
Construction	  of	  new	  DC	  muon	  beamline,	  
MuSIC-‐RCNP,	  for	  muon	  applied	  science

Dai	  Tomono
Research	  Center	  for	  Nuclear	  Physics	  (RCNP),	  Osaka	  University

On	  behalf	  of	  the	  MuSIC-‐RCNP	  collaboration

tomono@rcnp.osaka-‐u.ac.jp

NuFact2017,	  	  26th Sep.	  2017

Dai	  Tomono	  	  Nufact17	  @	  Uppsala,	  Sweden 126th	  Sep.	  2017

1. MuSIC beamline	  Concept/	  
Construction	  	  

2. Music	  beamline	  Commissioning
3. MuSIC experiment
4. Summary



MuSIC Beamline	  

Dai	  Tomono	  	  Nufact17	  @	  Uppsala,	  Sweden 226th	  Sep.	  2017



MuSIC beamline	  at	  RCNP,	  Osaka	  University

l pion	  capture	  solenoid	  +	  pion	  collection	  solenoid	  +	  conventional	  triplet-‐Q	  &	  bends	  beamline
lworld’s	  most	  efficient	  DC	  muon	  beam	  source	  	  (	  ~	  103 )
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Stage-I MuSIC  
Beam Line 
(a la Akira Sato)

p

e,	  µ, p,

Triplet-‐Q	  +	  Bending	  magnets

collection	  solenoid
36°

MuSIC (Muon	  Science	  Innovative	  muon	  beam	  Channel)	  beamline	  ?

Pion	  capture	  solenoid

Beam	  transport:	  
• Muon	  beam	  transport	  to	  

the	  experimental	  port	  
• Electron	  separation
• Start	  experiments	  	  	  

pion	  capture	  solenoid	  :	  
• realize	  large	  pion	  /	  muon	  collection	  efficiency	  
• Radiation	  issues	  (coil	  cooling	  for	  the	  heat	  load)
muon	  collection	  solenoid	  :
• transport	  and	  focus	  with	  dipole	  field
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First	  experiment	  :	  Muon	  yield	  measurement	  at	  the	  solenoid	  exit	  (2011)
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Delivering the world’s most intense muon beam
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A new muon beam line, the muon science innovative channel, was set up at the Research Center for
Nuclear Physics, Osaka University, in Osaka, Japan, using the 392 MeV proton beam impinging on a
target. The production of an intense muon beam relies on the efficient capture of pions, which subsequently
decay to muons, using a novel superconducting solenoid magnet system. After the pion-capture solenoid,
the first 36° of the curved muon transport line was commissioned and the muon flux was measured. In order
to detect muons, a target of either copper or magnesium was placed to stop muons at the end of the muon
beam line. Two stations of plastic scintillators located upstream and downstream from the muon target were
used to reconstruct the decay spectrum of muons. In a complementary method to detect negatively charged
muons, the x-ray spectrum yielded by muonic atoms in the target was measured in a germanium detector.
Measurements, at a proton beam current of 6 pA, yielded ð10.4" 2.7Þ × 105 muons per watt of proton
beam power (μþ and μ−), far in excess of other facilities. At full beam power (400 W), this implies a rate of
muons of ð4.2" 1.1Þ × 108 muons s−1, among the highest in the world. The number of μ− measured was
about a factor of 10 lower, again by far the most efficient muon beam produced. The setup is a prototype for
future experiments requiring a high-intensity muon beam, such as a muon collider or neutrino factory, or
the search for rare muon decays which would be a signature for phenomena beyond the Standard Model of
particle physics. Such a muon beam can also be used in other branches of physics, nuclear and condensed
matter, as well as other areas of scientific research.

DOI: 10.1103/PhysRevAccelBeams.20.030101

I. INTRODUCTION

High-intensity muon beams have applications in many
areas of science, spanning high-energy particle physics to
condensed matter physics and even areas of chemistry and
biology.Many results are limited by statistics, and, depending
on the experiment, up to and above 1018 muons per year are
required,whereas only1015 muons per year are available now.
In particle physics, intense muon beams are needed for

the following experiments and areas of investigation. Rare
muon decays such as charged lepton flavor violation
(CLFV) have attracted much attention theoretically and
experimentally [1,2]. As the Standard Model (SM) expect-
ation for such processes is so small [∼Oð10−54Þ], higher-
intensity muon beams could lead to the unequivocal

discovery of physics beyond the SM. There are several
current and planned experiments searching for CLFV with
muons. They are, for example, μ → eγ [3], μ − e con-
version in a muonic atom [4,5], and μ → eee [6]. In
particular, planned experiments of COMET [4] in Japan
and Mu2e [5] in the United States, which will search for
μ − e conversion with anticipated improvement of physics
sensitivity of 104, need high-intensity muon beams of 1018

muons per year. The properties of the muon such as its
mean lifetime, which gives a direct determination of the
Fermi constant, or anomalous magnetic moment have both
been measured to a precision of about one part per million
[7–9]. Given the approximate 3σ difference between the
theory and data in the measurement [8] of the anomalous
magnetic moment, new experiments to measure with a
factor of 4 better precision are currently under construction
[10,11]. Highly intense muon beams of 1021 muons per
year are needed for a muon collider, a machine that can
investigate the energy frontier, i.e. the TeV scale. A muon
collider has a number of advantages such as compactness
and lower synchrotron radiation compared to an eþe−

collider but also has a number of technical challenges [12].
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VI. ANALYSIS METHOD

A. Analysis of muon lifetime

The distributions of t are shown in Fig. 3 for each of the
five S2 channels for an example data sample (see [30]
for other samples). Also shown is a fit, NðtÞ, to the data
given by

NðtÞ ¼ Nf exp
!
−

t
τf

"
þ Ns exp

!
−

t
τs

"

þ Nb1 sin
!
2π

t − ϕ
T

"
þ Nb2; ð7Þ

where t is the time in nanoseconds. The four components
correspond to the free decay of positive muons, f, the decay
of negative muons in the stopping target, s, a sinusoidal
background b1, and a flat background b2. The muon
decays rates are parametrized with a scale factor N and
a lifetime τ. The sinusoidal background term, which comes
from beam particles (mostly electrons) directly hitting the
counters, has a period T and a phase relative to the trigger
time, ϕ. It is due to the minor bunching of the protons in
acceleration, with the rf frequency of the RCNP cyclotron.
The flat background term is due to combinatorial back-
ground of beam particles which fake a signal. Known
values of the lifetimes, τf ¼ 2196.9811% 0.0022 ns [9]
and, for a copper stopping target, the lifetime of a muonic

atom of copper [31], τs ¼ 163.5% 1.0 ns, were fixed in the
fit. The value of T was also fixed to 60% 5 ns determined
by fitting the background noise in a region where no signal
is expected, i.e. high t. The time distribution for an example
data sample, with a degrader thickness of 5 mm, is shown
for each of the five S2 channels in Fig. 3. The fit to the
data with the function in Eq. (7) is also shown. The fits to
the data are reasonable with some distributions having
values of χ2 per degree of freedom of about one as is the
case for the first channel shown here. Channels 4 and 5 give
consistently poor values, worse than channels from 1 to 3,
and so are excluded from further analysis.
The functions for the free decays of positive muons and

decays of negative muons in a muonic atom of copper with
parameters extracted in the fit to the data are then integrated
in order to determine the number of muons in each sample.
As a cross-check of the method, simulated distributions
were fit with the function in Eq. (7) and the number of
muons extracted. These values agreed with simply counting
the number of real muons in the simulation.
The dead time of the DAQ system, due to it being busy,

was calculated for each running configuration from the
number of potential and good triggers. The potential
triggers were those with a signal in the upstream scintillator
and no corresponding signal downstream within the 50 ns
veto window. A good trigger was defined as a potential
trigger without the system being busy. The dead time varied
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FIG. 3. Time distribution for an example data sample, with a degrader thickness of 5 mm, for each of the five S2 channels. The fit to the
data with the function in Eq. (7) and the parameters extracted for each distribution are also shown.

S. COOK et al. PHYS. REV. ACCEL. BEAMS 20, 030101 (2017)

030101-6

muon	  lifetime	  fitting muon	  X-‐ray	  counting
𝑁"# = 4.2 ± 1.1 ×10, 𝑁"- = 3.6 ± 0.4 ×100

published	  
Phys.	  Rev.	  Accel.	  Beams	  20	  (2017)030101.

Prior	  experiments	  to	  measure	  muon	  beams	  at	  the	  solenoid	  exit.
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Research	  Center	  for	  Nuclear	  Physics	  (RCNP)	  ,	  Osaka	  University
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MuSIC M1	  beamline

Ring	  Cyclotron
~392MeV	  (variable)
1.1uA	  proton,	  (0.4kW)

-‐ proton	  beam	  energy	  is	  only	  100	  MeV	  above	  pion	  production	  threshold	  (〜～2mp)
-‐ muon	  source	  with	  low	  proton	  power	  	  (1.1	  uA ~0.4kW,	  	  5	  uA in	  future)

MUSE	  @	  J-‐PARC	  
Pulsed	  muon	  source

MuSIC @	  RCNP,	  Osaka	  Univ.	  
DC	  muon	  source

p
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Layout	  of	  Music	  M1	  Beamline
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Experimental	  port

µ/e/p

p

Spin	  rotator	  &	  DC	  separator

Pion	  capture	  solenoid

• muon	  /	  electron	  separation
• rotate	  spin	  with	  80	  degree	  for	  surface	  muon	  
• Now	  in	  commissioning

Triplet-‐Q

Triplet-‐Q

BM1

BM2

ST1	  ST2

Triplet-‐Q

+/-‐ 400	  kV	  /	  15cm	  gap
L	  =	  1.8	  m

26th	  Sep.	  2017



Comparison	  of	  pion	  production	  methods	  

• Thin	  target	  (~	  20mmt)
• Small	  solid	  angle	  

• Separate	  pion	  and	  muon	  momentum	  selection	  	  	  	  
(obtain	  highly	  polarized	  muon	  beam)

• Thick	  target	  (	  200mmt	  )
• Large	  solid	  angle,	  good	  collection	  efficiency	  

• No	  	  muon	  spin	  selection	  (	  no	  selection	  of	  	  pion	  /	  
muon	  momentum	  )
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Conventional	  muon	  beamline

Ex.	  J-‐Parc MUSE	  
1000	  kW	  proton	  beam
20mmt	  graphite	  target

to	  neutron	  facility

graphite
target	  

proton	  beam

capture	  magnet

bend	  (p selection)

bend	  (µ selection)

decay	  volume

muon

Proton	  beam	  
loss	  ~	  5%

MuSIC beamline
proton	  beam

Ex.	  MuSIC
0.4	  kW	  proton	  beam
200	  mmt graphite	  target

muon

Collect	  p / µ 
with	  3.5T	  solenoidal	  field

Capture	  	  solenoid

to	  dump

Transport	  
solenoid

pion

pion

26th	  Sep.	  2017



Pion	  capture	  solenoid	  &	  Pion	  transport	  solenoid

l Pion	  capture	  solenoid	  (3.5T)
— pion	  production	  target	  inside	  	  (1.5	  interaction	  length)	  
— pion	  collection	  with	  large	  solid	  angles

l Pion	  transport	  solenoid	  (2.0T)
—Curved	  solenoid	  to	  capture	  and	  transport	  pion/muon
— Momentum	  selection	  with	  dipole	  collection	  field	  

exit	  of	  the	  36° curved	  solenoid	  
~	  3x108 positive	  muons	  
~	  1x108 negative	  muons	  

~	  103 pion	  production	  efficiency	  
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Beam	  Profile	  by	  G4beamline	  	  simulation

Inflight-‐decay	  muonSurface	  muon

26th	  Sep.	  2017



Proton	  beam	  monitoring	  
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proton	  beam	  is	  tuned	  
to	  penetrate	  and	  focus	  
at	  the	  center	  of	  graphite	  taeget

26th	  Sep.	  2017



Prototype	  beamline	  for	  COMET	  experiment	  but	  …
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ref	  	  from	  COMET	  experiment,	  TDR2016

392	  MeV,	  
1.1	  uA
DC	  proton

MuSIC
Beamline

Capture	  
solenoid

Transport
solenoid

• demonstrated	  proof-‐of-‐principle	  for	  muon	  production	  with	  the	  solenoid	  system	  
using	  392	  MeV/1uA	  DC	  proton	  beam	  

• The	  MuSIC is	  aiming	  for	  a	  versatile	  beamline	  for	  muon	  experiments	  with	  variety	  of	  science.
26th	  Sep.	  2017

COMET	  for	  μ-‐e	  conversion



Beamline	  Commissioning	  &	  
Experiments	  
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Experimental	  port	  (at	  the	  M1	  beamline	  end)
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µSR spectrometer

Beamline	  end
Muon	  beam

TOF	  setup

Muonic X-‐ray	  measurement

26th	  Sep.	  2017

• In Feb	  2017,	  proton	  beam	  current	  increases	  
20	  nA to	  1.1	  uA owing	  to	  the	  shielding	  
blocks	  

• Test	  of	  the	  beamline	  components	  (steering	  
magnets,	  Qs,	  Bends	  and	  DC	  separator	  )

• Muon	  	  yield	  	  measurement
• Beam	  size
• Slit	  &	  Background	  
• Spin	  polarization	  



Muon	  yield	  measurement	  
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Inflight-‐decay	  muons

Surface	  	  muon	  (µ+)

**	  note	  that	  muon	  yield	  (vertical	  axis)	  is	  scaled	  for	  1uA	  proton	  beam
operation	  
20nA	  (2016	  run)	  -‐>	  1.1uA	  (2017	  run)

Muon	  momentum	  [MeV/c]

e/µ/p

Beam	  counter (plastic	  scintillator)
(10cmx	  10cm)

TOF	  Setup	  
beamline	  ~	  20m

Target	  position	  tuned
for surface muon

Succeed	  in	  observing	  surface	  muons	  (~28	  MeV/c)

~	  3	  x	  104 surface	  µ+/s	  @	  28	  MeV/c
with	  1	  mA	  proton	  beam

Dt	  =	  	  tcounter– tRF

Muon	  momentum	  [MeV/c]Muon	  momentum	  [MeV/c]
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Beam	  profile	  measurement

Beam	  profile	  at	  the	  beamline	  end	  	  (beam	  focusing	  position)	  	  	  p	  =28	  MeV/c

Y

50mm

X

50mm

80mm 80mm

• slit	  fully	  opened

• slit	  ±30mm	  opened

80	  mm	  x	  80	  mm

50	  mm	  x	  50	  mm

• simulation
(turtle)

• measured
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Profile	  monitor

160mm

160mm

• 1mmφ thin	  scintillation	  fiber	  +	  MPPC	  readout
• Separate	  e	  /	  µ by	  their	  energy	  deposit	  difference
• 8mm~2mm	  interval（dense	  around	  the	  center）
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Spin	  measurement

Preliminary	  (simulation	  
with	  G4	  beamline	  )

Nu
m
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f	  m
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Muon	  momentum	  @	  solenoid	  exit	  [MeV/c]

Surface	  muon	  (spin	  ←)

FW(	  spin	  ←)

BW(spin	  →)

• Muon	  beam	  	  at	  the	  solenoid	  end	  (G4	  beamline	  
output)

• Separate	  forward	  and	  backward	  decay	  muons	  to	  
investigate	  beam	  polarization

• Calculate	  the	  expected	  polarization	  geometrically	  
and	  compare	  the	  experimental	  results
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Setup

spin	  asymmetry 𝐴234 𝑡 ≡ 	  	  
𝑁8 𝑡 − 𝛼𝑁; 𝑡
𝑁8 𝑡 + 𝛼𝑁; 𝑡

	  

Trigger	  counter	  (0.5mmt)

Upstream	  counters	  (4mmt)	  x2
Downstream	  
counters	  (4mmt)	  x2

TF	  =	  40	  Gauss
xµ+

Al

26th	  Sep.	  2017

p
+
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+

𝑝> µ
+

n x

nµ
+

x
p
+collect	  π with	  

sc solenoid
FW	  and	  BW	  decay	  muons	  are	  
mixed	  in	  the	  beamline

FW	  decay

BW	  decay



Spin	  precession	  measurement	  results
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	  ∝ A	  cos 𝛾"𝐵𝑡 +	  𝛿G 𝛾" ∶ Lamor	  frequency

Typical	  observed	  asymmetry	  spectra	  

Momentum	  
[MeV/c]

Polarization
(G4	  simulation)

Polarization	  
(measured)	  

28	  (surface	  µ) 48 57

40	   10 16

50 45 59

60 55 57

Measured	  polarization	  

Preliminary	  (simulation	  
with	  G4	  beamline	  )
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Cancel	  

Polarization	  	  (spin←)
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Muon	  Science	  at	  MuSIC

l Stage	  0
— proof-‐of-‐principle	  for	  muon	  capture	  and	  transport	  solenoid	  (also	  for	  COMET	  experiment)	  
— high	  efficiency	  	  (~	  103)	  muon	  production	  was	  achieved	  (	  measured	  at	  the	  capture	  solenoid	  end),	  paper	  
published	  in	  2017

l Stage	  1(2012-‐16)
—Conventional	  triplet-‐Q	  and	  bend	  magnets were	  installed	  successively	  to	  the	  collection	  solenoid.
—Beam	  commissioning	  is	  performed
— Physics	  programs	  start	  

• Muonic X-‐ray	  	  analysis	  	  and	  non-‐destructive	  analysis
• Chemistry	  on	  muonic and	  pionic atoms
• non-‐destructive	  element	  analysis	  	  (ex,	  from	  asteroid	  explorer,	  Hayabusa-‐II	  )

• Probes	  for	  condensed	  matter	  physics	  (DC-‐µSR),	  	  Feasibility	  tests	  are	  	  in	  progress
—beam	  intensity	  increased	  by	  50	  times	  larger	  (proton	  beam	  upgrade	  :	  20	  nA to	  1.1	  uA)

l present
—Start	  experiments	  with	  negative	  and	  positive	  muons
—Muon	  capture	  and	  X-‐ray	  elemental	  analysis	  are	  in	  progress	  
—DC-‐µSR study	  (still	  in	  commissioning	  for	  user	  experiments)	  

l future
—Nuclear	  physics

• Nuclear	  muon	  capture	  for	  0νββ	  study	  (for	  nuclear	  matrix	  element	  determination,	  assigned	  beam	  in	  2018)
• Gamma-‐ray	  measurement	  from	  nuclear	  capture	  with	  heavy	  nuclei	  
• Nuclear	  physics	  combined	  with	  the	  high	  resolution	  /	  acceptance	  spectrometer	  in	  RCNP	  	  (prospects)

—Improvement	  of	  the	  beamline	   to	  obtain	  further	  intense	  muon	  beam	  (around	  the	  solenoid	  and	  triplet-‐Q)	  
—new	  physics	  programs	  
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We	  are	  now	  in	  this	  
stage	  	  (2017)
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Experiments	  at	  MuSIC
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Exp # spokespersion Title Beam	  time	  
date	  

Beam
current

status

E411 K.	  Terada
(Osaka	  U)

Development	  on	  non-‐destructive	  elemental	  analysis	  of	  planetary	  materials	  by	  
using	  high	  intensity	  μ-‐ beam

Nov 2015 20	  nA Done

G02/E475 H.	  Sakurai
(RIKEN)

(Impact	  project)	  Reaction	  Mechanism	  of	  Muon	  Nuclear	  Capture	  on	  Pd Isotopes May	  2016 20	  nA Done

G02/E475 T.	  Matsuzaki
(RIKEN)

Reaction	  Mechanism	  of	  Muon	  Nuclear	  Capture	  on	  Pd	  Isotopes Feb 2017 1.1	  uA Done

E467 K.	  Takahisa
(RCNP)

Measurement	  of	  the	  muon	  capture	  on	  3He	  by	  using	  of	  the	  high	  intensity	  
continuous	  μ-‐ beam

Jun	  2017 1.1 uA

E490 K.	  Terada
(Osaka	  U)

Muonic X-‐ray	  analysis	  of	  planetary	  materials:	  Development	  on	  Isotopic	  
measurement	  and	  Muonic X-‐ray	  imaging

Jun 2017 1.1	  uA

E489 Izyan Hashim
(Universiti Teknologi
Malaysia)

Muon-‐gamma	  spectroscopy	  for	  neutrino	  nuclear	  responses Jan	  2018 1.1	  uA

• All	  experiments	  (approve)	  are	  the	  negative	  muon	  experiments.
• Now	  we	  start	  the	  feasibility	  study	  	  of	  the	  positive	  muon	  experiments	  	  



negative	  muon	  experiments
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MuSIC µ-‐element analysis：
2017.3.2Golden	  Coin	  (1.1µA,	  
50MeV/c,	  15min.)

Non-‐destructive	  element	  analysis Now	  analyzng data	  	  

Muon	  nuclear	  capture	  



μSR for	  condensed	  matter	  physics	  
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• μSR (Muon	  Spin	  Rotation/Relaxation/Resonance)	  for	  
condensed	  matter	  physics	  

• Large	  number	  of	  users	  for	  condensed	  matter	  physics	  	  
• In	  Japan,	  	  intense	  pulsed	  beam	  at	  JPARC	  and	  DC	  beam	  at	  

MuSIC become	  available	  
• DC	  beam	  has	  a	  merit	  for	  good	  time-‐resolution	  

measurement	  



Observation	  fast	  precession	  in	  Fe	  

Succeeded	  to	  observe	  fast	  precession	  
f	  =	  48.58	  ±0.01	  [MHz]

upstream

downstream

μSR experiment	  	  :	  sample	  Fe	  (ferromagnet)	  at	  room	  temperature	  
observe	  the	  internal	  field	  of	  Fe	  (expect	  !	  48	  MHz	  precession	  )
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Summary

l New	  innovative	  DC	  muon	  source	  with	  solenoid	  system	  has	  been	  developed.
— good	  pion	  production	  &	  collection	  efficiency	  	  of	  ~	  103
— pion	  capture	  &	  transport	  solenoid	  +	  triplet-‐Q	  and	  bend	  magnets	  beamline	  for	  various	  
muon	  science	  experiments	  	  	  

lBeamline	  commissioning	  is	  in	  progress
—inflight-‐decay	  µ+ 105-‐106 µ- 105-‐106	  	  surface	  µ+ 3	  x	  104	   [count/sec/1uA	  proton	  beam]
—Improvement	  	  of	  muon	  beam	  (especially,	  solenoid	  and	  triplet-‐Q	  connection)	  	  

lStart	  physics	  program	  in	  MuSIC
—nuclear	  physics	  (	  muon	  capture	  )	  
—radio-‐chemistry	  and	  non-‐destructive	  evaluation	  of	  elements	  	  	  
—positive	  muon	  for	  µSR measurement	  (feasibility	  study	  in	  progress)	  
— MuSIC has	  possibility	  to	  perform	  experiments	  of	  muon	  applied	  science	  
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