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Abstract: We present the primary energy spectrum in the energy region above 1016eV obtained by using two
compact EAS arrays located at Okayama University of Science and the Linsley’s method. The obtained spectrum
can be described by a single power-law of indices−2.50 (+0.23 −0.28) and−3.24 (+0.53 −0.98) in each pri-
mary energy region of 1016eV−1019.5eV and 1016eV−1018.5eV, in a single observation. A synchronized obser-
vation by using two EAS array, obtained indices are equal to−3.14 (+0.29 −0.32) and−3.63 (+0.28 −0.31)
in the same primary energy region, respectively.
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1 Introduction
The observation of primary cosmic rays and the investiga-
tion of its properties in the high energy region tend toward
understandings of acceleration mechanisms and the origin
of primary cosmic rays. For the observation of high energy
cosmic rays, the giant Extensive Air Shower (EAS) array
is required as Auger [1] and TA [2], because of the obser-
vation for the lateral profiles of EAS particles and obtain-
ing enough statistic of observed data.

On the other hand, we have carried out the observation
of EAS by using small-scale EAS arrays in Okayama Uni-
versity of Science (OUS) since 1996 [5], and have esti-
mated the primary energy spectrum by using the EAS time
structure shown empirically by Linsley [3, 4]. Addition-
ally, an apparatus for obtaining zenith angle information of
observed events has been installed and has been observed
since 2008, to improve the energy resolution of the EAS
array.

This paper reports the results of updated analysis of
obtained data and the obtained primary spectrum in the
energy range of 1016eV−1019.5eV.

2 Apparatus
The observation of cosmic rays has been carried out by
using the five compact EAS arrays located at Okayama
University of Science, Okayama City, Japan. These arrays
are named as OUS1∼ 5 and are maintained by Large
Area Air Shower (LAAS) group [5, 6, 7, 8]. LAAS group
is observed cosmic rays by using a network observation
system of compact EAS arrays installed at each university
in Japan. In this analysis, we use data obtained by the
OUS1 and the OUS4.

The OUS1 has eight plastic scintillation counters and is
installed on the rooftop of the building at Okayama Uni-
versity of Science as shown Fig.1-(a). Each detector is
equipped with a scintillator of 50cm×50cm×5cm, a fast
PMT, and a stainless steel case 5mm thick. The area of
spreading out detectors is about 200m2. The data acquisi-
tion system consists of a CAMMAC TDC, a CAMMAC
ADC, and shift register module. Time of triggered event
is obtained by a CAMMAC GPS with Universal time, and
the time accuracy is 1µ second.

A hardware trigger requires event signals from more
than three detectors within 2.5µs. The event trigger signal
is generated by a coincidence module. The observation
data of the TDC, the ADC, the GPS and the shift register
module are recorded by importing the trigger signal to
these modules.

The shift register module is used to digitize analog sig-
nal from each detector and to record the time profile of the
signals instead of the TDC module, because the shift reg-
ister module can record the time information of 5µs time
window with a time accuracy of 5ns. When there is no
event trigger signal, the shift register module only moni-
tors event signals from the detectors with 5µs time win-
dow. On the other hand, when there is an event trigger sig-
nal, the shift register module records signals from each de-
tector within±2.5µs from the event trigger time.

The OUS4 shown in Fig.1(b) and (c) is an apparatus for
obtaining the EAS zenith angle information and is installed
in the first floor of a four stories building. The distance
between the OUS1 and the OUS4 is about 10m.

The OUS4 is set up (i) two pair of detectors equipped
with a scintillator of 20cm×50cm×1cm, a fast PMT and
a black plastic cover at the top and the bottom layer. And
there are (ii) four detectors the same as the OUS1 at the
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side layer. The EAS zenith angle is selected triggered (i)
as within 25.6deg, and a EAS event triggered both (i) and
(ii) is selected as over 25.6deg.

The data acquisition system of the OUS4 is almost the
same as the OUS1. Thus, the event trigger time is obtained
by a GPS module, and the observation time between the
OUS1 and the OUS4 is synchronized within a time accu-
racy of 1µs.

3 Energy estimation method
To estimate the primary energy of EASs, the core distance
and local EAS particle density are required. The OUS1
does not be designed for observing the lateral distribution
of EAS, however, we are able to estimate the core distance
by using Linsley’s method. Linsley found that the increase
in spread of arrival time of EAS particles with increasing
the core distancer, the zenith angleθ and weakly depends
on the primary energyE[9]. The dispersionσt is calculated
by σt = [

∫
(t −⟨t⟩)2p(t)]1/2 ,wheret is the arrival time of

EAS particle andp(t) is the probability density function
of particles arriving in the differential timedt. The average
behavior of dispersion⟨σt⟩ can be described by the empir-
ical formula

⟨σt⟩ = σt0

(
1+

r
rt

)b

, (1)

where σt0 = 1.6ns, rt = 30m andb = (2.08±0.08)−
(0.4±0.06)secθ + (0±0.06) log

(
E/1017eV

)
. We adapt

b to b̄ (b ≃ b̄ = 1.65) averaged by the EAS zenith angle
distribution expected by this observation, and ignore the
contribution ofE. In this case, the systematic error of esti-
mation forr increase with increasing the gap between the
average EAS zenith angle and the observed one, however,
we have solved this point by using the OUS4.

We assume the probability density functionp(t) to be a
gamma distribution asp(t) = (t/µ2)exp(−t/µ), and then
σt is obtained byσt = ⟨t⟩2/2. However, we adopt the me-
diantm in the series of EAS particle arrival time as its esti-
mator in this analysis [3]. Because overestimation ofσt is
caused by contamination of random noise.σt is described
as

σt =

√
2

1.67
tm. (2)

r is calculated as Eq.3 by substituting Eq.2 into Eq.1
and rearranging Eq.1.

r = 30
(
(1.35tm)

1
1.65

)
(3)

Fig. 2 shows the relation betweenr andσt .

4 Data analysis
The observation period of the OUS1 and the OUS4 are
April 2006 - December 2012 and August 2008 - Decem-
ber 2012, respectively. The data set of the OUS1 and the
OUS4 used for this analysis is summarized at Table1. We
estimate the primary energy of each event as the core dis-
tance obtained by using Linsely’s methodrobs> 100m.
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Figure 2: The dispersion⟨σt⟩ as a function ofr andθ .
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Figure 3: The time difference between the ous1 and the
OUS4. The events of the time difference within 10µs are
shown as synchronized events in two arrays.

In the synchronized observation between the OUS1 and
the OUS4, we described this observation as OUS1+4 be-
low, the coincidence criterion for the time difference be-
tween the OUS1 and the OUS4 is within 10µs. Fig. 3
shows the time difference distribution of the OUS1+4.
Additionally, criteria of event selection are required as
robs > 100m and the zenith angle within 25.6deg in the
OUS1+4.

5 Result
To determine the primary energyE of each EAS, the core
distance, the local particle density and the lateral distribu-
tion function are required. The core distancerobs and the
local particle densityρobs are obtained from the observed
data.robs is calculated by using Eq.3 and median value
t m which is obtained from arrival timeti(i = 1,2, . . . ,n)
recorded by the shift register system, wheren is the num-
ber of EAS particle.ρobs is also calculated from the num-
ber of particles recorded by the shift register system, and
is equal ton/S, where S is the total area of detectors and
S= 2m2.

The lateral distribution functions are calculated by us-
ing Air shower simulator AIRES [10]. We assume the pri-
mary nuclei and hadronic interaction model to be protons
and QGSJET II-3/Hillas Spritting Algorithm [11, 12], re-
spectively. The sampling parameters are the primary en-
ergyE and the EAS zenith angleθ . By using the simula-
tion result, the detector simulation is carried out. The de-
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Figure 1: (a) Bird’s eye view of the arrangement of the OUS1 array and the OUS4 array. (b) The photograph of the OUS4
taken by side.(c) The schematic drawing of the OUS4.

Table 1: The data set of the OUS1 and the OUS4.
Observation time [day] Total number of events Number of events estimated energy

OUS1 1931 1.3×107 126576
OUS1+4 1336 2.0×105 830
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Figure 4: The acceptance of the OUS1 and the OUS1+4.

tail of the detector simulation method is described in the
paper [4].

The primary spectrum is assumed to be the power low
Eα , whereα is the spectral index and is sampled from -1.7
to -4.0 every 0.1 in the simulation. Since the primary spec-
trumEα is observed asEα ′

due to the energy resolution of
the OUS1 or the OUS1+4, the observed energy spectrum
Eα ′

is the convolution ofEα with energy resolution func-
tion and the acceptance obtained by the detector simula-
tion shown in Fig.4. Fig 5 shows the relation ofα andα ′

calculated by the simulation.
The primary spectra obtained from the OUS1 and the

OUS1+4 data are shown in Fig.6 and 7. And we plot
the energy spectra obtained from OUS1 and the OUS1+4
weighted byE3 in the Fig.8. Since there are no events in
the energy region above 1019eV in the OUS1+4, data is not
plotted in the range in Fig.8.

The spectra are fitted by a single power-law spectrum
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Figure 5: The relation ofα and α ′ in the OUS1 and
OUS1+4.

Eα ′
in Fig. 6 and 7. α ′ of the OUS1 and the OUS1+4

are obtained asα ′ = −2.45± 0.13 and α ′ = −2.96±
0.18 in the primary energy region of 1016eV− 1019.5eV,
respectively. By using the relation betweenα and α ′

shown in Fig.5, α = −2.50 (+0.23 −0.28) and α =
−3.14 (+0.29 −0.32) are calculated fromα ′ =−2.45±
0.13 andα ′ = −2.96±0.18, respectively. We summarize
α andα ′ in Table2.

In the comparison ofα of the OUS1 with one of the
OUS1+4, the slop of the OUS1’s spectrum is estimated to
be more gradual than one of the OUS1+4 due to the in-
fluence of the spectrum in the high energy region above
1018eV. Uncertainties for the spectral index of the OUS1+4
in its region of|α|>3 become less than one of the OUS1,
because of the improvement of the energy resolution of the
OUS1+4 shown as Fig.9. The energy resolution is calcu-
lated from the detector simulation, and is defined as the
FWHM of each energy distribution.
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Table 2: The spectral indexα ′ andα .
Primary energy region [eV]

1016−1019.5 1016−1018.5 1018−1019.5

OUS1 α ′ −2.45±0.13 −2.74±0.19 −2.07±0.08
α −2.50 (+0.23 −0.28) −3.24 (+0.53 −0.98) −1.94 (+0.09 −0.10)

OUS1+4 α ′ −2.96±0.18 −3.23±0.15 −
α −3.14 (+0.29 −0.32) −3.63 (+0.28 −0.31) −
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Figure 6: The primary energy spectrum obtained by the
OUS1. Data is plotted as (+) and lines shows the least
square fitting in each energy region.
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Figure 7: The primary energy spectrum obtained by the
OUS1+4. Data is plotted as (+) and lines shows the least
square fitting in each energy region.

6 Conclusion
We have shown that the measurement of the primary en-
ergy by using compact EAS arrays and the Linsley’s EAS
time structure. The spectral indexα of the OUS1 are equal
to −2.50 (+0.23 −0.28) and−3.24 (+0.53 −0.98) in
the energy range of 1016−1019.5eV and 1016−1018.5eV,
respectively. In the synchronized observation between
the OUS1 and the OUS4, the improvement of esti-
mation for the primary spectrum can be shown,α of
the OUS1+4 are equal to−3.14 (+0.29 −0.32) and
−3.63 (+0.28 −0.31) in the same range above, respec-
tively.
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