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Abstract

The Advanced Thin Ionization Calorimeter (ATIC) balloon experiment is designed to investigate the composition and energy spectra
of cosmic rays at the highest energies currently accessible by direct measurements, i.e., the region up to 100 TeV. The instrument consists
of a silicon matrix for charge measurement, a graphite target (0.75 nuclear interaction length) to induce hadronic interactions, three lay-
ers of scintillator strip hodoscopes for triggering and trajectory reconstruction, and a Bismuth Germanate (BGO) crystal calorimeter (18
radiation lengths) to measure particle energies. ATIC has had two successful Long Duration Balloon (LDB) flights from McMurdo,
Antarctica: one from 12/28/00 to 01/13/01 and the other from 12/29/02 to 01/18/03. We present the energy spectra of protons and helium
extracted from the first flight, over the energy range from 100 GeV to 100 TeV, and compare them with the results from other experi-
ments at both the lower and higher energies. ATIC-1 results do not indicate significant differences in spectral shape between protons and
helium over the investigated energy range.
� 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Balloon; Cosmic rays; Composition; Energy spectra
1. Introduction

ATIC is a balloon-borne experiment designed to investi-
gate the charge and energy spectra of Z = 1–28 cosmic rays
over the energy range from several 10s of GeV to near
100 TeV. This is an energy range in which the composition
and energy spectra are not accurately known. For example,
JACEE (Asakimori et al., 1998) has reported a difference in
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the spectral indices for protons and helium, but RUNJOB
(Apanasenko et al., 2001) does not see such a difference.

ATIC has had two LDB flights from McMurdo, Antarc-
tica, of which only the results from the first flight are pre-
sented here. The analysis of data from the second flight is
still in progress, mainly due to high voltage failure on
two (out of six) planes of scintillator hodoscopes that made
trajectory reconstruction more difficult. The first flight
accumulated 43.5 Gbytes of data that contained
26.1 · 106 cosmic ray records, 1.3 · 106 calibration records,
0.75 · 106 housekeeping records plus rate and command
records (Wefel, 2001), from which calibration constants
ed.

mailto:hsahn@cosmicray.umd.edu


H.S. Ahn et al. / Advances in Space Research 37 (2006) 1950–1954 1951
(Ahn et al., 2003b) and normalization parameters were
derived.

In this paper we present energy spectra of protons and
helium, along with the detailed analysis procedure.

2. ATIC experiment

2.1. ATIC instrument

The ATIC instrument has three types of detectors to
measure the charge, energy and trajectory of incident cos-
mic rays (Guzik et al., 2004), as shown in Fig. 1. At the
top of the instrument is a silicon matrix (80 · 56 pixels)
with a total active area of 0.95 · 1.05 m2 for determining
the charge of incident particles (Zatsepin et al., 2004).
Three layers of scintillator hodoscopes (S1, S2 and S3),
interleaved with flared (24�) graphite interaction targets
(T2, T3 and T4), provide a fast Pre-Trigger (PT) and help
in trajectory reconstruction. S1, S2 and S3 have 42, 35 and
24 strips of dimensions 2 · 1 · 88.2, 2 · 1 · 74.2 and
2 · 1 · 52.4 cm3, respectively. The calorimeter consists of
eight layers of 40 BGO crystals each, with each crystal
2.5 · 2.5 · 25 cm3 in size (Isbert, 2001).
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Fig. 1. ATIC instrument schematic diagram.
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Fig. 2. Counts per minute for: (a) ungated MT and (b) gated MT, when MT wa
due to dead time effects.
2.2. First flight

Before ATIC was launched, pre-flight cosmic ray muons
were collected using PT (coincidence of S1 and S3) for
absolute calibration of hodoscopes and calorimeter, with
an average temperature of 20.9 �C. During the flight, the
payload floated at an altitude of approximately 37 km, cor-
responding to a residual atmosphere of 4.3 g cm�2, and the
average temperature stayed at 25.6 ± 1.3 �C. Due to this
temperature difference and the temperature dependence
of BGO/PMT combination (�1.2%/�C ) (Lee and Kim,
1996), the BGO calibration required a correction of 6.7%
for the analysis. In-flight cosmic ray showers and helium
ionization signals were also utilized for inter-range calibra-
tion of hodoscopes and calorimeter and for Si matrix
calibration.

Only a subset of cosmic ray events were used for this
analysis, and those events were collected with the Master
Trigger (MT) in Low Energy Trigger (LET) mode, requir-
ing 6 consecutive BGO layers to have energy greater than a
given threshold in at least one crystal with PT in coinci-
dence. The total live time (T) was estimated to be 224.2 h
by: (1) summing up the time intervals during which count-
ing for the rate records was not interrupted by other activ-
ities such as calibration or command, yielding a total of
249.1 h and (2) estimating the live time fraction using the
ratio between gated and ungated MT counts from rate re-
cords (Fig. 2), providing an average of 90%.

3. Analysis

3.1. Detector response

To make the calorimeter energy deposit distribution as
Gaussian as possible, good events are defined as being with-
in the geometry and interacting near the top of the ATIC
instrument. Geometry factor (GF) is calculated to be
0.24 m2 sr by collecting only in-geometry events that pass
through S1, S2, S3 and the upper 6 layers of the BGO cal-
orimeter. Interaction probability above the second BGO
layer (eint) is calculated to be 70.5% and 92.9%, respectively,
for protons and helium, when the incident energy is at least
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s in LET mode with three different thresholds. The lighter bands in (b) are
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several GeV, using the cross section parametrization in
Wang et al. (2002). The interaction probability shows a
slight energy dependence of �(Einc)

0.02, where Einc is the
incident energy.

According to GEANT/FLUKA 3.21 simulation (Aar-
nio et al., 1987; Brun et al., 1984) with isotropically inci-
dent protons, the energy deposit for good events can be
fitted well with a Gaussian distribution over the incident
energy range of interest, with a mean energy deposit
39.1% of incident energy, and a corresponding energy res-
olution of 36.7%, for an incident energy of 1 TeV. The
energy resolution appears to be fairly constant, while the
mean energy deposit shows a slight energy dependence
due to an increase in shower leakage out of the calorimeter
at higher energy (Seo et al., 1996), as shown in Fig. 3. This
parametrization of calorimeter response is important for
the deconvolution discussed below. A superposition model
was assumed to parameterize the helium response (Park,
1996).
3.2. Event selection

Several selection criteria were applied to keep high effi-
ciency for good events while effectively reducing back-
ground events (Ahn et al., 2003a):

� The reconstructed trajectory was required to be along
the shower axis to ensure the quality of trajectory
reconstruction.
� The reconstructed trajectory was required to be within

the fiducial volume of the ATIC instrument to remove
out-of-geometry events.
� The first BGO layer was required to have less than 25%

of the total energy deposit, to remove side-exit events.
� Each of the BGO layers was required to have an energy

deposit larger than 125 MeV to remove non-interacting
and late-interacting events.
� Of the 8 BGO layers, at least 3 even and 3 odd num-

bered layers were required to have more than 3% of
the total energy deposit to verify sufficient energy
deposit for trajectory reconstruction in both x–z and
y–z.
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Fig. 3. ATIC calorimeter response for protons: (a) mean energy deposit (Edep
mean)

of the energy deposit distribution), as functions of incident energy (Einc).
After these selection criteria were applied to the proton
simulation data, 90% of good events survived (esel), inde-
pendent of incident energy, with a background event frac-
tion (d) of 5% in the selected sample at 100 GeV, and
slightly higher at higher energy (9% at 100 TeV). The detec-
tion efficiency (edet), correction for a failure of trajectory
reconstruction when the incident particle passed through
inactive or less active part of the detector, was estimated
to be 53.2% by comparing the surviving fractions between
the flight and simulation data.

For the events surviving the above selection, the particle
entrance position at the Si matrix was calculated using the
reconstructed trajectory, identifying the incident particle
charge. Based on simulations, for the relevant energy
range, the position resolution is estimated to be better than
0.5 cm (Ahn et al., 2003b), which is small compared with
the Si pixel size (2 · 1.5 cm2).

The distribution of energy deposit was divided into 8
bins per decade, and for each bin, proton and helium can-
didates were separated and counted by fitting, with Landau
functions, the charge distribution based on the ionization
signal in the Si matrix, as shown in Fig. 4.

3.3. Deconvolution

The true counts N inc
i , in the incident energy bin i, is esti-

mated from the measured counts Ndep
j , in the deposited en-

ergy bin j, by the matrix method:

N inc
i ¼

1

Ci
�
X

j

P ij � Ndep
j ; ð1Þ

where the matrix element Pij is a probability that the events
in the deposited energy bin j come from the incident energy
bin i, and the compensation factor Ci is the fraction of N inc

i

that escape the selected range of energy deposit
(>36.2 GeV/n), where the trigger efficiency is believed to
be near 100%. They are functions of mean energy deposit,
energy resolution (see Fig. 3), and an assumed initial spec-
tral index (cI). To avoid cI dependence, the procedure was
repeated for many cI values, the reconstructed spectral in-
dex (cR) values were compared to assumed values, selecting
the ones that agreed most closely.
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and (b) energy resolution (rEdep=Edep
mean, where rEdep is the standard deviation
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Fig. 4. Charge distributions for protons and helium from the first ATIC flight, measured by the Si matrix, after event selection, over 3 ranges of energy
deposit: (a) 102–103 GeV; (b) 103–104 GeV; (c) 104–105 GeV. Fitting results used for event counting are superimposed on the distributions.
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Fig. 5. Absolute differential spectra of protons and helium. Filled squares
show results from the first ATIC flight. The spectra obtained by other
experiments are also shown by different symbols indicated in the figure.
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3.4. Normalization

The unfolded counts Ninc, in each incident energy bin of
size DE, were normalized to obtain the differential fluxes
(F) at the top of the atmosphere, given by

F ¼ N inc

DE
� b

GF � eint � esel � edet � ð1þ dÞ � T � g ; ð2Þ

where most normalization parameters have been defined
previously, with b being the correction for the finite energy
bin size (0.99 based on cR values and 8 bins per decade),
and with g being the correction for atmosphere attenuation
loss (95% for proton and 90% for helium based on
4.3 g cm�2 and the angular distribution within the ATIC
acceptance).

3.5. Uncertainties

Following the normalization procedure, the uncertainties
of the results were estimated. A statistical error was assigned
to each incident energy bin, with dN inc

i ¼ 1
Ci
� Dð
P

jP ij � N dep
j Þ,

where D(��) corresponds to 84% Poisson confidence limit
(Gehrels, 1986). Several sources of systematic uncertainties
were identified, including: (1) charge identification (1% for
p and 3% for He); (2) BGO calibration (3%); (3) geometry
factor (1%); (4) atmosphere attenuation (0.5% for p and
1.1% for He); (5) nuclear interaction probability (3% for p

and 2% for He); (6) parametrization of calorimeter response
(10% for p and 15% for He).

4. Results and conclusion

The proton and helium spectra at the top of the atmo-
sphere obtained from the first ATIC flight data are shown
in Fig. 5 with comparisons to other experiments (Ryan
et al., 1972), AMS (Aguilar et al., 2002), CAPRICE
(Boezio et al., 1999), IMAX (Menn et al., 2000) and BESS
(Sanuki et al., 2000) at lower energies, and RUNJOB
(Apanasenko et al., 2001) and JACEE (Asakimori et al.,
1998) at higher energies. With a single LDB flight, ATIC-
1 results already show a major improvement in statistics
over the energy range from 0.1 to 100 TeV/n, filling a gap
in the previously available data. The ATIC-1 spectra agree
with magnetic spectrometer (AMS, BESS) results at low
energies, and better with RUNJOB results than JACEE re-
sults at high energies. Assuming a single power law over
the range investigated, proton and helium spectra were fit-
ted with spectral indices of 2.73 ± 0.004 ± 0.021 and
2.72 ± 0.018 ± 0.039, respectively, with the errors being sta-
tistical and systematic, and with no indication of significant
differences in spectral shape between protons and helium.
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