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Abstract

The preliminary energy spectra of heavy nuclei C, O, Ne, Mg, Si, and Fe in the primary cosmic rays measured by the ATIC-2
experiment are presented and compared to previous data and to propagation models. Using previous data to extend the ATIC-2
results for all heavy nuclei to higher energy, the combined spectra can be best fit with diffusion model with weak reacceleration
and scattering on random magnetic field with a Kolmogorov spectrum fluctuations becoming dominant at high energy.
© 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

ATIC (Advanced Thin Ionization Calorimeter) is a
balloon borne experiment designed to measure cosmic
ray composition for elements from hydrogen to iron
and their energy spectra from 50 GeV to near 100 TeV.
ATIC had two successful balloon flights in Antarctica:
from 28 Dec 2000 to 13 Jan 2001 (test flight ATIC-1)
and from 29 Dec 2002 to 18 Jan 2003 (science flight
ATIC-2).

ATIC is comprised of a fully active bismuth germa-
nate (BGO) calorimeter, a carbon target with embedded
scintillator hodoscopes, and a silicon matrix that is used
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as a charge detector in the experiment (see Fig. 1). The
detailed description of the ATIC spectrometer, and the
method of calorimeter calibration may be found in
Guzik et al. (2004). The description of the silicon matrix
charge detector is given in Adams et al. (2001) and
Zatsepin et al. (2004).

2. Charge resolution

In the experiment, the events selected are those in
which a primary particle passes through the charge
module, interacts in the carbon target, and generates
an electron-hadron cascade in the calorimeter. An
example of reconstruction of the trajectory and mea-
surement of the charge are shown in Fig. 2. Upper left
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Fig. 1. Schematic view of the ATIC spectrometer: 1, silicon matrix; 2,
scintillator hodoscopes; 3, carbon target; 4, BGO calorimeter.

graph in Fig. 2 represents the plane of the silicon charge
detector. Rectangle on the silicon plane represents the
error corridor for the reconstructed trajectory. Diamond
denotes the primary particle that was found within the

error corridor, triangle denotes the silicon pixel with
the maximal energy deposit. The maximal silicon pixel
and the pixel of primary particle is the same in Fig. 2.
Lower left and upper right graphs in Fig. 2 are XZ-
and YZ-projections of BGO calorimeter, respectively,
with appropriate projections of the reconstructed trajec-
tory. Sizes of little rectangles are proportional to the
energy deposit in the appropriate BGO crystals. Since
the BGO crystals in alternate layers are orthogonal
(see Fig. 1), there are four X and four Y positions of
the shower axis to be fit to determine the trajectory,
which is then projected to the Si-matrix layer, as illus-
trated in Fig. 2. To fit the trajectory we used weighted
least square method.

In the ATIC-2 exposure, the charge resolution was
acceptable for all elements at all energies as illustrated
in Fig. 3 for the region from B to Ni. The charge reso-
lutions for some even heavy nuclei are presented in
Table 1. Charge resolutions were calculated by approx-
imation of charge peaks by gaussians (Fig. 4). We
present here preliminary energy spectra for the heavy
nuclei and compare the results to previous data and to
models of cosmic ray propagation in the galaxy.
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Fig. 2. An example of reconstruction of trajectory and measurement of particle charge. Eg4, energy deposit in the calorimeter in GeV; Q,, the charge
of particle that was found within the error corridor of the trajectory; Qnax, the maximal charge in the whole silicon matrix (in this event Q; and Qnax
are the same); Ey—E7, energy deposits (in GeV) in the each of eight layers of the calorimeter.
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Fig. 3. Charge histograms for the heavy nuclei measured in ATIC-2 for different energy thresholds. First row is E4> 50 GeV, second row is

E4> 250 GeV and third row is Eq > 1000 GeV.

3. Conversion to primary spectrum

The energy deposit E4 in the calorimeter in each
reconstructed event is determined by summing the
energy deposits in all BGO crystals. To convert a spec-
trum in E4 to spectrum in primary energy E, we adopt

the approximation used in emulsion chamber calorime-
ter analysis (Burnett et al., 1986). A shift is used along
the energy axis by & !, where

— : 7+1 / : y
ks_/o K % (k) di /Ok « £ (k) dk.
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Table 1
Charge resolutions for heavy nuclei at different energies
E, (GeV) C (0] Ne Mg Si
>50 0.29 0.29 0.31 0.34 0.35
>250 0.26 0.28 0.29 0.34 0.34
>1000 0.26 0.28 0.32 0.30 0.39

The represented values are the standard deviations of appropriate
fitted gaussians in the units of proton charge.
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Fig. 4. Decomposition of the charge spectrum for E4> 50 GeV by
gaussians.

Here f{k) is distribution of k = E4/E value at given E,
and y is the index of integral spectrum. The values of k;
were obtained using simulation of passing particles
through ATIC with FLUKA code Fassé et al. (2001b),
Fasso et al. (2001a) for different nuclei and for spectrum
with y = 1.6. The resulting k, values are only weakly
dependent on the choice of y = 1.6. For a constant value
of kg, the spectral index is not altered between the Ey
spectrum and E spectrum. Generally, k, values depend
on E due to leakage through the bottom and sides of
the calorimeter. Our preliminary estimation shows that
this dependence is weak, and leads to steepening of Ey4
spectrum by Ay =0.04. In the present paper, spectral
shapes are presented without taking into account this
correction factor, which needs to be refined. The fluxes
were determined by the formula:
[:j—]; (SQXTXGXV]XWeff),
where SQ is geometry factor, 7 is exposure live time, € is
efficiency of event reconstructing algorithm, # is correc-
tion factor for attenuation in the residual atmosphere,
and W = fol kK'f(k)dk/k!. These values will be pre-
sented in more detail in a future paper.

It should be noted that this technique is only a first
step toward accurate solution of the deconvolution
problem to obtain energy spectra of primaries from

the spectra of energy deposit. Therefore, the data of
the present report should be considered as preliminary.

4. Results and discussion

The energy spectra (per nucleon) for abundant nuclei
C, O, Ne, Mg, Si, Fe along with the data of HEAO-3-C2
experiment (Engelmann et al., 1990) and CRN experi-
ment (Miiller et al., 1991) are shown in Fig. 5. The agree-
ment with the previous data is generally quite good.

To interpret the experimental spectra we use the
Leaky Box approximation of the transport equation
(Gaisser, 1990, pp. 119-122) to describe propagation
of particles in the interstellar medium and transforma-
tion of primary spectra during propagation. The spec-
trum of a particle in this framework may be written as:

_ Op (E)Tese(R)
1+ Zese(R)/2p’

where Np(E) is the measured spectrum of particle P,
QOp(E) is the spectrum at the source, R is the magnetic
rigidity of the particle, A (R) is the mean amount of
matter traversed by a particle without nuclear fragmen-
tation process, Ap is the fragmentation length, and
Tese = Aese/ (0p). In the last formula v is the velocity of
the particle and p is density of the interstellar medium.

In the HEAO3-C2 experiment (Engelmann et al.,
1990) it was shown that the experimental data for ener-
gies below 35 GeV/n can be described by the Leaky Box
model with a source spectrum in the shape of a power
law in momentum with a spectral index 2.23, and B/C
ratio data of HEAO produces the following dependency
Jesc(R) (Engelmann et al., 1990):

Ne(E) (1)

{zm =34.1BR "¢ gecm™2, R > 4.4 GV 2

Jee = 14.08, R < 4.4 GV.

The predictions of the model Egs. (1) and (2) are shown
as dashed lines compared to the data in Fig. 5. The
agreement is acceptable, but the dashed curves appear
to underestimate the ATIC-2 data, particularly C and
O at the highest energies.

The Leaky Box is a popular empirical model which
stands out because of its simplicity. In the application
to the case of stable energetic nuclei, the Leaky Box
equations can be derived as an approximation to the
equations obtained in the flat-halo diffusion model with-
out reacceleration. The energy dependence of the escape
length is determined then by the energy dependence of
cosmic ray diffusion coefficient D: A < v/D.

The power law form of .. Eq. (2) implies a very
short escape length at high energies and this would im-
ply a larger anisotropy than has been observed (Erlykin
et al.,, 1998). However, in the paper (Osborne and
Ptuskin, 1988), it was shown that the form of Eq. (1)
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Fig. 5. Energy spectra (per nucleon) for even abundant nuclei. Open triangles, the data of HEAO-3-C2 (Engelmann et al., 1990); open squares and
open stars, the data of CRN (Miiller et al., 1991); filled marks, data of ATIC-2. The curves show results of propagation calculations as discussed in

the text.
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Fig. 6. Energy spectra (per particle) for all nuclei heavier than Boron.
The curves show propagation model calculations as described in the
text.

is also correct for a diffusion model with weak reaccele-
ration during propagation due to cyclotron resonance
scattering of the particles, if 1. is replaced with effective
thickness x.t. According to Osborne and Ptuskin (1988):

Xer(R) = 4.2 % (R/Ro)™"* x (1 4+ (R/Ry) ) g/cm?

3)
where Ry = 5.5 GV. This equation corresponds to the
scattering on random magnetic field with a Kolmogorov
spectrum at high energies (Ptuskin, 2001). In such a
form the expected anisotropy at high energies does not
contradict the experimental data. The prediction of the

model Egs. (1) and (3) for the spectrum at the source
Op(E) o< E~>? is shown in Fig. 5 by solid line. This

improves the fit to the individual element spectra at
highest energies but the statistics are not sufficient to
make definite conclusions.

To improve the statistics at the highest energy, Fig. 6
shows a plot of all nuclei heavier than Boron, as a func-
tion of energy per particle. The ATIC-2 results are com-
pared to the data from JACEE (Takahashi et al., 1998),
MUBEE (Zatsepin et al., 1993), and SOKOL (Ivanenko
et al., 1993). The ATIC-2 results are in good agreement
with the SOKOL results below 30 TeV. In the energy
range higher than 30 TeV the statistics of the ATIC data
are too poor to make choice between the simple Leaky
Box model and the model Egs. (1) and (3). However,
it is visible that simple Leaky Box model with power
law for Aes as in Egs. (1) and (2) falls below other exper-
imental data at the highest energies. All the variety of
the experimental data definitely points out to better
agreement with the model Eqgs. (1) and (3).

5. Conclusions

The ATIC-2 results on the spectra of heavy nuclei are
in agreement with previous data from HEAO, CRN,
and Sokol. The results can be explained with the leaky
box model but the diffusion model with weak reacceler-
ation produces better fit to the experimental data. The
ATIC results are still preliminary and further analysis
is underway.
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