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- FFAG Accelerator

FFAG (Fixed-Field Alternating Gradient)

High Duty > 10%



School,London,June 24-28, 20002

Cyclotron Synchrotron FFAG
*isochronous *const. closed orbit *varying closed orbit
(varying mag. field) (const. mag. field)
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FFAG MURA(Midwestern University Research
Association) project
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FFAG scaling type

:(a)Geometrical similarity (b)Constant field index

(d0) _ __I(dB)
(a) r\&—r}ﬁ—g—const., (b) n. = B\&r/()

B(r,6)=l3l<:i—>er(6—gln:T) ¢ : Spiral Angle

men (on OW)ENERGY

" HIGH ENERGY
RADIUS

LOW (OR HIGH ) ENERGY LOW ENERGY
ORBIT f RADIUS

4
‘\
‘¢ ~
~,
’ /I,
/ A
GATIVE ,
/ A NEI LD
/ 4
// /7 ~
4 A\
/  STRAIGHT ’ \
/ SECTION /7 .
/ (ZERO FIELD) \_/‘)' ,/ LOCUS OF MiNitMUM \
7 FIELD \
// il \
rd
. // POSITIVE //
/ FIELD e Fee “
/ NTEROF "~ ~=~——o__ \
CENTER OF MACHINE Tt~ \
- hi

o e e
MAGHINE 7

\
\ LOCUS OF MAXIMUM
FIELD

Fic. 2. Plan view of radial-sector magnets. Fi1c. 3. Spiral-sector configuration.

RadiaEQOxector ( Spiral sector



FFAG scaling type
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NuFact School, London, June 24-28,20002

Radial Sector -Triplet Type
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EPACO2, Paris, June 3-7, 20002

Aperture of FFAG: Is it large with large k?

larger ring --> large k --> large non-linear field?
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FFAG <-> Synchrotron

FFAG Synchrotron
Duty Factor (10™ 50%) (<1%)
(" 1kHz) (" 10HZz)
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MA Cavity
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Single Gap MA-loaded Cavity (INS-KEK,Tanashi,1997)

E~50kV/m
RF Voltage 20kV
No. of Cores 6
Shunt Impedance 500-750 W
Q 1
Total Length 40 cm
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FFAGO O OOOooooooooooooooononnono, Jan. 15, 2003

MA

MA-loaded Cavity

MA Ferrite
RF Voltage ~40kV ~40kV
No. of Cores 12 68
Total length 0.6m 3m
60 cm

Ferrite-loaded Cavity

300 cm




CYCLOTRON CONFERNECE, May 12-17,2001, MSU, Lansing

Multi-beam Acceleration

multi-bunch in different orbit :
*cw machine (Cyclotron) as an injector
*increase acceleration cycle w/o large rf voltage
*small space charge effect

. --> Small # of particles per bunch in diff. orbit
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CYCLOTRON CONFERNECE, May 12-17,2001, MSU, Lansing

FFAG : multi-beam operation

cf. 1GeV - 10mA (10MW) FFAG

Injector Cyclotron (H'/H) Accelerator FFAG
energy 100MeV energy 1GeV
current I=10mA intensity 6x10*2ppp(|AQ|<-0.1)

rep. rate 10kHz eq.(2.5kHZ)
E =16ev O-LMsec  extraction (10kHz,kicker)
f

acceleration: 0.4 msec/ ?/ e ????/
A




CYCLOTRON CONFERNECE, May 12-17,2001, MSU, Lansing

Development of proton FFAG accelerator

PoP (proof-of-principle) model using MA cavity
aims:
(1) fast acceleration : t<lmsec --> 1kHz rep. rate
(2) first proton FFAG accelerator

(parameters)
Type of magnet Radial sector type (Triplet)
No. of sectors 8
Field index(k-value) 2.5
Energy 50keV(injection) ~ 500keV
Reptition rate 1kHz

Magnetic field Focus-mag.: 0.14~0.32Tesla
Defodus-mag. : 0.04~0.13Tesla

Radial of closed orbit 0.81~1.14m

Betatron tune Horizontal : 2.17~2.22
Vertical : 1.24~1.26

rf frequency 0.61~1.38MHz

rf voltage 1.3~3.0kVp



CYCLOTRON CONFERNECE, May 12-17,2001, MSU, Lansing

PoP proton FFAG accelerator

: ion source

: chopper electrode

: triplet-quadrupole magnet
: steering magnet

: solenoid magnet

: beam slit

: Faraday cup

. : septum electrode

o 9: bump electrode

— 10: sector magnet

: 11: F-magnet pole

12: D-magnet pole

13: beam position monitior
14: RF cavity

15: RF amplifier

16: vacuum bellows

17: turbo molecular pump
18: cryopump
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CYCLOTRON CONFERNECE, May 12-17,2001, MSU, Lansing

PoP proton FFAG model
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Beam Acceleration
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NuFact School, London, June 24-28,20002

Measured Betatron Tunes

| Betatron tune in various magnetic field |

(a) Horizontal tune
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CYCLOTRON CONFERNECE, May 12-17,2001, MSU, Lansing

Two bunch acceleration in PoP FFAG
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Two beam acceleration - Experiment

984.192kHz

1068.12 kHz

RF voltage enve

[ |
; :
ol ] 1
R Ll shnkdid

| TI | F.:l i
TR W

rev. frequency
>




NuFact School, London, June 24-28,20002

150-MeV proton FFAG accelerator

Prototype for various applications:
# Madical application : Cancer therapy
# Muon phase rotation : PRISM project
150MeV FFAG main parameters

No. of sectors 12
Field index(k -value) 7.5
Energy 12MeV - 150MeV
Repetition rate 250Hz
Max. Magnetic field
Focus-mag.: 1.63 Tesla
Defocus-mag.: 0.13 Tesla
Closed orbit radius 4.4m -5.3m
Betatron tune
Horizontal : 3.8
Vertical : 2.2

rf frequency 1.5 -4.6 MHz



EMt = 5 — ,March 12th, 2003

150—-MeV proton FFAG
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NuFact School, London, June 24-28,20002

Yoke-free magnet of triplet sector FFAG
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NuFact School, London, June 24-28,20002

Magnet of 150-MeV proton FFAG
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150MeV FFAG  Tstturn April 24th, 2003

Tok SR 200kS/s

Chi
Coupling

Ch1 Pk-Pk
29.8mv

Ch1 Ampl
15.8mV
Unstable

histogram

ChrAmpi
15.8mv

Unstable

histogram

Ch1 Ampl

M 250us

“invert |Bandwidth| Fine Scale Position Offset
Off MH2 smv -1.96 div 400uv




1GeV-1MW-10kHz FFAG Proton Driver

Energy 200MeV-1GeV

1GeV Intensity 6 E11 ppp
Rep. Rate 10kHz (1kHz x10)
Ave. CurrentlmA (Beam Power 1MW)

Radius ~15m
200MeV K 25
# of cell 48
rf freq. 1.8MHz - 2.8MHz
9, rf voltage ~600kV

bunch width ~40ns

10m
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FFAG Ii&xRzsD/NEMEZBIEL T
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1) Bi59 . 452 fringing field DRZE MDA,
2 ) straight section B E< &h 3.

ISR U kELE%, radial sector => large flutter

Field Flutter
+ D = Bmax — Bmin
Bmax + Bmin

radial sector @ >>1
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Field Flutter #/N&< 9%, => Spiral SectorZ!

Field Futter D=1
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FFAG buﬁ%ﬁwd\*"{té E ?a LT

1GeV BB F FFAG hnEss T 1Gev splral FFAG (16 cells)-- |

(NS AL —)
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RYBLIRILF— 1GeV
o5 -8 16
field index (W15 HRE) 10.5
ANRLASI B 65 .
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g E 3.35
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March 12th, 2003
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