O0G 1.2.05

Studies of the mass composition of cosmic rayswith the
SPASE-2/VUL CAN instrument at the South Pole

J.E.Dickinson!, J.R.Gill', SP.Hart!, J.A Hinton!, J.LIoyd-Evans', K.Rochester!, A.A Watson',
T.K.Gaisser?, T.C.Miller?, G.M.Spiczak? and T.Stanev?
I Department of Physics and Astronomy, University of Leeds, LS2 9JT
2Bartol Research Institute, University of Delaware, Newark, DE 19716, USA

Abstract

The electron, muon and air-Cerenkov components of air-showers have been studied simultaneously using the
SPASE-2, AMANDA and VULCAN experiments at the South Pole. 32000 events observed by SPASE-2 and
VULCAN pass all selection cuts. We report the results of our analysis for these events. The high energy
(>500 GeV) muon content of a subset of these showerswill be obtained using the AMANDA-B detector. The
combination of muon and X ,,, information promises a powerful tool for mass composition studies.

1 Introduction

Above 10** eV the mass composition of cosmic rays must beinferred indirectly from extensive air showers
observed at the ground. Measure-
mentsof the el ectromagnetic, muon
and Cerenkov components of show-
ers can be used to deduce primary
mass. A shower property closely
linked to primary mass is the depth
of maximum (X,,). Patterson and
Hillas(1983) suggestedthat X ,,,and
theslopeof the Cerenkov | ateral dis-
tribution (CLD) are strongly rel ated.
The slope may be quantified by a

parameter «, defined as In 00(14000).

C(r) istheintensity of Cerenkov light
at radius r from the shower core. In
additionitisfound that theintensity
of Cerenkov light beyond 100 m from
the core is an indicator of primary
energy (Paling et a. 1997). 08
A multi-component experiment com- Ll b b e T
prising the SPASE-2/VULCAN and 400 s00 - e00 /00 §60< /iomiz)
AMANDA instrumentshasbeen es- m

tablished at the South Pole. To . . . .
interpret the data from this Figure 1: The relationship between « and X,,,for a subset of showers

: from MOCCA-SIBYLL simulations.
experiment a program of

simulations has been undertaken. 50,000 events have been simulated using the MOCCA (Hillas 1995) -
SIBYLL (Fletcher et al. 1994) code (including a model South Polar atmosphere) (Hinton 1998) and passed
through further simulations of muon propagation in theice (Lohmann et al. 1985) and the response of all three
instruments (Hinton 1998). Fig. 1 shows the relationship between « and X,,,for a subset of these showers.
Using the full shower library (zenith angles 0-30 © and 4 primary masses) we find X, = Xe (463 —

cos @

76x — 97x?), where X is the South Pole overburden of 688 g cm~2and 4 is the zenith angle. In addition it
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is found that primary energy may be estimated from the Cerenkov signal at 100 m from the shower core via:
E(PeV) =4.23 x 10~* x C'(100)%1, where C'(100) is expressed in photoel ectrons/m?. This relationship has
15% mass dependence at 1 PeV.

The SPASE-2 and VUL CAN instruments are described in Dickinson et a. 1997,1999aand 1999b. VUL-
CAN comprisesninewideangleai r-Cerenkov detectors operating in conjunctionwith the SPA SE-2 scintillator
array. VULCAN waveforms are digitised using custom-built Flash-ADCs. This allows accurate measurement
of the night sky background on an event-by-event basis. Thearray issimilar to but smaller thanthe AIROBICC
(Karleet. a., 1995) and BLANCA (Cassidy et . 1997) arrays.

2 Experimental data and ssimulations

The SPASE-2 scintillator array providesan event trigger with athreshold of ~50 TeV for proton primaries.
The SPASE-2 data are used to determine the shower core/direction to an rms accuracy of 4 m/1° at 1 PeV. The
VULCAN data are used to measure the CLD.

After thergection of datacompromised by adverse weather conditions, snow accumul ation on the detectors
or strong auroral outbreaks, 8000/24000
events(1997/1998) passall selection cuts.
The principle cuts are: (i) the particle
density at 30 metres from thecore must ¢ °8°
be greater than 5 m=2 (equivalentto an 560
energy of approximately 0.3 PeV foriron =,
primariesand 0.15 PeV for protons), (ii) 5
theshower core must be contained within
the array and (iii) the shower direction 500
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reconstructed by SPASE-2 must bewithin 180 o @

14° of the VULCAN pointing direction. L Lo
TheCLD isusedtocaculate X,, and £ ¢ 580 )
using the relationships given earlier. A 5560 |- T ‘
correction (calculated from the detector }540 g Combined S : ‘
simulation) ismadeto X, to account for < :

systematic measurement errors. This =520

correction hasthevalueof a~20gcm—2 500 |- X/v=1.7

decreaseat 1 PeV anda~ 109 cm_zincrease 480 . elongation rate=87+5 gcm™/decade
at 10 PeV. The mass dependence of this Lo Lo
correctionis~5gcm=2at 1 PeV, increas- 1
ing a lower energies. Data from 1997

Z;gnl]z,? ?ohti\: j e?;.ti\nngosr/nstpgrrnegt:z an Figure2: A comparisonof X,, vs F for the 1997 and 1998 SPA SE-
errors. The 1997 and 1998 data differ ~ 2/VULCAN data

in angle of inclination of the VUL CAN detectors (23° and 12.5° , to align withthe AMANDA-A and B detec-
tors respectively) and in the relative gains of the VUL CAN detectors. The derived X, differ by <5gcm™2.
Fig. 2 showsboth sets plotted al ongsidethe combined set. The dominant source of systematicerrorin X, isthe
choice of interactionmodel. Asanillustrationthereisa~10gcm~2 increasein X,,, from MOCCA/MOCCA
to MOCCA/SIBYLL.
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3 Depth of Shower Maximum

Fig. 3 shows the mean depth of shower maximum, derived jointly from the 1997 and 1998 VUL CAN data
together with datafrom CACTI (Pding et al. 1997), DICE (Boothby et al. 1997) and HEGRA (Arqueroset a.
1999) are shown for comparison. From the four sets of HEGRA datain (Arqueros et a. 1999) we have used



those obtained with the energy computed assuming proton primaries and using Cerenkov light measurements.

At1PeV al experimentsagreetowithin~25gcm=2. Thesimulationsusedto obtain X, differ betweenthe
four experiments (CACTI data are calculated using MOCCA/MOCCA, HEGRA using CORSIKA/QGSIET
and DICE using CORSIKA/VENUS). Reanalysis of the CACTI datausing MOCCA/SIBYLL would resultin
a~10gcm~? increasein X, at 1 PeV, greatly improving the agreement with other experiments. At 10 PeV
the DICE result has amuch larger (>50 g cm~?) mean X, than other experiments.

A fit over the full energy range (excluding thefirst point which is subject to greater systematic errors) of
the SPASE-2/VULCAN data (0.7-10 PeV) resultsin an €longation rate of 87+5 g cm~2/decade but with a
x?%/v of 1.7 (see Fig. 2). This represents a 10% probability of consistency with a constant elongation rate. A
value of 78.3+1.9 (stat) £6.2 (syst) g cm~2/decade (in the energy range 0.3-10 PeV) has been derived from
the HEGRA data (Arqueros et al. 1999). It isintriguing that the last four SPASE-2/VULCAN points have a
very small elongation rate (8428 g cm~2/decade) as have the |ast three pointsin the HEGRA data.

Fig. 4 showsthewidthof the X, distributionasafunction of energy. Theintrinsicspreadin X, isestimated
by quadrature subtraction of the measurement error from the observed spread (this method is approximate be-
cause of the non-gaussian tail of the X, distribution). The SPASE-2/VULCAN and HEGRA (Cortina et a.
1997) data are consistent within the uncertainty in the SPASE-2/VUL CAN measurement error (~ 5 g cm~—2).
The DICE data are not consistent below 5 PeV. The SPASE-2/VULCAN data suggest that the rms spread in
X, decreases by 11 + 3 g cm~2/decade between 0.5 and 10 PeV.

4 High Energy Muons

Conclusions drawn with respect to mass composition must be considered in the light of the model depen-
dency of our method. Severa event gen-
erators, including SIBYLL, were com-
pared by the Karlsruhe group. (Knapp et
al. 1996). SIBYLL was found to pro- ‘¢
ducerelatively few GeV muonscompared =
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to other event generators. At the rele-
vant energy of 1 PeV, X, calculated by
QGSJETis~30gcm—2 lessthan SIBYLL.
Hence the proton and Fe linesin Fig. 3 580
are moved down by thisamount.

High energy muons are produced early
in the development of the shower and 540
contain more direct information on pri-

mary mass than the lower energy muon 520
component (Gaisser, 1990). According
to Knapp et a.(1996) the difference in
the number of (> 1 TeV) muons at pri- 480 QGSJET
mary energy 1 PeV is a factor ~2 be- io0 — SIBYLL
tween iron and protons. For >1 GeV e Lo
muonsthisisreduced toafactor 1.5. The 1
difference between thefive studied event
generatorsat 1 PeV primary energy is
=+ 15% for the number of muons of
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Figure3: Thedepth of maximum measured by SPASE-2/VULCAN
~1 TeV and ~60% for the number compared to other experimental results and the MOCCA/SIBY LL

>1GeV. For >1 TeV muonsthereis and QGSIET models.
afactor 1.75 differencein theintegrated muon energy between 1 PeV proton and iron primaries. At 3 PeV this
factor hasincreased to 2.5 (MOCCA/SIBYLL).



The limitations of a two-component approach to analysis of air showers is apparent. Interpretation is model
dependent and resultsare difficult to compare between groups using different simulations. SPASE-2 and VUL -
CAN measure air showersin coincidence with high energy muon (>500 GeV) datafrom AMANDA. The pos-

sibility of measuring the total muon energy using AMANDA-B is being studied.

5 Conclusions

The data presented here represent afirst step towards a mass composition measurement with the SPASE-

2/VULCAN/AMANDA coincidenceex-
periment. 32,000 SPASE-2/VULCAN
events above 0.5 PeV have been anal-
ysed and the depth of shower maximum
extracted on an event-by-event basis.
The results of this analysis are broadly
consistentwith other experimental results
in this energy range. Work is underway
to improve our understanding of system-
atic effectsonthedata. 5% of these show-
erswere aso detectedinthe AMANDA-
B detector and analysisisin progressto
extract the total muon energy from these
events. The addition of the muon data
will decrease the dependence of the in-
ferred mass on models. In addition we
hope to constrain the choice of interac-
tion model in thisregion.
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Figure4: Therms spread in X, as a function of energy. Other re-
sults are shown for comparison.
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