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Abstract: We present the shower size spectra of primary cosmic rayséfatemt zenith angles in
the energy region around the knee observed with the TibetitHshower array. Each shower size is
estimated using the modified NKG function which is optimizsdthe Monte Carlo simulation based
on the QGSJETO01c+HD and QGSJETO01c+PD models. It is confitimedthe model dependence in
estimating the shower size is smaller than 5%. The kneeiposif the shower size spectrum is located
around 4x 10° for vertical showers, while its position has a tendency toerio smaller size region with
increasing zenith angle. It is also shown that the behavititeoshower size spectra observed at different
zenith angles is wholly compatible with that expected fréva heavy enriched composition in the knee
energy region. The zenith angle dependence of the showespictra will give a unique information
about the primary composition at energies around the krggerre

Introduction the knee based on the shower size spectra obse

The energy spectrum of observed cosmic rays is at different zenith angles.

expressed by a power law from about4@ 10*° .
eV with a slight change of slopes betweert1® Experiment

10'6 eV. The break of the all particle spectrum at The Tibet ASy experiment is located at the site «
around 4 PeV is called the "knee”. The chem- Yangbajing (Tibet) at a height of 4300 m abo
ical composition of the cosmic rays at the knee sea level (606 g/ch). The details of the Tibet:
is considered as a key information to understand Il air shower array (AS) are described in the paj
the cosmic-ray acceleration and propagation in the [4], The Tibet-1ll AS array (36,900 R) is used to
Galaxy [1]. We already reported the energy spec- measure the shower size and the arrival direct
tra of protons and heliums around the knee region of each air shower. The primary energy of ee
observed with a hybrid experiment of air shower event is determined by the shower siXg, which
array and burst detector array [2], [3]. These re- is calculated by fitting the lateral particle dens
sults obtained suggest that the heavy componentsdistribution to the modified NKG structure func
are superior in the primary cosmic rays around the tion. The air shower direction can be estimat
knee. Thanks to the high altitude, the Tibet-IIl air with an inaccuracy smaller than 0.2t energies
shower array is able to measure the shower size andabove 16* eV. We used the data set obtained d
the arrival direction of each primary particle in the ing the period from 2000 November through 20
wide energy region over about three decades, asOctober. The effective live tim& is 805.17 days,
well as in the wide zenith angle region up to about and the total effective are® x (2 is calculated to
60° with a good accuracy. It is noted that the pri- be 10410 ri-sr for all primary particles withz, >
mary mass dependence on the air shower develop-100 TeV.

ment becomes strong as the zenith angle becomes

large at Yangbajing level. In this paper, we dis-

cuss the primary cosmic ray composition around
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HD model | 10 eV 10" eV 100 eV Zenith angle HD PD

P 22.6% 11.0% 8.1% (sec@)) range model model
He 19.2% 11.4% 8.4% 1.0<secf)<11| 7% 9%

M 36.0% 38.5% 31.8% li<secf)<1l.2| 9% 11%
Fe 22.2% 39.1% 51.7% 1l2<secf)<13| 15% 16%
PD model | 10" eV 10 eV 100 eV 13<secf)<1.4| 16% 19%

P 39.0% 38.1% 37.5% . .
He 20.4% 19.4% 19.1% Table 2: The shower size resolution.
M 31.2% 32.6% 33.2

Fe 9.4% 9.9% 10.2%

as 6.11 MeV. Based on this result, we can
Table 1: Fractions of the proton(P), helium(He), timate the number of charged particles from t
medium(M) and iron(Fe) components in the as- observed ADC value for each hit detector. T
sumed primary cosmic-ray spectrum of the HD and number of charged particles of each event (he
PD models after, we call this a “ shower size (Ne)") was €
timated using the modified NKG function whic

is optimized by the Monte Carlo simulation usir

Simulation the QGSJETO1c+HD model and QGSJETO1c+
_ _ model independently. For the model depende

A full Monte Carlo (MC) simulation has been car- on the shower size estimation, it is confirm

ried out on the development of air showers in the 4 . iha difference between QGSJET+HD-fit a
atmosphere and also on the detector response 0fy55JET+PD-fit is within 2%. and that betwet

the Tibet-lll array. The simulation code COR-  4GgjET+HD-fit and SIBYLL+HD-fit is within
SIKA (vgrsmn 6:204) including ,QGSJETOlC and 5%. The details of the shower size estimati
SIBY_LL interaction models [5] is u_sed to gener- | athod are written in the paper [6]. The show
ate ar shower events. In orde_r to discuss the COM-gize resolutions estimated are summarized for
pos!tlon dependencg on the size sp_ectra at various,, o nts with different zenith angles in Table 2.
zenith angles, two primary composition models are

examined as the input energy spectra, namely aAnaIysis

heavy dominant (HD) and a proton dominant (PD)

ones [2]. The fractional contents of the assumed The following conditions are imposed on the de
primary cosmic-ray flux models are listed in Ta- Set to select the events to be used in the pre:
ble 1. The incident zenith angles of primary parti- analysis; 1) more than 10 detectors should de

cles are isotropically sampled within 60 degrees at @ signal of more than five particles per detect
the top of atmosphere. and 2) the central positions weighted by the ¢

power of the number of particles at each detec

All secondary particles are traced until their en- should be inside the innermost 135 =135 m

ergies become 1 MeV in the atmosphere, and the area. This area is chosen with use of MC event:
simulated air-shower events are reconstructed with that t.he following two cases are iust cancelin (
the same detector configuration and structure as the 9 J ng

) . . each other, namely the number of events origin:
Tibet-1I array. That is, all detector responses in- inside of this area but falling outside after event |
cluding the materialization of photons inside the 9

detector are taken into account in this simulation. constrgctlon equals to the number of events in
opposite case.

In our experiment, the number of charged parti-

cles detected by each scintillation detector is de- Results _ .

fined as the PMT output (charge) divided by that In order to obtain the shower size spectrum
of the single peak, which is determined by a respective zenith angle, th_e events are accu
probe calibration using cosmic rays. According lated for different angular bins in such a way tr
to the MC, the peak value of the energy deposit the zenith angle (c#§ increases by a constal

for a single particle in each detector is calculated @mount (0.07). We are then able to obtain |
differential flux of cosmic rays in terms of th
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Zenith Knee-position Index of Ne

% I T angle (Ne*) spectrum

E Rrratetatctem,, (cosg))

Byt ttllll AL T TV 0.93-1.0 | (3.83£0.13)x 10° ~;=2.53%+0.01
2t . he TTtetg ~v2=2.994 0.01
S 4 0.86-0.93 | (4.13£0.16)x 10° ~1=2.49+0.01
Xglereretiea, 4 72=2.99+ 0.01
Yo [ < 0%<cos@<10 s, 4 f 0.79-0.86 | (4.49+£0.21)x 10° ~,=2.46+0.01
g il
ok O Zcos(0r072 | 0.72-0.79 | (4.01£0.20)x 10° ~;=2.44+0.01
£ iﬁfele?ﬁ?ﬁe)w'ss v2=2.914+ 0.02
i o L o 0.65-0.72 | (3.17+0.60)x 10° ~,=2.42+0.04
10° a0’ . 10° v2=2.884+ 0.05
Alr shower size (el 0.58-0.65 | (2.44+051)x 10° ~;=2.41£0.06
~2=2.91+ 0.05
. . . . 0.51-0.58 | (1.77£0.90)x 10° ~,=2.38+0.07
Figure 1: Differential shower size spectra of cos- 12=2.77+0.10

mic rays at various zenith angles around the knee.

The black closed circle denotes the knee position. Table 3: The knee position and power index of

shower size spectrum observed at different zel
shower size at different zenith angle. The result angle region. ~; is the best fitted-index for the
is shown in Fig. 1, where the black closed circle Shower size belovt0°, and~; is that above 4x
denotes the knee position of each shower size spec—106-
trum. The knee position is calculated using the fit-
functions including the knee parameters proposed

by Horandell [7]. robust information on the chemical composition
It is important to see that the knee position seems the knee because of small interaction model

to shift to smaller size region and to become un- pendence for size estimation in Tibet air shov
sharp with increasing zenith angle, while stopping experiment (at most 5%). The characteristics
at the almost same place for the size spectra at thethe shower size spectra at various zenith angles
zenith angles smaller than about°40This ten- ~ summarized in Table 3.

dency will reflect the composition of primary cos- Ve presentthe shower size spectrum of almost
mic rays and support the heavy dominant primary tic@l events in Fig. 2(a) and that of large zen
composition around the knee region. The reason is @ngle in Fig. 2(b), comparing with the MC re
as follows; the Tibet altitude is close to the maxi- Sults. Fig. 2(a) shows thatthe observed shower:
mum development of air showers induced by pri- SPectrum at small zenith angle is in good agr
mary cosmic rays around the knee region, so that Ment with both composition models. As seen
the change of the knee position of the size spec- Fig- 2(b), however, the observed shower size st
trum is small around vertical directions while be- Tum at large zenith angle favors to the HD col
coming larger with increasing zenith angle, where POSition in the knee energy region, though the -
the difference of the shower development for dif- Statistics of MC events is still not enough at it
ferent primary mass becomes large. If the pri- €nergies. It may be well seen that the size sg
mary, however, is dominated by light nuclei such trum based on the PD model deviates from the
as protons and heliums at energies around the kneP€riment at large zenith angle considerably. St
(PD model), the change of the knee position should behavioris conglstentwnh that of_the knee positi
then be very small and almost independent of the ©f the shower size spectrum as discussed abov
zenith angle due maily to their longer interaction Symmary

mean free paths compared to heavy nuclei in the We observed the shower size spectra of cos
atmosphere and to small contribution from heav- rays at various zenith angles with the Tibet-11l ¢
ier nuclei. This tendency is incompatible with the shower array and compared these with the MC
experiment. Detailed MC simulation will provide  sults. The behavior of the shower size spectr

101



ZENITH ANGLE DEPENDENCE OF THE SIZE SPECTRUM OF AIR SHOWERS

3

£ i
= N
2

% ® e o ¥ ¢ 2 2 0 )

o LI

=) ¢ L

k-] I

x 10°F . % =
o

w [ t % .

=z [ —— expt.data (0.9<cos(6)<1.0) :

L —— QGSJET+HD (0.9<cos(8)<1.0)

[ —— QGSJET+PD (0.9<cos(8)<1.0)

Ll |
10° 10
Air shower size (Ne)

=
Q
3
T

— T
£ OF
3 il
E 4
= ]
=

w

=

[J] v ¥

P v ¥

§, 3, o0e e0s 070 070 © ©0 008 40, © 5

° . 9

S0 te. -
N X 1
() r L.
P~ [ —— expt.data (0.51<c0s(8)<0.72) ¢ Tt

| —s— QGSJET+HD (0.51<c0s(8)<0.72)

[ —+ QGSJET+PD (0.51<c0s(6)<0.72)

Ll Ll
10° 10
Air shower size (Ne)

Figure 2: Comparison of the observed shower size

spectra with th MC data at different zenith angles :
(a): vertical events, (b): large zenith angle events.

at large zenith angle was shown to depend on the

primary composition strongly, and found that the

observed shower size spectra are wholly consistent

with those expected from the heavy enriched pri-
mary composition around the knee region. A care-
ful estimation of the systematic errors is under way.
We need more MC data to reach a definite conclu-
sion.
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