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Protons in Near Earth Orbit
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Abstract

The proton spectrum in the kinetic energy range 0.1 to 200 ®a¥ measured by
the Alpha Magnetic Spectrometer (AMS) during space shiligjat STS-91 at an alti-
tude of 380 km. Above the geomagnetic cutoff the observedtspa is parameterized
by a power law. Below the geomagnetic cutoff a substantiebisé spectrum was ob-
served concentrated at equatorial latitudes with a flg@ ni?sec'sr?. Most of these
second spectrum protons follow a complicated trajectody@iginate from a restricted
geographic region.
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Introduction

Protons are the most abundant charged particles in spaeestiithy of cosmic ray protons improves
the understanding of the interstellar propagation andlacten of cosmic rays.
There are three distinct regions in space where protonstiesse studied by different means:

e The altitudes of 30—40 km above the Earth’s surface. Thi®rdgas been studied with balloons
for several decades. Balloon experiments have made impadatributions to the understand-
ing of the primary cosmic ray spectrum of protrons and theal of atmospheric secondary
particles in the upper layer of the atmosphere.

e The inner and outer radiation belts, which extend from wadtits of about 1000 km up to the
boundary of the magnetosphere. Small size detectors diiteatbave been sufficient to study
the high intensities in the radiation belts.

e A region intermediate between the top of the atmosphere lamdnner radiation belt. The
radiation levels are normally not very high, so satelliteséd detectors used so fae, before
AMS, have not been sensitive enough to systematically ghelproton spectrum in this region
over a broad energy range.

Referencel[l] includes some of the previous studies. Thaayi feature in the proton spectrum
observed near Earth is a low energy drop off in the flux, knosnh& geomagnetic cutoff. This
cutoff occurs at kinetic energies ranging frd0 MeV to [1.0 GeV depending on the latitude and
longitude. Above cutoff, froni1L0 to[100 GeV, numerous measurements indicate the spectrum falls
off according to a power law.

The Alpha Magnetic Spectrometer (AMS) [2] is a high energygats experiment scheduled for
installation on the International Space Station. In prapan for this long duration mission, AMS
flew a precursor mission on board the space shuttle Discaltergg flight STS—91 in June 1998. In
this report we use the data collected during the flight toysthé cosmic ray proton spectrum from
kinetic energies of 0.1 to 200 GeV, taking advantage of thgelacceptance, the accurate momentum
resolution, the precise trajectory reconstruction andgbed particle identification capabilities of
AMS.

The high statisticsl{ 10") available allow the variation of the spectrum with positio be mea-
sured both above and below the geomagnetic cutoff. Bechesadident particle direction and mo-
mentum were accurately measured in AMS, it is possible testigate the origin of protons below
cutoff by tracking them in the Earth’s magnetic field.

The AMS Detector

The major elements of AMS as flown on STS-91 consisted of ag®ent magnet, a tracker, time
of flight hodoscopes, a Cerenkov counter and anticoinceleocnters(3]. The permanent magnet
had the shape of a cylindrical shell with inner diameter 1,.1ength 0.8 m and provided a central
dipole field of 0.14 Tesla across the magnet bore and an anglgswer,BL?, of 0.14 Tn? parallel

to the magnet, or z—, axis. The six layers of double sidedasilitracker were arrayed transverse
to the magnet axis. The outer layers were just outside thenetarylinder. The tracker measured
the trajectory of relativistic singly charged particleghwan accuracy of 20 microns in the bending
coordinate and 33 microns in the non-bending coordinat®gfiss providing multiple measurements
of the energy loss. The time of flight system had two planeseth end of the magnet, covering the

2



outer tracker layers. Together the four planes measuretlystharged particle transit times with an
accuracy of 120 psec and also yielded multiple energy losssarements. The Aerogel Cerenkov
counter (i = 1.035) was used to make independent velocity measurements toasepaw energy
protons from pions and electrons. A layer of anticoincigescintillation counters lined the inner
surface of the magnet. Low energy particles were absorbeklitvgarbon fiber shields. In flight the
AMS positive z—axis pointed out of the shuttle payload bay.

For this study the acceptance was restricted to events wiih@dent angle withir82° of the
positive z—axis of AMS and data from two periods are includidthe first period the z—axis was
pointing within1° of the zenith. Events from this period are referred to as ‘fiward” going. In the
second period the z—axis pointing was witliinof the nadir. Data from this period are referred to as
“upward” going. The orbital inclination wasl.7° and the geodetic altitude during these two periods
ranged from 350 to 390 km. Data taken while orbiting in or nibéar South Atlantic Anomaly were
excluded.

The response of the detector was simulated using the AMS$tdemulation program, based on
the GEANT package [4]. The effects of energy loss, multigkt®ring, interactions, decays and the
measured detector efficiency and resolution were included.

The AMS detector was extensively calibrated at two acctlesaat GSI, Darmstadt, with helium
and carbon beams at 600 incident angles and locationd@hndvents, and at the CERN proton-
synchrotron in the energy region of 2 to 14 GeV, with 1200deait angles and locations an@®
events. This ensured that the performance of the deteatidharanalysis procedure were thoroughly
understood.

Analysis

Reconstruction of the incident particle type, energy amddion started with a track finding proce-
dure which included cluster finding, cluster coordinat@sfarmation and pattern recognition. The
track was then fit using two independent algorithiris [5, 6]r &drack to be accepted the fit was
required to include at least 4 hits in the bending plane atebat 3 hits in the non-bending plane.

The track was then extrapolated to each time of flight plamknaatched with the nearest hit if it
was within 60 mm. Matched hits were required in at least tiofede four time of flight planes. The
velocity, 8 = v/c, was then obtained using this time of flight information ameltrajectory. For events
which passed through the Cerenkov counter sensitive voanmedependent velocity measurement,
Bc, was also determined. To obtain the magnitude of the partichrge|Z|, a set of reference distri-
butions of energy losses in both the time of flight and thekeatayers were derived from calibration
measurements made at the CERN test beam interpolated Wéothite Carlo method. For each event
these references were fit to the measured energy lossesausmagimum likelihood method. The
track parameters were then refit with the measyrethdZ and the particle type determined from the
resultantz, B, Bc and rigidity, R= pc/|Z|e (GV).

As protons and helium nuclei are the dominant componentssmd rays, after selecting events
with Z = +1 the proton sample has only minor backgrounds which cons$isharged pions and
deuterons. The estimated fraction of charged pions, whielpeoduced in the top part of AMS,
with energy below 0.5GeV is 1%. Above this energy the fractiecreases rapidly with increasing
energy. The deuteron abundance in cosmic rays above theageetic cutoff is about 2%. To
remove low energy charged pions and deuterons the measwassl was required to be within 3
standard deviations of the proton mass. This rejected ab®&ubf the events while reducing the
background contamination to negligible levels over allrgres.



To determine the differential proton fluxes from the meadweunting rates requires the ac-
ceptance to be known as a function of the proton momentum aadtion. Protons with different
momenta and directions were generated via the Monte Cartbadgpassed through the AMS de-
tector simulation program and accepted if the trigger asdnstruction requirements were satisfied
as for the data. The acceptance was found to be 0’46om average, varying from 0.3 to 0.03sn
with incident angle and location and only weakly momenturpeathelent. These acceptances were
then corrected following an analysis of unbiased triggemés. The corrections to the central value
are shown in TablEl1 together with their contribution to hialtsystematic error of 5 %.

Correction Amount | Uncertainty
Trigger:
4—Fold Coincidence -3 15
Time of Flight Pattern -4 2
Tracker Hits -2 1
Anticoincidence 0 1
Analysis:
Track and Velocity Fit -2 15
Particle Interactions +1 1.5
Proton Selection -2 2
Monte Carlo Statistics 0 2
Differential Acceptance Binning 0 2
Total -12 5

Table 1. Acceptance corrections and their systematic teiogées, in percent

To obtain the incident differential spectrum from the meadispectrum, the effect of the detector
resolution was unfolded using resolution functions olgdifrom the simulation. These functions
were checked at several energy points by test beam measseniée data were unfolded using a
method based on Bayes’ theorem(]7, 8], which used an iteratiocedure (and not a “regularized
unfolding”) to overcome instability of the matrix inversialue to negative terms. FIg. 1 compares the
differential proton spectrum before and after unfoldingha geomagnetic equatorial region, defined
below.

Results and Interpretation

The differential spectra in terms of kinetic energy for devaind and upward going protons integrated
over incident angles within 320f the AMS z—axis, which was within°lof the zenith or nadir, are
presented in Fidl2 and Tabldd{2—-4. The results have beeragspaccording to the absolute value of
the corrected geomagnetic latitudé [@)y (radians), at which they were observed. Figs. 2a, b and c
clearly show the effect of the geomagnetic cutoff and theeahese in this cutoff with increasirgy,.

The spectra above and below cutoff differ. The spectrum alootoff is refered to as the “primary”
spectrum and below cutoff as the “second” spectrum.



I. Properties of the Primary Spectrum

The primary proton spectrum may be parameterized by a p@awein rigidity, @y x R™Y. Fitting [8]
the measured spectrum over the rigidity radfec R < 200GV, i.e. well above cutoff, yields:

y = 2.79 + 0.012 (fit) + 0.019 (sy3,

Gv2.79
m2sec srMV’
The systematic uncertainty ipwas estimated from the uncertainty in the acceptance (D.006
dependence of the resolution function on the particle dorcand track length within one sigma
(0.015), variation of the tracker bending coordinate nesoh by+ 4 microns (0.005) and variation of
the selection criteria (0.010). The third uncertainty gulofior ®, reflects the systematic uncertainty
iny.

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

lI. Properties of the Second Spectrum

As shown in Figs[12a, b, c, a substantial second spectrumwihward going protons is observed
for all but the highest geomagnetic latitudes. Figs. 2d,shdw that a substantial second spectrum
of upward going protons is also observed for all geomagnatittides. The upward and downward
going protons of the second spectrum have the followingusnjgyoperties:

(i) At geomagnetic equatorial latitude8,, < 0.2, this spectrum extends from the lowest measured
energy, 0.1 GeV, tab GeV with a flux(770 nT?sec'sr?.

(i) As seen in Figdl2a, d, the second spectrum has a distinatture near the geomagnetic equa-
tor: a change in geomagnetic latitude from 0 to 0.3 causegrtiten flux to drop by a factor of
2 to 3 depending on the energy.

(iif) Over the much wider intervad.3 < Oy < 0.8, the flux is nearly constant.

(iv) In the range0 < ©y < 0.8, detailed comparison in different latitude bands (Elg.rR)icates
that the upward and downward fluxes are nearly identicageagg within 1 %.

(v) At polar latitudes@y, > 1.0, the downward second spectrum (Fig. 2c) is gradually olesthy
the primary spectrum, whereas the second spectrum of ugyeang protons (Fid.12f) is clearly
observed.

To understand the origin of the second spectrum, we tréc@didck 10° protons from their
measured incident angle, location and momentum, througlgdomagnetic field |11] for 10 sec
flight time or until they impinged on the top of the atmosphatan altitude of 40 km, which was
taken to be the point of origin. All second spectrum protoesefound to originate in the atmosphere,
except for few percent of the total detected near the Soutmtdt Anomaly (SAA). These had closed
trajectories and hence may have been circulating for a weny time and it is obviously difficult to
trace back to thier origin. This type of trajectory was onbgerved near the SAA, clearly influenced
by the inner radiation belt. To avoid confusion data takethenSAA region were excluded though
the rest of the protons detected near the SAA had charaatsrés the rest of the sample. Defining
the flight time as the interval between production and ditectFig.[4 shows the distribution of
momentum versus flight time of the remaining protons.



As seen in Fig[l4, the trajectory tracing shows that about 30 %he detected protons flew for
less than 0.3 sec before detection. The origin of these t'slvaed” protons is distributed uniformly
around the globe, see Fig. 5a, the apparent structure mefeitte orbits of the space shuttle. In
contrast, Fig[lbb shows that the remaining 70 % of protonk Wight times greater than 0.3 sec,
classified as “long-lived”, originate from a geographigadéstricted zone. Fidl 6 shows the strongly
peaked distribution of the point of origin of these longelivprotons in geomagnetic coordinates.
Though data is presented only for protons detectéghak 0.3, these general features hold true up
to ©y 00.7. Fig.[d shows the distribution of the number of geomagnetiasor crossings for long—
lived and short—lived protons. About 15 % of all the seconectum protons were detected on their
first bounce over the geomagnetic equator.

The measurements by AMS in near Earth orbit (at 380 km fronktr¢h’s surface), between the
atmosphere and the radiation belt, show that the partinléss region follow a complicated path in
the Earth’s magnetic field. This behavior is different frdrattextrapolated from satellite observations
in the radiation belts, where the protons bounce acrossghater for a much longer time. It is also
different from that extrapolated from balloon observasionthe upper layer of the atmosphere, where
the protons typically cross the equator once. A strikinguemof the second spectrum is that most of
the protons originate from a restricted geographic region.
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Downward Proton Flux (fsec sr MeV)*

Geomagnetic Latitude Range

Ou <0.2

0.2<0y <03

03<0y <04

04<0y <05

050y <0.6

(16.7+4.4)x1072
(12.1+1.4)x1072
(97.9+4.6)x1072
(86.2+2.8)x1072

(14.2+4.0)x1072
( 8.2+1.0)x10?
(51.2+3.2)x10°2
(45.6+1.8)x1072

(11.2+3.1)x1072
( 7.6£1.0)x1072
(41.9+2.6)x107°
(37.9+1.7)x10°°

(13.6+3.8)x1072
( 7.6£1.0)x1072
(44.6+3.0)x10°°
(34.4+1.5)x107°

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

(70.1£3.2)x10°3
(50.4+2.7)x1073
(32.8+1.9)x10°°
(20.6+1.2)x10°3

(34.6+1.5)x10°3
(21.2+1.2)x10°2
(116.+£6.8)x10™*
(57.2+4.7)x107*

(24.4+1.1)x10°3
(155.£9.3)x1074
(84.9+6.5)x107™
(40.0+3.8)x107*

(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™*
(24.2+4.2)x107*

(116.£6.9)x1074
(66.9+4.2)x107*
(28.6+1.9)x107*
(110.£9.6) x10™°

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

(17.7£25)x1074
( 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)x107*
( 5.7+£1.0)x10*
(34.2+1.5)x107°
(29.0+1.4)x107°

(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)x10™°
(17.6+3.2)x107°
(31.9+£2.3)x10™°
(19.5+1.5)x1074

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

(10.7+1.1)x10*
(62.9+6.4)x10*
(18.4+1.4)x1072
(23.3+1.2)x10°2

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

(28.6+£1.7)x107%
(60.9+2.4)x1074
(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)x1074

(128.+£5.4)x10™
(115.£2.8)x10™
(75.6£2.5)x10™
(45.2+1.8)x107*

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

(27.7£1.0)x1074
(155.+5.9)x10™°
(90.5+4.1)x107°
(51.4£2.2)x107°

(25.5+1.0)x1074
(147.£7.1)x10°°
(79.2£4.7)x107°
(48.9+3.0)x107°

(255.£9.8) x10™°
(144.+6.8)x10™°
(80.5+4.5)x107°
(48.2+2.5)x107°

(248.+£9.6)x10™
(142.46.7) <107
(80.0+4.3) <107
(48.2+£3.0)x10™

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

Exin
(Gev)
0.07- 0.10
0.10- 0.15
0.15- 0.22
0.22- 0.31
0.31- 0.44
0.44- 0.62
0.62— 0.85
0.85- 1.15
1.15—- 154
1.54- 2.02
2.02- 2.62
2.62— 3.38
3.38—- 431
431- 5.45
545- 6.86
6.86— 8.60
8.60— 10.73
10.73- 13.34
13.34- 16.55
16.55—- 20.48
20.48—- 25.29
25.29- 31.20
31.20- 38.43
38.43—- 47.30
47.30— 58.16
58.16— 71.48
71.48— 87.79
87.79-107.78

(30.0£1.7)x107°
(164.+8.8)x107°
(86.1£3.9)x10°6
(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)x107°
(46.6+4.8)x107°

(28.4+1.8)x107°
(154.+8.8)x107®
(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)x107°
(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)x107°
( 89+1.8)x10°°

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

Table 2: Differential downward proton flux spectra for lovietitudes.
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Downward Proton Flux (fsec sr MeV)*

Geomagnetic Latitude Range

0.6<0Oy <07

0.7<0y <08

08<0y <09

09<0y <10

1.0< 0Oy

(12.2+3.5)x107
( 9.7+£13)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°3
(44.2+2.0)x1073

(25.1+8.9)x1072
(19.1+2.6)x1072
(144.+8.9)x1072
(92.4+6.9)x1072

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

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

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

(23.8+1.3)x10°3
(14.4+1.0)x10°2
(77.2+6.9)x1074
(60.9+6.5)x107*

(58.3+4.8)x107°
(36.6+3.5)x107°
(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)x1072

(139.£4.1)x107?
(132.+£4.8)x107?
(114.+£4.2)x107?
(92.8+3.2)x1072

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

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

(15.4+2.4)x1072
(28.1+3.3)x1072
(30.9+1.8)x1072
(22.6+1.4)x1072

(71.7+4.5)x1072
(52.4+4.5)x1072
(36.2£2.9)x1072
(24.8+2.1)x107?

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

(27.9£2.9)x10°3
(56.4+4.0)x1073
(52.6+1.7)x1072
(35.6+1.2)x10°2

(124.£4.6)x10°3
(88.4+4.3)x1073
(55.6+3.2)x1072
(34.0+1.8)x10°2

(15.4+1.1) x1072
(95.3+5.9) x1073
(59.3+3.5)x1073
(36.3+2.6)x1073

(16.2+1.1)x1072
(103.£7.7)x102
(63.8+5.0)x1073
(39.0£2.8)x103

(163.£3.1)x10°3
(102.£2.9)x1073
(61.4+1.3)x10°2
(390.+8.2)x10™*

(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)x1074
(69.0+3.8)x107*
(40.5+2.1)x107*

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

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

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

(24.9+1.1)x1074
(134.+5.6)x10™°
(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) <1075
(61.5+5.7)x10°
(44.0+3.5)x10°

(23.8+2.0)x10™
(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°

Exin
(Gev)
0.07- 0.10
0.10- 0.15
0.15- 0.22
0.22- 0.31
0.31- 0.44
0.44- 0.62
0.62— 0.85
0.85- 1.15
1.15—- 154
1.54- 2.02
2.02- 2.62
2.62— 3.38
3.38—- 431
431- 5.45
545- 6.86
6.86— 8.60
8.60— 10.73
10.73- 13.34
13.34- 16.55
16.55—- 20.48
20.48—- 25.29
25.29- 31.20
31.20- 38.43
38.43—- 47.30
47.30— 58.16
58.16— 71.48
71.48— 87.79
87.79-107.78

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

(26.3+1.9)x10™°
(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)x107°
(41.1+4.1)x10°°

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

(28.5+2.6)x107°
(154.+£9.8)x10°®
(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)x107°
(14.3+3.9)x10°°
( 8.6+15)x10°

(23.9+4.4)x107®
(13.4+4.7)x107®
(80.6+4.3)x1077

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

( 23%£1.2)x107°
(12.3+8.9)x10°®
( 7.2+3.7)x10°®

( 26+1.2)x107°
( 1.4+1.4)x107°
( 85+2.4)x10°°

Table 3: Differential downward proton flux spectra for higksitudes.
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Upward Proton Flux (rhsec sr MeV)!

Exin
(GeV)

Geomagnetic Latitude Range

Ou <0.2

0.2<0y <03

03<0y <04

04<0y <05

0.5<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°°
(44.5+2.1)x1073

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

(14.7+4.1)x1072
( 7.7+£1.1)x107
(42.2+2.8)x1072
(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)x10°3
(48.4+2.7)x1072
(32.7£2.0)x10°3
(20.2+1.1)x10°3

(33.6+1.7)x10°°
(20.3+1.2)x10°°
(120.+8.6)x107*
(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°°
(124.£9.2)x1074
(61.9+6.1)x107*
(31.9+4.6)x107*

(21.0+1.1)x10°2
(97.6+8.1)x107*
(34.8+4.3)x1074
(17.9+£3.3)x107*

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)x107*
(10.7+£1.5)x107*

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

(14.7+1.8)x107*
(12.5+2.3)x1074
( 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.) 107

( 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)x10™°
( 6.4£4.2)x107°

(11.9+4.9)x10°
( 7.2+3.8)x10°

(13.4+5.7)x10°
( 6.4+3.3)x10°

( 9.4+3.7)x10°

Exin
(GeV)

Geomagnetic Latitud

e Range

0.6<0y <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)x10°2
(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)x107
(18.0£2.4)x107?
(91.9+6.2)x1072
(57.4+3.3)x10°°

( 5.1+1.5)x10!
(25.5+4.1)x1072
(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)x107*
( 7.2+2.3)x10

(21.7+1.9)x10°8
(78.6£9.3)x107%
(18.4+£3.2)x10™
( 49+1.9)x10

(25.7£2.6)x1073
( 8.8+1.2)x107°
(17.9+4.8)x107*
( 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™
( 1.3%x1.2)x10*

( 9.1+4.0)x107%
(16.8+9.3)x107°

3.38—-4.31

( 2.0+1.1)x10

Table 4: Differential upward proton flux spectra.
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Figure 1. The proton differential flux in the equatorial @gi Open circles show the measured
distribution, filled circles are the data after unfolding.
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Figure 2: Flux spectra for a,b,c) downward and d,e,f) upvgamithg protons seperated according to

the geomagnetic latitud®y, at which they were detected.
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Figure 3: Comparison of upward and downward second spegbroton at different geomagnetic
latitudes. As seen, below cutoff, the upward and downwapcefiagree in the range< Oy < 0.8

(see also Fig§l2b, e).

- |No
© * EE
S .’

So
s S .
o Q -
0> s o
- 4 -
K "
.
-
o
- [ ] —

— - I

- —— B
V - ——
E - =
@ - .

- *

v ' 0 ~~
@_ * & 7‘|-°
O -

L | | | | I

u--n-u NOo
e o 1 v
S o "

Sp
s g o ®
o Q o
0> o ° o
o R
o< a” ]
e, e
N~ o ——
. o ——
(e] o -
o < = -
\ o<
= oq ]
D ™ :
v . 7~ ]
=
@ - =2 |ng
T ¥ S ¥ TSRS PV YR

0 ? |NO
= TR
D °°
cc 0°

> % | o
O e ° o 1 v
o —_——
o ]
. o
®
™ o’
o . | -~
\V °
= o
@ ©
\V4 ° ~~ 1
o ® ] '.-o
s '-|.....(.‘ T T PV A
) o @ g n'y
- o o o o o
- - - - -

L_(/\e|/\| IS 08S a,uJ) Xn|[4

15

Kinetic Energy (GeV)



P .- et hs
- ! N o) | -
R R’ | :
I I |
Ko

0—%
T
At
_‘41
B

-'v‘;A
— ‘!&“\‘
A
5

—

1’

Z

<S =
e "‘::‘::‘Q..‘““g/'
S SOSOSS

{/
/A
A

03

oY;
o:""(;*
(04

\/
"\,3&
WA

v
\:
O

9
el

0

Figure 4: The interval between production and detectiotljgit time, versus momentum from the
back tracing of protons detected in the regi@wm < 0.3.

16



‘Short live

FTLTE

Latitude (degrees)

igin

Or

detecte

-150 -100

-50 0 50 100 150

Origin Longitude (degrees)

Figure 5: The geographical origin of a) short—lived and Imglelived protons witlp < 3GeV/c. The
dashed lines indicate the geomagnetic field countours &880

17



.
.
1vag
T
.

SRR

R S S SR SO S

.-t S .M " IR SSS
by s
.- LerT SNSRI

3\

B S S S IS,

]

Y;

q e uilllia s

|
v

————a—

Y y
» T
ERTEAT Wl
A
0‘!.“‘0 0

b 0

1

et
T—"

sy (—
9]
-
v "

am)

(R

4
)
4

.
T
o

,
!
0
’:‘I
A
4
WA
!
{

e
"
e

R T

%
o
5

s

d

A
)
oY
%
(i
2%
i

X
I
%
3
A5
5
%7
(X
)
o \';"
i
“
%
%
y
“
i
¥
0

SRS
SISO

W
3
!
3
b
0

‘\‘

0
5
954

)

.

.
&
\‘\‘
X

o
y
0

i

(4

o
X
ol
o
¢
o
o
5
Y

o
'\
)
‘

.

A
0
4
i
bR
OO
A
b
!
o
"
0
e
%
%
»“p
o

4
(1
)

Figure 6: The point of origin of long—lived proton®y; < 0.3,p < 3GeV/c) in geomagnetic coordi-
nates.

18



6000 [

Short lived a)

4000 |

2000

SERRRRSS: e Ll | ] Ll | Ll | | | Ll | L

[%) 0 12 16 20
S Number of crossings
> 1000
[w 3 _

s00 | I Long lived b)

600

400

200

. & B

Number of crossings

Figure 7: Number of times the back traced trajectory crofsegeomagnetic equator for a) short—
lived and b) long—lived protongy < 0.3, p < 3GeV/c).
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