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The Flux of Cosmic Ray Antiprotons from 3.7 to 24 GeV
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Abstract

TheMatterAntimatterSuperconductingSpectrometer, NMSU-WIZARD/MASS91wasflown from Fort Sum-
ner, New Mexico on 23 September1991. Using a magneticspectrometer, time-of-flight counter, imaging
calorimeteranda gasCherenkov counter, theantiprotonflux wasmeasuredbetweenenergiesof 3.7and24.1
GeV for the first time. We found the flux valueto be consistentwith theoreticalpredictionsfor secondary
production.

1 Introduction
Thestudyof antiprotonshasbeenanelusivegoalof cosmicrayresearchfor morethan20years.Thesmall

flux of antiprotonscomparedto the large numberof backgroundparticlesmakesantiprotonmeasurementsa
greatchallengeto experimenters.Earlyexperiments(Goldenetal. 1984,Buffingtonetal. 1981)concentrated
on the detectionof antiprotonsand reportedtheir resultsas the ratio of the numberof antiprotonsto the
numberof protonsmeasured.Ratiomeasurementsdo not requirea detailedknowledgeof theefficienciesfor
thevariousdetectorsubsystemsandarethereforemucheasiermeasurementsto perform.Theoreticalmodels
of antiprotonproductionpredictfluxesandhencearenot directly comparableto ratio measurementswithout
first makingsomeassumptionsabouttheabsoluteprotonflux andtheefficiency of thedetectors.Thedetectors
of theMASS91experimentweredesignedto combinethenecessaryrejectionpower to identify antiprotons,
with the ability to evaluatethe in-flight efficienciesneededfor flux measurements.The measuredflux of
antiprotonscan be directly comparedto theoreticalvaluesto reveal propertiesof cosmicray propagation.
Excessesin the measuredflux over the predictedvalue,or structurein the spectrummay hint at additional
sourcesof antiprotonsincludingthedecayof darkmatterparticles.

2 The MASS91 Instrument
A schematicof the MASS91instrumentis shown in Figure1. The detectorcomponentsincludea mag-

neticspectrometer, a plasticscintillatortime-of-flight (ToF) system,a gasCherenkov counterandanimaging
calorimeter. A measurementof theparticle’s momentumandthesignof eachparticle’s charge werederived
from measurementsmadewith thespectrometer. Themagnitudeof thecharge andthedirectiontheparticle
traversedtheinstrumentwasdeterminedby theToF system.Lighter, chargeoneparticlesweredistinguished
from anti(protons)by theCherenkov counter. This detectorhada Lorentzthresholdof ��
�� =25.5,which for
(anti)protonscorrespondsto akineticenergy of 24GeV. Below thisenergy, particleslighter thanprotonspro-
ducedasaturatedCherenkov light level while (anti)protonsproducednoCherenkov signal.



The
�

spectrometerconsistedof a singlecoil superconductingmagnetanda dual trackingsystemusingdrift
chambers(Hof et al., 1994)andmultiwire proportionalchambers(MWPC) (Goldenet al., 1991). Together,
the trackingsystemsprovided 19 positionmeasurementsin the bendingdirectionand11 positionmeasure-
mentsin thenon-bendingdirection.Thedeflection(��������� ) wasdeterminedusinganiterative � 
 process.
Thissystemprovidesamaximumdetectablerigidity of 210GV/ � .
TheToF systemconsistedof two planesseparatedby 236cm. Thetop ToF planewascomposedof two scin-
tillators stacked on top of oneanother. This configurationprovided threeindependentdE/dx measurements
andhada timing resolutionof 370psfor singlychargedparticles.
The gasCherenkov counterwasusedasa thresholddevice to reject light particles(mainly muons)for the
identificationof antiprotons.The Cherenkov counterwas locatedat the top of the payload. After passing
through1 m of the radiatorgas(Freon12), the Cherenkov light producedalongthat pathwasfocusedby a
4 segmentmirror onto4 phototubes. Eachsegmentwasa pie-shapedsectionof a sphericalmirror (1.5 mm
Polystyrene,aluminized)with a radiusof 40 inches.
Theimagingcalorimeterconsistedof 40 layersof 8 mm wide brassstreamertubes.Eachof theselayershad
64 tubesandalternatelayerswerearrangedperpendicularto oneanotherto provide both � and � projections.
Thewallsof thetubesservedasthepassive convertingmaterialproviding, 7.33radiationlengthsfor theelec-
tromagneticcascadedevelopmentandaninteractionmeanfreepathof 0.75for protons.
TheinstrumentwaslaunchedonSeptember23,1991from Fort Sumner, New Mexico, wherethegeomagnetic
cut off rigidity is approximately4.5GV/ � . Thepayloadtook datafor 9.8hoursat afloat altitudewith a mean
residualatmosphereof 5.8g/cm
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3 Flight Data Analysis

Antiprotonsarea very rarecomponentof the cosmicra-
diation. In order to accuratelymeasurethis species,great
care must be taken to clearly identify antiprotonsand ef-
fectively reject backgroundevents. Backgroundevents in-
clude:upwardmoving albedoprotons,spillover protons(pro-
tonswhoserigidity is mistakenly identifiedasnegative) and
light chargeoneparticles(electrons,muons,pionsandkaons).
The ToF-systemwith its timing resolutionof 370 ps sep-
aratesalbedoparticlesby more than 30 sigma. Therefore
the albedoproton backgroundcan be neglected. The fol-
lowing strict cuts on the tracking systemwere usedto pro-
tect againstspillover protons and assurean accuratemo-
mentum determination: i) The number of planesused in
the fit must be at least 15 out of 19 in the bendingdirec-
tion and 8 out of 11 in the nonbendingdirection. ii) The
normalized� 
 in eachview must be less than 4. iii) The
error in the measureddeflection should be less than 0.02
� /GV. iv) The deflectiondeterminedusing only the top half
of the trackingsystemmustagreewith the deflectiondeter-
mined using only the bottom half of the tracking systemto
within 4 standarddeviations.This cut eliminatedhard-scatter
events.
ThegasCherenkov counterwasusedto rejectthe remaining
classof backgroundevents,the light particles. This compo-
nent is dominatedby atmosphericallyproducedmuons. Ex-
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Figure 1: Schematicdiagramof theNMSU-
WIZARD/MASS91apparatus.



tensive Monte Carlo studies,alongwith groundmeasurements,wereperformedin order to understandthe
behaviour of theCherenkov detector. Thelight collectionefficiency of themirror is positiondependent.Along
theseamsof themirror segmentsandin thecenterof themirror thelight collectingpower is reduced.These
partsof themirror wereexcludedfrom theanalysis.For theremainingportionsof themirror, we observedan
averagenumberof 18.4photoelectrons.We calledtheCherenkov counterOFFwhenthesignalfrom thepart
of themirror hit by theCherenkov light waslessthan10%thatof a saturatedparticle.This resultsin a muon
rejectioninefficiency of lessthan0.2%within therigidity region of this analysis.
No cutsweremadeon thedatafrom thecalorimeter. Therewasonly a geometricalcut thatrequiredthetrack
of theparticleto passthroughthesensitive volumeof thecalorimeter. This cut wasimplementedsothat the
imagingcapabilitiesof thecalorimetercouldbeusedto checkfor biasesandhelpdeterminetheefficiencies.

4 Results
Applying all the selectioncriteria de-

scribedabove, including the Cherenkov
OFF cut, all particles,within the reject-
ing efficiency of the Cherenkov counter,
with velocitiesgreaterthantheCherenkov
thresholdare suppressed. The remain-
ing eventshave thedeflectiondistribution
shown in Figure2. Theordinatefor neg-
ative deflectionparticlesis blown up by
a factor of 100. On the right handside
the high rigidity (low deflection)protons
aresuppressed.The solid line to the left
is from a simulation of the Cherenkov
counter’s inefficiency to rejectmuonsand
pions.Thesolid line to theright is from a
simulationof the Cherenkov inefficiency
for protonsandincludesthespectrometer
resolutionfunction.
Theeventsin the region wherethesetwo
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Figure 2: Datafrom theflight usingall theselectioncriteriade-
scribedin the text, including theCherenkov OFF cut. All events
detectedwith Cherenkov light arerejected.

linesarecloseto zerowereidentifiedasantiprotoncandidates.This region wasdivided into threeintervals.
Thefirst interval extendedfrom a deflectionof -0.22 � /GV, which is closeto thegeomagneticcutoff, to -0.14
� /GV. Thesecondinterval extendsup to -0.08 � /GV, which is abouttheCherenkov thresholdfor kaons.The
third interval extendsup to theCherenkov thresholdfor antiprotons,-0.04 � /GV. In eachof theseintervals,5
antiprotoncandidateswereidentified.
Dueto thesmallbut finite inefficiency of theCherenkov counterfor rejectingmuons,it wasnecessaryto sub-
tractamuonbackgroundfrom eachof thebins.Thiscorrectionwas0.5eventsin thelow rigidity interval, 0.06
in themediuminterval and0.01for thehighestrigidity region. We assumethatby usingour strict selection
criteriaall interactionswhichoccurabove thebottomscintillatorwererejected.Therefore,acorrectionhadto
bemadefor @BADC thatinteractedin theinstrumentmaterial(4.443g/cm



) above thebottomToF. Thecorrection

factorswerefoundto be1.076,1.070and1.066for the low, mediumandhigh rigidity intervals respectively.
In order to get the total numberof antiprotonsenteringat the top of the instrument,EGFIHKJL ,the efficiencies

of the particleselectioncriteria mustbe taken into account.Greatcarewasusedin the evaluationof these
numbers:M 
�NPORQSQUTVN =(83W 1)%, MYX[Z\O^]Y
�OR_`_bac
�d[N =(97.3W 1)%, MY
�NPaSZfegO^]YQ =(82.8W 2)% andMY
�T[_bT[hiT[
�NPj =98.2%.
Usingthesecorrectionsandefficiencies,the total numberof antiprotons,EGFIHKJL enteringat thetop of the in-

strument(TOI), wascalculated.We obtainedk�l m @ ’s for thelow energy interval from 3.7 to 6.3GeV, n�l�� @ ’s
for themediuminterval from 6.3to 11.6GeVand n�l�� @ ’s for thehigh energy interval from 11.6to 24.1GeV.



Thesecountswereconvertedto an-
tiproton fluxes(TOI) by including the
geometryfactor, (123.3W 1)cm



sr, and

livetime, (22345W 70)s, of the instru-
ment. Three additional corrections
were implementedto extrapolatethe
TOI flux valuesto the top of the at-
mosphere(TOA). First, thenumberof
antiprotonsproducedin the5.8 g/cm



of atmosphereabove the experiment
wasdeterminedusingthecalculations
doneby Stephens(1993) andPfeifer,
Roesler, andSimon(1996). Thenum-
berof atmosphericantiprotonswasde-
terminedfor eachof the threeenergy
binsandsubtractedfrom theTOI num-
bers. Second,a correctionfactor for
the antiprotonslost through interac-
tionsin theatmospherewasdetermined
for eachbin. The multiplicative cor-
rection factors are 1.102, 1.095 and
1.088 for the three bins respectively.
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Figure 3: Measured antiproton flux of the NMSU-
WIZARD/MASS91 experiment in comparison with other data
and the error bandsof a calculationby Simon, Molnar & Roesler,
1998.

Thethird termaccountedfor thetransmissionfactorthroughtheEarth’smagneticfield. This termwasderived
usingthehelium eventsmeasuredwith the instrument.A power law interstellarhelium spectrumwasfit to
themeasureddataabove 20 GV/ � . This spectrumwasthensolarmodulatedandcomparedto the measured
heliumspectrumat lower rigidities. Thetransmissionfunctionwasfoundto be85%,98%,and100%,for the
threeintervalsrespectively. An errorof W 3.5%wasassumedfor thelowestrigidity bin dueto theuncertainty
in themodulationparameter.
Combiningthesecorrectionsyieldsthefollowing flux valuesat thetopof theatmosphere:n�l�ÂÄÃ �ÆÅ�Ç �È ��Ç � for the3.7
to 6.3 GeV bin, mÉl�ÂÄÃ � Ç 
È 
�Ç � for the6.3 to 11.6GeV bin and Â�l��ÄÃ �UÇ �È �UÇ � for the11.6to 24.1GeV bin, all in unitsof
��Ê È � [m



s sr GeV]. Figure3 shows thesemeasurementsalongwith all otherexisting @ -flux measurements.

Themeasurementsareconsistent,within theuncertainties,with thepredictionsof standardleaky box models
in which @ -flux is purelysecondaryin nature.
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