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Abstract. The energy spectrumof cosmic-rayantiprotons
( �� ’s)hasbeenmeasuredby BESSin anenergy rangeof 0.18
to 4.20GeV successively in 1993,1995,1997,1998,1999
and 2000. Basedon thesesuccessive �� measurementsat
varioussolaractivity, theeffect of thesolarmodulationand
the origin of cosmic-ray �� ’s are discussed.The ������ ratios
showed no distinctive year-to-yearvariation during 1993–
1999. On the other hand,a preliminary result on the ������
ratio in 2000shows a suddenincreasefollowing the Solar
field reversal.Theseinterestingfeatureswerepredictedby a
drift modelof thesolarmodulation,whichdependsexplicitly
uponparticlechargesign.

1 Introduction

Theoriginof cosmic-rayantiprotons( �� ’s)hasattractedmuch
attentionsincetheirobservationwasfirst reportedby Golden
et al. (1979). In a recentsolarminimum period,the BESS
spectrometer, which haslargeacceptanceandhigh sensitiv-
ity, observed a characteristicpeakaround2 GeV in �� spec-
trum. This expectedpeakis due to the existenceof “sec-
ondary” �� ’s producedby cosmic-rayinteractionswith in-
terstellargas. While there remainsroom for “primary” ��
sourcessuchasannihilationof neutralinodarkmatterorevap-
orationof primordialblackholesin thelow energy region, it
hasbecomeevidentthatthedominantcomponentof cosmic-
ray �� ’shasa secondaryorigin.

Apart from investigationof its origin, secondary�� ’s offer
a uniqueprobefor studyingsolarmodulationof cosmicrays
because(i) the input spectrumfor the solarmodulationcan
be computedwith reasonableconfidence,(ii) protons(� ’s)
and �� ’sareidealfor studyingthechargesigndependentsolar
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deceased

modulation(Bieberetal.,1999a).Thesuggestedchargesign
dependenceof the solarmodulationis supportedby the re-
sultsfrom experimentsthatmeasuredthetemporalvariation
of cosmicray ratios, 
�� ��
 
���� (Garcia-Munozet al., 1991)
and 
 � ��� � (Raviart et al., 1997),althoughelectronswould
behave differently from helium and � due to their lighter
mass.On theotherhand,since �� ’s and � ’saredifferentonly
in thechargesign, the ������ ratio providesan idealprobefor
studyingthechargedependenceof thesolarmodulation.

Wereportherenew measurementsof cosmic-ray�� ’s in the
energy rangebetween0.18and4.20GeV, basedon 668and
558 eventsdetectedby the BESSspectrometerin 1999and
2000 flights, respectively, wherea suddenincreaseof ������
ratio waspredictedfollowing thesolarfield reversal(Bieber
et al., 1999a).

2 BESS Spectrometer

The BESS spectrometer, shown in Fig. 1, was designed
(Orito et al., 1987; Yamamotoet al., 1988) anddeveloped
(Yamamotoet al., 1994; Ajima et al., 2000; Asaokaet al.,
1998; Shikazeet al., 2000) as a high-resolutionspectrom-
eter with the capability to searchfor rare cosmicraysand
provide variousprecisionmeasurementsof cosmic-raypri-
maries. A uniform magneticfield of 1 Tesla is produced
by a thin superconductingcoil (Makida et al., 1995), with
substantialincidentparticlespassingthroughwithout inter-
action.Here,cylindrical coordinates( � , � , and � ) andCarte-
siancoordinates( � , � , and � ) areusedfor representingthe
BESSinstrument,where � and � are respectively the ver-
tical axis andaxis of the solenoid. The magnetic-fieldre-
gion is filled with trackingdetectorscomposedof a jet type
drift chamber(JET) andinner drift chambers(IDCs). This
geometryresultsin an acceptanceof 0.3 m� sr. Tracking is
performedby fitting up to 28 hit-points in the drift cham-
bers,resultingin magnetic-rigidity( ������� ��� 
 ) resolution
of 0.5%at 1 GV. Trackingin the � coordinatewasdoneby
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Fig. 1. Cross-sectionalview of theBESSspectrometer.

fitting pointsin IDCsmeasuredby vernierpadswith anaccu-
racy of 470  m andpointsin theJETchambermeasuredby
chargedivisionwith anaccuracy of 2.5cm. Thiscontinuous
andredundant3-dimensionaltrackingenabledus to recog-
nizemulti-trackeventsandtrackshaving interactionsor scat-
terings,thusminimizing suchbackgrounds.Energy deposit
in thedrift chambergasis alsoobtainedasa truncatedmean
of theintegratedchargesof hit pulses.Theupperandlower
scintillator-hodoscopes(TOF) (Shikazeet al., 2000)provide
two d! /d� measurementsandthetime-of-flightof particles.
Timing resolutionof eachcounterwas55ps,resultingin " ��#
resolutionof 0.014,where # is definedasparticlevelocity
divided by the speedof light. The instrumentalso incor-
poratesa threshold-typeCherenkov counter(Asaokaet al.,
1998)with asilica-aerogelradiatorthatcanidentify �� ’s from
an 
$� �  %� backgroundupto akineticenergy of 4 GeV. From
1999flight, a newly developedshower counterwasinstalled
above thelowerTOF hodoscopesto perform 
 �  separation.
It containsthin scintillators(not installedin the2000flight),
2 radiationlengthlead(which covered1/5 of the wholeac-
ceptance),andan acrylic plate. Although it wasnot usedin
this analysis,it performedwell in both the 1999and2000
flights.

3 Analysis

Theexperimentswerecarriedout in northernCanada,where
the geomagneticcutoff rigidity rangesfrom 0.3 to 0.5 GV.
Thescientificdatafor 1999and2000data,respectively, were
takenfor 100,403and 90,766secof live time at altitudes
above 34 km (residualair of 4.3 and5.0 g/cm� on average)
. Regarding the 2000 flight, where considerableamounts
of datawere takenat lower altitude,we usedonly the data
whoseresidualair thicknesswasbelow 7 g/cm� .

The first-level trigger wasprovided by a coincidencebe-
tweenthe top andthe bottomscintillators,with the thresh-

old set at 1/3 of the pulseheight from minimum ionizing
particles. The second-level trigger, which utilized the hit-
patternsof the hodoscopesand IDCs, first rejectedunam-
biguousnull- andmulti-trackeventsandthenmadea rough
rigidity-determination to selectnegatively-chargedparticles
predominantly. In addition,oneof every 60 (30) first-level
triggeredeventswererecordedto build a sampleof unbiased
triggersin 1999(2000).

The off-line analysis(Maenoet al., 2001)selectsevents
with asingletrackfully containedin thefiducialregionof the
trackingvolumewith acceptabletrack qualities. The three
d! /d� measurementsare loosely requiredasa function of
� to be compatiblewith � or �� . Thesesimpleandhighly-
efficientselectionsaresufficient for averycleandetectionof
�� ’s in thelow velocity( #'& " � "�()"�* ) region. At higherveloc-
ities,wherethe 
�� �  %� backgroundstartsto contaminatethe
�� band,we requirethe Cherenkov veto, i.e., (i) the particle
trajectoryto crossthefiducialvolumeof theaerogel,and(ii)
theCherenkov outputto belessthan0.08of themeanoutput
from 
$� . This cut reducesthe acceptanceby 25 %, but re-
jects 
�� �  %� backgroundsby afactorof 4000,while keeping
94 % efficiency for � ’s and �� ’s which crosstheaerogelwith
rigidity below thethreshold(4.7GV).

Figure2 shows the # �,+ versus � plot for the surviving
events. We seea cleannarrow bandof 668 and558 �� ’s at
the exact mirror position of the � ’s for the 1999and2000
data,respectively. The �� bandis slightly contaminatedwith
the 
�� �  %� backgroundsdueto the inefficiency of theaero-
gel Cherenkov counter, while the � bandcontaminationwas
completelynegligible. This backgroundwasestimatedand
subtractedas follows: (i) At first, we countedthe number
of 
$� �  %� eventsoverlappingwith the �� bandbeforethere-
quirementon the Cherenkov output. (ii) Next, we obtained
the probability that 
$� �  %� gave a lower Cherenkov output
thanthethresholdfrom thedistributionof theoutputfor high
rigidity � ’s ( - 25 GV), which shouldemit enoughoutput.
(iii) Finally, from theabove two quantitieswe estimatedthe
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Fig. 2. Theidentificationplotsof ./ eventsfor (a)1999and(b) 2000flight. Thedottedcurvesdefinethe ./ massbands.

amountof 
�� �  %� backgroundas * ( * ), *0(21 ( *3(24 ) and 53( 6
( "�(27 ) %, respectively, at 0.3, 2 and4 GeV for 1999(2000)
data. Backgroundsof albedoand mis-measuredpositive-
rigidity particlesweretotally excludedby theexcellent # �8+
and �9�8+ resolutions.Tocheckagainstthe“re-entrantalbedo”
background,weconfirmedthatthetrajectoriesof all �� ’scould
betracednumericallythroughtheEarth’s geomagneticfield
backto theoutsideof thegeomagneticsphere.

Basedon theobserved �� ’sand � ’s, the ������ ratioat thetop
of theatmosphere(TOA) wascalculatedasfollows. (i) The
TOA energy (E:<;0= ) of eachevent wascalculatedby trac-
ing back the particle throughthe detectormaterialand the
residualair. (ii) Thesurvival probability(non-interactingef-
ficiency) of the �� ’sand� ’s throughtheair andtheinstrument
was evaluated by Monte Carlo simulation based on
GEANT/GHEISHA with modified crosssections. Note that
the simulationmodelwasverified andtunedby an acceler-
atorbeamtest(Asaokaet al., 2001a,b).The �� to � ratio of
thesurvival probability is shown in Fig. 3. (iii) The trigger
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Fig. 3. ./A@B/ ratio of the survival probability in the residualatmo-
sphereandtheinstrumentitself.

efficienciesfor non-interactingparticlesweredeterminedby
usingprotonsamplesin the unbiasedtrigger samples.(iv)
Theexpectedatmosphericsecondariesweresubtractedbased

on therecentcalculationsby Mitsui et al. (1996);Pfieferet
al. (1996); Stephenset al. (1997) for �� ’s and by Papini et
al. (1996) for � ’s. Sincewe have not yet determinedthe
absolutefluxes, we obtaineda normalizationfactor for the
atmosphericfluxesby comparingour measured� spectrum
integratedabove 20 GeV for �� ’s (above 3 GeV for � ’s) with
the spectrumusedfor the secondarycalculations. For �� ’s,
thesecondaryfractionis nearlyconstant,andthesubtraction
amountsto CDCFEHG % ( C�1IEH1 %) regardlessof its energy in
1999(2000).For � ’s,on theotherhand,they are33 E 7 (50
E 10),4 E 1 (12 E 2) and3 E 1 % (4 E 1 %) for 0.2,1 and
2 GeV in 1999(2000),respectively. Sincesystematicuncer-
tainty dueto interactionlossesin theinstrumentandresidual
air wasremarkablyreducedby theacceleratorbeamtest,the
dominantsystematicscomesfrom atmosphericsubtraction.
Note that intensive studieson atmosphericsecondariesare
now in progressby using �� and � dataat mountainaltitude
(Fujikawa et al., 2001)andlow energy � dataduringascent
(Shikazeet al., 2001). As a preliminaryresult,we estimate
E 15 % relative errorandobtained ������ ratio.

4 Results

Figure4 shows theBESS1999and2000 ������ ratios,together
with the previous measurementsperformed by BESS
(Yoshimuraet al., 1995;Moiseev et al., 1997;Matsunagaet
al., 1998;Orito et al., 2000;Maenoet al., 2001).Takingthe
chargesigndependenceof thesolarmodulationinto account
(Bieberet al., 1999a),the ������ ratio is expectedto be nearly
identicalduringtheSun’s positive polarity phase.But when
thepolarityswitchesto negative, the ������ ratioshouldrapidly
increaseasindicatedby thedottedcurvein Fig.4. TheBESS
1993– 1999spectraweremeasuredin the positive polarity
phase,andthe ������ ratiosshowedno distinctive year-to-year
variationaspredicted.On theotherhand, ������ ratio in 2000



4

shows a suddenincreasefollowing the solar field reversal.
As a result,predicteddynamicsof theratio wereverifiedby
ourmeasurements.
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Fig. 4. Comparisonof theBESS1993,1995,1997,1998,1999and
2000 ./3@B/ ratioswith thecalculation(Bieberetal.,1999a)takingthe
chargesigndependenceof thesolarmodulationinto account.The
solidanddashedcurvesrepresentthecalculated./3@N/ ratiosatasolar
minimumandatasolarmaximumin thepositiveSun’spolarity. On
theotherhand,thedottedcurve representthecalculated./A@B/ ratios
ata solarmaximumin thenegative Sun’spolarity.

Annual variation of the ��3��� ratio at the respective ener-
giesof 0.3, 1.0 and1.9 GeV areshown in Fig. 5 asa func-
tion of tilt angleto comparetheoreticalpredictions(Bieber
et al., 1999b) which are representedby solid, dotted and
dashedcurves. The vertical axis is normalizedto the in-
terstellar ������ ratio (Bieber et al., 1999a)and the abscissa
valueshave beenarrangedso that the curves have the ap-
pearanceof two successive solar cycles evolving in time.
As a measureof tilt angle,we usethe meanpositionof the
maximumlatitudinalextentof thecurrentsheet(Hoeksema,
http://quake.stanford.edu/O

wso/Tilts.html). Tocomparethepredictionof asteadystate
drift model, the tilt anglefor eachdatapoint are averaged
over six monthsbeforethe dateof observation, considering
theexpandingneutralcurrentsheetin theheliosphereat the
solarwind speed(Rouxetal.,1990).Notethatmeasured������
ratioshowsa goodagreementwith theprediction.

As a conclusion,for the first time we have measuredthe
dynamicsof the ��3��� ratio from minimumto maximumsolar
activity with unprecedentedaccuracy. Weobservedits stable
featuresin thepositive polarity phaseanda suddenincrease
following the solar field reversal,which shouldbe caused
by charge sign dependenceof the solarmodulation. These
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combinedobservationsarestunningvalidationof theimpor-
tanceof drift effects in solar modulationincluding a solar
maximumperiod.Moreover, deepunderstandingof thesolar
modulationis alsoinevitably importantfor investigatingthe
origin of low energy �� ’s.
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