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Abstract—We analyze the characteristics of the albedo, or the backscatter current, which constitutes a
background for charge measurements in calorimetric experiments in high-energy cosmic rays.We compare
the experimental data obtained in the flights of the ATIC spectrometer with the simulations performed using
the GEANT 3.21 code. We discuss the influence of the backscatter on the charge resolution in the ATIC
experiment. c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

A number of experiments in which an ionization
calorimeter was used to directly measure the spectra
at high energies have been carried out to date. The
experiments onboard the PROTON satellites [1] were
performed in 1965–1968 first. However, the results
obtained were inconclusive due to the possible signal
distortion in the charge detector module by albedo
particles from the calorimeter [2]. The albedo prob-
lem was completely solved in experiments with emul-
sion chambers owing to the high spatial resolution
achieved in nuclear emulsion analysis. When applied
to cosmic-ray studies, this technique has a number
of shortcomings, namely, a high energy threshold
and insufficient reliability of energy measurements.
The technique is also very laborious. Therefore, the
results obtained in three emulsion experiments dif-
fered significantly [3–5]. A successful method for
solving the problem of the backscatter current was
used in the SOKOL experiment [6], in which direc-
tional Cherenkov detectors were employed to deter-
mine the charges of light nuclei (protons and helium).
Thin nondirectional Cherenkov counters were used to
measure the charges of heavier nuclei. However, the
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charge resolution in this experiment was too low for
nuclei heavier than helium to be resolved.
A different method for significantly reducing the

albedo influence on charge measurements was used
in the ATIC experiment. This experiment is aimed
at performing new measurements of the energy
spectrum for galactic cosmic rays with an individual
charge resolution from protons to iron over a wide
energy range, from 100 GeV to 100 TeV per particle.
A matrix of silicon detectors has been used for the
first time to measure the charge. The albedo problem
is solved here through the fine segmentation of the
charge detector. The matrix design of the charge
detector offers a possibility for studying the pulse
and lateral albedo signal distributions as a function of
energy and type of primary particles. Comparison of
experimental data with simulations verifies whether
the simulations can be used in situations where no
experimental data can be obtained.

2. THE ATIC SPECTROMETER

The layout of the spectrometer is shown in Fig. 1.
A fully active calorimeter built from 320 bismuth-
germanate (BGO) scintillator crystals, each 25 ×
2.5 × 2.5 cm in size, measures the energy of each
cascade. The BGO crystals form eight layers, each
50 × 50 cm in area, with the crystal axes lying
alternately along the X and Y axes. The calorimeter
depth is 18 radiation units. The target module con-
sists of three 10-cm-thick graphite layers (density
1.7 g cm−3) and lies above the calorimeter. The target
thickness, including the constructional materials and
scintillators, is 3/4 of the proton interaction length.
c© 2005 Pleiades Publishing, Inc.
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The instrument has three hodoscopes built from
202 strips of plastic scintillators 1 cm thick and
2 cm wide. Each hodoscope consists of two mutually
perpendicular strip layers. The hodoscopes are placed
above, under, and inside the graphite target and form
the first level trigger, which determines the aperture of
the instrument, and provide additional measurements
of the charge and trajectory of the primary particle
reconstructed from the cascades in the calorimeter.
The charge detector, a silicon matrix built from 4480
silicon pixels 1.5 × 2 cm in size, is the uppermost
detector in the instrument. The silicon pixels are
arranged in four planes with a small overlap along
the X and Y axes to avoid the holes through which
the primary particle could pass. Thus, each particle
inside the aperture of the instrument passes at least
through one silicon pixel, and about 15% of the
particles pass through two pixels. The total matrix
area is 99.2 × 111.2 cm. The ATIC silicon matrix and
its properties are described in detail in [7, 8].

3. FLIGHTS IN THE STRATOSPHERE
ATIC was launched for its first test flight on De-

cember 28, 2000, at McMurdo, Antarctica. Having
made a complete turn around the South Pole, it
landed on January 13, 2001. The altitude of the flight
was 37 ± 1.5 km. Since ATIC landed successfully
and was recovered in good condition, it could be
flown again after refurbishment. The second, scien-
tific, flight was also carried out in Antarctica fromDe-
cember 29, 2002, through January 18, 2003. A third
flight is scheduled to increase the statistics, particu-
larly at high energies. The goal of the ATIC-1 flight
was to test the operation of all detectors and systems
of the instrument. However, the first scientific data
were obtained during this flight. We used ATIC-1
data to study the backscatter current and its influence
on the charge resolution of the ATIC spectrometer.

4. RECONSTRUCTION OF EVENTS
IN THE SPECTROMETER

Each high-energy event detected by the instru-
ment is reconstructed from the signals in the detec-
tors to determine the primary particle charge, energy,

Table 1.Trajectory reconstruction accuracy and mean size
of the search area for events of various energies

Ed, GeV σX , cm σY , cm
Search area

∆X ,∆Y , cm

>10 10.3 9.6 ±30

>100 4.6 4.6 ±14

>1000 2.7 3.2 ±9
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Fig. 1. Layout of the ATIC spectrometer: 1—silicon ma-
trix, 2—scintillator hodoscopes, 3—graphite target, 4—
BGO calorimeter.

and trajectory in the instrument. The particle trajec-
tory was reconstructed from the signals in the BGO
calorimeter and was described by two projections in
theXZ and Y Z planes (see Fig. 2). Both projections
are reconstructed independently using the Y - andX-
oriented crystal layers, respectively. The crystal with
the maximum energy deposition is determined in each
layer. (If this crystal is found near the edge of the layer,
then the event is considered to be a side event and
is rejected.) Subsequently, the symmetrized weight
center of the energy distribution in the layer is found
by taking into account the crystals in both directions
from the central crystal. The dispersions of the weight
centers are determined from simulated cascades (see
below): in each layer, the dispersion of the location
of the weight center is determined as a function of
the energy deposition in the layer. The parameters
of the trajectory projections onto the XZ and Y Z
planes and their χ2 values are calculated using these
weight centers in theX- and Y -oriented layers of the

Table 2. Probability of an albedo signal with Q > 1.5 (for
protons) andQ > 2.5 (for helium nuclei) in various regions
around the point of incidence of the primary particle (in%)

Search area
Protons Helium

Ed, GeV Ed, GeV

∆X ,∆Y , cm >10 >100 >1000 >10 >100 >1000

±5 0.6 0.6 1.6 0.1 0.15 0.7

±10 1.7 2.2 6.3 0.1 1 2.2

±25 5.6 13.6 37.6 0.8 2.8 8.4
5
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Fig. 2. Example of trajectory reconstruction and charge measurement for an event. The silicon matrix plane is shown in the
upper left panel. The square delineates the search area; the triangle and the diamond indicate the locations of the detected
charge and themaximumcharge in thematrix, respectively.Q1 is themaximumcharge in the search area,Qmax is themaximum
charge in the matrix, Ed is the energy deposition in the calorimeter, and E0−E7 are the energy depositions in the calorimeter
layers (in GeV).
calorimeter. Subsequently, the trajectory projections
are extended until they intersect the Si-matrix plane,
and the rms errors in the coordinates of the points of
intersection in the Si-matrix plane, σX and σY , are
determined. Then, the ±3σX , ±3σY area for primary
particle search is delineated. The Si pixel with the
maximum signal in the search area is selected, and
the trajectory parameters are recalculated by taking
into account the coordinates of the pixel center. The
primary particle charge is determined from the for-
mula Z =

√
A cos θ, where θ is the zenith angle of the

trajectory, and A is the signal in the Si pixel in MIPs
(MIP is the energy deposition of a vertical minimum
ionizing particle in a silicon pixel). For each recon-
structed event, the energy deposition in the calorime-
P

ter Ed is calculated by adding the energy depositions
of all crystals in all layers of the calorimeter. The
signals in the scintillator hodoscopes were not used
at this stage of our analysis.

Figure 2 shows an example of event reconstruc-
tion. Figure 3 shows the experimental distributions of
the distances along the x axis from the cascade axis
to the center of the pixel with the maximum signal for
three energy ranges. The width of these distributions
is seen to decrease with increasing primary particle
energy, since the nuclear dispersion decreases in im-
portance and the Coulomb electron scattering begins
to play a major role in the lateral distribution. The rms
errors of these distributions in each coordinate, σX
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 7 2005
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and σY , and the mean size of the ±3σ search area as
a function of the cascade energy are given in Table 1.

5. EXPERIMENTAL DATA

About 25 million events were detected in the
ATIC-1 experiment. For our analysis of the backscat-
ter current, we selected 7000 events with energy
deposition Ed > 10 GeV and the same number of
events withEd > 100GeV as well as all events (about
1600) with Ed > 1 TeV. When processing the raw
data, in addition to information about the charge, en-
ergy deposition, and trajectory of the primary particle
in these events, we recorded information about all
signals in the silicon matrix. These signals, except
the signal from the primary particle, were produced
by the backscatter current or were noise signals. In
Fig. 4, the number of albedo and noise signals in
the entire matrix per event (na) is plotted against the
equivalent charge Q =

√
A for three ranges of energy

deposition and three types of primary particles. The
noise signals dominate at Q < 1, and their number
does not depend on energy. On average, there were
about 20 noise signals per event. The number of
albedo signals decreases with increasing Q almost
exponentially and increases with energy and charge of
the primary particle. As the energy rises by an order of
magnitude, the number of albedo particles increases
by a factor of about 3.

6. SIMULATIONS

Initially, simulations were undertaken at the de-
sign stage of the instrument and were performed
for the design with four 10-cm-thick graphite layers
and for the silicon matrix with 3 × 3-cm pixels. For
our simulations, we used the GEANT-3.21 software
package, in which a hadron cascade was simulated
using the FLUKA generator [9]. The primary par-
ticles were protons with energies of 102, 103, and
104 GeV. The results of these simulations were pub-
lished in [7]. Electrons (bearing in mind both elec-
trons and positrons), pions, photons, and protons
were shown to give the main contribution to the
albedo signal in the matrix. The relative contribution
of pions and, especially, protons increases with the
albedo signal. It was also shown that, for a pixel size of
3 × 3 cm, the frequency of events in which the albedo
signal in the axis pixel exceeded 1 MIP is less than
1.5% even at an energy of 10 TeV; i.e., the albedo
signals in the matrix are essentially separated from
the primary particle signal.
We performed new simulations for the actual de-

sign of the instrument. An isotropic particle flux with
a power-law energy distribution with index γ = 1.6
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Fig. 3.Distribution of distances along the x axis from the
primary particle location to the reconstructed trajectory:
(a) Ed > 10, (b) Ed > 100, and (c)Ed > 1000 GeV. The
number of events (Nev) in the bin is along the vertical
axis.

was incident on the silicon matrix plane over the
aperture of the instrument. The simulations were car-
ried out for three ranges of primary kinetic energies,
E > 10, >100, and >1000 GeV, and cascades with
energy deposition Ed > 10, >100, and >1000 GeV,
respectively, were selected for the analysis. Protons
and helium nuclei were taken as the primary parti-
cles. We used the QGSM generator [10] to simulate
the interactions of helium nuclei. The statistics in
our simulations were 104 cascades for protons and
103 cascades for helium in each energy range. To be
5
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Fig. 5. Comparison of the experimental data with simulations (na is the number of albedo signals per event in the entire matrix
forEd > 100 GeV): (a) protons and (b) helium nuclei. The thin line represents our simulations.
sure that the simulation results are valid, they must
be compared with experimental data.

Figure 5 compares the experimental and simulated
distributions of albedo signals inQ forEd > 100GeV.
We can see that the agreement is good at Q > 1,
where the number of noise signals is negligible.

Figure 6 shows the simulated lateral distribution
of albedo signals with Q > 1 in the silicon matrix for
protons with Ed > 100 GeV. Also shown here is the
experimental lateral distribution of albedo signals at
P

R > 20 cm. The albedo particle density atR < 20 cm
cannot be studied experimentally, since the maximum
signal in this region (the search area) is considered
as the signal from the primary particle. The region
of R > 80 cm can be distorted in the experiment,
because large distances are associated with particles
near the edge of the matrix. In this case, there is a
probability that the axis of the cascade produced by
the nucleus that past by the matrix could be restored
inside the matrix, and the signal from the backscat-
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 7 2005
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Table 3. Distortions of the proton and helium-nucleus fluxes due to the albedo δa, ionization loss fluctuations δi, and
their sum δ (in%)

δa δi δ

Row number Ed, GeV Ed, GeV Ed, GeV

>10 >100 >1000 >10 >100 >1000 >10 >100 >1000

1 −1.87 −2.29 −2.55 −3.68 −3.68 −3.68 −5.55 −5.97 −6.23

2 −0.47 −0.60 −0.90 −5.16 −5.16 −5.16 −5.63 −5.76 −6.06

3 +3.20 +2.39 +2.48 +7.80 +4.94 +4.19 +11.0 +7.33 +6.67

4 +2.73 +1.79 +1.58 +2.64 −0.22 −0.97 +5.37 +1.57 +0.61

Note: Row 1—decrease in proton flux, row 2—decrease in helium flux, row 3—increase in helium flux due to proton admixture, and
row 4—sum of rows 2 and 3.
ter current of the nucleus could be mistaken for the
proton signal. As we showed, the number of albedo
signals from nuclei is larger than that from protons.
Note that the values of albedo signal densityDa in the
experiment and the simulations are not normalized to
one another.
Thus, both the lateral distribution of albedo signals

and their Q distribution are satisfactorily reproduced
by the simulations. Therefore, we will use the results
of our simulations for the subsequent analysis of the
albedo influence when determining the charge from
the maximum signal in the search area.

7. CHARGE RESOLUTION
IN THE ATIC EXPERIMENT

To estimate the albedo influence, we must cal-
culate the probability that the albedo signal rather
than the signal from the primary particle will be the
maximum signal in the search area, and, thus, the
primary particle will be misidentified. Table 2 gives
the calculated probabilities of detecting backscatter
signals with Q > 1.5 for protons and Q > 2.5 for
helium nuclei for three sizes of the search area and
three ranges of energy deposition. Table 3 gives
the distortions of the protons and helium fluxes
due to the albedo δa when using the algorithm of
primary particle search employed in the experiment
for simulated events. For protons and helium, the
flux is shown to decrease, because the measured
charge Q exceeds 1.5 and 2.5, respectively (rows 1
and 2). The admixture to the helium flux from protons
is given in row 3 (for this estimate, the relative
number of cascades from protons and helium in
the experiment was taken into account), and row 4
gives the total effect for helium in the range 1.5 <
Q < 2.5.
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 7 200
In addition to the albedo, the fluctuations of ion-
ization losses in the silicon detector are another pro-
cess that leads to misidentification of protons and
helium nuclei. The fluctuations of ionization losses in
the silicon detector of the ATIC instrument were an-
alyzed in [8]. The distortions of the proton and helium
fluxes due to this process δi and the total distortion
δ = δa + δi are also given in Table 3. We see from this
table (row 2) that the decrease in the helium flux is
determined mainly by the ionization loss fluctuations,
not by the albedo particles.

The experimental proton and helium charge res-
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olution is shown in Fig. 7 for four ranges of energy
deposition.

8. CONCLUSIONS

The silicon matrix in the ATIC spectrometer has
solved the problem of the backscatter current in this
experiment and allowed a good charge resolution to
be achieved for protons and helium and, consequently,
the energy spectra of these particles to be measured.
The required corrections to the measured proton and
helium fluxes do not exceed 7%.
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