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Abstract. We have installed a shift register system of ex- sults, as well as the potential of the Linsley’s method with a
tensive air show (EAS) particles in a compact EAS arraycompact EAS array.

built on the rooftop of the Faculty of Engineering building
in the campus of Okayama University of Science and be-

ing operated since April 2006 as part of Large Area Air |
Shower (LAAS) experiments , in order to register each ar-

rival time of EAS partiCleS within 5“3 Detector simulations The cosmic ray energy Spectrum Comp”ed from different ex-
based on the database obtained from one of the standard C%erimenta| approaches genera"y exhibits a power_|aw de-
mic ray propagation simulator in the atmosphere (AIRES)pendence on primary energy over 10 decades above about
have also been carried out and the procedures to estimate thg)g Gev primary energies. The power-law index is about
primary cosmic ray energy from the Linsley’s method have _2 7 pelow~ 1057 eV and it changes as an index—3.0

been developed and examined. Applying Linsley’s methodapove this energy. This significant change of a single power-
to the EAS data obtained by our EAS arrays and the Simu|a1aW is called as a “knee” structure. Further, above

tion results, we derived the energy spectrum frotPEY to 10'87 eV harder energy spectrum is observed up t52@V,

10> eV. Consequently, we obtained the power-law index of which is identified as an “ankle” structure. Above'8eV,
—3.2(+0.46—0.8) in the primary energy range of 30eV  experimental data reported already are scattered between the
to 108> eV, and obtained that a change around®8Y ap-  |ower energy extrapolation of energy spectrum and the the-
peared if not taking account of the zenith angle distribution gretical prediction of Greisen-Zatsepin-Kuzmin (GZK) cut-

of primary cosmic rays. We compared the obtained energyff (Greisen 1966 Zatsepin et a).1966. It is reported in
spectrum with other experimental data abové®HY ener-  the recent paperd(avdin et al.2009 Abraha et al.201Q

gies, and showed the two components of power-law energyjanion et al, 2009 that the spectra below #®eV obtained
spectra well described our data. We also showed the imby Yakutsk Pravdin et al.2009, AGASA (Shinozaki et al.
provement of energy resolution by applying the restriction 2006, Auger (Abraha et al.2010 and HiRes KHanlon et al,

of zenith angle of primary cosmic rays in our simulation re- 2009 experiments have a similar structure but different in-
tensities. This discrepancy in intensities can be explained by
the systematic errors in determining the EAS energy for each

Correspondence toA. lyono experimental approach. To derive the EAS energy above the
m (iyono@das.ous.ac.jp) ankle in these experiments, observations of both the EAS
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[m] of controversy for applying Linsley’s method in mini array
10 D """""" DD experiments is that the zenith angle of EAS can not be deter-

; NG mined for the EAS events appropriate for Linsley’'s method,
5 o o ; Z\T» due to the large time spread of EAS particles. Therefore we

; 5 can not use typical zenith angle restriction in data selection
ol ! = = D,E procedures and we have to install new EAS observation sys-

~10’,,/ """" L ‘ tem for this purpose.
0 5 10 15 20 [m] In this paper, simulation studies of the application of Lins-
@ ley’s method by taking into account the EAS zenith angle

distribution are reported as well as the results obtained by

Fig. 1. The schematic top view of the OUS1 and the OUS4. The the EAS rgeasuremegtss and gnalysis in the energy range be-
square symbols represent scintillation counters in the OUS1 arrayiween 16°eV and 16° eV. Finally, we compare obtained
The filled circle indicates the location of the OUS4. primary energy spectrum index and its structure with other

experimental data above the energy ot6l&V.

core position and the number of EAS particles in the surface
detector array extended to several thousantilamd EAS 2 Apparatus as parts of LAAS
longitudinal developments in several ten fluorescence detec-
tors have been performed. 2.1 LAAS
A alternative way to derive the primary cosmic ray energy
with EAS observations was invented by J. Linsley et al., onThe Large Area Air Shower (LAAS) experiments have main-
the basis of EAS particle arrival time distribution with com- tained eight EAS arrays scattered over in Japan since 1996,
pact EAS array experiments in 1960Isir{sley and Scarsi  with GPS-synchronized time stamp system of which accu-
1962. In this method, an empirical formula of arrival time racy is 1us, in order to investigate the cause of simultane-
spread of individual EAS particles as a function of the coreous EAS incidences detected more than 100 km baseline of
distance was proposed. Once the time spread of EAS partiEAS arrays {Vada et al. 1999 Ochi et al, 2003 lyono et
cles is measured, it can provide an estimate of the EAS coral., 2006. One of physics goals of LAAS is to explore the
distance from the compact array. The number of shower parphoto-disintegration effects of high energy cosmic ray nuclei
ticles also provides the local particle density obtained at EASabove18’ eV with solar photons in the interplanetary space
particle counters. Therefore, the shower sipan be derived  before cosmic ray nuclei arriving at the earth’s atmosphere,
from both core distance and particle density by assuming latwhich was proposed as the cue of cosmic ray composition
eral distribution function of EAS particles expected at the studies above “knee” energies in 1950's by Gerasimova and
EAS arrays used in the experiments. The obtained showeFatsepin, and recently numerical approaches potentially have
sizen can be converted into its primary cosmic ray energy also been carried out.
by comparing EAS simulation results. The advantage of this
method is to utilize compact EAS arrays for measuring pri-2.2 EAS array and shift register system
mary cosmic ray energies above'8V without extending
km? coverage of detectors. The applications of Linsley’s As part of LAAS EAS arrays, the four sets of compact EAS
method in EAS primary energy determination have alreadyarrays are located at Okayama University of Science (OUS),
been studied and discussed Bgzboruah(1996, and they = Okayama city, Japan, under a mean atmospheric overbur-
concluded the spectrum became steeper aroulcP®¥ and  den of 1036g/cth These latitude (N) and longitude (E)
flattered out around 84eV. They consequently insisted are 3442 and 13356, respectively. The four EAS arrays
on the existence of the spectral break at®®V. On the  abbreviated to OUS1, OUS2, OUS3 and OUS4 are main-
other hand, they concluded the overestimation of event ratéained by LAAS group. To obtain EAS particle arrival timing
at higher energy range due to inclusion of some delayed parwith 5us time window as well as the number of particles, the
ticles. In their theoretical estimation of the primary energy OUSL is equipped with a shift register syste@kita et al,
and their errors, they have not mentioned both the energy res2008. The OUS4 is installed in order to restrict EAS zenith
olution depending on the zenith angles and Linsley’s methodangles. The overall sytstem and layouts of OUS1 and OUS4
dependence on the EAS zenith angle. have been reported and discussed in the refefdiatgumoto
Linsley’s method can be appropriate for the EAS eventset al.(2010.
which hit the array at more than hundreds of meter core dis- The OUS1 consists of eight plastic scintillation counters
tance from the array center, because the EAS particle timén as shown in Figl and each counter is equipped with
spread become detectable such as more than tens of ns, aadscintillator of which size and thickness are 50c59 cm
primary cosmic ray energy should also be enough to provideand 5cm respectively, and a fast photomultiplier (HAMA-
a number of EAS patrticles at large core distances. A pointMATSU H7195). The detectors are deployed on the rooftop
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Arrival time t [ns]

Fig. 2. The conceptual time line of arriving EAS particles at each . . . . )
scintillation counter recorded by the shift register (upper panel).ime windows from the trigger time. Because EAS particles

Each black bar on the time line represents EAS particle arrival imemay be distributed up to several ps, the shift register sys-
The particle delay histograms from trigger tiri@) are shown in ~ tem has been installed in the OUS1 and the OUSKit&
the bottom panel. et al, 2008, in order to record the arrival time informa-
tion of EAS particles detected by each scintillation counter
within the time window of+2.5us (Fig.2) from the trigger
of the building in the university campus and located over antime. Each triggered signal of scintillation counters is digi-
area of about 200 fn tized with the shift register system with the time resolution
The experimental data are acquired by a CAMMAC TDC of 5ns, because the shift register system is operated with a
(Kaizuworks Model 3781), a CAMMAC ADC (Lecroy clock of 200MHz and the pulse width of the digitized signal
Model 2249W), and a shift register (Mbeware Model PL- from a CF DISCRIMINATOR (Kaizuworks Model 381) to
320E) when receiving the trigger request signal from thethe shift register system is set to 5ns.
coincidence module (MPK NIM-ANY). The trigger request  The OUS4 has been constructed in the first floor of the
signal is generated when more than 3 detectors are hit withirfiour stories building which is located at about 10 m distance
2.5us time window and sets the trigger time to zero secondfrom the OUS1, shown in Fid. and Fig.3(a). At the top and
EAS particle signals within-2.5us from the trigger time of  the bottom layer of the OUSA4, four scintillation counters, of
zero second were recorded by the shift register system. Thehich size and thickness are 20 &0 cm and 1 c¢cm, respec-
time stamp of triggered events is also obtained by a CAM-tively, are used in order to generate a trigger signal. And at
MAC GPS timing module (Kaizuworks Model 3051A). This the side panels, four sets of the same scintillation counters
module maintains 10 MHz oscillator (FURUNO GT-77) syn- as the OUS1 are also installed, as shown in Bfl). Those
chronized with GPS 1 pps signal within 1us accuracy andare needed to eliminate the EAS events of which zenith an-
provides the EAS arrival timing in Universal Time with an gles are more than 2. The data acquisition system of
accuracy of 1us. Because correlations between arrival timethe OUS4 is almost the same as that of the OUS1. Each EAS
and directions of EAS over the distance of more than 100kmevent is recorded by a TDC, a ADC, and a shift register when
are searched in LAAS experimeni#/gda et al.1999 Ochi  both the top and bottom counters are hit withifi%s. We de-
et al, 2003 lyono et al, 2006, the accuracy is enough to signed the experimental set up of detectors at the OUS4 in or-
separate the EAS events. der to select the EAS events whose the zenith afgleould
The EAS zenith anglé is typically obtained by fitting a be less than 26°, among uniformly incident EAS events.
plane to the shower front of the arrival time difference which The instrument of the OUS4, see FR(b), consists of top
is calculated from the TDC values of EAS particles, of which and bottom scintillation counters in coincidence, separated
resolution is set to 50ps. The angular resolution obtainedoy 1350 mm. The maximum zenith angle that will trigger
by the OUS1 was estimated at abo@{dchi et al, 2003. the OUS4 depends on the diagonal length of the set of scin-
The TDC can record arrival time information of the first ar- tillation counters 640 mm and separated length of 1350 mm,
rived EAS particles which hit each detector within 100 ns and is equal to 25% The time stamp of each EAS event is
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10000 T T —3 EAS particle arrival time as its estimator in this analysis. The
f [0=0 [deg]—— f P relation betweew; andmedianin the gamma distribution is
L | 0=30 [deg.]~==-=~ ; i ;
1000 L0260 R Ry given by
N
= o;and = and ——tmedian- 2
g 100 ' 1 67 median (2)

r is calculated by the inverse function of E4) @ndtmedian
of Eg. @) as

e r=30{(1.35tmediaﬂ(1/1‘65)—1}- (3)

Core distance r [m]

If the core distance was determined as less than 100m, we
Fig. 4. The dispersior{ot) of arrival time distribution of EAS par-  did not use such events, becausds almost constant in the
ticles as a function of EAS core distancgiven by Eq. 1). region ofr < 100 m and the relative errm/r

is almost proportional ta—1. Therefore, we applied this

. - L ._method only for the obtained core distance 100 m.
obtained by a GPS timing module, and the time information

between the OUS1 and the OUS4 is synchronized within 1u% 2 Primary energy estimation
accuracy. ' y y

The OUSL1 records the total number of EAS partictes

3 Deriving core distance and primary energy by summing up EAS particles which hit each scintillation
counter and registers each arrival timgi=1,2,---,n) of
3.1 Core distance estimation EAS particles. The particle densifyps is calculated by

pobs=n/S, whereS is the total area of scintillation coun-
J. Linsely (insley and Scarsil962 Linsley, 1985 1986  ters andS = 2n?. Instead of the arrival time dispersian,
found out that EAS thickness increases with the EAS corewe calculatemegianvalue froms (i=1,2,---,n). By substi-
distancer, the zenith angl® and weakly depends on the tuting thesmedianvalue for that of Eg3, we can determine the
primary energy, and formulated this characteristic empir-core distanceops The lateral distribution of EAS particles
ically. In referenceLinsley (1986, the individual EAS  have already been obtained according to the EAS simulation
thickness was defined by using the dispersiprof arrival  and the detector simulation described in SéL To es-
time distribution of EAS particleso; is calculated by, = timate the EAS size from obtaineghps and rops, We need
(f (t— (t))zp(t)dt)l/z, wherert is the arrival time of EAS  the averaged lateral distributigin(r, Eg) integrated over the
particle andp(z) is the probability density function of EAS zenith angle distribution, wherg&y is the primary energy.
particles arriving in time intervalz. The average behavior of Therefore, tables of the(r, Eg) have been generated by EAS
dispersiono;) can be described empirically by the following simulation. Finally, we can obtain the primary enetyby

formula (Linsley, 1986, comparingpops and o (rops, Eo). The event selection criteria
b are summarized in the next section, and the simulation pro-
(0,)and = andoro <1+ L) 1) cedure is also described in SestlL
It

whereo;g = 1.6 ns,r, =30m andb = (2.08+0.08) — (0.4+

0.06) s + (0+ 0.06)log(E /10" eV), as shown in Fig4. 4 Datasetand analyses

Note that the correck value was used in generating EAS

events in the detector simulation, while the averapediue 4.1 Data set

(b =1.65) obtained by calculating the zenith angle distribu-

tion of EAS was used to determine the primary energy whenln the OUS1 observation, the data period used for this anal-
analyzing the OUS1 data. The contribution of third term ysis is from April 2006 to December 2008, and the total
of b was ignored. Linsley assumed the probability densityamount of observation time is 670 days. The total number
function of EAS particleg (1) to be a gamma distribution as  of events is about % 10° events and about510* events can
p(t) = (t/,uz) exp(—t/w). If we assume a gamma distribu- be used to estimate their primary energy. The corresponding
tion, o; is calculated by, = (r)2/2. Actually, o, should be  event trigger rates are about 6300/day and about 75/day.
overestimated due to contamination of random noises. Then, The GPS-synchronized observation between the OUS1
as the standard deviation may not be the best estimator adnd the OUS4 (abbreviated to OUS1+4) started in Au-
the EAS thickness, we use the medigBgianin the series of  gust 2008.
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Fig. 5. The integral probability distributio®’ (r) of arrival time of t(i=0,1,2,---,n) t=0

EAS particles in the region of 1000 ns to 2500 ns, obtained by the
OUSL1. The solid line and the dashed line represent data and fittegig

linear function, respectively. . 6. The calculation method for’

" edian (8 In the case of
! ediar! fmedian> 0.5, we judge all qfti come from EAS.(b) In
the case of/ . i/ fmedian< 0.5, we judgers should be a random

noise, the rest come from EAS.
4.2 Estimation of random noise ratio

5 Detector simulation of EAS arrays

The observed arrival time distribution is expected to be the

mixture of EAS particle density distributign(s) and random 5.1  Simulation procedures

noises due to atmospheric muons or the thermal noise of the

scintillation counter. The noise component should be con-n order to derive the primary energy spectrum by using the

stant per unit time. To estimate noise rate, we calculate th&US1 and the OUS1+4, we estimate the acceptance, the

integral probability distribution?’ (¢) of arrival time of ob- zenith angle Qistribqtion and the energy resolution for each

tained EAS particles a8’ (r) = [ p/(¢')ds', wherep/(+') @y by the simulation as follows. _

is the arrival time difference of obtained EAS particles. Fig- Our detector simulation consists of the following three

ure5 shows the integral distributioRt’ () above 1000 ns ob-  steps. First, by using the AIRESciutto (1999 which is

tained by the OUS1. Data points were fitted as a linear func2 EAS simulation code, databases of the lateral distribution

tion from 1000 ns to 2000 ns. We have estimated contamiOf electronspe(r,0, Eg) and muonsp ., (.6, Eo), the num-

nated noise rate as 0.4%. ber of electronsNe(Eg,6) and muonsN, (Eg,#), and the
standard deviation of the number of electreng(Eo,0) and
muonsoy, (Eo,0) were made, where, ¢ and Eyp are the

4.3 Event selection criteria core distance, the zenith angle and the primary energy, re-
spectively. The lateral distribution of EAS particles was cal-
culated within 2000 m radius of core distance at sea level.

The time structure of EAS particles is approximated by a reI—EO was sampled in the energy region of26V to 17°eV

atively thin disk of charged particles that propagates Withevery decade, and was also done from°Oto 60° every

the speed of light, which is called as a shower front. Be-10>. " The number of EAS events generated, was one hun-
cause we assume the EAS patrticle arrival time distribution 104red at each simulation condition. The prim,ary nuclei and
be a gamma distribution, there is no EAS particle which ar-, 44nic interaction models were assumed to be protons and

rives at detectors before a shower front. If the random nois%e QGSJETII-3 Ostapchenko200§ and the Hillas Split-
discussed above, appears before arrival of a shower fron%-ng Algorithm (Hillas, 1997, respectively.

there is a tendency toward increasgdgian Therefore, in
order to minimize the contamination of the random noise
we did not use the events t#]ediar/tmeman< 0.5 as shown

in Fig. 6(b), wherer/ _ i.is the median value obtained from
L—to(i=2,---,n—

The systematic error of energy determination came from
‘the primary cosmic ray composition model and the hadronic
interaction model. Bleve et al. (2009 reported that the
QGSjet model variations were less th&110% at core dis-
tances of 10 to 1000 m for electrons at'16V and muons

We also applied the limitation of the calculated core and less than 20% at 1 km core distance &P &¥. Therefore
distancergps, if rops is less than 100m, we did not use the systematic error due to the hadronic model in our simula-
such events to estimate the primary energy as explained ition was estimated as less than 15%. On the other hand, for
Sect.3.1 the systematic error due to the primary composition models,
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Proton  + tively. The number of muonw/M(Eo,G) is also cal-
R Proton/Fe - ] culated by the same method H§(Eo,0).

10! 5 5. The particle densitype(r,6, Eg) and p, (r,0, Eg) are

N S X sampled by using the lateral distribution tables made in
WP S the 1st stepd =0° to 60° every 10, Eg=10eV to
o X 10?°eV every decade).

Particle density [/mzj

107 i 6. The arrival time of each EAS particle is sampled by the
random number of a gamma distribution.

100 1000
Core distance r [m] 7. The random noise is sampled by a random number and

its rate is set to 0.4%.
Fig. 7. The charged particle lateral distributions in proton primary

case (+) and iron primary case (x) attI@V. The dotted line repre-  The number of particleo’ in a detector is determined by
sents the ratio of proton to iron primary.
s (Pe(”,g, EO) Né(Ean)

N
Auger group has already reporteddbraha et al(2010 that e(Fo.0) ,
the systematic uncertainty arising from the lack of knowl- pu (1.0, Eo) N, (Eo,0)
edge of the mass composition was about 8% &¢ &0 and Ny (Eo,0)
less than 1% above 1®eV. We have already studied the
charge particle lateral distribution at the ground level with wheres is a detector arefs = 0.25n7), p’ is the density of
proton and iron primaries at 39 10'%and 187 eV by using  particle which hit in a detector. And, in order to take into
the QGSjet model. The obtained charged particle lateral disaccount the contamination of the random noise in the detec-
tribution for between proton and iron primaries was plotted tor simulation, the observed random noise rate of 0.4% is
in Fig. 7. When the core distance was larger than 100 m andised, which was explained in Sedt2 Noise particles are
smaller than 2000 m, these distributions were almost equagienerated with a random number in the experimental time
to each others. As can be seen, the ratio of proton to irorwindow of £2.5us from trigger time. We performed the ar-
primary plotted as the dotted line in the same figure showgay trigger so that more than three scintillators were hit by
the weak core distance dependency. The systematic uncemore than one EAS particle whose energy was greater than
tainty due to the lack of knowledge of the primary cosmic 7.5 MeV, within 25pus time window. Once the trigger condi-
ray composition is less than 25% at'1@V. By combina-  tion was fulfilled, we calculated the number of particles and
tion with these two uncertainties, the total uncertainty of ourthe median of the arrival time distribution obtained by sum-
experiments was less than 30%. ming up particles triggered in all detectors. The threshold

Once these databases have been ma@€Fy,0) and  energy of scintillation counters, 7.5 MeV, was derived by ad-
N, (Eo,0) are parameterized ade(Eo,0)cos(CA®) and  justing the threshold energy in scintillation to reproduce the
N, (Eo,0)cos(C6?), wherea andC are fitting parameters. ~ obtained trigger rateqchi et al, 2003.

Secondly, the detector simulation for eaEfpwas carried Thirdly, the primary energy resolution is calculated for
out in order to make databases of the lateral distribution aveachEg by using the averaged lateral distributigiir, Eo)
eraged by simulated zenith angle distribution in each arrayobtained above. The procedure and the parameter condition
The parameters used in this simulation are shown as followsof the simulation are the same as in the second step.

) =sp’, 4)

1. The primary energyop is Samp|6d in the energy region 5.2 Assumed primary energy spectrum

of 10%eV to 1¢%eV every 0.1 decade.
The power-law cosmic ray primary energy spectrum
f(Ep) x Eg* was assumed in order to carry out EAS array
performance simulation. The spectral indexvas sampled

3. The zenith anglé of EAS is sampled by a random num- from—1.7to—4.0 every 0.1 _step. The obs_erved energy spec-
ber in the solid angle of the hemisphere withit 60he 2 f”(Eo) are the convolution off (Eo) with energy reso-
geometrical acceptance of each scintillator which is pro-/ution functions and the acceptance obtained by the simula-
portional to co8, is taken account of. tion in Sect.§.l The obtainedf’ (Ep) is also described as

f'(Ep) «x Eo“, wheredo' is the fitted spectral index value.

4. The number of electron&/s(Eo,0) is sampled by the We have to estimate the value from the obtained’ value.
Gaussian distribution of which the mean and the stan-Therefore, the accuracy of the conversion frehto o has to
dard deviation areVe(Eop,0) andoy,(Eo,6), respec- be examined.

2. The core distance is sampled by a random number
within 2000 m radius.
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Fig. 9. The primary energy spectrum obtained by the OUS1. The
symbol (+) and the lines represent data and the least square fitting,

Fig. 8. The core position distributions for observed EAS and sim- [jespectively

ulated one. The symbols (+) and (x) represent observed data an
simulated one, respectively.
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In order to clarify the validation of our measurement, the 3 ;
distributions of the determined core position and simulated 25
one are shown in Fig. As can be seen, observed data are L ‘ ‘
well reproduced by the simulated one described in the sec- ) SRR AN A
tion sec:sim. The event densities at the nearest and the most *
distant core position 15l i i i i
) ) 15 2 25 3 35 4
The energy spectrum obtained by using the OUS1 data set ot

is shown in Fig9, in the primary energy region of 1#PeV to

10'9° eV. The fitting is performed with the least square fitting Fig, 10. The comparison between the indices of the primary energy
method. The ob/tained spectrum is fitted by a single powerspectra and the obtained ones.

law spectrumEg® and the index value of the obtained spec-

trume’’ is equal to-2.48+0.12 (x2/NDF = 5.7/5). The ob-

tained spectrum ,however, shows a gradual flattening aroung@ Discussion

10'8eV. We divided the obtained energy spectrum into two

energy regions: (i) ¥eV to 10¥5eV, (i) above 18%eV, 7.1 Energy spectra comparison with different

and fitted a single power-law to each energy spectrum in experiments

each region. The obtained spectrum indiegdn the en-

ergy region (i) and (i) are-2.75+0.17 (x?>/NDF=0.83/3)  The structures of cosmic ray energy spectrum above the en-
and—2.10+0.08 (Xz/NDFz 0.01/1), respectively. There- ergy of 108eV such as the changes of spectral index, the en-
fore, the obtained spectrum is well expressed by two com-ergies of their break points and the existence of GZK cut off
ponents power-law spectrum in this energy region. The in-are the most important astrophysical subjects in order to ex-
tercept energy point of these two components i§"2@V. plore the origins and propagation processes of ultra high en-
The index valuex of the primary cosmic ray spectrum ergy cosmic ray nuclei in our galaxy or the external galaxies.
can be obtained from the simulated relation betweeand = We compared our flux data with other experimeiftswler,

a’ shown in Fig.10. Then,o’ = —-2.75+0.17,—-2.10+ 200% Bezboruah1996 and Auger resultsAbraha et al.
0.08, and —2.48+ 0.12 obtained from data are equiva- 2010 in the energy range of #0eV to 10:*°eV shown in
lenttoa = —3.20(+0.46 —0.8), —2.00(+0.12 —0.11), and Fig. 11, without any multiplication of the power low energy
—2.55(+0.19 —0.25), respectively. These features of en- scaleE. The spectral shapes of those four experiments seem
ergy spectrum flattening also came from the poor energy resgenerally to be consistent with each other in this energy re-
olution due to the zenith angle effect of shower size. Wegion. The enhanced spectra abové®&V with the multipli-
discussed the way to improve energy resolution in our expercation of flux by the energy scalé>’, however, shows the
iments in the next section. deviations in the spectral structures shown in Hig. Our
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Fig. 11. The comparison of energy spectra between different exper+ig. 13. The comparison of obtained primary energy spectra with
iments. The symbols(+), (X), (*)[) represent our data, Fowler et the obtained ones, after correcting intensities. The symbols(+), (x),
al., Bezboruah et al. and Auger results, respectively. (*), (O) represent our data, Fowler et al., Bezboruah et al. and

Auger results, respectively.
21

107" T T T T T T
E : : : : OuUs1T —+—
Fowler
. | BeZbXLUgae? - the OUS1 is a compact EAS array which consists of eight de-
= e R tectors and covers the area of about 28Qitrobserves only
o ] | | T | a part of EAS, and it is difficult to obtain the core distance
& [ X - “oo X . %ay. . r from observing EAS patrticle density distribution. There-
£ i 3 X o X o xC GGHD_E% fore, we employed the Linsley’'s method in order to obtain
ZW0°F ; 3 B PO 3 CUE T the core distance by using the OUS1. However, because
W —t— T g 3 the thickness; of the shower front increases with the core
I 3 3 3 3 Y 3 distancer and shower front shapes are different from a flat
10'8 1 1 1 1 1 1 1 disk, the zenith angle of EAS cannot be calculated by fitting
6 165 17 17'? (158/ V)18-5 195 20 a plane to a shower front from the arrival time of EAS parti-
0910{Eg/ €

cles. The size of a compact EAS array is also not enough to
parameterize the shape of the shower front either by an arc
‘or by a cone. Therefore, in the OUS1 observation, we do not
obtain the zenith angle information if the core distance of the

EAS is large. We have to use the mean value of the expected
zenith angle distribution instead of an event by event analysis

absolute flux data are smaller than the others in the energyith the zenith angle information.

range from 18%eV to 1018eV. After correcting the absolute T he systematic error for the primary energy determination
intensity of our data above 1®eV by multiplying 1/0.22 mainly stems from using the mean valuebah Eq.1 and the
derived from the expected intensity, spectral structure of oufateral distribution which is applied to the primary energy
data seems to be consistent with other experiments beloletermination averaged by the expected zenith angle distri-
the energy of 185 eV, shown in Fig.13. Because of the bution. Because the systematic error of the primary energy
zenith angle distribution observed at OUS1, spectral Shapéietermination can be decreased by restricting the obtained
have shown the flattering characteristics with increasing priZenith angle of EAS even if the zenith angle cannot be ob-

Fig. 12. The enhanced energy spectra in comparison of four exper
iments. The symbols(+), (x), (*){) represent our data, Fowler et
al., Bezboruah et al. and Auger results, respectively.

mary energies above eV discussed in SecI.2 tained on an event by event basis, we installed the OUS4
and started the synchronized observation between the OUS1

7.2 Necessity of experimenta| improvements for and the OUS4. However, the acceptance of the OUS1+4 de-
Linsley’s method creases as compared with one of the OUS1 due to restricting

the observed zenith angle.
The primary energy spectrum in the region above the inter- Figuresl4(a) and(b) show the expected zenith angle dis-
cept point 18679 eV seems to become flatter than one in the tributions by using the OUS1 and the OUS1+4. Because the
primary energy region of #6eV to 1385V, although the  widths of the zenith angle distribution in the OUS1+4 be-
primary energy spectrum was assumed to be a power-lancome small as compared with the zenith angle distribution
We observed that this spectral flattening from data is causeth the OUS1, the systematic error of the OUS1+4 with re-
by the accuracy of energy resolution for the OUS1. Becausespect to the zenith angle of EAS is suppressed. Therefore,
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0.03 ' .
002 5 standard deviations and their lateral distributions in the EAS,
001 and carried out detector simulations in the primary energy
b) Sy region of 13°%eV to 1¢%eV.
0 10 20 30 40 50 60
zenith angle § [deg ] In order to estimate the primary energy spectrum by us-

ing a compact EAS array, the Linsley’s method is applied
to estimation of the core distance. The obtained spectral
index o’ of the primary cosmic ray by analyzing data is
equal toa’ = —2.75+0.17, and it is equivalent to a true

. . . . o =—3.2 (+0.46 —0.8). The energy spectrum obtained by
we can improve the primary energy resolution by using theOUSl was consistent with other experiments below about
OUOS1+4' And the FWHM value Qf _the OUSL+4 is smaller 10*8eV energy, and some flattening of the energy spectrum
(41%) than t.hat of the OUS1. This improvement of the en- as shown in our data above this energy. Even though
ergy resc_)luuon also_decreases the number of events leaked flattening of flux in the region above the intercept point
toward higher energies and consequently suppresses the fla?bﬂg eV was obtained, we cannot decide if the flattening
tening of the primary energy spectrum. We use the FWHM '

d . tems from either the accuracy of energy resolution in the
value as the energy resolution and summarized the FWH . )
. . P US1 observation or the change of primary energy spectrum.
value as a function of primary enerdsp shown in Fig.15.

The energy resolution for the OUS1+4 is much smaller than The Systematic error due to the primary Composition un-
that of the OUS1 in the whole energy region fromt®eV  certainty and the hadronic interaction models were estimated
to 10"*%eV. It is expected that the obtained change in theas about 15% and 25%, and by combination with them, the
energy spectrum above @V can be resolved by the im-  (ota systematic uncertainty of OUS4 array was estimated as
provement of the energy resolution by using the OUS1+4,300. But we need more studies the systematic errors due
thOUgh the EAS event rate should become lower than by USto primary mass Composition in our simulations. Experi_
ing OUS1 soley because of the zenith angle restriction.  mentally, we installed the OUS4 in August 2008 to solve
this problem, because the OUS4 can reduce the systematic
error. The estimated accuracy efis expected to be im-
proved and it enables to extend the measurable energy region

to 107%eV in the OUS1+4 observation. So far, the statistics

The observation of a compact EAS array OUS1 equippedyt ihe ous1+4 observation data is not enough to discuss the
with a shift register system in order to record EAS particle primary energy spectrum.

arrival time has been carried out, and the primary cosmic ray
energy spectrum above &V was obtained by using Lins-
ley’'s method. And we also developed the simulation methodEdited by: T. Suomijarvi

by parameterizing the number of electrons and muons, theiReviewed by: M. Pimenta and another anonymous referee

Fig. 14. The probability distribution of zenith angles observed by
the OUS1(a) and the OUS1+4b) for each primary energy.

8 Conclusions
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