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Abstract

The protonspectrumin the kinetic enegy range0.1 to 200Ge/ was measuredy
the Alpha MagneticSpectromete(AMS) during spaceshuttleflight STS—91at an alti-
tudeof 380km. Above the geomagneticutoff the obsened spectrumis parameterized
by a power law. Below the geomagneticutoff a substantiasecondspectrumwas ob-
sened concentratedt equatoriallatitudeswith a flux (70m™2sec'sr?. Most of these
secondspectrumprotonsfollow a complicatedrajectoryandoriginatefrom a restricted
geographiaegion.
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Intr oduction

Protonsarethe mostahundantchagedparticlesin space.The studyof cosmicray protonsimproves
theunderstandingf theinterstellarpropagatiorandacceleratiorof cosmicrays.
Therearethreedistinctregionsin spacewvhereprotonshave beenstudiedby differentmeans:

e Thealtitudesof 30—40km abovetheEarth’s surface.Thisregion hasbeenstudiedwith balloons
for severaldecadesBalloonexperimenthave madeimportantcontributionsto theunderstand-
ing of the primary cosmicray spectrunof protronsandthe behaior of atmospherisecondary
particlesin the upperlayerof theatmosphere.

e Theinnerandouterradiationbelts, which extend from altitudesof about1000km up to the
boundaryof the magnetospheresmallsizedetectoron satelliteshave beensuficient to study
thehighintensitiesn theradiationbelts.

¢ A region intermediatebetweenthe top of the atmospherend the inner radiationbelt. The
radiationlevelsarenormally not very high, so satellite-basedetectorausedsofar, i.e. before
AMS, have notbeensensitve enoughto systematicallystudythe protonspectrunin thisregion
overabroadenegy range.

Referencdl] includessomeof the previous studies. The primary featurein the proton spectrum
obsered nearEarthis a low enegy drop off in the flux, known asthe geomagneticutoff. This
cutoff occursat kinetic enepgiesrangingfrom [1LOMeV to [110GeV dependingon the latitude and
longitude.Above cutoff, from [1LOto [100Ge/, numerousneasuremenisdicatethe spectruntalls
off accordingto a power law.

The Alpha MagneticSpectrometefAMS) [2] is a high enegy physicsexperimentscheduledor
installationon the InternationalSpaceStation. In preparatiorfor this long durationmission,AMS
flew a precursomissionon boardthe spaceshuttleDiscovery during flight STS-91in Junel998.1n
this reportwe usethe datacollectedduring the flight to studythe cosmicray protonspectrumfrom
kinetic enegiesof 0.1to 200GeV, takingadvantageof thelargeacceptancaheaccuratenomentum
resolution,the precisetrajectory reconstructiorand the good particle identification capabilitiesof
AMS.

The high statistics((] 107) availableallow the variationof the spectrumwith positionto be mea-
suredbothabove andbelow the geomagneticutoff. Becausdheincidentparticledirectionandmo-
mentumwereaccuratelymeasuredn AMS, it is possibleto investigatethe origin of protonsbelow
cutoff by trackingthemin the Earth's magnetidield.

The AMS Detector

The major elementof AMS asflown on STS—91consistedbf a permanenmagnet,a tracker, time
of flight hodoscopesa Cerenlkov counterandanticoincidenceounterg3]. The permanentnagnet
hadthe shapeof a cylindrical shell with inner diameterl.1m, length0.8m andprovided a central
dipolefield of 0.14Teslaacrossthe magnetboreandan analysingpower, BL?, of 0.14Tm? parallel
to the magnet,or z—, axis. The six layersof doublesidedsilicon tracker were arrayedtrans\erse
to the magnetaxis. The outerlayerswere just outsidethe magnetcylinder. The tracker measured
the trajectoryof relativistic singly chaged particleswith an accurag of 20micronsin the bending
coordinateand33micronsin thenon-bendingoordinateaswell asproviding multiple measurements
of theenegy loss. Thetime of flight systemhadtwo planesat eachendof the magnetcoveringthe

2



outertracker layers. Togetherthe four planesmeasureaingly chagedparticletransittimeswith an
accurayg of 120psecandalsoyielded multiple enegy loss measurementsThe Aerogel Cerenlov
counter(n = 1.035) wasusedto make independentelocity measurements separatdow enegy
protonsfrom pionsandelectrons. A layer of anticoincidencescintillation counterslined the inner
surfaceof themagnet.Low enepy particleswereabsorbedy thin carbonfiber shields.In flight the
AMS positive z—axispointedout of the shuttlepayloadbay.

For this study the acceptancaevasrestrictedto eventswith an incidentanglewithin 32° of the
positive z—axisof AMS anddatafrom two periodsareincluded. In the first periodthe z—axiswas
pointingwithin 1° of the zenith. Eventsfrom this periodarereferredto as“downward” going. In the
secondperiodthe z—axispointingwaswithin 1° of thenadir Datafrom this periodarereferredto as
“upward” going. Theorbitalinclinationwas51.7° andthe geodeticaltitudeduring thesetwo periods
rangedfrom 350to 390km. Datatakenwhile orbiting in or nearthe SouthAtlantic Anomaly were
excluded.

Theresponsef thedetectomwassimulatedusingthe AMS detectorsimulationprogram basecbn
the GEANT packagd4]. Theeffectsof enegy loss,multiple scatteringjnteractionsdecaysandthe
measuredletectorefficiency andresolutionwereincluded.

The AMS detectomwasextensiely calibratedattwo acceleratorsat GSI, Darmstadtwith helium
and carbonbeamsat 600 incident anglesand locationsand 10’ events,and at the CERN proton-
synchrotronin the enegy region of 2 to 14GeV, with 1200incidentanglesand locationsand 108
events.This ensuredhatthe performancef the detectorandthe analysisprocedureverethoroughly
understood.

Analysis

Reconstructiorof the incidentparticletype, enegy anddirectionstartedwith a track finding proce-
durewhich includedclusterfinding, clustercoordinatetransformatiorand patternrecognition. The
track was thenfit usingtwo independenalgorithms]5, 6]. For a track to be acceptedhe fit was
requiredto includeat least4 hitsin the bendingplaneandat least3 hits in thenon-bendinglane.

Thetrackwasthenextrapolatedo eachtime of flight planeandmatchedwith the neareshit if it
waswithin 60mm. Matchedhits wererequiredin atleastthreeof thefour time of flight planes.The
velocity, 8 = v/c, wasthenobtainedusingthistime of flight informationandthetrajectory For events
which passedhroughthe Cerenkv countersensitve volumeanindependenvelocity measurement,
Bc, wasalsodetermined.To obtainthe magnitudeof the particlechage, |Z|, a setof referencelistri-
butionsof enegy lossesn boththetime of flight andthetracker layerswerederivedfrom calibration
measurementmadeatthe CERNtestbeaminterpolatedsia the Monte Carlomethod.For eachevent
thesereferencesverefit to the measureenepgy lossesusinga maximumlik elihood method. The
track parametersverethenrefit with themeasure@ andZ andthe particletype determinedrom the
resultantz, B, Bc andrigidity, R = pc/|Z|e(GV).

As protonsandheliumnucleiarethe dominantcomponent$n cosmicrays,afterselectingevents
with Z = +1 the proton samplehasonly minor backgroundsvhich consistof chaged pionsand
deuterons. The estimatedfraction of chaged pions, which are producedin the top part of AMS,
with enegy belov 0.5GeV is 1%. Above this enegy the fraction decreasegapidly with increasing
enegy. The deuteronabundancein cosmicrays above the geomagneticutoff is about2%. To
remove low enegy chaged pions and deuteronghe measurednasswas requiredto be within 3
standarddeviations of the proton mass. This rejectedabout3 % of the eventswhile reducingthe
backgroundtontaminatiorio negligible levelsoverall enegies.



To determinethe differential proton fluxes from the measureccountingratesrequiresthe ac-
ceptanceo be known asa function of the proton momentumanddirection. Protonswith different
momentaanddirectionswere generatedria the Monte Carlo method,passedhroughthe AMS de-
tectorsimulationprogramandacceptedf thetriggerandreconstructiomequirementsveresatisfied
asfor thedata. The acceptancevasfoundto be 0.15m?sr on average varyingfrom 0.3 to 0.03m?sr
with incidentangleandlocation and only weakly momentumdependent.Theseacceptancewere
thencorrectedollowing an analysisof unbiasedrigger events. The correctiongo the centralvalue
areshowvn in Tablel togethemwith their contribution to thetotal systematicrrorof 5 %.

Correction Amount | Uncertainty
Trigger:
4—Fold Coincidence -3 15
Time of Flight Pattern -4 2
Tracker Hits -2 1
Anticoincidence 0 1
Analysis:
TrackandVelocity Fit -2 15
ParticleInteractions +1 15
ProtonSelection -2 2
Monte Carlo Statistics 0 2
Differential AcceptancaBinning 0 2
Total -12 5

Tablel: Acceptanceorrectionsandtheir systematiaincertaintiesin percent

To obtaintheincidentdifferentialspectrunfrom the measuredpectrumtheeffect of thedetector
resolutionwas unfoldedusing resolutionfunctions obtainedfrom the simulation. Thesefunctions
werechecled at severalenegy pointsby testbeammeasurementsThe datawereunfoldedusinga
methodbasedon Bayes’theorem[7, 8], which usedan iterative procedurgand not a “regularized
unfolding”) to overcomeinstability of the matrix inversiondueto negativeterms.Fig. 1 compareshe
differentialprotonspectrunbeforeandafterunfoldingin the geomagnetiequatoriakegion, defined
below.

Resultsand Inter pretation

Thedifferentialspectran termsof kinetic enegy for downwardandupwardgoingprotonsintegrated
over incidentangleswithin 32° of the AMS z—axis,which waswithin 1° of the zenithor nadir, are
presentedh Fig. 2 andTables2—4. Theresultshave beenseparateaccordingo theabsolutevalueof
the correctedgeomagnetidatitude[9], ©y (radians)atwhich they wereobsened. Figs.2a,b andc
clearly shaw the effect of the geomagneticutoff andthe decreasén this cutoff with increasing@y,.

The spectraabove andbelow cutoff differ. The spectrumabove cutoff is referedto asthe “primary”

spectrumandbelow cutoff asthe“second”spectrum.



I. Propertiesof the Primary Spectrum

The primary protonspectrummay be parameterizetdy a power law in rigidity, @y x R™. Fitting [8]
themeasuredpectrunovertherigidity rangel0 < R < 200GV, i.e. well above cutoff, yields:

y = 2.79 + 0.012 (fit)  0.019 (sys,

GVZ.?Q
m2secsrMV
The systematicuncertaintyin y was estimatedrom the uncertaintyin the acceptanc€0.006),the
dependencef the resolutionfunction on the particle direction and track length within one sigma
(0.015),variationof thetracker bendingcoordinateaesolutionby = 4 microns(0.005)andvariationof
the selectioncriteria (0.010). The third uncertaintyquotedfor ®, reflectsthe systematiaincertainty
iny.

®o = 16.9 + 0.2(fit) £ 1.3(sys + 1.5(y)

II. Propertiesof the SecondSpectrum

As shown in Figs. 2a, b, ¢, a substantiasecondspectrumof downward going protonsis obsened
for all but the highestgeomagnetidatitudes. Figs. 2d, e, f shav thata substantiasecondspectrum
of upward going protonsis alsoobsenedfor all geomagnetidatitudes. The upward anddownward
goingprotonsof the secondspectrumhave thefollowing uniqueproperties:

(i) At geomagnetiequatorialatitudes©y, < 0.2, thisspectrunextendsfrom thelowestmeasured
enepy, 0.1GeV, to [6GeV with aflux 070m2sec?sr?.

(i) Asseenn Figs.2a,d, thesecondspectrumhasa distinctstructurenearthe geomagnetiequa-
tor: achangan geomagnetitatitudefrom 0 to 0.3 causeshe protonflux to dropby afactorof
2 to 3dependingpntheenengy.

(iii) Overthemuchwiderintenal 0.3 < Oy < 0.8, theflux is nearlyconstant.

(iv) In therangeO < Oy < 0.8, detailedcomparisonn differentlatitude bands(Fig. 3) indicates
thatthe upwardanddownwardfluxesarenearlyidentical,agreeingwithin 1%.

(v) At polarlatitudes,@y > 1.0, thedownwardsecondspectrum(Fig. 2c¢) is graduallyobscuredy
theprimaryspectrumwhereasghesecondpectrunof upwardgoingprotons(Fig. 2f) is clearly
obsened.

To understandhe origin of the secondspectrum,we traced[10] back 10° protonsfrom their
measuredncident angle, location and momentum,throughthe geomagnetidield [11] for 10sec
flight time or until they impingedon the top of the atmospherat an altitude of 40km, which was
takento bethepointof origin. All secondspectrunprotonswerefoundto originatein theatmosphere,
exceptfor few percenof thetotal detectedhearthe SouthAtlantic Anomaly(SAA). Thesehadclosed
trajectoriesandhencemay have beencirculatingfor a very long time andit is obviously difficult to
tracebackto thier origin. This type of trajectorywasonly obsenednearthe SAA, clearlyinfluenced
by theinnerradiationbelt. To avoid confusiondatatakenin the SAA region were excludedthough
therestof the protonsdetectechearthe SAA hadcharacteristicasthe restof the sample.Defining
the flight time asthe interval betweenproductionand detection,Fig. 4 shaws the distribution of
momentunmversudlight time of theremainingprotons.



As seenin Fig. 4, the trajectorytracing shavs that about30% of the detectedprotonsflew for
lessthan0.3secbeforedetection.The origin of these*short—lived” protonsis distributeduniformly
aroundthe globe, seeFig. 5a, the apparentstructurereflectingthe orbits of the spaceshuttle. In
contrast,Fig. 5b shaws that the remaining70% of protonswith flight times greaterthan 0.3sec,
classifiedas“long—lived”, originatefrom a geographicallyrestrictedzone.Fig. 6 shaws the strongly
pealed distribution of the point of origin of theselong—lived protonsin geomagneticoordinates.
Thoughdatais presentednly for protonsdetectecat ©y < 0.3, thesegeneralfeatureshold true up
to Oy 00.7. Fig. 7 shavs thedistribution of the numberof geomagnetiequatorcrossinggor long—
livedandshort—lvedprotons.About 15% of all the secondspectrunprotonsweredetectedn their
first bounceoverthe geomagnetiequator

Themeasurementsy AMS in nearEarthorbit (at 380km from the Earth’s surface),betweerthe
atmospherandthe radiationbelt, shav thatthe particlesin this region follow a complicatedpathin
theEarthsmagnetidield. Thisbehaior is differentfrom thatextrapolatedrom satelliteobsenations
in theradiationbelts,wherethe protonsbounceacrosshe equatorfor amuchlongertime. It is also
differentfrom thatextrapolatedrom balloonobsenationsin theupperayerof theatmosphereyhere
the protonstypically crossthe equatoronce.A striking featureof the secondspectruris thatmostof
the protonsoriginatefrom arestrictedgeographiaegion.
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Downward ProtonFlux (m? secsrMeV)

Exin
(GeV)

Geomagnetit.atitudeRange

Ou <0.2
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( 7.6£1.0)x107?
(41.9+2.6)x10°2
(37.9+1.7)x10°2

(13.6+3.8)x107?
( 7.6£1.0)x107?
(44.6+3.0)x10°2
(34.4+1.5)x10°2

(13.4+3.6)x107?
( 7.7£1.0)x107?
(48.4+3.3)x1072
(32.7+1.6)x10°2

0.31-
0.44—-
0.62—
0.85-

0.44
0.62
0.85
1.15

(70.1£3.2)x10°3
(50.4+2.7)x1072
(32.8+1.9)x10°°
(20.6+1.2)x10°3

(34.6£1.5)x10°3
(21.2+1.2)x10°3
(116.+£6.8)x10™*
(57.2+4.7)x107*

(24.4+1.1)x10°3
(155.£9.3)x1074
(84.9+6.5)x10™
(40.0+3.8)x10*

(21.1£1.2)x10°3
(121.£9.3)x10™
(61.5+5.6)x10™
(26.9£3.4)x10™*

(20.2+1.2)x10°3
(113.£9.0)x10™*
(50.0+6.4)x10™4
(24.2+4.2)x107*

1.15-
1.54—
2.02-
2.62—

1.54
2.02
2.62
3.38

(116.£6.9)x1074
(66.9£4.2)x107*
(28.6+1.9)x107*
(110.£9.6)x107°

(28.6+3.3)x1074
(12.2+2.1)x1074
( 8.2+1.8)x107*
( 3.6+1.1)x10*

(17.7£2.5)x107%
( 85+2.6)x10™*
( 5.0+1.3)x10
(30.0£8.6)x107°

(12.7+£2.9)x10™
( 6.9+1.4)x10
(37.3£3.3)x107°
(204.+7.4)x107®

( 85+1.4)x10*
( 5.7+1.0)x10*
(34.2+1.5)x107°
(29.0£1.4)x107°

3.38—
4.31-
5.45-
6.86—

4.31
5.45
6.86
8.60

(44.3+7.9)x107°
(15.7+£3.1)x107°
( 6.1£2.2)x107°
(23.7£2.1)x107°

(20.3+6.0)x107°
(13.4+4.8)x107°
(105.+8.7)x10°®
(53.8+£2.7)x107°

(23.2+3.6)x107°
(17.6+3.2)x107°
(31.9+£2.3)x107°
(19.5+1.5)x1074

(25.0+1.3)x107°
(58.5+5.9)x107°
(32.1+£3.0)x10™
(96.2+6.4)x10™

(10.7+1.1)x10*
(62.9+6.4)x10*
(18.4+1.4)x1073
(23.3+1.2)x10°2

8.60—
10.73-
13.34-
16.55-

10.73
13.34
16.55
20.48

(138.£6.8)x107°
(49.5+1.8)x1074
(65.7+2.1)x10*
(45.7+1.7)x107*

(28.6+£1.7)x10*
(60.9+2.4)x10™*
(63.4+1.8)x1074
(45.5+1.7)x1074

(58.5+3.3)x107*
(85.7+3.1)x1074
(72.1+2.1)x1074
(44.4+1.5)x107%

(128.+£5.4)x10™
(115.£2.8)x10™
(75.6£2.5)x10™
(45.2+1.8)x10*

(193.£5.1)x10™*
(128.£3.7)x107*
(75.6+2.7)x107*
(43.3+1.2)x107*

20.48-
25.29-
31.20-
38.43-

25.29
31.20
38.43
47.30

(27.7£1.0)x107%
(155.+5.9)x107°
(90.5+4.1)x107°
(51.4+2.2)x107°

(25.5+1.0)x10*
(147.£7.1)x107°
(79.2£4.7)x107°
(48.9+3.0)x107°

(255.£9.8)x107°
(144.+6.8)x107°
(80.5+4.5)x107°
(48.2+£2.5)x107°

(248.£9.6)x10™°
(142.46.7) <1075
(80.0+4.3)x107
(48.2+£3.0)x10°5

(24.0+£1.0)x10™*
(138.+5.6)x107°
(77.1+£4.3)x107°
(47.1£2.7)x107°

47.30-
58.16- 71.48
71.48- 87.79
87.79-107.78

58.16

(30.0£1.7)x107°
(164.+8.8)x107°
(86.1£3.9)x10°°
(49.4+2.9)x107°

(28.6+2.0)x107°
(15.4+£1.2)x107°
(79.6+4.7)x107®
(45.0+4.6)x107®

(28.7+1.8)x107°
(15.6+£1.2)x107°
(81.5+6.4)x10°°
(46.6+4.8)x107°

(28.4+1.8)x107°
(154.+8.8)x10°®
(80.2+5.9)x10°®
(45.8+2.8)x10°°

(27.7+1.8)x107°
(149.+£9.9)x10°®
(76.7+5.1)x10°®
(43.4+2.6)x10°®

107.78-132.27
132.27-162.29
162.29-199.06

(28.6+3.1)x10°°
(16.2+1.8)x10°®
(97.2+5.1)x1077

(25.7+6.1)x10°®
(14.3+7.0)x10°®
(84.8+6.7)x1077

(26.9+7.3)x10°°
(15.2+5.2)x10°®
( 9.1+2.3)x10°°

(26.4+6.2)x10°°
(14.9+7.9)x10°®
( 8.9+1.8)x10°°

(24.8+4.6)x107°
(13.8+6.3)x10°®
(82.1+6.2)x1077

Table2: Differentialdownwardprotonflux spectraor lower latitudes.
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Downward ProtonFlux (m? secsrMeV)

Exin
(GeV)

Geomagnetit.atitudeRange

06<0y <0.7

0.7<0y <08

08<0y <09

09<0y <10

1.0< 0Oy

0.07-
0.10-
0.15-
0.22-

0.10
0.15
0.22
0.31

(12.2+3.5)x1072
( 9.7+£1.3)x107?
(66.0+£3.7)x1073
(44.4+1.6)x1072

(18.5+5.9)x1072
(11.8+1.6)x1072
(97.3+5.9)x10°2
(44.2+2.0)x10°3

(25.1+8.9)x1072
(19.1+2.6)x1072
(144.+£8.9)x10°2
(92.4+6.9)x10°2

( 43+1.3)x107!
(41.8+5.6)x1072
(33.6+£3.3)x1072
(22.6+3.9)x107?

( 9.2+2.6)x107!
( 9.8+1.2)x107!
(109.+6.7)x1072
(126.+5.3)x1072

0.31-
0.44—-
0.62—
0.85-

0.44
0.62
0.85
1.15

(24.1£1.7)x10°3
(108.+8.8)x107*
(47.8+£6.7)x1074
(23.1£4.9)x10*

(23.8+1.3)x10°3
(14.4+1.0)x10°2
(77.2+£6.9)x10*
(60.9£6.5)x107*

(58.3+4.8)x1073
(36.6+3.5)x10°3
(22.0+2.5)x1072
(34.9+5.8)x1073

(29.3+7.1)x107?
( 47+1.1)x10"
( 7.5+1.3)x10!
(85.3+7.5)x107?

(139.£4.1)x107?
(132.+£4.8)x107?
(114.+4.2)x107?
(92.8+3.2)x107?

1.15-
1.54—
2.02-
2.62—

1.54
2.02
2.62
3.38

(13.1+£2.2)x1074
( 7.7+£1.2)x107*
(77.7+8.3)x107°
(49.1+£5.9)x1074

(23.7+£2.9)x10*
(44.8+6.7)x107*
(43.1£5.8)x10°3
(11.4+1.1)x107?

(15.4+2.4)x107?
(28.1£3.3)x107?
(30.9+1.8)x107?
(22.6+1.4)x107?

(71.7+4.5)x107?
(52.4+4.5)x107?
(36.2£2.9)x107?
(24.8+2.1)x107?

(72.4+2.4)x1072
(51.1+1.4)x107?
(37.0£1.1)x107?
(241.+£6.4)x10°2

3.38—
4.31-
5.45-
6.86—

4.31
5.45
6.86
8.60

(27.9£2.9)x10°3
(56.4+4.0)x10°3
(52.6+1.7)x1072
(35.6+1.2)x10°2

(124.£4.6)x10°3
(88.4£4.3)x10°3
(55.6+3.2)x1072
(34.0+1.8)x10°2

(15.4+1.1) <102
(95.3+5.9) x1073
(59.3+3.5)x1073
(36.3+2.6)x1073

(16.2+1.1)x1072
(103.£7.7)x10°3
(63.8+5.0)x1073
(39.0£2.8)x10°3

(163.£3.1)x10°3
(102.£2.9)x10°3
(61.4+1.3)x10°2
(390.+8.2)x10™*

8.60—
10.73-
13.34-
16.55-

10.73
13.34
16.55
20.48

(212.+£9.0)x10™*
(129.+£5.3)x1074
(75.8+3.3)x10*
(41.7+1.5)x10

(20.2+1.1)x10°2
(121.£6.4)x107*
(69.0+3.8)x107*
(40.5+2.1)x107*

(21.8+1.6)x10°2
(128.£8.0)x107*
(75.2+4.3)x10™
(40.2+3.0)x10™

(22.5+1.6)x10°2
(14.1+1.3)x10°°
(78.0£5.7)x10™
(39.3+3.3)x10™

(223.46.5)x10™*
(136.£4.5)x10*
(76.2+2.7)x107*
(39.6+1.3)x10*

20.48-
25.29-
31.20-
38.43-

25.29
31.20
38.43
47.30

(24.9+1.1)x1074
(134.+5.6)x107°
(75.1+4.0)x107°
(46.0+£2.7)x107°

(22.7+£1.3)x107*
(132.£8.7)x107°
(69.2+4.5)x107°
(44.7+2.8)x107°

(237.+£8.0)x10°
(127.46.4) <105
(61.5+5.7)x10™5
(44.0+3.5)x10°

(23.8+2.0)x107*
(12.3+1.4)x10*
(78.0£8.8)x107°
(44.1+£4.6)x107°

(22.0+1.3)x10™*
(118.£7.9)x107°
(76.7£6.5)x107°
(47.7£3.7)x107°

47.30-
58.16- 71.48
71.48- 87.79
87.79-107.78

58.16

(27.0£1.8)x107°
(14.6+£1.2)x107°
(76.0+4.6)x107°
(43.5+5.8)x10°°

(26.3+1.9)x107°
(142.£9.9)x10°®
(72.9+4.5)x107®
(41.5+3.0)x10°®

(25.7+2.8)x107°
(13.9+£1.3)x107°
(71.7+6.4)x10°°
(41.1+4.1)x10°®

(27.0£2.6)x107°
(14.3£1.5)x107°
(72.5+6.5)x10°®
(40.3+6.3)x10°°

(28.5+2.6)x107°
(154.+£9.8)x107®
(79.3+8.7)x10°®
(44.8+7.9)x107°

107.78-132.27
132.27-162.29
162.29-199.06

(25.2+4.5)x10°°
(14.3+3.9)x10°°
( 8.6+1.5)x10°°

(23.9+4.4)x10°®
(13.4+4.7)x10°®
(80.6+4.3)x1077

(23.9+4.4)x107°
(13.6+6.5)x10°®
( 8.2+1.3)x10°°

( 23%£1.2)x10°
(12.3+8.9)x10°®
( 7.2+3.7)x10°°

( 26+£1.2)x107°
( 1.4+£1.4)x107°
( 8.5+2.4)x107°

Table3: Differentialdownwardprotonflux spectraor higherlatitudes.

11




Upward ProtonFlux (m? secsrMeV) ™t

Exin
(Ge)

Geomagnetit.atitudeRange

Ou <0.2

02<0y <03

03<0y <04

04<0y <05

05<0y <06

0.07-0.10
0.10-0.15
0.15-0.22
0.22-0.31

(16.4+4.4)x107?
(10.9+1.4)x107?
(85.3+4.9)x10°3
(84.8+3.8)x1073

(13.1+3.9)x1072
( 7.5+1.0)x107?
(48.1+3.5)x10°2
(44.5+2.1)x1073

(12.6+3.5)x1072
(66.0£9.2)x1073
(42.7+2.8)x1072
(39.3+1.9)x1072

(14.7£4.1)x107?
( 7.7+£1.1)x107?
(42.2+2.8)x10°2
(35.5+1.8)x10°3

(15.8+4.7)x107?
( 8.7+1.2)x107?
(46.3+2.8)x1072
(34.6£1.5)x10°3

0.31-0.44
0.44-0.62
0.62-0.85
0.85-1.15

(66.8+3.4)x1072
(48.4+2.7)x1072
(32.7£2.0)x10°3
(20.2+1.1)x10°3

(33.6+1.7)x10°2
(20.3+1.2)x10°2
(120.£8.6)x10*
(53.9£4.6)x107*

(25.4+1.1)x10°2
(136.£8.3)x107%
(76.4+£5.6)x107*
(42.0£4.5)x10*

(21.4+1.1)x10°2
(124.£9.2)x1074
(61.9£6.1)x10*
(31.9+4.6)x10*

(21.0+1.1)x10°2
(97.6+8.1)x10*
(34.8+4.3)x1074
(17.9+£3.3)x1074

1.15-1.54
1.54-2.02
2.02-2.62
2.62-3.38

(124.£7.1)x107*
(62.0£4.2)x107*
(25.9+1.8)x10*
(10.7+£1.5)x10™*

(34.8+4.4)x1074
(16.4+2.3)x1074
( 7.9+1.3)x107*
( 42+1.2)x10™

(14.7+1.8)x1074
(12.5+2.3)x107*
( 5.6+1.1)x10™*
(29.9+8.7)x107°

(14.0£2.3)x107%
( 8.8+1.8)x10*
( 46+1.2)x107%
(38.3+£10.)x107°

( 8.6+2.1)x107*
( 5.2+1.2)x107*
( 3.4+1.1)x10*
(25.9+9.6)x107°

3.38-4.31
4.31-5.45
5.45-6.86

(29.7+5.7)x107°
(11.2+4.6)x107°
( 3.7£2.4)x107°

(15.6+8.3)x107°
( 6.4£4.2)x107°

(11.9+4.9)x107
( 7.2+£3.8)x10°

(13.4+5.7)x10°
( 6.4+3.3)x10°

( 9.4+3.7)x10°

Exin
(Gev)

Geomagnetit.atitudeRange

060y <07

0.7=s0y <08

08<0y <09

09<0y <10

0.07-0.10
0.10-0.15
0.15-0.22
0.22-0.31

(23.1+6.8)x107?
(10.5+1.5)x107?
(58.1+3.8)x1072
(43.0+2.1)x10°2

(32.9+9.5)x1072
(15.4+2.3)x1072
(72.5+5.4)x1072
(44.8+3.4)x1072

( 3.8+1.1)x10"
(18.0£2.4)x107?
(91.9+6.2)x1072
(57.4+3.3)x10°2

( 5.1+1.5)x10?
(25.5+4.1)x107?
(99.8+8.4)x1073
(54.0+4.9)x1072

0.31-0.44
0.44-0.62
0.62-0.85
0.85-1.15

(20.7+1.1)x10°3
(83.4+8.0)x10™*
(27.3+£4.0)x10*
( 7.2£2.3)x107*

(21.7£1.9)x10°3
(78.6£9.3)x107%
(18.4+£3.2)x10™
( 49+1.9)x10

(25.7£2.6)x10°3
( 8.8+1.2)x10°°
(17.9+4.8)x10*
( 7.4+4.2)x107*

(22.5+2.9)x10°3
( 8.8+1.7)x107°
(23.4+8.0)x10™*
(12.6+5.1)x10*

1.15-1.54
1.54-2.02
2.02-2.62
2.62-3.38

( 40+1.3)x1074
( 3.0£1.4)x10*
( 1.7+£1.2)x1074
( 6.3+4.1)x107°

( 3.2+2.3)x10™
(11.6+£7.2)x107°
( 7.7+£7.4)x107°
( 4.8+3.8)x107°

( 25+1.5)x10™
( 1.3x1.2)x10*

( 9.1+£4.0)x107%
(16.8+9.3)x107°

3.38-4.31

( 2.0£1.1)x10°

Table4: Differentialupward protonflux spectra.

12




- 6, <0.2 © Original
1F e Unfolded
L9
q ¢ ©
| ®
10§ ® e,
— - o
— | ¢
> o
=10} °
7y} - 8
S - o ® o
3 . .
N _37 o °
Ew0} o .
é - +o ®
TR - o} °
B ®
Wl ¢ °
10 - ~
z t :
- ¢
i ¢
-5
10 | ¢
:\\\ | \\\\\‘ | \\\\\‘ \\\\\‘
-1 2
10 1 10 10

Kinetic Energy (GeV)

Figure 1: The proton differential flux in the equatorialregion. Opencircles shav the measured
distribution, filled circlesarethe dataafterunfolding.
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Figure2: Flux spectrafor a,b,c)downwardandd,e,f) upward going protonsseperatecccordingto

thegeomagnetitatitude,®y, atwhich they weredetected.
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Figure 3: Comparisonof upward and downward secondspectrumproton at differentgeomagnetic
latitudes. As seenbelow cutoff, the upward anddownward fluxesagreein therange0 < © < 0.8

(seealsoFigs.2b,e).
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Figure4: Theintenal betweerproductionanddetectionor flight time, versusmomentumfrom the
backtracingof protonsdetectedn theregion©y < 0.3.
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Figure5: Thegeographicabrigin of a) short—lvedandb) long—lived protonswith p < 3GeV/c. The
dashedinesindicatethe geomagnetidield countoursat 380km.
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Figure6: The point of origin of long—livedprotons(®y < 0.3,p < 3GeV/c) in geomagneticoordi-
nates.
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Figure7: Numberof timesthe backtracedtrajectorycrosseshe geomagnetiequatorfor a) short—
livedandb) long—livedprotons(®y < 0.3,p < 3Ge//c).
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