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Abstract

The isotopes of cosmic-ray H and He have been measured by the Balloon Borne Experiment with a Super-
conducting Solenoid Spectrometer (BESS), which has been flown annually since 1993. We present here the
absolute flux of2H and 3He corrected to the top of the atmosphere. In the data analysis, the nuclear cross
sections of H, He and their isotopes, which show strong energy dependence between 200 MeV/n and above 1
GeV/n, are critical for performing the efficiency corrections. These include corrections of nuclear interactions
inside the BESS instrument, atmosphere attenuation, and atmospheric secondary particle production. The lat-
est available cross section data and their parameterizations were utilized in the simulation code developed for
this study.

1 Introduction:
The isotopes of cosmic-ray H and He are needed for understanding the propagation history of primary H

and He nuclei in the galaxy. One of the high priority objectives of recent cosmic-ray experiments has been
to determine the abundance of the rare isotopes2H and3He over a wide energy range. The Balloon Borne
Experiment with a Superconducting Solenoid Spectrometer (BESS), which was flown annually since 1993,
has been used to measure the cosmic-ray H and He and their isotopes. Monte-carlo simulations were used to
fully understand the BESS instrument and to perform the spectra normalization. The available cross section
data were compiled, and suitable hadronic packages for heavy ion simulations were selected for this study. In
this paper, we present the absolute fluxes of H and He isotopes,2H and3He, measured from the first three
flights (BESS 93, 94 and 95).

2 Simulations:
To achieve high precision measurement, redundant detection techniques were used in this experiment.

See Yoshimura et al. (1995) and Moiseev et al. (1997) for the instrument details. The most important
requirement in determining the absolute fluxes is knowledge of the detector efficiencies (e.g. the effective
geometry factors). Monte-Carlo simulations are critical for understanding such a complicated experiment
and obtaining pure and effective geometry factors. GEANT is a powerful code for tracking and simulating
interactions of protons. Since GEANT does not accommodate simulation of heavy ions, we have had to
compile cross sections and find suitable hadron simulation packages for heavy ion simulation. One of our
choices for high energy hadronic collisions is FRITIOF, which is based on semi-classical considerations of
string dynamics. With energy in the center-of-mass frame less than 5 GeV/n, where the string picture breaks
down, FRITIOF is not applicable. Consequently another hadronic package, RQMD (Relativistic Quantum
Molecular Dynamics), was adopted in our simulations for H and He isotopes.



2.1 Inelastic cross sections: Since there was a significant amount of material along the tracks of parti-
cles through the BESS instruments (the total thickness traveled by a typical incident particle to trigger the
instrument is 17.8 g/cm2 of
instrument materials and 5
g/cm2 of atmosphere), the
nuclear interaction loss sig-
nificantly influences the ef-
fective geometry factors.

The most important input
for the simulations is the in-
elastic cross sections of2H
and 3He particles with the
materials of the BESS in-
strument. Figure 1 shows
that the nuclear inelastic cross
sections of2H and3He on a
hydrogen target has a strong
energy dependence below a
few GeV per nucleon.

A parameterization me-
thod is needed for calculat-
ing the cross section of a par-
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Figure 1: Inelastic cross section of (a)2H and (b)3He on a hydrogen target
with the LaRC parameterization. Data points are as follows: filled circles,
Meyer (1972); open squares, Carlson (1996); downward pointing triangle,
Jaros et al. (1978); filled square, Blinov et al. (1984); open circle, Blinov et al.
(1985); upward pointing triangle, Glagolev et al. (1993)

ticle interacting with different BESS materials at different energies. The Langley Research Center (LaRC)
model, which was developed by Tripathi et al. (1996), was selected for our simulation study. It is an universal
parameterization method for absorption cross sections, and it can be used for any system of colliding nuclei in
the energy range from a few MeV/n to a few GeV/n. In the LaRC model, the reaction cross section�R can be
expressed by the formula

�R = �r20

�
A
1=3
P +A

1=3
T + �E

�2
(1�B=Ecm) (1)

where r0 = 1.1 fm, Ap and At are the projectile and target mass numbers, and Ecm is the colliding system
center-of-mass energy. The�E term represents two effects: transparency and Pauli blocking at intermediate
and higher energies. The last term is the Coulomb interaction term with B as the energy dependent Coulomb
barrier. As shown in Figure 1, our compiled data agree well with the LaRC model calculation (Solid curves).

2.2 Effective geometry factors: With GEANT/GHEISHA,
we set up the code for the BESS instrument and performed the sim-
ulation for protons. For heavy ion simulations, two interfaces were
made. One was to implement the LaRC model to determine the in-
teraction probabilities of heavy ions, and another interface was used
to connect RQMD/FRITIOF with GEANT to perform the heavy ion
simulation. The delta ray effect was demonstrated to significantly
influence the high charge and high energy simulations of BESS (Seo
et al., 1998). In this study, the delta rays were simulated explicitly
with threshold above 100 keV. The simulation results for the ef-
fective geometry factors of2H and 3He are shown in the Fig. 2.
Compared with the raw geometry factors (dashed line) of 0.42 m2sr
for BESS 93 and 94 (0.32 m2sr for BESS 95), the difference shown
in the figure is the geometry factor loss due to ionization, nuclear
interactions, and delta ray effects.
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Figure 2: The BESS 93 effective geom-
etry factors of2H and3He



3 Analysis:
3.1 Data selection: The unbiased count-down data were used in this analysis (see Yoshimura et al.,
1995; Seo et al., 1997). Three kinds of event selection criteria were applied for both low threshold and high
threshold data sets: (a) single track cuts, (b) track quality cuts, and (c) consistency cuts. See Seo et al. (1998)
for details of the cuts. The H and He candidates were selected by the single track cuts and the dE/dx cuts.
Events with nuclear interactions in the BESS instrument were removed by the single track cuts. The efficiency
of the single track cuts were calculated with the Monte-Carlo simulation described in the above section. The
later two cuts (b) and (c) were used to select events with high precision of rigidity and velocity measurement.
For charge Z=1 and 2 particles respectively, the efficiencies were 70% and 63% for BESS 93, 57% and 65%
for BESS 94, and 60% and 57% for BESS 95. The H and He isotopes were separated by the same mass
histogram method used in BESS 93 data analysis (Seo et al., 1997).

3.2 Atmospheric corrections: The atmospheric corrections included two parts: (a) atmospheric atten-
uation and (b) secondary particle production. The attenuation loss was calculated with Monte-Carlo simula-
tions. The particle loss fractions due to nuclear interaction in the 5 g/cm2 atmosphere were 8% for2H and
12% for3He, with little energy dependence. These results are consistent with the fractions calculated by using
the attenuation lengths of 75 g/cm2 for 2H and 40 g/cm2 for 3He (Davis et al., 1995).

In balloon experiments secondary particles produced in the atmosphere will be measured in addition to the
primary cosmic-rays. Secondary corrections become very important to get the cosmic-rays spectra at the top
of the atmosphere, especially for the rare isotopes like2H and3He. Secondary corrections for2H and3He
are sensitive to the flux of primaries (proton and4He, etc.). The BESS 93, 94 and 95 primary proton and4He
spectra, which were measured simultaneously, were used in this calculation. Refer to Seo et al. (1997) for the
calculation procedure.

3.3 Flux and Uncertainties: The count spectra N(E) of selected H and He isotopes were normalized
to the final energy spectra. The differential fluxes at the top of the atmosphere as a function of kinetic energy
per nucleon, E, are given by

FTOA(E) =

 
N(E)Cd

Egf (E)EcT�Ein
� fsec(E)

!
�Ein

�(E)�ETOA
(2)

where Cd is the inverse of the count-down rate, Egf (E) is the energy-dependent effective geometry factor, Ec is
the efficiency of the data selection cuts, T is the live time,�Ein is the bin size inside BESS and corresponds
to �ETOA at the top of the atmosphere,�(E) is the correction factor of attenuation loss, and fsec(E) is the
atmospheric secondary spectra.

The uncertainties of the final spectra come from several aspects: statistics, mass separation, effective ge-
ometry factors, atmospheric attenuation, and secondary production. Assuming these uncertainties are uncor-
related, we estimated that the uncertainties involved in our final spectra range from 12% to 26% for2H and
from 11% to 20% for3He. The uncertainties are higher at both low and high energies. At low energy, the
uncertainty mainly comes from secondary correction. At high energy, it is more difficult to separate isotopes
from primaries. Consequently the corresponding uncertainty becomes higher.

4 Results:
The absolute fluxes of H and He isotopes,2H and3He, obtained by analyzing the BESS data are shown

in Fig. 3(a) and 3(b), respectively. Only statistical uncertainties are included in the error bars shown in the
figure. A successive evolution of fluxes along with the solar modulation are clearly shown in the energy spectra
measured by BESS 93, 94, and 95. The solid curve is a theoretical prediction based on the reacceleration model
with modulation parameter 600 MV (Seo et al., 1997). Our resulting spectra are consistent with both previous
observations at low energies and with the theoretical calculations.
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Figure 3: Differential energy spectra of (a)2H and (b)3He from BESS 93 (filled upward pointing triangles),
BESS 94 (open squares) and BESS 95 (filled circles) along with other experimental data: filled downward
pointing triangles, Beatty (1986); filled squares, Mewaldt, Stone, & Vogt (1976); open upward pointing tri-
angles, Webber & Yushak (1983); open circles, Garcia-Munoz, Mason, & Simpson (1975); and calculated
spectra (curves).
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