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Leptonsin Near Earth Orbit
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Abstract

Theleptonspectran thekinetic enegy ranged.2to 40GeV for € and0.2to 3Ge/
for " were measuredy the Alpha Magnetic Spectromete(AMS) during spaceshut-
tle flight STS—91at altitudesnear380km. From the origin of the leptonstwo distinct
spectravereobsened: a higherenegy spectrumanda substantiasecondspectrunmwith
positronsmuchmore alundantthanelectrons.Tracingleptonsfrom the secondspectra
shavsthatmostof thesdeptonstravel for anextendedperiodof time in thegeomagnetic
field andthatthee* ande™ originatefrom two complementargeographiaegions.
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Intr oduction

The currentunderstandingf the high enegy lepton(e*) spectran cosmicraysis thatthey aredomi-

natedby anelectroncomponentHigh enegy electronsarebelievedto originatefrom primaryaccel-
erationsites,specificallyfrom supern@aexplosions.High enegy electron—positropairsarethought
to beproducedrom thecollisionsof cosmicray hadronsandgammarayswith interstellargas.Taken
togetheythe expectedpositronto electronratio in cosmicraysarriving at Earthis roughly 10% and
it decreasewith enegy. This pictureis basedn the experimentaldatacollectedover 35years[1, 2]

by balloon experimentsaswell as phenomenologicainodel descriptionsdevelopedover the same
period[3]. Theseexperimentsvere performedat altitudesof 30—40km. Balloon experimentshave

madeimportantcontributionsto the understandingf primary cosmicray spectraandthe behaior of

atmosphericecondaryarticlesin the upperlayerof theatmosphere.

A few pioneeringsatelliteexperimentg4] havereporteddataonlow enepgy electronsandpositrons
trappedn thegeomagnetidield. Thesatellitebaseddetectoraisedsofar, i.e. beforethis experiment,
have notbeensensitve enoughto systematicallystudythe electronandpositronspectraover a broad
enepgy rangeandtheir dependencen positionandangle.

The electronspectrunobsened nearEarthshavs a low enegy drop off dueto the geomagnetic
cutoff. Previous measurementabove the cutoff indicatethat the spectrumfalls off accordingto a
power law.

The Alpha MagneticSpectrometefAMS) [5] is a high enegy physicsexperimentscheduledor
installationon the InternationalSpaceStation.In preparatiorfor this mission, AMS flew a precursor
missionon boardthespaceshuttleDiscoveryduringflight STS—91in Junel998.In thisreportwe use
the datacollectedto studythe spectraof electronsand positronsin cosmicraysover the respectre
kinetic enegy rangesof 0.2to0 40Ge/ and0.2to 3Ge/, thelatterrangebeinglimited by the proton
background.

The large acceptancef AMS and high statistics(0 10°) enableusto studythe variationof the
spectrawith positionandanglebothabove andbelon thegeomagneticutoff. Theaccuratenomen-
tum resolution,precisetrajectoryreconstructiorand good particle identificationof AMS allow an
investigationinto the origin of particlesbelow cutoff by trackingthemin the geomagnetidield.

The AMS detector

Themajorelementof AMS asflown on STS—91werea permanentnagnetatracker, time of flight
hodoscopes Cerenkov counterandanti-coincidence&ounterd6, 7]. The permanenimagnetadthe
shapeof a cylindrical shellwith innerdiameterl.1m, length0.8m. It provideda centraldipolefield
of 0.14Teslaacrosghe magneboreandananalyzingpower, BL?, of 0.14Tm? parallelto themagnet,
or z—, axis. Thesix layersof doublesidedsilicon tracker werearrayedrans\erseto the magnetaxis.
Theouterlayerswerejust outsidethemagnetore. Thetracker measuredhetrajectoryof relativistic
singly chagedparticleswith anaccurag of 20micronsin the bendingcoordinateand33micronsin
thenon-bendingoordinateaswell asproviding multiple measurementsf theenegy loss. Thetime
of flight systemhadtwo planesat eachendof the magnetcoveringthe outertracker layers.Together
thefour planesmeasureaingly chagedparticletransittimeswith anaccurag of 120psecandalso
yieldedmultiple enegy lossmeasurementsiwo layersof AerogelthresholdCerenlov counterwith
anindex of refractionn = 1.035were usedto make independentelocity measurementallowing
thediscriminationof lower enegy hadrondrom electronsandpositrons.A layerof anti-coincidence
scintillation counterdined the inner surfaceof the magnet.Low enegy particleswereabsorbedy
thin carbonfiber shields.In flight the AMS positive z—axispointedout of the shuttlepayloadbay:
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For this study the acceptancaevasrestrictedto eventswith an incidentanglewithin 25° of the
positive z—axisof AMS anddatafrom four periodsareincluded. In the first periodthe z—axiswas
pointing within 1° of the zenith. Eventsfrom this periodare referredto as“downward” going. In
the secondperiodthe z—axispointingwaswithin 1° of the nadir Datafrom this periodarereferred
to as“upward” going. In the third andfourth periodsthe AMS z—axiswas pointing within 20° and
45° of the zenith. The orbital inclination was51.7 andthe geodeticaltitude during theseperiods
rangedfrom 350to 390km. Datatakenwhile passingthroughor nearthe SouthAtlantic Anomaly
wereexcludedfrom this analysis.

Theresponsef the detectowassimulatedusingthe AMS detectorsimulationprogramwhichis
basednthe GEANT packagd8]. Theeffectsof enegy loss,multiple scatteringinteractionsgdecays
andthe measuredletectorefficiency andresolutionwereincluded.

After the flight the AMS detectorwasextensiely calibratedat two acceleratorsat GSI, Darm-
stadt,with heliumandcarbonbeamsat 600 incidentanglesandlocationsand 10’ events,andat the
CERN proton-synchrotrofin the enegy region of 2 to 14GeV, with 1200incidentanglesandloca-
tions and 10° events. This ensuredhatthe performanceof the detectorandthe analysisprocedure
werethoroughlyunderstood.

Analysis

Eventreconstructionanalysisandspectrumunfolding aredetailedin [9]. Electroncandidatesvere
specificallyselectedoy requiringthe measuregarticle chage to be —1 andthe particle velocity to
be compatiblewith the speedof light. Backgroundsarosefrom protonswith wrongly measured
momentumand secondarypions producedin the detectormaterials. The two mostimportantcuts
usedto remove thesebackgroundsvere on the x? value obtainedin fitting the particle trajectory
which removed trackswith large single or multiple scattering,and on the numberof hits nearthe
reconstructedrajectoryin boththetracker andtime of flight scintillators.

After the above cutswereapplied,the overall probability of a protoneventto be acceptedasan
electron estimatedrom Monte Carlosimulationsandconfirmedin the CERNtestbeamwas0(107%)
with anelectronselectiorefficiengy of 75%. To furtherreducethepion backgrounanly eventswhose
track passedhroughthe active Cerenlkov counterareaand, therefore,had an independentelocity
measuremenvereaccepted.

Positroncandidatesvere selectedby requiring the chage to be +1 and, as for electrons,the
velocity be compatiblewith the speedof light andtrack quality cuts. In contrastto electrons the
main backgroundor the positronsamplecamefrom protoneventswith poorly measuredrelocity.
The rejectionpower againstthis backgrounddecreasedapidly with increasingprotonmomentum,
thereforetighter quality cuts on the velocity measurementaere applied. Above 1Ge//c protons
wererejectedby requiringtwo independentelocity measurementsom the two separateCerenkov
countetdayersto becompatiblewith thevelocity of apositron.Lowerenegy protonswererejectecby
requiringtheenegy lossmeasurementis four layersof time of flight countersandsix doublelayers
of silicon tracker to be compatiblewith a positron. Thesecuts yielded an additionalbackground
rejectionfactorof 5 at the expenseof lower positronselectionefficiency. Table 1l summarizeghe
estimatecefficiencies.

A corvolution of thebackgroundejectionfunctionwith themeasuregbrotonspectrgprovidedan
enegy dependenbackgroundestimation.Fig. 1 shavs the measurecelectronand positronspectra
togetherwith the estimatedbackgroundfor the geomagnetigolar regions, wherethe background
conditionsweremostsevere.



| Cut | Efficiency (%) |

TrackingQuality Cuts 75+ 3
Commone* Velocity Cuts 52+ 1
Additional e Velocity Cuts 72+1.5
Total electrons 39+1.7
Total positrons 28+1.3

Tablel: Percentage* selectiorefficienciesanduncertainties.

The acceptancavas determinedas a function of particle momentumand direction. The aver
ageacceptancavasfoundto rise from about0.01m? sr at 0.15Ge/ andlevel off at 0.1m?sr above
0.7GeV with a systematiauncertaintyof 5% [9]. The incidentdifferential spectrumwas obtained
from the measuredpectrumby usingan unfolding methodbasedon Bayes’theorem[10] with res-
olution functionsobtainedfrom the simulation. Thesefunctionswere confirmedat several enegy
pointswith calibrationmeasurements the CERN protonbeams.

Resultsand interpretation

Fig. 2 presentgshe downward leptonspectraintegratedover incidentangleswithin 25° of the AMS
z—axis,which waswithin 1° of the zenith. In Fig. 3 thesespectraare comparedwith the spectra
measuredvith upwardgoingleptons.The measurementsave beenbinnedaccordingo theabsolute
value of the correctedgeomagnetidatitude [11], @y (radians),at which they were detected. The
effect of the geomagneticutoff andthe decreasen this cutoff with increasing®y, is particularly
visible in the downward electronspectra.The spectraabose andbelown cutoff differ. To understand
this differencethe trajectoryof electronsand positronsweretraced[12] backfrom their measured
incidentangle, location and momentum,throughthe geomagnetidield [13]. This was continued
until the trajectorywastracedto outsidethe Earth's magnetospherer until it crossedhetop of the
atmospherat an altitude of 40km. In arefinementrom [9], the spectrafrom particleswhich were
tracedto originatefar away from Earthare classifiedas “primary” andthosefrom particleswhich
originatein the atmospheras“second”spectra.ln practiceparticlesbelown the cutoff arefrom the
secondspectrahowever this classificatiorprovidesa cleanerseparationn thetransitionregion.

I. Propertiesof the primary lepton spectra

Fig. 4a shaws the primary lepton spectra. The spectraare in reasonablegreementvith previous
measurement®]. Fig. 4b shavsthethe enegy dependencef the positronfraction, which exhibits
the predominancef electronsover positronsin primary cosmicrays.

II. Propertiesof the secondlepton spectra

As showvn in Figs. 2 and3, substantiasecondeptonspectraareobsenedfor downwardandupward
going leptonsat all geomagnetidatitudesbelowv the geomagneticutoff. Thesespectrahave the
following properties:

(i) Thesecondeptonspectraof Fig. 2 exhibit similar qualitatve behaior to theprotonspectrd9].



(i) At polar latitudesthe downward secondspectrumof electronsis graduallyobscuredby the
primary spectrumwhereagshe secondspectrunof upward going electrongs clearly obsened
(seeFigs.2 and3).

(i) For both electronsand positronsthe upward and dowvnward fluxes are nearly identical (see
Fig. 3).

(iv) As seenfrom Fig. 5 the lepton fluxes reacha maximumat the geomagnetiequator With
increasingdatitudethe positronflux dropsoff fasterthanthe electronflux.

In additionto the backwardtracingmentionedabove the leptonswerealsotracedforward until their
trajectorywould have eitherescapedar crossedhetop of the atmospherethe locationof whichwas
taken asthe particle sink. The resultsshowv that all secondspectrumparticleseventually re-enter
the atmosphere Defining the flight time asthe sumof forward andbackward tracingtimes, thatis
the interval betweenorigin andsink, Fig. 6 shavs the distribution of flight time versusenegy for
electronsandpositrons.Both €' ande™ exhibit two distincttypesof trajectories:

e Thehorizontalbandswith flight times< 0.2sec,definedas“short—lived”.
e Thediagonalbandswith flight times> 0.2secdefinedas“long—lived”.

For ®y < 0.3 most(75%of €', 65%o0f €) leptonsarelong—lived.

Distinct propertiesof the secondspectrafor short—lived leptons

The trajectorytracing shaws that leptonstravel in cycles acrossthe equatorwherethe trajectories
reachmaximalaltitudeandthey arereflectedat the lowestpointsat the mid andpolar latitudes.For
short—lvedleptons:

e FromFig. 6 oneseeghattheflight timeis independentf leptoneneny.

e The point of origin shows no longitudedependenceThey do not originatefrom nearto the
geomagnetiequatoy®y < 0.4 (seeFig. 7a,b).

e The particle flux is independenbf the shuttle attitude and is approximatelyisotropic (see
Fig.7c,d,e).

Distinct propertiesof the secondspectrafor long—lived leptons

e Asshowvnin Fig.8long—livede™ ande’ originatefrom well defined complementargeographic
regions. Tracingalsoshowvsthattheregionsof origin for positronscoincidewith regionsof sink
for electronsandvice versa.

e Fig. 9 shaws the strongly pealed distributionsof the point of origin of the long—livedleptons
in geomagneticoordinatesWithin the regionsindicatedthe distributionsarestronglypealed
andthe two diagonalbands(A, B) seenin Fig. 6 for the long—livedleptonscorrespondo the
two regionsof origin (A, B) markedin Figs.8 and9.

e Thelong-livedleptonsarereflectedacrosgsheequatohundredof times. Thenumberof cycles
they canmalke beforebeingabsorbedn theatmospherelecreasewith their enepy.



e Asshowvnin Fig. 8c,d,ethelong-livedleptonflux reaches maximumin the equatoriaregion
wherethey areproducedandabsorbed.

e At zenithshuttleorientation,99% of the long—livedleptonsareactuallydetectecht ©y < 0.4,
indicatinga stronglyanisotropicangulardistribution.

We notethatthe behaiour of protonsandpositronss very similar (se€[9]).

Lepton chargeratio

An interestingfeatureof the obsened secondeptonspectrais the predominancef positronsover
electronslin table2 thee*/e ratiosgroupedaccordingo magnetidatituderegion andshuttleattitude
(0°, 20r, 45°, 180°) aregivenseparatelyor long—livedandshort—lvedleptons.As seenfrom table2

ele Long-lived(flight time = 0.2seconds)
Attitude | 0.0 Oy <0.2| 0.2< O <0.4 | 0.4< Oy <0.6 | 0.6< O <0.8 | 0.8< Oy <1.0
0° 4.27+0.17 | 3.26+0.37 | 1.65+1.24
200 4.15+0.39 | 2.75+045 | 2.92+1.00 | 1.05+0.69 | 1.46+0.42
45 4.36+0.40 | 3.41+0.30 | 3.81+0.33 | 2.27+0.18 | 1.28+0.16
180 4.27+0.25 | 4.25+0.65
etle Short—lved(flight time < 0.2seconds)
Attitude | 0.0 ©y <0.2| 0.2< O <0.4 | 0.4< Oy <0.6 | 0.6< O <0.8 | 0.8< Oy <1.0
0° 3.08+0.35 | 2.43+0.19 | 1.35+0.11 | 1.10+0.11 | 0.83+0.10
20° 2.83+0.67 | 2.23+£0.37 | 1.95+0.28 | 1.48+0.22 | 0.94+0.18
45 3.22+0.44 | 2.18+0.32 | 2.01+£0.32 | 1.08+0.12 | 0.93+0.19
180 484+0.81 | 2.79+0.28 | 1.45+0.18 | 1.17+0.21 | 0.68+0.27

Table2: Leptonchage ratio versusmagneticlatitudefor the shuttleattitudes0®, 20°, 45° and180°
for long—livedandshort—lvedparticles.

theratios:
e Dependat mostweaklyon the shuttleorientation.

e Theratiosfor short-andlong—livedleptonsbehae differently. For short—lvedleptonsthee/e”
ratiois maximalatthe magneticequatomwhereit reaches valueof [13 whereador long—lived
leptonstheratiois higher, #4 atthe magneticequatorandlessdependentn latitude.

e Theenepgy dependencef thee'/e™ ratio for 0° attitudeand®y, < 0.3is shovn in Fig. 10. As
seen,short—lved andlong—lived leptonsbehae differently For short-lived leptonsthe ratio
doesnot dependon the particleenegy in therange0.2to 3GeV but for long-livedleptonsthe
ratio doesdependon theleptonenegy, reachinga maximumvalueof [15.

The combined(short—andlong-lived, all attitudes)dependencen ©,, of the ratio for all second
spectrgparticlesis shovn in Fig. 11.
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Figurel: Theprimarye* fluxesandbackgroundn thegeomagnetipolarregion (©y > 0.9).
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Figure2: (a,b)Flux spectrador downwardgoingelectronsand(c,d) positrons separatedccordingto
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thegeomagnetitatitudeat which they weredetected.
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Figure3: (a,b,c)Flux spectrafor downward (full circles)andupward (opencircles)goingelectrons
and(d,e,f) positrons,separateagccordingto the geomagnetidatitude, ©y,, at which they werede-
tected.
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Figure4: (a) Flux spectrafor primary leptons. Particle directionwithin 25° of zenith. (b) Positron
fractionfor primaryleptonsversuseneny.
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Figure5: Propertieof secondeptonspectrdlux: (a) dovnwardand(b) upwardgoingelectronsand
positronsasfunctionsof the geomagnetidatitude, ©,, at which they weredetectedntegratedover
therange0.2-2.5GeV.
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Figure6: Theflight time versusenegy from thetracingof leptonsdetectedn theregion ©y < 0.3
Fromtheflight time distribution therearetwo distincttypesof trajectories:For “short-lived”, flight
times < 0.2sec,the flight time is independentf leptonenegy. For “long—lived”, flight times >
0.2sec,therearetwo bandsA andB. In both A andB theflight time depend®n enepy: it decreases
with increasingeneny.
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Figure 7: Propertieof short—Ived secondspectradeptons(< 3GeV): (a) The geographicorigin of
electronsand(b) positrons.Note thatthe point of origin shaovs no longitudinaldependencandthat
theshort—Ilvedleptonsdo not originatefrom theregion ®y, < 0.4. Thelinesindicatethegeomagnetic
field contoursat 380km. (c) Thee™ (full circles)ande™ (opencircles)fluxesintegratedovertherange
0.2-2.5GeV asafunctionof magnetidatitudefor zenith,(d) 20° and(e) 45° shuttleattitude.
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Figure8: Propertiesof long—lived secondspectrdeptons(< 3GeV): (a) The geographicabrigin of
electronsand(b) positrons.Thelinesindicatethe geomagneticield contoursat 380km. Theregions
A andB correspondo the bandsA and B marked in Fig. 6. (c) The e™ (full circles)ande’ (open
circles)fluxesintegratedovertherange0.2-2.5Ge/ asa functionof magnetidatitudefor zenith,(d)
20° and(e) 45° shulttleattitude.

17



50

40

30

Events

20

10

g

80
70
60
50
40
30
20
10

Events

50

100 150

Q o o 50
@fO’@ 50 -150'100-5(&) deg(e@
9, W

%

Figure9: Propertyof secondspectraThepointof origin of long—livedleptonswith enegies< 3Ge/
and®y < 0.7in geomagneticoordinatesTheregionsA andB correspondo thosein Fig. 8 andthe
bandsmarkedA andB in Fig. 6.
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Figure10: Propertyof secondspectraThee'/e ratio asa functionof enepy for (a) short—Ivedand
(b) long—livedparticles.Shuttleattitude0° and®y < 0.3.
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Figure 11: Propertyof secondspectra:The €'/e” ratio asa function of magneticlatitudeintegrated
overtherange0.2-2.5Ge/ andcombinedor short—lvedandlong—livedleptonsindependenof shut-
tle attitude.
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