being made. Figure 25 (Stecker and de-
Jager, 1997) shows current measurements and upper
limits, including those from Mrk 421 (indicated by the
dotted parallelogram). The direct measurements are
shown as black circles in the figure (derived by Puget
et al., 1996). Data from the Infrared Space Observatory,
currently undergoing analysis [based on galaxy counts in
the near IR region (1–15 mm)] lead to a lower estimate
than that given in the figure [which is based on visible
starlight (Franceschini et al., 1994)].

It is worth noting that, although they are indirect, the
measurements based on the distortion of AGN spectra
are one of the only methods available for determining
the evolution of the IR background. Because the pho-

FIG. 25. The low-energy intergalactic photon spectrum from
the microwave to the optical. The expected contributions from
starlight, Seyfert galaxies, and dust, and the measured cosmic
background radiation are shown. The upper horizontal scale
shows the characteristic energy for g-ray absorption by pho-
tons of wavelength l. d, FIRAS data (Puget et al., 1996); j,
galaxy counts in IRAS data (Gregorich et al., 1995); upper lim-
its from COBE/Dirbe residuals (Hauser, 1996); lower limit at 2
mm based on galaxy counts (Tyson, 1990). The solid line upper
limit (SD93) and the dashed parallelogram (DSS94) are based
on ACT data (Stecker and deJager, 1993; deJager et al., 1994).
From Stecker and deJager, 1997.
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tons from AGNs originate at cosmological distances,
they sample the IR background at different epochs in
the history of the universe. Thus, by studying the shape
of the spectral distortion as a function of redshift, it may
be possible to determine the evolution of the IR back-
ground radiation. This would be a critical test of theories
of galaxy and star formation. The effect of this absorp-
tion on several AGNs is shown in Fig. 26 (Biller, 1995).

5. Other objects

In addition to the observed sources, there are objects
that should have, but have not, been detected in the
TeV regime. The standard theory of cosmic-ray accel-
eration in supernova shocks (see Sec. III.C) predicts flux
levels of TeV g rays that are comparable to the sensitiv-
ity of current instruments. Furthermore, some of the
unidentified EGRET sources are near known supernova
remnants. The observed fluxes are consistent with ex-
pectations for supernova remnants, provided that they
transfer most of their kinetic energy to accelerated cos-
mic rays and that the shock is expanding into interstellar
gas clouds with densities of 1 atom/cc (Drury et al.,
1994). However, because the error box of EGRET
source locations is larger than a degree and some of the
supernova remnants have a large angular extent, the
identification of these sources remains problematic.

The observation of these sources in the TeV regime
may help resolve this difficulty, at least in the cases of
supernova remnants with small angular extent. For ex-
tended sources, atmospheric Čerenkov telescopes are
faced with a higher hadronic background, as the rejec-
tion based on the g-ray directionality is less effective.
Nevertheless, upper limits to the g-ray emission from a
number of these sources have been obtained by the
Whipple group. These upper limits are well below the
predictions of current models and are below the E22

extrapolation of the EGRET fluxes (Buckley et al., 1997;
Fig. 27). A century after the discovery of cosmic rays,
their acceleration remains an open question.

FIG. 26. Expected effect of absorption of VHE photons by
primordial IR photons on the energy spectra of several AGNs.
From Biller (1995).
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Recently the CANGAROO group has observed a sig-
nal from SNR SN-1006 (Tanimori et al., 1998b). How-
ever, this object is a strong x-ray source. The surround-
ing shock accelerates electrons, which produce x rays by
synchrotron radiation. The TeV photons may come
from inverse Compton interactions of these electrons.
Perhaps the signature of accelerated protons in many
supernova remnants, through their subsequent interac-
tions producing neutral pions, will remain hidden under
a high flux of inverse-Compton g rays due to electrons.
An unambiguous g-ray signature of the cosmic-ray ac-
celeration by supernova remnants may be difficult to ob-
tain.

C. Extensive air-shower particle detector arrays

1. Introduction

In the 1990s, several ‘‘second-generation’’ EAS-PDAs
began operation (see Table VI in Sec. IV.C.3). The new
arrays have lower energy thresholds and much larger
areas, and some have much better background rejection
through the use of large-area muon detectors. In addi-
tion, better timing measurements and the use of lead
placed above the counters (to increase the sensitivity to
photons in the EAS) give improved angular resolution.
These advances led to the observation of the shadows of
the moon and the sun (Alexandreas et al., 1991), dem-
onstrating the sensitivity of these arrays. In the absence
of a detectable source of g rays it is extremely difficult to
ensure that one understands the response of the detec-
tor at the level necessary to search for signals in the
presence of high background rates. The shadows of the
moon and sun provide calibration ‘‘sources’’ (or, more
properly, sinks) from which the angular resolution of the
array can be determined. The CASA, CYGNUS, and

FIG. 27. Upper limits on VHE1UHE emission from g-Cygni,
a supernova remnant, compared to extrapolations from
EGRET data (solid curve) and a conservative estimate of the
allowable range from Drury (1994). Data points: W, Whipple
(Buckley et al., 1997); CM, CASA-MIA (Borione et al.,
1995b); C, CYGNUS (Allen et al., 1995a); and AIROBICC
(Prosch et al., 1996).
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Tibet arrays each had the required sensitivity and obser-
vation time to observe the shadows of the moon and
sun.

The second-generation detectors were built during an
era of great promise. The observations of the 1980s in-
dicated that the galaxy contained strong sources of UHE
photons. The new arrays, with their greater sensitivity,
should have revealed a sky rich with sources. In fact, the
ground-based arrays did not observe any sources of
UHE g rays. Even the ‘‘established’’ sources (Cygnus
X-3, Hercules X-1, Crab) could not be confirmed. Upper
limits to the fluxes from these sources are now over an
order of magnitude lower than the detected levels
claimed in the 1980s. Figure 28, from Borione et al.
(1997), shows upper limits on the steady flux from Cyg-
nus X-3 reported between 1990 and 1995 compared with
earlier claimed detections.

2. Point-source searches

Many such specific searches have been carried out,
none of which has detected a source of UHE photons.
The CYGNUS collaboration has searched 50 specific
point sources (x-ray binaries, pulsars, cataclysmic vari-
ables, and active galaxies) for emission over all time
scales from 1 second to 5 years (Biller et al., 1994). They
have also looked for emission on the time scales of 1
day, 1 week, and 7 years from 13 AGNs detected by
EGRET (Alexandreas et al., 1993c), and for emission
from the supernova remnants possibly detected by
EGRET (Allen et al., 1995a). The CASA group has
searched for emission from Cygnus X-3, Hercules X-1,
and the Crab (Borione et al., 1997).

FIG. 28. Recent upper limits on the steady g-ray flux from
Cygnus X-3. The dashed line is a fit to the flux reported in
earlier experiments. The results are from (1) Tibet (Amenom-
ori et al., 1992); (2) HEGRA (Karle et al., 1996); (3) CYGNUS
(Alexandreas et al., 1993a, 1993e); (4) EAS-TOP (Aglietta
et al., 1995); and (5) CASA-MIA (Borione et al., 1997).
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3. All-sky surveys

Several searches have been performed of the entire
sky for steady sources of UHE g rays. All of these
searches have yielded null results. The results from the
CASA detector are the most stringent published to date.
They give upper limits of F(E>140 TeV)<4.1
310214 g cm22 sec21 from a steady point source any-
where in the northern sky (McKay et al., 1993).

The CASA group has also looked for emission on a
one-day time scale from any point in the northern sky.
Again, they saw no evidence of emission from any point
in the sky and placed an upper limit of F(E
>140 TeV)<1.0310212 g cm22 sec21 for emission from
any day during the period between March 1990 and
April 1991 (McKay et al., 1993).

4. Searches for UHE emission from gamma-ray bursts

Most gamma-ray bursts observed by BATSE have
relatively hard spectra, dN/dE}E22. In addition,
EGRET has observed six bursts with power-law energy
spectra up to the limit of their energy response (18 GeV
in one case). A straightforward extrapolation of several
of these bursts implies that one would expect to see
strong UHE signals. However, a number of EAS-PDAs
have shown that gamma-ray burst fluxes do not continue
into this energy range. Typical upper limits to the flu-
ence derived with EAS-PDAs are a few 31026 ergs
cm22 sec21 (Alexandreas et al., 1994; Borione et al.,
1995a). This is similar to the fluence measured by
BATSE in the keV regime. The failure to observe UHE
photons could be due to either a change in the source
spectrum or absorption of the high-energy g rays in the
electromagnetic fields (as discussed in Sec. VI.B.4.d).
The latter interpretation is consistent with a cosmologi-
cal origin of gamma-ray bursts.

5. Searches for primordial black holes

As we saw in Sec. III.D.4, instruments sensitive to
TeV g rays are well suited to search for the final-stage
emission from primordial black holes. While air Čeren-
kov telescopes, with their lower energy thresholds, can
see more distant primordial black holes than can particle
detector arrays, the much larger observation time and
aperture of the EAS-PDAs make them the most sensi-
tive instruments to black-hole evaporation.

Prior to the 1990s many searches had been performed.
However, the emission spectrum at TeV energies had
not been well calculated, and each experiment assumed
a different model for the high-energy emission. This
made a direct comparison of the various experimental
results difficult. Recent publications (MacGibbon and
Webber, 1990; Halzen et al., 1991) have presented real-
istic calculations of high-energy emission spectra based
on quark fragmentation functions. Table VII shows the
best current limits on the local rate-density of black-hole
evaporation. The best of these limits are over five orders
of magnitude larger than that inferred from the 100-
MeV diffuse g-ray flux. However, the limit from the dif-
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TABLE VII. Upper limits on the existence of primordial black holes.

Detector Upper limits 99% C.L. (pc23 yr21)

CYGNUS (Alexandreas et al., 1993d) 8.53105

HEGRA (Funk et al., 1995) 4.73106

Tibet (Amenomori et al., 1995) 4.63105
fuse flux is an average over the entire universe, while the
TeV limits probe our local environment.

6. Diffuse emission

Diffuse photon emission from the galactic plane is be-
lieved to come primarily from the interactions of cosmic
rays with material in the galaxy, so searches for diffuse
UHE emission from the vicinity of the galactic plane can
be used to determine the distribution and energy spec-
trum of galactic cosmic rays above 100 TeV.

A number of calculations of the expected level of ga-
lactic diffuse UHE g-ray fluxes have been made (Berez-
insky and Kudryavtsev, 1990; Aharonian, 1991; Berezin-
sky et al., 1993). The predicted ratio of the diffuse g-ray
flux to the cosmic-ray flux is typically ;231025 above
100 TeV from the direction of the galactic center and
somewhat lower at other galactic longitudes. Results on
diffuse galactic UHE emission from several EAS-PDAs
have been reported (Matthews et al., 1991; Aglietta
et al., 1992; Borione et al., 1998). However, none of
these detectors has exposure to the galactic center. No
significant evidence for diffuse UHE has been observed;
the best limits come from the CASA-MIA experiment
(Borione et al., 1998) and limit the ratio of the photon
flux to the cosmic-ray flux to less than 2.431025 at 310
TeV for the region in galactic coordinates (50°,l
,200°) and (25°,b,5°). This implies that the galac-
tic diffuse emission is probably dominated by cosmic-ray
interactions with passive gas molecules. The prospects
for the detection of diffuse UHE g-ray emission are not
good because this would require a much larger data set
than the 2.23109 events reported by the CASA-MIA
experiment. In addition, CASA-MIA has set limits on
isotropic diffuse emission (Chantell et al., 1997).

D. Discussion

Because ground-based g-ray astronomy is an observa-
tional science operating in a regime with large back-
grounds, it is intrinsically impossible to prove that VHE
or UHE emission from a source has been detected; in-
evitably one must express a result in terms of the prob-
ability that the observation is due to a statistical fluctua-
tion of the background. It is relatively straightforward to
confirm or refute the existence of steady emission from a
source, and it is straightforward to calculate the statisti-
cal significance from such an observation. Thus the ob-
servation of steady VHE emission from the Crab and
from Vela are broadly accepted as genuine.

Episodic emission is much harder to confirm or refute.
The existence of episodic emission over one period of
., Vol. 71, No. 4, July 1999
time does not imply that there will be episodic emission
over any other period of time. Thus the fact that no
VHE or UHE emission was observed from Cygnus X-3
or Hercules X-1 in the 1990s does not prove that the
earlier observations are incorrect. However, it seems
highly unlikely that these were prolific sources that
turned off just as more sensitive detectors started ob-
serving.

It is difficult to assign a statistical significance to an
observation of episodic behavior because there is gener-
ally no a posteriori way to know the correct trials factor
for looking at a particular interval of data (both the
starting point and the duration). Searches for episodic
emission are prone to inadvertent biases in the choice of
intervals to be examined. This probably explains why
many of the early ‘‘detections’’ were not repeated.
Bonnet-Bidaud and Chardin (1988) examine the obser-
vations of Cygnus X-3 in great detail. A global analysis
of the Whipple Hercules X-1 observations in the 1980s
(Reynolds et al., 1991) concludes that ‘‘the long-term
study of the source does not indicate a signal over the
six-year period.’’

The VHE and UHE observations of the Crab present
a consistent picture. Emission from the pulsar is ob-
served in the high-energy regime. Unpulsed emission is
observed above 100 MeV and provides the ‘‘standard
candle’’ in the VHE regime. The synchrotron self-
Compton model appears to explain the steady emission.
None of the modern EAS-PDAs has detected UHE
emission from the Crab.

To enhance the ‘‘believability’’ of a result, we suggest
that observers have a plan of how the data will be ana-
lyzed before looking at the data; this will enable an un-
biased assessment of the significance of any result. The
plan should include the sources (or regions of the sky) to
be examined, the cuts to be made in the analysis (for
example, imaging for air Čerenkov detectors or number
of muons for air-shower arrays), and the time intervals
to be examined. Biller (1996) suggested an a priori
scheme for choosing time intervals. If a striking obser-
vation appears outside the analysis plan, it should then
be considered an a posteriori observation whose statisti-
cal significance cannot be reliably assessed; this might
then represent a hypothesis to be tested by future obser-
vations (i.e., it might become a new part of a future
analysis plan).

VII. FUTURE PROSPECTS

A. Satellite-based detectors

As discussed above, the EGRET detector aboard the
CGRO has been remarkably productive. An integral
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part of the EGRET instrumentation is a spark chamber
that uses consumable gas: EGRET was launched with
enough gas for five refills, with no real possibility of re-
plenishment. Each gas fill was expected to last six
months (Thompson et al., 1995), although judicious use
of the spark chambers has prolonged their lifetime.
Clearly EGRET has a limited lifetime and will cease
observations in the near future.

There have been several ideas for new satellite-based
high-energy g-ray detectors. There is some consensus
that, in addition to the importance of continuing obser-
vations after EGRET is no longer operational to ob-
serve transient phenomena, it would be desirable for a
new telescope to have better angular resolution (to help
identify sources in the galactic plane), a larger field of
view (to observe more of the sky for a longer period of
time), and a larger effective area, especially at high en-
ergies (to extend useful observations to higher energies).
Below we discuss two proposed future g-ray detectors,
AMS and GLAST.

1. AMS

The Alpha Magnetic Spectrometer (AMS) is designed
primarily to detect cosmic anti-nuclei on the Interna-
tional Space Station Alpha (Ahlen et al., 1994). The ba-
sic idea is to construct a relatively large (;1 m2 sr) spec-
trometer with a permanent Nd-Fe-B magnet and use
silicon-strip detectors and scintillation counters for
charged-particle tracking.

AMS can function as a g-ray detector with the addi-
tion of a 0.3-radiation-length tungsten converter plate
(Salamon, 1995). The direction and energy of the pho-
ton are determined from the measurement of the direc-
tions and momenta of the electron and positron in the
magnetic field.

The field of view of AMS is roughly 0.6 sr, and it will
be sensitive to photons between 300 MeV and 300 GeV.
The point-source sensitivity, expressed as the minimum
detectable flux from a point source over a year, is ex-
pected to be 1025 photons/cm2/s/GeV, which is compa-
rable to that of EGRET. However, the mass of the
space station constitutes a target for cosmic-ray interac-
tions and a source of noise. In addition, AMS cannot be
pointed to specific objects as its attitude is fixed to the
space station. A shuttle flight took place in June 1998
and a three-year mission is expected early next century,
by which time EGRET will have ceased operations.

2. GLAST

The Gamma-ray Large-Area Space Telescope
(GLAST) detector is under development by an interna-
tional collaboration (Michelson, 1994b; Bloom, 1996). In
the baseline design, GLAST will use a segmented
charged-particle anticoincidence shield, a g-ray tracker/
converter consisting of thin sheets of high-Z converter
interspersed with silicon-strip detectors, and a CsI calo-
rimeter. Figure 29 shows a diagram of the GLAST con-
cept. GLAST will have 25 tower modules, each
32 cm332 cm in cross-sectional area.
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Figure 30 compares the expected performance of
GLAST and EGRET as a function of energy. GLAST
will have a larger field-of-view (;2p sr), which will en-
able it to observe a larger part of the sky at once. The
point-source sensitivity of GLAST should be nearly 100
times better than that of EGRET.

Improvements with GLAST include the following:

FIG. 29. Conceptual design of the Gamma-ray Large-Area
Space Telescope (GLAST).

FIG. 30. Performance and sensitivity of existing and planned
g-ray instruments.
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(1) A segmented anticoincidence shield, to sharply re-
duce the loss in effective area at high energies due
to shower backsplash from the calorimeter.

(2) The use of silicon strip detectors to track the elec-
tron pair. There are 17 tracker/converter layers,
each with 0.03-radiation-length converters followed
by two planes of (x ,y) silicon strip detectors. These
layers are followed by two additional tracker layers
with no converters. The silicon strip detectors have
more than ten times better position resolution than
spark chambers, essentially no dead time, and no
consumables.

(3) The elimination of the time-of-flight system used to
ensure that observed particles enter from the top of
the instrument. The fine segmentation of the silicon
strip detectors and the use of sophisticated pattern-
recognition algorithms determine the direction of
the electron-pair momentum. The elimination of the
time-of-flight system results in a better aspect ratio
and therefore a much larger field of view and an
improved response to low-energy photons (as the
particles are less apt to scatter out the sides).

(4) The calorimeter will use highly segmented
(3 cm33 cm) CsI(Tl) detectors, 10 radiation-lengths
long, read out by solid-state detectors. This design
provides better energy resolution and better shower
position information for improved background dis-
crimination.

GLAST has been selected by NASA for a Mission
Concept Study. The collaboration is considering aug-
menting the capabilities of the instrument by modifying
the calorimeter design so that the incident-photon direc-
tion can be determined from the calorimeter alone. The
collaboration hopes to form an international partnership
so that GLAST can be in orbit by 2005, after consider-
able prototyping and testing.

B. Improvements in atmospheric Čerenkov telescopes

Improvements in air Čerenkov telescopes are pro-
ceeding along two paths: improved flux sensitivity and
lower energy threshold. Improved flux sensitivity allows
one to detect weaker sources in a shorter amount of
time (and thereby study larger regions of the sky) and to
study the time variability of the sources. A lower energy
threshold allows the study of the energy region between
space-based and ground-based instruments. This should
allow the measurement of cutoffs in the pulsed-emission
energy spectra of many of the pulsars detected by
EGRET, the detection of more distant AGNs, and the
measurement of the cutoffs in their energy spectra.

Recent progress in imaging air Čerenkov detectors
has made possible better angular and time resolution
and the use of several imaging telescopes simultaneously
observing the same showers. Further progress may come
from increasing the number of detected photons (with
larger mirrors and/or high-quantum-efficiency detec-
tors). In addition, nonimaging techniques are being pur-
sued, especially in the quest for lower energy thresholds.
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1. Better angular and time resolution

The development of the imaging atmospheric Čeren-
kov telescope was due to the intuition of Weekes and
Turver (1997). They believed that recording images of
the Čerenkov light pool would improve the angular
resolution of an air Čerenkov telescope. The shape of
the Čerenkov images could also be used to differentiate
between hadronic and electromagnetic showers, leading
to additional background rejection. The original
Whipple imaging device had 7 pixels; this was increased
to 39 pixels, and from 1988–1996 the telescope had 109
pixels (each with a 4-mrad field of view). The field of
view has since been increased without change in the
pixel resolution. The CANGAROO and CAT tele-
scopes have shown that even smaller pixel sizes (2 mrad)
yield further improvements in sensitivity (Lebohec et al.,
1998). Since this pixel size is nearly as small as the finest
features in a g shower, smaller pixels will probably not
lead to large improvements. With 2-mrad resolution, the
longitudinal asymmetry of the image (reflecting the lon-
gitudinal development of the air shower) can be re-
solved and the position of the source located to within 2
mrad along the major axis of the image. In this manner,
the direction of the primary cosmic ray can be recon-
structed using a single mirror.

The time resolution of the Whipple telescope is
;10 ns and the signal integration time is ;25 ns. How-
ever, the Čerenkov photons are synchronous within 2–3
ns. The CAT telescope has achieved 2–3-ns coincidence
times by implementing fast comparators (instead of dis-
criminators) on the telescope mount. The integration
time for the CAT telescope is 12 ns, which still leaves
room for improvement. Such improvement would re-
quire the use of GHz flash analog-to-digital convertors.

2. Detecting more Čerenkov photons

The most straightforward improvement of an imaging
ACT is to increase the number of Čerenkov photons
collected. Usually the mirrors are front plated in order
to maintain the reflectivity below 300 nm. Larger dishes
collect more photons, but the need for mechanical rigid-
ity implies that the cost increases faster than the area.
To keep off-axis imaging precision (up to 3° acceptance)
to an acceptable level, the focal length F should be in-
creased as much as the diameter D . The often-used
Davis-Cotton mounting, based on identical mirror ele-
ments of curvature radius 2F mounted on a sphere of
radius F , should be avoided for large structures, as it
induces a time lag of Dt (ns)5 3

8 (D/F)D(m); this
amounts to 3 ns for F5D58 m. For larger dishes, a
parabolic shape should be preferable, although it is
somewhat more complex (larger off-axis aberrations,
nonidentical mirror elements).

The only way to improve significantly the number of
collected photons while not compromising performance
would be to increase the ‘‘quantum efficiency’’ above
the current 20–25% of conventional photomultiplier
tubes. Such an improvement would have a major impact
in many sectors of professional and research activities.
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New photocathodes such as GaAsP might yield twice as
many photon conversions, reaching ;50% (Bradbury
et al., 1997). Solid-state detectors with ;100% efficiency
for visible photons are in a research and development
stage; they require a helium cryostat and are limited at
present to very small sizes (Wayne, 1997; Ruchti, 1996).

3. Use of several imaging telescopes

The simultaneous use of several imaging telescopes
either on the same mount (Chadwick et al., 1998a) or on
neighboring mounts at some 50–100 m distance has
been investigated rather intensively. The most signifi-
cant results were obtained by the HEGRA group (Puhl-
hofer et al., 1997), using an array of five imaging tele-
scopes with 60-m spacing with medium-resolution
cameras. They have demonstrated improved hadron re-
jection with a signal-to-noise ratio of 19 on the Crab
Nebula. In addition, the shower axis is determined event
by event to within 0.1°, as good as the CAT detector,
which has a much finer camera but a single dish.

The low-energy g-ray events faked by muons falling at
a distance of a few mirror radii—producing short circu-
lar arcs—are efficiently suppressed by the use of at least
two telescopes some 50 m apart. Multiple telescopes
may also extend the detection area, thus improving the
flux sensitivity.

4. Other strategies: Solar plants

In spite of the overwhelming success of the imaging
technique, wave-front detectors are being developed in
an attempt to achieve very low energy thresholds (20–40
GeV). Modern wave-front detectors (currently in the
prototype stage) make use of the enormous mirror areas
available at solar energy plants. These plants consist of a
large array of heliostats, large-area mirrors that track
the sun and focus the sun’s energy onto a heat ex-
changer located on a central tower. By utilizing a sec-
ondary mirror on the central tower, each heliostat can
be imaged onto a single photomultiplier tube (Tumer,
1990). Two groups (one operating at Sandia National
Laboratory in New Mexico, the other at Thémis,
France) have successfully detected Čerenkov pulses
from cosmic-ray air showers. While this technique does
not allow the shower to be imaged, it can reconstruct the
direction of the primary cosmic ray from wave-front tim-
ing and sample the lateral distribution of the Čerenkov
light pool. A trigger that requires a coincidence over an
array of widely spaced mirrors is much more efficient for
g-ray-induced air showers than for proton-induced
showers or local muons. Whether this technique can suc-
cessfully detect 20–40-GeV g rays above the back-
ground of cosmic-ray electrons remains to be proven.

5. Major future projects

a. Projects aiming at a 10–20-GeV threshold: MAGIC,
STACEE, CELESTE

Projects aiming at a 10–20-GeV threshold are still in a
developmental stage. To date, not a single event has
Rev. Mod. Phys., Vol. 71, No. 4, July 1999
been recorded <20 GeV. Continuous progress has been
made with imagers, but the energy threshold has been
lowered only by a factor of 2 over the past 10 years.
With the strong motivation to overlap with the space
observations, major efforts are currently in progress.
One approach is that of a super-imaging atmospheric
Čerenkov telescope, the second that of the exploitation
of solar plants.

At these low energies, the differences in the develop-
ment of g-ray and hadron-initiated showers become
more pronounced: a greater fraction of the energy of the
initial hadron goes to feed the nucleonic component of
the shower, while the g-ray shower remains nearly
purely electromagnetic. Therefore the Čerenkov light
yield from hadronic showers decreases much faster than
that from g-ray showers as the energy is lowered below
100 GeV, so that the hadronic background becomes less
important. However, the background from the cosmic-
ray electrons, which is negligible at higher energies due
to their steeply falling spectrum (E23), becomes impor-
tant at low energies. Showers initiated by electrons are
indistinguishable from g-ray showers. The only way to
counter this isotropic background, for point sources of g
rays, is by directional measurement.

The MAGIC project, led by a German collaboration
with other European groups (Lorenz, 1998), is based on
a large parabolic dish (17 m), using aluminum mirror
elements with permanent and automatic alignment con-
trol. The quantum efficiency of the photo detection is
aimed at 50% with the use of (hybrid) phototubes with
GaAsP photocathodes. The project requires progress on
many technical matters: mirrors, light mechanical struc-
tures, automation, photodetection, massive data flow,
and new strategies for event reduction, which will be of
benefit to the entire field.

STACEE and CELESTE are projects based on the
use of solar plants. STACEE (Williams et al., 1998) will
exploit the site of the experimental solar plant at Sandia
Laboratory in New Mexico, while the CELESTE experi-
ment (Giebels et al., 1998) is using the decommissioned
solar site of Thémis in the French Pyrenees, the same
site where the Thémistocle, ASGAT, and CAT experi-
ments are built. The validation of the solar plant scheme
has been obtained by the CELESTE group, which has
detected the Crab above 80 GeV with an as yet incom-
plete version of the detector (D. Smith, 1999). In this
case the groups may exploit the huge site of Solar-II in
California whenever this site becomes accessible.

b. Projects aiming for improved flux sensitivity and ex-
tensive observations

Quite a different class of projects is represented by
the U.S. project VERITAS (Weekes et al., 1998) and the
German project HESS (Hermann, 1997). Both projects
take full advantage of the recent progress in the imaging
technique, merely extending to arrays of 10 to 15 tele-
scopes of ;10 m diameter, each equipped with cameras
of ;500 pixels.

The Japanese group is building a 10-m-diameter tele-
scope with a 500-pixel camera on the CANGAROO site
at Woomera, Australia; they plan ultimately to build five
such telescopes.
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These arrays will permit very flexible observation
strategies, either turning each telescope toward a differ-
ent source or exploiting the enhanced power—in flux
sensitivity and noise-rejection efficiency—of several
telescopes working together for chosen sources (or a
single one). It would be desirable, if these projects were
to run contemporaneously, that one be located in the
northern hemisphere and the other in the southern, to
permit coverage of the whole sky with comparable sen-
sitivity.

C. Improvements in extensive air-shower particle detector
arrays

Following the null results from galactic sources re-
ported by the EAS-PDA detectors and the observations
of extragalactic objects by air Čerenkov telescopes,
much of the motivation for improving the sensitivity of
UHE particle detector arrays has disappeared. Earlier
detections of galactic sources (Cygnus X-3, Hercules
X-1, etc.) have not been confirmed despite an increase
of sensitivity of over two orders of magnitude. Given
that the universe is opaque to 100-TeV radiation (due to
the 3 K radiation) and quite possibly even to 10–30-TeV
radiation (due to the infrared background radiation) and
there appear to be no strong UHE galactic sources,
there is little motivation for continuing the exploration
of the UHE universe.

In stark contrast to this bleak picture, recent observa-
tions have highlighted the need for a different class of
VHE detectors. The observed AGNs are now known to
be highly variable; in addition, we now know the level of
sensitivity required to observe these sources. The vari-
able and transient nature of the high-energy sky calls for
the development of large-aperture, high-duty-cycle
VHE g-ray detectors.

There are two methods by which an EAS-PDA can
achieve a lower energy threshold: move to a higher alti-
tude or increase the sampling of the air shower.

1. Higher altitude

The shower development curves show that the energy
threshold of a particle detector array decreases rapidly
at higher altitudes. For example, approximately the
same number of particles from a 30-TeV shower strike a
detector located at an altitude of 2100 m as from a 100-
TeV shower striking a detector located at sea level.

The Tibet air-shower array was built in 1990 at an
altitude of 4300 m above sea level (atmospheric
depth5606 g/cm2). The array has undergone several im-
provements since its inception. Currently the Tibet ar-
ray, Tibet-II (Amenomori et al., 1998), consists of 221
scintillators on a 15-m grid. The trigger rate is 223 Hz
with a trigger requirement of four counters. The median
energy of triggered events is 17 TeV for g rays and 30
TeV for protons. In addition, a high-density array, con-
sisting of 109 scintillation counters (some of which are
also part of the main Tibet-II array) on a 7.5-m grid, has
been constructed. This array operates at a trigger rate of
120 Hz and has a median energy for triggered events of
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roughly 5 TeV for protons. It is expected that the angu-
lar resolution will be about 1° above 3 TeV. Despite this
unprecedented low energy threshold (for a particle de-
tector array), the Tibet array has not yet unequivocally
observed emission from any source.

2. Increased sampling of the extensive air shower

Conventional particle detector arrays sample 0.5% or
less of the electromagnetic component of an EAS. There
are two aspects to this relatively poor performance.

• The sparse nature of the particle detector arrays. Par-
ticle detector arrays typically cover less than 1% of
the physical area with sensitive elements.

• The nature of the sensitive elements. Traditionally a
plastic scintillator has been used, which has limited
sensitivity to hard photons. Simulations show that, on
average, these photons outnumber electrons and pos-
itrons four to one in air showers at ground level.

Milagro, a detector currently under construction in
northern New Mexico, uses water as the detecting me-
dium to drastically improve the performance of the de-
tector in both of these aspects. The Milagro detector
(Allen et al., 1995b) will consist of two layers of photo-
multiplier tubes placed in a five-million-gallon water res-
ervoir. The reservoir has a surface area of ;5000 m2 and
is 8 m deep; the bottom has an area of 1500 m2. The top
layer of 450 photomultiplier tubes, placed on 333 m
grid ;1.5 meters below the water surface, detects the
Čerenkov light generated in the water by the charged
shower particles. Since the Čerenkov angle in water is
41°, a relatively sparse array of photomultipliers can de-
tect particles that enter the pond at any point. In addi-
tion, the hard photons in the air shower interact in the
water, creating electrons and/or positrons, which are
also detected by the PMTs. Simulations indicate that
;50% of all electromagnetic particles that reach the de-
tector will be detected.

The second layer of 273 PMTs will be located under 7
m of water. This calorimetric layer will be used to study
muons, hadrons, and energy flow in extensive air show-
ers. The total area of this layer is 1500 m2.

The event rate in Milagro will be ;1 kHz, and the
median energy for detected g rays is expected to be
about 2 TeV. While the point-source sensitivity will be
substantially worse than that of existing air Čerenkov
telescopes, Milagro will be capable of detecting all of the
known TeV point sources and studying their variability.
Milagro will also be the first VHE instrument capable of
searching for gamma-ray bursts.

A prototype detector, called Milagrito, was operated
from February 1997 to April 1998. This detector con-
sisted of a single layer of 220 PMTs arranged on a
3 m33 m grid over the bottom (1500 m2) of the Milagro
reservoir. Despite the small size of the detector, the trig-
ger rate (with a 100-PMT coincidence) was over 300 Hz.
The trigger rate as a function of PMT multiplicity is
shown in Fig. 31. Below a multiplicity of ;50 PMTs
large-angle muons begin to dominate the trigger rate,
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leading to the observed steepening of the trigger rate.
For events in which the shower core can be recon-
structed (roughly 30% of the triggered events), the an-
gular resolution is ;0.5 degrees. Milagrito was dis-
mantled to allow Milagro to be constructed.

Another approach to lowering the energy threshold of
an extensive air-shower counter array is being taken by
the ARGO group (Bacci et al., 1998). This group pro-
poses to operate 5000 m2 of resistive plate chambers at
the high-altitude site in Tibet. A resistive plate chamber
should have excellent position and time resolution and
an appreciable effective area for the detection of pho-
tons with energies as low as ;100 GeV.

VIII. OUTLOOK AND CONCLUSIONS

Observations of g rays in the 1990s have begun to give
us a clear and exciting view of the high-energy universe.
Observations with CGRO have shown that there are
many g-ray sources, both galactic and extragalactic, as
well as a strong component of diffuse emission.

The VHE sky is presently much sparser, although
only a small fraction has been studied. However, a few
steady galactic sources and several active galaxies have
been observed. These AGNs show remarkable variabil-
ity, which has severely constrained models of VHE
emission. The discovery of the AGN Mrk 501 was the
first time that a g-ray source was found by ground-based
observations before observations in space. In addition,
VHE photons up to 50 TeV have been detected from
the Crab. These results came only after ;30 years of
refinement of the air Čerenkov technique.

In contrast, observations in the 1990s have shown that
there are no bright sources of UHE emission, either
steady or episodic. The earlier detections of a number of
UHE sources have not been confirmed with more exten-
sive and sensitive observations spanning a decade; it is
difficult to escape the conclusion that the earlier detec-
tions were erroneous.

FIG. 31. Trigger rate in the Milagrito detector as a function of
required trigger multiplicity. These data were taken with 2 m
of water above the photomultiplier tubes. The steep rise in
trigger rate near 57 photomultipliers is due to large-zenith-
angle muons.
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Improved VHE detectors are being built or are
planned. They will have better sensitivity, lower energy
threshold, or much larger angular coverage of the sky.
New satellites will be coming on line with better angular
resolution and sensitivity extending to 300 GeV. The re-
gion between 30 and 300 GeV should finally become
accessible. These developments should serve to greatly
expand the list of VHE sources and to improve our un-
derstanding of the acceleration mechanisms at work.

Most of the major EAS-PDAs have stopped acquiring
data, and no new UHE arrays are planned at this time.
Renewed interest in this energy regime must probably
await new evidence that detectable sources are ex-
pected.

The 1990s have seen g-ray astronomy develop so that
it now plays an important role in our understanding of
the cosmos. A number of unexpected discoveries have
been made and many more are to be expected. High-
energy g-ray astronomy should flower in the next mil-
lennium.
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