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Abstract

The Filling, Overflow, and Circulation (FOC) system is a critical subsystem of
the Jiangmen Underground Neutrino Observatory (JUNO), responsible for the
safe handling of the Liquid Scintillator (LS) and water throughout the detector’s
commissioning and operational lifetime. This paper details the design and oper-
ation of the FOC system, which accomplished the filling of the world’s largest LS
detector—taking 45 days for water (6.4$x104m3)and200daysforLS(2.3x$104
m3). Throughout water filling, the liquid level difference between the Central
Detector and Water Pool was rigorously maintained within safety limits. During
LS filling, level control achieved $£$2 cm precision with flow regulation within
$+%0.5% of setpoints. An automated control system based on Programmable
Logic Controllers and the Experimental Physics and Industrial Control System
framework ensured reliable operation. The system preserved LS radiopurity,
maintaining 222Rn below 1 mBq/m3 during filling and achieving 238U/232Th
concentrations below 10-16 g/g. The successful commissioning and operation
of the FOC system have established it as an indispensable foundation for the
stable long-term operation of the JUNO detector.
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China 3Dongguan University of Technology, Dongguan 523000, China The Fill-
ing, Overflow, and Circulation (FOC) system is a critical subsystem of the
Jiangmen Underground Neutrino Observatory (JUNO), responsible for the safe
handling of the Liquid Scintillator (LS) and water throughout the detector’
s commissioning and operational lifetime. This paper details the design and
opera- tion of the FOC system, which accomplished the filling of the world’ s
largest LS detector—taking 45 days for water (6.4 x 104 m3) and 200 days for
LS (2.3 x 104 m3). Throughout water filling, the liquid level difference between
the Central Detector and Water Pool was rigorously maintained within safety
limits. During LS filling, level control achieved $£$2 cm precision with flow
regulation within $£+8$0.5% of setpoints. An automated control system based on
Programmable Logic Controllers and the Experimental Physics and Industrial
Control Sys- tem framework ensured reliable operation. The system preserved
LS radiopurity, maintaining 222Rn below 1 mBq/m3 during filling and achiev-
ing 238U/232Th concentrations below 10—16 g/g. The successful commission-
ing and operation of the FOC system have established it as an indispensable
foundation for the stable long-term operation of the JUNO detector.

Keywords: JUNO, Central Detector, Liquid Scintillator, Filling System, Au-
tomation

INTRODUCTION

The Jiangmen Underground Neutrino Observatory (JUNO) is strategically po-
sitioned approximately 53 km from the Taishan and Yangjiang Nuclear Power
Plants [1]. The pri- mary physics objective of JUNO is to determine the neutrino
mass ordering (NMO) through measuring the oscillated en- ergy spectrum of
reactor neutrinos emitted by the reactors at at 53 km away and to achieve sub-
percent precision on oscil- lation parameters such as $ $12, Am2 32|. Addition-
ally, JUNO will study solar neutrinos, atmospheric neutrinos, supernova neu-
trinos, cosmic diffuse neutrinos, proton decay, etc, thus advancing research in
these areas [2]. 21, and |Am2 To achieve these physics objectives, the JUNO
Central De- tector (CD) uses 20 kton of Liquid Scintillator (LS) as its target
mass, requiring an energy resolution of 3% at 1 MeV and ultra-low radioactive
background levels. The LS is con- tained within a 35.4-meter-diameter acrylic
sphere (120 mm thick), which is supported by a 41.1-meter-diameter stainless
steel structure, connected via 590 supporting bars. The en- tire CD is sub-
merged in the high purity water of the Water Cherenkov detector and covered
by a plastic scintillator array on the top, which together serve as a muon veto
system. All components in contact with the LS are fabricated from low- radioac-
tivity, LS-compatible materials, subjected to rigorous cleaning procedures to
minimize background, and engineered with high air-tightness to prevent radon
intrusion. For com- prehensive details on JUNO’ s design and its updated
physics * Supported by NO.2023YFA1606100, National Key R&D Program of
China. { Corresponding author, hengyk@ihep.ac.cn i Corresponding author,
lingjj5@mail.sysu.edu.cn § Corresponding author, wuz@ihep.ac.cn goals, please
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refer to the JUNO Conceptual Design Report and recent publications [3].

LS have played a central role in neutrino physics for decades, from the discovery
of the neutrino in the 1950s [4], to the precise measurement of the neutrino mass
squared splitting Am2 21 at KamLAND [5], the measurement of so- lar neutrinos
at Borexino [6], the observation of $ $13-driven neutrino oscillation at Daya Bay
[7]. This sustained suc- cess is attributed to the scalability, homogeneity, ease of
pu- rification, and cost-effectiveness of liquid scintillators. Fur- thermore, they
offer high light yield and detection efficiency, which provide excellent sensitivity.
To satisfy the stringent demands of JUNO, given its massive detector size, the
LS must achieve an attenuation length greater than 20 meters while maintaining
exceptional radiopurity. The key radioac- tive contaminants and their maximum
allowed concentrations are summarized in Table 1 ; for instance, concentrations
of 238U and 232Th must be below 10—15 g/g for reactor neu- trino studies,
and even lower for solar neutrino analyses. The stringent limits on these radio-
contaminants are dictated by JUNO’ s physics goals: 238U and 232Th decay
chains produce backgrounds that can be misidentified as the inverse beta de- cay
signal; 40K emits a 1.46 MeV v-ray contributing to the continuum background;
222Rn, as a gaseous isotope, is a di- rect measure of system leak tightness; and
14C, 7Be, 39Ar, and 85Kr are key backgrounds for low-energy solar neutrino
studies[8].

The optimal LS composition employs linear alkyl loaded with 3 g/L of benzene
(LAB) as the solvent, the fluor and 2.5 mg/L of diphenyloxazole (PPO) as bis(2-
methylstyryl)benzene (bis-MSB) as the wavelength shifter [9]. PPO emits at
360 nm, and bis-MSB shifts the wavelength to 420 nm, matching the PMT
peak efficiency while reducing LS self-absorption, thus achieving both high light
yield and long attenuation length (>20 m) essential for the energy resolution
required for neutrino mass ordering de- termination. This differs from Borexino’s
PC+PPO formula- tion (without bis-MSB)[10], reflecting their different physics
priorities.

The LAB solvent was supplied by the Alkylbenzene Plant of Sinopec Jinling
Petrochemical Co., Ltd.[11], while the PPO and bis-MSB were supplied by Haiso
Technology Co., Ltd[12]. The initial purity of these materials was verified prior
to purification: the concentrations of 238U and 232Th were measured to be at
the 10—15 g/g level in LAB, at the 0.1 ppt level in PPO, and at the ppt level
in bis-MSB.

The JUNO LS production and purification system was meticulously designed
and constructed to fulfill these specifi- cations, capable of providing purified
LS at a rate of 7 m3/h for the CD LS filling. Building on the pioneering
experi- ence of Borexino in achieving extreme radiopurity through distillation,
water extraction, and gas stripping, JUNO scales these techniques to an order-of-
magnitude higher production rate. The system encompasses multiple integrated
plants: a 5000 m3 storage tank for raw LAB and transportation pipeline system
for raw LAB, connecting the surface and underground laboratories; an Alumina
Filtration Plant [13] for optical purification; a Distillation Plant [14] for remov-
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ing heavy metals such as uranium and thorium; and a Mix- ing Plant [15] for
compounding PPO and bis-MSB with LAB into the master solution, which
involves significant purifica- tion of PPO before dilution into the final LS. After
mixing, the LS is transferred to the underground hall via an inclined shaft
pipeline. Subsequent purification stages in the under- ground hall include a
Water Extraction Plant [16] for remov- ing water-soluble elements (e.g., K, Pb,
Ra) and a Stripping Plant [14] for extracting gaseous elements (e.g., Rn, Ar,
Kr), which also reduces the residual water content in the LS to ap- proximately
20 ppm. The system is also equipped with the Online Scintillator Internal
Radioactivity Investigation Sys- tem (OSIRIS) [17] for real-time radioactivity
assay, and sup- ported by auxiliary High-Purity Water and Nitrogen Plants to
supply essential utilities for the purification processes.

A specialized Filling, Overflow, and Circulation (FOC) system has been designed
and implemented to accomplish the precise filling and long-term stable operation
of the ultra-pure LS. This system is responsible for several critical processes:
the initial water filling, which involves the synchronous fill- ing of the CD and
the surrounding Water Pool (WP) to dis- place air—minimizing subsequent LS
exposure—and to pro- vide a final rinse of the CD’s inner surface; the subsequent
LS filling operation, which systematically replaces the wa- ter with LS to fill the
CD—enabling the detector’ s primary data-taking function; the management of
LS overflow to ac- commodate volume changes induced by temperature fluctu-
ations during long-term operation; and finally, providing the capability for online
circulation and re-purification of the LS.

To meet the exceptional demands of the JUNO experiment, the FOC system
incorporates stringent radiopurity controls, high-precision instrumentation, and
a robust automated con- trol system.

This paper provides a comprehensive overview of the FOC system’ s design,
operational procedures, and performance.

Section II details the system’s design philosophy, radiopu- rity requirements, and
architectural components. Section III describes the strategies and implementa-
tion for water filling, LS filling, and overflow management. Section IV summa-
rizes the system’ s results, achievements and outlines future perspectives.

II. FOC SYSTEM: DESIGN AND REQUIREMENTS A. Functional
Overview and System Requirements The primary functions of the FOC
system encompass four critical processes for the JUNO detector: (1) the
initial fill- ing of the CD and WP with pure water; (2) the subsequent
exchanging water with LS in the CD; (3) managing LS over- flow to
accommodate thermal expansion and contraction dur- ing long-term
operation; and (4) facilitating online LS circu- lation for re-purification if
necessary. As the final stage in detector commissioning, the FOC system
must execute these processes while rigorously preserving the structural
integrity of the CD and the optical/radiopurity properties of the LS.

This mandates a comprehensive set of system requirements:
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Ultra-low Background Contribution: The FOC system’ s contribution to the
overall radioactive background in the LS must be minimal. A paramount con-
straint is the concentra- tion of 210Pb, which must not exceed 10—24 g/g in the
LS.

The FOC system is allocated no more than 10% of this total budget. This
requirement drives the need for ultra-high pu- rity materials and exceptional
leak tightness throughout the system.

Liquid Level and Flow Control: Based on the primary function, the system must
provide highly precise and reli- able control of liquid levels and flow rates. This
necessitates high-accuracy sensors and robust control logic to maintain level
differences and flow setpoints within strict safety mar- gins during all phases of
operation.

Automation and Operational Safety: Full automation of the filling processes is
required to ensure reproducibility and minimize human error. This includes the
implementation of a comprehensive multi-mode alarm system and safety inter-
locks (e.g., for level and pressure) to guarantee operational safety and equipment
protection.

Material Purity and Leak Tightness: All components in contact with the LS
or water, including stainless steel tanks, pipes, and valves, must meet stringent
purity and sealing stan- dards. The 238U concentration must be below 0.7
ppb, with an inner surface roughness < 0.4 nm (typically 0.2-0.3 pm) achieved
through electropolishing. Leak tightness is criti- cal for preventing radon ingress;
individual components must achieve a leak rate less than 10—8 mbar - L - s—1,
while assem- bled systems and critical connections (e.g., chimney flanges) must
maintain a leak rate less than 10—6 mbar + L - s—1 through- out the 20-year
operational lifespan. This stringent require- ment is critical for preventing radon
ingress from the under- ground air ( 100 Bq/m3), as even microscopic leaks
would compromise the LS radiopurity.

Table 1. List of the main radio-contaminants in JUNO LS for reactor neutrino
detection and their requirements [2] Radioisotope 222Rn 232Th Contamination
source Air, emanation from material Dust suspended in liquid Dust suspended
in liquid Dust suspended in liquid, PPO JUNO minimum requirements < 5
mBq/m3 < 10—15 g/g < 10—15 g/g < 10—16 g/g < 50 nBq/m3 < 50 nBq/m3
B. System Architecture and Components The architecture of the FOC system
comprises several key subsystems, engineered to handle the large liquid volumes
while adhering to the requirements outlined in Section IT A.

Its core infrastructure includes: Storage and Overflow Tanks: One primary LS
storage tank and two LS overflow tanks, each with a volume of 50 m3, serve as
buffers during filling and circulation. They are crucial for compensating volume
fluctuations caused by tem- perature changes, given the LS’ s thermal volume
coefficient of 8.8 x 10—4 o C—1.

Piping, Chimney, Pumping and Valving Network: A comprehensive network of
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pipelines, the top and bottom chimneys, and valves facilitates the transfer of
water and LS.

All valves and fittings are required to have a helium leak rate < 10—6 mbar -
L -s—1 to prevent radon ingress from un- derground air. Dedicated pump sets
are employed for trans- ferring water and LS. This includes electromagnetic
pumps for LS and self-priming pumps for water, all configured with standby
units for redundancy. All flanges are designed with double O-ring seals and the
space between two O-rings is filled with protection nitrogen. All the connection
points are sealed with gastight nitrogen boxes or aluminum foils as an additional
layer of protection.

Control System: An automated control system, based on PLC and the EPICS
framework, orchestrates all operations. It integrates high-precision sensors, ac-
tuators, safety interlocks, and data management to ensure precise and stable
control. A detailed description is provided in Section II D.

Ultra-Pure Nitrogen System: A dedicated radon-free ni- trogen system, compris-
ing storage tanks, mass flow meters, and bubble bottles, provides a protective
blanket over the FOC tanks, calibration house, and top chimney. This prevents
the LS from exposure to oxygen, moisture, and atmospheric radon.

The overall layout of the FOC system is depicted in Figure C. Cleanliness and
Quality Assurance Stringent cleanliness protocols are mandated for all FOC com-
ponents that contact the LS or water. All internal surfaces undergo a meticulous
multi-stage cleaning procedure to elim- inate organic, inorganic, and particulate
contaminants. The process sequentially includes: degreasing with high-purity
detergents to remove oils, greases, and other organic residues; acid pickling
with a dilute nitric acid solution to eliminate scale, oxides, and metallic contam-
inants from the activated surface; and passivation using concentrated nitric acid
to form a stable, inert chromium oxide layer on stainless steel surfaces, thereby
enhancing corrosion resistance and reduc- ing future radon emanation. These
operations are followed by a thorough rinsing with ultra-pure water (UPW) and
dry- ing under a high-purity nitrogen flush to prevent recontamina- tion. After
drying, components are properly sealed and stored under controlled conditions
to maintain cleanliness. During installation, exposure to ambient air is mini-
mized to prevent recontamination. The acceptance criteria for the final rinse
water are rigorously defined, requiring compliance with the particle count speci-
fications shown in Table 2 and achieving radiochemical contamination levels for
238U and 232Th below 10—14 g/g. These measures are essential to prevent the
intro- duction of particulate or radioactive contaminants that could jeopardize
the detector’ s background levels.

Table 2. JUNO Requirements for the cleanliness of rinsed water [18] Particle
Size Surface density Volume density (counts/0.1 m2) (counts/L) D. Automatic
Control System The FOC automatic control system [19] is a core techni- cal
component, ensuring the safe filling and 20-year stable operation of the 20-
kton LS in the CD. Based on the ISA-88 standard [20], it adopts a four-layer
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architecture (Sensor, Con- troller, Actuator, and Alarm & Data Management
Layers), in- tegrating high-precision hardware and advanced control logic to
meet JUNO’ s physics requirements.

Sensor Layer: All sensors (Endress+Hauser [21]) feature an accuracy better than
0.2% of full scale (FS). Redundancy is implemented for key parameters: the CD
level is monitored by 2 differential pressure level gauges (0.20% FS), 1 laser gauge
(0.10% FS), and 2 chimney differential pressure level sensors; the WP level uses
5 static pressure gauges; tank lev- els employ dual sensors (differential pressure
+ radar, 0.10-0.20% FS). Shielded twisted-pair cables, LC filtering, iso- Fig. 1
[Figure 1: see original paper]|. Schematic of the FOC system layout lators, and
hybrid software filtering are utilized to suppress electromagnetic interference.

Controller Layer: A S7-300 PLC with microsecond-level response forms the
core of this layer. Control software is developed on TIA Portal [22] for Human-
Machine Interface (HMI) based visualization and integrated with EPICS [23]
for cross-system data exchange and real-time status monitoring.

Actuator Layer: This layer includes valves (SED[24], leak rate < 10—6 mbar
- L -s—1, regulating valve accuracy $+$1%, on/off valve response < 1 s) and
pumps (8 units:

CDR|25] electromagnetic for LS, Yamei[26] self-priming for water, all with
standby units). Real-time status monitoring and protection interlocks (e.g.,
level, pressure) are imple- mented.

Alarm and Data Management Layer: This layer is re- sponsible for system-wide
supervision, event logging, and ensuring operational safety. A multi-mode alarm
system integrates on-site audiovisual alerts for immediate operator awareness,
real-time highlighting on the HMI, remote noti- fications for off-site monitor-
ing, and independent hardware emergency stop buttons for critical safety in-
terventions. All operational data—including sensor readings, valve states, and
alarm histories—are stored locally with high reliability and simultaneously syn-
chronized to the Detector Control System (DCS) for distributed access and
long-term archiving.

The integrated control system employs a combination of strategies, including
Proportional-Integral-Derivative (PID) control for continuous parameters like
flow rate, sequential control for complex operational procedures, and comprehen-
sive safety interlocks. Commissioning tests confirmed the flow or liquid level
control accuracy of 0.5%, fully meeting JUNO’ s stringent specifications. The
architecture of the au- tomatic control system is illustrated in Figure 2 [Figure
2: see original paper].

E. Comparison with Previous Large-Scale LS Experiments The FOC system’ s
design reflects the unique challenges posed by JUNO’ s scale and detector config-
uration, which dif- fer fundamentally from previous large-scale LS experiments.

Compared to KamLAND (1 kt) and Borexino (0.3 kt), which used thin nylon
balloons immersed in buffer liquids, JUNO employs a different containment ap-
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proach. Its 20 kt LS is contained in a 35.4-m diameter thin-shell acrylic sphere
that is directly exposed to external water pressure. This con- figuration intro-
duces a critical requirement: precise real-time control of the pressure differential
across the acrylic vessel during filling, strictly adhering to the safety windows
derived from detailed Finite Element Analysis. Furthermore, the to- tal filling
process, including both water and LS, lasted over eight months, demanding a
high degree of automation and long-term operational stability.

Compared to Daya Bay, which employed a three-nested- vessel design with Gd-
doped LS in the innermost acrylic ves- sel, normal LS in the second acrylic vessel,
and mineral oil in the outermost stainless steel vessel—all filled in a dedi- cated
hall before transport to the underground experimental site—JUNO requires in-
situ exchanging of 20 kt of water with lighter LS while maintaining mechanical
safety. This task is complicated by the spherical geometry and the need for
coordination with upstream LS production over many months. The radiopurity
requirements for U/Th are also pushed by three orders of magnitude (from
10—12 g/g to 10—15 g/g). Additionally, while Daya Bay’ s detectors were filled
once and sealed, JUNO’ s FOC must accommodate ther- mal expansion and
enable online circulation throughout its 20-year lifetime.

Thus, while JUNO inherits valuable experience from its InletTankProduct-
TankOSIRISStorage TankOverflow Tank AOverflow Tank B FilterElementsLS
Filling Pipeline CatchpitWater/LS Drainage PipelineCentralDetectorWa-
terPoolCalibrationHouse* BackwaterPure WaterProductionPure Water for
CDPure Water for WPUltrafiltrationUnitsLevel guagePressure transmit-
terTemperature sensorFlowmeterCDR pump Regulating valveTest pipelinel.S
exchangingPW filling From High-purity Nitrogen PlantNitrogenBufferNitrogen-
BufferNitrogen Supply PipelineFOC Nitrogen systemFrom High-purity Nitro-
gen PlantN2 supplyN2 bufferVacuum breaker valveWater Pool (WP)Central
Detector (CD)CD LS filling from topCD/WP water filling from bottomCD
water /LS drainage from bottomWater filling

5 Fig. 2. FOC automatic control system predecessors, the FOC system rep-
resents a significant tech- nological advance necessitated by the unprecedented
scale, geometry, and operational lifetime of the JUNO detector.

ITI. LIQUID MANAGEMENT DESIGN AND OPERATION This section pro-
vides a comprehensive overview of the control strategies, operational ex-
ecution, and performance outcomes for the key liquid handling processes
managed by the FOC system: water filling, LS filling, and LS overflow
management. For each process, we first describe the underly- ing control
logic and design considerations, followed by a de- tailed account of the op-
erational implementation, challenges encountered, and the final achieved
results. This integrated presentation highlights the seamless transition
from theoret- ical control principles to practical execution, demonstrating
the system’ s robustness and adaptability in meeting JUNO’ s stringent
requirements.
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A. Water Filling

1. Control Strategy and Logic

To minimize LS exposure to air, the air inside the CD must first be replaced
with water or ultrapure nitrogen, followed by replacing the water or ultrapure
nitrogen inside the CD with LS. To reduce engineering risks, the filling scheme
of replacing water with LS is adopted.

The pure water production system, with a capacity of 100 m3/h, was devel-
oped to meet stringent requirements for detector filling and operation. The
final product water must satisfy radiopurity criteria including 222Rn < 10 mBq
m—3, 226Ra < 50 pBq m—3, and 235U/232Th concentrations be- low 10—15 g
g—1, along with physicochemical specifications of 20 o C temperature, dissolved
oxygen < 10 ppb, and re- sistivity > 18 M) - cm. The purification employs a
two- stage process. Aboveground pretreatment includes bag fil- tration, multi-
media filtration, activated carbon adsorption, radium-removal softening resin
columuns, and primary Re- verse Osmosis (RO). The water is then transported
via a 1300 m stainless-steel pipeline to the underground facility for further pol-
ishing through secondary RO, Electrodeionization (EDI), 0.1 um cartridge filtra-
tion, UV sterilization, and ad- vanced radon removal using a five-stage degassing
membrane system augmented by microbubble technology. This configu- ration
achieves a radon removal efficiency exceeding 99.9 %, reducing concentrations
to (0.61 £ 0.50) mBq m—3 in recir- culation mode. For CD filling, an additional
Ultrafiltration (UF) step is implemented, with approximately 5 m3 h—1 wa- ter
loss during this process. The system operates in both fill- ing and recirculation
modes to support initial commissioning and long-term detector operation [27].

Prior to water filling, the Acrylic Spheroidal Vessel (ASV) undergoes compre-
hensive cleaning to meet ultra-high purity standards. This process includes
reducing airborne dust via water mist spraying, mitigating radon through natu-
ral decay, and stripping protective films/cleaning the acrylic inner sur- face with
high-pressure rotary nozzles. Those films were ap- plied during the ASV instal-
lation to prevent airborne radon from penetrating the acrylic material, while
also providing an additional protective layer for the acrylic. Concurrently, the
commissioning pipeline tests and debugs the water filling au- tomatic control
system to ensure reliability.

The main challenge in synchronizing the CD and WP wa- ter filling was
managing their differing cross-sectional areas, which vary with height. The
paramount objective was to maintain the liquid level difference (AH, defined as
HCD — HWP) strictly within the safe limits predetermined by finite element
analysis (FEA) [28]. Controlling AH is essential to protect the structural
integrity of the acrylic sphere; exceed- ing these limits would induce stresses
beyond design speci- Sensor layerActuator layerAl signalAO DOsignalDI
signalValvePumpLevel gaugeFlowmeterController layerOptical fiberSwitch-
Touch screen(TTIA HMI)Industrial PC(EPICS HMI&Data management)PLC
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Module(cabinet)sshMonitor ~PC(ground  dutyroom)DCSHTML  monitor-
Sound and light alarmWiringFlashing highlightFlashing highlight&Alarm
data recordingHeartbeat packetEthernetAlarm and data management layer
(underground)Alarm and data management layer (ground)

6 quarter of the absolute design limit (providing a sig- nificant safety margin),
a strict “on-off” control mode was automatically activated. In this mode, filling
to the vessel with the higher level was completely halted, and flow was directed
exclusively to the other vessel until the level difference was reduced to a safe
value. o Special Handling at Critical Structural Regions:

Recognizing the non-linear volume changes and heightened mechanical sensitiv-
ity near the detector’ s South Pole, North Pole, equatorial region, and chim-
ney interfaces, the control logic incorporated tailored measures for these zones.
This included significantly reduced flow rates or the exclusive use of the cautious
“on-off” filling mode to absolutely ensure mechanical safety and prevent exces-
sive stress on the acrylic ves- o« Mitigation of Liquid Column Separation: The
sig- nificant 44 meter static head loss in the vertical fill- ing pipelines created
a risk of column separation. This phenomenon can be visualized as the water
column un- dergoing a free fall within the pipe, which can tear the continuous
liquid apart, creating discrete segments and pulling a vacuum between them.
Physically, this occurs when the local pressure drops below the vapor pressure
of the liquid, leading to the formation of vapor cavities.

The subsequent collapse of these cavities can generate destructive water hammer.
To mitigate this, vacuum break valves were installed on both the CD and WP
filling lines. For the CD line, where the introduction of air was strictly prohibited
to maintain radiopurity, a

1500 L nitrogen buffer tank was implemented instead.

This tank supplied high-purity nitrogen at a controlled rate of approximately
15 m3 h—1 to compensate for the pressure drop and prevent a vacuum, thereby
ensuring safe and stable flow.

2. Operational Implementation and Results

The water filling operation was meticulously executed in one pre-stage and three
filling stages (Figure 4 [Figure 4: see original paper]), each tai- lored to the
specific geometric and mechanical challenges presented by different regions of
the detector:

Pre-stage - ASV Cleaning: This initial stage was success- fully completed, with
all measured parameters exceeding the stringent predefined specifications. A
pure water mist gen- erator was employed to suppress airborne dust, signifi-
cantly improving the internal air cleanliness from Class 100,000 to Class 100.
Throughout the cleaning process, the distribution and flow rate of the rinse
water were precisely managed by the FOC system. Particulate contamination
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levels and absorption spectra of the rinse water fully complied with the techni-
cal standards. Crucially, the cleaning procedure resulted in the near-complete
removal of protective films, and the rinse wa- ter achieved exceptional ultralow
radiochemical contamina- tion levels.

Fig. 3 [Figure 3: see original paper]. Limit of the height difference (AH) be-
tween the CD and WP during water filling [28] fications, where the maximum
axial tensile forces on support bars must not exceed 90 kN and the maximum
axial compres- sive forces must not exceed 150 kN. As visualized in Figure 3,
a larger allowable range on the left (negative AH), which in- dicates that the
spherical acrylic vessel can withstand a higher external pressure from the WP
than internal pressure. Conse- quently, a slightly higher WP level was per-
mitted during the water filling process. The implemented control strategy was
multifaceted and relied on several key pillars: ¢ WP Level as Primary Refer-
ence: The real-time WP level, being highly accurate and stable, served as the
primary control parameter. Accurate assessment of the CD level, susceptible
to dynamic flow interference, re- quired periodic intentional pauses in filling.
e Guidance Flow Rate Calculation: The required flow rates into the CD and
WP branches were continuously calculated based on the precisely known geome-
tries of the CD sphere, the WP cylinder, and all internal struc- tures (such as
PMTs, electronics boxes, and the support grid), combined with the total avail-
able water flow rate ( 90 m3/h). o PID Control for Flow Distribution: Two
sets of pneu- matically actuated regulating valves, one for the CD branch and
another for the WP branch, were controlled by PID algorithms. These valves
automatically ad- justed their opening to distribute the inlet flow, striv- ing to
achieve synchronized rising of the liquid levels in both vessels. ¢ Multi-Tiered
Compensation Logic: If the measured level difference (AH) indicated that one
vessel was lagging, the guidance flow rate for that branch was in- creased in
predefined incremental steps (1%, 3%, or 5%) to expedite its filling and correct
the imbalance. ¢ Stringent Safety Interlock: As a paramount protec- tive mea-
sure, if AH exceeded a threshold set at one- turn, caused the water level in the
top chimney to rise syn- chronously with the WP level, even without active CD
filling.

During actual operations, only minimal supplemental filling was required for
final level adjustment.

Fig. 4. Three filling stages of water filling (a) Water level changes Stage 1 -
South Pole Region: This stage involved filling the WP volume below and at the
South Pole while intermit- tently synchronizing the filling of the CD’ s South
Polar re- gion itself, the CD filling pipelines, and the bottom chimney.

Given the extremely small volumes of the CD components in this area ( 200 m3
for the South Polar region) compared to the WP, achieving synchronized level
rise was exception- ally challenging. Consequently, a conservative “on-off” mode
was employed. The WP was filled continuously at a high rate of 75 m3/h.
After every 20-30 cm rise in the WP level, the filling process was briefly paused
to allow for minimal- flow (1-2 m3/h) topping-up of the CD-related components
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until their levels matched the new WP height. This method ensured successful
and safe filling of this critical region.

Stage 2 - Interpolar Region: Covering the vast volume between the poles, this
stage benefited from slower and more predictable changes in the cross-sectional
areas of both the CD and WP. The CD filling pipeline could now sustain a
sta- ble controlled flow of 8 m3/h. The primary control logic involving PID-
controlled valve adjustment and guidance flow rate calculation was deployed
here. A total filling rate of 80 m3/h was maintained. To accommodate nec-
essary daily maintenance of the pure water production system (e.g., filter bag
replacements) and to enable accurate verification of the level difference through
periodic pauses, two scheduled daily reductions or interruptions in the total fill-
ing flow were incorporated, ensuring both operational efficiency and detec- tor
safety.

Stage 3 - North Pole & Top Chimney: Similar to Stage 2, this final stage handled
the North Polar region of the CD (volume 200 m3) and the top chimney
separately from the remaining WP volume. The “on-off” mode was rein- stated
for the North Pole region. A significant and advan- tageous phenomenon was
observed for the top chimney: with over 23,000 m3 of water already inside
the CD, when CD filling was paused and WP filling continued, the increasing
hydraulic pressure from the rising WP level caused a slight elastic contraction
of the CD sphere. This contraction, in (b) Filling flow changes Fig. 5 [Figure 5:
see original paper]. Level and flow changes during the water filling process The
entire process of filling approximately 6.4 x 104 tons of ultra-pure water was
completed successfully within 45 days, commencing on December 18th, 2024,
and concluding on February 1st, 2025. Throughout the operation, the flow
rate was precisely controlled, with the actual flow maintained within $+1 $H)
throughout the entire filling period consistently remained within the safe design
require- ments stipulated by the mechanical analysis (Figure 3).

During filling, water was injected through the bottom in- let while pool tem-
perature was continuously monitored. For long-term operation, the top and
bottom distributors enable independent control of inlet temperature and flow
for active thermal regulation to counteract heat ingress from the sur- rounding
rock and PMT electronics. The target temperature for the water pool is 21 +
1,0 C, which has been achieved following the completion of filling.

Central Detector(CD)Water Pool (WP)CD FillingWP FillingStage 1Stage
2Stage 32024-12-192024-12-262025-01-022025-01-092025-01-162025-01-232025-
01-30Date051015202530354045Liquid Level [m]WP Liquid LevelCD Liquid
Level2024-12-192024-12-262025-01-022025-01-092025-01-162025-01-232025-01-
30Date0102030405060708090100/h]3Filling Flux [mWP Filling FluxCD Filling
Flux

8 uid level inside the CD was deliberately and incrementally raised during the
filling process. This level adjustment aimed to shift the pressure equilibrium
point close to the vessel’ s equator, with the goal of minimizing the resultant
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pressure differential across the acrylic vessel. The primary objective of this strat-
egy was to reduce the maximum stress on the spher- ical structure throughout
the exchange. Consequently, the control strategy was designed to maintain the
pressure equi- librium point near the ASV’ s equator by gradually increasing
the CD liquid level during the filling process. Ultimately, the design required
the final LS level to be maintained several meters above the external WP water
level to ensure a safe and stable pressure differential throughout the detector’ s
opera- tional lifetime.

The control logic for the LS filling was designed to manage this dynamic process
automatically and safely: o Real-time Level Guidance and LS/Water Interface
Tracking: The control system relied on multiple re- dundant sensor inputs. Two
sets of differential pres- sure level gauges installed on the CD chimney provided
the primary measurement of the LS surface level. The position of the LS-water
interface inside the CD was tracked in real-time based on the total volume
of LS injected and water drained, and was continuously val- idated against
measurements from four additional CD level gauges and independent float level
gauge read- ings. ¢ Flow Control and Balancing: The primary control objective
was to maintain the LS surface level within $+$20 cm of its expected value at
any given stage. The water drainage flow rate was typically fixed at the nom-
inal production rate of 7 m3/h. The LS injection flow rate was then finely
adjusted around this baseline value using regulating valves and auxiliary pump
frequency control, based on the real-time discrepancy between the actual and
target LS levels. e Periodic Recalibration and Phase Management:

Recognizing potential deviations from ideal conditions (e.g., slight mismatches
in inflow/outflow, density vari- ations), the LS filling process was programmed
for pe- riodic pauses. During these pauses, the current state of the LS filling
(the current * phase’ ) was thoroughly reassessed based on the most accurate
level measure- ments. The guidance flow rates for the subsequent seg- ment were
then adjusted accordingly, often involving compensatory increases or decreases
in the LS injec- tion rate to bring the levels back in line with the pres- sure
differential limits defined for that specific stage of the operation. e Stringent
Safety Interlock: The utmost priority was the structural integrity of the ASV.
The control system continuously monitored the calculated pressure differ- ential
across the acrylic vessel. If this differential ap- proached a predefined maximum
allowable threshold (derived from FEA), a paramount safety interlock was (a)
Start of Water filling (detector bottom) (b) Completion of Water filling (detector
top) Fig. 6. Photos of the water filling process (Credit: Yuexiang Liu) B. LS
Filling

1. Control Strategy and Logic

Following the successful completion of water filling, the CD interior was purged
with ultrapure nitrogen that had a 222Rn contamination level below 10 pnBq/m3,
the critical LS filling operation commenced. This process involved the con- tin-
uous injection of purified LS into the CD from the top chimney while simul-
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taneously draining the water from the bottom pipeline. The LS was supplied
at a nominal rate of 7 m3/h by the dedicated JUNO LS production and purifi-
cation system [9], which encompasses nine subsystems in- cluding storage, alu-
mina filtration, distillation, mixing, wa- ter extraction, gas stripping, online
radioactivity monitoring (OSIRIS), along with ultrapure water and high-purity
nitro- gen supply systems for comprehensive purification and qual- ity assurance.

The primary challenge, central to the control strategy, arose from the significant
density difference between LS (p 0.856 g/cm3 at 21 oC) and water. As the
lighter LS pro- gressively exchanged the pure water in the CD, the increasing
buoyant force exerted on the submerged acrylic vessel raised the risk of mechan-
ical failure. To mitigate this risk and man- age the pressure differential across
the acrylic vessel, the lig- triggered. This interlock activated an “on-off” LS
fill- ing mode, which immediately halted either LS injec- tion or water drainage
(whichever action would most effectively reduce the pressure differential) until
the condition returned to a safe range. e Coordination with LS Production:
The FOC sys- tem’ s extraction of LS from the product tank needed to be syn-
chronized with the production plant’ s output rate of 7 m3/h. In the absence
of a dedicated flow meter on this transfer line, synchronization was achieved by
periodically fine-tuning the transfer pump’ s frequency based on the measured
liquid levels in both the LS product tank and the FOC storage tank, ensuring
a dy- namic balance between production and consumption for the LS filling. e
Backup of Water Drainage Capability: A backup de- sign consideration was the
evolving hydraulic head for water drainage. As LS replaced the denser water and
the LS/water interface descended, the static pressure difference between the CD
and the WP gradually in- creased. This meant the self-priming drainage pumps
effectively had to lift water from an increasingly greater depth, equivalent to
a suction head rising from an initial 0.5 m to a design maximum of approxi-
mately 4 m. To safeguard against potential pump performance degra- dation
or instability under this varying load, a vacuum- assisted backup system was
engineered. Although this system was never activated during actual operation,
as the primary drainage system maintained stable perfor- mance throughout the
entire LS filling process, its de- sign and integration provided a critical safety
margin to ensure the continuous outflow rate of 7 m3/h under all anticipated
conditions.

2. Operational Implementation and Results

The LS filling operation was executed in a carefully se- quenced manner, priori-
tizing both system verification and ra- diopurity assessment:

Initial Batch and Purity Check (Feb.8-10, 2025): The operation commenced
with the successful injection of an ini- tial batch of 100 m3 of LS. This batch
was then held within the CD for several days to acquire data. This waiting
period allowed for the decay of any 222Rn that was not in secular equilibrium
with its parent nuclide and provided the first cru- cial opportunity to assess
whether the intrinsic radiopurity of the newly produced scintillator met the
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experiment’ s stringent requirements using the OSIRIS system.
Commencement of Continuous Filling (Feb.25, 2025):

Following the positive initial assessment, the purification plants were configured
for round-the-clock operation, and the continuous phase of LS filling began. A
deliberately cautious approach was adopted initially: the filling rate was set
to a low range of 1-2 m3/h for the first few hours. This allowed for a final
verification of the stability and safety of the entire integrated supply chain—
from production to injection—and the CD’ s response to the ongoing LS filling.

Running-in Phase (Feb.25 - Mar.10, 2025): After the ini- tial verification, the
flow rate was promptly ramped up to its nominal value of 7 m3/h. This period,
lasting approximately two weeks, is identified as the running-in phase for the
filling system supporting the LS filling. During this phase, contin- uous 24/7
operation could not yet be fully sustained due to teething issues and planned
initial adjustments, resulting in an operational availability of approximately
50%.

Stable Operation Phase (Mar.11 - Aug.22, 2025): From March 11th onward,
the system entered a period of highly sta- ble operation for the LS filling.
Near-continuous 24/7 filling was achieved with significantly improved reliability,
boast- ing an operational availability of 90%. Throughout this entire period, the
control system demonstrated exceptional perfor- mance: the liquid level inside
the CD was meticulously main- tained within a variation of $+$2 cm of the
predetermined tar- get level trajectory, and the LS filling flow rate was precisely
controlled within an accuracy of $+$0.5% of the setpoint. This high-precision
flow control is essential to maintain a quies- cent LS surface, ensure the liquid
level difference balance, and maintain a stable balance with the upstream LS
produc- tion rate to avoid supply-demand imbalance.

Throughout the LS filling process, comprehensive radiop- urity monitoring was
implemented to ensure ultra-low back- ground levels, consistent with the re-
quirements for JUNO’ s physics goals. Real-time 222Rn activity monitoring was
achieved by tagging 214Bi-214Po cascade decays in the CD data stream, com-
plemented by periodic batch testing of 3- 5 tons LS samples using the OSIRIS
system. The average 222Rn contamination in the filled LS was measured to be
less than 1 mBq/m3, which is well below the design requirement of 5 mBq/m3
[29]. This excellent performance was attributed to the stringent leakage control
measures, continuous nitro- gen purging of the filling system and CD chimney,
and the high-efficiency radon removal in the LS purification chain.

Furthermore, independent radiopurity monitoring was con- ducted using In-
ductively Coupled Plasma Mass Spectrom- etry (ICP-MS), a highly sensitive
technique capable of de- tecting trace levels of 238U and 232Th [30]. In this
method, uranium and thorium are first extracted from the liquid scin- tillator
via acid digestion, concentrated, and then introduced into the ICP-MS sys-
tem for quantitative analysis. With strin- gent cleanliness control throughout
sample preparation—including the use of ultra-pure reagents and meticulously
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cleaned labware—the method achieves recovery efficiencies close to 100% and a
detection limit at the sub-ppq level. The ICP-MS results confirmed that the
concentrations of 238U and 232Th in the LS were maintained below the 10—16
g/g level throughout the filling process. This provides direct evidence that the
FOC system did not introduce contamination from these critical long-lived ra-
dioisotopes.

Following the completion of LS filling, an integrated ra- diopurity analysis of
the LS within the CD fiducial volume was performed. The results confirmed
that the concentrations of 238U and 232Th were successfully maintained below
the 10—16 g/g level, along with an initial 210Po rate of approx- imately 5
x 104 cpd/kton [29] [31], fully meeting the strin- gent requirements for both
neutrino mass ordering and solar neutrino studies. This demonstrates that the
FOC system ef- fectively prevented the introduction of external contaminants
throughout the filling process, thereby preserving the ultra- high radiopurity of
the LS.

The monumental task of LS filling 2.3 x 104 m3 of water with LS was success-
fully concluded on August 22nd, 2025, after a total duration of 200 days. Fol-
lowing the main LS filling, an additional 80 m3 of LS was deliberately drained
from the bottom of the detector. This volume, which con- stituted the initial
batch filled into the CD, was purged due to its higher contamination risk from
prolonged contact with residual water and particulates introduced during the
initial pipeline flushing. This operation functioned as a one-time, unidirectional
flushing cycle aimed at removing the poten- tially compromised scintillator from
the detector’ s lowest point, thereby ensuring the final optimal purity within
the CD.

It is noteworthy that this process can be regarded as a spe- cific form of circula-
tion, albeit without routing the drained LS back through the external purifica-
tion system. The con- trol logic and operational procedures for this operation
were fundamentally similar to those implemented for the online LS circulation
described in Section III C.

The downward migration of the water/LS interface and the corresponding in-
crease in the total LS volume inside the CD throughout the LS filling process
are clearly depicted in Fig- ure 7. The flow rate stability during the stable phase
is illus- trated in Figure 8 [Figure 8: see original paper].

Fig. 7 [Figure 7: see original paper]. LS/Water interface and LS volume changes
during the LS filling process The LS filling process concluded with the liquid
level in the CD stabilized at approximately 47 meters. At this liquid level, the
detector exhibited stable and safe mechanical con- ditions, as validated by the
continuous monitoring of the sup- port rod forces throughout the entire exchange
period. The measured forces on the rods showed general agreement with the
FEA predictions within acceptable margins. The moni- toring data confirmed
that the maximum compressive force on the rods was around —160 kN, and
the maximum tensile force was around 99 kN. A few individual rods exhibited
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readings moderately higher than the FEA predictions, not ex- ceeding 10% of the
maximum design values. The prelimi- nary assessment attributes this deviation
to potential factors such as the connection and installation details between the
rods and the acrylic vessel. This aspect will continue to be Fig. 8. Flow changes
during the LS filling process monitored closely. Overall, the mechanical data
indicate a very low risk of structural damage to the acrylic vessel or its support
structure due to overstress under the current loading conditions.

Inevitably, during the extended stable operation period of the LS filling, several
intermittent filling stops occurred.

These were primarily attributed to two factors: temporary shortages of the
raw LAB material from the supplier, and nec- essary adjustments and mainte-
nance of the equipment. These intervals were utilized productively to conduct
an intensive detector calibration campaign, which yielded valuable data for en-
hancing the understanding of the detector’ s response and refining subsequent
data analysis parameters.

C. LS Overflow and Circulation

1. Control Strategy and Logic

During the long-term operation of the JUNO detector, the FOC system’ s role
transitions from filling to managing the thermal dynamics of the large LS volume.
The thermal vol- ume expansion coefficient of LS (8.8 x 10—4/ o C) means that
temperature fluctuations may cause significant volume changes—approximately
20 m3 per 1 o C change for the CD volume—which must be accommodated to
maintain stable pressure conditions inside the sealed CD. The overflow sys- tem
is specifically designed to handle these LS volume varia- tions. The strategy
for managing this employs a combination of passive and active mechanisms: e
Passive Thermal Regulation via Overflow Tanks:

The primary buffer for routine temperature fluctuations is provided by two
dedicated overflow tanks. These tanks are connected to the CD’ s top
chimney. For mi- nor temperature variations, the resulting LS volume change
is passively absorbed or replenished by these tanks through gravity-driven
flow without any active intervention. 2025-02-112025-03-132025-04-122025-05-
122025-06-112025-07-112025-08-10Date0510152025303540Height of LS/water
Interface [m]0500010000150002000025000]3Total LS Volume in CD [mHeight of
LS /water InterfaceTotal LS Volume in CD2025-02-112025-03-132025-04-122025-
05-122025-06-112025-07-112025-08-10Date012345678910/h]3Exchanging Flow
Rate [mLS Filling FlowWater Drainage Flow

1 design value. Consequently, the liquid level in the intercon- nected FOC
overflow tanks was also correspondingly lower.

This reduction decreased the tanks’ effective cross-sectional area for buffering
level variations, reducing the system’ s pas- sive overflow capacity to approxi-
mately 80% of its nominal design value.
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To maintain detector stability under this adapted configu- ration, two key mea-
sures were implemented:

The operational liquid level variation was constrained to within $£$5 cm to min-
imize level-induced pressure variations on the acrylic vessel, a key requirement
for mechanical safety.

This liquid level tolerance is well within the high-precision control capabilities
of the automated system, which can main- tain level stability at this or even
finer scales, thereby provid- ing a robust safeguard for the detector’ s structural
integrity.

An active liquid level adjustment function was integrated into the automatic
control system to compensate for the re- duced passive capacity. This system dy-
namically regulates the liquid level in the overflow tanks through small-volume
transfers to and from the storage tank, maintaining precise balance with the CD’
s requirements. The control loop has been thoroughly validated and remains
operational, ensuring long-term detector stability. e Active Volume Adjust-
ment via Storage Tank: For larger temperature shifts, the system switches to
active mode. A separate storage tank is employed for this pur- pose. When
the temperature drops significantly, valves and pumps are activated to trans-
fer LS from the stor- age tank into the CD circuit to compensate for the con-
traction. Conversely, when the temperature rises sig- nificantly, the expanded
LS volume automatically over- flows into the overflow tanks. If needed, LS
is actively transferred from the overflow tanks to the storage tank to prevent
overfilling. e Online Purification Circulation: To further reduce impurities over
the detector’ s lifetime, the LS can be continuously purified through an online
circulation loop. LS is extracted from the bottom of the CD, passed through
external purification systems (e.g., water ex- traction, gas stripping), and then
reinjected into the top of the CD. Computational Fluid Dynamics (CFD) sim-
ulations were employed to optimize this process [3].

The simulations revealed that the efficiency of purify- ing the entire CD volume
depends on the temperature difference between the injected and in-situ LS. By
ap- propriately controlling the temperature of the purified LS relative to the
CD LS, convection currents can be suppressed to improve circulation efficiency.
Based on these studies and the hydraulic characteristics, the op- timal flow rate
for this purification circulation was de- termined to be 7 m3/h. Following the
completion of LS filling, temperature monitoring using the Automatic Calibra-
tion Unit (ACU) [32] shows that the LS within the CD exhibits a highly uniform
temperature distribu- tion, with measured values ranging from approximately
21.050 C at the top to 21.02 0 C at the bottom.

2. Operational Implementation and Results

Fig. 9 [Figure 9: see original paper]. Liquid level changes of overflow tanks and
CD during JUNO operation Following the completion of the LS filling on August
22nd, 2025, formal data acquisition for the JUNO experiment com- menced on

chinarxiv.org/items/chinaxiv-202603.00046 Machine Translation


https://chinarxiv.org/items/chinaxiv-202603.00046

ChinaRxiv [$X]

August 26th, 2025. The overflow system immedi- ately became active to manage
diurnal and other minor tem- perature variations.

The initial operation of the designated dedicated overflow pipeline encountered
a technical challenge: an airlock phe- nomenon prevented the establishment
of a reliable hydraulic communication between the overflow tanks and the top
chim- ney of the CD. To promptly resolve this and ensure detector stability, the
original LS filling pipeline was repurposed as a backup overflow pathway. This
solution proved effective; the overflow process through this backup line operated
smoothly, achieving overflow rates exceeding 2 m3/h, which adequately met the
initial operational requirements for handling thermal expansion.

However, to ensure mechanical safety, the final LS filling level was intentionally
stabilized at approximately 47 meters, as validated by force monitoring data as
mentioned in Sec- tion III B 2. This operational liquid level is below the original
As observed in Figure 9, the liquid levels in the overflow tanks and the CD
exhibit excellent synchronization. Cur- rently, during the initial phase shortly
after the completion of LS filling, the entire detector is undergoing a gradual cool-
down. This results in a combined effect of thermal contrac- tion in both the LS
and the acrylic vessel itself, accompanied by elastic deformation of the spherical
structure due to the changing liquid head. These factors collectively contribute
to a progressive decrease in the liquid level. Under these condi- tions, the active
replenishment function is activated, transfer- ring LS into the CD to raise its
liquid level slightly. This proactive compensation is crucial for maintaining the
me- chanical stability of the detector structure during this tran- sitional phase.

IV. SUMMARY The Filling, Overflow, and Circulation system has
been successfully commissioned and has demonstrated its critical
10/0410/0510/0610/0710/0810/0910/1010/1110/1210/1310/1410/1510/1610/17Dated7.0747.0847.0947.1
Liquid Level [m]0.510.520.530.540.550.560.57Overflow Tank Liquid Level
[m]CD Liquid LevelOverflow Tank Liquid Level
1 role in JUNO. Through meticulous design and robust auto- mated con-
trol, the system safely and precisely managed the large-scale liquid han-
dling operations, ensuring the structural integrity of the CD and preserv-
ing the exquisite optical and radiopurity properties of the LS. Its accom-
plishments can be summarized in three key aspects:

First, the FOC system has accomplished the filling of the world’ s largest liquid
scintillator detector, taking 45 days for the initial water filling of approximately
6.4 x 104 tons and 200 days for the subsequent LS filling of 2.3 x 104 m3,
with 90% operational availability during stable operation, while also ensuring
the functionality of overflow management and future circulation.

Second, the integration of an automated control system based on PLC and
EPICS software provided the founda- tion for this success, enabling real-time
monitoring, precise control, and robust safety interlocking throughout all opera-
tions. The system has achieved fully automated liquid con- trol, meeting strin-
gent requirements for high-precision liquid level control within $£+$2 c¢cm and
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flow rate regulation within $+80.5% of setpoints.

Third, the design and operation of the FOC system have satisfied the demand-
ing criteria of ultra-low background, minimal leakage, and long-term structural
safety and relia- bility. The stringent radiopurity controls—including the use of
ultra-high purity materials, meticulous cleanliness proto- cols, and exceptional
leak tightness (helium leak rate < 10—6 mbar-L « s—1 for assembled systems)
—were instrumental in preserving the LS purity throughout the filling process.
This foundational role is demonstrated by two key achievements: the mainte-
nance of 222Rn concentration below 1 mBq/m3 in the fresh LS during filling,
and the establishment of the condi- tions necessary for the outstanding ulti-
mate radiopurity levels later confirmed by detector operation, which include
238U and 232Th concentrations below 10—16 g/g and an initial 210Po rate
of approximately 5 x 104 cpd/kton. These collective re- sults underpin the
detector’ s potential for achieving its pre- mier physics goals.

JUNO’ s physics goals demand ultra-low backgrounds (238U/232Th < 10—15
g/g) and 3% energy resolution at

1 MeV. These requirements impose constraints rarely
encoun-

tered in industry: semiconductor-grade radiopurity for LS and water, leak tight-
ness below 10—6 mbar - L/s over two decades, and surface roughness < 0.4 pm
for all wetted materials. The FOC system achieves these through precise back-
ground con- trol, stringent material selection, and cleanliness protocols.

The control system operates from 100 m3/h during water fill- ing down to 7 m3/h
for LS filling, maintaining $+3$0.5% flow stability and $+$2 c¢m level control over
six months LS filling period—protecting the acrylic sphere and coordinating with
upstream production. The fully automated PLC/EPICS sys- tem integrates
redundant sensors, alarms, and interlocks for long-term reliability, with overflow
management and online circulation for 20-year detector life support.

Looking forward, the established FOC infrastructure and operational expertise
provide a solid foundation for future JUNO upgrades. Specifically, the system
is designed to sup- port potential next-phase physics programs, by enabling con-
tinuous online LS circulation to achieve even higher purity levels. Also it can
replace LS for the research of neutrinoless double-beta decay. JUNO advances
large-scale LS detector technology through its scale (20 kt), energy resolution
(3% at

1 MeV), radiopurity control, automated fluid handling, and

mechanical innovations—providing a foundation for future generation experi-
ments.
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In summary, the FOC system has proven to be a reliable, adaptable, and in-
dispensable component for JUNO. Its suc- cessful implementation underscores
the importance of inte- grated design, automated control, and continuous mon-
itoring in large-scale neutrino detector operations, providing a solid foundation
for JUNO’ s scientific exploration over its planned 20-year lifetime and beyond.
The design principles, control strategies, and lessons learned from this project
offer valuable insights for other large-scale, high-purity liquid-based detec- tors
in particle physics and related fields.
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