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Introduction - FFAG Synchrotron

The characteristics of FFAG ...

e Fixed Fidld (cf. Cyclotron)

FFAG magnetic Field : B=B4(r r)¢ k>1

Satisfying the cardinal condition, “zer o -chromaticity”

—  High repetition rate

—  Various acceleration patterns are possible
large beam current, flexibility, low power consumption

e Alternating Gradient Accelerator

( cf. Synchrotron
strong focusing

« LargeHorizontal acceptance

wide aperture

... Strong focusing accel erator
with high duty factor

I

r 5“31}6!41'
SECTIOM

[ZERD FIELD)

T
-

PR T

Fii. 2. Plan view of radial-sector magnets.



Introduction = Applications of FFAG

FFAG’s catchphrase...
“ High current, High repetition rate and High efficiency”

Medical - Cancer therapy

—  3dimensional spot scan method
Atomic Energy - Accelerator Driven System

—  High current and efficiency beam, low power consumption and low beam loss
Physics — Accumulator of secondary beam

—  Manipulation of the short-lived secondary beam
eXx.) PRISM, Neutrino-Factory and Unstable Nuclel

Environmental Hygienics — Sterilizer
—  Electron beam or X-ray source for the sanitizing and the sterilizing.

..., EtC.



A brief history of FFAG Accelerator ' PoP FFAG

~50's FFAG was proposed by Ohkawa, Symon and Kolomensky.
aelectron FFAG at MURA project.

“Proton FFAG was difficult.”
o Difficultiesof designing and manufacturing the large magnet gives
the complex magnetic field
 No RF cavity hasthe large aperture and gives the high gradient
field over awide-frequency

... Great advancement of technologiesin 80's~90's
« large CPU power to do the calculation and the ssmulation easily

« theinvention of aMagnetic Alloy for FFAG RF cavity

1998 PoP (proof of principle) FFAG project, to construct the
world first proton FFAG, was started.



PoP FFAG - Thefirst proton FEAG Accelerator in the world

Basic performance
Studies of beam dynamics
Acceptance survey

Measurement of betatron [
tune with RF knockout "

A study of resonance
crossing with fast
acceleration
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Top View of PoP-FFAGP\raterator

movable probe

turbo molecular pump

\E S5 PoP-FFAG parameter table

| Particle proton
ion source Type of magnet  radial sector type
N W No.of sector 8
bump electrodg™< ) - | Field index k=25
0o . Energy 50keV => 500keV.
g = sepumdlectrode Repititionrate 1kHz
FIVES="" wagneichied

Focusmag. 0.14-0.32T

Defocus-mag. 0.04-0.13T
Radial of closed orbit  0.81- 1.14m
betatron tune

horizontal 2.17 - 2.22

solenoid magnet

|

vertical 1.24-1.26
- | cyopUmp RF frequency 0.61- 1.38MHz
beam position monitor RF voltage 1.3-3.0kVp
0 0.5 1.0
T T FFAG magnet
Scale: Im Faraday cup

FFAGO2 Workshop 2002.02.714#(Thu.)



Beam Position Monitor (BPM)
horizontal BPM PoP FFAG

outer side oart — -

inner side
electrode

oscilloscope

In FFAG, beam orbit shiftsduring the acceleration.
=> BPM must have large horizontal aparture.

FFAGO2 Workshop 2002.02.14(Thu.)



Basic Performance of PoOP FFAG
e Betatron tune
» Fast acceleration within 1Imsec
« Synchrotron oscillation
e Multi turn Injection

FFAGO2 Workshop 2002.02.714#(Thu.)



Betatron Tune (1)

PoP FFAG
Horizontal beam signal Vertical beam signal

a1 | {1
L ol
{17 LA il
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|l |

: FFT spéétru i '
TFTERC 802,722 &

fractional part of betatron tune
u, =0.199 u,=0.289

FFAGOZ Workshop 2002.02.14(Thu.)



Betatron Tune (1)

PoP FFAG
betatron tune vs F/D ratio

05— ! ! !
® HoriZontaI tune (meaSured)
0 0 O Horizontal tune (cal cul ated)
5 04 —&— m Vertical tune (messtred) |7 Betatron tune shift as a function of F/D ratio:
- 0 Vertical tune (calculated)
o ; ;
%’ O —i— | : _
S 03 - vertical
& + => ghift !!
o o>—{—i - —a—
S 021 T T . o 1 |
LT —4— f o| - horizontal
—*— | => admost constant !!
0.1
3.6 3.8 4.0 4.2

F/D ratioin B*L

Thevertical betatron tuneisadjustable changing F/D ratio ! |

FFAGOL Workshop 2002.02.1%(Thu.)




Beam Acceleration

BPM signals during the accel ergﬂ)ﬁ FFAG
S RN R beam orbit shift

(@) inner dectrode

>
= 1050
~
> 1000
£ -
= e 950
. =
(b) outer dlectrode 5 0
TR — Q
it .
AL I L - measured | |
' sl — caculated| |
R |
0.0 0.2 04 0.6 0.8 1.0

200 usec/div

time [msec]

The beam isacceaerated from 50keV to 500keV within 1msec.
=> Thebeam orbit shiftsfrom 765mm to 1050mm.

FFAGOL Workshop 2002.02.1%(Thu.)




Synchrotron Frequency

at 500keV (flat top)

50usec/div |

wrdh Bkl
revolution frequency.
1.379M Hz

synchrotron frequency:
18.3kHz

PoP Fgl'%&;\'rotron freq. vsE . @flat top

O
N | | © measured
_Iﬁ st m caculated
N R __
< 2| T i rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr -
S ? .
S
§ 18 o+ L0 L .
o
2

10

100 200 300 400 500
E kin[keV]

The observed synchrotron frequency
agreed with those expected by the
beam simulation.

FFAGOL Workshop 2002.02.1%(Thu.)



RF patrern

| g VU Tl V' W 3

magnetic field RF pattern
ordinary synchrotron changing with regarding the magnet
FFAG synchrotron constant without regarding the magnet

=> RF pattern can be flexibly designed in FFAG synchrotron !

V_ =const. =const. dr/dt = const. _=const.
1050 i 1000 ——
1000 950
‘e 950 'S 900
g £
g 0 5 850
g 850 - D '
8 e 8 800
BOO - 57 T P ' - measured
e - measured
YA 750} — calculated
750l , — caculated] | -
0.0 0.2 04 0.6 0.8 10 0.2 0.4 0.6 0.8 1.0 1.2
time [msec] time [msec]

‘The various acceleration pattern ispossible in PoP-FFAG. |

FFAGO2 Workshop 2002.02.14(Th




Mdulti-turn Injection Systewm

PoP FFA
Bump central orbit Bump || Slow decay time of bump voltage
electrode electrode

( decay time >> revolution period

Movable
FaradayC

electrode

injection orbit

=> multi-turn injection

The slow decay operation makes the multi-turn injection
In possible.

FFAGO2 Workshop 2002.02.14(Th




Multi=tuen Injection

lbunchinj.  2bunchesin. g&ﬁcﬁ%ﬁ 4bunchesinj. Sbunchesin

bump signal

The beam intensity can be increased with multi-turn injection. |

FFAGOZ Workshop 2002.02.14(Thu.)




The Studies of the beam dynamics in the PoP-FFAG.

L arge horizontal acceptance
Measurement of betatron tune with RF knockout
A study of resonance crossing with fast acceleration

FFAGO2 Workshop 2002.02.714#(Thu.)



Horizontal Acceprance

. PoP FFAG
horizontal acceptance @ injection energy

from tracking simulation 10000L mm-mrad

200

100

X' [mrad]
o

-100

-200
-60

X [mm]

‘FFAG synchrotron has a large horizontal acceptance. I

FFAGO2 Workshop 2002.02.714#(Thu.)




Injection System for Acceprance Survey

PoP FFAG
fast decay time of bump voltage
Bump central orbit Bump : : .
dectrode dectrode || ((decay time ~ revolution period )
/ % X &\ bunched beam
Septum ) |
-~ electrode
bum

Movable ' |
FaradayCup 2.5usec/Div

Injection orbit
=>working as afast kicker

At thefast decay operation, the bump worksasafast kicker |

FFAGOL Workshop 2002.02.1%(Thu.)




Horizontal acceprance survey (1)

PoP FFAG
The beam oscillations with various betatrom motion

at the 2kV no signal !!

820 a) Vbump=3kV
S88r A () ¥ bump Ky AR A at the 3kV
J2N =\
RARA
o
N\ AN
M far A A
820 (d) Vbump=12kV
%§§> 0::AWQW»MWWWMWV% => atthe 12kV
— 720 ! | .
8 720 .
60 80 100 120 140 160 180x10

time [usec]

(obtained with BPM)

FFAGOL Workshop 2002.02.1%(Thu.)




Horizontal acceprance survey (2)
PoP FFAG 10000L mmmrad

septum electrode
4000L mmmrad
200 !
-~ |L-"bump
“|| voltage
o 3kVv
100 O okv
— A 9%V
3 A\l o 12kv
E 0 9 v 1skv
_>< .' '
-100
-200
-60

X [mm]

Horizontal acceptance isabout 4000L mm.mrad !
(Thelimit can be explained by the septum electrode.)

FFAGO2 Workshop 2002.02.714#(Thu.)




RF Knockout+ Resonance & Betratron tune

DD A

f
RF knockout resonance : | p§, +q8;, = imifRF
rev | ( p,gm =integer)
250keV flat top 250keV flat top after RF knockout

revolution freq. revolution freq.

)

ectrum FFIT spectrum
ﬂmrw@ymm Mﬂﬁﬂ]‘{ il

fractional part of betatron tune
§=0.195 (0.199@E_in;j)

FFAGOL Workshop 2002.02.1%(Thu.)



Resonance & Fast Acceleration (1)

o S o W ol ol WP N

In FFAG synchrotron.......
the fast acceleration =>  the beam can be accelerated
even if the betatron tune crosses the
resonance line during the acceleration !

In POP-FFAG 710keV => IR N - wall
| 14 | 630keV => /2/
|
| o k | B rk .
< Ber N bt N 12 T |
I | "radius :%E’ég%
o A | "=O | CO -~ —_ 2Deg
12| < > > g -
5 % o | resonance | € second accelerating
8E| | | A//Cmss‘”g gé ) start time
0= | | radius -
< S > m
" tune=const. ' tune(C const. 0 1 N [1;nsec]
ime
630keV RF

FFAGOL Workshop 2002.02.1%(Thu.)



Resonance & Fast Acceleration (2)

the beam was accel erated frorfP@BOkevAST 10keV

- =20 Deg

reﬁonance*
line!

In various accelerating speed !
- =10Deg - =4Deg

acceler ating speed:
sow => doesn’t crosstheresonancelin

fast => can crosstheresonanceline

FFAGOL Workshop 2002.02.1%(Thu.)



Resonance & Fast Acceleration (3)

@700keV

@705keV

@708keV

@710keV

@7i0key |

stored |
. S— T—

FFAGOL Workshop 2002.02.1%(Thu.)



Summary

PoP FFAG
*the measurements of the machine parameters.

- The PoP-FFA G works as designed.
- The proton can be accelerated within Imsec.
- It was ascertaned that
tune is adjustable as a function of F/D ratio,
various acceleration pattern is possible,
and the beam intensity increased with multi-turn injection.
*the studies of the beam dynamics.
- Horizontal acceptance at injection energy Is at least 4000L mm-mrad.
- Betatron tunes almost didn’t change between 50keV and 250keV.
- The beam was accelerated even if the betatron tune crosses the resonance.

FFAGD?. WO l'((fh op 2002. 0201 ¥(Th Uc)
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