arxiv:2506.21179v1 .0 0 O

PREPARED FOR SUBMISSION TO JINST

JUNO 20 Zt~F PMT REFRGEH PMT BFiH 889K
BRIz LAl & Rt iR

Caimei Liu,%? Min Li,* Narongkiat Rodphai,*” Zhimin Wang,*?:! Jun Hu,* Nikolay
Anfimov,’ Lei Fan,“ Alberto Garfagnini,® Guanghua Gong,” Shaojing Hou,? Xiaolu
Ji,* Xiaoshan Jiang,% Denis Korablev,” Tobias Lachenmaier,® Si Ma,* Xiaoyan Ma,
Zhe Ning,* Alexander G. Olshevskiy,” Zhaoyuan Peng,%” Zhonghua Qin,* Tobias
Sterr, Yunhua Sun,? Alexander Felix Tietzsch,® Jun Wang,* Wei Wang,® Yangfu
Wang,“’b Kaile Wen,“ Bjoern Soenke Wonsak,? Wan Xie,“ Meihang Xu,“ Xiongbo
Yan,%? Yifan Yang,i Rong Zhao,° Tong Zhou,%® Kejun Zhu,* Jianmeng Dong,h
Pierre-Alexandre PETITJEAN,’ Barbara CLERBAUX'’

“Institute of High Energy Physics, Beijing 100049, China

b University of Chinese Academy of Sciences, Beijing 100049, China

¢Eberhard Karls Universitdt Tiibingen, Physikalisches Institut, Tiibingen, Germany

9 Institute of Experimental Physics, University of Hamburg, Hamburg, Germany

¢Sun Yat-Sen University, Guangzhou, China

1 Joint Institute for Nuclear Research, Dubna, Russia

& Dipartimento di Fisica e Astronomia dell’ Universita’ di Padova and INFN Sezione di Padova, Padova, Italy
hTsinghua University, Beijing, China

"Université Libre de Bruxelles, Brussels, Belgium

E-mail: wangzhm@ihep.ac.cn

AsstrAcT: JUNO %%B’JE%E*TE?F'JJ% 20 Ml ) 95 AR 0 4 A 2 PP Bl I R i . 20
SR ) 1F3 (=% —) BT REAT T LB 2T 1 MeV B 3% {55 RE & PR
ZREH, Xj‘z‘ﬁ%fiiﬁﬁﬂl 1F3 HL -1 48 M 7 R B A T BRI AR PERE 2 R 2. AL
it A b ERZ T B PMT BT HECR ka5, 7R 7% JUNO 20 Ja~f PMT J¢ 1F3
B RGFHEIFSE . ST H Z iR A SR, X R kb5 5l H TR
PMT ) 5 ik g 7

Keyworps: 28414k . AT ILGHIZLANOE T H M4 (FL25) OLHAEI4% . HPDs, HiAth) , JUNO,
PMT Kfikat, Jafikif, JUNO 1F3 Hif=¢

! Corresponding author.


mailto:wangzhm@ihep.ac.cn
https://arxiv.org/pdf/2506.21179v1
https://cenxiv.cn/cn-pdf/2506.21179v1

1 4 1
2 4D VA 1F3 i1 2
3 KUk npG 20 35 PMT 4
3.1 HRIE-S T 5
32 Ef 5
33 % 7
3.4 FH ik 7
4 1F3 - MRRaE, WA 20 S&F ik ik np 8
4.1 WS 8
4.2 RS WA sl &G 8
43 fkohidvh 5 1F3 gk 10
44 WIAEATEEMLALE 12
5 sk 13
1 &l

Wik S AR A O BF S AE T AT TR AR 1) BRI R X — 4T ) R B v T e SRR
FIER . i FIRGEISE AR R . KA. I as f S S e G 15 2] T I uERI 5635
L b, MR AP IR SRR R A B R, XERIE XTI
AR (1) RS o Y11 TR SR Al X % (JUNO) 3R 38 AR5 it 0 8 S 7 3
K BE SRR B R Ry (NMO) . &l 1 s, JUNO [ gefgéill#s (CD),
ST AICEAE AN K P R ERIEARISS . &8 20 T AN MRA (LS), FHEH 17612 4>
20 PG HLAEGAS (LPMTs) [2] 1 25600 4> 3 JafGH 345 (SPMTs) [3, 4] K529
T8% 1 PR 78 55 A R e 0 PER 3% /VE (MeV). IL4h, iR 2400 4~ LPMT 4%
BEAE CD IAEEN M FEHNIB . X LE 5 AT HAAE 5 AN T B — /K Ve BRI A%, AT
ARG N BB i AR, I S TSR RS (TT) —EFFCTFH S 715N RS & F
MZE. BT NMO Z4b, B RWARURTRIE] T ARG 1 RE & PRI T4 2 HAlK 149
PRAR AR Py PR (5] S0 im) B & N 4 ar il e

PMTs 15 T S v f 75256 vpo B 0 JH RN 5T , 4945 Super-Kamioka[6], SNO[7], Kam-
LANDI8], Daya Bay[9], RENO[10] #l Double Chooz[11], JUNO {J 20012 4~ LPMTs 3% 3 [
ERNE 2R 11 5000 M54 PMTs, (HPK R12860)[12] Ik H AL AR EARA TR A
H] (NNVT GDB6201) [ 15012 i E MG H A (MCP PMTS)[13], #R10, —2E8K1P ik
MR RGBT 5T, OB IEFST (14, 151 (LBR T4~ 5] LPMTs.



Cal. House ;?‘ ] £ TT

Acrylic Sphere
e o L 4

SS Structure

LN\ —

LI cDPMTs.

‘j : i k‘,‘\ 4
S Ir—r\ VETO PMTs
Connecting Bars

Supporting Legs
AL il ik

1: JUNO F4ll e i 7n B I [16].

T SEE JUNO it iR/ #i, B LPMT #Rdad T8, e (RE
S EFREEIEEEAE PMT 1) (2, 17]. J3ik%] JUNO 3 H AR FISEEEoRk, PR T 1F3 i
TUA [18-21], JoXGEAMReRiER BT (GCU), 44 GCU A 3 MNlliE. ik
#WA~ ADC, SRR 3 4~ PMT. GCU 2 5E) 13 I F A 1PE £ 1000PE, f&
B G R LA SRR 6681 4> 1F3 HL7 UWBoxes (K F&) T JUNO i
JIirA LPMT, Sy 1Al ERR A LPMT PEREH R 1A HAE JUNO R i Sz, i T
HLE it A A A48 R B UEAE PR RE (19, 21]. —2EEHAERY LPMT (i /i LED S5 1 =
5 1F3 17 UWBox 1E 1 E )" ARA LI TR JUNO 237 PMT (AR i #D 784
PEAT T PEREM L. FEseri TR, @it LED JEiEAl AW T LPMT HEATERES KL
[22]. #AM0, PMT B AR Rk 5l 1F3 B i REHES, BHEA SR

ASCH RIWEFE T LPMT Kk 5 1F3 T2 R BRI, fiH PMT 5 &7/
RIEVHEUKiT o 55 2 RN 72D MRS 1F3 Hi 724, LPMT e = iR A5
SRANESR 3. B 4 IHE TINERIRY IF3 AR A 2. fn, EBATAAE
TESR S 54 .

2 ZEMD AT 1F3 L1

W 2 [22] fron, ZEasHD MRS T 200 e — M %, %I il 2 2B il
BezhPs LRSS T B EIVA 32, X Se i M7 . RFEREAE T 114> UWBoxs,



FEVFRINIIN 32 4> LPMT (BA—A> IF3 Gl AR ER ) . MM #A LED LI, oI
PASCEL LED il 2241 PMT F fl A PR, i 7 8ess KLl e AR IR, 2238
T—HVAC (fitE. @ XHZERHARLE) . EREHRFHEETE 23°°C DA IRA S NTE
TAEFAT

Front end

el 2: 22 b A PC Y 20 S RAEREFEHD ANBALIE . 45 b 2 RALEE. 2R
AR RER . AR SEREAEM PO E DA S dh it 2 [8] 2 %¢ 1) JUNO 1F3 i 5 & o

WK 3 s, FA 1F3 BT UWBox & AN EHIT (HVU) Fl—A~4 R il
Jt (GCU). £~ HVU 57—~ LPMT $#24EH YR, 15 PMT (55 55 Ef## . LPMT
E%}-Zm%vﬁﬂﬁ GCU J5, #id—E Hr a5 AP AT . XA AT bl 5 1
WABIBAAERCRAR T, Hh—NEA S CRAER), 5— " HA MM (HIEE
Fl). ZJ5, EAVEHRMA 14 42, 1 GS/s &l Flash Bl-5 74 0ds (FADC) $445h4%L
FAES, R F S ER ThRIC . R, 3G ks 41 Bl 9 3 357E A S PE. £ 100
PE, 4p¥#%K 0.1 PE s{8 & . Z%JEH A 72028 0.12 mV/ADC! . 5 —J516 , (%3435
FRSTE R 20778 24 100 PE 2| 1000 PE, 43-#RR[EFEN 1 PE BCHE S . %70 W FEH K
T4 0.83 mV/ADC., XL ET LPMT ({44 X354 107, FADC i H s s 5 ik—
Hy Xilinx Kintex-7 FPGA (XC7K325T) Ab¥E, % FPGA 4T GCU 10384 . FPGA 52
TIEIA A A A TR, IR BRI I B A SR T RE . UEAh, GCU it T 2 GB
) DDR3 AT, B ATERN A BRI IRIG M B AL R NAF R IX o R T T RN A% p &t
% LPMTS [FIR)S , FE2%4s #D Wi ] 1F3 L3l 17— (2 10%, phib/dr 7H
HY) 5%) E2E ) LPMTs,

'ADC fEh— B F R AR A R (LSB).



Wet electronics 4—-—* Dry electronics

Custom ADC (Tsinghua)
Under Water Box (UWB) 14 bit, 1 Gsps Upto100m —— [ i
iy oinininduintuiatninfofir ! CAT6 + low Z V 0

M [ High | '} (Front) - (LG POE | power cables |Electrenics
\/_ - Voltage—r:— End TIA (HG) o
+_unit ! [ chip. ' S
1.5 -2 mcables : g ync Back End
(signalandHv) 1}  link | Card
' High | |1 (Front) : :
V[ vetage e :{T.':: copmerrrean i i b
v unit ) i Lcnip PTAC ’ ADC - - CLK
B il 1 L] H
: : ZR T  Async
. (High | " (Front ! g link (4 | ——
i TIA (LG) > ADC [ O)|r Gbit
.\/"—1_\""""399*,“ End | A (HG)> ADG | . > Enterpise <> DAQ
: & Unit P o P e — Upto100m  Switch i )

2 GB RAM for SN bursts ' CAT5 cables o )

Custom HV (JINR) Global Control Unit (GCU)
(0 -3 kV)/300pA

3: JUNO IF3 ¥ R 4R = [19].

3 KBpkapiry 20 Y& PMT

PMT B RA5 S IR A Al AT, W7 (B E S 1000 ADCs (£ 120 mV) 5
4000 ADCs (#7480 mV), JITHVER. [F— GCU iy =/>r T HlE (A R i il e, X
HWRE MR — g Ay 53 SN 2 [R5 R Al A i TR 7 1 RE
H R . BUGE TS 1T M S T A B, A B AR AN T
LG PMT H B BB R kb P00 [14, 151 B 4 BoR TRk R 5 EER K&

—_
)
(=]

—e— MCP PMT
—e— Dynode PMT

[e2e]
(e

Event Rate [Hz]
o
(]

60

40

20

200 400 600 800 1000 1200 1400
Threshold [mV]

DOEEAR SRR, Ay B E R A PMT (BE), 75— MCP PMT
(él’é)o




3.1 P e

ML T 280 4~ dynode £ 621 > MCP $125 /4 20 S5 PMT, & 5 278 T—~d k)
BT, FEANNE B AR AT RS . il & kb (T 32 H 7 11 [0,10)u #1124 600 hAbAL
WML, JLE T 681 A~ PMT, {4 1000 ADCs, HAx @l f 4000 ADCs #4777
IRFW

|
wn
o

Amplitude [mV]
- =
TT | TTTT | TTTT | TTTT | TTTT | TT I}I T

-100

-150

““““““““““““““““ Fine Range
=200 Coarse Range
-250
L 1 L L 1 L L 1 L L 1 L L
2000 4000 6000 8000 10000
Time [ns]

Pl 5 7R GIEE LA IE POIB B —MC R AR ERG VS (ZLEETTR) Aokl (Mo HE
JTE ).

AVWZ TR AT IO (23, 24] X HECR A T EEZBUMEIA TR, HAE
FUA PR A P FE AR T AE IR o 18] 6a i€z T MCP PMT (41 BE MR 73113155 Dt o
SETBUEB{E 1000 ADCs, (B 120 mV JiHf. Al DA H 41 AR R Y _EERZ7Y 1400
mV. QG AN EARRASASTE R, RS2 AR T AR R b R LT
{H, "TRAZ BIMAEAS GCU il iE#R #3455 PMT R kiAo AR 6b 1] PAVLEEE K fitt iy v
Fp AR iz, RZEUE S AE 100 PE. . E | 400 PE. (G, 5 FE ) B>
fikZ 28,

32 gt

b ThEE] R SR A A e R R(E (FWHM) [ K kel 7 H1bA 1000 4~ ADC [7]
FREY DAQ 7. b T HE 1] MR TE I e R B2 1) 10% - T2 90% iy 75 A s 1], 175 TS [ fisf ]
M 90% R F] 10%fTSE it a] . HA F T1 a5 MCP PMTs 2 16.2 44%>, dynode PMTs
k6.5 ghFb, BLF R REE] MCP PMTs 2 20.2 44F>, dynode PMTs 2y 9.4 4ifb, ML
(%) FWHM {& >4 MCP PMTs 4 22.8 5%, dynode PMTs 4y 11.6 4>, 5#i fl LED Y& JEE T
FYGHL TR B S5 (22] P8, 455 E% dynode PMT 1B S50 LR/,
M MCP PMT /st 25 . B 7d /R TIESIREHM FWHM 2[R A &, EFFT
#B43-HIXF B2 T MCP PMT F1 dynode PMT. 4313k, FliE {5 S IREZEAIIGM, dynode PMT 1)
FWHM {F5f0E H7s, 1 MCP PMT ) FWHM 1 URE - ARS8, (HRHE (5518 B A 3
T AL % o



S1s0f- R
5] F . C
O 160 Fine Range: Mean=(3436)mV S 140 H —— Fine Range: Mean=(107+3)P.E.
4O L e Coarse Range: Mean=(352+6)mV 120BL e Coarse Range: Mean=(110+3)P.E.
120 1oob
100 — e
80— n
E 60 [
60 — [
= 40 E
20F | 201
:| 5 & I I H ap L MW ER e
0 200 400 600 800 1000 1200 1400 1600 18002000 0100 200 300 400 500 600 700 800 900 1000

2

Signal Amplitude [mV]

(a) JRIE

L (EEEHE).

Signal Charge [P.E.]

(b) 7EH

Pl 6: S (a) FIHLAT (b) 23119 NNVT MCP PMT XFFASAHIER (L0687 ) FIAEm

2140 2180
§ [ ——— MCP PMT: Mean=(16.19:0.06)ns g 160 —— MCP PMT: Mean=(20.20:0.09)ns
120~ F
F ——— Dynode PMT: Mean=(6.50+0.02)ns 140 ——— Dynode PMT: Mean=(9.40+0.02)ns
100 E
L T 120 I}
80 I 100 !
£ | E I
o | oe
8 I ofF Il
40 I_Il E I
F I | 40E II
~ E |
0L ; ! 08
ol ..ul | I 0:....|...|.h.. o
0 5 10 25 30 05 10 15 20 5 30 35 40 45
RiseTime [ns] FallTime [ns]
(a) bJHEsFE] (b) &S]
2200 = 60
] E g L
G180 —— MCP PMT: Mean=(22.81:0.10)ns s 10*
F T 50
160" ___ Dynode PMT: Mean=(11.65+0.05)ns g
140 wf SR 10°
120~ i -
E | £
100 f 30F
F f s 10?
80F i :
60 {I 20 :—
E | n 10
40 : “ I‘J\’H‘L 10
20F L E
£ | E
0'..||I||||II‘..|!||J| | | N RS PR TN REEE 0_|| n 1 P PRt PR PRI
0 5 10 15 20 25 30 35 40 45 50 0 200 400 600 800 1000 1200 1400

FWHM [ns]

OENES INIE]

Amplitude [mV]

(d) 5 458K fH

7 I (), KRR (b) USROG (¢) S350 MCP S (1ot
IRI) 5 dynode Yo RHAT (B EHEARE) , SRR, JUA), 60 TWHEE'S 2 90t
NNOREES



33 @i

PMT [ A K ki R 5 5 SOR FHE R AT 8], BI{ECA 1000 ADCs. R F-EE4
PMT, {0 ]2 AN S — UMl A ) i fi— b A PRy I ) B, S PR A 0 s i) Py ot
BOE BUEMFESREAS AR . RPETTL, PIARSRILAY PMT A 29 KA S-SR EA B2
SFRLEY . WP 8 Frs, AE 1000 ADCs T, KIS HFIHERNCY 127 Hzo 1E27%5 300
[14] . Bl & rg LPMT SH(F427 100 Hz (B EFER 8 1), FHARREULSHFi) T 2R IR
TR BRI RS .

50
45
40
35
30
25
20
15
10

5

Counts

MCP PMT: Mean=(127.1+2.2)Hz

— —— Dynode PMT: Mean=(127.3+3.3)Hz

a"""l""l""l""l""I""I""I""I""I""

50 100 150 200 250 300 350 400 450 500
Event Rate [Hz]

=
o

Pel 8: ki fF3 ) MCP G HUREIS A (41 3 )5 1&]) il dynode SE LA (B G H ).

3.4 HIOChknh

M PMT A R kbR B By e i, AT AR EA1RHFE PMT 4 <
Fkinfre FEICSRA RS B T AR BN (5 S ikoh (PMT (5 2 sioR bkinfr) 1o 5 BRIE AT ) ik
(APs), JX88J5 ki il A2 AP ROBERY PRI AP FITAED RUZ 188 AP, PRI AP 223
M5 S B 1) B R G FE Th  o SXSE'G  E LS A T G 1) ) R AR A% 31
SR JGSEE [ B AR, AT AR AR A5 Wkt ) ) ki o 182388 AP R DA B 1AL G 5 B A UIA
i b A ) N G e QI 2 4 R 7 T 5 e R P S R (1
LRI B H A LT, RS B 5 S kb 18 AP, [ 9 R 15 ki 2k
6] (S5 Bk R )R ) 55T B —4Eor 11, Hob ke (PMT B AR k)
(LT A2 545 904k, et (PE.) YA HGT (25171, ERm b
[26, 27] Fir/R (1) 20 J&~) PMT E I EAYILAL AP %ﬁ, e SE AT ) BT A LA IR 37 T MCP
PMT FIf5 % PMT H {0 LA PE. BF-5 EJ7 . 55— DR R IR PO AP 7
it e LA~ SRS DA R AN TR AR T3 R 185 AP B0 i, AR UYL PR JHL Al J PR A
5. AWFTERIA 500 RS B8 AP 15

& 10a A1 10b BE— 24 75 AP WU S GKeh AT EIFT o 78 B AR 2L 4k 20 14
MCP PMT ) — #5311 (B 10a) ERZS PG =K (27, P, A1). £L



AP Charge [P.
AP Charge [P.E.]

sy o

r 1 1 i 0 : 1 1 1 |
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
HitTime [ns HitTime [ns

Time [ns] Time [ns]

(2) MCP PMT (b) ZhZSFIKL PMT

Pl 9: A KMkt (AP) 7E MCP PMT (a) Fil dynode PMT (b) F A=K kit J ey IRk ) AT FELART -

Ty DI R R R AP B (S50 ikad K24 500 ns Ak AP AH ¢ ), T HAT R ik
LN (KRZHUINT 50 4~ PE.) o 4R 7 B RIS J2— ST A IEAE , AT ke v
B, KA 500 PE. Hr[a] XI5 S 2 AP AR ZUbkoh i B A 2 [RIAFAE LU K &R, X ELFE
ZHI 126, 27 BEFEH A . M, dynode PMT ([&] 10b) (s~ IXi, BNAE T
B—HR T . Bl 10c Fi1 10d 7R T RN RIK 5 AP 1B X0 9 kv F qir 1) 1
o EATE/RHE S MCP PMT [ = AN L fap 2011 DI AHLL ) 0 AR, % T dynode PMT N
HAA K

T AP S HAF Bk i A b, 1 11 BoR TR 10 _ERFAE IS ki i g R . wl
DAFREIT : 24400 ki () FEL AT RS /NS AP () LT PUAZE /7 T R BRI R ik, X Wiz 5 & 10
2 By DRI 5. XPTROR IRk, AP [P R GRS SRR 2w )
[26,27], X/2HE 9 FRERAT-E I 5irk i .

Bl 12 7R T 240G Bk KT 100 4~ PE. B, PIRZEZYR G H RS 1Y AP L far LU —
o3 . IR R HIER T L/t G, L2 A PE hEIE, Mg GRARE R
SEX AP HLfap FEAA 25.9% R3] 12.9%, i MCP SGHLAZ A4 U] M. 28.9% 3] 22.6% ., 574
R R GRS 2T M, Mg CRRAEEE RA R — 2, (H MCP GRLEEE  45 3
PPREER, PERFERATA ML IRATH T a2 AP Tiik, AU AR B rg—Fh .

4 1F3 10 B AREAE, W7 20 JEF AR kb
4.1 My

e 13 fo, @i 55 % T 100 ZNED AR R 22 PG AR 4D Y 32 LTl e
PRI e Ko SR — i oAy Bkt MIFETH SIS AR R iz k. GBI X AR T3k,

FEATAT AE TR AHTE P e PR KPS 242 3.2 ADC (2 0.4 224K, 29 0.05 PE@1e7 1Y
%), HELW S FE P PR K B2 29k 2.5 ADC (24 2.1 224k, %4 0.5 PE@1e7 $435) .

4.2 i B A Sl ARG R

ARFTJEI R, PMIT Jiki i L i 55 O B8 BT B o DRIIBE (8 P P R SR BT o T P
PMT Jikit i) Hi i 55 2 22 ] 19 96 & . MCP PMIT f— M0 § R 7E B 14a FIE 14b th, i
A M ) PMT AR ERTER 15 . M4 dynode PMT (HPK) 43I TEEIRY



]

1
j=]
=)

i o
) )
2,250 &
2501 5 2120
% 200 % 100
E ERN
2 150 &
10

20

._
=
=

T

100 200 300 400 500 600 700 800 900 1000
Signal Charge [P.E.]

o g Loy v

O 50 100 150 200 250 300

Signal Charge [P.E.]

(@) Tkoh 5 AP Jikif 2 18] 1) HL Ap R S X T (b) RIZCRT AP fikish 2 8] HLATAH AR X1 B 28
MCP SEHLfFHE FHAK PMT

60

AP Number
AP Number

B W
S o

=]
f=}

w
(=]
S LN L R n AR LR RS LSRR

s
(=}

=3

. Y N
0 100 200 300 400 500 600 700 800 900 1000
Signal Charge [P.E.]

(c) AP 1455 MCP PMT BRI iLfarxt b (d) FAARIT RS 90 ra e LSS L B (R
A A, A AP R ATHLAT

& 10: MCP PMT #il dynode PMT (%14 fikah 1 )

10°

10?

1 L By PG g oy g
50 100 150 200 250 300
Signal Charge [P.E.]

o 4 o 4r
z I
5 35 o 35E
3 | E
g 3 6 3F
2 25 2 25F
2 2E
15 15F
1 L
050 05F
0 e kil 0l i i WA o 0: T b Lt Y o )
0 100 200 300 400 500 600 700 800 900 1000 0 50 100 150 200 250 300

Signal Charge [P.E.]

(2) MCP PMT

11: AP 54725 ki i i Y —4E 737 X MC
(b).

Signal Charge [P.E.]

(b) {3 dynode PMT

P JEHL A () 1 dynode JEHLAEIE

FERZH 0.16, 1] MCP PMT f#ER N2 0.40, X Fiff PMT 2 8] 1925 53 55k 5 T EA]



3 e
« ey
Ely.gmi MCP PMT
; 'Hq'“l Dynode PMT
1
107 & L ——- MCP PMT with Charge, >2PE
— a ly
- 1h --- Dynode PMT with Charge, >2PE
1073 E- l‘] L'—|
& Ly
r ENT!
107* I_q s
8 AT
- CHILE Hil it [ n
L R MR
107 E ! L \.,.ILH{"WI.|||.I.'."|..!!.IL‘l‘ll..ll.
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
AP Charge Ratio
Pel 12: R ki) AP R L
18
[ Fine Range: Mean=(3.197+0.006)ADCs
16 LC__] Coarse Range: Mean=(2.514+0.001)ADCs
14 -
n
12t H
[N}
210t ¥
2 |
S 8r E:
1
6 |
al LA
E
1 1
21 1
0 Pl 5,omn ]

1 2 3 4 5 6
Noise level [ADC]

Pl 13: 1F3 L7 AR AT (ZDAIRIE ) OIS (BEAEARIET) ROMRRS

ZHI Bk AR -

BEAh, A BRI RV S B S A 2 22 5 U AR Hef). WiRh PMT 7 &
REVE B ORI XU A R 22 0 ) S /R TE &L 16 FIIE] 16b o X R [7]—1F &~ MCP PMT
R AL 2 40%, 1 KT dynode PMT FAE AL . X4~ PR AR T DA S e fi 00 8 1 7 %
AR, XS R REIH T MCP PMT HLff /A1 R IR I R 45 [25]. b nl DA, FEA & AR
FEFRI I TR A, R PMT #R 27 I B2 -5 HLT 2 AV AR AR . AR, B IR
AkLEsE N, MCP PMT B4tk X R PRFEFAZL, 1l dynode PMT JT A2 B i BERI LA 2 [ )
PREMER R

4.3 Jkaladahty 1F3 W 1254k
S M PMT A fit 5 PRAG RSN R Y, Hoa] DATE ik p SR I UL 2] o

~-10-



—500
53]

£.450

&

2'400

=

O 350
300
250
200
150

100

x>/ ndf
po
pl

0.3563 +0.003664

8223 /383

—24.12 +1.443

Pl 14: i S ATE R (a) HOHLIK I

Counts

200

400 600 800

(a) AEANE

Charge [P.E.]

1000 1200 1400 0

Amplitude [mV]

(3]
=4
(=]

=190
000 — o
800 — 70
160
600 — 50
40
400 — 30

X/ ndf 5478 /369
200 — po 03602 +0.002462 20
pl ~20.16 +1.421 10

1 1 | | | |

0() 500 1000 1500 2000 2500 3000 3500 0
Amplitude [mV]

(b) LIS s
(b) HRMEZ A KR

180
N — —— MCP PMT with Fine Range: Mean=0.3964+0.0009
160 MCP PMT with Coarse Range: Mean=0.3984:0.0008
- — — — Dynode PMT with Fine Range: Mean=0.1550+0.0004
140 Dynode PMT with Coarse Range: Mean=0.1777+0.0007
- r
120 H
100 H
80 - q
C I| f
- | (T
u r
40 | 4 IJ !..
N || I
WE i ro
0_||||||1I||1||i ..uJL|_|_|-|d|J||||
0 0.1 0.2 0.3 04 0.5 0.6
Slope

Pl 15: MCP PMT FiI dynode PMT 77~ il P FA) 8 - FELART UL A5 o8

g HY 7 s e R AR T R, %A TR Hof PMT fkef, HATIE

HVI[17]

o

i E N T PMT RUATIN R . RGP S e E .
WS AT gy, CRFd ol iE BERR HIAER L 1944
ST, AESSEe TAE, AR 4
F e oo JEE TR e X — PR Al
BRI i 2 IH B g e o B8 -5 g P R 5 R 2 1221 AT SCHBC
/IMES L o B 7 i 2 B R P 1) S
TERXIHFTE T, AT T B = B E R .
TEIXHL, S i 55 1 5 R AR B

—11 =

HEREAR A T a A TSR B E RS, &



10°

Fitting error [%]
Fitting error [%]

~150F

E 1 1 1 1 1 1 1 1 1 1 -200 E 1 1 1 1 1 1 1 1 1 1
0 500 1000 1500 20002500 3000 3500 4000 4500 5000 0 500 1000 1500 20002500 3000 3500 4000 4500 5000
Amplitude [mV] Amplitude [mV]

(a) MCP PMT (b) B PMT

Pel 16: R Ay TR B2 O ARG U A 1R 22 BE IR BE 942 46, %5 F MCP PMT (a) il dynode PMT (b).

-200

17 J&7s 114> MCP PMT I HVERIY dynode PMT, ol i 2 LU Bl 5 1
JEARAERI 8, 3BT oAR B H -

BEE RS IR BRI AC, b FE HOAR AR AR

I, S~ PMT SRCT-S5 vh i 5 FUlt 2 8 1

Wi 18 R, AEZAATEE A, P ad g B LS 6%,

9.5%A4b /NG A AR A B, D TR aed e A2 5 52 B SR AR 52

BLAh, XtF dynode PMT 1 MCP PMT fya:d il B L 45 SR AH 2

035 18 035 ¢
2 F 16 £ E 25
3 0.3 E e 0.3 E
= £ 14 2 E
Bo25E =
5-0,25 3 12 g 0.25 %* 20
< £ < E
o £ = £
g%k 10 £ 02¢ 15
Zois : 8 2ois =

6 % 10
0.1 0.1 3
4 .
L 5
005 5 A 5 Ey
= Lo 0 0: I I LT L L 0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Amplitude [mV] Amplitude [mV]
\ (7.t £
(a) MCP PMT (b) Z IR HL A G4

Pl 17: fiilid Foi — 4o flal G 32 kdt) . XFF—4> MCP e R 4% () Fl—4> dynode
JEHUEEA (b), SRIHINE L -

4.4 WANHEEHEGLLE

P AT A1 L i ) F P S BB ] — A ks AEAE AN ) 8 e SR A O R 4R
BE_EPTE LA R BAAL T RE BEMI AT R R PR R — 2. FE AT R A3, KR4I A
FELWE S [ 1y BRI 143 3 249°A 1380 ZEARFN 5000 ZE4R . X 28 b BRI BT -1 35 90 4 410
MR, X PHOSOAHERRA . I, AT A — Pt Bt i,
MBAFHI BRI — SR, WA 20 FoR. AERSARVERE A, R BRI AR B R AR
— 2k, HAGBIL 999 97%, HAYihde, PATERIRIHORH TR 98%. fiHIAH
[T, XA A IR E R TR G RE, WK 19 Fs.

— 12—



g7 2 [
g | T MCPPMT:Mean=0.0592:0.0005 g 0F  —— MCP PMT: Mean=0.0579:0.0005
50— . _ C
¢ ——— Dynode PMT: Mean=0.0575:0.0008 4 ——— Dynode PMT: Mean=0.0619:0.0008
40 L
r 20k
30 C
20 :_ 20 :—
ok 10f
F | A E - I
0...|...n||...|...hn—n"lmlﬂ..l... 0'...|...|."..|.|Tln.|nl b 1
0 002 004 006 008 0.1 012 014 0 002 004 006 008 0.1 0.2 014
Amplitude Ratio Amplitude Ratio
) K W} R
(a) K54 Rl (b) KK

Pl 18: MCP PMT (£ (a44k 1) FI dynode PMT (HEGARIRIE) LERTANVER (a) MU
(b) A LT LE -

FEVCAERT AN L A kst P4 525 1200 22 R 1000 4~ ADC I, AU A1 FEl D)8 21 4
WL F -

100 ¢

S . =
= 10 = 4
5 80 5 10
S 60F b
2 2
£ 40F 100 £ 10°
W0 2, S
0 [ .
ooty ) 5
F e 10? 102
=20
—40
—60F 10 10
—80F
ool L L L L 1 _100:....|....|....1....1....|....|....|.... 1
0 200 400 600 800 1000 1200 1400 0 50 100 150 200 250 300 350 400
Amplitude [mV] Charge [P.E.]
(a) HRIE (b) FEHL

Pel 19: MR ME (a) FORLET (b) TERGANIE FE-SANE N L2 [A) RAHOHU A iR 22

7] — T AT A9 L ] — Ik g o B B, 0 ke ) o o P ] 1 32
e AR o ORI, F Tk ki) 8 ANRDFETI, SXTISE FRI H-A d F AR A ] — IR e A
PRI, e 21 Bz, PSS R P Mt 18yt b s R0 A — SN TS LN — A ik 4
W22, X5 PMT BUZRBTE K, e i s A B 5 R .

5 KA

B JUNO 20 3<~f # PMT 5 1F3 H 7 Js ZAE 2 PN o & A MBI i, Fefiak
37— KT PMT BB R, 4 5 PMT RYERZ) 100 #i2%, Toigie MCP it
72 dynode PMTs, FEMuIA LR BIEAR KL)% 100 Z AR (20 10 AT Bboh, PPl T
PMT [ A4 i s (B A LA R . P TR S IR A0, BRATTHE— RS 1 ik g o
[0, PASCENTRYECEFT R AT T ko A A28 AL o BETRS 40 7 B RDRELI 91 L

13-



——— Slope of Amplitude: Mean=0.9845+0.0004

— —— Slope of Charge: Mean=0.9731-0.0005

20

.05 1.1 L15 1.2
Slope

Pl 20: PIATEREINAIREE (ZEEE) M (ROEDE) m—2E.

e
o0
o
o0
A

w02
2 018
0.16
0.14
0.12

0.1

0.08
0.06
0.04

0.02

MCP PMT: Mean=(-0.27+0.01)ns

— —— Dynode PMT: Mean=(-0.811+0.004)ns

920 -15 -10 -5 0 5 10 15 20
A PeakTime [ns]

Pl 21: PSR N MCP YEHL IS (L@ ETTIA]) Al dynode SEH AT (BEGETTH) I
{ELINF TR Y 2257

P, FATRA TR SR Z AL R R . M ShETEE @RS, PAKPIASTER N AETR
JERTHRLAT_F A — Bk

Bt

ATARREI R EE R QAR A e (WH g 11875282) ., rhERI-£RE M B i 5
i (W5 XDA10011100) AR HBHEERE 11 LA B B op O SEH

CEPEN

[1] C. Giganti, S. Lavignac, and M. Zito. Neutrino oscillations: The rise of the PMNS paradigm.
Progress in Particle and Nuclear Physics, 98:1-54, 2018. ISSN 0146-6410. doi:

_ 14—



(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

[13]

(14]

https://doi.org/10.1016/j.ppnp.2017.10.001. URL
https://www.sciencedirect.com/science/article/pii/S014664101730087X.

Angel Abusleme et al. Mass testing and characterization of 20-inch PMTs for JUNO. European
Physical Journal C, 82(12):1168, 2022. doi: 10.1140/epjc/s10052-022-11002-8.

Chuanya Cao et al. Mass production and characterization of 3-inch PMTs for the JUNO experiment.
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 1005:165347, 2021. doi: 10.1016/j.nima.2021.165347.

Si-Yuan Zhang, Yong-Bo Huang, Miao He, Cheng-Feng Yang, and Guo-Ming Chen. Sub-GeV events
energy reconstruction with 3-inch PMTs in JUNO. Nuclear Science and Techniques, 36(5):84, 2025.
doi: 10.1007/s41365-025-01678-4.

Fengpeng An et al. Neutrino Physics with JUNO. Journal of Physics G: Nuclear and Particle
Physics, 43(3):030401, 2016. doi: 10.1088/0954-3899/43/3/030401.

S. Fukuda and et.al. The Super-Kamiokande detector. Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 501(2):
418-462, 2003. ISSN 0168-9002. doi: https://doi.org/10.1016/S0168-9002(03)00425-X. URL
https://www.sciencedirect.com/science/article/pii/S016890020300425X.

V. Albanese and et.al. The SNO+ experiment. Journal of Instrumentation, 2021. URL
https://api.semanticscholar.org/CorpusID:118353430.

M.P. Decowski. Kamland’s precision neutrino oscillation measurements. Nuclear Physics B, 908:
52-61,2016. ISSN 0550-3213. doi: https://doi.org/10.1016/j.nuclphysb.2016.04.014. URL
https://www.sciencedirect.com/science/article/pii/S0550321316300529. Neutrino Oscillations:
Celebrating the Nobel Prize in Physics 2015.

Feng Peng An et al. Measurement of electron antineutrino oscillation based on 1230 days of
operation of the Daya Bay experiment. Physical Review D, 95(7):072006, 2017. doi:
10.1103/PhysRevD.95.072006.

Soo-Bong Kim. Observation of Reactor Electron Antineutrino Disappearance at RENO. Nuclear
Physics B - Proceedings Supplements, 235-236:24-29, 2013. ISSN 0920-5632. doi:
https://doi.org/10.1016/j.nuclphysbps.2013.03.006. URL

https://www.sciencedirect.com /science/article/pii/S0920563213001096. The XXV
International Conference on Neutrino Physics and Astrophysics.

A. Cabrera. The Double Chooz Experiment. Nuclear Physics B - Proceedings Supplements, 229-232:
87-91, 2012. ISSN 0920-5632. doi: https://doi.org/10.1016/j.nuclphysbps.2012.09.014. URL
https://www.sciencedirect.com/science/article/pii/S0920563212002319. Neutrino 2010.

Hamamatsu Photonics K.K. R12860 datasheet, 2019.
https://www.hamamatsu.com/jp/en/product/type/R12860/index.html.

Northern Night Vision Technology Ltd. Specification for GDB-6201 microchannel plate type
photomultiplier PMT (in Chinese), 2019.
https://max.book118.com/htm1/2020/0214/7002125152002115.shtm.

Yu Zhang, Zhimin Wang, Min Li, Yongpeng Zhang, Yaoguang Wang, Zhaoyuan Peng, Changgen
Yang, and Yuekun Heng. Study of 20-inch PMTs dark count generated large pulses. Journal of
Instrumentation, 17(10):P10048, oct 2022. doi: 10.1088/1748-0221/17/10/P10048. URL
https://dx.doi.org/10.1088/1748-0221/17/10/P10048.

— 15—


https://www.sciencedirect.com/science/article/pii/S014664101730087X
https://www.sciencedirect.com/science/article/pii/S016890020300425X
https://api.semanticscholar.org/CorpusID:118353430
https://www.sciencedirect.com/science/article/pii/S0550321316300529
https://www.sciencedirect.com/science/article/pii/S0920563213001096
https://www.sciencedirect.com/science/article/pii/S0920563212002319
https://dx.doi.org/10.1088/1748-0221/17/10/P10048

[15]

[16]

(17]

(18]

[19]

[20]

(21]

(22]

(23]

[24]

[25]

Yu Zhang, Zhimin Wang, Min Li, Caimei Liu, Narongkiat Rodphai, Yongpeng Zhang, Jilei Xu,
Changgen Yang, and Yuekun Heng. Dark count of 20-inch PMTs generated by natural radioactivity.
Journal of Instrumentation, 19(02):P02026, feb 2024. doi: 10.1088/1748-0221/19/02/P02026. URL
https://dx.doi.org/10.1088/1748-0221/19/02/P02026.

JUNO Collaboration. JUNO physics and detector. Progress in Particle and Nuclear Physics, 123:
103927, March 2022. doi: 10.1016/j.ppnp.2021.103927.

Fengjiao Luo, Zhimin Wang, Zhonghua Qin, and Yuekun Heng. Signal Optimization with HV
divider of MCP-PMT for JUNO. arXiv e-prints, art. arXiv:1803.03746, March 2018. doi:
10.48550/arXiv.1803.03746.

M. Bellato and et.al. Embedded readout electronics R&D for the large PMTs in the JUNO
experiment. Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 985:164600, 2021. ISSN 0168-9002. doi:
https://doi.org/10.1016/j.nima.2020.164600. URL
https://www.sciencedirect.com/science/article/pii/S0168900220309979.

Alberto Coppi et al. Mass testing of the JUNO experiment 20-inch PMT readout electronics. Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, 1052:168255, 2023. ISSN 0168-9002. doi:
https://doi.org/10.1016/j.nima.2023.168255. URL
https://www.sciencedirect.com/science/article/pii/S0168900223002450.

P.-A. Petitjean, B. Clerbaux, M. Collomer Molla, Y. Yang, and on behalf of JUNO collaboration. The
JUNO experiment and its electronics readout system. Journal of Instrumentation, 17(05):C05014,
may 2022. doi: 10.1088/1748-0221/17/05/C05014. URL
https://dx.doi.org/10.1088/1748-0221/17/05/C05014.

Vanessa Cerrone et al. Validation and integration tests of the JUNO 20-inch PMT readout electronics.
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 1053:168322, 2023. ISSN 0168-9002. doi:
https://doi.org/10.1016/j.nima.2023.168322. URL

https:/ /www.sciencedirect.com/science/article/pii/S0168900223003121.

Caimei Liu, Min Li, Zhimin Wang, et al. Check on the features of potted 20-inch PMTs with 1F3
electronics prototype at Pan-Asia. Journal of Instrumentation, 18(02):P02003, feb 2023. doi:
10.1088/1748-0221/18/02/P02003. URL https://dx.doi.org/10.1088/1748-0221/18,/02/P02003.

Yongbo Huang, Jinfan Chang, Yaping Cheng, Zhang Chen, Jun Hu, Xiaolu Ji, Fei Li, Jin Li, Qiuju Li,
Xin Qian, Soeren Jetter, Wei Wang, Zheng Wang, Yu Xu, and Zeyuan Yu. The flash adc system and
pmt waveform reconstruction for the daya bay experiment. Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 895:
48-55, 2018. ISSN 0168-9002. doi: https://doi.org/10.1016/j.nima.2018.03.061. URL
https://www.sciencedirect.com/science/article/pii/S0168900218304133.

J. Tang, T. Xiao, X. Tang, and Y. Huang. Investigation and optimization of the deconvolution method
for pmt waveform reconstruction. Journal of Instrumentation, 20(03):P03019, mar 2025. doi:
10.1088/1748-0221/20/03/P03019. URL https://dx.doi.org/10.1088/1748-0221,/20,/03/P03019.

H.Q. Zhang, Z.M. Wang, F.J. Luo, A.B. Yang, D.R. Wu, Y.C. Li, Z.H. Qin, C.G. Yang, Y.K. Heng,
Y.F. Wang, and H.S. Chen. Gain and charge response of 20” MCP and dynode PMTs. Journal of
Instrumentation, 16(08):T08009, aug 2021. doi: 10.1088/1748-0221/16/08/T08009. URL
https://dx.doi.org/10.1088/1748-0221,/16,/08/T08009.

— 16—


https://dx.doi.org/10.1088/1748-0221/19/02/P02026
https://www.sciencedirect.com/science/article/pii/S0168900220309979
https://www.sciencedirect.com/science/article/pii/S0168900223002450
https://dx.doi.org/10.1088/1748-0221/17/05/C05014
https://www.sciencedirect.com/science/article/pii/S0168900223003121
https://dx.doi.org/10.1088/1748-0221/18/02/P02003
https://www.sciencedirect.com/science/article/pii/S0168900218304133
https://dx.doi.org/10.1088/1748-0221/20/03/P03019
https://dx.doi.org/10.1088/1748-0221/16/08/T08009

[26] Qi Wu et al. Study of after-pulses in the 20-inch HQE-MCP-PMT for the JUNO experiment. Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, 1003:165351, 2021. ISSN 0168-9002. doi:
https://doi.org/10.1016/j.nima.2021.165351. URL
https://www.sciencedirect.com/science/article/pii/S0168900221003351.

[27] Rong Zhao et al. Afterpulse measurement of JUNO 20-inch PMTs. Nuclear Science and Techniques,
34,2023. doi: https://doi.org/10.1007/s41365-022-01162-3.

17—


https://www.sciencedirect.com/science/article/pii/S0168900221003351

	介绍
	容器#D带有1F3电子原型
	大型脉冲的20英寸PMT
	振幅与电荷
	定时
	速率
	相关脉冲

	1F3电子设备的特征，带有20英寸的大脉冲
	噪声
	幅度与电荷的动态范围
	脉冲过冲与1F3电子器件
	两个动态范围的组合

	总结

