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Heavy component of primary particles around the knee observed
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Abstract. A hybrid experiment of the emulsion chamber,
burst detector and air-shower array was done at Yangbajing
(4300 m above sealevel) in Tibet. From this experiment, we
observed about 4300 burst events accompanied by air show-
ersin excess of about 10'* eV during 690 days of operation.
Out of these events, we further sorted out 11 events as those
induced by heavy primaries (4, V H, and Fe) with its pri-
mary energy above about 10'¢ eV, using an artificial neural
network. From this data, we obtained the absolute flux of
heavy component at energies around several times 10'° eV.
Our result suggeststhat heavy nuclei are the main component
of the primary cosmic rays in the energy region around and
beyond the knee.

1 Introduction

The energy spectrum of observed cosmicraysisexpressed by
apower law from about 10! to 10?° eV with aslight change
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of slopes between 101° eV and 10'° eV. The break of the all-
particle spectrum at around several times 10'° eV is called
the “ knee”. Although existence of the knee has well been
confirmed experimentally, there are many arguments about
explanation of the origin. Most cosmic rays in the Galaxy
are produced by supernova explosion, andit isgenerally con-
sidered to be accelerated to about 10'* eV by the blast wave
then generated. The acceleration model by supernova blast
waves and a plausible propagation model of cosmic raysin
the Galaxy can well explain a steeper power-law spectrum
observed, suggesting a rigidity-dependent bending for differ-
ent cosmic ray composition. However, thereis no consensus
on the origin of cosmic rays in the energy region beyond the
knee.

The primary composition around the knee region has been
extensively studied with ground based EA S technique by mea-
suring secondary electrons, muons, hadrons and Cerenkov
light. However, the conclusions obtained on the mass com-
position sometimes differ with experiments considerably. There-
fore, measurements of the primary cosmic rays around the
knee are crucial to resolve knee puzzle.
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Fig. 1. Arrangement of 100 burst detectors set up in two rooms. The area of each burst detector is 50 cm x 160 cm and four emulsion

chambers are set up on each burst detector.

Within the ground-based air shower experiments, those set
up at higher altitudes are preferable for the physics studies
at the knee region as discussed elsewhere. With these ad-
vantages, we carried out a hybrid experiment of emulsion
chamber, burst detector and air shower array at Yangbajing
(4300 m above sea level) in Tibet during the period from
1996 through 1999 (Amenomori et a., 2000a ; Amenomori
et a., 2000b). Using the observed burst events (high-energy
air shower cores) accompanying air showers with energies at
the knee region, we obtained the primary energy spectra of
protons and helium in the energy ranging from 2x10%* eV
to 10'® eV (Amenomori et al., 2000a) and the experiment
suggests that almost all behavior of the observed burst events
are compatible with the heavily enriched primary composi-
tion at the knee region (Amenomori et al., 2000b). Here, we
report our further study on the flux of heavy component in
the energy region beyond the knee.

2 Experiment

The Tibet-1l air-shower array used in this experiment was
comprised of 221 scintillation counters of 0.5 m? each of
which were placed on a 15 m square grid, and observed air
showers generated by primary particles in excess of about
10'* eV with an angular resolution better than 1°.

The burst detectors and ECs were used to detect high-
energy air-shower cores accompanied by air showers. Each
burst detector consisted of a plastic scintillator with the size
of 160 cm x 50 cm and the thickness of 2 cm, and four pho-
todiodes (PDs) were attached at four corners of each scintil-
lator to read light signals generated by shower particles pro-
duced in the detector. Using the analog-to-digital converter
(ADC) valuesfrom four PDsthetotal number (i.e., burst size,
Ny, for each burst detector) and the position of the number-
weighted center of all shower particles that hit a burst de-
tector can be estimated (Amenomori et al., 2000a). The burst
size capabl e of measuring with each detector ranges from 10*
to 3 x 10°, roughly corresponding to shower energies raing-
ing from ~2 to ~300 TeV. One hundred burst detectors (the
whole areais 80 m?) were separately set up in two rooms (it
is by halves respectively), as shown in Fig.1. The emulsion
chambers each having the size of 40 cm x 50 cm and the

thickness 15 r.l. (lead plates) were put just above the burst
detectors. The result obtained from the emulsion chambers
will be reported el sawhere.

A burst event was triggered when any twofold coincidence
of signals from four PDs of a burst detector appeared. Using
the burst detector array, the electromagnetic components in
the air-shower cores can be measured in the area within a
radius of several meters. The coincidence of a burst event
and an air-shower event was made by comparing their arrival
times.

3 Dataanalysisand simulation

The data set of the burst events analyzed in this paper was
taken from 16 October 1996 to 1st June 1999. We scanned
the target maps of al events by the naked eye firstly. All
those events showing a systematic noise configuration were
ruled out during thefirst scanning (Amenomori et a., 2000b).
Then we removed the events which are not coincident with
the air shower events recorded by the Tibet-11 air shower ar-
ray.

In order to remove the showers generated by light nuclei,
such as protons and helium nuclei, as much as possible, we
firstimposed the following conditionsto the events: (1) num-
ber of fired detectors (V) with the burst size N, > 3 x 104
islarger than 10; (2) air shower size NV, should be larger than
1055, (3) zenith angle ¢ < 25° (sec# < 1.1). Here, the
minimum burst size is set to 3 x10* in order to remove the
influence of background noise. From this procedure, we se-
lected 51 eventsin total.

An extensive Monte Carlo simulation was carried out to
simulate the cascade developments of incident cosmic rays
in the atmosphere and the burst detector responses. We used
the CORSIKA+QGSJET code (Heck, 1998) to generate air
shower events in the atmosphere. A heavy dominant (HD)
model (Amenomori et al., 2000a) was adopted as an input
primary spectrumin the present simulation. All shower parti-
cleswerefollowed till 10 GeV by afull Monte Carlo method
and then till 0.5 GeV by the thinning algorithm. An EPICS
code (Kasahara, 1998) was used to simulate el ectromagnetic
cascade showers in the ECs and burst detector. Cascade de-
velopments of secondary particleswith energy above 0.5 GeV
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Fig. 2. ANN output distribution of the CORSIKA+HD simulation
events. The solid and dashed lines denote the heavy nuclei and the
light nuclel, respectively.

in the detector were calculated analytically and then burst
size just below the lead plate was obtained. Fluctuations
of the number of cascade particles in the detector were ad-
equately taken into account.

Using the same selection criteria as used in the experi-
ment, we obtained 3538 simul ation eventsin which the heavy
components (H, V H, and Fe) are found to be about 56%
(when a heavy dominant primary is assumed). Each event
can be characterized by the following seven parameters: (1)
S Np/Ne; (2) mean lateral spread: (R)=>" N} x r;/>_ N{,
where N{ and r; are the burst size of i-th detector and its
distance from the top-detector; (3) (Ny)/(R); (4) (N} x r;);
(5) spread of energy flow: Rgo, where 90% of the total en-
ergy flow is contained within the circle of aradius Rgq. (6)
NEPINI®T where N'™ is the burst size of the top to
(Nba/2)th-detector (when N, isodd number, we use Ng,-1
instead of Nyq). (7) R*%!7, which isthe distance between the
top-detector and the top to (Nyq/2)th-detector. In general,
the eventsinduced by heavy primaries may be characterized
by bigger values of the parameters (2), (4), (5), and (7) and
by smaller values of the parameters (1), (3), and (6), while
those induced by light nuclei may have the opposite charac-
ters.

4 Results

In the previous paper (Amenomori et al., 2000a), we showed
that a feed forward artificial neural network (ANN) is very
effective in separating the proton-induced events from oth-
ers. Here we also used a three-layered feed forward ANN
as classifier of the species of primary particles with one hid-
den layer. The ANN we used has 7 and 15 neurons in in-
put and hidden layer, respectively and 1 neuron for output
layer. We trained and tested the ANN using the simula-
tion events by dividing them into two groups, oneistraining
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Fig. 3. Scatter plots between the primary energy Fo versus air
shower size N.. for the events induced by heavy nuclei after the
ANN selection (output value = 0.21).

dataset, the other is test dataset. The target value for heavy
components(H, VV H, and Fe) is put 0 and for light nuclei (P,
He, and CNO) to 1.

Using the simulation data mentioned above and a strict
middle-point condition (Amenomori et al., 2000a), the clas-
sification ability of the network was checked by examining
the fraction of the correct classification as a function of the
number of epochs of the weight updating. The ANN out-
put distribution of the test events is presented in Fig. 2.
As seen in this figure, separation of heavy nuclei and oth-
ersisnot so good compared to that for protons (Amenomori
et a., 2000a). In this experiment, since the performance of
the burst detector is designed so that it may become advan-
tageous to observation of proton-induced events (minimum
burst size to be detected isvery high, i.e., 3x10%), separation
of Feand CNO eventsis considered to become bad. Thishias
becomes larger for events in lower energy region, in other
words, this will bring a result which detects an event with
the sharp core preferentiallly. Hence, the events accompa-
nied by shower size corresponding to primary energy higher
than 10'% eV or more were sorted out in the first analysis.
Then, we obtained 11 heavy-induced events by setting ANN
output cut to 0.21, and the fraction of correct classification
was estimated to be about 80%.

The primary energy of each event can be estimated from
shower size observed with the Tibet-11 array. Shown in Fig.
3 is the scatter plots between the shower size Ne and the
primary energy £, for the events induced by heavy nuclei
which were selected from the dataset of the simulation events
by setting the ANN output valueto 0.21. A fairly good corre-
lation between Ey and N e enables usto estimate the primary
energies of observed burst events with small ambiguity.

Figure 4 shows the effective collecting area of the burst ar-
ray calculated for primary heavy nuclei incident at the top of
the atmosphere isotropically within the zenith angle smaller
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Fig. 4. Effective collecting area of the burst array for heavy compo-
nent.

than 25°. The burst events satisfying the above selection cri-
teria and accompanying air showers with N, > 10°° are
selected in this calculation.

We show the result on the flux of heavy component (H,
V' H, and Fe) obtained from this experiment in Fig. 5, where
direct measurements of iron component in lower energy re-

gion by JACEE (Asakimori et al., 1998) and RUNJOB (Apanashenk@sahara, K.,

et a., 2001) are also presented for comparison. Our result
suggests that the heavy component becomes very superior
at energies around 10™%-10'7 eV. This result will be further
confirmed by a new experiment which is planned to be done
at Yangbajing in the very near future.

5 Summary

We had successfully operated a hybrid experiment of the
burst detector, emulsion chamber, and Tibet-11 air-shower ar-
ray during the period from 1996 through 1999. Using the
data obtained with the burst detector and the air-shower ar-
ray, and applying a neural network analysis to this data set,
we obtained the absolute flux of primary heavy component
in the energy region between 10*¢ eV and 10'7 eV. Our data
are compatible with the heavy enriched composition in the
energy region beyond the knee.
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