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Thesis Abstract
Evaluating Position Dependency of Detection Performance for 50-cm
Hyper-Kamiokande Photomultiplier Tubes

Neutrinos are elementary particles in the Standard Model; however, their fundamental prop-
erties, such as mass, remain unresolved. Two significant and yet unexplored properties of
neutrinos are CP symmetry and the mass hierarchy. The mass hierarchy refers to the relative
magnitude of the three neutrino mass states, which not only represents an essential property of
neutrinos itself but also plays an important role in investigating other phenomena. If CP sym-
metry violation in neutrinos is observed, it has a potential to understand the matter-dominated
universe we observe today. These properties can be investigated through neutrino oscillation
measurements using water Cherenkov detectors. However, even with Super-Kamiokande, the
world’s largest water Cherenkov detector, the sensitivity of the measurements remains insuffi-
cient for definitive discovery.

Hyper-Kamiokande, scheduled to begin observations in 2027, is a next-generation water
Cherenkov detector designed to elucidate these properties. With an fiducial volume 8.4 times
that of Super-Kamiokande, it is expected to significantly reduce the dominant source of uncer-
tainty, statistical error. Consequently, systematic error reduction becomes essential for precise
measurements of CP symmetry and the mass hierarchy in Hyper-Kamiokande. The photode-
tectors used in Hyper-Kamiokande, like those in Super-Kamiokande, are large 50 cm-diameter
photomultiplier tubes (PMTs). However, they offer approximately twice the detection effi-
ciency, time resolution, and charge resolution, enabling higher-precision measurements. Never-
theless, the asymmetric shape of the dynodes in these PMTs may introduce slight systematic
biases in event reconstruction.

In this study, I conducted detailed measurements of the positional dependence of light in-
cidence on PMTs to enhance Hyper-Kamiokande’s performance. A robotic arm was utilized
to precisely and efficiently control the light injection position. Since PMTs are affected by
magnetic fields, measurements were conducted within Helmholtz coils, which provide a con-
trolled magnetic environment, though the magnetic field generated by the robotic arm also had
an influence. The results indicated that the gain non-uniformity was approximately 2%, and
the detection time difference due to light injection position was about 1.2ns. This confirms

that the uniformity of the new PMTs has significantly improved compared to those used in



Super-Kamiokande. Additionally, the use of the robotic arm allowed for comprehensive mea-
surement of time response across the entire PMT surface, enabling a complete understanding
of the position-dependent PMT response, that was much improved from rough scaninng in the
past.

Although further detailed studies on individual difference with varied bias voltages are re-
maining, further improvements and more detailed investigations on the PMT response could
help reduce systematic errors of the future Hyper-Kamiokande observation associated with the

event vertex position.
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cosn

X 1.6: AE 25/ PMT OMifEZ cosn DL LTV Ialb—Yavitk-TkRdDH
D, 74y FOHFRIFEMRTERINT VD, HEIOBAIMEZETH S, [15] & D B Z KK,

ZZTa=254cm i PMT D¥ETH D, ZOELDP R > 1m THAZ 8T 5, K (1.27)
D T(R) \ZRHTOROPAL, #EIC & 2 WK T

T(R) = exp{(—R/L*")} (1.30)

THRING, ZITLMEF LY AaTHOPESFIIEL TEELEZBERETH 5,

X (1.27) D 1Z PMT OiEfRE PMT 225 A 72K F O HHDRTAEZRL, (n) XAE
LR EDPMT OHEBIZHAITEETH S, e(n=0)=1&%25 L5 IHBIELINTVS,
ZORBEBIE, BHET A2 PMT IZL o THAEPESNBHEZEDZY Ialb—YaviZdkoTH
1.6 DX DITRDENT WD, RiFFEIZ LS PMT O AR EMKFEEZ Y I 2L —2 3 VITH
DANDZ R TENX, TORFEAFKAEL D EMREDIZT IV TE S,

1.4 YEFEEE (PMT)

HEB TS (PMT; Photomultiplier Tube) 1k, X7 L AR SMIHT 2 Z 2 D3 TE 5 HEE
WM TH 5, X 1.7 PMT OB L NERFEE DF %2 R$, PMT Y FEBIXDAT D
BEHTH B,

1. PMT O 4 Z AWM SHTFDAS,

2. I AHOAMIIFRE S N R)E OLEmH) ICEWTEEMNRIFEEL, HEFH PMT
DWANZRH T D,

3. PMT OHNEIZIX 2000V FREDOBELRDN->TED, KB TFIEZX A/ — RiZah-> T
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1~10=414/—F

11 =348
(a) PMT OAME, (EAAH (b) PMT o ki,
b =2 24 H11411 E£
5.1cm)

X 1.7: PMT O, (a) FfdA =2 2 Web ¥ b [7] & b KZ#K#K, (b) Kk [8] £ b X%z
ﬁo

0

4101? » /
,0,02;— //

-0.03

-0.04—
-0.05

-0.06—

BE/V

““““ 10°

E% FEE /S

B 1.8: 1B FE5H00. Mt EE, Blc Rz & - 72,

R, EI WD, XA/ — N FEFVEET 2L 2IREF I LD EFRERES
L5EMTH 5,

4. WL EA = FIZEFH 1 DERT 5 L EBD 2RE TV ST h, EHIZLVHE2 41

J— RIZFp > TERI NS,

5. I0BRBEEOX A J —RIZk->T 1 EFIZ 10107 EEE RS ., HGiRk D ER &
LTINS, 1 MBFOGEOIEFEIIX 18D &S RIFEEIESNS,

PMT OfF5% 4> 1 A3 — 7% ADC (Analog-to-Digital Converter) % F\> T 24 72 [X [ CHE
HU7=HDOPREERE K5, MHEMZ X1/ — NOHIER (1Y) THBLZ L THET
BAEoNnsd, ToI0, ABHRCHBHRNIEZ 288 (EFHR) CHEHEELZ LT
HTHEREH DI LN TE S,

KF L a7 Riti#Tld, PMT OfF 5EIRA» o RHEBR S & OHR B EFRE % i A0 > T

11



B 1.9: NA =R IA 72T PMT (IRMF b =27 2%k R12860) (EHAK b =2 X Web ¥ 1
N 9] &0 X E R, )

/ \ LINE/”
(5
\ /
\ | ; /i | / BOX
Cy
\ ggv ‘ y
(a) HKPMT D WiiiksER (4244) (b) HKPMT OWrEkEs (JEK). 51 41

J—=RERy A, BE2~HE10X1/—F%
a’f \/t[]?'/gio

X 1.10: PMT OWEAEER, (a) RS =2 2 (2021) [14] & b K Z#E#, (b) K =2
A (2021) [14] & b Mz 51 H U L 72,

Hriz W5,

1.5 NAN—AIFHAVTHEFEEE (HKPMT)

NANR=AIFAAYTTHOSNS PMT (BUFHKPMT) 13JE/4AFR b =27 248D R12860
T, TOMNBZX1.912, BHERO#EEXZX 1.10 783, HKPMT O X4 / — K& Ry 2
AT VRIEIRIEN, Ry ZALIFENDRERTBEHOXA ) — RN, SV 2ENS 2
~10BHDX A ) —Ripbkd, X512, BRE =22 [14] 12 &> TEHE I N BT B
2R 1IATICHRET 5, B 1.11 D& 512 PMT NEIZ B 1T 2 E FHLE XD AFALEIZ K > TR

A

12



|
|
|
‘ |
(a) ByHuE (2K) (b) EF#E (FEK)

B 1.11: BFHE, SO ARMEIZ LV EFHPENRL S, (FRA =22 (2021) [14] £ D
4 % B, )

///////k////////////

X 1.12: SKPMT ® &« / — R ( Suzuki et al.(1993) [10] & b #x#K)

WDz, A—=N=AIFAA YT THOSNTWBEME b =27 24D R3600 &\ 5 A —
NR=HIANYFTDPMT (SKPMT) OXA J —R%&K1.1212RF, SKPMT DX/ — Rk
RAFT VT T4y RREIEENS, HKPMT &R 2 L EFHEN ~HE TR\, T DR
M43 fRAE & BT MR AE 1X HKPMT IZEER T 2 fEFEE R E L, HEENS > TV 3,

1.5.1 HKPMT DQIGFH/NT X —%
NAN=TIA T2 TDPMT DIEZRTREMNBNATA=RIZIZIRD LI BB DHDH 5,
o MRHIMERE

— B TH% (QE; Quantum Efficiency)
HTFDEEMEIZAG U7z & 12 PMT NEIOEE 72 S N B R, SLEmTO
HENROFREMRDIFZN, I ADEEHR L FRIZHETT 5,
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— INE#E (CE; Collection Efficiency)
HETHREE D S PMT W I Nz &, ZONRETFBXA / — NITIPUR
INDHER, JELES & INEEICKFES S

— kv b3 (HE; Hit Efficiency)
PMT OfE5h Bl %2 A 1R, 1 RETORFEFIELT ) — Mg 2 MiEIA+
DTHDZEWEMEL 2D, FEEREOBELZBATICRIEI NN LD H D,
DI=DT A v EFIEICHTT 5,

— W& (DE; Detection Efficiency)
HTDPHEEIZAR Uz ST, RETPRHINTH S ) — FiZEI N, ey
MES L UTHE I AR, T74bb DE=QE x CE x HE,

o [RfHIPERE
— BT ELTIRM
HFIPREHIZAF LTS, HI17OVADEBIN S £ TORH,
— NELEFRERZE (C.T.T.D.; Cathode Transit Time Difference) : Y& A
B2 X B E T ETREDZE,
— B ETRMEALA D (T.T.S.; Transit Time Spread) : B ETREIORES &, Z
Nz REE €T D,
o EfMERE
- T
A7 —FIZ& s 1 EFORIESR, @ 100-10" REOEZ & 5.

— BT
DBETE B L 7 b % ORIBERT RO A

— ABME
AHYEE &R B ORUEEIGR, BUARRIZIZEEIZIHHIL THEINT 543, EERIC
TRV ASE 2 21T % ERIBRRD S BNKLE T 5,

1.5.2 PMTICEDERF/NT X =%
FEATERE & FFRIMERE IZIR D & 5 785 A — RIS R 21T 5,

14



o HE

XA ) — KD 2RE T OMABNIRERENED D 5728, BRVMERITIREKRENEDY D 5,

o K15
HKPMT IZOFEBKE W=, HESREETEMRBICHEL2 525, £T, WHick-oT
BT OHEANLZAT D - ORFHEIVEREIIESREED DD, Fiz, WIBITKoTHEL XA
=Ko 2RA ) — D 2REFDAPIRIRN T 555, BANEREIZ & BIGREN
ndh 5,

o FIINEEE
FIMEEAKRE VBT E VMIMES 0D 720, BEHIMEREIX AR E AT D 2,
o, KA 7 — R OGRS HNETIRIES 5 72 b EhMEAE & FUINEIERIAED B 5.,

o JEASLIE
SEARALEIZ L D, B OWGEIZT S 7 DIFEIVERE & B VERE 12 13O AL EARAEVED
H5,

o BAfHEEE
PMT OfF 5 OAMEIL 1 B FOREFED § FREORMHEELIC &> THIrE 05, Mtk
ZEIEZ B MR THWT 256, IRMERICEIEREKEELVH S, £z, BEERE
MEWENSWEMZ D DEFIRIE S Nz o, BRI & BUEEE QKA
bHbB,

TR L RHIIMEAE S EREIC IR S 51013 25 D85 A — XK £ CHET 2 X ENDH 5.
F. INSDNRTA—RURGFMEERHS Z 2T, FRECTHIMNIKELZERENSF L v 3
THHIBRNOERE TOMRENDEMEZEZ LI LN TE 5, KRR TIENEATALIEDE NI
FoTHEUBIREDIHE—HFMEZFAET 2720, PMT ONAFNIEE KT 72D DREEEZE X 1.13

O)c]: 5 C:E%bﬁ:o

1.6 JEAFIEKREMN &SR EKREFE

KF oL v A T7MHEBHNONERDOMNERBB LT hhr>TWEHE, K120 K512 PMT O
Y ANBH B DRI EE D, T2 CAMEIZ LB AP EREE 2 ZE TSI LT, &
D IERER LR Y. MHEERZRD D 22T, EERZ L D/NSLIHITESLTHA D,
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300 0 30°
—-60 0 60
> —90/ \90
-
>
\ R /- W

74’/ Ry IR

(a) Fififl o OEF (b) KTef 0 OEH
(A D & R 7= B ) (o =90° TOWHEIX)

B 1.13: FEREDE S, (a) 0° < ¢ < 180° DHEIPITERZ I NS, (b) —90° < § < 90° DHIPH TRE
HEIND, FREN=2 2 (2021) [14] K W KZ5IHUMREL 72,
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28 A&

N2

g
JdiT

PMT OEMMERE & BEEIMEREZ SEMICTIE T 5720, TNODPMREL DB 1F7 XA —XTH DR
[, B, EIINEE, CARAME, BESZETED S5, BE (BE30°C) DAzflHcEs ey
N7y TRHBE LR, b, SARA, AFGROIRE - W6, KbhzeGdh, 2 8i3E Mt

BERISHIMERE I L R 2 B ATV B,

2.1 HAHMEDRESE

V=P —ZHT 7 A N=D ik DRE, K7 74 N—DMilEH 5 PMT IZ L —H—s0L A
EAR S, K77 AN=13a Ry N T —LDEIHIZEET B Z & THAFNIEZ HEHIZE
Z6NB5 L5117z, K21 EPMT & aARY b7 —4L, K7 7AN—DEAETH S, 272U,
aRy b7 —ADOMNEOFHBMEIZIE H1lmm OAEN S BH L, 72, L—F —IEPMT OXH
R UTHEEICAF T EZ, PMT 2Ry b7 —A08HHIX 11mm IZEL, L—F—HD
PMT REIZBIFTBAKRY b A X3 5mm DKEXITH o7z,

2.2 WG OEIEAE

B12.2DE DAV LFNY LN DHRTHEZITS Z & T, #ERZHBHLZD, £ED
HIZES 5 Z e TE S KD o 7z, W5 OHEIZIZ WALKER SCIENTIFIC INC.
BEFGM-4DTAM 2 L7z, 78 —7DOFIAV 3ROV — DA EI N TWS, ~
WAFRNY AN CTHIESR ZF T HE L. G2 6L T PMT FLOKS 2 HIE L7z, HIE
G X 2312, FRTORGORIEMER2.1ITRT, £2.112HD X512 PMT QLD
13 30mG A MIZHI A S vz, 4dB. PMT I3EGETORRA b =27 212X > T100mG AR T
HET 52 EDRIEINT WS, K2.1IZBIT D Bpeyp 1 PMT O HLNIZ T 16 72 5 7] DR D
KEE, $74D5 By = /BZ+ BL CTH 5D, Bperp & | B IFHEMD ST U EERL 72,
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Ofy K7 —L

3% UFACT ORY 4t 5 Xt

2.1 KT 7 AN IRy N7 —LIZEEEINTED, oy N7 =421 T
FEEDOMED S PMT IZY 2 BH TE 5,

-

—y =

A y " \g '
rpoesn 1|

X 2.2: ~NVAKRLY A ), TV —LIZHBEWT —7II0%&rNn., BRNVHENTWSE, ZOHIZ
BEAZHARL. HIEZfT -7,

* 2.1: 1 OREHE

WER  B,/mG B,/ mG B,/mG Byup/mG |B|/mG

O 10 3 0 10.3 10.3
A -8 -9 7 9.4 11.7
B -10 -13 -13 16.4 20.9
C -7 0 -24 7 25

D 0 -8 -15 8 9.4
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(a) PR (b) 2IKE

2.3: PMT AU OEGRIENE, A, B, C, D, O TIN5 5 DO0FWE GG
O—7%2BWiEZRLTWS,

LWL, BRY b7 —L02FEL TG ZHIELZLZA, BRY M7 —A4H100mG
REOHGZREIHTVWE I ERbr o7, TD-H, SHOHE IO RY b7 — L DY

DHEBETTORRLL S,

2.3 T—YDEREAEE

PMT OT7 —2Hf3%2 3572, M24BI0OK25DXSREHKEHZEL, K24DAY
HAI—T%H\WT — XEfFIE, PMT O % BE U CEMAIEHR & REREIEH O % [
HBfEd 52 eMNTEEN, T—XHEL— MImAKOHzRETH S, —fi. K250 TDCIZ
£ 27— ZHRE, HEEROAZIETE, T—2IFEL— MIEK1IKH2RETH S, £
Z T. TDC(Time-to-Digital Converter) (Z & 2 HIE TIX 0, ¢ % 5° T DL T PMT OLH
RREL, A0 AT—=FIZXBHETIEO % 5° T OEIE, pI1%0°,45°,90°, 135° DA%

E L7,

2.3.1 #>ORI—FIC&BTF—9EE

¥ 9. Clock Generator IZE>T VUV —HF—DHEFHINEZ XA IV IT2ROTWDS, T2, TDfE
T2 X, Gate Generator 2 HHWTAUESHETHL AT B AI—=TIZANS I LT, L—
PR EINDEZAI VT2 T —RXEUED M) H—L UTHW:z, L= =057 714 N—
ZHAWT PMT 20OV A Z AR S, PMT o636 5f55% PM AMP (Photomultiplier
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“ Clock
HT7AIN— L—1— Generator

1kHz
N\ #5405 im
! Q IXBFELHE
=Y Sync.

L1 PMA Oscillo Gate
PMT P > Generator
R12860-22 ED0590-H X 10 Scope
T —— Y — lL-¥—0sr5>5rUH-
'8 Yo"age SubPY - Ipiscriminator Gate ‘
7 I \‘_
1730y | T cenerstor | MO b7

X 2.4: A0 Ad— 2 X BT — XREEE K,

amplifiier) T 10 FFIZIEE, 2 DX/ EIL, 1 2EFA Y BRI —-TIT AL TT —XZ2HEL,
% 5 1 D& Discriminator Z FHWT —10mV ORfE (PM AMP THIEST 2 THNIE —1mV D
BIMEIZAS U, PMT OEEN 6mV THEDT, M1/6EORIMEL R>TWD) 2% EL
72o PMT 2 SEE5DHMEZE X % & Gete Generator ZI LU TCAYHAI—=FIZAD, T—X
PO RN H—kd, 2ZTAYBRAI=TIZL5T 2200 M) H— (L—HF—-DRA1 IV
Y PMT 76 DES) Bt on/z EOMEEEEUE Lz, 72720, 22D MY H—0D
26, V=T DXL IVINT—RAEDRA IV T eb L5, VL—HF=—D25DEFX
< (10nsf2E). PMT 226 DfEH1FEL (T0nsf2E) 725 & 5 12N E 1 Gate Generator
THEL 7=,

2.3.2 TDCIC&BDT—YEE

AYHRAA—TTIET — XGOS L4 TIFRR I N5 OHIPH & 72 55, TDC Tl
TOREEPQRELRSE, ZOD, L—HF—0DXA I 7% Gate Generator TiE 5t T TDC
R TIEREZANTWS, T—XEEFORBIEMKTESD lps i 45 & 512 TDC THE L
7z, TDC DR, T HREZNIFFMDIEIEL U THWB Z ERTE RN, K TEFS &I
HUEL B Y —DXA IV 2SEREE UTTDCIZANI L, V=Y —DXA IV
E—HUBRWPMT OEFIZEELRVWESIZPMT 25DEFEL—HF—DRX1I VIO
COINCIDENCE % & - T TDCIZ ASI L 7=,

F22IWEFRMEE DD,
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" Clock
L . — OCTAL
HT 74 /N— I/ 1 y Logic | ] Generator
—HBETFIEY [ Fan in/Fan out 1 kHz
‘ #E 405 nm
9b: i
A=A ! 2173 ERRES
BF R Gat
] PMAMP ate
PMT 10 = TDC ¢ Generator
R12860-22 ED0590-H = CAENZ! V1290N
ArTrEs +
BEETR .
1730V Discriminator Ga;e:zetr)z;a;or
(107/734 \/) IFEI!%{EI '10 mV,|
Gate
Generator %] COINCIDENCE —
2.5: TDC IZ & % T — X HUf5 (1],
%22 WIERMDE LD
NTR—R BIESRE
HAFAIE Fruoxa—7 TDC
f = —90°, —85°,...,90° f = —90°,—85°,...,90°,
o =0°,45°,90°,135° (4 /i) ¢ =0°5°...,175° (&H)
HAFHA PMT R IZHEHE
RE . 30°C
i35 0mG B XU 100mG
7272U, By b7 =L &5 (100mG FEE) D8R
ENINEE 1730V (10" 771 v)
BIEEX -1 mV (1/6 Y68 7HHY)
AR E 405 nm
BB 78

HKPMT Serial Number EB0015
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3 FR

g
JdiT

B OHERERZ 3.1 81, R OWERERE 3.2 81lTRT, M5, ANERE. BMEETE X2

SEFITHEARALERAFIED A2 TN Tz,

3.1 HRHEER (F1V)

PMT O 1 XEBTDEFIEX 3.1a D K S REFITH5E, £UT, K3.1bITRT KD ITFEFHK
JE DR D S M BT 2 KD 7=,
ZDEIRIHEEFNERE 1 TEREGEL, ThZhhrsBHHIhsMbEREE A NS
Lz U, 1 B FEMOA (X3.2a) 2187, ESIZEMOM 322 1 UTLARDE T IVE
W31 T4y FIEEMRERLH 32D TH B,

1/ z— o\’ — —
fQ(ﬂf; NO;N17NO>M17N2700701702) = Ny exp <_§(x MO) >+N1 (erf (x 'ul) —erf (x MQ))
(o) 01 02

(3.1)

::TfQ lim@%ﬁf%k)\ NQ,Nl,Mo,Ml,,l,LQ,O'(),O'l,O'Q 7 1y ]\/&):7‘)(“‘&“.(3’050 if:
erf(z2) I PR TERSNDIRAHBTH 5,

erf(x) := % /Ox e "t (3.2)

ETFNVEK3LIX2ODE, SR, B 1HDO A Y ABEBIIIMN R 1 NEFHEERL, B
2UHD 2 DOFMABBONIIE VNI HIEI NG o7z TOBMOMERTHD LM
ELTWS, 749 T4 Y7k oT. BRI %E 8 DD/NT A=K Ny, Ny, o, i1, fia, 00, 01, 02
TRTIENWTEZ, TNSHDNRT A= XOMIT % K TR R8T A =X L LT, Peak
WAL, AR (FWHM), B2 f#AE (Charge Resolution) 3k 7z, Peak BATILE T VB
DR AMEE & 5L EOBMOM, FERIFIZE FIVEBIRAMED LS DM CEE) 285 2
MOBEMDMEDZE, BT RAEILEE2IE /Peak B CE&H L7z, 72, PMT O 1Y (1%
BFPMEIZEIE S N5 D) 13 Peak B & R |e| = 1.602176 634 x 1071 C TH| > 72fET
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0»

-0.01F

BE/V

70.025
fo.osf
-0A04f
70.05f

-0.06-

S I ESAN R AN RSN APRPRPIN IR AR B % )
0 002 004 006 008 01 012 014 016 018 0.2

BRfE /s

(a) A¥ VA= THEL L 1B FETHE
¥, PMT DIESIZEADEFIZRS, DK
3MES 1 HRIDDFEE L 5725 DTH B,

4 3.1: 1%

Number of Events
n
a
S
|

150—
100—
0: {
80 100
Charge /pC

(a) 1 AEFESORBEMDM, XiEPMT
DRIAP S K AN ST EDFERTH 5,

X 3.2: MHER DA D/NT A — XL,
TETWS, ZHNIZ&D 1XET
776

23

0»

-0.01F

BE /V

-0.02f—

,o.oa;~ BRHER=|E#E|/(50 Q)
~0.04F

-0.05—

-0.06—

Bl bbb b b b by Ly IX10
0 002 004 006 008 01 012 014 016 018 0.2

Bef /s

(b) 1 FEFE 5P & Mt B DGR, Rk
5> DR /50 Q DRI ERTIZ 785,

55 S IE D o R E e 2 5K ed 5 TGk

@« 300
| 1 Photoelectron Charge Distribution
>
% 250 Peak 25.7 pC
£ FWHM 15.0 pC
=]
z

Resolution 58.3%

150—
100—
R A T o = O
0 20 40 60 80 100
Charge /pC
(b) 1 XEFESOMEEMIMA (X3.2a) O

EFOVEBIZ X S 7 1w MR, ROWFEEIE
B fo(r) BARERL, Bk O SHRATHEARMR) 75
| REF I ERT T AR, B RN
i VARV N s WAV SR = /5 g AN B e WX R i o e
KIPEHEBTH 5,

(a) DEA L2 I L% (b) DETIVEKTES & ZHH
FEBMDAEDBDINGA =R TRTIENTEL LT



6 =60°, =90
300, o 300 2 300¢
E H § E | 1 Photoslectron Charge Distribution
501 L asof 3 250 26.0 pC
£ F H 15.4pC
200 2 200} 2 2 59.2%
150~ 150}
To0f- 100
soi sof
Y DA B s A T Y-S )
0 20 40 60 80 100 0 20 40 60 80 100 80 100
Charge /pC Charge /pC Charge /pC
6=-90°, = 90°
2 300r F
gk tProwsleciron ChargeDistrbuion | f 0N\ AETE [ 1 Photekecron Gnarge Distbuton
g 250f Peak 22.9pC 0° 5 2 24.2pC
3 FWHM 256 pC —60° ® +60° IS 28.1pC
Z Resoluti 111.5% 9 2 200 116.1%
1
\. / ‘
—9Q° " +90° o AN
ML L J E_ A |
40 60 80 100 e / / 80 100
Charge /pC év / Charge /pC
| —

1Y RyoR

B 3.3: RIHM T & D 1 KEFEMIAM,

1.04
1.02

1
0.98
0.96
0941w 3;"/ \\:‘
100 -50 O 50 100 T

PMT Zenith Angle 6 /degree [ /| ~

B 3.4: ¥ A > DAL EMRAFME, WA 1 v, BN RKTEAZ & 572, Al
0°, 45°, 90°, 135° D 4 DD J [ THIE L 7=,

Relative Gain

+(p:0° —o—(p:90°
—o—(p:4‘50—o—g0:1350 k
¢

—IIIIIIIIlIIIlI\YlIIII

EHET D,

PAEDRITE % S HAFLE Z L1247 - 72, BEFTCOMERER %X 3.3 1TRT,

1 B FBMADAA DA ER TN Z RE720, RKIEIIBIE7 1 Ve KHEMTBIT5
T4 YOl MTraY) 2777120 C, R34WRUEZ, 77780, RKEEAVREB L%
0] < 70° DEIFH TS T 1 R 2% REDETH D Z e hbhr o7z, UL, RKIEMDEAL
R UTHE T 1 VIEES ML TE 53, HARAEDENZ X7 1 v DZ2fhe
HARTHEBREIZLDIESDEDHNREL B oTWVEIEEZLND, PUTDOX A /) —FD
WHMEEEZEZDL, o =0DFZT7 7130 =012 U THIRIZARZIETTHD, /2, ¢ =45°
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—_

g 1': T T T T T T T g 11‘: LA LB ‘7‘
Ly ERRSRLTE }HMW s g“wm+¢..é*mw :
% 0.9;— { ’ — % 09F E
f B ; 0.8;— _; E 0,8;— E
o E ] o) £
[1T] 1x §°% 1 5% E
EEIDyZ e 061 E Y E
\/ 0'5; * 3 E
045060 40 20 0 20 30 60 80 0450260 40 20 0 20 40 60 80
0, [deg] 0, [deg]
(a) Bronner(2019) (b) z EhA DM T A > (¢) y WA RO 71~
IZX Bzl yilio
R

B 3.5: SEATIFEC K27 1 ¥ —kRMEDTERER (Bronner(2019) [11] 726 K Z#5#) . (a) Dyl
FR Y 7 ZHB, Dy213 7 A YHIZHIEL T WD, AFXD ¢ =0° & 2 fill, ¢ =90° & y flidd—
BUTW3, (b),(c) &RIZIARDPMT OFHEEEZRL., T7—/3—13 9 KD PMT DHIEH
RO ERL TWVWD,

C =135 ETDOIZHFUTELUWEEZ B Z L1230, TDO LD BEmMNIE-> &) &k
Ronkholz, ZORKNIE, HEEALH, SKDMETREDIZA, Ry M7 —LICHKT
BREZIZ K o> THEERRDNTVWEZ ENEZ 6N 5,

Z DO % Bronner(2019) [11] (2 & 2 {75t & 9™ %, Bronner (2 & 2HIETlX, PMT ®
WTT A VIMEL 225 Z 2 2 RITIE. 5SABARNDTNT—RET, vyl EDORY 7 2T A U H
B B MEEP R SNz, AR TEHEZRVWT K THEZLIE—HLTWVWED, Ry IR
I TOBEE T AV OWMEIRSNED 57z, ZORKIE, SEOMEHEN+HThhrolz
X, RERENEZ SN, SHBMRGET 2 0ELRD 5,

T T, PMT ORECTHHEIREF M= A2 & BV Iab—Yay - 3R L BRI
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