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Muon anomalous magnetic moment “g-2”

Standard Model (2020) Experiment (BNL/FNAL)
magnetic dipole
Y = i) 3 B-field
H=Jdu (2 m S Muon beam Ie Measure spin precession and
~— — magnetic field
gu=2(1+ay,) P ) o _,
ILL /11 \\ ~~~~~~~~~~~~~~~~~ 4 /w_) _ a qB
a”th = aﬂ(QED) +a,(EW)+a,(QCD) T N H MM ( certain conditions)
«Q I .
4.20 discrepancy.
BNL g-2 t @ .
B.Abi etal., Phy. Rev. Lett., vol. 126, no. 14, p. 141801 (2021)
T.Aoyama etal, Physics Reports, vol. 887, pp. 1-166 (2020)
FNAL g-2 + O }
Utilizes same equipment as BNL New physics beyond the Standard Model
4 420 ) is expected.
. —e— On the other hand,
P P another method of verification is needed.

215 — J-PARC method

175 180 185 190 195 200 205 21.0
9
aHX1O -1165900



3/25

Experimental method

1:
Spin polarized beam

o

Decay P

Spin

3:

Positron tend to be emitted for
a muon spin direction

1+ acosé@

2:

momentum (c)

- Spin rotates
e.@., - : o Spin (s)
€ o - in a magnetic field
/// N — RN e
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// \\\ spin cyclotron ..
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(under specified conditions)

The measurement of w, and B determines a,

Precise measurement of w, and B is critical.



How to eliminate thefextraktenmEinKo

BNL/FNAL storage magnet J-PARC . storage magnet

N
v

4B
o
g

Use a beam of a specific energy (y) “magic momentum” No electric field

1 —

aﬂ_y2_1= E=O
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BNL/FNAL J-PARC

Utilize muon beam decayed at a specific y No E field focus + Compact magnetic field region

— Large emittance — Requires a low emittance beam of 1/1000 of conventional.

— Strong focusing by E-field is essential

212 MeV New method

Large magnetic field region is needed. , 3D spiral injection
o 00/' \
o 0 [ <
sood>. ,§\
\\

o oooo
Strongly ev?o oS °e

o o>
Focusing °7 o ( |
E -Field /,,4 |
l New method! 0
Beam control b s k """""""
17 = 1) y ‘: B — 3 T \,‘! NO E'fleld
COOI | ng an d . T (weak magnetic focus)
“acceleration”

Storage region (0.66 m)

storage region (14 m)




EDM (Electric dipole moment)

A non-zero muon EDM, the spin precession is

B/25

Time-reversal violation observation
if we can see EDM % 0.

o=@ = ——1|a a _ - X - N —>
’ o m | * oy2-1/) ¢ 2 c @, {®
g-2 precession . Y
\/ i d,~102'e-cm:
 Wgpm/0, ~ 107
Orthogonal e
y > X
T Q
BNL/FNAL %~ 37 J-PARC F = Oatanyy ) g EDM
w=——la,B + - (XB ]
m L7H 2 =5
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J PA R - Japan Proton Accelerator Research Complex :
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https://slowmuon.kek.jp/index_e.html

UEPARCAMuUOn g-2/EDM experiment (E34)

M. Abe et al., Prog. Theor. Exp. Phys., vol. 2019, no. 5, May. 2019.

N . \ g—2 accuracy 0.46 — 0.1 ppm
L & EDM sensitivity 102! e:cm
llqrfaee
Mev”*

Con
Q);

5.
ey

Overview talk by Ce Zhang.

187. Status of the Muon g-2/EDM experiment at J-PARC
2 Ce Zhang

® 8/5/22, 2:50 PM

IEI4 WG4: Muon Physics

Must suppress emittance growth during acceleration + transport (~40 m) 8=



Muon cooling for g-2/EDM experiment

Silica aerogel target lonization [aser

USM production

electrostatic acceleration

Silica aerogel targe 4 // \/ ~.] n_smkev

« Thermal muonium production and laser dissociation produce

« The demonstration test of the USM generation via laser
ionization was conducted in 2022. (talked by Ce Zhang)

ultra-slow muons (USM) [PTEP 091C01 (2014), PTEP 123C01 (2020)].

9/25



Muon acceleration

1025

Develop a new accelerator dedicated to muons using electron/proton accelerator technology.

) I
S~
ﬁ e (0.511MeV /c2?) I } }
~ 1L eg., Keklinac .. == A - mimimmmmim i mTiemieiiao,
aoX T DLS
b ” (106MeV /c?) 2856 MHz 1 2 Mev
f5
Q 0.8 1 AT A B B ey
) (938MeV/c?) M L H H
> e.g., J-PARC linac e-gunai % ~ACS

06 7 R 1 97T2MHz LTI

= SDTL
0.4 I~ I I I
) £ £
=DTL |- o
324 MHz .- 828MHz \ ——
02 } -
- o= ettt (WYY
- __-w-RFQ [
0 .4’:.—‘. ------------ -!‘:‘:Tl ________________ ! ! |3|24|'M|H|z| ! ! IR R |
103 102 10" 1 10! 102

Kinetic energy [MeV]

Need to develop a new muon linear accelerator and demonstrate acceleration.
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Basic design

r

RFQ IH-DTL DAW-CCL DLS
Slow y 324 MHz 1296 MHz 2592 MHz
5.6 keV 0.34 MeV 212 MeV

=)
< e X
= Frequency 324MHz, 1296MHz, 2592 MHz
E Intensity 1%x108 /s
9 . Rep rate 25 Hz
s 02 - i Pulse width 10 ns
=
62

Norm. rms emittance 1.5 mtmm mrad

~

—> < < > —
RFQ IH DAW-CCL DLS Momentum spread 0.1 %
% | 10 | 20 | 30 |
Z|m]

Designed muon LINAC performance satisfies experimental requirements.
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History / schedule

Cavity development

‘ Beam test
=)

World’s first Mu- acceleration
Lo BB - Profile measurement
- Bunch measurement Ej R EE
RFQ @ R
Fabrication.
‘- Prototype IH study ‘- Design IH-DTL is ready! Ej p+ acceleration test

_—

‘- Design [ ] 1sttank fabrication [ JFabrication] ([ ] p+acc. test

‘- Prototype DAW study

fabrication

|-Design [ ] Prototype DLS [ ] Fabrication

DLS }

2018 2020 2022 2024 2026
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Muon cooling for acceleration test

In 2016~2017, a compact muon source was developed to demonstrate muon RF acceleration quickly.

Mu- production

Al target
electrostatic acceleration
1)
egatva MU i
Mu- Measurements ONium —
(Feb. 2016, Dec. 2016, Mar. 2017 and Jan. 2019 ) D
. ¢ YA = = (- Y
A\ -, ==/ f—
....... few ke
Negative + Data
I simuiation * Negative muonium (Mu-; u+e—e-) production using

a simple aluminum (Al) degrader was employed as
a slow muon source.

* The measured intensity was ~10-3 Mu-/s [pRAB.24.033403].

7 mé/' VY bt B - The intensity was enough for the acceleration test.

o
l&
ey

Events/40ns/sec
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Mu- acceleration with RFQ
(Nov. 2017)

40 | ¢+ RFon

| + B
20 — + *
ﬁﬁ%%ﬁ»#%Q%hu%ﬁE

500 1000 1500 2000
Time of flight [ns]

Events/50 ns/4x10'! u* incident

*QM,BM RF-on :eventrate = (5+1) x10™*/s

0

>

e

N\ N
% B\
. 0 g o

RF-off : (no significant signal)

The world’s first
muon RF acceleration
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[Next] u+ acceleration

Previous test (2017~2018)
@ MLF [test beamline]

RFQ linac

1973 mm
. i

ool doth ] aM g
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i

i

i
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}

|
t H I
BWM-MCP
------------------- C -c-)-al_[ng by Al target
 Beam : Negative muonium (Mu)
* Acc. energy : 89 keV
« rate(meas.) . ~10 Hz

1525

Next test (2023)

C\\', ............... \. @ MLF [test beamline]

RFQ linac
1973 mm

BWM-MCP
Laserlonlzatlon cooling (1S-2S, 244nm)
 Beam Lot
« Acc. energy : 89 keV
* rate(sim.) . ~10" Hz (B.G.=~10"Hz)

u+ acceleration test is planned in 2023.
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IH-DTL (Inter-digital H-mode Drift Tube Linac)

High efficiency and short-range acceleration are necessary
to suppress muon decay loss during acceleration in the low-velocity region.

For transverse focusing,

APF: Alternating Phase focusing

was adopted.

Transverse focusing is possible only
RF E-field by adjusting the
synchronous phase (¢.) of each cell.

$s>0

Transverse
Focusing

No focusing magnets— Simplified DT

APF IH-DTL accelerates and focuses using only an RF electric field.
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Emittance growth due to APF

@ Since the APF method uses the RF field for beam focusing, the field error of the
on-axis electric field significantly affects the beam dynamics.

= O.l_
= Bl ¢ €
Output beam design-emittance g B X
g0 08_— + o
£x 0.316 E : y
&y 0.189 S 0061 +
[Tt mm mrad] 0.04 B +
i ¢ ¢ i ¢
- Ag, < 10%
Tolerance level Ae < 10% 0.02 [ L
- derived from beam injection requirement -, ¢ ° R
- ° PY [ J
! I I
0 2 4 6

Random Error field [%]

We should suppress the field error to less than *=2%.



Development items
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Prototype Real .
model =
6 cell 16 cell 65 & )
= 3@%@5 Lo 33‘?55‘?65? : -
- PRARY o LooP® Y
250 Q&@@ b ‘ M@? P
— [mm] 3 (mm
- i ~ 250
Validity of 3D FEM calculation (CST)
(RF field, heat, structure, discharge, dose ...) for experiment
Demonstration of high-power operation Field error <+ 2%
Qo 8600 10910
RF power  [kW] 65 310
Emax [MV/m] 34.7 (1.9 E)) 35.4 (2.0 Ey)
Energy [MeV] 1.3 4.26

duty

0.1% (40us, 25Hz)

0.1% (40us, 25Hz)




High-power test (2022) 1925

- IH-DTL prototype
a 3
H 4 - : _ - : ‘ oy IH-DTL prototype was fabricated to
e RF circuit ' OO ' ‘ - demonstrate a high-power operation.
¥(203D—77D) : '

RF signals of high-power test

¥ s eod.
IH-DTL
.. prototype
o

E” -

- .
pa) < - —

Voltage [a.u.]

R Vc

cavity in
(75 kW, duty 0.1%)

Successful stable
operation with
nominal peak power!




IH-DTL (full-model)

Fabrication of IH-DTL was completed in Mar 2022.

monolithic DT structure

Field error < 2%

IH-DTL cavity Is ready!
—[Next] p+ acceleration test with RFQ and IH-DTL is planned in 2024.

(within requirement(< 2%))

Frequency shift (Af/f)

« (field)?

IS

|IIII|III|III

Field error [%]

&

2025

Tuner

A é_ (Data) - (simulation)

0 500

L
1000
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DAW CCL (Disk and Washer Coupled Cavity Linac)

2.5 MW L-band 2.5 MW L-band 2.5 MW L-band
klystron klystron klystron
Module 1 H Module 2 H Module 3 H 16 m (14 tanks)

:‘@‘D tank2 bc tank3 bc tank4 tank5 bc tank6 bc tank7 bc tank8 bc tank9 tank10 | bc | tankll | bc | tankl2 | bc | tankl3 | bc tank14=E@-l>

B=027 p=07

©
l  High acceleration efficiency in middle 3
« Excellent field stability
®
« Design and analysis are complicated.
« There are few examples of usage.

e.g. for proton linac
[S. K. Esin et al., in Proc. LINACS88, 657-659 (1988).]

| Ll .o DYynamics and cavity design
s o were completed®.
Co-axial bridge coupler

DAW tank (11 cell)

* M. Otani et al., J. Phys. Conf. Ser. 1350, 012097 (2019).
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DAW (15t tank)

After processing tests with the prototype, some components for the real DAW were fabricated.

|
S|

E Ja' =
_ palLT
S

s At *.. e

Stem (Before coating) Washer AS Sembly (J lll 2022)

Fabrication of DAW 1st tank is ongoing.
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DLS (Disk Loaded Structure [Traveling wave])

« DLS is often used in electron

40 MW S-band 40 MW S-band 40 MW S-band 40 MW S-band I Inac (B=1 ) .
A A A

* However, muon velocity
increases rapidly (8=0.7-0.94).

DLS1 DLS2 DLS3

| new DLS dedicated to muons

=07 F=094 « Disk spacing (cell length) varies
(W =212 MeV) proportionally to muon velocity.
» A quasi-constant gradient type
R . _ 10, DLS1 DLs2 DbLss b4 . with linear tapering iris apertures
‘ § £ 100 ! ’ ’ ~200 E’ is adopted.
covpter [ Ml 3 s
§ ’ “\\ 2b T > E .
cell W 1 E .~ 3%  The dynamics and
CBRL e 3 - YT e avity desian of the
“®. i, [ Q s 2592 MHz S-band
\\ \ \\~\\ — L ! ! ! B
\ \ L 10p | i i =20 *
\\§®® D (celllength) & gl d b B DLS were comp|eted _

Regular cell cell number (n) * K. Sumi et al., doi:10.18429/JACoW-IPAC2022-MOPOSTO017
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Prototype DLS

We plan to fabricate the four components as the prototype DLS1.
« for RF performance measurement, error study ...

J | Regular cell : 68 5

!iiiiiiii!-----T----! O 0 T O -iiiiiiﬁtﬂ::;

DLS1 : : prrrrerrarrorrnert 111111
inli-----iil--- i-..-ii-i--ii-i-liilii-iiIii-i--ii-ii-iilii--u-----

________________________________________________

=s.
.
~
~

1 2 3
plen UL UL L -
Proto-DLS1 : 1] CUL L LU HD:
i TR lIiuiI--I
upstream upstream downstream downstream
coupler cell 8 cell 8 cell coupler cell

water ch.

The prototype DLS will be fabricated in 2022-2023.
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Summary

« We are currently developing the muon linac for the muon g-2/EDM experiment.

1. Cavity development is in progress.

« 324 MHz IH-DTL : Ready
| « 1296 MHz DAW CCL : Under fabrication
Bﬂ accelerationtest o 2592 MHz DLS : Proto-DLS1 was designed

World’s first Mu- acceleration
Mu- source - )
Profile measurement

(omesetttr |- Bunch measurement
RFQ o R
Fabrication.

|- Prototype IH study |-Design ‘ - IH-DTL is ready!

IH-DTL @E __

Ml Prototype DAW study Ml Design | [ | 1% tank fabrication!

Hy o ; :
DAW L @ i
U B

DLS

Ej p+ acceleration test

2. Beam test is planned.

» p+ acceleration w/ RFQ. (2023)
* p+ acceleration w/ RFQ-IH-DTL. (2024)

fabrication

|-Desig:|n E] Prototype DLS:

2018 2020 2022 2024
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