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Abstract

It is predicted that UHECRs cannot travel long distances of ~ 10 Mpc in the cosmological

background radiation field and there may exists a cut-off in the energy spectrum of UHECRs

0%°eV. However, The AGASA group reported the detection of 11 events of air showers

020

around 1
with primary energies greater than 10°" eV. This suggests existences of neaby cosmic ray sources
within a few 10 Mpc from the Earth, or unknown high energy particle production phenomena
in the universe. To clarify the origin of UHECRs, it is quite important to determine the energy
spectrum with good energy resolution and high statistics.

For this purpose, the Telescope Array (TA) group is now constructing high-resolution cos-
mic ray detectors with large aperture in a desert of Utah, USA. The air fluorescence detection
technique is employed to measure the longitudinal development of air showers generated by UHE-
CRs, by using an imaging camera comprised of 16x16 photo-tubes (PMTs). It is expected that
this technique reduces the systematic errors in determination of primary energies of cosmic rays
better than in the case of the AGASA observations, 18%,

One difficulty in the fluorescence imaging technique arises from a finite dimension of a PMT
and non-uniformity in its sensitivity in the face plate and photo-cathode. PMTs are not position-
sensitive and shower images measured by a PMT camera have finite thickness. Therefore it is not
straightforward to determine the number of photons in a PMT from the output signal because
of the different responces of the PMT against incident photons of different positions in the face
plate. For accurate energy determinations, the calibration of the 2-dimensional uniformities of
the PMTs is quite important.

In this paper, we discuss the 2-dimensional calibration of the imaging air fluorescence camera in
the TA experiment. I developed a camera calibration system with spot light sources scanning the
whole camera surface to measure the 2-dimensional responses for photons of different positions
in the camera.

I measured the 2-demendional responses for 8 cameras, and took into account the 2-demendional
responses of cameras in air shower simulator. Then, overestimation of the photon numbers which
PMTs observe was confirmed. So systematic errors in determination of primary energies of cos-
mic rays exist. I proposed calibration method with measured data. As a result, improve the

error with the energy.
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gbooooboooobooboobo 3sboobooboon

1. 0000000 (oooo)

2. 000000 (ooooo)
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00 (nm) | band system | OO0 (v') | 000 (v") | Eo(x1072)
297.7 2P 2 0 0.016
311.7 2P 3 2 0.005
313.6 2P 2 1 0.029
315.9 2P 1 0 0.050
328.5 2P 3 3 0.015
330.9 2P 2 2 0.002
333.9 2P 1 1 0.004
337.1 2p 0 0 0.082
346.9 2p 3 4 0.006
350.0 2p 2 3 0.004
353.7 2P 1 2 0.029
357.7 2P 0 1 0.062
367.2 2P 3 ) 0.005
371.1 2P 2 4 0.010
375.6 2P 1 3 0.027
380.5 2P 0 2 0.021
389.4 2P 3 6 0.003
3914 1IN 0 0 0.330
394.3 2P 2 5 0.006
399.8 2P 1 4 0.016
405.9 2p 0 3 0.007

O 2.1: Bunner OO0O0O No OOOOOOOODOOOOOODODDOOOOOOO EQOODOOO
300 ~ 400 nm O O O

3. 0000000004

gbooooooooooobooboooboobooooboooboboboobooOooooboooboooooa
gobooboobooooboobboooooooboooooboooobooooooooooobooooog
goboobooooooboobooooooobooboooobooooboooobooobooboo
gobooooobooboooooooboooboooboooooboooooooboOooboooog
gobooobooOoooboooboooobOooooboooboooobooooOoooooobooooog
gobooboooooooooboobooboboooooobooooboobboboOoobooDboo
000000000000000000000Bunner 1000000000 21000 [11)0

gooooooooooDbobD oo0ooooboOobooooobObooOoooboOooOogooo
01% 00 Ar0000000000N,000 Ar000000N,0000000O0DO0O00OO
ooooogoo

gboooobgn

0000000000000 0Ov000OO0O0OOUODOD0OO ¢/n(c0000ROOOOOOO)O
gobOobobooobOobooooobooboooobooooboobooon
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go0opoooooooooOoooooOooDeedDOOOUOODODODOUODDOOOODODOO

0 = sin*l(i) (2.19)

nv

000010000000 00n~100029000000000000006000 14°00000
gbobooobobobooboobooooboboogoD 21MeVvOOODO
oo xobooooo

d2N 2raz? 2 2raz?
dzdh A2 ( ) T
DDDDDDDDa:e2/47reohc:1/l37DDDDDDDDDDDZDDDDDDDDDDDD
g00o0oooooooooooooboooooooboooboooooooobooooooono
godooboouooobotbooboobooboooooooboooooooooooooooo
g220°000000000000000000O000O0O0O0O00DOODODOOOOODOOOOOOO

ooo

sin? @ (2.20)

n2v?

ooo
gboooobooboooooboboooboobobo 3sboooooboooooaon
1. 00ob0oboooooboboooobooboooog
2.0000000000O00DOO0OO00ODO0OO
3. 00000booooooo

gooooooopoo bcooOoOoOOooOoOoOoOOooOoOoOoOoOoOooOoODOOOODODOOOn
0000000 320850 (vis)[1S10(vis) = 1.20 x 10~ %rg/cm?sec st A| 0000000
gooooossr.mmO000000000OO0OO0O0OO0O0OO0O0O0OODODOODbOOObOOoOGO
0000000000 (0 212)000000000000000O0ODO0O0O 300~400nmO00
0000000 (243)000000000000O000O0OCOOOOOOO0OODOOOODOOOO
300~400nm 000000000000 O0OC0O0DOO0OCOOOO0O0O0OO0O0CO0O0DO0O0O0000O0
ggdoooobbobboboooouobbbbuooooooo

Rayleigh 0 0 0 Mie 00O
Rayleich 000000000000 ODOOOOOO

ooooo 8r'Na(1+ cos?0)
ooooo M2

(2.21)

go0oooO00ooooN0OODOOO0OO0eO0OO0OOeOOOOONODODOOrOOOOODO
gbooooogoboo
RayleighOOOOOOOOOOOOOOOODOOODODOOODOOOODOOOODOOOODO
000000000000O00U0o0o00UOo MieODOOOOOOOOOOODOOOO (OOOOO
0000o0)0ooooooo
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g
§ 20 & ! g 3
=~ L = ]
O e —— N 3
0 g 3
s Rie 15 i
5 2 - T YEe ¥2
i B g :
A it A ] g
] g 89 ¢ x
k] =« v 4 !
;23 1 n ]
=
2¢ —
| ] 1 1 ] ] | 1
300 400 800 ) 700
Waveiength (nm) :

0212 00000000000000

RayleighOOOD0OOO0O0O000O trey 1O0O0O0O0O0000O0O0O0OO

*Xtrans 400 4
thay = exp< o (A)> (2.22)

000 Xerans 0000000 slant depth (g/cm?)0Xgay O Rayleigh 0000000 2974g/cm?0
A000D00 (nm)0000
Mie0OOOODOOOOOO twie 000000000000 000C0O

hveg = hv — (hdet — hnin)
hdeg = hd — (haet — hnin)
P (e_h}';’cff 76_}?703) hm (17 hm-tan9>
N lm - cosf R
hm -tan @ _ hvegt _ hdegr
_ _ . hm — . hm
Rl -cosf (hveﬁ € hdes - € )
tl\/Iie = 6t (223)

h 00000000000 0O0O0!L,0MeOOODODODODOODDOROODODOOO (m)O00O0ODO
goooboooobob 2130000
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[1 30 Telescope Array (] []

10%VvO0000000000000000000000000100km>0000000 100
O000O00OO0O0OO0AGASAO 11100000000000000 100km?0000000000
00000000000000000000000000000000 50000000000
0000000000000000000000AGASAODD 90000O0O0O0O0O0O0O0O0O000
000400000000000000000000000000000O0OOOOO00O0O0O0
000000000000000000000000000000000000000000004
O Telescope Array 00 (TAOO)OOOO

3.1 TAOOOOO

0000000 AGASAOOOOOOOOOOOOOOOOO0OOOOoOoooooooooo
gboboooooboooooboooobooboooobooon

e JO000DODODODODOODODOODODODODODODODODO AGASAOD 1200000000DO0DO0O
oboooooobooboooogo

e JO00ODOOOLOOODODOOOODODLOOODOO
e JII0OODOIDODOD I0%00U00O00ODUODDOOUDOOODUODOOOODOO

e JJIDODOO AGASAODDOOODDOOOG ~1°00D0DO0O0DOOODOODOOODDOO
good

3.2 OO0

gboooooboooboooboobooooobooobooboboobooooobooooboooooo
gooo0o0OO00O00000oO0O0OoooOoODOOoOoOoooOoTACOODOOOOOOOOOOOO
00000 (0000 1400m) 000000002007 0000000000000O0O00O0OO0O
gobooooooobDoooooooosebO000O0O00bOO0O0oDObOOoOooODOoooOon
00000000 80km? 00 0000000000000 40kmO0000000000 300
gboobooobooooooboobooboooooooboboooooooboobobooo 31b00oo
3000000000000 00O00DOO000ODDOO Black Rock Mesal Long Ridgell Drum
Mountain 0000000200700 00000O0O0O00DO0O0OO0ODOOO
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031: TAODODODODODODODODODODOODOODOODODOOOOOO0OO0000D0DoDoDoooooooOon
g3gbooooboobooobooboobooboon

3.2.1 0000000

0000000 (Fluorescense DetectorUFD)0 00 3mO00000000000000O0O0
oooooooOo0oOoO0ooOo0oooOo0ooPMTOOOOOOOOOOOOOOOOOOOO
ooooooooOoOrDIOOOOOOOO OO0 15°0000FDOOO 2000000
oboe0FDOOOOODOOOOOOOOOODDO 1200000000000000000 108°
oo0oooOoooO0o0ooo0o0oOo0oooOo0oO0bO0oOO0O0bO0O000b0O0000000
oooooo

Ooo00rbOoO0O0O0O0OO0OO00OOOOOOOOO0

032 FDOOOOOO (Black Rock MesaO OO )OO0
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0 34: FDOOOOO 0O 3.5: Black Rock Mesa OO O OO FD

god

oboobooobooooooboooon eermmbOOdndn 660mm 0000000000
g0 8sooogogoooooooboooooooooooooooooooooboobobooo
OO0000ooo0 PMTOOODO Xeflasher 0000000000 0OOOCOCOOOOOOOOO
2000000006000 120000000001 00 FDOODOOOODOOOO 108°000
¥ ~34°0000000000000PMTODOOODOOOOODOOOOOODODOOODDOOO
O0000030mmO00000PMTOOOO (D00 60mm)00000000000O0O
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PMTOOO

g0o000O0000DOooO0oooDbOlex16000000 2600 PMTOOODODOOOOO
OoooooopMTOOODOOOOOROEOOOO01000O 1°x1°00000000O00OO
gboobooboboooooooooo pMTODODODOOOOOODODODODODOO
00000o000ooooooo (036oPMTOOOOODOOOODODOOOOODOOOOOO
obobOoboOo0obooboobOobobobobOoOoobooobOobOobOoobooboooooon
ob0oboobobDOobD PMTODOD 300 nm~400 nm 00000000000 0DOODOODOO
00 (SCHOTT BG3)UOOODOOOOUOOBG30O0OU0O0ODOD0OOO0OOUOO 3.100000
00000000000 300nmm 0000000000 90%0000000000000000
oood

036 00000000PMTOOOOOO 037 PMTOOO

0 38 BG3O0DOOOOO PMT
039 00000
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1

0.9

0.8

0.7

0.6

internal transmittance

0.5

0.4

0.3

0.2 F

0.1

C I I I I L L L L
%00 250 300 350 400 450 500 550 600 650

wave lenath (nm)

0 3.10: SCHOTTBG3OUOOUOO (D0 1mmOO0O)

gbooooog

rDOOOO0OO0OOODOODOODOOODOOO 311oooboopMTOOOODOODOOO
000000000000000000000D00000D00 SDF (Signal Digitizer and Finder
module) 00 0000000000000 O0OD00O0OO0DO0OODODOODOOO SDFOTEF (Track
Finder module [13])0 CTD (Central Trigger Distributor module [13)) 000000000000

gobooobooboon

PMT camera

Patch Panel

1/station

(CED{Central frigger Distributor)

i
SDF(Signal Dighizer / Finder)
16/mirror
I - _l
C _;;’
=
=
>

Si | Finder
) [

Memory

Run control PC

Storage PG

1Slow control PC

Electricity

High Vietage:

Weather

Shutters
elc....

High Vohage Sysiem E’
18/mirror, 16ch/board

High Voltage
Distributors

High Veltage Pewer Supply

0 311: 0000000000

SDF : OO0Q0O0OO0O0 PMTOOOOOO 12bitd40 MHzOODOOOODO FADCOOOOOODO
0000000 S/NOODOOOUOUOUOOoOoOo0OO00oooooooooooooooooo
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oooooboooooooooboooo TFODOD

0 3.12: SDFOOO

TF : 000000000000 0O0O0O0O0O0O0O0O00O0000O0O0OO00O0O000O000000
goooooooooccrbooon

O 313: TFODDO

CTD : 0000000000 TFOOOOOOOOOOOOODOOOOODOOODODOOO0O0O0O0
gbbobOoboooobooooboooobooooboooooboooobooooon
ooooooOooooo0oobooOoo0oboOoOo GpSOOOoOoOOO0OoOODOOn

0 3.14: ¢CTDOOO
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3.2.2 rFDUOOOODOOOOODO

gbooobooboboooooooboobboobooooboboobooborDbOObDOODO
gooooooooOooOoOOTADDDOOOOOOOOOOO

PMTOOO

CRAYS: O0OOO0OOO (Calibration using RAYleigh Scattering, CRAYS)O OO O OO PMT
O000000N, 0000 (337.1nm) 0 RayleithOOOOOOOOO0OOOOOOOOO
000 Rayleith OO OOOOO PMTOOOOOOOOOOOO PMTO QEXCE (0DOO
O000o0)0000oo0o0ooo0O0 PMTO 10000 3000000000

O 3.15: CRAYS

YAP: 00OPMTOOOOOOOOOOOODOOOOOOOOOOOOOOOOOOOO YAIO;:
Ce+ ¥ Ama 0000000000000 00D0000O0OD0OO000000 370 nmO000
OooOoo w00oooo

YAP will be mounted on PMT surface

|

60mm

YAP:
Am?2*!(alpha-source)
YAP-scintillator

Using YAP pulser absolute gains of 3 PMTs will be monitored.

O 3.16: YAPOOODOOOOOODOOOO PMT
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Xe-flasher : FDOOOOOOOOOOOOOOOPMTOOOOOOOODOOOOOOODO
XenonOJOOODOOOOOODOOOOODOPMTOOOOODOOOOO PMTOOO PMT
OO000o0o0000oDOo0oO00ooDOPMTOODOD QEXCEXPMT GainO0DOOOOO
oooopPMTODOODO

0 3.17: Xe-flasher OO0 OO OO0

XY-scanner : UVLEDOOOOOOOOOOOOOOOOOODOO 20000000000
000000000 QExCExPMT GainOODOOODOOOODODOXY-scanner 10000
04000000000

gbooooogao

LIDAR: 00000000000 FDOOOOOOOODO0O00O0OO00O0O0000O000000
000000 FDOOOOOOO YAGOODOO (355 nm)000000000000000
000000000000000000000000000000 LIDAR (LIght Detection
And Ranging) 000000

0O 3.18: LIDARO OO
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CLF :

Central Laser Facility (CLF) 00 000000000000 DO0O0OOOOOOOOOO

O00O0YAGOOOD 35um) 0000000000000 0OCOOOOOOOOO0OOO
03000 FDO0OOOOOOOOOO (O 3.19)0

AF. .f-/-

0 319: 00 LIDAROOOOOOO CLFOO0O00000000000000

gboooood

LINAC :

ooooOooo0ooOoOooOo0obO FDOOOOOOOOODODOODODOOODDOODO

FODOOOOOOOO 100 mO0O0000000000000O00O0 (00O 40MeV)OOO
oboooooobooobo rDOODOOOOODOODOOOODODOODOOD

Electron Beam & Accelerator Construction

10.5¢m Bunch .
E'I_I: 5 - :
- ap ter a» wE ap
: 1pulse = 300m

Gun

Buncher

1 pulse beam contains
3000 bunches

I.].IEIEC“O" Beam

=/

Magnet

Accelerate tube

0 3.20: LINACODOOO

3.23 0O00O0OO0OOOO

000000 3m?0000000000000 (0321)0 1.2km?0000 576000000
oboooobobo 12mOd000 200000000000000000O000O000O000OAO
0000000000000 000000000000000000000 PMT (Electronbuves
9124SA) 000012 bit052 MHzOOUOOOOO FADCOOUOOUOOOODOOOOO SDOO
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0000000000000000 LANOOOODODOOOOOO0O0O0O000000000000
(120W)O0DDOOOO

0322 000000000000000O0O00OO (0)ODUODODOODUOOOODOODOOOOO
0(0)
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(1400 XY-scannerll [ PMTU0OO 2]
Oo0dodoodn

TAOODOOOODOOOO (PMTOOD)0O0260000 60 mmO0000 PMTO 16 O x
l6000000000000DO (0D 30)D00U0O0OUODUOOOODOOOPMTOOOOOO
gooboooboooooooooobooooboboooboooooboo0obobooobooobooobooo
goooooooboboboboopMTOOOOOOODODODODODODODODOOOO
Oo0oopMTOOOODOOOOODOOOOOOOOOODOODOOOODOOPMTOOOOO
gobOoboooobooboooooboooooboobooooooboon

4.1 PMTO 2000000

4.1.1 000000 (Hamamatsu R9508) 000
000 TAOOOOOO Hamamatsu R9508 0 PMT (O 4.1)00000000O0O0O0O
e JOODOOO: 000 60mmOOO0
e JOODO:0OODOODOO

e JIUD:000UDOD (DOOOUOUOD)30NmIOOOOODO

00000: 0000 4000000000 (80)

0000: 30%(max.) (O 4.1)

000: 2.7 x 105(typ.) (0000 1000 V)

O00O00D0: 2 nA(typ.)0 20 nA(max.)

googo: 6ns

gooood: 52 ns

4.1.2 PMTOOO 2000000
2000000

PMTO 2000000000000O0O000DOOOO0OODOOOOOOODOOOOOOOOD
0420 RO080 200000000000 00DOO0OO0OO 100000000000 O0ODO
O0oooooooooXx,yoooooooooooo pMTDODOODOOOOOOOOODOOOO
ooo0obooooopMTOOOOOOOOODOODOOOOODOOOOODOOOOOOODOO
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quantum efficiency
o
o

o
i
o

0.1

0.05

I I I
300 350 400 450 500 550 600 650 700

wave lenath (nm)

O 4.1: Hamamatsu R9508 (0 )0 0000000000 (DODOOOOOOO)

gobooobo 2000000000

0420000000000 (0000000532nm+l nm00000 ~1mm)000000
0000 4200000000000 (620 nm~670 nmO0 0000 ~2mm) 000000000
gboob0Ro08O 2000000000000 20000000000000000D0DOO
gbbooboooboobooboooboooboobbooo 410b000bo00oobo0obooooooon
0o00oo 10%00000000000 %0000000000000000000O00O00O0
gbobooooboobooobooboooobob 2000000000 0bO0bOOODOObDOOn
gooooooboooooooobooooboobboobooooboooobboobooobobooobbooo
00000200000000000 [(14000000000000000O0O0UOO0O0O0O0O
goo0O00000oooO000 TAOOOOOOOOOOOOOOOOOOOOOODOOOOOd
gooboooogoooo

4.2 20000000000 : XY-scanner

PMTO 2000000000000 0000O0O0O00 PMTOOOOODOOOOOO PMTO
O@C:2mm0000000000O000OO0O0OOOOOOOOOOO0O0OOODOOOOOOOO
gbobooooboooboboooboooobooobooboooboooobooobooooobo 2000000
0000 (XY-scanner) 0020040 100000 -00000XY-scanner (0 4.3)0000000
00000000XYOoUOoOoDoooooXyoooooRS232CcO0O0O0O0O0oO0OooooOoQ pe
goobDoooobooooobooono410000
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PMT1 GAIN MAP G PMT1 GAIN MAP R

S
I

elative Gain
|

Relative Gain
R
L

042 00000000 (0)0000000 (0)0000000 R9Y5080 2000000 (XY
0: PMTOO0D00000 (mm))

0 4.3: XY-scanner

xy-scanner 000000000

PMTO 20000000000000D0000XYUOOOOOOooOOooooDoooobooo
gooooboooooooXyYoooooooooooooooooooboooooooXxXy-
scanner 000000 10 mm/sec000 (O 41)0TAODOOOOO PMTOOOODOOOOO
1000 mmx900 mm 0000004 mm 0000000000000 O0DOO0O0O0OODOOO0OOO0
goebDO0O0O0000OXYooooooooooooo1oooooooooo 1o0Db0o0
gbboolgoogoooobooileobooobooboboobbooobono1ooo0oooboo 12400
gooooooooi100ooooo0ooooooooo pMTOOOOOD -O0O0OOODODO
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00 (k) 30
00000000 XOO (mm) 1040
00000000 YOO (mm) 890

000000 (mm) +1
0000000 (mm) +0.25
000000 (mm) 0.5
000000 (mm) 0.5
ImO00000000 (mm) +0.1

00000 (kg) 2
0000 (mm/sec) 10
oooo (0) 0~40
oooo (0) ~10~50

0 4.1: XY-scanner OO OO0

gobooobooOooooooooooboooboooboooboooooooOoooooobooooog
oooobooooooon

e XYUDUODOOODODOODO

e JOODOOOOODOO

- O00oooooooog
— O0o0oboooobooo

000000000 XY-scanner 000000

XY-scanner 0 000
e XYUODOODUDDOODDO XODO600YUDO 20)
e J0UDODDODDOO 10-80)

00000000002000000000000000000000 XOO)OoOoOoOoODOO
0000000000000 000oO0o00oOoO0oOo0ooOoOO0OO (0440100 PMTO 2
oooooobooooooooo0ooooboooOoOooooooOooopMTOOODOOOOOO
gbobooboobooboboboboooboooobooooboboobobooboobobOoboDbOoon
(2kg00 41) 00000000008 UIUOUUDOIUODDOUDODOUDOO XY-scanner 00
ubb20000000000DOO0DOO0DOODOODOOOO0OOO0OO0OOOOOODOODbDODbODO
ogooooOoooooooooo4mmO00000000O00O0OO1I0DOPMTOOOOOOO
gobo2000000000000000DO00DODO0ODOOODOODOOOOODOODOn

4.2.1 UvOOOOOO

0300000000 FDOOODO 300nm~400nm 000000000000 OODOOO
goooopMT2000000000000000O0O0O000O0OO0C0O0O0OO0O0OOOODOOOO
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0 44.: 0000 XY-scanner

000 3.6 [V]
000 1400 [W]
00000 365 [nm|
00000000 | 10 [nm)

000 10 [°]

O 4.2: UV LED (NSHU590B)OOOO -0000O0O

O00000ooooooooogn s nm~400nm 00000 UVOOOOOOOOO00O0OO
O00000000D00000XY-scannerJ0 20040 12000000 UvVOOOOOOOOO
ooboobobooobooboooooboobooooobooon

uviooooooooo

UviOOoO0oO00oooO0oooo UVLEDOOOOOUVLED (DO0OONSHU5S90B) 0O OO
oobD42000020000000000000000000O00DO0ODOODO0O0 mmOO
O0000O0OO0OOUVLEDOOOODODOUOODO mm (p)0000000O00OOOOOOOOOOO
0000000000000 00O0O0O00O0U0OoO0oUoO (0D 450000000000000
gobooboboogoobooooooboooooboboboobooboooooboboooon
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o =)=

UV LED pinhole 1 lens pinhole 2

O 45 LEDODODOOOO

gboooobooooooboooobooboooooboan
000001 (04.50) LEDOOOOOCOOOOOOOOOOOO

00000 (0D 4500) 00000 1000000000000 D0OOD0OOOODOOOOOOO
0000o0o0o0o00ooOo0ooOooo0o0D 10000 ¢ (mm)DO00O0O00 10000
000000 (Do0o0)0 F(mm)OOOOOODOOO AO0O 4600

A9 O % [rad] (4.1)
gooooao

0 46: 00000000O0DOOOOODOOO

00000 2((0450) 000000000O0OO0OO0OOD0ODOOUOODOOUODOODOOOODO
000000000000 20000 & (mm) 000000000 0OCOOOOOO0OOO
ODO00O0O0OO0DOOO0O0 ¢O

¢ = d—|—2tan%D [mm] tan%D (4.2)

gobooboobooad

4.2.2 D0O0O0O0OO0OO0OOO

goooooooboooopoooooooboooooooboobooooooooboboOooooo vy
gbobooooboobooooooboooboobooobooboobooboboooooooboooobo
OpPMTOOOO200000000000000A0
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000 3.6 [V]
ooo 2800 [mcd]
ooooo 465 [nm)]
00000000 | 26 [nm]
000 10 [°]

0 4.3: OO LED (UB5306X) 0000 -00000O

O01: 00000000 -00LEDDOOOOODO

UVLEDOOOOOOO LED (STANLEY, O 43)0000000000000O0O00O0OO0OO
000000000000000000000000000000000000000 (Canon,
CanoScan LiDE 500F) 00 00000000000 470000000000000O0O0O00OO
gboboooobooboboooooboooobob sobobOoboooooobooonog 2~00 80
O00OobOoo0oooboon0O LEDO UVLEDOOOOOO0OO0OO0oOo0o0oooooooooo

20
10 £
>
0
20 10 0
X [mm]

047 00000000000O0COCO0O0O0O (OO 3D0U000OO0OOOO0OOOOOOOO: 18

cm)

o0 1. 00

0000000000000 D (045000000 200000000000)00000O0O
Ooooooooooooob 2~00 80000000000 48000000000000O0O
000000 DO0O0O0O0OO0O0O0OUOO0O0OUD 42)000000000O0O0 DOOOOOO
DDDDDDDDDDDEJDD[Itan%NO.OIGDDDDDDDDDDDDDDDDDDDDDD
goooboooobOobooooobooooobooo

0000000 200000000000 PMTOOOODO BG300O0OOOO0OOOOO (O
30)000o0o0opPMTOOOUOOOOOUOOOOOOOOUOOOOOOOOOOOOOO
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spotsize [mm]

6 8 10 12 14 16 18 20
distance [cm]

048 0000000000000 O0OO0OO0OOOOO0

002 PMT-UVLEDOOOOOO

g0o0BG3ODOOOOOOOOODODOOOODOOPMTOOOOODOOOOODOOOOO
00000000 TACOOODOO PMTOPMTOOOOXY-scanner 0000000 O00O0O0O
goooo0 20000000000000000UvVOOOOOOOOODOOBG3OOOOOO
O00PMTOOOOO 1lmmxlmmO0O00O0O0000O000D0CO0O00O0PMTOOOOODO
gooo0o00o00000 XY-scanner OO0 0000000000 PMTOOO 0bmmO000
gooopPMTOO-1000VO HVODODOOOFADCOOOODODOOOOOODODOOOODOOO
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g )| L
2 1500 i t
w |
1000 N " \
L I
500 n ™ \
0 w ) &

0 10 20 30 40 50 60 70 80 90
[mm]

0 5.26: XOYOOOOODO 2000000 (X cut, Y cut)

052700000000000 FADCOOO (500, 1000, 1500) DO O0O0OO0O0OOO LED8 O
gooooooooooobooooDbo0o0oD ~+x2mmO0000PMTOOODOOOO
XY-scanner 00 00000CC0O000000000000O0O FADCODOOOOOOOOCOCOO
0000000000000 000oOU0UOOobO FADCODODO 1000000000 OODOOOOO
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000000 5.2~5.80 FADCOOO 150000000000 COCO000O0 LEDIOOOOOOO
00000 LEDOOOODOOOO

" LED position (cut = 500)  +
LED position (cut = 1000)

15 LED position (cut = 1500) ¥
Tk
1
w ¥
05 B -
KK
e g XK ko
£ o e g N
£ 0 S ¥+§< o P oK
> %
- K X; )@i& - X *
-0.5 ‘ " Wk
¥ ¥ "
-1
-15
-2

-2 -1.5 -1 -0.5 0 0.5 1 15 2 25
X [mm]

O 5.27: FADCOOO 500, 1000, 1500 0 00000000 LEDOOOOOOOOO

LED | X [mm] | Y [mm] LED | X [mm] | Y [mm]

1 0 0 1 0 0

2 -3.08 1.71 2 -1.67 0.86
3 -5.67 1.21 3 -4.08 1.29
4 -7.67 -1.57 4 -6.00 -1.57
) -4.08 -0.43 5 -2.83 0.36
6 -4.42 -1.93 6 -2.75 -1.50
7 -6.83 0.00 7 -5.00 0.43
8 -6.42 1.71 8 -3.92 2.00

O 5.2: telescope 10000 LEDODOOODO O 5.3: telescope 20000 LEDOOOODO

LED | X [mm] | Y [mm] LED | X [mm] | Y [mm]

1 0 0 1 0 0

2 -2.58 0.93 2 -3.17 2.00
3 -4.83 1.64 3 -5.50 1.71
4 -6.67 -1.50 4 -7.42 -1.21
5 -2.42 -0.57 5 -3.75 1.07
6 -2.58 -1.50 6 -3.50 -1.21
7 -3.67 -0.36 7 -5.17 -0.29
8 -3.83 1.89 8 -5.00 1.29

0 5.4: telescope S0 000 LEDODOOODO O 5.5: telescope 40000 LEDOODOODO

79



LED | X [mm] | Y [mm]

1 0 0

2 -2.92 1.00
3 -5.42 1.29
4 -7.67 -1.57
5 -3.17 -0.71
6 -3.42 -1.93
7 -5.92 0.14
8 -4.75 1.79

0 5.6: telescope 50000 LEDOOODOO
LED | X [mm] | Y [mm]

1 0 0

2 -3.75 0.86
3 -5.08 0.86
4 -8.25 -1.93
5 -4.33 0.14
6 -5.42 -1.86
7 -6.50 0.071
8 -6.83 1.07

0 5.8: telescope 7O OO0 LEDODOODOO

80

LED | X [mm] | Y [mm]

1 0 0

2 -2.83 1.36
3 -6.00 0.93
4 -7.67 -1.50
5 -3.83 -0.14
6 -4.17 -2.14
7 -6.00 0.071
3 -5.83 2.43

0 5.7: telescope 6 0 0 00O

LEDOOODO



5.2.2 LEDUOOOODO

obobooob LEDSO0O0O00DOO0O0ObOOoobo0oooboooooobo200b00000DO
goopMT32000000 20000000000000 LEDI1OOOOOOOYOOO PMTS3
000000o0O0oU0ooO0OPMTOOOOOOOOOODO 200 LEDOOOOOOO (O 5.28)0
o000 LEDODOOOODOOOOODOOOOODOOOOLEDSOOODOOOOODOOO0nOOn
gooooobooooooooooopMTOOODOODO 2000000000DOO0ODO
gboboooobOobooooboboooobOoboooooboooooboOon

gobooooogo
1. 100 PMTOOOOOOOOOOO 200 LEDOOOOOOO (O 5.28)

2.000 LEDOOOOOOOO  PMTOOOODOOODOOOOOOOOO LEDOOOOOO
googd

3. 000000 LEDOOODOOOOOOODD LEDOOOCOOOOOOOOOOO
LEDI~8 00000000 I1~Ls0000200000000000000000000
LEDOCOOO L,0000

~ L;
Li= 1
I, (5.1)
4. 0000 LEDIOODOD 10000000LED:0000DO L,O
L‘ ~y Y ~J
Li=""=1Ly Ly -+ L; (5.2)
Ly

ooooo

o000 LEDOOODOOOOOOOPMT200000000000000000D0OO0OO
gboooooooobooOoDb LEDEOUOODOODOO b9~ 000000000000O000DO
O0000L,00000000 52900000 LEDODOOOODOODOOOOODO fiD le OO0
gboooobooooboobooooboobooobooboobooboooooboooooaon
00002000000 (O056~5.13)0 LEDO0OOOOO0OOOOOOOOOOOOOO20
gboboooooboo LEbOO0OOOOOOO0OO0ODOODOOOOObOObOOO0O0DO

5.2.3 002000000

gooooooooooopMTOODOOOOO 200000000000000DO 20000
o000 s30~5360000000000000000PMTOOOOOLEDDOOOODODODO
gbooooooobooooocooobo pMTOOOOOOOOOOOOOOOOOOOOOOOO
goboooobobobOooboobobobobooobooboooooboboooDobobon
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120 110 100 90 80 70 60 50 40
X (mm) Y (mm)

0528 000 LEDOOOODDOO PMTO 2000000

LED (000000 |000 (%)

1 1 i

2 0.60 4.29
3 0.58 5.17
4 1.44 5.47
5 1.33 6.80
6 0.52 7.87
7 0.57 8.66
8 1.05 8.99

0 5.9: telescope 10000 LEDOOOOODO

LED (000000 |000 (%) LED (000000 | 000 (%)

1 1 - 1 1 -

2 0.63 4.98 2 0.68 4.24
3 0.70 5.59 3 0.79 5.03
4 1.52 5.99 4 1.52 5.57
5 1.42 7.10 5 1.35 6.94
6 0.57 8.48 6 0.57 8.97
7 0.68 9.02 7 0.80 9.53
8 1.36 9.28 8 1.31 9.92

0 5.10: telescope 20000 LEDOOOODOO O 5.11: telescope 30000 LEDOODOOOO
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LED (000000 |000 (%)
1 1 -
2 0.64 3.91
3 0.78 4.59
4 1.48 5.18
5 1.33 6.51
6 0.52 8.01
7 0.77 8.55
8 1.25 8.97

0 5.12: telescope 40000 LEDODOODOO O 5.13:

LED |0O0O0O0O00 | 000 (%)

1 1 -

2 0.60 4.00
3 0.76 4.75
4 1.45 5.36
) 1.30 6.77
6 0.50 8.58
7 0.72 9.12
8 1.20 9.53

O 5.14: telescope 6 D000 LEDOODOOOO O 5.15: telescope 7TOOOD0O LEDOODOOOO

LED (000000 | 000 (%)
1 1 -
2 0.63 4.70
3 0.79 5.38
4 1.47 5.74
5 1.26 7.02
6 0.49 8.99
7 0.72 9.42
8 1.07 9.82

telescope 50000 LEDOODOOO

LED | 000000 | 000 (%)
1 1 -

2 0.63 4.44

3 0.79 5.57

4 1.40 6.04

5 1.10 7.44

6 0.44 9.26

7 0.65 9.72

8 0.96 10.07

1.8 T T T T T T T
cameral —+——
camera 2
1.6 | 7 camera 3 K-
N camera 4 [}
é | camera 5
- 14 + ’ ¥ camera 6
E’- 1 ] camera 7 07‘<
3 . 0
o L
[a) 1.2 x
I .
2 1ir : °
k- 5
[ ; b
0.8 ] a
3 .
0.6 = ‘ i
T ?g Jf
0.4 L L L L ? L L
2 3 4 5 6 7 8
LED index

0 5.29: LEDODOOODO
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1000
X (mm)

800 600

0 531: 000 200020000000
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90

180

270

560

450

540

630

/720

1000 800 600 400 200 0
X (mm) Y (mm)

0 532: 000 300020000000
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90

180

270

560

450

540

630

/720

1000 800 600 400 200 0
X (mm) Y (mm)

0 533: 0004000 20000000
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90

180

270

560

450

540

630

/720

1000 800 600 400 200 0
X (mm) Y (mm)

0 534: 000 500020000000
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90

180

270

560

450

540

630

/720

1000 800 600 400 200 0
X (mm) Y (mm)

O53: 000 60002000000
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540
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1000 800 600 400 200 0
X (mm) Y (mm)

O 536: 000 700020000000
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5.3 Xe-flasherUOOOOOOOMO

oo0ooooooooooopMTOOOO 200000000000 XeflasherOOOOOO
0000000000000 0o00  PMTOOODOOOD 1%000000000000 20000
0000000000000000000000000o0PMTOOOOOOOOOO (256)00
gbooooooooobooboooooo

XY-scanmer 0O 0000000000000 OO0DOOOOOOOOOOOODOODODOOO
100 PMTOOOO 200000000000000O00 PMTOOODOOOOODOODOOO
O0Xeflaher 00000000 0O0O0O0O0O0O0OOOOOODOOODO B37T~5.4300000000
0000000000000 PMT(DUOODOOOOS000 PMT6eOOOOO)OOOOOOO
PMTOOOOOPMTOOOODOODO0O0D0O0O0XY-scannerJO0 000000 PMTOOODO
gobooooopMTOOOODODOOOODOOOODODOOODOOOOPMTOODOOO
gooooobOo00oDOo0o0oDOoOOoo0oO0o0o0oDOD0o00 PMTODOO 32m 00000000
goooo pMTIOOOOOOOO

12

25

10 -
20 -

®
T

15

10 -

Number of events
Number of events
(=]

| | ﬂ‘
2l
0 ‘ J ‘ 2 o U] HH ‘
1 12 14 16 1.8 2 1 12 14 16 18 2
FADC counts of PMT (integrated) [x 1e+06] FADC counts of PMT (integrated) [x 1e+06]
O 5.37: telescope 100 PMT OO O 5.38: telescope 200 PMT OO
14 ; ; 20 : .
256 PMT out (iel3) —— 256 P oulltel 4) ——
7 | A
12+
15
10t
@ @
g g
s 8f &
s 5 w0f
8 6l 3
€ £
2 2
s
5|
P J
o1 ‘ i ‘ ‘ . il 1 HHHHMHH% ‘ i
16 18 2 2.2 24 1 12 14 16 18 2
FADC counts of PMT (integrated) [ 1e+06] FADC counts of PMT (integrated) [x 1e+06]
0 5.39: telescope 300 PMT OO O 5.40: telescope 400 PMT OO
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Number of events

Number of events

40

35

30 [

25

20 -

15

10 -

14

12 +

10 -

256 PMT out (tel 5) ——
fit

20

15 -

Number of events
=
o

[0

256 PMT out (tel 6) ——
fit

J
)
”l_QWHZ —

FADC counts of PMT (integrated) [x 1e+06]

1.6

O 5.41: telescope 500 PMT OO

256 PMT out (tel 7) ——
fit

. . . J
16 18 2 2.2
FADC counts of PMT (integrated) [x 1+06]

0 5.43: telescope 700 PMT OO

Ly

.
18 2 22
FADC counts of PMT (integrated) [x 1e+06]

telescope | peak (10° counts) | 1o (%)
1 1.63 4.31
2 1.39 10.09
3 1.82 5.14
4 1.76 3.32
5 2.00 1.75
6 1.82 3.63
7 2.07 6.84

O 5.16: O telescope U0 PMTOOODOODOO1e
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O 5.42: telescope 6 00 PMT OO




goon

0000000000000 0000 le0O0O 5.160000ZXeflasher000 (0 1% 0000
gboboobobobooooboooooooboobobobobooooooboooooboDbo
ooooogoboobos12000000 PMTUODOO -LEDOOOD 2000000000000
gobooboboooboobobooboooobooobooboooboooboobooooboOoooboooon
gbobooboboboooooooooboboobOobOobooOooooooboooooboOoDo
O0000DOoo0ooooDooooopPMTDOODOOOODDOD XeflasherOOODOOOOODO
gobooooobooboo20b0obooboooobooooboooboobooooobooog
Xeflasher 000 O0O0O0O0O0O0O0O0O00O

oboobOgo200000000000000000000000200000000000A0
JoooobDooboodXY-scanner-PMTOOODOOOO0ODOOODOOOODOOODOOOODOO
obooboobooooobooboooooooobooboobooooooooooog
O000D000D0XY-scanner-PMTOODOOO0OO0OOOOO0DOOOOO

5.3.1 0000

pPpMTOOOO0OOOOOODOOOOCODOOOOOOOODOOOOOOOOOOOOODOOODO
gobooooboovyobOoOoboOoOobobboOoOo s20b000bboobooooooooooooog
Oooo0ooboOo0oooooO0oooooO00ooOo0 LEbOODOOOOOD 17OODODOOO PMT
00000 54400000000000000000000000O 100 6.84% (O) - 2.60% (O)
gbobgbooboaobooabodaod

LED (000000 |000 (%) | |LED | 000000 (000 (%)

1 1 - 1 1 -

2 0.63 4.44 2 0.64 4.35
3 0.79 5.57 3 0.81 5.50
4 1.40 6.04 4 1.43 5.97
5 1.10 7.44 5 1.15 7.34
6 0.44 9.26 6 0.48 9.17
7 0.65 9.72 7 0.72 9.61
8 0.96 10.07 8 1.07 9.95

0517 0000000 telescope 70000 LEDOOODOOO (0: 00000O:000)
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14 T T 25 T T
256 PMT out (tel 7) —— 256 PMT out (tel 7) ———
[ fit, --------
12
20 -

10 -
2 2
= =
[ o F
e 4l g 15
S S
5] ]
£ 6T £
E E 101
4 z

4k

5L
2L
N ‘ ‘ ‘ |- N ol [l.n
16 1.8 2 22 2.4 16 18 2 22 2.4
FADC counts of PMT (integrated) [x 1e+06] FADC counts of PMT (integrated) [x 1e+06]

0 544: 0000000 telescope 700 PMTOO (O: ODODO0O0O:000)

AV [
ST /EMT 4 QL T2 /BT
/ 250 /
] 100
o 16M
N ol
E
=
a0 50
| | | I |
[ 5 0.58 1.6 (.64 0.BE tal ]
tic
00— 0 —
r WT3 PN ) W11 /S PM
C / 50
2 20
o oy
>0 50
50 50
I L. |
o] 058 £ 167 1.£ 0.8 82 84 B 058

O 545: PMT+YAPOOOOOOOOOOOOOOO pMT4000000000000O

000000000000 (16=2.6%) 0 Xeflasher 000 (lo=1%) 00000000000
0000ooooopPMTOOO YAPOOODODOOOOOOODODODO —20°~40°00000C0O
gooooobDobo pMT4000000000000 450000000D0OO0O00ODOODOO
PMT-YAPOUOOUOOOOUOOOOODO 2%000000D00D0OPMT+YAPOOODOOODOODO
gbooooboooooboooooon

Xeflasher OO0 PMTOOOOOOOODODOOOOOODOOOOOODODOODOOOOOO
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goooobooooooooooboboob200b0o0obboobboOo3ooooDooboogoo
goopPMTOOODOODOOOOOOO0OO051200000 PMT-LEDOODODOOOOOO LED
gboooooooooobooobooobooo pMTOOOOOOOOOOOOODOOODOOOOO
002000000000000000000000000O0 1e02% 000000000000

000000000000 (10=26%) 00000000000 ZXeflasher 000 (1lo=1%) O
gbooooobooboobooboooboooooboooooooooooboobooobooon
000000000ooo0 1le02%000000000000000O00O 20000000
gooooooboooooooooooooboo0o -obooooooobooooooboon
gboooooao
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el ULUOULOUOULDOUOLOOOOONO
Joouuogyun

gooooooooooooooooooo PMTOOOD 20000000000D0000O
O0000D0000000Xwx00OO0O00000O000000O000000000000DDOO
goobooobooobooobobOooboooobOoobOoooooooboOoooooboooooog
00000000000000000000000000000000 §/NOOOooOooooo
oobogo30b00ooooooa

6.1 UUOOoon

goooooooboooobooooboooboooobooobobooobboobbooooboobooo
goboooboooboobboooobooboooooooooboooooooboOooboooboog
goboobooooooobooobooboobooooobooobooboooboOoobooon
goboooboooooooboooboboobbobooboobooooooobooobOoobooobooo
oooobooooonog

event=_ 1 trial= 1 xploin= 17.760 xlong= 6.458
logE;=20,000 X1,= 34.139 Xmox,= 827.138 A= 70.00 U,= 44.6 o;=184.8 Rp,=3.05e+03 C,= 2838.21, 1837.30
40 \;}gs =20.038 X1 = 49.675 Xmox = 816.642 A = 70.00 ¥ = 45.0 a =184.5 Rp =3.04e+03 C = 2809.65. 1899.87

30
20 -
10 -

100 150

309.000 Xend=1046.000 Npe= 108618.70 Nmax=8.48e+ 10 Ntel= 3 Npmt= 93

P
-150

Sta.= Q Xst¢

40 ¢

20
10 -

P S BRI BVRVE.. S AR R R
0_...-100 0 50 100 150

307.000 Xend=1040.000 Npe= 121477.10 Nmax=8.52e+ 10 Ntel= 4 Npmt=104

|
-15

Sta.= 1 Xsts

40 ¢
30 F
20 F
10 F

N I EPEL. (S R SRS R
-150 -100

Sta.= 2 Xstart=290.000 Xend=1066.000 Npe= 6B805.30 Nmax=8.40e+10 Ntel="3 Nomt= 47

Ll
150

0 6.1: 3station 00000000000 OO0OOOOO
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6.1.1 00000

gboobogooooobooooboooboboobobobobobooboobobonboooa
0000 (00)0000000000000000000000 U.S. Standard Atomosphere O
00000000000000000 POOOODO p00D00000O00O0OO0DOODOOOOOO

0000000000000000 X, [g/em?] 00000000000 h, km]0O0O00 (6.1)
~0 (630000000

X\’
h, = 47.05—6.9InX, +0.299 (111 (10)> (X, < 25g/cm?) (6.1)
= 455 —6.341In X,(25 < X, < 230) (6.2)
= 44.34 —11.861 (X,)"" (X, > 230g/cm?) (6.3)

6.1.2 U000OO0OOOOO0OO0OOO

00000000000000000 Gaisser-Hillas 0000000000000000000
0000000000000000000000000000000000000000000
00000 N, (00D0)0000000000 (24)0

N XX = D e [Mae ] (XA [ XN gy
Sy = 0.0451+0.02171n(10£ev) (6.5)

gobooboboooboooboobooboobo
e c: J0000UDDOODOOODOO 74.0[MeV]

e X, : 00000000000 [g/em?

e X : first interaction point[g/cm?]

e ) : attenuation length[g/cm?]

6.1.3 UU00O0OOooOoood
00000000000000000D (6.6)00000NKGODOUOOODOOOD

B(s,4.5 — 2s)

2
2mrs o

p = N, r572(1 4 )50 (6.6)
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000 rme 0000000000000001000000000000000000000
00000000000000000000000000 93[g/em? 00000 000B(p,q)
ooooooo

B(p,q) = Az*lﬂ—@qwdnq>® (6.8)
s 0 age parameter [
5= zf—kSTt.Oﬂ (6.9)
t= Sl (6.10)
B =In10log E — log E, (6.11)

Xa 0000000000 38.0g/cm?>0000

6.14 0O00O0OOOOOOOODOOODO

ubobooboobooobobooboobooobooobooobooobooobooooooooooooo
00000000000 00D0DOD0O Rayleigh OOOMieOOOODOOOOODOOOODOODO
goboobooboooooobooobooobooboooooboooooooboooboooboon
00000o0U00o0O00o0oU0oOoooooUoOoPMTOOUOOOOOOOOOOO (6.12)000
obooo

dz;fze- . (E’L;X”GﬂAmir / AATR(N) Tar () F11(N) Q) Tas () Rune () (6.12)

O0O0OONE,X-X,))00000000000000F0000000000000OX 000
0000000 [g/em?]0 Xy O first interaction depth 000 Dey 0000000000000
00 [photons/meter/electron] 00 000 O F.Kakimoto D000 [12]000

_# oa
e e ) -

z /1
ooooon ‘3—5 O electron energy lossO %)1.4Me\/ 0 14MeVOOODODO electron energy lossO
A = 89.0m?/kg]0 B = 1.85[m?*/kg/K¥/2| 000000 ¢K] 00000 pke/m®) 000000
oooo
O00f(\)O00D00OD0DD0OO0O000ODODDOO0OO0O0OODODOO

36
Fr) =) fis(A = N) (6.14)
=1
g0ooooooooooooooooooo

98



A1 =282.0[nm] | Ay =296.2[nm] | A3 =297.7[nm] | Ay = 311.7[nm]
As =313.6[nm] | A\¢ =315.9[nm| | A; =328.5[nm] | As = 330.9[nm)]
Ag = 333.9[nm] | Mg =337.1[nm] | A;; = 346.9[nm] | A2 = 350.0[nm)]
A13 = 353.7[nm] | A\q = 357.7[nm] | A5 = 367.2[nm] | A\g = 371.1[nm)]
A17 = 375.6[nm] | A\1g = 380.5[nm] | A9 = 389.4[nm] | Ayp = 391.4[nm)]
Ao1 = 394.3[nm] | Agoo = 399.8[nm] | Aoz = 405.9[nm| | Aoy = 414.1[nm]
Ags = 420.1[nm] | Agg = 427.0[nm] | Aoy = 427.8[nm] | A3s = 434.4[nm)]
Agg = 441.6[nm] | Azp = 449.0[nm] | Ag; = 457.4[nm] | A3z = 466.7[nm)]
A3z = 470.9[nm] | Azq =481.5[nm] | Az5 =491.7[nm| | 3¢ = 522.8[nm]

Any: 000000000

Tu()): MieDDOOO0OOO0OOODO
Tr()\) : Rayleigh 000000000
Q(\): PMTOOOOO

Tsgs(N): 000000000

Rni:(\): 0000000

6.1.5 U00O0OOOOUOOUOOoObLOOOOn

gbooooooboooooboboooooboon

1.

gobooboooboooboobooobooo

.ooobooboobooboobobbol1boobooboobo

.ooobooobooboobooboboboboaboo

MieODODORayleighOOOODOOOOOO

.0o0ooo pMTOOO

.00gobooocoog

oooooooboooboobobooooboobo pMTOOOOODOO

000000000 AX =1[g/em? 000 (2)0000000000

6.2 UUOOUOOODOOOOOOO

gboboooboobooooooboobobOooobooboooooooboooooOooonn
oobOpMTOOOOOOOOODODOOODOOODOOOOOOOOOOOOODOOODOOOOOO0
gobooobobooobooobooboobbooobooooooooooooboooDboOoDboo
0S/NOODOOOODOOOO0OO0OO [k, 0000 PMTOOOODOOOODO
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Charge[pe/200 nsec]

O | ‘ | | ‘ | | ‘ |
0 10000 20000 30000

time [nsec]

062 00000PMTODOOOOODOODOOODOO

6.3 UL

gbooooboooooobooboobooo pMTOOODOOOOODOOODOODOODOODOOO
gbobooooooobobobobooobobooboboooooooboooobooboOono
gbooooboooooooboooobobo

6.3.1 U00OO0OOOOOO0OO0OOO

000000D0000000000 (/) 0000 (o) 000000000000000 (z,y)
0400000000000000000000000000400000000 200000
00000 local minimum 0 0000000000000000000000000000000
0000000000000D00000 (6150000000000 n, 00000000000
00000000000 n, 000000000000 000000000000000000

YiNTPMT,i X Npe,i
YinypMT,i X Npes

E‘IIZPMT7‘ X Npe,i
ng = — 7 = (6.15)
VEnzpur,i X Npe,i)? + (SnypMT,i X Npei)? + (ZiNZPMT,i X Npe,; )

0000 (nzpurs, nypuT.,Nzpvr,) 0 i 00 000000000000000000000
OOnpe; 0 i 000 PMTOODOO0OO0O0O0O0D000D000D000D0000D000000
000002000000000000002000000000000000n, 000000
000000 PMTOOO00O0O r,r» 00000000 (06300 )00020000000
0,20000000000000000000(6,a,(z,y))00000000000

00000 r,r,00000000000000000000000
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Station 1

Station 2

063 0000n 000000000000000000000 rq,ro 0000000000

1. 00000000 0000000 ( Amplitude Weighting Method )

2. 0000000000 20000000 ( Signal Wave Form Fitting Method )

6.3.2 Amplitude Weighting Method

Amplitude Weighting Method 0 000 000000000000 O0OOOOOOOOOOOO
000000000000000 »?000000000000000000000000000
000000000000 200000000000 r,» 0000000000

00000000000 0o00o0o0oo0ooD0oU0D (000000 0OUD0OO0DOo0DoOOoooOO
0)000 (6.16)000000 x2000000000000000000

2 (AGr)?
X = W (6.16)
ogo
—1 Y
Agk = COS (nPMT,i . nSDP) — 5 (617)
s Npe. k
=0.3° = £= 6.18
Tk * 1800 T (6.18)

O00 npmTx 0 EO000 PMTOOOOOOOOO0O0O0O0O0OOngpp OOOOOOCOCOO

Oo000000ooo0n,,000000000000000 1d0000000000000
ooogo

gobgooboboobd nO
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n — nspp,i X NSpDP,j (6.19)
|HSDP,i><IISDP,j|
goooboobobo ., yoobboooboo 2000000 booooboon
ooodrm,, 0000000000

6.3.3 Signal Wave Form Fitting Method

gooooooooooooooogoooooooooooooboOoooOoOoOoooooooo
0 000 0O Signal Wave Form Fitting Method OO OO0O0O000000COOO000ODODOOO
0000000000000000000000000000000X200000000000
gboooboooooooobooobbooboobboe4b0oboOonoboOobobOoOobOOOobDOOn
ooooo

0 6.4: Signal Wave Form Fitting Method 0 000000O0¢;;, —¢; 000000000000
000000000 25nsec0 OO0

o; 0000 PMTOO jOOOOOOOOOOO0OOOO0O0O0O0O0O0O0O0OO0O0 PMTOOOO
0000ooo (2000000000000

a; =m—— 2tan" L; (tj —tg— ni“)} (6.20)

P

oooot; 0 j000ooooooooo0oyy00o0oooooooooooooooooon
DDDDDDDR;;D (0000000000000 0000000000O000000Nns OO O
gooooboo0obOo0U0OnpDoO000ob0bOOoO0obO00obOO00obDOOobOOoOooDooDoo
O rm,m,to0000000 (62000 00000000000000O0O

O0000OPMTOOOOOOOOOOO (620000000000 geometrical factor 00 000
0000000000 factor(COOD0OOD0OO ,PMTOO0OO0OD ,0000000000 ,00
00000000)0000000000oo0oUoOoPMTOOOOOOO ray-tracingd 0000
0 detector Monte Carlo 00000000000 O0ODOOODOOONKGOOOOODOOOODO
000000000Do00OoO (622) 00000000000 OOOO

0(6200000000000000000000000 (621)000000 x2000000
ri,ro,to DO OO
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- .. 2
station PMT sampling [nl’]’k bJok (Tl, T2, tO)

—-n .

2 pe,measured pe,predicted

DD DY T (6.21)
i k j n

pe,measured

gobooboobooboobooboobobobobobooboooboo

Aa Aa
Zn;’g,’srcdicccdh = ngg:Iﬁlcasurcd|tj (6.22)
k %
goooooooobooooboooboooooobooooboooooo0oboooooooooon
000000000 3000 pPMTOOOODOOOOOOOO (6.22)DDDDDDDDDD
0 (6.21) 0 XQDDDDDDDDDDDDDDD (6.16)0 000 ng,r,ro UOO000O00O000O0
O0o0oo0oo0oooooooooooboooooooooon

6.3.4 U0O0OO0OOOOOOOODOOO

0d00oo0ddooOO000boo0dooOdoOoO0o0oO0o00DoO0o0ooOo0oooDOoOooDoOoOon
00000000 X, (first interaction point)0 X 000 0000000000000 0O0O0
000000000 «O0O0 000 PMTOODOOOOOODOO

+A:/2 _
Pi(aépot,a) = i/ ¥exp {(alw)z] dy (6.23)

A; —A;/2 2mol 2(Jspot)2

spot
agpotDDiDDD PMTOOOODOOOODOOOA,; O0i00O0 PMT O pixel sizedy 000
gooooooboooogon

Shower Axis

Shower Lateral Distribution

Spot size N\ Angle along Shower Axis

I_‘\‘;"‘l‘\*FOV of PMT

STATION

065 000PMTOOODOOOODOO

O (6.23) O atmospheric slant depth(0 0 00000) 000000000

103



) ) v1—n-n; dh, 1
Pi(o—;potaX_Xé):i

T dXU X=X6 Al
_ 2
TNV (VEEm e (X - X§) - v)
X —=——exp — dy (6.24)
—A;/2 QFUSPOt 2 (U;pot)

0000000000n; 0¢000PMTOOODOOOODOODOOOOX{O 000 PMT
OrovooOooOoooooooooooooooooooooooooooor,000goooo
0 X,0000000000000A,0000000000D0O0D0D0DOO000X, 0000000
googno

0 (624)00000000000000O0O0OO0OOOOOOOOO

all

_ . dN,
InL =) pmeasured o [/-; / dX Pi(0%y00: X — X§)Ne(X, Xmaxs X1, Nimax) 7

dN.dX

(6.25)

pe,t
i

0(625)0000000000000000000O000000KOO00ODOOOOOO (O

goboobooooooobooboobooboooboooooobooobooboooaoon
0)0N, OOOOOON. OO (626)000000000000000000O

Xmax—X1

X_Xl > XmaX_Xl
Ne X7Xmaan ,Nmax :Nmax ~ v — 6.26
( Vo) =N (k) e (TR o)
dNye
oon gobooooooboooooooboooooobooooooo
dN.dX
Ny (X, Xmaes X1) = No(X, Xomases X1, N ) 0 (6.27)
pe y “Amax 1) — e y “Amax) 1;<{V¥max dN(;dX .

6.3.5 0O0O0O0OOOOO0OOOO0OOO

Xmax » X1 00 (625)000000000000000000O (6.23)0000000O0O0OOO
oooooboooon

Ee.

E =
Xrad

/Ne(Xa XmaxyXlaNmax)dX (628)

ooo de:38.0g/cm2 000000000000 E. O critical energy 0 74MeV OO ODOO
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70 PMTUOOO2000000000

gooopMTOOOO 2000000000000000O000DO0O0O0DOO0OOOOODOO
goboobobooboboobobobobooboboobo200b0oboooobobOoonoo
gboooobooboooboobooooboooooaon

7.1 2000000000
711 00000OOOOO0OOOO0

gooooooboooooo pMTOOOD 200000000000 00DOO0OOOOODO
gbooooogd

PMTOOOOOO

rDOO0O0OO0OO0OO0O0O0O0OO0O000DOO000DOD00 PMTO NoODOOOODODOOODOOO
O0PMTOOOOn(z,y) D0OO0OO0OOOOOOO (07 )OOOOO

Ny = / n(z,y)dedy (7.1)
PMT

gooooooocoopMTO 20000000CO”0000"00000000DODODO PMT
gbooogao

phofon -

100

200

300
FAL
2

400

Y [mm]

500

600

700

800

1000 800 600 400 200 0
X [mm]

071:00000000000000 n(z,y)

105



PMT2000000000000000000O0

00000000 720000 PMTOO 2000000 g(z,y) 000000PMTOOOO
NoODOOO

JV'==/£MTfﬂm,yhﬂw7y)dwdy (7.2)

000o00o0oooUoO0O g(z,y) 0 PMTOOODO SOODO0O0OOOOO(S: PMTOODOOO)

Photon N g

n(x,y)

ax,y)

PMT output N’

0 7.2 PMT2000 ¢g(z,y) DODOOOOOO PMTOOO N’

7.1.2 O00O00O0O0O0O0OO
0000000

flat: PMTO 200000000000000000000O0C0O (PMTOOO: Ny)

2d: PMT O 20000000000000000000000000000000
(PMTOOO: N')

ooooboood

e U0 : 0O

e 0OODOO : 10% eV

e J0ODOOOOOOO : Ry, <30 km
e OO : 0° <6 <60°

e OO OO : 1000

goooobooooooboooosbbo  FDODOOODOODOODOOODOO
gooooao
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Nuig | Neec | logE | o(log E) | o(XE — Xi) [g/em?] | o(6) [°]

flat | 983 | 460 | 20.027 0.074 37.39 1.10
2d | 983 | 464 | 20.045 0.082 41.78 1.06

0710000000000

obooo
gbooooboboooooboooobobooog

1. S/NOO 40000 PMTO 600000000000000 2000
e FDODODOOODO 200000000O000OOO
OPMTOOOOO0OD0ODODO0OO0ODDODODOOOO0OOOO0O00O 200
0000000000000000000000000 x200
00000000000000000000000 %200

goboooooboooooboooboooboooooboobbooobooroboog
100000000000 PMTO 128000

e JO0OD0OO0OOUOOODODLOOOOODOOLOOODOOOOOO
gbooooooboooooboooooboori1bob0oooboobooooooboon

Nuig: DOO000O0O0000O0O0O0O0O0DO0O0O0O0O0O0O00O0

Ne: OO0OO0OO0ODOODOOOODOOOOODOODOOOO

logk: 0000000 DOODOOODOOOOOO

o(logE): 000 logEO00O0OODOOODODOOOODO 68%0000
Xegen — X/ 000000000 Xnee 000000 Xpape OODOOOO

max max*

o(Xgen —Xree ) OO0 X&en —Xfee 0000000 OOOOOOO 68%0000

max max max max

: JO0O0O00000o0o0o0ooopoooooooooooooooo
cf): $=0°000000000000 68%0000

gbooobooooboobooooobobooobooor3ooooobooobooooobooooon
00000 740000200000000000 (lat)D00OD00O (2d)0000000OOOO

e 0000O0O0DDODO (411%)
e 00000O0DDOOOODO (1.5%)
¢ Xpax 00000000 (4.39 g/cm?)

gbobooooboobooooboboooobobooooboobobobooboobo pMT200000
goooboboboboboooobobobuobobooooboboboobobobobon
gbooooboooooao
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—60 —~60
E e gen (flat) E ° gen (2d)
- rec (flat -t ’ . * rec (2d
40 b . ( ) 40 - . X ( )
i . m station F L 23, m station
20 | G 20 |
i G
0 CUPOR oF
—20 . —20
L °, N & L
—40f ' SR —40 F
Y N e R R R Y R N e R R
6960 -40 =20 0 20 40 60 6Q60 —-40 =20 0 20 40 60
(km) (km)

073 0000000000000000000000000000O0O0O0O0 (O: flatDO: 2d)
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80 T T T T 80 T T T T T
flat — 2d
70 R 70 R
60 E 60 B
2] 2
$ 50 R $ 50 R
& 3
© 40| R © 40| R
8 38
§ 30+ 1 § 30 :
20 R 20 R
10 | R 10 R
19.6 19.8 20 20.2 20.4 19.6 19.8 20 20.2 20.4
Energy (log E) Energy (log E)

flat mm—

Number of events
Number of events

0 0
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300

2 2
X3 - Xy [gfem?] X" - Xmax o [g/em?]

Number of events
Number of events

Open angle [degree] Open angle [degree]

074 000000000000000 (0)0X&n — X (0)06(0)0000000 (O:
flatD O : 2d)
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713 0000000000

PMTOOODO2000000000000000000D00000D00X.x 0000000
goooooooooooopMTOODODOOOO NyDODODOOOODODOOOOODDOO
e000ooO0ooOooobOOoobOOoOooOoOoboboOobboobooobOoooooboboOoooboOoooooDoonoo
gboooboobobobobobobobobobobonooboobobaobobobooooan
gobooboooooboo

gboooooooooon

gooooboooboooboobboobboooooooOoobbobobobooooDooDOoOoDbo
(6.25)00000000000000 XnmaxDOX1ONwey 000000000000 OODOOOO
obpPMTOOOOODOOOOOOOOOOOOOOOOO PMTO 2000000000000
gbo0ooob0obooobooDbooooDoD XneOOOooOooooOoooOoD

gbooooboooocoooooon

0000000 (626)0000000000O000O0ODDO0OO0O0UDOODOOOOOD (6.28)0
gboooobooooboooobooobooboooooobooobooooooboobooon
goooog

gboooooobooobooboobooboboooboooboobo20b00000000 PMTO
g0000O0000Oo0o000oDoO000oDoOoO0U0OoDooO0D flat0 2d0000O PMTO
go0oo0o00ooboo0ooooboOoob2db0O00obObO00ooooooDbbo0ooooOoOoooDo
gbooooooboooon

7.2 20000000

goooooopMTOOOO2000000000000D0000000DOOOOOODO
gooooooooboooooboboobobooboo pPMTODOOODOO NgOOODOOODOOO
oboooooobooobo NyOOooboobooog

N'OOO0OO0OO0OO0OO0O0ooo NOoo

00000000000 PMTOOO N (07500000000 PMTOO NODOOO
goooooooooo0o0ooooPMI200000000000000000000000O0 Ny
0000ooo0oPMTOOOOOOOOOOOOOOO n(z,y) OO0OODOO0OOOOOOOOO
gboooooooooog

PMTUOOOOOOOOOOO n(z,y) 00O
obopPMTOODOOODOOD NOODOOOODO

e PMTO 2000000 g(x,y)
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180

100

-850

075 00000000000 (PMT2000 ¢g(z,y) 00000000 PMTOOO N

e PMTOUOOOOOODOOO n(z,y)

000000000 PMTOOO NOO N OOOODOOODOOOODOO g(z,y) O XY-scanner
000000000000000000ORn(x,y) 00000000000 OD0OOO0OUOOOOO
goooog

n(z,y) OO00: OOOO

N'O00O00O00O0D0000o0ooooooPMTOOOODOOOOOOOOOOOOOOOO

n(z,y) 000: OO0O0ODO

PMTO N'O0000000000O00O0OO0O0OODOO0O0ODOOOOOOOOOOOOOOO
gboooooobooboooboobooooon

N = /PMT n'(z,y) dedy (7.3)

n(r,y) 000000000000000000000000 (07500000000 n'(z,y)
0000000000000000 »”(z,y) 0000 (076 0000000000000000
0000000000

N/
a= 7.4
fPMT n'(z,y) dedy (7.4)
000 «oO0O0O0O
n'(z,y) = an” (z,y) (7.5)

gooooog
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076 0000000000000000000 n'(z,y)

N,0OOD

N'000000000 o(z,y) 07000070002000000000000000000
n'(z,y) 000000 (2,y) 0000 PMTOOO000D000 ¢g(z,y) 000000000000
0ooo

!
DDDDJW:/‘ 1 N gedy (S:PMTOOOOD) (7.6)
pumt S 9(2,Y)
n'(z,y)
oooog : N, = dzdy (7.7)
PMT g(a:,y)

goooooo MO N ODOOOODDO

7.3 20000000

gboooobooooo2b00b00000000000d0

7.3.1 NoOOO M

(7.1.2) 0000000000000 0O0O0O0UOO0OOOOOO0 (7607000 NoOOO
onNO0ogogno
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gboooobgn

flat: PMTO 20000000000000000000O (PMTOOO: Ny)
2d: PMTO 20000000000000000000O (PMTOOO: N

g

000000000000 0000PMTOOOOOOOOOO NoOPMTOOO NOOOO
o000 NODOooOoooo yvOoooooo 200 7.7~7.10000000 %DDDDD
O NOOOODOOO NlDDDDDDDU(%—;)DDDD %DDDD 63%0 PMTOOOOO
0000000 PMTOOOODOOO ¢g(z,y) 0000000000000 O00O0O0O0OOO0O0OOO
oob0o0obO0o0ooOoo0ooooooonn WDDDDDDDDDDDDDDD (7.6)0 (7.7) O
000 g(z,y) 00000000000 OO0g(z,y) <005000000000000000000
000000000 PMTOOO 2%00000000 01%00000000 g(x,y)<0.2000
000000000000000000000000 PMTOOO 10%00000000 0.2%0

ooboobooooboooooa
. %—;DDDDDDD 1000000b0o0o0boobooobooboo

e n(z,y) 000000000 UCOOO0ODOOUOOOOOUOOOOOOODOOUOOOUODOO
oboooooboooooo

) JJ:,’—(;DDD2DDDDDDDDDDDDDDDDDDDDD 4%0000000000000
oboooo 120 2000000000000000000O0000000O000O000O0O0O
oboooooog

0000000000000000000000000000000000000000On(2,y)
ooboobobooobobooooobooooboooboooonoo

X o0 9
uniform (g(x,y) > 0.05) | 0.98 18.41
spline (g(z,y) > 0.05) | 0.99 17.65
uniform (g(x,y) > 0.15) | 0.99 14.33
spline (g(z,y) > 0.15) | 1.00 |  13.37
uniform (g(z,y) > 0.2) | 0.97 14.01
spline (g(x,y) > 0.2) 0.98 13.06
uniform (g(z,y) > 0.25) | 0.97 14.09
spline (g(x,y) > 0.25) | 0.97 13.12
N | 0§ 1%

1.04 13.70

g 7200000000
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Number of PMTs

Number of PMTs

5000

4000

3000

2000

1000

5000

4000

3000

2000

1000

N'/N
N; / Ng (uniform

N'/N
N; / Ng (uniform

7.8:
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Number of PMTs

Number of PMTs

5000

4000

3000

2000

1000

0M (00000000000g(s,y) >=0.05)

5000

4000

3000

2000

1000

0 (00000000000 g(z,y) >=0.15)

N /Ny ——
N; / Ng (spline

N /Ny ——
N; 7/ Ng (splineg e




5000 T T T 5000

N'/Ny —— ‘ N /Ny ——
N1/ Ng (uniformg s N; /Ng (splineg s
4000 4000 | ‘ ]
1) )
s s
= 3000 = 3000 g
5 5
9] @
o) Qo
£ 2000 | € 2000 | E
=] =
4 z
1000 1000 | E
0 el L T 0
0 0.5 1 15 2 0 2
N, /N N,/ Ng
079 X0 (00000000000 g(z,y) >=0.2)
R A v , .
5000 ‘ 5000 ,
NNy —— NNy ——
N3/ Ng (uniformg N; /Ng (splineg
4000 4000 | 1
1%2] 12}
S s
= 3000 Z 3000 g
5 5
9] 9]
Qo Qo
£ 2000 f € 2000 [ g
3 =}
4 =z
1000 1000 | E
0 s ‘ o
0 0.5 1 15 2 0 2
N, /N N, /Ng

0 7.10: £0% (00D000000000g(x,y) >=0.25)

7.3.2 000OO0O0ODOODO

r12000200000000000000000000000000000000000A0O
goboboooobooobooboobooboobo -000b0 -boooobobobooboooog
goboobooooooboooo yv;OOoooOoobooooooobooobooboooboooobooo
0000000000000 00000O000 n(e,y) D0O0O0ODO -00000O0OOOODOOO
g(z,y) 0 0050 0.15 0000000000000

gboooobgon

2d calib (uniform, 0.05): PMTO 2000000000000000O0C00O0O0OO
000000000000 U0ooOooog (PMTOOO: MqOn(x,y): OO0

115



00 g(x,y) >=0.05)

2d calib (spline, 0.05): PMTO 200000000000000000000O0O0
000000oUooUoUoU0oOooo (PMTOUOO: MqOn(z,y): 0000
00 g(x,y) >=0.05)

2d calib (spline, 0.05, all): PMT O 20000000000000000000O0O
00000000000 (PMTOOO: NyOn(z,y): 00000 0g(z,y) >=0.05)

2d calib (spline, 0.15, all): PMTO 200000000000000000000
00000000000 (PMTOOO: NyOn(z,y): 00000 0g(x,y) >=0.15)

ooogd

000000 73000000000000000000 7.11 (uniform, 0.05)0 7.12 (spline,
0.05)0 7.13 (spline, 0.05, all)O0 7.14 (spline, 0.15, all) 00 OO

e n(z,y) 000000000000 OUOOOOOOOOO (uniform, 0.05) 00000000
0000000000000 411% 00000000000000000000 2d0O0O
0 1.03%00000

e n(z,y) 000 00O0O0O0O0OODOOOOOODOOOO (spline, 0.05) 000000000
000 035%00000000000000000000000D0O0O02d000 0.75%00
goooo

e n(z,y) 000D D0OOO0OOODOODO (spline, 0.05, a)D0000O00O0O0OOO0OO0O
00000000000000000000002d000 0.25%0000000000 Xmax
000000 3357¢g/ecm?2000000

e n(z,y) 000D O00OUOOOUOOODO (spline, 0.15, )00 000000 0OO0OO0OO0O
000000000000000000 Xpax 000000 29.88¢g/ecm?> 000000

0000 n(z,y) JO0ODO0O0DO0O0O0OOO0OOOO0OOOO0OOOOOOOOOOOOODODOOOO
ooboobooooboooobOobooooboooooon

Nuig | Neee | logE | o(logE) | o(XET — X052 [8/em?] | o(6) [°]
flat 983 | 460 | 20.027 | 0.074 37.39 1.10
2d 983 | 464 | 20.045 | 0.082 41.78 1.06
2d calib (uniform, 0.05) | 983 | 464 | 20.027 | 0.088 41.78 1.06
2d calib (spline, 0.05) | 983 | 464 | 20.029 | 0.085 41.78 1.06
2d calib (spline, 0.05, all) | 983 | 464 | 20.027 | 0.084 33.57 1.04
2d calib (spline, 0.15, all) | 983 | 463 | 20.027 | 0.074 29.88 1.08

073 00000000000000D000OO0
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80

2d calib (uniform)

70

60

50

a0 f

30

Number of events

20

10

19.6 19.8 20 20.2 20.4
Energy (log E)

0711: 00000000000000000000O0O0O0 (uniform, 0.05)

80 - - T
2d calib (spline) m====

70

Number of events

19.6 19.8 20 20.2 20.4
Energy (log E)

0712 0000000000000000000O00OO0 (spline, 0.05)
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80 T T T T
2d calib (spline, all)
70 | |
60 [ |
2
c
[
>
[}
kS
9]
e}
£
=}
Z
19.6 19.8 20 20.2 20.4
Energy (log E)
920 T T — - .
2d calib (spline, all) ===
a
c
Q
>
[}
kS
@
Q
£
=]
z
0
-300 -200 -100 0 100 200 300
Xna®™" = Xmax o [g/cmz]
90 T T — —
2d calib (spline, all) E==——
8
f=4
Q
>
[}
kS
9]
Qo
€
=]
P4

Open angle [degree]

0713:000000000000000 (0)0XE&R —Xr (0)06(0)0000000 (spline,
0.05, all)
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80 T T T T
2d calib (spline, all)
70 | |
60 [ |
2
$ 50 4
>
[}
© 40 g
Q
e}
E 30t |
Z
20 |
10 |
19.6 19.8 20 20.2 20.4
Energy (log E)
90 T T T — - T
2d calib (spline, all) ===
a
c
Q
>
[}
kS
@
Q
£
=]
z
0
-300 -200 -100 0 100 200 300
Xna®™" = Xmax o [g/cmz]
90 T T — —
2d calib (spline, all) E==——
8
f=4
Q
>
[}
kS
9]
Qo
€
=]
P4

Open angle [degree]

0714 000000000000000 (0)0XER —Xr (0)06(0)0000000 (spline,
0.15, all)
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000 XpnaxO00OOODODOOOO0OOfat-2d-2dcalib000000000C0OCOOOOOO
gboooobooboobooboooooooboooobooboobooboboooboooon
oo lo0000000000O0200000000000 flat -2d - 2d calib (spline, 0.15, all) 0O O
gbobooooobooooobobooooboob r400 7500000000000 50000

gbooogo
. %DDDDDDD l100boo0oobooobgoobooobooboo

° %DDDDDD?.?ADDDD 2000000000000 OOOO0UOODOO 4%000

oboooooobooooon

gbooooog

e 2d0I0I0000DO0ODUODOUIDOOOUOOOODODO (3.40%)

e 2d calib (spline, 0.15, al) 00000000000 OOOOOOO

N | o(R) %]

spline (g(x,y) > 0.15) | 1.00 13.18
N | o(&) [%]
1.04 13.56

07400000000 2

10000

N'/Ng ——
Ny / Ng (splineg ,,,,,,,,,,,
8000 |
n
=
= 6000 |
kS
@
Q
£ 4000 r |
>
z
2000 r |
0 = . ‘ .
0 0.5 1 15 2

Ny /N
O 7.15: 08 (000000g(z,y) >=0.15)

1
No
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Nusg | Moo | Iog B | o(log B) | o(Xgn — Xae) [/cm?] | o(0) [
flat 1958 | 926 | 20.027 0.077 35.92 1.07
2d 1969 | 934 | 20.042 0.079 37.72 1.02

2d calib (spline, 0.15, all) | 1969 | 938 | 20.026 0.076 33.03 1.09

g 7s:0000000000C0O0000O0000 2

gbob 2000000000000 b0oo0booboobobobOobobobooboooooboon
O000000000000000Xnx060000000000000000000000OCOOO
goboobo200000000000000D0O00OCO00O0O0DOOOOOOOOODOOO00O00
gobooboooogobobobooooobooobooon
gooooooooooooooooboooooooopMTOOODOOOOODOOOOOD
ooboobo2000000000000000O000O00O0O00DOOOO0OOODOOOOODOOn
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U840 Ui

TAOOOOOO PMTOOOO20000000000000 XY-scannerJOOOOOOO
OO0D0O00D00O XY-scanner OO0 0000000 OO0OOCOOOOODOOODOOODOOOOO
gb2000000000000000O00O00OO0OOODOOOOODOOOOO2000000
oooobooboooog

e XY-scanner 0 00O 0O Brack Rock Mesa O FDOOOOOODODOOOOOO 8OO 2000
Oo0ooOoOoooo

e JO0IDOUODOOODODD200000000D00DODLOOLDOODOODODOODODOODOO
gobogoobooobooon

e 20 00D0000O0DO00DOOOODOLOOOOODOOOODOODOOOODOODOOOnN
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