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The primary energy spectrum with the Linsley method
correcting heavy primary effects in the LAAS experiments
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Abstract. The compact EAS Extensive Air Shower (EAS) array (200 m?) and the Linsley method have been
used with the aim to observe the primary energy spectrum. The spectral indexes oproon and ooy are obtained
as —2.46 & 0.17 and —3.08 =& 0.24, respectively, in the primary energy region of 10'® eV — 10" eV in the
single observation of the compact EAS array. Additionally, otyo0n and o, are obtained as —3.12 £ 0.13 and
—3.52 £ 0.17, respectively, in the same primary energy region in the observation by restricting the zenith

angle of EAS events.

1. Introduction

The Large Area Air Shower (LAAS) experiments [1,2]
have been observing cosmic rays with compact Extensive
Air Shower (EAS) arrays, and have maintained EAS arrays
at several institutes since 1996. The purposes of LAAS
experiments are to study the primary energy spectrum,
anisotropy of high energy cosmic rays, and simultaneous
and parallel EAS events [3-7]. The group of Okayama
University of Science has mainly observed cosmic rays in
the primary energy range above 10'3 eV and studied its
primary energy spectrum.

In order to observe EASs caused by high energy
cosmic rays on the ground, many detectors scattered
over a large area are required such as the Pierre Auger
Observatory [8] and the Telescope Array Observatory
[9] due to the feature of primary energy spectrum.
However, these methods have a high cost in installing and
maintaining detectors.

To solve the problem and carry out low-cost
observation, we adapted the Linsley method [10], which
is the result of the EAS core distance, r, dependent on
the dispersion, o;, of the arrival time of EAS particles to
the compact EAS array in LAAS experiments. Bezboruah
[11] has also reported on the results of the primary energy
spectrum obtained by adapting the Linsley method to their
mini-array.

In the LAAS experiments, the observation of the
primary energy spectrum has been carried out by
combining Linsley’s method with the compact EAS
array since 2006, and an apparatus for improving the
determination accuracy of the primary energy was installed
in 2008.
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2. Apparatus

Okayama University of Science (OUS) is in Okayama,
Japan and located at 34°42'(N) and 133°56/(E), at sea
level. There are five EAS arrays (OUS1~OUSS5) and
these arrays, except the OUS4 which is the apparatus
for obtaining information of the EAS zenith angle, each
consist of eight scintillation counters.

The arrangement of the OUSI array is shown in
Fig. 1. In this work, the obtained data of OUSI and
OUS4 are used. Each scintillation counter equips a plastic
scintillator of size 50 cm x50 cm x5 cm, a PMT
(HAMAMATSU H7195) and a stainless steel case of 5
mm thickness. The OUSI array is installed on the rooftop
of a building in Okayama University of Science, covers an
area of about 200 m”. The data acquisition system (DAQ)
consists of a CAMAC TDC (Kaizuworks Model 3781),
a CAMAC ADC (Lecroy Model 2249W), and a shift
register (Mbeware Model PL-320E). In this work, we use
EAS event data obtained by the shift register because the
shift register allows storing more information of time and
the number of EAS singles from detectors than the TDC
system. The event trigger time and clock synchronization
are maintained by a GPS module (Kaizuworks Model
3051A) of time accuracy 1 us. An EAS event is triggered
by a coincidence detection of more than three detectors
within a 2.5 us time window.

The shift register module is able to store the time series
signal from each detector as digital data with £2.5 pus time
window from an EAS trigger time. The time resolution of
the shift register is 5 ns.

OUS4 is the apparatus for obtaining the zenith angle of
EAS events and is shown in Fig. 1. This apparatus equips
scintillation counters for the EAS event trigger on the top
and bottom layer, respectively, and for anti-counting at the
side panels. The scintillation counter, the size of which is
20 cm x 50 cm x 1 cm, for the event trigger, is equiped
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Figure 1. (a) The arrangement of OUS1 and OUS4. (b) Photograph of OUS4. (c) The schematic drawing of OUS4.

with a PMT and a black plastic cover. The total area of
each of the bottom and top counters is 0.2 m? respectively.
Anti-counters at the side panels are the same as those
of OUSI. DAQ is also the same as the OUS1 and the
GPS module is equipped for synchronizing the observation
clock. The zenith angle, 6, of EAS events is distinguished
by using anti-counters events of 6 < 25.6° from all events.
The OUS4 was located at about a distance of 10 m from
the OUS1 in 2008 ~ 2012. In 2013, we relocated OUS4 to
a distance of 180 m from OUSI.

3. Method
3.1. EAS Core distance

The estimation of the core distance, r, of EAS is performed
by using Linsley’s method and the result of Okita [6].
Linsley showed that the relation between the average
dispersion of arrival time distribution of EAS particles,
(01), and r follows the empirical formula

b
’
(o1) = 010 (1 + ) , (D
Iy
where
b =(2.08 £0.08) — (0.4 &+ 0.06) secH 2)

+ (0£0.06)log (E/10"7eV),

o0 = 1.6 ns, r, = 30 m, O is the zenith angle and E is the
primary cosmic ray energy. We adapt b to the averaged
value b = 1.65 by the EAS zenith angle distribution
expected by the observation instead of the original b, and
ignore the contribution of the primary energy. In Fig. 2,
(o) is plotted as a function of r.

The EAS arrival distribution is assumed to be the
gamma distribution by Linsley, and the best estimator,
discussed in reference [6], of the dispersion of arrival time
distribution of EAS particles, o, is

J2

= — . 3
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where t,, is the median of the time series data of the
observed EAS events. The core distance, r, is obtained by
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Figure 2. The relation between r and (o). Each curve is Eq. (1)
for 6 = 0°,30°, 60°, respectively. The averaged 6 is ~ 23° in
OUSl.

substitution of Eq. (1) into Eq. (3), and rearrangement of
the terms

r=30((1.356)75 ). 4)

Note that the systematic error of r increases with
increasing EAS zenith angle 6, because we use the
averaged b instead of the original b.

3.2. Primary energy

In order to determine the primary energy of EAS events,
we combine the database of lateral distributions of muons
and electrons obtained by carrying out the EAS simulation
program AIRES, and the observed data of the core distance
and the particle density. In the EAS simulation, hadronic
interaction models are assumed to be QGSJET II-3 and the
Hillas Splitting model. The primary nuclei are assumed
to be protons and irons, respectively. This simulation
procedure is described in Ref. [7] in detail.

Figure 3 shows the calculated energy distribution
assumed to be that the input primary energy Ej is at
10'7 eV in the primary nuclei of protons and irons in
the simulation. The OUS1+4 in Fig. 3-(B) indicates the
synchronized observation between OUS1 and OUS4. By
restricting the zenith angle of EAS events by OUS4, the
accuracy of the determination of the primary energy of
OUS1+4 is able to improve more than that of the OUSI.
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Figure 3. The simulated energy distributions in OUS1 (A) and
OUS1+4 (B). Symbols of (4) and (x) indicate proton primaries
and iron ones, respectively.
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Nobs: Total number of triggered events

Nproton: Number of events enabled to determine primary energy (> 100 eV)
assumed nuclei to be protons
Niron: Number of events enabled to determine primary energy (> 10'¢ eV)
assumed nuclei to be iron.

Table 2. The spectral index «’ and «.
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Figure 4. The energy resolution bands in the OUS1 (A) and the
OUS1+4 (B). The shaded bands indicate the result of assumption
of proton primaries. The dashed line bands indicate the result of
assumption of iron primaries.

We define the energy resolution of detectors as the FWHM
value of the calculated energy distribution. Figure 4 shows
that the relation between Ey and the FWHM. E| and E, in
Fig. 4 correspond to the same letters in Fig. 3, respectively.
In order to determine the primary energy spectrum,
the observed data spectrum corresponds to the spectrum
calculated by the detector simulation. The true primary
spectrum is assumed to be a single power-law E¢, where o
is the spectral index value in the simulation. The « value is
obtained as «’ by being affected by the detector sensitivity
and the fluctuation of the shower size. The calculation
method of o from «’ is described in Refs. [7] and [12].

4. Result

4.1. Data analysis

In this analysis, the data period is from 4/2006 to 3/2016
for OUS1, and from 8/2008 to 12/2012 in the synchronized
observation between OUS1 and OUS4 (OUSI1+4). The
observation time, the total number of events and the
number of events enabled to determine the primary energy
are summarized in Table 1. The assumption of the primary
nuclei are protons and irons, and Nproon and Niro, indicate
the number of events enabled to determine the primary
energy in each assumption, respectively.

The selection criteria for available events are the range
of the observed core distance rops, 100 m < rops < 2000 m.
Additionally, in OUS1+4, we used the coincidence events
of the time difference between OUS1 and OUS4 within
10 s, and the events of the EAS zenith angle 6 within
0 < 25.6°.

Primary energy region [eV]
(1) 1016 _ 1019.5 (11) 1016 _ 1018.5 (111) 1018 _ 1019.5
OuS!l |o'| —2.37£0.11 | —2.624+0.15 | —2.09£0.18
Proton o | —2.19£0.11 | —2.464+0.17 | —1.93 £0.17
OUS1 |0 —2.61£0.13 | —2.96+0.15 | —2.07 £0.07
Iron a| —2.60£0.18 | —3.08£0.24 | —2.00 4 0.07
OUS1+4|a’| —2.92£0.15 | —3.14+0.25 —
Proton |or | —2.87 £0.16 | —3.124+0.13 —
OUS1+4|a’| —3.23 £0.17 | —3.47+0.15 —
Iron a| —3.23+£0.20 | —3.52£0.17 —

4.2. Primary energy spectrum

The primary energy spectra obtained by this analysis are
shown in Fig. 5. In order to calculate the spectral index
value of the data spectrum, each spectrum is fitted by
the least squares method to a single power-law spectrum,
E¥. Because the spectral index seems to manifest a
flattening around 10'83 eV, the primary energy regions of
the fitting are

() 10 eV ~ 1095 eV,
(i) 10 eV ~ 10'83 eV and
(i) 10'8 eV ~ 1095 eV

The OUS1 obtained spectral indexes o proron and o'iron
—2.62£0.15 and —2.96 £0.15, respectively, in the
primary energy region (ii). Thus, @prwon and o, are
equal to —2.46 = 0.17 and —3.08 £ 0.24, respectively, by
calculating from the relation between « and o’.

In OUS1+4, o is also calculated by using the
same procedure. o' proron and o'jron are —3.14 +0.25 and
—3.47 £0.15, respectively, in the primary energy region
(ii), and ofproron and iron are equal to —3.12 4 0.13 and
—3.52 £ 0.17, respectively. The obtained spectral indexes
are summarized in Table 2.

5. Conclusion

In the LAAS experiments, we have observed cosmic
rays and studied various phenomena attributed by those
with compact EAS arrays since 1996. Especially, the
primary energy spectrum has been observed by adapting
Linsley’s method to our compact EAS array in Okayama
University of Science since 2008. The primary energy
spectrum is updated in this work, otproon and oo are
equal to —2.46 £ 0.17 and —3.08 % 0.24, respectively, in
the primary energy region of 10' eV — 1033 eV in the
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Figure 5. The data spectrum assumed to be proton and iron primaries, respectively, in the OUS1 (A), and in the OUS1+4 (B). Symbols
of (4) and (x) indicate observed data. Lines show the result of the least square fittings.

OUSI. also, aproton and ctjron are equal to —3.12 £ 0.13 and
—3.52 £0.17, respectively, in the same primary energy
region in OUS1+4.
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