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ABSTRACT

The bi-annual International Cosmic Ray Conferences have become the most central meet-
ings for discussing new results and recent progress in the field of cosmic ray research. The
contributions to these conferences cover a wide range of subjects extending from the physics
of the sun and heliosphere, over gamma-ray observations to direct and indirect cosmic ray
measurements and their interpretation. Many new results are announced at these meetings
for the first time.

The present volume is a compilation of the contributions of Institutes of the KIT to the 31%
International Cosmic Ray Conference (ICRC), held in £6dz, Poland from July 7 to 15, 2009.
KIT, the Karlsruhe Institute of Technology, is the merger of Forschungszentrum Karlsruhe
and University Karlsruhe. The collection of contributions provides an up-to-date review of the
current activities and research projects related to cosmic rays that are pursued in Karlsruhe.
The articles also demonstrate the enormous progress that has been made during the last
years, in particular in the field of ultra-high energy cosmic rays. Most of these contributions
are the result of close and fruitful collaboration of many different groups worldwide, first of all
within international collaborations such as the Pierre Auger, KASCADE-Grande and LOPES
Collaborations, but also within smaller groups.

The articles compiled in this report are sorted according to the main research foci of the
Karlsruhe groups. These include the physics of the knee in the cosmic ray spectrum, the
transition between galactic and extra-galactic cosmic rays, and extragalactic cosmic rays of
the highest energies.

Cosmic rays in the energy range from just below the knee in the cosmic ray spectrum
(10'° eV) to the energy of the conjectured transition between galactic and extra-galactic
cosmic rays are studied with the KASCADE-Grande detector at the site of Forschungszen-
trum Karlsruhe. KASCADE-Grande is a multi-detector air shower array, which combines the
electron and muon detectors of the KASCADE (KArlsruhe Shower Core and Array Detector)
array with a 0.5 km? array of scintillators. At this conference the collaboration presented the
all-particle cosmic ray energy spectrum in the range of 10'°-10'® eV. The quality of the ex-
perimental set-up is expressed in the fact that the spectrum could be reconstructed consis-
tently by four different methods, allowing a high confidence on the presented results. The
results were of such importance that they could be presented in an invited highlight talk at
the conference.

An alternative method of air shower detection is the measurement of radio signals pro-
duced by the particles showers in the atmosphere. The physics potential of this detection
technique is investigated with the LOPES (LOFAR PrototypE Station) array of dipole anten-
nas at the site of the KASCADE-Grande installation. The full amplitude and time calibration
of the antennas allow measuring the field strength per single antenna and therefore the lat-
eral distribution for individual events, as well as the polarization of the emitted signal could be
studied. The investigation of the influence of thunderstorms on the measured field strength,
progress in developing self-triggering and optimized antenna systems for future large-scale
applications were also presented as well as simulation studies on the intrinsic capability of
this new detection technique.

The event-by-event study of cosmic rays at the highest energies is the aim of the Pierre
Auger Project. The Pierre Auger Observatory is the largest cosmic ray detector with one
installation in the northern and southern hemisphere to ensure full sky coverage. The south-
ern detector in the Province of Mendoza, Argentina is now completed. It consists as baseline
set-up of 24 fluorescence telescopes and a surface detector array of 1600 water Cherenkov
tanks, covering an area of 3000 km?. Several enhancements (HEAT, AMIGA, AERA) to
measure in more detail showers of lower energy, i.e. the transition between galactic and ex-



tra-galactic cosmic rays, are under construction. In particular HEAT, the ‘high elevation Au-
ger telescopes’, will be able to measure the energy spectrum and composition down to 10'"#°
eV, and will have a good overlap with KASCADE-Grande. A site near Lamar in Colorado,
USA has been selected for the northern observatory and preparatory R&D work has begun.

The analysis of data taken with the southern observatory has since the last conference led to
first results on the elemental composition, where an unexpected high contribution of heavy
nuclei has been found. A significant discrepancy between the characteristics of simulated
and measured air showers at ultra-high energy has been found. Together with the updates
presented on the energy spectrum and on anisotropy studies, still the physics of the highest
energy cosmic rays remains an unsolved puzzle. Due to the indirect character of cosmic ray
measurements with air showers, all analyses discussed above depend on the detailed simu-
lation of cosmic ray interactions and extensive air showers. Recent progress in this field is
summarized in the contributions related to the CORSIKA (Cosmic Ray Simulations for KAS-
CADE and Auger) and CONEX simulation packages, the measurement of the characteristics
of hadronic interactions, and air shower simulation studies.

In addition, contributions to the conference in Poland include measurements with the CERN
fix target experiment NA61/SHINE in order to improve the reliability of air-shower simulations
and solar event observations with smaller muon detection devices.



Beitrige zur 31°' International Cosmic Ray Conference (ICRC), £édZ, Polen,
2009 des Karlsruher Instituts fur Technogie — KIT, Institut fiur Kernphysik und
Institut fir Prozessdatenverarbeitung und Elektronik des Forschungszentrums
Karlsruhe, und dem Institut fiir experimentelle Kernphysik der Universitat
Karlsruhe

Zusammenfassung

Die zweijahrlich stattfindende internationale Konferenz zur kosmischen Strahlung (ICRC) ist
die in diesem Forschungsbereich weltweit wichtigste Tagung um Resultate und neueste
Entwicklungen vorzustellen und zu diskutieren. Beitrage zu diesen Konferenzen umfassen
einen weiten wissenschaftlichen Bereich mit experimentellen Ergebnissen aus der Sonnen-
und Heliospharen-Physik, Uber die Quellenbeobachtung mit hochenergetischen Gamma-
Strahlen bis zu direkter und indirekter Messung kosmischer Teilchen, sowie die Interpretation
all dieser Beobachtungen. Viele neue Resultate werden bei dieser Konferenzreihe erstmalig
der Offentlichkeit vorgestellt.

Die in diesem Band zusammengestellten Beitrdge sind von den herausgebenden Institu-
ten des KIT, dem Karlsruher Institut fir Technologie, dem Zusammenschluss von For-
schungszentrum und Universitat Karlsruhe, in enger und fruchtbarer Zusammenarbeit mit
weiteren nationalen und internationalen Universitadten und Instituten entstanden und auf der
diesjahrigen ICRC in £édz, Polen vom 7. bis 15. Juli 2009 vorgestellt worden. Die Zusam-
menarbeit betrifft insbesondere Studien und Datenanalysen innerhalb der grof3en internatio-
nalen Kollaborationen wie der Pierre-Auger-, der KASCADE-Grande-, und der LOPES-
Kollaboration, aber auch Arbeiten innerhalb kleinerer Gruppen.

Die Beitrage in diesem Band sind geordnet geméaR den Forschungsschwerpunkten der
Karlsruher Gruppen. Dies betrifft die kosmische Strahlung im Energiebereich des so genann-
ten Knies, dem Bereich des Ubergangs von galaktischer zu extragalaktischer kosmischer
Strahlung und der Messung extragalaktischer Teilchen héchster Energien. Die Sammlung
stellt damit einen Uberblick Uiber alle die kosmische Strahlung betreffenden, aktuellen Karls-
ruher Aktivitdten und Projekte dar. Die Beitrdge belegen auch den enormen Fortschritt in
diesem Forschungsgebiet der letzten Jahre, insbesondere bei der Messung und Analyse der
hochenergetischen kosmischen Strahlung.

Luftschauer von kosmischen Teilchen mit einer Energie gerade unterhalb des Knies im
Spektrum (10'*° eV) bis in etwa zu einem Energiebereich, bei dem der Ubergang von galak-
tischem zu extragalaktischem Teilchenursprung vermutet wird, werden mit dem KASCADE-
Grande Experiment gemessen, das sich auf dem Gelénde des Forschungszentrums Karls-
ruhe befindet. KASCADE-Grande ist ein Multi-Detektor Aufbau, der die Detektoren des ur-
sprunglichen KASCADE Experimentes mit einem neuen Detektorfeld verbindet, das aus 37
Stationen besteht, verteilt auf einer Flache von 0.5 km®. Bei der diesjahrigen ICRC konnte
die Kollaboration das Spektrum im Energiebereich von 10'®-10'® eV prasentieren. Die Quali-
tat der experimentellen Messungen driickt sich dadurch aus, dass das Spektrum mit konsi-
stentem Ergebnis mittels vier verschiedener Methoden rekonstruiert werden konnte, was ein
hohes Vertrauen in die Resultate erlaubt. Die erzielten Ergebnisse waren von solcher Bedeu-
tung, dass sie in einer eingeladenen Highlight-Rede bei der Konferenz diskutiert wurden.

Als alternative Messmethode hochenergetischer Teilchen wird die Messung der Radio-
emission wahrend der Luftschauerentwicklung in der Atmosphére betrachtet. Das physikali-
sche Potential dieser neuen Messtechnik wird mit Hilfe der LOPES (LOFAR PrototypE Stati-
on) Dipolantennen untersucht. LOPES ist aufgebaut innerhalb des KASCADE-Grande Expe-
rimentes und misst in Koinzidenz mit den Teilchendetektoren. Die vollstandige Amplituden-



und Zeitkalibrierung der Antennen erlaubt die Bestimmung der Feldstérke pro Antenne und
damit die Rekonstruktion der Lateralverteilung des Radiosignals, sowie die Bestimmung der
Polarisation des emittierten Signals Basis einzelner Luftschauer-Ereignisse. Die Untersu-
chung des Einflusses von Gewittern auf die gemessene Feldstarke, Fortschritte in der Ent-
wicklung eines Radio-Selbsttriggers sowie neuartige, flr zuklnftige gro3-skalige Anwendun-
gen optimierte Antennensysteme wurden auf der Tagung ebenso vorgestellt, wie auch Simu-
lationsstudien zum intrinsischen Potential dieser neuen Detektionstechnik.

Das Studium der héchstenergetischsten kosmischen Teilchen ist das Ziel des Pierre Au-
ger Projektes. Das Pierre Auger Observatorium ist der weltweit gréB3te Detektor fir kosmi-
sche Strahlung mit je einer Installation auf der Nord- und der Sudhalbkugel der Erde. Der
sudliche Observatorium in der Provinz Mendoza in Argentinien ist inzwischen fertig gestellt.
Es besteht aus 24 Fluoreszenz-Teleskopen und einem Feld von 1600 Wasser-Tscherenkow
Detektoren mit einer Flachenabdeckung von 3000 km®. Im Aufbau befinden sich einige Er-
weiterungen des Sud-Experimentes (HEAT, AMIGA, AERA), die es ermbglichen werden,
niederige Energien zu messen, d.h. den Ubergang von galaktischer zu extragalaktischer
kosmischer Strahlung genauer zu untersuchen. Insbesondere wird HEAT (High Elevation
Auger Telescopes) in der Lage sein, das Spektrum und die Elementzusammensetzung bis
hinunter zu einer Energie von 10'’eV zu messen und hat damit auch einen guten Uberlapp
mit KASCADE-Grande. Ein Gebiet bei der Kleinstadt Lamar in Colorado, USA wurde als A-
real fur das Nord-Observatorium ausgesucht, und vorbereitende Entwicklungsarbeiten vor
Ort begonnen, welche auf der Konferenz prasentiert wurden.

Die Analyse der mit dem sudlichen Observatorium aufgenommenen Daten konzentrierte sich
seit der letzten Konferenz auf die Rekonstruktion der Elementzusammensetzung, wobei ein
unerwartet hoher Beitrag von schweren Kernen gefunden wurde. Zusammen mit den aktuali-
sierten Ergebnissen des Energiespektrums und der Analyse von Anisotropien ergeben sich
unerwartete neue Fragestellungen, insbesondere auch weil eine signifikante Diskrepanz in
der Charakteristik von simulierten zu gemessenen Luftschauern bei den allerhdéchsten Ener-
gien herrscht. Auf der Konferenz wurde dieses Ratsel ausflhrlich diskutiert. Da die Interpre-
tation aller Messungen hochenergetischer kosmischer Teilchen nur indirekt Gber den Nach-
weis von Luftschauer durchgefiihrt werden kdénnen, basiert sie auf detaillierten Simulationen
der Luftschauerentwicklung und hier insbesondere der hadronischen Wechselwirkungen.
Fortschritte auf diesem Gebiet wurden prasentiert in Beitrdgen im Zusammenhang mit der
Weiterentwicklung und Verbesserung der CORSIKA (Cosmic Ray Simulations for KASCADE
and Auger) und CONEX Simulations-Programme, einer besseren Beschreibung hadroni-
scher Wechselwirkungen auch durch Beteiligung an Beschleunigerexperimenten, und allge-
meinen Studien zur Luftschauerentwicklung.

Weiter Beitrdge zur Konferenz in Polen umfassten Messungen mit dem CERN-Fix-Target-
Experiment NA61/SHINE zur Verbesserung der Luftschauersimulationen, sowie die Beo-
bachtung von solaren Ereignissen mit kleineren experimentellen Aufbauten zur Myonbeo-
bachtung.
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PROCEEDINGS OF THE 31°* ICRC, LODZ 2009

Results on the cosmic ray energy spectrum measured with
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Abstract. KASCADE-Grande is an extensive air
shower experiment at Forschungszentrum Karlsruhe,
Germany. The present contribution attempts to pro-
vide a synopsis of the actual results of the recon-
struction of the all-particle energy spectrum in the
range of 10'°eV to 10'® eV based on four different
methods with partly different sources of systematic
uncertainties. Since the calibration of the observables
in terms of the primary energy depends on Monte-
Carlo simulations, we compare the results of the
various methods applied to the same sample of
measured data.

Keywords: High-energy cosmic rays, energy spec-
trum, KASCADE-Grande

I. KASCADE-GRANDE

Main parts of the experiment are the Grande array
spread over an area of 700 x 700 m?, the original KAS-
CADE array covering 200 x 200 m? with unshielded and
shielded detectors, and additional muon tracking devices.
This multi-detector system allows us to investigate the
energy spectrum, composition, and anisotropies of cos-
mic rays in the energy range up to 1 EeV. The estimation
of energy and mass of the primary particles is based on
the combined investigation of the charged particle, the
electron, and the muon components measured by the
detector arrays of Grande and KASCADE.

The multi-detector experiment KASCADE [1] (lo-
cated at 49.1°n, 8.4°, 110ma.s.l.) was extended to

KASCADE-Grande in 2003 by installing a large array
of 37 stations consisting of 10m? scintillation detec-
tors each (fig. 1). KASCADE-Grande [2] provides an
area of 0.5km? and operates jointly with the exist-
ing KASCADE detectors. The joint measurements with
the KASCADE muon tracking devices are ensured by
an additional cluster (Piccolo) close to the center of
KASCADE-Grande for fast trigger purposes. While the
Grande detectors are sensitive to charged particles, the
KASCADE array detectors measure the electromagnetic
component and the muonic component separately. The
muon detectors enable to reconstruct the total number
of muons on an event-by-event basis also for Grande
triggered events.

II. RECONSTRUCTION

Basic shower observables like the core position, angle-
of-incidence, and total number of charged particles are
provided by the measurements of the Grande stations. A
core position resolution of ~ 5m, a direction resolution
of ~ 0.7°, and a resolution of the total particle number in
the showers of ~ 15% is reached [3]. The total number
of muons (NN, resolution ~ 25%) is calculated using
the core position determined by the Grande array and
the muon densities measured by the KASCADE muon
array detectors [4]. Full efficiency for triggering and re-
construction of air-showers is reached at primary energy
of ~ 2 - 10'%eV, slightly varying on the cuts needed
for the reconstruction of the different observables.



2 A. HAUNGS FOR KASCADE-GRANDE - PRIMARY ENERGY SPECTRUM
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Fig. 1: Layout of the KASCADE-Grande experiment:
The original KASCADE, the distribution of the 37
stations of the Grande array, and the small Piccolo
cluster for fast trigger purposes are shown. The outer 12
clusters of the KASCADE array consist of y- and e/~-
detectors, the inner 4 clusters of e/~y-detectors, only.

Applying different methods to the same data sample
has advantages in various aspects: One would expect
the same result for the energy spectrum by all methods
when the measurements are accurate enough, when the
reconstructions work without failures, and when the
Monte-Carlo simulations describe correctly the shower
development. But, the fact that the various observables
have substantial differences in their composition sen-
sitivity hampers a straightforward analysis. However,
investigating results of different methods can be used
to

o cross-check the measurements by different sub-

detectors;

e cross-check the reconstruction procedures;

« cross-check the influence of systematic uncertain-

ties;

o test the sensitivity of the observables to the elemen-

tal composition;

o test the validity of hadronic interaction models

underlying the simulations.

III. ANALYSIS

The estimation of the all-particle energy spectrum is
presently based on four different methods using different
observables of KASCADE-Grande:

o N.p-method: The reconstructed charge particle
shower size per individual event is corrected for
attenuation by the constant intensity cut method
and calibrated by Monte-Carlo simulations under
the assumption of a dependence Ey o< N5" and a
particular primary composition [5].

o N,-method: The reconstructed muon shower size
per individual event is corrected for attenuation
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Fig. 2: Reconstructed all-particle energy spectrum by
four different methods applied to KASCADE-Grande
data. Given are also the energy resolution for the meth-
ods.
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Fig. 3: Same as figure 2, but the flux multiplied by Ej.
Values for the uncertainty in the flux determination are
given for the different methods.

and calibrated by Monte-Carlo simulations under
the assumption of a dependence Ey oc N,* and a
particular primary composition [6].

e N, —N,-method: This method combines the infor-
mation provided by the two observables. By help of
Monte-Carlo simulations a formula is obtained to
calculate the primary energy per individual shower
on basis of N, and N,. The formula takes into
account the mass sensitivity in order to minimize
the composition dependence. The attenuation is
corrected for by deriving the formula for different
zenith angle intervals independently and combining
the energy spectrum afterwards [7].

e S5(500)-method: The reconstructed particle density
at the specific distance to the shower axis of 500 m
per individual event is corrected for attenuation and
calibrated by Monte-Carlo simulations under the
assumption of a dependence Ey o< S(500)*s(s00),
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The distance of 500 m is chosen to have a minimum
influence of the primary particle type, therefore
a smaller dependence on primary composition is
expected [8].
In figures 2 and 3 the resulting spectra are compiled. Due
to the different procedures, the results for the first two
methods are shown under proton and iron assumption,
respectively, only, whereas for the other two methods
the resulting all-particle energy spectrum is displayed.
Figure 3 shows the same results but with the flux
multiplied by a factor of E3-.

A. Systematic uncertainties and attenuation

The application of the different methods allows us
to compare and cross-check the influence of various
sources of systematic uncertainties. The N.j-method
uses the basic measurements of the Grande array only,
resulting in a high accuracy of N, with better than 15%
over the whole range of shower size, without any energy
dependent bias. But, using only one observable, there is a
large dependence on the primary elemental composition,
reflected by the distance between the spectra obtained
for proton and iron assumption at the calibration. The
N,-method on the other hand is based on the muon
shower size, which can be estimated less accurate (25%
with a little bias dependent on the distance of the
shower core to the muon detectors which is corrected
for), but with a much less composition dependence. The
Necp-N,-method, due to the combination of the recon-
struction uncertainty of two variables shows basically
a larger uncertainty in the reconstruction, but this is
compensated by taking into account the correlation of
these observables at individual events. Furthermore, by
this procedure the composition dependence is strikingly
decreased. The S(500) value by construction yields a
larger uncertainty of the variable reconstruction, but has
also a minor composition dependence.

For all methods, the energy resolution is estimated
using full Monte-Carlo simulations and comparing the
reconstructed with the simulated primary energy (for
instance figure 2 gives the numbers for an energy of
Ey = 10'7 eV). Values of systematic uncertainties in the
flux determination for the different methods are shown
in fig. 3 (again for Ey = 10'7 eV). These uncertainties
are to a large amount due to the reconstruction of the ob-
servables, but there are additional sources of systematics
which belong to all methods: e.g., concerning the Monte-
Carlo statistics, the assumed Monte-Carlo spectral slope,
or the fits of the calibration procedures. The different
attenuation (and its handling to correct for) of the various
observables (A(Ney) =~ 495 £ 20g/em?; A(N,) =~
1100 + 100 g/cm?; A(S(500)) ~ 347 £ 22g/cm? at
Ey = 10'7 eV) however, lead again to slightly different
contribution to the total systematic uncertainty. The total
uncertainties (energy resolution and systematics) for the
various methods are discussed in refs. [5], [6], [7],
[8] and can be displayed as a band surrounding the
reconstructed energy spectrum (e.g., see fig. 4).
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Fig. 4: Reconstructed all-particle energy spectrum with
the N.p-method and the calibration function obtained by
assuming mixed composition, but based on two different
hadronic interaction models.

B. Discussion

Taking into account the systematic uncertainties, there
is a fair agreement between the all-particle energy spec-
tra of the different applications (fig. 3).

Of particular interest is the fact that by using N,
the iron assumption predicts a higher flux than the
proton assumption, whereas using N, the opposite is
the case. That means that the ’true’ spectrum has to
be a solution in between the range spanned by both
methods. If one has only the possibility of applying
one method, than there is a large variance in possible
solutions (everything in the range spanned by proton
and iron line, not even parallel to these lines). However,
more detailed investigations have shown, that a structure
in the spectrum or a sudden change in composition
would be retained in the resulting spectrum, even if the
calibration is performed with an individual primary, only.
Interestingly, over the whole energy range there is only
little room for a solution satisfying both ranges, spanned
by N., and N, and this solution has to be of relative
heavy composition - in the framework of the QGSJet-
II hadronic interaction model. The narrower range for a
solution provided by the N,-method compared to N,
confirms the finding of KASCADE that at sea-level the
number of mostly low-energy muons N, is a very good
and composition insensitive energy estimator.

The results of the composition independent Nj,-
N,-, and S(500)-methods lie inside the area spanned
by the composition dependent methods, which is a
very promising result. The S(500)-method results in
a slightly higher flux than the N.j-N,-method, but
the two spectra are consistent taking into account the
systematic uncertainties.

All the discussed results show a smooth all-particle
energy spectrum without any hint to a distinct structure
over the whole energy range from 10 PeV to 1 EeV.
Another conclusion is that, taking into account the
systematic uncertainties for all methods, the underlying
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Fig. 5: Compilation of the all-particle energy spectrum obtained by four different methods applied to KASCADE-
Grande data and in comparison to results of other experiments.

hadronic interaction model (QGSJet-II/FLUKA) is in-
trinsically consistent, i.e. the correlation between the dif-
ferent observables, respectively the particle components
can describe the global features of our measurements.

C. Hadronic interaction models

By now, for all the considerations the models QGSJet-
I and FLUKA [9], [10], [11] are used, only. Other
interaction models would probably change the inter-
pretation of the data. We investigated the influence
of the hadronic interaction model exemplarily by per-
forming the N.;,-method based on simulations with the
hadronic interaction model EPOS vers.1.61 [12]. As
the Monte-Carlo statistics is limited in case of EPOS,
both spectra were obtained by generating the calibra-
tion curve with an equally mixed composition of five
primaries (H,He,C,Si,Fe). Figure 4 compares the all-
particle energy spectrum obtained with the KASCADE-
Grande data set for both cases. The interpretation of the
KASCADE-Grande data with EPOS leads to a signif-
icantly higher flux compared to the QGSJet-1I result.
Though we know, that version 1.61 of the EPOS model
is not consistent with air shower data (in particular, it
cannot describe the correlation of hadronic observables
with the muon and electron content of the EAS [13])
this example shows that by applying and comparing
various reconstruction methods on the same data set will
be useful for a better understanding of the interaction
processes in the air shower development.

IV. CONCLUSION

Applying various different reconstruction methods to
the KASCADE-Grande data the obtained all-particle

energy spectra are compared for cross-checks of recon-
struction, for studies of systematic uncertainties and for
testing the validity of the underlying hadronic interaction
model. The resulting energy spectra are consistent to
each other and in the overlapping energy range in a
very good agreement to the spectrum obtained by the
KASCADE and EAS-TOP experiments (fig. 5).
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Abstract. The KASCADE-Grande (KArlsruhe
Shower Core and Array DEtector and Grande
array), located on site of the Forschungszentrum
Karlsruhe in Germany, is designed for observations
of cosmic ray air showers in the energy range
of 10'6 to 10'® eV. The measurement of the all-
particle energy spectrum of cosmic rays is based on
the size spectra of the charged particle component,
measured for different zenith angle ranges and on
the ”Constant Intensity Cut” method to correct for
attenuation effects. The all-particle energy spectrum,
calibrated by Monte-Carlo simulations, is presented
and systematic uncertainties discussed.

Keywords: cosmic rays; KASCADE-Grande; con-
stant intensity cut method.

I. INTRODUCTION

The energy spectrum and composition of primary
cosmic rays around 10'7 eV are very important since
they might be related to the existence of extragalactic
cosmic ray sources, which might have a significantly
different elemental composition from the one observed
at lower energies [1]. The aim of KASCADE-Grande
is the examination of the iron-knee in the cosmic ray
energy spectrum, i.e. the end of the bulk of cosmic
rays of galactic origin. It is expected at around 107
eV following previous KASCADE observations [2].
KASCADE-Grande will allow investigations in detail

about the elemental composition giving the possibility
to distinguish between astrophysical models for the
transition region from galactic to extragalactic origin of
cosmic rays. The KASCADE-Grande array covering an
area of 700x700 m? is optimized to measure extensive
air showers up to primary energies of 1 EeV [3]. It
comprises 37 scintillation detector stations located on a
hexagonal grid with an average spacing of 137 m for
the measurements of the charged shower component.
Each of the detector stations is equipped with plastic
scintillator sheets covering a total area of 10 m?. The
stations contain 16 scintillator sheets read-out by photo-
multipliers providing a dynamic range up to about 10000
charged particles per station for the reconstruction of
particle densities and timing measurements. The timing
accuracy of Grande stations allows an excellent angular
resolution [4]. Grande is electronically subdivided in
18 hexagonal trigger clusters formed by six external
and one central stations. A trigger signal is build when
all stations in a hexagon are fired, and its total rate
is about 0.5 Hz. Full efficiency for the shower size is
reached at the number of charged particles of around
10°, which approximately corresponds to a primary
energy of 10'¢ eV, so that a large overlap for cross-
checks with measurements of the original KASCADE
experiment is attained. The limit at high energies is due
to the restricted area of the Grande array.
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Fig. 1: Reconstruction accuracy of the number of

charged particles obtained by Monte-Carlo simulations.
The closed and open circles represent the values of mean
and Root Mean Square, respectively.

II. RECONSTRUCTION ACCURACY

The primary energy of cosmic rays is reconstructed
by the observed electron and muon numbers at ground.
While the Grande detectors are sensitive to all charged
particles, the KASCADE detectors measure separately
the electromagnetic and muonic components due to
the shielding above the muon counters. Therefore, the
shower core position, the arrival direction, and the
total number of charged particles in the shower are
reconstructed from Grande array data, whereas the total
number of muons is extracted from the data of the
KASCADE muon detectors. Performing CORSIKA air
shower simulations [5] including the detector response
of the Grande array, the parameters were optimized for
the lateral density distribution of KASCADE-Grande
[4], and well reconstructed with sufficient accuracies
for the further physics analysis. Figure 1 shows the
accuracy of the reconstructed number of charged parti-
cles obtained by Monte-Carlo simulations. The accuracy
could be confirmed by combining information of KAS-
CADE with Grande reconstruction on a subsample of
commonly measured events (Ref. [4]). In order to avoid
misreconstruction effects of shower core positions on
the border of the Grande array, a fiducial area of about
0.2 km? centered in the middle of the Grande array is
chosen. The statistical uncertainty of the shower size is
of the order of 20% for the total number of charged
particles. Above a threshold of 10% charged particles,
the reconstruction accuracies of the core position and
the arrival direction are better than 8 m and 0.5°,
respectively, for zenith angles below 40°.

III. DATA ANALYSIS

KASCADE-Grande has started combined data acqui-
sition with all detector components since the end of
2003. The data presented here were taken from Decem-
ber 2003 to March 2009. It corresponds to the effective
measuring time of 987 days, where all components
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Fig. 2: Integral shower size spectra of the number of
charged particles for different zenith angle ranges.
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the constant intensity cuts as a function of the zenith
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of KASCADE and KASCADE-Grande were operating
without failures in data acquisition. In this analysis,
all showers with zenith angles smaller than 40° have
been analyzed. After some quality cuts approximately
10 million events are available for the physics analysis.
As the first step to determine the all-particle energy
spectrum, the constant intensity cut method was intro-
duced. This method assumes that cosmic rays arrive
isotropically from all directions, i.e. the primary energy
of a cosmic ray particle corresponds to a certain intensity
regardless of its arrival direction. In KASCADE-Grande,
an isotropic distribution is assumed in the considered
energy range up to 108 eV, so that it allows us to apply
the constant intensity method to the integral shower
size spectra for different zenith angular bins (Fig. 2).
Above a certain shower size, the intensity should be
constant due to the assumption of the uniform intensity
distribution when binned in cos26. For a given intensity,
the number of charged particles is calculated for each
zenith angle range. The intensity cut is mostly located
in between two neighboring points of the distributions,
and thus the exact values of the corresponding shower
size are estimated by interpolation between these two
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points. From the values of N, we obtain the attenu-
ation curves (Fig. 3). It represents how the number of
charged particles for a given intensity attenuates through
the atmosphere with increasing zenith angle, i.e. with
increasing atmospheric depth. Each curve is individually
fitted by a second-degree polynomial function, where
the reference angle 0,5 of 20° is chosen by the mean
value from a Gaussian fit to the measured zenith angle
distribution. Due to a negligible variation of the fit
parameters only one value is used to correct the number
of charged particles event by event for the attenuation
in the atmosphere. The zenith angle dependence of the
number of charged particles was therefore eliminated by
using informations from the measurements only.

In order to determine the energy conversion relation
between the number of charged particles N.; and the
primary energy [, Monte-Carlo simulations were used.
Extensive air showers were simulated using the program
CORSIKA with QGSjetll [6] and FLUKA as hadronic
interaction models, including full simulations of the
detector response. The simulated data sets contain air
shower events for five different primary mass groups:
proton, helium, carbon, silicon and iron. For the sim-
ulation, events for the zenith angle ranges of 17° < 6
< 24°, i.e. around the reference angle, are selected to
reduce systematic effects. The relation of the primary
energy as a function of the number of charged particles
is shown in Fig. 4. Assuming a linear dependence logF,
= a + b-logN.,, the correlation between the primary
energy and the number of charged particles is obtained,
where the fit is applied in the range of full trigger
and reconstruction efficiencies. The fit yields a = 1.28
+ 0.08 and b = 0.92 £+ 0.01 with a reduced x? of
1.42 for proton, and a = 1.74 £ 0.07 and b = 0.90
+ 0.01 with a reduced x2 of 0.98 for iron. The same
procedure is also performed for helium, carbon and
silicon to examine the dependence of the calibration
on the assumed primary particle type, where the fit
parameters are also in between above values. Using these
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correlations the all-particle energy spectrum is obtained.
The reconstructed energy spectra for the assumption of
five different primary particle types are shown in Fig. 5.

IV. SYSTEMATIC UNCERTAINTY

The energy resolution is estimated from the difference
between simulated energy and derived energy, where the
derived energy is obtained by applying the measured
attenuation correction to the Monte-Carlo simulation.
The energy resolutions for proton and iron are about
31% and 15% over the whole energy ranges, where the
uncertainties of the reconstructed number of charged
particles give the largest contribution. In addition, the
systematic uncertainties on the reconstructed energy
spectrum are investigated considering various possible
contributions. Firstly, the fit of the attenuation curve
was performed in order to correct the zenith angle
dependence of the number of charged particles. Each fit
parameter has an associated error and it effects on the
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determination of the energy spectrum. The fit parameters
are correlated with each other, so that the propagation
of errors is used to calculate the systematic uncertainty
induced by the attenuation fit. This uncertainty is esti-
mated to be less than 2% for both proton and iron in
the full energy range. Secondly, for the correlation of
N¢p, with E,, a power law fit was applied. As the same
procedure above, the estimated systematic uncertainties
due to the fit of the energy calibration contribute with
1% for proton and 3% for iron to the total uncertainty.
The shower fluctuations are another source of systematic
uncertainties, which is basically caused by the nature of
the development of extensive air showers. The influence
of these fluctuations on the reconstructed primary energy
spectrum is estimated by using simulation data. For
the calibration a spectral index of v = -3 is used in
the simulations. By varying this spectral index, i.e.
varying the effect of fluctuations on the reconstructed
spectrum, the systematic uncertainty is estimated. The
systematic deviation due to the shower fluctuation is
evaluated by this procedure to be about 15% and 4%
for proton and iron, respectively. Uncertainties due to a
possible misdescription of the attenuation in the Monte-
Carlo simulation are estimated by using two different
reference zenith angles, together with the corresponding
correlation of N, and E,. The systematic uncertainties
of 14% for proton and 11% for iron on the energy
estimation are obtained for varying the reference angle
from 10° to 30° for the calibration. All these individual
systematic contributions were considered to be uncorre-
lated, and combined thus in quadrature to obtain the total
systematic uncertainty (Fig. 6), where the composition
dependence was not taken into account. The systematic
uncertainty (i.e. sum in quadrature of all terms discussed
above except the energy resolution) in the energy scale is
of the order of about 20% for proton and 12% for iron at
the primary energy of 10'7 eV. The uncertainties on the

flux for proton and iron are 32% and 21%, respectively,
at energies of 10'7 eV. Further checks are currently being
performed to reduce the systematic uncertainties on the
energy estimation.

V. CONCLUSION

The air shower experiment KASCADE-Grande mea-
sures cosmic rays in the energy range of 1016-10'% eV.
The multi detector setup of KASCADE-Grande allows
us to reconstruct charged particles, electron and muon
numbers of the showers separately with high accuracies.
In the present contribution the reconstructed all-particle
energy spectrum by means of the shower size measure-
ments of the charged particle component by Grande
array is presented by using the hadronic interaction
model QGSjetIl. The resulting spectrum is shown in Fig.
7 in comparison with results of other experiments. The
obtained intensity values have been shown to depend
on the nature of the primary particle as expected for
an observable dominated by the electromagnetic compo-
nents. Such values, inside the systematic uncertainties,
are consistent with other KASCADE-Grande analysis
based on different observables and methodologies. Their
combination is a basic tool to provide an unbiased
measurement of the primary energy spectrum and first
indications on average primary composition [7].
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Abstract. A detailed analysis based on the Constant energy of the primary cosmic ray [1]. In ground arrays
Intensity Cut method was applied to the KASCADE- the total number of charged patrticles in the shower and
Grande muon data in order to reconstruct an all- the corresponding density at observation level are more

particle energy spectrum of primary cosmic rays in
the interval 2.5 x 106 — 10'® eV. To interpret the
experimental data, Monte Carlo simulations carried
out for five different primary nuclei (H, He, C, Si

and Fe) using the high-energy hadronic interaction

model QGSJET Il were employed. For each case,

the derived all-particle energy spectrum is presented.
First estimations of the main systematic uncertainties
are also shown.

Keywords: Ground arrays, cosmic ray energy spec-
trum, muons

I. INTRODUCTION

commonly employed [1], [2]. However, the muon con-
tent is also at disposal for this enterprise [3]. One reason
in favor of this observable is that, in an air shower,
muons undergo less atmospheric interactions than the
charged component (dominated by electromagnetic par-
ticles for vertical EAS) and present in consequence less
fluctuations. Another reason is that, according to MC
simulations, the muon shower siz& () grows with the
energy of the primary particle following a simple power
law. Although these advantages, the muon number as
an energy estimator is expected to be limited by the
hadronic-interaction model, the experimental error and
the uncertainty in the primary compaosition, among other

One of the main goals of the cosmic ray research ikings. In this work, the KASCADE-Grande muon data

the measurement of the primary energy spectrum, whighused as a tool to derive the energy spectrum for cosmic
encloses important keys about the origin, acceleratioays in the range fror.5 x 10*¢ to 10'® under different
and propagation of cosmic rays. This task can be donemposition scenarios. The method is explained and the
directly or indirectly, depending on the energy of thenain systematic uncertainties behind the calculations are
primary particle. At high energies, above'® eV, where presented.

direct detection is not feasible, the energy spectrum must

be determined indirectly from the measured properties df- DESCRIPTION OF THE DETECTOR AND THE DATA

the extensive air showers (EAS) that cosmic rays induceThe KASCADE-Grande experiment was conceived
in the Earth’s atmosphere. Depending on the expeds a ground-based air shower detector devoted to the
mental apparatus and the detection technique, differesgtarch of théron kneein the cosmic ray spectrum [4].
sets of EAS observables are available to estimate tK&SCADE-Grande, with an effective area 6f5 km?,
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Fig. 1: KASCADE-Grande triggering and reconstruction effifig. 2: Average values of the muon correction functions
ciency shown as a function of the muon number for differerglotted versus the total muon number. Results for different
zenith angle intervals. The efficiency was estimated from M@rimaries are displayed.

simulations assuming a pure iron composition.

is composed by several types of particle detectors de T° [ - KG data (Iron)
cated to study different components of the EAS. Impo %, e B 0.00° < 6 < 16.71°
tant for this analysis is th200 x 200 m> muon detector £ B s, o
array integrated byl92 x 3.2m? shielded scintillator ’%1 100 ¢ 3 29.86° < 6 < 35.00°
detectors, which are sensitive to muons with ener¢ = F § ° wsoe=e<door
threshold abov@30 MeV for vertical incidence [4], [5], r 5 s

[6]. The muon array was implemented to measure tt~ °7F %

lateral distribution of muons in the shower front and t - [
extract the muon shower size. The latter is performe ;5121 i
event by event, from a fit to the observed lateral muc PN =T W e B R o v e v ‘Te_‘g‘
densities [6]. log,(N,)

'tl'he”pr(tasdent_tﬁnt?]lyslf AggZDbs Séd (()jn a mugn .d?—%. 3: Integral muon spectra obtained from the KASCADE-
Set collected wi e -branae array auring o nge data using the muon correction function for iron nuclei.

the period December 2003 - February 2009 for zenitfhe vertical error bars represent statistical uncertainties. In this
angles g, below40°. In order to reduce the influence offigure, a CIC cut is represented by the horizontal line. The
systematic uncertainties in this data, a fiducial area ttersection of the CIC cut with a given integral flux defines
370x 520 m? located at the center of KASCADE-Grande® correspondingV,, value, here indicated by the vertical line.
was employed. Moreover various experimental cuts were

imposed. As a result the effective time of observation of

the selected data was approximately 754.2 days. For #if@ction, which was parameterized in terms of the zenith
conditions above described, full efficiency is achieve@d azimuth angles, the core position and the muon
for log;(N,,) > 5.1—5.4, according to MC simulations. i€ according to MC results. The precise magnitude of
Here the lower threshold corresponds to the case of light corrections change with the primary mass, but on
primaries and/or vertical air showers (see, for exampl@verage they are under 25 % and tend to decrease with
Fig. 1). N, in the region of full efficiency (see Fig. 2). Along the
The systematic uncertainties of the instrument and tR@Per muon correction functions were already applied to
reconstruction procedures were also investigated withe data according to the primary composition assumed.
MC simulations. The EAS events were generated with In order to reconstruct the all-particle energy spec-
an isotropic distribution with spectral index= —2 and trum, in a first step the CIC method was applied to
were simulated with CORSIKA [7] and the hadroni¢he corrected muon data [2], [3], [10]. The objective
MC generators FLUKA [8] and QGSJETII [9]. MC datawas to extract a muon attenuation curve to correct the
sets were produced for five different representative mad$ion shower size at different atmospheric depths and
groups: H, He, C, Si and Fe. In each case the simulaté@nvert it into an equivalentV,, for a given zenith
data was weighted with a proper function to describ@ngle of reference to combine in this way muon data
a steeper energy spectrum with = —3, which was Measured at different atmospheric depths. To start with,
chosen as reference for the purpose of this study.  the integral muon spectrd(> N,,), were calculated for
all Af bins. As an example, in Fig. 3 the integral fluxes
I1l. THE PATH TO THE SPECTRUM derived with aN,, correction function for iron nuclei
For the current analysis the experimental muon dateere plotted. Unless otherwise indicated an iron primary
was divided in five zenith angle intervalag), each of composition will be assumed from now on to illustrate
them with the same value of acceptance. In additiépn, the procedure. Once the integral spectra were calculated,
was corrected for systematic effects through a correctionts at a fixed frequency rate or integral intensity were

10
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Fig. 4: Muon attenuation curves as extracted from sever&lig. 5: The KASCADE-Grande muon spectrum obtained with
constant intensity cuts applied to the integes], spectra of the CIC method foré,.; = 23.1°. The muon correction
figure 3. From the bottom to the top, the CIC cuts decrease fimnction for iron nuclei was employed.

steps ofAlog,,[J/(m ™25  sr™1)] = 0.24.

9

applied covering only the region of maximum efficienc' & a8

and statistics. Then from the intersection of each cut al ﬁo -
the integral fluxes (see Fig. 3) a muon attenuation cur g 5 ,
was built plotting the intersected muon numbers as g
function of secd, as displayed in Fig. 4. This can be 8
in principle done since, according to the CIC metho 7.8
(where isotropy of cosmic rays is assumed) all EA 7.6
muon sizes connected through a specific cut belong 7.4 .

showers of identical energy. A technical point shoul 7.2 -

be mentioned before continuing, that linear interpolatic 5 55 6 65 ¢
between two adjacent points was used in order to find ti.c 109:5(N,)
crossing between a given cut and a certain spectrum. TiFig. 6: Mean distribution of true energy vs muon number
uncertainty introduced by the interpolation proceduri@r iron nuclei andé = 20.5° — 26.5° Ca|CU|ateﬁd, with MC
in the extracted value oN, was properly taken into simulations. The fit with formula [SeV] = a - N is shown.
account along with the statistical errors of the integral

spectra.

~ 1017 0 iati
With the attenuation curves finally at disposal, ong ™ 107 eV, th_ey are smaller than 30%. Deviations are
can calculate the equivalent muon number of an EA e to fluctuations in the reconstructed energy, which

for a zenith angle of referencé,..;. This angle was are bigger for light primary masses. They vary in the
chosen to be the mean of the measured zenith an{fi&'9¢ of18 —29 % at10'7 eV. That defines our energy

distribution, which was found aroun2B.1°. Event by esolution at this energy scale.
event, the equivalent EAS muon size for the selected

atmospheric depth was estimated through the formula:
(1) the KASCADE-Grande muon data is displayed in Fig. 7
for different primary composition assumptions. Mea-
where P(9) is a fit, with a second degree polynomial insurements of the original KASCADE experiment [5]
sec 6, to the attenuation curves (see Fig. 4). In the abowee also shown for comparison. It can be seen that the
equationP(¢) is the closest curve to a give¥, (6) data KASCADE data points are found inside the region that
point. In Fig. 5 the equivalent muon spectrum ¢y covers the KASCADE-Grande results, showing agree-
as calculated with the CIC method is presented. ment between both experiments. Total uncertainties are
In a final step, to derive the energy spectrum from theso presented in the same figure. They take into account
above data a conversion relation from muon content intbe following sources: 1) the influence of the energy
primary energy was invoked. The calibration formulaesolution distribution, 2) uncertainties in thé, cor-
was obtained from MC simulations by fitting the meamection functions and 3) the energy conversion relation,
distribution of true energy versus, for data with zenith both arising from the fits to MC data, 4) uncertainties
angles around, ... The fit was done with a power lawin the estimation of the equivalent muon number, 5) a
relation, EGeV] = « - Nﬁ, for the N, interval of full small shift observed in the estimated energy, which is
efficiency and high statistics (see Fig. 6). To test thatroduced by the analysis, 6) uncertainties in the pri-
reconstruction method the same analysis was appliednary spectral indexy(= —3 £0.5) and 7) the effect of
the MC data. Differences between the magnitude of tiselecting another reference an@je;, using for example
true and the estimated MC energy spectra were found. i and 30°. Each of these contributions introduces a

S

C(Fe):20.50° < 6 < 26.50°

a =1.665 + 0.017

B =1.062 = 0.003

1%

IV. RESULTS AND CONCLUSIONS
The all-particle energy spectrum reconstructed from
Nu(Orep) = Nu(0) exp [P(Orer) — P(0)]

11
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Fig. 7: The all-particle energy spectrum derived from the KABEAGrande muon data assuming different primary
compositions. The bands for the total uncertainties (energy resolution plus systematic errors) are displayed (except
for Carbon). Vertical error bars represent statistical uncertainties.

TABLE |: Percentual contributions to the total uncertainty (energy resolution and systematics) of the energy spectrum around
10'7 eV. Sources are enumerated as described in the text. At the same energy scale, the average energy systematic uncertainty
and energy resolution are also shown. The muon attenuation length is presented in the last column.

Composition d + tot. + stat 1) 2 3) 4) 5) (6) (@) AE/E [%] Ap
107 8m—2slg-1Gev 1] | [%] [%] [%] | [%] | [%] [%] | [%] | +syst+res [g/cm?]
H 2.757 590 £0.07 35 | T2l x| Bl | TS T +29 1136 £ 115
He 2.52}08;2332 +0.07 +19 ;éé ;é% }ﬁ -3 g +135 }:22 +26 | 11114112
C 2.2970:25) +0.06 49 | F9F A0l o | 2 B3 F 19 | 1137 £ 121
Si 1.887020 4+ 0.06 +6 | T2l 0l 42| -3 | | T | 5. +£20 | 1056 + 146
Fe 1.5875-3¢ +0.05 422 | FOS N0 AL 2 | P2 Tl | Tla 18 | 11234182

modification in the estimated energy of the events, whicFhey tend to increase near the energy threshold and in
is propagated to the flux. The differences between thiee high-energy region, where statistics decreases. These
reference spectrum and the modified ones were intdirst estimations are very encouraging. They show that
preted as the corresponding uncertainties. They wereions can be used in KASCADE-Grande as a tool
added in quadrature to get the total error. In cases (2), {8)reconstruct the primary all-particle energy spectrum.
and (4) usual error propagation formulas were employddiore work is to come in order to improve the recon-
to find the energy uncertainty of the events. (1) and (S}ruction method. Plans are also underway to investigate
were estimated from MC simulations. In the case of (1)he muon attenuation length,,. Some values extracted
the energy of an event was assigned in a probabilisfrom the N, attenuation curves are shown in Table |
way using the energy resolution distributions per enerdgr £ ~ 10'7 eV. A good agreement is seen among the
bin obtained with MC simulations. In (6) MC relationsexperimental attenuation lengths under the assumption
employed in the whole analysis were recalculated withf different primary masses at this energy.

simulations characterized by the new spectral indexes.
Finally, for (7) both the equivalent,, and the energy
calibration formula were estimated for the new values J.C. Arteaga acknowledges the partial support of
of 0,.;. The resulting uncertainties (energy resolutiofONACYT and the Coordinacion de la Investigacion
(1) and systematics (2)-(7)) for the energy and theientifica de la Universidad Michoacana.

spectrum around0'” eV are presented in table I. In
general, for the intervdbg,,[E/GeV] = 7.4 — 8.3 from

all the estimated contributions to the total uncertaint ;} E"_' I\NA.a?Eacljr:;,%Zpiﬁfp\/ﬁg&'1Féi\£-3|:ﬂ10?igp7?)7.§' 689 (2000).
of the flux the biggest one is related to compositions] m. M. Winn et al, J. Phys.G12, 653-674 (1986). M. Nagano
(£ 50%). The second most important contributiog ( et al, J. Phys.G10 1295-1310 (1984). .
3599 comes from (1). The uncertainties associated t‘q ?‘ :riléﬂgseftail"A};ﬁi;AP%;%TTSsc(c;gbg)‘fase proceedings.
(6) and (7) together occupy the third place 8$%), [6] D. Fuhrmanret al, KASCADE-Grande Coll., these proceedings.
but sometimes they can be as important as (1). Fdrl D. Heck et al, Forschungszentrum Karlsruhe, Report FZKA
light primaries (5) can t,)eC(_)me the next influent SOurc‘fB] i(.)lsagsgi?).al., Proc. Monte Carlo 2000 Conf., Lisbon, 955
(< 12%). The rest contributions, (2)-(4), are always the ~ (2001).
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Abstract. The KASCADE-Grande experiment, lo- - 10'® eV region by sampling the charged particle
cated at Forschungszentrum Karlsruhe (Germany) is and muon densities. A fit to the lateral distribution
a multi-component extensive air-shower experiment of the charged particle densities allows to reconstruct
devoted to the study of cosmic rays and their interac- the shower parameters (core position, angular direction)
tions at primary energies 10** - 10'® eV. One of the and the size of the charged component (see [2] for
main goals of the experiment is the measurement of details). An independent fit of the lateral distribution
the all particle energy spectrum in the10'6 - 10'® eV of the muon densities (see [3],[4]), gives the size of
region. For this analysis the Grande detector samples the muon component of the shower. The performance
the charged component of the air shower while the of the KASCADE-Grande array, and, therefore, its high
KASCADE array provides a measurement of the accuracy up to energid®'” -10'® eV, essential to derive
muon component. An independent fit of the lateral an accurate energy spectrum, is summarized in [2].
distributions of charged particle and muon densities The conversion between the observed quantities (charged
allows to extract the charged particle and muon sizes particle and muon sizes) of the Extensive Air Shower
of the shower. The size of the charged particles, (EAS) to the energy of the primary particle requires
combined with the ratio between charged particle the assumption of a specific hadronic interaction model,
and muon sizes, which is used to take into account whose suitability has to be verified beforehand. In
shower-to-shower fluctuations, is used to assign thethis work, the energy estimations are based on the
energy on an event-by-event basis, in the framework CORSIKA-QGSjetll model [5], [6], motivated by the
of the CORSIKA-QGS;jetll model. The method itself, fact that such model reproduces fairly well the dis-
and the energy spectrum derived with this technique tributions of the ratio of the muon and electron sizes

are presented. measured by KASCADE-Grande as a function of both
Keywords: Energy spectrum, KASCADE-Grande, the electron size and the atmospheric depth [7].
1016 - 1018 eV The method described in this paper uses the combined
information of the charged particle and muon sizes on
l. INTRODUCTION an event-by-event basis, with the aim of reducing the

The KASCADE-Grande experiment [1] is a multi-systematics on the primary composition in the energy
component air-shower experiment with the aim of meassignment, systematics which are the main sources of
suring the all particle energy spectrum in the'S uncertainty on methods based on a single component

13
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information ([4], [8]).

The analysis presented here is based~@81 days of
data collected on the central area of KASCADE-Grande
array (~0.2 km) at zenith angleg < 40° corresponding

to a total acceptancd = 2.50 - 10° cn?- sr (exposure

E =2.12-10'7 cn?- s-sr).

N

loglO(Ncthu)
5 5
T
|

Il. TECHNIQUE

The technique has been defined on simulated data
assuming a power law with index=-3 for the energy
spectrum and then applied to the experimental ones.
Proton and iron nuclei have been selected as primaries,
to represent the two extreme cases. The simulation ]
includes the full air shower development in atmosphere, O™ "6 es 7 k‘)% S
the response of the detector and its electronics, as e
well as their uncertainties. Therefore, the reconstruct&d. 1: Scatter plot ofVe; /N, vs Ny, for primary iron
parameters from simulated showers are obtained exadiyclei. The small dots indicate single events, while full
in the same way as for real data. Data have be@hes refer to the average values in edgh, interval
subdivided in 5 angular bins of same acceptance (# (ANcn = 0.1). The error bar of the full dots indicates
16.7, 16.7< 6§ < 24.0, 24.0< 6 < 29.9, 29.9< § < the RMS of the distribution of the small dots in each
35.1, 35.1< § < 40.0) and the analysis is conductedVcr interval. The linear fit is performed on the full dots
independently in each angular bin. The difference iand their uncertainties in the regién< logio(Nen) < 8
the results obtained among the angular bins will bhick line). Such fit is used to obtain the parameters
considered as one of the sources in the final systemadfedd of expression 3.
uncertainty on the energy spectrum. In this way, possible
differences in the air shower attenuation in atmosphere
(i.e. the zenith angle) between real and simulated data,
will be included directly into the systematic uncertainties
of the measurement, without applying any correction.
The energy assignment is defined Bs= f(N.p, k)
(see eq. 1), wher&/,, is the size of the charged particle 8
component and the parameteris defined through the
ratio of the sizes of th&v.;, and muon (1)) components: 75
k = g(Nen,N,) (see eq. 2). The main aim of the
variable is to take into account the average differences 7
in the N.,/N,, ratio among different primaries with same
N.,, and the shower to shower fluctuations for events
of the same primary mass:

logio(E[GeV]) = [ap + (ape — ap) - k] - logio(Nen) + |o%m(Nd)8'5

+0bp + (bpe — bp) - k (1) Fig. 2: Scatter plot ofZ vs N, for iron primary nuclei.
See fig. 1 for detailed explanation of the meaning of dots
10910(Nen/N,,) — 10g10(Nen /N,y and error bars. The fit is used to obtain the parameters

1og10(Nen/Ny)re — 1ogio(Nen/Npu)p (2) 4 andb of expression 1.

04 F 3

02| ]

©

log,(E/GeV)
foe]
o

65 - ]

oL ]

where,

bins as well as for proton primaries.
l Ny /N e = ) N, dy re. (3 - . .
0910 (Nen/NyJp.re = cp.re - 10910(Nen) + dp.re- (3) In order to check the capability of this technique

The coefficientsa, b, c,d are obtained through the fitsof correctly reproducing the original energy spectrum,
to the scatter plots (&, N.»/N,) and (N, E) in the the expressions 1 and 2 have been applied to: a) the
region 6 < logio(N.) < 8, which means above thesimulated energy spectra they have been derived from
~100% trigger efficiency, and up to the energy fo(H and Fe); b) to other three mass groups (He, C, Si)
which the simulated statistics is sufficiently high. The simulated using the same criteria; c) to the mixture of the
parameter is, by definition of eq. 2, a number centerdidle mass groups with 20% abundance each. Fig. 3 shows
around 0 for a typical proton shower and 1 for a typicad comparison between the reconstructed and true energy
iron shower. As an example, figs. 1 and 2 show sucaipectra obtained for the*1angular bin in case of iron
scatter plots for the iron component in th& hngular primary nuclei. Similar plots are obtained for the other
bin. Similar plots are obtained in the other 4 angulanass groups and for all angular bins. Fig. 4 summarizes

14
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Fig. 3: True (thick line), and reconstructed (thin linefFig. 5: The experimental energy spectrum (differen-
energyspectrum in the ¥ angular bin for iron primary tial intensity multiplied by E-°) as a function of
nuclei according to expressions 1 and 2. log,(E/GeV) for vertical (bins 1+2), more inclined (bins

4+5) and all events (only statistical uncertainties).

ol

ol.

;1‘4 spectrum with slope = -3 (i.e. difference between

S e Proton = Iron « Al true and reconstructed spectra of fig. 3).

513 d) Systematic uncertainty on the muon lateral distri-
12 bution function (I.d.f.).

11 I L l Possible systematic uncertainties on the reconstructed

1 EAARLITRIRIE Nep and N, values compared to the true ones, are

0.9 ! i already taken into account by the technique itself as the
o8 l same reconstruction procedure is applied to simulated
' \ and real data.

07 Concerning a), in fig. 5 data points of thé' and 2"¢

0.6 angular bins have been summed together, and the same
05 for data of the4'® and5'" bins. The semi-difference of

7 725 75 7.75 8 825 85 87% O
otfRev)

logl the intensity in each energy interval (subtracted from

the statistical uncertainty) between vertical and more
Fig. 4: Ratio between the reconstructed and true specifidlined angular bins provides an estimation of the
(as shan in fig. 3) for protons, iron and all mixed uncertainty on the relative energy calibration among the
primaries (all angular bins together). angular bins, together with the systematic uncertainty
related to possible differences in the air shower atten-
uation in the atmosphere between real and simulated
the results on the ratio between reconstructed and trdiata. At E~ 10'7 (~ 3 - 10'6) eV (at higher energies
spectra for protons, iron and all mixed primaries. Ththe results are dominated by the statistical uncertainty)
original energy spectra are fairly well reproduced. Thihe systematic uncertainty is5% (~15%). This result
systematic uncertainties are discussed in section |IlIl. confirms the fact that the technique is self-consistent in
the entire angular range used in this analysis and that the
I1l. THE RECONSTRUCTED ENERGY SPECTRUM AND QGSjetll model reproduces quite consistently the shower
ITS UNCERTAINTIES development at least up to zenith angles 40 degrees.

) . The uncertainty on the intensity provides only an indica-
Expressions 1 and 2 have been applied to the exp&fln, on the relative uncertainty among expressions 1 and

mental data obtaining the intensities shown in fig. 5. A for gifferent angular bins, but doesn't take into account
detailed analysis of the systematic uncertainties on the .ommon systematic effect of ali = f(Nep, k).

intens_ities has been conducted taking into account thg; this reason,E = f(Nu,, k) in simulated data
following effects: have been artificially modified, at a level in which the
a) Systematic uncertainty from the comparison of theystematic effect is clearly visible between the true and
intensity in different angular bins. reconstructed simulated energy spectra as in fig. 3 and
b) Systematic uncertainty on thg(NV.;,) relation. an upper limit has been set and used as systematic effect
c) Systematic uncertainty related to the capability afn the E(V,;,) conversion relation: at & 107 eV such
reproducing ana priori assumed, single primary uncertainty is< 10%.
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Fig. 6: All primaries energy spectrum (intensity multi- L0g10(Ene/GeV)
plied by E?®) obtained with KASCADE-Grande data
applying theN,, - N, technique. A comparison with

other experimental results is also presented.

Fig. 7: Resolution in the energy assignment for a mixture
of primariesof the 5 simulated mass groups (relative
abundance of each group 20%), for H and Fe. The full
dots show the offset of the reconstructed enefy. in
bins of true energy,,.... The open dots show the RMS
of such distributions (see text for details).

A further systematic uncertainty comes from the ca-
pability of reproducing the original energy spectrum
assuming a single mass composition as shown in fig. 4. IV. RESULTS
In general the ratio between the reconstructed and trueThe all particle energy spectrum of KASCADE-
fluxes obtained in each energy bin are compatibl§rande in thel0! - 10'® eV energy region using the
inside the statistical uncertainty, with unity. Only at theév,,, - IV, technique is shown in fig. 6. The uncertainty
threshold a systematic effect 6$12% is visible. The in each intensity point is obtained as squared sum
typical relative differences in flux at energies E<10 of all systematic and statistical uncertainties. At the
eV are<5%. threshold, the spectrum overlaps well with KASCADE
Regarding d), the energy spectrum has been obtairemad EAS-TOP spectra. Moreover, it is in agreement
for different ranges of distance of the shower core fromith the energy spectra of KASCADE-Grande obtained
the muon detector. The relative difference in intensitysing other techniques ([4], [8], [9]) which have
as a function of energy is used to compute a systemapartially different systematic uncertainties (see [10]).
uncertainty due to the assumed l.d.f., and it amounts Thie mean of the averageobtained in different bins of
~3% at E~ 10'7, slightly increasing with energy. Ny, in the range 6< log1o(Ney) < 8is < k > = 0.64,
Finally, it is interesting to look at the relative uncertaintyith bin to bin fluctuations ofs ~ 0.06, therefore,
in the energy assignment on an event-by-event bagierfectly compatible with the limits set by eq. 2 using
Simulated data using the mixture of all primaries hav®@GSjetll simulations.
been divided in bins of true energy {£.) and the distri-
butions of the relative differences between reconstructed
(E-ec) and true energies have been created. As shown in
fig. 7 the RMS of such distributions (energy resolution)[1] G. Navarra et al. - KASCADE-Grande Collaboration, Nucl. Instr.
) o h threshold and d it and Meth. A 518 (2004).
Is ~26% at the energy threshold and decreases With) £ pj pierro et al. - KASCADE-Grande Collaboration, These
energy, due to the lower fluctuations of the shower Conference Proceedings.
development, becoming 20% at the highest energies. [3] D. Fuhrmann et al. - KASCADE-Grande Collaboration, These
Th I ff’ in th | f the distributi Conference Proceedings.

€ small 0 _Set |'n the mean values o t e distri utlon§4] J.C. Arteaga et al. - KASCADE-Grande Collaboration, These
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e N (1998).

offset does not appear 'n.f'g' 4, which indicates that th S. OstapchenkoQGSijetll:results for extensive air showers
correct energy spectrum is well reproduced. Results for astro-ph/0412591.
pure H and Fe primaries are also indicated by lines. [7] E. Cantoni et al. - KASCADE-Grande Collaboration, These
The statistical taint the int ity 4 0% Conference Proceedings.
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Abstract. Previous EAS investigations have shown
that the charged particle density becomes indepen-
dent of the primary mass at large but fixed distances
from the shower core and that it can be used as
an estimator for the primary energy. The particular
radial distance from the shower axis where this effect
takes place is dependent on the detector layout. For
the KASCADE-Grande experiment it was shown to
be around 500 m. A notation S(500) is used for
the charged particle density at this specific distance.
Extensive simulation studies have shown thaf(500)
is mapping the primary energy. We present results on
the reconstruction of the primary energy spectrum of
cosmic rays from the experimentally recordedS(500)
observable using the KASCADE-Grande array. The
constant intensity cut (CIC) method is applied to
evaluate the attenuation of the S(500) observable
with the zenith angle. A correction is subsequently
applied to correct all recorded S(500) values for at-
tenuation. The all eventS(500) spectrum is obtained.
A calibration of S(500) values with the primary
energy has been worked out by simulations and
has been used for conversion thus providing the
possibility to obtain the primary energy spectrum
(in the energy range accessible to the KASCADE-
Grande array, 10'6-10'8 eV). An evaluation of sys-
tematic uncertainties induced by different factors is
also given.
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Keywords. KASCADE-Grande, EAS, primary en-
ergy spectrum

I. INTRODUCTION

Hillas has shown that the EAS particle density dis-
tributions at a certain distance from the shower core
(dependent on the EAS detection array) becomes in-
dependent of the primary mass and can be used as a
primary energy estimator [1]. Following this feature,
a method can be derived to reconstruct the primary
energy spectrum from the particular value of the charged
particle density, observed at such specific radial ranges.
The technique has been used by different detector arrays
in order to reconstruct the primary energy spectrum of
the cosmic radiation [2]. In the case of the KASCADE-
Grande array (at Forschungszentrum Karlsruhe, Ger-
many, 110 m a.s.l.) [3], detailed simulations [4] have
shown that the particular distance for which this effect
takes place is about 500 m (see fig. 1). Therefore an
observable of interest in the case of KASCADE-Grande
is the charged particle density at 500 m distance from
the shower core, noted &{500) in the following. The
study has been performed for both simulated (fig. 1)
and experimental (fig. 2) events, using identical re-
construction procedures [5]. The reconstruction begins
with recording the energy deposits of particles in the
KASCADE-Grande detector stations and the associated
temporal information (arrival times of particles). The
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o .,- fit range: 0 m - 1000 m
E [ I10EAS p E=5621016¢V
o 10 EAS Fe E=5.621010¢V

o] n=4.07
n=3.63

O Pep(r) CORSIKA p
A pep(r) CORSIKA Fe

Fig. 1: Simulations show that, for the case of the

A
| r [m]

S00m

II. EFFICIENCY AND QUALITY CUTS

For the experimental EAS sample, the total time of
acquisition was<902 days. Showers were detected on a
500 x 600 n? area up to 30 zenith angle. The 30zenith
angle limit was imposed due to certain systematic effects
affecting the reconstruction of small showers above this
threshold. In order to ensure good reconstruction quality,
several quality cuts were imposed on the data. The same
cuts were used for both simulated and experimental
events. Only those events are accepted for which the re-
constructed shower core is positioned inside the detector
array and not too close to the border. A good quality of
the fit to the Linsley distribution is a further important
criterion. Fig. 3 shows the total reconstruction efficiency
for different zenith angle intervals (the full efficiency is
reached at around lgg( Fy/GeV)=7.5).

14F

1.2+

KASCADE-Grande experimental layout, the particle

density becomes independent of the primary mass
around 500 m distance from shower core; this plot shows
averaged simulated lateral distributions for different pri-

mary types with equal energy.

arrival direction of the shower is reconstructed from the
particle arrival times. Using appropriateateral Energy
Correction Functions LECF), the energy deposits are
converted into particle densities. The LECF functions
are dependent on the shower zenith angle [6] and take
into account the fact that an inclined particle will deposit

more energy in detectors due to its longer cross path. For

Efficiency [/%]
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85 9
log(E/GeV)

7.5 8

every event, the obtained lateral density distribution f&ig. 3: Reconstruction efficiency for different zenith
approximated by a Linsley [} ateralDensity Function ande ranges and for the entire shower sample (events
(LDF) in order to evaluate the particle density at th&iggering more than 24 stations).

radial range of interest, 500 m. To ensure good recon-
struction quality, the approximation is performed over
a limited range of the lateral extension, namely only in

THE CONSTANT INTENSITY CUT METHOD

the 40 m— 1000 m radial range. Before converting the recorded(500) values into

T 10° -
= B Experimental data
o N e -0.7 <log, S(500) < -0.6
10 ;A‘A s -10<log S(500)<-0.9
E A . N
E A — example of a Linsley Fit
C N
L m
A
1=
10
| RETTT RS SE SE A A AN A AR AR AR RARA AN AR
100 200 300 400 500 600 700
R[m]

the corresponding primary energy values (via a relation

derived from simulation studies), one has to take into ac-

count the atmospheric attenuation affecting the charged
particle densities observed on ground. For more inclined

showers, the particles have to cross a longer path through
the atmosphere before reaching the detector level. In
such a case, events generated by identical primaries
reach the detector level at different stages of EAS

development, dependent on their angles of incidence. In
order to bring all recorded EAS events to the same level

of consistency, one has to eliminate the influence of the

zenith angle on the recorde&t{500) observables. This is

Fig. 2: Averaged lateral density distributions of experidchieved by applying th€onstant ntensityCut (CIC)
mentally recorded EAS samples for tw§(500) ranges. Method. TheS(500) attenuation is visible if5(500)

spectra are plotted for different EAS incident angles.
For this, the recorded events are separated into several
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sub-samples characterized by their angle of incidenc

The angular intervals are chosen in a way that the ‘g 10° ?*ifﬁi Experimental
open equal solid angles®0 13.2°, 13.2 - 18.8", 18.8 3 T 3
- 23.1°, 23. - 26.7 and 26.7 - 30.C°. In fig. 4 X =
the attenuation is visible, aS(500) spectra are shifted = L g
towards lower values for increasing zenith angles. Tt g B . . 2 N
. ; . : ® L2l ® 00°-132 >
CIC method assumes that a given intensity value in tl £ 10°¢ i:;;t
energy spectrum corresponds to a given primary ener 10L : 12113222; ’1* .
of particles and, since thg&(500) is mapping the primary E « 267°-300° ¥?ﬁ
energy spectrum, it is expected that this property ¢ 16 ﬂ'
the intensity is true also in the case $(500) spectra. I I J B ¥ S | R S—

Therefore a constant intensity cut on integs(500) Iog1o(S(500)/m'2)
spectra is performed, effectively cutting them at a given

primary energy. The intersection of the cut line witd9. 4: Integral 5(500) spectra; the horizontal line is
each spectrum will give the attenuat§¢500) value at @ constant intensity cut at an arbitrarily chosen in-
the corresponding angle of incidence for a given primaf@nsity; attenuation length af(500) was evaluated at
energy. A linear interpolation is used between the 7.38:21.65 gem™?

neighboring points in the integral spectrum in order to

convert the value of the intensity into particle densit -

for each angular bin. The observed attenuation can
corrected by parameterizing the attenuation curve al
correcting all events by bringing thef(500) value to
their corresponding value at a given reference angle
incidence (see fig. 5; the parameterization with the lov
esty? was chosen, namely the one correspondingtoi 4,
tensity 3000). For the present study this angle is consi

ered to be 21, since the zenith angular distribution for ~ -1-3
the recorded EAS sample peaks at this value. The C 14

method implies several mathematical transformations R IR KT RN K KPR KT
data before obtaining the values corrected for attenuati sec(0)

of the S(500) observable: interpolations and analyticeu

parameterizations (as mentioned in the above descriptiblg: 5: Attenuation of theS(500) observable with the
of the CIC method). These operations introduce son@égle of incidence; the different curves show different
systematic uncertainties on the final result of the Cl@rbitrarily chosen intensity cuts.

method. The CIC-induced systematic uncertainty of the
correctedS(500) value is evaluated by propagating the
errors of fit parameters. The resulting CIC-induced error
of the S(500) observable will be taken into account later
when evaluating the total systematic uncertainty of the
reconstructed primary energy.

Intensity cut
A 1000 M 3000
* 2000 ¥ 4000
® 5000
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IV. CONVERSION TO ENERGY

After correcting the recordef(500) values for atten- _
uation, we can proceed to convert each of them to the 8 f
corresponding primary energy value. A calibration of r
the primary energyF, with S(500) was derived from 7.8 .
simulations (see fig. 6). The Monte-Carlo CORSIKA 7.6 F
EAS simulation tool was used to simulate air showers 3
(with QGSJET Il model embedded for high energy in- 7.4
teractions). In fig. 6, two slightly different dependencies 2
are shown for two primaries, a light primary (proton) and
a heavy primary (Fe). The two dependencies are almost 7 _1'
identical, a feature that is expected due to the mass
insensitivity of theS(500) observable. This calibration is
used to convert alb(500) values into the correspondingFig. 6: E, - S(500) calibration curve for two different
primary energies. The spectrum of primary energy igrimaries; the box-errors are the errors on the spread;
thus reconstructed. Fig. 7 shows the reconstructed &he errors on the mean are represented with bars.
ergy spectrum compared with spectra reconstructed by

1

41,2-1-0,8-0.6-0,4-0,.2 0 0.2 0.4

1 1

log,(S(500)/m?)
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Fig. 7: Reconstructed experimental energy spectrum by KASG&p&nde fromS(500)/CIC, multiplied byE?-?
compared with results of other experiments; the continuous lines above and below the spectrum are the error
envelopes and show combined statistical and systematic uncertainties.

other experiments. The spectrum is plotted starting froeach shower for attenuation effects. Using a simulation-
the maximum efficiency threshold (see fig. 3). For thderived calibration betwee§(500) and E, (based on
systematic contribution to the total error, several sourcéte QGSJET Il model for high energy interactions),
of systematic uncertainties have been identified and théle attenuation corrected(500) spectrum has been
contributions were evaluated. Thus, the spectral index cbnverted into primary energy spectrum. TI5¢500)
the simulated shower sample was equal to -2 and wadsrived KASCADE-Grande spectrum is composition
acting as a source of systematic uncertainty. In a similaxdependent and comes in good agreement with the spec-
fashion, theS(500)-F, calibration and the CIC methodtrum of lower energies previously reconstructed by the
itself were also introducing systematic uncertaintie&K ASCADE array. Future investigations will concentrate
In all, these three sources were contributing with aalso on improving the quality of the reconstruction along
uncertainty ofx1% from the total flux value. Other with gaining a better understanding of the uncertainties
sources that were considered were the Monte-Caileduced by the reconstruction technique.
statistical uncertainty of the simulated shower sample
and the choosing of a certain reference angle at which to
perform theS(500) attenuation correction (contributing The KASCADE-Grande experiment is supported by
with ~7% and~30% relative uncertainty). The relativeth® BMBF of Germany, the MIUR and INAF of Italy,
contribution of all identified sources over the full effi-the the Polish Ministry of Science and Higher Educa-
ciency range was fairly constant for any given sourcéon (grant 2009-2011), and the Romanian Ministry of
and in total amounts for about 37% of the recorded fluducation and Research.
value. The energy resolution has also been evaluated REFERENCES
from simulations by calculating the difference betwee _
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Abstract. The KASCADE-Grande experiment con- confinement, occurring either at acceleration regions, or
sists of the basic KASCADE complex and of an as diffusive leakage from the Galaxy (or both). Such
extended array, Grande, made of 37x10 m scin- processes predict that the maximum energy for a specific
tillation detectors spread over an area of 700 x primary nucleus depends on its atomic number Z.

700 n?. Grande enables triggers and reconstruction The Grande array increases the collecting area of KAS-
of primary cosmic rays in the energy range of CADE in order to extend the measured energy range.
10'6 to 10'® eV through the detection of the all- The aim of KASCADE-Grande [3] is to perform energy,
charged particle component of the related Exten- composition and anisotropy studies up to'3L@V, i.e.
sive Air Showers. The experimental set-up allows, in the region where the transition from galactic to
for a subsample of the registered showers, detailed extragalactic cosmic rays is supposed to happen.
comparisons of the data with measurements of the

original KASCADE array (252 unshielded detectors, [l. EXPERIMENTAL SETUP

with 490 m? sensitive area and 192 shielded muon
detectors with 622 n¥ sensitive area spread over
200 x 200 n?) on an event by event basis. We
discuss the Grande reconstruction procedures and
accuracies. The lateral charged particle distributions

The KASCADE-Grande experiment is located at
Forschungszentrum Karlsruhe, Germany (49\1 8.4
E) at 110 m a.s.l., corresponding to an average atmo-
spheric depth of 1023 g/cinit consists of an extension

are measured over a wide range of core distances,©f the KASCADE [4] experiment with Grande, an array
the results of the measurement are presented. of plastic scintillators obtained reassembling the EAS-

Keywords KASCADE-Grande, Reconstruction TOP [5] electromagnetic detector, which expands the
LDE ’ " collecting area, and Piccolo a smaller array providing

a fast trigger common to all components.
|. INTRODUCTION The KASCADE-Grande detectors and their main char-

The extensive air shower experiments KASCADE an@cteristics are listed in table | and their layout is shown

EAS-TOP have shown that the change of the slope i fi9- 1- _
the energy spectrum (“the knee”) for different elemental The KASCADE array is composed of 252 detector

groups occurs at different energies [1], [2]. For th&tations on a square grid with 13 m spacing.

lightest nuclei the knee has been measured 48° ev, |t is composed of:

These results support the general view which attributese efy-detectors which mainly consists of 2/4 liquid
the change of the spectral index to processes of magnetic scintillator units (1 m diameter, 5 cm thick);
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Detector Particle Area m?>  Threshold
Grande array (plastic scintillators) charged 370 3 MeV
Piccolo array (plastic scintillators) charged 80 3 MeV
KASCADE array (liquid scint.) ely 490 5 MeV
KASCADE array (shielded pl. scint.) m 622 230 MeV

Muon tracking det. (streamer tubes) m 3x128 800 MeV

Multi wire proportional chambers m 2x129 2.4 GeV

Limited streamer tubes m 250 2.4 GeV
h

Calorimeter 9x 304 50 GeV

TABLE I: The KASCADE-Grande detectors, their total sensitiveaaand threshold for vertical particle.

KASCADE-Array| uncertainties are dominated by poissonian fluctuations.

-
o
(=]

fitting functions have been derived from full shower and
m detector simulations. The shower front is fitted with:

-600 -500 -400 -300 -200 -100 O 100
x coordinate [m]

£ T
=100/
o [ O The array is divided in 18 trigger clusters of 7 modules
[ — ] .
T o = each (6 modules in an hexagon and a central one). The
< - " ) . Y 7 trigger rate is 0.5 Hz and becomes fully efficient for all
g 100" primaries at i = 10' eV.
Q . ., MTD CD
: - = " L u I1l. RECONSTRUCTION OF EXTENSIVE AIR SHOWERS
-200— o E
- . "* Piccolo Cluster Core position, arrival direction and total number of
_300i. " m = = charged particles are reconstructed in an iterative fit
- procedure of the energy deposit and timing measure-
- . ments by the Grande array detectors. The energy de-
-400— = o ; -
- " % Grande stations posit is converted to charged particle density through a
- ' function of the core distance, derived from shower and
'5°°§ - - = = detector simulations, taking into account energy deposit
-GOOi “trigger-cluster #17 (of 18) of charged particles and gamma conversion [6]. The
L

L)1'55ns

t=243-(1
(+30

with a time spread:

Fig. 1: Layout of the KASCADE-Grande experiment. ,
_)1.39 \

ns
30

_detectors which mainlv consists of 4 plastic S’Cinyvhere r is the distance from shower axis in meter.
° K y P The lateral distribution is fitted with a modified NKG
tillators (90 x 90 x 3 cm), placed below the function:
eh-detectors and a shielding (10 cm of lead and ) ' . -
cm of iron, which entails a threshold of 230 MeV pen = C(s)Nun (L) ' (1 4 L) '
for vertical muons). 30 30

The Grande array consists of 37 stations with adndthe normalization factor is:
average spacing of 137 m over a 700 x 709 amea. I'(3.4—s)
Every detector station consists of 10%nof plastc C($) = 97302 T(s—1.6+2) T(1.613.4—25—2)
scintillator organized in 16 units (80 x 80 x 4 émEach ) )
unit is equipped with a high gain (HG) photomultiplierThe total number of muons is obtained by means of a
(pmt) and the 4 central units are additionally equippeldf Of the muon densities measured by the KASCADE
with a low gain (LG) photomultiplier to increase the@may with a Lagutin function (core position is fixed):
dynamic range. The signals from the pmts are added (r) = Ny - £(r)
up through passive mixers, one for the HG and one Pu "
for the LG pmts. The output signals are preamplified 0.98 / 7 \-0.69 r 239 ” —~1.0
and shaped by Shaping Amplifiers into 3 analog signa[ﬁ(r):3202(%) ( +%) ( +(10 - 320>2)
digitized by 3 Peak-ADCs, covering the dynamic ranges
0.3+ 8, 2+ 80, 20+ 800 particles/m respectively. The Remnstruction procedure and accuracy of the muonic
overlapping ranges between the scales are used for craggnponent are described in [7].
calibration. Each detector is continuously monitored A single event reconstruction, with the particle den-
and calibrated by means of single muon spectra. Tkéies measured by Grande and by the KASCADE array
systematic uncertainty on the measured particle densityuon detectors and the corresponding lateral distribution
by each detector is less than 15% and the statistidés, is shown in figure 2.
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Fig. 2 Lateral distributions of a single event: muor 5 62 64 66 68 7 7274 76
dersities measured by KASCADE array muon detecta g NKA
and muon Idf (black triangles represent the averag. ch
densities in rings of 20 m, while the fit is performed orFig. 3: Scatter plot of the shower sizes (charged parti-
individual detector measurements); all-charged particlekes) reconstructed by KASCADE (x-axis) and Grande
measured by Grande detectors and all-charged Idf. Tfeaxis).

parameters of the shown event are:

Xcore = =307 M, Y.ore =-86 M, Ig N, =7.9,1g N, =6.7,

[ee]
D
oF

0.5
© =16.8, ¢ = 245.8. 5
: 0'4: = Mean
< C
IV. RECONSTRUCTION ACCURACIES 2 0a
. LT TRMS

For a subsample of the events collected by the Gran«‘szﬁ
£ 02—® i

array it is possible to compare on an event by event bas - oo 3 ‘%

the two independent reconstructions of KASCADE ani  4r» T = N l J; °
Grande. This provides the unique opportunity of evalu - e, . . @ I I [
ating the reconstruction accuracies of the Grande arr: o- Rt o S it i ‘l

by a direct comparison with an independent experimel
instead of the usual procedure involving simulations
Since the KASCADE array is much more dense (sens
tive area over fiducial area = 0.06) than Grande (sensiti -
area over fiducial area = 0.002), the contribution to th 0.3 3% "63 54 66 68 7 72 74 76
differences in the reconstructed observables from KAS Ig N'c(:‘
CADE is negligible and its reconstruction can be taken

as reference. The subsample is obtained accordinglyf¢- 4: Mean value and Root Mean Square of the
the following selection criteria: maximum energy deposfistribution of the shower size differences over shower
in the central station of the hexagon overlapping Witﬁléireconstructed by KASCADE (j") as function of
KASCADE, core position within a circle of 90 m radiusNeh” -

from KASCADE center, zenith angle less thar?4The

scatter plot with the shower sizes reconstructed by both

arrays is shown in fig. 3. By means of such a comparisathe lines represent the lateral distribution functions with
the Grande reconstruction accuracies are found to bemean N, and s-parameter values of the correspond-

« shower size (fig. 4): systematic 5%, statisticalk< ing N., bin. The lateral distributions measured by the

m—

-0.1F

0.2

15%; Grande array extend up to more than 700 m and the used
« arrival direction (figs. 5, 6)oy ~ 0.7°; lateral distribution function represents the data well over
« core position (fig. 7)ocore = 5 m. the whole range.

In fig. 9 the lateral distributions are shown in a region

V. MEAN LATERAL DISTRIBUTION OF CHARGED closer to the core and with the core position recon-

PARTICLES structed independently by KASCADE, showing that the

In fig. 8 the experimental mean lateral distributiongood description of measured particle densities by the

for vertical showers (©+ 18°) and for different shower functions is not just a consequence of the fit procedure.
sizes in the range 6.2 Ig N, < 7.8 are shown.
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Rayleigh distribution of core position differences.
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VI. CONCLUSIONS

The reconstruction procedures and the achieved zfdg 8: Mean Iatergl distributions of charged particles,
curacies of the Grande array have been studied expéﬁpuped in Ig N7 bins.
mentally and shown. The result is that Grande provides a
large acceptance (2B cn?-sr for B, > 10'%eV, zenith

L. . —-n3
angle< 40°) and it is accurate enough {Nuncertainty: =-“E1° s 58<lgN) <60
systematic< 5%, statistical< 15%) for the aims of = r + B2<IgN®) <64
present analysis [8]. The used lateral distribution func- 8 |- + 66<IgiNT) <638
. . . . . . [ = y
tion describes experimental lateral distributions over the 4z . . o 70<lgN) <72
whole 700 m range. Finally the mean lateral distributions 3 = * - Bl 8 TA<N <76
of charged particle have been shown. g 0
r X A
E n, T
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Abstract. The KASCADE-Grande experiment con-

sists of a large array of scintillators for the detection
of charged particles from extensive air showers in
the primary energy range 10'¢ eV — 10'® eV. In
combination with the detectors of the KASCADE
array it provides the means to investigate the compo-
sition in the expected transition region of galactic to
extragalactic cosmic rays and the possible existence
of a second knee in the total energy spectrum at
E ~ 107 eV caused by heavy primaries.
For the goals described it is indispensable to re-
construct the shower sizes with highest accuracy.
The reconstruction of the muonic component as well
as the muon lateral distribution will be discussed
and the precision and systematic uncertainties in the
reconstruction of the muon number will be studied
based on Monte Carlo simulations.

Keywords: muonic component, lateral distribution,
KASCADE-Grande

I. INTRODUCTION AND EXPERIMENTAL SETUP

The combined KASCADE and KASCADE-
Grande Experiment [1], located on the site of the
Forschungszentrum Karlsruhe (110 m a.s.l.), consists
of various detector components [2] for measuring the
particles of extensive air showers in the primary energy
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range from 106 eV — 10'® eV. The measurement at
the upper part of that energy range is possible due to
a large scintillator array, the Grande array, covering
a collecting area of approximately 0.5 km®. The 37
Grande stations located on a hexagonal grid with an
average mutual distance of 137 m measure the total
number of charged particles in an air shower.

With the colocated KASCADE array the muon
component of the extensive air shower can be measured
separately from the electronic one. Using an appropriate
lateral distribution function, one can derive the total
muon number of air showers from the muon signals
measured locally with the KASCADE array. This
method can be applied even in cases where the core
is located in the KASCADE-Grande array, but not in
the KASCADE array itself (Fig. 1, left). Subtracting
the estimated number of muons from the total number
of charged particles measured with KASCADE-Grande
yields the total number of shower electrons [3]. The
scintillators of the KASCADE detector array cover
an area of 200 x 200 m? and are housed in 252
stations on a grid with 13 m spacing. While the inner
stations of the KASCADE array are only equipped
with liquid scintillators measuring primarily electrons
and gammas, the outer stations are also containing
plastic scintillators underneath a shielding' of 10 cm

Icorresponding to 20 radiation lengths, muon threshold: 230 MeV.
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Fig. 1: Left: An air shower with the core located in the Grande array. Although the KASCADE detector field is far
away from the core, non-zero muon densities can be measured there. Right: Detector station of the KASCADE-array
equipped with electron/gamma and separate muon detectors.

lead and 4 cm iron, which allows the measurement of
muons separately from electrons and gammas (Fig. 1,
right). These muon detectors consist of four plastic
scintillators per station. The scintillators are of 3 cm
thickness and their surface area is 90 x 90 cm?. The
light is coupled out by wavelength shifters and read
out by 1.5 inch photomultipliers. The energy resolution
has been determined to about 10% at 8 MeV, the mean
energy deposit of a MIP?.

II. RECONSTRUCTION OF THE MUON NUMBER

As described in the previous chapter the local muon
densities can be measured even in cases where the
shower core is located in the KASCADE-Grande array,
but not in the KASCADE array itself. For these purposes
the energy deposits in the muon detectors must be
converted to particle numbers by means of a conversion
function, the so-called LECF?. The LECF is derived
from simulated air showers based on CORSIKA [4]
and a detailed GEANT [5] detector simulation. It has
been determined based on two primaries (H and Fe)
and three different simulated energies, 3 x 10! eV,
1x10'7 eV and 3x 10'7 eV. The average energy deposit
in the KASCADE muon detectors per shower muon at
a distance r (in meter) from the shower core is given by
the following LECF:

E
muon ()

(7.461 4 €(1:76220.0171) 4 0.0003 - r) MeV

)]

For small radii up to approximately 160 m the energy
deposit per muon decreases in order to correct the
high energetic electromagnetic punch through close to
the shower core. At larger radii the deposited energy

2Minimum Ionizing Particle.
3Lateral Energy Correction Function.
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per muon reaches a constant value of approximately
7.6 MeV (Fig. 2).

For most analyses it is convenient not only to know
the local muon densities given by the LECF but also the
total number of muons in the shower disk. Assuming the
locally detected muons fluctuate according to a poisson
distribution, one can derive the total muon number V. ﬁec
from a maximum likelihood estimation, which yields:

k k
Nee=>"ni/ > (f(ﬁ) - A; '005(9)) @
1=1 =1

where n; is the number of particles measured at a core
distance r; (in meter) in one of the k£ muon detectors
within an area A; (in square meters), 6 is the zenith angle
(in degree) of the air shower, and f is an appropriate

[ [
= o @

=
o

energy deposit per muon / MeV

o b b b b b b a1
100 200 300 400 500 600 700 800
distance from core/m

o

Fig. 2: Average energy deposit per muon in a
KASCADE muon detector as a function of the distance
of this detector from the shower core (muon LECF
according to Eq. 1).
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lateral distribution function.
In case of the KASCADE-Grande Experiment the lateral
distribution of muon densities p,, is fitted with a function
based on the one proposed by Lagutin and Raikin [6]
for the electron component:

pu(r) = Ny - f(r), with

P1 P2 2\ P3
£(r) (&) - (1+2) (1+(10)) .
3)
The parameters p; = —0.69, po = —2.39, p3 = —1.0
and rg = 320 m are based on CORSIKA simulations
using the interaction model QGSJet 01. Both proton
and iron primaries were simulated at energies of
10'6 eV and 10'7 eV and then the average of the fit
results is taken. Since the muon densities are very low,
except for the highest energy showers, stable fits on the
shower-by-shower basis are only obtained if the lateral
distribution function is kept constant and only the muon
number N, is taken as a fit parameter.
Substituting the lateral distribution function f from
Eq. 3 into Eq. 2 yields a formula for calculating the
total muon number of the KASCADE-Grande event.
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III. RECONSTRUCTION ACCURACY

The muon number is reconstructed based on the local
muon densities measured only on the small area of the
KASCADE detector field. The measured densities are
typically very small and subject to large fluctuations. The
reconstruction of the total number of muons is strongly
affected by these uncertainties.

The to some extent directly measured muon density
distribution and the lateral distribution function f (Eq. 3)
with the muon number NV, set to the reconstructed mean
muon number N (Eq. 2) in each muon size bin are
shown in Fig. 3. The measured densities are in general
well described by the lateral distribution function. This
means a good conformity between directly measured
sizes and reconstructed ones. Only in case of relatively
small and large core distances one can see deviations
due to the fixed shape of the lateral distribution function
which does not account for the primary energy or the
zenith angle of the air shower.

The reconstruction quality has been tested based
on CORSIKA simulations using the interaction model
QGSJet II. Different primaries (H, He, C, Si and Fe)
in equal abundances, with an E~2 power law spectrum,
zenith angles up to 40° and cores scattered over the
Grande array were considered in the simulations. The
full detector response was also simulated (GEANT [5]
detector simulation) and the usual reconstruction tech-
niques were applied to the resulting data. The mean
deviation of the reconstructed muon number N, from
the true muon number Nﬁ"“ as a function of the true
muon number itself or the distance of the shower core
to the centre of the KASCADE array are shown in
Fig. 4. In the latter case, only events with muon numbers
above log;, fo“ > 5.0 are taken into account, that

27

rec:

L |0910(Nmu) range:
7.0-7.3
6.7-7.0
| 6.4-6.7
L-6.1-6.4
5.8-6.1
5.5-5.8
5.2-55
4.9-5.2
4.6-4.9

=
o
>

=
[=]

muon density / m
T T TTTTT

i

10°

0-40

102

Lo b b b b b v by o
0 100 200 300 400 500 600
distance from core / m

Fig. 3: Measured muon density distribution (dots) for
zenith angles 0°—40° and different intervals of the recon-
structed muon number. The lateral distribution function
of Eq. 3 (curves) with the muon number N, set to
the measured mean muon number N°¢ in each interval
describes the data quite well.

means only muon numbers above full reconstruction ef-
ficiency*. In case of muon numbers above a threshold of
log,o NV, :f“ ~ 5.6, which corresponds to an energy of ap-
proximately 5 x 1016 eV, the systematic deviation of the
reconstructed total muon number is smaller than 5% and
to some extent constant in this range (Fig. 4a). Above
the mentioned threshold, the statistical error (represented
by the error bars, RMS) decreases from around 20% to
7% with increasing muon number. Showers below 100%
efficiency are characterized by a rather large statistical
uncertainty up to 40%. In Fig. 4b the dependence of the
reconstructed accuracies on the distance of the core to
the centre of the KASCADE array is shown. An increase
of the statistical uncertainty with increasing distances
from approximately 15% at 100 m to 30% at 700 m
distance is observed. The under- or overestimation of the
local muon densities by the lateral distribution function
(discussed above, Fig. 3) in cases of small and large
core distances results in an under- or overestimation of
the total muon number in these distance ranges. The
deviation of the reconstructed muon number from the
true one starts from ~ —7% for small distances, gets
zero for ~ 240 m distance and increases to ~ +12% for
larger core distances. Taking into account the fact that
quite small particle densities are measured across a small
detection area far away from the shower core, one can
draw the conclusion, that the reconstruction of the total
muon number works surprisingly well. Furthermore the
features of the accuracies are well understood and open
the possibility to correct the reconstructed muon number
to the true one using appropriate correction functions
and to perform analyses based on these corrected muon
numbers (see [7]).

4100% reconstruction efficiency of muon number is obtained above
logyg N = 5.0.
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Fig. 4: Reconstruction quality tested based on Monte Carlo simulations. In case a) the deviation of the reconstructed
to the true muon number is shown as a function of the true muon number, in case b) as a function of the distance
of the shower core to the centre of the KASCADE array. In both cases the error bars represent the statistical

uncertainty (RMS) in a single measurement.

IV. CONCLUSION

The reconstruction of the total muon number in the
shower disk has been presented using the KASCADE
scintillator array as a part of the KASCADE-Grande
experiment. The procedure of converting the energy
deposits to particle numbers was explained as well as the
calculation of the total muon number using a maximum
likelihood method. The reconstruction accuracies have
been discussed and reveal a good reconstruction quality,
despite the fact that the total muon number is recon-
structed based on just a small fraction of radial detector
coverage. Deviations between reconstructed and true
shower sizes are well understood such that it is possible
to derive correction functions allowing to correct the
reconstructed muon number to the true one. Hence,
KASCADE-Grande analyses taking into account the
total muon number can be performed.

[1]
[2]

[4]
[5]

[7]
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Abstract. The goal of the KASCADE-Grande ex- m?. The extension from KASCADE to KASCADE-
periment is the study of the cosmic ray energy Grande is meant to increase the experimental acceptance
spectrum and chemical composition in the range of a factor ~10, the achieved accuracies showing there is
1016 - 10'8 eV detecting the charged particles of no significant loss in resolution for the present analysis
the respective Extensive Air Showers. The observ- (see [2]). For each recorded EAS the charged particle
ables here taken into account for discussion are the size N is measured through Grande, the reconstruction
measured electron size (N.) and muon size (N,). procedure being fine tuned over the whole experimental
It is crucial to verify: the sensitivity to different area (see [2]), and the muon size N, is obtained from
chemical components, the data reproducibility with KASCADE, the reconstruction and accuracy of the
the hadronic interaction model in use as a function muonic component being described in [3]. The electron
of the electron size and the athmospheric depth, size is obtained subtracting the muon from the charged
the consistency with the results obtained by other particle density. As to validate the experimental results
experiments sensitive to composition in overlapping and verify the applicability of the interaction model in
energy regions. The analysis is presented using KAS- use for data interpretation' it is first of all important
CADE as reference experiment and using QGSjetll to achieve an accurate event reconstruction, the next

as hadronic interaction model. step is to test the sensitivity of the extended apparatus
Keywords: KASCADE-Grande, sensitivity, interac- to observables, to verify the data reproducibility with
tion model. the hadronic interaction model in use and to test the

consistency of this reproducibility with the former KAS-

CADE data. For this aims, in the following analysis, the

total number of electrons N. and the total number of
The KASCADE-Grande experiment is located at muons N, of each recorded event are considered and

Forschungszentrum Karlsruhe (Germany). It consists of  the distribution of N,,/N. is studied in different intervals

an array of 37 scintillator modules 10 m? each (the of N.2 and zenith angle (athmospheric depth).

Grande array) spread over an area of 700 x 700 m?2,

working jointly with the co-located and formerly present

KASCADE experiment [1], made of 252 scintillation IBoth for energy measurements and composition studies.

detectors, 490 m? sensitive area spread over 200 x 200 2Corresponding to different energy intervals (see IV).

I. INTRODUCTION

29
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TABLE I: The results for the chi square minimization on the selected experimental data using just one chemical

component.

chemical element
X2 /v

protons (p)
6798.09

404.59

Helium (He)

Carbon (CNO)
26.44

Silicium (S1)
17.20

Iron (Fe)
10.44

II. THE FEATURES OF THE ANALYSIS

KASCADE-Grande data are chosen, at first, in an
electron size range providing full reconstruction effi-
ciency (see [5]) and high statistics: 6.49 < Log(N.)
< 6.74 in 0° < 0 < 23.99° (see figure 1). The same
event selection is made on the simulated QGSjetll [4]
data sets at disposal for each cosmic ray primary?. The
experimental distribution of the observable N,/N. is
taken into account and fitted with a linear combination
of elemental contributions from simulations, expressed
as follows:

Fsim(i) = Z O‘j]{s‘im,j (71) (1)
J

where Fg;,,,(1) is the total theoretical fraction of simu-
lated events falling in the channel i of the distribution
considered as a histogram, fg;,, ;(i) is the fraction for
the single chemical component j, X, is the sum over
the different components and «; is the fit parameter
representing the relative abundance of the component
j- The fit parameters fulfill the conditions

0. <a; < 1.,V

Z Qj = 1.
J
The fit is performed through the minimization of the

following Chi Square function:

X2 _ Z (Fewp(i) - Fsim(i))

(i)

(2
and

3)

“)
where F..,(i) is the fraction of experimental events
falling in the histogram channel i and o(i) is the error
on the theoretical expression (1).

Log(N)

o N g
@ B N ® o

Ll
()

N N
6.5 7 1
Log(Ny)

Fig. 1: The KASCADE-Grande data as they appear in
the observables N, and N,. The considered selection
lies between the lines.

3p,He, C, Si, Fe. (simulated with an energy spectrum v = 3)
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A. The fit with a single chemical component

A chi square minimization is performed at first with
the use of a single chemical component. This shows to
give not a good description of the data, as it can be seen
in table I, summarizing the results for the chi square
minimization with single elements (see also figure 2 as
example).

— data

Si

102

e b by b ek
0.05 0.4 0.45 0.2 0.25
N,/N,

=)

Fig. 2: The distributions (normalized to 1) of the
KASCADE-Grande data in 6.49 < Log(N.) < 6.74
(0° < 0 < 23.99°) and of QGSjetIl Silicium in the
same selection range.

B. The fit with two chemical components

The experimental selection is then fitted with a combi-
nation of a light and a heavy chemical component that, at
a qualitative glance, seem necessary to describe well the
tails of the experimental histogram. Indeed, performing
a minimization with two components steps up the fit, as
it can be seen in table II and figures 3 and 4. It can be
observed that Iron seems necessary to describe well the
right tail of the experimental distribution, while Helium
seems not to fit well on the left tail. Moreover, the shapes
of the fits suggest the requirement of a third element in
the middle.

TABLE II: The results for the chi square minimization
on the selected experimental data using two chemical

components.
chemical elements p + Fe He + Fe
ap 0.41 + 0.02 -
QHe - 0.49 + 0.02
QFe 0.59 £ 0.02 | 0.51 £ 0.02
x?/v 3.51 1.48

C. The fit with three chemical components

The fit is then performed with a combination of
three elements: Protons, Helium and Iron are chosen,
matching the light elements with the heaviest element.
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Fig. 3: The KASCADE-Grande data in 6.49 < Log(N,)
< 6.74 (0° < 6 < 23.99°) described by Protons
and Iron primaries. Here and in the next pictures, the
experimental plot is normalized to 1 and every simu-
lated component is normalized to its relative abundance.
Each tail of the experimental distribution (>2-RMS and
<2-RMS) is treated counting the events in a single bin:
the star indicates the total experimental value the fit must
be compared with in that bin.

i “0.05‘ P
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Fig. 4: The KASCADE-Grande data in 6.49 < Log(N.)
< 6.74 (0° < 6 < 23.99°) described by a Helium and
Iron primaries.

It can be seen that a three elements combination is well
fitting the data (see table III and figure 5). It is possible
to use also another combination: Protons, Carbon and
Iron (see table III and figure 6). These results show that
the theoretical model describes well the shape and the
tails of the experimental distribution.

TABLE III: The results for the chi square minimization
on the selected experimental data using three chemical

components.
chemical elements | p + He + Fe | p + CNO + Fe
ap 0.15 £ 0.02 0.23 £ 0.02
QHe 0.31 £ 0.03 -
ac - 0.34 £ 0.03
aFe 0.54 £ 0.02 0.43 £ 0.02
X2 /v 0.68 1.14

III. ANALYSIS ON INCLINED SHOWERS

To check the consistency of the result at higher zenith

angles, the same fits with three chemical components
are performed on a higher angular interval of equal

31

TH—T T T
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Fig. 5: The KASCADE-Grande data in 6.49 < Log(N.)
< 6.74 (0° < 0 < 23.99°) described by Protons, Helium
and Iron primaries.

CH— T T TTTT]

0.25
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Fig. 6: The KASCADE-Grande data in 6.49 < Log(N,)
< 6.74 (0° < 0 < 23.99°) described by Protons, Carbon
and Iron primaries.

acceptance, 29.86° < 6 < 40° in an electron size
interval providing a similar number of events, 6.11 <
Log(N.) < 6.36. Also at higher angles, using three
elements, it is found that the model reproduces the data,
as it can be seen in table IV and figure 7.

TABLE IV: The results for the chi square minimization
on the selected experimental data using p + He + Fe.
Comparison between vertical and inclined showers.

angular bin | 0° < 6 < 23.99° | 29.86° < 6 < 40°
ap 0.15 £ 0.02 0.17 £ 0.04
e 0.31 + 0.03 0.31 + 0.05
Qe 0.54 + 0.02 0.52 + 0.03
X2 /v 0.68 0.77

IV. ANALYSIS AT HIGHER ENERGIES

Selecting the KASCADE-Grande experimental data
for higher values of the electron size N. means to
chose showers that were generated by higher energy
events (see [5]). Also in this case, it is found that
the model reproduces the data, the minimization of the
N, /N, distribution with three chemical components still
providing a good result, as it can be seen in table V and
figure 8.
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Fig. 7: The KASCADE-Grande data in 6.11 < Log(N,)
< 6.36 (29.86° < 6 < 40°) described by Protons,

Helium and Iron primaries.
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Fig. 8: The KASCADE-Grande data in 7.24 < Log(N,)
< 7.49 (0° < 0 < 23.99°) described by Protons, Helium
and Iron primaries.

TABLE V: The results for the chi square minimization
in a low and a high electron size interval, using p + He
+ Fe.

A Log(Ne) | 649 < Log(N.) < 6.74 | 7.24 < Log(Ne) < 7.49
ap 0.15 £ 0.02 0.13 £ 0.02
aHe 0.31 + 0.03 0.29 + 0.04
pe 0.54 + 0.02 0.58 + 0.04
x2/v 0.68 0.83

V. CoMPARISON WITH KASCADE DATA

Being the electron size range 6.11 < Log(N.) <
6.36 (29.86° < 6 < 40°) common to KASCADE
and KASCADE-Grande data, the correspondent Nf[/Ne
distribution from KASCADE is taken into account. Ap-
plying the same analysis, it is found that three chemical
components fit the data, as for KASCADE-Grande (see
table VI and figure 9). Even with KASCADE data, the
combination p + C + Fe is also fitting (see figure 10).

TABLE VI: The results for the chi square minimization
on the selected data from KASCADE.

chemical elements | p+ He+ Fe | p+ C + Fe
op 0.20 + 0.03 | 0.33 4+ 0.06
Qfe 0.30 + 0.04 -
ac - 0.26 £ 0.07
QFe 0.50 + 0.03 | 0.41 £+ 0.04
X2 /v 1.12 1.25

10

10°?

o2
L
NUIN,

Fig. 9: The KASCADE data in 6.11 < Log(N,.) < 6.36
(29.86° < 6 < 40°) described by Protons, Helium
and Iron primaries. Here the number of muons with
distances to the shower core between 40 m and 200 m
(truncated”) is considered.
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Fig. 10: The KASCADE data in 6.11 < Log(N.) < 6.36
(29.86° < 6 < 40°) described by Protons, Carbon and
Iron primaries.

VI. CONCLUSIONS

In this work it has been shown that, with the use
of a method exploiting a chi square minimization of
a linear combination of different simulated primaries,
the KASCADE-Grande N, /N, distributions are fitted
using at least three elements. QGSjetll, the hadronic
interaction model in use, can fairly reproduce the data
and, in particular, the tails of the distributions, that
represent a main constraint being related to the lightest
and heaviest cosmic ray primaries. Finally, this kind of
analysis, performed on the correspondent fo/N e distri-
bution from KASCADE experiment, gives a consistent
result, thus showing that, in the superposition energy
region, KASCADE-Grande is fairly well reproducing
KASCADE data.
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Abaraq. The muon component of atmospheric a_lir KASCADE-Grande KASCADE
showers is a very relevant information in astroparti- Central\ Muon Tracking
f ; ; P ; . entra Detector
cle physics due to its direct relation to the primary Piccolo Detector _
particle type and dependence on the hadronic inter- £, | 0 o NN\ [

actions. In this paper, we study the muon densities
measured by the KASCADE-Grande experiment and 0
illustrate its importance in composition studies and
testing of hadronic interaction models. The data
analysed here was measured by the KASCADE- 200
Grande detector and lies in the10'6 —10'® eV energy

-100

. | [ | | ™

range. The measured muon density is compared to 300
predictions of EPOS 1.61 and QGSJet Il hadronic 400 . . . . .
interaction models.

Keywords: Muon Density, Composition and Simu- 500 . . . . . =
lation test.

600 ]
- ] a -
I. INTRODUCTION 70065560~ 500 460 300 200 900 O 100
Cosmic rays with energy range betwee@i® and10'® Xm

eV have the potential to reveal interesting astrophysical

phenomena occurring in the Universe. This might be tigig. 1: Representation of the KASCADE-Grande detec-
energy range in which a transition in the predominangers.

of the patrticle flux from galactic to extragalactic sources

is happening what could be followed by changes in the

primary cosmic abundance. If such a transition is not

occurring in this energy range, galactic sources would The KASCADE-Grandeexperiment (see figure 1)
have an acceleration power beyond the predictions lods been set up to measure primary cosmic rays in
conservative theories. this energy range in order to help in the understanding
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Fig. 2: Distribution of the density of muons for threeFig. 3: Distribution of the density of muons for three
distances fronthe shower axis. cuts inthe total number of electrons.

of these questions. The experiment is located at tRQASCADE-Grande stations. A lateral distribution func-
Forschungszentrum Karlsruhe, Germany, where, besiggh (LDF) of the Lagutin type can be fitted to the den-
the existing KASCADE [1] array, two new detectorsjty of muons measured by the KASCADE detector [4].
set ups (Grande and Piccolo) have been installed. TAger that, using the fitted function, the number of muons
experiment is able to sample different components gt any distance from the shower axis can be estimated.
extensive air showers (electromagnetic, muonic anthe KASCADE-Grande stations measure the number
hadronic) with high accuracy and covering a surface @f charged particles. The number of electrons at each
0.5 knt. For an overview of the actual setup of tha&ASCADE-Grande stations is determined by subtract-
KASCADE-Grande Experiment see ref. [2]. ing from the measured number of charged particles the
In this article we present studies of the muon comrumber of muons estimated with the LDF fitted to the
ponent of the shower. Muons are the messengers of WRSCADE stations.
hadronic interactions of the particles in the shower and ot this stage, the number of electrons at each

therefore are a powerful tool to determine the primary ASCADE-Grande station is known. Finally, a modified
particle mass and to study the hadronic interactigqQkG [5] function is fitted to this data and the total
models. number of electrons is determined in the fit.

Quality cuts have been applied to the events in this
analysis procedure. We have required more than 19

The main parameters used in this study are the densftpSCADE-Grande stations with signal. The showers
of muons and the total number of electrons in the showeged in all analysis along this paper were reconstructed
for which the reconstruction accuracy is going to bwith zenith angle between 0 and 42 degrees. The same
discussed below. For the reconstruction accuracy of tHgality cuts were applied to the simulated events used
shower geometry see ref. [3]. for reconstruction studies and to the data presented in

The density of muons is directly measured by thihe following section. After the quality cuts, the total
KASCADE 622 m2 scintillators. These detectors ardumber of electrons can be estimated with a systematic
shielded by 10 cm of lead and 4 cm of iron, correshift smaller than 10% and a statistical uncertainty
sponding to 20 radiation lengths and a threshold of 23@naller than 20% along the entire range considered in
MeV for vertical muons. The error in the measuremerfis paper [3].
of the energy deposit was experimentally determined toFigure 2 shows the measured density of muons at
be smaller than 10% [1]. three distances from the shower axis for events with

For each shower, the density of muons is calculatéd total number of electrons (Vin the range7.0 <
as follows. The muon stations are grouped in rings of 200910(N.) < 7.3 (= 10'7 eV). Similar plots were
m distance from the shower axis. The sum of the signa@¥tained for othetV, ranges.
measured by all muon stations inside each ring is dividedFigure 3 shows the density of muons at 400 m
by the effective detection area of the stations. Therefoi®m the shower axis for events with total number of
the muon density as a function of the distance from thedectrons (1Y) in the range6.7 < LoglO(N.) < 7.0,
shower axis is measured in a very direct way. No fitting.0 < Logl0(N,) < 7.3 and 7.3 < Logl0(N,) < 7.6.
of lateral distributions is needed in these calculations.Similar plots were obtained for other distances from the

The total number of electrons in the shower is reshower axis.
constructed in a combined way using KASCADE and Figure 2 and Figure 3 show the general expected

Il. RECONSTRUCTION
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Fig. 4: Measured distribution of the density of muons &ig. 5: Measured distribution of the density of muons at
400 mcompared to the predictions of QGSJet Il. 400 mcompared to the predictions of EPOS 1.61.

trend: a) decrease of the muon density with increasii@0 meters. For distances further than 750 meters the
distance from the shower axis and b) increase of tiséatistics is not enough for a conclusion.
muon density with increasing total number of electrons. Interesting to note is also the slope of the LDF.
In the next sections we explore these relations in ordéonsidering an equal probability trigger for protons
to show the capabilities of the KASCADE-Grande exand iron primaries as a function of distance from the
periment for a composition study and for tests of thghower axis, one should expect the LDF to be parallel
hadronic interaction models. to pure composition primaries. Note that the LDF of
We present data fof.0 < Logl0(N.) < 7.3 and simulated proton and iron shower are parallel. However
390 < r < 410 m, these cuts have been chosen ithe measured LDF is not parallel to the QGSJet Il nor
order to minimize the fluctuation of the signal and théo the EPOS 1.6 curves. That shows that the slope of
reconstruction inaccuracy and to maximize the numb#te LDF can not be well described by neither models.
of showers for which we have data, however the sameFigure 7 shows the evolution of the mean muon
conclusions would be drawn for all parameter cuts. density as a function aiV.. The calculations done with
QGSJet Il and EPOS 1.61 using proton and iron nuclei
I1l. SIMULATION as primary particles bracket the data in the entire range
f 5 < LoglO(Ne) < 8.
Nevertheless, both figures 6 and 7 show that EPOS
HL'Gl would require a very light primary composition in
er to fit the data. On the other hand, QGSJet Il could

For all studies in this paper we have used the COR
SIKA [6] simulation program with the FLUKA [7]
option for low energy hadronic interactions. Two hig
energy hadronic interaction models were used EPQ: ) . . :

1.61 [8] and QGSJet Il [9]. No thinning is used [6]. it the data with an intermediate primary abundance
. between proton and iron nuclei.

CORSIKA showers are simulated through the detec- esides that. in figure 7 it is possible to analvse
tors and reconstructed in the same way as the measureg ¢ » In Tigu It 1S possi Y

ossible transition of the primary component with

data, such that a direct comparison between data aﬁrﬁcreasin total number of electrons. The analysis done
simulation is possible. 9 : Y

Figures 4 and 5 show the comparison of the measur\évtllth both models show no abrupt change in the com-

density of muons to values predicted by QGSJet II arPuOSIton in the entire energy range.

EPOS 1.61. For both hadronic interactions models V\éeThe change in slope seen in figure 710]910(].\[6) <
I . . _06.0 corresponds to the threshold of the experiment and
show the limiting cases of proton and iron nuclei a

fimarv particles. It can be seen in fiqures 4 and 5 thale fact that both data and simulation show the same
P Y pa B gulre - Behavior illustrates the good level of understanding of
the data lie well within the proton and iron limits for

QGSJet Il and EPOS 1.61. These graphics are goingq[%r detectors.
be further discussed in the next sections. V. CONCLUSIONS

The Grande array is in continuous and stable data
taking since December 2003. The quality of the detector
Figure 6 shows the mean muon density as a functi@an be illustrated by the smooth data curve and small
of the distance from the shower axis compared to thlkeictuations in figures 6 and 7.
predictions of QGSJet Il and EPOS 1.61. Both hadronic In this article, we have briefly described the procedure
interaction models include the data within the proton angsed to measure the density of muons with the KAS-
iron limits for the entire range of distances from 100 t€ADE array and we have studied its correlation with

IV. ANALYSIS
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Fig. 7: Muon density as a function of the total number of electrons compardte predictions of QGSJet Il and
EPOS 1.61.
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Abstract. The Muon Tracking Detector (MTD) (see Fig.1l). The directions of muon tracks in EAS are
in KASCADE-Grande allows to measure with high measured by the MTD with excellent angular resolution
accuracy muon directions in EAS up to 700 m of ~ 0.35°. These directional data allow to investigate
distance from the shower center. According to the the longitudinal development of the muonic component
simulations this directional information allows to in showers which is a signature of the development of
study longitudinal development of showers by means the hadronic EAS core. Among the various EAS compo-
of such quantities like muon radial angles and, de- nents there are only four, that are the penetrating ones:
rived out of radial and tangential angle values, muon optical photons, muons, neutrinos and radio emission.
pseudorapidities. Shower development depends onAs a result of their penetrating ability they provide
the hadronic interactions taking place in the at- practically undisturbed information about their origin.
mosphere, therefore, such study is a good tool for Out of these four, optical photons (of eV energy or
testing interaction models embedded in the Monte- smaller) as the most numerous particles, have been used
Carlo shower simulations. most successfully so far (e.g. ref. [3]) in the study of the

Sensitivity of the muon radial angles and their longitudinal shower development of individual showers.
pseudorapidities to the shower development will be Muon information has usually been integrated over a
discussed and examples of measured distributions large sample of showers and over the whole longitudinal
will be shown. Experimental results will be compared profile.
with simulation predictions showing the possibility to However, muons have some advantage compared with
validate hadronic interaction models with the MTD optical photons and the radio emission: they reflect the

data. development of the nuclear cascade with no mediation
Keywords: KASCADE-Grande, muon tracking, from the electromagnetic part of the shower. They are
also "seen” the whole day long, not only on clear moon-

|. INTRODUCTION less nights. This feature they share with the EAS radio

The Muon Tracking Detector (MTD) [1], registeringemission. Evident disadvantage of muons is that they
muons above an energy threshold 800 MeV, is one afe less numerous than photons and are therefore subject
the detector components in the KASCADE-Grande EA® large fluctuations. Moreover, being charged particles
experiment [2] operated on site of the Research Centbey are subjected to deflection in the geomagnetic
Karlsruhe in Germany by an international collaboratiofield. Therefore, attempts to use them as an independent
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Fig. 1: Layout of the KASCADE-Grande experiment distribute@othe Research Center Karlsruhe. KASCADE
is situated in the North-East corner of the Center: note the position of the Muon Tracking Detector.

source of information on EAS development were rather
rare in the past, but now, with the development of such
sophisticated detectors as the MTD, they become more
feasible and gain importance. On the other hand, muons
have never been used up to now to reconstruct the
hadron longitudinal development of EAS with sufficient
accuracy, due to the difficulty of building large area
ground-based muon telescopes.

Muons are produced mainly in decay processes of
charged pions and kaons - most numerous products of
the hadronic interations driving the development of EAS.

Vo

tangential\
\

plane . \\

The longitudinal profile of the hadronic cascade depends shower axis
on the primary mass, and thus, can be used for testing o ] )
the hadronic interaction models. Fig. 2: Definition of radial p) and tangential £) angles.

The most straightforward method of investigation of
the longitudinal shower development is to reconstruct i
the muon production heights by means of triangulatidﬁ (_jomlnated by the value of the transverse momentum
[4], [5]. Results of such a research are presented 8f1 Its parent meson.
this conference by P. Doll et al. [6]. The longitudinal
development of a shower has its imprint also in the
lateral distribution of muon densities, presented on this M[Pn:]*
conference by P. tuczak et al. [7]. Here we will show, **f JEPPS S s
that the directional data of muons in EAS obtained with ™ ¢ 2000000l s
the MTD can be used to reconstruct such quantities like *; Ak
radial (o) and tangentialf) angles and, as a next step, %% F N r::;:;i:iﬁ?f A
muon pseudorapidies [8], which are also sensitive to “®F &

F 16 CORSIKA + QGSJetll +
. . £ <+ Fe, 10 "eV
the longitudinal shower development. Therefore they can 30 ¢ - FZ 1017:\/ FLUKA2006
also serve to validate hadronic interaction models used 200 | A H10%ev
in Monte-Carlo EAS simulations [9]. 1000 | 4 H107ev
£ e b e b e b b b e by w0 1
0 0 100 200 300 400 500 600 700 [m]

Il. RADIAL, TANGENTIAL ANGLES, AND MUON o N .
PSEUDORAPIDITY Fig. 3: Lateral distribution of the mean muon production

height (MPH) in vertical showers for the two primary
Investigation of muons registered in the MTD is baseplarticle types and two energies.
on the two ortogonal projections of the muon angle in
space with respect to the shower axis direction, namelyln [8] it was also shown that usingandp one can re-
the radial p) and tangential«) angles. Their definition construct the pseudorapidity of muons in the shower ref-
is given in Fig. 2 and their properties are discussed in [8rence system (z-axis parallel to the shower direction):
Here we remind only, that the value of muon radial angle = - In % where (=/72 + p2. This pseudorapidity is
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Fig. 4: Mean radial angle (a) and mean pseudorapidity (b) of muons registered in the MTD and produced at a
given height above the detector is independent of the primary mass and energy.
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Fig. 5: Reconstructed lateral distribution of the meahRig. 6: Reconstructed lateral distribution of the mean
radal angle compared with CORSIKA simulation resultsnuon pseudorapidity compared with CORSIKA simula-
for proton and iron primaries. Lines are fits to theion results for proton and iron primaries. Lines are fits
simulations. to the simulations.

closely related with the rapidity of parent mesons [10§26|rg;/'a:2\”nsge:;ég:;n(: dilgbfrﬁvueoﬁcs)ni(r:\h:g:,srg\:v;?glglre
thus being a good tool for testing interaction models. 9 pseudorapidity -
parameters sensitive to the longitudinal shower develop-

In Fig. 3 the sensitivity of the MTD to the Iongitudinalment_ Therefore, they can be used to test the hadronic
shower development is demonstrated. At each diStaqﬁ‘?eraction models

to the shower core registered muons have certain average
production height (MPH), being dependent on the type |ll. EXPERIMENTAL DATA AND SIMULATION
of primary and its energy. Muons in proton induced RESULTS

showers are per average produced deeper than in iromrhe MTD data collected in the period from March
showers; with increase of the primary energy mean MP#H04 to November 2008 have been used to reconstruct
moves deeper into the atmosphere. muon mean radial angles and mean muon pseudorapidi-

As it is seen from the CORSIKA [11] simulationties. Vertical showersf(< 18°) with the size Igv, > 6
results shown in Fig. 4 muons from a given productiohave been selected. The fiducial area for core positions
height carry to the observation level a certain meamas: -550 M< Xcore < 50 M and -580 NX Y e <
value of p andn, irrespective to the primary type and20 m.
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Then the lateral distributions of those two quantifrom the shower core are quantities sensitive to
ties have been obtained and compared with the result® primary mass (what was shown also in section II).
reconstructed out of the simulated data for two pri- However, for the investigation of the mass composi-
mary species: proton and iron. The simulations wet®n (e.g. in terms of the determination of thdnA>
done with CORSIKA code using the QGSJETII modgbarameter) with the model combination used in this re-
[12] for high energy interactions above 200 GeV andearch, one should rather wait for the increased statistics
FLUKA2006 [13] below that energy. of Monte-Carlo simulations.

In Fig. 5 experimental and simulated radial angle
lateral distributions are compared. The comparison is
done in limited ranges of muon distances to the core, The KASCADE-Grande experiment is supported by
where the saturation effects (seen below 150 m) afie BMBF of Germany, the MIUR and INAF of Italy,
trigger inefficiencies (seen above 400 m) are not presefite Polish Ministry of Science and Higher Education
The lines are linear fits to the simulation results. Thegrant for 2009-2011), and the Romanian Ministry of
error bars in the simulations are still too large and theducation, Research and Innovation. This work was
number of simulated data will be increased, thus tH@ipported in part by the German-Polish bilateral collab-
results are marked "Pre"minary"_ oration grant (PPP - DAAD) for the years 2009-2010.

We can conclude here that the experimental data is
compatible with the CORSIKA simulations done using . _ _ ,
QGSJETI - FLUKA model combination - data points 1) P Do) e o uetang deecor for e oy sover xper
are in-between the simulated ones. Similar concusiong] m. Bertaina et al. (KASCADE-Grande Coll.)KASCADE-
about intrinsic consistency of these models is found in  Grande: An overview and first results”, Nucl. Instr. and Meth. A
[14]. We can also notice that e_xperiment_al _data_ t_e_nd to 588'N2£g?;a16§t; al. (KASCADE-Grande Coll)’KASCADE-
be positioned closer to the radial angles in iron initiated  Grande: A large acceptance, high-resolution cosmic-ray detector
showers rather than proton ones. up to 10'8 eV”,Nucl. Instr. and Meth. A 518, 2004, 207. _

I Fig 6 lateral distributions of mean muon pseudol® &7 o anc D . ece Eemea compostin of cosnic
rapidity for the same data sets, experimental and simu- showers”, Astropart. Phys. vol. 13, 2000, 137.
lated, are compared. Here, one can also conclude that tf J. Linsley, J.Phys.G:Part.Phys."Thickness of the particle swarm
e?(pe_rim_ental data _points are bra_(:keted by the Sim_UIated {]n E?rfsTeI;i rli%(i;:)Sgiom\,\.l?r'fnyte\:’glr-e%éti)gnsglf ?ElAS observations by
distributions showing compatibility of the simulations  time-track complementarity (TCC)” vol. C 15, 1992, 743.

with the experiment, same as it is in the case of radidb] M.Ambrosio et al.,"Performances of RPC detectors with tracking
; and timing electronics”, Nucl.Instr. and Meth. A 344, 1994, 350.
angles, dlscussed, above. . . . L [6] P. Doll et al., (KASCADE-Grande Coll.),"Muon Production
However, there is one striking difference in this figure  ~ Height and Longitudinal Shower Development’, Proglst
compared to Fig. 5. The data points here are closer to the ICRC, 2009, Lodz, Poland, vol. HE 1.5, these proceedings.

; ; ; 1 P. kuczak et al.,’Lateral distribution of EAS muons measured
proton simulation results rather than to the iron ones, a with the KASCADE-Grande Muon Tracking Detektor", Proc.

it is in the case of radial angle distribution. And for the 315t |CRC, 2009, Lodz, Poland, vol. HE 1.5, these proceedings.
shower sizes in our investigation ohe would really expec[B] J. Zabierowski, K. Daumiller and P. Doll,"Properties of tangential

: ; s atrilag i+ and radial angles of muons in EAS”, Nucl. Phys. B (Proc. Suppl.)
the result being shown by the radial angle distributions vol.122, 2003, 275.

(at primary energies in the region 06'°cV and above [9] J. Zabierowski et al. (KASCADE-Grande Coll.),"Muon Tracking
rather heavier than lighter composition is seen in the in KASCADE-Grande:CORSIKA Simulation Study”, Prae:"

ICRC, Pune, India, 2005, vo.6, 357.
analyses of many other shower parameters). 10] J. Zabierowski et al. (KASCADE Col)Investigation of the

o L [
This difference may be an indication of the features o pseudorapidity and momentum of muons in EAS with the
the models. Mean radial angle distribution (Fig. 5) sug- KASCADE muon tracking detector” Nucl. Phys. B (Proc. Suppl.)
gests that the transverse momentum of pions produ vol. 151, 2006, 291.

h . . . ?ﬂ D. Heck et al.”"CORSIKA” A Monte-Carlo Code to Simulate
in hadronic interactions is reproduced by the models In ~ Extensive Air Showers”, FZKA Report 6019, Forschungszentrum
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Abstract. The KASCADE-Grande Muon Tracking
Detector (MTD) allows to measure with high accu-
racy directions of EAS muons with energy above
0.8 GeV up to 700 m distance from the shower
center. Lateral distribution of muon densities reflects
the longitudinal development of the muonic shower
component, thus comparison of experimental distri-
butions from different detectors, as well as with the
simulated results, allows to check the contemporary
understanding of shower physics. Experimental re-
sults for EAS muons above 0.8 GeV obtained for
the first time with the tracking detector in a wide
range of distances from the core will be shown. They
will be compared with the lateral distributions of
muons above 0.23 GeV, measured with KASCADE
Array muon scintillation counters. Comparison with
the simulation results will also be shown.
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I. INTRODUCTION

Ivestigations of muonic component in Extensive Air
Shower (EAS) is of a primary importance for under-
standing air shower physics. Muons carry to the obser-
vation level nearly undistorted information about their
parent particles: pions and kaons, which are the most
numerous products of hadronic interactions responsible
for the development of the shower in the atmosphere.
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A perfect tool for such investigations is the
KASCADE-Grande EAS experiment [1], being an ex-
tension of the KASCADE experimental setup [2]. It is
a multi-detector system located on site of the Research
Centre (Forschungszentrum) Karlsruhe in Germany at
110 m a.s.l, measuring all three EAS components:
hadrons, electrons and muons (at 4 energy thresholds) in
a wide range of distances (up to 700 m) from the shower
core, and primary particle energies (5x104-10'% eV).
High precision measurements of particle densities and
tracks, the latter by means of a dedicated Muon Tracking
Detector (MTD) [3] - at different energy thresholds
allow to investigate many features of EAS and are the
basis for multiparameter analyses (e.g.: [4], [S]). These
features of KASCADE-Grande make it also to a very
good test field for the development of other shower
detection techniques, like radio detection (LOPES [6]).

II. KASCADE-GRANDE
A. The KASCADE experiment

The KASCADE experiment (Fig.1) consists of several
detector systems. A description of the performance of
the experiment can be found elsewhere ([2]). An array
of 252 detector stations 200 m x 200 m (called the
Array), is organized in a square grid of 16 clusters, and
equipped with scintillation counters, which measure the
electromagnetic (threshold 5 MeV) and in the outer 12
clusters, below a lead iron shielding imposing the energy
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Fig. 1: The layout of the KASCADE-Grande experi-
ment.

threshold of 230 MeV, also the muonic parts of EAS. In
its centre, a 16 m x 20 m iron sampling calorimeter (a
main part of the Central Detector) detects the hadrons
in the shower core [7].

Muon detectors located in the third gap of the
calorimeter provide a trigger for the calorimeter and
additional information about the lateral and time dis-
tribution of muons (above 490 MeV energy) near the
shower core [2], [8]. Underneath the calorimeter two
layers of multi-wire proportional chambers (MWPC) are
used to measure tracks of muons with energy above 2.4
GeV. In the northern part of the KASCADE Array the
128 m? large Muon Tracking Detector is situated.

B. Grande part of the experiment

Grande is an extension of the KASCADE Array.
It is an array of 37 detector stations organized in a
hexagon grid of 18 clusters covering an area of 0.5 km?.
Each station contains 10 m? of plastic scintillators for
registration of charged particles. In the centre there is a
small trigger array of plastic scintillation stations, called
Piccolo, build to provide additional trigger for the MTD
and other KASCADE components.

III. THE MUON TRACKING DETECTOR

The Muon Tracking Detector is installed below
ground level in a concrete tunnel. Under the shielding
of 18 r.l., made out of concrete, sand and iron (Fig.2),
16 muon telescopes (called detector towers) register
tracks of muons which energy exceeds 800 MeV. Each
tower contains limited streamer tube (ST) detector mod-
ules: three horizontal and one vertical. All towers are
connected with a gas supply system, high voltage and
electronic chain readout system.

Each ST chamber houses 16 anode copper-beryllium
wires in two cathode comb profiles, extruded for eight
parallel ST cells of 9x9 mm? cross-section and 4000
mm length.

In the MTD an efficient chain-type readout system
is used. Front-end electronics boards, mounted to the
detector modules are acquiring signals from wires and
strips. Each of three wire and nine strip boards in a
module creates digital signals being used to reconstruct
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the tracks. Information from all modules, under certain
trigger condition, is send to the acquisition system.
Detailed information about the design of the MTD may
be found in [3] and [9].

When a particle is passing through the modules of
the tower it ionizes the gas in the streamer tubes and
a streamer is created. As a result we have a large
increase of charge in a small volume of the tube. This
charge is inducing a certain charge in the aluminum
strips above and below the tubes (perpendicular and
diagonal, 60° with respect to the wires), respectively
(Fig.3). Coincidence of the signal from the wires and
strips in each layer is called a hit. The tracks are
reconstructed out of three or two hits, in three or two
modules, respectively. The algorithm is first searching
for three hit tracks and the remaining hits are used next
to create two hit tracks out of them.

IV. TRACKING MUONS IN EAS

Combined information of the muon tracks, direction
of the shower axis and the shower core position allows
to investigate the muonic component of the EAS more
precisely than it is done with the scintillator array
alone. With the MTD we count muons and, in addition,
have very precise (better than 0.3°) information about
their directions. This allows to investigate the longi-
tudinal development of the muon component, and due
to its close relation to EAS hadrons, the development
of showers themselves. This investigation is done by
studying quantities derived from the experimental data,
like mean muon production height [10] and shower
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muon pseudorapidities [11]. The way shower develops in
the atmosphere (and its muon component in particular)
leaves its imprint in the lateral distributions of muons —
also a subject of our investigations with the MTD data.

V. LATERAL MUON DENSITY
DISTRIBUTIONS

Lateral distribution of EAS particles is an important
characteristic of the shower cascade in the atmosphere.
In particular, such distributions of EAS muons, being
closely related to the hadronic shower component, are
a good tool to test the quality of experimental de-
tector setup and our understanding of shower physics.
Therefore, every EAS experiment, equipped with suffi-
ciently large muon detectors, provides such distributions.
Also KASCADE experiment has done so [4] and first
preliminary distributions from KASCADE-Grande were
reported [12] , [13].

Usually results were obtained with arrays of shielded
scintillator detectors, the most popular device in EAS
experiments. With the MTD in KASCADE-Grande, for
the first time with high angular resolution, it is possible
to obtain lateral distributions of muons registered with
the tracking devices, like limited streamer tube tele-
scopes. Muon numbers (muon densities) are obtained
by counting particle tracks instead of measuring energy
deposits, as it is the case with shielded scintillator arrays.

A. Selection of events

This analysis is based on the showers measured in a
period from March 2004 till November 2008 fulfilling
the following conditions:

1) All clusters in the KASCADE-Grande array and
the MTD work properly,

Reconstruction of shower parameters from Grande
array was succesful,

2)

3) Zenith angle of the shower © < 18° ,
4) Shower core was reconstructed in fiducial
area  where  Xcore € (—550m; 50m) and

Yeore € <*580H1; 20m>

B. Calculation of the number of tracks and the area of
the MTD

The detector area is divided into 30 meter radial
bins around the reconstructed shower core position (see
Fig.4). Muon tracks are reconstructed from hits in two
or three MTD modules and the position of each hit is
known. Distance from the hit in the middle module to
the shower axis is the muon distance.

The area of the detector in each distance bin is calculated
in the following way:

From very precise measurements the position of every
wire pair and perpendicular strip is known. Point where
the wire pair is crossing the perpendicular strip is a
centre of a basic detection unit (cell) in the MTD. Each
cell has constant area of ~ 4 cm?. Distance of each cell
to the shower axis is being calculated and the number of
cells is accumulated in each distance bin. This number
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of cells gives information about the detector area in that
bin. The number of muon tracks in each distance bin
is corrected for the reconstruction efficiency. The track
reconstruction efficiency is calculated from the following
formula (1):

1

€= ————
Niro
L+ 3-Nir3

ey

where Ng.o and Ny.3 are two and three hit tracks
respectively. Becasue of reconstruction procedure two
and three hit tracks are not independent and it is
necessary to introduce a proper correction factor k,
given by the formula (2):

B 1
3.3 42-¢2
Typicaly €e = 0.74 and k = 0.4
The density p; in each distance bin is calculated as
a sum of all muons from all showers corrected for
reconstruction efficiency being divided by detector area
corrected for zenith angle (Ay;rp).

N J J
Zj:l(NtT2 + Ntr3) k
N, 4.

Zj:l ANirp
where ¢ is distance bin number, N, is number of

showers, A%/, is detector area in ‘" distance bin for
4t shower.

@)

pi = 3)

In Fig.5 the preliminary results for the lateral muon
density distributions are presented in four muon size
bins: from Ig(N,)>4.9 to Ig(N,)<6.1. N, is derived
from muon densities measured with KASCADE muon
detectors and the above mentioned range roughly cor-
responds to primary energies from 10'¢ eV to 107 eV.
Together with the MTD results, represented by symbols,
the lateral distributions based on the number of muons
reconstructed out of energy deposits in shielded plastic
scintillators of the KASCADE Array (represented by
lines) are given. One can notice that the presented
distributions can be compared in limited distance range
(marked by full symbols and solid lines for the MTD
and KASCADE distributions respectively). It is due to
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Fig. 5: Lateral muon density distributions obtained with
the MTD (symbols) and with the KASCADE Array
muon detectors (lines) in four muon size bins (see text).

saturation effects in the MTD when the core of the
shower, initiated by high energy particle, is close to the
detector. At large distances the experimental setup is not
able to provide an efficient trigger. The absolute values
of muon densities for both muon energy thresholds
(230 MeV for the KASCADE Array and 800 MeV for
the MTD) are still preliminary. Systematic uncertainties
(e.g shower and track reconstruction accuracies) and
efficiency corrections are under investigation. However,
general shape of the distributions has been already
established. It can be fitted with a Lagutin-like function
(4) [15],[16]. In case of the lower energy muons the
function is of the form :

fr)

0.28 752 (r/ro) ™" (14 7/mg) >
x (14 (r/(10-70)) %) @

where 79=320 m. For the higher energy muons regis-

tered by the MTD the distribution is steeper and can be
described by similar Lagutin-like function where r¢ is
smaller.

In Fig.6 comparison of the MTD distribution with
CORSIKA [14] simulations of proton and iron primaries
is shown. In muon size bin 1g(N,) from 4.9 to 5.2 the
data are between simulations. In higher bins (Ig(N,)
from 5.2 to 6.1) the data, in the distance ranges where the
MTD results can be compared with KASCADE, seem to
lie on top of iron distributions. Close and far away from
the shower core the data points have tendency to lie on
top of proton distributions. This is due to differences in
track reconstruction in data and simulations. However,
within our accuracies, the experimental distributions are
in a good agreement with simulations.
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Abstract. A large area (128 m?) Muon Tracking detection of fluorescence light. Muon tracking allows to
Detector (MTD), located within the KASCADE ex- study the angular correlation of the muons with respect
periment, has been built with the aim to identify to shower axis and,therefore, hadronic interactions in
muons (£, > 0.8 GeV) and their directions in exten- shower development by means of the muon pseudorapid-
sive air showers by track measurements under more ity [6]. Already in the past, analytical tools have been
than 18 r.l. shielding. The orientation of the muon developed which describe the transformation between
track with respect to the shower axis is expressed in shower observables recorded on the observation level
terms of the radial- and tangential angles. By means and observables which represent directly the longitudinal
of triangulation the muon production height H,, is shower development [4]. Fig. 1 shows the experimental
determined. By means ofH,,, a transition from light  environment. Measured core position distributions for
to heavy cosmic ray primary particles with increasing showers inside KASCADE range from 40 m-140 m

shower energyFE, from 1-10 PeV is observed. and inside Grande from 140 m-360 m. These core
Keywords: KASCADE-Grande: Muon Production positions stay away from the MTD more than 40 m for
Height KASCADE for shower energies- 10*°eV — 10!6-%eV
and more than 140 m for Grande for shower energies
. INTRODUCTION ~ 1016eV — 10'75eV. Such shower core distribution

Muons have never been used up to now to reconstrdot Grande covers almost full trigger efficiency in the
the longitudinal development of EAS with sufficientGrande specific energy range as confirmed by investiga-
accuracy, due to the difficulty of building large aredions of muon lateral density distributions as shown in
ground-based muon telescopes [1]. Muons are prbig. 5 in the contribution by P. Luczak to this ICRC2009
duced mainly by charged pions and kaons in a wid&].
energy range. Usually they are not produced directly
on the shower axis. Multiple Coulomb scattering in the Il. MUON PRODUCTION HEIGHT
atmosphere and in the detector shielding may changeUsually, X,,.,.. is the atmospheric depth at which
the muon direction. It is evident that the reconstructiothe electrons and photons of the air shower reach their
of the longitudinal development of the muon componemhaximum numbers and is considered to be mass A
by means of triangulation [2], [3] provides a powerfukensitive [8]. Concerning muons which stem dominantly
tool for primary mass measurement, giving an infofrom 7+ decays, the corresponding height where most
mation similar to that obtained with the fluorescencemuons are created may also provide a mass A and
technique, but in the energy range not accessible by theergy sensitive observable. Faf,, .., Matthews [9]
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Fig. 1. Layout of the KASCADE-Grande experiment distributed ovefig. 2. Muon production height distributions for different muon

Research Center Karlsruhe. KASCADE is situated in the North-Eaglze pins and differenty(N,,)/lg(N.) ratio above (light) and below
corner of the Center: note the position of the Muon Tracking Detect@heavy) the solid line in Fig. 5. Colors emphasize the strong mass
(MTD) dependence.

in a phenomenological ansatz gives for the e.m. part thge shower development leads also to various fluctua-
elongation rate of- 60 gern™2 per decade which is in tigns in those shower parameters.

2) ??}3‘1@?rr‘é‘]?mg]‘tr";"tgr?s'rgfufllat'onSXFpor ﬂsig}?lve(lzf For the following analysis the elongation rate was
(X radiatioﬁ Iengthrzn air) ntlﬁéreforg{w froomniron given the va]ue?O gem * per dec,ade |n, A
\Ro , ' | Symaz After subtracting from each track the 'energy’ dependent
induced showers isv 150 gem ™2 higher thanX,,.. penetration depth
from induced proton showers at all energies. With the
integral number of muons for a proton or nucleus AgA — 1, — 70gem~2lg(N'") + 20gem~2lg(N.) (3)
induced shower: g g
the remaining deptti/# may exhibit the mass A depen-

Nu~Ej o N/f ~ A(E4/A) (1) dence. Note the relation Ig() = 1g(V,.) - 0.55 which
connects the ’truncated’ muon number in KASCADE
recorded showers to their total muon number. Under this

relation Ig(]\ff) from KASCADE maitches the Ig(}y

we assume thatH,) exhibits a similar Ig(2y) and
lg(N))") dependence as\,... Note however,(H,),
because of the long tails in thé,, distribution towards . .
large heights can be systematically higher than the mugﬂm Grande |_n the. overlap region. . )
production height, where most of the muons are created' "€ correction with the electron sizg(N.) in equa-
in a shower. Some energetic muons may stem from tfan (3) should be of opposite sign because of fluctua-

first interaction and survive down to the MTD detectoFIonS to larger size for this variable (.. also fluctuates

plane. The almost mass A independent energy estimat@rarger values). S
in equation (2) was employed. Investigating in a closer look the distribution of the
parameters, Fig. 2 shows, [km] distributions for fixed

lgEo[GeV] = 0.191g(N,) + O.7919(fo) +2.33 (2) muon number bins which vary with shower energy.
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In Fig. 3 simulated muon production height distribu-
CORSIKA + QGSJetll +FLUKA 2006 tions are shown for different experimental configurations
within the geometry of KASCADE (80 m-120 m) and
within the geometry of Grande (150 m-400 m). Simu-
lation were done with the CORSIKA code [10] using
the QGSJETII model [11] for high energy interactions
above 200 GeV and FLUKA2006 [12] below that
. energy. Because of the shift between Ig(Vand Ig(N,)
Oi‘n’]\wm‘H\mmm\w\wmm\w both distributions should be very similar. When com-
02 © P 4.75 < 1g(N,) < 5.00 paring the simulated distributions to the corresponding
- e Fe e distributions in Fig. 2, a longer tail towards larger muon
production height is observed in the simulations. These
tails may stem from more abundant muon production at
150m-400m high altitudes and appear also in terms of pseudorapidity
E (see Fig. 4 in contribution to this conference by J.
01“23‘4‘5‘6‘7‘é9 Zabierowski [5]) at large pseudorapidity values.
In Fig. 2 the muon production heights, are plotted
h, tkm] for light and heavy primary mass enriched showers,
employing thelg(N,)/lg(N.) ratio to be larger or
smaller than 0.84 as indicated by the solid line in Fig.
Fig. 3. Simulated muon production height distributions for differenb. The distributions exhibit a striking dependence on the

muon size bins and the KASCADE (80 m-120 m) and Grande (150 npsi it ;
400 m) experiment components. Note the relation IO Ig(,) - "Brimary mass range. Further, it is known from earlier

0.55 which connects the ‘truncated’ muon number in KAScapestudies, that thég(Ne) parameter _eXh”?itS ﬂU_Ctuation_S
registered showers to their total muon number. to large values in agreement with simulations while

the Ig(N/") parameter exhibits little fluctuations. In
contrary, theH,, parameter in Fig. 4 is fluctuating to
large heights i.e. smaller values (gz7). Therefore, we
may argue that the fluctuations in the correctionsHor

for the elongation rate (equation (3)) will cancel to some

o
N

2F 0 P 4.25<Ig(Ny) < 450
- e Fe

rel. yield

0.1

gr_{“zmﬂmm p=0-8deg 'T'<D°:tjeg extent and, therefore, the resulting mass A dependent
so00 'gf040°1:§5 e muon production heith;j‘ represents a stable mass A
 180.25.9° observable.
5000 4 259-323° Fig. 5 shows the regions of different mass A de-
4000 ) pendent mean muon production heigi:) in the 2-
3000 12km

e parameterlg(N.) — lg(N,) space.H/f‘ in Fig. 5 is
2000 ..°:_.“- ‘ the mean(H{}> per shower and calculated from all

4 muon tracks in the MTD. The picture shows regions
of distinct (H') in a colour code with ad0 gem 2

0 200 400 600 800 Hy [g/cm?]

step size. The borders between different regions are for
some cases marked with lines which exhibit a slope in
the lg(N.) —lg(N.") plane. While in the middle of the
distribution the slope confirms the previously employed
= slopelg(N,) = 0.84(£0.01)lg(N.) for selecting light
[ 1oN40425 g Data or heavy primary particles, modified slopes may be
0°F ) . recognized for regions away from the middle of the
® 0.0-18.0 . .
m18.0-25.9° ridge. The slope for th&00 gem =2 line comes close
107} A-m - 4259323 to the slope of the air-shower simulations employed in

[13]. Note also that the number of tracks increases with
energy and exhibits a specific mass A dependent rise,
which is under study.

The lines obtain their slope from the muon number-
energy relation in equation (1) combined with equation
(2). There, the exponent is according to ref. [9] con-
nected to the amount of inelasticity(fraction of energy
Fig. 4. (Top) Yield of shower sizdg(N.) distributions for 3 used up forr production) involved in the processes of
different angle (degree) bins. (Bottom) Yield of muon productiothe A-air collisions. A comparatively steeper slope=
depth distributions for 3 different angle (degree) bins. (1—0.14x) [9], corresponds to an increased inelasticity.
The correction in equation (3) depending of(V.)

5 525 55 575 6 625 65 6.75 IgNe
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which will be further investigated using improved energy
estimators. Systematic errors dominate the low and high
energy bins for KASCADE and Grande, respectively,

are subject of further investigations. In the KAS-

CADE analysis the detection threshold of the MTD may
be effective and a fraction of tracks may be missing
leading to a light particle mass interpretation. For the
large Grande geometry some flux loss for low energy
muons may lead to a bias towards large primary mass.

IIl. CONCLUSIONS

Triangulation allows to investigaté,,. Future analy-
sis of other shower angle bins and a larger and improved

quality data sample will provide a more detailed infor-

Fig. 5. Effective muon production depﬂiﬁ‘ represented by varying
contour scale in the 2-parameter presentafigfiVe) — lg(N,,) for

mation on the nature of high energy shower muons.

0° — 18°. Pictures are overlayed for separate KASCADE and Grand®lSO muon multiplicities provide valuable parameters

analyses, respectively.

to derive the relative contributions of different pri-

mary cosmic ray particles. A natural extension towards
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even larger shower energies is provided by KASCADE-
Grande [14]. There is a common understanding that the
high energy shower muons serve as sensitive probes to
investigate [5], [6] the high energy hadronic interactions
in the EAS development. Very inclined muons which can
be studied with tracks recorded by the wall modules of
the MTD are currently of vital interest.
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(1]

and lg(N/") was found appropriate to get the slope[2]
of the H;! profile in the 2-parametely(N.) — lg(N,) B
presentation (Fig. 5). Differences between two differenm
models in ref. [13] amount to abo@d gem =2 on the
H scale. (5]
Sorting thelg(N.) — lg(N.") events by their range [6]
in H;‘ and employing for the same event the almost
mass A independent equation (2) for KASCADE and a
corresponding equation for Grande [15] foi, [GeV], (7]
energy spectra are obtained and shown in Fig. 6. Sofar,
no explicit mass range assignment is given as would bé!
motivated by the equatio;},, = X5, — Xoln(4). (g
The spectra in Fig. 6 together with their preliminary10]
error estimations are almost model independent. T
error estimations are obtained by varying the effective
muon production depti intervals by20 gem=2. The [12]
preliminary spectra reveal distinct features. While th
low 'mass’ spectra show a rapid drop with increasingy)
shower energy, the medium 'mass’ and heavy 'masg5]
spectra seem to overtake at large primary energy. TE%]
all-particle spectrum exhibits a somewhat steeper slope
than the all-particle spectra compiled by A.Haungs [16]
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Abstract. The lateral distributions of EAS particles particles; information concerning the complete distribu-
are affected by various kinds of azimuthal asymme- tion is obtained by using lateral distribution functions
tries, which arise from different effects: Geometric (LDFs) fitted to the measured data. The commonly
effects of mapping the horizontal plane observations used LDFs assume that the particle density possesses
onto the shower plane, different attenuation of par- axial symmetry in the normal plane. This assumption
ticles on different sides of inclined EAS and the greatly simplifies the problem of fitting the LDFs, but
influence of the geomagnetic field on the particle its validity should be investigated, especially in the
movement. A procedure is described of minimizing case of arrays which only sample a limited part of the
the effects of azimuthal asymmetries of lateral den- azimuthal dependence of the particle density. The bias is
sity distributions. It is demonstrated and discussed more important for inclined showers and in the case of
in context of practical cases of data reconstruction observables evaluated far from the core, e.g. the density

by KASCADE-Grande. at 500 m, which can be used as an energy estimator
Keywords: Extensive air showers; lateral density [3]. In this context the purpose of this work is to study
distribution; azimuthal asymmetry the asymmetry of the reconstructed particle density in
the range of the KASCADE-Grande experiment and to

l. INTRODUCTION propose practical methods to restore the symmetry in the

A crucial observable for the reconstruction and analyatrinsic shower plane.
sis of Extensive Air Showers (EAS) [1] is represented by
the lateral distribution of the EAS particles evaluated in
the intrinsic shower plane, hereafter called normal plane.In the absence of the Earth’s magnetic field the LDF
In the case of ground arrays like KASCADE-Grande [2df shower particles would possess symmetry around the
this observable is obtained first by converting (by thshower axis. Consider an inclined shower and assume for
use of appropriate Lateral Energy Correction Functiontie moment that shower evolution in the vicinity of the
LECF) the detector signals in particle densities evaluatgdound is negligible. Then in the simplified description
in the horizontal plane. In a second step the density of shower particles coming on the surface of a cylinder
the horizontal plane is mapped into the normal plarementered on the shower axis elementary geometrical
by applying specific projection techniques. Typicalleffects would distort the LDF in the horizontal plane;
the detectors sample only a small fraction of the EA& simple orthogonal projection of the observed densities

Il. BASIC ORIGIN OF ASYMMETRY
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Fig. 1: Charged particle density in the horizontal planEig. 2: Electron density reconstructed in the normal
(CORSIKA) and in the normal plane (by orthogonaplane using the three projection methods, together with
projection). Coordinate systemt = 0° in the late the density corrected as detailed in Section IV.
region,¥ = 90° along the intersection of the horizontal
plane with the normal plane.

The showers were produced by CORSIKA version 6.01

[9] in the absence of the magnetic field of the Earth.
from the horizontal plane to the normal plane would Clearly the simple model of shower particles coming
restore the symmetry. If the shower particles wouldn cylindrical surfaces with negligible shower develop-
come on a surface of a cone, then the simple orthogomaént in the vicinity of ground is contradicted by shower
projection would not completely restore the symmetrgimulations. Indeed, the orthogonal projection of the
because the particles would be projected outwards fradensities from the horizontal plane into the normal plane
the core with respect to their real trajectory in the regiotioes not restore axial symmetry (Figure 1).
above the shower axis and towards the core in theTo investigate further the role played by the imper-
opposite region. In the normal plane in a given radidéction of the method of orthogonal projection (Method
bin the error of the reconstructed number of particlek) and of the shower evolution we applied two other
depends on the balance between the number of partichesthods of mapping the particle impact point from the
that are artificially projected into that bin and the numbédrorizontal plane to the normal plane: projection along
of particles that are artificially removed from the bin du¢he particle momentum when it reaches the ground
to this imperfection of the orthogonal projection. As §Method 2) and a method based on triangulation using
result, close to the core, the reconstructed density in tharticle arrival time and assuming that the particles have
region above the shower core is artificially decreasdsben produced close to the shower axis (Method 3) [10].
and it is artificially increased in the opposite region. Faviethod 2 would be rigorous if the interactions in the
from the core the effect is reversed. space between the horizontal plane and the normal plane

In fact shower evolution should also be taken intavould be negligible, while Method 3 requires negligible

account. Due to shower development, the particles hibteractions along the complete trajectory of the particle.
ting the ground below the shower axis (the early reFhe results demonstrate that shower evolution has an im-
gion) represent an earlier stage of shower developmeartant contribution to the asymmetry of LDF, especially
with respect to the shower particles coming above thethe case of the electron component (Fig. 2). In the case
shower axis (the late region). This evolution additionallgf the muon component the three methods give almost
distorts the symmetry around the shower core, for e.gimilar results between each other and the amplitude of
the particles from the late region have traveled longéhe early-late variation is smaller, e.g. it is 14% while
paths than the particles from the early region and afer electrons it is 72% in the same conditions (Fig. 2).
more attenuated [4], [5], [6]. The magnetic field of the
Earth, producing asymmetry also for vertical showers, is
especially important when the densities of particles of Along the intersection of the horizontal plane with
opposite charge are compared [7], [8]. the normal plane ¥ = 90° and ¥ = 270°) the

imperfections of the projection method have minimal
I1l. PROJECTION IN THE INTRINSIC SHOWER PLANE  gffects; also shower development between the two planes

In this work we analyzed proton and Fe induced negligible. The density(r, ¥) in the normal plane at

showers with energy E=10, 1.7810'7, 3.16:10'” and other azimuth angles differs from the density.s(r)
5.62-10'7 eV and incidence angl®=22, 30 and 4% at the same radial distance afd= 90° or ¥ = 270°
proton showers with an extended range of angBs22, due to the imperfections of the projection method and to
30, 45, 55 and 69 were also studied for E=1D eV. shower evolution. The magnitude of the effects should

IV. CORRECTION FUNCTION
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Fig. 6: Comparison of the reconstructed density in the
ca® of showers with the core in the Northern area of
Grande with the reconstructed density in the case of
showers with the core in the Southern area of Grande

Fig. 4: Attenuation coefficient for the electron compo
nert

depend on the distance between the corresponding
points in the normal and horizontal planes. The de-
pendence of the_ average density oris app.rOX|mat.ed The application of the correction procedure greatly
by an exponential functionexp(—Az). In Fig. 3 this o 6cthe asymmetry of lateral distribution (Fig. 2). In
dependence is represented for the case of muons. order to test the applicability to the KASCADE-Grande
The values of\ incorporate both the attenuationexperiment, a proton induced shower with E=3.18"

by shower development and the distortions due to td/, © = 45° incident from North, was repeatedly
projection method. The results show thatdepends positioned with the core in various points in the North-
mainly on the angle of the shower axis. The systematizn part of KASCADE-Grande, so that most of the
dependence on the primary energy or composition is leGsande detectors were located in the late region of
obvious; certainly the sensitivity to these parameters tilse shower development. The energy deposition in the
small. A more refined study [11], [12] shows that the&letectors was realistically simulated, then the density
imperfections of Method 1 induce a slight dependende the observation plane was obtained by applying an
of X\ on the radial distance from the core: it decreaseppropriate LECF. The density in the normal plane
when the radial coordinate increases from 0 to about 2@@s reconstructed using the Method 1 of projection.
m and then remains practically constant. In Figs. 4 arithe same procedure was applied for a second set of
5 this asymptotic value of in each set of simulated results, obtained in the case when the same shower was
showers is represented for the case when Method 1 wageatedly positioned with the core in various points in
applied for projection. the Southern part of the KASCADE-Grande, so that now

V. RESULTS
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As can be seen in Fig. 7 the corrections are impor-
tant, especially at large radial distances. The difference
between the mean density at 500 m in the two cases
was 23% when the corrections were not applied and
negligible when the corrections were applied [11]. After
applying the correction method proposed the recon-
structed density in the case of the set of showers with
the core located in the Northern part of the Grande
array does not differ significantly from the reconstructed
density in the case of the set of showers with the core
located in the Southern part of the array (Fig. 8).

Similar results were obtained in the case of a Fe
shower with E=5.6210'7 eV, © = 45°.
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Abstract. Quantitative tests of hadronic interaction calculate the development of extensive air showers, such
models are described. Emphasize is given on theas the program CORSIKA [2].
models EPOS 1.61 and QGSJET II-2. In addition,  The test of interaction models necessitates detailed
a new method to measure the attenuation length of measurements of several shower components. The KAS-
hadrons in air showers is introduced. It turns outthat CADE experiment [3] with its multi-detector set-up,
this method is in particular sensitive to the inelastic registering simultaneously the electromagnetic, muonic,

cross sections of hadrons. and hadronic shower components is particularly suited
Keywords: air showers, hadronic interactions, for such investigations. The information derived on
KASCADE-Grande properties of high-energy interactions from air shower
observations is complementary to measurements at ac-
. INTRODUCTION celerator experiments since different kinematical and

Measurements of air shower detectors are usualiyergetic regions are probed.
interpreted with an air shower model to obtain physical In the energy range of interest, namelp'* to
properties of the shower inducing primary particles.0'” eV, the composition of cosmic rays is unknown.
Modern detector installations, such as the KASCADEFherefore, primary protons and iron nuclei are taken
Grande experiment comprise well calibrated particles extreme assumptions and corresponding predictions
detectors installed with high spatial density. The sysre calculated for different interaction models. The mea-
tematic uncertainties are dominated by uncertainties sfired data should be in between the results for the
the models used to interpret the data. For air showextreme assumptions. If the data are outside the proton-
interpretation the understanding of multi-particle proiron range for an observable, this is an indication for
duction in hadronic interactions with a small momenturan incompatibility of the particular hadronic interaction
transfer is essential [1]. Due to the energy dependent®del with the observed values.
of the strong coupling constant,, soft interactions
cannot be calculated within QCD using perturbation
theory. Instead, phenomenological approaches have beeKASCADE consists of several detector systems [3].
introduced in different models. These models are the 200 x 200 m? array of 252 detector stations, equipped
main source of uncertainties in simulation codes twith scintillation counters, measures the electromagnetic

Il. EXPERIMENTAL SET-UP
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Fig. 1: Number of electrons as predicted by the hadrorfidd. 2: Hadronic energy sum as predicted by the hadronic
interaction models QGSJET 1I-2 and QGSJET 01 dsteraction models QGSJET II-2 and QGSJET 01 as
function of shower energy. function of shower energy.

and, below a lead/iron shielding, the muonic parts of aforrelations for the version DPMJET 2.5 [24], while the
showers. An iron sampling calorimeter o6 x 20 m? newer version DPMJET 2.55 is found to be compatible
area detects hadronic particles [4]. It has been calibratééth air shower data [10].

with a test beam at the SPS at CERN up to 350 GeV Presently, the most compatible predictions are ob-
particle energy [5]. For a detailed description of thé&ined from the models QGSJET 01 and SIBYLL 2.1.
reconstruction algorithms see [6].

The shower simulations were performed using COR-
SIKA. Hadronic interactions at low energieB) < 80 Recently, predictions of the interaction model
and 200 GeV, respectively) were modeled using tHePOS 1.61 [25], [26], [27] have been compared to KAS-
GHEISHA [7] and FLUKA [8], [9] codes. Both models CADE air shower data [12]. This model is a recent de-
are found to describe the data equally well [10]. Highvelopment, historically emerging from the VENUS and
energy interactions were treated with different modeNdEXUS codes. The analysis indicates that EPOS 1.61
as discussed below. In order to determine the signalsdglivers not enough hadronic energy to the observation
the individual detectors, all secondary particles at groufvel and the energy per hadron seems to be too small.
level are passed through a detector simulation progrartost likely, the incompatibility of the EPOS predictions
using the GEANT package [11]. For details on the evefitith the KASCADE measurements is caused by too
selection and reconstruction, see Ref.[10], [12], [13]. high inelastic cross sections for hadronic interactions
implemented in the EPOS code.

These findings stimulated the development of a new

Several hadronic interaction models as implementegrsion EPOS 1.9 introduced at this conference [28].
in the CORSIKA program have been systematicall€orresponding investigations with this new version are
tested over the last decade. First quantitative tests [1dhder way and results are expected to be published soon.
[15], [16] established QGSJET 98 [17] as the most
compatible code. Similar conclusions have been drawn V. HADRONIC MODEL QGSJET II
for the successor code QGSJET 01 [10]. Also predictions of QGSJET II-2 [29], [30], [31] have

Predictions of SIBYLL 1.6 [18] were not compatiblebeen investigated. As discussed above, QGSJET 01 is
with air shower data, in particular there were strong ifound to be the most reliable interaction code. Thus,
consistencies for hadron-muon correlations. These finid- the following, it serves as reference model and the
ings stimulated the development of SIBYLL 2.1 [19]results can easily be compared to previous publications
This model proved to be very successful, the predictiofis6], [10]. The simulations for primary protons and
of this code are fully compatible with KASCADE airiron nuclei predict about equal numbers of muons as
shower data [20], [21], [10]. function of energy for QGSJET Il and for QGSJET 01.

Investigations of the VENUS [22] model revealedQGSJET Il predicts about 20% to 25% more electrons
some inconsistencies in hadron-electron correlations observation level at a given energy for both primary
[16]. The predictions ofNEXUS 2 [23] were found to species relative to QGSJET 01, see Fig.1. Also the
be incompatible with the KASCADE data, in particularnumber of hadrons at ground level at a given energy is
when hadron-electron correlations have been invedirger by about 30% to 35% for proton and iron induced
gated [10]. showers. The hadronic energy sum and the maximum

Analyses of the predictions of the DPMJET modehadron energy registered at observation level are shown
yield significant problems in particular for hadron-muoim Figs. 2 and 3, respectively. The values predicted using

IV. HADRONIC MODEL EPOS

IIl. EARLIER TESTS
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Fig. 4: Relative difference to measured values of In summary, the investigations reveal incompatibil-
the hadronic energy sum as predicted by the modelies in the hadron-electron correlation for the model
QGSJET II-2 and QGSJET 01. QGSJET II-2.

VI. ATTENUATION LENGTH

QGSJET Il exceed the ones from QGSJET 01 by aRecently, a new method to determine the attenua-
significant amount (up tex 40%), as can be inferred tion length of hadrons in air has been introduced, see
from the figures. Ref.[13]. The energy absorbed in a material within
The predicted values have been compared to measugedertain atmospheric depth is used to define an
data. Investigating the hadronic energy sum and the maittenuation length. In this new approach we use the
imum hadron energy as function of the registered mugfumber of electronsV, and muonsN,, to estimate
number indicates that the predictions for QGSJET the energy of the shower inducing primary partiég.
are compatible with the measurements. The measurglfe energy reaching the observation level in form of
values are in between the predictions for the extremgdronsy” £y is measured with the hadron calorimeter.
assumptions for proton and iron induced showers. Alsthe fraction of surviving energy in form of hadrons is

the correlation between the hadronic energy sum adéfined ask = 3 Ey/Ep. The attenuation length g
the number as hadrons as well as the maximum hadrgnthen defined as

energy and the number of hadrons are compatible with X X
the measurements. YEy = Eyexp (——) or R =exp (——) (1)
The situation is different for the correlation between B B

the hadronic energy sum and the number of electrorig, contrast to methods using the electromagnetic shower
see Fig.4. The figure displays the relative deviation @omponent, the present work focuses directly on mea-
the predicted values from the measured values, i.e. therements of hadrons to derive an attenuation length for
quantity (> Esim — S Emeas) /S~ pmeas js shown. this shower component. The values obtained are not a
That means the data are at the "zero line”. The predipfiori comparable to other attenuation lengths, given in
tions of QGSJET 01 are compatible with the data, sindke literature since they are based on different defini-
the values bracket the zero line. On the other hand, ttiens. It should be noted that the experimentally obtained
predictions of QGSJET Il are above the zero line faattenuation length is affected by statistical fluctuations

55



4 J.R HORANDEL FOR KASCADE-GRANDE - HADRONIC INTERACTIONS

the simulations.

VIl. CONCLUSIONS

Quantitative tests of hadronic interaction models im-
plemented in the CORSIKA program have been per-
formed with KASCADE-Grande air shower data in the
energy rangel0'* — 10'7 eV. They indicate that the
model EPOS 1.61 is not compatible with air shower
data — the new version EPOS 1.9 is presently under
investigation. Predictions of the model QGSJET II-2,
in particular the hadron-electron correlations are not
compatible with measured values. Presently, the most
consistent description of all air shower observables
as obtained by the KASCADE-Grande experiment is
achieved by the interaction models QGSJET 01 and
SIBYLL 2.1.

The newly introduced method to measure an attenua-
tion length of hadrons is in particular sensitive to inelas-
tic hadronic cross sections applied in air shower simula-
tions. A comparison of values predicted by QGSJET 01
to measured values suggests that the inelastic cross
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Fig. 6: Attenuation length\g as function of estimated [6]
primary energy. The light and heavy groups in th g
measurements are compared to simulations for primary
protons and iron-induced showers using CORSIKA with9]
the hadronic interaction model QGSJET Q&g and a [1(1)}
modified version with lower cross sections and highér
elasticity pottom model 3a in Ref.[32]). [ig]
14
[15]

Energy Ig(E,) [GeV]

during the development of the showers. However, in thes)
present work we do not attempt to correct for this effecil?]

Measured values okz are shown in Fig. 6. Using a[1g]
cut in theN. — N, plane the data have been divided intd.9]
a "light” and "heavy” sample, the corresponding value
for A\ are depicted as well in the figure. Also predicf1]
tions of air shower simulations for primary protons and
iron nuclei, using the interaction code QGSJET 01 andl
modified version with lower cross sections (model 3a ip4)
Ref. [32]) are shown. A closer inspection reveals that &b]
high energies the g values of the "light” data selection 26
are greater than the values for proton induced showgssg
according to QGSJET 01. This is an unrealistic behavid?8]
Lowering the inelastic hadronic cross sections by abo 5]
5% to 8% changes the situation, see lower panel. Thg)
predicted values for protons are now above the values 8kl
the "light” selection. This demonstrates the sensitivity O[Ez]
the observable p to hadronic cross sections applied in
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sections in QGSJET 01 are slightly too large. A version
with 5% to 8% smaller cross sections is more compatible
with the measurements.
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Abstract. The lateral distribution of the radio signal
in air showers measured with LOPES is studied
in detail. The antenna array LOPES is set up
at the location of the KASCADE-Grande exten-
sive air shower experiment in Karlsruhe, Germany
and aims to measure and investigate radio pulses
from Extensive Air Showers. The antennas have an
absolute amplitude calibration. This allows us to
reconstruct the electric field strength at observation
level in dependence of general EAS parameters. The
lateral distribution of the measured electric field
strengths in individual EAS can be described by an
exponential function. The estimated scale parameters
describing the slope of the lateral profiles are in
the range of 100m to 200m, and no evidence for
a correlation with shower parameters like azimuth
or geomagnetic angle, or primary energy could be
found. This indicates that the lateral profile is an
intrinsic property of the radio emission during the
shower development. For about 20% of the events
a flattening towards the shower axis is observed,
preferentially for showers with large inclination angle
and when measured close to the shower center. The
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measured lateral distributions are compared on an
event-to-event basis with expectations of detailed
Monte-Carlo simulations using the REAS2 code.

Keywords: extensive air showers, radio emission,
lateral distribution

I. INTRODUCTION

In the present study we investigate in detail the
lateral profile of the radio signal as measured by
LOPES [1]. Due to a precise amplitude calibration [2] of
each individual antenna and the event information from
KASCADE-Grande [3], [4], this is possible on an event-
by-event basis with high accuracy. Such investigations
are of great interest as the lateral shape defines the
optimum grid size for a radio antenna array in a stand-
alone mode. Of particular interest is the scale parameter
which describes the amount of the signal decrease with
distance from the shower axis and the dependence of
that parameter on characteristics of the primary particle.
In addition, simulations have shown [5], that the lateral
shape is related to important physical quantities such as
the primary energy or the mass of the primary.
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Fig. 1: Sketch of the KASCADE-Grande — LOPES
experiments. The dotted line shows the area used for
the present analysis.

The LOPES short dipole antennas (LOPES30), posi-
tioned within or close to the original KASCADE array
(fig. 1), operate in the frequency range of 40 — 80 MHz
and were all (for the period used in this analysis) aligned
in east-west direction, i.e. they are mainly sensitive to the
linear east-west polarized component of the radiation.
This layout was in particular chosen to provide the
possibility for a detailed investigation of the lateral
extension of the radio signal as it has a maximum
baseline of approximately 260 m.

II. DATA PROCESSING

The data triggered by KASCADE-Grande and
recorded by LOPES30 are first generally processed in
order to get a calibrated, average field strength value
of the received, coherent radio signal, the CC-beam
value [6], [7].

The analysis of the data using this CC-beam is based
on the RFI cleaned raw data. However, the sampling of
the data is done in the second Nyquist domain and a
reconstruction of the original 40-80 MHz signal shape
is needed to investigate the radio emission properties
in more detail, i.e. on basis of single antennas. There-
fore, an up-sampling of the data on a single antenna
basis is performed (by the zero-padding method applied
in the frequency domain) resulting in a band limited
interpolation in the time domain [8] to reconstruct the
original signal form between the sampled data points
with 12.5 ns spacing.

After applying the up-sampling the radio signals can
be used to reconstruct the electric field strength in each
individual antenna. The systematic uncertainty of these
field strengths includes a contribution of the noise level,
which is estimated by a calculation using a time window
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Fig. 2: Lateral distribution reconstructed from single
antenna signals, shown for an individual shower.

(520 nanosecond width) before the actual radio pulse
from the shower.

III. LATERAL DISTRIBUTION OF THE RADIO SIGNAL

For the analysis of lateral distributions of the ra-
dio emission in individual events 110 showers with a
high signal-to-noise ratio were selected. The selection
requires clear radio signal in all participating anten-
nas and a successful reconstruction of the shower by
KASCADE-Grande. To reconstruct the lateral distribu-
tion of the radio field strength, the distance of the
antennas to the shower axis is obtained with help of
the reconstructed shower parameters from KASCADE-
Grande. To investigate the lateral behavior of the radio
signal an exponential function € = €g-exp (—R/Ry) was
used to describe the measured field strengths e. The fit
contains two free parameters, where the scale parameter
Ry describes the lateral profile and ¢g the extrapolated
field strength at the shower axis at observation level.
An example of an individually measured event including
the resulting lateral field strength function is shown in
figure 2.

For roughly 20% of the events lateral distributions
have been found which do not show a clear exponential
fall-off. Figure 3 displays an example of such behavior.
The shower shows apparently an exponential behavior
as others do for larger distances, but there appears a
flattening for small distances. There are about 15 events
that exhibit such a slope change to a flatter lateral
distribution close to the shower axis. In addition, there
are a few showers being flat over the whole distance
range that could be measured. It should be remarked
that at field strengths above 5 V/m/MHz the ambient
noise background cannot affect the measurement. More-
over, no known instrumental effects can explain such
shapes, and no strange environmental conditions like a
thunderstorm appeared during such events. However, for
a statistically reliable analysis, e.g. if two exponential
functions with different slopes fit the distribution more
reliable, too few of such flat or flattening lateral profiles
have been measured so far.
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Fig. 3: Lateral distribution reconstructed from single an-
tenna signals, shown for a shower with a clear flattening
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Fig. 4: Distribution of the scale parameter . There are
four events set to Ry = 1300 m whose actual R, values
are higher, i.e. these are very flat events. The dashed line
displays a Gaussian fit to the distribution in the range
Ro = 0 — 300 m resulting in Ry = 157m with a width
of 54 m.

IV. THE SCALE PARAMETER Ry

Most of the showers have a scale parameter smaller
than 300 m (figure 4), including the events with a visible
flattening to the shower center. As already mentioned,
there are some showers with extremely large scale
parameter, Ry > 1300 m, those are set to Ry = 1300 m
in fig. 4. Fitting a Gaussian function to the distribution
of the scale parameter in the range of 0 — 300m, i.e.
neglecting the flat events, a mean value of Ry = 157m
with a width of 54 m is obtained.

For a more detailed study [8] of the lateral distribu-
tions the properties of the scale parameter and possible
correlations with EAS parameters have been investi-
gated. In case of the LOPES experiment this can be done
easily, as the general shower parameters are available
from the KASCADE-Grande measurements. The scale
parameter has been correlated with the geomagnetic
angle, the azimuth angle of the incoming shower, the
primary energy, and the shower size, where with none
of these parameters a distinct correlation is found. The
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Fig. 5: Relation of the scale parameter Ry with the mean

distance of the antennas to the shower axis scaled with
the zenith angle of the axis.

situation is different when the scale parameter has been
correlated with the zenith angle of the incoming primary
cosmic ray. Here a tendency towards larger values of the
scale parameter is seen for inclined events. A clearer
feature is even seen, when the scale parameter is ana-
lyzed with respect to the corresponding mean distance
to the shower axis of all antennas participating in an
individual event. It was found that the lateral profile gets
flatter when we measure closer to the shower center. In
particular, all the very flat events have a mean distance
below Ry ~ 80m.

A strongly pronounced dependence of the scale pa-
rameter of flat events is seen when the mean distance is
combined with the zenith angle information in the form
R} ean = (1—8in ©)- Ryean. Figure 5 shows clearly that
the probability of a flattening increases when the shower
is inclined and when measured closer to the shower axis.
But as not all events with small R, .., show a flattening

the reason is still unclear and further investigations with
larger statistics are required.

V. COMPARISONS WITH REAS2-SIMULATIONS

Because of the performed amplitude calibration of
LOPES and the estimate of the field strength at indi-
vidual antennas a detailed comparison of the measured
events with Monte Carlo simulations on an event-to-
event basis is possible. Due to the simulation strat-
egy, using realistic air shower models with precise,
multi-dimensional histograms derived from per-shower
CORSIKA [9] simulations, detailed comparisons are
performed [10]. The REAS2 Monte Carlo simulation
code (see [5] and references therein) is used to simulate
the geo-synchrotron radio emission for all the showers
detected in the investigated data set. For each single
event a shower that represents best the measured one
in KASCADE-Grande estimated parameters is selected.
The resulting information and the known shower core
position is used in the REAS2 code to calculate the
radio emission. The output are unlimited bandwidth
pulses, that are digitally filtered with a rectangle filter
from 43 to 76 MHz for the known antenna positions
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at ground, which can be directly compared with the
measured lateral distribution.

Like in the example displayed in fig. 6, in general
the simulations give steeper lateral distributions than
measured. The mean for the distribution of the scale
parameter from the simulation is Ry = 50 m. Such
small values represent a steep lateral decrease of the field
strength. In addition, it was derived that the differences
between measurements and simulations can be very large
and that the unexpected very flat lateral profiles could
not be reproduced by the simulations.

The deviation in the scale parameters enters in sys-
tematically higher field strengths at the shower axis €™,
compared to the field strengths ¢y obtained from the
measured lateral distributions (by approximately factor
three). On the other hand we obtain at R = 75 m a fairly
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good agreement between simulations and measurements
(fig. 7) for all events. This is a promising result in itself,
as such comparisons are performed for the first time for
LOPES data.

VI. CONCLUSIONS

The lateral distribution of the radio signal in 110
measured LOPES events could be analysed on a single
antenna basis. The applied exponential function to these
lateral distributions has two free parameters, the field
strength € at the shower axis, and the scale parameter
Ry. The scale parameter distribution shows a peak value
of Ry ~ 125 m and has a tail with very flat lateral
distributions. Excluding the flat events a mean value
of Ry 150m with a width of o 50m was
obtained. No direct evidence for a dependence on the
shower parameters azimuth angle, geomagnetic angle,
and primary energy could be found. This indicates that
the lateral profile is an intrinsic property of the radio
emission and the shower development. Comparing the
obtained scale parameter with published values of earlier
experiments, a good agreement has been found [8].

Studying the lateral distributions in individual events,
approximately 20% of the studied showers show a very
flat lateral distribution or exhibit a flattening towards
the shower center. Preferably, such showers arrive under
larger zenith angle and axes are close to the antennas.

The radio emission observed in EAS was compared
with detailed Monte Carlo simulations on an event-to-
event basis. The REAS2 simulations exhibit in general
a steeper lateral slope, i.e. a smaller scale parameter
than the measurements. The absolute field strength,
however, agrees quite well at a distance of 75 m to
the shower axis. The measured flattening towards the
shower center could not be reproduced by the present
REAS simulations.

~
~
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Abstract. During the development of high-energy
cosmic ray air showers in the atmosphere the charged
particles are deflected by the geomagnetic field.
This causes the geo-synchrotron emission leading
to a short radio signal observable on ground. This
model predicts characteristic dependences of the
polarization of the radio signal on general shower
parameters, and thus such dependences are inves-
tigated with the LOPES experiment. LOPES is an
array of dipole radio antennas designed to detect
such radio signals in the frequency range between
40-80 MHz. LOPES is located at the area of the
ground particle detector array KASCADE-Grande
providing the trigger and well-calibrated shower
information for primary energies in the range of
1016-10!8 eV. For investigating the polarization, half
of the LOPES antennas are orientated in east-west
and respectively half in north-south direction. In this
work, the variation of the polarization of the signal
with the direction of the incoming air-shower with
respect to the geomagnetic field is studied.

Keywords: air showers, radio emission, polarization

I. INTRODUCTION

Due to the interaction with the Earth’s atmosphere, an
Ultra High Energy Cosmic Ray (UHECR) generates a
shower of elementary particles propagating towards the
ground with almost the speed of light. Electrons and
positrons, as major part of the charged particles in the
Extensive Air Shower (EAS), emit synchrotron radiation
due to their deflection in the Earth’s magnetic field which
initiate a short radio flash measurable on ground. The
LOPES experiment, a radio array of A-shape digital
antennas is designed to record such signals and takes
data since 2004. In its initial phase, LOPES-10, 10
antennas were equipped with channels sensitive to the
east-west polarization direction of the electric field only.
After one year of operation [1], the antenna set-up has
been changed to a larger array by an addition of further
20 antennas, forming LOPES-30 [2]. Within LOPES-
30, the antennas have an absolute amplitude calibration
in order to estimate the electric field strength of the
radio signal generated in the atmosphere [3]. Moreover,
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Fig. 1: LOPES antenna layout at the KASCADE array
at Forschungszentrum Karlsruhe, Germany.

to investigate the radio emission from these EAS in
detail and clarify if the technique is useful for large
scale application, the LOPES set-up has been changed
to perform polarization measurements in 2006.

II. DETECTOR CONFIGURATION

East-west polarization measurements alone do not
provide the full radio emission information. The record-
ing of both together, the east-west and the north-
south polarization components, is a key measure in
understanding the radio emission and will allow us to
verify the geo-synchrotron effect as the dominant emis-
sion mechanism in cosmic ray air showers. Therefore,
LOPES-30 was reconfigured to perform polarization
measurements by the end of December 2006. Within the
new configuration, 15 channels are installed to measure
the east-west direction and 15 the north-south direction,
where 5 antennas have sensitivity to both polarization
components at the same place recording the full radio
signal at the same time (Fig. 1). The LOPES antennas
are triggered by the original KASCADE and in addition
by the KASCADE-Grande particle detector array which
benefits from the extended detection area, and allows the
analysis of higher-energy events at larger distances with
better accuracy [4].

III. DATA SELECTION AND POLARIZATION ANALYSIS

For the current studies we have used data recorded
during roughly two years of polarization measurements,
by using the well-reconstructed shower parameters pro-
vided by KASCADE in the energy range of about
1016-5-1017-8 V. Large statistics in radio detected events
are obtained by requiring high particle numbers mea-
sured by KASCADE and the shower center close to
the antennas. Therefore, only showers falling inside
the KASCADE array were used for the moment. The
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Fig. 2: Primary energy and zenith angular distributions
of the triggered (by KASCADE) and of the radio (by
LOPES) detected events.

analysis of the radio signal is performed by applying
the LOPES standard reconstruction pipeline [2] to each
polarization direction separately and independently (15
channels, each). The considered observables are the CC-
Beams (cross-correlation beams) calculated per indi-
vidual polarization component from the measured field
strengths per antenna. The total number of triggered
events which are used for this analysis is given by 959
selected showers. Fig. 2 shows the energy and zenith
angular distributions of the triggered, and the radio de-
tected events. For the following studies an energy cut of
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Fig. 3: The normalized CC-Beam values for both po-
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events with an estimated primary energy > 10169 eV
are used. Mean values and spread of the distributions
are shown.
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E > 1069 ¢V is chosen in order to avoid any efficiency
biased effect on the investigated polarization character-
istics. Fig. 3 shows the mean values (and width of the
distributions) of the CC-Beam in dependence on shower
azimuth and geomagnetic angle (angle between shower
axis and the geomagnetic field). The reconstructed CC-
Beam value is normalized to the estimated muon number
of the EAS and to the mean distance of the antennas to
the shower axis in order to minimize the influence of
others than directional dependences on the distributions.
Slight variations of the radio signal with the azimuth
and geomagnetic angles are observed, as well as slight
differences between the two polarization directions. A
possible origin of these differences is discussed in the
following sections.

IV. POLARIZATION CHARACTERISTICS

The radio emission of cosmic ray air showers gener-
ated by the geo-synchrotron mechanism is expected to be
highly linearly polarized. As predicted by sophisticated
Monte Carlo simulations of the radio emission, the
signal is usually present in both polarization components
whose strengths depend directly on the shower azimuth
for a given zenith angle (and therefore also on the
geomagnetic angle) [5]. Already in early models of
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Fig. 5: Same as Fig.4, but vs. the geomagnetic angle.

geomagnetic emission mechanisms, the expectation was
that, to first order, the emission is polarized in the
direction perpendicular to the air shower axis and ge-
omagnetic field, outlined also in [5]. In other words, the
polarization characteristics follow a behavior described
by a unit polarization vector: ¥'x B, v being the direction
of the incoming shower axis and B of the Earths
magnetic field at the location of the experiment (for
Karlsruhe, zenith = 25° and azimuth = 180°). Recently,
there have been suggestions [6] that, in addition to the
polarization characteristics, also the absolute amplitude
of the electric field in a first approximation can be
considered to be proportional to this Lorentz force. The
unit polarization vector is calculated for fixed zenith
angles for each individual projection of the polarization,
where the north-south part, east-west part, and their ratio
(north-south/east-west) are displayed in Figs. 4 and 5.
These figures show the dependence of the polarization
components of the radio signal on the direction of the
shower axis. They emphasize that, in Karlsruhe, consid-
ering pure shower geometry the north-south polarized
channels are more sensitive to showers coming from east
and west directions, and the east-west polarized channels
have a higher sensitivity to showers coming from north
and south.
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V. COMPARISON WITH DATA

To investigate if these expected relations are also
seen in the measured data, we calculate the ratio of
the north-south and east-west polarization contribution
in terms of the ¥ x é-amplitudes for each individual
measured event (Fig. 6) using the geometry of the
EAS only. Thus, the displayed distributions reflect the
dependencies shown in Figs. 4 and 5 for the sample
of the selected radio detected events above a primary
energy of 10'6-%¢V. The ratio of the two polarization
components is chosen in order to be independent of
the energy and distance dependence of the measured
amplitudes. It is obvious from figure 6, that there is
a characteristic correlation of the ratio on the azimuth
and geomagnetic angle expected, if the Lorentz force
approximation is applicable. Finally, Fig. 7 shows the
distributions of the measured events in their CC-Beam
value of the pulse height ratio (north-south/east-west),
where the same qualitative behavior is observed in their
main characteristics.

VI. SUMMARY AND OUTLOOK

Within the current configuration, LOPES is continu-
ously performing polarization measurements since De-
cember 2006. The digital antenna array is absolutely
amplitude calibrated, and thus we can pave the way
for a better understanding of the radio signal as a
complementary technique to large cosmic ray experi-
ments. By LOPES-30, the signal is recorded in both
polarization directions, east-west and north-south, inde-
pendently. Meanwhile, a large number of events detected
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in both polarization directions is at disposal for detailed
analysis. In this presentation, the ratio of the radio signal
recorded in the north-south polarization direction vs. the
signal recorded in the east-west direction was studied.
Investigating this ratio in individual showers allows us to
study the polarization characteristics of the signal inde-
pendent of primary energy and distance of the antennas
to the shower axis, i.e. in particular the dependence
of the polarization on the direction of the incoming
primary particle. Correlations of the pulse height ratio
of both polarization components with the azimuth, as
well as with the geomagnetic angle were compared with
predictions of a first order approximation of models
based on a geomagnetic origin of the emission. By
this, the geomagnetic effect could be verified as a main
mechanism in the radio emission process of cosmic ray
air showers. Nevertheless, in future, detailed simulations
are required for more reliable comparisons with the
measurements; full detector simulations included.
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Abstract. LOPES is a digitally read out antenna
array consisting of 30 calibrated dipole antennas. It is
located at the site of the KASCADE-Grande experi-
ment at Forschungszentrum Karlsruhe and measures
the radio emission of cosmic ray air showers in
the frequency band from 40 to 80 MHz. LOPES
is triggered by KASCADE and uses the KASCADE
reconstruction of the shower axis as an input for the
analysis of the radio pulses. Thereby LOPES works
as an interferometer when the signal of all antennas
is digitally merged to form a beam into the shower
direction. To be sensitive to the coherence of the radio
signal, a precise time calibration with an accuracy
in the order of 1 ns is required.

Thus, it is necessary to know the delay of each
antenna which is time and frequency dependent.
Several calibration measurements are performed to
correct for this delay in the analysis: The group delay
of every antenna is measured regularly (roughly
once per year) by recording a test pulse which is
emitted at a known time. Furthermore, the delay
is monitored continuously by the so called phase
calibration method: A beacon (a dipole antenna)
emits continuously two sine waves at 63.5 MHz and
68.1 MHz. By that a variation of the delay can be
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detected in a subsequent analysis of the radio events
as a change of the phase at these frequencies. Finally,
the dispersion of the analog electronics has been
measured to account for the frequency dependence
of the delay.

Keywords: LOPES timing calibration

I. INTRODUCTION

The main part of LOPES (LOfar ProtoypE Station)
consists of 30 digitally read out, absolutely calibrated,
inverted V-shape dipole antennas [1], [2], [3]. The an-
tennas are co-located with the KASCADE array with a
baseline of about 200m and are triggered about twice
per minute by the KASCADE-Grande experiment [4],
[5]. Only a few events per day contain a cosmic ray
air shower radio pulse which is clearly distinguishable
from the noise, as the noise floor is quite high inside
the KASCADE array. Due to a precise time calibration
of LOPES the digitally measured radio data can be
used to form a beam into the shower arrival direction.
Furthermore the cross-correlation of the antennas can be
calculated to be sensitive to the coherence of the radio
signal [6]. This way LOPES is a phased array which can
be used as a digital interferometer.
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Fig. 1: Right: LOPES hardware and timing setup. Left: extension used for delay measurements; a pulse generator
which is connected to a emitting calibration antenna is triggered by the same sync signal as the LOPES DAQ and
emits a short calibration pulse. Thus this calibration pulse is recorded with a certain delay within a normal event.
Due to the setup, the delay of the pulse contains a certain offset, which is the same for every measurement and
therefore can be ignored when determining relative delays between antennas.

Whenever LOPES is triggered a trace of 216 samples

with a sampling rate of 80 MHz is read out at each
antenna with the trigger time roughly in the middle of the
trace. LOPES is operating in the second Nyquist domain.
Thus the full information of the radio signal between
40 MHz and 80 MHz is contained in the data and can be
retrieved by up-sampling (i.e. the correct interpolation
between the samples) with the zero-padding method
[7]. With reasonable computing time, data can be up-
sampled to a sample spacing below 0.1ns, so that
the sample spacing does not contribute significantly to
uncertainties in the timing.

To obtain a stable timing of the antenna array the ADC
clock is centrally generated and distributed via cables
to all DAQ computers (fig. 1). With the exception of
jumps by full clock cycles (see section IV), the jitter
of the clock is negligible. Thus the time calibration of
LOPES is basically reduced to measure the delay of
each antenna and the subsequent electronics, i.e. the time
between the arrival of a radio pulse at the antenna and
its measurement with the DAQ. This delay is different
for each antenna (mainly due to different cable lengths).
As for interferometry only the differences of the arrival
time of the radio signal between the antennas matters,
the absolute delay is of minor importance. In this paper
the term delay is therefore meant in a relative sense.

The following section explains how the delay is
measured at LOPES. To achieve the necessary precision
we also take into account second order effects, like
the frequency dependence of the delay (dispersion) and
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variations of the delay with time.

II. DELAY MEASUREMENTS

LOPES as a digital interferometer requires the timing
precision of the radio pulse in each antenna to be much
smaller than the period of the filter ringing (=~ 17 ns),
when forming a cross-correlation beam into the arrival
direction of the cosmic ray air shower. Thus the delay
has to be known and measured with a precision of about
1ns, to be sensitive to the coherence of the radio signal.

At the beginning of LOPES the delay has been
measured with solar flare events, but now we have
developed a new method which does not depend on any
astronomical sources: Simultaneously with the LOPES
data acquisition we trigger a pulse generator which is
connected to a calibration antenna at a defined angle
and distance to each LOPES antenna. The calibration
antenna emits a pulse with a known delay after the
trigger. Therefore after repeating the calibration for
every antenna the pulse should appear in the data of each
antenna at exactly the same time, if the delay of each
LOPES antenna (and the connected analog electronics)
would be the same.

However, e.g. due to different cable lengths, this is not
the case, and indeed the calibration pulses are detected
at different times for each antenna. The relative delay
between different LOPES antennas can then be obtained
by measuring the time differences of the detection times
of the calibration pulses.

The pulse detection time can be determined by dif-
ferent methods: On the one hand a Hilbert envelope is
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Fig. 2: A short test pulse (FWHM = 10 ns) emitted by a function generator and recorded by the LOPES DAQ.
The crosses indicate the measurement points sampled by the ADC. The lines show the up-sampled signal and the
Hilbert envelope of the pulse. In the raw data (a) it can be seen that a part of the pulse is delayed by more than
100 ns due to the dispersion of the filter. After the correction of the dispersion (b), the pulse is more symmetrical,
the position of the pulse envelope has moved by about 2 ns, its height (field strength) has increased by about 10 %
and its FWHM (field strength) decreased by about 10 %. The effects on height and width are reduced to a few
percent, when using the sub-band from 43 MHz to 74 MHz.

calculated and the pulse position is taken as either the
position of the maximum or the crossing of half height.
Thereby the position of the maximum shows slightly less
jitter (RMS about 0.4 ns) when looking at several events
recorded within a few minutes and the delays obtained
from the half height crossing and the maximum are
consistent within errors. On the other hand the position
can be defined as the minimum or the maximum of
the up-sampled trace and the jitter for both of them for
subsequent events is less than the used sampling spacing
of 0.1ns (after up-sampling). The delays calculated by
the maximum and the minimum agree well with each
other. Thus in principle the delay can be determined
with a precision of better than 0.5 ns.

Although the delays determined by the two methods
(pulse position by the trace itself or its envelope) are
inconsistent by a few nanosecond, this inconsistency can
be explained at least partially with the dispersion of
the analog electronics. This difference is reduced to an
average of about 2 ns when correcting for this dispersion.
The remaining inconsistency could not be explained so
far, and is under investigation. Nevertheless, since the
calculation of the cross-correlation beam is done with
the (up-sampled) trace and not with the envelope, we
currently use the delays deferred directly from the trace
for the analysis of cosmic ray events.

III. CORRECTION FOR THE DISPERSION

The frequency dependence of the group delay of a
system is called dispersion. For LOPES®TA% the dis-
persion has been measured for the antenna, the analog
electronics (filter) and the connecting cable [8]. The
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dispersion of the cable can be considered negligible and
the largest contribution to the overall dispersion comes
from the filter.

Unfortunately, the dispersion of the LOPES V-shape
antenna is unknown, because it is not easily measurable.
But the dispersion of the filter has been measured with
a network analyzer and can be corrected in the analysis.
This is especially important as the first 10 LOPES
antennas are connected to a slightly different filter than
the later 20 antennas. The successfull correction of the
dispersion in the analysis software has been proven by
recording test pulses which are emitted by a function
generator connected to the RML (fig. 1).

As expected, the filter creates a response only to
the leading and falling edge of pulses. Thus a delta
pulse with FWHM << filter width ~! (= 25ns) should
be seen as a pulse with a width of ~ 25ns (FWHM
of the power). This pulse is linearly distorted by the
dispersion such that it is partially delayed by more than
100 ns (fig. 2). When correcting for the dispersion this
distortion can be significantly reduced and the FWHM
of the pulse power is in the order of 30 ns. In addition
the pulse is shifted by a few ns and the pulse width and
height (field strength) change by roughly 10%. Thus the
correction of the dispersion is necessary for precise time
and amplitude measurements of radio pulses, and future
radio experiments should aim to correct the dispersion
of every system in the signal chain.

IV. PHASE CALIBRATION

The delay of each antenna and the read out electronics
can be assumed to be roughly constant. However, there



4 F. SCHRODER FOR LOPES - TIME CALIBRATION OF LOPES

‘ Referenée (Antenné 4)
Antenna 13, 63.5 MHz +

+ Antenna 13, 68.1 MHz x

phase difference in degree

. . . . . . .
0 500 1000 1500 2000 2500 3000 3500
eventnumber (first 10 events per day, bad days excluded)

Fig. 3: Example of the phase calibration: The phase dif-
ferences at the beacon frequencies between one antenna
and a chosen reference antenna are shown for the first
10 events of every day for one year of data taking (08
May 2008 - 07 May 2009, excluding a few days of down
time and operational problems).

are variations on the scale of a few ns over time. In
addition the LOPES clock distribution is not absolutely
temperature stable, causing the effective delay of single
antennas to increase or decrease from time to time by
integer steps of 12.5ns (one clock cycle). To correct
for these steps, originally the phase of a TV transmitter
inside of the LOPES band was monitored. After the shut
down of this TV transmitter this method has been further
developed by setting up a dedicated transmitter (beacon)
inside of the Forschungszentrum Karlsruhe.

The beacon continously emits two sine waves of
63.5MHz and 68.1 MHz at —21 dBm each, which have
a very narrow band width (FWHM < 100Hz). This
signal is clearly seen above the noise level by all LOPES
antennas and the phase can be measured at each of the
two beacon frequencies at each antenna. For each of the
two frequencies now the following is valid: As a LOPES
event contains data from every antenna coincidently, a
stable delay should lead to a constant difference between
the phases at the same frequency measured by different
antennas. Thus a variation in the relative delay between
two antennas can be detected as a variation in the phase
difference at the same two antennas at one of the beacon
frequencies. Subsequently this variations can be taken
into account in the analysis of radio events.

In a few events the measurement of the phase is
disturbed by RFI noise. To avoid corrections for ’un-
real® variations of the delay and to take into account
ambiguities of the phase if the difference is larger than
180°,a consistency check is performed between the
phase differences at both frequencies. For most of the
events the results agree well, and this way the timing
of the antennas can be monitored and significantly
improved on a event-by-event basis.

For the given example (fig. 3), the correlated drift
which can be seen in both frequencies corresponds to a

variation in the effective delay of about 1.5ns over the
year and can be clearly distinguished from the jitter of
the phase differences. The jump in the middle is caused
by a change of the effective delay by 25ns during one
day. The outlier at the beginning is one of the few noisy
events, for which the phase calibration method would
fail.

The accuracy of the phase calibration on short time
scales is thereby determined by the short-term jitter
(noise) of the phase measurement. This jitter is a func-
tion of the trace length and the amplitude of the beacon
signal. Therefore, for a fixed trace length (2'6 samples at
LOPES) an emission power of the beacon can be chosen
such that the phase calibration allows a sufficiently
accurate correction of the timing. In the case of LOPES
the short term jitter of the phase differences is in the
order of 0.3ns. Furthermore, in figure 3 can be seen
that there is some additional error on longer time scales,
as changes in the phase differences are not completely
correlated between both frequencies. But still, the overall
accuracy is better than the required timing precision of
about 1ns.

V. CONCLUSIONS

It could be shown that the delay of each LOPES antenna
and the corresponding electronic chain can be calibrated
with a precision of better than 0.5ns. Nevertheless,
there is a not fully understood difference between the
measurement of the time of a radio pulse by either
looking to the trace or its envelope. In addition, it is
possible to continously monitor the relative delay of
each antenna with a precision of below 1ns. Thus long
and short term variations of the delay in the order of
a few nanoseconds can be corrected in the subsequent
data analysis on an event-by-event basis.

Furthermore, the dispersion of the analog electronics
has been shown to slightly affect the time, the width
and the height of measured radio pulses. Therefore this
is taken into account in the LOPES standard analysis
pipeline to produce more accurate results. Also future
radio experiments should consider the dispersion of the
whole detection system.

Finally, the different timing calibration methods of
LOPES show that radio air shower experiments can
achieve a relative timing accuracy of better than one
nanosecond and that this accuracy can be monitored and
maintained continuously over long periods.
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Abstract. The deflection of relativistic, charged I. INTRODUCTION
particles in high energy air showers due to the geo- . . ' ' )
magnetic field leads to a coherent emission of radio Radio detection of air showers is an upcoming new

pulses. This process can be described by the geosyn- technique to measure the properties of very high energy
chrotron model. In particular during thunderstorms, cosmic rays. Compared to fluorescence or air Cerenkov
there are additional strong electric fields in the measurements a much higher duty cycle is achieved.
atmosphere which can lead to further accelerations Only during strong and nearby thunderstorms, the mea-
of the charged particles and thus can have influence surements are distinctively different compared to fair
on shape and strength of the radio pulse. To get a weather conditions. To determine whether a measure-
reliable energy reconstruction based on the measured —ment is reliable or not, it is very important to understand
radio signal it is mandatory to understand such the processes happening in the atmosphere during a
effects. Furthermore, lightning strikes are a source thunderstorm and how they affect the radio emission in
of broadband radio emissions that are visible over air showers.

very long distances. This could also cause difficulties The radio emission of extensive air showers in the
in detecting the much lower signal of air showers.  energy range from 5 - 10'® to 10'® eV is studied with
The influences of strong electric fields are currently the LOPES experiment [4][6]. It has been built as a
explored with the LOPES experiment in Karlsruhe, LOFAR prototype station and is located at the site of the
Germany. LOPES measures in the frequency range KASCADE-Grande experiment in Karlsruhe, Germany
between 40 and 80 MHz and is operated in coinci- [1][7]. LOPES consists of thirty inverted v-shaped dipole
dence with KASCADE-Grande. Additionally, meteo- antennas, half of them oriented to measure the east-
rological data as well as the vertical electrical field west and half of them the north-south polarization. The
near the ground are monitored. frequency is limited to a range between 40 and 80 MHz.
For the purpose of studying the effects of thunder-

Keywords: LOPES, thunderstorm, lightning storms on the radio emission of air showers, an electric
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Fig. 1: Vertical component of the static electric field near
the surface during fair weather conditions (upper figure)
and during a thunderstorm (lower figure). Please note
the different scales of the field strength. The lightning
discharges are clearly visible as discontinuities. Each
plot shows ten minutes of the atmospheric electric field.

field mill has been set up at the LOPES array. It
measures the vertical component of the static electric
field near the ground once a second. With this informa-
tion a reliable automatic detection of thunderstorms is
possible [8].

II. MONITORING THE ATMOSPHERIC ELECTRIC FIELD

During fair weather conditions, the static electric field
near the surface varies only slowly between —100 and
—200 Vm~!. When rain clouds move overhead, the am-
plitudes become bigger but the changes are still smooth.
During thunderstorms this is completely different. The
field strength can reach values up to +20 kVm~! on
ground level. Additionally, discharges are visible as dis-
continuities that can even invert the polarity of the field.
Together, these are reliable indicators to automatically
detect thunderstorms [9].

Whenever a thunderstorm is detected (figure 1),
LOPES is switched to a special data acquisition mode
that records an eight times larger data block. Instead
of the usual 0.82 ms, about 6.55 ms of data are taken,
while the pre-trigger time of 0.41 ms remains the same.
This strongly increases the probability to find in addition
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Fig. 2: Additional electric fields lead to different tra-
jectories and therefore different radio emission of the
charged particles.

to the shower signal a signal from lightnings inside the
recorded trace.

ITII. INFLUENCE OF STRONG ELECTRIC FIELDS ON
THE RADIO EMISSION OF EAS

The main component of the radio emission from an
extensive air shower can be described by the geosyn-
chrotron model. The geomagnetic field causes a Lorentz
force which leads to a coherent emission of synchrotron
radiation.

The electric fields inside thunderstorm clouds, es-
pecially within the convective region, can reach peak
values up to 100 kVm 1. This leads to additional forces
on the electrons and positrons that are added to the
forces caused by the geomagnetic field. Depending on
the direction of the electric field, this can lead to an
amplification or a weakening of the radio emission [3]
as illustrated in figure 2.

Figure 3 shows two air shower events initiated by
primary cosmic rays of very similar energy and direction
but with different radio signals. This is an example
where such an amplification during a thunderstorm has
occurred. The upper event was recorded during normal
weather conditions and shows no signal from the air
shower which would be expected at —1.8 us, as would
be expected for the relative low estimated primary en-
ergy of 5.4 - 1016 eV. The incoherent signal of some
antennas after —1.75 s is noise caused by the particle
detectors of KASCADE. The direction of this event has
been reconstructed from KASCADE datato ¢ = 110.4°
and 0 = 31.5°, where ¢ is the azimuth of the shower
direction and € the zenith angle.

The lower figure shows an event with a very similar
geometry of ¢ = 110.4° and # = 32.1° and even a
slightly lower estimated energy of 4.3 - 1016 eV. Also
the average distance of the antennas to the shower core
is similar. Nevertheless, the event shows a strong and
coherent radio pulse at -1.8 ws, which is not expected
at that energy. This can be explained by amplification of
the radiosignal in a thundercloud.

Unfortunately, due to low event statistics during thun-
derstorm conditions only for a few events such a twin
can be found. During 2007 and 2008, about 3400 events
have been recorded during thunderstorms, which also
passed the quality checks for a reliable reconstruction.
That corresponds to approximately two days of data
taking in thunderstorm mode.
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Fig. 3: The upper figure shows an event with no coherent
signal from the air shower. In the lower figure which
shows an event with similar geometry and even slightly
lower estimated energy, there is a clearly visible coherent
pulse at -1.8 us.

Due to the fact that the trigger threshold for LOPES
is lower than the detection threshold of about 5-10'6 eV
and the steep spectrum, only a small fraction of all
triggered events shows a radio pulse. The fraction of
events with a ratio of peak value of the formed cross-
correlation beam to the rms value of the beamformed
data larger than a certain value is here defined as
detection efficiency.

Only a fraction of (0.96 + 0.12) - 1072 of the
events recorded during fair weather conditions has a
detected coherent signal. During thunderstorms the sit-
uation changes. Then a fraction of (2.39 4 0.27) - 1072
has a detected coherent signal. That corresponds to 81
air shower events with a cross-correlation beam above
threshold, recorded during thunderstorm conditions.

This shows that a significant fraction of the events
during thunderstorms is affected by the atmospheric con-
ditions. The influence of atmospheric electric fields with
smaller peak amplitudes as they can occur in rain clouds
has still to be studied more carefully. At the moment it
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does not seem as if there is a big effect [3]. The only case
might be rain clouds with extraordinary strong field. But
they are even less frequent than thunderstorms. Thus, the
number of events within such periods is quite low.

2008.06.02.17:36:13.143.event - 30 antennas

ADC voltage [V]

2000
time t [usec]

4000

Fig. 4: Example of a thunderstorm event with strong
additional signals caused by lightning. An EAS signal
would be visible at time zero with an amplitude less than
0.1 V. The dashed frame marks the region which is used
for the skymap shown in figure 5.

Lightning

Fig. 5: The figure shows a skymap of the cross-
correlation beam of the event shown in figure 4. It shows
the whole sky with zenith in the center and horizon at
the edge. The strong lightning signal in south-west is
the discharge region and the grating lobes of the antenna
array cause the signals covering the whole sky.

IV. BACKGROUND SIGNALS CAUSED BY LIGHTNINGS

The strong currents during lightning strikes cause
strong broadband radio signals that are detectable over
very large distances. Depending on the distance and
the kind of the discharge, the time structure of the
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Fig. 6: The figure shows a comparison between the
usual background spectrum (black) and the spectrum
with a lightning signal inside (grey). The power inside
the LOPES frequency range is approximately a hundred
times higher than in the usual case. The sine waves emit-
ted by a beacon, that are needed for phase calibration, at
63.5 and 68.1 MHz are almost covered by the lightning
signal.

signal varies. Very short and strong pulses from lo-
cated discharges inside the clouds in altitudes between
5 and 20 km, as described as narrow bipolar pulses
by A. V. Gurevich [5]. For large scale applications of
the radio detection technique it is aspired to trigger
on the radio pulse directly. This self-trigger technique
has been developed with LOPES-STAR [2]. The trigger
decision is based on various conditions including the
shape of the observed pulse. It might be important to
know the properties of the short pulses originating from
thunderstorms to avoid wrong trigger decisions.

Discharges between clouds or from cloud to ground
are the origin of longer lasting signals (figure 4). The
lightning signal in all antennas can be used for a beam-
forming to localize the origin of the lightning (figure
5). Due to the grating lobes of the antenna array, the
lightning signal which originates near the horizon causes
additional signals all over the sky. With a higher number
of time-frames the evolution of the discharge can be
watched.

Furthermore there is a beacon, mounted at the roof
of a nearby building that is emitting two sine waves at
63.5 and 68.1 MHz as a reference for the timing. The
lightning signal can be stronger these sine waves, as
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shown in figure 6, that are used for the phase cal-
ibration. The phase calibration gives a precise relative
timing between the recorded traces, which is necessary
for beamforming. Therefore a good signal to noise ratio
is necessary at these frequencies. Thus the background
produced by lightnings can make it impossible to analyse
a specific air shower event.

The very sensitive electronics that are necessary in
order to measure the low radio signal from air showers
is often saturated by lightning signals. In these cases the
events cannot be used for the standard analysis.

V. CONCLUSION

The reconstructed energy of an air shower based
on radio measurements is influenced by electric fields
during thunderstorms only, and not at normal weather
conditions. This leads to a larger fraction of events
with a detected coherent signal. To obtain reliable air
shower information from the measured radio signal it is
mandatory to monitor the electric field of the atmosphere
and thus record the signatures of thunderstorms.

Another possibility to prove whether an event has
been influenced by additional electric fields or not, is the
polarization of the recorded signal. An aberration of the
measured polarization from the theoretically expected
polarization is a considerable hint to a changed emission
process. For this analysis the yet obtained statistics are
still too low. There are hardly any events taken in
thunderstorm mode that show a visible pulse in both
polarization channels.

The exact origin of the radio signal observed during
thunderstorms is not yet known for all of the different
shapes. Nevertheless it is evident that they form a strong
noise background that sometimes causes a failure of the
analysis software.
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Abstract. In a large scale antenna array for the I. INTRODUCTION
radio detection of cosmic rays the trigger mechanism
is one of the key features. While calling for a low trig- ~ After the first radio measurements of extensive air

ger threshold for best event acceptance, the trigger showers (EAS) with the ground-breaking LOPES ex-
rate of each station must be low enough to allow periment [1], the next generation radio detector should
for the limited capacity of wireless communications. show its advantages compared to established detection
Additionally a low power consumption is required, methods. Similar to a fluorescence detector it measures
as the stations will be solar powered. the integrated energy deposit of the shower along its
We have developed a trigger algorithm realized in axis, instead of a single snapshot at ground level, which
FPGA-hardware which provides an RFI-suppression also improves the acceptance of very inclined showers.
by Fourier transforming the radio signal live to At the same time a radio detector has the advantage of
frequency domain, eliminating mono-frequent car- a high duty cycle close to 100 % like a particle detector
riers and transforming back to time domain. This array. To establish radio emission as a new self contained
improves the signal to noise ratio by a factor of 2. standard detecting method, a self trigger mechanism is
Then a threshold is applied and cuts on particular €essential. Some of the advantages of radio detection,
pulse shape parameters are performed to further like the expected better acceptance of very inclined air
reduce the trigger rate. Finally the coincidence be- showers are only valid for a self triggered radio array.
tween neighboring antennas is built, and the event  The radio signal of an extensive air shower of a given
is read out. The current status of the hardware energy shows a steeply falling lateral distribution [2].
development and first results of test measurements This requires the field strength threshold of the trigger
with 3 prototype antennas is presented. to be as low as possible to allow for a reasonable antenna
grid spacing. Because of these large distances between
antenna stations, the communication and data transfer
must be done wireless, which strongly limits the possible
data load and asks for a low false trigger rate. As the

Keywords. extensive air shower, radio emission, self
trigger
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(a) Before RFI-suppression (b) After RFI-suppression

Fig. 1: Enhancement of an example shower event by applying the RFI-suppression.

radio band is traditionally contaminated with plenty of
man made noise, only a sophisticated trigger mechanism
can meet these requirements. The trigger algorithm must
mainly focus on the antenna station level to reduce
the amount of readout data as far as possible. Due to Fig. 2: lllustration of the used block windowing.
the solar power supply of the antenna stations a low

power consumption of the trigger implementation is also

required.

cortinuous data stream must be divided into blocks first
to perform the FFT. To avoid leakage effect and signal
jumps at the block edges, a trapezoid window function
To learn about the environmental trigger conditionss applied, fading in and out the signal over the first
LOPESSTAR (LOPES Self-Triggered Array of Radio and last eighth of each block. After transforming into
detectors) was developed. This detector consists of d&requency domain and back, the affected first and last
tennas arranged in equilateral triangles on the site of teighth of each block are dumped before glueing the
Forschungszentrum Karlsruhe (FZK), triggered by thlelocks together again. To conserve a continuous data
KASCADE-Grande [3] experiment. The taken data wastream without gaps, the block division is done with
used to develop a suitable trigger strategy [4]. one quarter overlap, and the FFTs are calculated for a
According to monte carlo simulations [5] radio emisfactor of*/3 more data (s. fig. 2).
sion takes place in the frequency range from few MHz up The next task is to identify pulses on the such en-
to 100 MHz. Due to radio frequency interference (RFIhanced data. Therefore a dynamic threshold is applied.
the detection of this emission is only applicable abovehe threshold is kept to a fixed factor above the RMS
the strongly used short wave band going up to 30 MHzhich is calculated over a time period of some seconds.
and below the FM radio band starting beyond 80 MHZThe threshold variation is important to avoid unrea-
However we also find lesser radio sources in the ussdnable trigger rates due to strong background noise
frequency band in between. As a first step to improve tivariations over the day, caused by the change of the
trigger situation we filter these mono-frequent carriergnospheric reflectivity and the rise and descent of the
Therefore we Fast Fourier transform (FFT) into fregalaxies as a dominant radio noise source.
guency domain, where the carriers can easily be removedro further reduce the trigger rate, the pulse shape is
by replacing the spectrum by its median. A short pulseharacterized by particular parameters to discriminate
created by an air shower is not affected by this mediamower pulses from background noise pulses. For exam-
filter, as it is distributed widely over all frequenciesple measurements in combination with the KASCADE-
After transforming the median filtered spectrum bac&rande detector show that EAS-induced pulses seem
to time domain, the signal to noise ratio of the pulse i® be shorter than 125ns (FWHM) and have a faster
improved by a factor of 2 under fair conditions, the gaisignal fall-off after the maximum than background tran-
under the heavily industrialized radio-loud environmerdients [6]. Anyhow final reliable pulse shape cuts require
on the site of FZK is much higher (s. fig. 1). In particulacareful further work, as the radio emission mechanism
this RFI-suppression provides a comparable situation fof EAS is not completely understood yet. Of course the
the subsequent trigger, as independent as possible frateasured pulse height and shape are strongly affected
the initial recording situation. by dispersion along the analogue signal path including
As the RFI-suppression performs two FFTs continwantenna and filters, which must be taken into account
ously at full sampling rate before the first trigger levelfor the trigger decision. Fortunately our trigger approach
it requires high calculation power and the implemerin principle makes it easily feasible to deconvolve such
tation in a low power system is tricky: The incominga frequency response before triggering, as the needed

Il. TRIGGERAPPROACH
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Fig. 3: Block diagram of new electronics design

FFTs are already implemented. o The ADC-resolution is too low: When the analogue
If three adjacent antennas trigger within the coinci-  amplification is high enough to guarantee numerical

dence time, the event is finally accepted, read out and stability for the background analysis, many pulses

stored. By varying the required maximum coincidence get saturated, which renders the pulse shape analy-

time the accepted zenith-angle is set: A vertical shower sis useless.

will trigger the antennas simultaneously, the maximum « Our elaborate algorithm leads to about 10 W power

trigger time difference is the antenna spacing over the consumption in the FPGA. Especially during Ar-

speed of light and caused by horizontal events. gentinian summer inside an enclosed container the
heat dissipation was underestimated, which lead to
longer dead time of the remote stations.

o Because of the high power consumption of our
prototype setup, we depend on a power line. This

IIl. PROTOTYPE ELECTRONICS

To verify the real-time feasibility of our trigger algo-
rithm, we used existent hardware offering 10 bit ADCs
at a sampling rate of 80 MHz connected to a Stratix| : : ; .
FPGA witFt)1 4%,000 logic elements. As a first step we increases the radio background, in particular it

: introduces plenty of radio spikes.
only use these prototype electronics to create a trigger P y. P )
signal replacing the external trigger from KASCADE. evertheless we continue measurements with the pro-

Grande. The data taking is done by our field-tested DAGRYPE hardware, try different trigger variations and
System. improve our understanding of the radio background. For

Because of the low sampling rate, we take sutihe development of a trigger which reduced the data rate

sampled data of the limited radio band between & More than a factor of0°® from permanent recording
and 80MHz in the second Nyquist domain. gypdown to less than one event per second, rare background

sampling still conserves full signal information, the RFIEVENtS can play an important role. Offline analysis of

suppression algorithm is not even affected, the frequeri@domly recorded background data hardly helps with
spectrum appears just mirrored. Before pulse findingUch rare background, a live test is essential.

the signal must be up-sampled to get back the original
pulse shape. With this prototype hardware we could well
prove the functionality and stability of our sophisticated Learning about the problems of our prototype, we
algorithm in laboratory. currently develop new electronics (s. fig. 3).

However we did not find any 3-fold coincidences To improve dynamic range, we use two 12 bit Flash-
corresponding to an air shower neither during thre&DCs for each antenna polarization. One ADC operating
weeks of measurement at the KASCADE-Grande detewith high analogue gain, the other at low gain, they
tor nor during four months of data taking at the Pierrdeliver an effective 18bit resolution in a cost- and
Auger Observatory in Argentina. This is due to differerpower efficient way. A dedicated test pulser is used to
problems: calibrate the analogue signal path. The time resolution is

IV. NEW ELECTRONICS DEVELOPMENT
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improved by a high sampling rate of 180 MHz. Sampling The possibility of reading out untriggered data is
in first Nyquist domain not only eases the requirementserefore an important key-feature. Because of the high
on the band filter, which can now be optimized for #atency of the communication, this requires a huge buffer
smooth phase response, but also enables data takimgmory. With a ring buffer of 2 GByte we get a buffer
in the whole available radio band from 30MHz taime of 2s for raw data or 3—4 s including a half-decent
80 MHz. This should improve the signal to noise ratiopnline compression. The large buffer in principle also
as air shower simulations predict a more dominant radémables external triggering of the radio detector by a
emission at lower frequencies [5]. regular surface detector to form a new type of hybrid
The ADCs are connected to a large Cyclone lll FPGAetection.
with 80’000 logic elements. The new chip with 65nm V. CONCLUSION
structure together with a reduced core voltage delivers :
a lower power Consumption Compared to the 130nm A sophisticated algorithm to trigger the radio emission
prototype. In spite of the higher clock frequency, simuof extensive air showers was developed on shower data
lations predict a consumption of only 3W. However wéecorded with an external trigger from KASCADE-
pay highest attention to a decent heat management ungéande. At first interfering carrier frequencies are re-
the rough ambient conditions in the Argentinian pamp&ioved from the radio signal by Fourier transforming
These low power needs are very important for thi@to frequency domain, replacing the spectrum by its
projected20 km? array with 100 antennas, as all station§1edian and transforming back into time domain. This
will be solar powered. The expected advantage of thigiproves the signal to noise ratio by a factor of 2, and
remoteness is a strongly reduced interference by trffmpensates for different environments. For each signal
sients from power lines or passing cars. pulse exceeding a dynamic threshold the pulse shape
Besides the actual trigger-task, the second major tofi@rameters are calculated resulting in a trigger decision.
is the wireless communication between the antenna akidt least three neighboring antennas show an accepted
the central readout station. For each pu|se detected Wse within a certain coincidence time, the radio event
the antenna’s trigger, its timestamp evaluated by a GPis-finally accepted and read out.
clock is sent to the central station. This task is fulfilled The real-time feasibility of this trigger mechanism
by a processor implemented as soft core on the FPGAWRS proven on prototype hardware, single design prob-
the central station finds a coincidence between adjacégins were identified, and the improvements are incorpo-
antennas, it requests a readout of the event trace fréated into the design of the next generation electronics.
all involved antenna stations. For an improved usage of The approach of fully reconfigurable hardware with
the communication bandwidth and to avoid collisionglecent power reserves in buffer memory and FPGA
we will use a time division multiple access methodesources permits to continue the advancement of the
(TDMA), where each station only transmits during itdfigger logic not only during development, but also after
particular time slice each second. This approach is fépme time of data taking, when the radio detection
example used for the surface detector of the Piersoperties are better understood.
Auger Observatory. It optimizes the throughput, but also
increases the latency up to a few seconds.
As we are still learning about the radio emissiong} ;' |—F|S|ecgk§<§tt;|.',' X‘;g“ﬁgﬁyg?ég??;gm)_
mechanism and its triggering, we want event data ag] G. Navarra et al., NIM A518 207 (2004).
complete as possible. This includes data of antennas thidt T. Asch et al., Proc. 30th ICRC Merida 1081 (2007).
did ot trigger, thus the outer ring of an everr, wherdd) T uete L pstop Fyer sz oo, L
the radio pulse was to faint to trigger on. Anyhow this ~ (2009).
low pulse contains valuable information, and even if
there is no visible pulse at all, it is possible to extract
additional information by means of interferometry with
several antennas.
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Abstract. The antenna is the key component for I. INTRODUCTION
radio detection of cosmic air showers. For large-scale
radio detector arrays we designed a crossed polarized Cosmic ray air showers produce pulsed wideband
short aperiodic loaded loop antenna (SALLA) with geosynchrotron radio signals in the frequency range 10
only 100 cm diameter, less than 2 kg weight and to 100 MHz [1]. Due to man made radio frequency
material cost of about 60 Euro. It is a special type of interferences (RFl), see Fig. 1, the useable bandwidth
the well-known Beverage antennas. The E-plane and range from 30 to 80 MHz.
H-plane directional diagram features a wide main The necessary antenna influences the achievable band-
lobe towards zenith with a 3 dB beam width of150°. width, the RFI suppression, and the calibration uncer-
SALLA systematically uses internal losses by resistor tainty decisively. The different types of antennas have
loading and their sensitivity reaches the theoretical especially different directional diagrams (sky coverage),
limit given by the omnipresent galactic noise. In re- frequency dependencies, noise immunity and sensitivity
turn SALLA has in comparison to dipoles and other to environmental conditions (e.g. conductivity, dielec-
standard antennas the widest main lobe, the lowest tricity and distance to the ground). On the other hand
calibration uncertainty, dispersion, weight, material the antenna design has to be robust, low-cost, and easy
costs, and production time, the smallest dimension, to assemble.
and the highest robustness. SALLA has practically The limitation of our antenna-sensitivity to radio signals
the same directional sensitivity in the E- and H- is given in this frequency range by the galactic noise,
plane. Thus the sensitivity is rotational invariant. The first time identified by Jansky 1933 [2], and solar flairs
properties of this new antenna including its delay and and lightning. But the latter two are limited to short time
transfer function are given. periods - giving no serious problem for long term radio
observation of cosmic rays. The noise level of Galactic
. . ) o noise is frequency dependent [3] and limits by its field
Keywords: extensive air showers, radio emission, strength value in the order af) 1V/m the sensitivity of
antennas obersavtion to cosmic radio emission. Furthermore the
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2 H. GEMMEKE FOR LOPES - ANTENNA FOR RADIO DETECTION OF UHCER

Background measured with SALLA bandwidth the return loss in 80 2 system is less than
i 15dB. The E-plane directional diagram features a wide
main lobe towards zenith with &dB beam width of
100° at an average antenna gain #fiBi (Fig. 3b).
The high side lobe attenuation in the horizontal and
backward direction suppresses man-made RFI with flat
elevations, minimizes the interactions with ground and
thus enables a very low calibration uncertainty without
individual antenna calibration. In particular this is an
‘ important advantage for large scale radio detector arrays.
S . L LPDAs widely fulfil all required electrical properties.
Only their overhanging dimensions ¢k 4 x 4 m?3 cause

Fig. 1: Measured radio background at Karlsruhe (dashg¥echanical problems under harsh weather conditions
line, Ka) and at Pierre Auger Observatory, Argentin@nd the construction is not very cost-effective.
(solid line, Arg). The differences in the background are

due to overload protection outside the shown measuring
range. Another way to design wideband directional antennas

with dimensions much smaller than the LPDA is given
by resistively loaded aperiodic antennas with internal

noise intensity varies over the day as the galactic centepses. They also have excellent wideband properties
is moving through the field of view. In the framework ofas the resistor load dominates in comparison with
LOPES (LOFAR PrototypE Station) addD PESSTAR the capacitive or inductive reactance. The question is
a Self-Triggered Array of Radio antennas is develope@hether internal antenna losses are tolerable or not:
To obtain an optimized design we explored differedf! this application at frequencies beloi0 MHz the

types of antennas. We started with dipole like antennd¥ise is dominated by external noise sources. The om-
logarithmic periodic dipole antenna (LPDA) and arrivélipresent and unavoidable galactic noisg (7. =

now at a short loop antenna derived from the Beveragg00 & @60 MHz [3]) is about 10 dB larger than the
antenna [4]. internal receiver nois&V;(Tr.. ~ 500 K). Thus the

effective signal-to-noise ratio SNR remains unaffected
Il. DIPOLE ANTENNAS even if antennas with internal losses are used. The max-
Most of cosmic ray radio detectors use dipoles due tmum permitted antenna lossa,,; without significant
their easy assembly and cost effectiveness. For instatie@ering of the signal-to-noise ratio is given when the
the CODALEMA [6] receiver uses short planar dipole#ternal receiver noise remains below the attenuated
or the LOPES30 [5] experiment uses inverted V-dipolegxternal noise, e.gva,: = 10dB at 60 MHz.
(Fig. 2a). With a receiver bandwidth a little bit morgFor large scale radio detector arrays we designed a
than one octave most of classical antenna types likéossed polarized short aperiodic loaded loop antenna
dipoles are difficult to handle, because their antend@ALLA) with only 100 cm diameter, less thar kg
impedances and directional diagrams are frequency deeight and material cost of about 60 Euro (Fig. 4a). It
pendent (Fig. 2b). Furthermore due to their double-sidégia special type of the well-known Beverage antennas.
directional diagram (zenith and ground) up to 50% of th€he principle of the antenna with its damping resistor
antenna output signal may originate from reflections &gsponsible for the wide bandwidth is shown in Fig. 4b.
ground. Thus their characteristics change with grourkdhe E-plane directional diagram (Fig. 4c) features a
properties like humidity, conductivity, dielectricity orwide main lobe towards zenith withdad B beam width
distance as can be seen in Fig. 2b. The on the figk 150° which is 50° wider than the LPDA directional
view simple and low cost dipole antennas produce a higi@ttern an thus enables enough sensitivity also for show-
calibration uncertainty and possibly require at weath€rs with low elevation angles. The insensitivity to ground
changes an individual antenna calibration. properties is better than with the LPDA and enables the
lowest calibration uncertainty compared to a dipole as
I1l. L OGARITHMIC PERIODIC DIPOLE ANTENNAS the inverted V-dipole (Fig. 4c).
(LPDA) SALLA is designed to achieve the minimum required
To avoid the uncertainties of dipoldsOPESSTA%  gain even at the sole presence of galactic noise (Fig. 5).
uses custom-built wideband directional antennas witkt the additional presence of man-made noise in a
a single-sided directional diagram. The first approachral environment like the Pierre-Auger-Observatory the
was the logarithmic-periodic dipole antenna (LPDA@ntenna gain is aboéitd B above the required minimum.
with crossed polarisation (east/west and north/south), see
Fig. 3a. The excellent wideband properties of the LPDA
assures an almost frequency independent directional diabDue to the passive antenna design the LPDA but
gram, antenna gain, and impedance. Within the receivadso SALLA may be used for both transmitting and

——ARG-north-south
— ARG-east-west
-~~~ Ka-north-south
-~ Ka-east-west

phacioby

IV. SHORT BEVERAGE ANTENNA

V. ANTENNA DELAY AND DISPERSION
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Fig. 2: (a) Inverted V-dipole, and (b) its calculated E-plane directional diagram in dBi at 2.5 m height above ground
for free space, and rocky, dry, wet, and plashy ground (with a dielectricity constarit 3, 15, 30, 80).
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Fig. 3: (a) Logarithmic Periodic Dipole Antennas (LPDA), (b) its E-plane directional diagram as in Fig. 2b.
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Fig. 4: (a) Short Aperiodic Loaded Loop Antenna (SALLA), (b) its principle, (c) and its E-plane directional diagram.

receiving. Thus the antennas may be calibrated withe receiver calibration spanning the whole signal path.
the two-antennas-method with high accuracy without th&fith the LPDA lower frequencies have a higher delay
need of a reference antenna. Using a vector-netwotkan frequencies at the upper band limit resulting in
analyzer the antenna gain but as well the antenna phasaedispersion of30ns. That is due to the different

response and group-delay were analysed and used fath lengths at different frequencies: Lower frequencies
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This is well fulfilled with the SALLA design (Fig. 5).
Thus a constant signal-to-noise ratio is enabled over
. 24 the full frequency range. The LPDA with its widely
-10 constant antenna gaidi(f) =~ const. ~ 4dBi
(Fig. 3b) produces a transfer functi@h (f) withal/f
characteristic (eq. 2), corresponding to an integration in
the time domain. This emphasis of lower frequencies

does not fulfil the matched-filter condition and thus
+ gain of SALLA . . . . . .
25 : : : : : : has a suboptimal signal-to-noise ratio, if no amplitude

20 3% 4 5 60 70 8 G0 100 frequency response correction is done.
frequency [MHz]

antenna gain [dBi]

* minimum required gain (galactic noise)

-20 1 ——minimum required gain (artif. noise, rural)

Fig. 5: Minimum required antenna gain without sig- VI
nificant lowering the signal-to-noise ratio for external . )
galactic noise (grey) and for man-made noise (black: The comparison clearly_shows that the dipole antepnas
rural environment) including a characteristic noise dfS Planar or inverted V dipoles) are not very well suited

the preamplifier oR dB. Frequency dependent galactiéor the radio detection of cosmic ray air showers in large
noise temperatures are derived from [3]. scale radio arrays, if they are mounted on poles with a

distance of abou.5m from the ground and because
their dependence from environmental conditions, such
fs wetness of the ground, changes their calibration by
ore thanl0dB. These environment conditions cannot
& neglected. As conclusion of these calculations and
wave guide. The SALLA delay response remains wide easurements it results, _that antennas with no reason-
ble backward suppression, as dipoles, are not very

constant with a delay o ns and a dispersion ofns . X ) . . .
only. Thus the minimal linear distortion of the pulseS|mple to handle in a calibrated radio experiment with

shape is achieved with SALLA. These delays have &)hanging conductivity and dielectricity constant of the
be included for a precise analysis of the data ground. The required low calibration uncertainties and

frequency independent directional diagrams could be

VI. FLATNESS OF ANTENNA TRANSFER FUNCTION achieved more easily with wideband directional anten-

M ATCHED-EILTER DESIGN nas, like the LPDA or SALLA. While the LPDA is a
) . . conservative approach with a high gain reservéd B

The antenna transfer functidy (f) is the ratio of the g|ated to the minimum required antenna gain, SALLA
antenna output voltagéi, to the electric field strength gy stematically uses internal losses by resistor loading
|E|. Its dimension is a length, the so-called effectivgny their sensitivity reaches the necessary theoretical
antenna length. The received power P may be calculaigdit given by the omnipresent galactic noise. In return
by the Poynting vectotS| = [E x H| = E?/mo and  ga| LA has the widest main lobe, the lowest calibra-
the effective antenna plandy, = GA(f)Q)‘2_/47T and ion uncertainty, dispersion, weight, material costs, and
is fed via the output voltagé/, to the receiver input proquction time, the smallest dimension, and the highest

. DIscussION

(longer wavelength) have to pass through the dipo
structure to reach the corresponding longest dipole stic
and then have to run back to the feed point via the cen

impedanceZo. robustness. SALLA has practically the same sensitivity
2.c 2 2 in the E- and H-plane and a flat transfer function from
P=S- Ay = B Galf) - _ Ui (1) the field strength inV’/m to the detected voltage in the

no - 4m - f? Z receiver. In the range of a few dB it is still possible to
with the wavelength\, the vacuum impedanag, the enhance the sensitivity of the SALLA by its size and a

magnetic field H, the speed of light and the antenna more elaborated preamplifier.

gain related to the isotropic radiat6f4 (f). From eq. 1
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Abstract. Using a large set of CORSIKA simu-
lated extensive air showers at energies 10'7-10%C eV,
we discuss universality features of electron and
positron distributions in very-high-energy cosmic-
ray air showers. A study of these distributions as
a function of particle energy, vertical and horizontal
momentum angle, lateral distance, and time distri-
bution of the shower front reveals that most of them
depend only on the depth relative to the shower max-
imum and the number of particles in the cascade at
this depth. We empirically derived parameterizations
for these distributions, allowing direct access to a
realistic description of electron—positron quantities of
extensive air showers at very high energy. Data analy-
sis and simulations of electromagnetic effects such as
Cherenkov radiation, fluorescence signal, and radio
emission can benefit from these parameterizations.

Keywords: Extensive air showers; electron distri-
butions; Shower front structure

I. INTRODUCTION

Secondary radiation effects in extensive air showers,
including atmospheric fluorescence, Cherenkov light and
radio signal, primarily depend on the distributions of
electrons and positrons in extensive air showers. Here,
we investigate dependence of these distributions on
energy, species, and zenith angle of the primary particle
and on the evolution stage of the shower, extending the
concept of universality from previous studies [1, 2, 3, 4,
51

II. METHOD

Electron and positron distributions in the atmosphere
were studied through CORSIKA simulations [6] for pro-
tons, photons, and iron nuclei at primary energies of
1017, 10%8, 109, and 102° eV. For each combination
of primary particle and energy, showers with zenith
angles of 0, 30, 45, and 60° were calculated. Non-
vertical showers were injected from different directions
to accommodate deviations due to the geomagnetic field.
Each parameter set was repeated 20 times, amounting to
a total of 3840 simulated showers.

We describe electron and positron distributions in
terms of relative evolution stage ¢, defined in terms of the
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depth relative to the slant depth X,,x where the number
of particles in the air shower reaches its maximum:
X — Xmax

)

t
Xo

ey

~

where X 36.7 g/cm? is the radiation length of
electrons in air. Describing a set of showers in terms
of this quantity rather than X or shower age s leads to
a higher degree of universality [7, 8].

The total number of particles in the air shower cross-
ing a plane at level ¢ perpendicular to the primary’s
trajectory is N (t). We define

. _ 1 ON(t)
n(t; p) = N© op
1 92N (t)
N(t)n(t;pu) Oudv’
as the normalised differential number of particles with
respect to some variables y and v, with dimension [p] !
and [v]~!, respectively.

and

)

n(tp,v) = )

III. ENERGY SPECTRUM

From cascade theory, the energy spectrum of electrons
and positrons as a function of shower age takes an
analytical form as derived by Rossi & Greisen [9]; a
thorough previous study of this parameterization was
done by Nerling et al. [4]. Loosely translating this
description in terms of ¢, we replace the equation by

Aoe’h
(e + €1)" (e + €x)12’

where € is the energy of a given secondary particle in
the shower, and ¢; » depend on t. We have performed
a fit to this function for electrons, positrons and their
sum, indirectly providing a description of the negative
charge excess of extensive air showers as a function of
evolution stage and secondary energy. In these fits the
exponent y; was fixed at y; = 2 for positrons and v; =
1 for both electrons and the total number of particles.
The parameters for all three cases are explained in [8].

When applied to showers initiated by different species
at different energies, the energy distribution (4) is re-
constructed accurately. This is shown in Fig. 1, where
the simulated energy distributions are compared to their
parameterizations for evolution stages t = 0 and ¢ = 6.

n(t;lne) = “)
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Fig. 1.  Average energy distribution for different evolution stages
t = 0 and t = 6 for electrons (marked e™), positrons (e+), and
their sum (e%). Background curves represent simulated distributions
for different primaries (p, Fe, and ) and energies (107, 108 and
1019 eV). The corresponding parameterized distributions from (4) are
plotted on top (dashed).
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Fig. 2. Normalised average electron distributions n(t = 0;1Ine, 2)
(solid) for 20 proton showers at 10'® eV with 3o statistical error
margins (filled area). For each energy, corresponding parameterizations
according to [8] are also drawn (dashed).

IV. ANGULAR SPECTRUM

The angular distribution of particles is an important
factor for observations with Cherenkov and radio tele-
scopes. Fig. 2 shows the average angular distribution
of particles at 10'® eV as a function of the angle
between the shower axis and the particles’ direction 6.
To compensate for the increase in solid angle with
rising 0, the distribution plotted here was divided by
sin 6.

Since the majority of all electrons and positrons stays
close to the shower axis, we focus on this part of the
distribution. From Fig. 2, it is clear that there is a plateau
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Fig. 3. Normalised average electron distributions n(t = 0;lne, ¢)

(solid) for 20 proton showers at 1018 eV with 30 statistical error
margins (filled area). Consecutive curves are shifted up by 0.005 to
distinguish them better; curves for 1 MeV are at the actual level. For
each energy, corresponding parameterizations according to [8] are also
drawn (dashed).

close to the shower axis at all energies and a sharp drop
at a certain angle that depends on secondary energy.

Angular distributions were found to be independent
of shower stage, as noted earlier [2, 4, 10]. In addition,
no dependence on incidence zenith angle or primary
energy was found. Looking at different primary species,
universality seems somewhat less convincing: spectra
for heavier primary species tend to be wider at higher
electron energies. The effect is too small to detect,
however. The universality with respect to ¢ allows one to
parameterize this distribution as a function of two phys-
ical quantities only: momentum angle and energy [8].

Because our simulations have no sensitivity in the
azimuthal direction by design, no dependence on the
geomagnetic field could be determined. Previous work
has shown that the effect on the angular distribution is
probably small, but not negligible [1, 11]. As accuracy
of simulations has rather improved since these studies
were carried out, it would be worthwhile to investigate
the effect of the geomagnetic field in greater detail.

V. OUTWARD MOMENTUM DISTRIBUTION

Let us define ¢ as the angle of a particle momentum
vector projected in the plane perpendicular to the shower
axis with respect to the outward direction, such that ¢ =
0° for a particle moving away from the shower axis,
and ¢ = 180° for a particle moving towards it. We will
refer to this angle as the horizontal momentum angle.
For radio measurements, which involve geosynchrotron
radiation, this horizontal momentum angle spectrum has
to be taken into account [8].

Average simulated distributions n(¢;1ne, ¢) at t = 0
are plotted in Fig. 3 for 20 showers. We observe that
high-energy particles tend to move outward more than
lower-energy particles. This can be explained by consid-



PROCEEDINGS OF THE 31%¢ ICRC, LODZ 2009

€= 1MeV 1
102 —~ o 4
- €=5MeV —
10 [ 7 S 4
V4 d €=30 MeV x\ . R
EIR L e NN 4
= [ 7~ e=170 MeV AN SO0 1
S RN N N\ 1
£ w0tL S RSN
= 7 e=1GeV “ \\\ ]
Il S TN \ \ 1
s w0t N R E
= o N N 4
10° | N 4
104 L~ Simulations N RN 4
| ---- Parameterization N \ l

10° . L L NI NS MR

107 102 10" 10° 10! 10

Fig. 4. Normalised average electron distributions n(¢t = 0;Ine€, Inx)
(solid) for 20 proton showers at 1018 eV with 30 statistical error
margins (filled area). For each energy, corresponding parameterizations
according to [8] are also drawn (dashed). Consecutive sets are shifted
up by a factor of 10.

ering the collisions in which high-energy electrons and
positrons are created, as they primarily occur close to
the shower axis. Hence reaction products are transported
away from the shower core due to their transverse
momenta. Electrons and positrons with lower energies,
on the other hand, are also created further away from
the shower core.

No significant dependencies on incident zenith angle,
primary energy, and primary species were found, so the
horizontal momentum angular spectra are universal. Ad-
ditionally, the shape of the distribution does not change
significantly for e > 2 MeV when only electrons or only
positrons are considered. There is some dependence in
terms of ¢, however: the distribution appears to soften
with evolution stage. This effect can be explained from
the expanding spatial structure of the shower with age.

VI. LATERAL DISTRIBUTION

When looking at the lateral distribution of electrons
and positrons in terms of the lateral distance r from the
shower axis, one has to compensate for differences in
atmospheric density at the individual values of X« by
expressing the lateral distance in terms of the Moliere
unit 7y, defining x = r/ry [12].

For different values of e, the normalised average
lateral particle distribution at ¢ = 0 is shown in Fig. 4 as
a function of this quantity. As expected, particles with
higher energies tend to remain closer to the shower axis.
This agrees with the observation that the angle of their
momentum to the shower axis is smaller.

We found no statistically relevant dependence of the
lateral distribution on zenith angle of incidence, nor does
it change when electrons or positrons are considered
separately, except at energies ¢ < 10 MeV. There is,
however, a significant effect with shower stage: older
showers tend to be wider at the same secondary energy.
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Therefore, unlike in the case of angular distributions,
in any parameterization of the lateral distribution a
dependence on t must be incorporated. There is also
a minor effect of the energy of the primary on the
distribution, but this is only appreciable for secondary
energies of € > 1 GeV.

From Fig. 4 it is observed that each curve is a combi-
nation of two separate contributions. The left peak, the
shape of which does not depend significantly on primary
energy or species, is produced through cascading steps
of bremsstrahlung and pair creation. The second bulge
shows a high level of dependence on primary species,
and tends to be less prominent for photon primaries, as
for these species there is no significant contribution from
the pion production channel. For hadronic primaries it is
more significant, especially at higher secondary energies
of € > 100 MeV. The magnitude of the variation between
different species does not change with ¢, but its lateral
position does slightly.

Theoretically, one could use this difference in lat-
eral distribution to differentiate between primaries on
a shower-to-shower basis. But in practice, appreciable
difference in density only occurs at high energies and at
some distance, implying that the total electron density
in the region of sensitivity would be very small. Addi-
tionally, the effect does not appear at the same distance
for different electron energies, washing out the feature
when an integrated energy spectrum is measured.

VII. DELAY TIME DISTRIBUTION

Let us define the delay time At of a particle as the
time lag with respect to an imaginary particle continuing
on the cosmic-ray primary’s trajectory with the speed of
light in vacuum from the first interaction point. In the
distribution of these time lags we must again compensate
for differences in Moliére radius to obtain a universal
description by introducing the variable 7 cAt/ry,
where c is the speed of light in vacuum. The normalised
average particle distribution at the shower maximum for
different values of € shows a striking resemblance to the
time lag distribution to the lateral particle distribution.
This similarity is a direct result of the non—planar shape
of the shower front as discussed in the next section.
Therefore, every characteristic in the lateral distribution
will have an equivalent in the time lag distribution. The
dependencies on primary energy, species, and angle of
incidence closely follow those observed in the lateral
distributions in every aspect. This includes the behaviour
of the second bulge with primary species. Pion-decay-
initiated electrons and positrons are again responsible
for the emergence of this peak.

VIII. SHAPE OF THE SHOWER FRONT

The similarity between the lateral and delay time
distributions of electrons and positrons as investigated in
the previous sections is the result of the spatial extent of
an air shower at a given time. It makes sense, therefore,
to investigate the physical shape of the shower front by
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Fig. 5. Average electron distributions n(t = 0;Inz, 7) (solid) for

20 proton showers at 108 eV with 3¢ statistical error margins (filled

area). For each distance, corresponding parameterizations from [8] are
drawn as well (dashed). Best-fit I'-pdfs [13] are also plotted (dotted).

looking at the dependence of the distribution on lateral
and delay time simultaneously.

The average shower front shape n(¢;lnx,7) for
20 showers at the shower maximum is displayed in Fig. 5
for different distances from the shower core. Though the
low number of particles leads to larger fluctuations of
the distributions at high distances, the behaviour clearly
does not change significantly for x > 3.

No significant dependence of the shower front shape
on incidence angle or primary energy was found for
x < 15. There are fluctuations with evolution stage,
however: as the shower evolves, the entire distribution
shifts to the left. This effect can be explained from
the increasing spatial structure of the shower with age,
allowing one to estimate X,,,x from the arrival times
of the particles. We also found a non-negligible depen-
dence of the delay time on primary species, which is
comparable in nature to the effect of evolution stage.
The dependence of the distribution on both species
and evolution stage can be removed almost entirely for
distances of 0.03 < z < 15 by applying a simple
exponential shift in 7. Additionally, the distributions
shown are integrated over energy. Therefore, the shape
of the distribution changes when electrons or positrons
are considered separately, since their energy distribution
is different as well.

The shower front is sometimes approximated as a
spherical shell. Close to the shower core, we then expect
7 o< 2. Going out, the slope should then decrease
slowly to a linear relation as x approaches the pre-
sumed curvature radius. This spherical shape does not
correspond to the situation in our simulations. In the
innermost region, we find 7 oc ™. Further out, there
is an abrupt transition around x ~ 0.3 to 7 oc z14°.
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IX. CONCLUSION

Analysis of a library of CORSIKA-simulated extensive
air showers shows that, to a large extent, their elec-
tron—positron distributions show universal behaviour at
very high energy, making them dependent on only two
parameters: the atmospheric depth X, and the total
number of particles Ny,.x present in the shower at this
depth. The entire structure of the shower follows directly
from these two values.

Some exceptions to the universality hypothesis were
found. Theoretically, these non-universal features can
be employed to distinguish primaries on a shower-to-
shower basis. In real experiments, however, this would
be a difficult task because the effects are very subtle.
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Effects of atmospheric electric fields on the evolution and radio
emission of extensive air showers
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Abstract. Atmospheric electric fields can have an typically gain field strengths of a few hundred Vv
influence on the development of extensive air showers Nimbostratus clouds, which have a typical thickness
and the radio emission they emit. For the radio of more than 2000m can have fields of the order of
detection of air showers it is of vital importance to 10kVm~!. The largest electric fields are found inside
know the magnitude of this effects and the weather thunderstorms, where locally field strengths can reach
conditions under which it becomes significant. values up to 100kvm!. In most clouds this field is

The physical mechanism that produces the ampli- directed vertically, but thunderclouds contain complex
fied radio pulses is investigated and simulated in two charge distributions and can have local fields in any
steps. The first step is simulation of the development direction. Thunderclouds can have a vertical extent of
of air showers in the presence of a background ~ 10 km [11]. In this work, we use the convention that
electric field with an upgraded version of CORSIKA. a positive field points downwards and accelerates the
The second step is simulation of the radio emission positrons. In the all simulations presented a homoge-
of air showers in electric fields. The radio simulation neous background field is used.
code REAS?2 is extended with a routine describing the
trajectories of charges in an electromagnetic field.

Keywords. air showers - radio emission - atmo-
spheric electric fields

The electric field can influence the radio signal of air
showers in several ways. First, the spatial and energy
distribution of the electrons and positrons can be altered.
Depending on the electric field direction, the electrons
|. INTRODUCTION are accelerated or slowed down, while the positrons
. . . . experience the opposite effect. The direction of the parti-
The electrons and positrons in extensive air showerF o )

(les could also change. Second, the emission mechanism

are separated n th_e geomagnetic f'e.ldi gvIng 1S€ (Relf is different because the acceleration of particles by
a detectable radio signal [1]. This radiation can be de- Lo
e transverse component of the electric field is added

scribed in terms of geosynchrotron emission [2] and €30 the transverse acceleration due to the magnetic field
be simulated with the Monte Carlo code REAS2 [3][4], '
which calculates the radio emission of particles from air Another issue related to the electric field is the
showers produced with CORSIKA [5]. Alternatively, thesuggestion that air showers of sufficient energy can
radio signals can be analytically derived in terms of start an avalanche of runaway electrons in thunderstorm
time dependent transverse current [6][7]. electric fields. lonization electrons that are produced in

Already in the 1970s it was discovered that the radicollisions of shower particles with air molecules are
pulse of an air shower may be larger than anticipatextcelerated in the thunderstorm electric field and can,
when strong electric fields are present in the atmospheneder the right conditions, gain enough energy to ionize
[8]. Using LOPES data recorded during various weath&urther molecules, an effect described by Gurevich et
types it was shown that an amplification of the radial. [12]. In thunderstorm research the field strength that
pulse can occur during thunderstorm conditions [9]. lnan support such avalanches is known as the breakeven
another study it was shown that the arrival directiofield, described in Marshall et al. [13]. In their work, the
reconstructed with radio data and particle detector daathors present thunderstorm measurements which show
can differ by a few degrees during thunderstorms [10that lightning often occurs when the thunderstorm field

In this work, we simulate the influence of a backexceeds the breakeven field, suggesting that runaway
ground electric field on the development of air showerdectron breakdown plays a role in lightning initiation.
and their radio emission with CORSIKA and REAS2. By providing seed electrons for avalanches, air showers

In fair weather, i.e. atmospheric conditions in whiclirom cosmic rays may play an important role in thunder-
electrified clouds are absent, there is a downward electstorm dynamics. The runaway breakdown process can
field present with a field strength of 100Vm~! at also explain the observation of X-ray and gamma ray
ground level. The field strength decreases rapidly witmission coming from thunderstorm clouds [14] in terms
altitude and has values below 10 Vm at altitudes of bremsstrahlung emitted by the runaway breakdown
of a few hunderd meter and higher. Most clouds caglectrons [15].

85



2 BUITINK et al. AIR SHOWERS IN ELECTRIC FIELDS

Il. CORSIKA RESULTS E field 100 V/em
] ) ) . 4.5e+06 T T T T T T T T
Electromagnetic interactions are simulated by the . | S0%¥em Foeree i
standard CORSIKA (version 6.720) routines to treat 35esgp | T 100 Viem o ]
electromagnetic particles. These routines are taylorg
made versions of the EGS4-code [16] adapted to th'§ Zz:zz - 1

barometric atmosphere with a density decreasing expe: electrons
nentially with increasing altitude. All possible interac-§ 2670
tions are considered and a proper treatment of ionizatiog 1.5e+06 -
energy loss and multiple scattering is performed. 1e+06 -
By including some suitable extra statements into the 500000 -
transport routine ELECTR for'e — particles the effects
of an external electrical field are taken into account

which causes an acceleration (energy gain rsp. loss) for ) )
particles moving parallel to the field and a deflectiofiid- 1: Number of electrons and positrons as a function

for those moving perpendicular to the field. A suitabl@f amospheric depth for a vertical 10 eV proton

limitation of the transport step length guarantees smafiower. The different colors correspond to different

changements of the particle movements to neglect higtgckground electric fields. In a field &f100 Vicm, the

order effects on the particle traces. By these means fh@viations are within & errors.

energy gain/loss in the electrical field and the ioniza-

tion energy loss can be treated independently for each

transport step. le+12
In our simulations we use the high-energy hadronic = 1e+11 | ]

interaction model QGSJET-II [17] and for low-energy 1e+10 | : .

hadronic interactions we use UrQMD 1.3cr [18]. We use2  1e+09 |-

positrons

0 1
100 200 300 400 500 600 700 800 900 10001100
Atmospheric depth (g/cm”2)

E field -1000 V/cm

(0]

the “thinning” option with thinning att0—7 level and E 1e+08 [ .
optimized weight limitation [19] to keep the computing £ 1e+07 | .
times below a tolerable level. 3 1et06 | ' .

When simulating showers with the same primary par-§ 100000 - @X » .
ticle but different random seeds fluctuations will occur 10000 - 7.2 1, 10M6 eV et ]
from shower to shower. Most importantly the altitude of 1000 - © ¥ ; 10M7 eV .

3|.10"1I7 eVI oo

the first interaction varies, but also the location of the 100 L L1
. . 0 100 200 300 400 500 600 700 800 900 10001100
shower maximum, for example, is dependent on number

. ) o . Atmospheric depth (glcm?2)
of particles that are produced in the first interaction, mospherlc depfh torem’ .
and the energy distribution of these particles. Becaukid- 2: Number of electrons as a function of atmospheric

we are investigating the effect of a background electrﬁi.eFIh for vertical prot.on .showers of several energies in
field on the shower development we want to Suppre'g)sbackground ele_ctrlc field of -1000 V/cm. For each
the shower-to-shower fluctuations. Therefore, we u§S€roy the lower line represents the shower development
CONEX [20] to make 100 proton shower simulationd? '_[he absenC(_e of a field. Th_e v_ertlcal solid line marks the
of the same primary energy and direction. From the?_ét'tUde at which the electric field equals the breakeven

100 simulations we select a shower with a large numbfld-
of secondary particles in the first interaction and a fairly
typical longitudinal shower profile. CONEX produces
a file that lists all secondary particles after the firdb get information on electron and positron distributions
interaction and their momenta, which can be used as an 50 layers evenly distributed in atmospheric depth
input stack for CORSIKA using the STACKIN option.along the shower axis. At each layer histograms are
With a CONEX stack of particles created at the firstritten out, containing information on the position and
interaction instead of one primary particle as inputnomentum of the shower particles.
different random seeds will produce much smaller vari- Fig. 1 shows simulation results for a vertidal'¢ eV
ations. For each shower configuration we have selectggbton air shower. The number of electrons and positrons
a CONEX input stack and used this to produce teg plotted as a function of atmospheric depth. The red
showers with different random seeds. In the followingsolid) lines correspond to the absence of an electric field
plots of shower evolution we plot the mean value ofind the green (dashed) and blue (dotted) lines to fields of
these ten showers and one sigma error bars. Becau8@ V/cm and -100 V/cm respectively. The variations are
the fluctuations between simulations are very small withithin the 1 sigma error bars. No significant influence of
this approach, we are more senstitive to changes that géie electric field on the shower development is observed
introduced by the background electric field. for this field strength. For fields that are larger by one
We use the COAST interface code for CORSIKA [4pbrder of magnitude, however, the influence can be huge.
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Fig. 2 shows the shower development in an electric
field of -1000 V/cm (accelerating the electrons) for

several shower energies. For each energy the lowerz | 1 200r 1
line represents the same shower in absence of a fief[d."[ /" 500 1
Above the altitude in which the electric field equals thez | L QVem — 1 21000 | :"?."“.‘.','777’»1008Xﬁim ________ i
breakeven field [13] an explosive increase in the numberizo - ' 100 Vim e { 2000 | 1000 Viem :

of electrons can be seen (note we switched to Iogarié;— or
mic scale). High up in the atmosphere the increase gfx° [
electrons is nearly exponential. Interestingly, the largegtao
electron content is reached by the shower that had its
primary interaction highest up in the atmosphere, not > [
the shower with the highest primary energy. The Iattegi ol
does have the most electrons at lower altitudes, whefe .‘
the breakdown process has stopped and the electrons af®t_. . . . P
injected by pion decay. High up in the atmosphere, the e e

number of electrons increases exponentially reachingFa 3: Radi lses f inclined sh 60 d
turnover point atX ~ 300 g/cn®?, where the electric ' '9: o Radlo puises for an inclined s ower ( egrees

; A )
field is about twice the breakeven field. Note that th,%zenth angle) of 106 eV propagating towards the north

point of first interaction for the showers of different” e presence of elect_ric fields of 100 V’C”T‘ (Igft
energies is random due to the way we selected opgnel) and 1000 Viem (right panel). The polarization

showers, and does not follow the dependence of me hpulses in the NS, EW and directions are shown

first interaction height on primary energy. or an Qbserver located 35 m_north .of the_ shOV\_/er core.
An electric field of +1000 V/cm (accelerating theTh'Ck. I|r_1es corre;ponq to 5|mqlat|ons in which the

positrons) also strongly influences the energy distrib§lectric field effect is switched on in both CORSIKA and

tion of positrons and electrons. At some energies tI%EATZ' Th'fn :l;\es c_orre_sponld o _sn::u(ljatlons ISEVZT]SIZh
shower can have a positive instead of negative charﬁbe electric field routine is only switched on in :

excess [21]. In principle, a shower could trigger an
upward electron avalanche in such a field, but this doeﬁ . I
: : . ._affects the various contributions. In a shower that prop-
not show up in our simulation as we do not track upgoing o
. gates parallel to the electric field the charges undergo
particles. : . : NP
only linear acceleration, for which the radiation field is
I1l. REAS2 RESULTS suppressed by a factor. In a shower that propagates
REAS?2 [4] is a Monte Carlo code that calculategara”el to the magnetic flel_d the charges experience only
. . a small Lorentz force, leading to a small radio pulse. For
the geosynchrotron emission from air showers that agﬁch showers an electric field can have a relatively large
simulated with CORSIKA. For input it uses the his-influence ylarg
tograms produced with COAST. From these distributions ; . . L
. . .~ For a single particle, the radio emission is strongly po-
REAS?2 picks particles, follows a small part of their . . S :
. . . . .___.larized in the direction of the perpendicular component
trajectories and calculates the associated radio emissigp. ) T !
: . . ; its acceleration. For the radiation field of particle
In order to do this, an analytic expression for the parncf()e o o
. . ) . . IA an electric fieldE and magnetic field we therefore
trajectory has to be implemented which gives the partic S
momentum and acceleration at various points of the ™
trajectory. The electric field effect is included in REAS2
by implementing the equations of motion for a charg&heren is the direction of motion of the particle ands
inside a homogeneous electric and magnetic field whithe speed of light. The characteristics of the polarization
are under some angle. of the radio emission of full showers, can be roughly
The radio emission of air showers is driven by thexplained with this equation.
deflection of electrons and positrons in the magnetic Fig. 3 shows radio pulses for an observer 35 m
field. When an electric field is present, its contributiomorth of the shower core for a shower with a zenith
to the total radiation can be approximated by comparirangles of 60 degrees propagating towards the north. The
the perpendicular component of the electric force to ththree polarization components of the radiation field are
Lorentz force. Changes in radio pulse height due tgotted separately: north-south (NS), east-west (EW) and
an electric field are of the same order of the originalertical ). For a field of 100 V/cm (left panel) the extra
pulse height whent;, ~ ¢B,. For the geomagnetic electric field contributions are of the order of the original
field strength in central Europe aB ~ 0.5 G, this pulse amplitude, which is to be expected sif¢eand
means an electric field of the order of 100 V/cm canB are of the same order of magnitude. The polarization
alter the radio pulse height significantly, while fieldgproperties of the shower radio pulse can be understood
of the order of 1000 V/cm can dominate the emissioim terms of Eqn. 1. Particles propagating towards the

mechanism. The geometry of the shower and the fieldsrth are deflected in the EW direction by the magnetic

T
T T T T

Ax (E—(E-A)h)+c(hxB), (1)
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field, while the electric field deflects the particles in the IV. CONCLUSIONS

NS-z plane. The electric and magnetic acceleration give, For most weather conditions, atmospheric electric
a contribution to the radio pulse in the corresponding  fields are not strong enough to significantly influ-
polarization directions. ence the radio emission from an air shower. The

In this particular case, the polarization directions of  duty cycle of radio detection of air showers is
the electric and magnetic contributions are orthogonal, therefore very high. The technique is reliable in
but this is only true for a shower propagating towards determining the shower energy under all weather
the north or south. In general, the angle between the conditions except thunderstorms.
polarization directions of the two contributions depends « The radio emission of air showers that pass through
on the direction of the shower propagation and the thunderstorms can be severely influenced by the
location of the observer. In most cases, the polarization electric fields present inside the cloud.
of an air shower radio pulse that has been significantlys Some other types of clouds, most notably nimbo-
influenced by an electric field, will be different from a stratus, can contain electric fields with strengths
“regular” geomagnetic pulse. For showers propagating approaching those of thunderstorm electric fields.
towards the east or west, the polarization of the two Although no examples were found in experimental
components is in the same direction, and it not possible data, we cannot exclude the possibility that such
to recognize an electric field contribution by studying  clouds could also have an effect on the radio
the polarization only. emission of air showers.

In an electric field of 1000 V/cm, wherg& > ¢B, « Pulses that have been influenced by an electric field

pulses could be produced that are an order of magnitude 9enerally show polarization properties different
larger in amplitude than the pulses in the absence of an from pulses that are produced by a pure geomag-
electric field. Indeed, in the right panel of Fig. 3, such ~ netic effect. Polarization measurements therefore
behaviour is visible, but only for the thin lines, which contain information of the electric field strength and
represent a simulation in which electric field effects are ~ Polarity at a region around the shower maximum.
only taken into account in REAS2 and not in CORSIKA. ¢ An avalanche of runaway electrons can be trig-
When the CORSIKA electric field routine is switched ~ 9gered by an air shower in electric fields exceeding
on, the pulse amplitudes in the NS andplane drop _th_e_ b_reakeven field, _possmly leading to_hghtnmg
by an order of magnitude. In the EW plane, the pulse nitiation. The associated fast change in charge
amplitudes are even smaller than the pulse amplitude in distribution can cause strong radio emission.
absence of an e!ectrlc fl_eld..The reason for this drop in REFERENCES
pulse amplitude is the direction of motion of the shower H. Falcke et al. Nature. 435. 313. 2005

. . . Falcke et al., Nature, y )
electrons and p03|t_rons. Ina strong f_|eld th_e charges a% H. Falcke and P. Gorham, Astropart. Phys., 19, 477, 2003
deflected strongly into the electric field direction. For[3] T. Huege and H. Falcke, A&A, 430, 779, 2005
inclined showers in a vertical electric field, this meand4l ;-O(i)"?lJege, R. Ulrich and R. Engel, Astropart. Phys., 27, 392,
that the particles only move mto_ the direction of aNi5) D, Heck et al., Forschungszentrum Karlsruhe Report FZKA
observer close to the shower axis for a much shorter 6019, 1998

part of their trajectories, and less radiation reaches thisl ';-0 gafl‘g&nd I Lerche, Roy. Soc. of London Proc. Series A, 289,

observer. [7] O. Scholten, K. Werner and F. Rusydi, Astropart. Phys., 29, 94,
Instead, the particles that are deflected into the (verti- 2008 _ o

cal) electric field direction will radiate towards different ! g'é N'lfgjlleig% Morigi and G. Palumbo, J. Atmos. Terr. Phys.,

locations on the ground, but these contributions spread] s. Buitink et al., A&A, 467, 385, 2007

out over a large area and will nowhere give emission 0] A. Nigl et al., A&A, 487, 781, 2008 ,
[11] D. MacGorman and W. Rust, “The electrical nature of storms”,

S|gn|f|cant Intensity. Oxford Univ. Pres, New York, 1998

A |arge production of runaway e|ectr0ns’ such déZ] ?GsGlirgglcrégg Milikh and R. Roussel-Dupre, Phys. Lett. A.,
shown in Fig. 2, will produce additional radio emission, 5 1 \iarshail, M. McCarthy and W. Rust, JGR, 100, 7097, 1995
that is not simulated in REAS2. The radio emission th@t4] M. McCarthy and G. Parks, Geophys. Res. Lett., 12, 393, 1985
is associated with this pulse of runaway electrons iilég} C\} EUIFEViChHade G. Milikh,dPBysﬁ Lett. AF'z254't7sgL' /33325 1985

. . . . Nelson, A. Alrayama an . Rogers, rRepor ,

calculated in Gurevich et al. [22] for a vertical shower[m S. Ostapchenko, Nucl. Phys. B (Proc. Suppl.), 151, 2006
Such pulses have a characteristic frequency of 1-j43] s. Bass et al., Prog. Part. Nucl. Phys., 41, 225, 1998

MHz, and can be much stronger than the pulses v[ﬂéa} ¥-é<obal et alt., ,IAstAr;o;t)art. Ft’h)';sh., 15,2253,2(2)0%07
. . . Bergman et al., Astropart. Phys., 26, ,
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Tien-Shan experiment [23]. The timescale of runawgy2] A. Gurevich et al., Phys. Lett. A, 301, 320, 2002
breakdown radio pulses is of the order of microseconda3] A. Gurevich et al., Phys. Lett. A, 325, 389, 2004
while the geomagnetic radio pulse is of the order of tens

of nanoseconds. In the latter case the pulse is shortened

because the the radio waves and particles travel in the

same direction, with almost the same speed.
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Prospects for using geosynchrotron emission arrival times to
determine air shower characteristics

S. Lafebre*, H. Falcke*?, J. Horandel*, T. Huege', J. Kuijpers*

*Department of Astrophysics, IMAPP, Radboud University, P.O. Box 9010, 6500GL Nijmegen, The Netherlands
T Institut fiir Kernphysik, Forschungszentrum Karlsruhe, P.O. Box 3640, 76021 Karlsruhe, Germany
t Radio Observatory, Astron, Dwingeloo, P.O. Box 2, 7990AA Dwingeloo, The Netherlands
§Tyrell Inc., 123 Replicant Street, Los Angeles, California 90210—4321

Abstract. From CORSIKA and REAS2 simulations
of geosynchrotron radio emission in extensive air
showers at 10'7 to 10?° eV, we present an empirical
relation between the shape of the radiation front
and the distance from the observer to the maximum
of the air shower. By analyzing the relative arrival
times of radio pulses at several radio antennas in
an air shower array, this relation may be employed
to estimate the depth of maximum of an extensive
air shower if its impact position is known, allowing
an estimate for the primary particle’s species. Vice
versa, the relation provides an estimate for the impact
position of the shower’s core if an external estimate
of the depth of maximum is available.

Keywords: Extensive air showers; Geosynchrotron
radiation, Shower front curvature

I. INTRODUCTION

Lately, there has been a surge of efforts toward
the detection of extensive air showers by means of
the electromagnetic pulse of geosynchrotron emission
emitted by the shower particles [1, 2]. This observational
technique allows one to look all the way up to the shower
maximum, as there is hardly any attenuation of the
signal. It has been shown previously [3] that the position
of the maximum of inclined showers can be derived from
the lateral slope of the electric field strength at ground
level. Here, we use delays in the arrival time of the signal
at different positions on the ground to estimate the value
of the depth of maximum and the impact position of the
shower core.

II. METHOD

Electron and positron distributions at different at-
mospheric depths were obtained from an air shower
library [4] produced with CORSIKA simulations [5] and
the COAST library [6]. Photon, proton, and iron-initiated
air showers at energies of 10'® to 1020® eV, incident
from zenith angles up to 60° were simulated.

A random sample of ~ 700 simulations from this
library was used to calculate the radio signal emitted by
these airs showers. The REAS code version 2.58 [7, 8]
was used to obtain geosynchrotron pulses associated
with each air shower simulation. Antennas were placed
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on a radial grid at distances of 35 m to 1500 m with
intervals of 80-300 m, with one antenna every 45°.

The magnetic field was taken to match values in
northwestern Europe at a field strength of 49 yT and
a declination of 68° in all simulations. The altitude
of the detector array was fixed at 100 m above sea
level or a vertical equivalent atmospheric depth of X ~
1024 g/cm?.

III. PARAMETERIZATION

One has to compensate for projection effects for
showers hitting the detector at an angle. Let 6y and ¢
be the zenith and azimuth angle at which the primary
particle enters the atmosphere. For a radio antenna a
distance d on the ground away from the shower core in
the direction § with respect to the incidence angle ¢,
the perpendicular distance r to the shower core is

r = dy/1 - cos? 3sin® by, (1)

The delay 7, converted to length units by multiplying
with the speed of light in vacuum, is defined as the lag
of the peak strength of the radio signal with respect to
the arrival time at the shower impact location. It can be
written as

T =1+ dcosdsinby, ()

where t(r, ) equals the delay caused by the non-planar
shape of the shower front expressed in length units. We
have included these geometrical compensations in the
analysis throughout this paper.

If the particle front is a spherical shell, so will the
expected shape of its emitted radio signal be. The delay ¢
can then be written in terms of the distance to the center
of the sphere R and the distance from the shower core 7

T

as
t:\/R2+r2—Rzﬁ,

where the approximation holds for » <« R. It was
shown previously, however, that the assumption of a
spherical shower particle front is unrealistic for large
air showers [9]. Therefore, the shape of ¢ as a function
of r is expected to be different, too.

Analysis of our simulations reveals that, to first order
approximation, these delays can be described by the

2
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parameterization

t =Ry (R + R)V/P. )

The distance R + Ry represents the distance from the
observer to a virtual source from which the air shower
originates. This total distance is subdivided into Ry,
representing the distance from the point of origin to
the shower maximum, and R, which is the distance
from the shower maximum to the observer. R can be
converted unambiguously to a value of X, ,x. The value
of Ry is fixed at 6 km. R; is a scale parameter, the
exponent of which was chosen to match the dimension
of t (distance).

The parameters in the above relation do not depend
significantly on either primary energy or zenith angle
other than through the respective influences on the depth
of the shower maximum. This is expected, because
the particle distributions responsible for the radiation
do not exhibit any dependence on these parameters
either [10, 9]. Though the values for Ry, «, and (3
depend on the orientation of the shower with respect to
the magnetic field, the effect of this dependence is much
smaller than that of the average statistical variation in
showers. Therefore, we will therefore limit geometrical
dependence to the angle § only. A fit to the simulated
pulse lags in the region 40 m < d < 750 m yields the
following overall best-fit parameters:

R; = 3.874 1.56 cos(2d) + 0.56 cosd  (in km),
a = 1.83+40.077 cos(20) + 0.018 cos 9,
B = —0.76 4 0.062 cos(2J) + 0.028 cos .

®)

The cos(24) terms in these equations reflect the asymme-
tries in the east-west versus north-south direction. Note
that o < 2 for all §, confirming the non-spherical shape
of the wave front.

In a typical array of radio antennas, the delays 7
can be determined accurately: using modern equipment,
resolutions down to a few ns can be achieved. We can
use the delay values to employ our parameterization in
two ways: if the position of the shower core is known
accurately by scintillator measurements, we can use it
to estimate the distance to the shower maximum. If, on
the other hand, an estimate for the depth of maximum
is available, the position of the shower core can be
reconstructed. We will discuss these approaches in detail
in the following.

IV. DETERMINING DEPTH OF SHOWER MAXIMUM

By rearranging (4), we may write
B
R = R}—ﬁ"r@ﬁ < ) - Ry

to reconstruct the distance to the shower maximum.
Using this equation, the reconstructed distance to the
shower maximum is plotted versus the simulated value
in the left panel of Fig. 1. Each point in this plot
represents the reconstructed value of R for one shower

t

Ta

(6)
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Fig. 1.  Scatter plot for ~ 700 showers of various species and
energies £ > 107 eV of simulated values for R versus the values as
reconstructed by the method outlined in the text. Circles around each
reconstruction represent error margins of 20 g/cm?. No error sources
were included.

event, obtained by taking a weighted average of the
reconstructions from the delays in individual antennas. If
the antennas are placed on a regular grid, a weight oc 72
seems justified to match each time delay to its expected
relative error, since o ~ 2. Our simulated array is denser
near the shower core, which was compensated for by a
total weight for each antenna oc 3.

The algorithm correctly reconstructs the distance to
the shower maximum as simulated, with a standard
deviation of 216 m. Note that both simulated and re-
constructed events extend to negative distances: showers
in this region have a maximum that lies below the
observation level of the radio antennas. By design of
he algorithm, correct reconstruction of these events
is possible only if the downward distance is smaller
than Rg.

We have thus far considered ideal circumstances,
assuming exact knowledge of the impact angle and
position of the shower axis as well as the delay of
the radio pulses. A more realistic picture is obtained
by introducing error sources in the reconstruction. For
a dense array of radio antennas such as LOPES [2] or
LOFAR [11], the accuracy in the arrival direction is of
the order of 1.0° [12], and a feasible time resolution for
determining the maximum pulse height is about 10 ns.
We adopt a typical value from the analysis of the KAS-
CADE experiment data of 1 m [13, 14] for the shower
core impact location. It is assumed that reconstruction
with a dense radio array such as LOFAR will be on a par
with this number. All of the above errors are assumed to
follow Gaussian distributions. Additionally, we ensure
that the signal is sufficiently strong by demanding a
certain field strength.
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Fig. 2. Distribution of residuals for the reconstruction of the depth
of maximum for various primary energies. Plots are shown for urban,
rural, and ideal noise level scenarios.

Applying these errors, the correlation is reduced sig-
nificantly, which is mainly the result of the uncertainty
in the arrival direction of the shower. For very inclined
showers in particular this can change the expected delay
times dramatically. When the accuracy of the shower
impact location is reduced, this mostly affects showers
for which the maximum lies at a large distance from
the observer. When the error is increased to 5 m,
for example, hardly any predictions can be made for
distances > 10 km.

The distribution of residuals AX,,.. (i.e. the re-
constructed minus the simulated value of the depth of
maximum) is shown in Fig. 2 for primary energies
between 10'7 and 10%° eV. A homogeneous detector
sensitivity up to zenith angles 6 < 60° is assumed. Three
background noise scenarios are shown: one for an ideal
noise level (requiring a field strength |E| > 65 puV/m
for determination of t), one for a rural environment
(|E|] > 180 1V /m), and one corresponding to an urban
area (JE| > 450 pV/m) [3].

From this figure, we observe that the reconstruction
accuracy for X, decreases rapidly at low energies.
This is because low-energy showers do not occur very
deep in the atmosphere on average, raising the distance
to the shower maximum, especially in slanted showers.
This results in a radiation front with less curvature,
necessitating delay measurements further away from the
impact location to obtain the same level of reconstruc-
tion accuracy. The produced field strength, however, is
proportional to the primary energy, decreasing the patch
size that is sufficiently illuminated. The combined effect
is that it is hard to make correct estimations for the depth
of maximum of low energy showers, unless an array at
high altitude is employed.

Additionally, the behaviour of the reconstruction accu-
racy curve at 10'® eV in the three scenarios highlights
the importance of low background interference levels:
the root mean square deviation o from the mean de-
creases from o = 113 g/cm? (urban) to 102 g/cm?
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(rural) to 62 g/cm? (ideal) at this energy. It is also
observed that o does not vary much for energies of 10'?
and 10?° eV at 0 ~ 40 g/cm? and ¢ ~ 30 g/cm?,
respectively. For comparison, the value for Pierre Auger
fluorescence detectors is o ~ 25 g/cm? for protons,
though perfect geometry reconstruction is assumed in
that number [15].

If the maximum available distance to the shower core
is very small, as would be the case for an array such as
LOPES, the fraction of good reconstructions is reduced
dramatically. This makes sense, as the shower front
shape can no longer be probed accurately. In particular,
if the radius of the array shrinks to less than ~ 500 m,
the amount of useful reconstructions is negligible.

V. DETERMINING SHOWER CORE POSITION

If an estimate for X, (and thus for R) is available,
we can employ (4) in an alternative way to estimate
values for the distance r of the observer to the shower
axis, by writing

tl/a
(R + Ro)l/o‘ﬂ ’

In an actual experimental setting, the dependencies
of a, 3, and Ry on § need to be taken into account,
for example through an iterative fitting procedure for
r and 0. We will only reconstruct the distance to each
antenna here, and we will assume the general direction
of the core impact position to be known. This decision
is motivated by the fact that the effect on the value of r
caused by variations in ¢ is generally small.

In the theoretical limit, the position of the impact
location is accurate to within 5 m distance. When similar
error sources as in the previous section are introduced,
this distance is increased to 15 m or so. In both theo-
retical and smudged case, there is a substantial differ-
ence in reconstruction accuracy between the direction
perpendicular to the arrival direction and parallel to it.
This results directly from the uncertainty imposed on 6y:
even a small deviation of the zenith angle will make a
noticeable difference in the obtained value for ¢ from (2).

Analogous to the situation in the previous section, the
average error increases drastically when the radius of the
array is smaller than 500 m. The error does not increase
significantly, however, when the minimum distance is set
to 300 m. This is slightly counterintuitive, but it is again
related to the accurate probing of the shower front shape.
Of course, the requirement remains that the arrival delay
at the impact location is known to 10 ns or so.

r = Ri+1/aﬁ71/a

(M

VI. DISCUSSION

In this paper, we have worked with the relative
delays of geosynchrotron emission from extensive air
showers from the raw, unfiltered pulse shape. In real
experiments, however, the antennas used are bandwidth-
limited, which will be reflected in the shape of the
measured pulse. The effect on the arrival time of the
pulse is negligible for close antennas (r < 300 m), but



for remote antennas it will become important, as the
pulse is much broader in these regions. In particular, we
expect this to become troublesome for antennas which
clip frequencies below ~ 40 MHz.

Another effect that has not been investigated is that
of the observer’s altitude: in our simulations, this height
was fixed at 100 m above sea level. We do not antici-
pate a significant change of the parameterization or its
parameters, however, because the description is valid
independent of zenith angle. Changing this angle is
comparable to varying the observer’s altitude.

Though a deviation from a planar wave is indeed
observed in LOPES measurements [2], at only 200 m
this array is too small to benefit from the theoretical
knowledge of the shape of the radio pulse front. There
are currently two other experiments under construction,
however, that could make use of the technique outlined
in this work. One of these is the initiative in which radio
antennas inside the Pierre Auger observatory [16] will
be erected [17]. Such an array could use the method
in Sect. V to increase the accuracy of the estimated
core impact position, since its reconstruction error for
the surface detectors is in excess of 100 m. A precise
estimate for X,,x would have to be provided by fluores-
cence detectors. The planned spacing of radio antennas
is > 500 m, which would allow an accuracy in the
reconstruction of around 30 m if the core lies within
the radio array.

Another possible experiment is the LOFAR tele-
scope [11], comprising a dense array of approxi-
mately 2 km in diameter, with groups of 48 radio
antennas every few hundred meters. Its size and spacing
make this setup ideally suited to determine X5 using
the method outlined in Sect. IV.

VII. CONCLUSION

We have derived an empirical relation between the
relative delay of the radio pulse emitted by the air
shower front and the atmospheric depth of the shower
maximum through simulations. By analysis of the radio
pulse arrival delays in radio antennas in an array of low-
frequency radio antennas, this relation can be used to
estimate the depth-of-maximum if the impact position
is known or vice versa.

We have confirmed that both methods work with
no information other than radio signal delays used in
the reconstruction. When the algorithm is tested under
realistic conditions, however, the accuracy of the method
is reduced. In the case of determining the shower max-
imum, reconstruction down to a useful confidence level
is possible only for shower maxima up to ~ 7 km away,
and only if the shower core impact position is known
down to a few meters. When the parameterization is
used to derive this position, the critical quantity is the
accuracy in the zenith angle of the shower, which needs
to be significantly less than a degree to reconstruct the
shower impact location to an accuracy of 10 m at high
inclinations up to 60°.
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Measurement of the cosmic ray energy spectrum ab6¥ecV
using the Pierre Auger Observatory

F. Schissler for the Pierre Auger Collaboration?

* Karlsruhe Institute of Technology, Karlsruhe, Germany
T Observatorio Pierre Auger, Av. San Martin Norte 304, 5613 Mal&rgArgentina

Abdtract. The flux of cosmic rays abovel0'® eV position and shape of the ankle at which the power-
has been measured with unprecedented precisionlaw index of the flux changes [4], [5], [6], [7]. A
using the Pierre Auger Observatory. Two analysis precise measurement of this feature is crucial for an
technigues have been used to extend the spectrumunderstanding of the underlying phenomena. Several
downwards from 3 x 108 eV, with the lower en- phenomenological models with different predictions and
ergies being explored using a novel technique that explanations of the shape of the energy spectrum and the
exploits the hybrid strengths of the instrument. cosmic ray mass composition have been proposed [8],
The systematic uncertainties, and in particular the [9], [10].
influence of the energy resolution on the spectral
shape, are addressed. The spectrum can be described

Il. SURFACE DETECTOR DATA

by a broken power-law of index 3.3 below the lg(EleV)
ankle which is measured atlg(Fankie/€V) = 18.6. P S R
Above the ankle the spectrum is described by a < F w02
powerlaw o« E~2% and a flux suppression with * f ° o sy
lg(E1/2/eV) = 19.6. :?) '195_ * 014331’052 s

Keywords: Auger Energy Spectrum > 20F ¢ 045:323200

IiE‘, -212_ .11043
I. INTRODUCTION S b o2

Two independent techniques are used at the Pie = 23f .,
Auger Observatory to study extensive air showers cr _245_ + I +11 .
ated by ultra-high energy cosmic rays in the atmosphe T T s

2x10 10 2x10 10 2x10

a ground array of more than 1600 water-Cherenke Energy [eV]

detectors and a set of 24 fluorescence telescopes. Ce..

StrUCtion_Of the baseline d_eSign WQS cpmpleted In ‘]unn-@. 1. Energy spectrum derived from surface detector ddilarated
2008. With stable data taking starting in January 200dith fluorescence measurements. Only statistical uncertainties are
the world’s largest dataset of cosmic ray observatioggown.

has been collected over the last 4 years during the

construction phase of the observatory. Here we reportThe surface detector array of the Pierre Auger Obser-
on an update with a substantial increase relative to thgtory covers about000 km? of the Argentinian Pampa
accumulated exposure of the energy spectrum measuUsgnarilla. Since its completion in June 2008 the expo-
ments reported in [1] and [2]. sure is increased each month by ab8G6km? sr yr

Due to its high duty cycle, the data of the surfacand amounts td2, 790 km? sr yr for the time period
detector are sensitive to spectral features at the higheshsidered for this analysis (01/2004 - 12/2008). The
energies. Its energy scale is derived from coincideskposure is calculated by integrating the number of
measurements with the fluorescence detector. A fliaxtive detector stations of the surface array over time.
suppression around)!?-? eV has been established base@etailed monitoring information of the status of each
on these measurements [1] in agreement with the HiRegrface detector station is stored every second and the
measurement [3]. exposure is determined with an uncertainty3ofs [1].

An extension to energies below the threshold of The energy of each shower is calibrated with a subset
1018-° eV is possible with the use of hybrid observationsf high quality events observed by both the surface
i.e. measurements with the fluorescence detectors and the fluorescence detectors after removing attenuation
coincidence with at least one surface detector. Althouglffects by means of a constant-intensity method. The
statistically limited due to the duty-cycle of the fluo-systematic uncertainty of the energy cross-calibration is
rescence detectors of abol®%, these measurements7% at10'® eV and increases t65% above10?° eV [11].
make it possible to extend the energy range down toDue to the energy resolution of the surface detector
10'%eV and can therefore be used to determine thiata of abouR0%, bin-to-bin migrations influence the
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Fig. 2. Comparison between hybrid data and the Monte Carleig. 3. Energy spectrum derived from hybrid data. Only diaté
simulations used for the determination of the hybrid exposure. error bars are shown.

reconstruction of the flux and spectral shape. To corre?¢rosols has been measured and for which no clouds
for these effect, a simple forward- folding approach wdave been detected above the observatory [15].
applied. It uses MC simulations to determine the energyAs input to the detector simulation, air showers are
resolution of the surface detector and derive the bin-t§imulated with CONEX [16] based on the Sibyll 2.1 [17]
bin migration matrix. The matrix is then used to deriv@nd QGSJetll-0.3 [18] hadronic interaction models, as-
a flux parameterisation that matches the measured dagning a 50% — 50% mixture of proton and iron
after forward-folding. The ratio of this parameterisatioffrimaries. Whereas the derived exposure is independent
to the folded flux gives a correction factor that is applie@f the choice of the hadronic interaction model, a sys-
to data. The correction is energy dependent and less tH@matic uncertainty is induced by the unknown primary
20% over the full energy range. mass composition. After applying restrictions to the
The derived energy spectrum of the surface detectorfigucial volume [19], the systematic uncertainty related
shown in Fig. 1 together with the event numbers of tH@ the primary mass composition §§ at 10'® eV and
underlying raw distribution. Combining the systemati®ecomes negligible abou®'® eV (see [12] for details).
uncertainties of the exposuré%) and of the forward Additional requirements limit the maximum distance

folding assumptions5(s), the systematic uncertaintiesPetween air shower and the fluorescence detector. They
of the derived flux is5.8%. have been derived from comparisons between data and

simulated events and assure a saturated trigger efficiency
of the fluorescence detector and the independence of
the derived flux from the systematic uncertainty of
The fluorescence detector of the Pierre Auger Obsdhe energy reconstruction. In addition, events are only
vatory comprises 24 telescopes grouped in 4 buildingslected for the determination of the spectrum if they
on the periphery of the surface array. Air shower obsemeet certain quality criteria [12], which assure an energy
vations of the fluorescence detector in coincidence witkesolution of better thai% over the full energy range.
at least one surface detector permit an independent meaExtensive comparisons between simulations and cos-
surement of the cosmic ray energy spectrum. Due to th@c ray data are performed at all reconstruction levels.
lower energy threshold of the fluorescence telescopds; example is the agreement between data and MC
these ’hybrid’ events allow us to extend the range adf the determination of the fiducial distance shown in
measurement down to)!8 eV. Fig. 2. Additional cross-checks involve laser shots fired
The exposure of the hybrid mode of the Pierre Augento the field of view of the fluorescence telescopes from
Observatory has been derived using a Monte Carbe Central Laser Facility [20]. They have been used to
method which reproduces the actual data conditions wérify the accuracy of the duty cycle.
the observatory including their time variability [12]. The design of the Pierre Auger Observatory with
Based on the extensive monitoring of all detector conits two complementary air shower detection techniques
ponents [13] a detailed description of the efficienciesffers the chance to validate the full MC simulation
of data-taking has been obtained. The time-dependehiain and the derived hybrid exposure using air shower
detector simulation is based on these efficiencies anbservations themselves. Based on this end-to-end ver-
makes use of the complete description of the atmdication, the calculated exposure has been corrected
spheric conditions obtained within the atmospheric moly 4%. The total systematic uncertainty of the derived
itoring program [14]. For example, we consider onlyybrid spectrum isl0% at 10'®eV and decreases to
time intervals for which the light attenuation due tabout6% abovel0'eV.

I1l. FLUORESCENCE DETECTOR DATA
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Fig. 4. The fractional difference between the combined gnemectrum of the Pierre Auger Observatory and a spectrum with an index of
2.6. Data from the HiRes instrument [3], [21] are shown for comparison.

The energy spectrum derived from hybrid measuréankle”) and a more gradual suppression of the flux
ments recorded during the time period 12/2005 - 05/20@&yond abouB0 EeV.

is shown in Fig. 3. Some earlier measurements from the HiRes experi-
ment [3], [21] are also shown in Fig. 4 for comparison.
IV. THE COMBINED ENERGY SPECTRUM A modest systematic energy shift applied to one or both

gxperiments could account for most of the difference
from 108 eV to abovel 020 ¢V is derived by combining between the two. The spectral change at the ankle

the two measurements discussed above. The combifigP€ars more sharp in our d"?‘ta' , .
tion procedure utilises a maximum likelihood method The energy spectrum is fitted V.V'th two functlon_s.
which takes into account the systematic and statisti Pth are_based on pOV\_/er—Iaws with Fhe ankle being
uncertainties of the two spectra. The procedure appli8 ara_ctensed pya _break in the spectral mde_a“‘.‘le'
is used to derive flux scale parameters to be applig e first funch_on IS a pure power-lfaw gles_crlptlor? of
to the individual spectra. These atep — 1.01 and the spectrum, i.e. the flux suppression is _f|tted with a
krp = 0.99 for the surface detector data and hybrid dafpectral brea_K alpreal- The second function uses a
respectively, showing the good agreement between tﬁ@omh transition given by
independent measurements. The systematic uncertai
of the combined flux is less that{x. 1+ exp (lg E-lg El/z)
As the surface detector data are calibrated with hy- lgWe
brid events, it should be noted that both spectra share addition to the broken power-law to describe the
the same systematic uncertainty for the energy assigirkle. This fit is shown as black solid line in Fig. 5.
ment. The main contributions to this uncertainty ar@he derived parameters (quoting only statistical uncer-
the absolute fluorescence yieltf) and the absolute tainties) are:
calibration of the fluorescence photodetectd¥$5%). In Fig. 5 we show a comparison of the combined energy
Including a reconstruction uncertainty of abdof and spectrum with spectral shapes expected from different
uncertainties of the atmospheric parameters, an overadtrophysical scenarios. Assuming for example a uni-
systematic uncertainty of the energy scale20¥ has form distribution of sources, no cosmological evolution
been estimated [11]. of the source luminosity(¢ + 1)™, i.e.m = 0) and a
The fractional difference of the combined energgource flux followingec E~26 one obtains a spectrum
spectrum with respect to an assumed fluxE—26 is that is at variance with our data. Better agreement is
shown in Fig. 4. Two spectral features are evident: abtained for a scenario including a strong cosmological
abrupt change in the spectral index nedfeV (the evolution of the source luminosityn{ = 5) in combi-

The Auger energy spectrum covering the full rang

WE.E > Boae) o« E 1
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The combined energy spectrum compared with sevetaphysical models assuming a pure composition of protons (red lines) or

iron (blue line), a power-law injection spectrum followidg—? and a maximum energy dEmax = 1020-5eV. The cosmological evolution

of the source luminosity is given bfg 4+ 1)™. The black line shows the fit used to determine the spectral features (see text). A table with the

flux values can be found at [22].

parameter broken power laws power laws
+ smooth function

0%} (E < Eank]e) 3.26 £0.04 3.26 £ 0.04 g
lg(Eaniie/eV) 18.61 4 0.01 18.60 & 0.01 2]
72(E > Eanie) 2.59 4 0.02 2.55 4 0.04
lg(Epreax/eV) 19.46 + 0.03 3]
’yg(E > Ebreak) 4.3+0.2 [4]
1g(E1/5/eV) 19.61 & 0.03
lg(We/eV) 0.16 + 0.03 [5]

(6]

g
nation with a harder injection spectrunx (£~23). A
hypothetical model of a pure iron composition injecte [9]
with a spectrum followingoc E~2% and uniformly [19]
distributed sources with = 0 is able to describe the
measured spectrum above the ankle, below which Bf!
additional component is required. [13]

[14]
V. SUMMARY
[15]
We presented two independent measurements of (he

cosmic ray energy spectrum with the Pierre Augét’]
Observatory. Both spectra share the same systema
uncertainties in the energy scale. The combination of tie]
high statistics obtained with the surface detector and t
extension to lower energies using hybrid observatio%l
enables the precise measurement of both the ankle &raj
the flux suppression at highest energies with unprece-
dented statistics. First comparisons with astrophysical
models have been performed.
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Abstract. The original fluorescence telescopes of the
southern Pierre Auger Observatory have a field of
view from about 1.5° to 30° in elevation. The con-
struction of three additional telescopes (High Eleva-
tion Auger Telescopes HEAT) is nearing completion
and measurements with one telescope have started.
A second telescope will be operational by the time
of the conference. These new instruments have been
designed to improve the quality of reconstruction
of showers down to energies of 10'7 eV. The extra
telescopes are pivot-mounted for operation with a
field of view from 30° to 58°. The design is optimised
to record nearby showers in combination with the
existing telescopes at one of the telescope sites, as
well as to take data in hybrid mode using the mea-
surements of surface detectors from a more compact
array and additional muon detectors (AMIGA). The
design, expected performance, status of construction,
and first measurements are presented.

Keywords: HEAT, high-elevation fluorescence tele-
scope, galactic, extragalactic

I. INTRODUCTION

The Pierre Auger Observatory has been designed to
measure the energy, arrival direction and composition
of cosmic rays from about 10'® eV to the highest
energies with high precision and statistical significance.
The construction of the southern site near Malargie,
Province of Mendoza, Argentina is completed since mid
2008 and the analysis of the recorded data has provided
first results with respect to the energy spectrum [1], the
distribution of arrival directions [2], the composition,
and upper limits on the gamma ray and neutrino flux
[3], [4]. The measured cosmic ray observables at the
highest energies are suitable to tackle open questions like
flux suppression due to the GZK cut-off, to discriminate
between bottom-up and top-down models and to locate
possible extragalactic point sources.

However, for best discrimination between astrophysi-
cal models, the knowledge of the evolution of the cosmic
ray composition in the transition region from galactic
to extragalactic cosmic rays in the range 10'7 eV to
10'° eV is required. Tests of models for the accelera-
tion and transport of galactic and extragalactic cosmic
rays are sensitive to the composition and its energy
dependence in the transition region where the current
observatory has low efficiency.
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30° field
of view

Telescope Q

Fig. 1. Effect of limited field of view on reconstruction: Showers
approaching the telescope have much higher reconstruction probability
than those departing.

The fluorescence technique is best suited to determine
the cosmic ray composition by a measurement of the
depth of shower maximum. However, it is difficult to
lower the energy threshold with the original design of
the fluorescence telescopes. As the fluorescence light
signal is roughly proportional to the primary particle
energy, low energy showers can be detected only at
close distance to a telescope. The field of view of the
existing Auger fluorescence telescope (FD) is limited to
30° above the horizon (see figure 1). At close distances
only the lowest few kilometres of the atmosphere are
within the field of view. However, low energy showers
reach their maximum of development at higher altitudes.
Thus, the crucial region around the shower maximum
is generally not observable. The small fraction of the
shower development, which falls within the field of view,
is mostly very dim and is insufficient to determine the
depth of shower maximum X ... In addition, this cut-
off effect also depends on primary mass and shower
direction. A plain reconstruction of the shower profile
using raw data would yield biased results with respect
to zenith angle and mass composition. Cuts on the data
to remove this bias (anti-bias cuts) are not useful as
only very few showers would be left for the X .x
determination.

From these arguments it is clear that an effective
and unbiased detection of cosmic rays of lower energies
requires the extension of the field of view to larger eleva-
tions. From the data collected since 2004, we know that
the quality of reconstruction is improved considerably if
showers are recorded by a hybrid trigger. These hybrid
events provide information on the shower profile from
the FD telescopes, but in addition at least one surface



detector has detected secondary shower particles simul-
taneously. The data from the SD system restricts the time
and the location of the shower impact point on ground.
This improves the reconstruction of the shower geometry
significantly [5]. An accurate geometry reconstruction
with an uncertainty of about 0.5° is the necessary basis
for energy and composition determination. But recording
of hybrid data needs also adequate trigger efficiency
for the individual surface detectors at lowest energies.
Therefore, an enlarged energy range down to 1017 eV
with high-quality hybrid events requires an extended
field of view for FD telescopes in combination with
a surface detector array of higher density in a small
fraction of the observatory.

Il. DESIGN AND PROPERTIES OF HEAT

In 2006 the Auger Collaboration decided to extend
the original fluorescence detector, a system consisting
of 24 telescopes located at four sites, by three High
Elevation Auger Telescopes (HEAT). These telescopes
have now been constructed, and they are located 180 m
north-east of the Coihueco FD building. At the same
time, the collaboration deployed extra surface detector
stations as an infill array of 25 km? close to and in
the field of HEAT. Additional large area muon detectors
(AMIGA) [6] will determine the muon content of the
shower and further improve the determination of the
composition of the primary cosmic ray particles.

The design of HEAT is very similar to the original FD
system, except for the possibility to tilt the telescopes
upwards by 29°. In both cases a large field of view
of about 30°x 30° is obtained using a Schmidt optics.
Fluorescence light entering the aperture is focused by a
spherical mirror onto a camera containing 440 hexagonal
PMTs. An UV transmitting filter mounted at the entrance
window reduces background light from stars effectively.
An annular corrector ring assures a spot size of about
0.6° despite the large effective aperture of 3 m2. The
high sensitivity of the Auger FD telescopes enables
the detection of high energy showers up to 40 km
distance. A slow control system for remote operation
from Malargie allows safe handling.

Differences between the conventional FD telescopes
and HEAT are caused by the tilting mechanism. While
the original 24 FD telescopes are housed in four solid
concrete buildings, the 3 HEAT telescopes are installed
in individual, pivot-mounted enclosures (see figure 2).
Each telescope shelter is made out of lightweight in-
sulated walls coupled to a steel structure. It rests on
a strong steel frame filled with concrete. An electric
motor can tilt this heavy platform though a commercial
hydraulic drive by 29° within two minutes. The whole
design is very rigid and can stand large wind and
snow loads as required by legal regulations. All optical
components are connected to the heavy-weight ground
plate to avoid wind induced vibrations and to keep the
geometry fixed.
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Fig. 2. Photo of the 3 HEAT telescopes tilted upward, end of January
2009. In the background the telecommunication tower of Coihueco is
visible.

Mirror and camera are adjusted in horizontal position.
However, by tilting the telescope the varying gravita-
tional force on camera body and mirror can change
their relative position. Supplemental fixing bolts and an
improved support structures are foreseen to keep the
alignment of the optical system stable, which is essential
for telescope pointing and optical resolution. Sensors for
inclination are mounted at the mirror top, camera top
and bottom, and at the aperture box. Distance sensors
monitor the critical distance between camera and several
points at the mirror system. These sensors are readout
frequently for monitoring purposes.

Another design change for HEAT is the use of an
improved DAQ electronics. The concept of the new
electronics is the same as before, but as several elec-
tronic circuits have become obsolete, every front-end
board had to be redesigned. Like the conventional FD
electronics, the DAQ of one HEAT telescope contains
20 Analog Boards (AB) for analog signal processing,
20 First Level Trigger (FLT) boards for signal digitizing
and storage, and one Second Level Trigger (SLT) board
for the recognition of fluorescence light tracks and the
initiation of data readout.

Along with faster FPGA logic the sampling rate was
increased from 10 MHz to 20 MHz. The cut-off fre-
quency of the anti-aliasing filters on the AB was adapted
to about 7 MHz, but the other functions of the board
remain the same. The redesigned FLT board implements
all functions in FPGA of the Cyclone 1l FPGA family.
A new custom-designed backplane provides dedicated
point-to-point links between the FLT and SLT which
lead to a factor 40 higher readout speed compared to
the previous design. The usage of state-of-the-art FPGA
in combination with the higher speed also establishes
new fields of application for the DAQ system. The
HEAT DAQ system is also the baseline design and the
prototype for the Auger North FD electronics.

I1l. OPERATION OF HEAT

The horizontal (‘down’) position is the only position
in which a person can physically enter the enclosure.
This configuration is used for installation, commission-
ing, and maintenance of the hardware. The absolute
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calibration of the telescopes will be performed in this
position as well. As the field of view of the exist-
ing Coihueco telescopes overlaps with HEAT in down
position, it is possible to record air showers or laser
tracks simultaneously. By comparing the reconstruction
results from both installations one can directly determine
the telescope resolution in energy and X ... We also
want to reserve part of the time at one HEAT telescope
for prototype studies for Auger North. Recording the
same event in Coihueco and with the Auger North
prototype will allow a direct comparison of the trigger
and reconstruction efficiencies.

The tilted (‘up’) position is the default HEAT state.
Telescopes are moved into this position at the beginning
of a measuring run and stay that way untill the end
of the run. From the trigger point of view the tele-
scopes operate like a fifth FD building. Data of of the
different installations (HEAT, diffenent FD sites, infill
and Amiga, surface detector) are merged offline only,
but the exchange of triggers in real time makes the
recording of hybrid showers possible. The combined
data will improve the accuracy of shower energy and
Xmax determination at all energies, but especially at the
lower end down to 1017 eV.

IV. FIRST MEASUREMENTS

First measurements were performed with HEAT tele-
scope #2 at the end of January 2009. From January,
30" to February, 1° the telescope was operated for two
nights in up and down position. At first, the camera was
illuminated with a short light pulse from a blue LED
located at the center of the mirror. The High \oltage
for the PMTs and the individual electronic gains were
adjusted to achieve uniform light response in every pixel.
Subsequent measurements with the LED pulser were
performed at different tilting angles, but with the same
settings as found in in down position. No indications
were found for a gain change due to changed orientation
of the PMTs in the Earth’s magnetic field.

In the next step, the mechanical stability of the
optical system was verified. The telescope was tilted
several times from down to up position and back. The
readings of the inclination and distance sensors were
recorded during the movement. The analysis of the dis-
tance between camera and center of the mirror showed
damped oscillations of low amplitude which stopped
within seconds after the movement terminated. At rest
the distance change between up and down position is
less than 0.5 mm which is neglible for the telescope’s
optical properties.

After these cross-checks several showers were re-
corded with the telescope tilted in up position and in
coincidence with Coihueco telescopes #4 or #5. One of
the recorded events is shown in figure 3. The event data
of both telescopes match very well in time (colour of the
pixels in figure 3). The reconstruction yields a shower
distance of 2.83+0.06 km from Coihueco and an energy
of the primary particle of (2.0 £0.2) - 1017 eV.
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Fig. 3. This shower was recorded by HEAT telescope #2 and
Coihueco telescope #5.The relative arrival time of the fluorescence
light is coded in the colour of the pixel. The solid line is a fit of the
shower detector plane.

In figure 4, the reconstructed longitudinal shower
profile is shown together with a fit to a Gaisser-Hillas
function. The fit yields a value of (657 + 12) g cm—2
for Xax. The plot also accentuates the need for HEAT
telescopes for an accurate reconstruction: Using only the
data point above a slant depth of 700 g cm —2 (Coihueco
data) it would not have been possible to fit the profile
and find a precise maximum.
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Fig. 4. Longitudinal shower profile of event in figure 3 together with
Gaisser-Hillas-fit. Only a fit using both HEAT (left) and Coihueco
(right) data points results in a reasonable Xmax Vvalue.

V. CONCLUSION AND OUTLOOK

First measurements with a single telescope have
demonstrated that HEAT will improve the energy thresh-
old of the Pierre Auger Observatory at the Southern
site down to about 10'7 eV. The HEAT design satisfies
all requirements with respect to stability and ease of
operation. It is expected that all three HEAT telescopes
are fully operational in September 2009. They will
provide interesting data in the transition region from
galactic to extragalactic sources and allow important
prototype tests for the design of the Auger North FD
system.
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Abstract. We describe a method to determine the light profile from that of the isotropically emitted fluo-
energy scale of the fluorescence detection of air-rescence light. Therefore, the shape of the reconstructed
showers based on the universal shape of longitudinal longitudinal profile of the energy deposit depends on
shower profiles. For this purpose, the ratio of scat- the assumed composition of the different contributions
tered Cherenkov and fluorescence light is adopted as to the measured light. We modify the fluorescence light
a free parameter while fitting the individual profiles yield in the reconstruction of the longitudinal profile to
of the longitudinal deposit of the energy to the univer- change the light composition in such a way that the
sal shape. We demonstrate the validity of the method energy deposit profile matches the profile expected from
using a Monte Carlo study based on the detector universality.
simulation of the Pierre Auger Observatory and Il UNIVERSALITY OF AIR SHOWER PROFILES
estimate systematic uncertainties due to the choice '
of high energy interaction model and atmospheric ~ The energy spectra of shower electrons and the differ-
conditions. ential energy deposit have been shown to be universal as

Keywords: Auger Fluorescence Energy a function of shower ages = 3.X/(X + 2Xu.x) [3]-

[9]. As a result, the shape of energy deposit profiles
have been studied for universality when plotted as a
function of age. It was found that the profile shape

Knowing the absolute energy scale of cosmic rayaried much less when plotted in terms of the depth
detection is important for the interpretation of physicgelative to shower maximuny X = X —X,,,.. Figure 1
results such as flux, anisotropy, or composition. At thehows many normalized energy deposit profiles\iy
Pierre Auger Observatory, the energy measured with tHeat were simulated with proton primaries using three
fluorescence detector is used to calibrate that of tlkfferent high-energy interaction models Hi'® eV. In
surface detector [1]. Previous experiments that consist&dX, the majority of normalized profiles fall within a
of a surface array used Monte Carlo simulations for thearrow band.
energy calibration. Consider the average of normalized energy deposit

In air shower detection with fluorescence telescope@ofiles U;(AX) for a single interaction model and
the atmosphere acts as a calorimeter. The amountpgfmary particle. Then figure 2 shows the absolute de-
emitted fluorescence light is proportional to the energyationsd;(AX) of each average profile from the mean
deposit in the atmosphere. The light yield is measured {F (AX)) of the average profiles
laboratory experiments with a precision that is at present dE dE
typically 15% [2]. Ui(AX) = <(dX> / (dX) >(AX)

Here, we describe a method to obtain the overall nax
normalization of the fluorescence yield directly from Ui(AX) — {U(AX)) .
air shower measurements. This method makes useNdwhere does the total systematic difference rise above
the universality of the shape of the longitudinal showe3% from the mean and it stays below one percent after
profiles of the energy deposit in the atmosphere. It the shower maximum. The equivalent plot for shower
also dependent on our ability to reliably calculate thage shows deviations of up @% from the mean both
Cherenkov light contribution (given the electron numbefore and after the shower maximum. Due to the weak
ber and energy spectra). Only thelative fluorescence dependence on primary composition, interaction model
spectrum is needed, which is known with good precisicemd primary particle energy, the average prdfileA X)
from laboratory experiments. is henceforth referred to as the Universal Shower Profile

As an air shower develops in the atmosphere, a bedldSP). The measurement of the energy scale of fluo-
of Cherenkov light builds up along the axis of theescence detection with the method described below is
shower and undergoes Rayleigh and aerosol scatteringpst susceptible to systematic differences in the tail of
In general the scattered Cherenkov light which is olthe USPs for different parameters (cf. figure 3c).
served from a certain point in the shower will have There is a slight dependence of the shape of the
been originally emitted at an earlier stage of showenergy deposit profile on the primary energy. This effect
development. The result is a very different longitudingk relevant for this work only within the uncertainty

|. INTRODUCTION

6 (AX)
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Fig. 1. Superposition 080000 energy deposit profiles il X. The Fig. 2. Residuals) (AX) of universal shower profiles for various
CONEX [10] simulations are for proton primaries. Equal numbersirderaction models and primaries to the mean of the profiles.
showers were generated with the QGSJet, QGSJetll.03, and Sibyll

interaction models [11]-[13].

of the reconstructed primary energy because the USght carries information from a different stage of shower
was recalculated for each event from simulations development than the fluorescence light observed from
the estimated energy. The dependence of the shapetlom same direction. This gives us a handle to change
the primary energy introduces a negligible systemattbe shape of the reconstructed longitudinal profile of
uncertainty (cf. table 1). the energy deposit for a given observed light profile by
modifying the fluorescence yield scale factr

The effect of a modifiedf parameter on the re-

The longitudinal profile reconstruction [14] of theconstructed light composition is demonstrated with an
Offline software framework [15] was extended with arexample in figure 3a and 3b. The measured light profile
additional fregparameterf so that the fluorescence yieldis unchanged. But with higher fluorescence yield in 3a,
becomesY/ = Y/, /f whereY//, is the fluorescence the contribution of Cherenkov light is suppressed. Con-
yield currently used in the standard shower reconstrueersely, it is increased due to the reduced fluorescence
tion by the Auger Collaboration [1]. This fluorescencgield in 3b.
yield is a parameterization of laboratory measurements,At the same time, a modified changes the shape
including the corresponding pressure dependence. Sirdethe reconstructed energy deposit profile as shown in
Y7 is inversely related tgf, a change inf corresponds figure 3c. Since the shape is known from universality
to a proportional change in the reconstructed showeensiderations, &% minimization can be used to fit each
energy. profile to the universal shape in dependence of

A set of showers is reconstructed many times while Each event is assigned an uncertainty that is a com-
varying f. A low f corresponds to assuming a largdination of the uncertainty from thg? minimization
fluorescence light yield and implies that fewer electrornd several propagated uncertainties. These include the
are required in the shower to produce the observeticertainties on the direction of the shower axis, the
fluorescence light. Since a smaller number of particlepread of the showers that make up the Universal Shower
emits less Cherenkov light, the fraction of the measurdttofile, and the uncertainty on the aerosol attenuation
light that is reconstructed as Cherenkov light is reducdeingths. The fit is repeated twice for each of these
accordingly. parameters: once after increasing and once after de-

The majority of detected fluorescence photons has neasing each parameter by one standard deviation. The
been scattered in the atmosphere before reaching thReulting difference to the default result is the propagated
detector. Therefore, the point on the shower axis fronmncertainty.
which fluorescence light is observed is also the point
at which it was emitted. Showers with significant con-
tributions of direct Cherenkov light are not selected for To test the method, a set of showers that roughly
this analysis (see below). Thus, the bulk of the observedrresponds to five years of Auger data was simulated
Cherenkov light has propagated along the shower axidth energies betweerD!'® and102°eV. The simulation
before being scattered towards the detector on molecugegup follows that used for the Auger fluorescence de-
or aerosols. This means that the detected Cherenkector exposure calculation [16]. Basic quality cuts such

I[Il. METHOD

IV. RESULTS
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Fig. 3. Example event (Los Morados detector, run 1392, event 2886). (a)/(b) Measured light profile with reconstructed light components
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scattered lighE=; (c) Normalized, reconstructed energy deposit profiles. Grey bandretsmil shower profile with uncertainty band. Graphs:
energy deposit profiles for different values of the yield scale factor

as requiring an energy resolution better thz% and For the selected set of simulated showers, the re-
an X,,..x resolution better thad0g/cm? were applied. sulting, reconstructed fluorescence yield scale facfors
Additionally, since the forward peaked nature of direcire weighted with their respective uncertainties. The
Cherenkov light introduces a strong susceptibility to théistribution of these weighted scale factors is shown in
uncertainties of geometry reconstruction, showers wifilgure 4 for three different input values ¢f.,.. As can

a significant contribution of direct Cherenkov light werde seen, we are able to recover the true yield with good
not used for the analysis. This was implemented by saecuracy. This shows that the method is sensitive to a
lecting showers with a minimum viewing angle in excessue fluorescence yield which differs from the assumed
of 20°. The minimum viewing angle is the minimumyield Y;/, because the reconstructed scale fagtdras
angle between the shower axis and any vector betwesn bias relating to the input parametgf... The width

a point in the observed profile and the fluorescena# the distributions, however, shows that a large number
detector. of suitable showers is required for the analysis.

Conversely, the showers were required to have sig-The systematic uncertainties (table 1) from various
nificant contributions of Rayleigh scattered Cherenkoyources were taken into account by repeating the full
light, and a long profile that includes both regions iprocedure with various input parameters modified by
slant depth where fluorescence light and regions whefgeir respective systematic uncertainties. For the sys-
Cherenkov light dominate the measured light flux.  tematics of the method, aerosols play a particularly

This requirement was implemented as a twdmportant role. Both aerosol attenuation and scattering of
dimensional cut on the profile length after the showeTherenkov light on aerosols are non-trivial effects that

maximum and a quantity? change the shape of the reconstructed energy deposit
) profile. The largest contribution is due to the uncer-
R = p(Xup)- (1+cosd) . tainties of the vertical aerosol optical depth (VAOD)

t profile. Since the available uncertainty bounds include
both statistical and systematic effects, we estimate an
Apper limit for the systematics ori of about +7%.
nother significant systematic uncertainty is introduced
gy the parameters of the aerosol phase function (APF)
which describes the angular dependence of scattering
gn aerosols [17]. Its parameteris a measure for the
asymmetry of scattering, whereas the APF paramgter
determines the relative strength of forward and back-

It is the product of atmospheric densjayin the deepes
visible part of the shower track,, and the angular
dependence of Rayleigh scattering given the viewi
angle ¢». Thus R is a measure for the amount o
Cherenkov light scattered from the end of the profil
towards the telescope.

The Monte Carlo simulation was carried out for thre
different fluorescence vyields:

« The laboratory measuremeN, ., = Y/, wards scattering. The contribution from the exponent
(corresponding tQfirue = 1.0), ~ describing the wavelength dependence of light at-
- an increased fluorescence yidlff,, = Y/, /0.8 tenuation due to aerosols is small. Likewise, the slight
(firue = 0.8), _ energy dependence of the shape of the universal shower
- and a lowered fluorescence yietif,, = v/, /1.2 profile leads to an uncertainty of less than one percent.
(firue = 1.2). Using various models or compositions for calculating
In the shower reconstruction, the fluorescence yield wtse universal shower profile yields another contribution
v,/ /f with the fit parameterf. to the total of+1% and-£3% respectively. Two different
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Fig. 4. Reconstructed, weighted yield scale factor distributions for
threedifferent input values of the scale factgr

parameterizations for the multiple scattering of light in
the atmosphere [18], [19] produce yield scale factors that]
differ by 1%. If added in quadrature, these effects add
up to a total expected systematic uncertaintys ef 9%.

V. CONCLUSIONS {2}

We introduced a new method of measuring the energlp!
scale of fluorescence detectors using the universality
of shape of the longitudinal shower profile. Its appli-
cability and sensitivity was demonstrated using Montef]
Carlo simulations of air showers and the detector o
the Pierre Auger Observatory. The measurement of thig]
energy scale uses air shower data to determine the ati o
lute fluorescence yield scale directly, and only requires
a laboratory measurement of the relative fluorescenge]

spectrum. 12
]
h%]

X

The simulated fluorescence yields were reproduced
very good accuracy. The systematic uncertainties of this
method could potentially allow for a fluorescence yiel&“]
determination with a precision better thd0%. The |15
application of this method to Auger data is in progres:[sl.6]

[17]

[18]
[19]
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TABLE |
UNCERTAINTIES OF THE SCALE FACTOR
(SEE TEXT)
Source Uncertainty|[%)]
APF: g +5,-3
APF: f +0.4
wavelength dependenege +0.0, —0.2
VAODs ~ 7
multiple scattering +0.5
energy reconstruction +0.4,-0.5
USP had. int. model +1
USP composition +3

REFERENCES

C. Di Giulio et al. (Pierre Auger Collab.),
Cosmic Ray Conf., Lodz (2009) .

Proc. of 31th Int.

] F. Arqueroset al., Nucl. Instrum. Meth. A597 (2008) 1-22 and

arXiv:0807.3760 [astro-ph].

A. M. Hillas, J. Phys. G8 (1982) 1461-1473.

M. Giller et al., J. Phys. G31 (2005) 947-958.

F. Nerlinget al., Astropart. Phys. 24 (2006) 421-437 and astro-
ph/0506729.

D. Goraet al., Astropart. Phys. 24 (2006) 484—-494 and astro-
ph/0505371.

M. Giller et al., Int. J. Mod. Phys. A20 (2005) 6821-6824.

S. Lafebre et al., Astropart. Phys. 31 (2009) 243-254 and
arXiv:0902.0548 [astro-ph.HE].

P. Lipari, Phys. Rev. D 79 (2009) 063001 and arXiv:0809.0190
[astro-ph].

Astropart. Phys. 26 (2007) 420-432 and
astro-ph/0606564.

N. N. Kalmykov and S. S. Ostapchenko, Phys. Atom. Nucl. 56
(1993) 346-353.

S. Ostapchenko, Phys. Rev. D 74 (2006) 014026.

R. Engelet al., Proc. of 26th Int. Cosmic Ray Conf., Salt Lake

City 1 (1999) 415.

M. Ungeret al., Nucl. Instrum. Meth. A588 (2008) 433-441

and arXiv:0801.4309 [astro-ph].

S. Argiro et al., Nucl. Instrum. Meth. A580 (2007) 1485-1496

and arXiv:0707.1652 [astro-ph].

F. Salamida (Pierre Auger Collab.), Proc. of 31th Int. Cosmic
Ray Conf., Lodz (2009) .

S. Y. BenZviet al. (Pierre Auger Collab.),
Cosmic Ray Conf., Lodz (2009) .

M. D. Roberts, J. Phys. G31 (2005) 1291-1301.

J. Pekaleet al., arXiv:0904.3230 [astro-ph] to appear in Nucl.
Instrum. Meth. A.

Proc. of 31th Int.



PROCEEDINGS OF THE 31 ICRC, tODZ 2009 1

The electromagnetic component of inclined air showers at the
Pierre Auger Observatory

Inés Valifio* for the Pierre Auger Collaboration

*Karlsruhe Institute of Technology, POB 3640, D-76021 Karlsruhe, Germany
fAv. San Martin Norte 304, 5613 Malaig, Argentina

Abstract. Muons, accompanied by secondary elec- In this work we have performed a comprehensive
trons, dominate the characteristics of inclined air characterisation of the electromagnetic component with
showers above60°. The characteristics of the signal respect to the well-known behaviour of the muonic com-
induced by the electromagnetic component in the ponent. We have studied the ratio of the EM to muonic
water-Cherenkov detectors of the Pierre Auger Ob- contributions to the signal in the water-Cherenkov detec-
servatory are studied using Monte Carlo simulations. tor as a function of several parameters. We have exam-
The relative contributions of the electromagnetic ined the effect of the shower evolution, shower geometry
component to the total signal in a detector are and geomagnetic field on the ratio. The dependences
characterised as a function of the primary energy, of this ratio on the primary energy, mass composition
for different assumptions about mass composition of and hadronic model assumed in the simulations are
the primary cosmic rays and for different hadronic addressed. The resulting parameterisations are used for

models. the reconstruction of inclined events measured with the
Keywords. electromagnetic component, muonic SD of the Pierre Auger Observatory [3].
component, Pierre Auger Observatory The study described here is based on Monte Carlo
simulations. A library of proton and iron-induced
l. INTRODUCTION showers with energies from0'® to 102° eV, zenith

angles betweer60° and 88° and random azimuthal

Inclined air showers are conventionally defined agngle were generated with AIRES 2.6.0 [5] and the
those arriving at ground with zenith anglésabove hadronic interaction models QGSJETO1 [6] and Sibyll
60°. At large zenith angles the electromagnetic (EM).1 [7]. The showers were simulated with and without
component in air showers, mainly produced by thgeomagnetic field at the site of the SD of the Pierre
decay ofr's, is largely absorbed in the vastly enhancegluger Observatory. The detector response is calculated
atmospheric depth crossed by the shower before reaglgre using a simple method based on parameterisations
ing ground, so in a first approximation only the moref the detector response to the passage of shower
penetrating particles such as muons survive to grounghrticles.
Muons are accompanied by an EM component produced
mainly by muon decay in flight and muon interactions
such as bremsstrahlung, pair production and nucleal. THE RATIO OF ELECTROMAGNETIC TO MUONIC
interactions, which amount te- 20% of the muonic DETECTOR SIGNALS

component [1]. This is the so-called electromagnetic The glectromagnetic and muonic particle components
“halo”. have a characteristic behaviour with distance to the

The Surface Detector Array (SD) of the Pierre Augeghower axis, shower zenith angle and azimuth angle (¢
Observatory [2] is well suited to detect very inclinegy the detector position with respect to the incoming
showers at energies above abdutx 10 eV, with ghower direction projected onto the plane transverse
high efficiency and unprecedented statistical accuragy. the shower axis (shower plane). Also the different
The cosmic ray energy spectrum obtained with inclineghntributions to the electromagnetic component differ
events is given in these proceedings [3]. from each other as shown below. This is reflected by the

The distribution of the detector signals produced byatio of the EM to muonic contributions to the detector
shower particles is used to estimate shower observabigsgna|

such as the primary energy. The specific characteristics

of inclined showers, such as the absorption of the EM Ry = Sin/S (1)
component and the deviations suffered by muons in the : .

geomagnetic field, entail that their analysis requires aln Fig. 1, we show the average signal distributions of
different approach from the standard one for showetllie EM and muonic components (left panel) and their
of # < 60°. The study of the signal distributions ofcorresponding ratid?g,;/,, (right panel) as a function
the electromagnetic and muonic components at grounfithe distance to the core for different 8. Near the
level becomes essential in the reconstruction [3], [4] arwbre, the ratio decreases with zenith angle fitbe 60°
analysis of events at large angles. to ~ 70° because the remnant of the EM shower due to
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Fig. 1. Left plane: Lateral distribution of the electromagoeind muonic contributions to the signal in the shower plane. Right panel: The
ratio of the electromagnetic to muonic contributions to the detector signal as a function of the distance from the shower axis. Simulations were
performed for 10 EeV proton showers at different zenith angles and in absence of geomagnetic field.

cascading processes’(decay) is increasingly absorbedgffect depends on the depth-dependent evolution of the
until it practically disappears a ~ 70°. Then the lateral particle distribution and on the attenuation of the
ratio increases again with, mainly due to muon hard total number of particles. The asymmetry induced by
interaction processes (bremsstrahlung, pair productitire shower evolution affects more the remnant of the
and nuclear interactions) that are expected to domind&® shower than the muonic component or its associated
near the core in very inclined showers. Far from the coEBM halo. As a consequence, the shower evolution is
the lateral distribution of the ratio tends to flatten duexpected to induce a negligible asymmetry in the ratio
to the dominant contribution of the EM halo produceih showers withd > 70°, because the EM remnant is
by muon decay in flight. The larger the zenith angle, tharactically suppressed, and the EM halo approximately
ratio levels off closer to shower core. The slight increadeas the same asymmetry than the muonic component.
of the ratio ford < 68° and far from the corer(=> 2 km) To study further the azimuthal dependence of the
is attributed to the combination of two effects, one is thasymmetry we divide the shower plane(ibins, and we
the number of low energy muons decreases more rapidigiculate the lateral distributions of the ratio in each bin
at large distances because they decay before reachingftvea fixed zenith angleRgy (7, 0, (), and we compare
ground, and only energetic muons survive, and on tlileese distributions to the distribution obtained averaging
other hand the presence of the contribution to the EbVver ¢: (R.,,,,)(r,0). For this purpose we define the
component due tor® decay, particularly in the early asymmetry parametek, as

region of the shower (the portion of the shower front

that hits the ground before the shower axis).
REM/H(T,@,O = <REM/H>(Ta9) X (1 + AC) (2)

A. Azimuthal asymmetry of the rati@ga, . In Fig. 2, we show the lateral distribution @iy,

There is an azimuthal asymmetry in the ratio of than different{ bins compared to the mean value (middle
EM to muonic contributions due to the combination opanel) and their corresponding asymmetry paramater
the geometrical and shower evolution effects [8]. A&ight panel) for showers @ = 60°. |A| increases with
illustrated in the left panel of Fig. 2 shower particleslistance to the core and it is larger in the early region
do not travel parallel to the shower axis in general arthan in the late region as expected. Moreovex,|
therefore they cross different amounts of atmosphedecreases as the zenith angle increases for the reasons
depending ort. In particular, particles arrive at groundexplained above, becoming negligible fér > 68°.
in the early region of the shower (= 0°) with a This plot illustrates the importance of accounting for
smaller local zenith angle than those in the late réhe asymmetry in the ratio when dealing with inclined
gion (( = 180°). This is essentially the basis for theshowers with60° < 6 < 70°.
geometrical effect. In inclined showers, the asymmetr o
induced by the geometrical effect is typically small ang' Geomagnetic field effect dipy /.
the main source of azimuthal asymmetry is the showerMuons in inclined showers travel along sufficiently
evolution effect which can be understood as followdong paths in the atmosphere to be affected by the Earth’s
Particles at the same distance from the shower axisimagnetic field (GF). Positive and negative muons are
the shower plane, but arriving with differeqgt travel deviated in opposite directions and as a consequence
along different paths and belong to different stages the muonic patterns in the shower plane are distorted
the evolution of the shower. The importance of thigh elliptical or even 2-lobed patterns [9], [10]. This
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Fig. 2. Azimuthal asymmetry in the rati®gy\; /. Left panel: Schematic picture of an inclined shower reaching the ground. Middle panel:
The ratio Rgn/y,, as a function of the distance from the shower axis in the shower plane in different binéoofl0 EeV proton showers
with & = 60°. Right panel: Asymmetry of the lateral distribution of the raftgy;,,, in different ¢ bins. The size of the bins ia¢ = 30°
centered at.

effect on the muonic distributions is only significanbf Fig. 3 (left panel), where we plaf g in different
for # > 75°. At these angles, the dominant contribins of r, as a function of the zenith angle for 1 EeV
bution to the EM signal at ground is due to the EMproton showers. We find that either #®£> 68° at all the
halo, which inherits the muon spatial distribution and idistances to the shower core or for distances beyond 1
proportional to the muonic signal distribution. For thikm at all the zenith angles the ratiigy;,,, remains
reason, the ratio of the EM to muonic signals maintairconstant at the same level with energy because only
the symmetry in the azimuthal angjeHowever, the GF the EM halo contributes to the EM signal. Otherwise,
increases thé Rgy/,,) With respect to the value in its there is a dependence on energy that increases as the
absence. The effect depends on the shower zenign@ distance to the shower axis decreases, and therefore the
azimuth ¢) angles, and is more important near the corelependences must be taken into account as systematic
After studying all these dependences, we have concludaacertainties. We obtain the same general result studying
that the effect on the ratio is important for showers ah g for other shower energies.
f = 86°. It should be noted that the rate of events at such At present, the chemical composition of the cosmic
high zenith angles detected at ground level is small duays at the highest energies ( EeV) remains unknown.
to the reduced solid angle and thes# factor needed For this reason we have studied the dependence of the
to project the array area onto the shower plane. Vergtio on the mass of the primary particle initiating the
inclined events are also subject to other uncertainties [Shower accounting for protons and iron nuclei in our
and we therefore choose to ignore them at this stagienulations. Following the same procedure as in the case
without losing much on statistical grounds. of the energy, we calculate the relative differerdtg. s
between the ratio in iron-induced showers at 10 EeV
with respect to that obtained for 10 EeV proton shower
The lateral distributions of the electromagnetic sign&imulations:
due to cascading processes and muonic signal exhibit a
different behaviour as a function of the energy and of the
depth of the shower maximum, while the contribution to (Renmyu) (p)
the EM signal due to muon decay in flight mimics the

: - For reasons very similar to those that explain the
energy dependence of the muonic one. Combining all the :
. .~ "eRergy dependence studied before, we conclude that
results, we expeckgy,/, to have a different behaviour

. ither forf > 68° Il the distan he shower cor
depending on whether the EM remnant or the EM haIet erford 2, 68° at all the distances to the shower core

. . r for distances beyond 1 km at #lthe ratio Rgyy),
contributes more to the total §|gnal. we s_tudy_the ENeIY¥ mains constant at the same level with primary mass as
dependence aRgy;/,, performing the relative difference in Fia. 3 (middl |
Ap between the ratio at a given energy with respegpown n Hg- (mi e. panel). .

B At the highest energies, there is lack of knowledge

to that obtained for 10 EeV proton-induced ShOwersét’bout the hadronic interactions which determine the

C. Systematic uncertainties

A _ Rpmyu(Fe) — (Repmyu) (P)
mass —

(4)

(Reny/u): shower development of MC simulations [11]. This fact
R E)— (R 10EeV leads to discrepancies between the different hadronic
Ap = /() — (Bonau)( ) (3) models on predictions such as the densities of the EM

10E: .
(Renay ) (10E€V) and muonic components at ground.

The dependence adk on the zenith angle and dis- In this work, we compare two high energy interaction
tance from the shower axis is studied as in the exampteodels widely used in cosmic ray physics: QGSJET01
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Fig. 3. Left plane: The relative differencAr between the ratioRg,,,, obtained in 1 EeV proton-induced showers with respect to the

reference ratid Rgn/,,) Obtained in 10 EeV proton-induced showers simulated with QGSJETO1 (Eg. 3). Middle panel: The relative difference
Amass between the ratid?gy/,, obtained in 10 EeV iron-induced showers simulations with respe¢fign/,,) (Ed. 4). Right panel: The

relative differenceAy.q between the ratiaRgy;/, obtained in 10 EeV proton-induced showers simulated with Sibyll 2.1 with respect to
(Rem/u) (EQ. 5). The relative differences are shown as a function of the shower zenith angle in different bins of distance to the shower axis r.

and Sibyll 2.1. For proton primaries at 10 EeV, theenith angles> 60°, the ratio remains constant because

QGSJET model predicts showers that on average deily the electromagnetic halo contributes to the EM

velop higher in the atmosphere and hat@% more signal. Otherwise, the dependences are important and

muons than showers simulated with Sibyll. must be taken into account as systematic uncertainties
We calculate the relative differends,,q between the within the event reconstruction.

ratio for 10 EeV proton showers simulated with Sibyll

2.1 with respect that obtained in showers simulated with REFERENCES
QGSJETO1: [1] M. Ave et al., Astropart. Phys.14:109, 2000.
[2] J. Abraham et al. [Pierre Auger Collaboratio®jJMA, 523:50-
95, 2004.
A = TSI — (Ren) QGSIET) ) 8 e B e o e o R
“ (Rem/pu) (QGSJET) Meérida, 4:323, 2007. ' '

. . . [5] http://iwww.fisica.unlp.edu.ar/auger/aires/

In Fig. 3 (right panel) we show,.q as a function [g] N. Kalmykov et al.,Nucl. Phys. Proc. Suppl52B:17-28, 1997.
of the zenith angle in different bins of. The diffe- [7] R. Engel et al., Proc. 28 ICRC, Salt Lake City, 1:415, 1999.
rences between both models are more apparent neaé&}e X'_- '\TA aﬂ}’;s eétﬂii,Aﬁtr?(?aﬁhpfgé'cl,sssusdlaﬁgi’, %?gg’é‘ 1960,
shower axis as expected from the dominance of the ] M. Ave et al., Astropart. Phys.14:91, 2000.
component due to cascading processes near the core.[VWe T. Pierog et al.Czech. J. Phys56:A161-A172, 2006.
obtain a similar result to the case of energy and makgl ! Valiio etal., in preparation.
dependences, which is that either tbp> 64° at all the
distances to the shower axis or for distances beyond 1
km at all zenith angles the ratig,;,, remains constant

at the same level independently of the model used.

IIl. CONCLUSIONS

We have characterised the signal distributions of the
electromagnetic and muonic components of inclined
showers at the ground level on the shower plane [12].
We have accounted for the different sources of azimuthal
asymmetry and the effect of the geomagnetic field. As a
result, we have obtained a parameterisation of the ratio
Sem/S, as a function of the shower zenith angle and
the detector position that is used in the reconstruction
of inclined events measured with the Surface Detector
Array of the Pierre Auger Observatory.

We have studied the dependence of this ratio with
the primary energy, mass composition and the hadronic
interaction model used in the simulations. The general
result is that either for zenith angles exceeding 68°
or for distances to the shower core beyond 1 km at all the
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Rapid atmospheric monitoring after the detection of high-energy
showers at the Pierre Auger Observatory
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Abstract. The atmospheric monitoring program of
the Pierre Auger Observatory has been upgraded
to make measurements of atmospheric conditions
possible after the detection of very high-energy show-
ers. Measurements of the optical transmittance due
to aerosols and clouds are time-critical. Therefore,
observations of atmospheric regions close to a shower
track of interest are performed within ten minutes of
a shower detection using LIDAR and telescope mon-
itors. Measurements of the altitude dependence of
atmospheric state variables such as air temperature,
pressure, and humidity are performed within about
two hours following the detection of a very high-
energy event using meteorological radio soundings.
Both programs are triggered using a full online
reconstruction with analysis-level quality cuts. We
describe theimplementation of the onlinetrigger, and
discuss the impact of the monitoring data with high
resolution on the analysis of air shower events.

Keywords: rapid atmospheric monitoring, Pierre
Auger Observatory, high-energy air showers

|I. INTRODUCTION

physical interest, such as very high-energy showers, it is
desirable to measure the properties of the atmosphere as
accurately as possible. To improve the resolution of the
atmospheric database for such events, dedicated radio
soundings and LIDAR measurements can be triggered
by an online event reconstruction. We will discuss the
motivation for such measurements (Section II), the op-
eration of the online trigger (Section 1ll), and the use
of dedicated atmospheric measurements in the offline
reconstruction (Section 1V).

II. MOTIVATION FOR RAPID MONITORING

Between 2002 and 2005, radio soundings were per-
formed at the observatory during dedicated measurement
campaigns. Since mid-2005, the soundings have been
performed approximately every fifth day. The measure-
ments obtained by launching weather balloons provide
altitude profiles of the air temperature, pressure, and
relative humidity up to abou23 km above sea level.
Due to the limited statistics of the measurements, the
data have been incorporated into monthly models of
conditions near Malargue, Argentina, the site of the
southern part of the Pierre Auger Observatory [4], [5].

At the Pierre Auger Observatory [1], extensive air Using monthly models instead of actual profiles
showers (EAS) induced by ultra-high energy cosmic raystroduces an uncertainty of the primary energy of
are studied. The observatory consists of two detect&E/E= 1.5% — 3% for showers with energies between
types, a surface detector (SD) for secondary particlessf 10177 eV and10%° eV, and a corresponding uncer-

EAS and fluorescence detector (FD) telescopes for Utinty AX,,..= 7.2 — 8.4 g cm2 of the position of the
emissions by nitrogen molecules in the atmosphere. ThlkRower maximum. While it is not practical to perform
fluorescence technique provides an almost calorimetdcradio sounding every night, the reconstruction can be
measurement of the primary energy of cosmic rays. improved for a subset of the EAS data by concentrating
However, the constantly changing conditions of ththe soundings in periods when high-quality events are
atmosphere demand a sophisticated monitoring syshserved. This subset of EAS events is particularly
tem [2]. The reconstruction of air showers from theiimportant because they contribute to the energy scale
UV-emission requires proper characterisation of atmaoetermination of the entire observatory [6].
spheric state variables such as pressure, temperature, ariébr aerosol measurements, the LIDAR stations con-
humidity, as well as the optical transmittance due tduct automated hourly sweeps of the atmosphere above
aerosol contamination and the presence of clouds [8he observatory to estimate the vertical aerosol optical
The state variables of the atmosphere above the Piedepth, cloud height, and cloud coverage [7]. The hourly
Auger Observatory are determined using meteorologicaeeps are sufficient to characterise changing aerosol
radio soundings, while aerosol and cloud conditions acenditions, but a more rapid response is necessary to
measured by two central lasers, four elastic LIDARsdentify moving clouds between shower tracks and the
and four cloud cameras [4]. FD telescopes observing the event. To accomplish this,
The sounding data have been incorporated intbhe LIDARs are capable of interrupting their hourly
monthly models, and aerosol and cloud data into aweeps to scan interesting shower tracks for atmospheric
hourly database [4]. However, for events of particularon-uniformities [7], [8].
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IIl. ONLINE TRIGGER 145

To select events for monitoring with radio soundings
and/or LIDAR scans, an online reconstruction is used
to trigger balloon launches and the LIDAR hardware.
As data are acquired from the FD telescopes and SD
they are merged by an event builder into hybrid event
files, and passed to the reconstruction software. The
software is the same as that used foffline event
recmnstruction [9], including the latest versions of the
detector calibration databases. In this way, the LIDAR 10 11 12 13
and balloon triggers can be constructed with the same Shift Number
quality as the offline physics analysis.

The reconstruction |00p runs every 60-90 Seconq§?g. 1. All triggers for each FD shift in 2008 of events which wabul
and reconstructs events between 2 and 10 minutes aft&fe passed the sounding trigger conditions. A seasonal effect due to
their detectioh. Events with reconstructible/5/dX longer nights in winter can be seen.
longitudinal profiles are used to trigger LIDAR and
sounding measurements following the application of
basic quality cuts. The LIDARs trigger on showers witiifiggering the telescopes with stray light, the FD data
E > 10 eV in combination with given quality cuts acquisition is vetoed for four minutes, the maximum
on the reconstruction of the shape of the longitudin&uration of a dedicated scan. In contrast to the LIDAR,
profile. These events are typically of high quality anthe balloon launches require human intervention. There-
the rapid monitoring is to ensure that no atmospheri€re, & sounding trigger initiates a SMS text message to
impurity has altered the reconstruction result. To allo@ technician in Malargtie. The technician then drives to
the investigation of shower observations affected bjie balloon launching facility and performs the sounding
clouds and other non-uniformities in the atmosphere fé¢Pically within two hours of the detection of the event.
possible longitudinal profile corrections in the futurelhis measurement has no interference with any other
few events of lower quality withZ > 10578 eV can data acquisition of the Pierre Auger Observatory.
also pass the trigger conditions. This yields up to one
scan per night. A balloon launch is triggered for events IV. ANALYSIS
with £ > 10'%-3 eV and a profile fity?/NDF < 2.5. . . . :

All trigger conditions have inpcommoz that the position Dgrm_g the_ March — Apri .2009 FD Sh'.ﬁ’ the rapid
monitoring with radio soundings was activated for the

of shower maximum has to be well in the field of view. ~ . : ) :
. irst time. We had two nights with successful triggers for
and that the observed track has an expedient length. . . ) :
the radio soundings. In the second night, it was a stereo

The quality of the online reconstruction has been . : o
checked by comparing with results from tig@ffline event. Both radio soundings could be performed within

. . : 1.5 hours after the high-energy air shower. The first trig-
reconstruction. Even though some minor differences in

: . .ger was sent at the end of March and the second one at
the reconstruction chains are present, the reconstructipn

Lality is excellent. Onlv some events are missed e beginning of April. In Fig. 2, the difference between
q Y - DNy 18 L lme actual measured atmospheric profiles from the radio
the online reconstruction below'® eV, which is well

. .soundings and the monthly models for the area of the
below the required energy threshold for both rapi uger Observatory valid for that month are displayed for

monitoring programmes. At primary energies of interestthe temperature, atmospheric depth, and vapour pressure.

the energy of the primary cosmic ray and the poSitiOI'E'or the event in March, the differences between the

of the shower maximum are reconstructed very well b . '
: . i . easured temperature and atmospheric depth profiles
comparison with thefflin€ reconstruction: only below
and the monthly average model are small. However the

0 :
Z )f’ gggjengﬁeforretsgni?ri@i/oﬁnSu%sg fg';h t': XZ;}; arrea d%onsiderable amount of water vapour in the lower atmo-
P ) ggering here indicates possible distortions of the longitudinal

X . X ; S
soundings yield a trigger rate of 3 to 13 radio Soundm%ﬁower profile compared with a reconstruction using the

per shift depending on season, see Fig 1. In praCtICSdequate monthly model. A reconstruction of the first

ﬁ]ngbgzte zla}[l;ng Taljngﬁgsrn:dlzv[)\l'tshr::}ts hours resultln%\/em with the actual atmospheric profiles compared with
. b ' that using monthly models yields/&E'/ E of +0.9% and
Triggers for the LIDAR systems are handled autog Xumax Of +6 g cnT 2. For the event in April, the water
mi['ctf‘"y Lbl)[/),tAhF(: s€ statlon_s.t thteh h‘?”:é/ S(;an.s arefhtzaltg pour content is nearly the same as in the corresponding
I‘?E) ¢ Ie ts swete)p tlrr: 0 h N Iet okV|7eWTo eraonthly model. However, the higher temperature close
elescopes to probe the shower track [7]. To avoy ground resulting in lower atmospheric depth values
1The delay is caused by buffering of station data from the SD. will chan-ge thef reconStrUCt?d ar thowﬁr ?Vent' The S.aln;e
2To infer these numbers, the EAS data sample from 2008 wiWo versions of reconstruction as for the |rs_t eventyie
analysed. a AE/FE of -0.5% and -1.0% for the two different FD
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Fig. 2. Difference between two actual measured atmospheric profiles in March and April 2009 from the radio soundings and the corresponding
monthly models for the area of the Auger Observatory. Left: Temperature. Middle: Atmospheric Depth. Right: Vapour Pressure.

stations which observed this stereo event ami,,.,  season (Fig. 3 right).
of +4 g cnT2 and +3 g cnv2, _ o _ )
) ) ) The rapid monitoring with LIDARSs started in Febru-
In the second shift running this programme, we had 1., 2009 and through the beginning of May 2009, the
triggers in 6 nights. The first one was again a stereo e"%gr LIDAR stations at the Pierre Auger Observatory
and in the fourth night, there were 3 triggers within 2.3 ere triggered 29 times. The intention is to investigate
hours. The fifth night also provided two triggers in 2.8msspheric conditions for those high-energy showers

hours, and in the last night there were 2 triggers withifq¢ 4l strict analysis cuts due to distortions caused by
1 hour. In total, we had 5 radio soundings initiated bY|,uds and aerosols.

high-energy air shower events, because the SMS during
the last night were lost. For high-energy showers of high reconstruction qual-

All events have been reconstructed using two differeH}’ :]he LIDARhscans car? be used tohverlfy the (lqlualltfy
configurations. The first one represents the status of cQl-the atmosphere. In this manner, the scans allow for
rently best knowledge, so using the actual atmosphe”_le investigation of atmospheric selection effects on the
profiles from the radio soundings in combination Witrb'gh_es’t energy showers. Of the 29 show_ers pro_bed by
descriptions of fluorescence emission [10] and trang-ed'c"?‘ted LIDAR scans, 17 passed the strict _quahty cuts
mission taking into account all temperature, pressurgSed in the anaI¥S|s ongD d%tSéQThe er;]ergﬁs of tgese
density, and humidity effects. The second reconstructiGhiOWers ranges rori]é) to 10 e\g The o %sn?rve
relies on the same descriptions but uses the montrﬁpower maxima are between 678 and 808 g

models for the site of the Pierre Auger Observatory |, nearly all cases, the profile fit is of high quality,

which provide also profiles of water vapour. In Fig. 3514 the LIDAR data do not indicate the presence of

the resulting differences of the reconstruction procedur%ﬁ,ge amounts of aerosols or heavy cloud coverage. One
are shown for all events during March and April 2009 ception is shown in Fig. 4, in which the light from the

The stereo events have been reconstructed independeggxer segment of a shower track is blocked by a thick
for the two FD stations which observed the extensivggq layer. The backscattered light from the LIDAR
air shower. The primary energies of these events vag{an shows a strong echo nearkm above ground

19.7
from the threshold energy up to almogi™ " eV and |eve| or 650 g cm? slant depth along the shower track,
for the position of shower maximum, values betwee{:‘onfirming the presence of a cloud.

654 and 924 g cm? slant depth are observed. The

given differences are between reconstruction with actualAt present, the rapid monitoring with LIDARS is
atmospheric profiles and that with monthly models. Fanainly used as a check of the quality of the atmosphere
the primary energy, we expect an uncertainty -bf after the observation of high-energy showers. This is
2.5% atE, = 10'93 eV while using monthly models. quite important for analyses that rely on unusual features
The differences between reconstructions using soundiimgshower tracks, such as exotic particle searches. The
data and the monthly models fit these expectatioh$DAR shots can also be used to remove obscured or
(Fig. 3 left). For the position of shower maximum, thelistorted sections of a shower track from the analysis.
expected uncertainty d, = 10'%3 eV is + 8 g cnT2.  Once sufficient statistics have been collected, it should
The reconstruction with monthly models nearly matchdse possible to use the LIDAR data to correct observed
these expectation but is biased to one direction for thisiower tracks for inhomogeneities in the atmosphere.
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Fig. 3. Comparison of two different versions of reconstruction for air shower events observed in March and April 2009. The first reconstruction
uses actual atmospheric profiles from radio soundings performed shortly after the detection of the EAS. The second one uses monthly models

developed for the site of the Pierre Auger Observatory.
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UHE neutrino signatures in the surface detector of the Pierre
Auger Observatory
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Abstract. The Pierre Auger Observatory has the emerging tau lepton which decays in flight may initiate
capability of detecting ultra-high energy neutrinos. detectable air showers above the ground [5], [6].
The method adopted is to search for very inclined  One of the experimental challenges is to discriminate
young showers. The properties of such showers that neutrino-induced showers from the background of show-
start deep in the atmosphere are very different at ers initiated by UHECRs. The underlying concept of
ground level from those of showers initiated in the neutrino identification is rather straightforward. Whereas
upper atmosphere by protons or nuclei. The neutrino proton or nuclei and photons interact shortly after having
events would have a significant electromagnetic com- entered the atmosphere, neutrinos may penetrate a large
ponent leading to a broad time structure of detected amount of matter undisturbed and generate showers
signals in contrast to nucleonic-induced showers. In close to the surface array. The differences between
this paper we present several observables that are showers developing close to the detector — so-called
being used to identify neutrino candidates and show young showers — and showers interacting early in the
that the configuration of the surface detectors of the atmosphere — old showers — becomes more and more
Auger Observatory has a satisfactory discrimination pronounced as we consider larger angles of incidence.
power against the larger background of nucleonic In case of showers initiated by protons and nuclei, which

showers over a broad angular range. interact soon after entering the atmosphere, only high-
Keywords: UHE neutrino signatures, the Pierre energy muons can survive at high zenith angles. As a
Auger Observatory result, the detected showers show a thin and flat front

which leads to short detected signals {00 ns). In case
of young neutrino-induced showers a significant electro-
magnetic component (EM) is present at the ground as
The detection of ultra high energy (UHE) cosmiavell. The shower front is curved and thick and leads to
neutrinos, abovea0!® eV, is important as it may allow broad signals, lasting up to a few microseconds.
us to identify the most powerful sources of cosmic With the surface detector array (SD) of the Auger
rays (CR) in the Universe. Essentially all models obbservatory, which consists of 1600 water Cherenkov
UHECRs production predict neutrinos as a result afetectors with 1.5 km spacing, we can identify young
the decay of charged pions produced in interactioghiowers because the signal in each tank is digitized
of cosmic rays within the sources themselves or whilgith 25 ns time resolution, allowing us to distinguish
propagating through background radiation fields [1]. Fahe narrow signals in time expected from old showers,
example, UHECR protons interacting with the cosmifrom the broad signals expected from a young shower.
microwave background (CMB) give rise to the so called In this contribution, we present the criteria used to
“cosmogenic” or GZK neutrinos [2]. The cosmogenig¢dentify neutrino-induced showers, the important observ-
neutrino flux is somewhat uncertain since it depencdgles, the neutrino identification efficiencies, and the
on the primary UHECR composition and on the naturngrocedure to simulate neutrino induced showers.
and cosmological evolution of the sources as well as
on their spatial distribution [3]. In general, about 1% of Il. "E ARTH-SKIMMING” TAU NEUTRINOS
cosmogenic neutrinos from the ultra-high energy cosmic The SD detector of the Auger Observatory is sensitive
ray flux is expected. to Earth-skimming tau neutrinos [7], [8], [9]. These are
Due to their low interaction probability, neutrinosexpected to be observed by detecting showers induced by
need to interact with a large amount of matter to béne decay of emergingleptons, after the propagation of
detected. One of the detection techniques is based @i, s through the Earth, see Fig. 1 (upper panel). The
the observation of extensive air showers (EAS) in thigst step towards identification aof. induced showers
atmosphere. In the atmosphere so-called down-goingnsists of selecting very inclined showers that have
neutrinos of all flavours interacting through charge anost of the stations with signals sufficiently spread in
neutral currents can produce EAS potentially detectaliiee. Young showers are expected to trigger detector
by a large ground detector such as the Pierre Auggiations with broad signals releasing a so-called 'Time
Observatory [4]. When propagating through the Eart®ver Threshold’ (ToT) trigger [7]. Counting ToTs sta-
only tau neutrinos skimming the Earth and producing aons can help identifying young showers. At this stage

I. INTRODUCTION

113



2 D. GORA et al. NEUTRINO SIGNATURES IN THE AUGER OBSERVATORY

top of atmosphere

incident tau decay top of atmosphere
neutrino tau

CC interactions

in Earth

Muons

- Injection point
decay point

of lepton tau

Electrons & photons

Electrons & photons

Early region Late region
broad signals narrow signals

120 down-going electron induced showers

¥ . -
100 * m  ©6=87°, E =10 EeV

BTTI T LI TRTTITT

80!
proton induced showers ( 6>60°)
60!

40

o © 0 0 o
¥,

20 Ll -

\\\\\\

'S
0
TTPT[@ TR [ETRI [ BT TaT

\\\\\\\

\\\\\\\\\\\\\\\\\\\\\\\ SN

o, o il © e o |eo £ ANNNRVNNNNNNNN
20 a5 50 55 60 o ] 10000 ] ] 200(_)0 ] 3000¢
x [km] Distance from the earliest triggering station [m]

Average signal duration of station [ns]

Fig. 1. (Upper panel) The sketch of a shower induced by the deciyd- 2-  (Upper panel) Sketch of a down-going shower initiated in
of a7 lepton emerging from the Earth after originating from an Earth‘t-‘he interaction of a in the atmosphere close to the ground; In the
skimming v-. The earliest stations are mostly triggered by electron§ary” (‘late”) region of the shower before (after) the shower axis
and ~s; (bottom panel) sketch of length. over width (V) of a hits the ground we expect broad (narrow) signals in time due to
footprint and determination of the apparent velocity’}). The (V) electromagnetic (muonic) component of the shower; (bottom panel)
is given by averaging the apparent velocity; = d;; /At;; whered; ; the average ;lgnal_dura_tlon of t_he station as a function of the distance
is the distance between couples of stations, projected onto the directfgRm the earliest triggering station.

defined by the length of the footprinf,, and At;; the difference in

their signal start times. i .
the resulting electrons are expected to induce EM show-

. . ers at the same point where hadronic products induce
also a cut of the area of the signal over its peak (AOPE hadronic shower. In this case the CC reaction are

value is qpplied to reject ToT local triggers produced béfimulated in detail using HERWIG Monte Carlo event

. . _ - %rénerator [13]. HERWIG is an event generator for high-
of footprint, defined by the ratio of length (L) OVe“’\"dthenergy processes, including the simulation of hadronic

(W) of the shower pattern on ground, and the Me3{hal states and the internal jet structure. The hadronic

apparent velocity, are basic ingredients to identify V€ldhowers induced by outgoing hadrons are practically in-
inclined showers [7], see Fig. 1 (bottom panel) for th

_ 8istinguishab|e in case of NC interactions, so they are
explanation of these observables.

) ] simulated in the same way for three neutrino flavours.
The mean apparent velocity)') is expected to be |, case ofy

. , : A . CC interactions the produced muon is ex-
compatible with the speed of light for quas&honzontaﬁected to i

o e X nduce shower which are generally weaker i.e.
showers within its statistical uncertaintyy) [8]. Fi- \ith 4 smaller energy transfer to the EAS, and thus with

nally compact configurations of selected ToTs complelg,,yressed longitudinal profile and much fewer particles
the expected picture of young-induced shower fo0t- 5 ground. As a consequence, the detection probability
prmts. These .crlterla were used to cglculate an uppsi such shower is low and therefore the produced
limit on the diffuse flux UHEv, [8] with the Auger n,on js neglected and only the hadronic component is
Observatory and an update of this limit [9], [10]. simulated with the same procedure adopted foNC
interactions. In case of down-going the produced-
lepton can travel some distance in the atmosphere, and

The SD array is also sensitive to neutrinos interactiff€n decay into particle which can induce a detectable
in the atmosphere and inducing showers close to tRBOWer. Thus, the outcoming hadronic showers initiated
ground [11], [12]. Down-going neutrinos of any flavourdy vr interactions are usually separated by a certain
may interact through both charged (CC) and neutrdiStance from the shower initiated by the tau decay.
current (NC) interactions producing hadronic and/dp this particular caser decays were simulated using
electromagnetic showers. In casepfCC interactions, TAUOLA [16]. The secondary particles produced by
HERWIG or TAUOLA are injected into the extensive air

1The peak corresponds to the maximum measured current %hower generator AIRES [17] to produce lateral profiles
recorded trace at a single water-Cherenkov detector. of the shower development. Shower simulations were

IIl. "D OWN-GOING” NEUTRINOS
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Fig. 3. (Left upper panel) The zenith angle distribution of nieos with £—2 flux and real events; (right upper panel) the ratigl/’ as the
function of the reconstructed zenith angle. Neutrino induced showers have largek f&8tcthan real data at high zenith angles. The area over
peak for first triggering station (AaR (left middle panel) the square of the area over peak for first triggering stationfMd@ht middle panel),

the product of AoP of four first triggering stations (left bottom panel) and a global early-late asymmetry pardmeRer {1, — (AOP);q:c)

as the function of zenith angle.

performed including the geographic conditions of thef signals that one expects for very inclined young
site (e.g. geomagnetic field) for different zenith angleshowers, in which the late front of the shower typically
0 = 75°,80°,85°,87°, 88° and89° and random azimuth has to cross a much larger grammage of atmosphere
angles betweer0° and 360° and different hadronic than the early front, and as a consequence suffers more
models: QGSJET Il [14] and Sibyll [15]. The secondargttenuation, see Fig. 2 (upper panel). This has been
particles are injected at different slant depths measurednfirmed by simulations of-induced showers as is
from the ground up to a maximum value depending oshown in Fig. 2 (bottom panel). The time signal for
0. Finally the response of the SD array is simulated ishowers is expected to be broader around the position
detail using the Offline simulation package [18]. In totabf the maximum of the shower development. Broader
about 20,000 showers induced by down-going decayisgnals are expected to last about 1000 ns, while the
7 leptons were simulated and about 36,000 events fduration decreases to a value of about 150 ns down-
electron induced showers. These neutrino simulatioeBeam in the latest stations which are hit by the muonic
were used to estimate the expected neutrino signal aadl of the shower development. For hadronic showers
efficiency of detection of the neutrinos. with 6 > 60°, the expected duration of the signals is
The criterion to identify young, inclined, down-goingalmost constant with an average value of about 150 ns.
showers consists of looking for broad time signals d&gom Fig. 2 (bottom panel) we can see that a good
in the case of up-going neutrinos, at least in the earigientification criterion is to require broad signals in the
region, i.e. in those stations triggered before the showi@st triggered stations of an event.
core hits the ground [12]. The physical basis for this In the case of down-going neutrinos the general pro-
criterion is the large asymmetry in the time spreadedure to extract a neutrino induced shower from real
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data is similar to the procedure used for Earth-skimmir Ir i " ‘ ‘ ]
neutrinos, i.e. the inclined events are extracted from re C . :‘f’ovvffc
data using the apparent velocity afgd¥ cut and the RO 87y, CC
criterion for looking for events with broad signal in time r -0 87%u;NC
are applied. However, there are some differences. T :? 0.6~ :‘ZEEE
selection criteria cannot be the same as for up-going @ r —
because in case of down-going neutrinos we are sensit ,’é 0.4/~ -
for a larger zenith angle range (aboli® above the & L 1
horizon instead aboui® below horizon for up-going 0.2 ]
v;), which also means a larger background contributic L kA ‘ .\ ]
and thus a more demanding selection procedure [10] > ALV S N
2000 3000 4000 5000

In Fig. 3 (left upper panel) the zenith angle distribu
tion of real data and simulated neutrino events is show
The (V) and the ratioL /W cut can _eXtraCt .mC“ned Fig. 4. Thev, identification efficiency as a function of the neutrino
events from real data, see also Fig. 3 (right upp@ieraction point for different zenith angle and energy 1 EeV.
panel). To extract young showers with broad signal . .
the area over the peak (AoP) of the first four stations iEilhvour due to different energy fractions transferred to

. N * e induced shower. In CE, interactions, if the lepton
square (AoF), their product (AOR*A0P,*A0P;*A0P,) htgu decays in flight, only a fraction of its energy is con-

and a global early-late asymmetry parameter of t ; . : ;
d y y y P verted into ar-induced shower. In &, CC interaction,

event (AOP)uriy, — (AOP)1.)? can be used. These ; L
observables were used to discriminate neutrino showérr)g produqed muon induce a shower which is in gen_eral
eaker, with a small energy transfer to an EAS with

by using the Fisher method, see [10] for more detail¥ - .
As an example in Fig. 3 (middle panels) distribution¥€"Y low probability to trigger the SD array. Thus the

of AoP; and AoP for the first triggering station are Ve Ci mdtugedvsm)\;virs give the main contribution to
shown. In Fig. 3 (lower panels) we also show the produg%e expected event rate.
AoP;*AoP>*AoP3*AoP, (left panel) and the global IV. CONCLUSIONS

early-late asymmetry paramet§oP)cari, — (AOP)iare  To conclude we have shown that neutrino induced
(right panel) for real data and MC simulated neutrinognower can be identified by the SD of the Auger Ob-
The good separation is clearly visible between neutrin@yatory. The key to for identification is the presence
simulated showers and measured inclined events. Theg significant EM component. By means of Monte
separation is better at large zenith angles where the bagky|o simulations we have identified the parameter space

ground signal (real data events) is less abundant. Thigiere the efficiency of neutrino identification is signif-
example demonstrates that the SD array has a satisfagnt.

Slant depth from ground [g cm 2]

tory discriminating power against the larger background
of nucleonic showers at zenith angles larger than about
75°. (1]
In Fig. 4 the neutrino identification efficiency,(the %

fraction of v-induced showers triggering SD array and

passing the neutrino identification criteria [10]) is
shown. It is clear that depends on the zenith angle [5]
and type of interactions. The efficiency as well as the
range of slant depth grows as the zenith angle increasd§]
Only for showers very close to the SD array does it drogm
dramatically since the shower does not cross sufficient
grammage to develop in the direction transverse to thigl
shower axis. The efficiencies for NC are much low [{9]
than for CC for the same neutrino energy and zenith
angle. This is due to the fact that in NC reactions thié1]
fragments of a target nucleus induce a pure hadronic
shower with a small fraction (about 20%) of energyz
transfered to the EAS while in C@, reaction the rest
of the energy goes to an additional EM shower. T
identification efficiency depends also on the neutringy)
[15]

2The global early-late asymmetry parameter is defined as the diffd 6]
ence between average value of AoPs calculated for the first triggerle&%
stations and the last triggered stations of the event. If the number
stations is odd the station in middle is ignored. If the event multiplicit)f
is larger than 8 stations only the first/last four stations are used. 18]
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Sensitivity of Extensive Air Showers to Features of Hadronic
Interactions at Ultra-High Energies

Ralf Ulrich, Ralph Engel, Steffen Miiller, Tanguy Pierog, Fabian Schiissler and Michael Unger

Karlsruher Institut fiir Technologie (KIT)!
Institut fiir Kernphysik, P.O. Box 3640, 76021 Karlsruhe, Germany

Abstract. We study the dependence of extensive air
shower development on the first hadronic interac-
tions at ultra-high energies occurring in the startup
phase of the air shower cascade. The interpretation
of standard air shower observables depends on the
characteristics of these interactions. Thus, it is cur-
rently difficult to draw firm conclusions for example
on the primary cosmic ray mass composition from
the analysis of air shower data. On the other hand, a
known primary mass composition would allow us to
study hadronic interactions at center of mass energies
well above the range that is accessible to accelerators
measurements.

Keywords: Hadronic interactions, extensive air
showers, ultra-high energies

I. INTRODUCTION

Currently, the interpretation of existing high quality
air shower data in terms of important properties as
e.g. the primary mass composition, is complicated by
the poorly constraint hadronic interaction physics at
ultra-high energies (e.g. Ref. [1]). For an unambiguous
analysis of air shower data reduced uncertainties of
interaction characteristics are needed.

The longitudinal development of extensive air showers
is very sensitive to hadronic interaction in the startup
of the air shower cascade. These few interactions at
ultra-high energies are subject to particularly large un-
certainties; Their characteristics must be inferred from
extrapolations of accelerator data at much lower energies
to cosmic-ray energies and secondary particle production
phase space. These extrapolations are not well constraint
by theory nor experiment [2]. To explore the importance
of these extrapolations to ultra-high energies on the
final resulting air shower observables, we modified these
extrapolations during air shower simulations.

If, with the help of astrophysical arguments, the
composition of cosmic rays of a specific energy can be
constraint, then it is possible to learn about the physics
of hadronic interactions at energies far above the LHC
from the analysis of air shower data. This would allow
one to use ultra-high energy cosmic ray observatories as
fixed target particle physics experiments at energies up
to /s ~ 450 TeV, which is far above the reach of any
Earth-based particle accelerator.

IKIT is the cooperation
Forschungszentrum Karlsruhe

of University Karlsruhe and

II. MODIFIED AIR SHOWER SIMULATIONS

For our studies we implemented a modified version
of the CONEX [4] air shower simulation program that
can modify the characteristics of hadronic interactions
during the simulation. We adapt the following factor to
re-scale specific properties of hadronic interactions:

f(E) =1+ (fio —1) F(E) (1)
with
F(E)= { ; In(E/1PeV) g = 1heV , (@
Th(10 BeV /1 PeV) > 1PeV

where E is the energy of the projectile of the interaction.
The factor F'(E) is 0 below 10'° eV, and thus f(E) = 1,
where accelerator data is available to constrain the
models (the Tevatron corresponds to ~ 2 x 10'°eV).
At higher energies F(F) is increasing logarithmically
with energy, reflecting the growing uncertainty of the
extrapolation with energy. The resulting impact of f(E)
on the extrapolation of the production cross section is
shown in Fig. 1. By using Eq. (1) for all interactions dur-
ing the simulated air shower development with energies
above 1015 eV, the effect of the modified extrapolation to
ultra-high energies affects not only the primary cosmic
ray-air interaction, but also the high energy interactions
in the startup phase of the air shower, until the energy
of the particles drops below 10'°eV.

The interactions of hadrons, and thus in particular
of primary proton cosmic ray particles, are directly

Equivalent c.m. energy \'s,, [GeV]
102 10° 10 10°
T T R WAL o
700 T
Tevatron o

m accelerator data (p—p) + Glauber

\\\\\\

Cross section (proton-air) [mb]
a
o
o

300 —— SIBYLL21

B SIBYLL2.1,f =12

Co SIBYLL2.1,f, =08

ool vl vl vl v il i i e
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Energy [eV]

Fig. 1. Example of a modified hadronic production cross section for
SIBYLL for a 20 % increase and decrease of fig [8].

117



2

E — SIBYLL2.1

=4 L SIBYLL2I,n_ x0.5
o SIBYLL2.1, 0™ x 2.0
S 10 == Vmult .

[
S
w
‘ T \HHH‘ TTTT

O T,

e b b L L T bt
01 02 03 04 05 06 07 08 09
X\ab

(a) Multiplicity
Fig. 2.

modified by using the factor Eq. (1). For nuclei, however,
the semi-superposition model [5, 6] is applied in order
to describe the interactions of nuclei based on the funda-
mental hadronic interactions of the individual nucleons
of the nucleus. Since this model is implemented within
the SIBYLL event generator [7], the handling of primary
nucleons is straightforward and all results presented here
are based on the SIBYLL model.

To change characteristics of the secondary particle
production, like e.g. the multiplicity or the elasticity, we
developed a secondary particle re-sampling algorithm
that, by deletion or duplication of existing particles
and re-distributing of kinetic energy between secondary
particles, can achieve to modify these characteristic
properties. At the same time great care is invested to
conserve all relevant physical quantities such as the
total energy, leading particles, charge, particle types and
energy fractions in particle type groups as far as possible.
Also the momentum of all particles is consistently re-
calculated. A detailed description of the algorithm can
be found in Ref. [3]. In Fig. 2 the impact of the
resampling algorithm for multiplicity and elasticity on
secondary particle Xj,,-distributions is displayed. For
the modified multiplicity the number of particles is
rescaled, while leaving the shape of the Xj,y,-distribution
almost untouched, in particular the leading particle is
conserved. In the case of a modified elasticity kinetic
energy is re-distributed between the leading particle and
the rest of the secondaries. For an increased elasticity the
leading particle inherits energy from the other particles,
so these particles are accumulating at lower energies.
For the decreasing elasticity the leading particle looses
significance by a reduction of its energy. This leads to a
generally more uniform distribution of the total energy
on all the secondaries, and in the limiting case to the
equal distribution of energy on all secondaries.

For our study we simulated 1000 air showers for each
value of fig9. All simulations were performed at primary
energies of 1019 eV for proton and iron primaries.
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Impact of secondary particle resampling on Xj,p-distributions [3].

III. RESULTS

We are concentrating on three features of hadronic
interactions, that can be easily attributed a direct impact
on air shower development. These are the hadronic
production cross section o, secondary multiplicity 7,1
and the elasticity ken = F/Fiot. Extended Heitler
models (e.g. Ref. [9]) exhibit the relation between these
quantities to air shower observable as X ax

EO(l - kela)
Konaxe & i+ Ay - In —0 —ela) 3
t n Momatt - B 3)

where A, is the electromagnetic radiation length and
E S the critical energy in air.

To demonstrate the impact of these interaction fea-
tures on the air shower development we simulate the
effect on the depth of the shower maximum, X, .x, and
on the total number of electrons above 1 MeV, N, and
muons above 1GeV, N, after 1000 g/cm2 of shower
development.

The quantity that is affected most directly is X ax,
see Eq. (3); The effects on N, and N, can be mostly
understood relative to X,.x - as the consequence of
a changing distance from the shower maximum to the
observation level.

The results for proton primaries are summarized in
Fig. 3 and for iron primaries in Fig. 4.

A. Cross section

A changing cross section has a strong impact on
Xmax- Both the mean as well as the fluctuations are
affected. Especially for the fluctuation, the cross section
is much more important than any other hadronic interac-
tion feature. The effect on the electron number is related
to the changing distance from the shower maximum to
the observation level. Muon are only weakly affected.

For iron primaries the effects are very much reduced.
Interestingly the impact on the mean X,y is still very
notable, while it changes the fluctuations only by up to
a few g/cm?.
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Fig. 3. Effect of changing interaction characteristics on proton induced air showers. Shown is the impact on the observables Xmax, Ne and
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B. Multiplicity

The multiplicity shifts the mean value of Xi,,x while
leaving its fluctuations almost untouched. The electron
number is reduced for a growing multiplicity, since the
shower maximum moves further away from the detector
level. This is also why the fluctuations are increasing
at the same time. The muon number, on the other
hand, grows since it does not depend strongly on the
distance to the shower maximum. This inverse reaction
of electron and muon numbers on a changing multi-
plicity certainly has interesting implications on N,/N,,
unfolding technique, as practiced e.g. by the KASCADE
Collaboration [1]; By changing the multiplicity, the
model predictions move on diagonal lines in the N./N,,-
plane.

The same effects are observed on a reduced scale for
iron primaries.

C. Elasticity

The elasticity has an influence on the mean as well as
RMS of the X .« distribution. The case of an increased
elasticity by f19 = 2, as we included it in our results, is
the most extreme modification of hadronic interactions
that we present; The elasticity is not expected to rise at
ultra-high energies. Again, the electron number reacts
to the shifting X,,.x. A surprisingly strong effect is
observed in the fluctuations of the muon signal.

The latter effect disappears for iron primaries. The
impact on X .x and N, is comparable to the one
induced by multiplicity and cross section.

IV. SUMMARY

We demonstrate the importance of the extrapolation
of hadronic interaction features from accelerator data to
ultra-high energies for air shower development. For this
purpose hadronic interactions are modified during the air
shower simulation process within a customized version
of the CONEX program.

It is found that the resulting impact on air shower
observables is much larger than by just considering the
properties of the single first interaction of the primary
cosmic ray particle in the atmosphere. For example
the predicted value of (Xy,.x) for primary iron nuclei
changes by up to > 30 g/cm? while changing the cross
section by a factor of 2; Since the mean free path of
iron in air itself is only ~ 8 g/cm? a change by a factor
of 2 can only explain 4 respectively 16 g/cm? of the
total impact. The remaining shift of (X,,.x) is in fact
originating from a different air shower development after
the first interaction.

R. ULRICH et al. INTERACTIONS IN AIR SHOWERS

Currently, the existing uncertainties in interaction
physics at cosmic ray energies prevent an unambiguous
interpretation of air shower data in terms of e.g. the
primary cosmic ray mass composition.

The demonstrated sensitivity of standard air shower
observables on hadronic interactions characteristics can
be exploited to put constrains on hadronic interaction
physics at energies far above the LHC. Furthermore,
if the composition of the cosmic ray flux in a specific
energy region can be inferred from astrophysical con-
siderations, existing and future high quality air experi-
ments [10-13] can be used in order to explore particle
physics up to /s ~ 450TeV. This is possible for
proton cosmic ray primaries but, with somewhat limited
sensitivity, also for primary iron nuclei.
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Abstract. Charged particles of extensive air show- and FLASH [6]). In addition there are various ongoing
ers (EAS), mainly electrons and positrons, initiate experimental activities, e.g. AIRFLY [7], [8], [9], [10],
the emission of fluorescence light in the Earth’'s Nagano & Sakaki et al. [11], [12], AirLight [13] and
atmosphere. This light provides a calorimetric mea- Ulrich & Morozov et al. [14]. One major goal of all
surement of the energy of cosmic rays. For recon- experiments is to obtain an absolute fluorescence yield
structing the primary energy from an observed light Y = ®9 - \/hc either for the main contributing band
track of an EAS, the fluorescence yield in air has to at 337.1 nm or for the entire spectrum in the range
be known in dependence on atmospheric conditions, of interest between about 300 — 420 ni¥iY repre-
like air temperature, pressure, and humidity. Several sents the intrinsic radiative de-excitation of the nitrogen
experiments on fluorescence emission have publishedmolecules. However, in gas like air quenching processes
various sets of data covering different parts of the have to be taken into account because the rate of
dependence of the fluorescence yield on atmosphericradiative de-excitations is reduced by collisions between
conditions. excited nitrogen molecules and further molecules in the

Using a compilation of published measurements, gas. These quenching processes depend on atmospheric
a calculation of the fluorescence yield in dependence conditions and are described b+ P/P!)~! in Eq. (2).
on altitude is presented. The fluorescence calculation Accounting all currently known effects, we can write

is applied to simulated air showers and different
atmospheric profiles to estimate the influence of the P _ 70 Pair-Na 1/ k- Tair - Na
Y

atmospheric conditions on the reconstructed shower % R Tasr
parameters. Nac. (N - TV M=t
Keywords. atmosphere-dependent fluorescence < vor(N2) - oo (T) N 3
emission, temperature-dependent collisional cross ., ., (3)
sections, vapour quenching +2Cv1(02) 'UNO,v(T)\/2 (MN + Mg )
l. III\ITRODUCTION _+2Cv01(H20)~U%Hzo,v\/2(M§1+M§210)>,
The number of emitted fluorescence photons at the air
shower can be written as with 79 ,, as the mean life time of the radiative transition
d*NY dEg, to any lower state, the index indicates again the
AXdN Y\ P T,e)- dxX (1) vibrational level of the exited state as fét), N4 is

Avogadro’s number,R is the universal gas constant,
T.ir is the air temperaturé; is the Boltzmann constant,
Cyol is the fractional part per volume of the relevant
gas constituents, andl/,, is the mass per mole where
stands for the relevant gas constituents. Up to now,

whereY (\, P,T,e) is the fluorescence yield in depen
dence on wavelength, air pressureP, air temperature
T, and vapour pressufe The deposited energy of the
secondary particles is denoted @&B2) /d X.

In the last couple of years, a lot of effort has beefi 2. ;
put on the investigation of atmospheric dependences BIf collisional cross sectionsy.,, have been taken

nitrogen fluorescence in air [1]. The fluorescence yiel?is terr;]peraturr]e-lnﬁeper;]dent even though it was known
Y, can be written as rom theory that there has to be a temperature depen-

1 dence. Recently, first experiments could confirm this
—_ (2) dependence for nitrogen-nitrogen and nitrogen-oxygen
1+ P/P; guenching. The temperature-dependence of the nitrogen-
whered® is the fluorescence efficiency at zero pressureapour quenching has not been measured yet. First
P is the air pressure, and’ is the characteristic pressureestimates indicate only minor importance with an effect
for which the probability of collisional quenching equal®f less than 1% change in the reconstructed energy of
that of radiative de-excitation. The indexndicates the an air shower [15]. An independent measurement of the
vibrational level of the exited state. Several groups havemperature-dependent collisional cross sections in air
already investigated aspects of the fluorescence emissi@s been performed quite recently. First analyses of data
from nitrogen molecules in air (e.g. Bunner [2], Davidindicate compatible results with the measurements from
son & O’'Neil [3], Kakimoto et al. [4], MACFLY [5] AIRFLY and will be published soon [15].

Yy =® - \/he-
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Adopting this description of fluorescence emission fao NN-collisions and NO-collisions. The temperature-
air shower reconstruction, we have to apply atmosphedependent collisional cross sections in Eq. (3) are written
profiles for temperature, pressure, and vapour pressugon, (1) = J,%I7U'Ta“ Wherea,%l.,l, = ONg,»-2937%

This cannot be provided by simple atmospheric modelsthe measured temperature-independent cross section at
as these usually do not include vapour profiles. Howevetandard experimental conditions ©f = 293 K. Cross
profiles obtained with meteorological radio soundings dgections for nitrogen - water vapour collisions have been
provide all necessary quantities [16]. measured by two experiments [22], [23].

IIl. ATMOSPHEREDEPENDENTFLUORESCENCE
EMISSION

Il. FLUORESCENCEMODELS INRECONSTRUCTION

For this study, we could use the simulation and
reconstruction frameworlOffline [17] of the Pierre

Auger Obgervatory [18]. Within this framework, weg ergy E and position of shower maximunK .,
could obtain standar_d monthly models for the area ¥ is important to account for only that part of the
that. observatory.\{vmch do not include water Vapoy, orescence spectrum that a detector is sensitive to as
p_roflles [16]. Add|t_|onally, we had access to 109 aclugle| as the wavelength dependent attenuation in the
nightly atmospheric profiles from local radio Sound'ngatmosphere (see for instance Fig. 8d in [11]). Moreover,

that cover all conditions Withi_n a year. One of the; o the atmospheric parametd?s ¢ and 7' depend
_advantages .Of the fr.amework is that it feafures Maiy, altitude, different fluorescence models will propagate
implementations of different fluorescence models whic fferently to £ and X. if the shower reached its

. . max
can eas!ly b(_a mterchanggd. maximum high in the atmosphere or close to the ground.
_ Th_e"r?gst implementation of a fluorescence model 14 jhcjyde all these effects, we proceeded as follows:
in OfflN€, referred to as K96, is based on measurgson and iron showers with energies betweet 0
merts by KallklmoFo et al. [4]. The fluoresce.nce vield,,4 18° ev were generated usingd®EX [24] and
IS paramefmsed in dep(_and(_ance on depos'te;j@ene'@YBSJETll [25]. The fluorescence light was generated
and on altitude by considering the pressure " according to the KO8 model including water vapour
dependences. The _second fluorescence njod_el, N ‘henching and temperature-dependent collisional cross
has the same functional form of parametrisation anlions. The events were generated with time stamps
describes data from Nagano et al. [19], [11]. Thes[ﬂat corresponds to nights with balloon launches, such
measurements provide spectrally resolved data for 43, reajistic profiles fo, ¢ and 7 could be obtained.

Wavel_en_gths between 300 and 430 nm. Also in thig e following, we will compare the difference in the
description, only the pressure and/-dependences are o oncirycteds and Xumax Values of these simulated
considered. The third fluorescence descriptio®ffline .~ -

is given by the AIRFLY Collaboration in 2007, labelled

To study the overall effect of different fluorescence
models on reconstructed air shower observables, primary

with AQ7. The fluorescence yield is given as [9] A. Fluorescence Models
14— T The X.,.x and energy differences for reconstruc-
VAP, T) =Y - I 1 - P'(;T“) (4) tions with different fluorescence models is shown in
) ) 1+ 0

P'(\To)/T/To Fig. 1. For this figure, the w_a'Fer vapour quenc_hing and
temperature-dependent collisional cross sections were

Y337, is the fluorescence yield at 337.1 nm as measuredt switched on in the K08-model, thus this comparison
at their standard experimental conditions which &e is only sensitive to theV'(P,T) implementations. As
= 800 hPa andly = 293 K. The other transitions explained above, the AO7 model is normalised to N04,
have been measured relatively to that at 337.1 nm atiterefore they are not independent and show correspond-
are given byIﬁmTo. Overall, 34 transitions could beingly the smallest differences.
resolved between 295 and 430 nm. Since the absolute o )
calibration of this experiment is still under studgis; is B. Temperaturg—dependent collisional cross sections and
normalised to the corresponding value of NOA4. It shoulPoUr quenching
be pointed out that the description in this model can The influence of the water vapour quenchiag)(and
easily be expanded to account for vapour quenching atamnperature-dependent collisional cross section$ On
temperature-dependent collisional cross sections. Thg, .. and E was studied by subsequently switching off
fourth implementation of a fluorescence model followthe effects in the reconstruction using the KO8-model.
the calculation from Keilhauer et al. in 2008 [20].As can be seen in the left panel of Fig. 2, ignoring
Here, 23 wavelengths between 300 and 430 nm arg- and or-effects leads to an underestimation of the
considered by applying Eq. (2) and (3). The modekconstructed energy by about 5%. Betl+ and op-
uses a compilation of different measurements [20flependences affect the shape of the longitudinal profile.
[21]. For the temperature-dependent collisional cro&ince theo.-dependence is most important close to
sections, the data from AIRFLY [9] are used. These ground and thesr-dependence affects mainly higher
coefficients are obtained in air, so the sameis applied altitudes, the two effects partially compensate (see right
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panel of Fig. 2) leading to only a smaN ., shift of andor-dependences. Thus, no additional systematics are

<2gecnr?, introduced while changing the fluorescence model apart
Interchanging the water vapour quenching from [2Zfom those obtained by the.- and or--dependences.

with the independent measurement from [23] affects the Studying the variation ir and X,,.., in dependence

shower observables very little (see solid black dots ion the height of the shower maximum, two extreme

Fig. 2). cases can be found: The average shiftrircan be up
The varying strengths of the.- andor-dependences to -7% for E and -5 g cnt? for X,,.. for deeply-

at different altitudes can be seen in Fig. 3. Ignoring thgenetrating showers and up to -7% f6rand +5 g cnm?

or-effect, the energy is misreconstructed up to -7% fger X,,,. for showers that develop high in the atmo-

showers withX,,.x high up in the atmosphere. Ignoringsphere.

the o.-dependence, the energy is underestimated alsoryrthermore, we studied the influence of different

up to 7% for showers withXy,.. close to ground. types of primary particle in terms of proton- and iron-

The position of shower maximum is also affected witihduced showers. Comparing the widths of the distribu-

the largest biases being observed for deep and shallgyn no difference could be found between proton- and

showers with a position of shower maximum at about 1 change in the atmosphere description from

3 km a.s.I. with -5 g cm? or for showers withX .y at monthly models to actual sounding profiles do hardly af-

\ ) :
9 km a.s.l. with 5 g cm®. It can clearly be seen in thesec; the reconstructed energy nor the position of shower
right-hand plot of Fig. 3 that the.-dependence cancelsmayimum. ForE, the difference is well below 1% and
out partly theor-dependence concerningy, ax. for Xpmax below 2 g cnr2.

IV. DISCUSSION OFRESULTS Obviously, the fluctuation of the atmosphere around

In the fluorescence model K08, all currently knowd® monthly average atmosphere values adds an ad-
effects of the fluorescence light emission are inclugdiitional contribution to the statistical uncertainty of
in dependence on varying atmospheric conditions. Ruffle reconstructed energy ani... of one shower.
ning this model in combination with actual atmospheri¢n€ 'end-to-end’ comparison of the A07 model with
profiles, gives a good estimate of the overall mismonthly averages to the KO8 model with sounding data
reconstruction and uncertainties of a standard recofields RMIAE/E) € [1.5,3.0]% and RMSn.x) €
struction. However, it must be stressed that all of thd-2:8-4] g cm?(cf. Fig. 4).
models used in this study have a reported uncertaintyFinally, the systematic difference in the collisional
of the absolute fluorescence yield well above 10%. f0ss section data from two independent measure-
particular, the AIRFLY and AirLight experiments will ments [22], [23] are negligible. The reconstructed energy
perform an absolute fluorescence yield calibration witfaries less than 1% and the position of shower maximum

higher accuracy and results can be expected within ofout 1 g cm® while interchanging the cross sections.
year. Varying thea-coefficients for the temperature-dependent

In Fig. 4, the difference of the reconstruction ofollisional cross sections within their given uncertainties,
E and X,.x using the KO8 model with all effects Yields in less than 1% change in reconstructed energy
in combination with actual atmospheric profiles anas well.

a standard reconstruction with the A07 fluorescence

model with monthly models can be seen. More or less ACKNOWLEDGEMENTS

independent of energy, the reconstructed primary energy

E is higher by about 5% using KO8 compared with The authors would like to thank the Pierre Auger
A07 model. The position of shower maximum,,,, is Collaboration for providing the simulation and recon-
nearly unaffected. These results are very similar to thsruction framework used in this work. Part of this work
comparison of the full KO8 model and that withowt- is supported by the BMBF under contract 05A08VK1.
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A MC simulation of showers induced by microscopic black holes
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Abstract. Large surface detectors might be sensitive will generate upward going air showers when they inter-
not only with respect to extensive air showers induced act in the earth crust. By contrast neutrinos of all flavours
by ultra high energy neutrinos but also to showers in- will generate deeply penetrating quasi-horizontal (down-
duced by hypothetical objects like microscopic black- going) air showers which are distinctive in having
holes. Microscopic black-holes might be produced an electromagnetic component unlike hadron induced
in high energy particle collisions with the center showers [2]. The rate for down-goinginduced showers
of mass energies above the fundamental scale ofis proportional to neutrino-nucleon cross section, while
gravity. These black-holes would decay rapidly by the rate of Earth-skimming, is not. Thus, the detection
Hawking radiation into characteristic high multiplic-  rate for down-goingvs, and the rate for up-going
ity states of Standard Model particles and induce showers, react differently to variations of the neutrino
extensive air showers potentially detectable by a cross section and tau energy loss. By comparing these
large surface neutrino detector. In this paper we rates one can therefore constrain significant deviations
study the possibility to detect microscopic black-holes of neutrino interactions from SM predictions, see for
exemplifying it in case of the surface detector of the example [3] for more details.

Pierre Auger Observatory. The expected event rate  The neutrino-nucleon cross section is related to parton
is calculated for up-going and down-going showers densities in the yet unmeasured low Bjorkerregion
induced by microscopic black-holes. Our calculations 2 ~ 10~°. Some models even propose substantial
show a significant deviation of the expected rate modifications of neutrino interactions at high energies,
compared to the rate expected by Standard Model including theories ofTeV-gravity and production of
predictions. The rates of up-going neutrinos are microscopic black holes (BH), a domain that is to be
almost completely suppressed, whereas the rate oftackled in the near future by the LHC. Measuring the
down-going neutrinos increase by a factor of about flux of ultra high energy neutrinos would not only allow
50 with respect to standard model calculations. The to put limits on cosmic ray production and propagation
non observation of up-going neutrinos by the Pierre models. It would also probe fundamental interactions at
Auger Observatory in conjunction with a high rate energies that lie well above tfiEeV scale, and open a
of down-going neutrino-induced showers, would be new window on possible physics beyond the Standard
a strong indication of physics beyond the Standard Model (SM) [4].

Model. In this paper the scenario of microscopic BH produc-
Keywords: UHECR, neutrinos microscopic black- tion in neutrino nucleon collisions at tHEeV scale is
hole exemplified for the case of the surface detector (SD)

of the Pierre Auger Observatory [5], which consists
. INTRODUCTION 1600 water Cherenkov detectors with kib spacing. In

Searching for ultra high-energy (UHE) neutrinosddition to hadrons and photons the Auger Observatory
(10 eV or above) emitted from astrophysical objectss also sensitive to UHE neutrinos with energies above
is one of the most challenging tasks in Astroparticler 107 eV [6], [7].

Physics. Neutrinos offer a unique opportunity to open The outline of the paper is as follows. In section Il a
a new observation window, since they are only weaklghort description of microscopic BH physics is given. In
interacting and neutral. After having traveled cosmologsection Il a full MC simulation chain starting with the
cal distances without being perturbed and/or deflectediifjection of a neutrino into the Earth’s atmosphere, its
the interstellar medium, neutrinos behave as messengarspagation, interactions and eventually the air shower
of the most mysterious regions of astrophysical sourcggoduction up to the actual response of the Auger SD
Several theoretical models predict a significant fluarray is described. Finally, in section IV results of the
of high-energy neutrinos as a result of the decay ahlculations event rates are presented.

charged pions, produced in interactions of UHE cosmic
rays within the sources themselves or while propagating
through background radiation fields. In conventional 4-dimensional theories the Planck

The expected neutrino rates possibly detected by largeale~ 10*° GeV (at which quantum effects of gravity
surface detectors do not only depend on the predictbdcome strong) is fundamental and the study of black
flux of neutrinos but also on the neutrino-nucleon croswles lies beyond the realm of experimental particle
section. It has been noted [1] that Earth-skimminé physics. In theories where the existence of larger warped

Il. BLACK HOLE PRODUCTION
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34n
extra dimensions is suggested, the 4-dimensional Plangk qyescribed as ~ -1 ( Men ) ™" Approximately the
M, '

. . . . Mp
scale is derived from the D-dimensional fundamentfalecay may be treated as instantaneous on detector time
Planck scale, which can be @ (TeV)

. . C bringing the _ scales, since folMp ~ 1TeV and Mgy ~ 10 TeV, the

possible observation of BH production and evaporatighl , |itatime + is smaller tharl0~2" s. During the decay

Into _reach Of_ avallable_ experiments [8], {9]' . process particles of all SM channels will be produced
Microscopic BHs might be produced in high energy, 5 -fiayor-democratic’ fashion with energies of order

particle collisions with the center of mass (CM) energieg . above, typically at relatively high multiplicities
above the fundamental scale of gravity. When the impa )~ L Mo

parameter of two incident particles drops below the '~ 2 Tn

Schwarzschild radiug, of a BH with mass equal to . METHOD

their CM energy, BH formation should occur with a

massMpy = V5. In case of a neutrino-nucleon collision In order to calculate the expected event rate from
the squared CM energy is given by s = z-2myE,, Microscopic BH-induced showers at SD array of the
wheremy is the nucleon mass arfd, the energy of the Auger Observatory, a full MC simulation chain was set.

interacting neutrino. Within a semi-classical approachimulation consists of three phases: propagation and in-
this suggests a geometric cross sectiow of -2 with teraction of neutrinos inside the Earth and atmosphere to

) produce primaries able to initiate potentially detectable
1 [MBH] e lQnW”TsF (n_—ﬁ-?»)‘| = showers in the atmosphere; simulation of lateral profiles
- A2 7

s (MpH) = —— of shower developments in the atmosphere and, finally,
Mp | Mp n+2 . .
simulation of detector response.
1) . .
. R , The decay and the resulting particle spectrum of
s0 thaté o §7+1, wheren is the number of extra : . " '
dimensions BH was simulated using a modified version of the

. . . CHARYBDIS code [12]. The original version has been
wi:r-mhz t?:r?;-tg?/a]x[é)ki:r?rg);ﬁ\?v;?;sélh%rdt-erzt dE(;SS'ble BHdevelloped as an event generator for the produpt?on
. T . of microscopic BHs at the LHC. One characteristic
Th? total cross segt!on for the formatlon_ of a BH Neature to be pointed out is the inclusion of the recently
neutrino-nucleon collisions can then be written as calculatedgrey-bodyfactors for BH production in extra
1 dimensions [13]. Grey body factors account for the
o (vN — BH) :Z / dx é; (\/E) fi (,Q), fact that partigles havg to be trqnsmitted through a
curved space-time outside the horizon, and result in a
( modified emission spectrum from that one of a perfect

wheref;(z, Q) denotes the parton distributions functionér_]erm_a_I black body, even in 4 dimensions. For sakg of
(PDF) andM2i» is the minimal BH mass for which g Simplicity and due to the fact that the decay balding

semi-classical treatment of BH formation is expected @nd Planck phase are not well understood, only the

be valid and not understood effects of quantum gravi av;/klng evgp?ratcl?_'nAgf;%sgl Sforha Pon-rotatlng BH Ids
can be neglected. Due to the rapidly rising nuclegf'Plemented. In the fragmentation an

PDF at lowz, the effective BH mass\/sy does not hadronization process of the radiated particles is realized

exceed several tens @V /c?, even for neutrinos with by an mt_erface fo the generator PYTHIA [14]. )
an energy up td 0! eV. There is no BH generator for collisions of neutrinos

Once produced, microscopic BHs are expected d nucleons available so far. Among other generators

decay within time scales of 10~2%s through three 2'S° CHARYBDIS was originally designed foip and
major phases: pp collisions and motivated by collider experiments like

. ] ) ) the upcoming LHC. Modifications had to be introduced
« The balding phase, in which the 'hair’ (asymmetryowing for the study of neutrino-nucleon collisions.
and moments due to the violent production procesghe neuytrino has to be treated as a beam particle without
is shed. _ _ substructure. This affects the calculation of the BH mass
« The Hawking evaporation phase [10], which congg \vel| as the cross section, the handling of PDF and
sists of a short spin-down phase (the Kerr (rotatingle injtialization routine of PYHTIA. A Lorentz boost
BH loses its angular momentum) and then a longgom the LAB system to the CM system before the
Schwarzschild phase, which accounts for the grealyjiision and back after the decay was added to ensure
est proportion of mass loss [11]. the numerical stability even at highest energies. The
« A Planck phase at the end, when the BH mass gfplemented changes were verified by cross-checking
the Hawking temperature reach the Planck scaleihe cross sections and distribution of the generated BH
Given the validity of the semiclassical description, mass Mpy = +/zs (which depends on the involved
BH will mainly evaporate due to Hawking radiation and®DF) calculated in our cross section generator, CSGEN,
behave like a thermodynamical system with the tempeaecording to the cited literature against the results ob-
atureTy = 24+1 . During the decay the Hawking temper+ained with the modified version of CHARYBDIS. The

471'7‘5 . . . . .
ature will rise as the BH mass drops. The lifetime caoross-section generator, CSGEN, is a self-written tool to

b/
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Fig. 1. (Left panel) The BH formation cross section calculateda,,;, = 3. For comparison the SM C&. N cross section [15] is shown;
(right panel) particle spectrum of a BH decay with,. = 109 eV, averaged over 100 events. The mean BH maga/fgy) = 6730.8 TeV,
the multiplicity (M) = 614.4.

calculate cross sections. In CSGEN typical SM structusm example the averaged spectrum of a BH decay at
functions [15] were implemented as the parametrisatidi,, = 10'eV is shown in Fig. 1 (right panel). It is
and other PDF included as the LHAPDF [16] FORevident that the secondaries consist mainly of charged
TRAN libraries. and neutral pions, and kaons.

All calculations were performed with the minimal For the scenario of microscopic BH production, the
black hole mass given by, = M%/Mp = 3 which  neutrino interaction length in air is still larger than the
corresponds to a lower cutoff where the semi-classicaimospheric depth, so that BH showers can be initiated
description of microscopic BHs is still valid, and thedeep in the atmosphere and hence can be distinguished
number of extra spacial dimensions seBte n < 7. from hadronic cosmic rays in the same way like neu-

We determine the flux of neutrinos reaching thé&ino induced showers, i.e. looking for inclined young
detector volume and initiating an extensive air showeashowers [6], [22].

(EAS). CSGEN is used to calculate cross sections, theNeutrinos are able to penetrate deep into the atmo-
distributions of involved kinematic variables and the tagphere before interacting and generatingang shower
energy loss for various interaction models and predigiose to the detector as opposed dfl showersof
tions [17]. The data are input to a modified version dfadronic or photon origin shortly after entering the
ANIS [18], [19] to simulate the propagation of incidentatmosphere. At large zenith angles the purely electro-
neutrinos towards the detector and calculate the vertiogagnetic part of such old showers is usually absorbed
of initiated air showers. within the first 2000 gcm?. Practically only the high

The probability to detect neutrinos and microscopienergy muons reach the ground, especially in inclined
BH by the SD array of the Auger Observatory is donshowers. This results in a thin and flat shower front
by means of the packages PYTHIA and CHARYBDISwhich generates a short detector signal, lasting only
which are used to simulate the production of secondagyfew ten nanoseconds. Young showers however reach
particles in neutrino-nucleon interactions that eventualtjte ground with a significant electromagnetic component
initiate an EAS. These particles are input to the aitill existent, showing a curved and thick shower front
shower simulation software AIRES [20] to create showeit ground that leads to broad signals with durations
profiles and footprints, which are then analyzed witbf up to a few microseconds. Together with the time
the Auger Offline software framework [21] in order information of the particles detected at ground and the
to determine the detector response and identificati@longated shape of the footprint, young inclined showers
efficiency. can be identified and their origin eventually attributed
to neutrinos. The larger the considered zenith angle, the
more pronounced are these features.

The actual BH formation cross section for neutrino To calculate the expected event rate from microscopic
nucleon collisions calculated with CSGEN is showi®BHs we have defined a set of cuts where the number
in Fig. 1 (left panel) for different assumptions on the®f events passing is maximal while the background
number of additional spacial dimensions When the contamination (due to hadron-induced showers) is kept
CM energy reaches values high enough to form a Briinimal. A method similar to the one presented in [6]
with the minimum mass\/i* (which occurs between was used. Applying the cuts to simulated neutrino and
E, =10%eV andE, = 106 eV), the BH cross section microscopic BH showers yield to the neutrino/BH iden-
rises rapidly, exceeding the SM cross sections by abdification efficiency, which is defined as the ratio of
two orders of magnitude at the highest energies. Ahowers triggering the detector and passing the cuts over

IV. RESULTS
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"£'3%00 on the cross section or energy loss model. In the case

of BH production the picture looks different: the non-
observation of up-going neutrinos in conjunction with a
high rate of down-going inclined air showers, initiated
deep in the atmosphere, would be a strong indicator of
physics beyond the SM.

< 3000

Probability

V. CONCLUSIONS

A complete MC simulation chain to study the mi-
croscopic BH-induced showers has been presented. Our

—0.3

%2 calculations show a significant deviation of the expected

et event rate in comparison to the rate calculated by SM

85 &8s oF 100 105 110 00 predictions. The non observation of up-going neutrinos
IoglO[ES/GeV] by the Pierre Auger Observatory in conjunction with

a high rate of down-going neutrino-induced showers,

Fig. 2.
goingve neutrinos producing microscopic BH. The efficiency is ploted
as the function of shower enerdys and the injection height.

The SD identification efficiency maps calculated for downwould be a strong indication of physics beyond the SM.
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In Tab. | the rates (number of events per year), for difyN202 127235.

ferent injected/-fluxes are listed. The rates labeled with
“WB” are obtained for the Waxman-Bahcall bound [23].
Other rates are calculated for the GZK flux [24] and a{;}
flux due to Topological Defects (TD) [25]. In addition in [3]
Tab. | the ratioR between expected up- and down-goingl4]
neutrino events is presented for different interactior
models. One finds that this ratio is indeed sensitive to
the underlying neutrino-nucleon cross section. A highel’]
cross section results in a decrease of up-going and
increase of down-going event rates, and vice versa. Byg)
given the fact that for a non-exotic interaction modell®]
more than ten years of data-taking (depending on t
incoming neutrino flux) might be necessary to detegi?]
a single down-going neutrino, the statistical relevandé&s]
of the measured data will at best allow to put a Iimiﬁg}

TABLE |
THE EXPECTED EVENT RATES AND THE RATIO BETWEEN UPAND
DOWN-GOING EVENT RATES FOR DIFFERENT NEUTRINO FLUX AND
CROSS SECTIONS

16

Scenario flux® rate 1/yr rate 1/yr El?}
up-g. down-g.  ratioR

GRV9Znlo  WB 0.44 0.22 2.0 [18]
GZK 0.12 0.05 25

D 0.49 0.32 1.6 [19]

HP WB 0.23 0.26 0.9 [20]
GZK 0.07 0.05 1.2

D 0.25 0.39 0.7 [21]

ASW WB 0.54 0.13 42 [22]
GZK 0.15 0.03 4.8
D 0.61 0.17 3.6

BH,n=5 ~ WB 0.02 1130 ~ -5 [23]

GZK 0.01 201~ % [ggl

™ 0.02 1931~ i (25]
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3D Air Shower Simulations Using CONEX in CORSIKA

Tanguy Pierog, Ralph Engel, and Dieter Heck

Forschungszentrum Karlsruhe, InstitiitrfKernphysik, Postfach 3640, Karlsruhe, Germany

Abstract. Interpretation of EAS measurements Two years ago, the new hadronic modelos1.61 [3]
strongly depends on detailed air shower simulations. brought a quite different philosophy in the hadronic
The reliability of these simulations is limited by models used for EAS simulations: Designed for high
our current knowledge and modeling of hadronic energy physics, unless others, EPOS is detailed enough
multiparticle production. Another severe limitation, to be compared to any type of accelerator data experi-
though of technical nature, is the calculation time ment. While the results on muon production were very
of Monte Carlo programs at very high energy. promising [4], the model was shown to be incompatible
In this contribution we will present improvements with hadron data of the KASCADE experiment [5]. As
implemented in the latest versions of the shower a result of accounting for constraints given by cosmic
simulation codes CORSIKA and CONEX, addressing ray experiments and further model developments to

these limitations. describe accelerator datapos has been improved to
Keywords: CORSIKA, CONEX, air-shower version 1.99, which has been introduced this year in
both cORsIKA and CONEX as hew hadronic interaction
|. INTRODUCTION model. Some results are presented in the following.

Details onEP0s1.99 are given in [6].

The experimental method of studying ultra-high en- c ina th ticle tracki lqorith th ¢
ergy cosmic rays is an indirect one. Typically, one oncerning the particie tracking aigorithms, the mos
portant improvement in the last release @hRSIKA

investigates various characteristics of extensive air sho . - .
g .900) is the possibility to follow [7] charmed parti-

ers (EAS), a huge nuclear-electromagnetic cascade

duced by a primary particle in the atmosphere, ar%elS pr_(:ggced prSJElP% [8] andDP“gJEleigf/ Eﬁ]

uses the obtained information to infer the propertigo rr(])é/uvt\:llior:nggzilns%ccztci)olrlsl(?)r;c?:rigg ;rg\éeenoughe[lo]

of the original particle, its energy, type, direction, et X '
g P gy, yp Jll] for a noticeable number of charmed hadrons. In

Hence, the reliability of ultra-high energy cosmic ra ) h il ked
analyses depends on the use of proper theoretical apg NEWCHARM option t ese partlc_: es are tracked to
g point of decay. As their life times are generally

phenomenological descriptions of the cascade proces 19 o . .
ort (=10~ "“sec) and their interaction cross sections

The most natural way to predict atmospheric particié . X
ylop P P known, currently only the decay is considered, ne-

cascading in detail seems to be a direct Monte Car : LY : .
(MC) simulation of EAS development, like it is done 9 ecting all possible interactions. The new extension of

for example, in theCORSIKA program [1]. As very CORSIKA introduces the masses and life times of all

large computation times are required at high energy, rHound _states of charmed hadrons, as well as of their
alternative procedure was developed to describe E |§t excited resonance states, and of the strange charmed
development numerically, based on the solution of the
corresponding cascade equations (CE). Combining this
with an explicit MC simulation of the most energetic
part of an EAS allows us to obtain accurate results both
for average EAS characteristics and for their fluctuations
in the CONEX program [2].

After briefly describing recent changes introduced in
CORSIKA and CONEX in their latest release, we will
present the latest results on important EAS observables 1
obtained with these programs. In the second part of this
article we will discuss how the two programs can be 107"
combined to achieve fast and accurate 3-dimensional
EAS simulations. First results of this ongoing work are 10
shown.

[y
o
w

muon kinetic energy

[y
o
N

vertical proton
E,=10°ev

dN/d(log E,)

=
o

-~ DPMJET2.55 (charm)

------- DPMJET2.55 n
— DPMJET2.55 (nocharm)

0

L L L L B Rl B L

2
10 10 E,(TeV)
II. IMPROVEMENTS OFCORSIKAAND CONEX

: : : Fig. 1.  Sensitivity of muon energy spectra influenced to charm
One of the aims of releasing new version<oiRSIKA particleproductionusing standaréPMJET (charmed particles decay at

and CONEX is to provide the users with up-to-dateproduction, dotted line), with charm production and tracking (dashed
versions of hadronic interaction models. line), and with charm production suppressed (full line).
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Fig. 2. Mean X,ax for protonand iron induced showers as a function of the primary energy. Predictions of different high-energy hadronic
interaction modelsQGsJEV1 (dotted),QGSJIETII-3 (dashed)siByLL 2.1 (dashed-dotted), arePos 1.99 (solid), are compared to data. Refs.
to the data can be found in [13].

hadrons. The decays are treated byrkeHIA package I1l. L ATEST RESULTS

[12] which is coupled [7] withCORSIKA. . ) . )
In the following EAS simulation results using

The number of high energy muons in EAS, whiclkpos 1.99 [6] and QGsJETII-3 [16] are presented
emerge at a low percentage from the decay of charmgfd compared to former results usiogsJED1 [8] or
mesons, is sensitive to charm production. Fig. 1 showssyLL 2.1 [17], [18].
the muon energy spectra of vertical proton induced EAS As shown in Fig. 2, the mean depth of shower
of 10" eV primary energy (averaged over 100 EAS)naximum, X..., for proton and iron induced showers
one set simulated with the standaD#MJIET/GHEISHA  simulated withcoNEX is quite different forepos1.99.
[14] interaction models. In the standard versmPMJIET Epos proton induced showers show a significantly
produces charmed particles, which decay immediatefygher elongation thanGsJeTil. Above 1012 eV, both
at the production vertex and are implicitly treated ifycsje01 andQGsJETII elongation rates decrease due
the interaction. In a second set of showers (denoted gy the very large multiplicity of these models at ultra-
‘charm’) the produced charmed hadrons are transportﬁ@h energy. Belowi0'8 eV, an analysis of\,,,. data
to the point of their decay. In a third set the charm prayould lead to a composition of primary cosmic rays that

duction is suppressed artificially (denoted by 'nocharm’js heavier usingoGsJeTIl compared toEPOS Above
The influence on the muon energy spectra is visible only)18 eV the situation is reversed.

above 10 TeV, in average only very few additional muons |, Fig. 3 conex-based estimates for the value of

are produced by the charmed mesons. the Cherenkov signal in Auger tanks [19] due to muon
component, 5(1000 m), are plotted as a function of the
zenith angle. The tank signal has been simulated in a
the perl programcoconut to manage in a portable simplified way, that is why only the relative differences .
way the aut oconf / aut omake tools for the instal- betwee.n the model resultg are shown here (reference is
lation and selection of options INORSIKA. Options are Proton induced showers withcsJETII). Due to a much
selected by a shell script usimgit oconf and standard 2r9er muon number at groundépos[4], the density at

C preprocessor commands in thersika source code. L KM is higher by about 25% for proton induced showers
and up to 90% in case of iron induced showers if

Finally, the interface tarLUKA2008.3b [15] has been compared to the proton prediction QG SJETII. Such a
updated. difference is of crucial importance for the reconstruction

A technical improvement was achieved @ORSIKA
by replacing the shell scriptor si ka-i nstall by
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energy to the real energy is plotted as a function of the

; E —i— Eggg 1'38 proton primary energy of the showers. As expectedps1.99

W 22 U SIBYLL 21 proton shows a conversion factor which is up to 2% higher than
g o A ZBIEALI, QGSJETII. SIBYLL results (not shown) are very similar
= e e to QGSJIETII.

£ 18- U——

S Fkernkerd

o e IV. OUTLOOK

ur C I ST B3

£ 1.4 SHxEE, R .

3 For the next release oEORSIKA, two important

I
N

improvements are in preparation. First of all work is in
D progress to rurcoNex in the framework ofCORSIKA
both for 1-dimensional fast simulations and detailed 3-
e T T I dimensional simulations. SecondlgORSIKA is being
0L 02 03 04 05 06 07 08 O’ modified to take advantage of modern computing clus-

ters by simulating showers in a controlled parallel way.

._‘
[

Fig. 3.  Muon contribution to S(1000m) as measured by the Pierr
Auger Obgrvatory for101° eV air showers simulated with different

high-energy hadronic interaction models and primary mage:s1.99
(stars) proton (full) and iron (dashedj|ByLL 2.1 (triangles) proton In order to have the best afONEX and CORSIKA

(full) and iron (dashed), andGsJETlI-3 iron (squares dashed-dotted), in one single program, we are using the method already
relative to proton withQGsJETII-3. implemented irsENECA[21] and outlined in Fig. 5. The
CORSIKA installation scheme and steering files are used

_ . ) to set the simulation parameters. Then, internally, these
of the primary energy and composition with ground af55ameters are transferred ¢mNEX to start the MC

ray experiments. Compared to other models, UERQS  gimyation with the given primary energy. Depending
would decrease the energy reconstructed from latefl their energy, the secondary particles stay either in
densities and could lead to a more consistent COSMi¢,\ex MC if £ > Eine, OF O into theCORSIKA stack
e . I

ray composition obtained from muon number and megn  _ Ep.., Of are used as source for 1-dimensional
Xmax data [20]. On the oth_er hand/BYLL 2.1 shows g iy petween. When no more particles with> i,
about a 20% lower muon signal th@BsJETII. 416 stored on theoNEx stack, the CE are solved down

The higher muon number frompPosis due mainly 4 f  The solution of the CE can be sampled into
to a larger baryon-antibaryon pair production rate ipgividual particles saved on theoRsIKA stack. At this
the individual hadronic interactions in showers. Byyint a weight can be attributed to these particles to
predicting more baryons, more energy is kept in thegyce the simulation time. Finally all these particles
hadronic shower compqnent_ even at low energy. As\@in g < FEp. stored in the stack are tracked in
consequence, the calorimetric energy — as measured g sika as usual in a 3-dimensional space until they

fluorescence light detectors — is reduced since mMogg,ch the observation level where they are stored in the
energy is transferred to neutrinos and muons. In Fighggen output file.

4 the conversion factor from the visible calorimetric

. CONEX in CORSIKA

uﬁ 1.24— CO_RS|KA
~ Fo* Fe 0 QGSJET I3 |npUt
LIJO' 122; D.l". * EPOS 1.99
1.2? . — mean mass CON EX MC
1.18} E'"'.,. ---.mean Pro!on 3 D
116; '.u’* == mean iron
3 CONEX CE
’ F 1D
11—
1.08;
106 CORSIKA MC
17 175 18 185 19 195 20 205 3D
log 10(Emt/eV))
CORSIKA

Fig. 4. Mean factor for the conversion of observed (calorimetric)
energyto total energy for iron (dashed-dotted) or proton (dashed) OUtpUt
induced showers. The conversion factor is shown d@sJETII-3

(squares) an&P0s1.99 (stars). The mean conversion factor (solid

line) is calculated by averaging all proton and iron predictions. Fig. 5. Implementation 0EONEX in CORSIKA.
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interaction models differ in several important aspects
in the approach of reproducing dataB®LL 2.1 and
QGSJETO1 are fast and simple models focusing on the
description of the main observables a priori needed for
EAS simulations. InQGsJETII-3, high parton density
effects are treated by re-summing enhanced Pomeron
graphs to all orders, but energy conservation at ampli-
tude level is not implemented. On the other hand, in
EPOS energy conservation at amplitude level is fully
implemented, but high-density effects are treated by a
phenomenological approacBposis particularly well-
b tuned to describe available accelerator data including

3000 35
t (ns) heavy ion collisions measured at RHIC. The differences

—— y(/100) CORSIKA
y(/100) CONEX
—e— |1 CORSIKA

--e+ |1 CONEX
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of the model predictions are large: At high energy,

Fig. 6. Arrival time distribution function at 1000 m for photons

alr]dproton induced air showers simulated witros have

muonsfrom vertical proton induced shower 8919 eV simulated with €VEN More muons at ground than iron induced showers
CORSIKA (full line only MC) or with CONEX in CORSIKA (dashed line simulated withQGSJETII and air showers developed

using CE at intermediate energies).

deeper in the atmosphere.

In the near future, the fusion @ONEX in CORSIKA

As a result, simulations can be done either in 1D (onl
the longitudinal profile) or in 3D (lateral distribution
function (LDF)) depending on the parametdfs,, and
FElo used. The simulation time depends mostly o
the weight given to the particles sampled from the
CE since the thresholds can not have arbitrary valug\s
in order to preserve the precision of the simulations.
For instance, ifE),, is too low, the LDF will not be
correctly reproduced. For an equivalent precision lev:
a gain factor of 10 in time can be expected usin
this method instead of standard thinning. As a firs

of

result, the arrival time distribution of muons and photons

(divided by 100) at 1000 m from the shower core is

shown Fig. 6 for vertical proton induced showers at;:
10'° eV (average over many showers) generated with the
usualcoRsIKA thinning option (full lines) and with the [2]
CONEX option (Eow = 10 TeV for hadrons and 10GeV [
for electromagnetic particles). The results are in a verys)

good agreement. {%
B. Parallelizati
arallelization 8

To perform parallel simulations of a single shower in
which the results are controlled in a unique way by see %]
for the random number generator given by the user,a;
new option is under development. It will be possibl§2]
to save all particles above a user-defined threshold in
external file, which can be used to run all the subshow rs]
induced by these particles on different CPU's. If thél4]
seeds are well defined for each subshower, it is possi ;
to reproduce the same shower under different techni }
conditions.

[18]
V. CONCLUSIONS
. [19]

New versions ofCORSIKA and CONEX have been

released recently with an update of the new hadrori9]

interaction modeEP0s1.99. The available hadronic[21]
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é’nergy EAS. Combined with

corresponding to
ecome feasible.

will allow fast detailed 3D simulations of ultra-high

the parallelization
simulation of unthinned showers
real observed events will even

CORSIKA,

cknowledgments: The CORSIKA and CONEX authors
would like to thank all users who contributed to the
ecievelopment of the programs by their help in detecting
anhd solving problems. We are particularly grateful to R.
%ady (Utah) who started the work on the parallelization
of CORSIKA.
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How to Relate Particle Physics and Air Shower Development : the
EPOS Model

Tanguy Pierogs, Klaus Wernerf

*Forschungszentrum Karlsruhe, Institiitr fkernphysik, Postfach 3640, Karlsruhe, Germany
TSUBATECH, Universit de Nantes - IN2P3/CNRS - EMN, Nantes, France

Abstract. In detailed air shower simulations, the II. EPOS MoDEL

unce_rtainty in Fhe predict_ion of shower o_bse_rvables One may consider the simple parton model to be the
for different primary particles and energies is cur-  paqiq of high energy hadron-hadron interaction models,

rently dominated by differences between hadronic i can be seen as an exchange of a “parton ladder”
interaction models. Recently a new hadronic inter- between the two hadrons.

action model EPOS 1.61 has been introduced in
air shower simulation programs. This model has projectile

originally been used to analyze hadron-hadron as T remnant
well as heavy ion physics at RHIC and SPS ener- — excitatiot
gies. Used for air showers, it gives a much larger -

number of muons at ground. The cross section of - parton

this model being too high, the correlation between - ladder

the number of muons and the number of electrons -

at ground was not consistent with the KASCADE — target
measurements. New developments in EPOS lead to a i_ remnant
strong reduction of the proton-nucleus cross section excitatiol

whose consequences are important both for LHC

predictions and air shower measurement. In this _ , o
tribution e will show the results of the ne Fig. 1. Elementary parton-parton scattering: the hard scattering in

con .” ution, we will show Sufts . W the middle is preceded by parton emissions attached to remnants. The

version of EPOS 1.99 and how cosmic ray physic remnants are an important source of particle production even at RHIC

can be used to constrain particle physic. energies.

Keywords: EPOS, air-shower, simulation
In EPOS, the term “parton ladder” is actually meant to

contain two parts [7]: the hard one, as discussed above,
I. INTRODUCTION and a soft one, which is a purely phenomenological
object, parameterized in Regge pole fashion.

Air shower simulations are a very powerful tool to in- |y additions to the parton ladder, there is another
terpret ground based cosmic ray experiments. Howevegpurce of particle production: the two off-shell remnants,
most simulations are still based on hadronic interactiafee fig. 1. We showed in ref. [8] that this “three object
models being more than 10 years old. Much has begfture” can solve the “multi-strange baryon problem”
learned since, in partiCUlar due to new data availab!ﬂ conventional h|gh energy models, see ref. [9]
from the SPS and RHIC accelerators. Hence EPOS is a consistent quantum mechanical

In this paper, we discuss air shower simulations baseglitiple scattering approach based on partons and
on EPOS, the latter one being a hadronic interactigfirings [7], where cross sections and the particle pro-
model, which does very well compared to RHIC data [1Huction are calculated consistently, taking into account
and also other particle physic experiments (especialnergy conservation in both cases (unlike other mod-
SPS experiments at CERN). But used in air showels where energy conservation is not considered for
simulation program like CORSIKA [2] or CONEX [3], cross section calculations [10]). Nuclear effects related
some results where in contradiction with KASCADEo Cronin transverse momentum broadening, parton
data [4], while it was better for other experiments [5]. saturation, and screening have been introduced into

Due to the constrains of particle physics, air showdtPOS [11]. Furthermore, high density effects leading
simulations using EPOS present a larger number tif collective behavior in heavy ion collisions are also
muons at ground [6]. On the other hand, we will explaiteken into account [12].
in this paper, how the constrains given by cosmic ray Energy momentum sharing and remnant treatment
experiments can compensate the lack of accelerate the key points of the model concerning air shower
data in some given kinematic regions (very forward) teimulations because they directly influence the multi-
improve hadronic interaction models and in particulglicity and the inelasticity of the model. At very high
the new EPOS 1.99. energies or high densities, the so-called non-linear ef-
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Fig. 2. Inelastic cross section of proton-air interactions. EPOS T@SJETIl, EPOS 1.61 and SIBYLL 2.1 hadronic interaction models
(lines) are compared to data of air shower experiment (points).

fects described in [11] are particularly important for the
extrapolation for EAS and it's one of the parts which
has been changed in EPOS 1.99.

p+C

Oy (Mb)

A. Cross section

We learned from KASCADE data [4], that the energy 350
carried by hadrons in EPOS 1.61 simulations is too low.
It means than the showers are too old when they reach
ground and it was due to a problem in the calculation 300 I
of the nuclear cross section and to a too large remnant -

L
N

& T

QGSJET II-3--- QGSJETO01

break-up at high energy (leading to a high inelasticity). — FEPOS199 SIBYLL 2.1
To improve the predictive power of the model, the 250 Lol Ll L
effective treatment of non-linear effects describe in [11] 10°

10
: : lab E GeV
has been made consistent to describe both proton-proton, ab Energy (GeV)

hadron-nucleus and nucleus-nucleus data with a unique
saturation scale which can be fixed thanks to protoRwy. 3. Total cross section of proton-carbon interactions. EPOS 1.99,
proton cross section and Cronin effect in dAu collision@GSETII, QGSJETO1 and SIBYLL 2.1 hadronic interaction models
at RHIC. Details will be published in a dedicated article!es) a'¢ compared to data [13] (points)

The EPOS 1.99 (full line) proton-carbon total cross
section is shown Fig 3. It is now in very good agreement
with the data [13] and with the other hadronic interactiomelastic cross section as measured by cosmic ray experi-
models used for air shower physics QGSJETO1 [l#pents. The difference between the top and the bottom of
(dashed-dotted line), QGSJETII [15] (dashed line) artie area is the part of the cross-section where secondary
SIBYLL [16] (dotted line). In fig 2, the extrapolation particles are produced without changing the projectile
to proton-air data up to the highest energies is showtarget diffraction). So any cross section chosen in this
in comparison with measurement from cosmic ray eXand would give the same result in term of air shower
periments. The surface around the line for EPOS 1.9@velopment. Cross section of other models includes this
represents the uncertainty due to the definition of tharget diffraction (top of the band). In comparison with
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EPOS 1.61 (dashed-dotted line), the EPOS 1.99 cross

section has been notably reduced. < -,
8 Lt m+Cop+tap 100 GeV
B. Particle production and inelasticity % 10 p=0.3 GeV
Thanks to a Monte Carlo, first the collision config- m: ; <
uration is determined: i.e. the number of each type of % B .
Pomerons exchanged between the projectile and targetE 1

is fixed and the initial energy is shared between the
Pomerons and the two remnants. Then particle produc-
tion is accounted from two kinds of sources, remnant 4
decay and cut Pomeron. A Pomeron may be regarded 10 |- QGSJETII
as a two-layer (soft) parton ladder attached to projectile ® Barton et al. i\
and target remnants through its two legs. Each leg is a :
color singlet, of type @, qqq orqqq from the sea, and N R NSO R S
chen4eachcut Pomeron is regarded as two strings, cf. 20 40 Iong.GI\(zoment%cr)n (Ge\ll())o
ig. 4a.

— EPOS
..... EPOS no SE diq

o

Fig. 5. Model comparison: longitudinal momentum distributions of
pion carboncollisions at 100 GeV from EPOS with (full) or without
(dashed-dotted) sting-end diquarks and QGSJETII (dashed) compared
to data [17].

remnant
ANy

L b) o0 0

a)

Pomero

/ \

in agreement with low energy pion-nucleus data [17] as
shown fig. 5. As a consequence it is part of the larger
number of muons in EAS simulations with EPOS.

remnant

e)

oce
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[oJe]e)
(N 000
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Fig. 4. a) Each cut Pomeron is regarded as two strings b). c) The .--- EPOS1.61
mostsimple and frequent collision configuration has two remnants and B
only one cut Pomeron represented by e q strings. d) One of the : SIBYLL 2.1
q string ends can be replaced bygg string end. e) With the same 1
probability, one of theg string ends can be replaced bygg string

end.

* ZEUS

It is a natural idea to take quarks and anti-quarks from
the sea as string ends for soft Pomeron in EPOS, because L
an arbitrary number of Pomerons may be involved. 10 Lo Lol L b
In addition to this soft Pomerons, hard and semi-hard 05 06 07 08 09 1
Pomerons are treated differently. X

Thus, besides the three valence quarks, each remnant
has additionally quarks and anti-quarks to compensaig 6. proton longitudinal momentum fraction, distribution in
the flavors of the string ends, as shown in fig. 4@lectron-proton interactions. EPOS 1.99 (full), QGSJETII (dashed),

i i i POS 1.61 (dashed-dotted) and SIBYLL 2.1 (dotted) hadronic in-
Accordlng to its number of quarks and anti quarksféraction models (lines) are compared to HERA data from ZEUS

to the phase space, and to an excitation probability,eg,eriment [18] (stars).

remnant decays into mesons and/or (anti)baryons [8].

Furthermore, this process leads to a baryon stopping

phenomenon in which the baryon number can be trans-As shown on fig. 6, the deficit of leading proton

fered from the remnant to the string ends (for instanéea EPOS 1.61 was very strong aroung, = 0.75. It

in 4d, depending on the process, 8%+ 3q can be seen has been corrected in EPOS 1.99. As a consequence,

as 3mesons or a baryon-antibaryon pair). EPOS 1.99 has a reduced excitation probability at high
In case of meson projectile, this kind of diquark paienergy compared to EPOS 1.61, increasing the number

production at the string ends leads to an increase @f protons in the forward direction and reducing the

the (anti)baryon production in the forward productiomnelasticity.
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[1l. AIR SHOWERS Furthermore, the reduced excitation probability of the
In the following, we discuss air shower simulationsfémnants leads to a reduction of the muon production

based on the shower programs CONEX, using the of@mpared to EPOS 1.61. Indeed, remnant break-up
EPOS 1.61 (dashed-dotted line), the new EPOS 1.§gan important factor of the muon production in air
(full line) and QGSJETII (dashed line) (as a referencénowers [19] in particular for the mesons. Since less

as high energy hadronic interaction models. excitation means less break-up, we can see on fig. 8
that EPOS 1.99 produces about 15% less muons than

EPOS 1.61 (depending on the primary energy since the

E 4_6; -~ QGSJETII proton slope is different too). It is important to notice that air

5 4.4 —* EPOS199proton L showers simulated with EPOS will still have about 25%

W 4o A EPOSL6Lproton oy R more muons than QGSJETII at Auger energies.

> 4 As a consequence, EPOS 1.99 with less muons and

o 38 more electrons and hadrons at ground does not have

© 36 the problems pointed out in [4] anymore and should be

£ 34 compatible with KASCADE data.

8 32—

% 3 IV. SUMMARY

E 28 EPOS is an interaction model constructed on a solid
2.6 L L L L theoretical basis. It has been tested very carefully against

5.5 6 6.5 7 7.5 8 all existing hadronic data, also those usually not con-
primary energy Ig(EOIGeV)

sidered important for cosmic rays. In EAS simulations,
EPOS provides more muons than other models, which

Fig. 7. Maximum hadron energy as a function of the primary energy;as found to be linked to an increased diquark pro-

for protoninduced showers using EPOS 1.99 (full line), EPOS 1.6

(dashed-dotted line) and QGSJETIl (dashed line) as high ener@mt'on inboth string ends and string fragmentatlon.
hadronic interaction models.

0 solve the problems pointed out by the comparison
with KASCADE data, the treatment of screening effects

The effect of the reduced cross section and inelasticify nuclear collisions has been improved in EPOS. The

is clearly visible on the maximum energy of hadrons atew EPOS 1.99 has now a reduced cross section and
ground as shown fig. 7. The shower being younger ifelasticity compared to the previous EPOS 1.61 which

ground with EPOS 1.99, the maximum energy is up teads to deeper shower development. But since the
60% higher than in the previous release 1.61. The resulfsmber of muons and the elongation rate are different

are now close to QGSJETII results but with a differenthan in the other models, the resulting analysis will be
slope due to a different elongation rate. significantly different.
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Abstracts of all contributions by the Pierre Auger Observatory:

Measurement of the cosmic ray energy spectrum above 10*® eV with the Pierre Auger
Observatory

F. Schiissler
Karlsruhe Institute of Technology, Postfach 3640, D-76021 Karlsruhe, Germany

The flux of high energy cosmic rays above 10'®° ¢V has been measured with the Pierre Auger Observatory
using an unprecedented number of events. Here we present the energy spectrum derived using two data
analysis methods. Above 3 x 10'® eV air showers measured with the array of water-Cherenkov detectors and
an energy-independent aperture, calibrated by energy measurements made using fluorescence telescopes,
are used to obtain a measurement of the energy spectrum. Using air showers detected with the fluorescence
telescopes and at least one water-Cherenkov detector (so called hybrid events) a spectrum is derived for
energies above 10'®eV. The two spectra are found to be consistent and a combined spectrum is derived. The
impact of systematic uncertainties and in particular the influence of the energy resolution, on the spectral
shape is addressed.

The cosmic ray flux observed at zenith angles larger than 60 degrees with the Pierre
Auger Observatory

R. Vazquez
University of Santiago de Compostela, Campus Sur s/n, 15782 Santiago de Compostela, Spain

The cosmic ray energy spectrum is obtained using inclined events detected with the surface detectors of the
Pierre Auger Observatory. Air showers with zenith angles between 60 and 80 degrees add about ~30% to
the exposure. Events are identified from background based on compatibility between the arrival time and the
detector location enabling the elimination of random signals. The arrival direction is computed using the
time information. The core position and a shower size parameter are obtained for each event by fitting
measured signals to those obtained from predictions of two-dimensional distributions of the patterns of the
muon densities at ground level. The shower size parameter, a zenith angle independent energy estimator, is
calibrated using the shower energy measured by the fluorescence technique in a sub-sample of high-quality
hybrid events. The measured flux is in agreement with that measured using showers of zenith less than 60
degrees.

Energy calibration of data recorded with the surface detectors of the Pierre Auger
Observatory

C. Di Giulio
Universitd di Roma Il and INFN Roma 11, Via della Ricerca Scientifica 1, 00133 Roma, Italy

The energy of the primary particles of the air showers recorded using the water-Cherenkov detectors of the
Pierre Auger Observatory is inferred from simultaneous measurement of the showers with the fluorescence
telescopes. The signal on the ground at 1000 m from the shower axis obtained using the water-Cherenkov
detectors is related directly to the calorimetric energy measured with the telescopes. The energy assignment
is therefore independent of air-shower simulations except for the assumptions that must be made about the
energy carried into the ground by neutrinos and muons. The correlation between the signal at ground and
the calorimetric energy is used to derive a calibration curve. A detailed description of the method used to
determine the energy scale is presented. The systematic uncertainties on the calibration procedure are
discussed.
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Correlation of the Highest Energy Cosmic Rays with Nearby Extragalactic Objects in
Pierre Auger Observatory Data

J. D. Hague
University of New Mexico, Albuquerque NM, USA.

We update the analysis of correlation between the arrival directions of the highest energy cosmic rays and
the positions of nearby active galaxies. We report and discuss the results of a scan of the full data set in
terms of energy threshold, maximum distance and angular separation.

Discriminating potential astrophysical sources of the highest energy cosmic rays with
the Pierre Auger Observatory

J. Aublin
Université Paris 6, LPHNE, 4 place Jussieu, 75252 PARIS Cedex 05, France..

We compare the distribution of arrival directions of the highest energy cosmic rays detected by the Pierre
Auger Observatory from January 2004 to March 2009 with that of populations of potential astrophysical
sources. For this purpose, we present several complementary statistical tests allowing to describe and
quantify the degree of compatibility between data and a given sources catalogue. We applied these tests to
AGNSs detected in X-rays by SWIFT-BAT and to galaxies found in the HI Parkes and in the 2 Micron All-
Sky Surveys.

Search for sidereal modulation of the arrival directions of events recorded at the
Pierre Auger Observatory

R.Bonino
Istituto di Fisica dello Spazio Interplanetario (INAF), Universita di Torino and Sezione INFN Torino.

The Auger Observatory has accumulated important statistics of cosmic rays at energies above 1 EeV. Using
data collected from 1 January 2004 to March 2009, we search for large-scale anisotropies in different
energy windows. We implement and adapt 3 different methods. The first accounts for various systematic
effects affecting the calculation of the exposure that could generate spurious modulations in sidereal time
and corrects for these effects. The second method is used to disentangle the sidereal modulation from the
solar and anti-sidereal modulations. The third method is based on a differential counting rate analysis and is
therefore largely independent of spurious time variations. We present the results of these 3 complementary
analyses. No significant anisotropies have been observed and accordingly upper limits to possible sidereal
modulations have been set.

Ultra-high energy photon studies with the Pierre Auger Observatory

P. Homola
Institute of Nuclear Physics PAN, ul. Radzikowskiego 152, 31-342 Krakow, Poland

While the most likely candidates for cosmic rays above 10'® eV are protons and nuclei, many of the
scenarios of cosmic ray origin predict in addition a photon component. Detection of this component is not
only of importance for cosmic-ray physics but would also open a new research window with impact on
astrophysics, cosmology, particle and possibly fundamental physics. The Pierre Auger Observatory can be
used for photon searches of unprecedented sensitivity. At this conference, the status of this search will be
reported. In particular the first experimental limits at EeV energies will be presented.
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Limits on the flux of diffuse ultra high energy neutrinos set using the Pierre Auger
Observatory

J. Tiffenberg
Universidad de Buenos Aires, Argentina

The array of water—Cherenkov detectors of the Pierre Auger Observatory is sensitive to neutrinos of > 1
EeV of all flavors. These interact through charged and neutral currents in the atmosphere (down-going) and,
for v, through the “Earth skimming” mechanism (upgoing). Both types of neutrinos can be identified by the
presence of a broad time structure of signals in the water-Cherenkov detectors in the inclined showers that
they induce when interacting close to ground. Using data collected from 1 January 2004 to 28 February
2009, we present for the first time an analysis based on down-going neutrinos and place a competitive limit
on the all-flavor diffuse neutrino flux. We also update the previous limit for up-going tau neutrinos. Sources
of possible backgrounds and systematic uncertainties are discussed.

Comparison of data from the Pierre Auger Observatory with predictions from air
shower simulations: testing models of hadronic interactions

Antonella Castellina,
Istituto di Fisica dello Spazio Interplanetario (INAF) and INFN Torino, Via P.Giuria 1, 10125 Torino, Italy

The Pierre Auger Observatory is a hybrid instrument that records the longitudinal, lateral and temporal
particle distributions of very high-energy air showers and is thus sensitive to their electromagnetic and
muonic components. Such observables depend on energy and on the type of primary particle that initiates
the shower and are sensitive to the hadronic interaction properties. Independent analyses of the combined
distributions, direct tests of the predictions of hadronic interaction models are performed at ~ 10" eV, which
corresponds to \'s ~ 140 TeV for proton primaries: discrepancies are discussed

Measurement of the average depth of shower maximum and its fluctuations with the
Pierre Auger Observatory

Jose Bellido
The University of Adelaide

The depth of maximum (X,,) of air-showers above 10'® eV can be measured with an average resolution of
20 g cm™ using the fluorescence telescopes of the Pierre Auger Observatory. The dependence of the
average value of X« and the magnitude of the fluctuations in X, are reported as a function of energy and
compared with predictions made from shower simulations. Some inferences about the mass composition of
primary cosmic rays will be drawn.
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Study of the nuclear mass composition of UHECR with the surface detectors of the
Pierre Auger Observatory

Hernan Wahlberg
IFLP-Departamento de Fisica, Universidad Nacional de La Plata cc 67 - 1900 La Plata — Argentina

We investigate observables that can be measured with the water-Cherenkov detectors of the Pierre Auger
Observatory. In particular we explore the use of the rise time of the signals at the detectors and the
azimuthal features of the time distributions. A correlation of these observables with the position of shower
maximum (Xy.x), as measured with the fluorescence telescopes is obtained. The dependence of the
parameters with energy is also presented.

Cosmic Ray Solar Modulation Studies in the Pierre Auger Observatory

H. Asorey
Centro Atomico Bariloche (CNEA and CONICET), Av. E. Bustillo 9500 (8400) San Carlos de Bariloche,
Rio Negro, Argentina

Since data-taking began in January 2004, the Pierre Auger Observatory has been recording low threshold
background rates for the self-calibration of its surface detectors. After atmospheric corrections are applied,
solar modulation and transient events are observed. A strong correlation with neutron monitor rates is found.
In this study, we present an analysis of the available background data, with special emphasis on the
observation of Forbush Decreases. The high total count rates allow us to determine temporal variations of
solar origin with high accuracy.

Atmospheric Monitoring and its Use in Air Shower Analysis at the Pierre Auger
Observatory

S. Y. BenZvi
University of Wisconsin — Madison, 222 W. Washington Ave., Suite 500, Madison, WI 53703, USA

In the analysis of air showers measured using the air fluorescence technique, it is essential to understand the
behavior of the atmosphere. At the Pierre Auger Observatory, the atmospheric properties which affect the
production of UV light in air showers and the transmission of the light to the fluorescence telescopes are
monitored regularly. These properties include the altitude profiles of temperature, pressure, and humidity;
the optical depth and scattering behavior of aerosols; and the presence of clouds in the field of view of the
telescopes. The atmospheric measurements at the Observatory characterise a detector volume in excess of
30,000 km®. Since 2004, the data have been compiled in a multigigabyte record of nightly conditions, a
record that is vital to the analysis of events observed by the fluorescence telescopes. We will review the
atmospheric monitoring techniques used at the Observatory and discuss the influence of atmospheric
measurements on estimates of shower observables using true and simulated data.
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The Northern Pierre Auger Observatory

John L. Harton
Colorado State University, Fort Collins, Colorado, USA.

It is planned to build the northern part of the Pierre Auger Observatory in southeast Colorado, USA. Results
from the southern section of the Auger Observatory, which has recently been completed, imply a scientific
imperative to create a much larger acceptance for the extremely rare cosmic rays of energy above a few
times 10"’ eV. The plan for Auger North is to cover an area greater than 20,000 km2, seven times the area of
Auger South in Argentina. The motivation for Auger North and the status of preparations will be presented
including: R&D work at the Colorado site on a small surface detector array; atmospheric monitoring
measurements; R&D on new electronics and communications equipment; and outreach and relations with
the local community.

Extension of the Pierre Auger Observatory using high-elevation fluorescence
telescopes (HEAT)

Matthias Kleifges
Forschungszentrum Karlsruhe, IPE , H.-v.-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

The original fluorescence telescopes of the southern Pierre Auger Observatory have a field of view from
about 1° to 29° in elevation. The construction of three additional telescopes (High Elevation Telescopes -
HEAT) is nearing completions and observations with one telescope have started. A second telescope will be
running by the time of the conference. These new instruments have been designed to improve the quality of
reconstruction of showers down to energies of 10'7 eV. The extra telescopes are pivot-mounted for
operation with a field of view from 30° to 60°. The design is optimised to record near-by showers in
combination with the existing telescopes at one of the telescope sites, as well as to take data in the hybrid
mode using the measurements from an infilled area of surface detectors and additional muon detectors
(AMIGA). The design, expected performance, status of construction, and first measurements will be
presented.

AMIGA - Auger Muons and Infill for the Ground Array of the Pierre Auger
Observatory

M. Platino
Comision Nacional de Energia Atomica, Av. Gral. Paz 1499 (1650) San Martin — Buenos Aires, Argentina

AMIGA consists of detector pairs composed of a water-Cherenkov detector on the ground and a muon
detector buried at a certain depth. The detector pairs are arranged in arrays with 433 and 750 m spacing thus
allowing a detailed study of the spectrum region known as the ankle. Design parameters and performance
requisites will be outlined. Construction of the first muon detectors, associated software and hardware, and
the results of laboratory tests will be described. Preliminary results on the performance of the 750 m array of
surface detectors will be presented.

141



Exposure of the Hybrid Detector of The Pierre Auger Observatory

Francesco Salamida
Dept. of Physics, University of L'Aquila, Italy

The exposure of the Pierre Auger Observatory for events observed by the fluorescence telescopes in
coincidence with at least one water-Cherenkov detector of the surface array is calculated. Relevant
monitoring data collected during the operation, such as the status of the fluorescence detector, background
light and atmospheric conditions are considered in both simulation and reconstruction. This allows better
understanding of the time-dependent conditions under which data were taken.

A Monte Carlo exploration of methods to determine the UHECR composition with the
Pierre Auger Observatory

D. D'Urso
Universita di Napoli “Federico II” and INFN Napoli, Via Cintia, 80126

The understanding of the mass composition of the cosmic ray radiation is a key to the solution of the puzzle
of the origin of ultra high energy cosmic rays. We present statistical methods which might be used to
determine the elemental composition comparing observables measured with the Pierre Auger Observatory
with corresponding Monte Carlo predictions for different mass groups obtained using different hadronic
interaction models. The techniques make use of the mean and fluctuations of X,,.«, the log-likelihood fit of
the X.x distributions and the multi-topological analysis of a selection of parameters describing the shower
profile. We show their sensitivity to the input composition of simulated samples of known mixing and the
comparison with the standard analysis.

Intrinsic anisotropy of the UHECR from the Pierre Auger Observatory

Jodo de Mello Neto
Instituto de Fisica, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil

We discuss techniques which have been developed for determining the intrinsic anisotropy of UHECR
datasets containing small numbers of events, including autocorrelation, an improved two point method and a
three point method. The sensitivity to uncertainties in energy and angle reconstruction is examined. The
application of these techniques to data obtained with the Pierre Auger Observatory is reported.

Atmospheric effects on extensive air showers observed with the Array of Surface
Detectors of the Pierre Auger Observatory

Benjamin Rouillé d'Orfeuil
Laboratoire AstroParticule et Cosmologie (APC), Université Paris 7, CNRS-IN2P3

Atmospheric parameters, such as pressure, temperature and density, affect the development of extensive air
showers (EAS) initiated by energetic cosmic rays. We have studied the impact of atmospheric variations on
EAS using the surface detectors of the Pierre Auger Observatory, analyzing the dependence of the rate of
events on pressure and density. We show that the observed behavior is explained by a model including
variations of pressure and density and validated with full EAS simulations. As changes in the atmosphere
influence the EAS development, these are expected also to have an effect on the measured signal, with a
consequent impact on the determination of the energy of the primary particle. We show that the energy
estimation can be corrected for such effects.
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Energy scale derived from Fluorescence Telescopes using Cherenkov Light and
Shower Universality

S. Miiller
Karlsruher Institut fiir Technologie, Postfach 3640, 76021 Karlsruhe, Germany

We use the universal shape of longitudinal shower profiles to determine the energy scale deduced using the
fluorescence detection of air-showers. For this purpose, the fraction of scattered Cherenkov and
fluorescence light are adopted as free parameters while fitting the individual profiles of the longitudinal
deposit of the energy to the universal shape. We demonstrate the validity of the method using a Monte Carlo
study based on the Offline framework of the Pierre Auger Observatory and estimate systematic uncertainties
due to the choice of high energy interaction model and atmospheric conditions.

An alternative method for determining the energy of hybrid events at the Pierre
Auger Observatory

Patrick Younk
1875 Campus Delivery, Fort Collins, Colorado 80523-1875

An important feature of the Pierre Auger Observatory is the detection of hybrid events; i.e. extensive air
showers simultaneously detected with at least one of the water-Cherenkov detectors and one fluorescence
telescope. Here we describe an alternative method of estimating the energy of these events. The shower axis
is determined using data from both detector systems. The shower energy is determined from the integrated
water-Cherenkov signals and the distance of each detector from the shower axis. This is done by
characterizing an average lateral distribution function as a function of the shower energy and the zenith
angle. The statistical uncertainty in the energy estimate is approximately 40%. The method requires only the
signal from one surface detector. Thus, it is useful for estimating the energy of hybrid events for which the
geometry cannot be estimated with the surface detectors alone and the longitudinal profile measured by the
ﬂuorescerllgze instrument is not well determined. The majority of events in this category have an energy
below 10 eV.

The electromagnetic component of inclined air showers at the Pierre Auger
Observatory

1. Valirio
Karlsruhe Institute of Technology, 76021 Karlsruhe, Germany

Muons, accompanied by secondary electrons, dominate the characteristics of inclined air showers above 60°.
The characteristics of the signal induced by the electromagnetic component in the water-Cherenkov
detectors of the Pierre Auger Observatory are studied using Monte Carlo simulations. The relative
contributions of the electromagnetic component to the total signal in a tank are characterized as a function
of the primary energy, for different assumptions about mass composition of the primary cosmic rays and for
different hadronic models.
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The delay of the start-time measured with the Pierre Auger Observatory for inclined
showers and a comparison of its variance with models

L. Cazon
Department of Astronomy & Astrophysics, The University of Chicago, Kavli Institute for Cosmological
Physics, Chicago, IL 60637-1433

Using a sub-sample of high quality events at zenith angles above 60 degrees the delays in the start-time of
the signals detected with water-Cherenkov detectors of the Pierre Auger Observatory with respect to a plane
front are compared to those from a model for the arrival time distribution of muons at different angles,
different distances to the shower axis and different primary energies. Good agreement is found. The
variance of the start-time obtained from this model is compared to the variance model currently used in the
Auger reconstruction chain, which is based on the assumption of a uniform distribution of the particle
arrival times in the shower front. The distribution of the chi2 probability of the angular reconstruction is
discussed.

UHE neutrino signatures in the surface detector of the Pierre Auger Observatory

D. Gora
Karlsruhe Institute of Technology (KIT), 76021 Karlsruhe, Germany

The Pierre Auger Observatory has the capability of detecting ultra-high energy neutrinos. The method
adopted is to search for very inclined showers with a broad time structure. The properties of such showers
that start deep in the atmosphere are very different at ground level from those of showers initiated in the
upper atmosphere by protons or nuclei. The neutrino events would have a significant electromagnetic
component leading to a broad time structure of detected signals in contrast to nucleonic-induced showers. In
this paper we present several observables that are being used to identify neutrino candidates and show that
the configuration of the surface detectors of the Auger Observatory has a satisfactory discrimination power
against the larger background of nucleonic showers over a broad angular range.

Investigation of the Displacement Angle of the Highest Energy Cosmic
Rays Caused by the Galactic Magnetic Field

B. M. Baughman
The Ohio State University and the Center for Cosmology and Astro-Particle Physics

Ultra-high energy cosmic rays (UHECR) are deflected by magnetic fields during their propagation.
Different theoretical parametrisations of the Galactic magnetic field are examined using a numerical tool
which simulates their propagation through models of these fields. We constrain the possible parameter space
of the models by comparing data on UHECR obtained with the Pierre Auger Observatory with the results of
the simulations.
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Search for coincidences with astrophysical transients in Pierre Auger Observatory
data

Dave Thomas
Colorado State University, Fort Collins

We analyze data collected by the Pierre Auger Observatory to search for coincidences between the arrival
directions of ultra-high energy cosmic rays and the positions of astrophysical sources that are transients. We
also search for coincident increases above the average background particle rate over the whole array
correlated with gamma ray bursts.

The monitoring system of the Pierre Auger Observatory and its additional
functionalities

Julian Rautenberg
University of Wuppertal, Department of Physics, D-42119 Wuppertal

To ensure smooth operation of the Pierre Auger Observatory a monitoring tool has been developed. Data
from different sources, e.g. the detector components, are collected and stored in a single database. The shift
crew and experts can access these data using a web interface that displays generated graphs and specially
developed visualizations. This tool offers an opportunity to monitor the long term stability of some key
quantities and of the data quality. Quantities derived such as the on-time of the fluorescence telescopes can
be estimated in nearly real-time and added to the database for further analysis. In addition to access via the
database server the database content is distributed in packages allowing a wide range of analysis off-site. A
new functionality has been implemented to manage maintenance and intervention in the field using the web
interface. It covers the full work-flow from an alarm being raised to the issue being resolved.

Nightly Relative Calibration of the Fluorescence Detector of the Pierre Auger
Observatory

Rossella Caruso
Dipartimento di Fisica e Astronomia dell'Universita di Catania and Sezione INFN, Catania

A relative calibration of the photomultipliers in the fluorescence telescopes is made every night. The
calibration allows the long term performance of the photomultipliers to be monitored and permits an
absolute calibration database to be created each night. A stable procedure has been developed to produce
absolute calibration constants, typically 2 x 10° calibration constants/year. Three years (2006-2008) of data
were analysed to produce the latest version of the database, including for the first time calibration constants
for the final six telescopes that were commissioned in February 2007.
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Rapid monitoring of the atmosphere after the detection of high-energy showers at the
Pierre Auger Observatory

B. Keilhauer
Karlsruhe Institute of Technology (KIT) Forschungszentrum Karlsruhe, Institut fiir Kernphysik, Postfach
3640, 76021 Karlsruhe, Germany

The atmospheric monitoring program of the Pierre Auger Observatory has been upgraded to make
measurements of atmospheric conditions possible directly following the detection of very high-energy
showers. Measurements of the optical transmittance due to aerosols and clouds are time-critical. Therefore,
observations of atmospheric regions close to a shower track of interest are performed within ten minutes of
a shower detection using lidar and telescope monitors. Measurements of the altitude dependence of
atmospheric state variables such as air temperature, pressure, and humidity are performed within about two
hours following the detection of a very high-energy event using meteorological radio soundings. Both
programs are triggered using a full online reconstruction with analysis-level quality cuts. We describe the
implementation of the online trigger, and discuss the impact of the monitoring data with high resolution on
the analysis of air shower events.

Atmospheric Aerosol Measurements at the Pierre Auger Observatory

L. Valore
Universit'a degli Studi di Napoli “Federico II” and INFN Napoli, Complesso Universitario di Monte
Sant’Angelo -Via Cintia, 80126 Napoli, Italy

The Pierre Auger Observatory uses the atmosphere as a huge calorimeter. This calorimeter requires
continuous monitoring, especially for the measurements made with the fluorescence telescopes. A complex
monitoring program has been developed. LIDARs at the sites of each of the fluorescence detectors are used
to record the presence of local haze and cloud. Beams from calibrated laser sources located near the centre
of the Observatory are used to measure the light attenuation due to aerosols. The attenuation is highly
variable even on small time scales. The Central Laser Facility has been used to provide hourly aerosol
characterisations over five years based on two independent but fully compatible procedures. The Extreme
Laser Facility (XLF) has just started operation. The level of cloud cover is measured using cameras
sensitive to the infra red and can also be detected with the sky background data.

Radio detection of Cosmic Rays at the southern Auger Observatory

A.M. van den Berg,
Kernfysisch Versneller Insitittut, University of Groningen, Zernikelaan 25, 97474AA Groningen, The
Netherlands

An integrated approach has been developed to study radio signals induced by cosmic rays entering the
Earth’s atmosphere. An engineering array will be co-located with the infill array of the Pierre Auger
Observatory. Our R&D effort includes the physics processes leading to the development of radio signals,
end-to-end simulations of realistic hardware configurations, and tests of various systems on site, where
coincidences with the surface detectors of the Observatory are used to benchmark the systems under
development.
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Hardware Developments for the AMIGA enhancement at the Pierre Auger
Observatory

Peter Buchholz
Universitdt Siegen, Fachbereich Physik, Walter-Flex-Str.3, D 57068 Siegen, Germany

To extend the energy threshold of the Auger Observatory to lower energies and to measure the number of
muons in extensive air showers, the AMIGA (Auger Muons and Infill for the Ground Array) enhancement
is being developed. The complete muon detector system, including the scintillation detectors, the analogue
front-end, trigger and the digital readout electronics, as well as the power supplies and slow-control
electronics, have been designed. Prototypes of all components have been produced and tested separately in
system tests. The performances of all components and the complete system will be discussed..

A simulation of the fluorescence detectors of the Pierre Auger Observatory using
GEANT 4

Pedro Assis
LIP - Laboratorio de Instrumentagdo e Fisica Experimental de Particulas Av. Elias Garcia, 14 -1 1000-149
Lisboa, Portugal

A simulation of the fluorescence telescopes of the Pierre Auger Observatory was developed, taking
advantage of the capabilities of GEANT 4 to describe complex 3D geometries realistically and to allow the
required optical processes such as refraction, reflection, Rayleigh scattering and bulk absorption to be
included in the simulation. Each telescope features Schmidt optics consisting of a ring shaped corrector lens
placed at the entrance pupil and a 11 m* spherical mirror. The incoming light is focused on to a spherical
camera, made of an array of 440 hexagonal photo-multipliers and the light guides. In this simulation all
components of the optical system were implemented. Account was taken of the description of the corrector
lens profile, the details of the mirror geometry, including the parameters of each individual mirror, and the
different components of the camera, including light guides and photomultipliers. The Geant4 FD simulation
is included in the Auger simulation and reconstruction framework and is being used in several studies of the
FD performance. The main features of the simulation will be reviewed.

Education and Public Outreach of the Pierre Auger Observatory

Gregory Snow
Department of Physics and Astronomy, 116 Brace Hall, University of Nebraska, Lincoln, Nebraska, USA

The scale and scope of the physics studied at the Auger Observatory offer significant opportunities for
original outreach work. Education, outreach and public relations of the Auger collaboration are coordinated
in a separate task whose goals are to encourage and support a wide range of education and outreach efforts
that link schools and the public with the Auger scientists and the science of cosmic rays, particle physics,
and associated technologies. The presentation will focus on the impact of the collaboration in Mendoza
Province, Argentina, as: the Auger Visitor Center in Malargiie that has hosted over 40,000 visitors since
2001, a collaboration-sponsored science fair held on the Observatory campus in November 2007, the
Observatory Inauguration in November 2008, public lectures, school visits, and courses for science teachers.
A Google-Earth model of the Observatory and animations of extensive air showers have been created for
wide public release. As the collaboration prepares its northern hemisphere site proposal, plans for an
enhanced outreach program are being developed in parallel and will be described.
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Performance and operation of the Surface Detectors of the Pierre Auger Observatory

Tiina Suomijdrvi
Institut de Physique Nucleaire, Universit'e Paris-Sud, IN2P3-CNRS, Orsay, France

The Surface Array of the Pierre Auger Observatory consists of 1660 water Cherenkov detectors that sample
the charged particles and photons of air showers initiated by energetic cosmic rays at the ground. The
construction of the array in Malargue, Argentina is now complete. A large fraction of the detectors have
been operational for more than five years. Each detector records data locally with timing obtained from GPS
units and power from solar panels and batteries. In this paper, the performance and the operation of the array
are discussed. We emphasise the accuracy of the signal measurement, the stability of the triggering, the
performance of the solar power system and other hardware, and the long-term purity of the water.

BATATA: A device to characterize the punch-through observed in underground
muon detectors and to operate as a prototype for AMIGA

G. Medina-Tanco,
Instituto de Ciencias Nucleares, Univ. Nacional Autonoma de Meéxico Circ. Exterior S/N, Ciudad

Universitaria, México

BATATA is a hodoscope comprising three X-Y planes of plastic scintillation detectors. This system of
buried counters is complemented by an array of 3 water-Cherenkov detectors, located at the vertices of an
equilateral triangle with 200 m sides. This small surface array is triggered by extensive air showers. The
BATATA detector will be installed at the centre of the AMIGA array, where it will be used to quantify the
electromagnetic contamination of the muon signal as a function of depth, and so to validate, in situ, the
numerical estimates made of the optimal depth for the AMIGA muon detectors. BATATA will also serve as
a prototype to aid the design of these detectors.
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Hadron Production Measurements with the NA61/SHINE
Experiment and their Relevance for Air Shower Simulations

loana C. Maris* for the NA61/SHINE Collaboration
*Karlsruhe Ingtitute of Technology (KIT), D-76021 Karlsruhe, Germany

Abstract. NA61/SHINE is a fixed-target experiment prevent an unambiguous analysis of air shower data in
to study hadron production in hadron-nucleus and terms of e.g. the primary mass composition [1], [6].
nucleus-nucleus collisions at the CERN SPS. Due to While high energy interactions are of direct relevance
a large acceptance and good particle identification to the longitudinal shower profile [7], particle production
capabilities in forward direction, NA61/SHINE is at low energy is important for the lateral distribution
well suited for measuring particle production to of shower particles at ground. The use of different
improve the reliability of air shower simulations. hadronic interaction models for low-energy interactions
During its pilot run in 2007 proton-carbon collisions (£ < 200 GeV) leads to significant differences of the
at 31 GeV/c were recorded. Dedicated runs for pion- expected particles at ground [8], [9]. For example, in the
carbon collisions at 158 and 350 GeV/c are planned case of the Auger Observatory [10], the predicted muon
for 2009. We will study the phase space regions densities differ by more tha®0% [8] with a difference
of secondary particles that are of importance for of ~ 40% expected between proton and iron.
understanding the muon production in air showers The NAG61/SHINE (SHINE= SPS Heavy lon and
as measured by KASCADE and the Pierre Auger Neutrino Experiment) experiment [11] combines a rich
Observatory. The performance of the NA61/SHINE physics program in an efficient and cost effective way
detector is discussed and preliminary results from offering the possibility to reach physics goals in three

the pilot run are presented. different fields: neutrino experiment calibration, cosmic

Keywords: NA61/SHINE, cosmic rays ray simulations, and the behavior strongly interacting
matter at high density.

. INTRODUCTION The NAG1/SHINE apparatus is an upgrade of the

Cosmic rays at very high energy?( > 10“eV) NA49 experiment[12]. A new time of flight detector has
can be measured only indirectly by observing the sebeen tested and installed in the forward beam direction,
ondary particles produced in cascade processes in thereasing the accuracy of the particle identification.
atmosphere. Therefore it is not surprising that marioreover the update of the DAQ and of the readout of
open questions in cosmic ray physics are related tacking detectors provides an increase of the maximum
the difficulty of determining the energy and mass/typdetection rate by a factor of 10 with respect to NA49.
of primary shower particle at these energies. For eBuring its 10 years of operation the NA49 experiment
ample, the mass composition of the primary particlegelivered high precision data with beams ranging from
can be obtained only from comparing air shower dagroton to lead [13]. Among other results, the minimum
with simulations of the air shower development in theias analysis of p+p [14] and p+C [15] collisions at
atmosphere [1], [2]. a beam momentum of 158 GeV/c provided information

The simulations involve detailed descriptions of thabout the inclusive production of charged pions which
hadronic, muonic and electromagnetic components afready have been used to improve the precision of air
the air showers. The present implementations rely @mower simulations [16].
phenomenological models for the hadronic interactionsin the following we will investigate the phase
and cannot describe the observed air shower propertggmce region important for cosmic ray experiments and
with a good precision [3], [4]. For example, at the Pierreompare it with the measurement capabilities of the
Auger Observatory, the observed number of muom$A61/SHINE experiment. Data taken in the 2007 pilot
is underestimated in simulations with commonly usedin are presented.
hadronic interaction models [4].

Hadronic interaction models are based on extrapo- |- MUON PRODUCTION IN AIR SHOWERS
lations of the particles interaction properties in phase The electromagnetic component of extensive air show-
space regions which are presently not covered by partiees originates fromr® decays, bremsstrahlung amd
physics experiments. The energies of the first intepair production with a small component fropi de-
actions in high energy showers are not accessible bgys. The electromagnetic particles are well described
current accelerators. Furthermore, at low energies, théng QED. The muonic component, produced mainly in
is a lack of precise data in the forward region andecays of charged pions and kaons, depends upon the
for projectiles and targets relevant for air showers [Shhenomenological models used to overcome the prob-
The impact of the uncertainty of hadronic interactiofems of perturbative QCD calculations for processes with
characteristics on air shower observables does curredtdyw momentum transfer.
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Fig. 1. Energy spectra of the grandmothers for a primary cosayicat 101° eV (left) and101° eV (right). The transition energy between
different interaction models is indicated in brackets. Only the grandmother particles of muons with a total energy larger than 250 MeV (left)
and 150 MeV (right) were taken into account. The distance of the muons to the shower axis was required to be between 40 and 200 m (left)
and 900 and 1100 m (right). The spectra are averaged over the total number of simulated air-showers.

In order to investigate the muon production, aido not allow to track all the particles in the cascade
shower simulations were performed assuming verticatocessed, therefore the electromagnetic component of
incident protons as primary particles. To cover the knébese showers was neither tracked nor stored.
energy range 1000 air-showers Ht'® eV were simu-  The energy spectra of the grandmother particles are
lated and the particles were stored at an altitude of 100depicted in Fig. 1. The difference in the distributions of
asl. The KASCADE experiment is sensitive to muonthe particles predicted by different high energy interac-
above 250MeV and the distribution of particles oion models is compatible with the difference induced
ground is mostly important at distances between 40 andly by switching the transition energy. Small discon-
200 m from the air shower axis, therefore only muortnuities at 80 and 500 GeV are observed indicating a
in these ranges are considered. For ultra high enengyss-match between the predictions of low energy and
cosmic rays, 5 events a0'° eV were generated and thehigh energy hadronic interaction models. The majority
particles reaching an altitude of 1400 m were stored. &f muons are produced by charged piors96%) in the
this energy the most important region is between 900 emergy range 10-500 GeV. & 4% contribution comes
and 1100m from the shower axis, distance where tfimmm kaons at 10-200 GeV.
energy estimator and the mass composition parameterérandmother particles are equivalent to the beam
for the cosmic rays recorded by the surface detector pérticles for fixed target experiments. The majority of
the Pierre Auger Observatory are evaluated. The wat@ons cover mostly the forward direction (polar angle,
Cherenkov detectors are observing light from muorts< 0.2 rad). Giving the momentum range and the direc-
above 150 MeV. tion, the current and future data of the NA61/SHINE ex-

) . . periment are perfectly suited for improving the hadronic
The air showers were generated with a modifiefiaraction models.

version of the CORSIKA [17] code for which the history

of the muon production is available in the output [18]. In I1l. NA61/SHINE EXPERIMENT

the following we refer by the terngrandmother to the The NA61/SHINE detector is located in the H2 beam
hadron inducing the last hadronic interaction that leadise of the North experimental hall of the SPS. It
to a meson that decays into the corresponding muamploys a large hadron spectrometer for the study of
Each air shower was generated four times using differethie hadronic states produced in interactionmofp, C,
hadronic interaction models. FLUKA [19] was utilizedS or In beam particles with a variety of fixed targets at
for the description of the hadronic interaction in the lowthe SPS energies.

energy range and QGSJet Il [20] or Sibyll 2.1 [21] to The layout of the NA61/SHINE experiment is pre-
handle the high energy region. The assumption of tlsented in Fig. 2. The detector inherits the main com-
transition energy where the switch between the interagenents of the NA49 experiment [12]. A set of up-
tion models occurs influences the particle distributions atream scintillation or Cherenkov counters and beam
ground [22]. Therefore simulations with two transitiorposition detectors (BPD) provides precise timing refer-
energies were generated: at 80 GeV and 500GeV. Amce, charge and position measurement of the incoming
the highest energies the available CPU time and stordgeam particles. The components for tracking are four
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Fig. 2. A typical event recorded during the pilot run for a proam (31 GeV/c) on a thin carbon target. The NA61/SHINE detector layout
is sketched with the exception of the vertex magnets surrounding the vertex TPCs. Two of the particles have left a signal in the forward ToF
detector.

large volume Time Projection Chambers (TPCs). The
vertex TPCs (VTPC-1 and VTPC-2) are located in the
magnetic field of two super-conducting dipole magnets
with a maximum combined bending power of 9 Tm at
currents of 5000 A. The other two (MTPC-L and MTPC-
R) are positioned symmetrically with respect to the beam 0
line, downstream of the magnets. An additional gap TPC
(GTPC) is located on the beam axis between the vertex 05

TPCs. e

At minimum ionization particle identification by en- _ dE/dx MIP]
ergy loss measurement alone is not possible and even : e
with a very good dE/dx resolution kaon selection on
a track-by-track basis is not feasible. Therefore the
NA49 detector was equipped with time-of-flight detec-
tors (ToF-L and ToF-R) placed behind the MTPCs. The
time resolution achieved is of 60 ps. In 2007 the experi-
ment has been updated with a new forward time of flight o
detector (ToF-F), installed downstream of the MTPCs
and closing the gap between ToF-L and ToF-R. The ToF-
F provides a very good particle identification in the low
momentu_m domainy(< 6 GeV/c).. In the pI_IOt run data Fig. 3. Particle identification for positively charged pasg&lusing
for cosmic rays and T2K neutrino experiment [23] Ofthe combined ToF and dE/dx measurements in the momentum range
p+C interactions at 31 GeV/c were recorded [24]. O3 GeVic (upper panel) and 4-5GeV/c (lower panel).
super-module of the Particle Spectator Detector (PSD)
was installed downstream of the TOF-F and tested [25].

A major enhancement for the detector performance, ifge seen. At momenta above 4 GeV/c the separation of
the TPC readout and DAQ upgrade, was achieved in ttiee lighter particles (exr) from the group of heavier

2008 run. It results in an increase of the data rate byomes is performed essentially by dE/dx, whereas the ToF
factor of about 10 compared to the old setup. measurement is needed to distinguish between kaons

An example of the combined ToF and dE/dx particl@nd protons. Below 4 GeV/c particle identification can
identification capabilities is illustrated in Fig. 3 forbe performed almost exclusively by the ToF.
positive particles using the pilot run data. Four clusters, The detector acceptance, determined by its geometry
corresponding to positrons, pions, kaons and protons camd magnetic field, is shown in Fig. 4 for beam momenta

protons:
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Fig. 4. The detector acceptance at beam momenta of 50 GeV/; 18& GeV/c (middle) and 350 GeV/c (right). Lines correspond to the 68%
contour of the cosmic ray phase space relevant for KASCADE (continuous) and Pierre Auger Observatory (dashed).

of 50GeV/c, 158 GeV/c and 350GeV/c. It is plotted
in the plane of the polar angl@, versus the fraction |y
of beam momentum carried by the secondary patrticles.
Only tracks that were well reconstructed were selected?]
requiring at least 10 hits in the TPCs. The phase space g4
relevance for the KASCADE experiment, shown in the[4]
same figures with continuous contours is covered at full
acceptance, close to 100%. At higher energies, relevatgj
for the Pierre Auger Observatory (dashed contour), the
acceptance of the detector is between 60 and 80%. TH&
particles are at larger angles with respect to the bear[g]
due to the larger distance to the air shower axis that was
required. (8]

IV. OUTLOOK (9]

In 2009 the data taking program will start with p an o]
m beams on C targets for cosmic ray and for the T2
experiments at energies of 30, 158 and 350 GeV with &kl
expected statistics of about 18M minimum bias even

The data will cover a large region of the forward phase
space of low energy hadronic interactions as needed %]

improving air shower modeling.

2]
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Correlations between solar events and the cosmic muon flux
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Abstract. The WILLI detector, built in IFIN-HH
Bucharest in collaboration with FZ Karlsruhe, is a
compact rotatable system, with an incident surface of
1 m?, consisting of 16 modules, each module having
a scintillator layer (3 cm thickness) and Al support
(1 cm thickness). The modular system is surrounded
by 4 anticoincidence modules. With WILLI detector
we can measure simultanenously muon events with
energy > 0.4 GeV and the muon events with energy
lower than 0.6 GeV (coresponding only to events
stopped in the detector layers).

The measurements performed with WILLI detec-
tor have shown a variation of the muon intensity
which can be correlated with the solar effects. Taking
into account muon events with energy > 0.4 GeV,
a modulation of the muon intensity as a diurnal
variation is observed.

The analysis of the muon events for a smaller
energy range, lower than 0.6 GeV, has shown an
aperiodic variation of the muon intensity, which
could be correlated with magnetic activity indicated
by the planetary K-index.

Keywords: low energy atmospheric muons, solar
modulation

I. INTRODUCTION

When galactic cosmic rays enter the heliosphere they
enter a region dominated by our Sun. Magnetic fields
and processes such as diffusion, convection and drifts
affect cosmic particles on different timescales and with
various intensities corresponding to the solar activity.
For solar modulation surveys the low energy part of the
cosmic rays spectrum is relevant as it is the part most
influenced by the solar activity. As the particle’s energy
increases it tends to travel less influenced.

The Earth’s atmosphere and magnetic field also play
an important role. A cosmic particle hitting the Earth’s
atmosphere will suffer nuclear interactions, loose energy
and generate a shower or secondary particles that will
continue interacting as they propagate towards ground.
The muons component of such a shower is the most
abundant at ground level.

The fact that cosmic rays and the secondary particles
that are observed at ground level are linked to the solar

activity gives us the opportunity to investigate the solar
activity.

The two different types of solar effects that can be
observed using particle detectors at ground level are
periodic or sporadic effects, [1], [2], [3], [4], [5], on
the flux of neutrons and muons. Periodic events are
well connected to the solar cycle and geometry of the
Sun-Earth connection and present important subjects for
solar studies but do not pose a threat on ourselves.
Phenomena that can also affect life on Earth and are
of solar origin may be expected if spaceweather is taken
into account because particle detectors at ground level
can record annomalies in the cosmic rays propagation
before dangerous magnetic storms reach and affect us.

II. THE DETECTOR

The detector, WILLI (Weakly Ionizing Lead-Lepton
Interaction), is a sampling calorimeter for atmospheric
muons, designed initially for muon charge ratio mea-
surements [6]. It is located in IFIN-HH, at 44° 21’
N, 26° E, 75 m above sea level and 5.6 GV rigidity
cutoff. It consists of 20 modules 16 plates placed in
a stack and 4 as anticounters, fig. 1. All the modules
are identical, scintillator plates, 3 cm thick, encased in
1 cm thick aluminium box, read by 2 photomultipliers
placed at opposite corners of the plate. The detector has
the possibility to rotate both in zenith (up to 45°) and
azimuth (no restriction).

The acquisition trigger can be chosen from 1 or 2
different plates in the stack. This means that there exists
the possibility to record muons with different energy
threshold, > 0.4 GeV or > 0.6 GeV, if the trigger is set
for the first 2 plates or for the first and the last plates in
the stack.

Also the detector can register muons stopped inside
the detector which gives us the possibility to investigate
muons in a small energy range, 0.4-0.6 GeV. The se-
lection for a small range of energies is performed after
the acquisition on the usual run when all the incoming
muons are recorded. Thus we have access to both types
of data, all passing the trigger condition and energy
range selection, simultaneously.

The detector dead time is 50 us. For muons that are
stopped in the detector an additional 80 ns time window
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Fig. 1.

The WILLI detector.

is reserved for the observation of the delayed electron
resulted from the muon decay inside the detector, thus
increasing the overall dead time.

III. SOLAR MODULATION

Solar modulation means time variation of cosmic
radiation intensity due to solar activity.

Solar modulation of cosmic rays takes place in the
heliosphere (i.e. the region where solar influence is
dominant). Galactic cosmic rays are influenced by the
solar wind and heliospheric magnetic field (HMF) when
entering the heliosphere. The solar activity, through all
kinds of magnetic disturbances, affects the shape of
the cosmic rays energy spectrum and the direction of
particle propagation. The modulation effects decrease
with increasing energy and become less significant for
particles with rigidities in excess of ~10 GeV/nucleon,
i.e. a rigidity of 10 GV for protons and 20 GV for He
[7].

The amplitude of this activity is time dependent and
manifests periodic as well as aperiodic features on
different time scales (see table I). In this study we intend
to investigate the possibility to observe the types of
effects listed in table I.

IV. MUON INTENSITY VARIATIONS

We have performed measurements of integral vertical
muon intensity, computed as below, for various periods
of time.

dN
I,(E>FEy) = —=
(B> En) = TAdta0
where Ey, is given by the type of acquisition/trigger
chosen.
After recording the raw muon count rate we have
corrected it for atmospheric pressure, [7]. The fractional

[em™2s tsr™1] (1)

change of muon intensity, 07, / Ju» 1s related to the
pressure change, dp, by:

5j,u/j,u = *auép )

where o, is the pressure coefficient of the muonic
component, a;, ~ 0.12% [mm~' Hg] for atmospheric
pressure measured in [mm Hg].
So far no additional data, e.g. height of the production
layer, are available and therefore no other correction for
the atmospheric influence is made.

A. Periodic variations

Periodic variations in sea level muon intensity have
been documented [3], [5]. They include data recording
on extensive periods of time as well as daily monitoring.

Given the short amount of time our detector has been
taking data for solar modulation monitoring we will
reffer only to short period periodic variations, namely
the daily variation.

Data sets contain time stamp and PMT signal am-
plitude information for each individual event. They are
divided into user defined time intervals after the acquisi-
tion process. Figure 2 shows raw count rate for a period
of 3 days for E > 0.4 GeV.

For time periods of 24 hours 10-minute rates were
normalized to a daily average obtained from data taken
7 days before and fitted with a 24 and 12 hour periodicity
function, see figure 3,

2
Averaged rate = 1 — 0.008 - sm(%x —1.21)—

2
—0.03 - sin(—x — 1.47).
0.03 - sin( 51" 7) 3

The amplitude of the sinusoidal variation relative to the
average is ~3% for the diurnal variation and ~1% for
the semi-diurnal variation. The maximum is around 11
a.m.

B. Aperiodic variations

Aperiodic variations are mainly characterized by their
relative unpredictability. They are linked to the solar
activity, therefore a solar maximum period is expected to
present more aperiodic events, but this is not a rule. This
type of variations can vary both in intensity (see table I)
and time scale. Sporadic events have been detected with
muon telescopes [9].

Small intensity variations may be caused by geomag-
netic field perturbations which are usually linked with
the solar activity.

Our detector, being able to ’see’ small variations as the
daily variation and due to its good counting possibility,
can be also used to investigate these aperiodic events.

Low energy muons are mostly produced by low
energy primaries which are strongest affected by solar
modulation. Because of the stack configuration of the
detector we can measure the muon intensity at low
energies and for small energy ranges. This enables us
to exclude all the high energy muons and measure
only the muons most influenced by solar and local
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type amplitude

nature

Periodic variations

11- and 22-year up to 30%  Solar modulation of
GCR in the heliosphere
27-day <2% Long-lived longitudinal asymmetry
in HMF of solar wind structure
diurnal few% Anisotropy of CR fluxes due to

convection by solar wind and diffusion along HMF lines

Aperiodic variations

GLE 1-300% Increase of CR intensity
due to arrival of solar cosmic rays

Forbush decreases up to 30%  GCR decrease due to the shielding by an
interplanetary shock passing the Earth

increase before <2% CR increase due to “collection” of

Forbush decrease CR particles in front of the interplanetary shock
causing a Forbush decrease

magnetic cloud effect few% GCR decrease due to the shielding by a

magnetic cloud passing the Earth

TABLE I
CR INTENSITY VARIATIONS: EXTRA-TERRESTRIAL EFFECTS [8]

13600
13400
13200
15000
14200
14600
14400
14200
14000

raw count rate

50 50.5

8

Fig. 2. Raw muon count rate, measured with WILLIL, as a function
GeV. Error bars represent statistical errors.

magnetic activities. Such an example is depicted in fig.
4. The figure shows 60-minutes count rates for muons
in the energy range 0.4-0.6 GeV. In this energy range a
significant decrease is observed that was not significant
in the E > 0.4 GeV measurements. After investigation,
an increase in the K, index was found to coincide, as
time period during that day, with the observed decrease
[10].

V. CONCLUSIONS

In this study we investigated the possibility to detect
solar modulation of cosmic rays, both periodic and
aperiodic effects, with our detector, WILLI, a sampling
calorimeter for atmospheric muons.

Due to the configuration of our detector we can
perform various types of measurements, selecting only
a small energy range, 0.4-0.6 GeV, or all the muons
passing through the detector which sets an energy lower
limit.

i .
52 52.5
day number

515

of day number of the year divided into 10 minutes intervals for E > 0.4

Our detector is capable of recording variations in the
muon count rate that are of the same order as those
expected for solar modulation effects. A few examples
stand to prove it.
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Abstract. Measurements of the of the low energy =
(<1 GeV) muon charge ratio and muon flux have ;16 L
been perfomed using WILLI detector. We inves- 231‘4 [oWest—— | |
tigate the azimuthal and the zenithal dependence i R
of the muon flux. The results are compared with 2
complex Monte-Carlo simulation using CORSIKA 1 b i
code taking into account 2 hadronic interaction — [ &4
models (DPMJET and QGSJET2). The results of 08 | East
the energetic, azimuthal and zenithal dependence of 06
the atmospheric muon charge ratio was compared 03 04 05 06 07 08 019;

with CORSIKA simulations (DPMJET model). The p, [Gevic]
simulations of the EAS muon charge ratio was
performed using CORSIKA code and 2 hadronic Fig. 1. The energy variation of the muon charge ratio (points)
interaction models (QGSJET2 and EPOS), in order corrpared with CORSIKA simulations (rectangles)
to to investigate a new experiment WILLI-EAS that
will be focused on measurements of the muon charge
ratio from individual EAS at primary energy between
104 —10'5 eV. The results of the simulations shows The charge ratio of atmospheric muons has been
that the EAS muon charge ratio is influenced by analysed under various theoretical aspects [7], [8]. The
hadronic interaction models. merit of the WILLI detector is that it approaches the
Keywords: muon, simulation, WILLI very low muon energy range with excellent accuracy.
The detector determines the charge ratio of atmospheric
muons by measuring the life time of stopped muons in
. INTRODUCTION the detector layers: the stopped positive muons decay
with a lifetime of 2.2 us, while negative muons are
Measurements of the low energy (1 GeV) muon captured in the atomic orbits, leading to an effectively
flux and muon charge ratio were performed using trgmaller lifetime depending on the stopping material.
WILLI detector [1], [2] which is a compact, modular The muon charge ratio is determined from the measured
rotatable system. Each module is formed by a plastitecay curve of all muons stopped in the detector, by
scintillator layer of 3 cm thickness, in 1 cm Al framefitting the measured decay spectrum with the theoretical
box. The detector was used to measure the muourve.
charge ratio and the muon flux, for different azimuthal
direction (N,S,E,W) for a mean zenithal angle of For the investigation of the azimuth dependence of
35°. The results were compared with Monte-Carlthe charge ratio of atmospheric muons, a series of
simulations performed with CORSIKA code [3] using 2neasurements [9] has been performed on four azimuth
hadronic interaction models DPMJET [4] and QGSJETirections of incidence of the atmospheric muons:
[5]. Beside the studies of the atmospheric muons, wéorth, East, South, West, (N, E, S, W) for muons
will focuse in the future on the investigation of thewith inclined incidence, mean value at 3and mean
charge ratio of the muon density in EAS, so the WILLIncident energy 0.5 GeV/c.
detector is extended by a mini array of 12 scintillator
plates oflm?2. Simulations performed with CORSIKA The results (see Fig.1,2) show that CORSIKA
using 2 hadronic interaction models (QGSJETZ2[5] argimulations, based on DPMJET model reproduce relativ
EPOSI[6]) shows that EAS muon charge ratio is quiteell the azimuthal and the variation i.e. the East-West
sensitive to the hadronic model. effect as observed by WILLI. The Okayoma Group
[10] reported a less pronounced azimuth dependence

Il. THE MUON CHARGE RATIO
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Fig. 2. The azimuthal variation of the muon charge ratio (prielary) 0 50 100 150 200 250 300

AZIMUTH (dea)
but considering muons With high_er energies Ge_V). E('fﬁ;éreghﬁitizgg;hg:}(\f”s?;magfjLhnz muon flux measure by WILLI
The observed asymmetry is attributed to the anisotropy
of primary proton flux caused by the geomagnetic
cut-off, as well as to the geomagnetic influence on the |v. WILLI-EAS, A DETECTION SYSTEM FOR
atmospheric muon propagation. MEASURING MUON CHARGE RATIO INEAS

The difficulty in studying the high cosmic rays is
their low intensity, what requires systems of detection
covering large surfaces.

Measurements of the flux of low energy muons have KASCADE-Grande [13] is a complex array, area 700
been performed by use of the WILLI detector. They2 for investigating the energy spectrum and the mass
results have been compared to Monte Carlo S'mU|at'OB§mposition of primary cosmic particle with energies
based on DPMJET model and semiempirical approachg@sihe knee range, 16 -10'8 eV. At ISVHECRI 2004
of Judge and Nash [11] and of Gaisser [12]. The resultg4] Okayoma group reported results from LAAS exper-
agree with the predictions of of the simulations, whilgnents for measuring integral cosmic ray spectrum by

the semiemprical formulae have a restricted range pfquiring coincidences at multiple EAS arrays, formed
validity (Fig.3). Obviously the approach of Gaisser i$y mini-arrays.

only applicable at muon energies above 10 GeV [9].

I1l. M UON FLUX MEASUREMNTS

S o1k
% 1 L g ‘Dmumqmmnnn "
G100 F DW 3
T‘L -2 ' o
H(/) 10 L o 4 3
‘ o
R agf
g 10 3 D% A CORSIKA SIMULATIONS FOR HIROSHIMA
o;/ 10 -4 DD e CORSIKA SIMULATIONS FOR BUCHAREST
% 3 o [ SEMI-ANALYTICAL FORMULA OF GAISSER
é 10 5 L SEMI-ANALYTICAL FORMULA OF NASH
E ﬁ EXPERIMENTAL DATA BESS
2 6
g 10 *““l Ll Ll Ll Ll
= -1 2 3
3 10 1 10 10 10
MUON MOMENTUM (GeV/c) Fig. 5. A possible layout for the mini-array for triggering thellWI
detector.
Fig. 3. The muon flux data compared with Monte Carlo simulations
and semi-analytical formulae There are currently some experimental approaches

under discussion to measure the charge ratio of the
We have aplied another hadronic interaction modetuon density in EAS [15], [16]. Our approach [17]
(QGSJET) for simulationg the muon flux in the energfor an appropriate detector installation follows the
range 0.2 GeV - 1 TeV. Figure 4 shows the muon flugonsiderations of [18], which have theoretically (on
simulated with QGSJET and DPMJET models for &asis of simulations) revealed very detailed features of
mean zenith angle of 35 Comparing with previoulsly the geomagnetic influence on the radial and azimutal
simulation results (DPMJET) we note only very smallariation of muon charge ratio. The forseen installation
differences between their predictions. will link the WILLI device to a nearby located miniarray
of detectors for EAS registration which data will help to
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Fig. 6. The reconstructed shower cores for 250 H incident showers placed in the same positich @@y 20d 36 (b)

reconstruct the characteristics ( core location , directidrhe program perform the reconstruction of the detector
of incidence etc.). response using a parametrisation of the energy deposit
in the scintillator plates from the mini-array.

We have presented [17] the experimental concept for
investigating muon charge ratio in EAS by correlating Figure 6 a,b shows the quality of the reconstruction,
WILLI detector with a mini-array. was develop basedjiven by the difference between the reconstructed and
on the simulations prediction [18], [19] that showshe true core position.
an integral excess of positive muons in showers,
prediction that has been never experimentally tested.

The simulations shows that this small effect can slightly S L[ : 100-150 m
vary with the mass of the primary. The mean charge g Hi‘ + 350-400 m
ratio is affected by the geomagnetic field, especially for = L ‘ by = 550-600 m
low energy muons and the simulations show different S 2}, l + _+_4_‘
azimuth variation of the muon densities of opposite | Jt .
charges and an azimuth variation of the muon charge i -'4"*"1"_4_4'_*_' ES i B&
ratio dependent on the direction of EAS incidence and 1| + ﬂi‘ﬂ*ﬂﬁ
the position of the observer in respect with the Earth’s AR
magnetic field.
°0 '12)0' — '2|ool — '3|0('J

We have started to scrutinize by simulations the a Azimuth (°)
performance of various possible configurations (see
Fig.6) and the dependence of the results of acceptance -% - 30°
of the WILLI spectrometer [19]. In particular, the S 2F 45
layout studies must also include an adequate electronic = B | 1 - 58
system for triggering and data acquisition since only S15F }_l ]"
one stopped muon per shower can be handled in the +++:t L
present system. We investigate, how the finite angular 1 'F*’* ¥ +* +
acceptance of the WILLI spectrometer, positioned at a { F{*Tﬁ
particular accurately defined distance from the shower 05 +
core and observing muons from a particular direction
will affect the pronounced predicted variation of the T T e 2
charge ratio of the observed muon density. b Azimuth (°)

. . . _Fig. 7. The dependence of the charge ratio on the azimuth positio
Using CORSIKA and GEANT codes, simulationof wiLLl for different positions from the showere core (a) and for

studies have been performed for H and Fe generatdfferent zenith angles (b).

showers {0'* — 10' eV) to study the configuration

of EAS array to optimise reconstruction of the shower Considering that the H showers are coming from
and the configuration WILLI-EAS for obtaining aNorth, angle 45, and WILLI is oriented parallel to the
significant feature for muon charge ratio in EAS. Irshower axis, Fig. 7 a,b shows the dependence of the
order to investigate the best configuration of the arraycharge ratio on the azimuth position of WILLI around
modified version of SHOWREC[20] program was usedshower core for various radial ranges and for different
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zenith angles.
. (1]
The WILLI-EAS system for measuring muon charge[2]
ratio in EAS is under construction, see Fig.5, consistindfl
by a core finder system composed by 12 independe
stations, arranged as a mini-array close to WILLI. Eache]
unit is a scintillator plate of 1 & 3 cm thickness,
consisting of 4 parts (0.25 x 0.2%) measuring the {g
arrival times of the shower front and the energy deposit®]

in the detectors. [10]
[11]
[12]
=18 [ [13]
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Fig. 8. The dependence of the charge ratio on the azimuth positio
of WILLI for proton (rectangles) and iron (circles) induced showers
using QGSJET (solid line) and EPOS (dotted line) models

Fig. 8 show the dependence of the charge ratio on
azimuth position of WILLI around shower core for H
and Fe showers using 2 different hadronic interaction
models implemented in CORSIKA code QGSJET?2 and
EPOS. The results of the simulations shows a quite
sensitive difference between the two models also for
the H an for the Fe showers.

V. CONCLUSIONS

The results (charge ratio and flux of atmospheric
muons), obtained with the WILLI detector are in good
agreement with the predictions of Monte Carlo simu-
lations and a strong difference between the hadronic
interaction models was not observe. Simulation studies
for the EAS muon charge ratio present a high sensitivity
at the hadronic interaction model, and the measurements
(we estimate the start of the measurements till the end
of 2009), if sufficiently accurate,could be used as a test
for different models. The effectcs of the geomagnetic
field could be also explore by measuring the EAS muon
charge ratio, in order to improve the implementation of
the geomagnetic field in simulation codes.
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Observation of Forbush Degreases and Solar Events in the 10-20
GeV Energy Range with the Karlsruhe Muon Telescope
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Abstract. Since 1993, a muon telescope located Il. EXPERIMENTAL SET-UP
at Forschungszentrum Karlsruhe (Karlsruhe Muon
Telescope) has been recording the flux of single
muons mostly originating from primary cosmic-ray
protons with dominant energies in the 10 - 20
GeV range. The data are used to investigate the
influence of solar effects on the flux of cosmic-
rays measured at Earth. Non-periodic events like
Forbush decreases and ground level enhancements
are detected in the registered muon flux. Events of
the 23rd solar cycle will be presented and compared
to data from the Jungfraujoch neutron monitor. The
data of the Karlsruhe Muon Telescope help to extend
the knowledge about Forbush decreases and ground
level enhancements to energies beyond the neutron
monitor regime.

Keywords: Forbush decreases, Ground Level En-
hancements, Muon Telescope

The flux of single muons from the zenith region
has been recorded continuously since 1993 with the
Karlsruhe Muon Telescope located at Forschungszen-
trum Karlsruhe, Germany (49.094, 8.43FE, 120 m
a.s.l). Details on the set-up are given in [5] and [6].

The response of the muon detector has been evalu-
ated with simulations based on the CORSIKA [7] and
SGEANT 3.21 [8] packages. The median energy of the
Karlsruhe Muon Telescope is 40 GeV, the maximum
occurs at primary energies of about 15 GeV.

Corrections were applied to the recorded muon
rate using the atmospheric pressure measured at the
Forschungszentrum Karlsruhe. In addition, balloon as-
cends at noon and midnight conducted by the German
weather service (DWD) in Stuttgart provide the heights
of specific pressure layers including the 150 g/dayer
(=~ 13.6 km) which is close to the typical production
layer of muons triggering the telescope at 130 d¢/cas
determined from simulations.

. INTRODUCTION For each year, the muon rate was iteratively corrected
for a pressure of 1013 hPa and a nominal height of

The association of solar activity with the cosmic-r ge 150 g/er layer of 13.6 km, yielding correction

intensity has been studied for various observed effe
including Forbush decreases [1], i.e. a rapid decrease i
the observed galactic cosmic-ray intensity, and Grount?
Level Enhancements connected to large solar flar
They can be related to magnetic disturbances in the
heliosphere that create transient cosmic-ray intensity
variations [2], [3]. From the observation of such events The muon data were searched for days where the
with different experiments, an energy dependent daverage rate was significantly lower than that of a back-
scription can be obtained. The heliospheric influenground region. The background level was determined
is mostly pronounced for primary particles with lowfrom hourly count rates within two times two weeks
rigidity and has been studied mainly using data of th@4 d before the test region and 14 d afterwards), sepa-
worldwide neutron monitor network [4]. With its uniquerated by three days from the tested day. The significances
median primary energy of 40 GeV for protons, théor each day were computed according to [9]. Trial
Karlsruhe Muon Telescope fills the energy gap betwedactors were not taken into account.

neutron monitors (from~ 11 — 15 GeV, depending The Karlsruhe Muon Telescope has detected several
on solar activity state, tez 33 GeV) and other muon significant structures.

telescopes# 53 — 119 GV rigidity). In the following, The strongest Forbush decreases in the years from
we report on the detection of Forbush decreases and ##98 to 2006 are compiled in Table I. Shown are: a
investigation of Ground Level Enhancements with theequential number, the date, the significance and the
Karlsruhe Muon Telescope. amplitude A of the minimum rate {zp) relative to the

ameters of Rate)/dp = (—0.12+0.04) %/hPa and
ate )/dh = (—3.84+1.2) %/km. This correction elim-
ngtes rate var|at|0ns caused by changing atmospheric
gé)_ndmons from the data-set.

Ill. FORBUSHDECREASES
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Fig. 1: Count rates of the Karlsruhe Muon Telescope and the daujgth neutron monitor for the two most recent
Forbush decreases. The corresponding dates and times are indicated in the figure. Jungfraujoch data scaled by a
factor 100, muon counting rate smoothed over a period of 24 hours.

TABLE I: Very significant Forbush decreases detected since 1998. A sequential number and the dates are listed.
Significances are pre-trials, the amplitudes of the Karlsruhe Muon Telescope refer to the hourly data (not smoothed).
The fifth column gives the amplitudes detected by the Jungfraujoch neutron monitor. The last column gives an
estimate for the energy dependence of the detected amplitudes, expressed in amplitude change per decade in energy.

# date significance{)  anplitude(w) amplitude(n) amplitude change
[%] [%] [% / energy decade]
1 1998/08/26 6.4 101 71 5.7
2 1998/09/25 6.2 11.7 5.7 115
3 1999/01/23 47 8.1 7.0 2.1
4 2000/07/15 8.3 12.3 10.5 35
5 2000/11/10 6.4 6.8 15 10.2
6 2001/08/03 8.7 9.4 1.7 14.8
7 2003/10/30 8.4 11.3 17.0 -10.9
8  2004/11/10 5.8 10.5 6.6 7.6
9 2005/01/19 106 13.2 13.2 0.02
10  2005/09/11 55 8.4 10.4 -3.9
average rate before the decreasg ¢computed as with 15 GeV peak energy. Forbush decreases were
already detected with the GRAND muon detector [11]
A= (ry—71FD)/Tb. (1) at 10 Gev peak energy. With the Karlsruhe Muon Tele-

, scope, we push the detection towards higher energies.
The amplitudesl,, and 4, have been calculated accord- Many structures in these Forbush decreases are visible

ing to (1) for the muon telescope (based on hourly rateg? both energies. A closer look [6] reveals that for events
and the Jungfraujoch 18-IGY neutron monitor (46185 7,8, 9, and 10 (close to the solar minimum), the rates

| 7.98E, 3570 m asl), respectively. The latter has a| f h foll h oth v closel
effective vertical cutoff rigidity of 4.49 GV [10]. It was 8f both detectors follow each other extremely Closely.

. ; ; On the other hand, for events 1, 2, 4, and 6 there are
chosen for this comparison because of its geograp%

imitv to Karlsruhe. The t ‘ ¢ detect §stematic differences between the two energies in the
proximily to Rarisruhe. The two most recent delectegyy . inr pefore or after the Forbush decrease. For the

events gompfireq to the neutron m(_)nitor counting I3, 1 sh decrease in the year of the solar maximum (#
are depicted in Fig. 1. To display their development, t the strongest differences between the two rates are
muon telescope rates are smoothed by a running megt

. X . erved. It appears as during solar maximum there are
over 24 hours. Attention should be paid to the dncfere%gnificant differences between the fluxes observed at
scales for the muon rate (left-hand scale) and for t

) . 5 GV and 15 GeV, while the fluxes are correlated well
neutron monitor rate (right-hand scale). The apparenlzggr
/

o i iods of | I tivity.
significant excesses on 2005/09/09-10 and 2005/09 fing Periods of Tow sotar activity

are artefacts of the smoothing and caused by individual 0 study the energy dependenc_e of_the amplitudes of
a Forbush decrease, the spectral ingdeke. the change

high data-points at the boundaries of detector down; ; .

. . : ?f amplitude per decade in energy has been calculated
time. It is worth to point out that the rate developmenaccordin to

observed at 4.5 GV (Jungfraujoch) and for the muon g
telescope (15 GeV) are quite similar, despite of their N = (A, — An log(E".) — log(E™ )
different energy thresholds. This illustrates that Forbush (4 ) / log(Eyy) (Eiin)

decreases are clearly detectable with a muon detecfdff, ~ 15 GeV andEY}, ~ 4.5 GeV being the most
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propable primary energies for the muon telescope and V. CONCLUSIONS

the neutron monitor, respectively.is Iis_ted in the last The Karlsruhe Muon Telescope provides information
column of Tablel. No clear correlation between th%bout effects of solar activity on the cosmic-ray flux

a}mplitude change per energy decade an_d the imen?)%’served at Earth since 1993. The recorded muon flux
tional sunspot number (taken from [12]) is found [6],

Thus, earlier claims by [13] cannot be confirmed. gorresponds tp 15 GeV peak energy (40 GeV median
tudvy of th d q £ th i ?ergy) for primary protons.
study ot Ine energy-dependence of the recovery time olg, o o strong Forbush decreases, i.e. a rapid decrease

Forbush decreases including data from Karlsruhe Mu<i)rr11 the observed galactic cosmic-ray intensity, could be
Telescope is published elsewhere [14]. g y Y,

measured with the muon telescope, indicating that these
effects can be seen at energies exceeding the typical
energies of neutron monitors. Comparing the observed

Due to their relatively short duration, Ground LevefMPplitudes to the Jungfraujoch neutron monitor data,
Enhancements (GLEs) are difficult to detect with ththe spectral index of the events has been estimated. No
Karlsruhe Muon Telescope. Therefore, the data wefiéPendence of the spectral index on the sunspot number
scanned for correlations with all events marked in tH@aS been found. However, there are significant differ-
GLE database, as provided by the Bartol group [15§NCeS in the timely development of the rates observed
For a detailed list of muon telescope activity at the timgt 4-5 GV and 15 GeV for different states of solar
of these events see [6]. activity. For Forbush decreases during solar maximum,

For GLE 57, no significant excess was observed in tfjg€ rates of the muon telescope and the neutron monitor
muon counting rate. However, about seven hours befdtghave quite differently, while they are well correlated
the Ground Level Enhancement a small peak is visibf@" Periods of low solar activity.

in the registered muon flux. For GLE 58, no significant |t has been investigated whether Ground Level En-
muon excess has been observed. hancements connected to large solar flares, observed

GLE 59, the "Bastille day event’ on July 14 2000between 1997 and 2005 can be detected in the registered

has been registered by many detectors, including neutrOHO" flux. For the s_trong Ground Levgl Enhancements
monitors and space crafts [16], [17]. In particular, tha” and 60, a_clear signal can be seenin the muon pount
event could be measured for primary cosmic rays witrﬁlt_e at the t|me§ of the_ events. This provides o_llrect

GeV energies [18]. It has been detected by the GRAN@_lldence for partlcle_s being accelerated_to energies as
muon detector (10 GeV most probable energy) [19], I)I/gh as 15 Gey during splar flares. Indquct ewdence

the L3+C detector at CERNs(40 GeV primary energy) 125 been previously obtained by observqtlons of lines
[20] and also by the Karlsruhe Muon Telescope. Alf! the gamma ray spectrum meas_ured during solar flares
excess in the muon counting rate can be recogniz[&?]’ [30]. On the other hand, no signal has been dete_cted
a few hours before the event. The significance of th[Q' e GLES 58, 61, 66, 68, and 69. If the underlying

structure is under investigation. If real, it is a possiblB"YSICS processes of all Ground Level Enhancements are

hint for energy dependent propagation effects or tﬁ@e Same, this means that the energy spectra of GLEs
strongly anisotropic nature of this event. 59 and 60 differ from the spectra of the other GLEs.

. n
On Easter day 2001 (April 15), an event occured (GLé itted particles is different for different GLEs, i.e. in

60) which has been observed and discussed by sev ) . i . o :
groups [21], [22], [23], [24], [17]. A muon count excesases with highly anisotropic emission no signal was

can be recognized at the time of GLE 60, while no signgFteCted in the muon counting rate.
is observed from GLE 61. It should also be noted that
the Jungfraujoch neutron monitor detects GLE 60 with
a |arge Signa|_ On the other hand, the muon flux is 0n|y We are grateful to Mrs. Heike Bolz for her enthusiastic
slightly increased at the time of the event. efforts in continuously operating the Karlsruhe Muon
Some of the greatest bursts in the 23rd solar cy€lescope and to Jirgen Wochele for his help during
cle occurred on 28/29 October and 2 November 2043€ construction of the detector. We thank the team
(GLE 65 — 67). They are extensively discussed in th@pe_ratlng the _Jungfra_UJoch neutron monitor for making
literature, e.g. [25], [26], [27], [28]. Unfortunately, thetheir data publicly available. We acknowledge the help of
muon telescope was not active during GLEs 65 arthe Deutscher Wetter-Dienst (DWD) and the Institut fr
67. At the time of GLE 66, no significant signal isMeteorologie und Klimaforschung (_Jf Forschungszen-
seen in the muon count rate. However, about one diym Karlsruhe providing atmospheric data.
before GLEs 65 and 66 a peak can be recognized in
the registered muon flux. It is not clear whether these
increases are statistically significant, since there are gapi$ S. E. ForbushWorldwide cosmic ray variationsl. Geophys.
in the observing time. Thus, it is not obvious whether the_ Res., 59, 525 - 542, 1954. , _
detected rate variations are correlated with the Groun E: Parker.The passage of energetic charged particles through
interplanetary spacePlanetary and Space Science 13, 9-49,
Level Enhancements. 1965.

IV. GROUND LEVEL ENHANCEMENTS
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Fig. 2: Hourly count rates registered by the Karlsruhe MuonSgpe and the Jungfraujoch neutron monitor for

several Ground Level Enhancements, as marked in the figures, see also [6]. Jungfraujoch data are scaled by factor

100, muon counting rates smoothed over a period of three hours.
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