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Cosmic Antimatter

Antiparticles are rare and maddeningly .
elusive. But they may hold clues to some '

of the mysteries of astrophysics ;
PROTON

by Gregory Tarlé and Simon P. Swordy-

n 1928 the English physicist P.A.M.
Dirac predicted the existence of an-
timatter. Dirac claimed that for ev-
ery particle of ordinary matter there
was an antiparticle with the same mass
but an opposite charge. These antiparti-
cles could join to form antiatoms, and
the antiatoms could form antimatter
counterparts to every object in the uni-

- : verse—antistars, antigalaxies, even anti-

PROTON humans. What is more, if a particle of
matter collided with a particle of anti-
matter, they would both be annihilated
in an energetic burst of gamma rays. If
a human and an antihuman shook

PROTON hands, the resulting explosion would be
equivalent to 1,000 one-megaton nucle-
ar blasts, each capable of destroying a
small city.

It was an extraordinary proposition.
The theory was confirmed just four years
later, when Carl D. Anderson, a physi-
cist at the California Institute of Tech-

VIOLENT COLLISIONS of protons acceletated by a su- nOI(,)g-V’ detected the first antiparticle.
pernova shock front create much of the antimatter that Whll? using a ,Cloud chamber to study
scientists observe. Some collisions produce a shower of cosmic rays—high-energy particles that
positrons, electrons and other particles (top), whereas the bombard the earth from space—Ander-

most powerful impacts generate antiprotons (bottom). son observed a vapor trail made by a
particle with the same mass as an elec-
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tron but an opposite (that is, positive)
charge. Dubbed the positron, it was the
antimatter counterpart of the electron.
Antiprotons proved harder to find, but
in 1955 physicists at Lawrence Berke-
ley Laboratory used a particle accelera-
tor to create them. In 1995 scientists at
CERN, the European laboratory for
particle physics near Geneva, synthe-
sized atoms of antihydrogen—for a
brief instant—by merging positrons and
antiprotons in a particle accelerator.

In recent years scientists have built
sophisticated detectors to search for an-
timatter in cosmic rays. Because cosmic
rays are destroyed by collisions with the
nuclei of air molecules, researchers have
lofted their detectors into the least dense
reaches of the atmosphere. We are in-
volved in one of those experiments, the
High Energy Antimatter Telescope
(HEAT), which rides on high-altitude
balloons to detect positrons in cosmic
rays. Other balloon-borne detectors can
observe antiprotons. More ambitious an-
timatter searches on the drawing board
include ones involving extended balloon
flights and detectors orbiting in space.
The results of these experiments could

Cosmic Antimatter

tell much about the origins of antimat-
ter. They may also indicate whether an-
tistars and antigalaxies really exist.
Astrophysicists believe most of the an-
tiparticles observed in the upper atmo-
sphere were created by violent collisions
of subatomic particles in interstellar
space. The process starts when the mag-
netic fields in the shock wave from a su-
pernova explosion accelerate an inter-
stellar proton or heavier atomic nucleus
to enormous speeds. If this nucleus—
now a high-energy cosmic ray—collides
with another interstellar particle, part
of the energy of the cosmic ray can be
converted to a particle-antiparticle pair.

A Bucket of Cosmic Rays

Some collisions produce pairs of pi-
ons, unstable particles that quickly
decay into positrons, electrons, neutri-
nos and antineutrinos. The most ener-
getic collisions, involving particles mov-
ing at nearly the speed of light, produce
proton-antiproton pairs. This process is
the reverse of matter-antimatter annihi-
lation: energy turns into matter instead
of matter turning into energy.

Yet the number of antiparticles pro-
duced by interstellar collisions is relative-
ly small. In the cosmic rays observed by
the HEAT instrument, particles far out-
number antiparticles. To understand the
difficulty of detecting antimatter, imag-
ine a bucket filled with steel screws. A
hundred of the screws have normal right-
handed threads (representing the nega-
tively charged electrons in cosmic rays),
and 10 screws have left-handed threads
(representing the positively charged pos-
itrons). Cosmic rays also contain pro-
tons, which are positively charged like
positrons but far more massive. These
protons could be represented by adding
10,000 heavier left-handed screws to the
imaginary bucket. Now each left-hand-
ed screw must be weighed to see if it is
a proton screw or a positron screw.
And the weighing must be done very
accurately. If only one in 1,000 proton
screws is mistaken for a positron screw,
the apparent number of positron screws
will double.

The HEAT instrument has an error
rate that is below one in 100,000. The
device uses a superconducting magnet
and an assembly of detectors to identify
positrons. After cosmic rays speed
through a collecting aperture, the su-
perconducting magnet deflects the neg-
atively charged electrons in one direc-
tion and the positively charged protons
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and positrons in the other. The detectors
measure the charge and direction of each
incoming particle, as well as the amount
of deflection it experiences in the mag-
netic field. This last measurement helps
to distinguish between protons and pos-
itrons; a proton, being heavier, will trav-
el in a straighter path than will a posi-
tron with the same velocity.

The National Aeronautics and Space
Administration’s scientific balloon facil-
ity launched the HEAT device for the
first time in 1994 from a site in New
Mexico. Although the device weighs
about 2,300 kilograms (5,000 pounds),
a giant helium-filled balloon raised it to
an altitude of 37,000 meters (120,000
feet)—above 99.5 percent of the atmo-
sphere. HEAT conducted measurements
of cosmic rays for 32 hours, then para-
chuted to a soft landing in the Texas
Panhandle. NASA launched HEAT again
in 1995 from a site in Manitoba, Cana-
da. The second flight allowed the device
to observe lower-energy positrons, which
can penetrate the magnetic field of the
earth only near the north and south
magnetic poles.

The results from these two flights were
intriguing. The number of low-energy
positrons recorded by HEAT was very
close to the number expected to be pro-
duced by interstellar collisions. Yet the
device found more positrons than an-
ticipated in the high-energy range. The
observed excess is not particularly large
and could be the result of subtle errors.
If the surplus is real, however, it suggests
that an unappreciated source of high-
energy positrons exists in the cosmos.
One candidate is the putative weakly
interacting massive particle, or WIMP.

This hypothetical particle offers a pos-
sible solution to the bedeviling “dark
matter” problem. In order to explain
the observed rates of galactic rotation,
astrophysicists believe that each galaxy
is embedded in a huge halo of dark mat-
ter that cannot be observed by ordinary
means. The hypothetical WIMP would
be a good candidate for the dark matter
because it does not give off light or any
other form of electromagnetic radia-
tion. If WIMPs exist at the predicted
density, collisions among them would
produce a significant number of high-
energy positrons. This process could ac-
count for the excess observed by the
HEAT device. But before we and the
other investigators involved can make
that claim, future measurements from
HEAT or other detectors must confirm
our observations with greater precision.
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High-Flying Detector

Amlium-ﬁlled balloon lifts the High Energy Antimatter Telescope (HEAT)
into the upper atmosphere (below). After cosmic rays speed through
the collecting aperture of the instrument, an assembly of detectors identi-
fies which ones are positrons. One of the authors (Tarlé) poses with the HEAT

instrument after its first flight (far right).
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While we have been hunting for posi-
trons in cosmic rays, other scientists
have been chasing an even more elusive
quarry—the antiproton. Antiprotons are
rarer than positrons because they are
nearly 2,000 times heavier. Consequent-
ly, a much greater amount of energy is
needed to create them. Interstellar pro-
tons must collide at speeds above 99
percent of the speed of light to produce
a proton-antiproton pair.

Antimatter detectors such as the Iso-
tope Matter Antimatter Experiment
(called IMAX for short) and the Bal-
loon-borne Experiment with Supercon-
ducting Solenoidal Spectrometer (dubbed
BESS) have found a maximum abun-
dance of only one antiproton for every
10,000 protons in the rain of cosmic
rays. The rarity of these antiparticles
forces the scientists searching for an-
tiprotons to take special care to avoid
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false readings. Their detectors must have
an error rate below one in a million to
be sufficiently sensitive.

In Search of Antiworlds

he first extensive search for larger

fragments of cosmic antimatter was
the one initiated by the physicist Luis
W. Alvarez in the 1960s. Alvarez began
looking for heavy antiparticles, such as
the nuclei of antihelium or anticarbon
or antioxygen, in cosmic rays. Unlike
positrons and antiprotons, these heavy
antiparticles are too massive to have re-
sulted from interstellar particle colli-
sions. So the discovery of an antihelium
nucleus would prove that some anti-
matter survived the big bang. And the
detection of an anticarbon or antioxy-
gen nucleus would reveal the existence
of antistars, because carbon and all
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heavier elements are created only in stars.

Most astrophysicists are skeptical of
the existence of antistars. Although light
from an antistar would look the same as
light from an ordinary star, the antistar
would inevitably collide with particles
of ordinary matter streaming toward it
from interstellar space. The ensuing mat-
ter-antimatter annihilation would then
produce a huge flux of gamma rays. Or-
bital detectors have observed low-ener-
gy gamma rays indicating the annihila-
tion of an immense plume of positrons
apparently extending from the center of
our galaxy. Still, scientists do not believe
these positrons are being produced by
an antistar, which would appear as an
intense, localized source of much more
energetic gamma rays. The fact that no
detector has observed such a source
suggests that there are no antistars in the
galaxy and, by similar reasoning, no

Cosmic Antimatter
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Section a shows the transition radiation de-
tector, a series of six polyethylene fiber
blankets. Positrons and electrons generate
x-rays as they pass through the blankets,
while protons of the same energy produce
a much weaker signal.

Section b shows the magnetic spectrome-
ter, which uses a superconducting magnet
to deflect the cosmic rays. Electrons veer in
one direction, while protons and positrons
swerve the opposite way. Protons and posi-
trons can be distinguished because a posi-
tron will curve more than a proton having
the same velocity.

Section ¢ shows the electromagnetic calo-
rimeter, a stack of plastic slabs and thin lay-
ers of lead. When electrons and positrons
hit the lead layers, they produce particle
showers, which generate flashes of light in
the plastic slabs. Most protons pass right
through.

antigalaxies in the local galactic cluster.

What about farther away? Perhaps
the universe contains isolated antigalax-
ies, separated by vast distances from gal-
axies of ordinary matter. In the past de-
cade, astronomers have made extensive
surveys of the distribution of galaxies
as far away as a billion light-years. The
surveys show no isolated regions that
could conceivably be made of antimat-
ter. Instead they show a web of galactic
clusters surrounding great empty spac-
es, like a tremendous foamy bubble
bath. If large parts of the universe were
made of antimatter, the regions where
matter and antimatter overlapped would
have produced enormous amounts of
gamma rays in the early history of the
universe. Astronomers have not detect-
ed such a powerful background glow.
Antigalaxies, if they exist at all, must lie
beyond the range of our best telescopes—

Cosmic Antimatter

or at least several billion light-years away.

What is more, modern cosmology
provides a reason why the universe can
be composed almost entirely of ordinary
matter. According to the most widely
accepted theories, the big bang produced
a small excess of matter over antimatter
in the first instant of creation. This phe-
nomenon occurred because of a slight
asymmetry in the laws of physics, known
as the CP violation, which has been ob-
served in the laboratory. For every 30
billion particles of antimatter created
during the big bang, 30 billion and one
particles of matter also emerged. About
a millionth of a second after the big
bang, the particles began annihilating
the antiparticles until only the excess or-
dinary matter was left. This small sur-
plus—still a vast number of particles—
became the universe as we know it.

Although this theory seems persua-
sive, some scientists have continued
searching for heavy antiparticles. They
remain convinced that large regions of
antimatter exist and that heavy anti-
matter nuclei moving nearly as fast as
the speed of light could cross the huge
expanse separating them from our gal-
axy. In the 1960s and 1970s Alvarez
and other scientists deployed detectors
that analyzed tens of thousands of cos-
mic-ray hits to determine whether any
were made by heavy antiparticles. More
recent experiments have sampled mil-
lions of cosmic rays. Despite all these
efforts, no antiparticle heavier than an
antiproton has ever appeared.

It is conceivable that distant antigal-
axies are emitting heavy antiparticles,
but the magnetic fields in intergalactic
space prevent them from reaching the
earth. Recent measurements of syn-
chrotron radiation passing through ga-
lactic clusters have shown that the mag-
netic field within such clusters is about
one millionth as strong as on the sur-
face of the earth. Because such fields
probably intensified 1,000-fold during
the formation of the clusters, astrophys-
icists infer that the field between widely
separated galaxies is only a billionth the
strength of the field on the earth.

Although such a field would be too
weak to nudge a compass needle, over
time it would have a significant effect on
an antiparticle traveling the enormous
distances of intergalactic space. The path
of the antiparticle would be bent into a
helix, only a few light-years in diameter,
around one of the magnetic-field lines.
Astrophysicists do not agree on the ori-
entation of magnetic fields in intergalac-
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tic space; some believe the fields are co-
herent, like the field around an ordinary
bar magnet. Others claim the field lines
are hopelessly tangled. If that is true, an-
tiparticles could not travel far in one di-
rection. They would bounce randomly
amid the snarl of field lines. One can
liken this movement to a drunken man
trying to walk from a bar to his house
10 kilometers away. A sober man would
walk in a straight line and reach his
home in a few hours. But the drunkard
takes steps in random directions and so
makes little progress. He would be un-
likely to reach his house even in a year.

If, on the other hand, the intergalactic
magnetic field is coherent, the field lines
could conceivably stretch from one gal-
axy to another. Under these conditions,
antiparticles would be funneled between
neighboring galaxies along cosmic high-
ways that are millions of light-years long.
The antiparticles still would not travel
in a straight line; they would hop from
one galaxy to another. It is as though our
drunken wanderer is guided from one
street corner to the next but still makes
little progress because he moves ran-
domly at the intersections. The antipar-
ticles could travel only a few hundred
million light-years from their starting
point, even if they were given the entire
age of the universe to make the trip.
That distance is far shorter than the bil-
lions of light-years to the nearest possi-
ble antigalaxy.

Even if, by some miracle of persistence,
an antiparticle approaches our galaxy,
it still may not reach the earth. Because
the magnetic field inside the galaxy is
far stronger than the field outside, it
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SMALL EXCESS in the number of high-
energy positrons observed by the HEAT
device may suggest another possible source
of antimatter—the hypothetical weakly
interacting massive particle, or WIMP.
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will deflect the vast majority of antipar-
ticles heading inward. The drunken man
has finally made it to his house—and
now he cannot find the key to the door.

Future Flights

It seems highly unlikely that heavy an-
tiparticles will ever be found in our
own galaxy. Nevertheless, the search
continues. The U.S. Department of En-
ergy is sponsoring a project to put an
antimatter detector into orbit. The de-
vice, called the Alpha Magnetic Spec-
trometer (AMS), is primarily aimed at
searching for heavy antimatter nuclei.
NASA plans to test the AMS on the space
shuttle later this year. If all goes as
planned, the AMS will fly on the Inter-
national Space Station for three years
beginning in early 2002.

With such a long exposure time, the
AMS would, in principle, have 100
times the sensitivity of previous antimat-
ter detectors. The real challenge will be
to ensure a commensurate level of accu-
racy in distinguishing between particles
and antiparticles. To identify one heavy
antiparticle from a background of 100
million particles, the detector must cor-
rectly determine the deflection of each
particle in a magnetic field. The most
precise balloon-borne instruments make
15 or more measurements to determine
the deflection of speeding particles. The
AMS will make only six.

Another device intended to observe
cosmic antimatter from orbit, PAMELA,
is scheduled to be launched from the
Russian space center in Baikonur in
2000. PAMELA will search for posi-
trons and antiprotons as well as heavy
antinuclei using a system that is more

sophisticated than the one built into the
AMS. PAMELA will collect fewer cos-
mic rays, however, because of its small
size, so it may not be able to conduct a
thorough search for heavy antiparticles.

More balloon-borne searches for cos-
mic antimatter are on the horizon. For
example, we are building a new version
of the HEAT detector designed to look
for high-energy antiprotons. We hope
to improve our measurements by in-
creasing the amount of time the detec-
tor remains aloft. NASA has launched
high-altitude balloons in Antarctica that
can fly for 10 to 20 days, traveling in a
circle around the South Pole. And the
NASA Wallops Island suborbital team is
developing new lightweight fabrics for
balloons that may allow flights of up to
100 days. Flight tests of balloons con-
structed from these materials should
occur in the next few months.

The search for antimatter in the cos-
mos has undergone many twists and
turns. The earliest experiments were
motivated by a desire for symmetry, an
eagerness to prove that there are equal
amounts of matter and antimatter in
the universe. The results, though, have
shown a widespread asymmetry. Anti-
matter detectors have found very few
positrons and antiprotons in the cosmic
rays and no heavy antiparticles whatso-
ever. Antistars and antigalaxies might
still lurk somewhere in the universe, bil-
lions of light-years from our own galaxy.
Yet heavy antiparticles from such dis-
tant regions would be unlikely to reach
the earth, and hunting for them may be
a futile task. Nevertheless, the search
for positrons and antiprotons may help
reveal the nature of dark matter, one of
the great mysteries of astrophysics. &
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