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Measurement of air shower cores to study the cosmic ray composition in the knee energy region
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Since 1996, a hybrid experiment consisting of an emulsion chamber and a burst detector array and the
Tibet-1l air-shower array has been operated at Yangbd#3§0 m above sea leyeh 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 numbgs): 98.70.Sa, 95.85.Ry, 96.40.De, 96.40.Pq

[. INTRODUCTION While there is no consensus on the origin of cosmic rays
with energies beyond the knee, observations of cosmic rays
It is commonly understood that the knee of the primaryin such a high energy region may naturally stand in need of
cosmic ray spectrum has its origin in the acceleration an@nother acceleration mechanisfi®&4] or new cosmic ray
propagation of high energy cosmic rays in the Galaxy. Thesourceg5,6]. Among those, one of the most promising mod-
model of the shock acceleration by supernova blast wavesls may be that the cosmic rays come from extra-galactic
leads to the formation of a power-law spectrum of particlesources such as active galactic nu¢i, although the evi-
energies with a differential index of about2 at source$l]. dence is far from convincing. However, such an extra-
The plausible propagation models of their confinement bygalactic source model should predict proton enriched pri-
galactic magnetic fields and of their eventual escape fronmary composition around and beyond the knee.
our Galaxy can explain well a steeper power-law spectrum Thus, measurements of the primary cosmic rays around
than that at the source regid], suggesting a rigidity- the knee are very important and its composition is a funda-
dependent bending for different cosmic ray compositionmental input for understanding the particle acceleration
Within the framework of this picture the average mass ofmechanism that pushes cosmic rays to very high energies.
primary cosmic rays before the knee should increase witliHowever, because of extremely low and steeply decreasing
increasing primary energy. In other words, the knee compoflux at high energies, direct measurements of primary cosmic
sition should be heavily dominant as the proton spectrumiays on board balloons are still limited in the energy region
may bend at an energy of about 100 TeV corresponding to & below a few hundred TeV7,8]. To date, the knee com-
maximum energy gained by shock acceleration at supernovgosition of primary cosmic rays has been studied by observ-
remnants. ing air showers with a large aperture ground-based appara-
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FIG. 1. Arrangement of the burst detectors in two rooms. The area of each burst detector ig 560cam and four emulsion chambers
are set up on each burst detector.

tus. For air shower observations, a surface detector array electromagnetic components in the core well reflect the ma-
commonly set up to measure the lateral distributions and thpr behavior of the whole hadronic components, keeping the
arrival times of shower particle@nostly electrons and pho- sensitivity to the primary composition.
tong, which enable us to locate the core position, determine In this paper we report our study of the primary compo-
the arrival direction, and deduce the shower size and showesition in the knee region using data of the Tibet burst detec-
age[9]. These are important basic parameters to describe aor and the air-shower array Il. The experiment, including the
air shower, although they are not very sensitive to the priapparatus and its performance, data set and background
mary composition. In order to study the composition aroundanalysis, is introduced in Sec. Il. The air-shower simulation
the knee, measurements of muon content in each air showand detector response calculation are described in Sec. IIl.
[10] or muons in deep undergrounhdl,12, measurements The results and discussions are described in Sec. IV. A brief
of lateral distribution of air shower Cherenkov light3], or ~ summary is given in Sec. V.
maximum depth of shower development using air Cherenkov
telescoped14], and multiparameter measurements of air
showerd 15] have been carried out and devoted to drawing a Il. EXPERIMENT
conclusion about the knee composition. In spite of great ef-
forts so far, however, there is a divergence of conclusions on
the composition from experiment to experiment and the knee We started a hybrid experiment of the emulsion chamber,
composition is still the question at issue. Another approaclthe burst detector and the air shower arf&ipet-11) at Yang-
may be required to get more direct information about thebajing (4300 m above sea levelTibet in 1996[16]. The
composition. Tibet-Il array consists of 221 scintillation counters of
Within the ground-based air shower experiments those s€.5 n? each which are placed on a 15 m square grid and has
up at higher altitudes are preferable for the physics studies diteen operated since 1995. Any fourfold coincidence in the
the knee region. The reasons include; first, maximum develdetectors is used as the trigger condition for air-shower
opment of showers with the knee energies is closer to thevents. Under this condition the trigger rate is about 200 Hz
observation level, so that the shower is less fluctuated andith a dead time of about 12% for data taking. The energy
the energy determination is more precise and less dependethreshold is estimated to be about 7 TeV for proton induced
upon the unknown compositid®]; second, the energy flow showers. The precision of the shower direction determination
in the core region of air showers is less attenuated and easiex about 1°, which has been confirmed by observing the
to observe with conventional calorimeters. High energy airMoon’s shadow[17]. The main aim of Tibet-l is to search
shower cores are sensitive to the composition of the primarfor y-ray point sources at energies around 10 TeV. But it can
cosmic rays around the knee. Air-shower cores contain also be used for the measurement of the spectrum of the total
large part of the primary energy in the early stage of showecosmic ray particle$9], and for the study of topics in the
development, but with increasing atmospheric depth they arknee region by providing information of the shower size,
rapidly diffused with dissipation of their energies. Hence, thedirection, core position, and arrival time of each air-shower
measurement of air-shower cores should be implemented awent to the core detectof6].
high altitude with a detector having a reasonably large area. The emulsion chambers and the burst detectors are used
In general a thick shower detector is required when ondo detect high-energy air-shower cores accompanied by air
wants to record allor mos}) hadronic components in the showers induced by primary cosmic rays with energies
core, but this needs enormous heavy materials to absowibove 16* eV. They are set up separately in two rooms as
them in the detector. At high altitude, however, this canshown in Fig. 1 and placed near the center of the Tibet-II
be achieved by observing the electromagnetic componentsray. A basic structure of each emulsion chamber used here
in the core with a thin detector, since these are mostly thés a multilayered sandwich of lead plates and photosensitive
cascade products induced by high eneregfliidecay y rays  x-ray films. Photosensitive layers are put every 2 cascade
which are produced in the air-shower cores. Therefore, theanit (c.u) (1 c.u=0.5 cm of lead in the chamber as shown

A. Apparatus

072007-2



MEASUREMENT OF AIR SHOWER CORES TO STUDY ... PHYSICAL REVIEW &2 072007

lead plate 4 c.u.

X-ray film

lead plate 2 c.u.

X-ray film

lead plate 2 c.u.

X-ray film

lead plate 2 c.u.

X-ray film FIG. 2. Schematic side view of

lead plate 2 c.u. each unit of emulsion chamber
. and 1/4 of 1 unit burst detector.

X-ray film High sensitive x-ray films are in-

lead plate 2 c.u. serted at every 2 c.u. in emulsion.

X-ray film Total thickness of lead plates is 14

lead plate 1 c.u. c.u.

¢| : — 1 iron plate
(180 x 60 x 1)

burst detector (164 x 52 x 4.5) |:

y .
}10cm  polystyren form plate (160 x 49 x 20) 6 era
|

|
! 60 cm |

in Fig. 2. There are 400 units of emulsion chamber, eackelectromagnetic components in the air-shower cores can be
with an area of 40 cre50 cm with the total thickness of 15 measured in the area within a radius of several meters.

c.u., giving the total sensitive area of 802 nand 100 units

of burst detectors each with an effective area of 16(<&d B. Data set

cm. Four units of the emulsion chamber are put above one _
unit of the burst detecto’ 1 cm iron plate is put between The data set of the burst detector used for this work was

emulsion chambers and burst detectors. taken from 16 October 1996 to 1 June 1999. First we

Each burst detector consists of a plastic scintillator withScanned the target maps of all events with the naked eye. All
the size of 160 cnr50 cm and thickness of 2 cm, and four those events showing a systematic noise configuration were
photodiodegPDs are attached at four corners of each scin-ruled out during the first scanning. Then we removed the
tillator to read light signals generated by shower particlegvents that were not coincident with the air-shower events
produced in the lead and iron absorber above the detectarecorded by the Tibet-Il array. Finally we imposed the fol-
From the analogue to digital convertgDC) values of four lowing conditions on the event$l) when the number of
PDs the total numbsii.e., burst sizeN,) and the position of fired detectors is only one, its si2g, should be larger than
the number-weighted center of all shower particles that hit &x 10*; and (2) when more than one detector is fired, the
burst detector can be estimated. The response of the bungkrgest sizéhereafter for each event we call the detector that
detector is calibrated using electron beams from an accelerghserved the highest burst size the TOP detestoould be
tor. The performance of the burst detector and the calibratiofyrger than 5< 10* and also the size of any other one should
using the electron beams are briefly summarized in the Appg |arger than % 10* (minimum size.
pendix. It is confirmed that the measurable shower size by rrom this procedure, we selected 9278 events in total.
each burst detector ranges front10 3x 10, roughly cor- 4 examples of the burst detector events are shown in Fig.
r_espondlng to showers with energies ranging fr.om-sever , Where the scale of the marks is logarithmically propor-
times 100 GeV to ab.ou'F 300 TeV. A burst event is trl(~:](~:]er(—:‘dtional to the burst size. A remarkable core structure in the
when any twofold coincidence of signals from four PDs of Agvent pattern may be recognized
burst detector appears. The coincidence of a burst event an(y '
an air-shower event is made by their arrival times, and the
coincidence of a burst event and a family event observed in
the emulsion chamber is made by their positions and direc- We carefully examined whether some background exists
tions. (A burst event and its accompanying air shower haven the data of each event since the whole burst detector is
the same directioin. separated into two sections and there is a distance of 9 m

In this analysis we use only the data obtained from allbetween them. In the following, we call the section contain-
burst detectors and the Tibet-1I array, while the emulsioning the TOP detector as the “TOP section,” and the other as
chamber data will be reported elsewhere in the very neathe “OTHER section.” We first examined whether those
future. Using the burst detector array shown in Fig. 1, thebursts located far from the TOP detector still contain signals

C. Background analysis
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or not. For this, we divided all events into five groups ac-noises ranging from ¥0to 3x 10* under our experimental
cording to the TOP detector in which each event was in theonditions. The same burst size distributions in the OTHER
first, second, third, fourth and fifth column of the TOP sec-section are seen from the data sets of the second and third
tion, and then the size distribution of any one burst detectogear’s observation, showing that a stable noise existed during
in the OTHER section was obtained, respectively, for eachhe whole period of the operation. Therefore, the distribution
group. It is expected that if the bursts recorded in theshowing in Fig. 4 is recognized as the background coming
OTHER section contain signals, their burst size distributionfrom our experimental conditions. These noises may be
should be different with different event groups because theynostly induced by an incomplete ground connection of the
have different core distances. However these five distribudetectors to the earth. Actually, when the thunder is rum-
tions, which are taken from the first year's data set, are alpling, an increase of the noises is observed. Hence, it is
most the same as those seen in Fig. 4, showing them to heasonable to assume that some background may still exist in
independent of the core distance. This suggests that when thige data of the TOP section although the minimum shower
distance to the TOP detectire., to the air-shower cojeis  size for the burst detector is set to ba 30" in the present
larger than 10 m almost all recorded bursts are formed bynalysis. The treatment of the background is discussed later
when the data are compared with the simulation.

25 T T T T T
ll. MONTE CARLO SIMULATION

A. Air-shower simulation

2.0 Air showers induced by different primary particles were

generated by using the Monte Carlo COdsRSIKA-QGSIET
] [18] and cosmos[19] which have been used for many cos-
7 mic ray experiments and shown to be able to explain many
] quantities at the energy region below and around the knee
fairly well. The all-particle spectrum measured by the Tibet
ASy Collaboration[9] is used as the input of simulations.
The minimum energy of primary particles to be sampled is
taken to be 500 TeV and the zenith angle at the top of the
] atmosphere is uniformly sampled between 0° and 45°. Since
7 the chemical composition of primary particles is unknown
] around the knee region, four different composition models
are examined to compare with the experiment. While two of
0.0 ! ! L ! ] them, being pure protons and pure irons, are extreme as-
20 25 30 35 40 45 5.0 sumptions, these provide some boundary of predictions used
log10(burst size in OTHER-section) as the first ch_eck of_ the interaction models adopted in the
Monte Carlo simulation. When some data happen to be out-
FIG. 4. Burst size distribution of any one detector in the Side the boundary, this may raise some points in the interac-
OTHER section. The five curves correspond to the different position models that must be ruled out. Two others are heavy
tions of the TOP detector being in the first, second, third, fourth,dominant (HD) and proton dominan{PD) models [20],
and fifth column of the TOP section, respectively. which are shown in Fig. 5. In both models the chemical

—
o
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108 T rr——rr contribution to the observed burst size that is not neglidible.

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

L1 11111

17
10

B. Simulation for burst detector

Shower developments in the burst detector were calcu-
lated based on the data obtained using a Monte Carlo code,
EPICS[21]. When an air-shower event reaches the observa-
tion level it is dropped within the area of 14>21 m

16
10
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dj/dE * E**2.5 (eV**1.5 / m**2 sec sr)

s | I (294 n?) for that one section of the whole burst detector is
1o 3 4 5 16 7 assumed to be located in its central part. For each air-shower
10 10 10 10 10 particle with energy higher than 1 Gelélectrons, positrons

Primary Energy (eV/particle) and vy rays. Further interactions of pions and muons in the

detector are neglectgdts cascade development in the detec-
tor is calculated analytically and then the number of cascade
particles just below the lead and iron plates is obtained. The
analytical formulas used here were made by modifying the
well known cascade function®2] and the parameters in-
volved in the formulas were adjusted by using the data from
a set of Monte Carlo events generatedamycs Fluctuations

of the number of cascade particles are adequately taken into
account. Air-shower cores enter at various positions of the
burst detector and then charged particles passing through the
scintillator emit photons. Photons are assumed to attenuate in
the scintillator ag ~ 12, wherer is the distance between the

18 PD spectrum
10 s
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15 . E'AKEN? il shower hit position and one of the four PBxe Appendix
10 73 14 5 6 17 In this detector simulation, these are taken into account to get

10 10 10 10 10 an ADC signal from each photodiode. A sikg and its hit
Primary Energy (eV/particle) position of burst event in each detector are then estimated

with the same procedure as the experiment. Because of the
saturation of ADC outputs, the detectable size per burst de-
tector is limited to be smaller than aboux30®.

FIG. 5. Primary cosmic ray composition for the HD modelp)
and the PD modégbottom). All particle spectrum which is a sum of
each component is hormalized to the Tibet data.

composition is divided into seven groups: proton, helium,
light (L, Z=8), medium M, Z=14), heavy H, Z=25),
vem hdeetlvy VH, Z=35) and I'roni. The HdD .m%qtel (;nay bg As shown in the previous section, there exist some noises
related to a supernova acceleration and rigidity depen eri‘ﬁ the data, so their effects must be carefully taken into ac-
propagation model in that the proton component is assumed

to bend at energy of about 100 TeV. The fraction of the ironcount' We also found that for the experimental data it is

component increases with increasing primary energy, resulfjlfﬂcult to subtract the background in the TOP section in a

ing in the primary becoming heavy dominant at the knee Sorrect way. Then an opposite approach is adopted here.

The PD model assumes a proton dominant chemical compc;[hat is, in order to compen_sate the effects from the bz_ack-

sition over the whole knee energy region, while all compo-9round we added the experimental background to the simu-

nents bend at energies of 2000 TeV. In both HD and ppation samples as follows: fpr any one of the simulated

models the summation of all individual spectra of different@vents, a background event is randomly taken from the ex-

nuclear species is fitted to the observed total particle spedefimental background data set that contains abodt 10

trum as shown in Fig. 5. events, and then this background event is added to the simu-
In this simulation all shower particles are followed by a lated event at their corresponding positions of the noise de-

full Monte Carlo method until their energies become 1 GeV.tectors.

Although the smallest burst size to be observed per detector

is taken to be X 10* (see Sec. Il B corresponding to a few

to 10 TeV for a singley-ray or a single electron incident on  1setting the lowest energy at 1 GeV does not mean the observa-

the surface of the burst detector, we need to follow showefional threshold of our burst detector is as low as 1 GeV. The major

particles until 1 GeV since a large number of low energycontribution to the burst events as we analyzed in this work comes
particles near the shower core hitting the detector make &om particles with energy higher than 100 GeV.

C. Background treatment
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10007771 tons capable of generating the selected burst events is about

i 2500 TeV, while about 5000 TeV for irons. Therefore, the
burst event samples satisfying criteria-A can easily manifest
the behavior of primary particles in the knee region.

100
¥ B. Flux of the burst events

We first discuss the primary composition from the point
of the intensity of the burst events satisfying criteria-A. Us-
ing the all-particle spectrum obtained by the Tibet air-shower
experiment, the number of primary particles with energies
above 18° eV and with zenith angles less than 45°, which
fall within the effective burst-detector area ofx294 n?t
(corresponding to the effective area of two separated rpoms
during the running time of 7.5410" s, is calculated to be
1105. From the simulations, on the other hand, the efficien-

oqb cies of the primary particles with energy in excess of
25 3.0 3.5 4.0 4.5 5.0 10*® eV to generate the burst events satisfying criteria-A are
log EO(TeV) calculated to be 0.33, 0.32, 0.31, and 0.30 fqr the primary

models of pure protons, PD, HD, and pure irons, respec-

FIG. 6. Primary spectra of Monte Carlo events selected bytively. Thus, among the 1105 incidences with energies
criteria-A (see text for different composition assumptions: pure higher than 18 eV, 365, 354, 343, and 332 events satisfy-
protons(dotted ling, PD (dashed ling HD (solid line), and pure  ing criteria-A should be observed for four primary composi-
irons (dot-dashed line Monte Carlo events are generated usingtion models, respectively.

No of events
)
T

CORSIKA-QGSJET The simulation study also tells us that when the composi-
tion models of pure protons, PD, HD, and pure irons are
IV. RESULTS AND DISCUSSIONS assumed, the fractions of the selected burst events induced

by the primaries with energies above'dGV to the total
selected burst events are calculated to be 0.11, 0.16, 0.25,
For a further analysis, we selected the events from botfnd 0.39, respectively. Accordingly the total selected events
the experimental data set and the Monte Carlo data set byxpected to be observed are 3438, 2245, 1391, and 845
imposing the following criteria(for convenience hereafter events, respectively. These values should be compared with
we call it “criteria-A"): (1) Zenith angle<45°; (2) burst 1172 events which are truly observed with the experiment.
size of the TOP detectoN,P=5x 10% (3) burst size of any  The ratios of the Monte Carlo expectation to the observation
non-TOP detectoM[°""*’=3x 10% and(4) number of fired are 2.9, 1.9, 1.2, and 0.7 for the four primary models, respec-
detectorsNy=4. tively. One can see that the HD model is consistent with the
By this selection 1046 events are obtained from the exexperiment, that is, the primary composition around the knee
perimental data set. The time interval between two neighboris required to be heavily enriched.
ing events is examined and an exponential-type distribution In the following, all the simulation results are normalized
is confirmed, indicating a good randomness of this datdo the experimental one to discuss the behavior of the burst
sample. The effective running time of this sample is esti-events. Therefore, all the distributions are given in the ordi-
mated to be 7.5410" s. Also, as we adopt only the burst nate with “number of events” that may just correspond to
events which are coincident with the air-shower events rethe amount of our experimental exposure, which is directly
corded by the Tibet-1l array, a dead time of 12% for datarelated to the absolute intensity. The error bars of the data in
taking of the array must be taken into account. Hence, whethe following figures are statistical ones.
we discuss the flux of the burst events, we should use 1172 Shown in Figs. 7 and 8 are the total burst skzM,, dis-
(=1046x1.12 as the number of burst events satisfying tribution, where the summation is done over all fired detec-
criteria-A. tors satisfying criteria-A for each event, and its accompany-
For the simulations, as mentioned above, we generateitig air-shower sizeN, distribution, respectively. A steep
air-shower events using different primary assumptions foslope of the burst size spectrum at their large size region is
which the primary particles were sampled from the samattributed to the saturation effect of ADC outputs from the
all-particle spectrum starting from 500 TeV. 14810, 9143,PDs which are not included in the simulation. Disregarding a
8463, and 10591 events satisfying criteria-A were obtainedvell-ground discrepancy at the large size region, it is well
by the composition assumptions of pure protons, PD, HDseen that the intensity of the total burst size spectrum, i.e.,
and pure irons, respectively, which are about 8—14 timeshe measured total electromagnetic component of the air-
larger than the experimental data set. Figure 6 shows thghower cores in the knee region, is compatible with the pre-
energy distributions of the primary particles responsible fordiction of HD, while it is a factor of two lower than that of
generating the samples of selected burst events for these foBD. A similar situation is also seen in the air-shower size
assumptions. It is seen that the mode energy of primary praspectrum.

A. Event selection
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FIG. 7. Distribution of the total burst siZeN, . The experimen- FIG. 9. Distribution of £N)/N, in comparison with the Monte
tal data are compared with those of four composition models. De€arlo results. Denotations of the curves are the same as in Fig. 6.

notations of the curves are the same as in Fig. 6.
to-be-improved air-shower size fit seen in Fig. 7 and Fig. 8

Figure 9 shows the ratio &N, to N,. It is seen that this may cause some deviation from the HD model. We con-
ratio is sensitive to the primary composition at the region offirmed, however, that even if such corrections are made the
the ratio >1.5 and the data are consistent with the HDresult does not change much.
model. According to the Monte Carlo simulation, there is a
tendency for the events with largéiN, and smalleiN, to be C. Lateral spreads of the burst events
e o el Ul Icerllh L Faue 10 shows the disution aif of ach burs:

wtherer is the the distancein meter$ between the TOP

with the HD model, the saturation effect of the burst size , . ) "
determination(this is not taken into the simulatiprand the detector’s position and the OTHER detector’s position, and

700 . .
600 -

100 F '

o0 so0fF . -
I= c L |
3 > . SR .
5 1op o 3001 /% ]
Z z PN ]

200

: 100
1} .

.-\-.-_. PR R ."‘ P T SR RS S T 0

5.0 55 6.0 6.5 7.0 1

FIG. 8. Distribution of the air-shower si2¢, accompanying the FIG. 10. Distribution of=r for each burst event, whereis a
burst event selected by criteria-A. The experimental data are condistance between the TOP detector position and any one of the
pared with those by different composition models. Denotations obther fired detectorg¢see text Denotations of the curves are the

the curves are the same as in Fig. 6. same as in Fig. 6.
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T T T T T T T T T T

100 1500 .
0 2 i ]
= c
3 S 1000F .
D [4}] L~ ]
%5 s
g 10f 2

500
1 N | N | N | N 1 N 1 ". N 040

2 4 6 8 10 12 14
(log<Nb>) / <r> (r in m)

o . FIG. 13. Distributions of the number of fired burst detectors
FIG. _11' Distributions of the ratio IG(gIb>/(r>._The data are com- Npg- Experimental data are compared with the Monte Carlo results.
pared with the Monte Carlo results. Denotations of the curves ar®anotations of curves are the same as in Fig. 6
the same as in Fig. 6. T
L , . data as shown in Fig. 11, whefN), the averaged burst size
tehveensiur'zngj%t:]%Telsec;vkegggﬁ iwk][ﬁls J:;?ﬁbgﬁéiczgrzulg tia;}?or one event, is divided b{r), the averaged lateral distance
) b . : 'hetween the fired detector and the TOP detector for the same
oblong arrangement of the burst detector units with a regularvem and the distribution is made over all selected burst
spacing as shown in Fig. 1. It is seen that the proton-induce8 t, The distributi  the lateral aradient of burst si
events make more sharp distribution than heavier nuclei. Thgv?n Sd f |ls\|t2|p)u_|lonsl\c|) y ef a erahgt:a |tenfo“ urs t5|ze
experimental data are also consistent with the HD model. € mcle ag log(N, di OE_( b)l]zr é)r iag_ _ltj)rs_ orall events b
To examine the sensitivity of the lateral spread of air-are aiso pr_ﬁsentthe mthlg. ‘ .th oth distri _?tlonls sbeetrr? to be
shower cores to the composition, we made the distribution grasecnos%lvgsitiiz Omogtresl cc;n st?ar}:]p?hsé I(S)T.err]imgnt \(/:vaeslles
of the value logNy)/(r) for the experimental and simulated The nuth))er of fired burst dete(F:)th%d also gepends on '
the lateral spread of the air-shower core. In criteria-A at least

[ * T T T
100
@ 100E
c
2 2
o c
S 2
2 -
10¢ o 10
L =z
1 1 1 1 1 i :
060 05 10 15 20 25 3.0
log(Nb-top)-log(Nb)] / r P
fog P)=log(No)] 5.0 5.5 6.0 6.5 7.0
FIG. 12. Distributions of the burst spread expressed by the gra- log(sigma Nb)

dient parameteflog(Ni°") —log(Ny,) J/r for each burst of all events.
The data are compared with the Monte Carlo results. Denotations of FIG. 14. Comparison of distributions of the total burst stAd,,

the curves are the same as in Fig. 6. obtained bycorsIkA-QGSJIET(solid line) and cosmos (dotted ling.
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I Lund string model in the lower energy region, but a quasis-
7 caling assumption in the higher energy regiéor the had-

1 ronic and nuclear interactions. It is confirmed that an air-
shower simulation usingcosmostHD and a detector
response calculation usirepicsgive almost completely the
same results asorsIKA+HD. We compare the distributions

of the total burst size and the total lateral distance, those
obtained by using both codes, in Figs. 14 and 15, respec-
tively. It is seen that two simulation codes give almost the
same results for both distributions. Hence, the results dis-
cussed above do not depend on the Monte Carlo code we
used.

140
120

100

No of events
[o2] [0 0]
o o

N
o

V. SUMMARY

We carried out a hybrid experiment, consisting of the
burst detector and emulsion chamber array and the Tibet-II
air-shower array, at Yangbajing300 m above sea leyeh
Tibet during the period from 1996 through 1999. From this
experiment, we observed more than 1000 burst evéigb-
energy air-shower corgaccompanying air showers with en-

FIG. 15. Comparison of distributions of the sum of distance€rgies at the knee region. Using this data set, we studied the
between bursts for each eveBr, obtained bycorsika-QGSIJET ~ COSMIC ray composition at the knee energy region in com-
(solid line) and cosmos (dotted ling. parison with extensive Monte Carlo data. All the behavior of

the observed burst events are shown to be compatible with
n]ihe heavily enriched primary composition at the knee. This
result suggests that the mean mass number of the primary
§articles around 16 eV is close to silicon or medium nuclei
when the composition shown in Fig(tép) is assumed. If we
combine this with the proton spectrum observed with the
same experiment23], the cosmic composition at the knee
region may be in favor of shock acceleration at supernova

We briefly discuss the systematic errors of our resultsremnants, suggesting a break of the proton spectrum at ener-
The largest one is from the uncertainty of the total primarygies around 100 TeV.
flux. We used the all particle spectrum measured by the Tibet We are planning to set up a large-scale burst array, con-
air-shower experiment, and the systematic errors of this resisting of 20<20 scintillation counters of 0.20 freach(50
sult are estimated to be 20%—-30% for absolute intensity. Themx40 cm) which are placed at a~12 m grid, near the
other may come from the Monte Carlo code we used. In thigenter of the Tibet air-shower arrafx 5 cm lead plate may
study, we used theoRSIKA-QGSJETcode. WhileCORSIKA-  be put on the top of each scintillator to detect the burst
QGSJETUSes a quark-gluon string phenomenology to describevents accompanying air showers. By operating this new
the hadron-nucleus and nucleus-nucleus interactiondurst array for 1 yr, we may observe about 2500 proton-
cosmosis another code using a different physics pict(ee induced events and about 700 iron-induced events whose

20

Sigmar (m)

four detectors are required to be fired and the average nu
ber ranges from 5.3 to 6.6. Thé,q distribution is shown in
Fig. 13 and is also consistent with that of the HD model a
discussed above.

D. Systematic uncertainties

PP ~ LED Unit PO
/] N
/! Scintillator E\ %
o
amp. % o amp. || |
FIG. 16. Schematic view of
1600 the burst detector used in this ex-
\ ) periment. Numerals shown in the
T figure are in units of mm.
= |=
PD PD 45
y
10 L 0 = ] 45
J 1640 , B

Stainless Box Thickness 1.2
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: '@ A S ! ne ! ® e | : o FIG. 17. Beam hit positions on
. S S 8 the surface of the detector.
1 1 ] I 1 ] I 1 I I 1 1 I 1 1
1 1 ] I 1 ] I 1 I I 1 1 I 1 1
., . I e 9, o
1600 cm

primary energies are in the knee region. A Monte Carlowith an effective area of 2 cml cm was equipped at each
study shows that such a burst array can provide informatiofiour corners of each scintillator, as shown in Fig. 16. To
about each component of the primary cosmic rays at the knegetect signals from a PD for burst particles ranging fror 10
with sufficient statistics. This experiment will start within a to 10/, a preamplifier with an amplification factor of 260
few years. operating in the frequency range from 17 kHz to 44 MHz
(current-current typewas developed. An ADC value from
ACKNOWLEDGMENTS each PD, depending on the size and the hit position of a burst

This work is supported in part by Grants-in-Aid for Sci- (showey fallen in the burst detector, can be expressed as

entific Research and also for International Science ResearchNo(r), wherer is the distance between a PD and the burst
from the Ministry of Education, Science, Sports and CulturePoSition in the scintillatorNy is the burst size, andl is a
in Japan and the Committee of the Natural Science Found&2nstant. Using the ADC values from four corners, we can
tion and the Academy of Sciences in China. The support ofStimate the size and hit position for each burst event using a
the Japan Society for the Promotion of Scierftek.D., least-square method. In this formufgr) denotes the attenu-
X.W.X., and C.S.2.is also acknowledged. ation of photons in the scintillator. In gener|(r) can be
expressed as expf/\) except at small distance and \
APPENDIX: PERFORMANCE OF THE BURST DETECTOR takes a value around 350 cm for the present scintillator.
USED IN THIS EXPERIMENT Since the size of the burst detector is smaller than the attenu-

ation length, errors of the burst hit position become very

Each burst detector contains a plastic scintillator with thQarge. So first we slightly polished one face of each scintil-
size of 160 cnx50 cmx2 cm. A PIN PD(HPK S2744-03

1 T T T T T T T
2
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FIG. 18. Attenuation of photons in the scintillator used for the  FIG. 19. Distribution(integra) of the difference between esti-
burst detector, obtained using electron beams. mated and irradiated positions.
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FIG. 20. Scatter plots of estimated and irradiated number 0pumber of electrons shown in Fig. 20. Dotted line is a Gaussian fit.

electrons. The number of electrons at various beam positions on tr@y adjusting a gate width of ADC to 1,2s. The number of
face of the detector is normalized to°lélectrons. electrons passing through a given gate width was estimated
by the signals from a probe scintillator of 10 &0 cm

lator with rough sandpapéNo. 60 to make photons scatter Placed upstream. Consequently, the electron beams, ranging
randomly on this face. Then we found tH4t) can be well ~from severak 10" to ~3X 10> per pulse, were vertically ex-
approximated as~“ anda~1.1-1.2. This relation was con- posed to 23 positions on the surface of the burst detector as

3 : : : hown in Fig. 17.

firmed by using a nitrogen gas laser and also cosmic ray"°V

muons. This dependence on the distande sufficient to Fagutre 18 shk;)tw_s tge (_Jltﬁptindelnc? of tt?e ADC \r/]all_Jes on
estimate the burst position in the detector. € aistance, obtain€ad wi € electron beams, WNEeres

. o . . . the distance between the beam hit position and PD. The re-
blu\évﬁgilts-gr:?iftﬁgegi; dgz:igggne;gg ;']V:\'/?r?gcggigf(svs;\tg?rsuly can be well fitted by a power law of where th_e r]umber
o of incident electrons measured by the probe scintillator was
length of 450 nm. The LED unit is put on the center of eaChnormaIized to 10 particl
I T : o particles.
sc!nt!llator and is illuminated to transmit light through the Using the ADC values from four PDs, the beam positions
scintillator to each PD at the corner uniformly, and then a”exposed on the face of the detector and its intensitiasn-
the_ ADC’S are calibrated atevery 10 m_in for actual run. T_hisber of electronswere estimated to compare with the true
calibration system provides information about a relativegnes, The distribution of the difference between estimated
change of ADC values, which may cause a large error for thnd actual hit positions is shown in Fig. 19. We present
estimation of burst hit positions and burst sizes. scatter plots of the estimated and irradiated number of elec-
We examined the performance of the burst detector usingons in Fig. 20, and the distribution of the ratio between
electron beams of 1.0 GeV/c from the KEK-Tanashi Electronthem is shown in Fig. 21. From these figures, it is concluded
Synchrotron. The beam consisted of spills containing abouthat the hit position of a burst in each detector can be esti-
10° particles with a time spread of about 18. In order to  mated with an inaccuracy less than 10 cm and errors for the
generate mimic burst events from these bunched beams, veize estimation are smaller than 10% for the bursts with size
randomly extracted part of the particles from the beam spills>10° particles.
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