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Abstract: Important information pertaining to the origin of high-energy cosmic rayscan be gained by
studying their mass composition in the region of the knee (∼ 3 PeV). Thus, air showers have been ob-
served at the South Pole using the SPASE-2 detector, which measures theelectronic component at the
surface, and the AMANDA-II neutrino telescope, which measures the coincident muonic component in
deep ice. These two components, together with a Monte Carlo simulation and awell-understood analysis
method, yield the relative cosmic ray composition in the knee region. We report on the efficacy of a new
neural network technique for obtaining a composition result with the SPASE-2/AMANDA-II detectors.

Introduction

Cosmic ray composition studies can provide a
greater understanding of the origin of cosmic rays,
and thus lead to an increased understanding of the
physical processes which accelerate these particles
to Earth. At energies up to 1014 eV, the mass com-
position of cosmic rays can be measured directly;
however, due to the low flux, the mass composition
above 1014 eV must currently be gleaned from in-
direct measurements, involving the examination of
the extensive air shower produced by the primary
particle in the atmosphere. By utilizing more than
one component of the air shower, such as the elec-
tronic and muonic components, an analysis tech-
nique can be developed that leads to a composition
measurement.

Detectors and Reconstruction

The detectors used for this analysis the South
Pole Air Shower Experiment (SPASE-2) and the
Antarctic Muon And Neutrino Detector Array
(AMANDA-II). The SPASE-2 detector is situated
on the surface of the South Pole and is composed of
30 stations in a 30 m triangular grid. Each station
contains four 0.2 m2 scintillators. The AMANDA-
II detector lies beneath the surface of the ice,

located such that the center-to-center separation
between AMANDA-II and SPASE-2 is about
1730 m, with an angular offset of 12◦. AMANDA-
II consists of 677 optical modules (OMs) deployed
on 19 detector strings at depths between 1500 and
2000 m. Each OM contains a photomultiplier tube
which can detect the Cherenkov light emitted by
particles–namely muon bundles–passing through
the ice. Besides a composition analysis, this coin-
cident detector configuration allows for calibration
as well as measurement of the angular resolution
of the AMANDA-II detector [1].

For this preliminary analysis, coincident data from
the years 2003-2005 are used, with a total livetime
of 369 days. For comparison with the data, Monte
Carlo simulated proton and iron showers with ener-
gies between 100 TeV and 100 PeV have been pro-
duced using the MOCCA air shower generator [2]
and the SIBYLL v1.7 interaction model [3]. These
events are then propagated through the ice, and the
detector response of AMANDA-II is simulated us-
ing AMASIM. An E−1 spectrum is used for gen-
eration, but for analysis the events are re-weighted
to the cosmic ray energy spectrum of E−2.7 at en-
ergies below the knee at 3 PeV, and E−3.0 above it.
Both the data and Monte Carlo are then put through
the same reconstruction chain.

The first step in the reconstruction is to find the
incoming direction of the air shower, as well as

Proceedings of the 30th International Cosmic Ray Conference
Rogelio Caballero, Juan Carlos D’Olivo, Gustavo Medina-Tanco,
Lukas Nellen, Federico A. Sánchez, José F. Valdés-Galicia (eds.)
Universidad Nacional Autónoma de México,
Mexico City, Mexico, 2008

Vol. 2 (OG part 1), pages 165–168

ID 1285

165



MEASURING THECOSMIC RAY COMPOSITION

the core position and shower size. The direc-
tion can be computed from the arrival times of
the charged particles in the SPASE-2 scintillators,
while the shower core position and shower size
are acquired by fitting the lateral distribution of
particle density to the Nishimura-Kamata-Greisen
(NKG) function and then evaluating the fit at a
fixed distance from the center of the shower (in
this case 30 m) [4]. This parameter, called S30,
has units of particles/m2 and will be referred to
throughout this paper as a measure of the electronic
part of the air shower .

The next step in the reconstruction provides a mea-
sure of the muon component of the air shower,
which is carried out using the combination of the
two detectors. The core position of the shower
measured at SPASE-2 is kept fixed as a vertex from
which θ and φ are varied in the ice to obtain a
good fit of the track direction in AMANDA-II. The
expected lateral distribution function (LDF) of the
photons from the muon bundle in AMANDA-II is
then computed, fit to the OM hits, and evaluated
at a perpendicular distance of 50 m from the cen-
ter of the shower [5]. This parameter, called K50,
has units of photoelectrons/OM and will be used
throughout the rest of this paper as the measure of
the muon component of the air shower.

Analysis Details

Once the reconstruction has been completed, it
is important to find and eliminate poorly recon-
structed events. Thus, as in the previous analysis
[5], events have been discarded which:

• have cores outside either the area of SPASE-
2 or the volume of AMANDA-II,

• have too low an energy to be well-
reconstructed in both detectors,

• have an unphysical reconstructed attenua-
tion length of light in the ice.

After these cuts have been made, it can be seen
in Figure 1 that our two main observables, S30
and K50, form a parameter space in which pri-
mary energy and primary mass separate. This is
expected, as the showers associated with the heav-
ier primaries develop earlier in the atmosphere and
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Figure 1: The two main observables, log10(K50)
vs log10(S30), in the Monte Carlo simulation. The
black contour lines depict gradients in energy.
The axes along which mass (A*) and energy (E*)
change in a roughly linear way are drawn in white,
and the low-energy calibration bin is also labeled.

hence have more muons per electron by the time
they reach the surface than the showers associated
with lighter primaries [6]. This means that K50,
which is proportional to the number of muons in
the ice, will be higher for heavier primaries than for
lighter primaries of the same S30, as is observed.

In the three-year data set used for this analysis,
105,216 events survive all quality cuts. It is in-
teresting to notice that in the previous analysis, us-
ing the SPASE-2/AMANDA-B10 detector, the fi-
nal number of events for one year was 5,655. Fur-
thermore, the larger detector used here is sensitive
to higher energy events. The significant increases
in both statistics and sensitivity are the basis for
performing a new analysis.

Calibration

To accurately measure the composition using both
electron and muon information reconstructed as
described above, the Monte Carlo simulations
must represent the overall amplitude of light in the
ice very well. However, the overall light ampli-
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Figure 2: The energy resolution of the neural net-
work for output energies between 1 and 10 PeV for
proton and iron showers.

tude is subject to systematic errors in the simu-
lation. Therefore, it is important to calibrate the
composition measurement at low energies where
direct measurements of cosmic ray composition
are available from balloon experiments. A verti-
cal “slice” of events from Figure 1, corresponding
to S30 between 5 and 10 m−2, is used to perform
this calibration. The K50 values of the data ad-
justed by an offset, chosen such that the distribu-
tion of K50 best matches a 50%-50% mixture of
protons and iron [7, 5]. This mixture corresponds
to <lnA> = 2, which is an approximation to the
value indicated by direct measurements [8].

The Neural Network

Similar past analyses [7] exploited the fact that the
relationship between K50/S30 and mass/energy is
approximately linear. One can then rotate to the
mass/energy coordinate plane, labeled as A*/E* in
Figure 1, and utilize further analysis techniques to
extract the energy and mean log mass after the ro-
tation. However, the relationship is not perfectly
linear, nor should exact linearity necessarily be ex-
pected. In fact, as seen in Figure 1, the non-linear
effects become more pronounced at higher ener-
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Figure 3: The neural network output for particle
type with log10(ENN /GeV) between 6.0 and 6.2.
The three-year data set is compared to the Monte
Carlo generated proton and iron showers, and a
mixing ratio is found which represents the data.

gies. As the data set for this new analysis has more
statistics at high energies than previous analyses, it
has become important to find a technique that can
resolve these events with accuracy. A neural net-
work should be able to take these non-linear effects
into account.

The neural network chosen for this analysis was
the TMultiLayerPerceptron class from ROOT,
which is a simple, feed-forward network, although
other neural networks were also tested with similar
results. The network configuration which best sep-
arates the pure proton from the pure iron scenarios
and yields the best energy resolution in the Monte
Carlo was a very simple 2:5:2 network, meaning
there are two input variables, five hidden nodes,
and two output variables. In this case, the two in-
put variables are log10(K50) and log10(S30), and
the two outputs are energy and particle type (0 for
protons, 1 for iron). The network is trained on half
of the Monte Carlo and tested on the other half (to
evaluate its effectiveness) before being applied to
the data. Figure 2 shows the energy resolution of
the neural network for proton and iron showers.
The “type” output of the neural network for one
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energy bin is plotted in Figure 3. Notice that, since
it was trained on pure proton and iron samples, the
neural network tends to classify every event strictly
as one or the other, resulting in the strong peaks in
the data at 0 and 1. It is expected that the simu-
lation of more primary nuclei would yield a more
accurate result.

It is assumed that the data can be described by
some mixture of proton and iron showers, and a
technique is developed to find the mixing ratio in
each energy bin which best fits the data. In order to
find this proportion, the proton, iron, and data out-
puts are normalized and a minimization technique
is applied. The result is one mixing ratio for each
“slice” in energy; an example of this is shown by
the solid black line in Figure 3 This method was
verified using various mixtures of proton and iron
simulations as input “data” and comparing with the
non-mixed monte-carlo results. The ratio of heavy
particles in each energy bin can also be expressed
as the mean log mass. The difference between
<lnA> for the neural network technique described
herein and<lnA> for a rotation method similar
to that used for the previous SPASE-2/AMANDA-
B10 analysis is reported in Figure 4. (Note that the
same data set was used for both methods.)

Discussion

It is clear from Figure 4 that the percent differ-
ence in<lnA> between the two types of analy-
sis methods is generally quite small, especially be-
low log10(E/GeV) = 6.8, which is the highest en-
ergy measured in the previous analysis. Further-
more, it seems promising that the percent differ-
ence increases at higher energies where the neural
network is expected to be more reliable. The sys-
tematic errors for this data sample have yet to be
fully examined, and a new Monte Carlo simulation
with a variety of primary nuclei–including helium,
carbon and oxygen in addition to protons and iron–
is currently being generated. Nevertheless, there
is a clear indication that the neural network tech-
nique is a valid method for understanding SPASE-
2/AMANDA-II data, and it is hoped that, together
with the new simulation and new data from the Ice-
Cube/IceTop coincident detectors, this new tech-
nique will allow us to probe energies up to 1018 eV.
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Figure 4: The percent difference in<lnA> be-
tween two analysis techniques applied to the same
three-years of SPASE-2/AMANDA-II data.
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