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Abstract. The IceTop air shower array is presently
under construction at the geographic South Pole as
part of the IceCube Observatory. It will consist of
80 stations which are pairs of Ice-Cherenkov tanks
covering an area of 1km?2. In this paper a first
analysis of the cosmic ray energy spectrum in the
range2 - 10'% eV to 1017 eV is presented using data 19
taken in 2007 with 26 IceTop stations. The all-particle
spectrum has been derived by unfolding the raw
spectrum using response matrices for different mass 1
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event in IceTop. Each data point corresponds to the sign@rins of
Vertical Equivalent Muons measured in an IceTop tank. Theeis
. INTRODUCTION a fit of the lateral distribution function (1).

The IceTop air shower array is currently under con-
struction as part of the lceCube Observatory at the
geographic South Pole [1], [2]. Its 80 detector stations II. ENERGY RECONSTRUCTION
will cover an area of about km? at an atmospheric
depth of 680 g/cm?. Each station consists of two ice Generally, the shower direction can be reconstructed
filled 1.8m diameter tanks each equipped with twdrom the arrival times of signals, while the core position
Digital Optical Modules (DOMSs) [3] as photon sensor@nd the primary energy of the air shower are inferred
(the same as used by IceCube in the deep ice). THiem the lateral distribution of signal sizes. These signal
photomultipliers inside the two DOMs are operated &izes are calibrated with signals from vertical muons to
different gains to increase the dynamic range. eliminate differences between the tanks. Signals given in

Air showers are detected via the Cherenkov lighinits of Vertical Equivalent Muons (VEM) are a detector
emitted by charged particles inside the ice tanks. Thedependent measure of the intensity of an air shower at
light intensity is recorded by an ‘Analog Transienthe position of a tank.

Waveform Digitizer’ (ATWD) at a300 MSPS sampling A first estimate of the shower core position is obtained
rate. When the signal inside a DOM crosses a thresholds finding the signal center-of-gravity which is defined
‘local coincidence’ signal is sent to neigbouring DOMsas the average of the tank positions weighted by the
Data taking is started when a local coincidence signal $sjuare-root of the signal size. The shower direction is
received from the high gain DOM in the other tank obbtained by fitting a plane to the measured signal times.
a station within250 ns. This ensures that the two tanksThese two first guesses are used as an input to a more
of a station always trigger together. This analysis onigccurate iterative maximum likelihood fit.

uses events where at least five stations have triggered. In the latter procedure a lateral distribution function

The analysis uses the signal sizes, obtained by infs- fitted to the measured signal sizes and an arrival
grating the waveforms, and the arrival times, determineiine distribution is fitted to the signal times. The lateral
from the leading edge of a waveform. Because of its highistribution function [4] has been obtained from air
altitude of2835 m, IceTop is located close to the showeshower and detector simulations and corresponds to a
maximum for showers of energies betwekit® eV and second order polynomial on a double logarithmic scale:
1017 eV (about 550 g/cm? to 720g/cm?). Therefore,
the signals measured by IceTop are dominated by the i) — S r
electromagnetic component of the air showers. (1) = Srer Ryef

—Bret—kK logu)("'/chf)
) (1)
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arrival time distributiont(r) is given by: 09,(E/PeV)

Fig. 2. Raw IceTop energy spectrum divided into three differ
zenith angle ranges (see text for details).

t(r) = 19.41ns (e~ (TET%)" — 1) — 4,823 10*4$ r2
)

This t(r) indicates the time delay of a signal at distance
r from the shower axis with respect to a planar showet;»; are correlated). From air shower simulations an
front through the shower core and perpendicular to thenergy estimatof,c.(Siog y, ) for any given (logr)
shower axis. Using this shower front parametrisatiobased on a proton hypothesis has been derived.
improves the direction resolution compared to the plane To ensure the quality of the reconstructed data several
fit first guess result. quality criteria are applied:

The complete log-likelihood function, therefore, has Only showers with a zenith angle< 46°
three terms,

are con-
sidered restricting the analysis to a well understood
T ) ) zenith angle range;
L= Lnts o+ Lottt + Letme ®) « The value of the slope parameter must bg5 <
Lyt is based on the log-normal distribution of signal G125 < 4.95 removing all showers for which the
sizes obtained from the study of signal size fluctuations, likelihood fit ran into the limits on this parameter;
Liime iS based on an assumed Gaussian distribution ofe The uncertainty on the shower core position must

arrival times andL,,.p;¢ is defined by be less tharR0 m,;
P « The core position from the likelihood fit and the
Luonit = » _log(1— P} PY) 4) center-of-gravity first guess must be inside the

IceTop array,50m away from the array border.
Furthermore, the station with the largest signal must
not be on the border of the IceTop array.

Pl is the probability that tank of a station triggers

given the signal expectation of the fit at that iteration
step, given the shower core position and direction. The _ ) . _
likelihood accounts for the ‘local coincidence’ condition| '€ 1ast item s to exclude _showers W't_h a core out§|de
which requires both tanks of a station to trigger befor’® array which have a high probability to be mis-

signals are transmitted. The sum in (4) runs over arlfgconstructed. Using the likelihood fit result alone is
stations that did not trigger. not sufficient because the fit tends to reconstruct these

The fit procedure is divided into several steps tgores inside the array. These strict requirements on the
improve the stability. At first the direction is fixed €O reconstruction are necessary because the position

to the initial first guess value and only the Iatera(l)f the core directly influences the interpretation of the
signal distribution (1) is fitted. In a second iteratior]’ltted lateral distribution. Data was taken between June

the direction is also varied but the parameters of thit ,2007 and October ?flSt 2007,With the 26 IceTop
lateral fit are limited to a+3c range around the valuesStations operated at that time. The filter level data sample
obtained in the first step. Finally a last iteration WitH:Ontalned 11262511 events. After all of the above cuts,

fixed direction is performed. The slope parameter of tg131343 events remained.

lateral distribution function is limited throughout this The raw energy sp.ectrum,.that is the distribution of the
procedure tol.5 < fia5 < 5. reconstructed energies,.. without any further correc-

Using the results of the fit a first-guess energy igons or unfolding applied, but after the abovementioned

determined as a function of shower size and the zenfthHS: IS shown in Figure 2. Thoe da;[a is split i?to three
angle. As a measure of the shower size, the sigrinith angle ranges) < 6 < 30°, 30° < ¢ < 40° and

expectation values gy, at the distancelogr) from 40° < 46°.
the core is used, wher@ogr) is the average of the
logarithmic distance of tanks to the shower axis. The size
parameterS .y has been found to be least correlated The relation between the measured signals and the
to the other fit parameters (in genefbs and the slope properties of the primary particle can only be obtained

I1l. AIR SHOWER SIMULATIONS
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Fig. 3. Systematic energy shift for (a) protons and (b) irdmew using the energy estimatfk.. as a function of the true energy of a particle.
This energy mis-reconstruction is one of the parametersritdésg the energy response of the IceTop detector. Thegtiocrease towards low
primary energies is a threshold effect as explained in tke &nce E... is based on the proton assumption the energy mis-recotistrior
protons is small while that for primary iron larger and shoavslear zenith angle dependance.

from simulations of air showers and the detector. Thersuch the mean of this distribution is the ‘energy mis-
fore, a Monte Carlo shower library containing 98 76@econstruction’, the width is the energy resolution. The
proton and iron showers with primary energies betweeaerconstruction efficiency is the ratio between the number
100 TeV and 100 PeV has been generated with COR-of reconstructed and generated events.
SIKA [6]. The hadronic interaction models SIBYLL [7] Depending on the zenith angle, the IceTop detector
and Fluka 2006.3b [8] and the CORSIKA atmosphemgets fully efficient at abou PeV with an effective area
model No. 14 (South Pole, Dec. 31, 1997, MSIS-90-E)f 0.096 km?2. The energy resolution improves with in-
were used. creasing energy and reaches a valué.05 in logarithm
of energy atl0 PeV primary energy which corresponds
IV. UNFOLDING THE SPECTRUM to a statistical uncertainty of roughiy2 %.
An important property of the detector response is
The energy estimatoiZ... does not fully account the ‘energy mis-reconstruction’ shown in Figure 3. It
for the angular and energy dependence of the detg§-the systematic difference between the true primary
tor acceptance and smearing. This biases the res&l{ergy and the reconstructed energy. The energy mis-
especially in the threshold region where the detectiG@construction shows a strong dependence on the pri-
efficiency increases strongly with energy. In additionnary particle mass and thus on the assumed primary
the calculation ofE... assumes proton primaries andcomposition. The attenuation of iron induced showers
one specific atmosphere profile (CORSIKA atmospheigith increasing slant depth is greater than for proton
12, South Pole July 01, 1997). A different atmospheighowers. This leads to an underestimation of the primary
profile or a different composition of primary particlesenergy for inclined iron showers when using the proton-

can result in a different energy spectrum. All thesgased energy estimatdt,... This is nicely visible in
effects can be taken into account by unfolding the rawjgyre 3p.

energy spectrum.

The unfolding algorithm uses a response matrix whiclY: PRELIMINARY ENERGY SPECTRUM FROMICETOP
contains the probability that an incident primary particle Based on these response matrices the three raw energy
with true energyEy,. Will be assigned the energ¥,... spectra of Figure 2 are unfolded using an iterative
Response matrices are generated from CORSIKA ainfolding method [9]. An unfolding based on three
shower simulations for proton and iron primaries in thredifferent composition assumptions has been made: pure
different zenith angle ranges. Response matrices fproton, pure iron and the two-component model consist-
mixed compositions are obtained as linear combinatioirsy of proton and iron primaries as motivated in [10].
of these single primary particle responses. The results are shown in Figure 4. AbovePeV

To calculate the response matrices the simulatéide spectra have a spectral index ranging fr2®8 to
data are subdivided into 30 bins of true primary en3.19, depending on the composition assumption and the
ergies, equidistant idog,,(Etue). FOr each bin the zenith angle band. The absolute normalization varies
energy response is obtained from a distribution dfetween3.77 - 10~ m2s~lsr~1GeV~! and 7.93 -
log;o(Erec/Eirue) Of all reconstructed events which is1071° m=2s~!sr='GeV~! at an energy ofl0 PeV.
approximately normally distributed. Non-zero values of The abovementioned mis-reconstruction of the energy
this quantity indicate a wrong energy reconstruction. Agf inclined iron showers leads to a relative shift of the
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Fig. 4. Unfolding result for three different assumptionstbe primary
compositions: pure protons, pure iron, two-component rhfit@.
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V1. CONCLUSIONS AND OUTLOOK

A first analysis of the energy spectrum of cosmic
rays in the range betweéPeV and 100 PeV has been
presented. This analysis uses an unfolding procedure to
account for detector and atmospheric influences as well
as differences in the shower development of different
primary particles. Energy spectra have been obtained for
three different compositions and three different zenith
angle ranges. In case of a pure proton or iron hypothesis
the three different inclination spectra do not agree which
is in conflict with the assumption of an isotropic flux.
Therefore those two pure composition assumptions can
be excluded.

Several issues have not yet been addressed in this
early study. Most importantly, the systematic uncertain-
ties due to the interaction models used in the simula-
tions must be studied. Also the influence of different
atmosphere parametrisations in the simulation must be
analysed and understood. This becomes even more im-
portant when analysing data from a longer period of
time. Currently, in 2009, the detector is running with
nearly three quarters of the full detector.
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spectra from different zenith bands in the unfolding. In

case of proton primaries the spectrum from the most
vertical zenith bin shows the largest flux and the spec-
trum from the40° to 46° zenith band shows the lowest
flux. This order is reversed if the primary particles are
assumed to be purely iron. Since there are no indications
of an anisotropy of the arrival directions of cosmic rays
in the energy range under consideration, isotropy has to
be assumed. An isotropic flux, however, means that the
unfolded spectra obtained from different zenith bands
must agree.



