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i The JU

NO Detector

Calibration house <

VETO system

- Top Tracker: plastic scintillator
Water + 2400 20” PMT + 348 20”
spare PMTs + 600 8” PMTs from
Daya Bay
Earth Magnetic Field shielding coils

Central detector
Steel structure
Acrylic sphere + 20kt Liquid
scintillator
17612 20” PMT + 25600 3” PMT
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Water pool
» diameter 43.5m
» depth 44m




‘L Electronics Design

Wet & : > Dry
I

electronics electronics
i
Under Water Box (UWB) Custom ADC (Tsinghua) : —
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P e e e low impedance
I I | power cables T
: TIA(LG) [ ADC " I s : : :
: , . p . | Back End ‘ 4—--»[ Trigger
: : : 1TIA (HG) : ADC Sync link | Card ) _I_Electronit.:_a___
1.5-2 m cables ' 4 ; . A
(signal and HV) : ! i i —_—
i ! I I CLK
i 1! |ant TIA (LG) Fr»  ADC I L J
+— End
: /—H|]gh—~ L 1 | chip |© ra o) apc :
' | Voltage | | : : :
I .
i _Llnlt I 1 i ]
' ! ] ' s ,
' (THigh ™) ! : Front], {ria o) | ADC Up to B0 m CATS cables Gbit |
" Voltage End L < — »| Enterpise *(—-b—i DAQ |
Unit '+ | Chip | C{TIA(HG) ADC Async link Switch ! = ’
Y e 2 i J
______ ! for Sh ! i
R LT M W S [
'7]?':"-"5'?e'-w-f-f.!i}‘?' Global Control Unit (GCU) '
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Main challenges: ! 8 =
= Excellent energy resolution: 10% @ 1-100 pe, 1% @ >100 pe Dry electronics in the electronics rooms
= Large dynamic range: 1-4000 pe (7.5mV-7.5V) * DAQ switches,

= Huge number of channels: ~20,000 LPMT channels Ec?vcvif\-/gHgg(;aggvflzfgéply(LV). 4

= Aerospace-grade reliability : < 0.5% underwater electronics failure over 6 years - Trigger & Clock system



PCB ,cable, Cooling Waterproof
connector

Under Water Box

Bellow to PMT Bellow to Dry electronics

UwB lid

|HV splitters

GCU top heat sink

GCU

GCU bottom heat sink

HV connector female shell

O-ring

)—|V caonnector

HV connector male shell

Front-end bellows
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Bellow to PMT Bellow to PMT Back-end bellows N
| Back-end cables |,f”




GIObaI COntrOI Unlt (GCU) By Univ. of Padova , INFN & IHEP
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Bc-end abIe

Component side Cooling side




Analog-Digital Front-end Unit (ADU)

.CLK o - - + . FE(;. fcurrgpoor?fllfligAS)lC
14bitsIl . N u ackage: mmAomm
_CLK 4' HG :_ FEC <« I I—.
{mavitsmm ADC : : 1
LG
1GHz T

= Consumption: 100mW
125MHz Cal start

¢ = Range: 1,1/8
—» PLL —p Cali

= Noise (RMS): < 3.2uA (0.023pe)
= Inputimpedance: 1.1 Q@10MHz

i - FADC: N\

= = 12bit, 1GSPS

=« ENOB of 10 @ fin up to 200MHz
WE @ 1GSPS (-1.0 dBFS)

Dynamic ranges:
= Low Gain(8:1): 0~7.5V(4000pe)
= High Gain(1:1): 0~960mV(128pe)

= Dual channels 1Gsps FADCs.

= SFDR=-68 dBc @ fin up to

u Energy resolution: O1pe@1 -1 OOpe, 1%@>1 OOpe . - A ' : 200MHz @ 1GSPS (-1.0 dBFS)
= Adjustable self-test pulse injection ByTsmghuaUmV : D[\t<b _;_LIO.5|LSB, INL< £2LSB
= Over-voltage protection by circuit and FEC chips itself. k | _ é@;w(;r; zggmw /

7



11650

11645

11640

ADC count (LS8}

11635

11630

plale)

g

Output PE

T T T T o
0 25000 50000 T5000 100000 11630 11635 11640 11645 11650

Charge Linearity 0.42%

.
-6.025e-06 x + 0.09005 & + 0.08177

11600

ADC cownk (LSBE)

11585

= fit

Noise
& real
— dnl
1o
0.2
1006
R | w B0
g%
-
o H
an
=0.1 20
a0
Linearity

u=11591.805, o= 2.662

11585 4

11550 4

0 25000 50000 TI00D 10000

Charge Linearity 0.02%

-6.71e-05 x + 0.5978 x - 0.06054

TrooD

ROOD

E200D

pooD -

BO00

BO00

000

2000

0
115685 11530 11595 11600

-
pLii)
Irput PE

140 4

120 4

100 1

Probability

& real
= fit
— dnl

o.ooa

0.00&

0.004

000z

0.000

=0.003F

=0.004

=0.008

=1, 006

i Front-end Performance

4 =11641.600, o= 2.543

y=601.325, ¢=34.409.Res = 5.72%

500 550 EDD &50 o0
ADC caunt (LSB)

Energy Resolution

Noise: < 400uV (SPE:7.5mV)
Linearity: < 0.5%
Energy Resolution: < 10%

Gain 0.079
Input noise (mV) 2.54
Linearity (%) 1.27
0.38@

Energy Res (%) 100pe

0.078 054 0.078 0.53
2.66 0.39 2.28 0.37
1.09 0.32 1.24 0.29

6.81@ 0.35@ 577@ 04@ 5.76@

100pe ~1pe 100pe ~1pe
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SPE Distribution Test

PMT
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$ Back-end Transmission

CAT6 FTP - synchronization

DAQ

Ethernet
CAT5e UTP
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The FPGA drives signals onto the cables

Cable Equalizer receives the signals from the
cables

Synchronized 62.5MHz clock fan-out to GCUs
Real-time Hit information upload to TTIM

TTC protocol transmits real-time global trigger
and 1588 protocol for clock alignment

CAT5e UTP - Ethernet readout

IPBUS&TCP protocol on FPGA
RGMII interface to PHY

UTP cable
[CATSe)

Power

Ground

PET film

FTP cable
(CATEA)
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(By IHEP)

High Voltage Unit (HVU)
Range of HVU is 800V-3000V in

to GCU FEC

$ HV Splitter

1

steps of ~0.5V.
Ripple: 10 mVpp

HV long term stability: 0.05%

Temperature coefficient: 100
ppm/° C

Maximum output current: SOW

>

Function
Serve as a motherboard for the HVYU and

distribute the high voltage to the PMT,

Decouple the DC high voltage from the
AC signal of interest for read-out.

Requirement

Noise < 0.1pe

HV withstanding > 2000V

Splitter of 2 channels Isolator for HV signal and PW on GCU side




Cooling Mechanical Design

= Goal: Keep the component case temperature below 30°C (at ~25W dissipation, 22°C

ambient)
= Features:

= The bottom side of PCB serves as the primary heat transfer path.

= BGA chips on the bottom side transfer heat through the their top.

= QFN chips on the top side transfer heat via the copper block under the chips.

= Additional copper blocks are placed close to DC-DC converters to aid in heat dissipation.

QFN chip
Thermal vias

QFM heat sink . -

Thermally conductive silicone rubbers GCU bottom heat sink

Copper block under QFN chips

HV splitters Bolts Nuts OQFNchips Support pillar HVU  GCU top heat sink  Heat transfer strips

UWB 5cm | 12

GCU QFN heat sink  GCU bottom heat sink  BGA chips
Structure inside the underwater box




i Waterproof Design

underwater box = UWB and its lid sealing by laser welding

UWB fitted with a
60m-90m back-

end bellow, = UWB with 3 HV connector female
sealed by argon- shell by argon arc welding.
arc welding.

Back-end bellow

Potting

Crimp shell Crimp shell

= HV connector shell sealing by 3 O-rings.

‘-:LJ-_am i 'ﬁ il
underwater box with long bellows

13




Under Water Test

GCU temp. distribution (CFD simulation )

!lzlﬁ._sﬂ:
jideegEEgE=

ater tak in IHP ” 40m swimming pool in Italy

In 19.2°C air 28.6 26.6 26.5 26.6 26.9
in 20.5°C water 6.0 6.9 6.4 5.9 5.9

All chips remain below 30 °C in 20.5°C water 14



$ Back-End Card (BEC)

The Back-end Card connects the GCUs to the trigger electronics
via CATG6 cables.

= Red box: Base board receives 48 Ethernet cables from the
underwater boxes. (By Univ. Libre de Bruxelles)

= Blue box: Trigger/Timing interface mezzanine (TTIM) that
distributes the CLK signal to GCUs and transfers the TRG signal
between Global Trigger and GCUSs. (By Tsinghua Univ.)

= Synchronous link: fixed latency link. Timing and trigger control
(TTC) protocol. Nominal link speed 125 Mbps.




i Trigger/Timing System

~200001 67971 8 e 160 BECs

1582
:" e 8 RMUs.
: | « 1CTU.
: e 2 Calibration Interface Box

(CIB) in racks with clean
ground.

* 5 GU for MM trigger

Full hit information system in MM racks.

'< >, Timing System:

Trigger decision * 12 WRS needed in the
Electronics room

nhit8@62.5MHz * 1 Atomic clock with GPS and
[‘] Note 1: CD + VETO + At WRS-GM installed in the

SYUI| 8% XEBN

syl Le

b

lajem Japun

s3ull [eando [euonoalip-q

Note 2: BECs for sPMT not included Ground Control Room,
provide NTP service.

-
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pmt .
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Zhongshan Container

IHEP, Beijing

= During PMT production, our
readout electronics were
deployed for PMT
performance characterization
and demonstrating superior
performance.

= Using this test setup, we
performed comprehensive batch
testing

= Several critical issues, including
back-end crosstalk and DDR-
related EMI noise, were
successfully resolved.

Padova, ltaly



Production of UWB (2020-2021)

GCU module after assembly

Burn-in (aging) test

= Every manufacturing step is

validated by meticulous electrical
testing, complemented by strict
leak checks, to guarantee the
reliability of all modules delivered
to the JUNO site.

Long term stability test

18

Assembly in box Leak check



LPMT Electronics Installation (2022-2

LT A
Transportation to underground

Connected to racks in
Electronics room

6797 UWBs installed
- CD : 5878

- VETO : 803
-ATMO : 116

n the steal structure o B Leak heck and refection test

Installation o

19




$ Commissioning (2024-2025)

Channel Num/0.1 ADC

We have already test all the UWBs underwater with PMTs

Electronics noise is ~2.8 ADC LSB in average, 4% of SPE amplitude, consistent with our self-test results.

Most UWB maintain a temperature below 35°C, a few exceed this, and only 2 reach 40 °C.

The HVU works well and the DCR can be monitored online.

a7
48
s e e e L b b o et
" W,J,a.—mm‘“\ 2025-01-10 17:16:28
W == JUNO_BEC1311GU2670 Temp  45.0
VE) = JUNO_BEC2241 GUS790 Temp 365
JM = JUNO_BEC1261.GUZEES Temp 410
o ;] == JUNO_BEC2143 GU4171 Temp 384
‘ i == JUNO_BEC2253 GU1907 Temp  36.2
4 4‘[’ ) M ""Mﬂ = JUNQ_BEC1311_GU2655 Temp 351
Wikl g s bl L i JUND.BEC2253 CU3sZ0 Temp 369
b ——
P il H = JUND BEC1332 GU4622 Temp  35.2
{ = JUND BECIZI GUIZI0 Temp 347
39 .i JUNO_BEC1281.GU7684 Temp  35.4
| = JUNO_BEC2321 6U2588 Temp 358
38 = JUNO_BEC2301 GUBO4S Temp 3489
37 11’ 1!*“"*"?"" WMMM 'MMW MWWMHWW&WMMWW wﬂm
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= All electronics are alive.
| ]
| |
| ]
10° &
107
10 =
1 ) 1 | 1
I 15 2 25 3 35 4 45 5 55 6
<RMS> [ADC]

Electronics noise

11:00 30 12:00 1230 13:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30 1700
= JUNO_BEC1311_GU2670 Temp == JUNQ_BEC2241.GU5790 Temp == JUNC_BEC1261.GU268S Temp == JUNO_BEC2143 GUA171Temp == JUNO_BEC2253 GU1907 Temp == JUNO_BEC1311.GU2655 Temp
= JUNO_BEC2253.6U3520 Temp == JUNO_BEC1332.6U4622 Temp == JUNO_BEC1Z11.GU1710 Temp == JUNO.BEC1281.GU7684 Temp == JUNG_BEC2321.GU2588 Temp == JUNO.BEC2391.GUBO04S Temp

The highest 20 temperature UWBs

DCR monitoring




$ Operation Status

Time fraction per day (%)

100

801

604

404

204

Electronics data taking status
= Detector electronics: 6792 GCUs, 100% enabled
= Readout bandwidth: = 19.7 GB/s (WF =15.0+ TQ =4.7)
= Triggers: CTU CD = 353 Hz; VETO = 91 Hz
= BEC data: send/recv = 346 Hz avg; hit = 281 MHz total

[ FIAINALT T I T [
DAQ time (Calendar); 264.76 days 250
Good physics data: 207.63 days 3 N
(Phys+Calib) / DAQ time = 90.00% I‘
(GoodPhys+Calib) / (Phys+Calib) = 92.38% £
GoodPhys / Phys = 91.96% I
200

—
@
S

Cumulated duration (days)

—
o
S

Good physics
mm Bad physics 50
B High Rn

Calibration

Test data
==+ DAQ time (Calendar)
~—— Good physics

Reliable, high-performance electronics design ensures ultra-
efficient physics data taking since August 2025

CTU trigger rate BAZH: 15 Grafana

1200
1000
800
N
E
600
400
- m.m
i I 0 il i |
o]
14:00 16:00 18:00 20:00 22:00 00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:0
== CDrate Mean:354 == VETOrate Mean:911 == RAW VETOrate Mean:103 == RAW CDrate Mean: 356

CTU trigger rate (24 h) — CD mean 354 Hz, VETO 91 Hz

Total Throughput © EARZH: 1 Grafana

30.00

e Mk A0 Al ‘ I Uik kA 1 l ' l‘ '1 i
bt :J,!.M " ‘;h bl wnW i

@
@ 15.00
o

10.00

5.00

0.00

14:00 16:00 18:00 20:00 22:00 00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:0

== DA input == DA input avg in 10s

OEC total throughput (DA input) — steady = 20 GB/s
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i Failures Analysis

Underwater Electronics: Actual vs Predicted Cumulative Failures

30 { = Actual Failures
=@+ Predicted Failures

25 1

20

15 1

10 1

Cumulative Failure Count

7j5 16.0 12I.5 15|.0 17;.5 20|.0
Months Since Nov 2024

UnderWater Box
Data range: 2024-11 ~ 2026-06 | 26 total failures across channels

Failure curve matches reliability prediction — well within expectations.

Top cause of failure: HV Module Damage (unstable output power).
Only one instant water-ingress failure at the beginning.
Only one UWB loss due to internal issue during operation.

Cumulative LVP Failure Count

30

25 A

20 A

Dry Electronics: LVP Cumulative Failures (2025.06 — 2026.06)

=== |\/P Cumulative Failures (n=26)
26

2 4 6 8 10 12 14
Months Since May 2025

Dry Electronics
= LVP replacements 26 times: Trend ~2.0 LVP/month.

» BEC Back-End Cards: 5 replacements.
= UPS: Rm2 UPS PSU module damaged, on-site engineer repair.
= CTU: Internal fan failure, added external cooling fan.

22



iSummary

= Driven by JUNQO’s demanding scientific goals, the LPMT readout
electronics must satisfy stringent performance requirements.

= Production and installation of the electronics have been completed with
high yield.

= Detector performance validates that the electronics operate as designed.

23
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LPMT electronics group

Main Electronics Design Institutes
Components

Core ASIC IHEP ; Tsinghua University
Underwater Box IHEP; University of Padova, Italy
High-Voltage Module Joint Institute for Nuclear Research, Dubna, Russia

Dry Electronics Tsinghua University; University Libre Brussel, Belgium
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