0G.1.1.21
The Flux of Cosmic Ray Antiprotonsfrom 3.7 to 24 GeV
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Abstract

TheMatter AntimatterSuperconductin@pectrometeNMSU-WIZARD/MASS91wasflown from Fort Sum-
ner, New Mexico on 23 Septembel991. Using a magneticspectrometertime-of-flight counter imaging
calorimeteranda gasCherenkv countey the antiprotonflux wasmeasuredbetweerenegiesof 3.7and24.1
GeV for thefirst time. We found the flux valueto be consistentwith theoreticalpredictionsfor secondary
production.

1 Introduction

Thestudyof antiprotonshasbeenanelusive goalof cosmicray researctior morethan20years.Thesmall
flux of antiprotonscomparedo the large numberof backgroundarticlesmakesantiprotonmeasurements
greatchallengdo experimentersEarly experimentdGoldenetal. 1984,Buffingtonetal. 1981)concentrated
on the detectionof antiprotonsand reportedtheir resultsas the ratio of the numberof antiprotonsto the
numberof protonsmeasuredRatio measurementdo not requirea detailedknowledgeof the efficienciesfor
the variousdetectorsubsystemandarethereforemucheasiemeasurement® perform. Theoreticalmodels
of antiprotonproductionpredictfluxesandhenceare not directly comparableo ratio measurementaithout
firstmakingsomeassumptiongsbouttheabsolutegprotonflux andtheefficiengy of thedetectorsThedetectors
of the MASS91 experimentweredesignedo combinethe necessaryejectionpower to identify antiprotons,
with the ability to evaluatethe in-flight efficienciesneededfor flux measurementsThe measuredlux of
antiprotonscan be directly comparedto theoreticalvaluesto reveal propertiesof cosmicray propagation.
Excessesn the measuredlux over the predictedvalue, or structurein the spectrummay hint at additional
sourcef antiprotongncludingthe decayof darkmatterparticles.

2 TheMASSI1 Instrument

A schematiof the MASS91instrumentis shavn in Figure 1. The detectorcomponentsncludea mag-
neticspectrometeia plasticscintillatortime-of-flight (ToF) systema gasCherenkv counterandanimaging
calorimeter A measuremenf the particles momentumandthe sign of eachparticles chage werederived
from measurementsadewith the spectrometerThe magnitudeof the chage andthe directionthe particle
traversedthe instrumentwasdeterminedyy the ToF system.Lighter, chage oneparticlesweredistinguished
from anti(protons)oy the Cherenkv counter This detectorhada Lorentzthresholdof ~;,=25.5, which for
(anti)protonscorrespondso akinetic enegy of 24 GeV. Below this enegy, particleslighter thanprotonspro-
duceda saturatedCherenkv light level while (anti)protongproducecho Cherenkv signal.



The spectrometeconsistedof a single coil superconductingnagnetand a dual tracking systemusing drift
chambergHof et al., 1994)and multiwire proportionalchambergMWPC) (Goldenet al., 1991). Together
the tracking systemsprovided 19 positionmeasurements the bendingdirectionand 11 positionmeasure-
mentsin the non-bendinglirection. The deflection(n = 1/R) wasdeterminedusinganiterative x? process.
This systemprovidesa maximumdetectableigidity of 210GV/c.

The ToF systemconsistedf two planesseparateddy 236 cm. Thetop ToF planewascomposeadf two scin-
tillators stacled on top of oneanother This configurationprovided threeindependentE/dx measurements
andhadatiming resolutionof 370 psfor singly chagedparticles.

The gasCherenkv counterwas usedasa thresholddevice to rejectlight particles(mainly muons)for the
identificationof antiprotons. The Cherenkv counterwaslocatedat the top of the payload. After passing
throughl m of the radiatorgas(Freon12), the Cherenkv light producedalongthat pathwasfocusedby a
4 sggmentmirror onto 4 phototubes Eachsegmentwasa pie-shapedectionof a sphericalmirror (1.5 mm
Polystyrenealuminized)with aradiusof 40inches.

Theimagingcalorimeterconsistedf 40 layersof 8 mm wide brassstreametubes.Eachof theselayershad
64 tubesandalternatdayerswerearrangedoerpendiculato oneanotherto provide bothx andy projections.
Thewalls of thetubessened asthe passie corverting materialproviding, 7.33radiationlengthsfor theelec-
tromagneticascadelevelopmentandaninteractionmeanfree pathof 0.75for protons.
Theinstrumentwaslaunchedn SeptembeR3, 1991from Fort SumneyNew Mexico, wherethegeomagnetic
cutoff rigidity is approximatelyt.5GV/c. The payloadtook datafor 9.8 hoursat afloat altitudewith amean
residualatmospheref 5.8 g/cn?.

3 Flight Data Analysis

Antiprotonsare a very rare componentbf the cosmicra-
diation. In orderto accuratelymeasurethis species,great Tor
care must be taken to clearly identify antiprotonsand ef- @/
fectively reject backgroundevents. Backgroundeventsin- 5 =
clude: upward moving albedoprotons spillover protons(pro- CHERENKOV

tonswhoserigidity is mistalenly identified as negative) and <§ ("“\) >
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light chage oneparticles(electronsmuons pionsandkaons).
The ToF-systemwith its timing resolutionof 370 ps sep- w DACT
aratesalbedo particlesby more than 30 sigma. Therefore

the albedo proton backgroundcan be neglected. The fol-

lowing strict cuts on the tracking systemwere usedto pro-

tect againstspillover protons and assurean accuratemo-
mentum determination: i) The numberof planesusedin

the fit must be at least15 out of 19 in the bendingdirec-

tion and 8 out of 11 in the nonbendingdirection. ii) The T
normalizedy? in eachview mustbe lessthan 4. iii) The

error in the measureddeflection should be less than 0.02 *"F™=
c/GV. iv) The deflectiondeterminedusing only the top half J
of the tracking systemmust agreewith the deflectiondeter

mined using only the bottom half of the tracking systemto

within 4 standarddeviations. This cut eliminatedhard-scatter \ [

events.

The gasCherenkv counterwasusedto rejectthe remaining

classof backgroundevents,the light particles. This compo- Figure1l: Schematiaiagramof the NMSU-
nentis dominatedby atmosphericallyproducedmuons. Ex- WIZARD/MASS91 apparatus.
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tensve Monte Carlo studies,alongwith groundmeasurementsyere performedin orderto understandhe
behaiour of theCherenkv detector Thelight collectionefficiengy of themirror is positiondependentAlong

the seam=f the mirror sggmentsandin the centerof the mirror the light collectingpower is reduced.These
partsof the mirror wereexcludedfrom theanalysis.For the remainingportionsof the mirror, we obseredan
averagenumberof 18.4 photoelectronsWe calledthe Cherenkv counterOFFwhenthe signalfrom the part
of themirror hit by the Cherenkv light waslessthan10%thatof a saturategarticle. This resultsin amuon
rejectioninefficiency of lessthan0.2%within therigidity region of this analysis.

No cutsweremadeon thedatafrom the calorimeter Therewasonly a geometricatutthatrequiredthetrack
of the particleto passthroughthe sensitve volumeof the calorimeter This cut wasimplementedsothatthe
imagingcapabilitiesof the calorimetercouldbe usedto checkfor biasesandhelpdeterminghe efficiencies.

4 Results

Applying all the selectioncriteriade- s ——w——«+—+———+———+——m——1+—+—7+——1——1— 5000
scribedabove, including the Cherenkv | ot scale 4’right scale
OFF cut, all particles,within the reject-

ing efiicienay of the Cherenkv countey 40T 4000
with velocitiesgreatethanthe Cherenkv i proton spillover
thresholdare suppressed. The remain- ;| background ~—_| 13000

ing eventshave the deflectiondistribution

shawvn in Figure2. The ordinatefor ney-

ative deflectionparticlesis blown up by 20
a factorof 100. On the right handside
the high rigidity (low deflection)protons
aresuppressedThe solid line to the left
is from a simulation of the Cherenkv
counters inefficiengy to rejectmuonsand 0 ——F——7~4—40H———————————0
pions. Thesolid line to theright is froma 0% 04 03 -02 -01 00 01 02 03 04 05

simulationof the Cherenkv inefficienyy A [CIG\_/] ) o
for protonsandincludesthespectrometerF'gure 2: Datafrom theflight usingall the selectioncriteria de-

resolutionfunction. scribedin thetext, including the Cherenkv OFF cut. All events
The eventsin the region wherethesetwo detectedvith Cherenkv light arerejected.

lines arecloseto zerowereidentifiedasantiprotoncandidatesThis region wasdivided into threeintenals.
Thefirst interval extendedfrom a deflectionof -0.22¢/GV, whichis closeto the geomagneticutof, to -0.14
c/GV. The secondntenal extendsup to -0.08 ¢/GV, which is aboutthe Cherenkv thresholdfor kaons.The
third interval extendsup to the Cherenkv thresholdfor antiprotons;0.04¢/GV. In eachof theseintenals, 5
antiprotoncandidatesvereidentified.

Dueto the smallbut finite inefficiengy of the Cherenkv counterfor rejectingmuons,it wasnecessaryo sub-
tractamuonbackgroundrom eachof thebins. This correctionwas0.5eventsin thelow rigidity interval, 0.06
in the mediuminterval and0.01for the highestrigidity region. We assumehatby usingour strict selection
criteriaall interactionswvhich occurabore thebottomscintillatorwererejected.Thereforea correctionhadto

bemadefor 7's thatinteractedn theinstrumentmaterial(4.443g/cnt) above the bottomToF. Thecorrection
factorswerefoundto be1.076,1.070and1.066for the low, mediumandhigh rigidity intervals respectiely.

In orderto getthe total numberof antiprotonsenteringat the top of the instrument,Nz_,TOI,the efficiencies

of the particle selectioncriteria mustbe taken into account. Greatcarewasusedin the evaluationof these
NUMDErsEey, igger=(83+£1)%, € scintitiator=(97.3£1)%, £4yacking=(82.8:2)% ande eiemetry=98.2%.

Using thesecorrectionsandefficiencies,the total numberof antiprotonsNz_)TOI enteringat thetop of thein-

strument(TOI), wascalculated.We obtainedr.4 7's for the low enegy interval from 3.7t0 6.3GeV, 8.1 p's
for themediuminterval from 6.3to 11.6GeV andS.1 p’sfor thehigh enegy interval from 11.6to 24.1GeV.
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Thesecountswerecorvertedto an-
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tiproton fluxes(TOI) by includingthe 0 E

geometryfactor (123.3t1)cn?sr, and

livetime, (22345:70)s, of the instru- 10"k 4

ment. Three additional corrections
were implementedto extrapolatethe
TOI flux valuesto the top of the at-
mosphergTOA). First, the numberof
antiprotonsproducedn the 5.8 g/cn?
of atmosphereabove the experiment
wasdeterminedusingthe calculations
doneby Stepheng1993) and Pfeifer,
RoeslerandSimon(1996). The num-
berof atmospheri@antiprotonsvasde-
terminedfor eachof the threeenegy
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binsandsubtractedrom the TOI num- 10 0.1 1 10 100
bers. Second,a correctionfactor for Kinetic Energy [GeV]
the antiprotonslost through interac-
tionsin theatmospheravasdeterminedFigure  3: Measured antiproton flux of the NMSU-

for eachbin. The multiplicative cor WIZARD/MASS91 experiment in comparison with other data
rection factorsare 1.102, 1.095 and andthe error bandsof a calculationby Simon, Molnar & Roesler
1.088for the three bins respectiely. 1998.

Thethird termaccountedor thetransmissiordactorthroughthe Earths magnetidield. Thistermwasderived
usingthe helium eventsmeasuredvith the instrument. A power law interstellarhelium spectrumwasfit to
the measurediataabore 20 GV/c. This spectrumwasthensolarmodulatedand comparedo the measured
helium spectrumat lower rigidities. Thetransmissiorfunctionwasfoundto be 85%,98%,and100%,for the
threeintenvalsrespectiely. An errorof £3.5%wasassumedor thelowestrigidity bin dueto the uncertainty
in themodulationparameter

Combiningthesecorrectionsyieldsthefollowing flux valuesat thetop of theatmosphereéS.ZJjéf)é3 for the3.7
to 6.3 GeV bin, 4.2752 for the 6.3to0 11.6GeV bin and2.1*17 for the 11.6to 24.1GeV bin, all in units of

10—3 [m? s sr GeV]. Figure 3 shavs thesemeasurementslongwith all otherexisting p-flux measurements.
The measurementreconsistentwithin the uncertaintieswith the predictionsof standardeaky box models
in whichp-flux is purelysecondaryn nature.
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