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Outline QP ARAY

* Muon activities in Japan

* Proton/Muon facilities

 RCNP, Osaka (DC muons)

* J-PARC, COMET (pulsed muons, ~1MHz)

* J-PARC, MLF, MUSE (pulsed muons, 25Hz)
* FFAS

* Summary



Research Center of Nuclear Physics (RCNP),

Osaka University, Japan

A New DC muon beamline

MuSIC@RCNP AVF Cyclotron
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& RCNP has two cyclotrons.

— A proton beam with 392MeV, 1.1 LA is -
provided from the Ring Cyclotron (up | Max. B field=1.75
: RF freq.=50¢ ;
to b A in near future). - Max. DeeWeltage
& A new DC muon beam facility, MuSIC, = ol /1 \
was built in the largest experimental hall, g% e s, . "
the west experimental hall. . @ .
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A New DC muon beam line: RCNP-MuSIC
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Proton beam 392MeV, 1.1 uA
from the ring cyclotron

Akira SATO



MusSIC: Pion Capture System

GM cryocoolerl

SUS radiation shield .~ Transport Solenoid

ON 2.0T with 0.04T dipole field

. > Proton beam line
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Proton Beam Monitoring on the Target

Graphite Target
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The 1st pion capture system MusSIC

at RCNP Osaka Univ. [

Pion capture solenoid
‘Max.Bsol:3.5T

Music_ 40w |
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Muon life (Stopping target: Cu)

Entries 149814
x2 [ ndf 1780/ 1239
Ny 369.3 + 13.4
Tou 162.5 + 0.3
N, 254 + 2.0
T, 2197 + 0.0
Nain 14.91+ 0.35
o 4.355 + 0.555
T 59.37 + 0.00
N, 48.07 + 0.24

Muonic X-rays (Stopping target: Mg)

Proton beam |

energy spectrum
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Measured muon yield at the exit of the 36° transport solenoid

5000 10000 15000 20000 25000

700—
Mg-ulLa
(56.6keV)

500

400

300

200

100

0

_IIIIIIIIIIIII

Mg-mLa(74.7keV)
& C-uKa(75.5keV)

Mg-uKa

(296.4keV)

|

W I

S. Cook, et. al., Phys. Rev. Acc. and Beam 20, 030101 (2017)

Muon yield @ the solenoid exit
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| measuement
positive muon [u*/sec for 400W] (4.2+1.1)x 108
negative muon [u-/sec for 400W] (3.6 £0.4)x 107

The Y production efficiency shows good

agreements with the design value.

MUSIC 5 Status and Prospects - 2012/09 AL k:IE |
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MuSIC Pion Capture followed by ...

& MuSIC successfully demonstrated a muon intensity =
108 /s is available with a 431W proton beam. It
correspond to ~ 106u+/s/W and ~ 10%u-/s/W, over a factor
of 1000 higher than other muon facilities.

8 For COMET (elementary particle physics)

— Combination with a 56kW proton beam at J-PARC can
make >1011u-/s for y-e conversion experiments. The

COMET collaboration is building another pion capture
system for COMET at J-PARC hadron hall.
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A New DC muon beam line: RCNP-MuSIC

Pion capture system
SC solenoids

Muon intensity = 108u /s
%\ many backgrounds

MuSIC-M
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DC muon beam line
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The DC muon beam line in Japan
RCN P-MUSIC-M ] constructed in 2013JFY

Goal of the beam performance
& Positive muon : DC-u SR Triplet-Q
—  beam size : @ 10mm

Muon beam

— angle : < b0mrad
— intensity : 2~4 x 104/sec AY
& Negative muon : nuclear phys. chemi. u-
— beam size : ¢ 10mmM~P50mm

7

— angle : < 200mrad

— intensity : 2x104 ~2x105/sec %& Xt Wien filter
SN Ko ’ gap I15cm
HV: +- 400kV
L=1.8m

Spin rotation: 74deg

Full operations started from 2017.
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Examples of DC Muon Science at MuSIC

Stage-2
Needs a long SC

GPartlcle Physics :
— search for u—eee (muon LFV) 108°%u+/sec

DC continuous beam IS Crltlcal
JMaterials Science -
— U SR (a uSR apparatus is needed) 10%°6u=* /sec, polarized
Nuclear Physics : Stage-1
— nuclear muon capture (NMC) 104-5u-/sec

nuclear matrix element study for Ov B B decay peen constructed:

— pion capture and scattering
Chemistry :
| — chemistry on pion/muon atoms 104-5u-/sec
5» ’Non destructive element analysis
ugarchaeology, asteroid explorer (Hayabusa-2) 104 Su-/sec
e Accelerator / Instruments R&D ‘ . ‘

— (for PRISM/neutrino factory/muon collider) :
Superconducting solenoid magnets
FFAG, RF
cooling methods
muon acceleration, deceleration, and phase rotation

solenoid channel.

e = S D g S et

16 user experiments
have been performed
already.
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J-PARC at Tokai, Ibaraki ¥#%*
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2 Material and Life Science Facility |
Neutron and Muon é

e -———-

Main Ring
30 GeV, FX 0.75 MW, SX >0.1 MW
Currently: FX 0.515 MW, SX 0.05 MW

Hadron Hall

| Nuclear and Muon Physics
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J-PARC: COMET = <&

« COMET is an experiment to search for the py-e conversion.
*Low energy muon beams are generated using a pulsed 8 GeV proton beam.
* We have built a special experimental hall and a beam line for it.
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COMET S

COMET Phase-I: SES: 3.1 x 10-15 COMET Phase-Il: SES: 2.7 x 10-17
2023~

Pion Capture Section

A section to capture pions with a large
solid angle under a high solenoidal
magnetic field by superconducting
maget

Detector Section

A detector to search for
muon-to-electron conver-
sion processes.

% Muons
— .
Stopping é/ S_:_ca);:gér;g
_ Target % M
-~ )

///Wﬂﬂ R0 100000000 e

Pion-Decay and
Muon-Transport Section

A section to collect muons from
decay of pions under a solenoi-
dal magnetic field.

AAAAAAAAAARA

"

5m

* A long superconducting solenoid channel
e pion capture, Y transport, electron spectrometer and detector solenoid
* Stop negative negative muons at the Al stopping targets

* ID signal electrons emitted from the targets and measure their energy precisely
I 15 |




COMET: Schedule  %&%~

C-Line Construction l_'—I—"'

PCS Construction i " ‘ — Phase-ll

PCS test

PCS Installation

PCS Return Yoke and Stage
PCS Power Supply

Cryogenics §

MTS Test

Air Sealing

Experiment Area Construction
Radiation Shield for Phase-alpha
Radiation Shield for Phase-|
Beam dump

PCS Cu Shield Construction

PCS Cu Shield Installation
Now
Jan-19 Jan-20 Jan-21 Jan-22 Jan-23 Jan-24

* For MC the Phase-a also would be a good chance to study secondary beams from proton beams.
I 16




COMET: Phase-a in 2022 =%~

» Goal P

D Measurement of
l beam loss on target

* Proton beam line commissioning S
Direct extinction measurements at the COMET area

* Demonstration of the muon transport system

 Estimation of backward pions/muons production yields

* Measurements of yields of secondary particles, others 5
* Measurement conditions ;'CIDF'ZF

* Proton beam: 8GeV, 200W d easement

measurement

* Thin graphlte target no pion capture solenoid, w/ 90deg. transport solenoid

| Extmctlon Monitor for
Monitor v/ 2F ) | beam loss
| 7 on target

V7, Va, 0™, o, I, T, V.

Pion/Muon Transport
] A | | ] ] ‘

L—~i“ 2 I A thick

l No capture soIenoud magnet .' A e, / graphite

. BN




COMET Phase-I: 2023~ 9%

Graphite target

64 Ti target support

C/C composite target support
Preliminary Design

TS1 Cold Mass CS Cold Mass
(TS1 coils + Shell) (CS&MS coils + Shell)

TS1 Thermal Shield Vacuum Vessel CS Thermal Shield

‘(::‘ 1o . AN —\ R
5 \ nﬁj‘

TS1e [TS1c (TS1a MS2 MS1 \\ Cs1 CSo0

(1) Beam measurements TSIt TSta TSt Radiation Shield
*(2) Physics runs: 1.2 x 107 sec for SES of 3.1 x10-15

* Proton beam: 8 GeV, 3.2 kW

* Pion production target: graphite rod, ¢26 mm, L=700 mm

* Muon beam: ~50 MeV/c, 1.2 x 10° stopped pu-/s
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COMET Phase-Il: Pion Capture Solenoid

Iron yoke

Superconducting

J’ / Solenoid Coils

e\ 2N NN\] /

NN Q 3 /

\ \\\0, y \ Production Target

\ N2

Radiation Shield

500 um Ti foils at
entrance and exit as
vacuum window and
antiproton absorbers

» Superconducting solenoid magnet
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COMET Phase-l: Muon Transport

| m...}_’ 0 d(

March, 2015
» Curved superconducting solenoid channel: ~ 3 Tesla
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COMET Phase-I: Detectors 27

Physics run Beam measurement

Cylindrical drift chamber

Superconducting coils

% s .
G e, Straw chamber ..
CDC endpls % . A

A St opping targets

> 25, o
== 13
......

Trigger hodoscopes ..
P

Vacuum window Cryostat Return yoke

A s, o
~~ Calorimeter

* Cylindrical drift chamber » Straw chambers
* Trigger hodoscope  Calorimeter

e Scintillators LYSO
 Cherenkov



COMET: Phase-I M

. Physms runs: 2 X 107 sec for SES of 2.7 x10-17
* Proton beam: 8 GeV, 56 kW
* Pion production target: Tungsten, 10 mm, L=250 mm
* water/He cooling
* Muon beam: ~50 MeV/c, 2 x 1011 stopped u-/s




COMET for Muon Collider R&D

* Possible R&Ds
* Plon production targets
» Secondary particles from 8 GeV proton beams
* Pion capture solenoids, curved solenoids

» Effects to superconducting magnets in a high
radiation field

» Study with muon beams
* Detectors
* Accelerator components




J-PARC at Tokal, Ibarak| M

...2_” : -v,‘ ."' ‘\: T~
Linac 8 Bl W

..... . A -' : 1 —Rapld Cycle Synchrotron;
A

| 3GeV, 25 Hz, 1 MW =%
o W

Currently: 0.62 MW
Qm Neutring heam.. P \

Material and Life Science Facility

Neutron and Muon :

4

Main Ring
30 GeV, FX 0.75 MW, SX >0.1 MW
Currently: FX 0.515 MW, SX 0.05 MW

- Ta—— Hadron Hall

4 Nuclear and Muon Physics



J-PARC MUSE
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« MUSE (MUon Scuence Establishment) in the MLF

S-line Material science
« surface u*
« dedicated to uSR

« S1 areais available
« S2/S3/54 will be
constructed

5/, To H2

" A A
) - s .
[ oS /
o - y /
- > ‘o ._' e X
et P e 2
PPy o PP PN
A AN L A e y
o 2 [ vy .1 :
~1 st N
2ot < o959 ",‘
i

3GeV proton from RCS
2e15 /s @ 1TMW

Muon target /
(graphute t20mrn) ),

| M1-line

Ji l

« ultra slow p*
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« under commissioning
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H-line

Particle physics

D-line

surface pt (>108 ut/s),
decay put/u, e

for high intensity & long
beamtime experiments
H1 for DeeMe & MuSEUM
H2 for g-2/EDM &
transmission muon
microscopy

under construction

multi purpose

decay pu*/u, surface u*
D1 area for uSR
D2 for variety of science



J-PARC MUSE: H-Line ¢

Muonium HEFS

Precise Measurement of Hyper-Fine
Structure of Muonium

""""""

. Experiment to Measure spin precession precisely

Search for mu- - Parallel to Magnetic Field — g-2
\/’ e conversion - Orthogonal to B-field - EDM

in the primary

target

N. S\aito




Muon g-2 @ H-Line &%

[.(e
3 GeV proton beam
( 333 UA)
. Graphite target
* (20 mm)

Surface muon beam 66 cm dlameter
(28 MeV/c, 4x108/s)

e Muonium Production
" m— %25 meV) Super Precision Magnetic Field
) " S B AR (3T, ~1ppm local precision)

Resonant Laser lonization of
Muonium (~10° ut/s)

Silicon Tracker

i ‘ ” i New Muon g-2/EDM Experiment at
- J-PARC with Ultra-Cold Muon Beam
N. Saito




Mu- accelerated P

DOI: 10.1103/PhysRevAccelBeams.21.050101

* Negative muonium N e
atoms (Mu-=p*e-e-) were | s i
accelerated to 89 keV. - ﬁ{ o Resef

* One of R&D items for -

the muon g-2
experiment

* A y* was converted to
Mu- by a Al degrader,
then accelerated by an
RFQ.

40 — + RF on

* Time distribution of the +
Mu-s was measured

i ‘ +. .
by a MCP. b L% WL

500 1000 1500
Time of flight [ns]

! RFoff

simulation

Events/50 ns/4x10'" p* incident

o

A8
2000




NN

MUSE for Muon Collider R&D ¥ ##

* Verity of pulsed muon beams is available.
*Energy: 50 eV ~ 55 MeV
» Unique R&Ds are ongoing
» Ultra cold muons
* Muon acceleration by LINAC and cyclotron
* Design study for the 2nd target station is in progress

*~0.5 MW proton beam on W target
* https://j-parc.jp/researcher/MatLife/ja/publication/files/TS2CDR.pdf
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FFAS In Japan



P DR
FFA complex at KURNS, K oto U. ”
‘- - KUCA e Beam species : proton !

Injection energy : 11 MeV

\‘ - Extraction energy  : 150 (100 ) MeV "
LlNAC MA'N RlNG \- \ ==.Beam current : 1 nA (safety reg.) h
.F Lattice structure : 12-cell DFD

Field index k 1 7.5

o Average orbit radii :4.52-5.12m n
- |.—— ION-BETA . ‘

, ~ / . ‘ o -H ?;4@ A8 O

LR -

T septum

E]iI ERIT/MERIT
[ mm -

L L 11 (.
V)

" irradiation hall

1 sallit

o o B ~—

| MERIT (Multiplex Energy Recovery Internal Target)
Internal target + storage + acceleration
in one FFA was demonstrated

* Three FFAs are in operation.
* \We can study with the rings.



FFA at Kyushu U. M

Internal
lon Source 10 MeV Proton 125 MeV Proton
4>
>
:éo 150MeV Proton or Experimenta|
Heavy lon beam Hall
Cyclotron

| lon Source
I (p, d, Heavy lon)

8 MV Tandem Accelerator




PRISM-FFAG P aa

m— - PR|SM/PRIME

p— ‘ — =
B J@ | S \ =) .+ ultimate uy-e conv.
PRISM-FFA n RCNP-Osaka = search: BR ~10-19

e U beam
* low energy ~ 60 MeV/c
« small dp/p ~ 2%
e pure (no pions)

« Can be achieved by an
FFA storage ring

. PRISM-FFAG
Y\ el R . 2003-2009 o B
R L/ 7 - N - = — * The ring has been
Demonstration of the phase rotation has been done. | disassembled, butthe
magnets and the RF is still

available.



PRISM Task Force
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* PRISM task force, lead by J. Pasternak, continues the PRISM-FFA study.

A new conceptual design FDF sca

Detector Solenoid

Spectrometer Solenoid

Muon Stopping
Target

Muon Storage Ring

(Phase Rotator) Pion and Muon

Transport Solenoid

Pulsed Proton Beam

Pion Production
Target

Pion Capture Solenoid
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Snowmass 21

A Phase Rotated Intense Source of Muons (PRISM)
for a 4 — e Conversion Experiment

R. B. Appleby,!:? M. Aslaninejad,* R. Barlow,? R.H. Bernstein,® B. Echenard,® A. Gaponenko,® D. J. Kelliher,” Y.
Kuno,®? A. Kurup,!® J.-B. Lagrange,” M. Lancaster,! K. Long,!° K. Lynch,!! S. Machida,” S. Mihara,’? Y. Mori,!?
B. Muratori,’®? J. Pasternak,'” " * E. Prebys,'®> C. R. Prior,” A. Sato,® D. Stratakis,® S. Tygier,"? and Y. Uchida'®

*The University of Manchester, Department of Physics and Astronomy,

Ozford Road,Manchester,M13 9PL, United Kingdom
2Cockeroft Institute, Sci-Tech Daresbury, Keckwick Lane,
Daresbury, Warrington, WA4 4AD, United Kingdom
#School of Particles and Accelerators, Institute for Research in
Fundamental Sciences (IPM), P.O. Box 19395-5531, Tehran, Iran
4 The University of Huddersfield, Queensgate, Huddersfield, HD1 3DH,UK
®Fermi National Accelerator Laboratory, P.O. Boz 500, Batavia, IL 60510, USA
8 California Institute of Technology, Pasadena, California 91125 USA
TISIS, STFC Rutherford Appleton Laboratory, Didcot OX11 0QX, UK
® Graduate School of Science, Osaka University, 1-1 Machikaneyama, Toyonaka, Osaka, 560-0043, Japan
? Research Center of Nuclear Physics, Osaka University, 1-1 Yamadaoka, Suita, Osaka, 565-0871, Japan
% Imperial College London, Ezhibition Road, London SW7 2AZ, UK
! York College and the Graduate Center, CUNY, New York, NY 11451, USA
2 Institute of Particle and Nuclear Studies (IPNS), KEK, Tsukuba, Ibaraki, 305-0801, Japan
'3 Institute for Integrated Radiation and Nuclear Science Department of Nuclear Engineering, Kyoto University, Kyoto, Japan
1YASTeC, STFC Daresbury Laboratory, Daresbury,
Warrington, WA4 4AD Cheshire, United Kingdom
1SUC Davis, Department of Physics and Astronomy, One Shields Avenue Davis, CA 95616
(Dated: September 1, 2020)

Muon to electron (pu — e) conversion in a muonic atom is an excellent laboratory to search for
charged lepton flavor violation (CLFV). Its discovery would be a clear signature of physics beyond the
Standard Model (BSM), and the current generation of experiments will probe 10* beyond current
limits. In order to further improve the experiments by an additional factor of 100 and study
potential signals, the use of a Fixed-Field Alternating gradient (FFA) ring has been proposed to
create a Phase Rotated Intense Source of Muons (PRISM). Short, high intensity proton bunches
are sent to a production target followed by a high acceptance capture/transport system, where
the muon beam will be formed and subsequently injected into the FFA ring. PRISM will allow
significant purification of the muon beam and suppression of a typically large momentum spread
by the use of RF phase rotation in the ring, both reducing the backgrounds and increasing the
number of stopped muons relative to other methods. PRISM requires a proton driver capable of
producing short, intense proton bunches. New facilities, in particular PIP-II at Fermilab equipped
with a dedicated accumulator ring, or upgrades of other accelerator facilities, such as J-PARC and
ESS, offer promising opportunities for providing the required intensity and time structure of the
proton beam. The FFA would provide the world’s forefront facility to explore CLFV physics with
high-brightness muon sources.

https://www.snowmass21.org/docs/files/summaries/RF/'SNOWMASS21-RF5_RFO0-AF5_AFO0_J Pasternak-096.pdf
I 35|
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Summary QP AMAS:

* There are three muon facilities in Japan.
 RCNP-MuSIC
* J-PARC COMET
* J-PARC MUSE

* We have a lot of muon project in Japan. They are mostly
for low energy muon programs.

» Some of technologies can be extended for the Muon
Collider R&Ds.

* FFAs are also an attractive candidate for the MC; phase
rotator, storage ring, accelerator ...

 Future high intense muon beams are also very important
for fundamental science with low energy muon beams. We
should consider possibilities to add the low energy muon
programs to the MC / nuSTORM.




