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FO REW O RD

VERY FEW SECO NDS, a subatomic particle with the kinetic
energy of a well-thrown baseball (approximately 1020 electron
volts) strikes somew here in the earth’s upper at mosphere, un-

leashing a magnificent cascade of up to one hundred billion par ticles
over an area of several square miles. Unfortunately, the show is over
in a few nanoseconds, and most of the time no one is there to watch
it.  It  is a sham e to miss not only the fireworks, but also the chance
to learn about the particle’s bir thplace. Clearly, this m ust be in some
extreme environ ment,  for instance near a super massive black hole
at the center of an active galaxy, but we don’t really know where. An-
o t her  m ys te ry  s te m s  fro m t he  predic t ion (by Greisen, Za tsepin ,
and  Kuzmin) that cosmic ray protons above about 1020 eV should
be rapidly degraded by in teractions with the cosmic microwave back-
ground, yet no falloff has been seen to date.

T he trajectories of cosmic rays of such tremendous energies
are bent very lit tle by galactic magnetic fields, so that with more than
t he presen t h andful of observed even ts one could begin to “do
astronomy” by iden tifying individual sources on the sky. In this is-
sue  of  the Bea m Line, Paul Man tsch describes the t wo techniques
that have been used to detect the highest-energy cosmic rays: gian t
air shower arrays that sample the debris of the cascade once it reach-
es the ground, and telescopes that capture the distant flash of fluo-
rescing air molecules exci ted by t he ionizing radiation. He also gives
an overview of the Pierre Auger Project (named after an early pioneer
in cosmic ray physics), which plans in t he next few years to combine
both approaches and provide us with our best clues to the origin of
these particles.

As Gaurang Yodh points out in the second article in t his issue,
gam ma rays, being neutral, also poin t back to t heir bir thplace, and
at TeV energies their air showers can be detected by related t ech-
niques. (Detection of Cerenkov radiation supplants the fluorescence
approach in t h is case.) T he chal le nge in h igh-energy ga m m a ray
astronomy is to suppress the m uch more copious charged particles
of the same energy. But this can be done, and TeV gam ma rays have

E
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been traced back to at least a couple of active galaxies. Several new detectors are in the
works in this field as well.

Virgin ia Trim ble pu ts t h is ex t ra terrest rial
high-energy fron tier in to perspective in her usual
inimitable style. Finally, we return to Earth for Rein-
hard Brink man n’s description of a proposed accel-
era tor a t t he t erres t rial h igh-energy fron tier: t he
TESLA superconducting linear collider.

In t h e Win ter 1997 issue  of  t he Bea m Line
(Vol. 27, N o. 4),  we  an nou nced t hree  new con-
tribu ting editors: Gordon Fraser from CERN; Judy
Jackson from Fer milab; and Pedro Waloschek from
DESY. These talented people have already helped us
by aut horing, edi t ing, and aler t ing us to in teres t-
ing art icles in particle physics. With their help we
have America and Europe pret ty well covered, but
we have been missing a cont ribut ing edi tor fro m
Asia. Accordingly, Akihiro Maki from the National
Laboratory for H igh En ergy Physics (KEK) in
Tsukuba, Japan will fill that role. Maki joined KEK
in 1972 right after its establish ment to build the first
pro ton  syn chro t ron  in Japan.  D uring  h is 26 year
career there he has worked on experiments at Fer-
milab and Rutherford Laboratory, in addition to ones
at KEK. He served as the director of the Washington
Liaison Office of the Japan Socie ty  for  the  Promo-
tion of Science (JSPS) to promote academic collab-
orat ion and exchange of  researchers  bet ween the
United States and Japan. He has since returned to
KEK,  and  we are  pleased  to  have  h i m as  a  cont ri-
buting editor.

Akihiro Maki at the Gastown Steam
Clock, Vancouver, British Columbia,
July 1998

Lance Dixon



OR ST UDEN TS OF THE COSMOS, these are
extraordinary times. We live at a moment when scien-
tific instru ments of dazzling capability are flooding us
with new data, teaching us m ore and more about t he

mysteries of t he Universe, even as they raise fascinating
questions about its secrets.

Of the cosmic enigmas that have emerged from the obser-
vations of recen t years, two of the most intriguing concern
the mysterious origins of two ultrahigh-energy phenomena
that may or may not t urn ou t to be related: gam ma ray
bursts and ultrahigh-energy cosmic rays. Both of these
phenomena appear to come from enor mously violen t and
powerful sources. Scien tists first observed short,  ultra-
brigh t bursts of gam ma rays three decades ago,
but the explanation for the huge energy
release they seem to represen t is st ill un-
known. The Burst and Transien t Source
Experiment (BATSE) aboard the Compton
Gam ma Ray Observatory launched by
NASA in 1991 has recorded over 2000
gam ma ray bursts, distribu ted uni-
for mly over t he sky. Although
astrophysicists have made recen t
progress  in  associat ing a  few
gam ma ray bursts with optical
coun terpar ts, the provenance of
these enor mously powerful
events  remains  a  conundrum.
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Capturing the Highest-Energy Co
by PA UL M A N TSC H

The highest-energy

cos m ic rays are the

m ost energetic particles

in nature yet their

origin is un k now n.

These particles are so

rare that to capture

even a few, t w o huge

arrays  of detectors

are proposed.
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The origin of the highest-energy cosmic rays poses another
riddle. (Even the name “cosmic ray” has t he ring of t he m ys-
terious cosmos; and, although the radiation con tinually rain-
ing down on ear th has turned ou t to consist more of particles
than of rays, the name “cosmic ray” has stuck.) Al though
they are very rare, the highest-energy cosmic rays are t he
most energetic particles in nature. Observers have recorded
cosmic rays with a hundred million times more energy than
the protons produced by Fermilab’s Tevatron, the world’s
most powerful accelerator. Yet no one knows where these
cosmic rays come from or what migh t be the violent

process that sends them hurtling through space.
Are these two highest-energy phenom-

ena linked in some way? It is strik-
ing that the total amoun t of

power in the Universe repre-
sented by high-energy cos-

mic rays (averaged over
time) is similar to
that involved in gam ma

ray bursts. In solving
scientific mysteries,

we often look for
related phenomena.
Migh t their spec-
tacular com mon
energy level be a

clue? One way to

smic Rays
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t r y t o  f i n d  o u t  i s  t o  s t u dy  t h e  cos m ic  r ays  m ore
close ly.

In t he past thir ty years, observers have recorded ten
cosm ic ray even ts wit h energies at or above 1020 elec-
t ron volts (eV). Recen tly, scien tists have repor ted two
even ts wi t h en ergies well above 1020 eV. Wh en high-
energy cosmic rays hit the at mosphere, they collide with
air atoms to create cascades, or air showers, of secondary
part icles. In 1991 ,  t he Fly’s Eye Group in U tah, using
an air fluorescence detector, observed an air shower with
a measured energy of 3.2×1020 eV. In 1993, a group work-
ing at the AGASA array in Akeno, Japan, reported an event
with an energy of 2.1×1020 eV.

We can account for the origins of garden-variety cos-
m ic rays wit h energies up to abou t 1015 eV; we believe
t ha t t hey get t heir accelera t ion fro m t he expanding
shocks of supernovae. But it is very difficult to conceive
of a m e t hod of accelerat ion t hat can acco un t for t he
highest-energy cosmic rays. Where do t hey come from?

The m ystery deepened when scientists realized that
cosmic rays with energies near 1020 must be coming from
a relatively nearby source, because of the nature of the
cosm ic soup t hey m ust t ravel t hrough. In 1965, Arno
Penzias and Robert W. Wilson discovered t hat space is
per m eated by m icrowave radia t ion left over from t he
bir t h of t he Universe. T hen Kennet h Greisen, Georgi
Zatsepin, and Vadim Kuzmin independently showed that
t his radiation would make space opaque to cosm ic rays
of very high energy. To a high-energy proton, they rea-
soned, a collision wit h even a low-energy microwave
photon would be energetic enough to produce pions. Suc-
cessive pion-producing collisions wou ld rob t he pro-
ton of energy un til it fell below t he threshold for pion
production and could con tinue on its way unaffected by
t he cos m ic m icrowave backgrou nd. T he “Greisen-
Zatsepin-Kuzmin cu toff” takes effect at proton energies
greater than about 5×1019 eV. High-energy nuclei and pho-
tons experience si milar energy degradation. Thus, cos-
mic rays with energies higher than the cutoff must come
from close by, because t hey m ust arrive on Ear t h be-
fore traveling long energy-sapping distances. Scien tists
believe they m ust come from nearer than about 50 mega-
parsecs, or 150 m illion ligh t years away. If Nature be-
haves t he way we t hink it does, we should look for the
sources of ultrahigh-energy cosmic rays in our own galac-
tic neighborhood.

Measuring Cosmic Ray Energies

SCIENTISTS TYPICALLY MEASURE the ener-
gy of very energetic particles using a variation of the
classic calorimeter found in a freshman physics labo-

ratory that consists of an insulated container of water with a
thermometer. The student adds a known amount of mechani-
cal energy to the water by stirring and measures the rise in
the water temperature to find the heat energy added to the
water. Calorimeters in particle physics measure energy by
sampling the energy loss of a particle as it produces a cas-
cade of particles in an absorbing material like lead or steel.
The more energetic the particle, the thicker the absorber
must be to contain all of its energy. Calorimeters at high-
energy accelerator experiments usually consist of alternating
layers of absorber and scintillating plastic. The size of the
cascade—a measure of the energy of the incident particle—
is determined by measuring the light produced in the scintilla-
tor, using photomultiplier tubes. Such calorimeters weigh
thousands of tons. Yet the highest-energy cosmic rays have
much more energy than accelerators produce. For cosmic
rays of 1020 eV, indeed a large calorimeter is needed: the
earth’s atmosphere.

Of the two air shower detection methods, fluorescence
detection provides a more direct measure of the primary par-
ticle’s energy. The light due to ionization is a measure of the
electromagnetic shower size and hence of the energy. For
surface detectors, on the other hand, energy determination
depends on comparison to simulated showers. Although the
first few interactions of the shower depend on particle pro-
duction models that extrapolate well above accelerator data,
the particle densities on the ground are fairly insensitive to
this process. Energy determination depends, therefore, on
well-understood electromagnetic cascade processes involv-
ing millions of particles out to several kilometers from the
core. Uncertainties arising from statistical sampling are negli-
gible, because the shower sizes are so large. Rather, the
fluctuations in shower development, mainly from variation in
the depths of the first interaction, dominate. Studies by
Michael Hillas have shown that these shower-to-shower fluc-
tuations reach a minimum at about 600–800 m from the
shower core. Measuring and fitting the lateral particle density
distribution sampled by the detector array and comparing this
to shower simulations yields an energy determination with a
precision of 10 to 30 percent.
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Ult rah igh-energy cos m ic rays
have anot her helpful feature. Mag-
netic fields t hat pervade t he Milky
Way galaxy and in tergalact ic space
deflect the paths of charged particles.
Bu t t he cosmic ray particles we are
st udying are so energet ic t hat t hey
experience very lit tle deflection by
t hese galactic magnetic fields.

Thus, an ultrahigh-energy cosmic
ray should come from close by, and
it should point back toward its birth-
place. It would seem that we could
simply track back to possible cosmic
ray sources and try to unravel the se-
cret of their accelerat ion. Yet none
of the high-energy cosm ic rays ob-
served so far points back to anything
t hat looks remotely like a possible
source! What are we missing? Is there
so m e new physics or ast roph ysics
at work? Here lies the mystery of the
highest-energy cosmic rays.

Cosmic ray researchers face one
daunting problem: the highest-energy
cosmic rays t hey seek are extre mely
rare. T he in tensi ty of cos m ic rays
t hat strike the earth falls very rapid-
ly with energy, as shown in the graph
on t he righ t. For every factor of ten
increase in energy, the number of par-
ticles above that energy falls by a fac-
tor of 100.  T he most energet ic cos-
m ic rays have energies higher than
1019 eV—and only about one arrives
on Ear t h per squ are kilom eter per
year. At 1020 eV, the nu mber is down
to one per square kilometer per cen-
t ury!

CAPTURING COSMIC RAYS

For the sources of gam ma ray bursts,
t he satelli te-borne BATSE is a beau-
tiful instru ment for scanning the sky.
Ga m m a rays of a few tens of MeV

Observed energy spectrum of high-
energy cosmic rays from different exper-
iments. (Courtesy Simon Swordy,
University of Chicago)

can be captured and measured in the
small detectors aboard the Compton
Gam ma Ray Observatory. Detecting
the h ighest-energy cosm ic rays is a
differen t  m at ter.  It  i s  u t ter ly  i m-
practical to loft a big enough energy-
measuring calorimeter in to space to
st udy a significan t nu mber of these
rare and energetic particles. (See the
sidebar on the facing page.) It would
seem we can devise no BATSE equiv-
alen t for u l t rah igh-energy cos m ic
rays—until we realize that Earth it-
self is our ready-m ade satelli te and
the ear th’s at mosphere makes an ex-
cellent calorimeter! Nature has built
most of our detector for us. The at-
mosphere is just thick enough so that
the air showers produced by incom-
i ng cos m ic rays begin developi ng
about 10 to 20 kilometers above the
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only in t he direct ion of  the shower
whereas fluorescence is e mit ted in
all directions.

Particle detectors in a sparse array
on t he grou nd are t he m ore tradi-
t ional  met hod of  air  shower detec-
tion. The particles in a shower prop-
agate through the at mosphere at the
velocity of ligh t in the for m of a thin
disk perpendicular to t he direct ion
of the incident particle. T he timing
of t he par t icles as t hey st rike suc-
cessive detectors in the array can be
used to deter m ine t he direct ion of
t he shower and of t he pri mary par-
t icle to abou t one degree. (See t he
illus trat ion on t he next  page.) T he
well-understood electromagnetic cas-
cade process involves millions of par-
ticles out to several kilometers from
the shower core. Observers can use
the measured particle density profile
to calculate the primary particle en-
ergy. From the number of muons, the
shape of the shower front and the rise
time of the pulse in t he particle de-
tectors, observers can calcula te the
particle’s mass. Measurements made
by fluorescence detectors and ground
arrays agree rem arkably well. T he
high-energy spectra measured by the
two met hods agree to within about
20 percen t.

HISTORY OF AIR SHOWER
DETECTORS

In the 1960s, a team headed by physi-
cis t Joh n Li nsley perfor m ed beau-
tiful pioneering experiments to mea-
sure ul trahigh-energy cos mic rays.
Li nsley’s  de t ec tor  consis t ed of
plast ic scin t illator coun ters spread
over seven square k i lo m e t ers  of
New Mexico at Volcano Ranch. He
is credited wi th publishing the first

Cosmic Ray Air Showers

WHEN A HIGH-ENERGY COSMIC
ray photon, proton, or nucleus hits an
air molecule in the upper atmosphere,
it produces a cascade of particles. At
each generation of this cascade, a
larger fraction of the energy is trans-
ferred from hadronic particles (mostly
pions) to electrons and photons. The
energy of the charged pions eventually
degrades to the point where the pions
are more likely to decay into muons
than to interact. Thus, after a few gen-
erations, the cascade is nearly all
electromagnetic with about one per-
cent muons. Eventually, the electro-
magnetic cascade can no longer multi-
ply and the shower begins to diminish
as the particles lose the last of their
energy, mostly by ionization. The max-
imum shower density occurs just
above the earth’s surface.

An air shower cascade becomes
large and very intense. A shower
started by a cosmic ray with 1020 eV
builds up to a hundred billion particles
and covers 20 square miles by the
time it reaches the surface.

ear t h and reach their maxi m u m in-
tensity just above the earth’s surface.
(See the sidebar on t he left.) The at-
mosphere is also nearly transparent
to t he fain t fluorescen t ligh t pro-
duced as showers pass t hrough the
at m osphere. By placing an array of
devices on the earth’s surface, we can
measure the energy and direction of
t he pri m ary par t icle of t he cosm ic
ray, and even gain information abou t
i ts m ass. If we place arrays in bot h
the  nor thern  and  sou thern  he mi-
spheres,  th e rota tion of  our “satel-
lite” produces a uniform scan of the
whole sky.

MEASURIN G AIR SHOWERS

The most com monly used methods
for ai r shower m easure m ent are
those that detect a t mospheric fluo-
rescence and those that measure par-
ticle densities on the earth’s surface.
On dark, moonless nigh ts, nitrogen
fluorescence produced by air shower-
induced ionizat ion can be detected
by an array of photo m ultiplier tubes
trai ned on t he sky.  T he Fly’s Eye
group a t t he U niversi t y of U ta h
pioneered th is elegan t m e t hod,
which observes the shower as a spot
of ligh t m ovi ng across t he sky. By
measuring the in tensity of light and
the ti ming of the photons, the Fly’s
Eye can directly measure the energy
deposition profi le of the air shower.
Since dark, clear nights are required,
fluorescence detectors can be active
abou t ten percen t  of  the t i m e.  The
Cerenkov technique used to detect
high-energy gam ma rays as described
in t he following ar ticle by Gaurang
Yodh requ ires t he observer t o be
looking back at  t he source bea m s.
The Cerenkov radia tion is  emit ted

Visualize a cosmic ray air shower as a
disk of particles moving down through
the atmosphere at nearly light speed.
It grows broader and more intense as
it approaches the earth.

C
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even t wi t h an energy of 1020 eV in
1963. More recent ground arrays in-
clude one covering 12 square kilo-
m eters at Haverah Park in England,
another covering 25 square kilome-
ters at Yakutsk in Russia, and finally
a 100-sq uare-k i lo m e t er ar ray in
Akeno, Japan .  Experi m e n t ers  a t
Dugway Proving Ground in Utah are
now using an enhanced version of
t he original Fly’s Eye fluorescence
detector. The new High Resolu t ion
Fly’s Eye, wh ich will have a t i m e-
averaged aperture of 1000 k m2 stera-
dian, will start taking data in abou t
a year.

THE PIERRE AUGER PROJECT

The Pierre Auger Project was born in
a series of workshops, led by James
Cronin of the University of Chicago
and Alan Watson of the University
of Leeds, in Paris (1992),  Adelaide
(1993),  and at Fer mi National Accel-
erator Laboratory in 1995. In October
1995, the workshops produced a ref-
erence design and a cost estimate for
a proposed cosmic ray detector. Since
t hen, the Pierre Auger collaborat ion
has chosen observatory sites in Men-
doza Province, Argen tina, and Mil-
lard County, Utah.

The Auger Project’s goal is a high-
statistics study of cosmic rays in the
range 1019 to 1021 eV, wi th unifor m
sky coverage using ident ical detec-
tors in t he earth’s t wo hemispheres.
T he Pierre Auger Observatory will
design and build a powerful,  very
large-aperture cosmic ray air show-
er detector at each site combining the
s t rengt hs of a t m ospher ic fluor-
escence and surface part icle detec-
tors. A surface array at each site will
contain 1600 detector stations spread

Direct ion of
Incom ing Shower

Shower Fron t

t3 t2 t1

Surface Detec tor Stations

over 3000 square kilometers. This cost-
effective array of detectors will be con-
tinuously “on,” to gather high statis-
tics. Fluorescence detectors patterned
after those of the High Resolution Fly’s
Eye will view showers that strike the
ground during dark periods.

Each observa tory si te will have
several sky fluorescence detector sta-
tions to record showers that fall on
the surface array. Each fluorescence

The cosmic ray air shower is a disk of
particles moving through the atmos-
phere at nearly the speed of light. By
recording the time as particles hit suc-
cessive detectors, physicists can deter-
mine the direction of the incoming
cosmic rays.
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s ta t ion will  con tain  abou t 48
reflector telescope units, each with
a four-m eter-dia m eter m irror t hat
focuses  ligh t  fro m  t he  sky  on  a n
array of a hundred photom ult iplier
t ubes. Enclosu res will shel t er t he
fluorescence detectors from the day-
t i m e su n and t he deser t’s  harsh
environment.

The Auger Observatory’s surface
detectors are water Cerenkov detec-
tors, inspired by those that have op-
erated reliably for over t wen ty years
at Haverah Park. Each Auger station
is a cylindrical water tank 3.7 m in
dia m et er a nd 1.2 m h igh, holding
11,000 liters (3000 gallons) of filtered,
deionized water (see drawing on t he
left).  T hree 8-inch photom ultiplier
t ubes capt ure t he Ceren kov ligh t
from particles passing in to the tank.
Wat er det ectors are si m ple a nd
robus t,  a  m us t  for  t he re m ot e a nd
harsh deser t .  Wa ter  Ceren kov de-
tectors are sensitive to muons, pho-
tons,  and electrons and,  because of
their heigh t, t hey are uniformly sen-
sitive to particles arriving almost hor-
izon tally. And last, the water tanks
can be pain ted in colors t hat blend
wit h surroundings—t hey look like
livestock watering tanks.

Solar panels provide the electrical
needs of each s ta t ion. A radio
transceiver provides com m unication
with a cen tral data station. A Glob-
al Posi tioning Satelli te receiver on
each station measures even t timing
to abou t 10 nanoseconds bet ween
tanks,  wi t h  an absolu te  t i m e mea-
surement to 50 nanoseconds. A large
pulse in one detector spread ou t in
time is evidence for a shower in t he
surface array. The detector s tat ion
alerts a central sta tion, which then
looks for similar signals from neigh-
boring stations. A trigger signal from
at leas t five sta tions defines an in-
teresting shower, and the central sta-
tion stores the infor mation from the
tanks for analysis.

D uring t he t i m es w hen bot h
fluorescence and su rface array

Com m unications
Antenna

Solar
Panel

Bat tery
Enclosure

GPS
Antenna

Water
Cerenkov
Coun ter

Pierre Auger surface detector station
containing 12 tons of water and three
photomultiplier tubes.
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detectors are active (the hybrid mode)
t he fluorescence detector will make
a calorimetric energy measurement
and will record t he longi t udinal
shower development. The proposed
hybrid detector has important advan-
tages over ei ther of it s com ponen ts
used alone. In the hybrid mode, each
detector can m ake an independen t
m easurem ent of the cosmic ray par-
t icle energy, direct ion, and compo-
sition. The hybrid mode will con trol
systematic errors inheren t in either
m ethod alone. The particle density
at the surface provides an energy cor-
rection for the part of the shower not
visible to the fluorescence detector.
The two techniques also measure the
m ass of the cos m ic ray par t icle in
complementary ways. Fluorescence
detectors  estimate  the  mass  by mea-
su ring t he dept h of  shower m axi-
m u m, w hile su rface det ectors
m easure the muon rise t im e and
muon- to-electromagnetic ratio, which
is also rela ted to cosm ic ray m ass.
The energy measurement by the hy-
brid detector wil l calibrate t he en-
ergy m easure m en t of t he su rface
array operating alone, as it will be do-
ing abou t 90 percent of t he time.

True mysteries in science are not
so co m m onplace,  and w hen we do
co m e upon t he m , t hey are a great
blessing. For solving such m yster-
ies is almost certain to bring us to a
new and m ore profou nd u nder-
s tanding of  t he nat ure of  our U ni-
verse. If the Pierre Auger Project pro-
ceeds as i t s in ternat ional col-
laborators hope, construction will be-
gi n  a t  t he  sou t hern  si t e  in 1999.
Abou t t h ree years later, t he firs t
u l t rah igh-energy cos m ic rays will

ligh t up the detectors, inaugurating
a powerful new probe for solving t he
mystery of their origin.

The Auger air shower detector system.
The inset shows one of the concepts for
the fluorescence detectors.

For readers wishing to pursue very high-energy cosmic rays in greater detail, the
following URLs may be helpful:

HiRes http://sunshine.chpc.utah.edu/research/cosmic/hires/index.htm
AGASA http://www.icrr.u-tokyo.ac.jp/as/project/agasa.html
Auger http://www.auger.org
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THE EARTH IS CONTIN UOUSLY BOMBARDED by cosmic rays
whose energy spectru m extends from a few GeV to 1011 GeV.
After almost eigh ty years, since the discovery of cosmic radi-
ation by Hess in 1912, the origin of cosmic rays is still not well
u nders tood.  U nders t anding  t he  non t her m al  processes  and
t he environ ments  t hat  generate  t hese high-energy par t icles
is a fundamental problem in astrophysics. Gam ma rays pro-
duced by the energet ic collisio ns of par t icle beam s in t hese
sources can be rare messengers t hat provide impor tan t clues
to u nders t anding t hese energe t ic elec tro m agne t ic and n u-
clear processes. In t his view, t he sources of ga m ma rays of
energies above abou t 100 GeV m ust be beams of charged par-
ticles that have been accelerated to st ill higher energies. Some
of the possible sources for energetic gam ma ray production in-
clude jets emerging from active galactic nuclei, the catastrophic
collisions that  see m to be responsible  for  gam ma ray bursts,
special radio galaxies, and the environ ments of rapidly spin-
ning neutron stars or super nova rem nants. Even more exotic
sources for t hese energetic gam ma rays have been proposed,
such as the annihilation of weakly interacting massive parti-
cles producing monochro matic gam ma rays, and also the de-
cay of cosmic strings left over from the Big Bang.

Very high-energy (VHE) gam ma ray astronomy is the obser-
vat ional science of measuring t heir flux, poin t of origin, en-
ergy spectra and temporal variations. These measurements pro-
vide the test bed for theore tical models of t he ast rophysical
sources genera t ing high energy part icle beams, the nature of
the mediu m in which they generate t he gam ma rays, and the

Very H igh-En ergy Ga m m a Ray
by GAURAN G B. YODH

THE VERY HIGH-ENERGY GAMMA RAY WIN DOW O N THE U NIVERSE

A new generation of

ga m m a ray t ele-

scopes being built

throughout the world using air

Cerenkov and air shower tech-

niques w ill  be able  to detect

rare, very high -energy  gam m a

rays  fro m d is tan t celes t ial

sources, t h us en hanci ng our

understan ding of cataclys m ic

astrophysical events.
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properties of the background photons that can modify the source
spectra of gam ma rays during their transit to Earth. Specifically,
VHE refers to energies above a few hundred GeV, w hich cor-
responds to wavelengths s maller t han abou t 6×10−9 nanome-
ters. The t elescopes t hat are used to st udy VHE gam ma rays
have to be sensitive to very small fluxes, typically 6×10−4 pho-
tons per square meter per hour. Considerable ingenuity is thus
needed in designing telescopes to achieve believable detection
of t his very small flux.

It is par ticularly importan t at the outset to emphasize a fun-
damen tal difference between par t icle showers t hat are in it i-
ated by gam ma rays and t hose initiated by cosmic rays (most-
ly protons). Protons and other electrically charged particles have
their motion affected by galact ic and in tergalact ic magnet ic
fields, which means that t heir arrival direction on Earth does
not “point back” toward their source. This is not the case with
the electrically neu tral photons of gam ma radiation, for which
arrival direction does in fact correlate with source direction.

Since abou t 1987, VHE astronomy has achieved the st atus
of  credible  observational  science with t he unambiguous de-
tection of two galactic and two extragalactic sources in t he few
hundred GeV to few TeV energy range by the at mospheric (or
air) Cerenkov telescope (ACT) technique. These observations
have provided excellen t challenges to theoretical modelers of
these sources.

Typical energet ic ex t ragalac t ic sources observed by ai r
C ere n k ov  t e lescopes  a re  t h e  t w o  ac t ive  ga lac t i c  n u c le i
(AG N ) blazars Mar karian (Mrk) 421 an d Mrk 501.  M rk 421
is  a t  a  dis tance  of  abou t 120 M pc; i t s  i n t rin sic  l u m inosi ty
in TeV ga m m a rays, if i t is all bea m ed in to a solid angle of
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0.01 steradians, corresponds to a rel-
a t ivis t ic m ass conversion ra te of
more than one million t h of a solar
m ass per year! It is extre m ely effi-
cient in generating nonthermal gam-
ma radiation. Trevor Weekes of t he
Whipple Observatory in Arizona has
described t hese observat ions as if
“we are looking down t he barrel of a
gun, or a powerful cosmic jet, to see
how it works.”

NATURE’S GIFT

What  m akes  i t  possible  t o  detect
such small fluxes? Most space-based

instruments are limited in size, hav-
i ng a col lect i ng area of on ly fe w
square meters,  and hence t hey be-
come insensitive to detection at en-
ergies above abou t 10 GeV, because
t he fl ux decreases so rapidly wit h
energy.  Instead,  we have to rely on
the at mosphere to spread out the in-
fluence of each individual ga m m a
ray over a large area. The very high-
energy ga m m a rays, com ing from a
dis tan t sou rce, i n teract in t he u p-
per at mosphere and in so doing gen-
era te  a  large  splash or  cascade of
particles, consist ing mainly of elec-
t rons  and  posi t rons  and  pho tons,
which all m ove at or alm ost at t he
speed of ligh t. T his cascade process
serves t wo purposes: first, it  trans-
for m s a single high-energy ga m ma
ray into a very large num ber of fast-
m oving charged part icles; and sec-
ond, i t spreads t hese par t icles ou t
over a huge area.

T he rela tivis tic part icles gener-
a t e  a  flash  of  Cere n kov l igh t ,  a n
electromagnetic shock wave which
air Cerenkov telescopes (AC T) can
detect. Those par ticles, both charged
and neu tral,  t hat  m anage to  pene-
tra te down to grou nd level  can be
det ected by ai r shower telescopes
(AST). Conversion of a single ga m-
m a ray i n to ei t her a l igh t flash or
a particle swar m is shown schemat-
ically in t he illustration on the left.
T he effec t ive col lec t i ng area for
Cere n kov ligh t is grea ter t han 25
acres and for an air shower is greater
t h a n 2.5 acres a t  en ergies  arou nd
1 TeV. Such large areas make i t pos-
sible  to  detect  t he  m inu te  fluxes  of
t hese high energy ga m ma rays.

Ceren kov
Light

Optical
Detector

Secondary
Gam ma Rays

Electron-Positron
Pair

Secondary
Ga m ma Rays

Electron-Positron
Pair

N ucleus Nucleus

20
Kilometers

Very High-Energy
Gam ma Ray (1012 eV)

Very High-Energy
Gam ma Ray (1012 eV)

AC T AST

The longitudinal and lateral develop-
ment of a gamma ray shower in Earth’s
atmosphere, which spreads the influ-
ence of the single incident gamma ray
over a large area at the surface of the
earth. The left illustration is the spread of
the Cerenkov light pool, and at the right
is the spread of air shower particles. The
Cerenkov light is collected by an optical
light collector, and the air shower is
sampled by a set of detectors spread
out on the ground.
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CERENKOV A N D AIR SH OWER
TELESCOPES

Cerenkov Telescopes. The Cerenkov
light pool reflects mainly the longi-
t udinal development of the particle
cascade. This ligh t is detected by a
Cerenkov t elescope, w hich has a
large optical mirror t hat is typically
five or more meters in diameter. The
Wh ipple telescope show n on t he
r igh t is 10 m eters in dia m eter (33
feet) and produces an i m age of the
cascade in a high speed camera. The
camera needs to be very fast because
t he Cerenkov flashes last only a few
nanoseconds. These telescopes, like
ot her opt ical inst ru ments, are cur-
rently restricted to operating on dark
n igh ts  and ca n poin t  only at  on e
source at a time. Typical observation
ti mes are a few hours each night.

Cerenkov i m aging telescopes
have a powerful capability: they can
discriminate against even ts generat-
ed by ordinary cosmic rays. Showers
are produced not only by the gam ma
rays we desire to see bu t also by the
m uch more copious cosmic rays. It
is t herefore i mperative to discri mi-
nate against these cosmic ray back-
grou nd  showers.  Th is  is  done  in
imaging Cerenkov telescopes by re-
quiring that t he shape of t he i mage
correspond to a ga m m a-i ni t ia ted
shower and not to a cosmic ray show-
er. T h is was fi rs t ach ieved by t he
Whipple collaboration at M t. Hop-
kins in Arizona. They are able to re-
ject  over 95 percen t of cos m ic ray
showers. One other advantage of the
Cerenkov t ech nique is t hat i t can
m easure the total ligh t generated by

the shower, which is proportional to
the energy of the primary gam ma ray.
Finally, t he A C T t ech nique has
superior angular resolu t ion, which
also makes it possible not only to re-
ject cosmic rays but also to study the
spatial properties of sources that are
no t poi n t-like. The Whipple tele-
scope has established the Crab Neb-
ula as a standard candle and has been
t he firs t t o detec t t he t wo ext ra-
galactic sources, the Blazars Mrk 421
and Mrk 501, mentioned previously.

T h e  l i m i ta t ion s  of  i m agi ng
Cerenkov telescopes are that it is dif-
ficult for them to observe more than
one source at a time, and they are not
operative all the time as they require
dark nights. These difficulties are be-
ing overcom e t h rough t he use of a
new AST tech nique t hat is ideally
suited for con tinuous operation, day

The Whipple Observatory 10 m optical
collector and its imaging camera on
Mt. Hopkins in Arizona. The imaging
camera consists of a cluster of photo-
multipliers that make a fine-grained
image of the sharp Cerenkov light pulse.
(Courtesy Whipple Observatory)
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A new t ype of air shower tele-
scope, called Milagro (or “ miracle”
in Spanish), is under construction at
abou t 9000 feet in the Jemez moun-
tains in New Mexico. It consists of a
large pond (80m × 60m × 8m deep) of
water that is instrumented with 840,
8-inch photom ult ipliers (PM Ts). As
the showers produced by the desired
ga m ma rays as well as cosm ic rays
hit t he pond, they con tain electrons,
positrons, MeV gam ma rays, m uons,
and hadrons. Upon en tering the wa-
ter, all of t hese par t icles produce
Ceren kov ligh t , w hich i s t hen de-
tected by the photom ultipliers. The
pond is encased in a light-tigh t bub-
ble (som ew hat  like  a  ten nis  cour t
bubble but black),  so tha t  t he pond
is sensitive day and night. It is fully
sensitive over its en tire area of 5000
m 2 or t he size of a typical football
field. A sche matic of t he cross sec-
t ion of Milagro is show n in t he il-
lu s tra t ion  above  left .  The  pu lse
heigh t  and ti m e signals  from these
PMTs are recorded, and the even t is
reconstructed online to yield infor-
ma t ion  abou t  the  energy  of  the
shower and the direction of t he orig-
inating particle.

T he perfor m ance of  t his  instru-
m e n t has been tes ted i n i ts firs t
phase, called Milagrito. It has been
operated for about a year and a half.
The photographs on the next page il-
lustrate some of the features of this
novel telescope.

T he advan tages of t he Milagro
telescope are that i t is operat ional
day and n igh t; i t views t he en t ire
overhead sky all t he tim e; and i t is
particularly suited to observation of
transients. When in full operation it
will be sensitive down to a few h un-
dred GeV, t h us over lapping t he

or nigh t,  and that  can m onitor  t he
overhead sky.

A ir shower telescopes. Conven-
t ional ground-based air shower
telescopes consist of a collection of
detectors, such as scintillation coun-
ters w hic h respond t o t he passage
of charged part icles spread ou t over
more than 2.5 acres.  These counters
typically provide an active area cov-
erage of only abou t one percen t. To
be able to detect showers produced
by TeV primaries, it is im perative to
build arrays at high altit udes as the
m axi m u m n u m ber of  shower par-
ticles occurs high up in t he at m os-
phere. One small array has been op-
erating at Mt. Chacaltaya, Bolivia, at
17,000 feet for many years, first start-
ed in t he 1960s by George Clark of
the Massachuset ts Institute of Tech-
nology.

A modern shower array dedicat-
ed to search ing t he skies for very
high-energy gam ma rays is the Tibet
Array, operating at abou t 14,000 feet
at Yanbajing, a few hours from Lhasa.
This array is shown on pages 12 and
13. It has a t hreshold energy of a few
TeV. Par t icle showers fro m t he air
shower hitting the array are detected.
These particles form a swarm that is
a few nano-lightseconds in thickness.
Hence by measuring the arrival time
and pulse heigh ts of the responding
detec tors  one can recons t ruct  t he
conten t of the shower as well as its
direct ion to an accuracy of abou t a
half of a degree.

50 m

Muon
Electron

Photon

8  m

80 m

Schematic cross section of the Milagro
detector showing the two layers of pho-
tomultipliers (circles). The lighter circles
represent tubes that have responded to
the Cerenkov light emitted by air shower
particles traveling through water. Three
different kinds of air shower particles are
indicated: electrons (positrons); MeV
gamma ray photons; and penetrating
muons. The signals from all responding
PMTs are recorded—both time of hit and
size of the pulse—from which the arrival
direction can be reconstructed.

For readers wishing to pursue very
high-energy gamma rays in more
detail, the following URLs may be
helpful:

Whipple Telescope
http://egret.sao.arizona.edu/links.html
MAGIC
http://hegra1.mppmu.mpg.de:8000/
MAGIC/
Milagro
http://umdgrb.umd.edu/~milagro/pro-
ject_summary
Veritas
http://pursn3.physics.purdue.edu/ver-
itas/
STACEE
http://hep.uchicago.edu/~stacee/
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energy range of AC Ts. With t he ad-
dition of an array of water tanks out-
side the pond, Milagro will have sen-
sitivity in to the high energy range of
10 to 100 TeV as well. At these higher
e nergies Mi lagro wi ll have t he
u nique capabili ty of  detect ing t he
muons that are produced only in cos-
mic ray showers. This will provide
for cosmic ray rejection at higher en-
ergies and a means of extending the
e nergy spec tru m in to t he region
where a cu toff is expected to the ab-
sorp tion of  ga m m a rays in t ran si t
fro m source to Ear t h by a m bien t
background photons.

WHERE ARE WE GOING WITH
VHE ASTRO N OMY?

T he air Cerenkov a nd air shower
telescopes described here are not the
only ones that  are curren tly being
constructed or proposed. These in-
s t ru m en ts are in tended to explore
w hat  we have curren tly defined as
t he very high-energy gam m a ray re-
gion. There rem ains an energy gap,
bet ween 10 GeV and a few hundred
GeV, t hat is s t ill virgin t erri t ory.
Satelli te  or  space sta t ion-based in-
strumen ts, such as GLAST and AMS,
are cu rren tly u nder developm en t;
t hese will correspond to seco nd
generat ion  versions  of  the  Co mp-
t on Ga m m a Ray Observat ory and
should explore the 10 to 100 GeV sky.

Cer tain grou nd based ins t ru m en ts
are also bei ng cons tructed to span
this energy gap. One example, called
STACEE, is being constructed in New
Mexico using solar collectors at San-
dia Labora tories. A new proposal
from Germany, called MAGIC, would
build a 17 m optical collector to im-
age the Cerenkov ligh t  from show-
ers in t his energy range wit h an ad-
vanced camera. A multiple im aging
Ceren kov t elescope is being con-
s tructed on Mount Abu in India. A
m ult iple mirror array of telescopes
of the Whipple design, called Veritas,
is  being vigorously pursued in t he
U .S.  u nder t he leadership of  t he
Whipple collaboration. A compari-
son of ligh t flux sensit ivity, collec-
tion areas, and energy t hresholds for
AC T telescopes coming in to opera-
tion or whose proposals are actively
being pursued is given in t he t able
below. T hese ins t ru m en ts will

Above left. The Milagro pond is enclosed in a
light-tight inflated cover that can withstand the
weather. It is possible to work under the cover
for installation or maintenance activities.
Above right: A view of the Milagro volume under
the cover. The structure is used to anchor the
photomultipliers on a 3m× 3m grid. The photo-
multipliers are attached to the grid by strings and
rise to their required position by buoyancy force.

Minimal Photon Flux Collector Area Energy Threshold
Telescope (photons/m2) (m2) (GeV)

Whipple 98a 16 74 100
Veritasb 10/telescope 9×74 60
MAGICc 1–2 234 20

STACEEc 2–5 Large 30–80
aThe upgraded Whipple telescope will be operating in 1998.
bProjects in proposal stage.
cCurrently under construction.

increase t he sensi t ivi ty for source
searches by over two orders of mag-
nit ude and lower the energy t hresh-
old by a factor of about ten compared
to those of currently operating ACT
telescopes. T his par tial list of pro-
jects indicates that in the next decade
we should have gam ma ray coverage
of t he high-energy universe from a
few hundred MeV to 100 TeV. We can
loo k forward to providing m uch-
needed clues to understanding non-
t her m al energet ic processes in t he
Universe, and perhaps even the ques-
tion of the origin of cosmic rays.

Light flux sensitivity, collection areas, and energy thresholds
for some contemporary telescopes.
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HIS WAS THE YEAR when you finally had
to take your other hand out of your pocket to count
the TeV sources whose detection most of us would
bet a few pennies on. (If you find an astronomer
w ho can afford to be t m ore t han a few pen n ies
on this sort of t hing, he probably has his hand in
somebody else’s pocket.). The shoes should be able

to stay on for at least a few more years, until the Mega-machines
described elsewhere in t his issue have piled up a few moun-
tains of data.

There are, in fact, fewer sources around now than there were
a decade or so ago. Up to 1991, TeV and even PeV emission had
been reported for t he X-ray binaries Cygnus X-3, Hercules X-1,
Vela X-2, LMC X-1, 4U 0115+53, 4U 1822-37,  and Scorpius X-1
and the pulsars 0532 (in t he Crab Nebula) and 1509-58 (in  t he
supernova rem nan t MSH 15-52). In case you wondered, “4U”
m eans so met hing in  t he Fourt h U huru (X-ray) Ca talog, and
MSH is t he radio astronomers Mills, Slee, Hill (rapid repetition
of which counts as a sobriety test). T hese X-ray binaries are a
fine m ix of ones with high and low mass companions and with
neutron star and (probably) black hole primaries. Most of t he
reports included evidence for variability at a rotation or orbit
period (desired because posit ional accuracy was very poor).
Truly spectacular was Cyg X-3, whose high energy e mission
seemed to act more like hadrons than photons, leading to the
inven tion of cygnets.
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THE U NIVERSE AT LA RGE
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e V  P e r S o m e t h i n g
Most of t hese sources have not been seen convincingly for

a decade or more, despite (or perhaps because of) t he com mis-
sion ing of  m ore sensi t ive  det ect ors  wi t h  sharper  angular
resolu tion. Cyg X-3 and Her X-1, especially, m ust have a very
sm all  ra tio  of  “on time” to  “off  t ime.”  Zero is  not  excluded.
The critical period was 1989–1991,  when the Whipple Cerenkov
telescope  in  Arizona  and  t he  Cygn us  air  shower  ar ray  in
New Mexico star ted scanning the TeV and PeV skies respec-
tively,  and set ting a  lot  of  upper  limits.

SUPERN OVA  REM NAN TS

Whipple did, however, see the Crab
N ebula.  N o t  t he  pu lsar,  w hich
phases out in the MeV to GeV range
probed by t he C o m pton Ga m m a
Ray Observatory (as do the other six
k now n ga m m a-ray  pu lsars),  bu t
steady emission from some par t of
the nebula. This emission is prob-
ably even u nders tood as inverse
Co mpton sca t t er ing of  synchrotron phot ons a t  lower ener-
gies by t he relat ivist ic elec trons t hat have to be t here any-
how to radiate t he synchrotron (this is a li t tle like having your
hand in  your  own pocket  and pretending not  to  notice).  The
source is, t herefore, indirectly the pulsar, which is responsible
for accelerating said electrons, but more directly a pulsar-driven
wind and nebula, as modeled back in 1984 by Charles Kennel
and Ferd Coroniti.*
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Observed and modeled spectrum of the
Crab Nebula from radio to TeV energies.
Numbers under the arrows are the ener-
gies of electrons that must be present to
radiate those frequencies in the known
magnetic field of the nebula (Courtesy
Felix Aharonian)

*The basic equations are all in a 1965
paper by Bob Gould,  bu t  not  m uch
was k now n abou t pulsars in those
days. Though Richard Hay m es’ bal-
loon group had already seen the Crab
pulsar as a ga m m a ray source,  t hey
didn’t k now it yet.
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T he sam e is  true for  t he second
pulsar-related source, found by the
C A N GARO O collaborat ion in t he
vicinity of PSR B1706-44. The pulsar
is  abou t 1.8 kpc away,  abou t 17,500
years old, and near the center of t he
supernova rem nant G343.1-2.3. (“G ”
means the position is given in galac-
tic coordinates, and cognoscen ti can
figure out that either position means
only sou t hern observers can st udy
t h e  t hi ng.) T he radio period is
0.102 sec, bu t the high energy ga m-
ma rays are largely unpulsed, and no
optical coun terpart has been iden-
tified so far. Unpulsed emission from
the vicinity of the Vela pulsar m ay
be a third, similar case.

Shell-type super nova rem nan ts,
wit h no evidence for central pulsars
or neutron stars, are frequen tly also
synchrotron sources, opening up the
possibili ty for inverse Co m pton
gam ma rays from t hem as well. The

brightest supernova of historic times,
SN 1006, left such a rem nant, whose
gam ma rays, up to 100 TeV, have re-
cen tly turned up in the CAN GAROO
data, along wit h upper li m its for a
number of other supernova remnants
and pulsars.  It  is  another sou t hern
source, and t he supernova barely
peeked above the horizon in China
and Switzerland where i t was dis-
covered.

BLAZARS

Blazars are a subset of act ive galax-
ies, along wi t h radio galaxies and
quasars, quasi-s t ellar objec ts (no t
radio sources), several types of Sey-
fert galaxies, and so forth. The ter m
is a sor t of por t m an t eau, incorpo-
rat ing bot h the idea of blazing and
the name of the prototype object, BL
Lacertae (meaning t hat it was once
t hough t to be a variable star in our
ow n galaxy). Blazars are t he ones
with not  m uch s tray gas around to
get  i n t he way of  nar row, bea m ed
cones of rela t ivis t ic st uff, t hat are
so m ehow colli m ated by a m agne-
tized accretion disk around a super-
m assive black hole, and ai m ed by
chance more-or-less straigh t at us.
Signat ures include weakness or  ab-
sence of em ission lines, rapid vari-
ability in flux and in polarization of
visible ligh t , X-ray e m ission, and
co mpact radio em ission wit h a flat
spectru m a nd a core-jet  s tr uct ure
t ha t  c hanges  fas t  enough  to  be
cal led  “ s uper lu m ina l  m ot ion”
(m ean i ng t hat if you forget to i n-
clude special relat ivity correctly in
your calcula t ion,  you wil l  en d up
thinking that the source violates the
v ≤ c speed limit).

EGRET

CO MP TEL

OSSE

BATSE
(two of eight)

The Compton Gamma Ray Observatory,
an enormously productive mission, still
yielding valuable information about stel-
lar, galactic, and other sources of radia-
tion at energies lower than the ones ad-
dressed in this set of articles.
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The first  eighteen months of  dis-
coveries from the Compton Gam ma
Ray Observatory included probable
EGRET detections of about fourteen
blazars at E ≥ 100 MeV, and the num-
ber has increased to fif ty or m ore
(t hough a few are probably ch ance
coincidences). Most are variable, and
some are quite distant. Theorists im-
mediately beefed up t heir beams to
make gam ma rays as well as X rays.
T his tended to mean that both the
largest energies of individual parti-
cles in the beam and its bulk veloc-
ity had to get bigger.

What is the beam m ade of? One
school of theorists favors electrons
t hat Compton up-scat ter X-rays and
other lower-energy photons, as in the
ga m m a-ray super nova re m nan ts.
The alternative is a mostly hadronic
bea m , wit h t he ga m m a rays com -
ing from secondary pion production.
In fac t, rela t ivis t ic t om atoes w ill
work abou t as well as anything else,
if  you can figure ou t  how to accel-
erate them (a point noted many years
ago by Franco Pacini).  If  t he  bu lk

motion has γ = (1 − v2 /c2)−1/2 = 10 or
more (needed anyhow for t he super-
luminal  motions and so forth) then
the  maxi m u m energy  of  pho tons
coming out depends primarily on the
energies of t he individual par ticles
in the beam.

T he t heoris ts were s t ill hard a t
work shocking the beams and each
other to reach beyond 100 MeV when
Markarian (Mrk) 421 was recorded as
a TeV source at t he Whipple Obser-
vatory in 1991.  Confirmation by the
HEGRA installation in the Canary Is-
lands followed in due course.  Mrk
421 , a t z = 0.0308,  i s t he closes t of
all the superluminal sources. As a re-
sult, not only is 1/r2 in our favor, but
t he probabili ty of  photon s being
wiped ou t by ga m ma-gam ma in ter-
actions and pair production en route
to us is much reduced. The TeV gam-
ma rays flared spectacularly a cou-
ple of years after their discovery, but
t he source is detectable the rest of
the t im e at a flux level abou t one--
quarter that of the Crab Nebula. Ap-
parent correlations of TeV and X-ray
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The 1994 flare of blazar Mrk 421 as seen by the
Whipple Observatory. An X-ray high state

occurred twenty-seven hours later.
(Courtesy Whipple Observatory)

flares slightly favor the Compton up-
scat tering models.

Next ca me Mrk 501, just a lit tle
further away and just a lit tle fainter,
agai n  seen first  a t  t he  Whipple
Observatory and then at HEGRA (just
before t he su m m er 1997 fire there
knocked it out).

At t his  poin t,  one k ne w one
needed theorists for two things: since
t here are closer, non-blazar act ive
galact ic nuclei (AG N) not detected,
somebody has to work on the details
of t he bea m; an d since t here are
sligh tly m ore distan t, bu t brigh ter,
blazars also not detected, somebody
has to work on the details of how far
TeV gam ma rays can travel t hough
the photon sea of intergalactic space.

Th is  second  poin t  wouldn’t  be
very interesting except that the cross
section for pair production is largest
when E(γ1) × E(γ2) ≈ 2 (m ec2)2. In other
words, photons with wavelengths of
20–50 µm are the most damaging, and
we know practically nothing about
the intergalactic background in that
band.
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Approach ing t he proble m fro m
the other, observational, side, we can
say that  bot h Mrk 421 and Mrk 501
have spec tra t hat are beginning to
droop below a power law at 10 TeV,
which could be a signature of incip-
ient pair production (or, of course, of
a droopy beam). Helpfully, the third
Whipplet which rejoices in the name
1ES 2344+514 and was published in
su m m er 1998,  has a sligh t ly larger
redshift of 0.044 and a spectru m that
may not continue above about 1 TeV.
It has been seen only when flaring.

When upco m ing projec ts  push
Cerenkov techniques to slightly low-
er energies, we ough t to be able to
map out the mid-infrared background
using the sagging sub-TeV spectra of
additional blazars, and perhaps even
verify that  t he bac kgrou nd is  t he
sa m e i n differen t direct ions. Yuri
Neshpov and his Crimean colleagues
have also repor ted TeV e m issio n
from the radio source 3C 66A. It is not
an EGRET source,  bu t  then neit her
are Mrk 501 and 1ES 2344+514, while
Mrk 421 is, so t here are real differ-
ences in in trinsic spectra as well as
in propagation effects.

GAMMA-RAY BURSTERS

The opt ical ident ification of sever-
al of these with entities at redshifts
>~ 1 means t hat  photons of  TeV and
higher energies will have a very dif-
ficult time getting to us, though they
might well be produced at otherwise
detectable fluxes. The same applies
to very h igh-energy pro tons t hat
m igh t  ot herwise con tribu te to t he
cosmic ray background. But neu tri-
nos of 1014 eV an d m ore should be

co-produced and are unlikely to be
scat tered or degraded along the way.

COSMIC RAYS

We come at last to a territory where
the papers do not outnumber the de-
tections. A 1012 eV or even a 1015 eV
cos m ic ray is hardly wor t h m en-
t ion ing,  t hey  are  so  com mon.  At
some poin t, though, we should stop
calling them “galactic cosmic rays,”
on t he grou nds tha t  t hey ca n leak
bot h in and ou t of the galact ic m i-
cro-Gauss m agnet ic field, and so
need not have been accelerated here
or have a higher energy density in-
side galaxies t han ou tside.

TeV and PeV cos m ic rays don’t
even presen t any particular theoret-
ical proble m, in the sense that t hey
are seen to be a m ix of protons and
heavier n uclei (t he m ix varying
somewhat with energy) and that they
can be accelerat ed in shocks and
magnetic fields around super novae,
neu tron s tars , AG N s an d so for t h.
T hey co m e to us isotropically and
cannot be associated with any par-
t icular sources. Individual super-
novae may,  however,  con tribu t e a
large fraction of t he flux at par ticu-
lar t i m es. T he evidence for t his is
apparent changes in the average lo-
cal GCR density as m easured from
cosmic-ray tracks in meteorites.

The first three cosmic ray events
above 1020 eV (one each from t he
Yaku tsk, Fly’s Eye, and AGASA ex-
perimen ts) were consistent with an
isot ropic dis tr ibu t ion,  an d none
see m ed t o be co m ing fro m t he
direction of any in terest ing source,
like a nearby Seyfert or radio galaxy.
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The slightly sagging TeV spectrum of Mkn 501.
The upper power law is what should be
radiated by inverse Compton scattering (given
the electron and photon energies one knows
from the optical emission). The lower one is
what we see, and the sources should disappear
completely both at slightly higher energies and
at slightly larger distances. (Courtesy Whipple
Gamma Ray Collaboration)
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One theoret ical  ca mp nevert he-
less remains reasonably comfortable
with a scenario in which protons are
pushed to 1020 eV in the relativistic
je ts of radio so urces, m eaning t he
ones associated with massive black
holes in galactic centers, but perhaps
also the ones associated with stellar-
mass black holes in the two known
“ m ini-quasars” or super lu m inal
sources in t he Milky Way (t hough
again neither of these is in a useful
direction).

The ot her  ca mp has pu t  forward
m ore exo t ic  scenarios,  in w h ic h,
for  in s t a n ce,  t opo logica l  defec t s
like monopoles and cosmic st rings,
lef t  fro m  p h ase  t r a n s i t io n s  i n
t he very early, hot un iverse, decay
t o so m e  so r t  of  s u p er m assi ve
X-par t ic les,  w h ic h t he n decay to
ordin ary baryons at  very high en-
ergies. Becau se the decays are no t
st rongly confined to galaxies, t heir
products  can co m e t o us fro m any
direct ion, and need not have t rav-
eled very far. T he processes m ust
no t, of course, be allowed to m ess
up  any t h ing  e lse  we  see,  l i ke  t he
prod uc t s  of  big ba ng n ucl eosyn-
t h es is  or  t h e diffu se ga m m a-ray
bac kgrou nd.  T h is  probably r u les
ou t  superconduct ing strings as the
in i t ial  defec t.  O n t he ot her  hand,
you can use t he sam e X-par t icle to
accou n t  fo r  t h e  baryon excess  of
t he U niverse. A sligh t varian t in-
vokes decaying dark m at ter  par t i-
cles t hat are specifically confined
to the extended halo of t he Milky
Way an d w h ic h t he refo re yi eld
h igh e nergy par t i c les  t h a t  see m
roughly iso tropic and have hardly
any dis tance to t ravel.

*Readers m ay recall  other quest ions
w here  so m ething  si m ilar applies, for
instance “Is i t a boy or a girl?” w hen
asked abou t an infan t  m em ber of  t he
A dda m s  fa m ily,  and “Is the U ni-
verse open or closed?” as a test of
w het her t he standard,  hot  big bang
covers all t he li k ely al ternatives.

With increasing numbers, more elab-
orate statistical analysis has become
possible. This has naturally resulted
in some au thori ties concluding that
t he arrival direct ions are paired or
clustered or associated wit h t he su-
pergalact ic plane, and ot hers con-
cluding that the arrival directions are
random. Larger n u mbers of even ts
wil l inevi tably resolve t he issue
(t hough s t uden ts of ga m m a ray
bursters were still having a very sim-
ilar argument when t he number ap-
proached 2000).

T he difficul t ies s tar t as soon as
you ask what t he prim ary particles
are. If this is phrased as, “Are they
most ly protons or heavier nuclei?”
t hen even the answer “yes” would
be helpful.* The troubles with either
of these candidates are that (a) they
are not very easy to accelerat e to
1020 eV (and tomatoes are no easier),
and (b) they cannot travel more than
about 100 Megaparsecs through t he
intergalactic photon bath. The main
e ne m y is t he cos m ic m icrowave
background, because t hat is where
most of t he photons are. At least we
k now how m any wit h som e preci-
sion, so the calculation is a straight-
forward one.  A distance of 100 Mpc
corresponds to a redshift of only 0.017
to 0.033, and barely carries us to the
nearest blazar (which is not, anyhow,
in any of the arrival directions).

CO NCLUSIO N

The highest energies you can t hink
of, for photons, neu trinos, and ot h-
er particles, are one of the windows
t o t he Universe t hat is s t ill fai rly
opaque. Opening it will undoubted-
ly reveal som e unfa miliar scenery.
T he sa m e can be said for t he low-
est radio frequencies (less than a few
MHz), the vacuum ultraviolet (where
t here has never been an all-sky sur-
vey),  and t he band around 10 GeV,
w here pho tons are t oo few to be
caugh t in space and too feeble to be
seen from the ground.

HONEY, I SHRU NK THE SU N

Even before I had seen the su m m er
1998 i ss ue of Bea m Li ne ,  readers
were emailing to point ou t t hat the
correct  rat io  of  the  m ass  of  the Sun
to that  of  Earth is  about 300,000, not
300 .  T his  i s  u nques t ionably  t rue!
I had sim ply copied Newton’s and
Encke’s  and  modern  numbers  from
a table in a standard h is tory of so-
lar physics, w here t he au t hor did
no t  e m phas ize  t ha t  he  w as  tabu-
la t i ng  “ m il l i-so m e t h i ngs.”  My
apologies to Newton,  anyone who
strained his back t rying to lift t he
sun as a resul t of t he m isinfor m a-
t ion,  and all  ot hers concerned.
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EVERAL FU N DAMEN TAL  PROBLEMS of
particle physics concerning the high-energy behavior
of mat ter are expected to be solved—at least in
principle—by st udying collisions of particles at ener-
gies almost an order of magnitude higher than those

reached by accelerators operating today. The next step in t his
direction will be the Large Hadron Collider, a proton-proton
storage-ring collider being built as an in ternational effor t at
t he European laboratory CERN in Geneva. Bu t  there  now is
widespread agreemen t that t his m achine should be comple-
men ted by other colliders in which leptons—in par ticular
electrons and positrons, but eventually perhaps m uons—
annihilate, allowing a cleaner st udy of t he reaction products.

To reach the requ ired energies with electrons and
positrons, a pair of linear accelerators firing at one another
seems to be the most feasible technical solu tion. Storage
rings for such ligh t par ticles are limited in energy because of
their energy losses due to synchrotron radiation. Studies of
various linear-collider designs are being pursued at several
laboratories as described by Gregory Loew and Michael
Riordan in the Win ter 1997 Beam Line, Vol. 27, No. 4. One of
these approaches is t he TESLA concept, or “TeV-Energy Su-
perconducting Linear Accelerator,” which should initially
reach a collision energy of at least 500 GeV. The TESLA pro-
ject is being pursued by a broad in ternational collaboration
coordinated at DESY in Hamburg; m ore than thirty

by REIN HARD BRINKMAN N

Superconducting

niobiu m cavities

offer an alternative

path to a TeV linear

collider.  Extensive

R & D on this approach

has sti m ulated the

conceptual design of

such a m achine.
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institutions from China, Finland,
France, Ger many, Italy, Poland, Russia, and
the United States are par ticipating in it .

T HE TESLA CO N CEPT is based on superconducting
cavi t ies  made of  niobiu m metal  and operating a t  su-
perfluid heliu m temperature (2K). The energy losses in

the walls of such superconducting microwave cavities are ex-
tremely low, leading to a ratio of the stored power to t he pow-
er lost by damping, t he so called “quality factor,” of t he order
of 1010—a m illion t imes higher  t han in  a  nor mally conduc t-
ing, room-temperature copper cavity. This allows one to operate
a superconduct ing linear accel-
era tor a t  a relat ively low fre-
quency (1.3 GHz for TESLA) and
with long pulses that can be gen-
erated by a low-peak-power mi-
crowave  source.  A  h igh  effi-
ciency of power t ransfer to t he
bea m is  possible.  And,  a t  t he
lower frequency, the wakefields
induced by the beam in the sur-
rou nding s tr uc t ures are s m all
while the required alignment tol-
erances are  qu i t e  m oderate
(0.5 m m for the cavities). All this
makes a superconducting linac

C o l l i d e r
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all co m pone n t s as t hey would be
used in a fu t u re collider. Develop-
men ts  a t  the T TF will also provide
a basis for a complete cost estimate
for a 500 GeV machine.

In t he t est facili ty t he com plete
infras t ruct u re for processing nine-
cell n iobiu m cavi t ies (see t op left
pho tograph), as t hey are obtained
from industrial production, is already
available. Steps toward ach ieving
high-perfor m ance cavi t ies include
t he required che m ical t rea t m e n t ,
high-pressure rinsing with ultrapure
water  and heat  t rea t m en t  up to
1400˚C .  Each cavity u ndergoes per-
for m a nce t es ts wi t h con t in uous-
wave as well as pulsed-m ode m i-
crowave excitations. Strings of eight
cavities are assembled under clean-
room conditions (bottom photograph)
and m oun ted in to cryogen ic m od-
ules. In May 1997 the first module of
this type was completed and installed
in the test linac (photograph on pre-
vio us page).  Wi t h in  a  few days  of
com missioning of the accelerator, an
average accelera t ing gradien t of
16.5 MV/ m was dem onst ra ted wit h
an electron beam passing through the
cavit ies. In addition to this encour-
aging start, tes t results for cavities
from t he con tinuing industrial pro-
duction show a further perfor mance
improvement. The best performance
to date was obtained with a nine-cell
cavity in pulsed-mode operation (as
required for TESLA), reaching a gra-
dien t of 33 MV/ m at a quali ty fac-
tor of 4×109.

Assembly of two m ore accelera-
tor modules with eight cavities each
is in progress, wi th installation in to
the linac scheduled for au tum n 1998
and February 1999. By that tim e we
expect to accelerate a bea m wi th a

ideal for accelerat ing a beam of ex-
t re m ely good quali ty—wit h s m all
transverse dim ensions and angular
divergence (“ low  e m i t ta nce”) and
wi t h  a  low energy spread,  t hat  i s
exact ly what is required for a high-
performance linear collider. Conse-
quen t ly, t here is in principle also a
strong potential for TESLA to achieve
high collision ra tes, corresponding
to  a  l u m inosi ty  of  as  m uch  as
3–5×1034 cm−2s−1, as compared with
3×1030 achieved so far on the Stanford
Linear Collider at 50 GeV beam en-
ergy and abou t 5×1031 on the LEP col-
l ider a t CER N a t 90 GeV. T h is po-
ten t ial high perfor m ance of TESLA
coincides with a low background en-
viron ment and good energy resolu-
tion for particle-physics experiments.

But there is also a major challenge:
superconducting accelerator systems
are k now n to be expensive. T he
TESLA collaboration has se t an am-
bitious goal for reducing the cost per
megavolt (MV) of accelerating vol t-
age by a fac t or of 20 com pared t o
wha t has so far been realized at ex-
isting large-scale installations (such
as Jefferson Lab and i n t he super-
conducting cavities of the LEP ring).
The goal is $2000 per megavolt, to be
achieved by increasing the acceler-
ating gradient fivefold in comparison
wit h  t he 5–6 MV/ m typical of exist-
ing facilities, and by reducing the cost
per u ni t lengt h by a factor of four.
In order to demonstrate that this goal
can be reached, an aggressive R& D
program was launched in 1992.

The TESLA Test Facility, or TTF,
has been set up at DESY to serve as
a focus for R&D on high-performance
superconducting cavities. It includes
a fully operat ional linac in order to
perform an in tegrated system test of

TESLA nine-cell niobium cavity ready for
installation in the vertical test cryostat for
performance testing. (Courtesy DESY)

Assembly of the first string of eight
TESLA cavities in the clean room at the
Test Facility. (Courtesy DESY)
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gradien t of 25 MV/ m. The R&D pro-
gram towards even higher gradients
will con tinue. The theoret ical lim-
i t for niobiu m cavit ies is abou t 55
MV/ m; single-cell cavities have at-
tained 40 MV/ m in tests at Jefferson
Lab and KEK. Therefore t he TESLA
team is confiden t t hat operation of a
superconduct i ng li nac above 30
MV/ m will eventually be feasible.

ACOMPLETE DESIGN of
the overall layou t for TESLA
as a next-generation linear

collider facility has been developed
and docu mented in an extensive re-
port published in the spring of 1997.
The two volu mes of this report, titled
“Conceptual Design of a 500 GeV e+e−

Linear Collider wi t h In t egrated X-
Laser Facility,” (available as ECFA-
Report 1997-182 and as DESY Report
1997-048), include discussions of the
physics i nvolved an d t he experi-
m en tal detectors required. In addi-
tion to the main linacs, the report de-
tails subsystems such as the required
par ticle sources, bunch compressors
and da m ping r ings, and t he final-
focus system needed to compress the
bea m s at t he in teract ion poin t. An
al ter nat ive S-band linear collider
(considered as a backup solu tion) is
also discussed, as well as a super-
brilliant X-ray laser facility.

The site lengt h of 32 km permits
a total collision energy of 500 GeV,
assuming an accelerating gradient of
22 MV/ m.  All  subsystems of  the  ma-
chine have been designed so that an
energy of 800 GeV can be reached
wit h im proved cavi ty perfor mance
at a gradien t of 34 MV/ m. Within t he
TESLA collaborat ion t here is broad
agreem ent t hat the si te of t he next
linear collider should be adjacen t to

an existing high energy physics lab-
oratory; this will provide significant
advan tages w it h regard to bot h t he
cos t  and t he cons tr uct ion t i m e re-
quired for such a facility.

As the coordinating laboratory of
the collaboration, DESY has begun to
invest igate in detail t he possibility
of constructing TESLA adjacent to its
own Hamburg site (which, however,
does not rule out other options).  The
geographical conditions are favorable
along a 32 k m line stretching north-
west from DESY (see illustration on
page 25). The machine would sit in a
t un nel 15–20 m eters undergrou nd,
very similar to the 6.3 km HERA tun-
nel. At the electron- positron colli-
sio n poin t near Ellerhoop (16 k m
from DESY) a cen tral site would ac-
com modate the experimental hall for
the particle-physics detector and ad-
ditional infrastructure, as well as the
user facili ty for the X-ray free elec-
tron laser.

T he proposed TESLA si te lies
most ly in the “land” of Schleswig-
Holstein and in part on territory of
t he ci ty of Ha mburg. T he poli tical
au t hori t ies  of  bot h regions and t he
involved com munal administrations
have all given t heir suppor t to t he
project ; t hey have been very

Artist’s conception of the main TESLA
linac in a 5 meter tunnel.
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cooperative in investigating the fea-
sibility of the required construction.

The direction of the linac has been
ch osen such t hat  i t  con nec ts  tan-
gen tially to the HERA ring, thus al-
lowing the possibility of a linac/ring
elec tron-proton collider option a t a
collision energy 3–4 t i m es  t he  pre-
sen t HERA energy (300 GeV). Fur-
t her m ore, par t of t he TESLA linac
could serve as an injector for HERA’s
electron ring, which would be con-
ver ted into a pulse st retcher to pro-
vide a con t in uous elect ron bea m
at 15–25 GeV for n uclear-ph ysics
experi ments.

T he proposed TESLA facili ty in-
cludes a coherent X-ray source in the
angstrom wavelength (10−8 cm) range;
it would serve a broad scien tific user
co m m u ni ty and con tin ue a long
DESY tradit ion of providing experi-
mental facilities for both elementary-
particle and synchrotron-radiation re-
search. The X-ray free-electron laser
would be able to deliver an extremely
high photon flux wit h a ti m e reso-
lu tion on the order of 100 fem tosec-
onds and a peak brilliance t hat ex-
ceeds by ten orders of magnitude that
of t he most advanced synchrotron-
radiation sources in existence today.

T he first ideas abou t generat ing
coheren t X-rays from a high-energy
electron beam using self-a mplified
spon taneous emission in the frame-
work of a free-electron-laser concept
were developed at Stanford Univer-
sity using part of the SLC linac. T he
TESLA superconducting linac should
deliver a particularly good beam qual-
ity for this application. The idea is to
extract  an elect ron bea m from t he
li nac (genera t ed by addi t ional
m icrowave pulses) at various ener-

gies (15–50 GeV) and transport i t to
t he cen tral experi m en tal si t e a t
which t he X-ray user facili ty is lo-
cated.

A free-electron-laser test facility
using the TTF linac is now under con-
s t r uc t io n  a t DESY. Firs t  tes ts  a t  a
beam energy of about 400 MeV and a
wavelengt h of 40 nano m eters will
s tar t in t he spring of 1999. Fur t her
exte nsio n t o  energies over 1 GeV
beam energy and 6 nanometers wave-
lengt h is  plan ned for  subsequen t
years; operation as a pilot user facility
is scheduled to begin in 2001.

IN CON CLUSIO N, the TESLA
collaborat ion has worked ou t  a
co m plete design for a nex t-

generation electron-positron collider
based on superconducting linac tech-
nology. Our team is convinced t hat
the excellent performance achievable
with t his approach justifies the con-
siderable R&D on superconducting
cavit ies. The progress at t he TESLA
Test Facility justifies our optimism
t hat t he necessary cost and perfor-
mance goals can be reached. Wit h-
in the next two years a comprehen-
sive technical proposal, including a
cost estimate, will be completed. Ap-
proval of TESLA as an in ternational
project can be envisaged for the year
2002 at the earliest. DESY will be pre-
pared to offer a sui table site for this
future facility.

For readers wishing more informa-
tion on TESLA, the following URL
may be helpful:

http://www-mpy.desy.de/desy-acc.
html#LC
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In the beginning t here was Aristot le,
And objects at rest tended to remain at rest,
And objects in motion tended to come to rest,
And soon everything was at rest,
And God saw that it was boring.

Then God created Newton,
And objects at rest tended to remain at rest,
Bu t objects in motion tended to remain in motion,
And energy was conserved and momentum was conserved and mat ter

was conserved,
And God saw that it was conservative.

Then God created Einstein,
And everyt hing was relative,
And fast things became short,
And straigh t t hings became curved,
And the universe was fi lled with inertial fram es,
And God saw that it was relatively general, bu t some of it was

especially relative.

Then God created Bohr,
And there was t he principle,
And the principle was quantu m,
And all things were quan tified,
Bu t som e things were still relative,
And God saw that it was confusing.

Then God was going to create Furgeson,
And Furgeson would have unified,
And he would have fielded a theory,
And all would have been one,
Bu t it was the seven th day,
And God rested,
And objects at rest tend to remain at rest.

Unified Field Theory*
by TIM JOSEPH

*Reprin ted b y perm ission from t he  April 6, 1978, edi t ion of t he The New York Ti mes. A t the t i m e the
au t hor worked for a  nu trit ion progra m affi liated wit h Cornell  U niversit y  and wrote science fiction.
Copyrigh t © 1978 b y The New York Ti mes.  Courtesy of Sidney Drell.
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For the last fifteen years, GAURAN G B. YODH
has searched for signals of very high energy gam ma
rays from energetic astrophysical objects using air
sho wer t ech niques. He w as a m e m ber of t he
CYG N US tea m that buil t the first air shower tele-
scope dedicated to 100 TeV gam ma ray astronomy
at Los Alamos National Laboratory. Following that
effort he pushed for the development of a novel gam-
ma ray telescope using the water Cerenkov tech-
nique. He was also a leader in the building of the
Milagro telescope at Fenton Hill in the Jemez moun-
tains in N ew Mexico—not w h at yo u m igh t ex-
pect for somebody who spent almost two decades
as an experi mental par ticle physicis t at the Uni-
versi ty of Maryland prior to accepting his present
posit ion as Professor of Physics at the Universi ty
of California, Irvine.

Yodh received his PhD from t he University of
Chicago and is a Fellow of the American Physical
Society and the American Association for the Ad-
vancement of Science. He is also an accomplished
perform er on the Indian si tar  and is  in terested in
the creation of celestial music. His current research
in celest ial gam m a rays was part ly m otivated by
his desire to understand t he origin of ubiquitous
cosmic rays.

C O N TRIBU T O RS

PAUL MAN TSCH was educated at Case Inst i-
tu te of Technology and the University of Illinois.
He spent two years at DESY in Ger many and a year
at t he Massach uset ts Insti tu te of Tech nology be-
fore going to Fer milab in 1973.

At Fer milab his early work was devoted to re-
search at the Tagged Photon Lab and various man-
agement positions related to superconducting mag-
nets and cryogenics, including eight years as head
of  the  Technical Suppor t Section. He worked for
eleven years on t he Superconducting Super Collider
(SSC) project at Fer milab, first directing t he devel-
op men t of superconduct ing magnets and later as
a subsystem manager for the SDC calorimetry.

While brooding over t he dea t h of t he SSC,
Mantsch came u nder the spell of Jim Cronin and
his irresist ible call to u nderst and the really h igh
energy cosmic ray particles with really big calorime-
ters.  He is now the project manager for the Pierre
Auger Project.
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REIN HARD BRINKMA N N has coordina ted
t he linear collider design s t udies at DESY in
Hamburg, Germany, since 1995. Before coming to
DESY in 1984,  he studied physics at the University
of Muenster and received his PhD in Experimen tal
Physics from the Free University of Berlin.

His research in terest s include m agnet la t tice
design and beam optics,  beam dynamics, and the
overall  design and opt i m iza t io n of accelera tor
facilities. He is also in terested in bicycle riding and
m usic, especially jazz; he plays piano in a m od-
er n swing band.

There used to be t wo VIRGINIA TRIMBLES.
Now, sadly, there is only one. But the younger one
now looks a lo t like t he older one used to, apar t
from hair color and tooth align men t (which have
yielded to so m e of t he progress of m odern tech-
nology that we celebrate in t his issue). Both were
born in Los Angeles, California, at tended i ts pub-
lic schools, learned to type and sew at an early age,
and married research scien tists (one che mist and
one physicist).
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D ATES TO REMEMBER

Jan 5–9, 1999 American Physical Society (APS) meeting of the Division of Particles and Fields (DPF 99), Los
Angeles, California (APS Meetings Dept., One Physics Ellipse, College, Park, M D 20740-3844 or
dpf99@physics.ucla.edu)

Jan 11–Mar 20 Joint Universi ties Accelerator School (JUAS 1999), on Physics, Technologies, and Applications
of Particle Accelerators, Archamps, France (JUAS Secretariat at Archamps, Centre Universitaire
de For mation et de Recherche, F-74166 Archamps, France or bholland@cur-archamps.fr)

Jan12–14 Workshop on Scientific Applications of the Linac Coherent Ligh t Sources (LCLS), Stanford,
California (Suzanne Barret t, SSRL, MS 99, Box 4349, Stanford, CA 94309-0210 or barret t@ssrl.slac.
stanford.edu)

Jan 17–23 Aspen Workshop on Particle Physics — Advances in Particle Physics: Recen t Results and Open
Questions, Aspen, Colorado (Vernon Barger, University of Wisconsin, Physics Depart ment,
1150 University Aven ue, Madison, WI 53706 or awc99@phenxs.physics.wisc.edu)

Jan 18–29 U .S. Par ticle Accelerator School (USPAS 1999), Nashville, Tennessee (U .S. Part icle Accelerator
School, Fer milab, MS 125, Box 500, Batavia, IL 60510-0500 or uspas@fnal.gov)

Jan 24–30 17t h International Workshop on Weak In teractions and Neu trinos (WIN 99), Cape Town, Sou th
Africa (cad@physci.uct.ac.za)

Mar 1–5 International Workshop on e+e− Collisions from Φ to J/Ψ, Novosibirsk, Russia
(vepp99@inp.nsk.su)

Mar 8–11 Conference on Higgs and Supersym metry: Search and Discovery, Gainesville, Florida (Yvonne
Dixon,  Higgs and SUSY Conference, Physics Depart men t, University of Florida, Gainesville, FL
32611 or ramond@phys.ufl.edu)

Mar 20–26 Centennial Celebration and Meeting of the American Physical Society (Combining Annual APS
General Meeting and t he Join t Meeting of the APS and the AAPT), At lan ta, Georgia (APS Meet-
ings Depart ment, One Physics Ellipse, College Park, M D 20740-3844 or aps100@aps.org or meet-
ings@aps.org)

Mar 29–Apr 2 IEEE Particle Accelerator Conference (PAC 99), New York, New York (Mary Campbell, Confer-
ence Secretary, Brookhaven National Laboratory, Bldg. 911B, Box 5000, Upton, NY 11973-5000 or
weng@bnldag.bnl.gov)

Apr 6–9 ICFA 17 th Advanced Beam Dynamics Workshop on Fu ture  Ligh t Sources, Argonne, Illinois
(flsworkshop@aps.anl.gov)



May 17–20 Workshop on Polarized Protons at High Energies – Accelerator Challenges and Physics Oppor-
t unit ies, Hamburg, Ger many (HERASPIN , DESY, Notkestrasse 85, D-22607, Hamburg, Germany,
or heraspin@desy.de)

May 17–20 Workshop on Heavy Ion Theory (HIT 99), Geneva, Switzerland (hit99@surya11.cern.ch)

May 17–20 XIth In ternational Conference on Small-Angle Scat tering, Upton, New York (Ann Emrick,
Conference Coordinator, emrick@bnl.gov)

May 24–26 NSLS Annual  Users’ Meetings and Workshops, Upton, New York (Linda Feirabrand, Conference
Coordinator, NSLS, lsusr m tg@bnl.gov)

May 26–29 The David N. Schram m Memorial Symposium: Inner Space/Outer Space II, Batavia, Illinois
(sazama@fnal.gov)

May 28–Jun 3 CERN Accelerator School Course on Vacuu m Technology for Par ticle Accelerators, Copen-
hagen, Den mark (CERN Accelerator School, AC Division, CH-1211 Geneva 23, Switzerland or
suzan ne.von.wartburg@cern.ch)

Jun 7–18 Workshop on Physics at TeV Colliders, Les Houches, France (aurenche@lapp.in2p3.fr or
belanger@lapp.in2p3.fr)

Jun 7–Jul 9 ICTP Sum mer School in Particle Physics, Trieste Italy (ICTP, Box 586, Strada Costiera 11,
I-34100, Trieste, Italy (smr1141@ictp.trieste.it)

Jun 14–19 7t h In ternational Conference on Supersym metries in Physics (SUSY 99), Batavia, Illinois
(Cynthia Sazama, MS 122, Fer milab, Box 500, Batavia, IL 60510 or sazama@fnal.gov)

Jun 27–30 12th IEEE In ternational Pulsed Power Conference, Monterey, California (Teresa Montero
ppc99@llnl.gov)

Aug 9–14 19th In ternational Symposium on Lepton and Photon Interactions at High Energies (by invita-
t ion only, Maura Chatwell, SLAC, MS 96, Box 4349, Stanford, CA 94309-4349 or lp99@slac.
stanford.edu)


