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Abstract

The Alpha MagneticSpectromete(AMS) wasflown on the spaceshuttleDiscovery
during flight STS-91in a 51.7 orbit at altitudesbetween320 and 390km. A total of
2.86x 10° heliumnucleiwereobseredin therigidity rangel to 140GV. No antihelium
nuclei were detectedat ary rigidity. An upperlimit on the flux ratio of antiheliumto
heliumof < 1.1 x 10°® is obtained.
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Intr oduction

The existence(or absencepf antimatternucleiin spaceis closely connectedwith the foundation
of thetheoriesof elementaryparticlephysics,CP—-violation,baryonnumbemonconseration, Grand
Unified Theory(GUT), etc. Balloon—basedosmicray searchefor antinucleiataltitudesup to 40km
have beencarriedoutfor morethan20years;all suchsearchebave beennegative [1-7]. Theabsence
of annihilationgammaray peaksexcludesthe presenceof large quantitiesof antimatterwithin a
distanceof the orderof 10Mpc from the earth. The baryogenesisnodelsare not yet supportecby
particle physicsexperimentaldata. To datebaryonnonconserationandlarge levels of CP-violation
have notbeenobsened. The Alpha MagneticSpectrometefAMS) [8] is scheduledor ahighenepgy
physicsprogramon the InternationalSpaceStation. In additionto searchingor dark matterandthe
origin of cosmicrays,a majorobjectie of this programis to searchor antinucleiusinganaccurate,
large acceptancenagneticspectrometer AMS was flown on the spaceshuttle Discovery on flight
STS-91in Junel998. This wasprimarily a testflight that would enablethe AMS teamto gather
dataon backgroundsourcesadjustoperatingparameterandverify the detectors performanceinder
actualspaceflight conditions. A searchfor antiheliumnuclei using the datacollectedduring this
precursofflight is reported.The signalinvestigateds nucleiwith chageZ = -2.

AMS on STS-91

A schematicrosssectionin the bendingplaneof AMS asflown on STS-91Fig. 1, shavs the per
manentmagnettracker, time of flight hodoscopesCerenkv counterandanticoincidenceounters.
The AMS coordinatesystemasshawvn, coincideswith the shuttlecoordinatesystemwith the z—axis
(up in thefigure) pointing out of the shuttlepayloadbay andthe x—axispointing towardsthe tail of
theshuttle. Thegeometricacceptancevas10.3m?sr. AMS asflown on STS—91will bedescribedn
detailelsavhere[9].

Themagnetprovidedthe analyzingpower of the spectrometelt wasmadeof 1.9tonsof Nd-Fe-
B in the shapeof a cylindrical shell of inner diameterl115mm andlength800mm. The Nd-Fe-B
was magnetizedo 46 MGOe with the directionvaryingto provide a dipolefield in the x direction,
perpendiculato the cylinder axis. At the centerthe magneticfield was0.14Teslaandthe analyzing
power, BL?, was0.14Tm?.

Thetrajectoryof chagedparticlestraversingthe magnetborewasobsened with atracker made
of six planes,T1 to T6, of doublesidedsilicon microstripdetectord10]. For AMS on STS—91half
of thetracker areawasequipped.Fromthe deflectionthe rigidity, R = pc/|Z|e(GV), wasmeasured.
The tracker also provided a determinationof chage magnitude,|Z|, throughmultiple enegy loss
measurementsSpecialcarewastakento minimizetheamountof materialin thetracker construction;
thetotal amountof materialwithin thetracker volumewaslessthan3% of aradiationlengthparallel
to the z—axis. The tracker alignmentwasmadefirst with metrology continuouslymonitoredwith an
infrared lasersystemandthen verified with high momentumtracksfrom the CERN PStestbeam.
During flight hits in the tracker were measuredvith an accurag of [J 10um in the bending,or y,
directionand 0 30um in the x and z directions. The resolutionin termsof rigidity was verified
for |Z| = 2 nucleiusinghelium and carbonion beamsat GSI-DarmstadtFig. 2 shows the rigidity
resolutionfor Z = 2 flight dataandthe agreementvith the Z = 2 heliumdatameasuret GSI. Note
thatatlow momentaheresolutionwaslimited by multiple scattering.

The particle direction and velocity were measuredvith a four layer, S1to S4, time-of-flight
(TOF) hodoscopeEachlayerconsistedf 14 scintillatorpaddlesof thicknessLOmm, width 110mm,
hermeticallyarrangedvith a 5mm overlap. As showvn in Fig. 1, two layerswereabove the magnet
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andtwo belov. The paddlesin eachpair were orthogonal. The pulseheightinformationrecorded
from the TOF paddlesprovided an additionaldeterminatiorof |Z|. Thetypical accurag of thetime

of flight measurement&as 105psecfor [Z| = 2. Fig. 3 shows the velocity, 8 = v/c, resolutionfor

highrigidity |Z| = 2 patrticles.

The velocity measuremenwascomplementedby a thresholdCerenlov countermadeof aerogel
with arefractve index of 1.035.

A layer of anticoincidencescintillation counterg(ACC) coveredthe inner surfaceof the magnet
to rejectthe backgroundcausedy particlespassingthroughor interactingin the magnetwalls and
supportstructures.The detectoiwasalsoshieldedfrom low enepgy (up to severalMeV) particlesby
thin carbonfiber walls (LEPS).For particlesarriving from above, asshowvn in Fig. 1, theamountof
materialat normalincidencewas1.5g/cn? in front of the TOF systemand3.5g/cn? in front of the
tracler.

During constructionthe detectorcomponentsventthoughextensve spacegualificationtests(ac-
celeration ibration, thermalvacuum electromagnetiinterferenceandradiation). For example,the
magnetwas testedin a centrifugeto 17.7g. Key electronicscomponentsvere testedat Dubnain
heary ion beamsof Ne, Ar andKr.

During flight the detectorwas locatedin the payloadbay of the spaceshuttleand operatedn
vacuum.Eventsweretriggeredby the coincidenceof signalsin all four TOF planesconsistentvith
the passagef a chagedparticlethroughthe active tracker volume. Triggerswith a coincidentsignal
from the ACC werevetoed.Thedetectomperformanceswell astemperatur@andmagnetidield were
monitoredcontinuously A total of 200 million triggerswererecorded.

After theflight, thedetectoiwaschecledagain:

o first, the detectorwasplacedin a heary ion (He, C) beamfrom 1.0to 5.6GV at 600 different
incidentangles. This testwasdonewith a total of 45 million eventsandwas carriedout at
GSl-Darmstadt.

e secondthedetectomwasplacedin a protonandpion beamat CERNwith momentunfrom 2 to
14GeV/ at 1200differentincidentangles.This testwasdonewith atotal of 200million events.

The continuedmonitoringof thedetectorconfirmedthatthe detectomperformancéefore,duringand
after the flight remainedthe same. In particular the alignmentof the silicon tracker remainedthe
sameto anaccurag of 5 um.

Event Selection

After the shuttlehad attainedorbit, datacollectioncommencedn 3 Junel998andcontinuedover
the next nine daysfor atotal of 184 hours. During datataking the shuttlealtitude variedfrom 320
to 390km andthe latitude rangedbetweent 51.7degrees. Beforerendezwouswith the MIR space
stationtheattitudeof the shuttlewasmaintainedo keepthez—axisof AMS (seeFig. 1) pointedwithin
45 deggreesof thezenith.While docked,the attitudewasconstrainedy MIR requirementandvaried
substantially After undockingthe pointing wasmaintainedwithin 1, 20 andthen40 degreesof the
zenith. Shortly beforedescenthe shuttleturnedover andthe pointingwastowardsthe nadir. For this
searchdatacollectedwhile passinghroughthe SouthAtlantic Anomalywasexcluded.



The procedurdo searchor antiheliumbeganwith eventreconstructionwhich included:

e Measuremenof the particlerigidity, R, from the deflectionof the trajectorymeasuredy the
tracker in the magnetidield. To ensurehatthe particlewaswell measuredhits in atleastfour
tracker planeswererequiredandthe fitting was performedwith two differentalgorithms,the
resultsof which wererequiredto agree.

¢ Measurementf the particlevelocity, 8, anddirection,z =+ 1, from the TOF, wherez = -1
signifiesa downwardgoingparticlein Fig. 1.

¢ Determinationof the magnitudeof the particle chage, |Z|, from the measurementsf enegy
lossedn the TOF countersandtracker planeg(correctedor 3).

Fromthisreconstructiorthesignof the particlechage wasderivedfrom thedeflectionin therigidity
fit andthedirection. The particlemasswasderivedfrom |Z|R andf.

Themajorbackgroundso theantihelium(Z = —2) searcharetheabundantamountof protonsand
electrong(|Z| = 1) andhelium (Z = +2). To distinguishantiheliumfrom -, p andHe, the detector
responséo e, p andHe wasstudiedin threeways:

() fromthee™, p andHe datacollectedin flight.
(i) fromtheHe beamdataat GSlandthep beamdataatthe CERNPS.
(iif) from Monte Carlostudiesof (i) and(ii).

Key pointsin the selectionfor He eventsandtherejectionof backgroundvere:

to selectevents with |Z| = 2: This wasto ensureno contaminationfrom |Z| = 1 eventswith a
wrongly measuredchage magnitudewhich would mimic |[Z] > 1 events. Fig. 4 shavs the enegy
depositiorandtheassignedhage magnitudeasmeasureihdependentlypy the TOF andthetracker.
The probability of the wrong chage magnitudebeing assignedy the combinedTOF and tracker
measurementsasestimatedo belessthan10™.

to determine the signof |Z| = 2 events: Thiswasto distinguishHe from He. This wasdonewith the
following method:

() Identify the particle direction: measuremenof the particle direction leadsto the correct
assignmenof the sign of the chage. Fig. 5 shows the particledirection,z/(3, distribution. No
eventswere obsened betweenthe 2 = +1 andz = -1 populationswhich indicatestherewas
no leakageof particlesfrom onepopulationto the otherandthe directionwasalwayscorrectly
assigned.

(i) Identify large angle nuclear scattering events: eventsin which a single nuclearscattering
in oneof theinnertracker planes,T2—T5, introduceda large anglekink in thetrackandmight
causeanincorrectmeasuremerdf thechagesign. Thisbackgroundvassuppresselly acuton
theestimatedigidity error. Additionalsuppressiomwasachie/edby requiringagreemenfior the
rigidity andchagesignmeasuredisingall the hitsin thetracker andseparatelyn thefirstthree
hitsandthelastthreehitsalongthetrack. Fig. 6 shovstheasymmetryA;, = (R;—R,)/(R1+Ry),
of therigidity measureavith thefirst andlastthreehits alongthetrack,R; andR,, andthecuts
applied. From Fig. 6 we seethatwhereaghesecutsrejectmuchof the large anglescattering
events(Fig. 6a),the cutsdo not rejectthe genuinesignal(Fig. 6b).
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(i) Identify eventswith collinear deltarays: eventswith collineardebris,e.g. deltarays,from an
interactionof theprimaryparticlein thetracker materialwhich mayshiftameasuregointfrom
thetrajectoryleadingto anincorrectlymeasuredigidity andchagesign. Thisbackgroundvas
efficiently rejectedby anisolationcut which rejectedeventswith anexcessof enegy obsened
within 5mm of thetrack.

A probabilisticfunction was then constructedrom measurementsf the velocity, rigidity and en-
ergy losswhich describedhe compatibility of thesemeasurementwith the passagef a heliumor
antiheliumnucleusof massA = 3 or 4. Fig. 7 shows the compatibility distribution for the antihe-
lium candidategFig. 7a) andhelium samplegogethemwith Monte Carlo predictionsfor the helium
eventdistribution (Fig. 7b). As seenthe compatibility cut enablesusto rejectthe small remaining
backgroundandkeepnearlyall of the heliumsample.

Theresultsof our searcharesummarizedn Fig. 8. As seenwe obtaina total of 2.86 x 1° He
eventsupto arigidity of 140GV. We foundno antiheliumeventatary rigidity.

Resultsand Inter pretation

Sinceno antiheliumnucleiwere obsered, we canonly establishan upperlimit on their flux. Here
threeupperlimits onthisflux relative to theobseredflux of heliumnucleiarecalculatedvhich differ
in theassumptionssedfor theantiheliumrigidity spectrumin thefirstit is assumedo havethesame
shapeasthe heliumrigidity spectrum.In the secondhis spectrums assumedo be uniform. Finally
aconserative estimatas madeindependenof theantiheliumrigidity spectrum.

All of thesemethodsrequire the measuredigidity spectrumto be correctedfor the detector
resolutionand efficiency as a function of the measuredR,,,, andincident, R, rigidity. The detec-
tion efficiengy including the rigidity resolutionfunction, f(R, Ry), wasevaluatedthroughcomplete
Monte Carlo simulationusingthe GEANT Monte Carlo packageg11]. Theincidentrigidity spec-
trum, dN'/dR was extractedfrom the measuregspectrum dN’/dR;,,, by numericaldecomwolution of
dN'/dRy, = [(dN'/dR) x f(R,Ryn)dR. To obtainthe detectorefficiency for antihelium, e5(R), a
small correctionwasappliedto the efficiency for heliumnuclei, 4¢(R), basedon the estimated12]
differencein absorptiorcrosssections.

Letting Nne(R;i) bethenumberof incidentheliumnucleiin therigidity bin (R;, Ri+AR) andN; ,.(Ri)
be the numberof measurede in the samerigidity bin after correctionfor the detectorresolution,
thenN/;o(Ri) = ne(Ri)Ne(Ri), Whereepe(R;) is the detectionefficiengy in this bin, andsimilarly for
antihelium.Over therigidity interval studiedno He werefound, N5 (R)) = O for eachi. At the95%
confidencdevel thisis takento belessthan3 andthedifferentialupperlimit for theflux ratiois given
by:

NH_e(Ri) < 3 /8%(Ri) (1)
Nhe(R)  Nfe(Ri) /ere(Ri)

Thedifferencebetweenre (R)) and&ye(R;) is small, sothesetermspracticallycancelandthe results
belov areessentiallyindependentf the detectionefficiency.

(i) If theincidentHe spectrumis assumedo have the sameshapeasthe He spectrumover the
rangel < R < 140GV, thensummingequation(1) yieldsalimit of:

Nee o 11x10%
NHe



(i) Assuminga uniform He rigidity spectrumandusinga meanHe inversedetectionefficiengy,
1/eq.0= > (L/ez(Ri))/n, andnoting thatN- = > N= (R)) = 0 whichis alsotakento be less
than3 atthe95% C.L., summingequation(1) yieldsalimit of

% _ > NH_e(RI) < 3 DI./E%D (2)
I\lHe Z NHe(Ri) Z N|/-|e(Ri) /EHe(Ri) '
which evaluatego % < 1.8x10%forR=1.6t040GV
He
and % < 3.9x10°for R=1.6t0 100GV.
He

(i) Foraconsenrative upperlimit, which doesnotdependntheantiheliumspectrumequation(1)
is summedrom Ry, = 1.6GV upto avariableRux andinsteadof the meanvalue /g5 [the
minimumvalueof this efficiency in the (Rnin, Rmax) interval is taken, yielding

Z NH_e(Ri) < 3 /S%n(Rmn, Rr'nax)
> Nue(Ri) > Nje(Ri) /ene(R)

Theseresultsareshavn in Fig. 9 asafunction of Ryy.

y WhereRi = (Rmin, Rmax)- (3)

In conclusionwe foundnoantiheliumnucleiatary rigidity. Uptorigiditiesof 140GV, 2.86x 10°
heliumnucleiweremeasuredAssumingthe antiheliumrigidity spectrunto have the sameshapeas
theheliumspectrumanupperlimit atthe 95% confidencdevel on therelative flux of antiheliumto
heliumof 1.1 x 10° wasobtained.This resultis animprovementn bothsensitvity andrigidity range
over previous measurementd]. This flight hasshovn thatthe completedAMS on the International

SpaceStationwill provide mary ordersof magnitudeof improvementin the sensitvity to searchfor
anithelium.
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