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The variety of isotopes in cosmic rays allows us to studyedéht aspects of the processes that cosmic rays
undergo between the time they are produced and the time iofathival in the heliosphere. In this paper we
present measurements of the isotopic ratids'He, *He/*He, SLi/Li, "Be/(’Be+'Be) and'°B/''B in the
range0.2 — 1.4 GeV of kinetic energy per nucleon. The measurements areltmasthe data collected by the
Alpha Magnetic Spectrometer, AMS-01, during the STS-9Mflig 1998 June.

Subject headingsacceleration of particles — cosmic rays — nuclear reactinnsleosynthesis, abundances

1. INTRODUCTION paper we present measurements ofte/*He ratio over the

Cosmic rays (CRs) detected with kinetic energies in the KIN€tic energy range.2 — 1.4 GeV per nucleon, and the aver-
range from MeV to TeV per nucleon are believed to be pro- 29€ values of the ratidd.i/ "L, 7Be/(gBe+loEe) and'’B/''B
duced by galactic sources. Observations of X-ray andy Vel the same energy range. The ratit/*He is also pre-
emission from galactic sites such as supernova remnarits, pu S€nted.
sars or stellar winds reveal the presence of energeticcfearti
acceleration mechanisms occurring in such objects. The sub 2. THE ALPHA MAGNETIC SPECTROMETER
sequent destruction of these accelerated nuelgi.,(p, He, The Alpha Magnetic Spectrometer (AMS) is a particle
C, N, O, Fe) in the interstellar medium gives rise to sec- physics instrument designed for the high precision and long
ondary species that are rare in the cosmic ray sources, such aluration measurement of CRs in space. The AMS-01 precur-
Li, Be, B, sub-Fe elements, deuterons, antiprotons, postr  sor experiment operated successfully during a 10 day flight o
and high energy photons. The relation between secondarythe space shuttlBiscovery(STS-91).

CRs and their primary progenitors allows the determination The spectrometer was composed of a cylindrical permanent
of propagation parameters, such as the diffusion coefficien magnet, a silicon micro-strip_tracker, time-of-flight (TDF
and the size of the diffusion region. For a recent review, S€€Egcintillator p|anesy an aerogéerenkov counter and anti-
Strong et al(2007). o _ coincidence counters. The performance of AMS-01 is de-

Along with the ratios B/C and sub-Fe/Fe, it is of great im- gcribed elsewhereguilar et al. 2002
portance to determine the propagation history of the lighte  pata collection started on 1998 June 3. The orbital incli-
H, He, Li and Be isotopes. Sincél and°He CRs are mainly  npation was 51.7 and the geodetic altitude ranged from 320
produced by the breakup of the primafe in the galaxy,  to 390 km. The data were collected in four phases: (a) 1 day
the ratios’H/*He and’He/*He probe the propagation history  of check out before docking with the MIR space station, (b)
of helium Webber 199). The isotopes of Li, Be and B, all 4 days while docked to MIR, (c) 3.5 days with AMS point-
of secondary origin, are also useful for a quantitative unde  ing directions within 0, 20° and 4% of the zenith and (d) 0.5
standing of CR propagation. The relative abundances and iS0days before descending, pointing toward the nadir.
topic composition of H, He, Li, Be and B, therefore, might  The acceptance criterion of the trigger logic in the AMS-
help to distinguish between the propagation models and givep] instrument was a four-fold coincidence between the sig-
constraints to their parametefdgskalenko etal. 2003 nals from the four TOF planes. Only particles traversing

Low energy data 200 MeV nucleor’) on CR isotopic the silicon tracker were accepted. Events crossing the anti
composition come mainly from space experiments such as the:pincidence counters or producing multiple hits in the TOF
HET telescopes on VOYAGER 1 and Wébber etal. 2002 |ayers were rejected. A prescaled subsample of 1 out of 1000
the Cosmic Ray Isotope Spectrometer (CRIS) on the Ad- events was recorded with a dedicated minimum-bias configu-
vanced Composition Explorer (ACE) satelliée(Nolfo etal.  ration. This “unbiased trigger” required only the TOF cainc
2001, the ULYSSES high energy telescop&opnell dence.

1998 and the HKH experiment on the International Sun- The AMS-01 mission provided results on cosmic
Earth Explorer (ISEE) spacecrafiMedenbeck & Greiner  ray protons, helium, electrons, positrons and light nu-
1980. nghtlnuclel data at higher energies (up to few clej (Aguilar et al. 20022007 2010. During the flight, a
GeV nucleorr’) have been measured by balloon borne mag- total of 99 million triggers were recorded by the spectranet

netic spectrometers including IMAXReimer etal. 1998  with 2.85M helium nuclei and nearly 200,000 nuclei with
ISOMAX (Hamsetal. 2004 SMILI (Ahlenetal. 200D chargeZ > 2.

BESS {Vang et al. 200R, Inteplanetary Monitoring Platform

(IMP) experiment Garcia-Munoz 197)7and the Goddard 3. DATA ANALYSIS
Space Flight Center (GSFC) ballodddgen et al. 1977 . e . -
AMS-01 observed CRs at an altitude ©f380 km during The identification of cosmic ray nuclei with AMS-01 was

a period, 1998 June, of relatively quiet solar activity. ot-c performed through the combination of independent measure-

lected data free from atmospheric induced backgroundign th Ments provided by the various detectors. The particle figid
ity, R, (momentum per unit charggee/Ze) was provided by

the deflection of the reconstructed particle trajectoryhia t
* Corresponding author: N. TomasseNigola. Tomassetti@pg.infn)it magnetic field. The velocity} = v/c, was measured from

! Now at National Institute for High Energy Physics, NIKHER, 44009 the particle transit time between the four TOF planes along
DB Amsterdam, The Netherlands. the track length. The reconstruction algorithm provided, t

2 Supported by ETH Zarich. . - ; -
3 Supported by the Deutsches Zentrum fiir Luft— und RaumfaHhR. gether with the measured quantiti®@sand 5, an estimation

4 Supported by the National Natural Science Foundation ofi&hi of their uncertainties i (from tracking) andb3 (from tim-

5 Also supported by the Italian Space Agency. ing), that reflected the quality of the spectrometer in per-

® Also supported by the Comision Interministerial de CiengiTec- forming such measurements. The particle charge magnitude
nologia. |Z| was obtained by the analysis of the multiple measure-

" Deceased. ments of energy deposition in the four TOF scintillators up
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ativistic quantum molecular dynamicSdrge 199). The
effects of energy loss, multiple scattering, nuclear extéons
and decays were included, as well as detector efficiency and 0.5
resolution. After the flight, the detector was extensivelji-c
brated at GSI, Darmstadt, with ion beams (He, C) and at the
CERN-PS, Geneva, with proton beams. This ensured that the 1 2 3 4 5
performance of the detector and the analysis procedure were R(GV)
thoroughly understood. . . .
Further details are found iAguilar et al.(2002 and refer-  racanstructed gidiyls or Z - > nudel, The two jnes représent the evact

ences therein. relationship of3 to R for the two isotopegHe (dashed line) antHe (solid
line).

to Z = 2 (Aguilar et al. 2002 and the six silicon layers up 1-
to Z = 8 (Aguilar et al. 201. The particle mass numbet, @ T
was therefore determined from the resulting charge, vgioci r
and rigidity: 0.9
Ao BZe i W ;

mpBc? 0.8

wherem,, is the nucleon mass. i
The response of the detector was simulated using the AMS 0.7 -
simulation program, based oBEANT- 3. 21 (Brun etal. r
1987 and interfaced with the hadronic packag@vD (rel- 06

3.1. Helium Isotopes

Given the large amount of statistics available for= 2
data, we considered only the highest quality data collectedmass numbers (Ed) exhibits asymmetric tails; so the stan-
during the post-docking phase (c) and only while pointing to dard Gaussian fit metho&éo et al. 199yis not appropriate
ward the zenith. Data taken while passing near the South At-for describing the observed mass response of the instrument
lantic Anomaly (latitude5° — 45° S, longitude:5° — 85° W) In order to determine the isotopic ratios, it was therefore
were excluded. Only events taken when the energy intervalnecessary to develop a comprehensive model for the complete
0.2 — 1.4 GeV nucleorr! was above the geomagnetic cutoff response of the instrument to different masses. The mass res
for both the isotopedHe and*He were kept; this corresponds  olution is influenced by the intrinsic time resolution of the
in selecting the orbital regions with the highest geomagnet TOF system and by the bending power of the magnet coupled
latitudes,©y, roughly|©y| = 0.9. with the intrinsic spatial resolution of the tracker. Plogdi

Furthermore, the acceptance was restricted to particlesprocesses such as multiple scattering, energy losses and in
traversing the detector top-down with#)° of the positive  teractions along the particle path also contribute in sh@pi
z-axis. Events with poorly reconstructed trajectories were the reconstructed mass distributions. Thus, we modeled the
rejected through quality cuts on the associatédor con- AMS-01 mass response by means of our Monte Carlo (MC)
sistency requirements between the two reconstructed halkimulation program, which includes all the aforementioned
tracks @guilar etal. 201). To avoid biasing the recon- physical effects as well as the instrumental readout, piogi
structed mass distributions, no cuts on the consistendyeoft a realistic description of particle tracking and timing am a
TOF velocity versus tracker rigidity measurements were ap- event-by-event basis. The program was also tuned with data
plied. We required that the velocity was measured with hits collected during the test beams. The resulting rigiditphes
from at least three out of four TOF planes and that the rigidit tion §R/R and velocity resolutiod3/3 are shown in Fig2
was reconstructed with at least five out of six tracker layers for test beam data (filled circles) and MC events (histog)ams

Approximately 18,000 nuclei with chargé = 2 were se- It can be seen that the mass resolution, approximately given
lected in the energy rang®2 — 1.4 GeV nucleon®. The by:

charge was determined from the energy depositions in both SAN 2 53 2 SR\ 2

the TOF and tracker layers. The kinetic energy per nucleon <7) = ( 2?) <§> , 3)

was measured with the TOF system,, through the velocity

B. Inthe considered energy range, the TOF energy resolutionyas correctly simulated as the MC agrees with the data within
is comparable to that of the tracker. ~ 200,

The selected data are shown in Figdistributed in the Using a sufficiently large number of simulated events of
(8, R) plane. The two curves represent the exact relation be-3He andHe and with the ratidHe/*He of the detected events
tween velocity3 and rigidity ? for aZ = 2 nucleus of mass a5 a free parameter, we determined the best composition fit be
numberA = 3 (dashed line) and = 4 (solid line), which is:  tween the simulated mass distributions and the measured one

07 —1/2 In these fits the overall normalizatia;, was also a free pa-
8= |1+ 42 My c? ) rameter. In principleN should be fixed by the data, namely
- 7eR by the number of entriesVg, of each mass histogram. De-

viations of A/ from its expected valugVg may indicate the

The large dispersion of the measured data, apparent fronpresence of an unaccounted backgrouad,, from charge

Fig. 1, indicates a relatively poor mass resolution in the sepa-misidentification.

ration of the two mass numbers. Under these conditions, any The results of this procedure are shown in Bgwhere
event-to-event separatioa.(.,through a mass cut) is clearly the agreement between the measured mass histograms (filled
inapplicable. In addition, the distribution of the recansted circles) and the simulated histograms (lines) turned obto
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FIG. 2.— a) Rigidity and b) velocity resolutions of the AMS-Ohd¢ker
and TOF estimated with measured data from the test beam Mite: 2
GeV nucleorm® helium nuclei. Data (circles) are compared with the MC
simulation (histograms). The MC entries are normalizedhéodata.
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TABLE 1
FIT RESULTS AND CORRECTION FACTORS FOR THE RATIO
3HE/*HE BETWEENO.2AND 1.4 GEV OF KINETIC ENERGY PER

NUCLEON.
Energy Events FitResults x2/df 6A/A ACorr FCorr
0.20-0.30 2,660 0.12%0.011 32.3/29 13.1% 1.12 0.97
0.30-0.44 3,553 0.158 0.096 51.1/29 12.2% 1.05 0.98
0.44-0.64 3,867 0.182 0.094 65.8/34 11.8% 1.00 0.98
0.64-0.95 4,142 0.21%0.098 62.7/30 12.2% 0.99 0.98
0.95-1.40 3,813 0.223 0.012 55.0/33 13.9% 0.99 0.98

very satisfactory. The fits of thtHe/*He mass composition
ratios gave unique minima in all the considered energy bins.
The uncertainties associated to these ratios were dirdetly
termined from the 1» uncertainties in thg? statistics of the
fitting procedure. The? fitting method was cross checked
with the Maximum Likelihood method. The two methods

etal.

3.2.1. Acceptance Corrections

The detector acceptancd, includes trigger efficiency, re-
construction efficiency and selection efficiency. The aecep
tance was calculated using our Monte Carlo simulation pro-
gram. Nucleus trajectories were simulated in the energygan
~ 0.05 — 40 GeV nucleorr!. They were emitted downward
from a square of length 3.9 m placed above the detector. In
total, 110 million3He and 550 millior*He nuclei were sim-
ulated. The physical processes involved and the detector re
sponse are very similar for the two isotopies,, the resulting
acceptances are quite similar in magnitude. The contdbsti
from the detector acceptance mostly cancel in the ratio. The
associated systematic errors also cancel. The only imputorta
factor in determining the isotopic ratios is the knowledde o
any isotopic dependent effects in the detector responsss Ma
dependent features are expected from the following effects

¢ Rigidity threshold The instrument acceptance is rigid-
ity dependent, because the tracks of slower particles
are more curved, and it is less likely that they pass
through both the upper and lower TOF counters and
the tracking volume. Since, at the same kinetic en-
ergy per nucleon, the lighter isotopéle have lower
rigidity than the heavietHe, the resulting acceptance,
particularly at lower energies, is lower féHe. Above
0.2 GeV nucleort!, the rigidity threshold affects the
ratio by less thar- 1%.

Multiple scattering Coulomb scattering is slightly
more pronounced for lighter particles. Since multiple
scattering affects the event reconstruction and selec-
tion efficiency, the acceptance for the lighter isotope is
smaller in the lowest energy region. The multiple scat-
tering effect amounts te-10% at £~ 0.2 GeV/n and
decreases with energy, down+al% at v 1 GeV/n.

e Nuclear interactions The attenuation of cosmic rays
after traversing the TOI material is isotope dependent
and closely related to the inelastic cross sectiens,

for the interactions in the various layers of the detec-
tor material. FoPHe and*He, the attenuation due to

interactions differs by~ 2% or less.

gave the same results and very similar uncertainties. Dou-
ble Gaussian fits were also performed in order to provide theFig. 4 shows the ratio of the two acceptances for MC events

corresponding mass resoluti@®/A, for each energy bin, de-
fined as the ratio between the width and the me@he fitted
3He/*He ratios for all the considered energy bins from 200
MeV nucleorr! to 1.4 GeV nucleon' are listed in Tabld,
together with the 2/df values, the number of events, the mass
resolution and correction factors discussed below.

3.2. Top-Of-Instrument Corrections

The measured mass distribution of FRywas fitted with
an MC sample of mixedHe and*He that were sent through
the same analysis chain (trigger, reconstruction and aata s
lection) as the data. The free parameter is the ritie/He
of the two mass distributions corresponding to the recorde

events. Hence, small corrections have to be performed in or-

der to extract the ratio of interest, namely the ratio entgri

the instrument. These are referred to as Top-Of-Instrument

(TOI) corrections.

1 Equal mass resolutions were obtained ¥6te and*He within 0.1% at
all energies. Tablé& provides the mean values.

after the successive application of the trigger, recowstn

and then selection cuts. Deviations are appreciable beldw 0
GeV nucleort! and mainly due to the event selection (filled
squares). This indicates the dominance of the “multiplé-sca
tering effect” mentioned above, because the selection cuts
acted against events with large scattering angles.

These mass dependent features, due to the particle dynam-
ics in the detector, did not appreciably influence the AMS-01
trigger system. In Figb we report the reconstructed mass dis-
tribution using data collected with the unbiased trigg@) (

The comparison of such unbiased data (circles) witlwad 2
data collected from the flight (solid line, normalized to the

gunbiased data entries) shows no significant differenceen th

mass distribution.

3.2.2. Nuclear Interactions

Table 2 lists the material between the top of the payload
and the tracker: a Multi-Layer Insulation (MLI) blanket, a
Low Energy Particle (LEP) shield and two TOF layers of
plastic scintillators supported by a honeycomb structuine.
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FiG. 3.— Reconstructed mass distributionsf.. = 2 events from flight data (solid circles) and from MC generasedopes of He (long-dashed lines),
“He (short-dashed lines) and their sum (solid lines). Distions are shown in five energy intervals framto e) and over the entire rang®) between 0.2 and
1.4 GeV nucleon!.

° F
S 13F & Trigger TABLE 2
g F + Reconstruction MATERIAL ABOVE THE TRACKER. THE
= F | COLUMN DENSITY IS AVERAGED OVER THE
5 120 = Selection ANGLE OF INCIDENCE
3 E "
R . Detector Element ~ Composition ~ Amount
1= 4 ' ' ‘ MLI thermal blanket G H4 O2  0.7g/cm?
r LEP shield C 1.3)/em?
0.9F TOF scintillator C/H=1 2.1g/cm?
t L TOF support structure Al 1.9/cm?
0.2

1
kinetic energy (GeV/n)

FIG. 4.— Ratios of the acceptances tfie and3He as a function of ki- hadronic collisions involving deUteron_gT'ey ‘He and heav-
netic energy per nucleon. This quantity is shown after theassive applica-  ier ions. These effects give an appreciable contributicdhéo
tion of the trigger (open triangles), reconstruction @faand selection (filled total acceptance df3.2.1 The survival probability ofHe
squares) cuts. (*He) after traversing the TOI material of Tatffevaries be-

tween~ 90% (~ 88%) at~ 0.2 GeV nucleon' and~ 86%

(~ 86%) at~ 1.4 GeV nucleon'.
total there were- 5 g/cn? of material above the tracking vol- More critical is the fragmentation dHe into®He, that re-
ume. TheRQWD interface used in the AMS sim- quired a dedicated correction. In this process, if only & neu
ulation program provided a simulation of all the high energy tron is “stripped” above the tracker, the event is recorded a



6 Aguilar et al.

o [
2 r a) —— Z=2 ALL DATA
IS e Z=2 UNBIASED
)
10% -
10 2 7\"
1sE1 | b) T Ll
o E | . . ‘ ‘ - -i )
= ‘l | R —I—“‘,‘ “l‘ m ™ -
BT RRIT TR
|
05

2 3 4 5 6 7
mass number (amu)

FIG.5.— a) Reconstructed mass distribution6f= 2 events collected
with the unbiased trigger (filled circles) in comparisonhatite Z = 2 mass
histogram obtained with all the data (histogram). b) Rafithe two his-
tograms (squares); the horizontal dashed line is showreference.

a clean®*He event. The measurétie/'He ratio is then dis-
torted by incomingHe that spill over into théHe mass dis-
tribution. Note that the simulated mass distributions of. Bi
are referred to the particle identities within the trackimd-

ume,i.e.,the®He mass histograms of the figures (long-dashed

lines) also contain the “extra®He nuclei generated as frag-
mentation products dfHe. Assuming that the kinetic energy

per nucleon is maintained in the mass changing process, th
ratio has been corrected for this effect. For each congidere

energy interval, the ratig between the “extra’He and the to-
tal number of detectetHe was estimated. The isotopic ratio
3He/*He resulting from the composition fit1 is then related
to the TOI ratioR through the relation:

~ AspstnAads (1 As
T Auds—nAnds (1—n) [(AJRM} )

wheregs andg¢, are the incident (TOI) intensities of the two
isotopes R = ¢3/¢4) and.A; and.A, the corresponding ac-
ceptances. Inverting E¢.we obtain the TOI ratio:

M

Ay 7
R=[=7=)|1l-n—-— 5
(Ag) { 1 M} M ©)
We then define the TOI correction factors as

ACorr = A,/ As forthe acceptance, afCorr =1—n—-&
for the fragmentation. Note thACor r is the quantity shown
in Fig. 4 (filled squares).
multiplicative factors to the fitted ratio, are also listed i
Tablel. Such corrections are affected [§8% uncertainties
in total, associated with the various physical and instnitale
effects discussed here andiiB.2.1 All these errors and their
role in the*He/He ratio are reviewed i§3.3.

3.2.3. §-Ray Emission

The effect ofé-rays was included in our MC simulation.
In our previous work Aguilar et al. 2019, it was noted that

These values, to be applied as

energetic knock-on electrons affect the total acceptamnce a
high energies. The production éfrays is proportional to
the square of the primary particle charge, and the maximum
energy of the produceétrays, E° ., is proportional to the
primary particle energy; for a nucleus of momentdify Se,

E5

approximately:
max - 2m602/8272 (6)

For high energy nucleif > GeV nucleort!), the emitted
electrons can reach the anti-coincidence counters andhesto
event, leading to an energy and charge dependent trigger effi
ciency. At lower energy, thé-rays curl up inside the tracking
volume, affecting the reconstruction efficiency. The infloe

of 6-rays below 1.4 GeV nucleor is negligible in this anal-
ysis and their effect has no significant difference betwsen i
topes at the same energy,&5>> m..

3.2.4. Background

The Z = 2 charge separation frof < 2 andZ > 2
samples was studied with MC simulations and inflight data
of e7, p, He, and heavier ions. Proton (ion) beam data at
CERN-PS (GSI) provided additional validation at 0.75, 2.0,
3.6 and 8 GeV nucleort of kinetic energy Alcaraz et al.
1999 Aguilar et al. 20022010. The main potential source of
background to the helium sample was protons and deuterons
wrongly reconstructed a8 = 2 particles. Using the single
TOF system or the single silicon tracker only, it can be seen,
using flight data, that the probability of 4 = 1 particle to
be reconstructed a& = 2 is below 1073 thus affecting the
helium sample 0f£1%. Using the combined measurements
obtained from both the detectors, the probability of thervgro
charge magnitude was estimated to~b&0~" over all ener-
gies @lcaraz et al. 199p Background from the less abundant
Z > 2 particles is completely negligible compared to the sta-
istical uncertainties in the He sample (the He/Li ratie-i200

t the considered energies).

3.2.5. Energy Losses and Resolution

Charged cosmic rays that traverse the detector lose energy
in the material above the tracking volume. The total energy
loss has an appreciable effect on the lowest energy bins. The
energy losses b¥ = 2 nuclei were estimated and parameter-
ized with the MC simulation program. We made an event-by-
event correction to our data according to the average losses

Once the above corrections are performed, the relation be-
tween the reconstructed energy of detected partiéles, and
their true energyFo, is still affected by the finite resolution
of the measurement. The probability of a bin-to-bin migra-
tion P(Erec| Evo)) for He was estimated to effect only adjacent
energy bins, to be symmetric and barely isotope dependent.
Through these matrix elements, we estimated that the mea-
sured®He/*He ratio has an uncertainty of 1-3% due to the
resolution.

3.3. Uncertainty Estimate

In Fig. 6, we summarize the various sources of uncertainty
in the measurement of thidde/*He. Errors are organized in
four categories:

1. Mass fit The dominant source of uncertainty -
—9%) is that associated to fits on the mass distributions
(§3.1). The errors were directly determined from the
1-0 uncertainties in the? statistics of the fitting pro-
cedure. These errors are due to statistical fluctuations of
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TABLE 3
UNCERTAINTY SUMMARY FOR THE MEASURED ISOTOPIC RATIOSTHE VARIOUS CONTRIBUTIONS ARE DESCRIBED INj3.3.

Error 3Hel'He vs Energy (GeV/n) Ratios in 0.2-1.4 GeV/n

Type (Effect) 0.2-0.3 0.4-0.44 0.44-0.64 0.64-0.95 0.95-1 3Hel/*He SLi/"Li 7"BeP*10Be 10B/llB
Mass Fit A/A & Statistics) 89% 6.1% 52% 4.7 % 5.3% 45% 9.0% 159% 212.
Normalization (V-NE) 10% 09% 1.3% 1.1% 1.9% 1.5% 2.3% 3.0% 29%
Normalization (Acceptance) 13% 12% 1.1% 1.1% 1.0% 0.5% 590. 0.6 % 0.5%
Interactions (Inelastic) 16% 16% 1.8% 1.9% 2.0% 20% 21%27% 2.4%
Interactions (Fragmentation) 28% 22% 1.8% 25% 23% 2.79%.4% 2.6% 24%
Resolution §3/3) 26% 1.7% 1.4% 0.8% 1.1% 06% 0.6% 0.6 % 0.6 %
Total Uncertainty 100% 7.0% 6.2 % 59% 6.6 % 58% 9.8% 16.7% 3.0%

The overall error (filled squares in Fi§) is taken to be the
e Mass Fit sum in quadrature of the different contributions. All these

L o uncertainties are also reported in TaBle
4+ Normalization

- ? Interactions 3.4. Lithium, Beryllium and Boron

In our previous work Aguilar et al. 201Y, the lithium iso-
topic composition was determined between 2.5 and 6.3 GV of
magnetic rigidity. Here we present a unified analysis of the
lithium, beryllium and boron isotopes between 0.2 and 1.4
GeV of kinetic energy per nucleon. In this measurement, we
followed the same procedure as for the helium analysis. All
the steps described 8.1 were repeated for the study of the
ratiosSLi/"Li, "Be/(’Be+'Be) and'°B/'!B. In this section
we outline the essential parts of the> 2 analysis.

ol L The capability of the spectrometer to separate isotopes
0.2 1 close in mass was more critical fgr> 2 and the charge iden-
kinetic energy (GeV/n) tification capabilities were limited by the use of trackeoin
FIG. 6 Relative errors on théHe/* He ratio measurement as a function mation only. However, the most limiting factor for the Li-Be
of thé kfnetic energy per nucleon. The total error (filled@®s) is obtained B StUdy. W"?‘S the statistics. Hence’ we performed the measure-
by the sum in quadrature of all the other contributions. Tiesiare to guide ~ Mentwith just one energy bin from 0.2to0 1.4 GeV nucledn
the eye. and also included data from the MIR-docking (b) and post-
docking, non-nadir pointing (c) phase§2). As in our
o previous work, for data collected during phase (b), a geo-
the measured data and the inability of the spectrometermetric cut on the MIR shadow was applied to the accep-
to separate the different masses within the mass resolutance fguilar et al. 2019. The geomagnetic regions consid-
tion SA/A. ered and the event selection criteria were the same as for the
helium analysis. Only four hits were required in the tracker
compared to five in the helium analysis. The particle charge
was assigned using the identification algorithm described i
Aguilar et al.(2010 andTomassetti(2009, that was specifi-
cally optimized for theZ > 2 species.

Results from the mass composition fit are shown in Fig.
For comparison, the measurement was also performed on the
average ratio ofHe/*He over this energy range. The large
3. Interactions Our results rely partially on hadronic in- ~ Statistical fluctuations of thg > 2 data are apparent from the

teraction models, as discusseds®2.2 Similarly to  figure, in particular for the less abundant beryllium is@®p

Wang et al(2002), we assumed an uncertainty of 10% (400 events in total). However, the agreement between the

in the inelastic cross sections, which corresponds to Measured masses (filled circles) and the simulated histegra

~ 2% of systematic uncertainty. For the fragmenta- (Solid lines) was satisfactory. The TOI corrections to theam

tion channel*He—3He, we assumed an uncertainty Sured composition followed the procedure describegBi2

in the associated cross section equal to that cross secl contrast to He, theZ > 2 acceptances were found to be

tion, obtaining an uncertainty of-23% of the measured @ bit smaller for the heavier isotoped{, *'°Be and'!B)

3He/'He ratio. Uncertainties in the material thickness than the lighter ones'(i, "Be and'“B), indicating the dom-
were found to be negligible. inance of nuclear interactions over other effects (%2.1).

The Z > 2 mass resolution®A/A, were found to be~ 8%

4. Resolution As discussed i§3.2.5 our measurementis larger than for theZ = 2 case, reflecting the slight charge de-
affected by the finite energy resolution of the TOF sys- pendence of the spectrometer performance in particle track
tem. A systematic uncertainty of-B% was estimated ing and timing. Corrections for fragmentation were alsc per
to account for this effect. formed, considering the channéls —°Li, '>°Be—"Be and

10 — o Resolution
RS = Total

relative errror (%)

2. Normalization As discussed ir§3.1, two parameters
M (ratio) andN (normalization) were fitted. An ideal
fit should lead toV equal to the number of measured
events,Ve. We took the relative differenc&’-Ng as
a source of systematic error (L%). Another contribu-
tion (~ 1%) is due to the acceptance correction factors
estimated with our MC simulation prograiB(2.1]).
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FiG. 7.— Reconstructed mass distributions of events recartstitas a) helium, b) lithium, c) beryllium and d) boron froatal(filled circles) and MC samples
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contribution of'°Be, see the text.
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FiG. 8.— Contour levels of the fitting parametéBe/(°Be+’Be) and
10BeP Be corresponding to &, 20, and 3o bounds of uncertainty in the

x?2 statistics.

11B—108,

able @guilar et al. 2010. More critical was the contamina-

A summary of fit results, TOI corrections and
resolutions is given in Tablé.

The errors were estimated as discussegBi8. The domi-
nant error is that arising from the? fit procedure: the small
Z > 2 statistics and the broader mass distributions led to additional parametet’BefBe in our composition fit . The
less constrained composition fits. Background from helium latter was accounted for the proper determination of the ra-
was estimated not to affect the lithium measurement, as fortio “Be/(’Be+'°Be) and its corresponding error. As shown in
He—Li charge separation the TOF information was still us- Fig. 8, the ratio'°Be/fBe is poorly constrained by the data

TABLE 4
FIT RESULTS AND CORRECTION FACTORS FOR THE RATIOS
SHE/*HE, SL1/7L1, "BE/(°BE+!°BE) AND '9B/'1B IN THE RANGE
0.2 — 1.4 GEV OF KINETIC ENERGY PER NUCLEON

Ratio Events FitResults x2/df 6A/A ACorr FCorr
3Hel*He 18,035 0.174t 0.009 67.7/34 12.7% 1.02 0.98
SLi/7Li 1,046 0.951+ 0.086 16.1/23 13.6% 0.97 0.99
"BePt19Be 400 1.512+0.238 19.9/23 13.8% 0.96 0.99
10/l 1,598 0.494+ 0.060 28.0/29 13.9% 0.96 0.99

tion in the Z = 4 sample from adjacent charges that led to
larger systematic errors in the beryllium measurements Thi
channel was also limited by the inability to separde from
10Be. While for the other ratios it can be safely assumed that
each charged species is composed of only two long-lived iso-
topes, a few percent fBe has been measured in the cosmic
ray flux in addition to the more abundant isotog@&e and
9Be (Hams et al. 2004Webber et al. 2002 We therefore de-
termined the ratid Be/(’Be+'°Be) simultaneously with the

(between~ 0 and~ 0.6 within 1+ of uncertainty). Fig8
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TABLE 5
RESULTS FOR THE ISOTOPIC RATIOS AND FLUXES AT THE
TOP OF INSTRUMENT

Energy 3HelHe Ratio 3HeFlux?  4He Flux?
0.20 —0.30 0.1374+0.014  23.3+2.6 170+ 19
0.30 —0.44 0.163+0.011  24.74+2.2 152+ 14
0.44 —0.64 0.1784+0.011  21.6-1.8 121+ 10
0.64 —0.95 0.203+0.012 17.5+1.4 86.5+ 6.9
0.95—1.40 0.2154+0.014  12.2+1.0 56.6+ 4.7

Energy  2H/*He Ratio Ratios in 0.21.4 GeV/n
0.20 — 0.30 0.183+ 0.024 3Hefl*He 0.173+ 0.010
0.30 — 0.44 0.190+ 0.020 SLi/"Li 0.912+ 0.090
0.44 —0.64 0.188+0.021 7BefPt10Be 1.4504 0.242
0.64 — 0.95 0.204+0.027 19B/'1B 0.4695+ 0.061

aKinetic energy is given units of GeV nucleoh.
b Fluxes are given in units of nucleon/GeV//tsr.

also shows that the uncertainty in tHtBe/fBe ratio has no
dramatic consequences in thBe/®Be+'°Be) ratio, given
the weak correlation of the two parameters. The contrilbutio
from inelastic collisions and fragmentation was estimatsd
described ig3.2.2 Similar values as for helium{(2—3%)
were found for both the effects. Finally, the errors from the

TOF energy resolution and from the MC acceptance estima-
tion were smaller than 1%. The total error assigned to the
measurements was obtained by the sum in quadrature of al

the noted contributions. A detailed summary is provided in
Table3.

4. RESULTS AND DISCUSSION

9

sistent with these data within uncertainties, in particulgh
ISOMAX.

In Fig. 11a we report the’He and*He differential spec-
tra. These spectra are obtained by the combination of the
3He/He and*He/He fractions, directly given by thtHe/*He
ratio, with the AMS-01 helium spectrum previously pub-
lished inAlcaraz et al.(2000. The3He and*He data points
and their errors were extracted through a logarithmic inter
polation of helium data along our energy points. An addi-
tional 1% of error was added due to the interpolation proce-
dure. Similarly, the resultingHe spectrum has been further
combined with the galactic deuteron spectrum published in
Aguilar et al.(2002), to extract the ratio between deuterons,
2H, and their main progenitoréHe. The AMS-01 data
analysis of?H is described ir§4.6 of Aguilar et al. (2002,
where the extraction of the deuteron signal from the vast pro
ton background is quantitatively discussed and the alesolut
deuteron spectrum is presented in different geomagnéiic la
tude ranges. The resultirigd/*He ratio is shown in Figllb
together with the previous experiments BES8a(g et al.
2002, IMAX (de Nolfo et al. 200 andWebber & Yushak
(1983. While all the measurements give larget/*He ratios
than the model predictions (see below) by up to a factor 2, our
results again show good agreement with the data from BESS.
These data are also reported in Tahle

To describe our data, we show in all plots the model

alculations of the conventional reacceleration modebuse
n standard methodologies and extensively described else-
where Strong & Moskalenko 1998 Calculations have been
made with the packag@AL PROP- v50. 12.

GALPROP solves the diffusion-transport equation for a
given source distribution and boundary conditions for the

_In the previous sections, we have described the analy-galactic CRs, providing steady-state solutions for thallot
sis procedure adopted for the determination of the ratiosterstellar spectra (LIS) for all the charged CRs ugte- 28.

3He/*He, °Li/"Li, "Be/®Be+\°Be) and'°B/''B. The TOI

corrections turned out to be of the same order of magni-

tude as the estimated uncertainties, hence, the grossdeatu

of the measured ratios were apparent directly from the fits

on the mass distributions. The error from the fitting pro-
cedure was considerably larger than the other contribsition
The most important limitations were the mass resolution (fo
He) and the limited statistics (for Li-Be-B). In particuldne
mass resolution was limited by multiple scattering (affect
ing 6R/R at ~0.2 GeV nucleon') and the TOF resolu-
tion (affectingd3/B at ~ 1.4 GeV nucleon?).

The results with all corrections applied are presented in Ta
ble 5. Results for the isotopic ratiéHe/'He as a func-
tion of the kinetic energy per nucleon are shown in Hg.
between 0.2 and 1.4 GeV nucleon(filled circles). The
error bars represent the total errors as discussetBia

The figure also shows the existing data between 0.1 and 10

The diffusion of cosmic rays through the magnetic halo is
described by means of a rigidity-dependent diffusion coef-
ficient D = 3D, (R/R0)6, where Dy and Ry, fix the nor-
malization, and the spectral indéxdrives its rigidity depen-
dence. The reacceleration of charged particles due to scat-
tering on hydromagnetic waves is described as a diffusion in
momentum space. This process is controlled by the Alfvén
speed of plasma waves moving in the interstellar medium,
v4. The code also describes energy losses due to ionization or
Coulomb scattering, and catastrophic losses over thetgalac
disk, making use of a large compilation of cross section data
and decay rates. To decouple all the transport equatioas, th
fragmentation network starts with the heaviest nucleus and
works downward in mass, processing primary and all sec-
ondary nuclei produced by the cascade. This loop is repeated
twice.

In the parameter setting considered here, no tuning was

1 i : . °re, n
GeV nucleon ™ measured by the balloon borne experiments 4one 1o our isotopic data. The nucleon injection spectrum

BESS Wang et al. 200 IMAX (Reimer etal. 1998 the
first flight of SMILI (Beatty et al. 1998 Hatano et al(1995
andWebber & YushaK1983. Among these, our data are the
only data collected directly in space. Our results agreé wel
with data collected by BESS in its first flight in 1993.

Fig. 10 shows our results for Li-Be-B. The AMS-01
data are compared with measurements made by the spa
experiments CRIS on ACEdé Nolfo etal. 200}, VOY-
AGER (Webberetal. 2002 ULYSSES (Connell 1998,
ISEE 3 Wiedenbeck & Greiner 1980and with balloon data
from ISOMAX (Hams et al. 200¢ IMP 7/8 (Garcia-Munoz
1977 and GSFC lagen et al. 1977 Our results are con-

is taken as a “broken” power law in rigidity to better match
our total helium and proton spectra frakguilar et al.(2002.
Two indicesr; andvy were used below and aboves. The
cross section database was extended using the updated cross
section list from the version54 (Vladimirov et al. 201},
which includes the production 8H and®He from fragmen-

Cfation of heavier isotopes. The transport paramef&ysé

andv, are consistent with our B/C ratio fromguilar et al.
(2010. In our description, we used a cylindrically sym-

2 http://gal prop. stanford. edu
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FiG. 9.— Results for the rati@He/*He between 0.2 and 1.4 GeV nucledhof kinetic energy per nucleon. Other data are from BE®Ar(g et al. 200
IMAX (Reimer et al. 1998 Hatano et al(1995, SMILI (Beatty et al. 1998 Webber & Yushak(1983. The dashed line is the model calculation for the LIS
ratio obtained withGAL PROP (Strong & Moskalenko 1998 The modification of this by solar modulation for 1998 Jusistiown by the solid line.

Be] 3 . . i L ie] r
§ I 6L|/7LI @ Avs.0r E I 7Be/(98e+lOBe) 5 | 8 AMS-01 1OB/ 1lB
| e
1.6 @ AVS-01 I
I W ISOMAX [ A VOYAGER 0.7 | M 1somAX
A vOYAGER ¥ ULYSSES I ¥ uLYSSES
L O P 7/8 A % ISEE 3 O P78
1.4 2 —\\ O e 718 [ ¥ GSFC
[ r AN Y GsFc 06|
Bz
Eooonl vl L | ol L | Co ol L
10" 1 10" 1 10" 1

kinetic energy (GeV/n) kinetic energy (GeV/n) kinetic energy (GeV/n)

FiG. 10.— Results for the ratio$Li/7Li, "Be/®Be+"Be) and'°B/'1B between 0.2 and 1.4 GeV nucleoh of kinetic energy per nucleor®=AMS-
01 present workO=CRIS/ACE (le Nolfo et al. 200}, B=ISOMAX (Hams et al. 2004 A=VOYAGER (Webber et al. 2002 v=ULYSSES Connell 1998,

x=ISEE 3 Wiedenbeck & Greiner 198p00=IMP 7/8 (Garcia-Munoz 197/andx=GSFC {Hagen et al. 197)). The dashed (solid) lines are the model calcula-
tions for the LIS (solar modulated) ratios obtained w_ PROP (Strong & Moskalenko 1998

metric model of the galactic halo with radid8=30 kpc and height,= 4 kpc. The relevant parameters are reported
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Fic. 11.— a) Differential spectra ofHe and*He. Our data have been derived from our earlier publisheédmedpectrum combined with thtHe/*He ratio
of this work. Errors are smaller than the size of the circlesThe ratio2H/4He derived from our earlier work ofH flux. In both figures, other data are from
balloon borne experiment¥\ang et al. 2002Webber & Yushak 1983Nebber et al. 1991 eech & O’Gallagher 1978le Nolfo et al. 200D The dashed (solid)
lines are the model calculations for the LIS (solar modadlpspectra obtained witBAL PROP (Strong & Moskalenko 1998

TABLE 6
PROPAGATION PARAMETER SET

— 850 MV) and SMILI (¢ ~ 1200 — 1300 MV) were active.
In summary, the secondary to primary ratiée/*He, which
is much more sensitive to the propagation parameters, seems

Parameter Name Value to be well described by the model under these astrophysical
— assumptions. The model is also consistent with zhe- 2
:Qiggggﬂ preak value . Bz [GV] o ratios of Fig.10, though large errors are present in the current
Injection, index abové{g l,; 235 data. As the Li-Be-B elements are of secondary origin, these

Diffusion, magnitude Do [em?s~1] 5.1028 ratios are less sensitive to the galactic transport, andbeay
Diffusion, index g 0.41 useful to investigate the nuclear aspects of the CR projmamgat
ggf:i‘;?ér;ifé;'gﬁgén Speefo [[lfr;]/]sﬂ] ;2 (fragmentation, decay, and breakup). On the contrary, our
Galactic halo, radius RA[kpC] 20 H/*He data of Fig.11b give a larger ratio than the model
Galactic halo, height 21, [kpc] 4 predictions, and this tendency is also apparent from theroth
Solar modulation parameter ¢ [MV] 450 experiments. Understanding this possible discrepancy may

require a thorough investigation of tR&l production cross
sections, in particular for the reactions induced by cosayc

in Table 6; the remaining specifications are as in the file protons and helium nuclei.

gal def 50p_599278 provided with the package.
In the ratios of Fig9, 10and11, local interstellar (dashed
lines) and heliospheric propagated (solid lines) caldoret 5. CONCLUSIONS )
are shown. The heliospheric modulation is treated using. The AMS-01 detector measured charged cosmic rays dur-
the force field approximatior@leeson & Axford 196§ with ing 10 days aboard the Space Shuftlscoveryin 1998 June.
¢ = 450 MV as the modulation parameter to characterize the Owing to the large number of helium events collected and the
modulation strength for 1998 June. This is also in accordanc @bsence of the atmospheric effects, we have precisely-deter
with the study performed iiedenbeck et a(2009 overthe ~ Mined the rat@He/“{—le in the kinetic energy range f_rgm_ 0.2
full solar cycle 23. It should be noted, however, that thedor 10 1.4 GeVnucleon . The average isotopic ratiég.i/ "L,
field approximation has no predictive powee., the value Be/(’Be+'’Be) and'’B/ B4have been measured in the same
employed for the parameteris contextual to the propagation ~ €nergy range. The ratitH/*He and the spectra dHe and
framework adopted to predict the interstellar spectra ef th ~He are also reported. Our results agree well with the previou
CR elements. For instance, the deuteron fluAguilar etal.  data from BESS and ISOMAX and can provide further con-
(2002 was described using = 650 MV after assuming a straints to the astrophysmal parameters of cosmic raygrop
pure power-law energy spectrum in the LIS. gation. In the analysis procedure adopted in this work, Mont
Though large uncertainties are still present in the helio- Carlo simulations were essential for understanding thtetins
spheric propagation, the general trend is that higher modu-ment performance, its acceptance, the role of interacéads
lation levels correspond to lower values of thee/iHe ra-  for modeling the mass distributions. We expect, with AMS-
tio. AMS-01 and BESS data come from periods of rela- 02, to achieve much more precise results over wider energy
tively quiet solar activity as do data frokvebber & Yushak ~ ranges.
(¢ = 400 — 650 MV). In particular, the periods of 1998 June
(AMS-01 flight) and 1993 July (BESS flight) were character-
ized by very similar solar conditions according to the swsp
data Temmeretal. 2002and can be directly compared.
Stronger modulations were present when IMAX €& 700-
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