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Keywords

* Ultra High Energy Cosmic Rays
* Energetic particle from the Universe (E > 10'8eV)

e Origin, Acceleration Mechanism?

* Telescope Array
e A huge observatory for UHECR in northern hemisphere

 Surface detector array(SDs), Fluorescence Detector (FD)

* Electron Light Source (ELS)

* Injection electron beam into air

* Energy calibration source for FD.
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Source & acceleration mechanism of UHECR are still unknown.

‘Boﬂom-Up Model : Low energy — Acceleration = UHE
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o GZK Cutoff

e The limit of CR energy by Greisen, Zatsepin and Kuzmin in 1966

Bethe-Heitler process
YCMBR) + p(> 10" eV) 2 et +e” +p

photo—meson process

v(CMBR) + p(> 10" eV) = p+ 7" or n + ="
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Origin of observed UHECR are in range

of 100 Mpc.




UHECR Observation



Exténsi\)e Air Shower (EAS)

‘Gaisser—Hillas (G-H) formula ‘
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EAS Detection Methods

Fluorescence detection | \ Curface Detector
Gosmic Ray o
Fluorescence Detection e
A Shower
W’V\m Front
A Air Shower
,\,\N‘W\N\,\I\ Ultraviolet Ray LLH’LLL \
\ Ground Array
Telescope Array (TA): - .:
700 km?2, Northern hemisphere «b-- - \&gdiowave_F‘ )
Pierre Auger Observatory(PAO) : o I [ |
3000 km?, Southern hemisphere =
Under Study




Mass composition, Spectrum, Anisotropy

Current Results
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Anisotropy
~ Anisotropy of cosmic rays (E > 57 EeV)
measured by TA and Auger

Point like source? Combined significance map

............ oversampling with 20-degree-radius circles
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Maximum pretrial significance
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Telescope Array
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* Physics goal : Search for UHECR
* Precise measurement: Energy spectrum, Mass composition, Anisotropy

e Site : Utah, USA

e Hvybrid detection : 3 FD stations, an arrav with 507 SDs.
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Array of SD

Scmtlllatlon

Matal Shoo

Solar panel
Antenna

e 507 SDs, 1.2 km space grld

e [.ateral distribution.

e 100% of duty cycle.
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FD Station

FD station

3 stations in TA site

12 or 14 telescopes
IN a station

PMT

- Sensitive photon detector

with photoelectric effect Hamamatsu
- Moonless night (12% duty) 9908
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FD Analysis

1. Shower Geometry

2. Energy Analysis




‘FD Detection Process ‘

N(X) x dE X Y % Tar X G = F(X)

‘Analysis ‘
Data(F) —® Axis \— Profile —| Energy
(X) (N)
Definition Source Value
Number of Particles G-H formula

Slant depth X = [ d(h) dh cos(0)
Energy deposit Simulation ~2 MeV /(g/cm?)
Air fluorescence Yield with Beam 16 N/ MeV
Air Transmittance LIDAR 0.34 /km @ ground
FD Gain CRAYS and so on. 0.442 F/Np




'Shower Geometry (2)

Stereo: 2 stations Accuracy: < 1°| | |Mono: 1station ower Aude Accuracy: 10°
2SDPs 2SDP, FD Timing
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Shower Gebmetry (1 )

|Shower Track on FD| o

‘Shower Detection Plane (SDP)‘
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ProF Ie reconstruchon

p(X) I=(X)/(Y TAR X G)

_Fluorescence
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Inverse Monte Carlo (IMC)

160 T r T

One Point: One PMT
140

- 120
9
@)

vt 100
E

[}

E S 80
(al

60

Telescope boarder *°

20

0

0 200 400 600

] 1 1}
Fluorescence
Mie Cherenkov
Direct Cherenkov
Rayleigh Cherenkov
NPE detected by PMT

|

Filled plot:
Hit photon MC

1Simulation result

with G-H formula
and Cherenkov

800 1000 1200

1400

_slant depth[gcr_n2] o |

1600




Electron Light Source(ELS)




Eleétrbh Lfght Sc‘>u-rc‘e(ELS) )

Purpose : FD calibration by ELS electrons beam like as Air shower

Electron Beam spec. E:*w‘---.... ' = FD Detection
40MeV, 30pC™200pC oy . -

Fluorescence photon

}\ ----

135 140 145 150 1
Azimuth [deg)

.‘,or'..

ELS: The world first energy calibration source
using Electron linear accelerator.




g

ELS History & Components

< - o - - < - A 3 . . - v - (S o - _

Developed at KEK

Installed at TA site

First Operation & FD Detection

Beam Charge (Q) measured

Beam property energy & spread measured

Beam Shot Direction

Radiation Controlled Area

Concrete Shield
oft-thick, 12ft-height

ELS Control Room

Optical LAN cable is
connected from FD site,

Generator (80kW)

Power for ELS operation

~50kW
Keep power for
8] Air Condition and Vacuum
from generator in FD site.

Cooling Unit Container 1

Taken the picture in Sep.5th.2010 from top of the FD station




Overview of Components

Use Non Frozen water For Acc, Magnets

[ |
= - |
30°C,110L/min 2:::0 BEE

100kV mg
v X
Electron Gun"" > : if
] 90-deg

= Bending Magnet

Accelerator Unit

( Buncher, Accelerator Tube, Magnets )




Energy Calibration

Detection process Ne X dE(E)X Y x TA|R(D) < G = F |

COSMIC RAY

\

100m

10km

ﬁ

One source calibration from dE to FD detection

— Improving systematic uncertainty




ELS Analysis Overview

DMMC EELS= 40 MeV
CeLc = I:Data/QData D =100m
Fmc/Qmc
MC process
Qmc X dE(E)X Y % TA|R(D) X G = Fmc

N

TA software for UHECR analysis
Geant4

Beam property analysis is important
property Y [ Beam




Beam Properties

Beam Energy, Spread, Charge(Q)




Beam Measurement devices
B rRERRI——————~ ‘|2 Faraday-cups | =
Beam Line Geometry - Direct Charge

- Absqrb beam

Screen monitor
Beam Spot size

Core-monitor
- Incoherent Charge
- induced current by colls
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‘Measurement of Beam Properties

‘Beam Energy Distribution.l - Beam Charge Linearity

1 alpha 17 + 0.0165 E_ —— FC-Scope
14 n " ’ 950.038 :0;7??2 180 - —— FC-Qmeter
| mean 39.14 + 0.001407 160~
12 sigma  0.3916 + 0.001816 -
N 7473 + 001883 140
—120F
@) o
2100
o -
L 80k
| 601
401
201
41 ) A R R R B
Energy [MeV] 0 200400 " \c/sgo] 800 1000
_ mVv us
x10b
{3 Beam Spread‘
6».
N After measurement of beam properties @ 2014,
"E’ £ we could succeed to analyze beam line
N ° ° °
o * simulation using Geant4
o0
: Uncertainty 20%(2013) — 8%(2014)
Okt - 1
0 0.5 1 1.5 2

current [A]

Focusing manget




ELS Analysis
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ELS Data Analysis
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Shower Simulation by Geant4

Measured Beam Propertles

FMC/ QMC— G TAIR X Y X dEM,c/ QMC

3D dE Map above ELS ‘

bkALL
Entries 6.180553e+07
Mean x -18.49
Mean y -10.11
Mean z 4064
7000 Std Dev x 510.4
6000 Std Devy 509.8
E Std Dev z 2149
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730003000 2000
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Detector Simulation by TA-soft

/Qmc= G % Tairx Y x dEmc/Qmc
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—ITA software
Ray-trace
(Tar)
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xx'
Y Model Yield [Np/MeV] Uncertainty

YK (1996) (TA) 15.9 10%

YF (2008) 20.8 7%

4%

T4 (2013)

20.6




CeLs =

F/Q

G XY X dEwc/Qmc

Uncertainty 8%

* 6 operation dataset @ 2014

Run

S O s W N

Atmospheric condition |

p [hPa) | H (%] |

T [°C]
7.3 855.1
6.8 861.8
0.0 865.1
0.4 864.2
-1.5 864.6
-5.0 864.3
Average

29.2
16.8
47.9
47.5
63.1

71.3

YF
0.998
0.996
1.004
1.010
1.025

1.017

1.008

Current TA

Ceis with YA, Yf agree within uncertainty
Ceis with Y« is out range of uncertainty

Current TA Energy (YX) is ~20% over estimated




Enery Scale Updae wﬂh ELS

‘Energy Spectrum i: —— YK
L YA Cerswith YA=1.02
E :
— ...-0-_.‘._ +:+: A AL I
~ - "”-'f'_._.' ; l —_«‘-’—‘
?l-] "*—'\-;2__’_._»:« '
% 1 = .
- »
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N g B . o B e g y | s 3 4
17 175 18 185 19 195 20 205
‘ Uncertainty ‘ log,(E (V)
Current TA 2016 Future?

11% 11% 5~10%
10% 10% 5~10%
21% 17% 7~14%




Summary

e ELS: The world first energy calibration source.

e Calibration from electron to FD detection by one source

e ELS Data/MC Cgrs Analysis with data
e CAprs = 1.02, Cfgrs =1.01<— Agree within uncertainty
e CKgrs = 1.26 (Current TA) <— Disagree

*TA energy scale is 20% over-estimated

*TA should use ELS calibration
TA Energy reconstruction uncertainty 21% — 17%

To be updated @ TA Meeting 2015 Dec/18th™20th

TA Energy Scale meeting:
2015/Sep. Dec




ELS Applications

To be world standard calibration source

for future observatory




Future Observatory




+ Quadrule TA SD (~3000 km?) T

* 500 scintillator SDs oebMu2d SeRveds v
2.08 km spacing "MDFD y
« 2 FD stations % S On S
SHEEREE /
- S, A /

* Proposals BT i o e ‘/\

» SD: approved in Japan in April 2015 HE Y | \

* FD: submit in US in October 2015 s K
» Get 19 TA years of SD data by 2010 | Gifeigisstl ]
* Get 16.3 TA years of hybrid data eessfeaiiiiiiiiiy 3__;‘

» 2.7-year construction |

OOOOOOOOOOOOOOO

* TAin operation
* 2.3-year observation




Future FD type Detectors

JEM EUSO Plan to Launch 2023 FAST

»

JEM-EUSO
UV photon

Extensive Air Shower (EAS)

TA: 256 Pixels/T ,total 38T

Aperture: TA x 100~ 500 FAST: 4 Pixels/T, many telescope

ot R Tt @l e L e e A /iy 4 ot T g L L S g e e o p - an e T e Lo oS ) e e o o el e adh- G e A A - . BT e 8- . o et N e/ A= - wr . owm - Tw e v . o e N e A - W m - Tw dam av- . o e fa N e b el B oaE N L - o W . - Tw e 2 . s s e ) A N W) — Ao W . B Tw e a~]
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Askaryan Radio Array

< < - _T (S o -

e ARA (branch of ICE-CUBE)
e Neutrino Detector with Antenna

S
JI" Detection of ultrahigh-energy neutrinos in ARA

Amundsen-Scott
South Pole Stator

|ICE-Cube

ARA station

firm (SO m) - /m

Interaction Vertex

0 = 56°
ARA Instrumentation
Central Station
tlectronics
. '."r 1' 1A add
. R e
» 0 //




ELS collaboration



Energy calibration for FD detector

TA-EUSO House

EUSO telescope installed at 2015 & Aim ELS
UHECR obs rate of EUSO is 1/month

ELS is important crosscheck source

P L e o a e AN e A w owm - Tw da 2 . o s e ' fa N W b e B et G N R e L .



ELS is unique source to inject beam into air.

‘Now ELS collaborate with 3 Radar detection R&D groups ‘

Wave scatter with
electron beam

ELS Beam

!

Radio Source

ICE Target

Askaryan wave
Detector

!
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e
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¥

ELS Beam T
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‘High power pulse modulator‘ Thyratron ‘E ‘
Switch for high voltage -gun

Source for RF amplification,
electrons emission

Filament:
Thermal eléctrons

18 condensersi
100kV
repetition rate
J7KV ]r],
Thyratron Ste0 of 0.5 Hz >
18.5kv | LYF .
300kV |
RF module | . 1mil
mocue Pulse B ] +
300KV
RF 2856MHz 400w B 20 MW
€ § grosssssssssnnsnasss .
>
| Aalereer |
2 Us
KRYSTRON




'Accelerator Unit

-m -
LB I ! 1

0

0.4
Phase shifter RF 20MW ool
attenuator of

force from electromagnetic wave

-o.zf
0.4}
100k | - od
> gLL |
. | S n ‘ » :
‘E-Gun‘ i Do Y—pd | pog 0%
-_ 7 = 8 * lllllllllllllll’l...._I:]A-"‘ ‘
E‘L .RF | ‘I.‘ ‘
Pre-B Buncher Accelerator

Pre-B: Phase adjust
Buncher: bunch divider
Accelerator: Energy accelerator 40 MeV




0.1 mrem/op = 1uSv/op 3step interlock system

‘Safety Running \




Focusing: Helmholtz coils, Quadruple Magnets

Steering : Steering coils

90° Bending: Bending manget



Helmholtz coils Steering coil: Direction control
Beam Focusing

510 mm 35 mm

I m .
J)

Beam Direction

Steering manget

&

~_B-field

—1 .-
-3
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Helmholtz coils Bending magnet: Direction control
Beam Focusing

200 mm

200 mm

QM1 : Vertical focusing
QM2 :Horizontal focusing
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Twiss parameter & emittance

Emittance is defined by Twiss Parameters (a,ﬂ,}/)

X A
Spread cmgle A m}_i; 5 X Momentum direction
—> X xt
VEP ; > 7
Particle Beam Direction
Beam Size‘

Phase space

w? +200x' + Px'? = €

Defocusing X Focusing X

X’ X’
.




TW|ss & Emittance Mesurement

o Q Scan Usmg QuadrupoleMagnet(QM) Screen Momtor (SM)
e Vertical-axis : QM1 : change force, QM2 : off
e Horizontal-axis : QM1 : off, QM2 : change force

2 = g3

o : Beam size

QM1 : off QM2 SM1

QM1 vertical focus QM2 horizontal focus

—¥ Force




Example Q-Scan

Vertical emittance : Using QM1 (QM2 off)
Horizontal emittance : Using QM2 (QM1 off)




result

Alpha Beta Gamma Emittance
(1/(m rad)) (m/rad) (rad/m) (m rad)
Horizontal (W) 0.572 1.033 1.285 3.756E-06
Vertical (W) -0.262 1.950 0.548 2.242E-06
SM1
Horizontal (N) 0.492 0.842 1.475 5.756E-06
vertical (N) 0.151 1.045 0.979 1141E-06
Horizontal (W) -0.836 2.419 0.702 1.152E-06
SM2
Horizontal (N) -1.085 3.087 0.706 1.311E-06




Calculation using twiss parameter (Horiozntal = Non bending direction)

105 —e— Using SM1
9 —e— Using SM2
o
= 7E- SM1 BM SM2
E &b — Beam-Window
@ -
N =
n 5;
£ 4
© =
() -
o0
i Data
OEllllllll11111111111111111,111111111111
O 200 400 600 800 1000 1200 1400 1600 1800 2000
v Path (mm)

QM1 downstream

Beam-Window radius is 17.5 mm
Both case, beam size is less then Ti-window radius.

Discrepancy, because of vertical component of bending magnet.

N L T T S e 3 YN 2503 e e o LT B A QU T X 7 o Lo _bosna S BTN RO W g VI PO

SM1

SM2
Origin ! /
n

=

Z 1"
BM BM 200 mm
\\4@4

v 250 mm




FADC/Qcm

K _
CELs =

= 1.26 -

2 2

-0 = 1.20 -

GY*® Egep/QmC

O =O0gLs TOg T 0y

ELS (orFD) BeamQ Yy Run-by-run
Geometry Measurement contribution  difference

5.5% 3.3% 1.6% 1.6%

8%

- 0.20

Oy Total
MC FD Kakimoto
SEANTUana- | uotion | yield
4% 10% 10%
10% 10% 16%
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Energy Reconstruction with ELS

< ~ o c - S <o » . - v (S o - N s Y -~ . o= Y = AY . ~
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Expectation of Spectrum with ELS

[
&
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Second knee : 18.7 — 18.5 (Log E)
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Bent Energy

energyvs Q
y / ndf 38.08 / 838
Target energy selected by BM + slit : alpha 0.9017 + 0.01656
14— n 5.008 + 0.7114
:
FC 121 Sigma.  0.3016 * 0.001816
. N 7.473 + 0.01883
A :
— 10~
O .
Target energy é-‘ 8 Crystal-Ball
3mm gap. 8 61
Silt Silt na
Lower energy \ f Higher energy 2:—
oF

i B : o 1 . il BT N R o -
36 37 38 39 40 41
Energy [MeV]
> = BM Magnet

Bent energy ~ 40 MeV
Ex~ RBc, R=0.22 m, B=0.6T, ¢ = speed of light
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Beam Charge
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Photomultiplier tube

Focusing electrode Last dynode (Sl:a%'(?s ins
Secondary Vacuum
: electron lapprox. 10-4 Pa)

Incident [

light == l e ,
Li ht input |

window l

| Stem

| Electron multiplier Anode
Photocathode  (dynode)

QE x CE x G = | (electric current)

QE : Quantum efficiency: Ne / Np = 0.27
CE : Collecting efficiency: 0.9
G: 60000




Vertical,
horizontal
shoot

i Median
0.034[km*-1)
Average (0<a<0.1)
0.039[km*-1)
Standard deviation
() 015[km*-1)

count

Horizontal Attenuation Length

Ay, =29.411 £12.975[km ]

| —
Horizontal shoot

., LR .-

o B -
Extinction Coefficient [km*-1]

‘0.034/km @ Air density of ground(1400m) ‘




e G[FADC/Np]

e FADC count: Digital number for electronics, Np : number of hit photon

o (= Gox Glx GzX G3X Gmirror

‘ GO: Absolute calibration with CRAYS‘ ‘ G1: Relative calibration
oAl

Energy probe LED Gas cylinder
J PMT Camera
: »
Pressure Polarizer Shutter
gauge _ _
Iris Iris
/ [ . )
L Uniform source
\ 8 from mirror center
| \ R?tarc&t } 2;\
1 \ plate :
| \
‘ I" \ ND filter . 14 .
Vacuum Slit . Baffle \ 3371 Nnm .
pump \ | 2 or 3 CRAYS PMT in a camera
Thermistor Energy probe

‘0.442 FADC counts/photon ‘ ‘RTXF= Stxe / Arxr ‘
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o G= Gox G1x Gox Gsx Gmirror

‘GZ: Long tern gain stability‘ ‘(33: Temperature coefﬁcient‘ ‘GMirror: Reflectance
by YAP by YAP Measure every month
wash every year
(a) - e —v— —
/NDF 12112 }.
ot Sgre 1671028 {4111 1] . 1 I LR Upper telescope
2 12 HOTHRGL b o o | [t ——
10 I ¢ .
- i f .
3 4 | ! I y " -
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Long term gain slope [%/year] A —— T1xipp

| -0.01 %/year]| -0.727 %/ °C |




Definition

¢ = X — Xo
A
- Xmaz — X0
T
dE e\ ¢
E = ANmaz —= (E) [(e+1)
[= Gamma func.

Slant Depth x‘

Slant depth = | d(h) cos(8)dh

d: density [g/cm?]
0: incident angle of CR in zenith
ex: Depth 800 g/cm? @ 1400m , 6=0
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L

Figure 1 shows mean free paths / energy-loss lengths (attenuation lengths) of these processes.
The energy-loss lengths of Bethe-Heitler process are ~ Gpc because inelasticity is the order of
m./my ~ 1073, For protons the mean free path of photomeson production is a few Mpc above
10%° eV in local universe (z = 0). Since the inelasticity of photomeson production is roughly
20%, observed UHE protons above 10%° eV arrive only from nearby universe, typically within 100
Mpc, and therefore the suppression of flux is predicted at ~ 10%° eV (Greisen-Zatsepin-Kuz’min
[GZK] effect) ®. A similar effect is expected even for nuclei, but energies where it appears are
generally different among nuclear species.
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TA Hybrid, Iog1 0(E/eV)
|
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18 | | | |
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TASD, log (E/eV)

TA SD reconstructed energies normalized by 1/1.27 and compared to the TA Hybrid results
of BR, LR, and MD simultaneously. Superimposed 450 line shows no significant non-
linearities.

After ELS-calibration
SD/FD scale factor 1.27 — 1.60
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|

N &

Q in ELS data

Soft photon background
Cherenkov photon background
FADC of simulation

P, T and h at BRM

LFADC in ELS MC
Telescope parameters

TOTAL

3.3%
1.5%
0.4%
4.0%
0.5%
5.5%
1.6%
7.9%

Difference in two FC measurements
Dependence in ELS beam parameters
Estimated and not subtracted

Difference by simulation package
Difference of R by ambiguity of P,T and h
Difference by pixel summation region

Time, temperature dependence and others

quadratic sum of 1-7




