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ABSTRACT
We have studied the low-energy antiprotons in the cosmic rays by utilizing data obtained by the

Balloon-borne Experiment with a Superconducting magnetic rigidity Spectrometer (BESS) Ñown in 1993
July from Lynn Lake, Manitoba, Canada. A detailed description of the event selection criteria and back-
ground corrections is given. Seven antiprotons are found that give an antiproton Ñux of 6.4~3.5`5.5
] 10~3(m2 sr s GeV)~1 and an antiproton/proton ratio of in the 200È600 MeV energy5.2~2.8`4.4] 10~6
range. These results are consistent with a secondary origin of low-energy cosmic-ray antiprotons within
our uncertainties, but they still require the precise measurement of the spectrum shape below 500 MeV
to clarify exactly the model of particle propagation and possible contributions from exotic sources.
Subject headings : balloons È cosmic rays È elementary particles

1. INTRODUCTION

The Ðrst reports of the detection of cosmic-ray anti-
protons were published in 1979 et al.(p6 Ïs) (Golden 1979 ;

et al. Shortly after these measurements,Bogomolov 1979).
Schindler, & Pennypacker measured anBu†ington, 1981

unexpectedly large Ñux in the few hundred MeV kineticp6
energy range. Subsequent measurements made at these low
energies (PBAR: et al. and et al.Ahlen 1988 Salamon 1990 ;
LEAP: et al. and et al.Streitmatter 1989 Stochaj 1990)
failed to verify this claim. Both of these follow-up experi-
ments were design to detect antiprotons Ñuxes near the level
measured by Buffington et al. The observed Ñuxes were
more than a decade below the Buffington et al. level and
were at or below the lower limit of sensitivity for these
instruments. Hence, these results were reported as upper
limits A new generation of experiments, designed(Fig. 1).
with greater sensitivity et al. et(Yoshimura 1995 ; Mitchell
al. are beginning to make more precise measurements1996),
at the low-energy range. These observations will help us
understand whether the antiproton components of the
cosmic rays can be understood within the framework of the
standard model of cosmic-ray propagation or whether
more exotic models of antiproton production are required
(see Here we provide extended details andGaisser 1990).
interpretation of the results et al. of the(Yoshimura 1995)
Ðrst Ñight of the Balloon-borne Experiment with a Super-
conducting magnet rigidity Spectrometer (BESS).

1 National Aeronautics and Space Administration, Goddard Space
Flight Center (NASA/GSFC), Greenbelt, MD 20771.

2 NAS/NRC Resident Research Associate, on leave from the Moscow
Engineering Physics Institute, Moscow, Russia.

3 University of Tokyo, Bunkyo-ku, Tokyo 113, Japan.
4 National Laboratory for High Energy Physics (KEK), Tsukuba,

Ibaraki, Japan.
5 New Mexico State University, Las Cruces, NM 88003.
6 Deceased.
7 Kobe University, Kobe, Hyogo, Japan.
8 The Institute of Space and Astronautical Science (ISAS), 3-3-3,

Yoshinodai, Sagamihara-shi, Kanagawa 229, Japan.
9 University of Maryland, College Park, MD 20742.

The motivation of the BESS experiment was to perform
observations that will further the understanding of the
origin of antiprotons in the galactic cosmic rays. Some
cosmic-ray antiprotons are secondary in nature, being pro-
duced in the collisions of primary cosmic-ray nuclei with
the interstellar medium. These are stored, withoutp6 Ïs
further interactions or annihilations, in the interstellar mag-
netic Ðelds just like their progenitors. The expected energyp6
spectrum and the antiproton/proton ratio have been(p6 /p)
calculated by several authors (see & GoldenStephens 1987
and references therein, also & Potgieter forWebber 1989)
various cosmic-ray propagation models. & Hein-Simon
bach calculated the interstellar antiproton Ñux in the(1996)
di†usive reacceleration model. & Shae†erGaisser (1992)
calculated the extrema for the These ratios have beenp6 /p.
modulated for conditions of solar maximum and minimum,
and they are shown in along with the availableFigure 1
low-energy range experimental results. Throughout this
paper, the solar modulation e†ects are calculated according
to & AxfordGleeson (1968).

Some of the early experimental results reported an excess
of over the number expected by secondary productionp6 Ïs
calculations. This excess suggested either an instrumental
problem or a source of ““ primary ÏÏ antimatter. Gamma-ray
observations placed a strict limit on the antimatter content
of our Galaxy and in the local clusters of galaxies out to 10
Mpc. Hence, antiprotons could not be a primary com-
ponent of the cosmic rays accelerated in our Galaxy

Several di†erent theories were advanced to(Steigman 1976).
explain the excess of antiprotons. These included exotic
processes such as the evaporation of primordial black holes
(e.g., see Wdowczyk, & WolfendaleKiraly, 1981 ; Turner

Mitsui, & Orito or the annihilation of1982 ; Maki, 1996)
supersymmetrical particles gravitationally bound to the
Galaxy (e.g., see & Srednicki & SteckerSilk 1984 ; Rudaz

& Kamionkowski et al.1988 ; Jungman 1994 ; Bottino
1995).

Over most energy ranges, the number of secondary anti-
protons dominate the number of produced by any of thep6 Ïs
exotic models. However, the phase space for a collisionally
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FIG. 1.ÈCurrent results in the low-energy antiproton/proton ratio
measurements : Ðlled triangle : et al. Ðlled squares : IMAXBu†ington (1981) ;

et al. Ðlled circle : BESS-93 et al. upper(Mitchell 1996) ; (Yoshimura 1995) ;
limits : LEAP et al. PBAR et al. BESS(Stochaj 1990) ; (Salamon 1990) ;

et al. Dashed lines : maximum and minimum, calculated(Yoshimura 1995).
by & Shae†er according to Leaky Box model and modu-Gaisser (1992)
lated for conditions of solar maximum and minimum.

produced below 1 GeV decreases extremely rapidly. Thisp6
leaves the region below 1 GeV as a potential ““ window ÏÏ in
which antiprotons from these exotic sources could be
detected against the ““ background ÏÏ of collisionally produc-
ed p6 Ïs.

The Ðrst Ñight of the BESS instrument was from Lynn
Lake, Manitoba, Canada, on 1993 July 26. The main goal of
this Ñight was to unambiguously identify antiprotons and
measure the Ñux in the energy range from 200 to 600p6
MeV. The initial results of this Ñight, based on the obser-
vation of four antiprotons in the energy range 300-500
MeV, were reported in et al.Yoshimura (1995).

In this paper we explore, in detail, an alternate analysis of
the antiproton data. Using this new approach, we have been
able to extend the range of the measurement up to 600p6
MeV. The sensitivity of this approach with respect to the
selection criteria is examined. Various possible sources of
background are considered as well. The experimental

details set forth in this paper will provide a template with
which the data from subsequent Ñights of this payload will
be analyzed.

2. BESS : BASIC STRUCTURE AND PRINCIPLE

OF OPERATION

The basic BESS instrument is a superconducting mag-
netic spectrometer that is used to determine the rigidity and
charge sign of high-energyÈcharged particles et(Yamamoto
al. The basic requirement of such an instrument is to1994).
provide statistically signiÐcant results during the limited-
duration balloon experiment. Given the expected secondary
Ñux, the experiment requires a geometrical factor close to 1
m2 sr.

Particles are identiÐed by measuring their mass. The
relationship m2\ R2Z2(1/b2[ 1) can easily be derived
from the relativistic relationships and the deÐnition of rigid-
ity as momentum per unit charge. BESS measures the parti-
cle rigidity, R, by reconstructing the particle track in the
instrumentÏs magnetic Ðeld by means of drift chambers. The
particle velocity b is determined by a time-of-Ñight (TOF)
measurement. The knowledge of particle charge, Z, comes
from ionization-loss measurements (DZ2) made in the TOF
scintillators. The ionization-loss measurements are also
helpful in identifying light subrelativistic particles. The par-
ticle charge sign is determined from the direction of the
trajectory and its deÑection.

To realize this large area solid angle product, a cylin-
drical geometry was chosen. Its collecting power is a factor
of 10È30 times that of previously Ñown balloon-borne mag-
netic spectrometers (MASS: et al. IMAX:Golden 1991 ;

et al. HEAT: et al. but itMitchell 1993 ; Tomash 1995),
obviously is more complicated. The basic structure of the
BESS spectrometer is shown in It consists of theFigure 2.
following detectors : the main drift chamber (JET), inner
drift chamber (IDC), the outer drift chamber (ODC), paddle
scintillation counters for triggering and TOF measurement,
and the superconducting solenoid. All of these detectors, as
well as microcomputers and other electronics, are enclosed
in an aluminum cylindrical hermeticÈpressurized vessel 1.5
m diameter and 3.2 m in length. Its 2 mm thick walls
contain the pressure to maintain normal atmospheric con-
ditions for the instrument during Ñight. The batteries are
situated outside the vessel. The total weight is about 2100
kg, and the power consumption is about 1200 W. This con-

FIG. 2.ÈBasic structure of BESS



No. 1, 1997 COSMIC-RAY ANTIPROTON FLUX 481

Ðguration provides an instrument geometrical factor
G\ 0.4^ 0.03 m2 sr. At low energy, G decreases slightly,
and this e†ect (D5%) is included in its uncertainty.

2.1. Detectors and Parts
2.1.1. Superconducting Solenoidal Magnet

The superconducting solenoidal magnet is the central
core component of the rigidity spectrometer et(Yamamoto
al. et al. It consists of a 1 m diameter1988 ; Makida 1992).
and 1 m long, 3368 turn solenoidal coil made from four
layers of 1.2 mm thick NbTi/Cu/Al wire laid on the inner
surface of the aluminum support cylinder and installed
inside a double-shielded thermal cryostat. The coil is indi-
rectly cooled by liquid helium from a Dewar with 150 liters
capacity, sufficient to keep the magnet cold for 6 days. A
magnetic Ðeld of about 1 T is generated inside the 0.8 m
diameter and 1 m long solenoid when the magnet is charged
with 430 A. The Ðeld uniformity is about 15%. The total
weight of magnet with helium is 430 kg.

2.1.2. JET Chamber

The JET is a cylindrical drift chamber with achamber10
total tracking volume of 0.754 m in diameter by 1 m in
length. It is located in the bore of the magnet solenoid and
provides the high-resolution particle tracking through the
magnetic Ðeld ; in combination with the magnetic Ðeld, it
forms the rigidity spectrometer. The chamber volume is
divided into four sections by vertical cathode planes formed
by one hundred 200 km diameter aluminum wires mounted
with 6.7 mm pitch. The sense wire plane bisecting each
section is made up of 20 km gold-plated tungsten-rhenium
sense wires and 200 km gold-plated aluminum potential
wires laid out alternatively with 6.7 mm pitch. The sense
wires are slightly alternatively shifted (dx \ ^ 0.5 mm)
with respect to the potential wire plane in order to resolve
the right-left ambiguity inherent in the drift chamber tech-
nique. The coordinate of the track is determined by measur-
ing the time it takes for the electrons, produced by the
passage of the energetic ionizing charged particle, to drift
from the particle track to the closest sense wire. This time is
determined by the distance between the sense wire and the
track. Since we know precisely the map of sense wires posi-
tions, we can determine on which side of the potential wire
plane the particle passed. The gas mixture 90% CO2 ]
10% Ar was used because of its relatively low (about 7 mm
ks~1) drift velocity, thus allowing drift times (and thereby
the ““ x ÏÏ positions) to be measured with better precision.
This mixture is also suitable for Ðlling the entire gondola
interior, eliminating the risk of gas leaks into or out of the
JET chamber volume. The total weight of the JET chamber
is 60 kg.

The positions of the particle track are measured in three
dimensions. In the bending plane (x, y), where the most
precise measurement is required, a series of points (one from
each sense wire) along the track in the bending direction is
obtained by measuring the drift time. Along the z-axis of the
chamber, the position is determined by measuring the
charge collected on both ends of each resistive sense wire ;
the z-coordinate is determined from the ratio of signals at
the two ends.

Operating with 28.5 MHz Ñash analog-to-digital con-
verters, the ampliÐed pulse from each sense wire is read out.

10 Named for its ability to see ““ jets ÏÏ from interactions in colliding-
beam experiments.

Each output contains information about charge, timing,
and pulse shape. The high sampling frequency allows multi-
ple ““ hits ÏÏ to be identiÐed and separately analyzed. There
are 24 measurements in the x-y plane and 16 (in two central
cells) or 8 (in two outer cells) measurements along the
chamber axis z. This information allows complicated events
with interactions as well as multiple-track events to be
reconstructed.

The average spatial resolution in the bending plane is
about 200 km. The resolution along the chamber is about
2.5 cm. The momentum resolution at 1 GV is 0.5%, corre-
sponding to a maximum detectable rigidity (MDR) of 200
GV.

2.1.3. IDC and ODC

The cell-type double layer inner and outer drift chambers
(called IDC and ODC, respectively) are located just inside
(the IDC) and outside (the ODC) the magnet solenoid. The
IDC (ODC) is 1.06 (1.18) m long and 36 (44) mm thick,
situated on a mean radius 402 (616) mm. The design of both
chambers is similar. Each chamber has two layers that are
each 12 mm thick. The sense and Ðeld wires are alternately
laid with 44.6È48.9 mm pitch (they di†er for each cell and
layer) in the center of each layer, creating 50 mm wide cells.
The fast on-line estimation of the track coordinate, which
has about 50 mm resolution, is taken from the position of
the hit sense wire (or of the appropriate cell number). The
cells of the IDCs and ODCs, by themselves, form a low-
resolution rigidity-measuring device that is analyzed in real
time to preferentially select negative curvature events while
sampling the much higher abundance positive curvature
events in a scheme to be described in detail below.

The average IDC and ODC resolution in the bending
plane is also 200 km. The position along a chamber (z-
coordinate) is determined by measuring the charge induced
on vernier pads surrounding each sense wire. The resolution
in this coordinate is estimated to be 350 km.

2.1.4. Scintillation Paddle System

The signals from the scintillator paddles are used for
three di†erent purposes : fast (Ðrst-level) trigger, TOF mea-
surement, and energy-deposit measurement. There are two
sets of scintillation counters that are situated just on the
outer surface of the ODC at a radius of 65 cm. The upper
one is divided into four paddles, the lower one into six
paddles, each 110] 20 ] 2 cm3. The amplitudes of the light
pulses are measured by photomultiplier tubes (PMTs)
located at both ends of each paddle ; they determine the
position of the particle along the paddle length. Each
paddle has a light-emitting diode (LED) for calibration.
Because of the high magnetic Ðeld (about 1.8 kG at photo-
tube locations) 19-stage Hamamatsu tubes H2611SXA,
which are tolerant to operation in high magnetic Ðelds, are
used. They are mounted with their axes aligned within 15¡
of the local magnetic Ñux lines.

For creating a Ðrst-level trigger (T0), the pulses are taken
from the 19th dynode of the paddle phototubes. There are
two di†erent thresholds for this trigger : the low one accepts
the most charged particles, including minimum ionizing
particles, and the higher one accepts all higher charges. For
timing measurement, the T0 pulse is taken as ““ start,ÏÏ and
the signal from the phototubeÏs anode is taken as ““ stop.ÏÏ
The time resolution obtained from the Ñight data is about
300 ps. The pulse from the 18th dynode is analyzed to
measure dE/dx.
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2.2. T riggering
Because of the high Ñux of protons, BESS has a complex

triggering scheme The objective is to have high(Fig. 3).
efficiency for antiprotons and antihelium while obtaining a
clean, well-understood sample of proton and helium events.
There are two levels of trigger. The ““ fast trigger,ÏÏ men-
tioned above, has three modes (““ T0 low ÏÏ for all charged
particles, ““ T0 high ÏÏ for heavier nuclei, especially helium,
and ““ T0 gamma ÏÏ to look for gamma-ray events). The ““ T0
gamma ÏÏ trigger was sampled at 1/256 because of its high
rate. This trigger is background dominated and will not be
discussed here.

The ““ track trigger ÏÏ (TT) creates a ““ selected ÏÏ sample of
events by doing two operations : cleaning the data sample
by accepting only eight predeÐned types of events based on
a number of hits in the drift chambers (hit-pattern selection)
and, after that, preferentially selecting negative curvature
events (rigidity selection). Both of these selections operate
by using the ODC and IDC to make a rough estimate of the
location and conÐguration of the track in the JET chamber.
The most possible conÐgurations of hit ODC (IDC) cell
patterns are stored in 2 Mbyte ROM, and the on-board
processing compares these eight patterns to each event. The
hit-pattern selection removes most of the shower and empty
JET events. The events that pass this selection undergo the
rigidity selection. An on-line estimate of deÑection is made
using a look-up table based on the ODC and IDC cells that
were hit. TT is generated only if this deÑection is more
negative than the preset (adjustable) threshold that is
assigned to that particular hit pattern (stored in ROM). The
TT selection is designed to accept as many clear events with
negative curvatures as possible. This data set is recorded on
board and contains the antiproton events. The curvature

FIG. 3.ÈTriggering logic

thresholds of accepted deÑections are adjusted to allow the
highest acceptable trigger rate that will not exceed the avail-
able capacity of the data recorder (about 100 Hz).

The outputs from TT and from T0 are combined by
““ trigger logic.ÏÏ The resulting signal and T0 signal are put
into countdown circuit (CD), creating a 12 bit master
trigger signal. The CD allows a fraction of T0 triggers to
bypass all other selections and to create a so-called
““ unbiased countdown ÏÏ sample. The low-threshold output
of T0 is sampled by CD at 1/140 (mostly protons), and the
higher threshold at 1/40 (enriched by helium and heavier
nuclei). This sample gives a direct measurement of the inci-
dent charged particle Ñux and serves to check the operation
of the trigger system.

3. FLIGHT

BESS was successfully launched by a balloon from Lynn
Lake, Manitoba, Canada, on 1993 July 26 et al.(Anraku

The Ñoat altitude was 36.5 km, and the residual1994).
atmosphere was about 5 g cm~2. The total Ñight duration
was 17 hr, the scientiÐc data were taken for 13 hr, and the
total data aquisition time was 11.77 hr. After correction for
an instrument dead time, the total live time was 8.61 hr.TliveDuring the Ñight, 3.6 million events were recorded. After
termination, the instrument was recovered successfully
without damage. The latitude varied from 56¡48@ north to
57¡52@ north, and longitude from 101¡25@ west to 117¡30@
west ; the corresponding geomagnetic cuto† was 0.34È0.43
GV.

4. FLIGHT DATA ANALYSIS

4.1. Rigidity Measurement
The particle curvature, R~1, is determined directly by the

drift chambers using the coordinate information from JET
and IDC chambers and a circular Ðtting routine. These drift
chambers are sampled continuously, and the data set may
contain multiple hits from one or more track(s) in the cham-
bers. Only hits having appropriate amplitude of signal par-
ticipate in the track reconstruction. To Ðnd hits associated
with a track, a track is assumed, and all hits within 1 mm
(¹5 p) are included in the reconstruction. The Ðtting is
repeated several times, adding or discarding points depend-
ing on their position relative to the Ðtted track. The
resulting value of rigidity, R, is corrected for the nonuni-
formity of the magnetic Ðeld. This procedure gives an accu-
racy for the rigidity determination as *R/R\ 0.005

Finally, the rigidity is corrected for the angle ofGV~1R.11
the track in the orthogonal to the bending plane (y, z). The
Ðtted trajectory determines the path length ; dividing path
length by measured TOF determines the particle velocity.

4.2. Event Selections
To reduce the data set to a manageable size, a data

summary tape (DST) is prepared for scientiÐc analysis. It
contains all necessary information for each event : triggering
information, TOF data (timing and charges for each
counter), JET data (numbers and qualitative characteristics
of hits, parameters of Ðtted track), IDC and ODC data, and
combined track data (Ðtted rigidity, curvature character-
istics, s2 values for the curvature Ðts, dE/dx for each detec-
tor, / dlB along track, path length, and reconstructed

11 The curvature uncertainty distribution has a non-Gaussian tail
important for high energy spectral measurements et al. but not(Seo 1996)
important for this analysis.
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particle mass). The DST contains 3,635,139 events in total,
including 517,148 T0 low CD events. To Ðnd the events that
have clear, reliable, and easily recognizable characteristics,
the following selections are applied during ground-based
analysis :

1. Events should have one track in the JET chamber and
one hit in each TOF counter.

2. At least one hit in each of the upper two and lower two
layers of IDCs must have been used in the track Ðtting.

3. The number of JET hits used for Ðtting in the bending
plane should be º11, and in the orthogonal plane º5.

4. There should be ¹20 extra hits in the JET chamber
not associated with the Ðtted track.

5. In a plane of bending, the of the Ðt should besreduced2
less than 4, and in the orthogonal plane along the chamber,
it should be less than 3.5.

6. The reconstructed track should pass less than 500 mm
in the z-direction from the center of TOF paddles.

7. The position along the chamber (z-coordinate) deter-
mined by the left-right time di†erence from TOF counters
should be not more than 80 mm from the same coordinate
of the reconstructed track position.

8. The ratio of the pulse heights from the left and right
PMTs should be consistent with the z-coordinate of the
reconstructed track.

These criteria are highly e†ective in removing multiple-
particle events and those without a clear track in the JET
chamber.

The hit-pattern selection criteria used on board the
payload (described in above) were applied on the° 2.2
ground to the CD sample in order to assure that all
analyzed events pass the same selections. The only di†er-
ence between TT and CD samples after applying these cuts
is connected with the ““ rigidity selection.ÏÏ Let us recall that
this selection was applied to the TT sample on board the
payload in order to capture the negative curvature events.
The e†ect of the rigidity selection will be described later.

In total, 1,580,030 events, including 72,144 events from
the T0 low CD sample, passed through all the mentioned
cuts, and they form the data set for further analysis.

4.3. Proton and Antiproton Selection
The next step in the data analysis was to Ðnd the criteria

to be applied to the data set in order to Ðnd clearly identi-
Ðed antiproton events well separated from other negative
particles (e~, k~, n~). In order to assure conÐdence in the
antiproton identiÐcation, selections used during the initial
BESS-93 data analysis et al. were rather(Yoshimura 1995)
strict. Now conÐdent in this identiÐcation, we relax these
selections in order to improve the statistics and extend the
energy range up to 600 MeV.

The steps of our data analysis are as follows : Ðrst, all
upward-moving particles are eliminated in order to prevent
a proton from imitating an antiproton. The resolution of
the TOF (b~1) measurement was obtainedpTOF \ 0.065
from the Ñight data negative curvature events distribution
(mostly relativistic) and agrees with estimates from the TOF
timing resolution. If we compare upward- and downward-
moving particles having 1/b \ 1, they will be separated by
about which gives a strong conÐdence in the deter-30pTOF ,
mination of the particle Ñight direction.

The next step involves selecting singly charged particles
by using the pulse-height information from the TOF scintil-

lators (proportional to the particle ionization energy loss).
We remove particles with Zº 2 very easily by setting the
rigidity-dependent upper limit for energy losses (dE/dx) in
the scintillator using the dE/dx versus curvature R~1 plot

We also remove light particles at low rigidity by(Fig. 4).
requiring dE/dx to exceed the minimum level for this value.
This operation keeps about 95% of the detected protons
and antiprotons while removing light and heavy particles. A
search for antihelium is the subject of a separate study.

The application of these simple selections is sufficient for
the clear identiÐcation of antiprotons as shown in Figure

all events before dE/dx selection, and in after5a, Figure 5b,
this selection. We choose the variables (1/R2, 1/b2) because
particles of a given mass all lie on a straight line of slope
m2/Z2 passing through the point (0, 1). We assign the nega-
tive sign for the square curvature of events having the nega-
tive sign of their trajectory curvature. We clearly see a wide
proton line, some heavier residual nuclei, and positive light
particles on the right side of the plot. We see a cloud of high
rigidity, 1/b \ 1 negative particles on the left side of the
plot. Above this cloud, we see seven events marked by stars
that form a straight line where the antiprotons are expected
to lie. All of them lie well above the line labeled 5 p. This line
is from the response for relativistic light particles (n~,5pTOFk~, e~) and is used as our antiproton acceptance criterion.
There are no background events that lie o† the antiproton
line. We can use these seven events to determine the value
(0.95^ 0.06) GeV for their mass. It agrees very well with the
antiproton mass.

Each of these seven events were checked in detail to look
for anything unusual or ambiguous about the track. All
candidates demonstrated perfect tracks.

The mismeasured curvature of a track with good s2
cannot be responsible for these events. The minimum curva-
ture for our antiprotons is about 330 p in rigidity from the
corresponding velocity proton. To explore the probability
that some kind of scattering (Coulomb or nuclear) could
simulate the incorrect curvature, we carried out extensive
Monte Carlo simulations. Approximately 106 proton events
in the energy range of interest passed the BESS T0 trigger.

FIG. 4.ÈIonization energy loss in scintillator (dE/dx) vs. curvature with
albedo removed. Lines correspond to the dE/dx selection criteria.
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FIG. 5.ÈInverse-square beta vs. square curvature with albedo
removed : (a) before dE/dx selection ; (b) after dE/dx selection. The seven
antiproton events marked by stars are clearly seen lying along the straight
dotted line corresponding to the proton mass. The dashed lines correspond
to deviation from the square proton mass.1p

m2

In a simulation with 107 events, none produced negative
curvature and none passed our selection criteria for anti-
protons. Furthermore, we can split the JET chamber into
two halves horizontally (in the y-direction), determine two
curvatures for each event, and compare them. Within
errors, all seven pairs agree with each other, and agree with
the originally determined curvatures using the full chamber.
We conclude that none of these events is due to a positively
charged particle with a mismeasured curvature.

The most likely fake antiproton is a light particle with a
large value of 1/b. We can estimate the expected number of
light relativistic negative particles that may pass the dE/dx
selection and that have 1/b larger than (1 ] 5pTOF),

TABLE 1

BACKGROUND FROM LIGHT NEGATIVE PARTICLES

Rigidty Number of Expected Number of
(GV/c) N~a Antiprotons Fake Antiptotons

0.75È1.0 . . . . . . 346 5 0.0001
1.0È1.25 . . . . . . 1028 2 0.0003
1.25È1.5 . . . . . . 1585 0 0.0005

a Number of negative events after dE/dx cuts.

assuming a Gaussian b~1 error distribution. This number is
equal to 2.9 ] 10~7N~, where N~ is a total number of
negative light particles (e~, k~, n~) in a given energy bin ;
2.9] 10~7 corresponds to half the Gaussian probability for
a Ñuctuation. The estimation of background condi-5pTOFtions due to this e†ect is presented inTable 1.

We have high conÐdence that these events are all anti-
protons. All the events have measured square mass that
deviates within 1 p of the antiproton square mass. The p
comes from the uncertainties in b and R, and obtained from
the Ñight data.

We determine the number of detected protons over the
same energy range by using the same selection criteria. For
this, we use the T0 low CD sample, applying the same
dE/dx and selections. The numbers of events in each5pTOFstep of data analysis are given in The numbersTable 2.
obtained from the T0 low CD sample must be multiplied by
the factor 140 in order to account for the sampling
described earlier. The numbers are given in in theTable 3
column labeled along with the efficiencies, thatN

p,obs, vcut,account for the dE/dx and selections. These same5pTOFefficiencies applied to antiprotons.

4.4. Determination of Fluxes
In order to obtain Ñuxes, we need to understand the

instrumental and data analysis efficiencies, as well as the
corrections for the overlying atmosphere. Some of effi-
ciencies were calculated from Ñight data, and some from
Monte Carlo simulations. To do these simulations, the
GEANT-3.21 code was used. GEANT normally uses the
GHEISHA code to do the simulation of the hadronic
showers. We found that GHEISHA is not correct for the
simulation of hadronic interactions of low-energy anti-
protons (below about 1 GeV), and so, in place of its cross
sections, we put the new experimental cross sections of the
antiproton-nuclei inelastic hadronic interaction (Nakamura
et al. and Lepikhin, & Smirnitsky in1984 Kuzichev, 1994)
the energy range 100È800 MeV and used this modiÐed
GEANT/GHEISHA code for simulation of the instrument
response. With this improvement, the code reproduces
experimental results and simulates more precisely the point
of hadronic interaction, but it does not change the original

TABLE 2

NUMBER OF EVENTS IN EACH STEP OF DATA ANALYSIS

Step Total T0 Low CD

Passed instrument . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D108 . . .
Recorded . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3,635,139 517,148
Passed selections described in 4.2, all energies . . . . . . . . . . 1,580,030 72,144
Passed dE/dx (proton band), all energies . . . . . . . . . . . . . . . . 752,658 47,286
Passed dE/dx and 5 pTOF, all energies . . . . . . . . . . . . . . . . . . . 117,636 11,432
The same, but in the 200È600 MeV energy range . . . . . . 103,373 10,384a
The same, but only negative curvatures (p6 ) . . . . . . . . . . . . . 7 . . .

a 10,384] 140 is the total number of protons inN
p,obs Table 3.
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TABLE 3

SUMMARY OF OBSERVED NUMBERS AND EFFICIENCIES

ENERGY ANTIPROTON AND ANTIPROTON FACTORS PROTON FACTORS

CORRECTED FOR PROTON FACTORS AND NUMBERS AND NUMBERS

TOA
(MeV) vdet vcut N

Å,obs v6 air vrig vannih N
p,obs vair kair

200È250 . . . . . . . . 0.26 0.96 0 0.85 1.0 0.74 203,420 0.95 0.78
250È300 . . . . . . . . 0.27 0.95 0 0.86 1.0 0.78 214,760 0.94 0.83
300È350 . . . . . . . . 0.29 0.95 1 0.87 0.99 0.81 231,420 0.94 0.91
350È400 . . . . . . . . 0.30 0.94 0 0.88 0.99 0.83 241,780 0.93 0.91
400È450 . . . . . . . . 0.31 0.88 4 0.88 0.99 0.85 209,020 0.93 0.92
450È500 . . . . . . . . 0.31 0.74 1 0.89 0.99 0.87 183,680 0.93 0.93
500È550 . . . . . . . . 0.31 0.46 1 0.89 0.98 0.88 108,220 0.94 0.93
550È600 . . . . . . . . 0.31 0.27 0 0.89 0.97 0.89 61,460 0.94 0.93
Errora . . . . . . . . . . 0.03 0.02 . . . 0.08 0.02 0.07 . . . 0.06 0.10

a These uncertainties apply to all the numbers in the column above.

GEANT/GHEISHA method for the simulation of second-
ary particle production. The probability of antiproton-
nuclei inelastic hadronic interactions simulated by this
modiÐed code are about a factor of 2 lower than simulated
by the original GHEISHA (see Appendix for more detail).

4.4.1. Instrumental and Data Analysis Efficiencies

We need to know the efficiencies with which both protons
and antiprotons passing through the active volume of the
detector are registered. We combine all the o†-line selec-
tionsÏ efficiencies, described in in one value, assumed° 4.2,
to be the same for both protons and antiprotons and(vdet),give them in These efficiencies include the hit-Table 3.
pattern selection efficiency applied on-line to the TT data
and o†-line to the CD sample. These efficiencies are
obtained from raw data. A proton sample is selected using
nonrestrictive dE/dx cuts in the scintillator pulse heights.
Efficiencies are obtained from the number of events sur-
viving after each selection. We assume that all proton events
with hadronic interactions in the instrument were elimi-
nated by one of the applied selections. It could be by the one
track requirement selection, when an extra track (or tracks)
was produced by a secondary particle, or by the total
number of JET hits, or by the s2 selection that rejects cases
of elastic scattering. Thus, the loss of protons due to
hadronic interactions is accounted for in the We canvdet.apply the same to antiprotons, but this will not accountvdetfor antiproton annihilation reactions. We have to add one
more factor, to account for the additional reactionsvannih,that remove antiprotons. This is most important at the low
energies we are exploring here. To determine this factor, the
passage of both protons and antiprotons through the
instrument was simulated by the GEANT/GHEISHA
Monte Carlo code modiÐed according to the Appendix. The
exact conÐguration of the BESS payload was put into
GEANT with all real thicknesses and They arematerials.12
as follows :

Pressurized vessel.È0.5 g cm~2 (Al).
Gas.È0.3 g cm~2 (CO2).T OF.ÈTwo counters with 2.2 g cm~2 each (94% scintil-

lator, 6% Al).
ODC.ÈTwo chambers with 0.76 g cm~2 each (29% Al,

36% epoxy, 17% copper, 18% Mylar).

12 The code also includes all the structure, batteries, and other matter
below and around the active detector described here. They are all located
outside the projected Ðeld of view of the instrument.

Cryostat with magnet coil.ÈUpper and lower part of
cylinder with 4.5 g cm~2 each (55% Al, 4% Mylar, 41%
Nb/Ti/Al/Cu/Mylar conductor).

IDC.ÈTwo chambers with 0.9 g cm~2 each (30% Al,
31% epoxy, 15% copper, 24% Mylar).

JET .È0.13 g cm~2 (20% epoxy, 25% copper, 55%
Mylar).

The total thickness traversed by a normal incident parti-
cle to trigger the instrument is 17.8 g cm~2.

An isotropic beam incident on the instrument was simu-
lated. The probabilities of the particle passing throughvhadrthe instrument without hadronic interaction were calcu-
lated separately for protons and antiprotons according to
the formula

vhadr(E)\ 1 [
CNhadr(E) ] Nsec(E)

N&(E)
D

,

where is the total number of particles that passedN&through the instrument aperture, is the number ofNhadrevents with inelastic hadronic interactions that occurred in
the instrument above the bottom TOF (including this detec-
tor itself), and is the number of events in which aNsechadronic interaction occurred below the bottom TOF, and
at least one upward-moving charged secondary passed
through the TOF or any drift chamber.

All GEANT interactions were ““ ON ÏÏ during simulations.
The energy-dependent factor, in is deter-vannih Table 3,
mined as a probability for an antiproton to pass through
the instrument (from the top to bottom TOF counter)
without hadronic interaction, with the condition that there
is no secondary or other detected particle in the BESS
detectors from an interaction below the bottom TOF
counter, divided by the same probability for protons (as
calculated above). It is assumed that all cases of elastic
hadronic interaction are removed by the s2 cut.

Uncertainties in the cross sections used for modeling the
low-energy hadronic interactions are included in the uncer-
tainties in this factor. We see that BESS is sensitive to the
low-energy antiprotons above 200 MeV. The sensitivity,

falls quickly at lower energies, where particles stop invannih,the instrument itself.
Some events that undergo an inelastic hadronic inter-

action inside BESS will pass our cuts. To simulate this, we
need to know precisely the kinematics and multiplicities of
secondary particle production, their identity and spectra.
The required double di†erential cross sections are not avail-
able for antiprotons in the energy range of our interest. To
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simulate the production of secondaries, we used the original
GEANT/GHEISHA; we must use these results with
caution. Our assumption that all inelastic hadronic inter-
actions are rejected means that we actually underestimate

and overestimate the resulting antiproton Ñux. Thevannihexact result can be obtained only after calibrating BESS in
an antiproton beam. This is included in a plan of our future
activity.

Let us recall that antiprotons are taken from TT data
where the rigidity selection was applied on board. We need
to calculate the efficiency of this selection. To obtain it, we
apply o†-line the same selection to the CD data. The
look-up table of the event deÑection is identical to the table
used in Ñight. These efficiencies are given in in theTable 3
column The protons are taken directly from CD data,vrig.and so no rigidity selection correction is necessary.

4.4.2. Correction for Overlying Atmosphere

We also correct the Ñuxes for the inelastic hadronic inter-
actions in the atmosphere. We correct for ionization loss in
the matter in and above the instrument, and we bin par-
ticles according to their energy at the top of atmosphere
(TOA). The amount of residual atmosphere was taken to be
5.0^ 0.2 g cm~2.

The probabilities of protons and antiprotons surviving
after passing the residual atmosphere were calculated using
the GEANT code. They are presented in under theTable 3
labels and respectively. All protons and antiprotonsvair v6 air,that undergo inelastic hadronic interactions in the simu-
lated atmosphere are assumed to go undetected.

We also need to know the contribution to the proton and
antiproton Ñuxes due to secondary production in the atmo-
sphere. These calculations have been made by Papini,
Grimani, & Stephens for protons and by(1993) Stephens

Roster, & Simon and(1993), Pfeifer, (1996), Mitsui (1996)
for antiprotons. The primary proton Ñux used in the two
latter papers is very similar, and the derived secondary anti-
proton Ñuxes are in a good agreement. The correction
factor for secondary proton production, was retrievedkair,from et al. and adjusted for the solar modula-Papini (1993)
tion for the Ñight date. The we used are shown inkair(E)
Table 3.

The expected number of atmospheric antiprotons N
Å,atmincident on BESS was estimated according to et al.Pfeifer

to be 7.0 ^ 2.5 antiprotons in the energy range from(1996)
200 to 600 MeV. Note that only about 20% of these would
be detected because of overall detection efficiency.

4.4.3. T he Antiproton Flux and Antiproton/Proton Ratio

Now we know all of the efficiencies and correction factors
in order to determine the antiproton Ñux and the
antiproton/proton ratio. Combining all efficiencies and cor-
rections from as well as corrections for the anti-Table 3,
proton production in the atmosphere, we calculateN

Å,atm,
the numbers of protons and antiprotonsN

p
TOA(E) N

Å
TOA(E)

at the TOA according to the formulas

N
p
TOA(E) \ kair(E)N

p,obs(E)
vair(E)vdet(E)vcut(E)

,

N
Å
TOA(E)

\ 1
v6 air(E)

C N
Å,obs(E)

vrig(E)vdet(E)vannih(E)vcut(E)
[ N

Å,atm(E)
D

.

We have combined all energy bins to improve the anti-
proton statistics. We realize that by doing this we increase
the uncertainty due to possible energy dependence of the
antiproton Ñux in this energy range. The antiproton Ñux is
given by

F
Å
(200È600 MeV)\ 1

TliveG*E
;
all E

N
Å
TOA(E) ,

where is the live time, G is the geometrical factor, *E isTliveour energy range corrected to the TOA. The Ñux is 6.4~3.5`5.5
sr s GeV)~1.] 10~3(m2

The antiproton/proton ratio is calculated from

R
Å@p(200È600 MeV)\ ;

all E
N

Å
TOA(E)/ ;

all E
N

p
TOA(E) ,

and has a value of 5.2~2.8`4.4 ] 10~6.
The detailed Monte Carlo studies mentioned above show

that, even though BESS has about 20 g cm~2 of material in
the active part of the detector, K~ mesons produced by
interactions are rejected efficiently by the multiple-particle
tracking capability. We estimate that the ratio of the locally
produced K~ mesons to the protons for the BESS energy
range is (2È3)] 10~7, so this background is certainly negli-
gible.

5. DISCUSSION

We believe we have carried out a very difficult task,
namely, that of Ðnding a measurable signal of antiprotons
in a ““ background ÏÏ of positively charged particles 106 times
as abundant, and of lighter negatively charged particles 104
times as abundant. Our result is consistent with current
calculations without assuming any exotic source. Figure 6
shows our antiproton Ñux, along with the recent results in

FIG. 6.ÈAntiproton Ñux obtained in this work ( Ðlled circle) and by
IMAX (open diamonds). The maximum and minimum antiproton spectra
as calculated by & Shae†er according to the Leaky BoxGaisser (1992)
model (LB, thick solid line) and as calculated by according toMitsui (1996)
DR model (DR, solid line). The dot-dashed line is the atmospheric anti-
proton background as calculated by et al. Dotted line : shapePfeifer (1996).
of antiproton spectrum produced due to dark matter particles annihilation
according to et al. dashed line : shape of spectrum producedBottino (1995) ;
due to PBH evaporation as given by et al. All calculatedMaki (1996).
spectra are modulated for the BESS-93 Ñight date.
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the low-energy region obtained by the IMAX group
et al. We show both results in one plot,(Mitchell 1996).

without any correction for di†erent solar modulation ; the
estimated di†erence in the antiproton Ñux due to modula-
tion is less than 10%. Both of these measurements are con-
sistent with the range of antiproton Ñux allowed by the
calculation of & Shae†er and modulated forGaisser (1992)
the BESS-93 Ñight date. The range is partially due to the
di†erence in the assumed proton Ñux. The proton Ñux
obtained in this experiment et al. is closer to the(Seo 1995)
proton Ñux that gave the minimum antiproton Ñux in these
calculations. These calculations were done assuming a
simple Leaky Box (LB) model of galactic cosmic-ray propa-
gation (an equilibrium model with sources evenly distrib-
uted in space). All cosmic rays are assumed to wander
throughout our Galaxy, scattering o† the magnetic irregu-
larities and undergoing interactions with interstellar matter.
There is some probability of their leaving the system (of
order 1/1000) on an encounter with the border. In this
model, antiprotons are secondary and produced in the
cosmic rayÈinterstellar matter nuclear interactions. Mitsui

calculated the expected Ñux in the three-dimensional(1996)
di†usive reacceleration (DR) model & Simon(Heinbach

which includes the e†ects of additional acceleration1995),
(or reacceleration) in encounters with turbulent magnetic
Ðelds in the interstellar medium. For his calculations,

used the proton Ñux from et al.Mitsui (1996) Seo (1991),
which is approximately the same as the proton Ñux mea-
sured in this experiment et al. The results he(Seo 1995).
obtained are consistent with our measured antiproton Ñux.
To use antiproton measurements in order to determine
whether the LB model can be di†erentiated from a more
sophisticated DR model will require measurements with
much better statistical precision (of order 5% for lower than
500 MeV antiprotons).

There is a signiÐcant di†erence with the results of
et al. for the 130È320 MeV energy range.Bu†ington (1981)

Our lowest energy-detected antiproton has an energy of 330
MeV, and we obtain an antiproton/proton ratio upper limit
from our data in the energy range of overlap with

et al. (200È300 MeV) as 1.3] 10~5 (95%Bu†ington (1981)
conÐdence level).

Antiprotons could also be produced in some exotic pro-
cesses such as by the evaporation of primordial black holes
(PBH) or by the annihilation or decay of dark matterÈfor
example, a supersymmetric particle like neutralino. These
processes produce an almost energy-independent
antiproton-to-proton ratio down to very low energy ; con-

ceivably, the Ñux of antiprotons from these processes may
dominate below 500 MeV. The ranges of expected modu-
lated contributions from these models to the antiproton Ñux
(taken from et al. for PBH and from etMaki 1996 Bottino
al. for dark matter) are shown in One can see1995 Figure 6.
that the puzzle of the low-energy antiproton origin is still
not solved, and a precise measurement of the shape of the
antiproton spectrum in the low-energy region is needed to
help solve it.

In the assumption that all the antiproton Ñux with energy
less than 300 MeV is produced by PBH evaporation within
3È5 kpc, et al. estimate the upper limit for theMaki (1996)
rate of PBH evaporation in the solar vicinity to be
1.7] 10~2 pc~3 yr~1. Also, we show here for comparison
the Ñux of secondary antiprotons produced in 5 g cm~2 of
air as given by et al. Their calculation wasPfeifer (1996).
based on a Ñux of protons essentially the same as that mea-
sured in this experiment et al. We used these(Seo 1995).
results for our secondary antiproton correction.

This experiment has detected antiprotons below 600
MeV and has made the Ðrst high-sensitivity peek into a
window where evidence for exotic antimatter sources might
be found. Subsequent BESS Ñights will make use of analysis
techniques described here, in order to obtain much higher
statistics measurements. At least 4 times as many anti-
protons have already been found, and we hope to double
that number again with a Ñight in the summer of 1996.
Charge-sign dependence of solar modulation will be studied
with Ñights over several years at solar minimum and
beyond.
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APPENDIX

CALCULATION OF HADRONIC INTERACTION PROBABILITY WITH NEW EXPERIMENTAL
CROSS SECTIONS

Following the deÐnitions in the GHEISHA manual we identify the elastic hadronic interaction only with(Fesefeldt 1985),
the coherent elastic interaction. We combine the coherent inelastic, incoherent elastic, and incoherent inelastic in the total
inelastic (absorption) hadronic interaction, which includes the annihilation process. The total inelastic cross sections for
antiprotons were measured by et al. and by et al. et al. claimed theNakamura (1984) Kuzichev (1994). Kuzichev (1994)
measurement of the annihilation cross section, but, following the deÐnition given above, they have measured the total inelastic
cross section. et al. made the measurements for C, Al, and Cu targets and six values of antiprotonNakamura (1984)
momentum from 466 to 879 MeV/c. et al. measured cross sections for Be, C, Al, Fe, Cu, Cd and, Pb targetsKuzichev (1994)
and for six values of momentum from 700 to 2500 MeV/c. The results obtained by these two groups agree very well.
Understanding that GEANT/GHEISHA does not provide the correct results for the attenuation of low-energy antiprotons,
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FIG. 7a FIG. 7b

FIG. 7c

FIG. 7.ÈInelastic hadronic cross sections for antiprotons for di†erent targets : (a) for (b) for and (c) for Solid line : calculated with ÐttedC612, Al1327, Cu2964. a0,and open and Ðlled circles : experimental values taken from et al. and from et al. respectively.a1, a2 ; Nakamura (1984) Kuzichev (1994),

we used the et al. and et al. experimental cross sections to calculate the correction for theNakamura (1984) Kuzichev (1994)
antiproton attenuation in the atmosphere and in the detector.

To extend the experimental cross sections for any nuclei, we used the approximation

p
Å,A\ A2@3(a0] a1Z] a2Z2)

taken from et al. The parameters and depend on the antiproton momentum, P, in theKuzichev (1994). a0(P), a1(P), a2(P)
manner tabulated by et al. and Ðtted by us for the continuous values of P. Using this formula, we recalculatedKuzichev (1994)
and replaced the GHEISHAÏs variable SHADR (distance to the next point of interaction). By doing this, we could use the
powerful GEANT/GHEISHA code for tracking and simulating interactions with the correct values of the cross sections.13
Figures show the cross sections for C, Al, and Cu that we calculated by this technique and that we used for our7aÈ7c
simulations, along with experimental values from et al. and et al. To check the properNakamura (1984) Kuzichev (1994).
modiÐcation, we simulated, by a modiÐed GEANT/GHEISHA, the probability of inelastic hadronic interaction of anti-
protons in a 2 cm thick sample of Al, turning o† the energy-loss process. The results are compared in withFigure 8
attenuation p(*) calculated according to

p(*) \ 1 [ exp ([*/j0) .

The attenuation length is given by

j0\ A104
6.022op(mbarn)

(cm) ,

where A and o are the target atomic weight and density, respectively, and p was taken according to The Ðlled circlesFigure 7b.
in correspond to the results of simulation by our modiÐed GEANT/GHEISHA code and show a good agreementFigure 8
with curve. The open circles show the same probabilities obtained by the original GEANT/GHEISHA.

13 Actually, we noticed that GHEISHA carries inelastic cross sections for antiprotons that di†er not too much from those used by us (for higher than 200
MeV). However, we found a ““ bug ÏÏ that e†ectively doubles the interaction probability for antiprotons.
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FIG. 8.ÈProbability of the inelastic hadronic interaction of antiprotons in 2 cm of Al. Solid line : as calculated with new cross sections (Fig. 7b, solid line) ;
Ðlled circles : as simulated by GEANT with these new cross sections installed ; open circles : as simulated by GEANT/GHEISHA with the original cross
sections.

To revise the GEANT/GHEISHA simulation for protons, we replaced the proton inelastic cross sections with the approx-
imation reported in & TsaoSilberberg (1990) :

p
p,Ainel \ ph.e.inel[1[ 0.62 exp ([ E/200) sin (10.9E~0.28)] ,

where sin (5.3È2.63 ln A)] mbarn is the total inelastic cross section measured at high energy, A is theph.e.inel\ 45A0.7[1] 0.016
target atomic weight, and E is the energy in MeV. This approximation is applicable over the whole range of elements from
lithium to uranium. & Tsao claim their approximation Ðts the experimental data with 2% precision aboveSilberberg (1990)
300 MeV and about 5% between 100 and 300 MeV. For the lighter nuclei, we used the original GHESHA cross sections. We
also checked the proper replacement and noticed some di†erence with the original code, but not so signiÐcant as in the case of
antiprotons.
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