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2.  

2.1.  

2.1.1.  

SuperKEKB
7 GeV 3.5 GeV 

 

𝛽𝛽 =
𝑣𝑣
𝑐𝑐  

𝛾𝛾 =
1

'1− 𝛽𝛽)
 

(2-1) 

𝑣𝑣 𝑐𝑐 𝛾𝛾
 𝐸𝐸  

𝐸𝐸 =
𝑚𝑚,𝑐𝑐)

'1 − 𝛽𝛽)
= 𝑚𝑚,𝛾𝛾𝑐𝑐) (2-2) 

𝑚𝑚,

𝑝𝑝  

𝑝𝑝 =
𝑚𝑚,𝑣𝑣

'1 − 𝛽𝛽)
=

𝑚𝑚,𝛽𝛽𝑐𝑐
'1− 𝛽𝛽)

= 𝑚𝑚,𝛽𝛽𝛾𝛾𝑐𝑐 (2-3) 

 

𝑝𝑝 =
𝐸𝐸
𝑐𝑐) 𝑣𝑣 

𝐸𝐸) − 𝑝𝑝)𝑐𝑐) = 𝑚𝑚,
)𝑐𝑐. 

(2-4) 

 

2.1.2.  

𝑓𝑓 𝜆𝜆 𝜔𝜔
 

𝑓𝑓 =
𝑐𝑐
𝜆𝜆 𝜔𝜔 = 2𝜋𝜋𝑓𝑓 (2-5) 

 

2.1.3.  (revolution frequency) 

𝑓𝑓456  

𝑓𝑓456 = 𝑣𝑣/𝐶𝐶 (2-6) 

𝐶𝐶 
revolution time

SuperKEKB 3 km
 

𝑓𝑓456 ≈ 100	kHz  

revolution time ≈ 10 µsec  

2.1.4. RF  

𝑓𝑓4<
 𝜔𝜔4< = 2𝜋𝜋𝑓𝑓4<  

SuperKEKB  

𝑓𝑓4< ≈ 508.9	MHz  

RF  

𝑓𝑓4< = ℎ𝑓𝑓456 (2-7) 

ℎ harmonic number
SuperKEKB 5120

RF bucket  
Fig. 1

 𝑓𝑓4<
1
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𝑓𝑓4<  𝑓𝑓456  ℎ 

1
 ℎ

ℎ
 

 

Fig. 1  

2.1.5.  

 𝐼𝐼C  𝑒𝑒 
 𝑁𝑁  

𝐼𝐼C = 𝑓𝑓456𝑒𝑒𝑁𝑁 (2-8) 

 𝑁𝑁C 1
 𝑞𝑞  

𝐼𝐼C = 𝑓𝑓456𝑞𝑞𝑁𝑁C (2-9) 

 
SuperKEKB
3.6 A 2500 1

14 nC
9×1010  

2.2.  

[1-4]
OHO OHO

 
 𝑉𝑉  𝑉𝑉H 

 

𝑉𝑉 = 𝑉𝑉H cos(𝜔𝜔4<𝑡𝑡) (2-10) 

 𝑈𝑈,  
Fig. 2

 𝑈𝑈,  
(2-11)  ±𝜙𝜙R

 

𝑈𝑈, = 𝑒𝑒𝑉𝑉, = 𝑒𝑒𝑉𝑉H cos(±𝜙𝜙R) (2-11) 

synchronous particle

(2-11)  ±𝜙𝜙R 

synchronous phase  +𝜙𝜙R  −𝜙𝜙R
 

 

Fig. 2  𝜙𝜙R 
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Fig. 3(a)(b)  𝑉𝑉

B
 ±𝜙𝜙R 

S A, B
B

S A S

S  

Fig. 3(a) A
S

SuperKEKB

momentum compaction factor

S
B

A, 
B  

Fig. 3(b) A
S

S
S

S
B

S
S

S

S S

S

 +𝜙𝜙R
 

−𝜙𝜙R  

 
Fig. 4  𝜙𝜙R

 𝐸𝐸,  𝜙𝜙

 

Fig. 3  ±𝜙𝜙R 
S A B

 

 

Fig. 4 
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𝐸𝐸,
(1)

Fig. 3(b) A

(2)
(3)

 

2.3. Transition Energy  

T  𝑣𝑣 C
 

𝑇𝑇 =
𝐶𝐶
𝑣𝑣 (2-12) 

 

𝛥𝛥𝑇𝑇
𝑇𝑇 =

∆𝐶𝐶
𝐶𝐶 −

𝛥𝛥𝑣𝑣
𝑣𝑣  (2-13) 

momentum compaction 
factor 𝛼𝛼  

∆𝐶𝐶
𝐶𝐶 = 𝛼𝛼

𝛥𝛥𝑝𝑝
𝑝𝑝  (2-14) 

SuperKEKB  0 < 𝛼𝛼 < 1 
 

∆𝑣𝑣
𝑣𝑣 =

1
𝛾𝛾)

∆𝑝𝑝
𝑝𝑝  (2-15) 

(2-13)  

𝛥𝛥𝑇𝑇
𝑇𝑇 = Y𝛼𝛼 −

1
𝛾𝛾)Z

𝛥𝛥𝑝𝑝
𝑝𝑝  (2-16) 

 

𝜂𝜂 = Y𝛼𝛼 −
1
𝛾𝛾)Z (2-17) 

𝜂𝜂 slippage factor  𝜂𝜂 > 0  
𝜂𝜂 < 0 transition energy

 

𝛾𝛾] =
1
√𝛼𝛼

 (2-18) 

 𝛾𝛾] 
 𝜂𝜂 > 0 

SuperKEKB
𝛾𝛾 ≫ 1

(2-16)  

𝛥𝛥𝑇𝑇
𝑇𝑇 ≈ 𝛼𝛼

𝛥𝛥𝑝𝑝
𝑝𝑝  (2-19) 

Fig. 2  +𝜙𝜙 
 

 𝛾𝛾] 
 𝜂𝜂 < 0 

Fig. 2  −𝜙𝜙 
 

2.4.  

 
 𝜙𝜙R   𝜏𝜏 

 𝜙𝜙 = 𝜔𝜔4<𝜏𝜏 + 𝜙𝜙R
1  

𝛥𝛥𝐸𝐸 = 𝑒𝑒𝑉𝑉H cos(𝜔𝜔4<𝜏𝜏 + 𝜙𝜙R) − 𝑈𝑈, (2-20) 

 𝐸𝐸, 
 𝛿𝛿  

𝛿𝛿 =
𝐸𝐸 − 𝐸𝐸,
𝐸𝐸,

 (2-21) 
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𝛿𝛿 =
𝛥𝛥𝛥𝛥
𝛥𝛥,

 

=
1
𝛥𝛥,
b𝑒𝑒𝑉𝑉H cos(𝜔𝜔4<𝜏𝜏 + 𝜙𝜙R) − 𝑈𝑈,c 

(2-22) 

revolution time (𝑇𝑇,)
 

∆𝛿𝛿
𝑇𝑇,

=
1

𝑇𝑇,𝛥𝛥,
b𝑒𝑒𝑉𝑉H cos(𝜔𝜔4<𝜏𝜏 + 𝜙𝜙R) − 𝑈𝑈,c (2-23) 

𝑇𝑇, 

 

∆𝛿𝛿
𝑇𝑇,

=
𝑑𝑑𝛿𝛿
𝑑𝑑𝑑𝑑  (2-24) 

 
SuperKEKB

 

𝑝𝑝 =
𝛥𝛥
𝑐𝑐  (2-25) 

 

𝛥𝛥𝑝𝑝
𝑝𝑝 =

∆𝛥𝛥
𝛥𝛥  (2-26) 

(2-19)  

𝛥𝛥𝑇𝑇
𝑇𝑇,

= 𝛼𝛼
𝛥𝛥𝑝𝑝
𝑝𝑝 = 𝛼𝛼

𝛥𝛥𝛥𝛥
𝛥𝛥 = 𝛼𝛼𝛿𝛿 (2-27) 

𝛥𝛥𝑇𝑇 𝑇𝑇,
 

𝛥𝛥𝑇𝑇
𝑇𝑇,

=
𝑑𝑑𝜏𝜏
𝑑𝑑𝑑𝑑 = 𝛼𝛼

𝛥𝛥𝛥𝛥
𝛥𝛥  (2-28) 

(2-23) (2-28)  

𝑑𝑑)𝜏𝜏
𝑑𝑑𝑑𝑑) =

𝛼𝛼
𝑇𝑇,𝛥𝛥,

b𝑒𝑒𝑉𝑉H cos(𝜔𝜔4<𝜏𝜏 + 𝜙𝜙R) − 𝑈𝑈,c (2-29) 

 𝜏𝜏 𝜔𝜔4<𝜏𝜏 
 

𝑑𝑑)𝜏𝜏
𝑑𝑑𝑑𝑑) = −

𝛼𝛼
𝑇𝑇,𝛥𝛥,

𝑒𝑒𝑉𝑉H𝜔𝜔4<𝜏𝜏 sin𝜙𝜙R (2-30) 

 

𝑑𝑑)𝜏𝜏
𝑑𝑑𝑑𝑑) = −𝜔𝜔)𝜏𝜏 (2-31) 

 𝜔𝜔R  

𝜔𝜔R = g
𝛼𝛼

𝑇𝑇,𝛥𝛥,
𝑒𝑒𝑉𝑉H𝜔𝜔4< sin𝜙𝜙R (2-32) 

𝜔𝜔R  

𝜔𝜔R = 2𝜋𝜋𝑓𝑓R = 2𝜋𝜋𝑓𝑓456𝜈𝜈R (2-33) 

 𝑓𝑓R
 𝜈𝜈R SuperKEKB

2019 7 GeV, 
𝑉𝑉H = 14.2 MV  

𝑓𝑓456 ≈ 100	kHz 

𝑓𝑓R ≈ 2.7	kHz 

𝜈𝜈R ≈ 0.027 
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SuperKEKB
37

1  
𝑈𝑈,

[1-4]
 

3. SuperKEKB RF  

SuperKEKB RF
 

SuperKEKB RF
KEKB

Fig. 5
KEKB SuperKEKB [5,6]
SuperKEKB RF (1) 
2 (2) 3 (3) 

(HOM)
KEKB RF

OHO
[4,7-11]

 

3.1. RF  

Fig. 6 SuperKEKB RF
3

2 6 RF

4 ARES 2
SCC Fig. 7

RF
RF (Low Level RF, LLRF) 

High Power RF, 
HPRF
LLRF HPRF RF

 

RF

 
Fig. 5 KEKB SuperKEKB RF  

 

Fig. 6 SuperKEKB RF
2019 6 RF 4

ARES 2 SCC
HER (electron) : SCC 8 + ARES 8 , LER 
(positron) : ARES 22  
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RF 1 RF
1

LLRF SCC
1 ARES 1 2

Fig. 6
High Energy Ring, HER 14

Low Energy Ring, LER 16 30
RF HER

ARES 8 SCC 8 LER ARES 22
 

 

Fig. 7 SuperKEKB RF  

Fig. 8

ARES 16 1
2 Fig. 8(a) 1:2 ARES 14

SCC 1 1 Fig. 
8(b) 1:1

1:1
ARES  

3.2. RF (LLRF)  

RF RF
Low Level RF

SuperKEKB LLRF
[7] (1) 

RF
(2) 

𝑓𝑓4<

 𝑓𝑓4<   𝑓𝑓,

RF
 

Fig. 9 LLRF RF
[8]

RF

RF

 

 

Fig. 8 
(a) 

1 ARES 2 (b) 
1 ARES 1  
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RF

ARES

LLRF

 
SuperKEKB LLRF Fig. 

10 (a)
(b)

SuperKEKB
µTCA 

EPICS-IOC FPGA 
ARES 9

1:1
0.02%

0.02°(r.m.s)
[12-14] LLRF

 

Fig. 9 LLRF  

 
Fig. 10 LLRF  

(a) (b)  
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SuperKEKB [15,16]
RF

RF 2
 

SuperKEKB LLRF

RF OFF

LLRF  

3.2.1.  

SuperKEKB 100 kW 1 MW
LLRF

mW
 

Fig. 9 KLY

Fig. 11

𝐶𝐶
SuperKEKB

1 MW LLRF
10 mW

8
 −50~− 60	dB 

 
dB

Fig. 11  𝑃𝑃,  𝑃𝑃m 
𝐶𝐶  

 

 

𝐶𝐶[dB] = 10 × logm,
𝑃𝑃m
𝑃𝑃,

 (3-1) 

 𝑃𝑃m 𝑃𝑃,⁄ = 1 100⁄  𝐶𝐶 =
−20	dB 10	dB 1

 −60	dB 
6

Fig. 11
𝑃𝑃, = 1	MW → 𝑃𝑃m = 1	W 

LLRF

−20	dB 
 −80	dB LLRF

 
dBm 

1 mW = 0 dBm 
[mW] [dBm]  

[dBm] = 10 × logm, 𝑃𝑃 [mW] (3-2) 

dBm dB
LLRF

 𝑃𝑃tu = 1	MW
−60	dB −5	dB
−15	dB LLRF  
𝑃𝑃vvwx   

 

Fig. 11  
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𝑃𝑃tu = 10 × logm, 10y = 90	dBm 

𝑃𝑃vvwx = 90	dBm	 − 60	 − 	5	 − 	15	
= 	10	dBm = 10	mW 

(3-3) 

dB
2

 +3	dB (−3	dB) 
(3-3)  

−3	dB  𝑃𝑃vvwx =
5	𝑚𝑚𝑚𝑚 LLRF  

Fig. 11  𝑃𝑃) 

𝑃𝑃,  𝑃𝑃) 
 𝐼𝐼 𝑃𝑃m  𝑃𝑃)  𝐷𝐷  

𝐼𝐼[dB] = 10 × logm,
𝑃𝑃)
𝑃𝑃,

 

𝐷𝐷[dB] = 10 × logm,
𝑃𝑃)
𝑃𝑃m

 

𝐷𝐷 = 𝐼𝐼 − 𝐶𝐶 

(3-4) 

 −20~ −
30	dB 1%

 ±5%
 

−20	dB 

 20	dB 20	dB 

 

3.3. RF (HPRF) 

RF Fig. 12 LLRF
mW RF

W
SuperKEKB Fig. 12(a), 

Fig. 13 50dB 5

1 MW RF

2 1  (Fig. 
12(b)) 

[17-
19] RF

 (Fig. 12(c))

1MW 
1:2

Magic Tee (MT, Fig. 
12(d)) Power Divider 2

1MW 
MT 4

 (Fig.12 (d)) RF

2
MT

4

90
RF

LLRF  
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Fig. 12 RF (a) 1MW (b) 
(c) 1MW (d) Magic Tee

(e)  
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3.4. Accelerator Resonantly-
coupled with Energy Storage, ARES  

SuperKEKB ARES KEKB
2.6 A @LER

SuperKEKB
upgrade

[7,9,20-22] Fig. 14
ARES Fig. 15 ARES

3

9
1/10

detune
RF

2 [11] detune

(HOM)
HOM

SiC
SuperKEKB

upgrade
LER HER

1:1
 𝛽𝛽 3 5

𝛽𝛽 

0  𝛽𝛽 > 1 
𝛽𝛽 = 5

4 0
RF 2

 

Fig. 13  

 

Fig. 14 SuperKEKB ARES  

 

Fig. 15 ARES  
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 𝛽𝛽 

SuperKEKB ARES
Table 1  

Table 1: ARES  

Parameters SuperKEKB 
(design) 

Number of ARES cavities HER: 8, LER: 22 
Beam power [kW/cavity] 600 
RF voltage [MV/cavity] 0.5 

 

3.5. Superconducting Cavity, SCC) 

SuperKEKB SCC KEKB

[23-25]
Fig. 16 SCC Fig. 

17 SCC

SuperKEKB
SCC

HOM

SCC
 

HOM

HOM
HOM

 
KEKB SuperKEKB upgrade

SCC

HOM

SiC HOM
HOM

SuperKEKB SCC KEKB 3~4
[26]  

SCC KEKB 10
Q0

 

Fig. 16 SuperKEKB SCC 

 

 

Fig. 17 SCC  
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Vc

Q0

[27,28]
SCC Table 2  

SuperKEKB 1980

[29,30]
SCC

 

Table 2: SCC  

Parameters SuperKEKB 
(design) 

Number of SCcavities HER: 8 
Beam power [kW/cavity] 400 
RF voltage [MV/cavity] 1.5 
HOM power [kW/cavity] 37 

 

4.  

4.1.  

2 1
3

SuperKEKB
 

Fig. 2
1

Vc Vc.sum
2

1,2
Vc.sum Fig. 18

Fig. 
18(a) 2 RF

Fig. 18(b)

Vc.sum
V0 𝜙𝜙R  

(a) 

(b) 

Fig. 18 2 Vc
Vc.sum  

SuperKEKB
4 Fig. 19 1,2,3,4

1,2,3
4

Vc.sum
V0 𝜙𝜙R

V1, V2, V3, V4 Fig. 20(a)
∝

V4

1,2,3 4

Fig. 
20(b)

Vc.sum 𝜙𝜙R
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𝜙𝜙R Fig. 18

𝜙𝜙R

 

4.2.  

LLRF
MO 1

SG RF
[31] 2km

LLRF

LLRF
(PLL) RF

RF
 

KEKB
upgrade RF

SuperKEKB

 

4.3. SuperKEKB  

SuperKEKB
 

RF
RF ARES 1:2

1/4 3.3

 
 

(1) RF
 

(2) RF
 

(3)  

 

4.3.1. RF  

RF

 

 

Fig. 19 4 Vc 1
 

 
(a)                (b) 

Fig. 20 Vc  (a)Fig. 19
Vc Vc.sum, (b) 4  
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SuperKEKB RF 8
8

Fig. 21 1 ARES
(D8)

1:2 3 6 1:1 2
10 kW

 

 

Fig. 21 RF  

1:2 2
D8A

1:2
Magic Tee MT D8A-

1, D8A-2 2
3.3 MT

90
WG Phase Shifter

Fig. 12
D8A-2

D8A-1
D8A-2

2 90
1:2

 

D8A, D8B
D8A-1, D8B-1

Station Phase 
LLRF D8A-1, 

D8A-2 90

RF
D8C, D8D
1:2

SuperKEKB Upgrade 1:1

D8C, D8D
90  

4 ARES
RF

 
SCC SuperKEKB upgrade

KEKB

 

4.3.2. RF  

 
SuperKEKB

1 Room 
Phase Fig. 
21 Fig. 22

(a) RF Off (b) RF On
(c) RF On (a) RF 

Off 130
(b)

(c) Room Phase

RF Room Phase
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4.3.3.  

2 (2-11),(2-33)

Total Vc

Total Vc

4.1
Vc.sum

 

Station Phase

 

4.3.4.  

RF  

2
RF

1

 
SuperKEKB LER 3 RF

Room Phase

 

5.  

SuperKEKB KEKB 40
 8×1035 /cm2/s 2016

2018 2019
Belle II

upgrade
 

(a) 

(b) 

(c) 

Fig. 22 SuperKEKB LER
Beam Position Monitor (BPM) 

1 1
(a) RF OFF 130 → (b) 
RF On  
→ (c) RF  
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SuperKEKB RF

RF
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