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Evidence for the Existence of Cosmic-Ray Antiprotons

H. L. Golden, S. Horan, and B. G. Mauger
Hsysical Science Laboratory, Las Cmces, Negro Mexico 88008

A search for cosmic-ray antiprotons was recently performed with use of a balloon-borne
superconducting-magnet spectrometer. A total of 46 antiproton candidates were observed
in the rigidity interval from 5.6 to 12.5 GV/c. Of these events 18.3 are expected to be at-
mospheric and instrumentation background. The p/p ratio is found to be (5.2+ 1.5) x10
This ratio is consistent with secondary production of antiprotons in the interstellar medi-
um.

The results of a recent effort to observe anti-
protons in the cosmic rays are presented in this
paper. The data reported here were obtained
from a balloon flight from Palestine, Texas, on

June 21-22, 1979 under an average of 5.4 g/cm'
of residual atmosphere. The data acquisition
period was 2.84&&10' sec long. Experiment live
time (limited only by the telemetry rate) was
0.88 of the total time. The geomagnetic cutoff
during the flight varied from 4.55 GV/c to 5.55
GV/c.

The magnet spectrometer consists of (a) a gas
Cherenkov detector (called G) with a threshold
Lorentz factor af 23 ~ 6, (b) scintillators Sl and

$2 for charge determination, (c) eight multiwire
proportional counters (ND)VPC) with spatial reso-

lution of -140 pm, and (d) seven scintillators
(Pl-P7) each separated by 1.2 radiation lengths
of lead. Signals for 6 and all scintillators were
pulse-height analyzed. In addition, the time of
flight from $1-P7 was digitized. The magnet was
operated at a current of 120 A producing a mag-
netic field from 10-40 kG in the INVVPC region.
Events satisfying the trigger criterion S1 P1 P7
were accepted for analysis. The geometric fac-
tor for this trigger is 315 cm' sr. The data were
transmitted by telemetry and recorded on the
ground. Determination of particle rigidities (mo-
mentum/charge) is done by using the MWPC data
to reconstruct the particle trajectory through the
magnetic field. An iterative least-squares fitting
program then determines the best-fit trajectory
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and rigidity. Further details of the payload con-
struction and performance may be found in Gold-
en et al.'

At float altitude, the negatively charged, Z =1
component is comprised of & and p mesons
created in the atmosphere, electrons (both at-
mospherically produced and galactic), and anti-
protons of atmospheric, and possibly galactic
origin. The basic recognition scheme is to study
the negatively charged particles which do not cas-
cade (thus eliminating electrons) or emit Cheren-
kov light (thus eliminating p and & mesons with
rigidities above -2.5 GV/c). In the region 4-15
GV/c, antiprotons should be the only surviving
particles. In addition, if the antiprotons are pre-

dominantly of galactic origin, then the data ob-
served in the 4-15-GV/c region should show the
geomagnetic cutoff in the region 4.5-5.5 GV/c.

The above considerations highlight the necessi-
ty of good MWPC resolution and extremely high
6-counter efficiency. The M%PC resolution is
shown in Fig. 1(a). The horizontal axis is the in-
verse of momentum/charge which we call mag-
netic deflection. The data in Fig. 1 were gath-
ered with use of atmospheric mesons in Pales-
tine prior to the flight. The magnet was off dur-
ing acquisition of the resolution data thus causing
the mesons to simulate particles of infinite rigidi-
ty. The median resolution is 0.0081 (GV/c) '
corresponding to a maximum detectable rigidity
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of 123 GV/c.
The efficiency of the G counter was also deter-

mined using atmospheric mesons prior to the
flight. Figures 1(b) and 1(c) show the muon de-
flection spectrum and the spectrum of the G-
counter-off muons measured at Palestine with the
magnet charged to flight current. The resulting
G-counter-inefficiency curve (i.e., fraction of
events with G counter off) is shown in Fig. 1 (d).

In order to search for antiprotons of galactic
origin, the following criteria were used: (1) At

least 5 MWPC, including at least 1 each of the
top, middle, and bottom pairs of the lVIWPC,

registered the location of a single particle and

that the reconstructed trajectory fitted the equa-
tions of motion with a y'& 50; (2) $1 and $2 indi-
cate that a Z =1 particle traversed the payload;
(8) the particles traverse the most sensitive por-
tion of the G counter; (4) G is off; (5) the parti-
cles traverse the shower counter without cascad-
ing.

Figure 2 shows the deflection distribution of
events satisfying the five selection criteria.
Events on the right of zero deflection are posi-
tively charged and those on the left are negative.
On the extreme left of the plot one would expect

and p mesons which have a Lorentz factor
below the threshold of 23.6. The smooth curve is
a folding of the G-counter-inefficiency curve and
the expected & and p fluxes as determined us-
ing the cross sections of Badhwar et al.' The
curve is normalized to the Qux in the —0.3- to
—0.5-(GV/c} ' region and agrees within 10%
with the expected rate based on the flux of pro-
tons observed on the right-hand portion of the
figure. The total number of & and p events ex-
pected between —0.18 and —0.08 (GV/c) ' is 5.0

Events to the right of 0.0 (GV/c) ' deflection
are predominantly G-counter-off protons. Note
that the geomagnetic field cuts off the proton flux
at &0.2 (GV/c} '. The smooth curve on the right
represents a folding of a power-law proton ener-
gy spectrum E~'", the G-counter-inefficiency
curve for protons (derived from the muon obser-
vations in Fig. 1) and the experiment resolution
function. Note that the spillover of the proton
data onto the negative-deflection side is expected
to contribute only 0.2 events from -0.18 to -0.08
(GV/c) '

Another source of negative-deflection events is
nuclear interactions in the mirror of the G count-
er which produce & mesons that traverse the
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lower portions of the experiment and satisfy our
selection criteria. Fortunately, the M%PC are
extremely efficient at recognizing multiple-par-
ticle events. This means that any mirror inter-
action must be caused by a nearly horizontal pro-
ton that produces one and only one large-angle,
high-energy & that traverses the experiment
geometry. Note that this background would be
relatively flat and extend to rigidities well below
geomagnetic cutoff. Badhwar et al. ' have con-
servatively estimated this flux to be less than
6.2 &10 ' of the proton flux thus contributing few-
er than 3.4 events in the —0.18- to -0.08-(GV/c) '
region. A cross check of the time-of-flight value
reveals only 4 events in the overlap region be-
tween up- and down-moving particles. A conser-
vative estimate results in 2.5 events being attrib-
utable to albedo protons. The combined &, p, ,
albedo, spillover, and mirror interaction proc-
esses lead to an expected 11.1 events from -0.18
to —0.08 (GV/c) ' whereas 46 events are ob-
served in this region. This is a 10.5-standard-
deviation excess. The excess appears in the |"-
counter-off data but not in the Q-counter-on data.
Thus the particles must be more massive than
-400 MeV/c'. Note that the excess shows a defi-
nite decrease near the geomagnetic cutoff. The
most straightforward explanation is that the ex-
cess events are a combination of atmospheric
and galactic antiprotons.

The flux of atmospherically produced P can be
calculated using the P production cross sections
of Badhwar et al. ' The expected background is
shown as the dashed curve in Fig. 2. It is nor-
malized with use of the cross sections, the num-
bers of incident high-energy protons, and the 5.4
g/cm' of matter above the experiment. The total
number of atmospheric P expected from -0.18 to
—0.08 (GV/c} ' is 6.5. K mesons are also pro-
duced in the atmosphere and the payload and
could pass our p selection criteria. However, at
5-10 GV/c virtually all atmospheric If have
decayed before reaching the payload. Payload-
produced K are estimated to be less than 10%
of the atmospheric P and have been neglected.
Thus the estimated number of galactic antiprotons
is 28.4. The P/p ratio is then estimated to be
(5.2 a 1.5) x10 ' for the interval -0.18 to -0.08

(GV/c) ' (i.e., 5.6 to 12.5 GV/c). As a final
test for possible systematic errors, the p /P ra-
tio was examined with more restrictive tests on
the number of good IVIWPC readoutsgo, f the
trajectory fit, and pulse height in the G counter.

No significant changes in the P/p ratio were found.
Badhwar et al. ' and Gaisser and Maurer' have

calculated the P /P ratio expected from production
of P by interactions of cosmic rays with the inter-
stellar medium. Badhwar et a/. predict a ratio
P'/p = 4 x10 ' in the region 5.6 to 12.5 GeV/c and
Gaisser and Maurer predict that Pjp will vary
from 10 ' at 5.6 GeV/c to -2 x10 ' at 12.5 GeV/c.
The Qaisser and Maurer predictions are based
on scaling theory whereas Badhwar et al. use an
empirically determined representation of meas-
ured cross sections (accurate to about 30%).
Both calcolations are based on the leaky-box
model and assume 5 g/cm' of interstellar ma-
terial are traversed by the primary cosmic rays.

The results presented here are consistent with
the predictions of Badhwar eg al. ' and with the
observational upper limits established by Badhwar
et al. ' The astrophysical implications of anti-
proton observations have been discussed by Stieg-
man, ' Badhwar eg al. j' and Qaisser and Levy. '
Given the P/p ratio reported here, it is reason-
able to infer that the antiproton lifetime is at
least comparable to the cosmic-ray storage time
(on the order of 10' yr) and that most of the mat-
ter traversed by high-energy cosmic rays is en-
countered after their acceleration.
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