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Introduction

*What s the PoP-FFAG synchrotron?
- It isthe world first FFAG proton synchrotron .
- It was constructed in KEK in 2000.

*Why did we construct the PoP-FFAG ?
- It was demonstrated that the proton could be accelerated within 1msec
In FFAG synchrotron.

*What istoday’s topics ?
- the measurements of the machine parameters
- the studies of the beam dynamics in the PoOP-FFAG
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Top View of PoP-FFAG Accelerator

movable probe

turbo molecular pump

RF cavity

\ PoP-FFAG
{ %7 - parameter table
&

Particle proton
. triplet-quadrupdl Typeof magnet  radial sector type
O S magnet s No.of sector 8
Field index k=2.5
Energy 50keV => 500keV
ode Repitition rate 1kHz
Magnetic field
Focussmag. 0.14-0.32T
steering magnet Defocus-mag. 0.04 - 0.13 T
Radial of closed orbit  0.81- 1.14m
betatron tune
solencid magnet horizontal 217 -2.22
vertical 1.24 - 1.26
N | ayopump RF frequency 0.61 - 1.38MHz
beam position monitor RF voltage 1.3- 3.0kVp
0 0.5 1.0
—_— 1 - FFAG magnet
Scale: 1m Faraday cup
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Beam Position Monitor (BPM)

horizontal BPM
outer side 022 i

Inner side
electrode

oscilloscope

In FFAG, beam or bit shiftsduring the acceleration.
=> BPM must have large horizontal aparture.
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The measurements of the machine parameters.
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Betatron Tune (1)
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fractional part of betatron tune
u_=0.199 u =0.289
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Betatron Tune (2)

betatron tune vs F/D ratio

o ! ! !
| o Horiiontal tune (measﬁred)
. O Horizontal tune (calculated)
e i S m Vertical tune (measured) 4 Betatron tune shift as a function of F/D ratio:
O Vertical tune (calculated)
o3 L e | -verticd

=> shift !!

Fractional part of tune

02 Loep _
- horizontal

=> almost constant !!

0.1 g ' |
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F/D ratioin B*L

‘The vertical betatron tuneisadjustable changing F/D ratio! I
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Beam Acceleration

BPM signals during the acceleration
il S peam orbit shift
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The beam is accelerated from 50keV to 500keV within 1msec.
=> Thebeam orbit shiftsfrom 765mm to 1050mm.
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Synchrotrron Frequency

at 500keV (flat top)
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The observed synchrotron freguency

agreed with those expected by the
beam simulation.
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RF pa¥rern

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.
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‘The various acceleration pattern is possible in PoP-FFAG. |
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Mul¥i-+urn Injection System

Bump central orbit Bump || Slow decay time of bump voltage
electrode _ _ _
( decay time >> revolution period )

electrode

Movable bunched b

FaradayC ” K
~ ﬁ‘ |
\ bump [

Injection orbit

=> multi-turn injection

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

lbunchinj.  2bunchesinj. 3bunchesinj 4bunchesinj. Sbunchesinj

bump signal

\The beam Iintensity can beincreased with multi-turn injection. |
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The Studies of the beam dynamics in the PoP-FFAG.
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Horizontal Acceptrance

horizontal acceptance @ Injection energy
from tracking simulation 10000 mm-mred
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‘FFAG synchrotron has alarge horizontal acceptance. I
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Injection System for Acceprance Survey

fast decay time of bump voltage

Bum central orbit Bump : : .
dectlroode dectrode || ( decay time ~ revolution period )

Z % \ x\ bunched beam _

o it

“~ electrode " | i :h’ Hll i

\M%ovable burL rH i
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Injection or bit
=> working as afast kicker

\At thefast decay operation, the bump worksasa fast kicker |
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Horizontal acceprance survey (1)

The beam oscillations with various betatrom motion

position [mm]

at the 2kV no signal !!
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(obtained with BPM)
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Horizontal acceptrance survey (1)
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Horizontal acceptance isabout 4000x mm.mrad !
(Thelimit can be explained by the septum electrode.)
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RF Knockout Resonance & Betratron +une

RF knockout resonance: th +4v, =M= fRF _
rev ( p,g,m =integer)

250keV flat top 250keV flat top after RF knockout

revolution freqg.
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Resonance crossing & Fast Acceleration (1)

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 => —— - — wall
-
| 630keV => %
B « rk )
I )> § . syih phase
| | radius B i
o A | % = O | g # E —l
E 2| < a > csonance second accelerating
- : v crosing start time
0— radius
I I
< D> >
tune=const. tune = const. —

\ accelerating speed can be changed !'
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Resonance crossing & Fas¥ Acceleration (2)

the beam was accelerated from 630keV to 710keV

In various accelerating speed !
¢S=20 Deg cpS:lO Deg ¢=4 Deg

acceler ating speed:
sow => doesn’t crossthe resonancelin

resonance*
line!

fast => can crosstheresonanceline
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Resonance crossing & Fast Acceleration (3)

fast acceleration
up to around the resonance!

__@T710keV
stored

—y
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Futrure Plan

Now we are planning in PoP-FFAG development new monitor
In order to measure the shape of horizontal acceptance.

new BPM
r N N *three horizontal BPMs are installed
*It is possible to measure the position and
| | bea™ the beam angle at the same time turn by turn
\
\
‘ | * plotting these positions and anglesin the phase
space, we obtained tha beam trajectory in the
J M M phase space
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Summary

*the measurements of the machine parameters:
- The PoP-FFAG works as designed.
- The proton can be accelerated within 1msec.
- 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 4000 mm-mrad.
- Betatron tunes amost didn’t change between 50keV and 250keV.
- The beam was accelerated even if the betatron tune crosses the resonance.
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