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PRISM 
Phase Rotated Intense Slow Muon source

High Intensity
　intensity : 1011-1012μ±/sec
　beam repetition : 100-1000Hz 
　muon kinetic energy : 20 MeV (=68 MeV/c)

Narrow energy spread
　kinetic energy spread : ±0.5-1.0 MeV

Less beam contamination
　π contamination < 10-18

high power p beam, 
super cond. solenoid pi capture
large acceptance FFAG

phase rotation

long flight length in the FFAG

Search for Lepton Flavor violation
B(μ-N→e-N)<10-18 low Energy 

μ- 

105MeV 
e- 

stopped μ experiment
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Programme
Wednesday 30th November

9:00-9:15 : Introduction, Y. Kuno
9:15-9:45 : Overview of PRISM-FFAG, M. Aoki
9:45-10:15 : Beam Optics of PRISM-FFAG, A. Sato
10:15-10:45 : Development of PRISM-FFAG 
Magnet, Y. Arimoto
10:45-11:00 : Coffee Break

11:00-12:00 : Lecture on Solenoid Beam Optics I, 
R.B. Palmer
15:00- : Discussion: Solenoid optics

Thursdaty 1st December

9:00-9:30 : Simulation of Pion Production by 
GEANT4, M. Takayanagi
9:30-10:00 : Injection and Extraction, A. Sato
10:00-10:30 : Kicker System, R.B. Palmer
10:30-10:45 : Coffee Break

10:45-11:15 : Kicker Magnet and Power Supply, T. 
Oki

11:15-12:15 : Lecture on Solenoid Beam Optics II, 
R.B. Palmer
13:30- : Discussion: FFAG Kicker System

19:30- : Workshop Dinner

Friday 2nd December

9:00-9:30 : Diagnostics for PRISM-FFAG, T. Itahashi
9:30-10:00 : Tracking Simulations in Scaling 
FFAGs using the Ray-Tracing Code Zgoubi, F. 
Meot
10:00-10:30 : Particle Tracking Simulation by 
Zgoubi, Y. Kuriyama
10:30-10:45: Coffee Break

10:45-11:15 : PRIME Detector, A. Sato
11:15-11:45 : Fermilab Proton Driver and 
PRISM/PRIME, D. Neuffer
11:45-12:00 : Prospect, Y. Kuno
13:30- : Discussion: FFAG Test

Towards a New Basic 
Science; Depth and 
Synthesis The 21 st century 
COE Program

Date : Nov.30~Dec.2

Meeting Room : H701, H-Main Building, Graduate 

School of Science (South Block),Toyonaka Campus, 

Osaka University

Chair : Yoshitaka Kuno (Osaka U.)

Contact person : Yasushi Arimoto (Osaka U.)

International PRISM 
Workshop 2005

PRISM

PRISM workshop
1st International PRISM Workshop

30th Nov. - 2nd Dec. 2005 @ Osaka-Univ.

Topics
Status of PRISM

Beam optics and tracking
FFAG magnet
Kicker system for Inj./Ext.
Pion capture
PRIME detector
Pulsed proton beam

Discussed issues
FFAG tracking
FFAG performance test
Kicker system
Solenoid Channels
Detector of mu-e conv. exp.

http://www-kuno.phys.sci.osaka-u.ac.jp/~prism/ws0512/
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PRISM-FFAG



高周波電源

高周波増幅器

高周波空洞

Ｃ型FFAG電磁石

取り出し用
キッカー電磁石

入射用
キッカー電磁石

PRISM-FFAG
N=10
k=4.6
F/D(BL)=6.2
r0=6.5m for 68MeV/c
half gap = 17cm
mag. size 110cm @ F center
Radial sector DFD Triplet
θF/2=2.2deg

θD=1.1deg

Max. field
F : 0.4T
D : 0.065T 

tune
h : 2.73 
v : 1.58

5m
Phase rotator



PRISM-FFAG Features

• Large transverse acceptance
• Horizontal : 38,000 π mm mrad
• Vertical     :   5,700 π mm mrad

• High field gradient RF system
• field gradient ~200kV/m (~2MV/turn)

• quick phase rotation (~1.5μs)
• large mom. acceptance (68MeV/c +- 20%)

• Radial sector type, Scaling FFAG
• F/D and k value : variable



Construction Schedule
Beam optics design 

Magnet design

2005/12 - 2006/03 : Construction of 3 magnets

2006/03 - 2006/05 : Field measurement

2006/04 - 2006/11 : Construction of 7 magnets

2006/12 - : Construction of FFAG-ring

2007 : Commissioning and performance test



Feature of PRISM-FFAG Magnet
scaling radial sector
  Conventional type. Have larger circumference 
ratio.
triplet (DFD)
  F/D ratio is variable. Ds have field crump 
effects to realize the large packing factor. the 
lattice functions has mirror symmetry at the 
center of a straight section.
large aperture
  important for achieve a high intensity muon 
beam.
thin
  Magnets have small opening angle. so FFAG 
has long straight sections to install RF cavities 
as mach as possible
trim coils
  k value is variable. Therefore, not only vertical 
tune and also horizontal tune are tuneable.
C-shaped



OPERA-
Pre-processor  8
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• Total Mass of  yoke: 14 t / cell

• F Main coil : 78000 A*T / coil (F/D=4)

• D Main coil : 26000 A*T / coil  (F/D=4)

• F trim coil : 1200 A/coil

• D trim coil : 500 A/coil

• Electric Power for F Main coil : 740 kW/Ring

• Electric Power for D Main coil : 441 kW/Ring



Field CalculationCalculated Field

• BL integral

Center of
F magnet

Center of
D magnet

k+1=5.62

F/D=6.02
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Stray Field to RF coresMagnetic Field in RF Core
2000 Gauss

0 Gauss

Average value of Magnetic Field in RF 
core is 150 Gauss.

Perhaps, this value is acceptable.

20000 Gauss

0 Gauss

Averaged flux in the 1st core ~  150 gauss

Y. Arimoto



Magnets Params.Magnet Parameters



Zero Chromaticity 
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Engineering Design

• Yoke is consisted from 6 peaces.

F
D

D

Engineering Design

• Yoke is consisted from 6 peaces.

F

D

D

F

 Assembly of Magnet



Configuration

RF Core
Bus bar

Cooling water
pipe

inlet

outlet

Configuration

Pole Pillar

Configuration

Vacuum Chamber

Configuration

Configuration

Field Clamp

Y. Arimoto



Status of Construction
Main coils have been produced.

3 FFAG magnets will be build by Mar. 2006.

Field measurement in Mar.-Apr.

Mass Production of Coils

• Mass production of main coils has been 

completed.

D coils F coils



RF System



High field gradient RF
Proton Synchrotron RF System
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RF core (Magnetic Alloy)

156Ω @ 5MHz



PRISM-RF System

AMP

Cavity

By C. Ohmori, Y. Kuriyama

Beam Pipe

Side View

33cm

Beam Pipe

AMP

Cavity
Power Supply

A Prototype cavity with 1 gap will be ready by the end of this JFY.



Number of gap per cavity 5
33cm/gap

Number of core per gap 6
core material Magnetic Alloy
core shape race track
core size 1.7m x 1.0m (inner 1.0m x 0.3m)

Shunt impedance 0.9kohm/gap
Field gradient 150~200kV/m

Flux density in core ~320 Gauss

Power tube
4CW100kE, DC33-37kV, 
1.5MW(peak for 10us), 

Max current 60A
Air cooling (duty 0.1%)

Parameters of RF system



RF AMP R&D

86.6kVp-p

43kV/gap
w/ 734Ω dummy cavity 
@5MHz
expected gradient 
w/ PRISM-cavity (954Ω)
56kV_gap = 170kV/m

Power Supply

AMP

Dummy Cavity

Tetrodes in AMP



RF Wave Shape 
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図 15: PRISM-FFAGにおける位相空間回転のシミュレーション結果。右：sin波形の場合。左：鋸歯状波形の場合。

[3] A. Sato and S. Machida., “ LATTICE DE-
SIGN OF LARGE ACCEPTANCE FFAGS FOR
THE PRISM PROJECT,” in Proceedings of the
EPAC2004, TUPLT081.

[4] Y.Arimoto et.al., ”A Study of the PRISM-FFAG
Magnet”, in Proceedings of Cyclotrons2004.

[5] C.Ohmori et al., ”ULTRA-HIGH FIELD GRADI-
ENT RF SYSTEM FOR PRISM-MUON BUNCH
ROTATION”, in Proceedings of SAST03.

           Δp /p    ：4%
    num. of turn：4
                time：1.0μs
μ survival rate：68%

          Δp /p    ：2%
    num. of turn：6
          time       ：1.5μs
μ survival rate：56%



Saw-tooth is better
表 4: PRISM高周波空胴のパラメータ

Number of cavities 16(or14)/ring
Number of gap 5/cavity

Length of cavity 1.65 m
Core material Magnetic Alloy

(FM-3M)
Core size 1.7m×1.0m×35mm

Core shape Racetrack
Number of cores 6/gap

RF frequency 4∼5 MHz
Field gradient ∼200 kV/m
Flux density ∼300 Gauss

Duty < 0.1%
(15µsec×100/3.4sec)

Cooling Air cooling

た結果を示す。
図 15右は sin波形の高周波を適用した場合の結果で

ある。図中の数字はリング内での粒子の周回数を意味
する。初期状態のビームの時間分布はソレノイド輸送
のモンテカルロシミュレーションの結果に基づいてい
る。ビーム入射時では位相空間上でほぼ垂直にあるも
のが、リングを回転するにつれて位相回転している。し
かし、中心から離れた粒子ほど位相回転速度、すなわ
ち、シンクロトロン振動の速度が遅くなり、中心部で
90度回転した場合でも端の方の粒子はまだ 90度回っ
ていないことがわかる。また、高エネルギー側の粒子
に比べて、低エネルギー側の粒子の方が位相空間回転
の速度が速いことも見て取れる。シンクロトロン振動
数はスリッページ係数に依存する。このスリッページ
係数はビームのエネルギーに対して 1/γ2の依存性を持
つので、エネルギーの低い粒子ほど位相回転の回転速
度は速くなるのである。
これら位相空間回転における非線形性の問題を解決

するには、縦方向ポテンシャルを線形化すればよい。す
なわち、線形なバケツを作るために、sin波の代わりに
鋸歯状の高周波波形を用いる。さらに、スリッページ
係数のエネルギー依存を補正するために、減速側の電
場勾配を強くするのである。図 15左は、鋸歯状の高周
波波形を用いた場合の、シミュレーション結果である。
この場合、振動速度のエネルギー依存がほぼ解消され、
リング６周後の位相空間回転終了時には、運動量幅が

68MeV/c±2%と初期状態の 10分の 1まで低減できる。
しかし、実際は、このような理想的な鋸歯波形の高

周波電圧を発生させることはできない。したがって、鋸
歯波形を n次までのフーリエ級数に展開し、その合成
波を各ギャップにかけるか、高調波毎に異なる空胴を
用いるなどの方法の検討を進めている。図 16 に鋸歯波
形を４次までのフーリエ級数に展開した場合の結果を
示した。
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図 16: 鋸歯状波形の４次までのフーリエ展開の結果

5 おわりに
以上、PRISM計画について、駆け足で紹介しました

が、PRISM計画及びPRIME実験について、より詳し
く知りたい方は、以下の文献を参考にしてください。

参考文献
[1] Y. Mori, K. Yoshimura, N.Sasao, Y. Kuno, et al.,

”The PRISM Project – A Muon Source of the
World-Highest Brightness by Phase Rotation –”,
LOI for Nuclear and Particle Physics Experiments
at the J-PARC (2003).

[2] Y. Mori, K. Yoshimura, N.Sasao, Y. Kuno, et al.,
”An Experimental Search for the m-e Conversion
Process Towards an Ultimate Sensitivity of the
Order of 10−18”, LOI for Nuclear and Particle
Physics Experiments at the J-PARC (2003).
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How to realize saw-tooth

1) each gap has not only h=1 but also higher order (h=2,3) 
harmonics. 

2) one gap has just sinusoidal



Injection / Extruction



Phase Rotation

Simulation

momentum spread
Δp/p = ± 2%

needs６turns (=1.5μs)

survival rate (68MeV/c)  
  μ：0.56
  π : <10-23

Simulation result
field gradient ＝ 152kV/m 

Initial
Δp/p = ± 20%

after 6 turn
Δp/p = ± 2%

no  pion 
contamination

Muon Beam
• at Injection

• momentum : 68MeV/c+-20%

• beam size

• 100cmx30cm

• time dist.: 40ns(/270ns)

• kicker fall time < 230ns

• at Extraction

• momentum : 68MeV/c+-2%

• beam size

• 70cmx30cm

• time dist. : 200ns(/270ns)

• kicker rise time < 70ns-100ns



Injection/Extraction Issue
• B.Palmer proposed vertical injection/extractionPulse al l k ickers twice

Because t hey are t here

y
(c
m
)

z (m)
0.0 2.5 5.0 7.5 10.0

-1.0

-0.5

0.0

0.5

1.0
K icker
-167 G
-78 G/ m
29 J
92 kV

K icker
147 G
64 G/ m
40 J
144 kV

K icker
206 G
98 G/ m
44 J
114 kV

Sept um
1710 G
930 G/ m

• Slight ly improved

25

Conclusions on Inject ion/ Ext ract ion
• Ver t ical inject ion/ ext ract ion much easier t han hor izont al
– Needs M uch less M agnet ic energy
– Needs much lower Volt age
– Chromat ic cor rect ion easy

• But Remaining Design Quest ions
– Needs larger ver t ical aper t ures in special magnet s
– K icker Energy st i l l much great er t han normal kickers
– Need two pulses in each kicker
– K icker aspect rat io unnat ural
– Needs gradient in kicker field ( dipole + skew quadrupole)

• St udy needs repeat ing wit h real fields and beam
• But t his looks plausible

28

* I studied that scheme with the present PRISM design.
	 field clumps, real gap size,
 	 TOSCA field for FFAG magnets,
 	 hard edge field for kickers and septums,  geant3 tracking code

R.B.Palmer @ FFAG04 KEK 



What does a Combined Funct ion K icker Look L ike
You already know

26 R.B.Palmer @ FFAG04 



I nject ion and Ext ract ion in same 3 cel ls
Cent ral kicker must be pulsed twice
End kickers pulsed once

24

R.B.Palmer @ FFAG04 



Vertical Injection/Extraction

• It would work with the present PRISM design.

Paramet ers

dz len ht wid t i l t B Grad V o U
m m m m deg G G/ m kV J

1 K icker 0.51 0.61 0.45 0.95 0 -167 -78 92 29
2 K icker 0.00 1.63 0.30 0.95 0 147 64 144 40
3 K icker -.51 0.61 0.45 0.95 0 206 98 114 44
4 Sept um 0.61 0.82 0.56 0.95 4 1710 930

M ax (Tot al) 144 (113)
Hor iz 0 1.22 .34 1.2 1080 3160 2038

• dz wit h respect t o cent er of gap
• V o is single t urn V . I f dr iven from sides V = V oo/ 2
• V ’s and U ’s are ideal. T hey wil l be great er in a real kicker

• Volt age and energy approximat ely 1/ 20 of Hor izont al kicker

27

B.Palmer’s results

B (T) Gradient
(T/m)

rise time
(ns)

fall time
(ns)

Length
(cm)

Height
(cm)

Width
(cm)

Single Turn
Voltage
(kV)

Stored
Energy (J)

Kicker1 -0.0167 -0.0078 50 200 56 30 95 -56 16

Kicker2 0.0147 0.0064 50 200 140 30 95 123 30

Kicker3 0.0600 0.0500 50 200 56 50 95 336 335

Septum 0.2500 0.1500 50 200 56 80 95Optimizing now



Vertical Injection/Extraction
FFAG’s 4D Acc. : 1.0G(mm mrad)^2

FFAG-Kicker’s 4D Acc. : 0.64G(mm mrad)^2

• (FFAG)/(FFAG-Kicker) 
= 64%

水平方向のビーム軌道

垂直方向のビーム軌道

100 cm

x

y

Kicker
-167G
16J
56kV

Kicker
147G
30J
123kV

Kicker
600G
335J
336kV

Septum
2500G

-0.0078T/m 0.0064T/m 0.05T/m 0.15T/m

Kicker
-167G
16J
56kV

Kicker
147G
30J
123kV

Kicker
600G
335J
336kV

Septum
2500G

preliminary
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1 Resonant Magnetic-Amplifier

• A single compression stage;

• Negligible cable distance from driver to kicker;

• A sudden saturation at Is from an initial large inductance L1

to a small inductance L2;

• A purely inductive kicker magnet with inductance L;

• I start the clock at t=0 with the drive capacitor C charged to
Vo and no current flowing.

Initially, we have a simple resonant ciruit with a long time
constant τL

τL =
√
(L + L1)C

23
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Tracking Issue



Particle Tracking Codes

Geant3.21 
Runge-Kutta
single precision
physics process

Purpose of Tracking for PRISM

 Study beam optics

 Estimate background 

It worked well at the design stage of 
PRISM-FFAG 

Commissioning requires more precision

double precision



Next Tracking codes
Geant4

Runge-Kutta
double precision
not-symplectic
physics process

iCOOL
Runge-Kutta
double precision
not-symplectic

Zgoubi
double precision
symplectic

for full simulation

for dynamics study

Bob 

Meot

PRISM-FFAG study

, Kuriyama



phase space plot 1
(Horizontal)
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ur-r

Zgoubi

ur
 [
m
ra

d]

r [cm]

Input Particles :
|dr| ≡ | r - r0 | >= 4 cm,!

r’ = z = z’ = 0 

P = 68 MeV/c

@ Center of Straight Section

acceptance 
with 5 turns Y. Kuriyama



Symplectic or not
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r0=6482.0mmr0=6482.0mm

r=6450.0mm r=6450.0mm
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P=68MeV/c

Geant3.21 Zugoubi

Y. Kuriyama



Diagnostics



 Beam Monitor 
for Muon Beam

Beam profile

Beam oscillation

Synchrotron freq.

Betatron tune

...



 Gallery of Itahashi’s drawings
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 Summary
PRISM-FFAG is under construction at Osaka-
Univ.. Commissioning will be started in 2007.

High field gradient RF system has been 
successfully developed. ~170kV/m

Developing the vertical injection/extraction 
system.

Study of  commissioning scheme is underway.

There are a lot of things to be studied for 
PRISM-FFAG. Please join us to discuss them.


