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Abstract

TheAlpha MagneticSpectrometer(AMS) wasflown on thespaceshuttleDiscovery
during flight STS–91in a 51.7

�
orbit at altitudesbetween320 and390km. A total of

2.86× 106 heliumnucleiwereobservedin therigidity range1 to 140GV. No antihelium
nuclei weredetectedat any rigidity. An upperlimit on the flux ratio of antiheliumto
heliumof < 1.1× 10−6 is obtained.

Submittedto Phys. Lett. B



Intr oduction

The existence(or absence)of antimatternuclei in spaceis closely connectedwith the foundation
of thetheoriesof elementaryparticlephysics,CP–violation,baryonnumbernonconservation,Grand
UnifiedTheory(GUT),etc.Balloon–basedcosmicraysearchesfor antinucleiataltitudesupto 40km
havebeencarriedout for morethan20years;all suchsearcheshavebeennegative[1–7]. Theabsence
of annihilationgammaray peaksexcludesthe presenceof large quantitiesof antimatterwithin a
distanceof the orderof 10Mpc from the earth. The baryogenesismodelsarenot yet supportedby
particlephysicsexperimentaldata.To datebaryonnonconservationandlargelevelsof CP–violation
havenotbeenobserved.TheAlphaMagneticSpectrometer(AMS) [8] is scheduledfor ahighenergy
physicsprogramon theInternationalSpaceStation.In additionto searchingfor darkmatterandthe
origin of cosmicrays,a majorobjectiveof this programis to searchfor antinucleiusinganaccurate,
large acceptancemagneticspectrometer. AMS wasflown on the spaceshuttleDiscovery on flight
STS–91in June1998. This wasprimarily a testflight that would enablethe AMS teamto gather
dataonbackgroundsources,adjustoperatingparametersandverify thedetector’sperformanceunder
actualspaceflight conditions. A searchfor antiheliumnuclei using the datacollectedduring this
precursorflight is reported.Thesignalinvestigatedis nucleiwith chargeZ = −2.

AMS on STS–91

A schematiccrosssectionin thebendingplaneof AMS asflown on STS–91,Fig. 1, shows theper-
manentmagnet,tracker, time of flight hodoscopes,Cerenkov counterandanticoincidencecounters.
TheAMS coordinatesystem,asshown, coincideswith theshuttlecoordinatesystem,with thez–axis
(up in thefigure)pointingout of theshuttlepayloadbayandthex–axispointing towardsthe tail of
theshuttle.Thegeometricacceptancewas∼ 0.3m2sr. AMS asflown onSTS–91will bedescribedin
detailelsewhere[9].

Themagnetprovidedtheanalyzingpowerof thespectrometer. It wasmadeof 1.9tonsof Nd-Fe-
B in the shapeof a cylindrical shell of inner diameter1115mm andlength800mm. The Nd-Fe-B
wasmagnetizedto 46MGOe with the directionvarying to provide a dipole field in the x direction,
perpendicularto thecylinder axis. At thecenterthemagneticfield was0.14Teslaandtheanalyzing
power, BL2, was0.14Tm2.

Thetrajectoryof chargedparticlestraversingthemagnetborewasobservedwith a tracker made
of six planes,T1 to T6, of doublesidedsilicon microstripdetectors[10]. For AMS on STS–91half
of the tracker areawasequipped.Fromthedeflectiontherigidity, R = pc/|Z|e (GV), wasmeasured.
The tracker also provided a determinationof charge magnitude,|Z|, throughmultiple energy loss
measurements.Specialcarewastakento minimizetheamountof materialin thetrackerconstruction;
thetotal amountof materialwithin thetracker volumewaslessthan3%of a radiationlengthparallel
to thez–axis.Thetracker alignmentwasmadefirst with metrology, continuouslymonitoredwith an
infrared lasersystemandthenverified with high momentumtracksfrom the CERN PStestbeam.
During flight hits in the tracker weremeasuredwith an accuracy of ∼ 10µm in the bending,or y,
direction and ∼ 30µm in the x andz directions. The resolutionin termsof rigidity wasverified
for |Z| ≥ 2 nuclei usinghelium andcarbonion beamsat GSI–Darmstadt.Fig. 2 shows the rigidity
resolutionfor Z = 2 flight dataandtheagreementwith theZ = 2 heliumdatameasuredat GSI.Note
thatat low momentatheresolutionwaslimited by multiplescattering.

The particle direction and velocity were measuredwith a four layer, S1 to S4, time-of-flight
(TOF)hodoscope.Eachlayerconsistedof 14scintillatorpaddlesof thickness10mm,width 110mm,
hermeticallyarrangedwith a 5mm overlap. As shown in Fig. 1, two layerswereabove themagnet
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andtwo below. The paddlesin eachpair wereorthogonal.The pulseheight informationrecorded
from theTOF paddlesprovidedanadditionaldeterminationof |Z|. Thetypical accuracy of thetime
of flight measurementswas105psecfor |Z| = 2. Fig. 3 shows the velocity, β = v/c, resolutionfor
high rigidity |Z| = 2 particles.

Thevelocity measurementwascomplementedby a thresholdCerenkov countermadeof aerogel
with a refractive index of 1.035.

A layerof anticoincidencescintillationcounters(ACC) coveredthe innersurfaceof themagnet
to rejectthebackgroundcausedby particlespassingthroughor interactingin themagnetwalls and
supportstructures.Thedetectorwasalsoshieldedfrom low energy (up to severalMeV) particlesby
thin carbonfiber walls (LEPS).For particlesarriving from above, asshown in Fig. 1, theamountof
materialat normalincidencewas1.5g/cm2 in front of theTOF system,and3.5g/cm2 in front of the
tracker.

Duringconstruction,thedetectorcomponentswentthoughextensivespacequalificationtests(ac-
celeration,vibration,thermalvacuum,electromagneticinterferenceandradiation).For example,the
magnetwas testedin a centrifugeto 17.7g. Key electronicscomponentswere testedat Dubnain
heavy ion beamsof Ne,Ar andKr.

During flight the detectorwas locatedin the payloadbay of the spaceshuttleandoperatedin
vacuum.Eventsweretriggeredby thecoincidenceof signalsin all four TOF planesconsistentwith
thepassageof achargedparticlethroughtheactive trackervolume.Triggerswith acoincidentsignal
from theACCwerevetoed.Thedetectorperformanceaswell astemperatureandmagneticfield were
monitoredcontinuously. A total of 100million triggerswererecorded.

After theflight, thedetectorwascheckedagain:

� first, thedetectorwasplacedin a heavy ion (He, C) beamfrom 1.0 to 5.6GV at 600different
incidentangles. This testwasdonewith a total of 45 million eventsandwascarriedout at
GSI–Darmstadt.

� second,thedetectorwasplacedin aprotonandpionbeamatCERNwith momentumfrom 2 to
14GeV at1200differentincidentangles.This testwasdonewith a total of 100million events.

Thecontinuedmonitoringof thedetectorconfirmedthatthedetectorperformancebefore,duringand
after the flight remainedthe same. In particular, the alignmentof the silicon tracker remainedthe
sameto anaccuracy of ∼ 5µm.

Event Selection

After the shuttlehadattainedorbit, datacollectioncommencedon 3 June1998andcontinuedover
the next ninedaysfor a total of 184hours. During datataking the shuttlealtitudevariedfrom 320
to 390km andthe latituderangedbetween± 51.7degrees.Beforerendezvouswith the MIR space
stationtheattitudeof theshuttlewasmaintainedto keepthez–axisof AMS (seeFig.1) pointedwithin
45degreesof thezenith.While docked,theattitudewasconstrainedby MIR requirementsandvaried
substantially. After undockingthepointingwasmaintainedwithin 1, 20 andthen40 degreesof the
zenith.Shortlybeforedescenttheshuttleturnedoverandthepointingwastowardsthenadir. For this
search,datacollectedwhile passingthroughtheSouthAtlantic Anomalywasexcluded.
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Theprocedureto searchfor antiheliumbeganwith eventreconstruction,which included:

� Measurementof theparticlerigidity, R, from thedeflectionof the trajectorymeasuredby the
tracker in themagneticfield. To ensurethattheparticlewaswell measured,hits in at leastfour
tracker planeswererequiredandthe fitting wasperformedwith two differentalgorithms,the
resultsof which wererequiredto agree.

� Measurementof theparticlevelocity, β, anddirection,ẑ = ± 1, from theTOF, whereẑ = −1
signifiesa downwardgoingparticlein Fig. 1.

� Determinationof the magnitudeof the particlecharge, |Z|, from the measurementsof energy
lossesin theTOF countersandtrackerplanes(correctedfor β).

Fromthis reconstructionthesignof theparticlechargewasderivedfrom thedeflectionin therigidity
fit andthedirection.Theparticlemasswasderivedfrom |Z|R andβ.

Themajorbackgroundsto theantihelium(Z = −2) searcharetheabundantamountof protonsand
electrons(|Z| = 1) andhelium(Z = +2). To distinguishantiheliumfrom e−, p andHe, thedetector
responseto e−, p andHe wasstudiedin threeways:

(i) from thee−, p andHedatacollectedin flight.

(ii) from theHebeamdataat GSIandthep beamdataat theCERNPS.

(iii) from MonteCarlostudiesof (i) and(ii).

Key pointsin theselectionfor Heeventsandtherejectionof backgroundwere:

to selectevents with |Z| = 2: This was to ensureno contaminationfrom |Z| = 1 eventswith a
wrongly measuredcharge magnitudewhich would mimic |Z| > 1 events. Fig. 4 shows the energy
depositionandtheassignedchargemagnitudeasmeasuredindependentlyby theTOFandthetracker.
The probability of the wrong charge magnitudebeingassignedby the combinedTOF and tracker
measurementswasestimatedto belessthan10−7.

to determine the signof |Z| = 2 events: Thiswasto distinguishHefrom He. Thiswasdonewith the
following method:

(i) Identify the particle dir ection: measurementof the particle direction leadsto the correct
assignmentof thesignof thecharge. Fig. 5 shows theparticledirection,ẑ/β, distribution. No
eventswereobserved betweenthe ẑ = +1 andẑ = −1 populationswhich indicatestherewas
no leakageof particlesfrom onepopulationto theotherandthedirectionwasalwayscorrectly
assigned.

(ii) Identify large angle nuclear scattering events: eventsin which a singlenuclearscattering
in oneof theinnertracker planes,T2–T5,introduceda largeanglekink in thetrackandmight
causeanincorrectmeasurementof thechargesign.Thisbackgroundwassuppressedby acuton
theestimatedrigidity error. Additionalsuppressionwasachievedby requiringagreementfor the
rigidity andchargesignmeasuredusingall thehits in thetrackerandseparatelyin thefirst three
hitsandthelastthreehitsalongthetrack.Fig.6 showstheasymmetry, A12 = (R1−R2)/(R1+R2),
of therigidity measuredwith thefirst andlastthreehitsalongthetrack,R1 andR2, andthecuts
applied. FromFig. 6 we seethatwhereasthesecutsrejectmuchof the largeanglescattering
events(Fig. 6a),thecutsdonot rejectthegenuinesignal(Fig. 6b).
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(iii) Identify eventswith collinear delta rays: eventswith collineardebris,e.g. deltarays,from an
interactionof theprimaryparticlein thetrackermaterialwhichmayshift ameasuredpoint from
thetrajectory, leadingto anincorrectlymeasuredrigidity andchargesign.Thisbackgroundwas
efficiently rejectedby anisolationcutwhich rejectedeventswith anexcessof energy observed
within 5mm of thetrack.

A probabilisticfunction was thenconstructedfrom measurementsof the velocity, rigidity anden-
ergy losswhich describedthecompatibility of thesemeasurementswith thepassageof a heliumor
antiheliumnucleusof massA = 3 or 4. Fig. 7 shows the compatibility distribution for the antihe-
lium candidates(Fig. 7a)andheliumsamplestogetherwith MonteCarlopredictionsfor thehelium
eventdistribution (Fig. 7b). As seen,thecompatibility cut enablesus to rejectthesmall remaining
backgroundandkeepnearlyall of theheliumsample.

Theresultsof our searcharesummarizedin Fig. 8. As seen,we obtaina total of 2.86 × 106 He
eventsup to a rigidity of 140GV. We foundnoantiheliumeventat any rigidity.

Resultsand Inter pretation

Sinceno antiheliumnucleiwereobserved,we canonly establishanupperlimit on their flux. Here
threeupperlimits onthisflux relativeto theobservedflux of heliumnucleiarecalculatedwhichdiffer
in theassumptionsusedfor theantiheliumrigidity spectrum.In thefirst it is assumedto havethesame
shapeastheheliumrigidity spectrum.In thesecondthis spectrumis assumedto beuniform. Finally
a conservativeestimateis madeindependentof theantiheliumrigidity spectrum.

All of thesemethodsrequire the measuredrigidity spectrumto be correctedfor the detector
resolutionandefficiency asa function of the measured,Rm, and incident, R, rigidity. The detec-
tion efficiency including the rigidity resolutionfunction,ƒ(R, Rm), wasevaluatedthroughcomplete
Monte Carlo simulationusing the GEANT Monte Carlo package[11]. The incident rigidity spec-
trum, dN

�
/dR wasextractedfrom the measuredspectrum,dN

�
/dRm, by numericaldeconvolution of

dN
�
/dRm = (dN

�
/dR) × ƒ(R, Rm)dR. To obtain the detectorefficiency for antihelium,εHe(R), a

smallcorrectionwasappliedto theefficiency for heliumnuclei,εHe(R), basedon theestimated[12]
differencein absorptioncrosssections.

LettingNHe(Ri) bethenumberof incidentheliumnucleiin therigidity bin (Ri, Ri+∆R) andN
�
He(Ri)

be the numberof measuredHe in the samerigidity bin after correctionfor the detectorresolution,
thenN

�
He(Ri) = εHe(Ri)NHe(Ri), whereεHe(Ri) is thedetectionefficiency in this bin, andsimilarly for

antihelium.Over therigidity interval studiedno He werefound,N
�
He

(Ri) = 0 for eachi. At the95%
confidencelevel this is takento belessthan3 andthedifferentialupperlimit for theflux ratio is given
by:

NHe(Ri)
NHe(Ri)

<
3

N
�
He(Ri)

/εHe(Ri)
/εHe(Ri)

. (1)

ThedifferencebetweenεHe(Ri) andεHe(Ri) is small,sothesetermspracticallycancelandtheresults
below areessentiallyindependentof thedetectionefficiency.

(i) If the incidentHe spectrumis assumedto have the sameshapeasthe He spectrumover the
range1 < R < 140GV, thensummingequation(1) yieldsa limit of:

NHe

NHe
< 1.1× 10−6.
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(ii) Assuminga uniform He rigidity spectrum,andusinga meanHe inversedetectionefficiency,
〈1/εHe〉 = (1/εHe(Ri))/n, andnoting thatN

�
He

= N
�
He

(Ri) = 0 which is alsotaken to be less
than3 at the95% C.L., summingequation(1) yieldsa limit of

NHe

NHe
=

NHe(Ri)
NHe(Ri)

<
3

N
�
He(Ri)

〈1/εHe〉
/εHe(Ri)

, (2)

which evaluatesto
NHe

NHe
< 1.8× 10−6 for R = 1.6 to 40GV

and
NHe

NHe
< 3.9× 10−6 for R = 1.6 to 100GV.

(iii) For aconservativeupperlimit, whichdoesnotdependontheantiheliumspectrum,equation(1)
is summedfrom Rmin = 1.6GV up to a variableRmax andinsteadof themeanvalue〈1/εHe〉 the
minimumvalueof this efficiency in the(Rmin, Rmax) interval is taken,yielding

NHe(Ri)
NHe(Ri)

<
3

N
�
He(Ri)

/εmin
He

(Rmin, Rmax)
/εHe(Ri)

, whereRi = (Rmin, Rmax). (3)

Theseresultsareshown in Fig. 9 asa functionof Rmax.

In conclusion,wefoundnoantiheliumnucleiatany rigidity. Up to rigiditiesof 140GV, 2.86× 106

heliumnucleiweremeasured.Assumingtheantiheliumrigidity spectrumto have thesameshapeas
theheliumspectrum,anupperlimit at the95% confidencelevel on therelativeflux of antiheliumto
heliumof 1.1 × 10−6 wasobtained.Thisresultis animprovementin bothsensitivity andrigidity range
over previousmeasurements[7]. This flight hasshown thatthecompletedAMS on theInternational
SpaceStationwill provide many ordersof magnitudeof improvementin thesensitivity to searchfor
anithelium.
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the aerogelcerenkov counter, the anticoincidencecounters(ACC) and low energy particleshields
(LEPS).
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Figure2: Rigidity resolutionfor |Z| = 2 flight data(histogram)comparedwith theGSI He testbeam
(points).
Inset:Typical rigidity resolution,∆R/R = (Rmeasured − Rbeam)/Rbeam, from theGSI Hedata.
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Figure3: Measuredvelocity, β = v/c, distribution for |Z| = 2 eventswith R > 16GV.
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Figure4: Energy lossmeasurements(points)aremadeindependentlyin thetracker (a) andTOF (b)
for |Z| ≤ 2 events.Thehatchedhistogramshowswhicheventswereassignedto be|Z| = 1 by theother
detector.
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Figure5: A typicaldirection,ẑ/β, distribution for |Z| = 2 events.As seen,theẑ = +1 (or upward)and
ẑ = −1 (or downward)populationsareclearlyseparated.
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Figure6: Theasymmetry, A12 = (R1 − R2)/(R1 + R2), of therigidity measurementsusingthefirst, R1,
andlast,R2, threehits alongthetrackfor |Z| = 2 events.Also shown arethecutsused.As seenthe
A12 cutsrejectmuchof thelargeanglescatteringevents(a). Thecutsdonot rejectthegenuinesignal
(b).
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Figure7: (a)Compatibilityof themeasuredeventparameters,β, R and|Z|, to beanHe nucleus.
(b) Compatibility to be a He nucleus.The hatchedhistogramis the Monte Carlo predictionfor He
nuclei.
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Figure8: Measuredrigidity timesthechargesignfor selected|Z| = 2 events.
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Figure9: Upperlimits on the relative flux of antiheliumto helium,at the 95%confidencelevel, as
a functionof the rigidity interval R = 1.6GV to Rmax. Theseresultsareindependentof the incident
antiheliumspectra.
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