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*N. Yamamoto, et al., PRAB 21, 012001 (2018). 
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electron energy E0 [GeV]

RF frequency fRF[MHz]

RF voltage VRF[MV]

beam current [mA] 0 200 500

hor. emittance [pmrad] 132.51 230.5 314.74

Touschek lifetime [h] ‒ 2.9 1.8
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parameter 
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Cavity voltage 
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Harmonic cavities 
(Frequency: n x f ) 

1 c,c, 1cos( )( os( )) cn nV nVV n     

Cavity voltage 

Flat potential condition 
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BESSY-II ALS SLS/ELETTRA 

NC or SC NC NC SC 

R/Q Ω 124 161 176** 

Unloaded-Q (Q0) 13,900  21,000 2.0E+08 

Shunt impedance (R) MΩ 1.72 3.38 35200** 

*NC: Normal conducting 
   SC: Super conducting 

2 /c cR V P
** Sum of two cavities 
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Bessy-II :  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) THPE084 

BESSY-II SLS/ELETTRA 

ALS 

BESSY-II ALS SLS/ELETTRA 

Type NC NC SC 

R/Q Ω 124 161 176 

Q0 13,900  21,000 2.00E+08 

R MΩ 1.72 3.38 35200 



• Reduction of Transient beam loading effect 
• Transient beam loading effect 

• Reduction of the effect 

• Normal-conducting TM020 cavity 
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Cavity voltage vs Bucket index 

 (60 ns gap, 

      KEK-LS) 

Phase Amplitude 

60 ns 

1.6 % 

Main cavity  

(500MHz) 

Harmonic cavity  

(1.5GHz) 

7.1% 



Appendix : Analytical calculation of voltage fluctuation 

Voltage fluctuation :   ∆𝑉𝑚𝑎𝑥 ∆𝑉𝑎𝑣𝑒  

Active cavity : 

 

Passive cavity : 

(without generator) 

max / 1gn
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n  : harmonics (nth number of beam frequency) 

ng  : number of gap (empty bucket) 

R  : shunt impedance, R=Vc
2/Pc 

U0  : beam energy loss per turn 

I0  : stored beam current 

ψn  : detuning angle 

Cavity voltages along the bunch train in phasor   

Comparison of both numerical (black)  

& analytical results (coloured) 

First Last bunch 

Center of train 
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Cavity voltage vs Bucket index 

 (60 ns gap, 

      KEK-LS) 

Phase Amplitude 

60 ns 

1.6 % 

7.1% 

Main cavity  

(500MHz) 

Harmonic cavity  

(1.5GHz) 
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Cavity voltage vs Bucket index 

 (60 ns gap, 

      KEK-LS) 

Phase Amplitude 

60 ns 

1.6 % 

7.1% 

Main cavity  

(500MHz) 

Harmonic cavity  

(1.5GHz) 
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*J. Byrd’s presentation on ALERT, Sep. 2016 
*J. M. Byrd, et al., NIM A 455, 271 (2000).  

ALS 

112 ns gap 16 ns gap 
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*G. Penco and M. Svandrlik,  
PRAB 9, 044401 (2006). ELETTRA 

160 ns gap 

*M. Pedrozzi, et al., SRF03 (2003) p. 91 SLS 

284 ns gap 
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Harmonic voltage fluctuation (KEK-LS) 
vs Total R/Q 



Naoto Yamamoto, KEK       9 Nov. 2018, ESLSRF 

BESSY-II  ALS 
SLS/ 

ELETTRA 

R/Q Ω 124 161 176 

Unloaded-Q 13900 21000 2.0E+08 

Coupling β 0.82 1.08 3099 
Loaded- Q 7631 10088 64514 
Fill time us 1.6 2.1 13.7 

Cav. number 12 7 1 module  
total R/Q Ω 1488 1127 176 
Vhc / cav. kV 65 111 777 
Pc / cav. kW 2.4 3.6 0.0 
ΔVc/Vc(60ns) 35.0% 22.0% 3.2% 

Harmonic voltage fluctuation (KEK-LS) 
vs Total R/Q 
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Parameter  Symbol  Value 

Resonant frequency  fres 1.5 GHz 

R/Q R/Q 77.2 Ω 

Unloaded Q  Q0  37500 

Inner radius  - 176.5 mm 
Gap length  -  95 mm 

Max. power dissipated on the cavity wall 

Pc,max 10 kW 

Cavity voltage at Pc,max  Vc,cell 170 kV 

Max. electric field on the inner surface 

Emax  3.2 MV/m 

Max. power density on the inner surface 

  ρmax  10 W/cm2 

353 mm
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* H. Ego, et. al., PASJ11, (2014) MOOL14 
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BESSY-II  ALS 
SLS/ 

ELETTRA 

R/Q Ω 124 161 176 

Unloaded-Q 13900 21000 2.0E+08 

Coupling β 0.82 1.08 3099 
Loaded- Q 7631 10088 64514 
Fill time us 1.6 2.1 13.7 

Cav. number 12 7 1 module 
total R/Q Ω 1488 1127 176 
Vhc / cav. kV 65 111 777 
Pc / cav. kW 2.4 3.6 0.0 
ΔVc/Vc(60ns) 35.0% 22.0% 3.2% 

Harmonic voltage fluctuation (KEK-LS) 
vs Total R/Q 
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TM020 ALS 
SLS/ 

ELETTRA 

R/Q Ω 77 161 176 

Unloaded-Q 37449 21000 2.0E+08 

Coupling β 0.27 1.08 3099 

Loaded-Q 29411 10088 64514 

Fill time us 6.2 2.1 13.7 

Cav. number 5 7 1 module 

total R/Q Ω 385 1127 176 

Vhc / cav. kV 155 111 777 

Pc / cav. kW 8.4 3.6 0.0 

ΔVc/Vc(60ns) 7.1% 22.0% 3.2% 

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

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



Harmonic voltage fluctuation (KEK-LS) 
vs Total R/Q 
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TM020 ALS 
SLS/ 

ELETTRA 

R/Q Ω 77 161 176 

Q0 37449 21000 2.0E+08 

Coupling β 0.27 1.08 3099 
QL 29411 10088 64514 
Fill time us 6.2 2.1 13.7 

Cav. number 5 7 1 module 
total R/Q Ω 385 1127 176 
Vhc / cav. kV 155 111 777 
Pc / cav. kW 8.4 3.6 0.0 
ΔVc/Vc(60ns) 7.1% 22.0% 3.2% 

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



• Compensation of Transient beam loading effect 
• Basic idea 

• Compensation with a kicker cavity 

• Numerical estimation 
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Basic idea of the compensation 
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Basic idea of the compensation 

Naoto Yamamoto, KEK       9 Nov. 2018, ESLSRF 

e- 

e- 

Main cavities 
(Frequency: f ) 

Harmonic cavities 
(Frequency: n x f ) 

(a) 

(a) 

(b) 
Kicker cavity 



Basic idea of the compensation 
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e- 

e- 

Main cavities 
(Frequency: f ) 

Harmonic cavities 
(Frequency: n x f ) 

(b) 
Kicker cavity 

Advantage of the method (b) 
• Input RF power is minimized by 

optimizing the cavity bandwidth. 
 

Disadvantage 
• Another space in the ring, RF system 

(low level system, RF amp ...) 
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e- 

Main cavities 
(Frequency: f ) 

Harmonic cavities 
(Frequency: n x f ) Frequency [MHz] 500 

R/Q [Ω] 175 

Unloaded-Q 40000 

Cavity number 1 

Cavity coupling 199 

Loaded-Q 200 

3dB bandwidth [MHz] 2.5 

Kicker cavity 

Feedforward modulated signal 
(calculating from filling pattern) 

← assumed kicker cavity parameters 
(not optimized) 

Solid State Amp. 
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e- 

Main cavities 
(Frequency: f ) 

Harmonic cavities 
(Frequency: m x f ) 

Kicker cavity 

Feedforward modulated signal 
(calculating from filling pattern) 

Solid State Amp. 

LDMOS(MRFE6VP61K25N)/NXP 

Test data @ R＆K Company Limited.  

[dBm] Frequency vs Output power 
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60 ns 

(TM020 HC) 
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1.05 MHz 
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( )cV t

1.05 MHz (w. TM020 HC) 
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( )cV t

1.05 MHz (w. TM020 HC) 
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( )cV t

1.05 MHz (w. TM020 HC) 
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Compensation 
bandwidth  

Average Bunch 
length 

Peak Generator 
Power 

Average 
Generator Power 

[MHz] [ps] [kW] [kW] 

－ 31.1 － － 

1 35.6 11.1 5.6 

2 39.6 31.6 11.1 

3 40.9 46.7 14.7 
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Compensation 
bandwidth  

Average Bunch 
length 

Peak Generator 
Power 

Average 
Generator Power 

[MHz] [ps] [kW] [kW] 

－ 31.1 － － 

1 35.6 11.1 5.6 

2 39.6 31.6 11.1 

3 40.9 46.7 14.7 
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Compensation 
bandwidth  

Average Bunch 
length 

Peak Generator 
Power 

Average Generator 
Power 

[MHz] [ps] [kW] [kW] 

3 40.9 46.7 14.7 

60ns bunch gap 
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Compensation 
bandwidth  

Average Bunch 
length 

Peak Generator 
Power 

Average Generator 
Power 

[MHz] [ps] [kW] [kW] 

3 40.9 46.7 14.7 

60ns bunch gap 

Using SC harmonic cavity 
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*M. Pedrozzi, et al., SRF03 (2003) p. 91 

280 ns 



Compensation 
bandwidth  

Average Bunch 
length 

Peak Generator 
Power 

Average 
Generator Power 

[MHz] [ps] [kW] [kW] 

－ 35.8 － － 

1 46.3 25.8 16.8 

2 56.9 84.1 35.6 

3 59.3 98.3 39.1 

Frequency [MHz] 500 

R/Q [Ω] 175 

Unloaded-Q 40000 

Cavity number 1 

Cavity coupling 199 

Loaded-Q 200 

3dB bandwidth [MHz] 2.5 

Kicker cavity parameter 
(not optimized) 
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TM020 
R/Q 70.7 
Qo 33554 

Very preliminary 

TM020 : 1500.23MHz 
184mm (R) x 78 mm(L) 

Damping time x2.4  

Ferrite Ferrite 

Beam 



Appendix : Hybrid mode at KEK-LS 

Compensation 
Bandwidth 

Average 
Bunch length 

Peak generator 
power 

Average 
generator power 

- 21.3 ps - 

1 MHz 26.1 ps 48.7 kW 33.6 kW 



Appendix : Hybrid mode at KEK-LS 

90 bunch -> 180 ns 



PFcav 
cERL 

buncher 

Frequency MHz 500 1300 

Shunt impedance MΩ 7.0 5.8 

Achieved cavity power kW 80.0 7.0 

Cavity voltage kV 748.3 201.8 

Max. electric field MV/m 11.4 7.2 

Max . magnetic field A/m 8982 5698 

Max. power density W/cm2 23.6 15.3 

Cavity power (usual operation) kW 40.4 3.4 

Cavity voltage kV 531.8 139.8 

Max. electric field MV/m 8.1 5.0 

Max. magnetic field A/m 6383 3948 

Max. power density W/cm2 11.9 7.3 

TM020 (not damped) 

1500 MHz 

2.9 MΩ 

10.0 12.0 

170.3 186.4 

3.2 3.5 

4458 4880 

10.0 12.0 

TM020 (damped) 

1500 MHz 

2.4 MΩ 

10 16.0 

153.9 194.7 

8.3 10.5 

5379 6804 

14.6 23.4 



Appendix : Analytical calculation of voltage fluctuation 

Active cavity : 

Passive cavity : 

(without generator) 

max / 1gn

aveV V e
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n  : harmonics 

ng  : number of gap (empty bucket) 

R  : shunt impedance, R=Vc
2/Pc 

U0  : beam energy loss per turn 

I0  : stored beam current 

ψn  : detuning angle 

 Vc = Vg + Vb 

Vc : cavity voltage , 

Vg : generator-induced voltage, 

Vb : beam-induced voltage 

What is different between active and passive cavity? 



Compensation 
bandwidth  

Average Bunch 
length 

Peak Generator 
Power 

Average 
Generator Power 

[MHz] [ps] [kW] [kW] 

－ 35.8 － － 

3 59.3 98.3 -> 81.5 39.1-> 31.6 

Frequency [MHz] 500 

R/Q [Ω] 230 

Unloaded-Q 30000 

Cavity number 1 

Cavity coupling 149 

Loaded-Q 200 

3dB bandwidth [MHz] 2.5 

Kicker cavity parameter 
(not optimized) 

* R.A. Rimmer, LBL-33360, UC-414 (1992); and related papers. 

PEP-II cavity 
(HOM-damped) 
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c,1 1 c,( ) cos( ) cos( )n nV V V n n       

Total RF voltage 

  where 

Electron distribution 

0

0

: nominal beam energy

: turn radiation loss

E

U

: momentum compaction
: harmonic number

: relative energy spread

c

h







Example for KEK-LS 
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Vfc: main voltage, m : harmonics 

Uloss :radiation loss per turn 

k: ratio of main and harmonic voltage 

φfc:main RF phase 

φhc: harmonic RF phase 

α≠0 ：slope of total voltage  
at beam synchronous phase 



( )cV t



Frequency [MHz] 500 

R/Q [Ω] 175 

Unloaded-Q 40000 

Cavity number 1 

Cavity coupling 199 

Loaded-Q 200 

3dB bandwidth [MHz] 2.5 

β=79 

β=199 
QL=200 

ringFreq 



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

TM020 ALS 
SLS/ 

ELETTRA 

R/Q Ω 77 161 176 

Q0 37449 21000 2.0E+08 

Coupling β 0.27 1.08 3099 
QL 29411 10088 64514 
Fill time us 6.2 2.1 13.7 

Cav. number 5 7 1 
total R/Q Ω 385 1127 176 
Vhc / cav. kV 155 111 777 
Pc / cav. kW 8.4 3.6 0.0 
ΔVc/Vc(60ns) 7.1% 22.0% 3.2% 

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



1 c,c, 1cos( )( os( )) cn nV nVV n     

Cavity voltage 

0
c,

cos( )

1

n n
n

n

I R n
V




 



0 : storage current
: shunt impedance of harmonic cavity
: cavity coupling coefficient
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1 c,c, 1cos( )( os( )) cn nV nVV n     

Cavity voltage 



ＲＦ： 高効率・大電力半導体アンプの開発 
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Output power  CW 1,000 W 
Gain    +20.0 dB 
Amplifier class  class AB 
Power consumption 2 kVA 
Device    LDMOS (NXP) 

Spec of prototype SSA 

1kW SSA (prototype) 



Compensation 
bandwidth  

Average Bunch 
length 

Peak Generator 
Power 

Average 
Generator Power 

[MHz] [ps] [kW] [kW] 

－ 32.8 － － 

1 43.6 39.6 26.1 

2 55.6 130.4 55.6 

3 59.0 153.2 61.1 



Bunch Lengthening to mitigate Intrabeam scattering 

Growth rate of the emittance [1]： 

     
11 1

3 4
, , b

x y z

x y z p

N
T T T

     

 


Nb: Electron nunber in the bunch 
g = E/mc2, b = v/c 
ex,y: Beam emittance (x, y） 
sz   : Bunch length (rms） 
sp   : Energy spread（Dp/p, rms） 

[1] K. Kubo, S.K. Mtingwa, A. Wolski, Phys. Rev. ST Accel. Beams 8, 081001 (2005). 

Considerable solution  
• Increasing the x-y coupling 

  →  Round beam 
• Lengthening the bunch length（σz） 
   →  Installing harmonic RF system 
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