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Accelerator-based long-baseline  
neutrino oscillation experiments at Japan
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Main physics target is CP violation in neutrino oscillation

TokaiKamioka
295km
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❖ Recently, T2K results showed a hint 
of large CP violation  

❖ Extension of data taking (T2K-II) was 
approved 

❖ Upgrade of beam and near 
detector is in progress

DOI:10.1038/s41586-020-2177-0

❖ Construction started 

❖ will begin operation in 2027



Sensitivity to CPV

High intense neutrino beam and  
reduction of syst. error are essential 

Sensitivity to CP violation

Now

δ"# = −π 2⁄
sin,θ,. = 0.5
NO

2020 result

Extension of 
observation

Stat. error only

Improved syst.

2016 syst.
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~3σ sensitivity for δCP=-π/2 case sinδCP=0 can be excluded in 
2-3years if δCP=-π/2
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components, including the flux (Section IV), neutrino in-
teraction model (Section V) and near detector and far de-
tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫e sample is used to estimate sin22✓13.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [32] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.

We detect neutrinos at both near (280 m from the tar-
get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [33–35] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2
32| is

already relatively well known.
The near detectors measure the properties of the beam

at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [36, 37] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �CP , and for normal (NH) and inverted (IH)

mass hierarchies.

event rates across the modules.
The o↵-axis ND280 detector is a magnetized multi-

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [38]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [39]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [40]) sandwiched between three gaseous
time projection chambers (TPCs [41]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

High intense neutrino beam for T2K and HK

❖ ν energy is narrow with off-axis method 
L = 295km → oscillation peak at 0.6GeV 

❖ small νe contamination (~1%)  
❖ ν / ν can be switched by flipping horn 

polarity

νμ

0 m110 m280 m295 km

on-axis

Near 
DetectorFar Detector

proton

Muon 
detector π

target/
Horn

Decay volume

π→μν
off-axis (2.5°)

30GeV protons 

Key points:
~Mega-Watt class proton driver 
Neutrino beamline which can handle 
the high intense beam
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How can we increase beam power ?
Beam power improvement plan

Increase the MR beam power up to 1.3MW 
• Power ∝ 30GeV x # of protons x 1/Trep. 

• Upgrade MR for both shortening the  
repetition time (Trep.) and increasing  
the number of protons per pulse 

Improve the neutrino beam-line  
• Modest improvement to realize 1.3MW operation 

Increase the effective statistics (x1.5)  

• Horn current increase (250kA → 320kA) and data analysis 
improvement 

Achieved Target
Beam 
power 
[MW]

0.425 1.3

# of 
protons 
per pulse

2.2 x 
1014

3.2 x 
1014

Rep. 
Time 
[sec]

2.48 1.16

12

2.48s

1.3s →1.16s

6

~1/2 of 
cycle time

+30% protons 
per pulse

2.5 x 1014

3.2 x 1014

0.5MW

1.3MW

Injection

Extraction

time

Energynow

target



Magnet PS upgrade
2.48 à 1.32 s cycle

Add two 2nd H_RFs 

① Magnet PS upgrade
2.48 à 1.3 s cycle

② 2nd harmonic RF 
cavities 

③ RF system upgrade

④ 1.3 à 1.16 s cycle

7

J-PARC MR Power Upgrade Plan



J-PARC neutrino beamline
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Integrated POT (Full T2K - up to Run 10 ) 
23 Jan 2010 - 12 Feb 2020

10

23 Jan 2010 - 12 Feb 2020 

POT Total :  (power max 522.627 kW) 

 mode :  (54.6631%) 

 mode :  (45.3369%)

3.64059 × 1021

ν 1.99006 × 1021

ν̄ 1.65053 × 1021

Neutrino beamline operation
• Accumulated 3.64×1021 Protons On Target (2010 Jan. ~ 2020 Feb.) 

- Corresponds to ~46% of original proposal 
• Replacement of radio-activated equipments(*) were successfully performed 

several times 
• Stable operation at 515kW has been achieved with no major issues

9
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Dot: proton beam power 
Line: Integrated POT ν-beam ν-̅beam ν+ν ̅total

Horn&target replacement

Target He cooling pipe 
replacement

Beam window replacement

(*) horn,target and beam window are assumed to be periodically replaced



Beam stability

•Beam direction is stable within much better than 1mrad  
- 1mrad corresponds to a 2% shift of peak ν energy at SK
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T2K Run1

Jan.2010-Jun.2010

T2K Run2

Nov.2010-Mar.2011

T2K Run3

Mar.2012-Jun.2012

T2K Run4

Oct.2012-May.2013

T2K Run5

May.2014

-Jun.2014

T2K Run6

Oct.2014-June.2015

T2K Run7

Feb.2016-May.2016

T2K Run8

Oct.2016-Apr.2017

T2K Run9

Oct.2017-May.2018

T2K Run10

Nov.2019-Feb.2020

Event rate

Horn 250kA
Horn 205kA
Horn -250kA

Horizontal beam direction INGRID
MUMON

Vertical beam direction INGRID
MUMON

Need to keep this stability even at 1.3MW beam
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How can we realize 1.3MW operation ?

Technical Design Report : arXiv:1908.0514111

Increasing cooling capability for 
the heat generated by beam

Increasing capability of 
radio-active waste handling

Improving maintainability under 
radio-active environment

Improving performance 
of beam monitors

+ Accepting high repetition rate (~1Hz) beam

• Modest improvement is necessary for some beamline components

proton beam monitors
target

hornHe vessel/decay volumeBeam Dump

Muon 
monitor



Stripline Water Cooling
• Water cooled striplines 
• Stainless pipe embedded in 12mm-thick plate by FSW technique 
• Cooling test with small test piece → > 3 kW/m2/K achieved. 
• Max temp. @ 1.3 MW = 56.5℃ ( < allowable temp. 80℃)  
• 1.25 MW (by He cooling) → 2.45 MW acceptable

�19

FSW�

Water path�

12mm

Water-tube embedded striplines using FSW 

Developed a new water cooled 
stripline which can accept up to 
2.1MW → ready to install 

How to make a neutrino beam

15

Focus π,K produced in hadronic interactions.
Switch sign of horn current to focus π–, K– instead

Total three horns to
collect & focus mesons.

π,K+     +

π,K– –

B-field

π,K–      –

Electromagnetic horn 

horn#1

horn#2
horn#3

❖ Power supply system will be slightly modified 
for 1Hz operation 

❖ 250kA → 320kA operation 

❖ Improving cooling capability of horn#2 stripline 
for the heat generated by beam 

❖ Collaboration with Colorad U. and FNAL

Max 57.7℃  
(< acceptable temp.)

Horn Upgrade Plan

• 320 kA & 1 Hz operation ⇒ 10% neutrino flux gain 
• 3 power supply configuration

• Need new PS, Transformer, striplines


• Cooling improvement 
• Horn2 stripline cooling : He gas cooling (~750 kW) ⇒ water cooling (1.3 MW)


• New water-cooled striplines have been developed (only for Horn2)

• Additional cooling for upstream part of Horn2 conductors

• Cooling capacity improvement

• H2 removal system for safe operation

3

FSW part 

Horn2 front view 

StriplinesStriplines

Currently, the He gas cooling 
method limits acceptable power 
to 750kW

Horn Upgrade Plan

• 320 kA & 1 Hz operation ⇒ 10% neutrino flux gain 
• 3 power supply configuration

• Need new PS, Transformer, striplines


• Cooling improvement 
• Horn2 stripline cooling : He gas cooling (~750 kW) ⇒ water cooling (1.3 MW)


• New water-cooled striplines have been developed (only for Horn2)

• Additional cooling for upstream part of Horn2 conductors

• Cooling capacity improvement

• H2 removal system for safe operation

3

FSW part 

Horn2 front view 

StriplinesStriplines

water tube embedded in striplines using 
Friction-Stir-Welding(FSW) method

12



Table 10: Upgrade scenarios for 1.3 MW target

Figure 53: Velocity flow lines in current T2K target geometry operating at 5 bar outlet pressure and
1.3 MW beam power.

3.2.4 Upgrade to 1.3 MW1422

Incremental developments to the target design are planned to enable it to operate at higher1423

beam power, which will require higher helium pressure and result in higher temperature1424

gradients. Tab. 10 shows the target pressure drop and operating temperature under a range1425

of conditions. The top line of the table is the current design for 750 kW. It is shown that1426

with a mass flow rate of 60 g/s the target core temperature is nominally the same (⇠50 �C)1427

as the current design. Therefore oxidation of the graphite should be about the same as the1428

current target if O2 levels in the helium are similar. The table also shows how increasing the1429

system pressure reduces the pressure drop and maximum velocity in the target. Keeping1430

the pressure drop down is an important consideration for the helium compressors physical1431

size and power requirements.1432

If the target outlet pressure is increased from 0.9 bar to 5 bar then it is possible to1433

double the helium coolant mass flow rate without a significant increase in overall pressure1434

drop. This means that in principle the existing target design may be able to dissipate the1435

heat load deposited by a 1.3 MW beam. A velocity vector plot of a CFD simulation of1436

this case is shown in Fig. 53. The objective will be to maximise the material safety factors1437

in order to maximise target lifetime. New components and manufacturing methods will1438

be prototyped and tested before the detailed design of the upgrade is completed and QA1439

procedures developed.1440

The elevated heat load also generates an increase in thermal gradients in the graphite,1441

as shown in Fig. 54 for the casey where the thermal conductivity of the Toyo Tonso IG-431442

graphite is reduced by a factor of 4 in line with radiation damage data for fast neutrons (for1443

IG-110, similar to IG-430).1444
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Current target design 
・Design intensity：3.3 x 1014 ppp → 3.4 x 1014 ppp is no problem 
・Cooling capacity： 750kW + 20% margin = 900 kW → Need upgrade 
Upgraded design 
・High flow rate to accept x1.7 of heat load (24 kW @ 750 kW → 41 kW @ 1.3 MW) 
・High pressure tolerance (“0.16 MPaG → 0.5 MPaG” by the compressor)  
 

R&D items for the upgrade 
・1st heat exchanger → Vacuum insulated pipe 
・Remote exchange method of the pipe 
・Pipe from the Helium vessel to service pit 
・New hear exchanger 
・New compressor 
・Pipe from the service pit to machine room 
Current upgrade schedule 
・Inside Helium vessel in 2021. Machine room in 2025 (> 0.9 MW)

Upgrade plan

Conventional 
insulated pipe

Vacuum 
insulated pipe

Vacuum in between

https://www.enoah.co.jp/

!3

Target Station 10

15.0m�

10
.6

m
�

Baffle 
Graphite 
Collimator 

Horn-1 Horn-2�
Horn-3�

Beam window 
Ti-alloy 

DV  
collimator�

Large flange, sealed with  

Al plates, t= 120mm�

26mmφ x 910mm 

Ti-6Al-4V 
(0.3mmT)�

Graphite  
IG-430U �

He-gas cooling  

Target

Horn1

• Original target design 
• Design intensity = 3.3×1014 ppp → 3.2×1014 ppp should be no problem 
• Understanding radiation damage is crucial 

• Cooling capacity: 750kW + 20% margin → 900kW 
• Improvement 
• Higher flow rate needed → higher pressure tolerance 
• Upgrade of He compressor is needed to increase flow rate 

• FEM simulation for 1.3 MW ⇒ max temp. = 909℃ (should be reduced) 
• Further study is ongoing

Target Upgrade 27

T.Ishida |  T2K Collaboration Meeting, Tokai, 29 SEP 2016

1.3MW Target Studies (in progress)
Q: Can we push existing 
target design from 0.75 Æ
1.3 MW?
Q: If so, what changes are 
needed for target 
materials, design, 
manufacture, and helium 
plant (pressure/flow rate)?
What is expected lifetime 
for upgraded target?

14

9 No showstoppers identified 
so far

9 More work to do ‒
particularly for high pressure 
operation (window, helium 
plant etc)

0.75 MW 1.3 MW

Helium pressure 1.6 bar 5 bar

Pressure drop 0.83 bar 0.88 bar

Helium mass flow 32 g/s 60 g/s

Heat load 23.5 kW 40.8 kW

US window temp 105 °C 157 °C

DS window temp 120°C 130°C

T.Ishida |  T2K Collaboration Meeting, Tokai, 29 SEP 2016

1.3MW Target Studies (in progress)
Q: Can we push existing 
target design from 0.75 Æ
1.3 MW?
Q: If so, what changes are 
needed for target 
materials, design, 
manufacture, and helium 
plant (pressure/flow rate)?
What is expected lifetime 
for upgraded target?

14

9 No showstoppers identified 
so far

9 More work to do ‒
particularly for high pressure 
operation (window, helium 
plant etc)

0.75 MW 1.3 MW

Helium pressure 1.6 bar 5 bar

Pressure drop 0.83 bar 0.88 bar

Helium mass flow 32 g/s 60 g/s

Heat load 23.5 kW 40.8 kW

US window temp 105 °C 157 °C

DS window temp 120°C 130°C

Targe core temp         736 ℃           909 ℃

Target ❖ Designed for 3.3 x 1014 p.p.p. → should be 
OK for 3.2 x 1014 p.p.p. (1.3MW) 

- no damage on target observed after 1.3MW x 
6month equivalent POT exposure 

❖ Need to improve the He gas cooling 
capability for the heat generated by beam 
(x1.7 : 24kW@750kW → 41kW@1.3MW) 

- increase He mass flow rate to accept this

• Developing improved He cooling system for 
high flow rate and high pressure tolerance 

• Collaboration with FNAL for He circulation 
system for target cooling

• Design of new target for 1.3MW 
• Collaboration with RAL group on 

the target as well as the beam 
window

He compressor

13



Radio-active water disposal
❖ Cooling water activated by 3H (Tritium) should be 

diluted and drained  

❖ Tritium contamination increases as increasing beam 
exposures but the capability of water disposal is 
limited by size of the dilution tank 

❖ Increase the size of the dilution tank to increase the 
capability of water disposal : 84m3 → 484m3

R&D to understand Tritium production and 
knowledge sharing on Tritium treatment are 
in progress among US-Japan collaboration

Radioactive Water Disposal 
• Radioactive water disposal 
• 3H (Tritium) → dilution,   7Be → 99.9% removed by ion-exchange 

• HTO disposal by dilution 
• Current dilution tanks (84m3) : 400kW (8.4x1020 POT/year) acceptable 
• Toward >1.3MW, following will be adopted step by step 
• Increase disposal cycle ⇒ needs some technical improvements 
• A portion of radioactive water is taken by tanker truck  
• Construct an additional dilution tank with O(200)m3, entailing 
construction of new dedicated building

29

T.Ishida 23rd PAC for Nuclear and Particle Physics Experiments at J-PARC Main Ring, Jan. 11-13, 2017

To maintain water-cooled apparatus + relevant facilities, it is necessary to 
continuously treat the irradiated coolant water.
Although radioactive nuclear ions (7Be..) can be removed using ion-exchange 
resins, there is no way to remove (extract) the tritiated water (HTO) . 
Disposal after dilution (under control of Radiation Hazard Prevention Act) is common way.

Based on the working procedures established so far,  it is very hard to deal waste 
from 750kW operation within the same year by current drainage system. 
Upgrade water dilution tanks to  x ~3 larger volume (84m3Æ234m3) is proposed 
as a practical solution.

12

Upgrade of a radioactive water drainage system

750kW x 107sec(116 days) :  
15.6x1020pot: 390GBq
x ~2 larger than capability

Max. POT/year 
(best estimate) 
8.4x1020 pot* 

25GBq HTO produced per 1x1020POT
In Horn/TS He Vessel/Decay Volume Cooling Water 

11.5GBq

13.5GBq

* ~ T2K’s near-term request:  
9x1020pot/yr

[ 3.5GBq x 60disposal/yr = 210GBq ]

42 Bq/cc (70% of 60Bq/cc limit) x 84m3
= 3.5GBq/disposal Target Station

Utility Building

New 
building

84m3
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October 24, 2019 11th Workshop on Neutrino Beam and Instrumentation (NBI2019)

Horn Cooling Water System

• Water cooling of horn conductors 
• Water spray onto IC ⇒ collected in drain tank ⇒ pump up


• Two independent pumps for water circulation 
• Water supply pump


• Water suction pump @ 7~8 m above horns


• Supply and suction flow rates are balanced manually

3

inner 
conductor

outer 
conductor

Drain tank

Pu
m
p 
up Buffer tank

Pump

Suction 
pump

He vessel

Height
~8m

Service Pit Machine Room

H2O

He
He gas line

He

Horn cooling 
water

Decay volume 
cooling water 

pipes

Under construction (~2022)

x5.8



Proton beam monitor

SSEM18 to WSEM Exchange

• Exchanged SSEM18 w/ WSEM

• Did motion test at 45� (⇠10x IN + 10x OUT)

• New flange, cables work well
• Holding part works well, although may be slight sag

• Survey done – ⇠1mm di↵erence between right and left sides
• Survey information needs to be added to analysis code

• New protection frame works well w/ some modifications

3 / 7

❖ Important to properly tune the beam 
position, direction and size at the target 

❖ Segmented Secondary Emission Monitors 
(SSEM) are utilized in the neutrino beamline  

❖ Beam loss becomes an issue for MW beam 
power

WSEM Beam Loss, Signal Check
• Checked beam loss, measured
profile during WSEM beam test

• Compared loss due to WSEM to
that due to neighboring SSEM

• Note: BLM acceptance is
di↵erent for SSEM vs WSEM
– BLM10 is closer to WSEM

• Beam loss by WSEM lower
than SSEM by factor of ⇠10

• Reasonable profile measurement even at very low beam power :

Measured Profile @ ⇠10kW Measured Profile @ ⇠460kW
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φ25μm twinned Ti wire 
→ beam loss was 1/10 compared to Ti-foil type profile monitor

J-PARC NU SSEM Principle and Design
SSEM Principle

• Protons interact with foils

• Secondary electrons are emitted from
segmented cathode plane and
collected on anode planes

• Compensating charge in each cathode
strip is read out as positive polarity
signal

J-PARC NU SSEM

• Single anode plane
between two stripped
cathode planes

• 5 µm thick Ti foils
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vertical monitor

horizontal
monitor

J-PARC NU SSEM Principle and Design
SSEM Principle

• Protons interact with foils

• Secondary electrons are emitted from
segmented cathode plane and
collected on anode planes

• Compensating charge in each cathode
strip is read out as positive polarity
signal

J-PARC NU SSEM

• Single anode plane
between two stripped
cathode planes

• 5 µm thick Ti foils

13 / 26

24 strips 24 strips

5μm thick Ti foils
(total 15μm for cathode+anode)

each SSEM causes 
~0.005% beam loss

(1) Wire-type Secondary-emission profile monitor

New type monitors are developed

US-Japan collaboration



Beam Induced Fluorescence (BIF) Monitor
• Uses fluorescence induced by proton
beam interactions with gas injected into
the beamline

• Protons hit gas (i.e. N2) inside the
beam pipe

• Gas molecules are excited or ionized by
interaction with protons, then fluoresce
during de-excitation

• Continuously and non-destructively
monitor proton beam profile

• 5e-8% beam loss for 1m 10�2Pa N2

• ⇠ 10�5x less beam loss than SSEM

• R&D for BIF non-destructive proton beam profile monitor underway
since 2015

• Installed full prototype monitor last year
• First beam test results shown here

M. Friend et al., Proceedings of IBIC2016, WEPG66, 2016
S. Cao et al., Proceedings of IBIC2018, WEPC08, 2018
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BbBe

Toward MW-class High Power Proton Beam at the J-PARC Neutrino Beamline 
Son Cao (KEK/J-PARC),  
on behalf of T2K collaboration

 


The T2K experiment, by producing a highly intense and almost pure beam of muon (anti-)neutrinos at the J-
PARC accelerator complex and sending them 295km across Japan, aims to explore the properties of neutrinos, 
extraordinary misfits in the Standard Model. To provide a huge amount of neutrinos to T2K and the approved 
future Hyper-Kamiokande experiment, an upgrade of the J-PARC accelerator and the neutrino beamline toward 
1.3MW is proposed. This will  increase the beam intensity up to 3.2e14 protons-per-pulse (ppp) and reducing 
the repetition rate down to 1.3s, over what have been achieved recently with stable 515 kW beam operation with 
2.66e14 ppp cycled at 2.48s. This report focuses on recent achievements to realize essential upgrades to the J-
PARC neutrino extraction beamline, including our first observation of beam-induced fluorescence in a non-
destructive beam profile monitor under development, progress in improving the cooling and radioactive water 
disposal systems, and the remote handling plan for highly radioactive equipment.

Optical frame 
(enclosed)

Gas Injection system

 


J-PARC MW Proton Beam for Neutrino Intensity Frontier

Upgrade4 J-PARC neutrino beam

MW beam power , main driver for neutrino intensity frontier, to produce muon (anti-)neutrino 
beam to T2K2 and HK3 experiments

To realize MW beam, equipment robustness against 
high intensity, beam loss tolerability, handling the 
radioactive waste and precisely and continuously 

monitoring the beam profile are essential. 

1KEK-REPORT-2002-13 2NIMA 659, 106(2011) 3arXiv: 1805.04163

Goal: unravel nature of neutrino by measuring precisely neutrino oscillations.

4arXiv: 1908.05141

Radioactive Water Disposal System
New disposal tank is proposed & approved for 
construction. Disposal capability:  100m3 ➔500m3

3H concentration increase  
~25Bq/cc per dayMost critical issue is to dispose of  3H, which may 

come fr. steel wall even after beam stop
For maintenance 3H concentration  < 60 Bq/cc

Challenges: 
Silicon detector (Si) response 

degraded, ~ 1% / 5e20 POT 

Ionization Chamber (IC)  experiences 
non-linearity at high intensity 

Muons are by-product of a neutrino beam. Monitoring 
muon is helpful to characterize ! beam

Improving Machine Robustness against High Intensity
System of 3 magnetic horns, which focus the  
produced mesons, currently operate at 250kA.  
Plan: have 320kA operation to gain 10% in flux To test new 750kW target in Jan. 2020 

To manufacture a 1.3MW target prototype
New water-
cooled

Upgrading Horn power supply (PS)

Production target, made of a graphite rod 
and placed inside of 1st horn 

Remote Handling Scheme for  Highly Radioactive Equipments

Plan: shorten the most downstream 
magnet (FVD2) to get more space

High residual dose due to beam back 
scattering fr. beam window, target station

Higher beam power makes human operation challenging 
☞ Need  to adopt a (semi-)remote handling scheme

 Fluorescence induced by proton interactions w/ gas injected into 
beamline, is captured and fitted to extract  the beam profile.       
Key feature: continuous operation, minimal beam loss

BIF is under development1,2,3 w/  required specifications: 

Gas needs to be injected in the beamline: gas normally 
at ~ 10-6 Pa, not enough to see BIF signal  

Method to deal with space charge effect: need fast 
readout  ☞  use e.g Multi-Pixel Photon Counters (MPPC) 

High radiation environment: MPPCs are not rad-hard 
☞ must operate at sub-tunnel, need rad-hard optical fibers 

to guide light from beamline to sub-tunnel

Non-Destructive Beam-Induced Fluorescence (BIF) monitor

A BIF prototype, including a gas injection system & two readout systems:  

(i) Gateable Image Intensifier coupled to CID camera , (ii) MPPC  w/ optical fibers

1IBIC2016-WEPG66 
 2IBIC2018-WEPC08
 3IBIC2019-TUPP024


BIF light captured 
by CID camera. 
Reconstructed 
profile agrees w/ the 
beam optics

BIF light guided by 30-m optical fiber & captured by MPPC. 
Reconstructed profile agrees w/ the beam optics

The complete BIF prototype was commissioned  during 515kW proton beam operation on Jan. 2019 and we 
made the first observation of beam-induced fluorescence. There are on-going eff orts to improve both gas 
injection system and readout system to realize BIF as a continuous non-destructive beam monitor toward MW beam

EMT as Future Muon Detector 

Signal obtained by intercepting beam w/ 
material inserted into beamline. 

Intercepting Beam Profile Monitors

SSEM: Three 5-"m-thick Ti foils, two stripped (2-5mm) vertically and horizontally ➞ cause 0.005% beam loss 

WSEM1: Like SSEM but 25-"mɸ Ti wire,  beam loss is reduced by factor of 10: stable operation, consider 
carbon nano-tube as more-robust option 

1arXiv: 1908.05141


R&D: Optical-based Beam Loss Monitor (O-BLM)
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(Typical) warning thresold
(Typical) beam stop if higher

*1 ADC ~ 106 protons loss

w/ gas proportional 
counters

Challenges of  high beam loss: 
 Irradiation/damage of components 
 High residual dose ➞ difficult to maintain

Cherenkov light generated & guided by optical fibers

Action taken 
Work w/ accelerator experts to reduce loss 
Remote handling high radioactive equip.

Downside: can’t operate continuously due to high 
beam loss ☞ motivated for non-destructive monitor

Upgrade the target cooling system 

1PTEP, 2018 vol. 10


EMT1: kind of  PMT w/ 
bare aluminum plate 
(NO photocathode) to 
suppress the space-charge 
effect which may lead non-
linear response

New candidate 

WSEM

BIF prototype

New 750kW target

All upgrades inside of target station will be done in 
2021; one more PS will be included after that

Testing

Muon monitor

Key features: fast response, portable, economical

beam loss 
observed 
w/ O-BLM

Current 
beam loss 
level along 
beamline

Beam profile 
w/ WSEM

J-PARC1 complex J-PARC neutrino beamline

Beam Loss Monitor & Radioactive Waste Handling

Contact: Son Cao,  cvson@post.kek.jp

MCP+Camera SiPM array

❖ Beam induced fluorescence profile 
monitor is under development as a non-
destructive beam profile monitor toward 
continuous monitoring w/o any beam loss

(2) Beam induced fluorescence monitor

Successfully Observed beam profile w/ Prototype monitor



EMT R&D
- Initial study of linearity, stability was 

checked at J-PARC → it looks 
promising  

- Test beam experiments to evaluate 
radiation tolerance were performed 

- Development with domestic 
Universities and US-Japan 
collaboration
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Muon monitor upgrade
❖ Important to properly monitor spill-by-

spill muon beam direction and profile 

❖ Signal degradation was observed  
(e.g. ~1%/5E20 POT for Si) 

❖ A new detector w/ radiation tolerance is 
under development → EMT

What is the Electron–Multiplier Tube (EMT)?
• The components of EMT are the same as the standard PMT 

except the photocathode.
• Photocathode material is replaced with Al for EMT                        

-> Expect higher radiation hardness 
(low signal gains though).

• We have some options for EMT.

8PMT EMT

The Development of Prototype Detectors 
-PMT&EMT-

10

The Development of Prototype Detectors 
-PMT&EMT-

16 mm

PMT EMT

14.6 mm

Stability of EMT
• We see ~3% drift for the first 10 days since installation.

-> After the drift, both the EMTs show good stability (~1%).

One of the four EMTs showed a large and long drift.  
-> Tube-to-tube variation large?
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EMT yield

2/23 3/30 4/1 4/11

3 %

15 %

3 months

drift

drift

1 month 11 days



Summary

❖ J-PARC accelerator and neutrino beamline upgrade program 
is essential for T2K and Hyper-K experiments  

❖ Upgrade program for high power is ongoing under strong 
international and domestic collaboration

J-PARC accelerator and neutrino beamline is ready 
for >1MW before Hyper-K start


