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Motivation for double RF system

* Quasi diffraction-limited synchrotron light sources, which aim
at achieving the beam emittances of ~/< 100 pmrad are being
actively designed.

* In such ultralow-emittance rings, emittance growth due to
intrabeam scattering are serious concerns.

http://kekls.kek.jp
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Motivation for double RF system

* Quasi diffraction-limited synchrotron light sources, which aim
at achieving the beam emittances of ~/< 100 pmrad are being
actively designed.

* In such ultralow-emittance rings, emittance growth due to
intrabeam scattering are serious concerns.

http://kekls.kek.jp

Ey [GeV]

KEK-LS

parameter RF frequency frRe[ MHZ] 500.07
RF voltage VMV 25

beamcurrent | [mA] | 0 | 200 | 500
Touschek lifetime | _[h] | | 29 | 18

* One of solutions to mitigate such adverse effects is to reduce
the electron densities of the bunches.

* For this purpose, the double RF system is installed.
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Physics of double RF system

* Storage ring main cavity is used to replace energy lost
through synchrotron radiation.

* By adding nth harmonic voltage (cavity), we can shape

the bunch longitudinally.

Main cavities

) (Frequency: f)
Cc
Y 4

at potential condition
V' 0)=r"(0)=0

Harmonic cavities
(Frequency: nxf)
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Physics of double RF system (cont.)

—— main RF voltage only
 The bunch Shape can be Example for KEK-LS nain oltage only

— w, harmomic voltage

calculated from the total RF |t | | |
VOItage- : Hill.li_u_liwr loss

3rd Harm, Phase=-97.9, Vho/V=0.311

= §
- [ E——

Total RF voltage ABJE vs Phase .-
V)=V, cos@+ )+, cosng+ng,) [|- |
Electron distribution -

p(P) = ,Oexp[— 1 ®(¢)J r o oo

a 20 2 " " "
where Beam Distribution

e

c &

_ac

®@)= 2rhE

¢ , , Peak density ratio: 5.6
[{e(¢)-U,}ag

a, :momentum compaction £, : nominal beam energy _— _/f . '\\:__"‘\_L_‘_
1 1 1

h : harmonic number Lo
; U, : turn radiation loss
o, :relative energy spread 0 -0.10x 0.00n 0.10m
Phase, ¢ [rad]
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Existing double RF systems

* Double RF systems have been installed in several 3rd generation
light sources, and they have been successfully operated to lengthen
beam bunches. (ALS, BESSY-II, SLS, ELETTRA, MAX-1V, ...)

[1] J. M. Byrd, et al., Nucl. Instrum. Methods Phys. Res., Sect. A 455, 271 (2000).

[2] M. Georgsson, et al., Nucl. Instrum. Methods Phys. Res., Sect. A 469, 373 (2001).
[3]1W. Anders and P. Kuske, in Proceedings of PAC 2003, (2003) p. 1186.

[4] M. Pedrozzi, et al., in Proceedings of SRFo3 (2003) p. 91

[5] G. Penco and M. Svandrlik, Phys. Rev. Accel. Beams 9, 044401 (2006).

[6] N. Milas and L. Stingelin, in Proceedings of IPAC'10 (2010) p. 4719.

[7]1 P. F. Tavares, et al., Phys. Rev. Accel. Beams 17, 064401 (2014).

* Existing 1.5GHz harmonic cavity ( 3" harm. of 5ooMHz main cavity)

BESSY-II ALS SLS/ELETTRA
NC or SC NC NC SC
R/Q Q 124 161 176
Unloaded-Q (Qy 13,900 21,000 2.0E+08
Shunt impedance (R) MQ 1.72 3.38 35200
R=V2/P *NC: Normal conducting

SC: Super conducting
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Existing harmonic cavities (cont.)

SLS/ELETTRA

BESSY-I1 ALS SLS/ELETTRA
Type NC NC SC
R/Q Q 124 161 176
Qo 13,900 21,000 2.00E+08
MQ 1.72 3.38 35200
Bessy-11 : W.Anders, et .al., Proc. PAC (2003) TPAB004

ALS : J. Byrd, et. al., NIM A, 439 (2000) pp.15-25
SLS: N. Milas. et.al., Proc. IPAC’10 (2010) THPE0S84
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Transient beam loading effect

* When the gaps (i.e. unoccupied RF buckets) are introduced in the
fill pattern of the stored beam, the bunch gaps induce
considerable variations in both amplitude and phase in the RF
voltage.

* The higher frequency (> 1.5GHz) cavity, the effect is more serious.

Cavity voltage vs Bucket index
(60 ns gap,
KEK-LS)

Amplitude Phase
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ABRXA

0.79Harmonic cavity RF amplitude

Main cavity
(SOOMHz)

71=7.1%
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Transient beam loading effect

=

's) are introduced in the
japs induce
and phase in the RF

Norm. charge density [arb. units]

Bucket
Index: 446

0.781

A\ ]=7.1% |l
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Transient beam loading effect (cont.)

*]). Byrd’s presentation on ALERT, Sep. 2016
*J. M. Byrd, et al., NIM A 455, 271 (2000).

ALS prvation of Large Phase Transients from gaps in the
beam filling pattern

* NC harmonic cavity

2 cavities in Landau mode 3 cannies in Landau mode
3 parked ot £1.5*10 2 parked at 22 5410

112 ns gap 16 ns gap

27 2/ 328 Lunth pathesn

Frmviww Jotwnn or vy

Unequal fill or gap of 20.25% (users’ demand) aggravates this problem

This result was NOT expected and not reported i pnor iterature
We hegan an imwestigation 10 ungerstand the effect
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=9 *M. Pedrozzi, et al., SRFo03 (2003) p. 91

Transient beam

* SC harmonic cavity

better than NC-cavity,

but the considerable effect.
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Reduction of the effect

* Such transient effects were well-investigated by J. Byrd, et al. .

* It was reported that the reduction of a total R/Q of harmonic
cavities is essential to alleviate such transient effects.

Harmonic voltage fluctuation (KEK-LS) BESSY-Il ALS
vs Total R/Q

R/Q Q 124 161 176
S ALS + Unloaded-Q 13900 21000 2.0E+08
E 4 SLSfEL-ErFTSEI i Coupling [3 0.82 1.08 3099
3 Loaded-Q 7631 10088 YA WA
,;__f ' B“]"_lz%hn%ai ) Filltime us 1.6 2.1 13.7
2h > 60ns
—'é 4 Cav. number 12 7 1
2 totalR/Q Q 1488 1127 176
E Vhe/ cav. kV 65 111 777
S Pc/cav. kW 2.4 3.6 0.0

AV V. (6ons) 35.0% 22.0% 3.2%

04 06 08 10 12

total R/Q [k2]

0018 14



Normal-conducting harmonic TMo2o cavity

* Normal conducting TMo2o cavity is a candidates because of it's
high unloaded-Q and small R/Q (large stored energy).

Parameter Symbol  Value
Resonant frequency e 1.5 GHz
R/Q R/Q 77.2 Q
= Unloaded Q Q, 37500
= Inner radius - 176.5 mm
E Gap length - 95 mm
% Max. power dissipated on the cavity wall
o

e 10 kW
Cavity voltage at Pcmax Ve cell 170 kV
Max. electric field on the inner surface

Emax 3.2 MV/m
— Max. power density on the inner surface
4 6 8 10 12 I Pmax 10 W/cm2

Longitudinal axis [cm]

Naoto Yamamoto, KEK March 6, FLS2018 15



HOM-Damped TMo2o cavity (508MHZz)

*H. Ego, et. al., PASJ11, (2014) MOOL14

* This type cavity was pioneered by Table 1: RF Properties of the TM020 Mode
Dr. Ego and was developed as a Shunt impedance (R) [MQ) 638
accelerating cavity for the "Spring-8 [EREEers 60.300
II” storage ring. R/ 113

ocramacs window Accelerating voltage [kV] 900

coupling tumer

oepling s fraspuency tuncy

HOM <Lenpig slos
wilh RT absorbers

g

Figure 3: Inner shape of the cavity and the TM020 field
distnbutions. Blue and red arrows show electne and
Figure 1; Structure of the new HOM-damped cavity ~Emagnenc helds. sespectuvely.




Normal-conducting TMo2o cavity

*N.Yamamoto, et al., PRAB 21, 012001 (2018).

* Normal conducting TMoz2o cavity is a candidates because of it's
high unloaded-Q and small R/Q (large stored energy).

SLS/
TMo2o  ALS o) errra

Harmonic voltage fluctuation (KEK-LS) R/Q Q 77 161 176
vs Total R/Q Unloaded-Q 37449 21000 2.0E+08

n
o

Coupling B  0.27 1.08 3099
Loaded-Q 29411 10088 64514
Filltime us 6.2 2.1 13.7

.

lad
o

Bquch gap P
1200 \/Az " 60 ns » Cav. number 5 7 1
g }_» -7 30ns totalR/Q Q 385 1127 176
} Vhc/cav. kV  agg 111 777
Pc/cav. kW 8.4 3.6 0.0
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o
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Normal-conducting TMo2o cavity

*N.Yamamoto, et al., PRAB 21, 012001 (2018).

* Normal conducting TMoz2o cavity is a candidates because of
it's high unloaded-Q and small R/Q (large stored energy).

— | — 60 ns gap

Harmonic voltag : h o SLS/
vs Total R/Q Bt > £ ETTRA
50 & 61 176
g f ooo0 2.0E+08
8 7 08 3099
E P 1 RSN 038 64514
g% X BESSY-II 5 Tl E——

—‘éZU 7 1
g no HHC | (e 176
g 10 11 777
= .6 0.0

100 200 300 400 500 600 700 800 900 F7EEEEPL)
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Basic idea of the compensation

* If the voltage fluctuation is small, we can further reduce the
transient effect using an active compensation technique.

* We have investigated two measures;
(@) compensation on the main and harmonic cavities,
(b) compensation using a separate kicker cavity.

Advantage of the method (b)
* Input RF power is minimized by I\flpain Cavit‘ife)s
optimizing the cavity bandwidth. U

Disadvantage (b)

* Another space in the ring, RF system | Kicker cavity
(low level system, RF amp ...)

Naoto Yamamoto, KEK March 6, FLS2018
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Compensation with a kicker cavity

System overview

We consider to use an active feedforward low level control, a kicker
cavity having the wide bandwidth and a Solid state amplifier.

Main cavities
(Frequency: f)

Maser

Oscillator
Dumm} ]nad

Feedfo.rward modulated signal

(calculating from filling pattern)

Harmonic cavities &,
Frequency 500 (Frequency: nx f)

R/Q 175

Unloaded-Q 40000

Cavity number 1

Cavity coupling 199 «— assumed kicker cavity parameters
Loaded-Q 200 (not optimized)

3dB bandwidth  [MHZz] 2.5

Naoto Yamamoto, KEK March 6, FLS2018 21



Compensation with a kicker cavity

System overview

We consider to use an active feedforward low level control, a kicker
cavity having the wide bandwidth and a Solid state amplifier.

____SolidState Amp. Kicker cavity

P .
Low Level in Cavity

RF system

Main cavities
(Frequency: f)

Frequency vs Output power

1dB

9. 5MHz

LDMOS(MRFE6VP61K25N)/NXP
Test data @ R & K Company Limited.

F R R, R R R R R R R R R R \
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Numerical estimation (KEK-LS)

How to obtain the feedfoward signal

1. The RF voltage of the kicker cavity can be decided to suppress
phase shifts of the bunches along the train.

* Main and harmonic voltage can be evaluated from the fill pattern.

V() =~(Re[ 7, (0)+7,,(1) |-V,
- bons =» | < kV]

2.51Main cavity voltage

2.50

2.49

0.79 - Harmonic cavity voltage
(TM020 HC)

0.78

0.77

0 100 200 300 400 500 600 700 800 900
Bucket index

100 200 300 400 500 600 700 800 900
Bucket index



Numerical estimation (KEK-LS)

How to obtain the feedfoward signal

1. Evaluate the kicker cavity voltage

2. Apply the bandwidth limitation, where the bandwidth should
be wider than the repetition frequency of the bunch train.

[kV]
50

I}c (t) : /, { Before BW limit

After BW limit§
(3MHz) &

o -
B
=
= /"I
L

0 100 200 300 400 500 600 700 800 900

Bucket index 100 200 300 400 500 600 700 800 900

Bucket index
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Numerical estimation (KEK-LS)

How to obtain the feedfoward signal

1. Evalug'l-a +ha lricl-ar cavitv vnaltyanao
RM h length
il ik h should

0 "3MHz
bandwidth

l L

train.

40 5

2 bandwidth

' 4

bandwidth

20 No compensation -
(w. TM020 HC)

3005

KEK-LS case, [,=500mA, Bunch gap = 2x30/952

7100 200 300 400 500 600 700 800 %00 |
Bucket index 500 700 800 900
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Numerical estimation (KEK-LS)

How to obtain the feedfoward signal

1. Evaluate the kicker cavity voltage

2. Apply the bandwidth limitation, considering the repetition
frequency of the bunch train.

%X Input RF power can be estimated, taking into account the
cavity and amplifier responses.

V. =(V.00) -V, : |
g (7) C( ) target b( ) i, : generator current of kicker cavity Sklp
AV t) 1 k :loss parameter of kicker cavity.
e (t) = AN 0) R : shunt impedance of kicker cavity
J T, J L : cavity coupling coefficient
> limit > limit Lor ot g | altt R i, 2
Vim (6 =| V" (o) + k[ 7 ()t |- e, P(t) T (®)

*N.Yamamoto, et al., PRAB 21, 012001 (2018).




Numerical estimation (KEK-LS)

How to obtain the feedfoward signal

1. Evaluate the kicker cavity voltage

2. Apply the bandwidth limitation, considering the repetition
frequency of the bunch train.

*XInput RF power can be estimated, taking into account the
cavity and amplifier responses.

Compensation Average Bunch Peak Generator Average
bandwidth length Power Generator Power
[MHz] [ps] [kW] [kW]
- 31.1 = =
35.6 11.1 5.6
39.6 31.6 11.1
3 40.9 46.7 14.7




RMS bunch length [ps

Numerical estimation (KEK-LS)

bandwidth length
[MHz] [ps]

40.9

50

20

10

40+

301
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3MHz
bandwidth

No compensation 7|
Using SC harmonic cavity

6ons bunch gap

| 100 200 300 400 500 600 ?00 800 900

Bucket index

0.0

60

40 F

20

60

40 j
20

0

Compensation Average Bunch Peak Generator Average Generator

Power Power

kW] kW]
14.7
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0
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Numerical estimation (SLS)

* Such compensation scheme can be applied to the SC
harmonic system.

* At SLS, when the bunch gap was around 280 ns, considerable

transient effect was observed.
*M. Pedrozzi, et al., SRFo3 (2003) p. 91

Cé

Dured poadion sforyg tha Yrain [ )
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Numericams

3MHz
hdn(hu(ith

Kicker cavity parameter
(not optimized)

rﬂZMHz 1

Frequency [MHZz] 500 handmdth
e (@ 175 & 1MHz
Unloaded-Q 40000 4 bandwidth
Cavity number il

Cavity coupling 199

Loaded-Q 200

3dB bandwidth [MHZz] 2.5

Bucket index

Compensation Average Bunch Peak Generator Average
bandwidth length Power Generator Power
[MHZ] [ps] [kW] [kW]
= 35.8 — =
1 46.3 25.8 16.8
p] 56.9 84.1 35.6

3 59.3 98.3 39.1 30




Numerical estimation (SLS)

* R.A. Rimmer, LBL-33360, UC-414 (1992); and related papers.
Kicker cavity parameter
(not optimized)

PEP-II cavity
(HOM-damped)

Frequency [MHZz] 500 a7~
R/Q Q] g @ R ol
Unloaded-Q . sl
Cavity number 1 oY {1 | s
Cavity coupling L3 T )/ B
Loaded-Q 200 s :’,\ 'g'
3dB bandwidth [MHz] 2.5 % 5 -
!
Compensation Average Bunch Peak Generator Average
bandwidth length Power Generator Power
[MHz] [ps] [kW] [kW]

= 35.8 — -
3 59-3




Summary

* Double RF system is essential in ring based future light source.

* Normal conductin? TMo2o cavity is a candidates for harmonic
cavities because of it's high unloaded-Q and small R/Q (large
stored energy).

* By using single kicker cavity with active feedfoward LLRF system,
the beam loading effect for the double RF system can be
minimized and avoided.

(This technique can be applied to not only NC but also SC systems.)

Future tasks

* Concrete designs of
» the HOM-damped/high-coupling kicker cavity
» the (adaptive) feedforward Low level RF system
» Several tens kW level solid state amp. with wide bandwidth.
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