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Abstract

The protonspectrumin the kinetic energy range0.1 to 200GeV wasmeasuredby
the Alpha MagneticSpectrometer(AMS) duringspaceshuttleflight STS–91at an alti-
tudeof 380km. Above thegeomagneticcutoff theobservedspectrumis parameterized
by a power law. Below the geomagneticcutoff a substantialsecondspectrumwasob-
served concentratedat equatoriallatitudeswith a flux ∼70m−2sec−1sr−1. Most of these
secondspectrumprotonsfollow a complicatedtrajectoryandoriginatefrom a restricted
geographicregion.
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Intr oduction

Protonsarethemostabundantchargedparticlesin space.Thestudyof cosmicray protonsimproves
theunderstandingof theinterstellarpropagationandaccelerationof cosmicrays.

Therearethreedistinctregionsin spacewhereprotonshavebeenstudiedby differentmeans:

Thealtitudesof 30–40km abovetheEarth’ssurface.Thisregionhasbeenstudiedwith balloons
for severaldecades.Balloonexperimentshavemadeimportantcontributionsto theunderstand-
ing of theprimarycosmicrayspectrumof protronsandthebehavior of atmosphericsecondary
particlesin theupperlayerof theatmosphere.

The inner andouterradiationbelts,which extendfrom altitudesof about1000km up to the
boundaryof themagnetosphere.Smallsizedetectorsonsatelliteshavebeensufficient to study
thehigh intensitiesin theradiationbelts.

A region intermediatebetweenthe top of the atmosphereand the inner radiationbelt. The
radiationlevelsarenormallynot very high, sosatellite-baseddetectorsusedsofar, i.e. before
AMS, havenotbeensensitiveenoughto systematicallystudytheprotonspectrumin thisregion
overabroadenergy range.

Reference[1] includessomeof the previous studies. The primary featurein the protonspectrum
observed nearEarth is a low energy drop off in the flux, known as the geomagneticcutoff. This
cutoff occursat kinetic energies rangingfrom ∼10MeV to ∼10GeV dependingon the latitudeand
longitude.Abovecutoff, from ∼10 to ∼100GeV, numerousmeasurementsindicatethespectrumfalls
off accordingto apower law.

TheAlpha MagneticSpectrometer(AMS) [2] is a high energy physicsexperimentscheduledfor
installationon the InternationalSpaceStation. In preparationfor this long durationmission,AMS
flew a precursormissionon boardthespaceshuttleDiscoveryduringflight STS–91in June1998.In
this reportwe usethedatacollectedduring theflight to studythecosmicray protonspectrumfrom
kineticenergiesof 0.1to 200GeV, takingadvantageof thelargeacceptance,theaccuratemomentum
resolution,the precisetrajectoryreconstructionand the good particle identificationcapabilitiesof
AMS.

Thehigh statistics(∼ 107) availableallow thevariationof thespectrumwith positionto bemea-
suredbothabove andbelow thegeomagneticcutoff. Becausetheincidentparticledirectionandmo-
mentumwereaccuratelymeasuredin AMS, it is possibleto investigatetheorigin of protonsbelow
cutoff by trackingthemin theEarth’smagneticfield.

The AMS Detector

The major elementsof AMS asflown on STS–91consistedof a permanentmagnet,a tracker, time
of flight hodoscopes,a Cerenkov counterandanticoincidencecounters[3]. The permanentmagnet
hadthe shapeof a cylindrical shell with inner diameter1.1m, length0.8m andprovided a central
dipolefield of 0.14Teslaacrossthemagnetboreandananalysingpower, BL2, of 0.14Tm2 parallel
to the magnet,or z–, axis. The six layersof doublesidedsilicon tracker were arrayedtransverse
to the magnetaxis. The outer layerswere just outsidethe magnetcylinder. The tracker measured
the trajectoryof relativistic singly chargedparticleswith an accuracy of 20micronsin the bending
coordinateand33micronsin thenon-bendingcoordinate,aswell asprovidingmultiplemeasurements
of theenergy loss.Thetime of flight systemhadtwo planesat eachendof themagnet,coveringthe
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outertracker layers.Togetherthefour planesmeasuredsingly chargedparticletransittimeswith an
accuracy of 120psecandalsoyieldedmultiple energy lossmeasurements.The AerogelCerenkov
counter(n = 1.035) wasusedto make independentvelocity measurementsto separatelow energy
protonsfrom pionsandelectrons.A layer of anticoincidencescintillation counterslined the inner
surfaceof themagnet.Low energy particleswereabsorbedby thin carbonfiber shields.In flight the
AMS positivez–axispointedoutof theshuttlepayloadbay.

For this study the acceptancewasrestrictedto eventswith an incidentanglewithin 32
�

of the
positive z–axisof AMS anddatafrom two periodsareincluded. In the first periodthe z–axiswas
pointingwithin 1

�
of thezenith.Eventsfrom this periodarereferredto as“downward” going. In the

secondperiodthez–axispointingwaswithin 1
�

of thenadir. Datafrom this periodarereferredto as
“upward” going.Theorbital inclinationwas51.7

�
andthegeodeticaltitudeduringthesetwo periods

rangedfrom 350 to 390km. Datatakenwhile orbiting in or neartheSouthAtlantic Anomalywere
excluded.

Theresponseof thedetectorwassimulatedusingtheAMS detectorsimulationprogram,basedon
theGEANT package[4]. Theeffectsof energy loss,multiple scattering,interactions,decaysandthe
measureddetectorefficiency andresolutionwereincluded.

TheAMS detectorwasextensively calibratedat two accelerators:atGSI,Darmstadt,with helium
and carbonbeamsat 600 incident anglesand locationsand 107 events,and at the CERN proton-
synchrotronin the energy region of 2 to 14GeV, with 1200 incidentanglesand locationsand108

events.Thisensuredthattheperformanceof thedetectorandtheanalysisprocedurewerethoroughly
understood.

Analysis

Reconstructionof the incidentparticletype,energy anddirectionstartedwith a trackfinding proce-
durewhich includedclusterfinding, clustercoordinatetransformationandpatternrecognition.The
track was thenfit using two independentalgorithms[5, 6]. For a track to be acceptedthe fit was
requiredto includeat least4 hits in thebendingplaneandat least3 hits in thenon-bendingplane.

Thetrackwasthenextrapolatedto eachtime of flight planeandmatchedwith thenearesthit if it
waswithin 60mm. Matchedhits wererequiredin at leastthreeof thefour time of flight planes.The
velocity, β = v/c, wasthenobtainedusingthistimeof flight informationandthetrajectory. For events
which passedthroughtheCerenkov countersensitivevolumeanindependentvelocity measurement,
βC, wasalsodetermined.To obtainthemagnitudeof theparticlecharge, |Z|, a setof referencedistri-
butionsof energy lossesin boththetimeof flight andthetracker layerswerederivedfrom calibration
measurementsmadeat theCERNtestbeaminterpolatedvia theMonteCarlomethod.For eachevent
thesereferenceswerefit to the measuredenergy lossesusinga maximumlikelihoodmethod. The
trackparameterswerethenrefit with themeasuredβ andZ andtheparticletypedeterminedfrom the
resultantZ, β , βC andrigidity, R = pc/|Z|e (GV).

As protonsandheliumnucleiarethedominantcomponentsin cosmicrays,afterselectingevents
with Z = +1 the proton samplehasonly minor backgroundswhich consistof charged pions and
deuterons.The estimatedfraction of chargedpions, which are producedin the top part of AMS,
with energy below 0.5GeV is 1%. Above this energy thefractiondecreasesrapidly with increasing
energy. The deuteronabundancein cosmicrays above the geomagneticcutoff is about2%. To
remove low energy charged pions and deuteronsthe measuredmasswas requiredto be within 3
standarddeviationsof the protonmass. This rejectedabout3% of the eventswhile reducingthe
backgroundcontaminationto negligible levelsoverall energies.
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To determinethe differential proton fluxes from the measuredcountingratesrequiresthe ac-
ceptanceto be known asa function of the protonmomentumanddirection. Protonswith different
momentaanddirectionsweregeneratedvia the Monte Carlo method,passedthroughthe AMS de-
tectorsimulationprogramandacceptedif thetriggerandreconstructionrequirementsweresatisfied
asfor thedata.Theacceptancewasfoundto be0.15m2sr on average,varyingfrom 0.3 to 0.03m2sr
with incidentangleand locationandonly weakly momentumdependent.Theseacceptanceswere
thencorrectedfollowing ananalysisof unbiasedtriggerevents.Thecorrectionsto thecentralvalue
areshown in Table1 togetherwith their contribution to thetotal systematicerrorof 5%.

Correction Amount Uncertainty
Trigger:

4–Fold Coincidence –3 1.5
Timeof Flight Pattern –4 2
TrackerHits –2 1
Anticoincidence 0 1

Analysis:
TrackandVelocityFit –2 1.5
ParticleInteractions + 1 1.5
ProtonSelection –2 2

MonteCarloStatistics 0 2
DifferentialAcceptanceBinning 0 2
Total –12 5

Table1: Acceptancecorrectionsandtheir systematicuncertainties,in percent

To obtaintheincidentdifferentialspectrumfrom themeasuredspectrum,theeffectof thedetector
resolutionwasunfoldedusing resolutionfunctionsobtainedfrom the simulation. Thesefunctions
werecheckedat severalenergy pointsby testbeammeasurements.Thedatawereunfoldedusinga
methodbasedon Bayes’ theorem[7, 8], which usedan iterative procedure(andnot a “regularized
unfolding”) to overcomeinstabilityof thematrix inversiondueto negativeterms.Fig. 1 comparesthe
differentialprotonspectrumbeforeandafterunfoldingin thegeomagneticequatorialregion,defined
below.

Resultsand Inter pretation

Thedifferentialspectrain termsof kineticenergy for downwardandupwardgoingprotonsintegrated
over incidentangleswithin 32

�
of theAMS z–axis,which waswithin 1

�
of thezenithor nadir, are

presentedin Fig. 2 andTables2–4.Theresultshavebeenseparatedaccordingto theabsolutevalueof
thecorrectedgeomagneticlatitude[9], ΘM (radians),at which they wereobserved. Figs.2a,b andc
clearlyshow theeffect of thegeomagneticcutoff andthedecreasein this cutoff with increasingΘM.
Thespectraabove andbelow cutoff differ. Thespectrumabove cutoff is referedto asthe“primary”
spectrumandbelow cutoff asthe“second”spectrum.
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I. Propertiesof the Primary Spectrum

Theprimaryprotonspectrummaybeparameterizedby a power law in rigidity, Φ0 × R−γ . Fitting [8]
themeasuredspectrumover therigidity range10 < R < 200 GV, i.e. well abovecutoff, yields:

γ = 2.79 ± 0.012 (fit) ± 0.019 (sys),

Φ0 = 16.9 ± 0.2 (fit) ± 1.3 (sys) ± 1.5 (γ )
GV2.79

m2secsrMV
.

The systematicuncertaintyin γ wasestimatedfrom the uncertaintyin the acceptance(0.006),the
dependenceof the resolutionfunction on the particledirectionand track lengthwithin onesigma
(0.015),variationof thetrackerbendingcoordinateresolutionby ± 4 microns(0.005)andvariationof
theselectioncriteria(0.010).Thethird uncertaintyquotedfor Φ0 reflectsthesystematicuncertainty
in γ .

II. Propertiesof the SecondSpectrum

As shown in Figs. 2a, b, c, a substantialsecondspectrumof downward going protonsis observed
for all but thehighestgeomagneticlatitudes.Figs.2d, e, f show thata substantialsecondspectrum
of upwardgoingprotonsis alsoobservedfor all geomagneticlatitudes.Theupwardanddownward
goingprotonsof thesecondspectrumhave thefollowing uniqueproperties:

(i) At geomagneticequatoriallatitudes,ΘM < 0.2, thisspectrumextendsfrom thelowestmeasured
energy, 0.1GeV, to ∼6GeV with aflux ∼70m−2sec−1sr−1.

(ii) As seenin Figs.2a,d, thesecondspectrumhasa distinctstructurenearthegeomagneticequa-
tor: achangein geomagneticlatitudefrom 0 to 0.3causestheprotonflux to dropby a factorof
2 to 3 dependingon theenergy.

(iii) Over themuchwider interval 0.3 < ΘM < 0.8, theflux is nearlyconstant.

(iv) In the range0 ≤ ΘM < 0.8, detailedcomparisonin differentlatitudebands(Fig. 3) indicates
thattheupwardanddownwardfluxesarenearlyidentical,agreeingwithin 1%.

(v) At polarlatitudes,ΘM > 1.0, thedownwardsecondspectrum(Fig. 2c) is graduallyobscuredby
theprimaryspectrum,whereasthesecondspectrumof upwardgoingprotons(Fig.2f) is clearly
observed.

To understandthe origin of the secondspectrum,we traced[10] back 105 protonsfrom their
measuredincident angle, location and momentum,throughthe geomagneticfield [11] for 10sec
flight time or until they impingedon the top of the atmosphereat an altitudeof 40km, which was
takento bethepointof origin. All secondspectrumprotonswerefoundto originatein theatmosphere,
exceptfor few percentof thetotaldetectedneartheSouthAtlantic Anomaly(SAA). Thesehadclosed
trajectoriesandhencemayhave beencirculatingfor a very long time andit is obviously difficult to
tracebackto thier origin. This typeof trajectorywasonly observedneartheSAA, clearlyinfluenced
by the inner radiationbelt. To avoid confusiondatataken in theSAA region wereexcludedthough
therestof theprotonsdetectedneartheSAA hadcharacteristicsastherestof thesample.Defining
the flight time as the interval betweenproductionand detection,Fig. 4 shows the distribution of
momentumversusflight timeof theremainingprotons.
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As seenin Fig. 4, the trajectorytracingshows that about30% of the detectedprotonsflew for
lessthan0.3secbeforedetection.Theorigin of these“short–lived” protonsis distributeduniformly
aroundthe globe, seeFig. 5a, the apparentstructurereflectingthe orbits of the spaceshuttle. In
contrast,Fig. 5b shows that the remaining70% of protonswith flight times greaterthan 0.3sec,
classifiedas“long–lived”, originatefrom a geographicallyrestrictedzone.Fig. 6 shows thestrongly
peaked distribution of the point of origin of theselong–lived protonsin geomagneticcoordinates.
Thoughdatais presentedonly for protonsdetectedat ΘM < 0.3, thesegeneralfeatureshold trueup
to ΘM ∼ 0.7. Fig. 7 shows thedistributionof thenumberof geomagneticequatorcrossingsfor long–
livedandshort–livedprotons.About 15% of all thesecondspectrumprotonsweredetectedon their
first bounceover thegeomagneticequator.

Themeasurementsby AMS in nearEarthorbit (at 380km from theEarth’s surface),betweenthe
atmosphereandtheradiationbelt, show thattheparticlesin this region follow a complicatedpathin
theEarth’smagneticfield. Thisbehavior is differentfrom thatextrapolatedfrom satelliteobservations
in theradiationbelts,wheretheprotonsbounceacrosstheequatorfor a muchlongertime. It is also
differentfrom thatextrapolatedfrom balloonobservationsin theupperlayerof theatmosphere,where
theprotonstypically crosstheequatoronce.A striking featureof thesecondspectrumis thatmostof
theprotonsoriginatefrom arestrictedgeographicregion.
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v InstitutoSuperiorTécnico,IST, P-1096Lisboa,Portugal
w LaboratoriodeInstrumentacaoeFisicaExperimentaldeParticulas,LIP, P-1000Lisboa,Portugal
x Chung–ShanInstituteof ScienceandTechnology, Lung-Tan,TaoYuan325,Taiwan11529
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DownwardProtonFlux (m2 secsrMeV)−1

Ekin GeomagneticLatitudeRange

( GeV) ΘM < 0.2 0.2 ≤ ΘM < 0.3 0.3 ≤ ΘM < 0.4 0.4 ≤ ΘM < 0.5 0.5 ≤ ΘM < 0.6
0.07– 0.10 (16.7±4.4) ×10−2 (14.2±4.0) ×10−2 (11.2±3.1) ×10−2 (13.6±3.8) ×10−2 (13.4±3.6) ×10−2

0.10– 0.15 (12.1±1.4) ×10−2 ( 8.2±1.0) ×10−2 ( 7.6±1.0) ×10−2 ( 7.6±1.0) ×10−2 ( 7.7±1.0) ×10−2

0.15– 0.22 (97.9±4.6) ×10−3 (51.2±3.2) ×10−3 (41.9±2.6) ×10−3 (44.6±3.0) ×10−3 (48.4±3.3) ×10−3

0.22– 0.31 (86.2±2.8) ×10−3 (45.6±1.8) ×10−3 (37.9±1.7) ×10−3 (34.4±1.5) ×10−3 (32.7±1.6) ×10−3

0.31– 0.44 (70.1±3.2) ×10−3 (34.6±1.5) ×10−3 (24.4±1.1) ×10−3 (21.1±1.2) ×10−3 (20.2±1.2) ×10−3

0.44– 0.62 (50.4±2.7) ×10−3 (21.2±1.2) ×10−3 (155.±9.3) ×10−4 (121.±9.3) ×10−4 (113.±9.0) ×10−4

0.62– 0.85 (32.8±1.9) ×10−3 (116.±6.8) ×10−4 (84.9±6.5) ×10−4 (61.5±5.6) ×10−4 (50.0±6.4) ×10−4

0.85– 1.15 (20.6±1.2) ×10−3 (57.2±4.7) ×10−4 (40.0±3.8) ×10−4 (26.9±3.4) ×10−4 (24.2±4.2) ×10−4

1.15– 1.54 (116.±6.9) ×10−4 (28.6±3.3) ×10−4 (17.7±2.5) ×10−4 (12.7±2.9) ×10−4 ( 8.5±1.4) ×10−4

1.54– 2.02 (66.9±4.2) ×10−4 (12.2±2.1) ×10−4 ( 8.5±2.6) ×10−4 ( 6.9±1.4) ×10−4 ( 5.7±1.0) ×10−4

2.02– 2.62 (28.6±1.9) ×10−4 ( 8.2±1.8) ×10−4 ( 5.0±1.3) ×10−4 (37.3±3.3) ×10−5 (34.2±1.5) ×10−5

2.62– 3.38 (110.±9.6) ×10−5 ( 3.6±1.1) ×10−4 (30.0±8.6) ×10−5 (204.±7.4) ×10−6 (29.0±1.4) ×10−5

3.38– 4.31 (44.3±7.9) ×10−5 (20.3±6.0) ×10−5 (23.2±3.6) ×10−5 (25.0±1.3) ×10−5 (10.7±1.1) ×10−4

4.31– 5.45 (15.7±3.1) ×10−5 (13.4±4.8) ×10−5 (17.6±3.2) ×10−5 (58.5±5.9) ×10−5 (62.9±6.4) ×10−4

5.45– 6.86 ( 6.1±2.2) ×10−5 (105.±8.7) ×10−6 (31.9±2.3) ×10−5 (32.1±3.0) ×10−4 (18.4±1.4) ×10−3

6.86– 8.60 (23.7±2.1) ×10−5 (53.8±2.7) ×10−5 (19.5±1.5) ×10−4 (96.2±6.4) ×10−4 (23.3±1.2) ×10−3

8.60– 10.73 (138.±6.8) ×10−5 (28.6±1.7) ×10−4 (58.5±3.3) ×10−4 (128.±5.4) ×10−4 (193.±5.1) ×10−4

10.73– 13.34 (49.5±1.8) ×10−4 (60.9±2.4) ×10−4 (85.7±3.1) ×10−4 (115.±2.8) ×10−4 (128.±3.7) ×10−4

13.34– 16.55 (65.7±2.1) ×10−4 (63.4±1.8) ×10−4 (72.1±2.1) ×10−4 (75.6±2.5) ×10−4 (75.6±2.7) ×10−4

16.55– 20.48 (45.7±1.7) ×10−4 (45.5±1.7) ×10−4 (44.4±1.5) ×10−4 (45.2±1.8) ×10−4 (43.3±1.2) ×10−4

20.48– 25.29 (27.7±1.0) ×10−4 (25.5±1.0) ×10−4 (255.±9.8) ×10−5 (248.±9.6) ×10−5 (24.0±1.0) ×10−4

25.29– 31.20 (155.±5.9) ×10−5 (147.±7.1) ×10−5 (144.±6.8) ×10−5 (142.±6.7) ×10−5 (138.±5.6) ×10−5

31.20– 38.43 (90.5±4.1) ×10−5 (79.2±4.7) ×10−5 (80.5±4.5) ×10−5 (80.0±4.3) ×10−5 (77.1±4.3) ×10−5

38.43– 47.30 (51.4±2.2) ×10−5 (48.9±3.0) ×10−5 (48.2±2.5) ×10−5 (48.2±3.0) ×10−5 (47.1±2.7) ×10−5

47.30– 58.16 (30.0±1.7) ×10−5 (28.6±2.0) ×10−5 (28.7±1.8) ×10−5 (28.4±1.8) ×10−5 (27.7±1.8) ×10−5

58.16– 71.48 (164.±8.8) ×10−6 (15.4±1.2) ×10−5 (15.6±1.2) ×10−5 (154.±8.8) ×10−6 (149.±9.9) ×10−6

71.48– 87.79 (86.1±3.9) ×10−6 (79.6±4.7) ×10−6 (81.5±6.4) ×10−6 (80.2±5.9) ×10−6 (76.7±5.1) ×10−6

87.79–107.78 (49.4±2.9) ×10−6 (45.0±4.6) ×10−6 (46.6±4.8) ×10−6 (45.8±2.8) ×10−6 (43.4±2.6) ×10−6

107.78–132.27 (28.6±3.1) ×10−6 (25.7±6.1) ×10−6 (26.9±7.3) ×10−6 (26.4±6.2) ×10−6 (24.8±4.6) ×10−6

132.27–162.29 (16.2±1.8) ×10−6 (14.3±7.0) ×10−6 (15.2±5.2) ×10−6 (14.9±7.9) ×10−6 (13.8±6.3) ×10−6

162.29–199.06 (97.2±5.1) ×10−7 (84.8±6.7) ×10−7 ( 9.1±2.3) ×10−6 ( 8.9±1.8) ×10−6 (82.1±6.2) ×10−7

Table2: Dif ferentialdownwardprotonflux spectrafor lower latitudes.
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DownwardProtonFlux (m2 secsrMeV)−1

Ekin GeomagneticLatitudeRange

( GeV) 0.6 ≤ ΘM < 0.7 0.7 ≤ ΘM < 0.8 0.8 ≤ ΘM < 0.9 0.9 ≤ ΘM < 1.0 1.0 ≤ ΘM

0.07– 0.10 (12.2±3.5) ×10−2 (18.5±5.9) ×10−2 (25.1±8.9) ×10−2 ( 4.3±1.3) ×10−1 ( 9.2±2.6) ×10−1

0.10– 0.15 ( 9.7±1.3) ×10−2 (11.8±1.6) ×10−2 (19.1±2.6) ×10−2 (41.8±5.6) ×10−2 ( 9.8±1.2) ×10−1

0.15– 0.22 (66.0±3.7) ×10−3 (97.3±5.9) ×10−3 (144.±8.9) ×10−3 (33.6±3.3) ×10−2 (109.±6.7) ×10−2

0.22– 0.31 (44.4±1.6) ×10−3 (44.2±2.0) ×10−3 (92.4±6.9) ×10−3 (22.6±3.9) ×10−2 (126.±5.3) ×10−2

0.31– 0.44 (24.1±1.7) ×10−3 (23.8±1.3) ×10−3 (58.3±4.8) ×10−3 (29.3±7.1) ×10−2 (139.±4.1) ×10−2

0.44– 0.62 (108.±8.8) ×10−4 (14.4±1.0) ×10−3 (36.6±3.5) ×10−3 ( 4.7±1.1) ×10−1 (132.±4.8) ×10−2

0.62– 0.85 (47.8±6.7) ×10−4 (77.2±6.9) ×10−4 (22.0±2.5) ×10−3 ( 7.5±1.3) ×10−1 (114.±4.2) ×10−2

0.85– 1.15 (23.1±4.9) ×10−4 (60.9±6.5) ×10−4 (34.9±5.8) ×10−3 (85.3±7.5) ×10−2 (92.8±3.2) ×10−2

1.15– 1.54 (13.1±2.2) ×10−4 (23.7±2.9) ×10−4 (15.4±2.4) ×10−2 (71.7±4.5) ×10−2 (72.4±2.4) ×10−2

1.54– 2.02 ( 7.7±1.2) ×10−4 (44.8±6.7) ×10−4 (28.1±3.3) ×10−2 (52.4±4.5) ×10−2 (51.1±1.4) ×10−2

2.02– 2.62 (77.7±8.3) ×10−5 (43.1±5.8) ×10−3 (30.9±1.8) ×10−2 (36.2±2.9) ×10−2 (37.0±1.1) ×10−2

2.62– 3.38 (49.1±5.9) ×10−4 (11.4±1.1) ×10−2 (22.6±1.4) ×10−2 (24.8±2.1) ×10−2 (241.±6.4) ×10−3

3.38– 4.31 (27.9±2.9) ×10−3 (124.±4.6) ×10−3 (15.4±1.1) ×10−2 (16.2±1.1) ×10−2 (163.±3.1) ×10−3

4.31– 5.45 (56.4±4.0) ×10−3 (88.4±4.3) ×10−3 (95.3±5.9) ×10−3 (103.±7.7) ×10−3 (102.±2.9) ×10−3

5.45– 6.86 (52.6±1.7) ×10−3 (55.6±3.2) ×10−3 (59.3±3.5) ×10−3 (63.8±5.0) ×10−3 (61.4±1.3) ×10−3

6.86– 8.60 (35.6±1.2) ×10−3 (34.0±1.8) ×10−3 (36.3±2.6) ×10−3 (39.0±2.8) ×10−3 (390.±8.2) ×10−4

8.60– 10.73 (212.±9.0) ×10−4 (20.2±1.1) ×10−3 (21.8±1.6) ×10−3 (22.5±1.6) ×10−3 (223.±6.5) ×10−4

10.73– 13.34 (129.±5.3) ×10−4 (121.±6.4) ×10−4 (128.±8.0) ×10−4 (14.1±1.3) ×10−3 (136.±4.5) ×10−4

13.34– 16.55 (75.8±3.3) ×10−4 (69.0±3.8) ×10−4 (75.2±4.3) ×10−4 (78.0±5.7) ×10−4 (76.2±2.7) ×10−4

16.55– 20.48 (41.7±1.5) ×10−4 (40.5±2.1) ×10−4 (40.2±3.0) ×10−4 (39.3±3.3) ×10−4 (39.6±1.3) ×10−4

20.48– 25.29 (24.9±1.1) ×10−4 (22.7±1.3) ×10−4 (237.±8.0) ×10−5 (23.8±2.0) ×10−4 (22.0±1.3) ×10−4

25.29– 31.20 (134.±5.6) ×10−5 (132.±8.7) ×10−5 (127.±6.4) ×10−5 (12.3±1.4) ×10−4 (118.±7.9) ×10−5

31.20– 38.43 (75.1±4.0) ×10−5 (69.2±4.5) ×10−5 (61.5±5.7) ×10−5 (78.0±8.8) ×10−5 (76.7±6.5) ×10−5

38.43– 47.30 (46.0±2.7) ×10−5 (44.7±2.8) ×10−5 (44.0±3.5) ×10−5 (44.1±4.6) ×10−5 (47.7±3.7) ×10−5

47.30– 58.16 (27.0±1.8) ×10−5 (26.3±1.9) ×10−5 (25.7±2.8) ×10−5 (27.0±2.6) ×10−5 (28.5±2.6) ×10−5

58.16– 71.48 (14.6±1.2) ×10−5 (142.±9.9) ×10−6 (13.9±1.3) ×10−5 (14.3±1.5) ×10−5 (154.±9.8) ×10−6

71.48– 87.79 (76.0±4.6) ×10−6 (72.9±4.5) ×10−6 (71.7±6.4) ×10−6 (72.5±6.5) ×10−6 (79.3±8.7) ×10−6

87.79–107.78 (43.5±5.8) ×10−6 (41.5±3.0) ×10−6 (41.1±4.1) ×10−6 (40.3±6.3) ×10−6 (44.8±7.9) ×10−6

107.78–132.27 (25.2±4.5) ×10−6 (23.9±4.4) ×10−6 (23.9±4.4) ×10−6 ( 2.3±1.2) ×10−5 ( 2.6±1.2) ×10−5

132.27–162.29 (14.3±3.9) ×10−6 (13.4±4.7) ×10−6 (13.6±6.5) ×10−6 (12.3±8.9) ×10−6 ( 1.4±1.4) ×10−5

162.29–199.06 ( 8.6±1.5) ×10−6 (80.6±4.3) ×10−7 ( 8.2±1.3) ×10−6 ( 7.2±3.7) ×10−6 ( 8.5±2.4) ×10−6

Table3: Dif ferentialdownwardprotonflux spectrafor higherlatitudes.
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UpwardProtonFlux (m2 secsrMeV)−1

Ekin GeomagneticLatitudeRange

( GeV) ΘM < 0.2 0.2 ≤ ΘM < 0.3 0.3 ≤ ΘM < 0.4 0.4 ≤ ΘM < 0.5 0.5 ≤ ΘM < 0.6
0.07–0.10 (16.4±4.4) ×10−2 (13.1±3.9) ×10−2 (12.6±3.5) ×10−2 (14.7±4.1) ×10−2 (15.8±4.7) ×10−2

0.10–0.15 (10.9±1.4) ×10−2 ( 7.5±1.0) ×10−2 (66.0±9.2) ×10−3 ( 7.7±1.1) ×10−2 ( 8.7±1.2) ×10−2

0.15–0.22 (85.3±4.9) ×10−3 (48.1±3.5) ×10−3 (42.7±2.8) ×10−3 (42.2±2.8) ×10−3 (46.3±2.8) ×10−3

0.22–0.31 (84.8±3.8) ×10−3 (44.5±2.1) ×10−3 (39.3±1.9) ×10−3 (35.5±1.8) ×10−3 (34.6±1.5) ×10−3

0.31–0.44 (66.8±3.4) ×10−3 (33.6±1.7) ×10−3 (25.4±1.1) ×10−3 (21.4±1.1) ×10−3 (21.0±1.1) ×10−3

0.44–0.62 (48.4±2.7) ×10−3 (20.3±1.2) ×10−3 (136.±8.3) ×10−4 (124.±9.2) ×10−4 (97.6±8.1) ×10−4

0.62–0.85 (32.7±2.0) ×10−3 (120.±8.6) ×10−4 (76.4±5.6) ×10−4 (61.9±6.1) ×10−4 (34.8±4.3) ×10−4

0.85–1.15 (20.2±1.1) ×10−3 (53.9±4.6) ×10−4 (42.0±4.5) ×10−4 (31.9±4.6) ×10−4 (17.9±3.3) ×10−4

1.15–1.54 (124.±7.1) ×10−4 (34.8±4.4) ×10−4 (14.7±1.8) ×10−4 (14.0±2.3) ×10−4 ( 8.6±2.1) ×10−4

1.54–2.02 (62.0±4.2) ×10−4 (16.4±2.3) ×10−4 (12.5±2.3) ×10−4 ( 8.8±1.8) ×10−4 ( 5.2±1.2) ×10−4

2.02–2.62 (25.9±1.8) ×10−4 ( 7.9±1.3) ×10−4 ( 5.6±1.1) ×10−4 ( 4.6±1.2) ×10−4 ( 3.4±1.1) ×10−4

2.62–3.38 (10.7±1.5) ×10−4 ( 4.2±1.2) ×10−4 (29.9±8.7) ×10−5 (38.3±10.) ×10−5 (25.9±9.6) ×10−5

3.38–4.31 (29.7±5.7) ×10−5 (15.6±8.3) ×10−5 (11.9±4.9) ×10−5 (13.4±5.7) ×10−5 ( 9.4±3.7) ×10−5

4.31–5.45 (11.2±4.6) ×10−5 ( 6.4±4.2) ×10−5 ( 7.2±3.8) ×10−5 ( 6.4±3.3) ×10−5

5.45–6.86 ( 3.7±2.4) ×10−5

Ekin GeomagneticLatitudeRange

( GeV) 0.6 ≤ ΘM < 0.7 0.7 ≤ ΘM < 0.8 0.8 ≤ ΘM < 0.9 0.9 ≤ ΘM < 1.0
0.07–0.10 (23.1±6.8) ×10−2 (32.9±9.5) ×10−2 ( 3.8±1.1) ×10−1 ( 5.1±1.5) ×10−1

0.10–0.15 (10.5±1.5) ×10−2 (15.4±2.3) ×10−2 (18.0±2.4) ×10−2 (25.5±4.1) ×10−2

0.15–0.22 (58.1±3.8) ×10−3 (72.5±5.4) ×10−3 (91.9±6.2) ×10−3 (99.8±8.4) ×10−3

0.22–0.31 (43.0±2.1) ×10−3 (44.8±3.4) ×10−3 (57.4±3.3) ×10−3 (54.0±4.9) ×10−3

0.31–0.44 (20.7±1.1) ×10−3 (21.7±1.9) ×10−3 (25.7±2.6) ×10−3 (22.5±2.9) ×10−3

0.44–0.62 (83.4±8.0) ×10−4 (78.6±9.3) ×10−4 ( 8.8±1.2) ×10−3 ( 8.8±1.7) ×10−3

0.62–0.85 (27.3±4.0) ×10−4 (18.4±3.2) ×10−4 (17.9±4.8) ×10−4 (23.4±8.0) ×10−4

0.85–1.15 ( 7.2±2.3) ×10−4 ( 4.9±1.9) ×10−4 ( 7.4±4.2) ×10−4 (12.6±5.1) ×10−4

1.15–1.54 ( 4.0±1.3) ×10−4 ( 3.2±2.3) ×10−4 ( 2.5±1.5) ×10−4 ( 9.1±4.0) ×10−4

1.54–2.02 ( 3.0±1.4) ×10−4 (11.6±7.2) ×10−5 ( 1.3±1.2) ×10−4 (16.8±9.3) ×10−5

2.02–2.62 ( 1.7±1.2) ×10−4 ( 7.7±7.4) ×10−5

2.62–3.38 ( 6.3±4.1) ×10−5 ( 4.8±3.8) ×10−5

3.38–4.31 ( 2.0±1.1) ×10−5

Table4: Dif ferentialupwardprotonflux spectra.
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Figure 1: The proton differential flux in the equatorialregion. Opencircles show the measured
distribution,filled circlesarethedataafterunfolding.
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Figure2: Flux spectrafor a,b,c)downwardandd,e,f) upwardgoingprotonsseperatedaccordingto
thegeomagneticlatitude,ΘM, atwhich they weredetected.
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Figure5: Thegeographicalorigin of a) short–livedandb) long–livedprotonswith p < 3 GeV/c. The
dashedlinesindicatethegeomagneticfield countoursat 380km.
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Figure6: Thepoint of origin of long–livedprotons(ΘM < 0.3, p < 3 GeV/c) in geomagneticcoordi-
nates.
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Figure7: Numberof timesthebacktracedtrajectorycrossesthegeomagneticequatorfor a) short–
livedandb) long–livedprotons(ΘM < 0.3, p < 3 GeV/c).

19


