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ABSTRACT

The Tibet array is the first air shower detector to search for 10 TeV gamma-ray point sources. This
array also has a high sensitivity to air showers initiated by cosmic rays around the “knee” of the all-
particle spectrum at 10'°-10'¢ eV, with quite small ambiguity for the energy estimation, since the devel-
opment of air showers in this high energy region is close to maximum at Yangbajing altitude (4300 m
above sea level).

Using the data set taken with the Tibet array in the period from 1990 October through 1993 July, we
obtained the differential energy spectrum of primary cosmic rays between 3 x 10'* and 2 x 10'¢ eV
covering the knee region. The overall spectrum obtained does not resemble a single power law and

shows a gradual steepening of the slope at energies around 10!%-2° eV.

The spectrum is expressed as

J(Eo) = 1.5 x 107 2%E/10*475 gV)~2:60£0.04(1n =2 g~1 v~ 1 eV~ 1) at E, < 101473 eV

and

J(Eo) = 1.2 x 10723(E(/1015-85 gV)3:00£0.05(n =2 g~ gr~1 eV~ !y at E, > 101385 eV,
where this changes gradually between 10'*7% and 10'%-®5 eV and takes the value J(E,) = 6.7 x 10722

m™2s tsr teV ! at E,=10'%2%eV.
Subject headings: cosmic rays

1. INTRODUCTION

The energy range between 104 and 106 eV has been the
subject of particular interest. A major feature in the
observed spectrum occurs around the so-called knee
between 10'° and 106 eV, where the slope of the all-particle
energy spectrum seems to change rather abruptly. An
attractive possibility is that such a steepening is a conse-
quence of the breakdown of an acceleration mechanism at
high energy. At present, the most promising theory for the
source of the bulk of the cosmic rays is shock acceleration of
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particles in supernova blast waves. There is, however,
general agreement that cosmic-ray acceleration at super-
nova remnants (SNRs) appears to have a natural upper
limit of about Z x 10'* eV (Lagage & Cesarsky 1983),
which depends upon the rate at which the particles can gain
energy and the lifetime of the shock. Of course, one can
probably extend this value somewhat by involving multiple
supernovae (see, e.g., Axford 1991, 1994) and magnetic field
effects (Jones & Ellison 1991; Naito & Takahara 1995), but
it is unlikely that particle energies much higher than 10'3
eV can be achieved. Cosmic-ray acceleration at SNRs
would also suggest that elemental composition changes
dramatically at energies around the knee cnergy region;
that is, the knee should be filled in by nuclei with higher
charge Z. The energy spectrum above 10!® eV is signifi-
cantly steeper than that measured below, but the spectrum
extends to much higher energies, say ~ 10%° ¢V (Bird et al.
1994; Yoshida et al. 1995). So other acceleration mecha-
nisms will be active in the highest energy region (see, e.g.,
Hillas 1984; Protheroe & Szabo 1992), and the very highest
energy cosmic rays (>10'° eV) may be of extragalactic
origin. On the other hand, there is an alternative explana-
tion that the break of the spectrum around the knee rep-
resents the energy at which cosmic rays can escape more
freely from the trapping zone in the Galactic disk (Peters
1959; Hillas 1981). If the steepening depends on rigidity in
the same way for all nuclei, then the relative fraction of
heavy nuclei is expected to increase with primary energy. It
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is, however, pointed out that the break appears to be rather
too sharp for this scenario to work easily (Hillas 1984). A
new component that dominates above 10'4~10!° eV might
compensate for this deficiency (Fitchel & Linsley 1986; Pro-
theroe & Szabo 1992).

In any case, the knee appears to mark a change in the
acceleration and/or propagation mechanism for higher
energy particles, and, accordingly, a knowledge of the
precise shape of the spectrum as well as the composition
around the knee energy region is crucial for discriminating
among the possibilities.

To date, many measurements of the primary spectra have
been done with various methods at energies around the
knee. Direct measurements of the energy spectrum below
10'* eV have been reported by Grigorov et al. (1971) and
the JACEE Collaboration (Burnett et al. 1993), while the
Akeno group (Nagano et al. 1984) extensively studied the
spectrum around the knee and beyond with air shower
techniques. However, there is still some disagreement about
the details around the knee (Lloyd-Evans 1992). The results
obtained at Akeno (Nagano et al. 1984) seem to suggest a
sharp break of the primary spectrum between 10'® and 10'¢
eV. It should be noted that air shower measurements at or
near sea level have a serious bias in the detection of showers
when their primary energies are less than ~10'¢ eV,
resulting in a strong dependence of the primary spectrum
estimated from such observations on the primary-mass
composition. In 1965, the BASJE group (Bradt et al. 1965)
estimated the primary spectrum around the knee using air
showers observed at Mount Chacaltaya (5200 m above sea
level), where small air showers can be detected with very
high efficiency. This result, however, is based on the longitu-
dinal development curves obtained from constant-intensity
cuts on the size spectrum plots measured at various zenith
angles, and is thus dependent upon the primary-mass com-
position. There is, therefore, a need to establish the cosmic-
ray spectrum around the knee based on a reliable
observation.

A new generation of air shower experiments at high alti-
tude designed primarily for ultra-high-energy gamma-ray
astronomy should be very sensitive to showers induced by
primaries with energies from 10'* to 10'® eV, covering the
entire range in which the knee of the spectrum occurs.
Among these, a Tibet air shower array has successfully
operated at Yangbajing in Tibet (4300 m above sea level,
606 g cm~2, 90°53 E and 30°11 N) since 1990 January.
Using this array, we have searched for a steady emission of
gamma rays around 10 TeV from the promising candidates
of cosmic-ray sources (Amenomori et al. 1992, 1994). We
have also studied the shadowing of cosmic rays by the
Moon and the Sun (Amenomori et al. 1993a, b). This array
is shown to have a high sensitivity to air showers initiated
by cosmic rays with energies around the knee, since the
Yangbajing altitude is near the maximum for such air
shower developments in the atmosphere.

In this paper, we present the total energy spectrum of
primary cosmic rays in the energy region involving the
knee, using the data set obtained with this array.

2. EXPERIMENT

A schematic view of the Tibet air shower array is shown
in Figure 1. The array consists of 65 plastic scintillation
detectors placed on a lattice with 15 m spacing. A lead plate
of 5 mm thickness is positioned on the top of each detector
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FIG. 1—Schematic view of the Tibet AS array. For explanation of
symbols and dotted lines see text.

to increase the number of shower particles by converting
photons in the air shower into electron-positron pairs. The
inner 45 FT (fast-timing) detectors of 0.5 m? each (filled
circles and filled squares) are equipped with fast-response
photomultipliers (PMs) with a transit-time spread of less
than 0.55 ns. The signal of each detector is used to measure
both particle density (with an analog-to-digital converter)
and duration of the shower front (with a time-to-digital
converter). Among these, furthermore, 12 FT detectors
(filled squares) are equipped with wide dynamic range PMs
to measure the particle densities near the core region of very
high energy showers whose cores fall in the array. This FT
array is surrounded by 20 density detectors (open squares,
0.5 m? each; open circles, 0.25 m? each) to obtain a good
core location for each shower event.

This array has already been shown to be very powerful in
detecting small air showers at energies around 10!3 eV
(Amenomori et al. 1992, 1994). In addition, it is alse capable
of detecting air showers at energies around 10'4-10!7 eV
with extremely high efficiency using the detectors equipped
with wide dynamic range PMs in the array. These detectors
(filled and open squares), placed on a lattice with 30 m
spacing, as shown in Figure 1, are very helpful in observing
the lateral distributions of ultra-high-energy air showers at
energies around 10'® eV. The arrival direction of each air
shower is accurately determined with a fast-timing method
using 45 FT detectors. The overall angular resolutions of
the array are estimated to be about 1° in the energy region
around 10'3 eV and 025 at 10'* eV (Amenomori et al.
1993a).

In this analysis, we used the data set taken during the
period from 1990 October through 1993 July. The data
were taken from any fourfold coincidence in the 45 FT
detectors, each of which was hit by more than 1.25 particles.
The trigger frequency was about 20 Hz (40 Hz) at the time
from 1990 October to 1992 September (from 1992 October
to 1993 July). The dead time of the system is then estimated
to be 9% and 15% for 20 Hz and 40 Hz data, respectively.
The effective running time used for the present analysis is
6.16 x 107 s(713.5 days).

3. MONTE CARLO SIMULATION

Air showers, each being generated by a high-energy
cosmic ray very high in the atmosphere, are the products of
a large number of interactions successively occurring at
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various atmospheric depths. These stochastic fluctuations,
together with experimental bias, deform the observed air
showers considerably, so a Monte Carlo simulation is indis-
pensable in deriving reliable results from the experimental
data.

An extensive Monte Carlo simulation of air showers to
be observed at Yangbajing altitude was done using a
GENAS code (Kasahara & Torii 1991). The detailed Monte
Carlo simulation helps evaluate the detection efficiency and
bias on the air showers observed with the Tibet array. In
this simulation we carefully examined how the nature of
primary cosmic rays affects the air shower developments in
order to keep our results as free as possible from the
primary mass composition, and also to eliminate some sys-
tematic detection bias.

3.1. Features of Air Showers Observed at Y angbajing

Our analysis aims to obtain the energy spectrum of
primary cosmic rays from the air shower measurements in a
way that depends as little as possible on uncertainties of the
primary mass composition. In such an experiment, the
primary energy of each event must be estimated from the
(electron) size of the observed air shower, which fluctuates
considerably from event to event even if the primary energy
is the same. This size fluctuation is mostly caused by a large
fluctuation of the starting depth of air shower development.
It may, however, be shown that the shower size around the
maximum air shower development, with a minimum fluc-
tuation, is almost proportional to the primary energy.

Shown in Figure 2 are the longitudinal developments of
the average air shower sizes in the atmosphere induced by
proton (crosses) and iron (open circles) primaries for a verti-
cal incidence. This figure explains well why the Tibet array
is so suitable for our intended purpose; that is, (1) air
showers induced by particles with energies ~10*4-10!7 eV
reached their maximum developments at Yangbajing alti-
tude, thus their size fluctuations become a minimum, less
than 20% for proton primaries and less than 10% for iron
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FI1G. 2.—Average transition curves of air showers induced by protons
(crosses) and iron nuclei (open circles) for a vertical incidence. The vertical
bar of each cross denotes 1 standard deviation of the size distribution at
the respective depth.
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primaries, and (2) the average shower size becomes almost
the same at Yangbajing altitude for both proton and iron
primaries, if they are of the same primary energy, in the
energy range between ~10'* and 10'7 eV. These facts
ensure the ability to estimate the energy of primary particles
with quite small ambiguity by measuring only their air
shower sizes, almost independent of the primary composi-
tion.

The determination of the lateral distribution function of
shower particles is then substantially important in this
experiment, since the total number of shower particles is
estimated by fitting this to the experimental data. Using the
Monte Carlo data obtained under the same conditions as
the experiment, we found that the following function can be
fitted well to the lateral distribution of shower particles
under a lead plate of 5 mm thickness:

CI;(ZS)"
Cis)=2n[Bla+2, —b—a—-2)
+cBa+d+2,b—a—-d—-2]71,

where a=s5s—22,b=5s—175,¢=25d=345—5s, x =
r/R,,, and R,, = r,, cos®® 0. The variable s corresponds to
the age parameter, Ne is the total number of shower par-
ticles, r,, is the Moliére unit (133 m at Yangbajing altitude),
and B («, p) is the beta function. This expression is valid in
the range of s=0.6~ 1.6, cos # =06~ 10 and r=
10 ~ 300 m. The air shower size is enhanced, on an average,
by a factor of 2.1 under the lead plate of 5 mm thickness
which is almost independent of the primary energy
(Amenomori et al. 1990). In order to fix the values of the
numerical parameters appearing in the function, we used
the Monte Carlo results obtained by Kasahara, Yuda, &
Torii (1990).

F(x, s) = Ne (1 + x)°(1 + cx%),

3.2. Primary Spectra and Composition

Air shower observation at Yangbajing covers a range of
shower sizes from ~10° to 10® particles, corresponding
roughly to the primary energies between 10'#4 and 10!7 eV.
Their interpretation depends on the assumption regarding
the nature of the particles which initiate the showers. For
example, for heavier nuclei, the showers start higher in the
atmosphere and develop rapidly; so for a given primary
energy there are fewer particles left at observation level.
Thus, the energy estimates are generally affected by the
assumed composition of primary cosmic rays. In order to
obtain a reliable conclusion, we examined the effects of the
nature of primary composition carefully. In this Monte
Carlo simulation, four different models are examined for
primary cosmic rays: (1) heavy dominant chemical com-
position (HD1); (2) proton dominant chemical composition
(PD1); (3) pure proton (P); (4) pure iron (Fe). Among these,
models 1 and 2 are critically examined. The shape of the
all-particle spectrum is assumed to be the same for both
cases. A major difference between these models is the ratio
of the number of protons and iron nuclei to the total at
higher energies (for details see Ren et al. 1988). At 101¢ eV,
for example, the fractions of protons and iron nuclei are
14% and 42% for the HD1 model and 28% and 15% for the
PD1 model, respectively. Note that some recent experi-
ments (Ren et al. 1988; Bird et al. 1993; Saito et al. 1993;
Burnett et al. 1993 are in favor of model 1).
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TABLE 1
SUMMARY OF MODELS EXAMINED IN THE MONTE CARLO SIMULATION®

Model Primary Kind Power (<E,) E, (eV) Power (>E,) Bend
HDI1...... P,He, L 2.7 (Z) x 3 x 10'* 3.0 gradually
MH, H, VH 2.6 (Z¥ x 3 x 1014 3.0 gradually
Fe 2.5 (Zy x 3 x 104 3.0 gradually
PDI ...... P, He, L 2.7 42 x 103 3.0 gradually
MH, H, VH, Fe 2.6 42 x 1013 3.0 gradually
Pooreno P 2.65 42 x 1013 3.0 abruptly
Fe ........ Fe 2.65 42 x 103 30 abruptly

* E, stands for the bending energy of each component.

Other models (3 and 4) were also examined to obtain
information about some limiting result. Details of these
models are summarized in Table 1.

4. ANALYSIS

4.1. Data Selection

As discussed above, the air showers observed at Yangba-
jing with smaller zenith angles are almost independent of
the nature of the primary particles when their primary ener-
gies are higher than ~10'# eV. So we first selected the
high-energy shower data from the original data set by
imposing the following conditions:

1. Each of any 10 detectors, among the inside 49 detec-
tors, should detect a signal of more than five particles.

2. The zenith angle (6) of each air shower should be less
than 25°, orsec 6 < 1.1.

3. The core position of each shower should be inside the
innermost 5 x 5 detectors, or their coordinates: | xwa | < 30
m, and |ywa| < 30 m (corresponding to the square sur-
rounded by the dotted line in Fig. 1), where the core posi-
tion (xwa, ywa) is estimated by using the equations

65 65 65 65
xwo = .le,»p?/'zlpf R CED) yip?/_zlp?
i= 1= t t=

=1
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FiG. 3.—Trigger efficiencies of air showers induced by proton and iron
primaries, respectively.

where p; is the particle density at the ith detector and the
weight parameter a = 8. This large a-value is effective in
locating the core position of low-energy showers quickly.
For high-energy showers, however, a much smaller value is
better; therefore, we calculate the estimation for these
showers later.

The same selection was also made for the Monte Carlo
simulation showers, where we checked the trigger effi-
ciencies of showers induced by protons and iron nuclei in
the atmosphere, as shown in Figure 3. The efficiencies for
showers induced by other nuclei are distributed evenly
between two cases. It is confirmed by these simulations that
the air showers induced by primary particles with E, > 400
TeV and 6 < 25° can be fully detected by the Tibet array
without any bias.

Under these conditions, the effective detection area S of
the Tibet array then becomes 3600 m? (its error is less than
a few percent) for the vertical showers. This area of course
becomes smaller for inclined showers. The total effective
area S x Q is also calculated to be 1.96 x 10° m? sr for all
primary particles with E, > 300 TeV. For the operation
period from 1990 October through 1993 July, the effective
running time T was 6.16 x 107 s. The total number of air
showers selected under the above conditions is 2.60 x 10°
events. These high-energy showers are studied further to
obtain the energy spectrum of primary cosmic rays.

4.2. Procedure to Estimate the Primary Spectrum

In Figure 4 we show the scatter plots of the primary
energy, E,, and the air shower size under the lead plate,
Ne(UL), those being selected under the conditions in the
preceding section in the case of the HD1 model. It is seen
that the width of the size distribution for a fixed primary
energy decreases as the primary energy increases. For
example, ANe/Ne = 27% at E, = 4 x 10'* eV, while it is
17% at 2 x 10'5 eV (ANe denotes 1 standard deviation). A
strong linear correlation between them seen in this figure is
one of the advantages of observing air showers at high alti-
tude.

Figure 5 shows the correlations between the average
shower size under the lead plate, Ne(UL), and the primary
energy E, for respective primary models. It is remarkable
and important that there is no substantial difference
between models PD1 and HD1 in the energy region of
interest. Minute differences seen between them of course
become larger as the zenith angle of observed showers
increases, suggesting an increasing dependence of air
shower size on the primary composition at lower altitude.
As seen in this figure, however, the proton and iron primary
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F1G. 4—Scatter plots of the primary energy E, and the air shower size
Ne(UL) at Yangbajing level.
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F1G. 5—Relations between the primary energy E, and the average air
shower size Ne(UL) for respective primary models. The dashed, chain,
solid and dotted lines correspond to the P, PD1, HDI1, and Fe models,
respectively. Notice that the chain and solid lines almost overlap each
other.

cases clearly deviate from those above in the lower energy
region and give upper and lower bounds of air shower sizes
for the same primary energy, respectively. This is easily
understood from the fact that air showers induced by iron
primaries develop faster than those by proton primaries, as
shown in Figure 2. A numerican relation between the
primary energy E, and the size Ne(UL) is summarized for
each model in Table 2. These approximate relations are
valid in the energy region ranging from ~ 10'4 to 1017 eV at
Yangbajing altitude and can be used for the energy estima-
tion of primary particles.

For each of the selected air showers, we further adjusted
the core position by using the equations in the preceding

Vol. 461

TABLE 2
RELATION BETWEEN PRIMARY ENERGY AND AIR SHOWER SIZE*

C

Model V) N, B B,
Pooeeenn. 3.05 x 10'* 448 x 106 096  1.05
PDI......... 334 x 10'* 462 x 10° 090 101
HDI......... 367 x 1015 486 x 106 091 099
Fe oo, 390 x 10'* 507 x 10° 083 097

* The relation between the primary energy E, (¢V) and air
shower size Ne(UL),

Ne(UL) ][ Ne(UL)J%~*
B, XUV, R

is given for each primary model at Yangbajing altitude.

section with the weight parameter « = 1.8. Using the Monte
Carlo data, we estimated the error of this core location
method to be Ar = +5 + 2 m [and Ax (Ay) = +0 + 4 m].
The first term is a systematic error, and the second one is 1
standard deviation of the distribution.

We determined each air shower size Ne(UL) by fitting the
lateral distribution function F(x, s) to the data with a least-
squares method. The correct size of each shower is also
given by the Monte Carlo simulation. A justification of the
size estimation can be examined by comparing it with the
Monte Carlo result; the correlation between them is shown
in Figure 6. The given size values and the estimated ones are
in good agreement. From this Monte Carlo result, we can
estimate our systematic uncertainties for the energy deter-
mination to be no more than 20% at energies around
10! eV.

We further examined how well our method can repro-
duce the primary spectrum, using the Monte Carlo showers.
Shown in Figure 7. is a comparison between the estimated
spectrum, obtained through the procedure mentioned
above, and the sampled (or assumed) one in the case of
model HD1. Good agreement is seen in the energy region
above, ~3 x 10'* eV, where the trigger efficiencies of air

8 | LI I|I|T| T rrmm
10 ;
o P
jl_), ’.."' .
<
£ 10 ! d =
SI 3
) 6 )
> 10 E
O —
Z .
5
10

Ne(UL)_simulated

F1G. 6.—Scatter plots of the simulatated Ne(UL) and the estimated
Ne(UL) for the Monte Carlo showers.
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F1G. 7—Sampled and estimated energy spectra of primary cosmic rays
in the case of the HD1 model.

showers are ~100% for all primary particles. Such repro-
ducibility is also confirmed for all other models.

On the basis of all the discussions above, we conclude
that the energy spectrum of primary cosmic rays around the
knee can be obtained with sufficient accuracy using the
high-energy air shower data selected as stated in the preced-
ing section.

5. RESULT AND SUMMARY

We analyzed the experimental data obtained with the
Tibet array according to the procedure discussed above and
obtained the energy spectrum of the primary cosmic rays in
the energy range between 3 x 10'* and 2 x 10'® eV. This
primary energy bound is determined by taking into account
the following. That is, air shower detection under the selec-
tion conditions described in § 4.1 rapidly worsens in the
energy region less than ~10'# eV, as seen in Figure 3. On
the other hand, when the primary energies exceed several
times 10'¢ eV, air shower particles extend far beyond the
detector area. Thus the energy estimation error becomes
large there and statistics become poor.

Figure 8 shows the differential energy spectrum of total
cosmic rays observed with the Tibet air shower array, using
a conversion formula in the case of the HD1 model. Our
data are also compared with other experiments in the same
figure (Grigorov et al. 1971; Nagano et al. 1984; Burnett et
al. 1993). The overall primary energy spectrum obtained
does not resemble a single power law and shows a gradual
steepening of the slope at energies around E, = 10*>-25 ¢V,
The spectrum can be expressed as

J(Eq) = 1.5 x 1072°(Ey/1014-75 eV)~2:60£0.04
x(m 2s tsr teV Y at E, < 101475 eV
and
J(Eg) = 1.2 x 10723 (E,/101585 ¢y)~3-00£0.05
x(m 2s tsrT eVl at E, > 101585 eV |

where this changes gradually between 10475 and 10!%-85
eV and takes the value J(E;) = 6.7 x 10722 (m~2s 1 sr7!
eV Y atE, = 10'325¢V,

Primary Energy (eV/particle)

F1G. 8.—Energy spectrum of primary cosmic rays around the knee. Our
data are compared with other data from the proton satellite (Grigorov et
al. 1971), the JACEE Collaboration (Burnett et al. 1993) and Akeno
(Nagano et al. 1984).

Our spectrum seems to be smoothly connected to the
direct measurements by Grigorov et al. (1971) and the
JACEE Collaboration (Burnett et al. 1993) at the lower
energy region. The flux values around 10'% eV are higher
than the Akeno data (Nagano et al. 1984), while those at
energies around 10'® eV are about 10% lower than * irs.
The bending of the spectrum is not as abrupt as the A...qn0,
and its energy (E,) is also lower than theirs. Their lower flux
at energies around 10'° eV could be attributed to very low
detection efficiencies of air showers at the Akeno altitude, as
discussed in § 3.

If we use the PD1 model for this analysis, however, the
flux value decreases by about 10% at energies around 10*°
eV compared with the HD1 model, while this difference
becomes smaller with increasing primary energy. Thus, our
spectrum obtained around the knee is almost independent
of the primary-mass composition.

The gradual steepening of the spectrum at lower energy
may be in favor of shock acceleration at SNRs, which sug-
gests a considerable change in the relative abundance of the
various cosmic-ray nuclei as the energy increases, but its
confirmation requires more direct information about the
primary-mass composition at energies around the knee.

The present air shower array was enlarged by a factor of
4 in 1995 with its effective detection area becoming about
seven times as large as the present one. Using this new
array, the spectrum can be easily extended up to 107 eV or
more with sufficient statistics. This array will also be com-
bined with an emulsion chamber to study the proton com-
ponent in the knee energy region (Saito et al. 1993). The
result then provides important information necessary for
understanding the origin and acceleration mechanism of
high-energy cosmic rays in our Galaxy.
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