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Abstract. The energy spectrum of cosmic rays around the160cmx 50cm in area and 7 cm (in Phase 1) or 3.5¢cm (in
knee measured by Tibet air-shower experiment is summaPhase Il) in thickness. The burst size under the lead plate
rized and its characteristic features are discussed under twavas measured by scintillation counters of the same size as
possible scenarios. The result of Tibet experiment measurethe lead plate in area and 2cm in thickness. Four photo-
over wide range ofl0'4 —10'7 eV with high statistics pro- diodes were attached to the each corner of the scintillator
vided details of the knee at the energy around10'5 eV. whose attenuation length for the scintillation light was cali-
The study of the chemical composition based on measurebrated with electron beam. From the 4 photo-diode signals,
ments of proton and helium spectra obtained from air-we can estimate the burst size and the position of the burst
shower core detection indicates the dominance of heavy nueenter with spatial resolution of 10cm. One hundred core
clei around the knee. Such feature can be explained eithedetectors were used (total area is 8 o detect burst size
by contribution of nearby sources with source compositiongreater tharb x 10*. The study of the primary mass com-
dominated by heavy nuclei or by nonlinear effect in diffusive position was made through two experimental phases. In the
shock acceleration mechanism. first phase, 6 layers of X-ray films were placed between lead
plates with 1 cm depth interval to register the development of
shower spots induced by high-energyand electrons (here-
after abbreviated ag-rays) over a few TeV which are inci-
1 Tibet Air-shower array and core detector dent upon the detector, and detailed analysis on the structure
of the high energy core has been made with use of image
The Tibet air-shower (AS) experiment is characterizedscanner Qzawa et al.2004 to obtain proton and helium
by high altitude of the observation site (4300m a.s.l, spectra Amenomori et al. 200§. The energy determina-
606 g/cnt), which enables us to determine the primary en-tion of the individualy-rays was made by the comparison
ergy less dependent upon the primary mass and models aff the transition curve of the optical density of the shower
hadronic interactions in the energy range over PeV becausgpots with electromagnetic shower theory. Such procedure
of the observation of the shower size at nearly maximumof the energy determination using X-ray films was calibrated
development irrespective of the primary mass. The secondising 200 GeV electron beam at FNAHdtta et al, 1980).
merit of the high altitude is that it is possible to select the A bundle of the high energy-rays originating from succes-
shower events of light nuclei origin such as protons and hesive nuclear interactions of the primary cosmic rays in the
lium through the detection of high-energy secondary parti-atmosphere is calleg-family, which can be detected by spa-
cles (electromagnetic component) located at the AS core, betial reconstruction of the shower spots registered on X-ray
cause the probability of association of high energy secon<ilms with angular resolution df.5°. They are reconstructed
daries depends on primary mass by the difference of the interas groups of parallel tracks with typical lateral spread of at
action cross section in the atmosphere. The study of the primost several cm among uncorrelated single tracks, which are
mary mass composition is made by simultaneous operatiomeduced as background. The assignment pffamily to an
of the AS array and the core detector. The AS array consistaiccompanied AS was made through the positional correla-
of 761 fast timing (FT) counters, surrounded by 28 densitytion between the X-ray film and the scintillator, and the cor-
(D) counters with 36 900 fncoverage as shown schemati- relation between the burst and AS was made by their time
cally in Fig. 1. The AS array is used to measure the energystamps. The arrival directions obtained from AS and the re-
and arrival direction of each AS. The details of the installa- construction of the shower spots were also used to uniquely
tion are described ilXmenomori et al.20083. The primary  determine the AS candidate.
energy of each event is determined by the shower Bize Such~-family events are more efficiently generated by
which is calculated by fitting the lateral particle density dis- light primaries than the case of heavy primaries because of
tribution to the modified NKG structure function. The energy the penetrating nature in the atmosphere. Hence, the AS core
resolution is less than 20% for the knee energy range. Theletector can select the air showers of light primary origin
arrival direction of an air shower is determined as follows. naturally. The contamination of the events of heavy nuclei
The direction cosine of the shower axis is determined usingorigin was estimated using Artificial Neural Network (ANN)
a least square method in which the difference is minimizedpased on extensive Monte Carlo simulation of air showers
between the arrival time signals of each FT counter and thgMC) assuming interaction models and primary models us-
expected values on the assumed cone with a given directiofhg CORSIKA code. Two interaction models of QGSJET
cosine. This procedure determines the arrival angle with arand SIBYLL are used in estimating the efficiency of the
accuracy smaller thah2° at energies above)'* eV, which  family generation, and also two mass composition models of
is calibrated by observing the Moon’s shadofwr{enomori  proton dominant (PD) and heavy dominant (HD) are used to
et al, 20004 2003. appreciate the contamination rate of heavy primaries. The
The core detector was designed to detect the high-energgfficiency of the family generation for various primary nu-
particles at the AS core by converting them into electro- clei and its energy dependence is calculated by MC and used
magnetic cascade showers (burst) using lead absorber dér obtaining the primary proton and helium fluxes. For ex-
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Tibet—II1

Fig. 1. Air-shower array located at Tibet, Yangbajing (4300 m a.s.l.)

ample, the efficiencies by protons at the knee energy 4 PeV 10°
in phase | experiment are about 7% and 10% by QGSJET
model and SIBYLL model, respectively. ANN is also used = . % g -
. . . L L TP
in procedures to obtain proton and helium spectra. Phase | méggg,ﬁ;j ~
experiment selected 17y family events with core energy g *’f’}*%*
S E,>20TeV and AS sizeV, >2x 10°. £ Grigoroy 35’5’5# )
In the second phase experiment, X-ray fims were not % ' KASCADE-QGS - 0‘3?@&%
used and proton+helium (P+He) spectrum was studied with- % BASJE2004 o ° ’3;%@%
out separating them but with higher statistics than that of § Akone x ‘ ggbee
phase I. The core detector was tuned to decrease the detec-7, Aﬁgﬁgoagrg% e i"s &%
tion threshold energy of the AS core to have several times Tibet3-QGSJET+HD e 9;’:
higher efficiency. The details of the analysis are described in e SIBYLLAHD e %]
(Amenomori et al.2007, 2010. 0 e o° > o° 00
Primary Energy [GeV/particle]
2 Experimental results Fig. 2. All particle spectrum obtained by Tibet 3 array. The

results from three models of QGSJET+HD, QGSJET+PD, and

The energy spectrum of all particles was obtained as show$!/BYLL+HD used in the analysis are shown.
in Fig. 2 together with other data (Cited data: Grigorov
(Grigorov et al, 1971, JACEE @sakimori et al, 199§,  SIBYLL model results in about 30% lower intensity than that
KASCADE (Antoni et al, 2009, BASJE QOgio etal, 2004,  of the QGSJET analysis There is a problem of discrepancy
CASA (Fowler et al, 2001, Akeno (Nagano et a).1984, between Tibet and KASCADE data as shown in Bge.g.,
Akeno arrayl and Akeno array2W#&gano et a).1992). the flux of the light nuclei by KADCADE is higher than Tibet
The uncertainty of the absolute intensity due to the interacby more than factor 2. However, if SIBYLL model is used
tion models used in the analysis is shown by QGSJET andn the analysis of KASCADE, the difference between two
SIBYLL (10% difference at most). The uncertainty due to data is much reduced. This fact does not necessarily mean
the assumed primary mass composition is also shown by HRhat SIBYLL model is more preferable to explain the data at
and PD. Although the composition is fairly different between this energy range. KASCADE reported that QGSJET model
HD and PD models at energies aboM@® eV, the differ-  explains high energy data better than SIBYLL, on the other
ence of the absolute intensity is 20% at most between théand, SIBYLL model is better at lower energies. This prob-
two models and it decreases with increasing primary energylem is related to the interaction model dependence of MC
Note that the shapes of the spectra from different models arealculations and also to the different experimental methods
almost the same and the position of the knee is clearly foundised in two experiments. Tibet experiment observes high en-
at the energy around 4 PeV. ergy part of the air showers, namely, the most forward region

From the second phase experiment of AS core observatiomf the center of momentum system (CMS) of interacting par-
the energy spectrum of P+He was obtained with high statisticles, while KASCADE experiment observég — IV, cor-
tics and in good agreement with phase | as shown inFig. relation, in which muon component is sensitive to the central
in which QGSJET model was used for the analysis. Use ofregion of the CMS. The model dependence in forward region
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Fig.- 4. Model A: Sharp knee is attributed to extra component
(dashed line) from nearby source. Solid red line represents sum
of the global component and the extra component.

Fig. 3. P+He spectrum obtained by AS core observation (blac
closed circle).

is about 30% as studied by Tibet, but that of central region )
seems to be as large as factor 2. (Cited data: BES88uki  SUme nearby source(s) dominated by heavy elements such as
et al, 2000, ATIC1 (Ahn et al, 2003, ATIC2 (Wefel etal,  YPela SNRsor pulsars.

2005, JACEE @sakimori et al, 1998, RUNJOB Derbina Model B : The knee is due to the characteristics of the DSA
et al, 2009, KASCADE (Antoni et al, 2009, TIBET-BD mechanism in which nonlinear effect plays an important role

(Amenomori et al. 20008, TIBET-EC (Amenomori et a|.  resulting in hard source spectrum of cosmic rays near accel-
2008). eration limit energy. Fig5 shows the primary mass com-

Remarkable features of the energy spectrum of light comPosition calculated by nonlinear model i_n_which it is as-
ponent around 05 eV are: (1) The power index is steeper sumez_j that heavy elements are more efficiently accelerated
than that of all-particle spectrum before the knee, suggestinﬁh‘"‘n light elements (Cited data: Grigoro@rigorov et al,
that the light component has the break point at lower energy-273: SOKOL (vanenko et al.1993, JACEE @sakimori
than the knee. (2) The fraction of the light component to €t @l- 1998, RUNJOB Derbina et al.2003, ATIC1 (Ahn et
the all-particles is less than 30% which tells that the mainal" 2003, ATIC2 (Wefel et al, 2003, CREAML1 (Seo et al.

4009, CREAM2 (Ahn et al, 2009, TRACER (@Ave et al,
2008, HESS @haronian et al.2007) ). This model predicts
the rigidity-dependent hardening of the energy spectrum be-
fore the knee and heavy elements dominate at the knee and
beyond. Recent direct observations of ATIC and CREAM
reported hardening of the energy spectrun(f? —10'* eV

The features of the energy spectrum and primary mass com<9ion Panov et al.2006 Ahn et al, 2009 and r_nodel B .
eems to be favorable to account these data. It is also possi-

position obtained by Tibet experiment can be interpreted byS i
two scenarios of the origin of cosmic rayShibata et aJ. ble that both of models A and B contribute to the structure of

2010. the knee.

Model A : Sharp knee is caused by extra component orig-

inating from nearby source(s) as first pointed out by sin-

gle source model ofHrlykin et al, 1997. Fig. 4 shows 4 New hybrid experiment (Tibet-AS+YAC+MD)

that the sharp knee of the all-particle spectrum can be re-

produced by adding extra component around the knee ovelew detectors are under construction at Tibet for the study of
the global component which can be calculated as diffusivethe cosmic-ray origin. Improved AS core array called Yan-
cosmic rays originating from multiple sources. The en- bajing Air shower Core detector (YAC) is going to be set up
ergy spectrum of the extra component can be approximateéh late 2010, which consists of 100 burst detectors with low
by «cE~2exp(—E/4PeV), which is close to the source detection threshold for burst size, located at the center of the
spectrum expected from diffusive shock acceleration (DSA)AS array. Also, large area (90(’m 4) underground muon
mechanism of cosmic rays. A possible explanation of suchdetectors (MD) are under construction (water Cherenkov de-
extra component together with the knee composition is to astector) as schematically shown in Fgj(Amenomori et al.

3 Discussion
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Fig. 5. Model B: Nonlinear effect in the
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Fig. 6. Underground water Cherenkov
muon detector MD under construction.

2008h 2009. These hybrid detectors will be used for further the Promotion of Science in Japan, and by the Grants-in-Aid from
study of the origin of cosmic rays. the National Natural Science Foundation of China and the Chinese
Academy of Sciences.

5 Summary Edited by: B. Heber

Reviewed by: T. K. Gaisser and another anonymous referee
Further measurement of the cosmic-ray energy spectrum
abovel0'* eV is important to solve the problem of the ori-
gin of cosmic rays. Existence of the nearby source(s) can be
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