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Neutron Instrumentation and 
Promoting Science 

R & D on neutron detectors and devices 

Introduction and grade-up of 
common equipment and SEs 
Grade-up and application of 3He 
spin filter 

27 staffs (JAEA)

31 Staffs (KEK)16 staffs (JAEA)

R & D of muon target, beamlines 
and spectrometers

User support and cutting-edge 
studies by using muon

Operation, maintenance and 
management of spallation 
neutron source and R & D of their 
related technology

JAEA total 31 members
27 Staffs 
PD 4 members

KEK total 18 members
13 staffs
PD 1
Engineer 4

total number of staff is ~173

7 staffs (JAEA)
3 staffs (KEK)

1 CA  staff (Ibaraki U.)

Neutron R&D 
Division (CROSS)

Div. Head ： Jun-ichi SUZUKI
Deputy D Head ： Kenichi FUNAKOSHI
Deputy D Head ：Masato MATSUURA

35 staffs

support for the use of the 
public beamlines &  
experimental preparation 
rooms of CROSS
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MLF experimental hall NO. 1

MLF experimental hall No. 2



U-line
Ultra slow beam 
（0.1~30 keV）, near-
surface, sub-micron 
scale condensed 
matter physics, 
chemistry, etc.
(2014~/2016~)

MUSE: current status

µ+
D-line

Slow（4 MeV）
~fast（50 MeV）, 
general-purpose 
beamline with 2 
exp. areas.
(2009~)

µ±

S-line
Slow beam （4 MeV）, 
dedicated to bulk 
µSR ultralow tem-
perature/high 
magnetic field/ 
pulsed excitations.
(S1:2014~/S2:2021~)

µ+
H-line

Slow（4 MeV）~fast
（50 MeV）beam, for 
particle physics, 
atomic physics 
(“precision frontier”)
(H1:2021~)

µ±



typical time-profile of the primary proton beam
2014/12/27 7:23 am



D-Line
The first and versatile muon beamline at J-PARC MLF



D-line
The secondary beamline for transporting decay and surface muons to D1 and D2 areas

 Beam line
 D-line was constructed at 2008.
 Magnetic kicker system (2013)
 Warm bore long solenoid magnet (2015)
 High power magnet for beam transport (Ongoing)

 Beam
 Surface and decay muons are available.
 Positive and negative muons are available.
 Variable momentum beam from 3 to 120 MeV/c
 Single pulse beam

 Experimental areas
 D1: μSR (Spectrometer)
 D2: General purpose (Open geometry)

Instrument specifications (as of 2022)

2023/2/17 MAC FY2022 2



D1 Instrument (Muon Spectrometer for Mater. Life Sci. Expt. )
Muon spin rotation/relaxation (μSR) spectrometer for the research on electronic property of materials 
and/or electronic state of hydrogen introduced to the material.

n μSR spectrometer with an energy-variable µ+/µ-

muon beam
n Typical µ+ flux: 1k /pulse/cm2 @27 MeV/c 

(Single pulse, φ15mm collimator, 700kW)
n Typical µ- flux : 100 /pulse/cm2 @35 MeV/c 

(Single pulse, φ40mm collimator, 700kW)
n A wide variety of sample environments 

including low temperature (down to 80 mK).

Instrument specifications (as of 2022)



Sample Holders

Airtight seal-type

Top-loading type “dry” dilution refrigerator at D1 (Higemoto)

For small sample

30mm

Piezo Rotator

Thermometer
(RuO2)

Ag sample holder



D-line
The secondary beamline for transporting decay and surface muons to D1 and D2 areas

 Beam line
 D-line was constructed at 2008.
 Magnetic kicker system (2013)
 Warm bore long solenoid magnet (2015)
 High power magnet for beam transport (Ongoing)

 Beam
 Surface and decay muons are available.
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 Variable momentum beam from 3 to 120 MeV/c
 Single pulse beam
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Instrument specifications (as of 2022)
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S-Line



S-line
The secondary beamline for transporting surface muons to S1 through S4 area

n Typical beam spot size at S1: ø20-25 mm
n Data taking rate: 90 Mevents/hour (single 

pulsed beam)
n Double pulsed beam either to S1 or S2 is 

available by using the switchyard magnet.
n Single pulsed beam is available to both S1 and 

S2 simultaneously, by using the kicker device.

Instrument specifications (as of 2022)

The kicker device is the key component for stable and 
simultaneous operation both at S1 and S2 areas.

S1: Three staff members and two temporary staff members support the execution 
of the inter-university research programs. The beamline equipment such as 
magnets and power supplies are maintained by one technical staff member.
S2: Twelve members of the research group led by Prof. Uetake of Okayama Univ. 
are participating in the commissioning of the beamline as instrument group 
members.



when serving a positive muon to the S1 area.

SK1

SK2
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Before 2021B

Kicker 
Control 

Unit

Exp. Hall
Inside of the concrete shield

MARX 
circuitMARX 

circuitMARX 
circuitMARX 

circuitMARX 
circuitMARX 

circuit

Kicker 
Chamber

Coax. Cable Delay

Pulse 
Transformer

After 2021B

Kicker 
Control 

Unit

Exp. HallInside of the concrete shield

MARX 
circuitMARX 

circuitMARX 
circuitMARX 

circuitMARX 
circuitMARX 

circuit

Kicker 
Chamber

Coax. Cable Delay

Pulse 
Transformer

Easy replacement:
Can be replaced by two 
subcontracting staff in 
about two hours of work.
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直流電源電圧 470V設定、出力波形 173 

CH1： SK1出力電圧 53.4kV, -56.9kV、CH2： SK2出力電圧 -55.2kV, 58.6kV 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

直流電源設定電圧に対し、直流電源出力電圧はほぼ設定値が供給されている。 

正負極パルス出力波形は直流電源設定電圧に対し、出力電圧は飽和することなく特性を示している。 

 

 

以上 

CH11 電圧 CH22 電圧 

CH21 電圧 

CH11-CH21 

CH12 電圧 CH12-CH22 



S-line Kicker trouble (T. Yuasa and A. Koda)
• Most kicker power supply failures are currently caused by MARX board 

breaking.
• At the repairing work in Oct. 2022, a study was conducted on how to perform 

preventive diagnosis of the MARX board.
• The leakage current when 650 VDC was applied was measured, and while 

most boards had a leakage current of around 20 uA, one board was found to 
have a leakage current of 140 uA and was replaced.

• By establishing a preventive diagnosis method, we expected to be able to 
perform preventive replacement work on maintenance days and achieve 
stable operation during beamtime…(sigh)

• HOWEVER, the results, as shown below, indicate that preventive diagnosis is 
far from being effective.

Simultaneous operation of 
S1 and S2 areas starts.

(as of Jun. 2023)

We are considering to 
replace the MARX boards 
with new SiC FETs.



Heliox ACV: 3He cryostat (Nakamura)

• Dry-type 3He cryostat using 
a pulse tube refrigerator.

• It takes about 2 days to cool 
down from RT.

• The sample changing is
performed at RT by opening 
the vacuum cans.

• Silver sample holders are 
used which are common 
with DR at D1.

• 3 proposals using Heliox ACV 
are approved in the 2023A 
term, which is 18% of the 
entire proposals at S1.



D1/S1 Instrument (µSR)
Inter-operability between D1 and S1

D1 S1 duality
Microstat (T>4K) OK! OK! Yes
Vertical cryostat (T>3K) OK! OK! No
Closed Cycle Fridge 
(T>1.5K); w/ HT option 
(T<800K)

NA OK

3He cryostat (T>0.3K) NA OK
Dilution Fridge 
(T>0.08K)

OK NA
Infrared Furnace 
(T<1000K)

OK! OK! No

Micro Transverse-field 
Coils (µTC; TF<40mT)

OK OK Yes



Temp. controller

Device server
IROHA2
sequence µSR-users

20

MicrostatCryofurnace

Dilution Fridge

Common Look & Feel to 
the users



High Field Spectrometer: 
CYCLOPS



5T µSR spectrometer (Nishimura)

Dry-type superconducting 
magnet (max. 5T) cooled by 2 
GM refrigerators.
3008ch. positron detectors 
consisting of 94 KALLIOPE 
modules.



CYCLOPS (5T superconducting µSR 
spectrometer): The commissioning work has 
begun upon comparing the behavior of the 
detector under magnetic fields with 
simulations.

0T 3T 5T

There was a problem when applying 
fields above 2T due to the cooling 
problem of the superconducting coil, 
so the repairing work was carried out 
at the factory of the manufacturer.



Development of new 
technique: transient µSR
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Development of transient �SRmethod for high-flux pulsedmuons
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A R T I C L E I N F O

Keywords:
Muon spin rotation
Relaxation
And resonance
Pulsed high-flux beam
Transient phenomena

A B S T R A C T

In order to expand the applicability of muon spin rotation, relaxation, and resonance (�SR) experiments with
pulsed muons and to make effective use of the high-flux beam, we have developed a new experimental method
‘‘transient �SR’’. In this method, �SR data for each muon pulse are tagged with external parameters such
as temperature and magnetic field in real time, allowing the sample environment to be changed without
interrupting data collection. As a result, continuous �SR measurements under sample conditions that vary on
a time scale longer than the beam pulse interval (40 ms) are realized, and efficient beam utilization is achieved
by eliminating the lag time associated with moving between discrete measurement points. The transient �SR
method was applied to the study of the magnetic properties of cupric oxide (CuO) and the observation of
level-crossing resonance relaxation in copper, and the method was successfully established by confirming that
the results reproduce those in the previous reports.

1. Introduction

In recent years, the muon beam intensity provided by the Muon
Science Experimental Facility (MUSE) of the Materials and Life Science
Experimental Facility (MLF) at the Japan Proton Accelerator Research
Complex (J-PARC) has become strong enough to be called high flux
(>105 �+ s*1cm*2), and the data collection time for a single time spec-
trum in �SR experiments has become increasingly short. On the other
hand, in conventional �SR experiments, measurements are performed
by setting up discrete measurement points with different conditions
such as temperature and magnetic field, and the time required to
move to each measurement point with different conditions often greatly
exceeds the data collection time, thus slowing down the overall experi-
ment time. In particular, rapidly changing temperature and controlling
its disturbances are often difficult and limit the efficiency of experi-
ments; unexpected fluctuation during data collection can interrupt and
delay measurements (or reduce data reliability). We have developed a
next-generation data acquisition and analysis method to fundamentally
solve these difficulties and take advantage of the high-flux beam.

This method integrates �SR data with information on sample con-
ditions such as temperature and magnetic field in real time and sorts

< Corresponding author at: Muon Science Laboratory, Institute of Materials Structure Science, High Energy Accelerator Research Organization (KEK), Tsukuba,
Ibaraki 305-0801, Japan.

E-mail addresses: shoichiro.nishimura@kek.jp (S. Nishimura), ryosuke.kadono@kek.jp (R. Kadono).

them into a multi-dimensional histogram of positron events for each
muon pulse. This enables continuous �SR measurements under varying
sample conditions on a time scale longer than the beam pulse interval
(40 ms) and efficient beam utilization is achieved by eliminating the
lag time associated with moving between discrete measurement points
in conventional �SR experiments. It also opens up the possibility of
studying transient phenomena that were inaccessible with conventional
�SR. However, for such a method to be practical, it is essential that
the beam intensity is high enough to ensure sufficiently good statistics
for positron events in the time region of interest. In this respect, the
high-flux pulsed muon beam at the MUSE is most suitable for transient
�SR.

Historically, numerous examples are known of attempts to utilize
the periodic time structure of an incident beam to efficiently collect
data under a time-varying sample environment while minimizing sys-
tematic errors. To our knowledge, the oldest example in �SR is the
‘‘stroboscopic technique’’, which performs high-precision spin rotation
frequency measurements by synchronizing the data acquisition (DAQ)
with the micro-bunch structure of the muon beam reflecting the radio
frequency (RF) for the proton acceleration in the cyclotron [1,2].

https://doi.org/10.1016/j.nima.2023.168669
Received 30 April 2023; Received in revised form 18 August 2023; Accepted 5 September 2023

https://doi.org/10.1016/j.nima.2023.168669 
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Z. Wang, Nature Communications 7, 10295 
(2016).

T. Kimura, Nature Materials 7, 291-
4.(2008).
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Fig. 2. (a) Multi-dimensional histogram [ ÉA(t)] generated by event-analysis software,
showing the temperature and time on the vertical and horizontal axes, respectively,
and the colors representing the magnitude of the asymmetry. (b), (c), and (d) are
snapshots showing projections of the black line in (a) on the horizontal axis; these
plots can be created by just moving the cursor.

4.6 ù 105 muon/s (double pulse mode) at the current proton beam
operation of 0.8 MW and a repetition rate of 25 Hz [23]. ARTEMIS
has two sets of positron hodoscopes consisting of 20 module detectors,
KALLIOPE, arranged along the forward and backward positions relative
to the sample; each KALLIOPE module harnesses 32 plastic scintillators
(12 mm ù 10 mm ù 10 mm) with silicon photomultipliers, making up 16
‘‘telescopes’’ (pairs of scintillators to identify the position trajectory),
and signals are processed via on-chip readout circuits and Ethernet
interfaces (SiTCP), through which data from 1280 scintillators in total
are transferred to the data-acquisition (DAQ) PC [24].

For the test measurements, CuO (99.99% powder, supplied by Fu-
ruuchi Chemical Co.) and high-purity copper (99.9999% plate, 50 ù
50 ù 1 mm3, supplied by Nilaco Co.) were adopted for temperature
and field sweep, respectively. CuO powder was put into a slab with
25 ù 25ù Ì1 mm3 on a silver plate. The samples were loaded to
a He gas-flow cryostat furnished with the ‘‘fly-past’’ vacuum vessel
to eliminate backgrounds from muons stopped outside the sample.
ARTEMIS is also equipped with normal-conducting magnets, which can
apply longitudinal and transverse magnetic fields of up to 0.4 T and
12.5 mT, respectively.

3. Examples of Transient �SR

3.1. Temperature sweep: CuO

CuO is an antiferromagnet showing two magnetic transitions, a
second-order transition at TN1 Ù 230 K and a first-order transition at
TN2 Ù 213–215 K. In the intermediate temperature region between
TN1–TN2, CuO is considered to exhibit an incommensurate magnetic
ordered phase [25–27]. Therefore, we tested how accurately we could
capture these successive phase transitions with our new method. The
temperature sweep range was 193 K to 250 K, the sweep rate was
0.5 K/min, and the proton beam power was about 0.51 MW at the
time of measurement. A record of the temperature change during the
measurement is shown in Fig. 3(b). The spontaneous muon precession
frequency due to the internal magnetic field changes significantly on
passing through TN2 from commensurate to incommensurate magnetic

Fig. 3. (a) Time-integrated asymmetry (red, blue, and black dots correspond to heating,
cooling, and their mean, respectively), (b) real-time sample temperature monitored
during the transient �SR measurement. Insets: (a) the enlarged plots from around 227 K
to 232 K and from 211 K to 217 K.

ordered phases with increasing temperature, where the actual time-
differential �SR spectrum changes from partial oscillation (◊ 2

3 cos!�t+
1
3 , whose time-integral is

1
3 ) to that approximated by the Gaussian

Kubo-Toyabe relaxation with relatively large fluctuation rate (which
leads to a reduction of the 1/3 component, see below). Therefore, we
can observe the reduction of integrated-asymmetry for T > TN2 as
shown in Fig. 3(a).

In general, if the heat conduction between the sample and the
sample holder is not sufficient, there will be a difference between the
temperature indicated by the thermometer on the holder and the actual
sample temperature. In this measurement, the fact that the sample was
a powder may have also made temperature control by thermal conduc-
tion difficult. However, even in such a case, the temperature difference
could be made sufficiently small by slowing down the temperature
change sufficiently. This was confirmed by the fact that there was no
difference in the time spectrum between heating and cooling, as shown
in Fig. 2(b)–(d).

For effective physical analysis, it is useful to know in advance the
general trend of the time spectra from the event-analysis results. In
experiments with pulsed beams, the spin rotation signal is not observed
above fN, which is determined by 1_2� with respect to the pulse
width �. The presence of such an internal magnetic field appears as
a reduction of the initial asymmetry. (In the case of MUSE, � is FWHM
Ù80 ns and fN Ù 6.25 MHz.) Furthermore, when integrated over time,
the contribution of all spin rotation signals becomes zero, which is

Nishimura et al.



Cu-LCR test measurement at 1MW test operation 

Muon decay events were accumulated for 2 Sec. at each point.
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400 points were measured with increasing or decreasing field, roughly taking 14 min.
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caused by the presence of �+, and electric quadrupole interaction is
induced between nuclear quadrupoles and electric field gradient (EFG),
partly removing the degeneracy of nuclear spin states:

!I (Iz) =
1
2!Q

⌧

I2z * 1
3 I(I + 1) + u(Iz, ⌘2)

�

, (4)

!Q = 3e2qQ
2`I(2I * 1) , (5)

where eq í Vzz is the EFG at the nuclear sites, eQ is the nuclear
quadrupole moment, and ⌘ is the asymmetry of EFG, ⌘ = (Vxx*Vyy)_Vzz
(with Vzz g Vxx g Vyy). The last term u is of important relevance
to �LCR in that the symmetry of EFG may be affected by the presence
of �+. In copper crystals, for example, the nuclear spin levels (I = 3_2)
are split with an energy !I (±

3
2 ) * !I (±

1
2 ) = !Q.

In the conventional �LCR experiment, the resonance is detected
as an enhancement of longitudinal spin relaxation, for which muons
polarized parallel to B are used. The magnitude of B is varied to
match the energy splitting of the muon’s Zeeman level with that of
the magnetic level of the host nucleus determined primarily by the
electric quadrupole energy. Usually, the magnetic dipole interaction
(described by the Hamiltonian HD) between muon and nucleus is much
smaller than the Zeeman interaction of muons. In this case, the spin
relaxation can be approximated by the nth-order parallel moment M ®

n
corresponding to the diagonal term of HD as follows [29,30]:

Gz(t) Ù 1 * 1
2M

®
2t

2 + 1
4!M

®
4t

4 *5 , (6)

M ®
4(B) = M ®

2!
2
D

N
…

i=1
[(!Q * ��B)2

+ C(⇥i)(!Q * ��B)�CuB

+ D(⇥i, Iz)�2CuB
2], (7)

where �Cu is the gyromagnetic ratio of Cu nucleus (= 2⇡ ù 11.285 and
12.089 MHz/T for 63Cu and 65Cu, respectively), !D = ���Cu_r3 (r being
the distance between muon and Cu nucleus), C [= (1 * 3 sin2 ⇥i)_(1 +
3
2 sin

2 ⇥i)] and D are geometrical factors determined by the polar angle
⇥i between the EFG and the muon-nuclear axis for the ith nucleus, and
N is the number of the nearest neighboring Cu nuclei. Since M ®

2 is a
constant, the �LCR condition is then given as a field Bres for minimizing
M ®

4 (note that the sign of the coefficient for M
®
4 is positive), i.e.,

Bres Ù
!Q
��

L

1 +
C�Cu
2��

+ O

H

�2Cu
�2�

IM

, (8)

where C = ≥

i C(⇥i)_N . Since C f 1 and D Ì 1, the above equation is
approximated to yield Bres Ù !Q_�� .

The �LCR measurements on copper were performed over a magnetic
field range covering Bres Ù 8 mT at a few different temperatures. An
example of relatively high-statistics ÉA(t) measured at 50 K is shown
in Fig. 5(a) and (b), where the field was swept from 0 to 15.0 mT in
0.2 mT steps (Ì80 s/step, with the elapsed time of 1.7 h) under a proton
beam power of Ì0.60 MW. The Kubo-Toyabe function near B = 0 and
the suppression of relaxation by increasing B can be observed in the
contour plot. The number of positron events per spectrum sliced at
0.2 mT (the same as the B step) is shown in Fig. 5(c). The physical
analysis for 76 spectra were performed using musrfit, where the curve
fits were made (with sequential fitting) to the following form,

A(t) = A0GKT(t;�n,B)e*�Qt, (9)

and GKT(t;�n,B) is the static Kubo-Toyabe function under a longitu-
dinal field B with �n [Ù (M ®

2_2)
1_2] being the linewidth determined

by the random local fields from Cu nuclear magnetic moments. The
curve fits of the spectra for B f 1.0 mT yielded �n = 0.374(9) MHz
in excellent agreement with the earlier results [31,32]. (The muon
hopping frequency, which determines the fluctuation rate ⌫n of �n, is
known to be negligibly small at 50 K in copper [31,32], and assumed

Fig. 5. Results of the LCR measurements on a copper plate. (a) A 3D plot of ÉA(t) with
the longitudinal magnetic field B for the direction crossing the screen surface. The
solid pink line represents the static Kubo-Toyabe function observed under zero field
(B = 0). (b) A contour plot of ÉA(t) at 50 K, in which the vertical and horizontal axes
represent B and t, respectively. (c) Positron event statistics per sliced �SR spectrum,
and (d) relaxation rate vs. temperature.

to be zero.) The obtained �Q versus B is shown in Fig. 5(d). The peak
of �Q is observed at 7.78 mT, which is in excellent agreement with
the previous experimental result [29,30]. Since we used a standard DC
power supply, continuous sweep of the magnetic field was not possible.
However, the magnetic field was changed asynchronously with the
DAQ, which was a good demonstration of continuous and asynchronous
magnetic field sweep like the magnetic field of a superconducting
magnet in the future.

4. Summary and prospects

In this paper, we establish a transient �SR method consisting of
(i) data acquisition in pulse-by-pulse mode that integrates information
on the sample environment in real time and (ii) event-analysis soft-
ware that generates a multidimensional asymmetry histogram from the
obtained data. The transient �SR method was applied to antiferromag-
netic CuO and metallic Cu samples to demonstrate its ability to measure
transient time spectra for varying temperature and magnetic field in
each case. Transient �SR, in combination with a high-flux pulsed
muon beam, enables fast scanning of the sample environment, which
is difficult with conventional measurements, and makes it possible to
measure time-dependent phenomena in materials, such as operando
measurements. The method can also be applied to other pulsed muon
beam experiments such as muon X-ray measurements.

The time scale of change in sample conditions over which this
technique is valid is so far limited by the interval between beam
pulses (40 ms). This is partly due to the relatively long time constant
of the sample environment under normal circumstances. However, it
is expected that this limitation can be overcome by combining this
technique with a stroboscopic measurement method that synchronizes
the timing of the beam pulses with the fast changing (or pulsed)
conditions [33,34]. This will be a future challenge in further developing
transient �SR.

Another major challenge is to perform direct physical analysis in-
stead of slicing multidimensional histograms and analyzing them with
conventional physical analysis software. In this regard, we are focusing
on the ‘‘deep learning’’, which has been rapidly developing in recent
years. Deep learning is revolutionary in that it has shown the possibility
of automating the act of constructing physical models; AI-Feynman, for
example, has attempted to derive physical laws with some success [35].
For �SR, an attempt has been made to analyze the time spectra using
a simple machine learning code called Principal Component Analysis
(PCA) [36]. While this showed the possibility of parametrizing some

Cu-LCR at T=50K



Summary
• At both D-line and S-line in J-PARC MLF, surface muon beam is available.
• In particular, positive and negative muon experiments, or surface and 

decay muon experiments are sharing the beamtime at D-line, because 
D-line can provide versatile muon beam.

• Besides, S-line is mainly designed to serve positive surface muon beam. 
At this stage, S1 and S2 areas are operating. In future, it is planned to 
construct further two experimental areas, S3 and S4, sharing the single 
pulsed beam.

• However, the key beamline equipment, the electric kicker, fails 
frequently.

• The sample environments are commonly shared with the multiple 
experimental areas. In order to operate smoothly, duality is necessary. 
This is also important from the viewpoints of both development and 
improvement.

• New techniques such like the high-field spectrometer and the transient 
µSR have been intensively developed.
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