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1.1 Direct voltage
and RF accelerators

Electrostatic accelerator

* Voltage is limited to 10MV
because of corona
discharge.

Discharge
Hy Ps.
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e Static accelerator can
not be combined with
other static
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RF acceleration

+ + = =+ + - =

* Direction of RF voltage changes (DQP{DQP@ET
regularly.

* RFfield can be confined in RF L&
structure (cavity). i

e 1928 Wideroe K+, N+

* 1931 Sloan, Lawrence Hg+ (10 indical el L
MHz RF =Long tubes ) cletiode: by b o

* 1937-45 Hansen, Varian Klystron e O = 4— _,

e 1945- Alvarez 200 MHz Linac(DTL) T e T 6 ] 6
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e 1947- disk-loaded linac 2856 MHz @
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Circular machines

* RF cavity (RF is confined 5
init). O
e fri=h frev
h:Harmonic number
« Beam forms a bunch e
structure. o= ;’”’\\___ s
B T
Y s DPLAA
- 7 .V
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RF parameter of accelerators

Accelerators | Energy | Circumference | Revolution | frev(MHz) | frRr(MHz)
(GeV) (m) time(us)

J-PARC RCS 0.18-3 2.1-1.2 0.47-0.84 0.94-1.67 2
J-PARCMR  3-50 1568 5.37-5.23  0.186-0.191 1.67-1.72 9
KEK Photon 2.5 187 0.624 1.603 500.1 312
Factory

SP-8 8 1436 4.79 0.209 508.6 2436
SP-8 booster 1-8 396 1.32 0.757 508.6 672
KEK-B 3.5,8 3018 10.1 0.099 508.9 5120

J-PARC : proton machines
Others: electron machines
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1.2 Electron and proton accelerations

* Mass
— Electron: 0.511 MeV
— Proton: 938 MeV
* |In electron machines (E>10 MeV),
B~1
* For proton, E>20 GeV to be f~1

* For many electron linac, fixed
cavity structure.

* For many proton linac, need to
change structure according to
acceleration.

* For many electron rings, fixed rf
frequency.

* For many proton rings, need to
change rf frequency.
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e Proton linac needs to  jonsource  drift tube R. Wideroe-
. WDy 2y & i lis1
change length of drift  [.[.7. ] [

. = type linac
Vo JE". Below 10 MHz,

|

. C Y 4
tube according to in a glass

acceleration. i |

RF

li=pA/2

Over 100 MHz RF high power sources
become available after WWII. High
energy acceleration became possible.

E(MeV) BA pA
(200MHz | (3000MH
) 2)
P 6

0.75 0.04 0.4
p 10 0.14 22 1.4

P 100 0.43 64 4.3 . : | v ik

e 0.1 0.55 82 5.5 . s : W/ V)

e 1 0.94 141 9.4 - w— 1 Alvarez linac (DTL) in KEK PS

e 10 0.999 150 10.0 | " About 200 MHz, cavity structure
e 100 0.99999 150 10.0 = TM(Transverse Magnetic)010

mode
li=pA
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* Electron linac uses a fixed
structure and higher frequency.

— Alvarez type does not fit as =1
and drift tube becomes long.

e TMO1 mode is used.

* For multi-cell structure,
traveling wave type cavity is
used.

— Standing wave type has higher
shunt impedance, but difficult for
multi-cell.

TMmnp

m: circumferential

n: radial

p:longitudinal
TMO010:Only longitudinal E-field
TMO1 : Simplest mode in waveguide
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structure.

Phase velocity of RF matches
velocity of electron




Acceleration Mode

S 400

-g-mode
Zm | “l W m A 2n/m
(disc/wave length) | (wave length) | (phase /disc)

|

L - L 2 2d T

f . 3 3d 271/3
4 4d /2

I
2 7T'mode
W 2 /3 mode has a large shut impedance.
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Cavity for Electron ring

Fixed frequency

same structure as linac cavity Pill box cavity
But,

Low voltage because of high duty TMO010 mode is excited.

Standing wave type cavity for high e Resonant frequency IS
shunt impedance

2’ _ 271'(1’ fr _ g, C

S o) ima

l /- independent on d.

| =  To resonate at 500 MHz, a
—— =0.2295 m
.
| - e Toresonate at 18.1 MHz, a
| I _
L5 . =6.347 m
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 Transit time factor
E field which particle sees

df?
v = j
-df2

_ [sin(wd/Zﬁc)] £ d cos)

E, cos (a)t + qb) dz

wd/2Bc
_ sin(wd/2Bc)  sin(6/2)
wd/2Bc 8/2
g = od 2rd
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1.0 |
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Cavity for Proton/lon ring

* Proton synchrotron

needs to change RF /'/
frequency according to / P
acceleration. /

 A/dresonator

* Ferrite cavity needs bias
circuit to tune cavity. |
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Magnetic Alloy Cavity

* Stable uQf at high RF

2x1010

LTI T field
" U | |-~ SY-2 .'
| -== FT3-small i
= K |2 gt ¢ Low Q (frequency
\L | T sweep w/o bias circuit)
1x1010 Il : :
\[]] * High Curie temperature
. Il
ii.;!‘: - i uQf and Brf
0 0% 108 102 101 " are proportional to
By [T] shunt impedance and RF voltage
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MA cavities

Q-value

Low Q (~0.6)

CERN LEIR cavity
Hybrid cavity

— With external inductor Q~2
J-PARC RCS

Cut core cavity
— High Q
J-PARC MR

Cooling
* Air
PRISM cavity, (EMMA MA cavity)

* Forced air

PS booster cavity, many MA
cavities for medical use

* Indirect water cooling
Gunma U. medical acc.

e Direct water cooling
J-PARC RCS&MR, LEIR cavities
Oil/Fluorinate cooling

KEK PS 2"d H cavity
KEK induction cavity
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Impact on RCS designh by
Hich Field Gradient

Length for RF in Ring

Ferrite cavity
J-PARC RCS Ferrite cavity

With 2"d Harmonics

Left: J-PARC RCS has about 350 m circumference. Black line means the space for RF (44 m, including Q-magnets).

Middle: 3 GeV Ring using ferrite cavity. Red line means additional space by low gradient. Blue is by the
extended circumference.

Right: 3 GeV ring using ferrite cavity with 2"4 H system (orange).

2009/7/1 PRISM Workshop@Imperial College 18



RF acceleration in Ring

High Power Operation of
KEK PS 2000/3/7

25mA at Ion Source When a-1/y2=0, it is “transition”.
1.4x10" /bunch from BR 1

1.2x10" /bunch 3msec after injection Vr = T transition gamma
o

Electron ring does not have it as g is much
larger than transition gamma.

“dfwoion i a0 Show (07062 10z 18:4084
| Tune (22.40,20.76) | On Feb. 27 |

The extracted

particles to abort

| dump is 7.2e13 ppp,

i | it corresponds to

I t 100 kW if operated
e in 3.52 sec cycle.

beam

current

7

' | Total injection loss is 7.7 e11
| ~105 W < collimator limit 450 W

9.3x10™ at start of acceleration J-PARC has no transition.

8.0x10%? just at end of acceleration
7.4x10'? just after extraction 43
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e Slippage factor

0 500 1000 1500 2000
timea [ns]

Contour plot shows
de-bunching of beam in RCS.
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2500

0.04

B 003

0.02

0.0

-0.01

=L 002

Momentum spread (Full width) is given by

rev

2 n(aw/n)f
)4

In RCS, h=-0.69, frev=0.469 MHz at injection.
Bunch is lengthen by 500 ns in 300 turns.

Momentum spread (full width) is 0.11 %
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Synchrotron H'= sgn(i7)

. | } 2
motion {Eﬁfg (cos¢+¢sm¢ )}
* Synchrotron motion AT AT
— Synchronous particle —Sgn(ﬂF /\

AE = eV sin(¢,) B \/\
— Non-synchronous particle For small amplitude, Tp_)ol

AE =eV si(¢, + Ap) dZ(A(/b) w’n,eV cos(g, )

=0
* Equations dt 2mhBE.
NEEN L P Lin(g, + Ag) -sin(g))] oimeV cosp)
dt\ w, | 27ah Wy, = 4| 2pE.
AT 1 \Ap  Ap . .
P ) Synchrotron oscillation



Stable RF phase

for stability.

n, cos(@, )< 0

Below transition, (n<0)

a .
Acceleration 0 <@, < E,Sln ¢, >0

RY/4

2
Above transition, (n>0)

%<¢S <m,sing, >0

Deceleration < ¢S < 2m,sin ¢S <0
Acceleration

3

Deceleration .
T <P < 7,sm¢s <0
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Bucket height, Wm and Acceptance, A
RF BUCkEt for moving bucket

Particles are oscillating in the bucket.

dBp 1 dE : R S L |
e pm = 3c dt E =V sin ¢S L50] e W
o] 100 S
‘ AW o 50| bucket length e
I 3 o
S R - Wn(0) « 0f - Q):
» 2 e Wi Q. ;_)Dj:' o
% -100f
«150%//
) 2 0 20 40 60 80
h “ synchronous phase
1w
s - EAN
0.8} \ O
FE A B
4, O A0, 0 0.6 \ \
i ‘ W_IW (0)
H ‘
5 0.4f N Ty
¢ =JT — ¢ | AIA) N\ .
1 S 2 51 g .

cos(, )+ 9, sing, = (z -, Jsing, - cos, L. ..  Pesdee
Bucket height and acceptance for ) LH}-’Z'I‘I'?..’IIL' onous [j:—i.-w— -
stationary bucket

2eVBE YoV BE * When acceleration starts, ¢s is
Wm(0)= eVB E, A(())=8 eVp, E, increasing, then Wm and A reduced.

thin., a);p i, a)ff * Large RF voltage is necessary to
accelerate high intensity beam.
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RF voltage pattern for proton ring

* In proton synchrotrons, bunch length is gradually shortened by adiabatic
damping. Momentum spread is increasing and emittance is constant.

* Inelectron ring, synchrotron oscillation is damped by synchrotron radiation.
But, the radiation also excites the particles. Emittance is given by two effects.

* In proton ring, emittance matching is important as no synchrotron radiation.

X " AE = qCp@

500 T T T 100
V V acc. voltage [kV] —— Z
acce acce synchronous phase ----- )

(a): dB/dt=c o
(b): RCS

voltage [kV]

w00y N\ {2
‘ \ 10

~y
~Y

0 5 10 15 20
time [ms]

(a) (b)

* A computer code, RAMA, is suitable to estimate the bunch size and energy spread during
acceleration from magnet pattern.

— Developed by Rick Baartman, TRIUMF.
* The emittance given by a booster accelerator can be used for another accelerator (Main Ring).
* It also gives longitudinal beam impedance and instability effects.
* Hoffman-Pedersen distribution is used to estimate the longitudinal space charge.
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Motion of particles

If bunch is matched to
rf ucket, dipole and
quadrupole oscillations
will not be excited .

o If it is not matched,
21\ ) filamentation and
A s emittance growth occur.
//4\\\
&

2010/10727 v FFAG School @KURRI



Way to adjust RF frequency to initial
energy

500 004
450 0035
400 003
350 0025
2 300 002
§ 250 0015
S 200 001
° 150 0005
100 q
50 -0.00¢
0 -0.01
0 200 400 00 oS 1000 1200 1400
Bme [ A§§
i When bea was injected to RCS,
003 dipole oscillation was observed. It
00325 o .
5 002 suggests, rf frequency is high. The
5 o frequency was reduced to 938175Hz
’ 0005 from 939471Hz to match.
0
-0.005
=001
0 X0 400 600 800 1000 1200 1400
time [ns]
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Dual Harmonic RF %

cavity
voltage

LPF
ADC (h=2)
L] . coordginate RE signal
g‘;g' X transtormer
300 T /\u gre— e -5 -'_||p|c>| ;x_Rmto XY)
detection ¥ -
250 - . . B NN gy g ~
/ T ey | ]
=200 /extraction - =] (Re)to xv) | (=g
§ / (h=2) and (n=4) @ . r
g 150 /fl - E%?r:nce ampiitude phase DAC
signais {n=4) pattern (h=4)
E 100} x ?:rase l
— RF out
s0 |- T "--—-_,__; (to preamp)
N il 1 , Dual harmonic AVC
0 1 2 3 4 g Tek Run o i Trigd
frequency [MHz] 3
As tuning-circuit is not used for cavity, §
MA cavity is assumed a passive circuit. W 3 S 19
But, impedance at injection is much
smaller than that at extraction. AVC gain |
is changed during acceleration. |
AR ST Che S0 SRV M 200ns A ExXt S 34EmV S

In case of ferrite cavity, two different RF
system have to be handle.

2010/10/27

Dual harmonic RF voltage (red)
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Space charge effects

 Dual Harmonic is a
powerful tool to reduce

the space charge
G\-Fan-l-c

voltage

52 1,3 TR phAse
S 450 T T T T T |.8
400 | oA A
potential 350 r SN 116
- 300 / 1 15
= 250 | 1 14
5
S 200 1 13
o
>
0F [ {12
100 By / {14
¥ 1/ fundamental 4
h 0r A second harmonic —— 1 1
-3 -2 S [T 2 3 PRRES i . . frequency —— -
0 5 10 15 20
time [ms]
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slice number

slice number

 Effects on beam

a 500

a 00

2010/10/27

1000
time [ns)

1000
time [ns]

1500

1500

2000

2000

2500

beam signa (valt]

beam signal [volf)

04

01

04

01

tima [ns)
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High intensity beam

* To accelerate high T
intensity beam, /\
— Beam loading on RF sys.

— Space charge effects
— Instability
— others

should be care.

Example of beam loading on RCS cavity.
300 kW beam is accelerated.
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Beam loading

* Assuming cavity is * Phase of beam is 90 deg
parallel circuit of LCR, late from RF phase.
G hT 1 m
% ] zo& |

L Rl |[C 7V

# \ﬂ High Q system: a phaser of RF frequency

/ ; \ | —bemanen Low Q system : phaser diagrams for

j e higher components
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 Direct Feedback e Feed forward

RF cavity
Tetrode I~ Beam Pick Up
LU {7

spli
? E lopa;ing OHGRD
capacitor

Cavity

4145
e |1

Amp

Driving
Signal
, _| Feedforward
j !+ % Module
* 2 Im
feedback 1 -l =] (FF)
amplifier RF Input ¥
| (total) .,
i = 0
- }q)g " YC;VC
¢Z I; v Re
5] L, /o)
i = |_=1 (drive)
\ g
@ 1G B
10y

] In case of ferrite system, tuning loop
L LLll makes the system complicated.
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 Feed forward

~°¢8070 G001z 0001e _Go0T6 00018 00020 ~°d%oTo ooo12 o001¢ Godle 00018 00020
time from Bmin [ms)  +1.98991 [ 899

10 cavities for
acceleration,

1 for measuring wake
voltage

Left FF OFF, Right FF ON

2010/10/27

detected voltage [V]

detected voltage [V]

oA
N
=]

o
-
v

Q 5 10 15 20 5
time from Bmin [ms]

o
N
u1

e

N

o
T

o
s
wn

o

H

o
T

o

o

o
T

o
o
o

0 5 10 15 20 25
time from Bmin [ms]

Gap voltage for each

RF component
Upper FF OFF,
Lower FF ON
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VAVAR: A%

Yo

A
\/\ \/\/

Gap voltage

Right acceleration, Left Extraction
Upper w/o beam

Middle with 300kW beam FF OFF
Lower with 300 kW beam FF ON




 Effects on beam

1.2
0.30
1.0
0.25 o
So1s E 0.4
g 0.10 2 0.2
0.05 0.0
R N N R O SO0 oot UL ROl O,
032 ' ' 1.2
0.30 1ol
5025 0.8
t.;.f[).ZO % 0.6
{8: od3 E 0.4
é 0.10 E %
0.05F 4
0.0 1
0005 0 5 10 15 20 25 g : : “"‘N—*—-V-J
time from Bmin [ms] 8.6010 0.0012 0.0014 00016 0.0018 0.0020
time from Bmin [ms] +1.989%1
After 2 ms, h=4 and 6 show oscillation. Beam bunch becomes narrow
It is quadrupole (or higher). (emittance growth was reduced)
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RF Systems



Proton Rings
Ferrite cavities

* In hadron accelerators, velocity of particle changes (not =1 as
electron accelerators). When synchrotron was developed ferrite
cavity was the most possible scheme to sweep the rf frequency.

d2 d2 d2 dp

- E

t— T

1l
N\
1]

[T

il
N\
I

, 7/1%:

Metal cooling plates,
insulators or air.

Ferrite toroid
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Ferrite cavity

HIMAC Ferrite Cavity & AMP
Courtesy of M. Kanazawa
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Characteristics of
ferrite

1000.05 1 2 5 10 20 50 100 Oe

Hr 500 Ferroxcube 4

200/

|

|

|

|

|

|

|

| 1

! !
/—-I Hoel—  — H H A/m

FERRITE B

FERRITE A

1 1 1 1 1 1 1 1]

100 /
S50
20} 7.5~
10 x10°
5t
waf Sr
2L
" 1 A 3 1 i N
0.05 0.1 0.2 0.5 1 2 5 A/mm
Hp 25}
1
0
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Ferrite Cavities

=

Drift-tube

<—ACCELERATING GAP ACCELERATING GAP—>

7 N T

BIAS FIELD
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Magnetic Alloy cavity

* MIMAS Cavity

* Probably, this is the
first MA cavity.

Courtesy of A. Schnase
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Production of MA

OF O
OF O .

(DAmorphous— @Ribbon— 3)Si02 Coating— @Winding of large core— (BAnnealing

Production of Ferrite Core

Ferrite powder with glue
Forming a ring core shape
High pressure press
Annealing

Polishing surface
2010/10/27 FFAG School@KURRI



Comparison

MA

Ferrite (N1-Zn)

Saturation flux density

1.2T

04T

Possible Acc. Field
gradient

Hi gh (25kV/m for J-PARC)

Below ~15kV/m

(depend on duty (depend on freq. and 1.D.)
factor)
Permeability ~3000 ~500

Core impedance

Few 100 Q/core

Few 100 Q/core

depend on voltage

Q-value

~0.6

Few 100

Bandwidth

Wide

Narrow




Designing of MA Cavity
e
* Keys |
_ Bandwidth Wideband Un-cut core Un-cut core

— RF voltage LEIR cavity Gunma U.
AGS Barrier cavity Medical machines

— Beam current _ _
Medium Un-cut + inductor

J-PARC RCS
PRISM

Narrow band Cut core

J-PARC MR
EMMA MA cavity
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LEIR RF SYSTEM — RING SECTION

Free space is used for H=2 RF system, now.
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Magnetic Alloy cores
(water-proof coating)

[

D))

iz
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Bandwidth

e Wideband uncut core

cavity
. . 1000 . —
* Bandwidth (upper) is Coo80F [Pt Co2uF
e e [} l( ‘\
limited by floating and Fapaasi R RN
. awtyaone
tube capacitances. - noaccessories 1] |/ | 1)
5 No cooling water. i
_ Full s‘ystem : . AL
With cooling water. SE Choke seiia ]
o e
0.1 1 MHz 10 100
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LEIR RF SYSTEM
Cavity Model: Half Cavity Z (1 Core )

1000

AN AR
N N
U TN 32pF
\\\ \\\H ‘p
N 52pF S
[
112pF | \\\\
"
e
/ ‘\§ ‘5\\ N
! AN \
\C i
NER
NN
N\
10
1.E+05 1.E+06 1.E+07 1.E+08
Hz
M. Paoluzzi
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Additional C:
0
+20pF
+40pF
+100pF

Response similar to
that of an RC circuit.

Above cutoff the slope is
mainly dependent on C
value.

Structure capacitance
is V12pF.



Capacitance from AMP

140

120

80
60

220

200 |

180 |

160 |

100 j

40 |

20 |

—— abs(Zserial)_with splitter
(ke 02)

— abs(Zsenal)_with cap. OpF at
bus-bar

— abs(Zsenal)_with cap. 47pF
atbus-bar

~ abs(Zsenal)_with cap. 100pF
atbus-bar

— abs(Zsenal)_with cap. 220pF
atbus-bar

— abs(Zsenal)_with amplifier
(nommal)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

2010/10/27
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Uncut + inductor
for medium bandwidth

3 gap cavity impedance. 6 RCS tanks

Q=05
i B 7C\\ without L.24C2

200
/ Q=2 \

[Impedance|

100 (7 ix

witlh parallell inductot + 4000n]

-

0 | 2z 3 4
frequency (MHz)
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99
S
-

o
S
S

'Impedance]|

[S—Y
S
O
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CAVITY DESIGN for High intensity

Control of Q-value w/o cutting

 Parallel inductance reduces inductance of resonant
circuit. Additional capacitor

* Preferable Q-value for RCS, 2, for BL and dual H.
* Itis too high for uncut core and too low for cut core.

3 gap cavity impedance, 6 RCS tanks

Q=0.6

AN

\ without 1.2+

C2

/

Q:2 \
/ .y ‘\\
\M
with narallel inductor + 400nkF
| 2 3 4 5

frequency (MHz)
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Impedance €2)

Cut Core Configuration
for higher Q
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Cut Surface
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Cut Core cavity

e Cut core cavity is used for
— Accelerator with transient beam loading + very short

beam ............ J-PARC MR
— Accelerator with high resonant frequency and narrow
band .......... RIKEN beam chopper

* High voltage and high power use requires a good cutting
scheme to avoid destruction of ribbon insulation.
Destruction of insulation of 2um will cause local heating of
cut surface.

2010/10/27 FFAG School @KURRI



Q-value of MA cavity
Core [Q |Frequency  [Uses |Accelerators _

Uncut core ~0.6 300kHz-3MHz Low energy, KEK PS booster,
lon synchrotron, CERN LEIR,
Bunch manipulation Medical use,
AGS (Barrier
bucket,
Bunch Stacking)
Hybrid 2- Few MHz - Medium energy J-PARC RCS

High intensity w/o
transient B.L.

Cut core 5- Few MHz-(few  High energy J-PARC MR,
10MHz) High intensity with Riken beam
transient B.L., Chopper

High frequency use

2010/10/27 FFAG School @KURRI



Cooling Scheme
______

Low duty <0.2 W/cc AGS barrier Simple
Medical use
Forced Air High duty ? 0.5 W/cc KEK PS booster
Indirect High duty <0.5W/cc JHF R&D
Medical use
Direct-water High duty 1 W/cc Water J-PARC MR, RCS High power use
Direct-other Low duty ? Florinate KEK PS 2nd Good for higher
Silicon oil KEK PS induction freqeuncy

¢
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Materials
m_m

Fe- amorphous MIMAS VAC, Allied,
Hitachi-Metal
Co- amorphous  High Gunma Medical Allied, Toshiba
Nano- crystalne  High J-PARC, AGS, CERN, Si02 2um Hitachi-Metal
Riken
New MA Higher Si02 2um
Ferrite High at low voltage Many
uQf ‘ —
15 " i
==upQfFT3L27cm) u

==LORMRFT3M, 08) e
% /

1
9
7 7
5
3
1

pQf  (x 10E9)
Field Gradient (kV,/m)

7?_&—/‘(

RF frequency (MHz)

0 2 4 5 A large MA core using new material, FT3L,
frequency  (MHz) Is under developing at J-PARC
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RF System

MA Cavity Ferrite loaded cavity
* MA cavity * Ferrite Cavity

— Passive LCR circuit — Bias PS for tuning cavity
* Final stage AMP * Final stage AMP

— Wideband circuit, multi-H — Narrow band
— CG: all pass network

* Driver AMP * Driver AMP
— Few kW — About 1 kW
* Low Level RF  Low Level RF
— Multi-H — Single H
— ALC, (phase, orbit), beam — ALC, phase, orbit, tuning loop,

loading beam loading



LLRF

Dual harmonic AVC Beam loading compensation

Freq. pattern and

phase reference . 40
MAIN BLOCK | .. Gl e = FEEDFORWARD BLOCK
X

> »

- -

SPG module™ - - . +
FF
T | v s
Frequency Phase phase Up conversion
patiern acsumulator
f — -

plphase
stment

1 — A
Radial lcop e |
controller, To each 1 2
orbit patiern FFC module
via backplang
BPM Dipole
Detect Fasdforward|

1.t

BC

Phase, radial feedback

FCT

{1..12) Cauity

i 19 RCS LLRF block diagram (MR is similar).
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Frequency tuning during

acceleration (RCS) | : ' '
B-field becomes stable after T of |
few days from restart. s -
Digital LLRF + MA cavity give a .| -
very stable RF system. (MA 2 wf
cavity is passive system) § -oof
e Usually, orbit feedback is s T 5 20
necessary for high intensity w ; ot
ring. i
* In RCS, orbit remain stable 3 St
whole cycle after tuning. F
3 J ' aftercorrec'tion rfE:
, before correction i 2
B i, o f -60 L 1 L |
n 19 19.2 19.4 19.6 19.8 20
. o ’{,‘ ' i X V] time [ms)
Eoly me' YA
£
° 4 |,| HW - Stability of orbit during high power
5 wll* - test (300 kW). The time jitter is
8 only 1.7 ns.

10 15 20
2010/10/27 i FFAG School @KURRI



* Phase feedback damps dipole
oscillation.

 Upto 100 kW beam, still phase
feedback is not necessary for
operation.

 Above 300 kW, beam loading
compensation using feed
forward technique is necessary.

delta-R position [mm]

; 9% E
0 ? cavity g
: g
G(s)
P i
—| ph
s g FCT
Ppl—
v
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FFAG Cavities

e MA cavities

— PoP, 150 MeV
— PRISM
— EMMA MA

 EMMA cavities



FFAG cavities

Air cooling PoP FFAG
PRISM FFAG

Indirect water cooling | 150 MeV FFAG

Induction Ion beta FFAG

Normalconducting RF | EMMA (non-scaling
FFAG in UK)




Air-cooled uncut core cavity PoP
FFAG cavity

153
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* Number of cores

Indirect cooling - Outer size
* Innersize

Cavity assembly +  RF frequency
 RFvoltage
150 MeV FFAG . RF output

 Power density

* Cooling water

2010/10/27

2~4
1.7mx1m
1m x0.23m
1.5-4.6 MHz
9 kV

55 kW

1 W/cm~”3
70 L/min



Air cooling

RF for 6¢cell-FFAG

400

©
350 I~ o200mz ) °
00 | ®#285W >
<
Z 250 o
2 200
a
R0 —
100
50 Djan. .4
\3(Fkvpplz} 33x100=
00 -
25 45 55 85 15

Input Vpp x o (V)

RF system for GCeII?FFAG has been developed.
100kV/m @ 2MHz is promising.
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ishSéptember 2008

Cavity Design Parameters

Parameter Value
Frequency (MHz) 1300
Shunt impedance (MQ)
Q, 20500
R/Q
Tuning Range (MHz) -4.0to +1.6
Accelerating Voltage (kV) 120 180
Power to generate voltage 3.6 8.1
(kW)
Power including overhead” 4.7 10.5

FFACFFAGOB KURRI

# Includes Distribution losses and LLRF Control

Carl Beard
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frequency
frequency sweep
df/dt

Total Voltage

Number of cavities

Voltage
Length of cavity

Number of MA
cores

Size of MA core

MA core
Q-value
Cavity impedance

Core material

FFAG School @KURRI

EMMA MA CAVITY
I N A

18 MHz

3%

97.2 GHz/s

100 kV per turn
3

33.3kV

10 cm

2 per cavity

27cm 0.D, 12
cmIl.Dx2.5cm

Cut core

About 9

600 Q2 (1.4k Q)
FT3M (FT3L)

=1.3 GHz/72

Phase shift =rt/37 turns

100 turns/cycle



Beam Acceleration in FFAG

Beam acceleration in Synchrotron
e Pattern of frf is given by B field.

* Required rf voltage is given by dB/dt and ¢s
Beam acceleration in FFAG

e B-field is constant.

Scaling FFAG

e Pattern of frf is given by energy
gain; rf voltage and ¢s

Very fast acceleration in Non scaling FFAG
* Constant rf frequency.
* RF voltage is given by top and bottom energy



Summary

In this lecture,  RF Acceleration
* RF System



