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概要 
J-PARCで建設中のミューオン線形加速器は、ミューオンの異常磁気能率と電気双極子能率の精密測定を可能にする低エミッタンスミューオンビームの実現を
目指している。その線形加速器は全４段で構成され、前段の３種類の加速器で光速の70%まで加速されたミューオンは、４本の進行波加速管で構成される高速
部で光速の94%まで加速される。進行波加速管は速度変化が大きいミューオン専用に設計し、試作によりその実現可能性を検証した。さらに、様々な不定性が
ビームに及ぼす影響の推定を進めている。

まとめと展望 
進行波加速管による高速ミューオン加速に向け、構造最適化、試作機による
高周波特性評価とその結果の解釈、シミュレーションによる位相振幅誤差や
電磁石ミスアライメントの影響推定を行ってきた。 
・パルス圧縮器の導入 … 平坦でないパルス形状に対応した構造最適化 
・セル移相誤差の影響推定 
　 … 等価回路解析に基づく高調波成分＆累積移相誤差  0 の場合＆熱解析 
・四極電磁石詳細設計 … 軌道補正コイル追加＆互い違いにずれない工夫 
・運動量測定手法検討 … 蓄積後のサイクロトロン周期測定

≠

研究背景　～ミューオン双極子能率測定～ 

10 m Linear acceleration
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❖大強度陽子ビームから生成された 
ミューオンを冷却＆加速 

❖均一磁場中に蓄積しスピン歳差運動を精密測定 

❖ビーム品質への要求 
横方向エミッタンス: ~1.5π mm mrad（規格化, total） 
運動量分散: < 0.1% (RMS) at 300 MeV/c

低エミッタンスミューオンビームで新手法での精密測定を実現

ミューオン用円盤装荷型加速管 

❖光速の70%に達したミューオンは 
4本の進行波加速管でさらに加速 

❖各加速管の対応速度域は異なる 

❖特徴 
‣ ディスクの穴径を先細りにし準定勾配化 ‣ 速度に比例したディスク間隔 
　同期条件:  

‣ 設計したセルの電磁場分布から 
セルごとの運動エネルギー変化を計算 
　

D = βλ /3

ΔW = eEacc cos ϕs

* λ(2592 MHz) = 115.661 mm

* 同期位相 ϕs = − 13 deg

累積移相誤差2度以下の構造最適化手法を確立
J. Phys.: Conf. Ser., 2040, 012038 (2023).
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Abstract
The muon linear accelerator is under development at J-

PARC for precise measurement of muon anomalous mag-
netic moment and electric dipole moment. Four 2592 MHz
disk-loaded structures (DLSs) operating in the TM01-2pi/3
mode take charge of the acceleration of high-velocity muon
from 70% to 94% of the speed of light. They have disk-iris
apertures tapered to generate a quasi-constant gradient of
20 MV/m. Gradual variation in disk space at each cell is one
of the structural features of the DLS for muon to synchro-
nize the accelerating phase with the changing speed of muon.
Therefore, the dimensions of both end cells are significantly
di�erent. Two prototypes of RF couplers and two 9-cell
reference cavities with shapes of the end cells of the DLS at
the first stage have been fabricated and tested. We validate
our design RF parameters and establish a method for tuning
the DLS in this paper.

INTRODUCTION

At J-PARC, an experiment is planned to investigate the
puzzle of the muon anomalous magnetic moment [1] and
to search for the muon electric dipole moment, using novel
techniques, especially a low-emittance muon beam [2]. The
required beam quality includes a low transverse normalized
emittance of approximately 1.5c mm mrad and a small mo-
mentum spread of less than 0.1% in root-mean-square at
300 MeV/2. To achieve the desired beam quality, an unprece-
dented muon linear accelerator is under development [3, 4].
Four muon-dedicated disk-loaded structures (DLSs) are re-
sponsible for accelerating the muons from 70% to 94% of
the speed of light and have a gradual variation in the disk
spacing to synchronize the phase velocity of the electromag-
netic field in the DLS with the varying muon velocity. In
this paper, we report on the fabrication and RF measurement
results for the DLS prototypes.

MUON-DEDICATED STRUCTURE

Table 1 summarizes the main properties of the DLSs,
and more details about the design can be found in [5, 6].
The disk spacing is proportional to the muon velocity for

⇤ ksumi@hepl.phys.nagoya-u.ac.jp

synchronization conditions, as described in the introduction.
The diameter of the iris apertures is also di�erent and tapered
to obtain a quasi-constant accelerating gradient. Therefore,
the dimensions of the cells di�er significantly at the upstream
and downstream ends. Especially in the first stage, where
the muon velocity is lowest, the disk spacing is narrow and
the variation is large. To verify the feasibility of this design,
prototypes of the first stage were fabricated.

Table 1: Main parameters of the DLS section

Stage 1st 2nd 3rd 4th

Structure type Disk-loaded traveling-wave
quasi-Constant Gradient type

Operating frequency 2592 MHz
Accelerating mode TM01-2c/3
Muon velocity [%2] 70-82 82-89 89-92 92-94
# of regular cells 63 63 60 60
Length [m] 1.97 2.21 2.23 2.30
Input RF power [MW] ~40
Gradient [MV/m] 19.6 20.8 21.3 21.4

PROTOTYPING

Figure 1 shows the prototypes of the first stage which
includes two 9-cell reference cavities and two RF couplers.
The coupler consists of three cells and a single waveguide.
The third cell in the coupler has identical dimensions as the
adjacent cell of the coupler cell, unlike the actual dimen-
sions. This modification was made to perform Nodal shift
measurements with regular cells that were perfectly tuned
to the operating frequency. The reference cavity consists
of eight brazed cells each having identical dimensions as
the adjacent cell of the coupler. Two non-brazed half cells,
not shown in Fig. 1, are fixed at both ends to form a 9-cell
reference cavity.

Reference Cavities
Table 2 presents the design parameters of the reference

cavities which consist of cup-shaped structures integrating a
disk and cylinder to simplify the construction process and re-
duce costs. The cavities were brazed after precision machin-
ing and verification of RF properties. The brazing process

0 100 200
)ncell number (

19
20
21
22
23
24
25
26
27

 [M
V/

m
]

ac
c

E, 
 [m

m
]

a2

0 100 200
)ncell number (

0

20

40

60

80

100

 [m
m

]
D, 

 [%
]

β

0

50

100

150

200

 [M
eV

]
W

K
in

et
ic

 e
ne

rg
y 

[M
eV

]

M
uo

n 
ve

lo
ci

ty
 

 [%
c]

 
C

el
l l

en
gt

h 
 [m

m
]

β D
D

ia
m

et
er

 o
f i

ris
 [m

m
] 

A
cc

. g
ra

di
en

t [
M

V
/m

]

ビームダイナミクスシミュレーション 

1− 0.5− 0 0.5 1
]c [MeV/IdealP − PMomentum difference 

0

10

20

30

40

50

60

# 
of

 e
rro

r c
om

bi
na

tio
ns

 / 
bi

n

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
 [%]P/StdDevP∆Momentum spread 

0

20

40

60

80

100

120

140

160

# 
of

 e
rro

r c
om

bi
na

tio
ns

 / 
bi

n

0 2 4 6 8 10
 [%]xε/xε∆Emittance growth 

0

20

40

60

80

100

120

140

160

# 
of

 e
rro

r c
om

bi
na

tio
ns

 / 
bi

n

Momentum is widely distributed

 initial spread≲

Almost no increase in emittance

Energy difference, spread, and emittance growth at DLS4 end

1.5−

1−

0.5−

0

0.5

1

1.5

 [M
eV

]
N

o 
er

ro
r

W − 
W

Ki
ne

tic
 E

ne
rg

y 
di

ffe
re

nc
e 

3− 2− 1− 0 1 2 3
Phase error [deg]

5−
4−
3−
2−
1−
0
1
2
3
4
5

Am
pl

itu
de

 e
rro

r [
%

]

1.5−

1−

0.5−

0

0.5

1

1.5

 [M
eV

]
N

o 
er

ro
r

W − 
W

Ki
ne

tic
 E

ne
rg

y 
di

ffe
re

nc
e 

40−

30−

20−

10−

0

10

20

30

40

 [d
eg

]
N

o 
er

ro
r

φ − 
φ

Ph
as

e 
di

ffe
re

nc
e 

3− 2− 1− 0 1 2 3
Phase error [deg]

5−
4−
3−
2−
1−
0
1
2
3
4
5

Am
pl

itu
de

 e
rro

r [
%

]

40−

30−

20−

10−

0

10

20

30

40

 [d
eg

]
N

o 
er

ro
r

φ − 
φ

Ph
as

e 
di

ffe
re

nc
e 

Energy and phase difference at DLS2 entrance (ideal muon)

Fast

Late

High

Low

DLS1 DLS2 DLS3 DLS4

RF input 
(√P1, φ1)

RF input 
(√P2, φ2)

RF input 
(√P3, φ3)

RF input 
(√P4, φ4)

10− 8− 6− 4− 2− 0 2 4 6 8 10x (mm)
10−

8−

6−

4−

2−

0

2

4

6

8

10

x' 
(m

ra
d)

0

5

10

15

20

25

 = 1.8746 mm/mradxβ
 = 1.6601xα

 mm mradπ = 0.2965x,norm,rmsε

10− 8− 6− 4− 2− 0 2 4 6 8 10y (mm)
10−

8−

6−

4−

2−

0

2

4

6

8

10

y' 
(m

ra
d)

0

5

10

15

20

25

30

 = 1.8749 mm/mradyβ

 = 1.6775yα

 mm mradπ = 0.3007y,norm,rmsε

20− 15− 10− 5− 0 5 10 15 20 (deg)φ∆
3−

2−

1−

0

1

2

3

w
 (M

eV
)

∆

0

5

10

15

20

25

 = 42.8739 deg/MeVzβ
 = 0.0091zα

 deg MeVπ = 0.2050z,norm,rmsε

98 99 100 101 102 103
p (MeV/c)

1

10

210

310

Ev
en

ts

 = 41.2452 MeVkinE
 = 0.10%

rms
p/p∆

c = 102.1 MeV/
mean

p

Initial beam distribution (Gaussian) 投入電力に対する位相振幅誤差の影響推定

ϕs = − 13 deg ϕs = − 10 deg

Phase

E
-fi

el
d

例) phase error = +3 deg 
　  → 初期同期位相 -10 deg

位相振幅誤差Δφ1, Δ√P1により加速中に大きな位相ずれが生じ、φ2の位相誤差に上乗せ

各加速管で位相誤差±1度、振幅誤差±0.5%程度であれば要求品質を満たす*
* 移相器とボタン付3dB分配器で調整可能な精度

各セルの移相誤差の影響推定
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±10度の範囲内で一様乱数で移相誤差設定 大きく範囲設定した場合で投入電力誤差と同程度

例）seed = 2

DLS1

Ideal muon orbit
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四極電磁石の位置ずれの影響推定

10− 8− 6− 4− 2− 0 2 4 6 8 10x (mm)
10−

8−

6−

4−

2−

0

2

4

6

8

10

x' 
(m

ra
d)

0

5

10

15

20

25

30

35

 = 2.6689 mm/mradxβ
 = 2.6866xα

 mm mradπ = 0.3018x,norm,rmsε

 = 0.7960 mradmeanx'
 = 0.5721 mmmeanx

10− 8− 6− 4− 2− 0 2 4 6 8 10y (mm)
10−

8−

6−

4−

2−

0

2

4

6

8

10

y' 
(m

ra
d)

0

5

10

15

20

25

30

35

40

 = 2.5787 mm/mradyβ

 = 2.7195yα

 mm mradπ = 0.3071y,norm,rmsε

20− 15− 10− 5− 0 5 10 15 20 (deg)φ∆
3−

2−

1−

0

1

2

3

w
 (M

eV
)

∆

0

5

10

15

20

25

 = 28.7976 deg/MeVzβ
 = 1.4288zα

 deg MeVπ = 0.2097z,norm,rmsε

146 147 148 149 150 151
p (MeV/c)

1

10

210

310

Ev
en

ts

 = 78.1194 MeVkinE
 = 0.12%

rms
p/p∆

c = 150.4 MeV/
mean

p

10− 8− 6− 4− 2− 0 2 4 6 8 10x (mm)
10−

8−

6−

4−

2−

0

2

4

6

8

10

x' 
(m

ra
d)

0

5

10

15

20

25

30

35

40

 = 2.6690 mm/mradxβ
 = 2.6867xα

 mm mradπ = 0.3018x,norm,rmsε

 = 1.5926 mradmeanx'
 = 1.1438 mmmeanx

10− 8− 6− 4− 2− 0 2 4 6 8 10y (mm)
10−

8−

6−

4−

2−

0

2

4

6

8

10

y' 
(m

ra
d)

0

5

10

15

20

25

30

35

40

 = 2.5783 mm/mradyβ

 = 2.7189yα
 mm mradπ = 0.3072y,norm,rmsε

20− 15− 10− 5− 0 5 10 15 20 (deg)φ∆
3−

2−

1−

0

1

2

3

w
 (M

eV
)

∆

0

5

10

15

20

25

 = 28.7989 deg/MeVzβ
 = 1.4296zα

 deg MeVπ = 0.2097z,norm,rmsε

146 147 148 149 150 151
p (MeV/c)

1

10

210

310

Ev
en

ts

 = 78.1197 MeVkinE
 = 0.12%

rms
p/p∆

c = 150.4 MeV/
mean

p

10− 8− 6− 4− 2− 0 2 4 6 8 10x (mm)
10−

8−

6−

4−

2−

0

2

4

6

8

10

x' 
(m

ra
d)

0

10

20

30

40

50

60

70

 = 2.9339 mm/mradxβ
 = -1.7560xα

 mm mradπ = 0.3073x,norm,rmsε

 = -0.8831 mradmeanx'
 = -2.3283 mmmeanx

10− 8− 6− 4− 2− 0 2 4 6 8 10y (mm)
10−

8−

6−

4−

2−

0

2

4

6

8

10

y' 
(m

ra
d)

0

10

20

30

40

50

60

 = 3.3138 mm/mradyβ

 = -1.9935yα

 mm mradπ = 0.3078y,norm,rmsε

20− 15− 10− 5− 0 5 10 15 20 (deg)φ∆
3−

2−

1−

0

1

2

3

w
 (M

eV
)

∆

0

5

10

15

20

25

 = 15.1379 deg/MeVzβ
 = -1.2723zα

 deg MeVπ = 0.2139z,norm,rmsε

296 297 298 299 300 301
p (MeV/c)

1

10

210

310

Ev
en

ts

 = 212.4582 MeVkinE
 = 0.07%

rms
p/p∆

c = 300.1 MeV/
mean

p

10− 8− 6− 4− 2− 0 2 4 6 8 10x (mm)
10−

8−

6−

4−

2−

0

2

4

6

8

10

x' 
(m

ra
d)

0

10

20

30

40

50

60

 = 2.8214 mm/mradxβ
 = -1.7894xα

 mm mradπ = 0.3224x,norm,rmsε

 = -1.8040 mradmeanx'
 = -4.6213 mmmeanx

10− 8− 6− 4− 2− 0 2 4 6 8 10y (mm)
10−

8−

6−

4−

2−

0

2

4

6

8

10

y' 
(m

ra
d)

0

10

20

30

40

50

60

 = 3.1555 mm/mradyβ

 = -1.9293yα
 mm mradπ = 0.3079y,norm,rmsε

20− 15− 10− 5− 0 5 10 15 20 (deg)φ∆
3−

2−

1−

0

1

2

3

w
 (M

eV
)

∆

0

5

10

15

20

25
 = 13.1015 deg/MeVzβ
 = -1.2575zα

 deg MeVπ = 0.2122z,norm,rmsε

296 297 298 299 300 301
p (MeV/c)

1

10

210

310

Ev
en

ts

 = 212.3400 MeVkinE
 = 0.07%

rms
p/p∆

c = 299.9 MeV/
mean

p

100 um shift 200 um shift

2%↑ 7%↑↑

@ DLS2 entrance

@ DLS4 end

Acceleration Acceleration
❖ 各四極電磁石には、当初50 T/m程度の磁場勾配を要求 
→ 磁極長を増やして30 T/mまで抑制 

❖ ビーム中心軌道が最大限変化するように、FDFの順に 
並んだ電磁石がx方向に互い違いにずれた場合を想定 

❖ DLS1と2の間で1 mm, 1 mrad程度軌道がずれた場合、 
大きく振動しながら加速されエミッタンスが増加

1 mm, 1 mrad以内の精度での軌道補正の必要性を示した
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ミューオン用円盤装荷型加速管の試作 

Steps for impedance matching

Single-feed

Crescent-shaped cut 
for field correction

Ellipsoidal 
cross-sectional shape 
for less peak E-field

カプラー設計
PASJ2022 FROA12

❖ KEK新型Sバンド加速管の 
カプラー形状を踏襲 

❖ DLS1に合うように 
寸法調整＆水路変更
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Detune rod
Antenna

< 0.05 MHz (p-p)

通常セル特性評価

❖ カプラーに隣接する通常 
セルを8セルずつ作成 

‣ π/2モード: < 0.05 MHz (p-p) ‣ セル間カップリング: ３桁目まで一致 ‣ Q値: 計算値の96.4%（上流） ‣ シャントインピーダンス: 計算値より数%高い

IPAC2023 MOPL172

⚪︎ Nodal shift measurement (Upstream)

◻︎ Nodal shift measurement (Downstream) 
▲ Equivalent circuit model

Detune rod

カプラー調整精度評価

❖ Kyhl法でカプラーセルの
移相を0.5度の精度で調整 

❖ ろう付後に測定すると 
4セル目以降で移相ずれ大

セルN − 1の回路方程式: [ω2
N−1 − ω2] VN−1 + jωωN−1

VN−1

QN−1
−

1
2

kN−1,N−2VN−2 −
1
2

kN−1,NVN(VN−1) = 0

⟹ VN−1(VN−2) = . . .

セル1の回路方程式: [ω2
1 − ω2] V1 + jωω1

V1

Q1
−

1
2

k1,2V2(V1) = jωω1
R1

Q1
YinV1

⟹ R1Yin(V1) = . . .

反射係数: Γ =
Y0 − Yin

Y0 + Yin
=

β − R1Yin

β + R1Yin

k

ω1, Q ω2, Q ω3, Q

k k

ω, Q

k

ω, Q

k

ω, Q

k

ω, Q

k

ω, Q

k

ω, Q

k

ω, Q

k

ω, Q

β

カプラー部 通常セル特性評価に用いた基準管部分

❖ 自由度を4つに制限し値指定 
: カップリング係数, : π/2モード周波数 

❖ 離調セルの電圧 とし、 
セル1まで繰り返し解く 

❖ 反射係数の位相成分から移相計算

β ωi

VN = 0

等価回路解析
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CST CST

パラメータずれとCSTで計算した寸法感度から寸法誤差推定

アイリス幅W [mm]

空
洞
内
径

c 
[m

m
]

⚪︎ Upstream

◻︎ Downstream

Yin(Δf, Δβe) としてVSWRを算出

β × 1.01465
ω1 × 0.999949
ω2 × 1.000087
ω3 × 0.999945

得たパラメータずれ

現時点でもVSWR1.05以下を実現できる見込み


