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Abstract. The primary energy of the ultra-high energy cosmic rays(UHECR) are measured with the number of fluorescence
photons which are detected with fluorescence detectors(FD) in the Telescope Array experiment(TA). Howevery since there
is large uncertinty as 19 % in the measurement of the energy scale, the most important theme is improvement of the energy
calibration. The electron light source(ELS) is a small electron linear accelerator for new energy calibration. The ELS is located
100 m far from the FD station, and injects electron beam which is accelerated to 40 MeV energy into the sky. We can calibrate
the FD energy scale by detection the air shower directly which is generated by the electron beam. The ELS was developed in
KEK Japan, and moved to the TA site in March 2009. We started the beam operation in September 2010, in consequence we
detected the air shower which was generated by electron beam in the air. The output kinetic energy of the electron beam was
41.1 MeV, we adjusted the output charge from 40 to 140 pC/pulse. We expect that we can improve the uncertinty of the energy
scale to about 10 % with the ELS, futhermore ELS will be a very useful apparatus for R&D of future UHECR observation.

Keywords: Cosmic ray, Fluorescence Light, LINAC, End-to-End calibration
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INTRODUCTION The TA, HiRes experiment and the Pierre Auger ob-
servatory have reported their important results in recent
The ultra-high energy cosmic rays(UHECR) are mostyears[4][5][6][7][8][9]-
highest energy cosmic charged particles which are de-
tected at the earth. Although their source points, the
mechanism of their generation, their chemical composi- MEASUREMENT OF UHECR WITH FD
tion and their acceleration and propagation system from
their source to the earth are not understood. The candiMeasurement of the energy of the UHECR is most im-
dates of their source point are extra-galaxtic AGN andportant for UHECR observation. The TA and PAO ex-
gamma ray bursts. Greisen, Zatsepin and Kuz’min preperiments measure their primary energy by calorimetic
dicted that the UHECR loss their energy Ayesonance method. The UHECR which inject in the earth generate
with cosmic microwave background during propagationgiant cascade shower by collision with the atmospheric
from source point, thereby they can not arrive from moremolleculars. Then the FD at the ground detect the fluo-
than 100 Mpc far from the earth(GZK cutoff)[1][2]. The rescence photons which are emitted from the air shower,
candidate of their chamical composition is proton or ion.and the primary energy can be calculated by using the
The two large experiments have started the observaaubmer of the detected photons. The TA experiment de-
tion of UHECR. One is the Telescope Array(TA) experi- veloped a new reconstruction method named as inverse
ment which have started from 2008 at Utah state in northmonte calro method[10].
U.S. The TA experiment has the hybrid type detectors There are many calibration parameters for measure-
which consist of 507 surface scintillation counters andment of primary energy. The main important calibra-
34 fluorescence telescopes(FD)[3]. Meanwhile the antion parameters are the absolute fluorescence yield, their
other one is the Pierre Auger Observation which havespectrum, the atmospheric condition, the attenuation co-
started from 2004 in Argentina[3], The Pierre Auger ob- efficients and their phase function, and the FD. The cal-
servatory has also hybrid type detectors which consisibration parameters of the FD are reflectance of the mir-
of about 1600 water cerenkov detectors and 24 FDsrors, the transparency of the UV-pass filters, the quan-

International Symposium on the Recent Progress of Ultra-High Energy Cosmic Ray Observation
AIP Conf. Proc. 1367, 44-49 (2011); doi: 10.1063/1.3628713
©2011 American Institute of Physics 978-0-7354-0927-9/$30.00

44



Beam Shot Direction

T
o

Radiation Controlled Area

Generator (80kW)
Power for ELS operation
~50kW

Cooling Unit Container

FIGURE 1. lllustration of the Electron Light Source. The o _

ELS consists of the S-band high power rf system, the electrofr/GURE 2. Photograph of the ELS site in TA site. The ELS

source, accelerator tubes and the 20 kW cooling power unitSite was constructed at the 100 m far from the FD station. Three

The 40 MeV electron beam is bent by the’3nding magnet ~ containers and the 80 kW power generator were installed in the

to the vertical upward, and injected into the sky. ELS site. The area inside the safety fence was defined as the
radiation controll area.

:)l:‘rrt]h:ﬁlcrf)?ocmumeligrosn(%cl\t/ll(')r;] ?rf::g'eunscgalaggetrhe gg;ln Japan from 2005 to 2008. The illustration of the ELS
P P ' gy is shown in Fig.1. The main components of the ELS

bration need measurement of each calibration parames oS pand high power rf system which maximum
ter. The TA experiment uses the absolute fl_uorescencgutput is 40 MW, the electron source which the output
}é':algnag? ;%?gtrgsmiﬁ;ﬁ;gﬁgﬁe@?ﬁﬁiﬁ[g;h .?Lee(:tgt)_rkinetic energy is 100 keV, the prebuncher-buncher tube,

P ) ' the main accelerator tube, a few focus magnets, tlie 90

mospheric condition are measured by radiosndes, or w : .
use U.S. atmospheric standard model. The attenuatioﬁendlng magnet which are used for energy spectrometer,

parameters in atmosphere are measured with the lid V}/ater cooling unit and remote cont_roII and monitor sys-
systems[14]. Thereby the calibration parameters of thzem' The rf systgm and_the_beam line compc_ments were

) ) constructed for installation into a 40-ft container, while
FD, we measured the refrectance of all of the mirrors "®Ithe water cooling unit were constucted for installation
ularly, and calibrate the relative gain of the PMT with Xe

flasher[15]. On the other hand, we use the transparen into a 20-ft container. We control and monitor of these

c ; .
of the filters as catalog value. However, these calibra—g ystems from the other office container for safety from

! . radiation. The ELS is a recycle accelerator which the
tion parameters have large uncertainties. The total sys

tematic uncertainty in energy scale of the FD which waséllmOSt all components in ELS were dismantled from
. ) y gy . o electron position injector in KEK[18][19][20]. The
estimated is 19%. The main systematic uncertainties arg - struction of the ELS was completed in January 2008
the fluorescence yield(12%), the atmosphere(11%), thlen the electron-position injector in KEK. We operated
detector(10%)[16]. Thus, the improvement of the sys- |

tematic uncertainties of the energy measurement is mo L{nt" December 2008, and we optimized the 40 Mev
. °rgy Peam condition and evaluated their performance of
important for UHECR observation.

measurement of their energy and beam current[21].

ELECTRON LIGHT SOURCE SETUP THE ELS IN TA SITE

We proposed a new absolute energy calibration methosg\f,[er the performance evaluation of the ELS at KEK,

with an electron linear accelerator(Electron Light the ELS was shipped from Japan and installed in the
Source;ELS) which can calibrate all of the parameters in]-A experiment site in north U.S. in March 2009. The

a Igmp except atmosperic attenuation[l?]. TheElSisa reparation for beam operation took from April 2009 to
unique and first apparatus which be used for end-to-eng, . o of March 2010. We will describe the detail of the

absolute energy calibration of the FD. The ELS is lo- I -
cated at 100 m far from the FD, and the vertical upwardpreparatlon in next subsection.
accelerated electron beam is injected into the sky. The
typical output beam is 40 Me¥ 10% /pulsex0.5 Hz.
The merit of the using of the calibration with the ELS

is that the calibration includes the fluorescence yield Lo -
from the energy deposit in the air which can not do with nginpsﬁftgggp: r?; thse_ t(IaELfgr Slgfslsazzoyrzgt;“ezlgthzét
only the laser system. The ELS was developed at High u W Sl :

: o ~at the 100 m far from the FD station. About 40 kW
Energy Acceleration Research Organization(KEK) Inelectric power for the ELS operation is supplied with

Infrastructure of the ELS
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the 80 kW power generator which was installed in the  _ as

ELS site. In additionary, the electric power is supplied =~ F 40 |~ mesretniaw/rzEy
from the generators for FD station due to keep the high 13 :: e messredin KEK\vaPm:a-&ow
vacuum in inner side of the waveguides and the beam 55 [Tt/
lines, and the computures. The preparation of the power 2 20 %
was completed in the end of September 2009. tis L
The two air conditioning were installed into the ELS &% A
container in order to keep the temperature, and futher- © Rl
more we installed the 6-inch heat insulators to the out- 100 150 200 250 300 350
side wall of the containers for protection from the influ- Input pulse current (A)

ence of outside air. We use the antifreeze as coolant in

CQO“ng system ]:‘ozl freez% prooflng(,j bgcaus.e the O#ISIdEIystron and the output rf power from the klystron. The closed
air temperature falls to about -3€ during winter. The  jrcje and triangle show the measurement results in KEK. The

antifreeze is non-toxic propylene glycol which the frozen gpened circle shows the results which was measured in ELS
point is -35°C. site in June 2010. These results are consistent.
The optical LAN cables were connected between ELS
control container to FD station due to monitor the status
of ELS. We installed some cameras inside and outsidéer beam trigger and reset the interlock system in order
of ELS container for safety, and we can watch the all ofto prevent the remote control from internet. We must pro-
camera’s pictures from internet. tect against a large amount pfays and neutrons which
are emitted from beam line components, bending manget
and slit collimator during beam operation. Thus, we in-
Vacuum of the ELS beam line stalled the concrete blocks which its thickness and height
are 2-ft and 12-ft at the outside of the ELS container.

We must make and keep ultrahigh vacuum inside thé:uthermore, the SQ mm thicknes; lead blocks were also
electron gun chamber, the beam lines, the waveguide'§'5ta"ed sur'roundlngs of the vertlgal beam line include
and the Klystron. We started making the vacuum of electn® 90 bending magnet. The radiation dose at the bound-
tron gun chamber from October 2009, and we keep th&"Y of the sgfety fence with the installed shield blocks in
pressure to~10~7 hPa, while we started makeing the €2S€ of _typ|cal beam_ output was caIc_:uI_ated by the radi-
vacuum inside of the beam lines and waveguides fronflion science center in KEK, and radiation dose was es-
June 2010, and we keep the pressure18~7 hPa. The timated as~0.1 _uS_v/h which is roughly same level as
pressure is recorded with the AD converter all the time Packground radiation level.
and we monitor the vacuum gauge contollers with some
cameras.

IGURE 3. The relation between the pulse current into the

The benchmark of the RF the EGUN system

The Radiation Safety _After all (_)f preparation for EL_S operation, we made a
trial operation of the rf system in June 2010. The rf sys-

The ELS is a kind of the radiation generator apparatust®m consists of the high power pulse modulator which
therefore we need the radiation safety management sy&€ maximum output power is-110 MW, and the S-
tem. University of Utah administrates the radiation safety®@nd high power rf klystron. The first item we need to
of the ELS, and the Radiation Safety Officer(RSO) wereCheck was the high power pulse from the high power
organized. We assigned on-site RSO and on-site RespoR—“'SG modulator, then we detected it. After that, we mea-
sible User(RU). We made some rules that we must op_sured the power of the output rf pulses from klystron by
erate the ELS by more than two persions, one persioft POWer meter. As the re.sults of the.measurement, we
should be on-site RSO and another person should bgetected the rf pulses which the maximum pulse power
on-site RU. The safety fence were installed at 30-ft farWas~27 MW. That power is enough high, because the
from the ELS container, and we defined the area insid@Pimized power which accelerate the electron beam to
the safety fence as radiation contolled are in order t¢*0 M&V was~20 MW in KEK. Fig.3 shows the cor-
keep out any person during ELS operation. The interlock€lation between pulse power of the output rf and pulse
switches were installed at the gate of the fence, if anyeUrTent of input high power pulse into the klystron. All
person open the gate, the interlock will fire and the highOf resutls in this figure are agreed in roughly. In conse-
voltage power supply and the trigger are stopped. TherdUénce, we confirmed that the rf system did not have no
is a console panel in the control room to turn on the masProblem.
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TABLE 1. Beam Operation and Tuning Parameters
Parameters value
repetaion 0.5Hz
RF system
charging High voltage 37 kV
input current into klystron 234 A
input voltage into klystron -256 kV
input rf power 400 W
output power from klystron 20 MW
Electron gun
heater current 15A
bias voltage 80V
FIGURE 4. Waveoforms of the electron beam pulse and rf gride pulse voltage -100 vV
pulse. The blue shows the current pulse input into the klystron. gride pulse width lus
The red shows the output rf pulse. The purple and green show ~ Output Energy and Charge
the ouput pulse from current monitors which installed at the estimated output Energy 41.1 MeV
horizontal beam line. The pulse width of the electron beam is ~_output Charge 40-140 pC/pulse

1 usec.

of the beam was 41.4 MeV40-140 pC/pulsg0.5 Hz.
Fig.5 shows the first image of the shower event de-
cted with the FD, and the histogram of the longdi-

Afterward of the trial operation of the rf system, we
made the electron gun system. The ELS uses the electro[g

gun which the output energy is 100 keV. The -100 kV tudinal development of the shower. Table.1 describes
high voltage which is applied to the electron gun are

. ' the beam operation and beam condition parameters. The
supplied from the same high power pulse modulator fo

S 'heam condition parameters were almost same as the final
rf system. The electron source is dispenser cathode, a

; . rameters of the trial operation in KEK, thus, we con-
we control the output current by ad_Justment of the blaSfirmed the reproductibility of the beam conditioning in
voltage, and the heater current. While, the output voltagekEK
of the grid pulse which are used as trigger pulse was fixed
as -100 \k& 1 usec. The electron beam were detected with
the current transfer along the beam line in the end of
June 2010. Above all, the trial operation of the two main METH%%SBFJ:TT:(E’\TIERGY

systems of the ELS were completed.

The main aim of the using of ELS is absolute energy

THE BEAM OPERATION AND THE FD calibration of the FD. In this session, we describe the
OBSERVATION principle of the method of the absolute energy calibra-

tion with the ELS. We can calibrate the all of the param-

ters, which we need for reconstruction of the primary

nergy of the UHECR with the FD, in a lump because
e can compare between the energy deposit in the air by
the electron beam and the FADC counts detected with

detected th tical b hich bent with th’FD. The simple calibration method is comparison of the
we detected tne vertical beam which was bent wi Sesult of the simulation data and real data, and we will

o bendlng 1m1ag'3/|ne\t/. V\:\g ehstlmatedl thle tthg SUtt%Ut bearEorrect the calibration parameters which are used in the
energy as 4.1 Viev wnich was calcuiated by th€ Magy;yation code. There are two way for the correction of

netic field of the 90 bending magnet. The absolute beamthe simulation. The one of the method is comparison of

charge can be measured by the faraday cup which is ir“[’he summation of the FADC counts of all of PMTs be-

stalled at the end of t_he vertical heam I|n_e. The aCCelerfween simulation and real data. The correlation between
ated beam pulses which were detected with current mo

"he simulation data and real data can be fitted by lin-
itors and output rf pulse are shown in Fig.4. The electron y

b hich th | idth i lerated i ear function. We can define the fitted linear function as
eam which the puise wi Isflsec was accelerated in the correction function. The definition of the correction
the timing with the rf pulse.

. . function is most simple and easy to calibrate the FD. The
The accelerated electron beam was injected into th

e 8econd one is inverse monte carlo method which is used
sky after beam conditioning, then the FD detected the ﬂuTor reconstruction of the primary energy of the UHECR
orescence photons from the air shower. The output pow

Shith the FD. We define the the total gain from energy

We started the accelerated beam operation from early g
September 2010. In first step, we detected the accele
ated beam along the horizonral beam line with the cur
rent transfers and the beam profile monitor. After that
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FIGURES. left:The image of the first shot of the electron beam from the ELS. right: The longitudinal development of one electron
beam pulse. The horizontal axis is vertical PMT number, and the vertical axis shows the summation of FADC counts detected in
the 16 horizontal PMTs.

deposit to FADC count as free parameters, and compariprove the systematic uncertainties of the fluroescence
son of the shower longitudinal and lateral developmentsield to a few %. The absolute energy calibaration with
between simulation data and real data. We can fit the pathe ELS also has no systematic uncertainies in the FD
rameters with the maximum likelihood fitting. ideally. However, the ELS is no protable and we can cal-
We use Geant4 simulation code as the shower geneibrate only two FDs. We will calibrate the remaining FDs
ator of electron, and we calculate the energy deposit ifby using the new portable laser system which was devel-
the air. Geant4 is one of the most famous code whictoped for the photon counts calibration of the FD. The
simulates the interaction and tracking of the particles.systemtic uncertainties of the FD will be imporved to a
However, we will use another shower generator for corsgew %. In finally, we can not ignore the systemtics of the
check and simulation code dependence. It is nessesaslectron beam parameters. The important quantities are
that we use the correct air condition parameters, for extotal energy depoit in the air and beam current in each
ample the temperature and pressure and humidity, bepulse. The uncertainty of the total energy deposit in the
cause the energy developmenet depends on the air cofield of view is small, because it does not have strong de-
dition. We use the air condition parameters which arependence on the kinetic energy of the electron beam. On
recorded with the weather station in the ELS site. Thenthe other hand, the uncertainty of the beam current is the
we use the FD simulation which was developed by theuncertainty of the absolute energy calibration with the
TA experiment. ELS directory. According to the results of the evaluation
We describe the expected improvement by the absoef the ELS peformance in 2008 at KEK, the accuracy
lute energy calibration with the ELS. The main sourceof the measurement of the ELS beam with current mon-
of the systematic uncertinties in the fluorescence yieldtor as about 4%[21]. The total systematic uncertainties
is the absolute yield. The absolute fluorescence yield i®f the energy scale can be improved to about 10%. In
measured by several experiments. However since thedature, we will improve the final systematic uncertanties
results have large discrepancy[11], futhermore each reless than 10% with the new LIDAR system for the more
sult has large systematic uncertaintly. In contrast, our abprecise measurement of atmospheric attenuation.
solute energy calibration with the ELS has no systematic
uncertanty in absolute fluorescence yield. Moreover, we
can evaluate the absolute fluorescence yield of each re- THE APPLICATION OF THE ELS
sult. The remaining uncertainty about the fluroescence
yield is its spectrum. However the uncertainties of theThe goal of the ELS is the estabishment of the new
spectrum is smaller than its absolute yield, we can im-method of the absolute energy scale calibration for the
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FD. Moreover, the ELS is the usefull apparatus for R&D ture, Sport, Science, and Techology of Japan, and and by
of the several new UHECR observation. For examplethe Accelerator Science Synthesis Support Business by
there are some methods for observation the air showdfEK. We received grate supprt from University of Utah,
with microwave. One of the method of the observa-Radiological Health Department. We would like to grate-
tion is direct detection of the microwave synchrotron orfully acknowledge the supports from the staff of KEK in-
bremsstrahlung. The microwave synchrotron photons igector group and the technical staff of Mitsubishi Electric

emitted by the electron in the geomagnetic field. The mi-System and Serveice.

crowave bremsstrahlung is emitted by the collision of the
air moleculars and the free electrons which are generated
by the ionization[22]. Another way of the observation is
using the bistatic radar which is detection of the refrec-
tion microwave which is sent from the transmitter to air 1.
shower. The power and time variation of the refrection?:
microwave depend on the primary energy of the UHECR,
The TA experiment has plans for the direct detection ofi'
the microwave synchrotron or bremsstrahlung, and the;
refrected microwave. The ELS is usefull and unique ar-6,
tificial microwave source, and it is expected that we can?.
detect the direct microwave, and the refrected microwavé-
from the air shower generated by the electron beam.

10.
11.
12.
13.
The electron light source(ELS) is anelectron linear ac-14.

celerator as an unique light source for the absolute enl®: : e
6. D.lkedaDoctor Thesis, University of Toky@010).

SUMMARY

ergy calibration of the fluorescence detectors(FD). Th

construction of the ELS was started from 2005, and was g’
completed in 2008 at KEK Japan. We made the trial op+9,
eration and evaluated its performance. The ELS was car0.

ried out from KEK and installed in the TA site in Utah

state, north U.S. in March 2009. We finished the envi-21-
r&z. P. Gorham et alRhys. Rev. [¥8, 032007 (2008).

ronment improvement, the radiation safety manageme
system and the radiation protection and safety interlock
system for ELS operation until the end of May 2010. We
operated the rf system and electron gun system without
any problem in June 2010. Then, we operated the ac-
celerated electron beam and injected the vertical upward
beam in to the sky. The FD detected the fluorecnce pho-
tons emitted by the electron beam in the air. Our goals are
improvement of the systematic uncertainty, from 19% to
about 10%, and the estabishment of the new method of
absolute energy scale calibration with the ELS. We ex-
pect that the ELS can be used for R&D of nhew UHEC
observation by detecting the microwave.
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