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Dipole Moments

ABE
L <
H=-4-B—d-E ?§
Magnetic | = g( )S Electric d = n(ch)S

* T violated and highly
suppressed in SM

(d~ 1038 e=cm)
e Current direct limit is
<19X%X101%e-cm

Beyond SM can be surveyed via dipole moments.
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Measurement and SM Prediction

[

QED EW Hadronic bl

Muon g-2, SM prediction and measurement contouratd & g-2
QED contribution 11 658 471.808 (0.015) x10~1%  Kinoshita & Nio, Aoyama et al
EW contribution 15.4 (0.2) x10~10 Czarnecki et al

\L Bailey et al. [1978]

Hadronic contribution
LO hadronic 694.9 (4.3) x10~10 HLMNT11
Brookhaven g-2
NLO hadronic —9.8 (0.1) x10710 HLMNT11 ‘ measurement [2004]

light-by-light 10.5 (2.6) x10~10 Prades, de Rafael & Vainshtein

Theory TOTAL 1 659 182.8 (4.9) x10~10 \Lsmkhaveng-z
Experiment 11 659 208.9 (6.3) x10~1C world avg dlirect limit [2008]

Exp — Theory 26.1 (8.0) x10~ 10 3.3 o discrepancy - - - 100
al\P [1077]

(Numbers taken from HLMNT11, arXiv:1105.3149)
D. Nomura, tau2012 Nucl. Phys. B613, 366 (2001)

Needs more precise meas. for g-2 and search for EDM < 10-1°
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Measurement Method

* In uniform magnetic field, muon spin @
XY
rotes ahead of momentum due to g-2+0 UGN

— And spin direction is reconstructed
by decay-e

Q!

é’):—i{aﬂ1§+g[,§xl§+éﬂ :—i[a B+2 (ﬁxB)}

m C m

BNL & FNAL J-PARC (new method)
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BNL &FNAL - Experimental Technique

narrow bunch of Xc =77 mm
protons B = 10 mrad

B-dl=0.1Tm

Inflector

(¢
- -l.T N

Injection orbit

« Muon polarization

« Muon storage ring

» focus with Electric Quadrupoles
» 24 electron calorimeters
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| \Ering Modules
R=711.2cm

Slide by Lee Roberts XE/48



Uncertainties

Large
emittance

beam N\ Less Error ppb
€ Gain changes
\

Strong \ Pileup
E focu Lost muons
4 \ CBO
E and pitch
R W Large B field
storage Cited from Fermilab-FN-0992-E

Low emittance muon beam offers better precision

injectio;

6/48



Experiment @ J-PARC (E34)

* Measurement of g-2 and EDM with low emittance muon beam

Conventional u beam
(large emittance)

Cooling & Acceleration
—Low emittance muon beam

Goal
* 0.1ppm for A(g-2)
* 10?%le*cm < EDM
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Low Emittance Muon Beam

ut e RENRE N

2P 4 355nm

122 nm ; ;, ..........
1S | (Lyman o) Sy

Muonium

MK (BRI —ILREBIAFAEAS)
Al BEK BLEHE BRI FHRE)
MRS 1 —A>E—ARBROIEHD = 1 AT LENRIR ]
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Summary of Introduction

* The world'’s first muon linac cast light on beyond SM via
precise measurement of g-2/EDM

2016 New Year's Address

January 14, 2016

Thank y for a productive

and fi

thy the research conducted

ne come to know the unknown? Methodology varies widely by research field, but in the field of

So, how does on
which KEK is a part, ¢ lerators, which accomplish previously impossible feats in the demonstration of

phenomena, play an indispensable role. In concrete terms, this means that
vith world-leading performance, delivering higher ley

ontribution to science lies in the

creation of accelerators w gy or intensity than ever

before to reveal as-yvet-unknown universal natural laws.
—
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Summary of Introduction

* The muon linac will promote other science fields.

Mobile TeV muon
Ultra slow muon source for muon
microscope tomography

Kitty Hawk Base
J—r
-
- /

v factory

/

J-PARC 4 MeV muon

z Ultrahigh vacuum
Beam window g

Mu target
Lyman-o laser | =
E 4

SOA Lens

Slow
Generation

Electrostatic

Quadrupole Lens

Mass separation
device E RF accelaration
0.05 keV-10 MeV

uSR spectrometer = Beam size
Magnets I mmg@-10 pm ¢
Positron detectors

Loadlock Chamber

DOI10.1007/s10751-012-0759-4  Proc. Of New Initiative on
Lepton Flavor Violation and
Neutrino Oscillation (2002) 12/48



Muon linac Design

Accelerating

/ field

D g
o
l L 7 O T

|II l|l I
".\\/.f Bean[ bunchll\l! j’/

ngre 1.1 Concepi of the Widerse drift-tube linac. Figure 1.3 Beam bunches in an RF linac.

Thomas P Wangler, “RF Linear Accelerators’] WILEY-VCH
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Velocity Evolution

* Muon LINAC is first case in the world — need design
* Velocity is a guide for the design (b/c cell length = A or A/2)

KEK Buncher exit ;
' DLS e@xi

KEK Gun

ACS | exit

_________________________ e

; [ﬂ 511Mev) /U SDTL exit
......................... 'I1UEME'1.|"}
5 5 IHE it/ lﬁSBMe‘u’}
| DTL exit

- RF{] exit : :
I Imac init. ace. : RFQ éxit

10 107 10°
energy (MeV)

 Employ a hybrid design between proton’s and electron’s.
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Configuration

J-PARC :
50keV  3MeV 50MeV 191MeV 400MeV
p=0.01 p=0.08 =03 p=0.6 =0.7
s — R JBHR T sor. — [ - OMeV
! 3.6m 27m 91m 109m B OZ
250m CEC I |
) *not yet installed
plinac|
5keV  0.34MeV  4.5MeV 43MeV
B=0.01 p=0.08 Pp=0.3 p=0.7 212MeV
.—- — -m =0.94
! 3.2m 4
35m

* Similar configuration to J-PARC except
— Disk Loaded Structure (travelling-wave) < SCL
— Shorter length
— Zero current (~10% p*/pulse) 15/48



Radio Frequency Quadrupole (RFQ)

Electrode modulation for
longitudinal field

Schematic view

v Longitudinal bunching

. o Beam species H™ {
oo = ~ 'fégi Mass (MeV/c?) 939.302  105.658
4 RFQ Orlglnally i | ,'.\ Injection S 0.010318
| L st Injection energy (keV) 50.000  5.625
developed for J-PARC Ny ! PR ™ Exiraction 3 0.079732
1 1 '\ : SR SN | Extraction energy (MeV) 3.000  0.337
LINAC IS avallable -\ | . ] Inter vane voltage (V) 82.879  9.324

Nominal power (kW) 330 4177
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Simulation Results

* Transverse (x,y) and longitudinal (®, E) dynamics are
evaluated by PERMTEQM

il \WNMWWWWMWNWWWWWMWWMWNWMWMWI L \WWWMMMMMWMMMWMMWMMM
NM (R AR

140 160
center of ce

\
HH HHH H
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e gy T N (CHT AL N4t TR 0T LT R T i H ATV
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ UL TR ”HIR
. gLELL M gl iyl

Good transmission (95%)
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Alvarez and IH DTL

& Because the RFQ acceleration efficiency decreases with 32,
other structure is necessary.

Alvarez DTL

[H DTL

BA(AP=2m)

._

-

E

BA/2(ADE

RER

il |

-

E

& Acceleration with short period is important to avoid decay
loss (t,=2.2 usec) — IH DTL is adopted

18/48



Longitudinal & Transverse Motion
E. d=0 D

A4
S

_ A2 B
3 .
®<0 d>0
longitudinal: focus longitudinal: defocus

transverse: defocus transverse: focus 1048



Alternative Phase Focusing (APF)

Ct J-PARC LINAC SDTL

¢ ®n < 0 in conventional LINAC and the
transverse focusing is done with
additional structures
— longer length / higher cost ®

b o O 3 o

Figure 7: SDTLOL A7 O b

OHO 2001, Ikegami

& ®n are changed periodically so that alternating-focusing forces
are applied in transverse and longitudinal directions — APF

© No additional structure for focusing
— shorter length / lower cost

@ limited to lower current beam
— does not matter in the muon linac (*zero current)
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APF IH-DTL Design

2 {®n} for APF Entangled problem:
> Dynamics — {®n} — cavity — RF field -

7 Cavity design Dynamics...

* To solve it, procedures are divided into three steps:

1. {®n} optimization with the analytical calculation of the
beam dynamics

2. IH cavity design
3. Numerical calculation of the beam dynamics
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Beam Dynamics & ®n optimization

% Dynamics are calculated by approximating the gap fields as
rectangular profile.

AW = qV,T cos @ cf.AW = qV, in DC field

y _ (_ TqETsingL AB  cos(mg/LA+@)
Aypr = ( mc2y2 B2\ 7") X [1 * B 2sin(mg/BA)sin(p)

T :Transit Time Factor, represents time variation of the field.

Optimized ®n
& {®Pn} is optimized by a subroutines
for function minimization (NPSOL).

d>0 transverse tocus

& Minimization function is
constructed with
Ae X AE XN,
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Cavity Design

& Overall structure is necessary for the cavity evaluation

— Three dimensional model is constructed in CST MW Studio

Drift
tube

& Some dimensions are optimized so that the acceleration
fields are smooth along the gaps.

& Cavity radius, cavity taper, ridge tuner...
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Before /After Optimization

Frequency 323.1*
E 1 Before Length 1.44m
s Q0 1.07x10*
= ZTT [MW/m] 92
§ 0 l Power [kW] 250
< Emax 1.9 Kilpatrick

* For room by tuners

Optimized well
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Tracking Result

% Finally the dynamics in the RF field are calculated with GPT

© General Particle Tracer, 5" order embedded Runge-Kutta

Succeeded to focus transversely by APF 2548



Phase Spaces & Emittance

IH dynamics, emittance growth along z

o Aey

X Aey

Ae[m mm mrad

Ae, w/o E, and H,

Emittance growth is sufficiently small

will submit paper to Phys.Rev.STAB soon
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Accelerator for § > 0.28

& Acceleration efficiency become smaller — need to change the
structure from 3 > 0.28

RF Power Efficiency Various COUP]E’d CanlyL]hac

DIS K DW

H oo H’ ’ ez

30MHz sf £300MHz

Conventional pA/2-DTL
20MHz s f 5100MHz
?-‘ _f

& o o oy

] I's
] 4 #
) 7 ey bl G
X X ] L X XX
s oy 2] Fo " 7 )
s s 2 s T gy ST gy SR
X X £ X X X|
/j: IN 7PN AND W

oy e ]
ANNULAR COUPLED T
CAVITIES

Conventional pA- CCDTL, BCD
100MHz < f £400MHz f = 700MHz

6 810 15 20 30
B%]
U. Ratzinger, CERN Yellow Report No. 2005-003

Figure 4.17 Four examples of coupled-cavity linacs.

© Strong coupling — may reduce production cost
© Experiences at INR (Russia), KSR (Kyoto) etc.
@ First time to apply B < 0.4 — need design 2718



DAW

Acc./coupling mode
DAW with bi-periodic L-support (TMOZ2m/TMO01m) in %5 cell

coupling cell

accelerating cell

beam

washer
disk with supports
disk without supports

support

* Requirement for the cell design
— Confluence (f,.. = f,,, )at 1.3 GHz
— No other mode at 1.3 GHz

— Higher efficiency (ZTT) and Eav./Emax
— Design for several 3
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Procedures for the cell design

model

Rc

: fitting parameters

Calculation example

SF

CST MW

_______________________ 2D model

~ (w/o support)

SIMPLEX

[ U -

SUPERFISH

Minimization f

(fa, fc, ZTT, Emax)
e eeeeeeee-.. 3Dmodel
- (w/ support)
SIMPLEX
CST MW

Minimization f

Dispersion curve




Results

cell design was finished in all the 3 region




Prototype

* Al cold model for the filed measurement etc is being fabricated.
— Kiban(B) by Otani

L HH
!!I

n,':l*ln, i .l!!

Prototype is ready by Mar. and tested soon.
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Beam dynamics design

* Dynamics is designed based on the optimized cell design
with TRACE3D and PARMILA

— Cell design — parameters required for dynamics design
(shunt impedance, transit time factor etc. )

Half of

13 segments, 1.81 m, Wout=427MeV
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Result

* Emittance growth is evaluated along the cell

[peJw ww »]>

Growth is sufficiently small (few %)
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Disk-loaded Structure

* To achieve sufficient acceleration gradient and then
accelerate muons, the disk loaded structure is used.

Transverse Phase Space
of output beam

Disk loaded for e LINAC

Good transportation in longitudinal direction
transverse dynamics is being evaluated 34718



Summary of the LINAC design

* Almostall the components were designed.
M RFQ
VI IH-DTL with APF (u dedicated #8)
VIDAW (u dedicated @8, B<0.4[88)
» DLS

RFQ 0.08 77% 0.297

[H 0.28 99% 0.315
DAW 0.70 95% 0.33
Disk-loaded 0.95

Sufficiently small compared to the
requirement of <1.5 m mm mrad
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Current Status



Acceleration up to IH

Muon acceleration is first case in the world and one of
milestones of our experiment.

v Space up to IH is available w/0 annex
v Already have RFQ and the IH proto-type
0 Mu 1onization laser

0 Initial acceleration (source — RFQ) apparatus

(SOA lens)

0 Offsite commissioning
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Slow Muon Source w/o laser

Deceleration (Mu /ut) with thin metal foil (E ~keV, e~104)

<5.6 keV = Egpq;, with low cost
and simple apparatuses

2 ———
| Alfoil
| Pine = 975 Me
L Monte Carlo
L
}
’ [
l:—,fr[,l A

©

Accelerating Voltage (kV)

Phys. Rev. A. 39.6109 (1989)
Cf. for actual g-2/EDM experiment

Thermal Mu (ute’) + laser dissipation (E~30 meV, e~10-3)

300

Can reach comparable
statistics to BNL E821
(0.34 ppm)

0 z 1 3 B
% Time (us)

G. A. Beer et al. PTEP 091 (2014) C01

38/48



SOA lens and slow muon beamline
* The apparatuses came from RIKEN-RAL

o R LRI IO RIKEN-RAL @ RIKEN-RAL, Aug. 2014

; disassembled and transported to |
3 J-PARC in Aug. 2014. f

2014/8-11 Transport from RIKEN-RAL to J-PARC
2014/12 Start assembling @ J-PARC MLF
2015/1-3  Interruption due to the fire accident at MLF

2015/4-5  Resume assembling and finish commissioning
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Assembling
=1 P a5 e
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Slow Muon Measurement @ J-PARC

0 Verify deceleration with thin metal foil

0 Commissioning of the apparatuses with the muon beam

SOA lens
Surface muon beam f l -
Z Electric Qudrupoles
-8x10% ut /s@10MeV .
e/ 7 Electric Deflector
Al foil collimater
Detector system
Expected timing distribution with 1 day
% [S35] Mu” Signal
3 L (6.7 Hz)
g decay e’ from Mu’
<5 = ey
RIS S

scheduled in the end of Feb.



. \ M Sakura1
P (Summer student from

Edinburgh) %\
E"?"A. -

O Nominal power (>4.2kW) operation?
O No RF-related background? 12/48



Results

Forward, reflection and pick-up in BG measurement
Tek Run a 'HLRFQ,,,i,,, _ |Trig'd

(1]

=
Forward ’ (@,

| +
\ Backward
[ o——

RFQ ia

—
N
an
—
L
—
©
=
=
=)
o}
[
=
(S)

® : ~6KkW

l‘o 500mV @ @ S0V < ”‘4.oous 2.5065/s [ Wi

-+ v11.88000p 1M points 660mY

13:18:33 25Hz rep. 25Hz rep. 25Hz rep.

Succeeded to operate with ~6kW No BG

RFQ is ready for the p acceleration

J[ 17ul 2015 0 no RF 5kW, 20usec, 6kW, 20usec, 6kW, 40usec,
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Preparation for onsite commissioning

Radiation shield design
by PHITS

M. Otani, N. Kawamura,

Radiation
hield

LYY VL _u;on .l H_'I, dlagnostlcs

Beam Solen01dQ magnp"

Blocr
gy

Muonium target

T
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Summary of This Talk

* Basic designs of the world’s first moun linac were finished.

* We are ready for muon acceleration after getting H-line.
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E34 Collaboration

& 137 members from 9 countries, 49 institutions

® TDR was submitted and review will start for stage-2 approval
Nov. 2015 J-PARC

‘F The 9" -PARC g- zleoﬁ’o;:eﬁtouabmmn Meetmg & Trammg 5@01

m, .&g 2014,11.5 (Wed) ~ 8(Sat), KAIST, Daejer
: http://capp.kaist.ac.kr/CM9 =
. 2 5
/ = l
2 5 & = z é
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For muon LINAC

Working members

¢ M. Otani, R. Kitamura (U. Tokyo), K. Hasegawa (J-PARC/JAEA), M.
Yoshida (KEK), T. Mibe (KEK), Y. Kondo (J-PARC/JAEA)

Adversary members

¢ N. Hayashizaki (TITech), Y. Iwata (NIRS), Y. Iwashita (Kyoto), H. Ao
(FRIB), A. Sayyora (J-PARC/JAEA), F. Naito (KEK), N. Toge (KEK), S.
Kurokawa (KEK)

[FY2015-2016 budget request
v Kiban (B) by M. Otani

O Kiban (S) by K. Hasegawa, Kiban (B) by Y. Kondo, Houga by
M. Otani

0 Shingakuzyutu
o LA, {81, by M. Otani
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