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1. Muon science at J-PARC

» 27d generation charged lepton
like electron.
* Spin %,direction 1s easily

measured by decay products —
good magnetic probe.

» m, ~ 200 x m,
* High penetration
» Sensitive to unknown particles

Courtesy of S.Kondo 3
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Transmission muon microscopy

Electron microscope Electron microscope ‘
image (Thin sample) image (Bulk sample) o
e

Muon microscope
image (Bulk sample)
3D image
reconstructed

Y. Kondo IPACI18 @Vancouver, BC, Canada

* 3D imaging of living cells using deep
penetration.

* Require extremely small emittance muon
beam ~10 MeV.
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Beyond the Standard Model? — muon g-2

DHMZ 10 (e'e")

—289+ . J——
“*% SM predictions

HLMNT 11 (e'e)
—2631£49

BNL-E821 (world average)

0+63

BNL E821

G = QED

Y. Kondo IPACI18 @Vancouver, BC, Canada

o

Hadronic

Weak

D

Beyond SM? g
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THE CHARACTERS

o (o> e

positive muon neutral Muonium  negative Muonium
(Mu: u*e”) (Mu: u*ee)

6/30
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Conventional muon production process

In flight (decay p)
or at rest (surface )

() @-@

*Large emittance!

W

From accelerator

Production target 1 /0
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Ultra Slow Muon (USM) developed at KEK

122.09 nm
(Lyman-c)

-13.6 eV
Muonium

+

n

\ v < /"‘, '
N ," ¥ o) .

MDA

Surface muons

4 MeV :
Mu production

target

(2000 K tungsten)

Laser
122nm, 355nm

Ultraslow

MUONSo0.2ev
¥

Generation of thermal muoium
Mills, Imazato, Nagamine et al.,
Phys. Rev. Let. 56, 14, p1463 (1986)

Laser excitation fo muoium
Chu, Mills, Kuga, Yodh, Miyake, Nagamine et al.,
Phys. Rev. Let. 60, 2, p101 (1988)

USM @ KEK

Nagamine, Miyake, Shimomura et al.,
Phys. Rev. Let. 74,24, p4811 (1995)

Y
USM @ RIKEN-RAL

Bakule, Matusuda, Miyake, Nagamine, Shimomura et al.,
NIM B 266, p335 (2008)

USM @ J-PARC
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J-PARC MUSE

MUon Science Establishment

H-line
Transmission muon

microscope
& g-2/EDM

Laser system
for U 11ne

Muon target

NPHITDH
3GeV F‘r::trm Beam SL‘ruTCP
r-— ':'!_ =

UlA
USR spectrometer

UlB
U-line ?evelopn}ent of
USM beamline ransmission muon

N microscope
Decay/Surface ]. 0/30

Muon Beam Line
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2. Muon linac (u linac)

3GeV proton for g-2/EDM experiment

Surface muon

gLy Ultra slow muon

Re-acceleration Very compact
212 MeV (~66 cm)

w magnet
g,-'- e 38

-.. readlilidiy;



Comparison e, u, p linac

I{EK Buncher E][It
I{EK Buncher 1st cell

......................... Y N — (o
; ; |H exit /" 4 (938MeV)
: : DTLexu

RFQexit |40 ?MeV

10 107 10°
energy (MeV)

* 200 x m, ~m, (105.7 MeV) ~m_/9

12/30
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Configuration of u LINAC

]
324 MHz 1296 MHz :

5.6keV  0.34MeV , 4. 212MeV
B=0.01 P=0.08 . . B=0.94

| . . g-2 storage

- pL.s —b 5

Lo ' magnet

212 MeV - 2-stage frequency, 4-structures.
Intensity 1x10%/s
Rep rate 25 Hz
Pulse width 10 ns * p-e linac hybrid.

« Comparable emittance to p linac, but very low intensity.

Normalized rms emittance 1.5 1 mm mrad

Momentum spread 0.1 % 1 3
/30
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Initial acceleration to 5.6 keV
Mu production
target (aerogel)

Phase space at RFQ entrance

ENTRIES

~10.11 n mm mrad

Electrostatic acc.

Spot width 6 mm And focus
Pulse length 1 ns

counts/bin

]. 4/30
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324-MHz structure 1. RFQ 0.056 to 0.34 MeV

Particle mass (MeV/c?)

Intervane voltage (kV) 83
Power dissipation (kW)

Input energy (keV)

Output energy (MeV)

e J-PARC RFQ II (A spare of 30mA RFQ)

]. 5/30
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324-MHz structure 2. APF IH-DTL
- 0.34 MeV to 4.5 MeV

« TE110 mode (H mode) cavity

; BA
« m© mode operation (lc = 7)

» Alternative Phase Focusing (APF)

em
8

@ ()« -oOre @
™l *
l s <0 =i l
6-cell prototype cavity Transverse: defocus focus
(final version is 16-cell 1.3 m) longitudinal: focus defocus

]. 6/30
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1296-MHz structure 1. DAW CCL - 4.5 to 40 MeV

_~ coupling cell

accelerating cell

o

beam

\ \ washer
‘disk with supports

“ne g II ] .
support v disk without supports

Disk and Washer (DAW) structure CST model Cold model
E,=5.6 MV/m
» Section total (15 modules, 16m) 4.5 MW I8,

Y. Kondo IPACI18 @Vancouver, BC, Canada 2018/5/4



Y. Kondo IPACI18 @Vancouver, BC, Canada

1296-MHz structure 2.
Disk loaded travelling wave structure — 40 to 212 MeV

100

120
cell number

= g
pr (2m D cell length
mode h ,
3 3 S synchronous velocity

Acceleration gradient 20 MV/m

Synchronous phase -10°

Number of acc. tubes 4

]. 8/30
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Simulated phase-space distribution @ p linac exit

_1‘§s 5 4 -2 0 2

p an-;_'g(_}_? MeV/ic

met

Aplp_ =0.04%

-2 0 2 4.-'21!1}6((186950 : p 300 301 o (?3126\.”3%!3 1 9/30
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E2E simulation summary

transmission (%)

Emittance evolution from the RFQ Decay loss (%)

€n, rms, x (0 M mrad)

€n, rms,y (T MM mrad)

» Good transmission.

,” e0d ¥ N na g w -y et —
 Minimum delay loss and emittance growth.

{ L]
L ]
._f ‘ﬂf*‘#n#-—-.pﬂh
” DAW CCL DLS
IH-DTL
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7 ‘ Muon target

Fmm—
pior mmans |

§ [
™
=

e

3GeV Proton Beam

:—?m: 811

= Decay/Surface | S = 50
) | Muon Beam Line N 3 /30
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(mA)

Evolution of the J-PARC RFQ

Beam current

2]
(=

roto

Laser welding

"""

AAAAA

Discharge problem

RFOII e 'RPO)

RFI(~214 03,
30




Muon target

!\\»

\ \ )«.""/

3GeV protyn /;'

771 >

Source

Decay/Surface 3 B PRl ge— - 0
Muon Beam Line : ' ‘

2018/5/4




Slow (~keV) muon source
Ultra Slow Muon B

Laser
122nm, 355nm

=
3
B
5
2

Surface muon

h utee (x10) _ w'e
\

Y. Kuang et al., Phys.Rev.A, 39, 6109

Al degrader

Surface muons

Ultraslow

Mu production

e Portable. _J
 No laser. J

* No hard-to-handle target. J

25/30
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How to identify accelerated Mu-

Diag.
Initial acc RFQ 89 kgeV = £0.041 TOF total
307 ns 297 cells e Km0 odm 839 ns
GEANT4 2x324 MHz 0 74 ns

Diagnostics line

D2 port Mu- source

5.6 keV J@LJLJ@@' ru@l__ '

}-||||_.' I
—|-"||—' | Mu-
Surface
muon Al

degrader

| lon pump

detector

26/30
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The world’s first RF accelerated muons !

~—
-
Q
=
Q
R=
t
=.
o
—
X
ﬂ-
—~
w2
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S
e
~
z
-
O
>
s

1000 1500 2000
Time of flight [ns]

To be published in Phys. Rev. AB 2 7/ 30
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Next step...

e Considering feasibility
RFQ II + IH proto @ H1 area

e Then toward H-line extension

28/30
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e H1 are will be constructed
as the 15t step.

* Then the building is
expanded.

2020 ?

H-Line,
High Momentum
Muon Beam Line

S-Line, ’,\ T
Surface Muon H1 \
Beam Line A

BEr

%

Muontarget g

Y. Kondo IPACI18 @Vancouver, BC, Canada

Schedule

Installation fabrication construction cm‘nissinninglphvsicsrun

CY201X CY201X+1 CY201X+2 CY201X+3

Japanese Fiscal Yeal JFY201X JFY201X+1 JFY201X+2 JFY201X+3

Accelerator

RFQ Il beam test

Design [+) 1 J . g f
=BElanneciconsthnictioniperiod of
Installation
beta LINAC - -
Design
inachsiSivearsiaitebudget
Prototype Test
Tuner/Coupler
Cavity Fabrication auppr@va -
RF Controls
High-power RF
Assemby
RF Meas
Installation
Installation
High-power operation
Radiation safety
Commissioning
Middle beta LINAC
Design
Prototype
Test
Design Feedback
Production
Assembly
Commissioning
Kakenhi (Kiban-B)
High beta LINAC
RF
Structure
Beamline
Magnets
Vacuum system
RF Systems
Design
Procurement
High-power Test-stand
Installation

Conditioning
Radiation Safety
Commissioning /30
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SUMMARY

* USM re-acceleration programs are underway at J-PARC muon facility.

* Reference design of u linac for g-2/EDM experiment has been
established.

* Demonstrated the world’s first muon acceleration using RF linac.

This work is supported by JSPS KAKENHI Grant Numbers JP25800164, JP15H03666, JP16H03987, JP15H05742, JP16]J07784, the Korean

National Research Foundation grants NRF-2015H1A2A1030275, NRF2015K2A2A4000092, NRF-2017R1A2B3007018, the Russian

Foundation for Basic Research grant RFBR 17-52-50064, the Russian Science Foundation grant RNF 17-12-01036. The muon

acceleration experiment at ]-PARC MLF was performed under user programs (Proposal No. 2017A0263). 3 O /30
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