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Abstract. The enegy spectrumof cosmic-rayantiprotons
(p's) hasbeenmeasuredy BESSin anenegy rangeof 0.18
to 4.20GeV successiely in 1993,1995,1997,1998,1999
and 2000. Basedon thesesuccessie p measurementat
varioussolaractiity, the effect of the solarmodulationand
the origin of cosmic-rayp’s are discussed.The p/p ratios
shaved no distinctive yearto-yearvariation during 1993 —
1999. On the other hand, a preliminary resulton the p/p
ratio in 2000 shaws a suddenincreasefollowing the Solar
field reversal. Theseinterestingfeatureswvere predictedoy a
drift modelof thesolarmodulationwhich dependsxplicitly
uponparticlechagesign.

1 Introduction

Theorigin of cosmic-rayantiprotongp’s) hasattractednuch
attentionsincetheir obsenationwasfirst reportedby Golden
etal. (1979). In arecentsolarminimum period, the BESS
spectrometemhich haslarge acceptancandhigh sensiti-
ity, obsened a characteristipeakaround2 GeV in p spec-
trum. This expectedpeakis due to the existenceof “sec-
ondary” p's producedby cosmic-rayinteractionswith in-
terstellargas. While thereremainsroom for “primary” p
sourcesuchasannihilationof neutralinodarkmatteror evap-
orationof primordialblackholesin thelow enegy region, it
hasbecomeevidentthatthedominantcomponenbf cosmic-
ray p’'s hasa secondaryrigin.

Apart from investigationof its origin, secondaryy's offer
aunigueprobefor studyingsolarmodulationof cosmicrays
becausdi) the input spectrumfor the solarmodulationcan
be computedwith reasonableonfidence (i) protons(p’'s)
andp’sareidealfor studyingthechagesigndependensolar
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modulation(Bieberetal., 1999a). Thesuggestedhagesign
dependencef the solarmodulationis supportedby the re-
sultsfrom experimentghat measuredhe temporalvariation
of cosmicray ratios,e~ / He?t (Garcia-Munoztal., 1991)
ande™ /p* (Raviart et al., 1997),althoughelectronswould
behae differently from helium and p due to their lighter
mass.On the otherhand,sincep’s andyp’s aredifferentonly
in the chage sign, the p/p ratio providesan ideal probefor
studyingthe chage dependencef the solarmodulation.

Wereportherenew measurementsf cosmic-rayp’'sin the
enegy rangebetweerD.18and4.20GeV, basedon 668and
558 eventsdetectedby the BESSspectrometein 1999and
2000flights, respectiely, where a suddenincreaseof p/p
ratio waspredictedfollowing the solarfield reversal(Bieber
etal.,1999a).

2 BESS Spectrometer

The BESS spectrometershavn in Fig. 1, was designed
(Orito et al., 1987; Yamamotoet al., 1988) and developed
(Yamamotoet al., 1994; Ajima et al., 2000; Asaokaet al.,
1998; Shikazeet al., 2000) as a high-resolutionspectrom-
eterwith the capabilityto searchfor rare cosmicraysand
provide variousprecisionmeasurementsf cosmic-raypri-
maries. A uniform magneticfield of 1 Teslais produced
by a thin superconductingoil (Makida et al., 1995), with
substantiaincidentparticlespassingthroughwithout inter-
action.Here,cylindrical coordinategr, ¢, andz) andCarte-
siancoordinateqz, y, andz) areusedfor representinghe
BESSinstrument,wherey and z are respectiely the ver
tical axis and axis of the solenoid. The magnetic-fieldre-
gionis filled with trackingdetectorcomposeaf a jet type
drift chamber(JET) andinner drift chambergIDCs). This
geometryresultsin an acceptancef 0.3 m?sr. Trackingis
performedby fitting up to 28 hit-pointsin the drift cham-
bers,resultingin magnetic-rigidity(R = Pc/Ze) resolution
of 0.5%at 1 GV. Trackingin the z coordinatewasdoneby
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Fig. 1. Cross-sectionaliew of the BESSspectrometer

fitting pointsin IDCs measuredby vernierpadswith anaccu-
ragy of 470 um andpointsin the JET chambemeasuredy
chagedivisionwith anaccurayg of 2.5 cm. This continuous
andredundanB-dimensionakracking enabledus to recog-
nizemulti-trackeventsandtrackshaving interactionsor scat-
terings,thus minimizing suchbackgrounds Enegy deposit
in thedrift chambegasis alsoobtainedasatruncatednean
of theintegratedchagesof hit pulses.The upperandlower
scintillatorhodscopeqTOF) (Shikazeet al., 2000)provide
two dE/dz measurementndthetime-of-flight of particles.
Timing resolutionof eachcountemwas55 ps,resultingin 1/
resolutionof 0.014,where s is definedas patrticle velocity
divided by the speedof light. The instrumentalso incor
poratesa threshold-typeCherenk® counter(Asaokaet al.,
1998)with a silica-aerogetadiatorthatcanidentify p'sfrom
ane~ /u~ backgroundipto akineticenegy of 4 GeV. From
1999flight, anewly developedshaver counterwasinstalled

above thelower TOF hodoscopeto performe/u separation.

It containgthin scintillators(notinstalledin the 2000flight),
2 radiationlengthlead (which covered1/5 of the whole ac-
ceptance)andan acrylic plate. Althoughit wasnot usedin
this analysis,it performedwell in both the 1999 and 2000
flights.

3 Analysis

Theexperimentsverecarriedoutin northernCanadawhere
the geomagneticutof rigidity rangesfrom 0.3to 0.5 GV.
Thescientificdatafor 1999and2000data respectiely, were
takenfor 100,403and 90,766secof live time at altitudes
above 34 km (residualair of 4.3and5.0 g/cn? on average)
Regarding the 2000 flight, where considerableamounts
of datawere takenat lower altitude, we usedonly the data
whoseresidualair thicknesswasbelav 7 g/cn?.
Thefirst-level trigger was provided by a coincidencebe-
tweenthe top andthe bottom scintillators, with the thresh-

TOF hodoscope

old setat 1/3 of the pulse height from minimum ionizing

particles. The second-lgel trigger, which utilized the hit-

patternsof the hodoscopesnd IDCs, first rejectedunam-
biguousnull- andmulti-track eventsandthenmadea rough
rigidity-determinatbn to selectnegatively-chaged particles
predominantly In addition, one of every 60 (30) first-level

triggeredeventswererecordedo build a sampleof unbiased
triggersin 1999(2000).

The off-line analysis(Maenoet al., 2001) selectsevents
with asingletrackfully containedn thefiducialregion of the
tracking volumewith acceptabldrack qualities. The three
dE/dxz measurementare loosely requiredas a function of
R to be compatiblewith p or p. Thesesimple and highly-
efficient selectionsaresuficientfor avery cleandetectionof
p'sin thelow velocity (3 < 1/1.10) region. At higherveloc-
ities, wherethee™ /.~ backgroundstartsto contaminatehe
p band,we requirethe Cherenkw veto,i.e., (i) the particle
trajectoryto crossthefiducial volumeof theaerogel and(ii)
the Cherenke outputto belessthan0.08of the meanoutput
from e~ . This cut reduceghe acceptancéy 25 %, but re-
jectse™ /u~ backgroundsy afactorof 4000,while keeping
94 % efficiengy for p’s andp’s which crossthe aerogelwith
rigidity below thethreshold4.7 GV).

Figure 2 shavs the 3~ versusR plot for the surviving
events. We seea cleannarrav bandof 668 and558 p's at
the exact mirror position of the p's for the 1999 and 2000
data,respectiely. Thep bandis slightly contaminatedvith
thee™ /u~ backgroundsiueto theinefficiengy of the aero-
gel Cherenkw@ counter while the p bandcontaminatiorwas
completelynegligible. This backgroundwasestimatedand
subtractedas follows: (i) At first, we countedthe number
of e~ /u~ eventsoverlappingwith the p bandbeforethere-
guirementon the Cherenk® output. (i) Next, we obtained
the probability thate~ /.~ gave a lower Cherenke output
thanthethresholdrom thedistribution of theoutputfor high
rigidity p’s (> 25 GV), which shouldemit enoughoutput.
(iii) Finally, from the above two quantitieswe estimatedhe
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Fig. 2. Theidentificationplotsof p eventsfor (a) 1999and(b) 2000flight. The dottedcurvesdefinethe p massbands.

amountof e~ /u~ backgroundas 0 (0), 0.7 (0.6) and 3.4
(1.9) %, respectiely, at 0.3, 2 and4 GeV for 1999 (2000)
data. Backgroundsof albedoand mis-measuregositive-
rigidity particlesweretotally excludedby the excellent3~!
andR~! resolutionsTo checkagainsthe“re-entran@albedo
backgroundye confirmedhatthetrajectorief all 3’scould
be tracednumericallythroughthe Earth's geomagnetidield
backto the outsideof the geomagnetisphere.
Basedontheobseredp’sandp’s, thep/p ratioatthetop

of the atmospher¢TOA) wascalculatedasfollows. (i) The
TOA enegy (Eroa) of eachevent was calculatedby trac-
ing backthe particle throughthe detectormaterialand the
residualair. (i) Thesurvival probability (non-interactingef-
ficiengy) of thep'sandp’sthroughtheair andtheinstrument
was evaluated by Monte Carlo simulation based on
GEANT/GHEISHA with modified crosssections. Note that
the simulationmodelwasverified andtunedby an acceler
ator beamtest(Asaokaet al., 2001a,b). The p to p ratio of
the survival probability is showvn in Fig. 3. (iii) The trigger
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Fig. 3. p/p ratio of the survival probability in the residualatmo-
sphereandtheinstrumenttself.

efficienciesfor non-interactingparticlesweredeterminecy
using proton samplesin the unbiasedrigger samples. (iv)
Theexpectedatmospherisecondarieweresubtractedbased

on therecentcalculationsby Mitsui et al. (1996); Pfieferet
al. (1996); Stephenst al. (1997) for p's and by Papini et
al. (1996) for p's. Sincewe have not yet determinedthe
absolutefluxes, we obtaineda normalizationfactor for the
atmospheridluxes by comparingour measureg spectrum
integratedabove 20 GeV for p's (abore 3 GeV for p’'s) with
the spectrumusedfor the secondarycalculations. For p’s,
thesecondaryractionis nearlyconstantandthe subtraction
amountso 22 + 5 % (27 + 7 %) regardlessof its enegy in
1999(2000).For p's, onthe otherhand,they are33 + 7 (50
+10),4+1(124+ 2)and3+ 1 % (4 + 1 %) for 0.2,1 and
2 GeVin 1999(2000),respectiely. Sincesystematiaincer
tainty dueto interactionlossedn theinstrumentandresidual
air wasremarkablyreducedy theacceleratobeamtest,the
dominantsystematicxomesfrom atmosphericsubtraction.
Note that intensive studieson atmosphericsecondariesre
now in progressy usingp andp dataat mountainaltitude
(Fujikawa et al., 2001)andlow enegy p dataduring ascent
(Shikazeet al., 2001). As a preliminaryresult,we estimate
+ 15% relative errorandobtainedp/p ratio.

4 Results

Figure4 shavs theBESS1999and2000p/p ratios,together
with the previous measurementsperformed by BESS
(Yoshimuraetal., 1995;Moisee etal., 1997; Matsunagaet
al., 1998;0Orito etal., 2000; Maenoetal., 2001). Takingthe
chagesigndependencef the solarmodulationinto account
(Bieberetal., 1999a)the p/p ratio is expectedto be nearly
identicalduringthe Sun’s positive polarity phase .But when
thepolarity switchesto negatve, thep/p ratio shouldrapidly
increasasindicatedby thedottedcurvein Fig. 4. TheBESS
1993- 1999 spectrawere measuredn the positive polarity
phaseandthe p/p ratiosshaved no distinctive yearto-year
variationaspredicted.On the otherhand,p/p ratio in 2000



shavs a suddenincreasefollowing the solar field reversal.
As aresult,predicteddynamicsof theratio wereverified by
ourmeasurements.
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Fig. 4. Comparisorof theBESS1993,1995,1997,1998,1999and
2000p/p ratioswith thecalculation(Bieberetal., 1999aj)takingthe
chage signdependencef the solarmodulationinto account. The
solidanddashedurvesrepresenthecalculateds/p ratiosatasolar
minimumandat asolarmaximumin the positve Sun's polarity. On
the otherhand,the dottedcurve representhe calculateds/p ratios
ata solarmaximumin the negative Sun’s polarity.

Annual variation of the p/p ratio at the respectie ener
giesof 0.3,1.0and1.9 GeV areshown in Fig. 5 asafunc-
tion of tilt angleto comparetheoreticalpredictions(Bieber
et al., 1999b)which are representedy solid, dotted and
dashedcurves. The vertical axis is normalizedto the in-
terstellarp/p ratio (Bieber et al., 1999a)and the abscissa
valueshave beenarrangedso that the curves have the ap-
pearanceof two successie solar cycles evolving in time.
As a measureof tilt angle,we usethe meanpositionof the
maximumlatitudinal extent of the currentsheet{Hoeksema,
http://quake.stanford.edu/
~wso/Tilts.html). To comparahepredictionof asteadystate
drift model, the tilt anglefor eachdatapoint are averaged
over six monthsbeforethe dateof obsenration, considering
the expandingneutralcurrentsheetin the heliosphereat the
solarwind speedRouxetal., 1990).Notethatmeasureg/p
ratio shavs a goodagreementvith the prediction.

As a conclusion,for the first time we have measuredhe
dynamicsof the p/p ratio from minimumto maximumsolar
activity with unprecedentedccurag. We obseredits stable
featuresn the positive polarity phaseanda sudderincrease
following the solarfield reversal, which should be caused
by chage sign dependencef the solar modulation. These

[N
o
N
T

@ Solar Polarity Solar Polarity
g Positive Negative
T, = =0.3GeV
- o =1.0GeV
= * =1.9 GeV
é 0.3 GeV,
& 10
.
= A
1 1.0 GeV
i N E PECIAEERN
1.9 GeV
.
L | |
90 0 90 0 90

Tilt Angle (degree)

Fig. 5. Tilt angledependencef p/p ratio at 0.3 (closedsquares),
1.0 (opencircles)and 1.9 GeV (closedstars)kinetic enegy mea-

suredby BESS(1993- 2000,from left to right), togethemwith pre-

dictedvariationby Bieberetal. (1999b).

combinedobsenationsare stunningvalidationof theimpor-
tanceof drift effectsin solar modulationincluding a solar
maximumperiod.Moreover, deepunderstandingf thesolar
modulationis alsoinevitably importantfor investigatingthe
origin of low enegy p's.
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