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ABSTRACT

We present an updated all-particle energy spectrum of primary cosmic rays in a wide range from 10'# to 10'7 eV using
5.5 x 107 events collected from 2000 November through 2004 October by the Tibet-III air-shower array located 4300 m
above sea level (an atmospheric depth of 606 g cm~2). The size spectrum exhibits a sharp knee at a corresponding primary
energy around 4 PeV. This work uses increased statistics and new simulation calculations for the analysis. We discuss our
extensive Monte Carlo calculations and the model dependencies involved in the final result, assuming interaction models
QGSJETOIc and SIBYLL2.1, and heavy dominant (HD) and proton dominant (PD) primary composition models. Pure
proton and pure iron primary models are also examined as extreme cases. A detector simulation was also performed to im-
prove our accuracy in determining the size of the air showers and the energy of the primary particle. We confirmed that the
all-particle energy spectra obtained under various plausible model parameters are not significantly different from each
other, which was the expected result given the characteristics of the experiment at high altitude, where the air showers of
the primary energy around the knee reach near-maximum development, with their features dominated by electromagnetic
components, leading to a weak dependence on the interaction model or the primary mass. This is the highest statistical and
the best systematics-controlled measurement covering the widest energy range around the knee energy region.

Subject headings: cosmic rays — methods: data analysis — supernovae: general

Online material: color figures

1. INTRODUCTION cosmic-ray spectrum has been determined by many ground-based
experiments to resemble two power laws, with the form dj/dE
E~7, where v = 2.7 below the energy around 4 x 10'> eV, and
then steepening to v = 3.1 above this energy (Horandel 2003).
The change of the power index at this energy is called the spec-
tral “knee.” Although the existence of the knee has been well

Although almost 100 years have passed since the discovery of
cosmic rays, their source and acceleration mechanism are still not
fully understood. The energy spectrum and chemical composition
of cosmic rays can be key pieces of information for probing their
origin, acceleration mechanism, and propagation mechanism. The
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this chemical composition; however, the energy region that they
can cover with sufficient statistics is limited to 104 eV. The en-
ergy spectrum and chemical composition of primary cosmic rays
around the knee, therefore, has to be studied with ground-based
air-shower experiments using a surface array and/or detectors of
Cerenkov light.

Many reports have been made on the energy spectrum, as well
as the chemical composition of primary cosmic rays. Although
the global features of the all-particle spectrum agree well when we
take into account the systemic errors of about 20% that are in-
volved in the energy scale (Horandel 2003), there are still serious
disagreements in the chemical composition depending on the ex-
perimental method. For example, the knee composition obtained
by the Tibet and KASCADE experiments can be summarized as
follows. We have already reported the energy spectrum of pro-
tons and helium in the energy range from 200 to 10,000 TeV
(Amenomori et al. 2000, 2006a) from air-shower core observa-
tions, suggesting a steep power index of approximately —3.1.
This indicates that the power index of the light component is
changed from approximately —2.7 as measured by direct obser-
vations to —3.1 at around a few hundred TeV. Hence, the light
component should become less abundant at the knee, and the
main component responsible for the structure of the knee must
be heavier than helium. Furthermore, the spectral shape of the
light component seems to follow the power law instead of the
exponential cutoff. On the other hand, KASCADE, which uses
electron-muon size analysis (Antoni et al. 2005), claims that the
knee in the all-particle spectrum is due to the steepening of the
spectra of light elements with an exponential-type cutoff.

The accurate measurement of the all-particle energy spectrum
around the knee is essential to establish the chemical composition
of cosmic rays in this energy range. There is no precise measure-
ment of the chemical composition around the knee region yet, and
it is impossible to discriminate individual elements clearly by in-
direct observations. Therefore, most of the works published so far
simply discuss the average mass (In 4). Another approach is to
unfold the all-particle spectrum using shower characteristics such
as the electron-muon ratio, the depth of the shower maximum, and
so on. In these methods, the detailed information of the all-particle
spectrum plays an important role in determining chemical compo-
sition. It is also expected that the specific features of each com-
ponent, such as cutoff energy or source characteristics, should be
reflected in the shape of the all-particle spectrum, as discussed in
the single-source model (Erlykin & Wolfendale 2005). The impor-
tant features of the all-particle spectrum are the absolute intensity,
the position of the knee, the difference of the power index before
and after the knee, and the sharpness in the size spectrum, all of
which are deeply connected with the acceleration mechanism and
the source of cosmic rays.

Atmospheric Depth (g/cm”"2)

Fic. 1.— Average transition curves of air-shower size induced by protons and
iron nuclei for a vertical incidence.

The merit of the air-shower experiment in Tibet is that the
atmospheric depth of the experimental site (4300 m above sea
level; 606 g cm™2) is close to the maximum development of the
air showers, with energies around the knee almost independent of
the masses of primary cosmic rays, as demonstrated in Figure 1
for vertically incident cosmic rays. It should be also noted that
the number of shower particles is dominated by the electromag-
netic component, with a minor contribution from muons, whose
interaction model dependence is known to be rather large among
current interaction models, leading to a large systemic error in the
experiments carried out at sea level because of the large contri-
bution of muons. In other words, the air-shower observation at
high altitude is sensitive to the most forward region of the ha-
dronic interactions in the center-of-momentum system (CMS),
where high-energy secondaries are produced, and the electro-
magnetic component as a decay product of neutral pions dom-
inates the number of shower particles, while remaining insensitive
to the central region of the CMS, where a large number of muons
are produced as the decay product of charged pions. The differ-
ences among current interaction models are mainly related to
the central region, as seen in the problem of the electron-muon
correlation. Hence, the air-shower experiment in Tibet can deter-
mine the primary cosmic-ray energy with much less dependence
on the chemical composition and the interaction model than ex-
periments at sea level.

We have already reported the first result on the all-particle
spectrum around the knee region based on observations from
2000 November to 2001 October by the Tibet-III air-shower
array (Amenomori et al. 2003a). In this paper, we present an up-
dated all-particle energy spectrum using the data set collected
from 2000 November through 2004 October. The updates are
due to (1) statistics increased approximately 2.6 times, (2) the
use of new simulation codes, and (3) improvement of the lateral
structure function used for the size estimation of air showers. The
previous result was obtained using almost the same analysis as
that used in Tibet-I (Amenomori et al. 1996), except for the pa-
rameters that depend on the detector configuration. In the present
paper, the simulation code COSMOS is replaced by CORSIKA
with interaction models QGSJETO1¢ and SIBYLL?2.1, a code now
widely used in many analyses by other authors, which makes
easier the comparison of this work with others. The third update to
the structure function allows us to cover a wider energy range than
before (see § 4.1.3).
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FiG. 2.—Schematic view of a detector with first timing PMT and density PMT coupling. This type of detector is labeled “FT Detector w/D-PMT” in Fig. 3. [See the

electronic edition of the Journal for a color version of this figure.]

Thus, we obtained the all-particle energy spectrum of cosmic
rays in a wide range over 3 decades between 10'4 and 10'7 eV, and
the updated result is compared with previous ones.

2. TIBET EXPERIMENT

The Tibet air-shower experiment has been operated at
Yangbajing (E 90°31’, N 30°06'; 4300 m above sea level) in
Tibet, China, since 1990. The Tibet air-shower array is designed
not only for observation of air showers of nuclear component
origin, but also for observation of high-energy celestial gamma
rays. To address these multiple purposes, the detector was con-
structed to cover a wide dynamic range of particle densities, cov-
ering 0.1 to 5000, and with an angular resolution able to measure
to within 1° the arrival direction of air showers with energies in
excess of a few TeV.

The Tibet-I surface array was constructed in 1990 (Amenomori
et al. 1992) using 65 plastic scintillation detectors placed on a lat-
tice with 15 m spacing. This array was gradually expanded to the
Tibet-11 (1994) and Tibet-IIT (1999) arrays. At present, it consists
of 761 fast timing (FT) counters with 28 density (D) counters sur-
rounding them. In the inner 36,900 m?, FT counters are deployed
at 7.5 m lattice intervals. Each of the FT counters is equipped with
a fast-timing photomultiplier tube (FT-PMT; Hamamatsu H1161)
that measures up to 15 particles. Among the 761 FT counters,
249 sets of detectors (with intervals of 15 m) are also equipped
with density photomultiplier tubes (D-PMTs; Hamamatsu H3178)
of wide dynamic range that measure up to 5000 particles in addi-
tion to the FT-PMTs, so that ultra-high-energy (UHE) cosmic rays
with energy above the knee can be observed with high accuracy.

Each counter has a plastic scintillator plate (BICRON BC-408A)
of 0.5 m? in area and 3 cm in thickness. A lead plate 0.5 cm thick
is put on the top of each counter, as shown in Figure 2, in order to

increase the counter’s sensitivity by converting the photons in an
electromagnetic shower into electron-positron pairs (Bloomer
et al. 1988; Amenomori et al. 1990). The recording of signals is
made for time and charge information for the FT-PMTs, but only
for the charge information for the D-PMTs. The D counters sur-
rounding the inner array are also equipped with both FT-PMTs
and D-PMTs, where only the charge information of both PMTs
are recorded. An event trigger signal is issued when any four-fold
coincidence occurs in FT counters recording more than 0.6 par-
ticles. Figure 3 is the schematic view of the Tibet-III array.

The primary energy of each event is determined by the shower
size, N,, which is calculated by fitting the lateral particle density
distribution to the modified Nishimura-Kamata-Greisen (NKG)
structure function (see § 4.1.3). The air-shower direction can be
estimated with an inaccuracy smaller than 0.2° at energies above
10'# eV, which is calibrated by observing the Moon’s shadow
(Amenomori et al. 2003b). We used the data set obtained from
2000 November through 2004 October. The effective live time
used for the present analysis is 805.17 days.

3. SIMULATION

Monte Carlo simulations (MCs) play an important role in air-
shower experiments, since most methods of analysis are devel-
oped so that they can reproduce the inputs of simulated events
such as the primary energy, the location of the shower axis, the
arrival direction, and so on. Even the most basic quantities, such as
the number of particles arriving at a detector, should be “defined”
through a MC, because we do not measure the number of particles
but the charge of PMT output, which is not simply proportional to
the number of charged particles entering the detector if we take
into account the contributions to the electromagnetic processes by
photons inside the detectors. Another example of the role of the
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Fig. 3.—Schematic view of the Tibet-11I array operating at Yangbajing. The Tibet-11I array consists of 761 FT detectors and 28 D detectors around them. In the inner
36,900 m?, FT detectors are deployed at 7.5 m lattice intervals, and 249 sets of detectors are also equipped with D-PMT, in addition to FT-PMTs. Open gray squares:
FT detectors with FT-PMT. Open black squares: FT detectors with FT-PMT and D-PMT. Open circles: Density detectors with only D-PMT.

MC s to define the effective area of the shower array, which should
be determined to avoid the erroneous counting of events whose
shower axes fall outside the effective area. Therefore, detailed
MC calculations are needed on air-shower generation in the at-
mosphere and on the detector response. Consequently, the final
result inevitably depends on the interaction model and on the
primary composition model in the MC. This is the main source of
the systemic errors involved in the air-shower experiment, and
we try to show them explicitly in the present work.

A full MC simulation has been carried out on the development
of air showers in the atmosphere and also on the detector response
of the Tibet-III array. The simulation code CORSIKA (ver. 6.204),
which includes QGSJETO1c and SIBYLL2.1 interaction models

(Heck et al. 1998), is used to generate air-shower events. All
shower particles in the atmosphere are traced down to the mini-
mum energy of 1 MeV without using a thinning method.
Although the chemical composition of the primary particles
around the knee region is not well established, we have to assume
it in the simulation. The simplest way to bracket all possibilities is
to assume pure proton and pure iron primaries. Since it is almost
evident that such assumptions are not realistic and lead to unac-
ceptable results that disagree with direct observations, these results
will be mentioned as extreme cases. The chemical composition
can be treated more realistically by extrapolating the known com-
position at low energies as measured by direct observation. The un-
certainty in extrapolating to the high-energy range can be treated
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FiG. 4—Primary cosmic-ray composition for (a) the HD model and (b) the
PD model. The all-particle spectrum, which is the sum of all components, is nor-
malized to the Tibet data and compared with other experiments: the PROTON
satellite (Grigorov et al. 1971), AKENO (Nagano et al. 1984), JACEE (Asakimori
et al. 1998), and RUNJOB (Apanasenko et al. 2001).

by bracketing the reported results on the composition study
around the knee. In order to examine the composition depen-
dence involved in the all-particle spectrum, we used two kinds
of mixed-composition models. One is based on the dominance
of heavy components around the knee, as reported in the liter-
ature (Amenomori et al. 2006a, 2000; Ogio 2004); this compo-
sition is called the HD model. Another is based on the dominance
of light components (protons and He), also as reported in the lit-
erature (Antoni et al. 2005; Aglietta et al. 2004; Fowler et al.
2001); this composition is called the PD model. The energy spec-
tra of the individual mass groups in the HD and PD models are
shown in Figures 4a and 4b, respectively. Table 1 shows their
fractional contents at given energies. In total, four kinds of pri-
mary compositions, namely, pure proton, pure iron, the HD model,
and the PD model, are used in the simulation with a minimum pri-
mary energy of 50 TeV.

All secondary particles are traced until their energies become
1 MeV in the atmosphere. The shower axis was placed on the Tibet
array at random within a radius of 100 m from the center of the
array. In order to treat the MC events in the same way as experi-
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TABLE 1

FracTioNs oF COMPONENTS IN THE ASSUMED PrRiMARY Cosmic-Ray
SpeECTRUM OF THE HD aAnD PD MoDELS

10M-10% eV 1010 eV 10'°-10'7 eV

Component (%) (%) (%)
HD Model
Proton.....coceeveeiverccnene 22.6 11.0 8.1
He oo 19.2 11.4 8.4
Medium (CNO)......ccccoenee. 21.0 22.6 17.8
Heavy (NaMgSi) ......cccoe.. 9.0 9.4 8.1
Very heavy (SCIAT)............ 5.6 6.2 5.8
Feuiiiineeeceeecee 222 39.1 51.7
PD Model
Proton.......ccoceeveviivicninennnn. 39.0 38.1 375
He oo 20.4 19.4 19.1

Medium (CNO).........cooo.... 152 16.1 16.5
Heavy (NaMgSi) ........c....... 9.4 9.9 10.2
Very heavy (SCIAr)............ 5.8 6.2 6.3
Feiiieeeeeee 9.4 9.9 10.2

Norte.—Fractions from Amenomori et al. (2000).

mental data analysis, simulated air-shower events were input to
the detector with the same detector configuration as the Tibet-III
array, and the Epics code (ver. 8.64)2° was used to calculate
the energy deposit of these shower particles. Experimentally, the
number of charged particles is defined as the PMT output (charge)
divided by that of the single-particle peak, which is determined by
a probe calibration using cosmic rays, typically single muons. For
this purpose, a small scintillator 25 cm x 25 cm x 3.5 cm thick
with a PMT (H1949) is put on the top of each detector during the
maintenance period. This is called a probe detector and is used
for making the trigger of each Tibet-III detector. The response of
each detector is calibrated every year through probe calibration.
In the simulation, the events triggered by the probe detector were
also examined by a MC calculation in which the primary particles
were sampled in the energy range above the geomagnetic cutoff
energy at Yangbajing (>10 GeV ), and all secondary particles that
passed the probe detector and the Tibet-III detector simultaneously
were selected for the analysis. Since the value of PMT output is
proportional to the energy loss of the particles passing through the
scintillator, the peak position of the energy loss distribution corre-
sponds to the experimental single peak of the probe calibration.
According to the MC, the peak position of the energy loss in
the scintillator is 6.11 MeV (for details, see in Amenomori et al.
2007). We then calculated the number of charged particles for
each detector hit as the total energy loss in each scintillator divided
by 6.11 MeV, instead of counting the number of charged particles
arriving at the detector in MC events. We confirmed that the shape
of the energy loss distribution, which is determined by probe cal-
ibration simulation, shows a reasonable agreement with the charge
distribution of the experimental data, as shown in Figure 5, where
the proportionality between the energy loss AE and the PMT
output charge Q; is assumed to be Q; = k; x AE, where k; is a
proportional constant, which, depending on the detector, is typically
around 4 pico-Coulombs MeV~!. Thus, all detector responses,
including muons and the materialization of photons inside the
detector, are taken into account. The total number of charged
particles of each event (the shower size N,) was estimated using
the modified NKG lateral distribution function, which is tuned

26 See http:/cosmos.n.kanagawa-u.ac.jp/ EPICSHome/index.html.
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Fic. 5.—Charge distribution in a detector measured by probe calibration (see
the text). In order to compare the charge distribution with the simulation of the
energy loss in a scintillator, the MC result is adjusted by multiplying a constant to
meet with the same peak position as the experiment. The fluctuation of the number
of photons in scintillation light is taken into account with the normal distribution
in MC.

to reproduce the above-defined number of particles using the MC
simulation under our detector configurations. The number of typi-
cal MC events for QGSJET+HD is as follows. About 10 million
air showers are generated with primary energies above 50 TeV.
After imposing the selection criteria described in § 4.2, the surviv-
ing number of events is about 5 million, among which 1.9 million
events belong to the unbiased energy region corresponding to
Ey > 100 TeV. Almost the same number of MC events are ob-
tained for other models, which facilitates comparison.

4. ANALYSIS
4.1. Reconstruction of Air Showers

An example of the shower profile obtained by the Tibet-III ar-
ray is shown in Figures 6a and 6b, which represent the map of
arrival time and particle density of shower particles, respectively.
Although the Tibet array has quite a low energy threshold (a few
TeV) for the purpose of celestial gamma-ray observation, its de-
tection efficiency for the nuclear component, including iron nu-
clei, is not sufficient in the low-energy region. An additional event
selection condition is required for the unbiased detection of all
particles and for the capability of the lateral density fitting. The
following condition was applied to the selection of the events for
the all-particle spectrum analysis:

Np > 10 with n, > 5, (1)

where Np is the number of detectors hit, and 7, is the number of
particles per detector. This condition satisfies the requirements
for unbiased analysis in the energy range above 100 TeV, as de-
scribed below.

4.1.1. Determination of the Core Position

The core position of each air shower (X¢ore, Yeore) 1S €stimated
using the following equation:

Ypixi Xplyi
) @)

pp Ep!

1

(Xcorm Ycore) = (

where p; is the particle density at the ith detector, and the weight
w is an energy-dependent parameter that varies between 0.8 and
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Fic. 6—Example of the map of (@) arrival time of shower particles and () par-
ticle density, obtained by the Tibet-III array.

2.0. It is confirmed that the mean error of the core position can
be estimated as 5 m by reconstructing MC events (see Fig. 7). A
lower energy event selection condition than equation (1) leads
to poorer core resolution, which makes lateral density fitting
difficult.

1400
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200t

0

0 5 10 15 20 25 30 35 40
Fic. 7.— Distribution of core position error. The mean error of core position

can be estimated as 5 m. Shower selection criteria are £y > 100 TeV, secf < 1.1,
and a core position located at the inner 135 m x 135 m of the array.
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Fic. 8.—Determination of air-shower direction.

4.1.2. Determination of the Arrival Direction

The arrival direction of the air shower is estimated using the
time signal measured by the 761 FT (fast-timing) counters. The
shape of the shower front is assumed to be a reverse-conic type,
as shown in Figure 8. The direction cosine of the shower axis is
determined by using a method of least squares in which the dif-
ference is minimized between the arrival time signals of each de-
tector and the expected values on the assumed cone with the given
direction cosine.

An experimental check of the angular resolution by this method
is made by observation of the Moon’s shadow (Amenomori et al.
2003b) using large statistics of low-energy events (>3 TeV) and
also a so-called even-odd method, which many authors have used
for estimating the angular resolution (Amenomori et al. 1990). The
reconstruction of the high-energy MC events assures us that the
mean error of the air-shower direction can be estimated as 0.2° at
energies above 10'* eV (see Fig. 9).

4.1.3. Estimation of the Shower Size

The lateral density distribution is corrected to the inclined plane
perpendicular to the shower axis and used for the shower size es-
timation. In this work, the determination of the lateral distribution
function of shower particles is very important, since the total num-
ber of charged particles in each event is estimated by fitting this
function to the experimental data. Using the MC data obtained
under the same conditions as the experiment, we found that the fol-
lowing modified NKG function can be well fitted to the lateral dis-
tribution of shower particles under a lead plate of 5 mm thickness:

Ne r 26) r L) ”
f(l",S): C(s) <r],n> <1+rr/n> /rma (3)

C(s) = 2mBla(s) + 2, —b(s) — a(s) — 2], (4)

where 7, = 30 m, s corresponds to the age parameter, N, is the
total number of shower particles, and B denotes the beta func-
tion. The original meaning of 7, in the NKG formula is a Moliere
unit, which is 130 m at Tibet altitude; however, we treat 7/, as a
unit scale of the lateral distribution suitable to describe the struc-
ture of the air showers observed by the Tibet-III array, whose ef-
fective area is 135 m x 135 m. The functions a(s) and b(s) are
determined as follows. In the CORSIK A simulation, the shower
age parameter s is calculated at observation level by fitting the
number of particles to a function for the one-dimensional shower
development. It may be possible to assume that air showers with
the same shower age s are in almost the same stage of air-shower
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Fic. 9.—Distribution of the opening angle between true and estimated arrival
directions. The mean error of the air-shower direction can be estimated as 0.2°.
Shower selection criteria are Ey > 100 TeV, sec < 1.1, and a core position lo-
cated at the inner 135 m x 135 m of the array.

development in the atmosphere; i.e., they show almost the same
lateral distribution for shower particles, irrespective of their pri-
mary energies. The lateral distribution of the particle density
obtained by the simulation with carpet array configuration is
normalized by the total number of particles, which is derived from
the total energy deposit in an infinitely wide scintillator. These
events are then classified according to the stage of air-shower
development using the age parameter and averaged over the clas-
sified events. The fitting of equation (3) to the averaged MC data
is done to obtain the numerical values a and b. Thus, we can ob-
tain the behavior of @ and b as a function of s, as shown in Fig-
ures 10a and 105, where the original definitions of a(s) and b(s)
in the NKG function are shown by dotted lines. Although our re-
sult shows dependencies of @ and b on s that differ from the orig-
inal NKG function, it is confirmed that the lateral distribution
of the shower particles is better reproduced by our formula (see
Fig. 11). This expression is valid in the range s ~ 0.6—1.6, secf <
1.1, and » ~ 5-3000 m. Two interaction models (QGSJETOlc
and SIBYLL2.1) and four primary composition models ( pure pro-
ton, pure iron, HD, and PD) are used independently to determine
the functions a(s) and b(s) and are used in the analysis described
below. Other details are described in Amenomori et al. (2007).

Based on the MC simulation, the correlation between the true
shower size (true size) and the estimated shower size (fit size) is
demonstrated in Figures 124 and 125. Here, the true shower size
means the number of particles calculated for a carpet array, while
the estimated shower size is for the real Tibet-1II array using the
modified NKG function mentioned above. As seen in these two
figures, a good correlation is obtained between the true shower
size and the estimated shower size. The systemic deviation of less
than 1% around 100 TeV (Figure 12a) shows that we need finer
tuning of the modified NKG function at low energies; this error
was treated as a known systemic error in our analysis and was
finally corrected by reducing the estimated size using the known
factor from Fig.12a. The shower size is well reproduced with a
standard deviation of 5% around the primary energy of 1000 TeV
and 1.0 < secf < 1.1 based on the QGSJET+HD model. The
estimated shower size resolutions are summarized for the events
with different simulation model combinations in Table 2.

4.2. Data Selection

The following event selection criteria are adopted in the pres-
ent analysis. (1) More than 10 detectors should detect a signal of
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FiG. 10.—Numerical values of a (top) and b (bottom) plotted as a function of s,
where the original definitions of a(s) and b(s) in the NKG function are shown by
the dotted lines, and the open circles denote the averaged MC data using the
QGSJET01c+HD model. The data are fitted by empirical formulae shown by the
solid lines. See the text. [See the electronic edition of the Journal for a color version

of this figure.]

more than 5 particles per detector, as mentioned in equation (1).
(2) In order to minimize the primary mass dependence on the air-
shower size at Yangbajing altitude, the zenith angle, 6, of the
arrival direction of air showers should be smaller than 25°, or
secd < 1.1. (3) The rejection of the events falling outside the

0.01 Modified NKG —
I age = 1.06
Ne = 1.841 x 1076

0.0001 | Original NKG ---
. age=0.78
= 1e-05f Ne = 1.7072 x 10”6

1e-06 |

MC data (Proton) ©
1e-07 | True Ne = 1.833 x 10”6

age=1.03

1e-08 | E0 =2.24x 10M5eV

Zenith angle =19.3 degree Q
1e-09 . L n

1 10 100 1000
r(m)

Fic. 11.—Lateral density distribution of the charged particles obtained with
use of the carpet simulation. The shower size N, is better reproduced by our
modified NKG function.
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Fi. 12.—(a) Correlation between the true shower size and the estimated shower
size (fit size). (b) Shower size resolution is estimated to be 5% around the primary
energy of 1000 TeV based on the QGSJET+HD model. Shower selection criteria
are £y > 100 TeV, secf < 1.1, and a core position located at the inner 135 m x
135 m of the array.

effective area of the array should be made by estimating the core
position using equation (2), with a high weight of w = 8.0 for
the particle density. Then, we impose the condition that the core
position should be inside the innermost 135 m x 135 m of area
(18,225 m?). This area is chosen by using MC events, so that the
following two cases cancel each other out; namely, the number
of events that originally fall inside this area but that fall outside
after event reconstruction should equal the number of events in the
opposite case. This is confirmed by simulations showing that out-in
events occupy about 10% of all selected events (see Fig. 13), and
that the energy spectra of out-in and in-out events are almost the
same; hence, the effect of the difference between them and all se-
lected events is less than 2% in each energy bin.

TABLE 2
SHOWER SizZE REsoLUTION

QGSJET+HD QGSIJET+PD SIBYLL+HD SIBYLL+PD

Eo (%) (o) (%) (%)
100 TeV ....... 9.0 9.1 9.2 9.5
1000 TeV ....... 5.0 5.8 52 59

Note.— Summarized for the events induced by primary particles of Ey ~
100 TeVand E, ~ 1000 TeV, with secf < 1.1 and the core position located at the
inner 135 m x 135 m of'the array, for the QGSJET+HD, QGSJET+PD, SIBYLL+
HD and SIBYLL+PD models.
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Fic. 13.—Out-in events occupy about 10% of all selected events. The energy
spectrum of out-in and in-out events are almost the same, as the effect of the dif-
ference between them in all selected events is less than 2% at each energy bin.
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Fic. 15.—Model dependence of the size spectrum of nearly vertical air showers
(secf < 1.1).

4.3. Trigger Efficiency

Our simulations confirmed that the air showers induced by
primary particles with £y > 100 TeV can be fully detected with-
out any bias under the above-mentioned criteria, as shown in
Figure 14. The total effective area S x €2 is then calculated to be
10,410 m? sr for all primary particles with £, > 100 TeV using an
inner area of 135 m x 135 m and a solid angle with secd < 1.1.
For the calculation of the absolute intensity, the inclination effect
due to a flat surface detector is taken into account by correcting the
density of the observed events into that for a plane perpendicular
to the shower axis. For the operation period from 2000 November
through 2004 October, the effective live time T is calculated as
805.17 days. The total number of air showers selected under the
above conditions is 5.5 x 107 after the inclination correction.

5. RESULTS AND DISCUSSIONS
5.1. Model Dependence of the Size Spectrum

As afirst step in checking the model dependence, the difference
of the size spectra derived by the lateral fitting is examined using
structure functions based on five models (the QGSJET interaction

-

Energy EO (TeV)

10*

10°

102

10°

10°

10’

8

Fic. 14.—Trigger efficiency of air showers. In the case of Np > 10, n, > 5,
and secf < 1.1 with the core position located at the inner 135 m x 135 m of the
array, the air showers induced by protons or iron with £y, > 100 TeV can be fully
detected without any bias. (a) QGSJET. (b) SIBYLL.

10
Shower Size Ne

Fig. 16.—Scatter plots of the primary energy E, and the estimated shower
size N, based on the QGSJET+HD model.
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Fig. 17.—Correlations between the estimated shower size N, and the primary
energy E for given models.

model with four primary composition models and the SIBYLL+HD
model). Shown in Figure 15 is the model dependence of the air-
shower size spectrum of nearly vertical air showers. It is seen that
the model dependence of the air-shower size is small (less than
5% in absolute intensity on the primary composition model, and
also less than 5% on the hadronic interaction models).

5.2. All-Particle Enerqy Spectrum
5.2.1. Determination of the Primary Energy

In Figure 16, we show the scatter plots of the primary energy
E( and the estimated shower size N, based on the QGSJET+HD
model. Figure 17 shows the correlations between the estimated
shower size NV, and the primary energy £, for QGSJET+4 primary
models and the SIBYLL+HD model. In this figure, the results of
the pure composition models are also shown to help the understand-
ing of the composition dependence in the energy determination.
Using these pure composition models will result in remarkably
different primary energy spectra, as shown later. The correlation
between the estimated shower size N, and the primary energy £y
for secf < 1.1 can be well fitted using the following conversion
function for each interaction model and composition model:

N\
Eo—a<1000) TeV, (5)

where the numerical values of ¢ and b in equation (5) are sum-
marized in Table 3. These approximations are valid for nearly
vertical air showers (sec < 1.1) at Yangbajing altitude.

As seen in Figure 17, the difference in the conversion factor
between the two mixed-composition models of HD and PD is not
significant and almost disappears above a few x 1000 TeV in spite
of the large difference in the fractional abundances of the chem-
ical components. From the comparison between QGSJET+HD
and SIBYLL+HD, one can see that the dependence on the inter-
action model is very small.

It is also noted that the energy resolutions in different inter-
action models and the two mixed-composition models are very
close to each other. For the QGSJET+HD model, the differences are
estimated as 36% and 17% at energies around 200 and 2000 TeV,
respectively. The corresponding values for the SIBYLL+HD
model are 38% and 19%, and for the QGSJET+PD model they are
39% and 19%. It is commonly understood that there is an energy-
dependent flux overestimation problem due to the steep power

TABLE 3
PArRAMETERS IN THE CONVERSION FuncTioN (EQ. [5])

Ey < 10'6 eV Ey > 100 eV

MoDbEL a b a b
QGSJET+Proton......... 1.195 0.959 1.195 0.959
QGSJET+HD............. 1.872 0.924 1.348 0.953
QGSJET+PD.... 1.583 0.933 1.348 0.951
SIBYLL +HD............. 1.968 0.913 1.323 0.951
QGSJET+Iron ............ 3.915 0.851 3.915 0.851

index of the cosmic-ray energy spectrum when the error of the
estimated energy increases with decreasing primary energy. It
may be worthwhile, however, to note that this effect is already
included in our method of determining the energy using the con-
version function, because our determination of the primary energy
at a given shower size includes the contribution of all possible
primary energies, which leads to a smaller value than in the case
without fluctuation, which reflects a larger population of low-
energy primaries than high-energy ones. To avoid methodical
systemic error, the reproducibility of the primary flux was care-
fully examined using MC events, and no significant deviation
was found between the MC input spectrum and the reconstructed
spectrum.

5.2.2. Energy Spectrum of All-Particles and the Knee Parameters

The all-particle energy spectrum of primary cosmic rays in a
wide range over 3 decades between 1 x 10'* and 1 x 1017 eV is
shown in Figure 18 for five models. In this figure, it is important
to note that the position of the knee is clearly seen at the energy
around 4 PeV, irrespective of the model used.

The model dependence of the conversion function shown in
Figure 17 may lead to different shapes of the all-particle energy
spectrum. The model dependence on the primary composition
can be checked by comparing the results of QGSJET+HD and
QGSJET+PD. Although the composition is fairly different be-
tween the HD and PD models at energies above 10'° eV, the
difference in the absolute intensity is 20% at most between the two
models and decreases with increasing primary energy. As men-
tioned above, it may be helpful to show the composition depen-
dence by the pure component assumption. The difference between
the pure proton and pure iron primary models becomes large in the
lower energy region of the range shown in this figure, where the
difference in the intensities between the two models exceeds a fac-
tor of 3 at 10'* eV, although we do not claim that these results re-
flect reality, at least in an energy range lower than a few x 10'4 eV.
It should be noted that the mixed-composition models yield a
more realistic extension of direct observations, and the compo-
sition model dependence almost disappears above 10'° eV. This
is the remarkable characteristic of the Tibet experiment.

The interaction model dependence is seen by comparing the
results of the QGSJET+HD and SIBYLL+HD models. This com-
parison shows that the shapes of the spectrum from both interac-
tion models are almost the same, and the difference in the absolute
intensity is within 10%. In Figure 19, we show the results using the
mixed-composition model compared to other works, including our
previous work presented in Amenomori et al. (2003a). Figure 20
shows the higher energy region above the knee in comparison to
the surface array experiments done at the highest energy region.
It is very interesting to see how the extension of our spectrum
above 10'® eV connects smoothly with the data at the highest
energy region.
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The intensities of all-particle energy spectra measured by the
Tibet-111 array are also posted in Table 4, and the summary of the
measured all-particle energy spectrum and knee parameters are
listed in Table 5, where 7 is the best-fitted index for the energy
range 100 TeV < Ey < 1 PeV, and +, is for the energy above
4 PeV.

6. SUMMARY

We have analyzed the air-shower data set collected from
2000 November through 2004 October with the Tibet-III air-
shower array using the new simulation code CORSIKA, and ob-
tained the all-particle energy spectrum of primary cosmic rays in a
wide energy range between 10'4 and 10!7 eV over 3 decades. The
knee of the primary spectrum is clearly observed, and its position
is located at around 4 PeV. This is the highest statistical and the
best systematics-controlled measurement covering the widest en-
ergy range around the knee energy region.

The advantage of the Tibet experiment at high altitude is first
that the primary energy for the unbiased detection of air showers
is sufficiently low for the purpose of the measurement around the
knee, and second that the energy determination is insensitive to
the number of muons, which is dependent on the hadronic inter-
action model and the chemical composition. In order to quanti-
tatively confirm these characteristics, the model dependence on
the primary chemical composition was estimated in terms of the
two mixed chemical composition models of HD (heavy dominant)
and PD (proton dominant), which are extrapolated from direct ob-

servations with different combinations of the fractional contents of
the individual elements, together with the extreme cases of pure
proton and pure iron. The interaction model dependence was dis-
cussed using the QGSJETO01c and SIBYLL2.1 interaction models,
as they are widely used in other works. It was shown that the air
showers induced by primary energies above 100 TeV are fully de-
tected for all kinds of primary particles. The systemic errors due to
the above-mentioned model dependences are shown to be within
a few tens of percent in the energy range below the knee, namely
20% in chemical composition models between HD and PD, and
10% in interaction models between QGSJETO1c and SIBYLL2.1.
The model dependence decreases with increasing primary energy,
and it almost disappears above 10'® eV. Although these estimates
are limited for the chosen models, another choice of more adequate
models, if any exist, will not drastically change the result of this
work because of the weak dependence on the model used. The
uncertainty due to the interaction model will even decrease after
the measurement of the CMS forward region by the forthcoming
Large Hadron Collider forward (LHCf) experiment (Bonechi
et al. 2006; Sako et al. 2007).

As discussed above, the main uncertainty remaining in the all-
particle spectrum is related to the chemical composition. This work
will be extended to the analysis of air showers with large arrival
zenith angles, which can show other features of air-shower devel-
opment in the atmosphere and provide information about their chem-
ical composition (to be published elsewhere). As mentioned before,
we have already reported on proton and helium spectra around the
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TABLE 4

INTENSITY OF ALL-PARTICLE ENERGY SPECTRUM MEASURED BY TIBET-III ArRRAY FOR THE QGSJET+HD,
QGSJET+PD, anp SIBYLL+HD MobELs

dJ/dE + stat. errors (m 2 57! st™! GeV™!)

ENERGY

(GeV) QGSJET+HD

QGSJET+PD

SIBYLL+HD

(9.300 + 0.002) x 10~'°
(5.008 £ 0.001) x 10-1°
(2.732 4+ 0.001) x 1071°
(1.470 4 0.001) x 10~1°
(7.934 + 0.004) x 10~
(4.296 £ 0.003) x 1011
(2.323 4 0.002) x 10~
(1.262 4 0.001) x 10~
(6.834 + 0.008) x 102
(3.695 4 0.005) x 1012
(2.001 £ 0.003) x 10712
(1.092 £ 0.002) x 10~12
(5.947 £ 0.014)x 10713
(3.228 4 0.009) x 1013
(1.738 £ 0.006) x 10713
(9.301 =+ 0.040) x 10~
(4.692 £ 0.025) x 10714
(2.384 4 0.016) x 10~
(1.159 £ 0.010) x 10714
(5.571 £ 0.061) x 10~
(2.631 £0.037)x 10715
(1.265 +0.023)x 1071
(6.631 £0.149) x 1071¢
(3.177 £ 0.092) x 10~'¢
(1.651 £ 0.059) x 1071¢
(8.101 £ 0.370) x 107
(3.614 £ 0.220) x 1077
(2.146 £ 0.151) x 10717
(9.764 + 0.908) x 10~18
(4.156 4 0.528) x 108
(2.694 £ 0.379) x 10718
(1.242 + 0.229) x 10~'8
(5.310 & 1.337) x 1071°

(7.454 £ 0.002) x 10~1°
(4.013 £0.001)x 10°1°
(2.155 £ 0.001) x 10710
(1.177 4 0.001) x 10~1°
(6.437 £ 0.004) x 10!
(3.522 £ 0.002) x 1011
(1.919 4 0.002) x 10~
(1.045 4 0.001) x 10!
(5.678 £ 0.007) x 10712
(3.071 & 0.005) x 1012
(1.671 £ 0.003) x 10712
(9.168 £ 0.020) x 10~ 13
(4.993 £0.013)x 10713
(2.705 4 0.009) x 10~13
(1.470 £ 0.006) x 10713
(7.683 £ 0.036) x 10714
(3.902 £ 0.023) x 10714
(1.965 4 0.014) x 10~
(9.510 & 0.090) x 10713
(4.529 4 0.055) x 10~
(2.202 £ 0.034) x 10713
(1.103 £ 0.022) x 10~1*
(5.818 £ 0.140) x 1071¢
(2.743 £ 0.086) x 10~'°
(1.454 £ 0.056) x 1071¢
(7.048 + 0.345) x 1077
(3.120 £ 0.204) x 10717
(2.013 £ 0.146) x 1077
(8.343 £ 0.840) x 10°18
(4.654 + 0.559) x 1018
(2.585+£0.371)x 10718
(1.286 4 0.233) x 1078
(5.647 & 1.379) x 1071°

(8.639 4+ 0.002) x 1010
(4.684 £ 0.001)x 10710
(2.529 +0.001) x 1071°
(1.360 4 0.001) x 10~1°
(7.370 £ 0.004) x 10!
(4.015 4 0.003) x 10!
(2.173 £ 0.002) x 1071
(1.179 £ 0.001) x 10~
(6.373 £ 0.007) x 10~12
(3.433 4+ 0.005) x 10712
(1.853 £ 0.003) x 10712
(1.014 4 0.002) x 1012
(5.514 £0.014) x 10713
(2.978 £ 0.009) x 1013
(1.610 £ 0.006) x 10713
(8.444 £ 0.038) x 10714
(4.261 £ 0.024) x 10714
(2.133 £ 0.015) x 10~
(1.031 £ 0.009) x 10~
(4.976 £ 0.058) x 10~1%
(2.321 £ 0.035)x 10713
(1.160 £ 0.022) x 10°1%
(5.924 £ 0.141)x 1071¢
(2.787 £ 0.086) x 10~1¢
(1.476 £ 0.056) x 10716
(6.516 £ 0.331)x 1077
(3.038 £ 0.202) x 10717
(1.848 4 0.140) x 1077
(8.345 4 0.840) x 1018
(4.086 + 0.524) x 1018
(2.636 £ 0.375)x 10718
(11.154 4+ 2.174) x 10~1°
(4.922 £ 1.287)x 107"

knee (Amenomori et al. 2006a, 2006b, 2000) that were derived
from the hybrid experiment using the air-shower core detector,
which is sensitive to showers of light-element origin such as proton
or helium by selecting the high-energy core. From the observed
steep power index and the low intensities of proton and helium
spectra, the dominance of the heavy elements was suggested by the
hybrid experiment; however, the statistics were limited due to the

TABLE 5
SuMMARY OF THE KNEE PARAMETERS

Knee Position

Model (PeV) Index of Spectrum
QGSJETHIIon ....ccoveeevreeennes 4440.1 v = —2.81 £0.01
¥, = —3.21 £0.01

QGSJET+HD ... 4.0+0.1 v = —2.67 £0.01
v2 = —3.10 £ 0.01

QGSJETHPD...coovrveeeeeinee 3.8 +0.1 v = —2.65+0.01
72 = —3.08 £ 0.01

SIBYLLAHD....coeoovirriees 4.0+£0.1 v = —2.67 £ 0.01
¥2 = —3.12 £ 0.01

QGSJET+Proton .........cccue.. 3.4£0.1 v = —2.60 £ 0.01

vy = —3.03 £ 0.01

Note.—The symbol 7, is the best-fitted index for the energy range 100 TeV <
Ey <1 PeV, and 7, is for the energy above 4 PeV.
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high threshold. In the very near future, we will start a new high-
statistics hybrid experiment in Tibet (Huang et al. 2005) to clarify
the main component of cosmic rays at the knee. The core detector
will consist of 400 burst detectors located at the center of the
Tibet-III array in a grid with a detector interval of 3.75 m. The
burst detectors measure the high-energy electromagnetic cascade
of energy above 30 GeV developed in lead plate 3.5 cm thick by
shower core particles. The new experiment is able to observe the
air-shower cores induced by heavy components around and beyond
the knee, where direct measurements are inaccessible because
of their extremely low fluxes. The first observation of the iron
spectrum in the knee region is expected in this new experiment.

The collaborative experiment of the Tibet Air-Shower Arrays
has been performed under the auspices of the Ministry of Science
and Technology of China and the Ministry of Foreign Affairs of
Japan. This work was supported in part by a Grant-in-Aid for Sci-
entific Research on Priority Areas from the Ministry of Education,
Culture, Sports, Science, and Technology, by Grants-in-Aid for
Science Research from the Japan Society for the Promotion of Sci-
ence in Japan, and by the Grants-in-Aid from the National Natural
Science Foundation of China and the Chinese Academy of Sci-
ences. The authors thank J. Kota for reading the manuscript.
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