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Measurement of air shower cores to study the cosmic ray composition in the knee energy regio
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Since 1996, a hybrid experiment consisting of an emulsion chamber and a burst detector array and the
Tibet-II air-shower array has been operated at Yangbajing~4300 m above sea level! in Tibet. This experiment
can detect air shower cores, called burst events, accompanied by air showers in excess of about 100 TeV.
Using the burst event data observed by this experiment, we discuss the primary cosmic ray composition around
the knee in comparison with the Monte Carlo simulations. In this paper, we show that all the features of burst
events are wholly compatible with the heavy enriched composition in the knee energy region.

PACS number~s!: 98.70.Sa, 95.85.Ry, 96.40.De, 96.40.Pq
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I. INTRODUCTION

It is commonly understood that the knee of the prima
cosmic ray spectrum has its origin in the acceleration
propagation of high energy cosmic rays in the Galaxy. T
model of the shock acceleration by supernova blast wa
leads to the formation of a power-law spectrum of parti
energies with a differential index of about22 at sources@1#.
The plausible propagation models of their confinement
galactic magnetic fields and of their eventual escape fr
our Galaxy can explain well a steeper power-law spectr
than that at the source region@2#, suggesting a rigidity-
dependent bending for different cosmic ray compositi
Within the framework of this picture the average mass
primary cosmic rays before the knee should increase w
increasing primary energy. In other words, the knee com
sition should be heavily dominant as the proton spectr
may bend at an energy of about 100 TeV corresponding
maximum energy gained by shock acceleration at supern
remnants.
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While there is no consensus on the origin of cosmic ra
with energies beyond the knee, observations of cosmic r
in such a high energy region may naturally stand in need
another acceleration mechanisms@3,4# or new cosmic ray
sources@5,6#. Among those, one of the most promising mo
els may be that the cosmic rays come from extra-gala
sources such as active galactic nuclei@6#, although the evi-
dence is far from convincing. However, such an ext
galactic source model should predict proton enriched
mary composition around and beyond the knee.

Thus, measurements of the primary cosmic rays aro
the knee are very important and its composition is a fun
mental input for understanding the particle accelerat
mechanism that pushes cosmic rays to very high energ
However, because of extremely low and steeply decrea
flux at high energies, direct measurements of primary cos
rays on board balloons are still limited in the energy reg
to below a few hundred TeV@7,8#. To date, the knee com
position of primary cosmic rays has been studied by obse
ing air showers with a large aperture ground-based app
©2000 The American Physical Society07-1
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FIG. 1. Arrangement of the burst detectors in two rooms. The area of each burst detector is 50 cm3160 cm and four emulsion chambe
are set up on each burst detector.
y
th

-
in
w

e
pr
n
w

ko
ai
g
e
o

ne
ac
th

s
s
ve
th
a
d

as
ir
a
n
we
a

th
d
re
n

e
so
an
en
th

th

a-
the

o-
ec-
the
und

ion
. III.
rief

er,

of
has
the
er

Hz
rgy
ed

tion
the

an
total

e,
er

used
air

ies
as
t-II
here
tive
ade
n

tus. For air shower observations, a surface detector arra
commonly set up to measure the lateral distributions and
arrival times of shower particles~mostly electrons and pho
tons!, which enable us to locate the core position, determ
the arrival direction, and deduce the shower size and sho
age@9#. These are important basic parameters to describ
air shower, although they are not very sensitive to the
mary composition. In order to study the composition arou
the knee, measurements of muon content in each air sho
@10# or muons in deep underground@11,12#, measurements
of lateral distribution of air shower Cherenkov lights@13#, or
maximum depth of shower development using air Cheren
telescopes@14#, and multiparameter measurements of
showers@15# have been carried out and devoted to drawin
conclusion about the knee composition. In spite of great
forts so far, however, there is a divergence of conclusions
the composition from experiment to experiment and the k
composition is still the question at issue. Another appro
may be required to get more direct information about
composition.

Within the ground-based air shower experiments those
up at higher altitudes are preferable for the physics studie
the knee region. The reasons include; first, maximum de
opment of showers with the knee energies is closer to
observation level, so that the shower is less fluctuated
the energy determination is more precise and less depen
upon the unknown composition@9#; second, the energy flow
in the core region of air showers is less attenuated and e
to observe with conventional calorimeters. High energy a
shower cores are sensitive to the composition of the prim
cosmic rays around the knee. Air-shower cores contai
large part of the primary energy in the early stage of sho
development, but with increasing atmospheric depth they
rapidly diffused with dissipation of their energies. Hence,
measurement of air-shower cores should be implemente
high altitude with a detector having a reasonably large a
In general a thick shower detector is required when o
wants to record all~or most! hadronic components in th
core, but this needs enormous heavy materials to ab
them in the detector. At high altitude, however, this c
be achieved by observing the electromagnetic compon
in the core with a thin detector, since these are mostly
cascade products induced by high energyp0-decayg rays
which are produced in the air-shower cores. Therefore,
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electromagnetic components in the core well reflect the m
jor behavior of the whole hadronic components, keeping
sensitivity to the primary composition.

In this paper we report our study of the primary comp
sition in the knee region using data of the Tibet burst det
tor and the air-shower array II. The experiment, including
apparatus and its performance, data set and backgro
analysis, is introduced in Sec. II. The air-shower simulat
and detector response calculation are described in Sec
The results and discussions are described in Sec. IV. A b
summary is given in Sec. V.

II. EXPERIMENT

A. Apparatus

We started a hybrid experiment of the emulsion chamb
the burst detector and the air shower array~Tibet-II! at Yang-
bajing ~4300 m above sea level!, Tibet in 1996@16#. The
Tibet-II array consists of 221 scintillation counters
0.5 m2 each which are placed on a 15 m square grid and
been operated since 1995. Any fourfold coincidence in
detectors is used as the trigger condition for air-show
events. Under this condition the trigger rate is about 200
with a dead time of about 12% for data taking. The ene
threshold is estimated to be about 7 TeV for proton induc
showers. The precision of the shower direction determina
is about 1°, which has been confirmed by observing
Moon’s shadow@17#. The main aim of Tibet-II is to search
for g-ray point sources at energies around 10 TeV. But it c
also be used for the measurement of the spectrum of the
cosmic ray particles@9#, and for the study of topics in the
knee region by providing information of the shower siz
direction, core position, and arrival time of each air-show
event to the core detectors@16#.

The emulsion chambers and the burst detectors are
to detect high-energy air-shower cores accompanied by
showers induced by primary cosmic rays with energ
above 1014 eV. They are set up separately in two rooms
shown in Fig. 1 and placed near the center of the Tibe
array. A basic structure of each emulsion chamber used
is a multilayered sandwich of lead plates and photosensi
x-ray films. Photosensitive layers are put every 2 casc
unit ~c.u.! ~1 c.u.50.5 cm! of lead in the chamber as show
7-2
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FIG. 2. Schematic side view o
each unit of emulsion chambe
and 1/4 of 1 unit burst detector
High sensitive x-ray films are in-
serted at every 2 c.u. in emulsion
Total thickness of lead plates is 1
c.u.
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in Fig. 2. There are 400 units of emulsion chamber, e
with an area of 40 cm350 cm with the total thickness of 1
c.u., giving the total sensitive area of 80 m2, and 100 units
of burst detectors each with an effective area of 160 cm350
cm. Four units of the emulsion chamber are put above
unit of the burst detector. A 1 cm iron plate is put between
emulsion chambers and burst detectors.

Each burst detector consists of a plastic scintillator w
the size of 160 cm350 cm and thickness of 2 cm, and fou
photodiodes~PDs! are attached at four corners of each sc
tillator to read light signals generated by shower partic
produced in the lead and iron absorber above the dete
From the analogue to digital converter~ADC! values of four
PDs the total number~i.e., burst sizeNb) and the position of
the number-weighted center of all shower particles that h
burst detector can be estimated. The response of the b
detector is calibrated using electron beams from an acce
tor. The performance of the burst detector and the calibra
using the electron beams are briefly summarized in the
pendix. It is confirmed that the measurable shower size
each burst detector ranges from 104 to 33106, roughly cor-
responding to showers with energies ranging from sev
times 100 GeV to about 300 TeV. A burst event is trigger
when any twofold coincidence of signals from four PDs o
burst detector appears. The coincidence of a burst event
an air-shower event is made by their arrival times, and
coincidence of a burst event and a family event observe
the emulsion chamber is made by their positions and di
tions. ~A burst event and its accompanying air shower ha
the same direction.!

In this analysis we use only the data obtained from
burst detectors and the Tibet-II array, while the emuls
chamber data will be reported elsewhere in the very n
future. Using the burst detector array shown in Fig. 1,
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electromagnetic components in the air-shower cores can
measured in the area within a radius of several meters.

B. Data set

The data set of the burst detector used for this work w
taken from 16 October 1996 to 1 June 1999. First
scanned the target maps of all events with the naked eye
those events showing a systematic noise configuration w
ruled out during the first scanning. Then we removed
events that were not coincident with the air-shower eve
recorded by the Tibet-II array. Finally we imposed the fo
lowing conditions on the events:~1! when the number of
fired detectors is only one, its sizeNb should be larger than
53104; and ~2! when more than one detector is fired, th
largest size~hereafter for each event we call the detector t
observed the highest burst size the TOP detector! should be
larger than 53104 and also the size of any other one shou
be larger than 33104 ~minimum size!.

From this procedure, we selected 9278 events in to
Two examples of the burst detector events are shown in
3, where the scale of the marks is logarithmically prop
tional to the burst size. A remarkable core structure in
event pattern may be recognized.

C. Background analysis

We carefully examined whether some background ex
in the data of each event since the whole burst detecto
separated into two sections and there is a distance of
between them. In the following, we call the section conta
ing the TOP detector as the ‘‘TOP section,’’ and the other
the ‘‘OTHER section.’’ We first examined whether thos
bursts located far from the TOP detector still contain sign
7-3
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FIG. 3. Two examples of air-
shower core events observed
the burst detectors. Rhombi de
note the size of events observed
each burst detector and its geo
metrical size is logarithmically
proportional to the burst size.
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or not. For this, we divided all events into five groups a
cording to the TOP detector in which each event was in
first, second, third, fourth and fifth column of the TOP se
tion, and then the size distribution of any one burst detec
in the OTHER section was obtained, respectively, for e
group. It is expected that if the bursts recorded in
OTHER section contain signals, their burst size distribut
should be different with different event groups because t
have different core distances. However these five distri
tions, which are taken from the first year’s data set, are
most the same as those seen in Fig. 4, showing them t
independent of the core distance. This suggests that whe
distance to the TOP detector~i.e., to the air-shower core!, is
larger than 10 m almost all recorded bursts are formed

FIG. 4. Burst size distribution of any one detector in t
OTHER section. The five curves correspond to the different p
tions of the TOP detector being in the first, second, third, fou
and fifth column of the TOP section, respectively.
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noises ranging from 102 to 33104 under our experimenta
conditions. The same burst size distributions in the OTH
section are seen from the data sets of the second and
year’s observation, showing that a stable noise existed du
the whole period of the operation. Therefore, the distribut
showing in Fig. 4 is recognized as the background com
from our experimental conditions. These noises may
mostly induced by an incomplete ground connection of
detectors to the earth. Actually, when the thunder is ru
bling, an increase of the noises is observed. Hence, i
reasonable to assume that some background may still exi
the data of the TOP section although the minimum show
size for the burst detector is set to be 33104 in the present
analysis. The treatment of the background is discussed
when the data are compared with the simulation.

III. MONTE CARLO SIMULATION

A. Air-shower simulation

Air showers induced by different primary particles we
generated by using the Monte Carlo codesCORSIKA-QGSJET

@18# andCOSMOS@19# which have been used for many co
mic ray experiments and shown to be able to explain m
quantities at the energy region below and around the k
fairly well. The all-particle spectrum measured by the Tib
ASg Collaboration@9# is used as the input of simulations
The minimum energy of primary particles to be sampled
taken to be 500 TeV and the zenith angle at the top of
atmosphere is uniformly sampled between 0° and 45°. Si
the chemical composition of primary particles is unknow
around the knee region, four different composition mod
are examined to compare with the experiment. While two
them, being pure protons and pure irons, are extreme
sumptions, these provide some boundary of predictions u
as the first check of the interaction models adopted in
Monte Carlo simulation. When some data happen to be o
side the boundary, this may raise some points in the inte
tion models that must be ruled out. Two others are he
dominant ~HD! and proton dominant~PD! models @20#,
which are shown in Fig. 5. In both models the chemic

i-
,
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MEASUREMENT OF AIR SHOWER CORES TO STUDY . . . PHYSICAL REVIEW D62 072007
composition is divided into seven groups: proton, heliu
light (L, Z58), medium (M , Z514), heavy (H, Z525),
very heavy (VH, Z535) and iron. The HD model may b
related to a supernova acceleration and rigidity depend
propagation model in that the proton component is assu
to bend at energy of about 100 TeV. The fraction of the ir
component increases with increasing primary energy, res
ing in the primary becoming heavy dominant at the kn
The PD model assumes a proton dominant chemical com
sition over the whole knee energy region, while all comp
nents bend at energies of 2000 TeV. In both HD and
models the summation of all individual spectra of differe
nuclear species is fitted to the observed total particle sp
trum as shown in Fig. 5.

In this simulation all shower particles are followed by
full Monte Carlo method until their energies become 1 Ge
Although the smallest burst size to be observed per dete
is taken to be 33104 ~see Sec. II B!, corresponding to a few
to 10 TeV for a singleg-ray or a single electron incident o
the surface of the burst detector, we need to follow sho
particles until 1 GeV since a large number of low ener
particles near the shower core hitting the detector mak

FIG. 5. Primary cosmic ray composition for the HD model~top!
and the PD model~bottom!. All particle spectrum which is a sum o
each component is normalized to the Tibet data.
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contribution to the observed burst size that is not negligib1

However, we determined that a contribution from show
particles lower than 1 GeV is insignificant, i.e., smaller th
1%.

B. Simulation for burst detector

Shower developments in the burst detector were ca
lated based on the data obtained using a Monte Carlo c
EPICS @21#. When an air-shower event reaches the obser
tion level it is dropped within the area of 14 m321 m
(294 m2) for that one section of the whole burst detector
assumed to be located in its central part. For each air-sho
particle with energy higher than 1 GeV~electrons, positrons
and g rays. Further interactions of pions and muons in t
detector are neglected.! its cascade development in the dete
tor is calculated analytically and then the number of casc
particles just below the lead and iron plates is obtained. T
analytical formulas used here were made by modifying
well known cascade functions@22# and the parameters in
volved in the formulas were adjusted by using the data fr
a set of Monte Carlo events generated byEPICS. Fluctuations
of the number of cascade particles are adequately taken
account. Air-shower cores enter at various positions of
burst detector and then charged particles passing through
scintillator emit photons. Photons are assumed to attenua
the scintillator asr 21.2, wherer is the distance between th
shower hit position and one of the four PDs~see Appendix!.
In this detector simulation, these are taken into account to
an ADC signal from each photodiode. A sizeNb and its hit
position of burst event in each detector are then estima
with the same procedure as the experiment. Because o
saturation of ADC outputs, the detectable size per burst
tector is limited to be smaller than about 33106.

C. Background treatment

As shown in the previous section, there exist some no
in the data, so their effects must be carefully taken into
count. We also found that for the experimental data it
difficult to subtract the background in the TOP section in
correct way. Then an opposite approach is adopted h
That is, in order to compensate the effects from the ba
ground we added the experimental background to the si
lation samples as follows: for any one of the simulat
events, a background event is randomly taken from the
perimental background data set that contains about4

events, and then this background event is added to the s
lated event at their corresponding positions of the noise
tectors.

1Setting the lowest energy at 1 GeV does not mean the obse
tional threshold of our burst detector is as low as 1 GeV. The ma
contribution to the burst events as we analyzed in this work com
from particles with energy higher than 100 GeV.
7-5
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IV. RESULTS AND DISCUSSIONS

A. Event selection

For a further analysis, we selected the events from b
the experimental data set and the Monte Carlo data se
imposing the following criteria~for convenience hereafte
we call it ‘‘criteria-A’’ !: ~1! Zenith angle<45°; ~2! burst
size of the TOP detector,Nb

top>53104; ~3! burst size of any
non-TOP detector,Nb

non-top>33104; and~4! number of fired
detectors,Nbd>4.

By this selection 1046 events are obtained from the
perimental data set. The time interval between two neighb
ing events is examined and an exponential-type distribu
is confirmed, indicating a good randomness of this d
sample. The effective running time of this sample is e
mated to be 7.543107 s. Also, as we adopt only the bur
events which are coincident with the air-shower events
corded by the Tibet-II array, a dead time of 12% for da
taking of the array must be taken into account. Hence, w
we discuss the flux of the burst events, we should use 1
~5104631.12! as the number of burst events satisfyi
criteria-A.

For the simulations, as mentioned above, we gener
air-shower events using different primary assumptions
which the primary particles were sampled from the sa
all-particle spectrum starting from 500 TeV. 14 810, 914
8463, and 10 591 events satisfying criteria-A were obtain
by the composition assumptions of pure protons, PD, H
and pure irons, respectively, which are about 8–14 tim
larger than the experimental data set. Figure 6 shows
energy distributions of the primary particles responsible
generating the samples of selected burst events for these
assumptions. It is seen that the mode energy of primary

FIG. 6. Primary spectra of Monte Carlo events selected
criteria-A ~see text! for different composition assumptions: pu
protons~dotted line!, PD ~dashed line!, HD ~solid line!, and pure
irons ~dot-dashed line!. Monte Carlo events are generated usi
CORSIKA-QGSJET.
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tons capable of generating the selected burst events is a
2500 TeV, while about 5000 TeV for irons. Therefore, t
burst event samples satisfying criteria-A can easily mani
the behavior of primary particles in the knee region.

B. Flux of the burst events

We first discuss the primary composition from the po
of the intensity of the burst events satisfying criteria-A. U
ing the all-particle spectrum obtained by the Tibet air-show
experiment, the number of primary particles with energ
above 1016 eV and with zenith angles less than 45°, whi
fall within the effective burst-detector area of 23294 m2

~corresponding to the effective area of two separated roo!
during the running time of 7.543107 s, is calculated to be
1105. From the simulations, on the other hand, the effici
cies of the primary particles with energy in excess
1016 eV to generate the burst events satisfying criteria-A
calculated to be 0.33, 0.32, 0.31, and 0.30 for the prim
models of pure protons, PD, HD, and pure irons, resp
tively. Thus, among the 1105 incidences with energ
higher than 1016 eV, 365, 354, 343, and 332 events satis
ing criteria-A should be observed for four primary compo
tion models, respectively.

The simulation study also tells us that when the compo
tion models of pure protons, PD, HD, and pure irons a
assumed, the fractions of the selected burst events indu
by the primaries with energies above 1016 eV to the total
selected burst events are calculated to be 0.11, 0.16, 0
and 0.39, respectively. Accordingly the total selected eve
expected to be observed are 3438, 2245, 1391, and
events, respectively. These values should be compared
1172 events which are truly observed with the experime
The ratios of the Monte Carlo expectation to the observat
are 2.9, 1.9, 1.2, and 0.7 for the four primary models, resp
tively. One can see that the HD model is consistent with
experiment, that is, the primary composition around the k
is required to be heavily enriched.

In the following, all the simulation results are normalize
to the experimental one to discuss the behavior of the b
events. Therefore, all the distributions are given in the or
nate with ‘‘number of events’’ that may just correspond
the amount of our experimental exposure, which is direc
related to the absolute intensity. The error bars of the dat
the following figures are statistical ones.

Shown in Figs. 7 and 8 are the total burst size(Nb dis-
tribution, where the summation is done over all fired det
tors satisfying criteria-A for each event, and its accompa
ing air-shower sizeNe distribution, respectively. A steep
slope of the burst size spectrum at their large size regio
attributed to the saturation effect of ADC outputs from t
PDs which are not included in the simulation. Disregardin
well-ground discrepancy at the large size region, it is w
seen that the intensity of the total burst size spectrum,
the measured total electromagnetic component of the
shower cores in the knee region, is compatible with the p
diction of HD, while it is a factor of two lower than that o
PD. A similar situation is also seen in the air-shower s
spectrum.

y
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Figure 9 shows the ratio of(Nb to Ne . It is seen that this
ratio is sensitive to the primary composition at the region
the ratio .1.5 and the data are consistent with the H
model. According to the Monte Carlo simulation, there is
tendency for the events with larger(Nb and smallerNe to be
mostly induced by protons and helium nuclei. Incidentally
may be said that although the data are seemingly consis
with the HD model, the saturation effect of the burst s
determination~this is not taken into the simulation! and the

FIG. 7. Distribution of the total burst size(Nb . The experimen-
tal data are compared with those of four composition models.
notations of the curves are the same as in Fig. 6.

FIG. 8. Distribution of the air-shower sizeNe accompanying the
burst event selected by criteria-A. The experimental data are c
pared with those by different composition models. Denotations
the curves are the same as in Fig. 6.
07200
f

t
nt

to-be-improved air-shower size fit seen in Fig. 7 and Fig
may cause some deviation from the HD model. We co
firmed, however, that even if such corrections are made
result does not change much.

C. Lateral spreads of the burst events

Figure 10 shows the distribution ofSr of each burst,
where r is the the distance~in meters! between the TOP
detector’s position and the OTHER detector’s position, a

-

-
f

FIG. 9. Distribution of ((Nb)/Ne in comparison with the Monte
Carlo results. Denotations of the curves are the same as in Fig

FIG. 10. Distribution of(r for each burst event, wherer is a
distance between the TOP detector position and any one of
other fired detectors~see text!. Denotations of the curves are th
same as in Fig. 6.
7-7
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the summation is over the whole fired detectors in e
event. A double peak seen in the distribution is due to
oblong arrangement of the burst detector units with a reg
spacing as shown in Fig. 1. It is seen that the proton-indu
events make more sharp distribution than heavier nuclei.
experimental data are also consistent with the HD mode

To examine the sensitivity of the lateral spread of a
shower cores to the composition, we made the distributi
of the value loĝNb&/^r& for the experimental and simulate

FIG. 11. Distributions of the ratio log^Nb&/^r&. The data are com-
pared with the Monte Carlo results. Denotations of the curves
the same as in Fig. 6.

FIG. 12. Distributions of the burst spread expressed by the
dient parameter@ log(Nb

top)2 log(Nb)#/r for each burst of all events
The data are compared with the Monte Carlo results. Denotation
the curves are the same as in Fig. 6.
07200
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data as shown in Fig. 11, where^Nb&, the averaged burst siz
for one event, is divided bŷr &, the averaged lateral distanc
between the fired detector and the TOP detector for the s
event, and the distribution is made over all selected bu
events. The distributions of the lateral gradient of burst s
defined as@ log(Nb

top)2 log(Nb)#/r for each burst of all events
are also presented in Fig. 12. Both distributions seem to
more sensitive than others to the composition. In both ca
the HD composition model can explain the experiment w

The number of fired burst detectorsNbd also depends on
the lateral spread of the air-shower core. In criteria-A at le

re

a-

of

FIG. 13. Distributions of the number of fired burst detecto
Nbd. Experimental data are compared with the Monte Carlo resu
Denotations of curves are the same as in Fig. 6.

FIG. 14. Comparison of distributions of the total burst size(Nb

obtained byCORSIKA-QGSJET~solid line! andCOSMOS~dotted line!.
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four detectors are required to be fired and the average n
ber ranges from 5.3 to 6.6. TheNbd distribution is shown in
Fig. 13 and is also consistent with that of the HD model
discussed above.

D. Systematic uncertainties

We briefly discuss the systematic errors of our resu
The largest one is from the uncertainty of the total prima
flux. We used the all particle spectrum measured by the T
air-shower experiment, and the systematic errors of this
sult are estimated to be 20%–30% for absolute intensity.
other may come from the Monte Carlo code we used. In
study, we used theCORSIKA-QGSJETcode. WhileCORSIKA-
QGSJETuses a quark-gluon string phenomenology to desc
the hadron-nucleus and nucleus-nucleus interactio
COSMOSis another code using a different physics picture~a

FIG. 15. Comparison of distributions of the sum of distan
between bursts for each event(r , obtained byCORSIKA-QGSJET

~solid line! andCOSMOS~dotted line!.
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Lund string model in the lower energy region, but a quas
caling assumption in the higher energy region! for the had-
ronic and nuclear interactions. It is confirmed that an a
shower simulation usingCOSMOS1HD and a detector
response calculation usingEPICSgive almost completely the
same results asCORSIKA1HD. We compare the distribution
of the total burst size and the total lateral distance, th
obtained by using both codes, in Figs. 14 and 15, resp
tively. It is seen that two simulation codes give almost t
same results for both distributions. Hence, the results
cussed above do not depend on the Monte Carlo code
used.

V. SUMMARY

We carried out a hybrid experiment, consisting of t
burst detector and emulsion chamber array and the Tibe
air-shower array, at Yangbajing~4300 m above sea level! in
Tibet during the period from 1996 through 1999. From th
experiment, we observed more than 1000 burst events~high-
energy air-shower cores! accompanying air showers with en
ergies at the knee region. Using this data set, we studied
cosmic ray composition at the knee energy region in co
parison with extensive Monte Carlo data. All the behavior
the observed burst events are shown to be compatible
the heavily enriched primary composition at the knee. T
result suggests that the mean mass number of the prim
particles around 1016 eV is close to silicon or medium nucle
when the composition shown in Fig. 5~top! is assumed. If we
combine this with the proton spectrum observed with
same experiment@23#, the cosmic composition at the kne
region may be in favor of shock acceleration at supern
remnants, suggesting a break of the proton spectrum at e
gies around 100 TeV.

We are planning to set up a large-scale burst array, c
sisting of 20320 scintillation counters of 0.20 m2 each~50
cm340 cm! which are placed at a 1;2 m grid, near the
center of the Tibet air-shower array. A 5 cm lead plate may
be put on the top of each scintillator to detect the bu
events accompanying air showers. By operating this n
burst array for 1 yr, we may observe about 2500 proto
induced events and about 700 iron-induced events wh
-
e

FIG. 16. Schematic view of
the burst detector used in this ex
periment. Numerals shown in th
figure are in units of mm.
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FIG. 17. Beam hit positions on
the surface of the detector.
rl
tio
n
a

i-
ar
r
d

t o

th

h
To
0

0
z

urst
as

rst

an
g a

-

tor.
nu-
ry
til-

he -
primary energies are in the knee region. A Monte Ca
study shows that such a burst array can provide informa
about each component of the primary cosmic rays at the k
with sufficient statistics. This experiment will start within
few years.
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APPENDIX: PERFORMANCE OF THE BURST DETECTOR
USED IN THIS EXPERIMENT

Each burst detector contains a plastic scintillator with
size of 160 cm350 cm32 cm. A PIN PD~HPK S2744-03!

FIG. 18. Attenuation of photons in the scintillator used for t
burst detector, obtained using electron beams.
07200
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ee

ch
e
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f

e

with an effective area of 2 cm31 cm was equipped at eac
four corners of each scintillator, as shown in Fig. 16.
detect signals from a PD for burst particles ranging from 13

to 107, a preamplifier with an amplification factor of 26
operating in the frequency range from 17 kHz to 44 MH
~current-current type! was developed. An ADC value from
each PD, depending on the size and the hit position of a b
~shower! fallen in the burst detector, can be expressed
KNb(r ), wherer is the distance between a PD and the bu
position in the scintillator,Nb is the burst size, andK is a
constant. Using the ADC values from four corners, we c
estimate the size and hit position for each burst event usin
least-square method. In this formula,f (r ) denotes the attenu
ation of photons in the scintillator. In generalf (r ) can be
expressed as exp(2r/l) except at small distancer and l
takes a value around 350 cm for the present scintilla
Since the size of the burst detector is smaller than the atte
ation length, errors of the burst hit position become ve
large. So first we slightly polished one face of each scin

FIG. 19. Distribution~integral! of the difference between esti
mated and irradiated positions.
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lator with rough sandpaper~No. 60! to make photons scatte
randomly on this face. Then we found thatf (r ) can be well
approximated asr 2a anda;1.1–1.2. This relation was con
firmed by using a nitrogen gas laser and also cosmic
muons. This dependence on the distancer is sufficient to
estimate the burst position in the detector.

We also installed a calibration unit which consists of fo
blue light-emitting diodes~LED’s! each having a peak wave
length of 450 nm. The LED unit is put on the center of ea
scintillator and is illuminated to transmit light through th
scintillator to each PD at the corner uniformly, and then
the ADC’s are calibrated at every 10 min for actual run. T
calibration system provides information about a relat
change of ADC values, which may cause a large error for
estimation of burst hit positions and burst sizes.

We examined the performance of the burst detector us
electron beams of 1.0 GeV/c from the KEK-Tanashi Electr
Synchrotron. The beam consisted of spills containing ab
108 particles with a time spread of about 10ms. In order to
generate mimic burst events from these bunched beams
randomly extracted part of the particles from the beam sp

FIG. 20. Scatter plots of estimated and irradiated number
electrons. The number of electrons at various beam positions on
face of the detector is normalized to 105 electrons.
ic
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by adjusting a gate width of ADC to 1.2ms. The number of
electrons passing through a given gate width was estim
by the signals from a probe scintillator of 10 cm310 cm
placed upstream. Consequently, the electron beams, ran
from several3104 to ;33105 per pulse, were vertically ex
posed to 23 positions on the surface of the burst detecto
shown in Fig. 17.

Figure 18 shows the dependence of the ADC values
the distancer, obtained with the electron beams, wherer is
the distance between the beam hit position and PD. The
sult can be well fitted by a power law ofr, where the number
of incident electrons measured by the probe scintillator w
normalized to 105 particles.

Using the ADC values from four PDs, the beam positio
exposed on the face of the detector and its intensities~num-
ber of electrons! were estimated to compare with the tru
ones. The distribution of the difference between estima
and actual hit positions is shown in Fig. 19. We pres
scatter plots of the estimated and irradiated number of e
trons in Fig. 20, and the distribution of the ratio betwe
them is shown in Fig. 21. From these figures, it is conclud
that the hit position of a burst in each detector can be e
mated with an inaccuracy less than 10 cm and errors for
size estimation are smaller than 10% for the bursts with s
.105 particles.

f
he

FIG. 21. Distribution of the ratio of estimated and irradiat
number of electrons shown in Fig. 20. Dotted line is a Gaussian
-
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