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Abstract. We have observed cosmic rays above1020 eV by
the Akeno Giant Air Shower Array (AGASA). Their energy
determination is important to discuss their origin. In this pa-
per, energy estimation method of the AGASA events at vari-
ous zenith angles is described up to 60◦ and the experimental
results are reproduced by the simulation taking into consider-
ation the response of the detector. A new conversion relation
to estimate the primary energy is obtained.

1 Introduction

Cosmic rays above1020eV were observed by the Akeno Gi-
ant Air Shower Array (Takedaet al., 1998). The source
candidates of these ultra-high energy cosmic rays are classi-
fied into two models, the bottom-up model and the top-down
model. In the bottom-up model, charged particles are ac-
celerated in astrophysical objects and propagate to the earth
through intergalactic and galactic space. The acceleration
limit at astrophysical objects is considered to be around1020

to 1021eV(Nagano and Watson , 2000). In the top-down
model, ultra-high energy cosmic rays are produced as de-
cay products of heavy particles generated in the early uni-
verse. Their energy spectrum is considered to extend up to
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Grand Unified Theory (GUT) scale and to be hard,∼ E−1.5

and gamma-rays may be dominant (Bhattacharjee and Sigl ,
2000). In any case, in the energy spectrum there will be a
cut off (GZK cut off) around4 × 1019eV if sources are ex-
tragalactic origin and distributed uniformly in the universe.
If the special relativity is violated (Coleman and Glashow,
1999), the energy of the GZK cut off will be higher or dis-
appear. Therefore energy estimation of the ultra-high energy
cosmic rays is very important to reveal their origin.

2 Experiment

AGASA is located at35◦47′N, 138◦30′E. The height of the
central observatory is 900m (atmospheric depth 920g/cm2).
111 scintillation detectors are deployed over an area of 100km2

with a separation of about 1km. A scintillator of 5cm thick-
ness and of 2.2m2 area is installed in a steel box. The pulse
height of each signal and its counting rate of each scintil-
lation detector are continuously monitored independent of
shower triggers and the monitor data is used for calibration
of absolute number of particles.

The method of estimating energy in the AGASA experi-
ment is briefly outlined as follows.

1. The density observed at each detector is fitted by an em-
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pirical formula.
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wherer is the distance from the shower axis,C is the
normalization factor,RM is the Moliere Unit at Akeno
(91.6m) andθ is zenith angle. The local density at 600m
from the shower axis of the shower withθ, Sθ(600), is
obtained.

2. For inclined showers, the densities attenuate because
they pass through more atmosphere than for vertical show-
ers.Sθ(600) is converted toS0(600) using the attenua-
tion length determined by experiment.

3. The primary energy is estimated using the relation be-
tweenS0(600) and energy determined by a Monte Carlo
simulation.
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Fig. 1. Attenuation of total number of charged particles(Nch) and
S(600) as a function ofsec θ.

We have usedS0(600) as an energy estimator. Fig.1 shows
the comparison of attenuation in the atmosphere between
Sθ(600) and the total number of charged particles,Nch. The
fluctuation ofSθ(600) is smaller than that ofNch and atten-
uates more slowly. Therefore we useSθ(600) as an energy
estimator, whose effectiveness was first proposed by Hillaset
al. (1971). The fluctuation of density at 600m is also shown
to be small by Daiet al. (1988).

The conversion factor fromS0(600) to the primary energy
at the Akeno level was derived by the simulation (Daiet al.,
1988) based on the COSMOS program by Kasaharaet al.
(1979) and the following relation has been used for AGASA
experiment so far.

E0 [eV] = 2.03× 1017 · S0(600)1.0 (3)

In the simulation, the density was calculated by adding the
densities from electron sub showers, which were approxi-
mated by the NKG function. Therefore the observed den-
sity was converted to electron density to compare with the
simulated one as described in Naganoet al. (2000). In this
paper, considering the structure of the AGASA detector, the
density observed with the scintillator is evaluated, by Monte
Carlo simulation, which can be directly compared with the
experimental data.

3 Monte Carlo simulation

3.1 Detector

The response of the AGASA detector is evaluated using
GEANT3.21. Each scintillator of 2.2m2 area and 5cm thick-
ness is installed in the box made of 2mm thick steel, which
is settled in a hut made of 0.4mm thick steel. The conversion
of photons in the wall of the hut and of the scintillator box,
the scattering of particles, the decay of unstable particles etc.
and 4-momentum of shower particles are taken into account.
The energy deposit in the scintillator is taken as the signal
from the detector.

Fig.2 is the response of the AGASA detector to photons,
electrons and muons with various energies and incident an-
gles. In the energy spectrum of shower particles, the mean
energies of photons and electrons are∼ 10MeV and that of
muons is∼ 1GeV around 1km from the shower core. There-
fore photons typically contribute as∼ 0.1 particles, and elec-
trons and muons typically contribute as one particle. These
three particles are major particles in air showers, though the
response to other particles such as pions and kaons are also
taken into account.

In the AGASA experiment, “one particle” is defined con-
ventionally as a peak value of the pulse width distribution
(PWD). In the simulation, “one particle” is defined as the
peak value oflog10(Energy deposit in the scintillator) for
omni-directional muons taking the energy spectrum into con-
sideration like the experiment.

3.2 Air Shower

AIRES 2.2.1 (Sciutto, 1999) was used to generate air show-
ers for proton and iron primaries at a thinning level of10−6.
As the hadron interaction models in the high energy region,
QGSJET and SIBYLL are used. The results of four combi-
nation of different primary particles and different interaction
models are compared. Each shower particle generated by
AIRES is converted to scintillator response using the results
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Fig. 2. The simulated distribution of energy deposit in the scintil-
lator of AGASA detector. The energy deposit is converted to the
number of particles using the definition in the text. Top left panel
for gamma-ray, top right for electron and bottom left for muon with
various incident angles.

described in the previous section taking into account the in-
cident angle and the energy of each particle.

4 Results

The attenuation ofS(600) with atmospheric depth is deter-
mined using the equi-intensity cut method. In this method,
assuming the intensity of the cosmic rays is independent of
the zenith angle, the equi-intensity cut is made on the integral
spectra ofSθ(600) at various zenith angles. The results are
plotted in Fig.3. These plots correspond to the attenuation
of Sθ(600) at a certain energy. The dashed lines (b) in the
figure is the empirical function we have used for AGASA so
far, and it is valid up tosec θ ∼ 1.5. This empirical func-
tion is extended in order to use the events up to 60◦ and a
new function is shown by solid lines (a) in the figure. This
relation is expressed by the following equation.

Sθ(600) = S0(600) exp
[
−
{
X ′0
Λ′1

(sec θ − 1)
}

−
{
X ′0
Λ′2

(sec θ − 1)
}2

+
{
X ′0
Λ′3

(sec θ − 1)
}3
]
, (4)

whereX ′0 =957g/cm2 is the average atmospheric depth at
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Fig. 3. Attenuation ofS(600) using the equi-intensity method. The
closed circles are experimental data. The dashed lines (a) represent
the equation which has been used for the AGASA experiment so
far, and the solid lines (b) represent the newly obtained function
(Equation(4)), which agree well with experimental data up to 60◦.

AGASA, Λ′1 = 605g/cm2, Λ′2 = 514g/cm2 and Λ′3 =
654g/cm2.

The equation(4) agrees well with the experimental data up
to 1020eV, although the error becomes large around1020eV.
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Fig. 4. The attenuation ofSθ(600) by experiment compared to that
by AIRES simulation. The black lines and the gray ones are proton
and iron primary cosmic rays, respectively, and the solid and dashed
lines are the results using QGSJET model and SIBYLL model, re-
spectively.

Sθ(600) determined using experimental data and that us-
ing simulated data are compared in Fig.4. The results calcu-
lated by AIRES simulation agree well with the experimen-
tal data. The difference between the primary particles, pro-
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ton and iron, and between the hadronic interaction models,
QGSJET and SIBYLL is less than 10 % up tosec θ = 1.5
and 20 % aroundsec θ = 2.

5 Energy conversion relation
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Fig. 5. The relation ofS0(600) parameter and primary energy
for proton (red) and iron (blue) obtained by AIRES simulation.
QGSJET (circle) and SIBYLL (square) are used as interaction mod-
els at high energy.

Fig.5 shows the conversion relation fromSθ(600) to the
primary energy for four combination of proton and iron pri-
maries, and QGSJET and SIBYLL interaction models. When
the relation is written with the following form, the parame-
tersa andb are summarized in Table.1.

E0 [eV] = a× 1017 · S0(600)b, (5)

whereS0(600) is in the unit of m−2. The difference in en-
ergy conversion factor is about 10% at1020eV between pro-
ton and iron, and 10% between QGSJET and SIBYLL.

Table 1. The conversion relation ofS0(600) to primary energy at
average AGASA height calculated by AIRES.

model spices a b

QGSJET p 2.17 1.03
Fe 2.15 1.01

SIBYLL p 2.34 1.04
Fe 2.24 1.02

The average conversion relation for primary proton and
iron using the hadron interaction models, QGSJET and

SIBYLL is expressed by the following equation.

E [eV] = 2.23× 1017 · S0(600)1.02 [/m2] (6)

6 Summary

S(600) is a more reliable energy estimator than the total
number of charged particles at observation levels deeper than
the depth at the shower maximum. Considering the scintilla-
tor response including the detailed structure of the AGASA
detector the attenuation ofSθ(600) can be reproduced well
by air shower simulations up to 60◦. As a consequence
the sky near the Galactic center can be reliably covered by
AGASA. It will be useful for the analysis of anisotropy re-
lated to our Galaxy. TheS0(600)-primary energy relation
so far used for AGASA gives the more conservative energy
than any of the simulation results performed this time. Using
the new conversion relation to the primary energy, estimated
energies of AGASA events is increased by 20% at1020eV.

Acknowledgements.Authors thank M. Kawaguchi and M. Muko-
yama for their help for the operation and maintenance of the AGASA
detectors. Authors also thank C.Taylor for his valuable suggestions
on the preparation of the manuscript. This work is supported in
part by JSPS (Japan Society for the Promotion of Science) grants
in aid of the scientific research #12304012 and #11691117. We are
grateful to the people in villages and towns, Akeno-mura, Nirasaki-
shi, Sudama-cho, Nagasaka-cho, Takane-cho and Ohizumi-mura
for their kind cooperation. The authors also wish to acknowledge
the valuable help by other members of the Akeno group in the main-
tenance of the array.

References

Bhattacharjee, P. and G. Sigl, Physics Report,327, 109, 2000.
Coleman S. and S.L.Glashow, Phys. Rev. D,59, 116008, 1999
Dai, H.Y. et al., J. Phys. G: Nucl. Part. Phys.,14, 793–805, 1988
Hillas, A.M., D.J. Marsden, J.D. Hollows, and H.W. Hunter, in

Proc. 12th Int. Cosmic Ray Conf.(Hobart),3, 1001, 1971.
Kasahara, K., S. torii, and T. Yuda, inProc. 16th Int. Cosmic Ray

Conf., 13, 70, 1979
Nagano, M. and A.A. Watson, Rev. Mod. Phys.,72, 689–732, 2000
Nagano, M.et al., Astroparticle Phys.,13, 277, 2000
Sciutto, S.J.,AIRES, a system for air shower simulations. User’s

manual and reference guide (version 2.2.0), preprint astro-
ph/9911331

Takeda, M.et al., Phys. Rev. Lett.,81, 1163–1166, 1998.


