
Takashi Naoe, Hiroyuki Kogawa, Akiyoshi Futakawa, Hidetaka Kinoshita, 
Takashi Wakui, Shuna Fujita, Yoshinori Kikuchi, Taichi Endo, Tetsuya Kai, 
Shiho Masuda, Yoshihiko Kawakami, Masahide Harada 
Neutron Source Section, MLF Division 
J-PARC / JAEA

Experiences of remote maintenance for the mercury 
target system for the pulsed neutron source

400 GeV Linac (25Hz)

3 GeV synchrotron(RCS)

30 GeV synchrotron (MR)

Neutrino

HadronMLF 
Materials and Life Science 

Experimental Facility



The 25th International Collaboration on Advanced Neutron Sources (ICANS-XXV) Apr. 2026

Outline

• Mercury target system in MLF/J-PARC 

• Mercury pump replacement 

• Leak from mercury flange 

• Mockup experiment for metal seal replacement 

• Metal seal replacement 

• Power cables replacement 

• Summary
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400 MeV linac 
(25 Hz)

3 GeV synchrotron 
(25 Hz)

30 GeV synchrotron (Main Ring) Hadron experimental 
facility

Neutrino 
experimental 

facility

MLF

3

S1

S2 H2

H1

25 m

Muon target@MLF 
Rotating graphite

Proton beam window 
Aluminum (A5083)

30m

Neutron target 
Liquid mercury with 316SS vessel

Target trolley
Helium vessel

Materials and Life Science Experimental Facility (MLF)
540

2000

330

Hot-cell

Moderators

• Proton&neutron irradiation 
• Thermal stress cycle 
• High-radioactivity

Hydrogen 
system

Pulsed neutron source in MLF/J-PARC
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Power upgrade histories of muon and neutron target

Beam power
Accum. power

1 MW single shot 1 MW user operation 1 MW stable operation

#1
#3

#5
#7

#2

#8
#9

#11
#10

#14 #13
#15

Target vessel 
(fabrication number)

#16

#12

Surface hardening
Mercury target 
Damage mitigation technique

Bubble injection

- Successfully achieved stable 1 MW operation (MLF goal) for two months in April 2024 using Target #15 
- Experienced issues: reduction of insulation resistance pump & cables, flange leak etc….

Double walled structure

Bubble generator

Proton beams

Mercury flowBe
am

Narrow  
channel (~4 m/s)

Bulk flow 
( 1m/s)

Outer wall (3 mm)
Inner wall (5 mm)

Microbubbles

Damage mitigation techniques

Cavitation erosion 
inside vessel
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Mercury target system

500 mm

Motor (90 kW)

Magnet rotor

Mercury duct

N

S

S S

S

N

N

N

Mercury flow

Cross section

Permanent Magnet Pump Unit

Helium vessel

Neutron 
reflector

Surge tank 
(0.7 m3) Mercury pump Heat exchanger 

 (550 kW)

Trolley drain tanks 
(Total capacity: 2.7 m3)

 
Trolley driving 

mechanism 
(Max. 20 mm/s)

Gas supplying 
system

Bulk shielding 
blocks

Target vessel

Shielding part Mercury system part

Target trolley

Split mercury tanks

Mercury circulation system  
   Inventory: 1.5 m3 
   Rated flow rate: 41 m3/h

• Permanent magnet rotating mercury pump, drives mercury by Lorentz force and completely enclosed structure, was 
adopted to eliminate the leak from motor rotating shaft 

• To reduce the loss of magnetic force inner/outer duct thickness were designed to 3mm/5mm 

• Annual inspections of vibration and duct thickness measurement for erosion inspection in every year, bearing 
grease-up and insulation resistance measurement in every two years
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Insulation resistance of pump motor

6

• Insulation resistance between each phase and earth are measured at the outside of hot-cell  

• Results including the effects of motor (class F insulation), connector, rad-hard cables (~40 m) 

• Replacement was decided resistance showed near the acceptable value of 1.0 MΩ in 2024

Mercury pump

Terminal box

70Sq x 6

60Sq x 6

LAPP MULLER
Shielded radiation resistant cable
Insulation and sheath :MULTHANE

Standard cable

Inverter

Shield

1.5 m

Cable carrier 

Connector

Standard cable
Rad hard cable
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Hot-cell for target maintenance
Hot cell (MLF 1F)  
  L : 40 m × W : 13 m × H : 12 m 
Ventilation 
  14,500m3/h (2 x volumes/hour) 
Separate two area 
 Mercury area, moderator area 
Ceiling hatch : 12×5 (2), 4×4 (1),  
                           2.4×2.4 (5) m 
      Carry equipments into  
            hot cell from high-bay 
Floor hatch : 2.4×2.4 (3) 
      Carry used components into  
           storage room/dry up room 

5 m

Operation position
Maintenance position

23 m

40 m

Mercury target handling area 
(Stainless lining for mercury)

Moderator, etc. 
handling areaTarget trolley

M/S manipulators

Target vessel

Target trolley

Stainless lining

to dump tank

6-axis power manipulator 
(Max. fastening torque 250 Nm) 

20 ton in-cell crane & manipulators

In cell cameras  
(11 wall, 2 crane, 2 power manipulator)



The 25th International Collaboration on Advanced Neutron Sources (ICANS-XXV) Apr. 2026 8

Mercury pump (weight: 3 ton)

1

2

3

0.5 m
Heat exchanger

Jumper pipe

Jumper pipe

Mercury pump

Surge tank

Drain flanges

Pressure gage

• Remote handling test and training were conducted carefully for rubber plug insertion and metal seal replacement using 
mockup target trolley 

• 7 flanges should be opened for pump replacement, and insert rubber plugs to prevent tritium release from opening parts 

• Replacement work and leak test were successful but amount of tritium release was slightly larger than expected

Predicted/ Result :141GBq / 160 GBq

Loosing bolt by wrench
Removing jumper pipe

Rubber plug insertion Helium leak test

Pump replacement by remote handling

Pump

Jumper pipes

~2.5 Sv/h
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Replacement procedure

9

Loosen bolts  
for pressure gage

Rubber plug

CraneBox wrench

Surge 
 tank

Heat  
 exchanger

InletOutlet

Pressure 
 gage

Remove pressure gage 
Close opening port

Loosen flange bolts for 
jumper pipes

Power manipulator

Lift jumper pipes 
Close opening ports Crane

Rubber  
plugs

Close pump flanges

150A closing flange

Loosen bolts for pump 
drain flanges

Rubber plugs

Lift pump unit and close drain flanges Replace metal seal of 
flanges on target trolley

150A metal seal

Seal replacement 
tool

Place mercury pump No.2 Joint inlet jumper pipes
Crane Airtightness test 

 by vacuum and helium leak 
Sniffer tube

Transport to 
storage room 

after smearing 
and dose rate 
measurement
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Increase of stack radiation monitor during operation

10

Beam power

Dust monitor

Gas monitor

Beam test

Power saved 
 to 100kW

Pump 
replacement

Re-tightening 
flange bolts

• Helium leak test was passed but rise of stack monitors counts were detected during beam test before user operation 
• Inspection criteria was set to 1E-6 Pam3/s by focusing on to prevent mercury leakage at that time 
• Re-inspection after beam test, tiny gas leak was detected on pump flange 5.8E-7 Pam3/s 
• Retightening of flange bolts was not effective to reduce leak, and decided to reduce beam power to 100 kW and to 

replace flange seal in March

Sniffer helium leak test using manipulator

Uneven gap
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Mockup tests for metal seal replacement

11

1

23

4
5

6

Locating pins

Guide pins

150A flange mockup (φ480x40t) Target trolley mockup

Mercury pump
Heat exchanger

Jumper pipes

• To investigate the reason of flange leak and improve the seal replacement procedures by remote 
handling, mockup tests using flange element and jumper pipe were conducted 

• Vacuuming leak test was selected to detect leak in high-precision, although the actual target 
system is available only sniffer test

Helium leak 
detector
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Flange structure and cause analysis of  flange leak

12

Bottom flange

Top flange

Metal c-ring with coil spring
VALCUA 3645 TRYPACK

Place flange Even tightening Uneven tightening

• Leak was reproduced (5E-8 Pam3/s in vacuum helium leak test) traced 
scenario at pump replacement bolts tightened 60 Nm (1) → loose 1 rotation 
→ 60 Nm (1,4,6,3,5,2)→ 120 Nm(1,4,6,3,5,2) → 200 Nm (1,4,6,3,5,2) 

• No leak occurred (<10E-11 Pam3/s) when the bolts were tightened evenly, as  
an ideal hands tightening procedure

1

2
Locating pins

Guide pins

P2
P1

3

4 5 6

Torque He leak Flange gap  at each bolt[mm]
Nm [Pam3/s] P1 1 2 3 P2 4 5 6 note

0 0.6 0.6 0.65 0.65 0.6 0.6 0.6 0.65 Placeflange
60 1.45 0.85 0.19 <0.04 0.19 0.75 1.35 1.65 Tighten #3 60 Nm
60 0.6 0.6 0.6 0.65 0.65 0.6 0.6 0.6 Loosen #3 1 rotation
60 0.21 0.75 1.35 1.65 1.45 0.8 0.18 <0.04 Tighten #6 60 Nm
60 0.15 0.08 0.19 0.3 0.55 0.32 <0.04 <0.04 All bolts 60 Nm

120 0.12 <0.04 <0.04 <0.04 0.17 <0.04 <0.04 <0.04 Turbo pump start
200 5.0E-09 0.07 <0.04 <0.04 <0.04 0.09 <0.04 <0.04 <0.04

Vacuum test

Loose 1 rotation did not 
affected for even gapContact at flange edge 

T: Tightening torque 
k: Torque coefficient (0.1~0.2) 
d: bolt diameter 

F=T/(kd) 
  = 200Nm/(0.02m*0.2) 
  = 50kN

Torque and axial force

Required line load 
490 kN/m for metal seal

πD=0.487 m
F=240kN

Ni-ring, SUS spring

=40 kN/bolt Satisfy required force

F: Axial force 
D: Seal diameter 
6 bolts
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Optimization of procedure for remote handling

13

• We learned that the ideal fine‑torque management (5–10 Nm steps) is effective for securing leak tightness, but it is 
not feasible for a power manipulator 

• To reproduce the even tightening achieved by manual work using the power manipulator, we conducted 10 flange 
mock-up tests and 6 jumper-pipe mock-up tests, varying the bolt‑tightening procedures to confirm reproducibility 

• Based on these results, we decided to focus on achieving even flange gap, rather than managing tightening torque 

• The final procedure is: Initial tightening at 20 Nm (sequence: 1, 2, 3, 6, 5, 4), Adjust as needed to achieve an even 
flange gap at 40–120 Nm, Apply final star‑pattern tightening at 160 Nm and 200 Nm

1

23

4
5

6

Locating pins

Guide pins
Jumper pipe setup by crane 

and manipulator Flange gap measurement

Zoom via camera

Decide order of tightening bolt 
by gap visual inspection
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Seal replacement training

14

Improvements Based on Pump Replacement Experience 

• Based on experience during the pump replacement, we changed seal plug for the jumper pipe 

• Due to a risk of damaging the sealing surface of flange, we skipped flange cleaning process in pump replacement, but 
for seal replacement,  we decided to add a flange cleaning process for the seal replacement 

• We conducted training for the newly added tools and cleaning procedure

Mechanical plug modified 
 for remote handling

Jumper pipe

Flange cleaning by manipulator Metal seal replacement 
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MLF

Replacement 
Hg pump 
Target Metal seal 

replacement

Stack dust

Stack gas

Beam test

Power saved 
 to 100kW

Resume operation

Beam operation after seal replacement

15

• Helium leak test showed below detectable limit for all flanges after seal replacement  

• Stuck monitors are recovered usual value in beam operation

Seal plug insertion

Flange cleaning
Seal replacement Target #15 #16 #12
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Used pump #1
(keep as spare)

Pump power cables replacement

16

Mercury pump

Terminal box

Inverter

Total resistance
Jul. 2024 Before pump replacement Cable+Connector+Pump#1(50 MΩ) 0.8 MΩ

Nov. 2024 After pump replacement Cable+Connector+Pump#2 3.8 MΩ
Jul. 2025 After 1 year operation Cable+Connector (0.72 MΩ)+Pump#2 (75 MΩ) 0.27 MΩ

Nov. 2025 After cable replacement Cable+Connector (7.4 MΩ)+Pump#2 (75 MΩ) 2.7 MΩ

Cable carrier 

Remote 
connectors

Remained

Replaced

• Full rad-hard cables and connectors replacement  are planned in Oct. 2026

High dose rate

Low dose rate

General area(cell outside)

• Rad-hard (5MGy ) cable was 
damaged not only high dose area but 
also low dose area in 15 years 

• Reduction of insulation resistance 
since cables stored in general area 
was also damaged

Shield

1.5 m Rad-hard cable
70Sq x 6

Standard 
cable

60Sq x 6

Sheath 
breaking

Sheath 
cracks

Cracks
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• Degradation of insulation resistance for mercury pump was observed after 15 years 
of operation 

• Mercury pump was replaced in Nov. 2024; however, small leak was detected during 
operation 

• To recover from the leak, flange metal seals were replaced using an improved 
bolt‑tightening procedure based on the mock‑up tests 

• The pump power cables, which had degraded due to radiation and/or aging, were 
temporarily replaced; installation of radiation‑hard cables is planned for Sep. 2026

Summary

17
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Working area and environment
Isolation room

Manipulator room

Hot-cell 
L:40 m×W:13 m

Working area  
for preparation

Unit : μSv/h

北側はトリチウム汚染あり

Target trolley

Power manipulator

M/S manipulators

Rad-hard camera

with Shielding (2023.6.29)
w/o shielding (2019.9)

Additional shielding

20000 
(3m)

2000 
2920

315

1000 
194

3000 
302

20 
58

500 
90

150 
46

1000 
857

10 
38

350 
60

80 
55

34
42 23

200 
35

150 
389

• Dose rate map can be measured remotely using crane and ion chamber dosimeter 

• Replacement work is performed by full-remote handling, but equipment preparation 
and cleanup work are done by entering hot-cell with placing additional shielding 

• Air contamination is not detected without opening mercury flange 

• Tyveck with full-face mask requires for the worker
Remote 

measurement
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Storage and disposal for used pump issues

20

• Opening flanges were closed by blank flange with double seal, and temporary stored in the storage room 
• Using remote measurement tool developed after replacement, we confirmed that the pump has sufficient insulation 

resistance for use 
• Due to the size of hatch to the storage room, pump can not stored in the cask and keep as a spare

Outlet pipe 
922

Measured: Nov. 2024 
Unit : mSv/h

Motor 
69

Inlet pipe 
726

Mercury duct 
25341613

518

Metal seal

Rubber plug

Double seal for pressure gage
EPDM O-ring

Metal seal

Double seal

Insulation resistance measurement 
by manipulator
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Tritium release during replacement

21

The main reason why the value of the stack ionization box is higher than that of cell silica when replacing the pump is 
This is because the count of rare gas element nuclei is also evaluated as tritium.
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Pump replacement

Seal replacement

Day1 Day2 [GBq] Total Day1 Day2 Day3

Pump Ion chamber 268 32 139 97

replacement Silica gel 160 18 68 74

Seal Ion chamber 6 6.0 ND

replacement Silica gel 7.4 5.2 2.2
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Numerical simulation for metal seal deformation

Pre tension applied to the flange 
through the bolts

Pre tension

Torque Normalized seal deformation (Value / Max)

Bolts Nm P1 1 2 3 P2 4 5 6

6 200 0.97 0.98 1.00 0.98 0.97 0.98 1.00 0.98

8 200 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99

バルカーNo.3645/3645LS

トライパックは、コイルスプリングを弾性要素とし、これにアルミニウムなどの金属板で被覆したOリング状のガスケットです。
一般の金属ガスケットに比べて、復元量が大きく、低い締付力のもとでも使用できるうえ、金属ガスケットの長所をそのまま残
していますので、極低温から高温まで幅広い温度範囲に使用可能です。
特に、ゴムOリングや中空Oリングでは、性能的に問題を生じる可能性のある超高真空領域でも、幅広い温度領域で高度の真
空シールを保持します。

トライパック

• 特　長

• 種　類

• 構成材料…サービス温度

作動状態の断面図

締付前の断面図

コイルスプリング

エンベロープ

1）　なじみ性が良く真空シール性能が優れています。
2）　復元時の真空シール性能にも優れています。
3）　極低温から高温までの幅広い温度領域に適用が可能です。
4）　ベーキング温度が高く、ゴムOリングが使用できない真空ラ

インでの使用が可能です。
5）　金属ガスケットのため、放射線による劣化や放出ガスの影響

がほとんどありません。
6）　誘導放射線、低温、放出ガスなどに対応するために、ライン

をアルミ化する場合に最適です。そのうえ、フランジ面には
締め付けによる圧痕を残しません。

7）　コイルスプリングは、アプセット溶接によって線材端面だけ
を溶接しており、構造的にも応力的にも完全な連続性を
もっています。（ただし、断面径φ1.7のコイルスプリング
は、突き合わせ溶接となります。）

8）　特殊形状のものが製作可能です。

二重被覆品一重被覆品 二重被覆品
LSタイプ

二重被覆品
内被分割タイプ

外　被
内　被
コイルスプリング

外　被
内　被
コイルスプリング

外　被
内　被
コイルスプリング

外　被
コイルスプリング

アルミニウム （A1050P）
ニッケル （NLCP、NNCP）
銀
ステンレス鋼 （304鋼、304L鋼、316鋼、316L鋼）
タンタル （TaP）
銅 （C1100P）
ステンレス鋼 （304鋼、316鋼）
インコネル （Inco.600）
ステンレス鋼 （304－WPB鋼）
インコネル （Inco.X750）

◎
◎
○
○
○
△
◎
◎
◎
◎

－250～250
－250～250
－250～250
－250～250

－250～250
－250～250
－250～250
－250～250

―

－250～250
－250～500
－250～350
－250～500

－250～400
－250～500
－250～500

―
－250～500

◎印：特によく使用されるもの　　○印：時々使用されるもの　　△印：あまり使用されないもの

外　　　被

構　　　成 材　　　料 使用頻度
コイルスプリング材別（１）

サービス温度（℃）

304鋼 インコネルX750
要　　素

内　　　被

コイルスプリング

シール

応力分散

弾　　性

• トライパック　一重被覆品

コイルスプリングを直接外被で覆ったタイプです。
スプリングの応力連続性が高いため、超高真空から低圧までの用途で十分な性能を発揮します。

●寸法と形状
JIS B 2290に準じた真空フランジ用標準寸法を設定しております。（35頁参照）極低温流体な

　どの高気密用として、JIS B 2220、JPI-7S-15用の寸法を設定しています。（35頁参照）
　上記以外にも各種寸法、異形品を製作していますので、別途ご相談ください。

●対象用途
トライパックは弾力性のあるメタルシールとして、宇宙をはじめ、半導体に関係した真空チャン
バー・真空ライン、電子工業、核燃料分野、加速器、射出成型機、その他各種継手・バルブなどに使
用されています。

バルカーNo.3645

コイルスプリングと外被の間に、内被を挿入したタイプで、コイルスプリングの反発力がより均一に
外被に伝わるため、高温や長期の使用でも安定した高度な気密性能を発揮します。
また、復元力を高めるために、内被を上下に二分割したものも製作しています。

●寸法と形状
　寸法については、一重被覆品に準じて製作していますので、異形品を含め別途ご相談ください。

●対象用途
　一重被覆品と同一用途で、特に長期寿命を必要とする個所で使用されています。

• トライパック　二重被覆品

バルカーNo.3645

低い締付荷重でも、所定の気密性能が得られるように、従来のトライパックの上下シール面にV溝加
工を施し、シール面とのなじみ性を改善したガスケットです。

●寸法と形状
　寸法については、二重被覆品に準じて製作しています。異形品については、ご相談ください。

●対象用途
　従来品と同一用途で使用されます。特に高温用途や長期寿命を必要とする個所で使用されています。

• トライパック　低締付トライパックLS

バルカーNo.3645LS

32

注（1）サービス温度はコイルスプリングと被覆材料のいずれか低い方の値となります。
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displacement

• From FEM simulation, current bolt number and layout is enough to deform the metal seal uniformly 

• Difference between 6 bolts and 8 bolts are negligible small
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Deformation, mm

Example 
Aluminum plate 
SUS304 spring 
Seal thick 3.8mm  
D 70 mm

Loading Unloading

Allowable range 
for securing seal
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Helium leak rate after retightening
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　※unit　x10-8 Pa･m3/s
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