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P O P ( Proot - of- Prin ci.pfe) machine

Proton model — under c\eve\.oPmer\"t’

demonstration = 1 kHz operation
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PRISM (phase rotator) with Injection Matching Section (1)

deflection angle 11.8 deg & -25 deg
use of edge focus of kicker magnet
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MUON Source MINI-WORKSHOP at TRIUMF
March 24-25, 2000
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Muon Source Mini-Workshop@ TRIUME, 00/3/24-25

Helical Quadrupole Focssing Channel

Helical quadrupole focusing channel

*axial symmetry rotation coordinate : x-y coupling

*strong focusing betafunction
= L
b i .
L’ L :one pitch length

¢: phase advance

T
Assume : p~ O.IGeV/c,tp:E, L =0.1m,€ = 10000%mm" mrad

=r=3cm, B =30T/m Permaneit Quadrepele 'hagud
B’> 1007-/m .  ~ 2ew



Muon Source Mini-Workshop@ TRIUMF, 00/3/24-25

Helical Quadrupole Focusing Channel

Muon capture channel
large transverse momentum

Conventional scheme => solenoid channel (superconducting)
*axial symmetry x-y coupling
*adiabatic reduction of transverse momentum

(problem)
“weak focusing” => Large Magnetic Field : Superconducting Solenoid
no-
cf.
_ 2% B(GeVlc) P_=0.1(GeV/c), B=10(T)
R(m) 5

X
037 &T) — R=0.067(m)=6.7(cm)



Workshop on Neutrino Factory, 2000, May 10-11

PRISM - “A Miniature of Neutrino Factory”

Low-F High-G rf Cavity
FFAG Phase Rotator

s/

80 +- 5 MeV/c
A \
= Helical Q BT
\ Solenoid

Target

J 4 Froton Beam

10 ~ 150 MeV/c Muons

FFast High Rep. Kicker



HIMUS99 Dec. 1-4 KEK-Tukuba

Power Test of High Gradient Test Cavity

TEST CAVITY
*Single core (O.D=580mm,|.D=250mm, t=25mm
*Direct water cooling
*RF power :30kW max.(B-class)
Achieved:
EFG = 100kV/m (cw )
EFG = 220kV/m (burst)
(limited by RF amplifier)

The gap voltage of the test cavity. The maximum RF
voltage of 5.5kV(=220kV/m)was obtained.



Types of rf Cavity Candidates

Muon Source Mini-Workshop@ TRIUMEF, 00/3/24-25

1 MA (magnetic alloy) loaded
Successfully developed at KEK
1) high field gradient E~ 0.25 MV/m
2) wide band ----> saw-tooth waveform
3) high duty operation

2 Ferrite loaded
Ni-Zn with CoO doped.
1) very high field gradient : E ~ 1MV/m
2) less tunability Q ~ 100
3) only low duty operation : burst mode

3 Air-core

CERN anti-proton ring 9.5 MHz : ~ 2 m in diameter and 2 m long for single gap.

1) very high field gradient : E > 1MV/m
2) narrow band : Q ~10000
3) modest duty operation



Muon Source Mini- Workshop@ TRIUME, 00/3/24-25

RF for PRISM Phase Rotation

Phase rotation of low energy muons
(1) low frequency ( ~MHz)
(2) high field gradient > 0.25 - 1MV/m
(3) minimizing non-linear effects
(4) high repetition rate > 1 kHz

" (1) & (2) are also essential to get narrow banch width at proton driver.



FFAG synchrotron Triplet 6-8/12/1999 FFAG workshop

Horizontal F
Vertical D

-Longer straight section than usual radial sector type.
-Perpendicular orbit to radius at the center of straight section.
-Weak effect of the fringing field between Fmag. and Dmag.
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linear, h=5

(Nv)epnidwe 4y

Phase(rad)



dp/p(%)

2.5MV, sinusoidal
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HIMUS99 Dec. 1-4 KEK-Tukuba

Beam Parameters

16:17:37 Wednesday 12/ 1/1999
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HIMUS99 Dec. 1-4 KEK-Tukuba

FFAG Phase Rotation Ring

Phase Rotation : Circular system

synchrotron oscillation 5
eVEf T .
bucket height E=2 375 | —cos +(—— )sm
u g \/ 27th |: s 5 Ps Ps
synchrotron freq. Q. = @y J_ heVncos @
2nE

FFAG : Fixed Field Alternating Gradient
Large momentum acceptance >+-100%
Zero Chromaticity
Large transverse acceptance > 3000 tmm.mrad

key issue : RF E> 0.2 MV/m@ ~5 MHz



HIMUS99 Dec. 1-4 KEK-Tukuba

FFAG Phase Rotation Ring (PRISM)

Parameters FFAG Phase Rotation Ring

Circumference 30.7 m
Straight section 25 m g PO R,
Focusing radial sector(triplet) ( 10MeV < Ek < 30 MeV)
Field index 5
Average radius 4.3 m@10 MeV 5
4.6 m@20 MeV
4.8 m@30 MeV
Magnetic field 0.3T @20 MeV
rf voltage 3.2 MV(~200 kV/m x 16 m)

rf frequency 5.6 MHz @20 MeV



IMV/m @5MHz

e
- @S 2af,d(b-a)

Brf

V=25kV
f;=5.0x10° Hz
d=25mm - h—a=1.59m

R, = uQfx u, ><al><ln£7
a
=1756€2

P, =177kW

10MV_@5MHz




Q value

1usec/div




BURST MODE

F.G.
probe
S5usec/div
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Brif[mT]
@ Brf=30mT

Rsh(SY20)= 10 *Rsh(FINEMET)
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FFAG synchrotron

Spiral sector FFAG

—

moawoaw_ _u _u U
Vertical D D F

-Smaller magnet.
-Complexity of the magnetic field.

-Defocusing force only by the edge focus.

Horizontal

6-8/12/1999 FFAG workshop

s &1

o

Vertical

-Larger magnet and machine size.

-Simplicity of the magnetic field.

-Enable to control the betatron tune by changing
the ratio of Fmag. and Dmag. magnetic field.
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ORBIT EXCURSION

F D exdraction F

§ Xmax=0. 118m
injection L
Xmin=—0.091m

1

rf 'fve%uency change : 1 i

f‘l;z-'f«, 0.2% - Q,=100

" untuned rf cavity

"">h1 h M -ferrité’
" 'sY20



NuFact00, 22-26/5/2000,Monterey

Medium Energy FFAG - Non-scaling by Johnstone

parameters
energy 3 GeV ~ 11GeV
acceptance 10,000 mmm.mrad(~1/5 small)
(100%normalized)
Ap/p +- 6% @3 GeV (does not matter to FFAG)
beam aperture +- 15cm;Horiz., +-4.5cm;vert. "F”
+- 10cm;Horiz., +-6cm; vert. “D”
Bmax | <4}

rf voltage(peak) 1 MV/m



NuFact00, 22-26/5/2000,Monterey

Accelerator Scenario - FFAG Option

Direct Acceleration by Low Frequency RF
No Phase Rotation, No Cooling

e
>

T
>
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NuFact00, 22-26/5/2000,Monterey

Accelerator Scenario - FFAG Option

FFAG(Fixed-Field Alternating Gradient) Accelerator
(1) Large Momentum Acceptance
Ap/p ~ +- 50% or more
(2) Large Aperture
A ~ 0.01-0.02 tm.rad
(3) Scaling
p/p, ~ (r/r,)*': tunes=const., c=0 , a=1/(k+1):no higher orders
(4) Non-scaling
linear system



Muon Source Mini-Workshop@ TRIUME, 00/3/24-25

FFAG R &D activities at KEK

Y. Mori (KEK)

1 Introduction
2 Why FFAG ? FFAG for proton driver

3 FFAG for PRISM ( Phase Rotation Intense Slow Muons )

4 PoP (proof-of-principle) Machine



WS FE 9 9 -Oct.27-29

Introduction

FFAG ---> “Fixed-Field Alternating Gradient” Synchrotron
B eSS RIS 70 bho 2

SSTE
1 WG ARERIMIC —5E (Time-invariant Magnetic Field)
2 GRINEK (Strong Focusing)
BEN T ) F— & EBITEL
Orbit Excursion
e IS T A e ST R L AP - [T A 6 T

Zero Choromaticity
----- > Very Rapid Acceleration (Cycling)

X 35 (1953)



FFAG D %313

MSL 99 Workshop 1999 Mar. 23-24

1 3&3t (Trans. & long.) AR DYLRK
* 5 Y R
x>0 M0OMNE
2 — E W15
*x BIEEICKSEEENDEH
* = ZE M
3EWEE VIR L EER A A BE
* KigE E— A
4% (DC) E—LHBY HLUASAIEE
*x 7=y FbOBERPER
§ A WwIND P




FFAG Phase Rotation Ring

HIMUS99 Dec. 1-4 KEK-Tukuba

Phase Rotation : Circular system

synchrotron oscillation 5
VE
bucket height E= 2\/8 2;]5;
synchrotron freq. Q¢ = @y \/_ heVncos ¢g
27E

FFAG : Fixed Field Alternating Gradient
Large momentum acceptance >+-100%
Zero Chromaticity
Large transverse acceptance > 3000 tmm.mrad

key issue : RF E>0.2MV/m@ ~5 MHz

[— cos ¢g + (g - (ps)sin ¢s]



HIMUS99, Dec. 1-4, KEK

Phase Rotation - Monochrometer

Energy - time space (longitudinal phase space)

Drift & Linear Kick ----> Synchrotron Oscillation

Non-linear
Kick : RF(sinusoidal)
Drift : relativistic, path length




HIMUS99 Dec. 1-4 KEK-Tukuba

Power Test of High Gradient Test Cavity

TEST CAVITY
*Single core (O.D=580mm,|.D=250mm, t=25mm
*Direct water cooling
*RF power :30kW max.(B-class)
Achieved:
EFG = 100kV/m (cw )
EFG = 220kV/m (burst) _
(limited by RF amplifier)

The gap voltage of the test cavity. The maximum RF
voltage of 5.5kV(=220kV/m)was obtained.



Phase Rotation

Workshop on Muon Storage Ring, Lyon 1999, July5-8

phase rotation : synchrotron motion in rf bucket

_ [_eVinl
synchrotron tune : - B 27[[32 Es
2
eVE
bucket height . E=2 Sﬂ
27|

n: slippage factor AT/T=n(Ap/p)
Takuy
AT/T=AC/C -Av/v

Linac : AC/C=0 ===> AT/T=-Av/v=-1/¥(Ap/p)
Ring : AC/C=o(Ap/p) ===> AT/T=(a-1/¥*)(Ap/p)



linear, h=5§

(ny)epnidwe 4y

Phase(rad)



FFAG 1MeV POP Model parameters

Type of magnet Radial sector type (Triplet)
No. of sector 8
Field index (k-value) y @
Energy 100keV~1MeV
Repetition 1kHz
Magnetic field Focus mag. : 0.2T~0.5T
Defocus mag. : 0.1T~0.2T
Radii of closed orbits 0.89m~1.14m
Betatron tune 2.24~ 2.19 (Horizontal)
' 1.38~ 1.33 (Vertical)
RF frequency 1.10MHz ~1.97MHz

RF Voltage ~3kVp (aiming 6kVp)



200MeV FFAG MAGNET




" Quadiupole Magnet: |
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