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Yaw
Pitch

Pitch and Yaw Motion

around Lateral axis

around Vertical axis



Head produces Wake  =>  Kicks Tail 
=> Different Orbit ( Phase difference ) => Pitch

Wake Field produced by
Bunch head

Bunch

Kick by Wake
on tail

Single-bunch Instability

This mechanism produces Single Bunch Instabilities
or  Enlarging beam size (SuperKEKB : e-cloud ?)



Wake FieldBunch
Kick by Wake 

Single-bunch Instability

CM kick
CM 

feedback CM kick
CM kick

CM motion

Usual feedback : Center of Mass (CM) motion feedback



Bunch

Single-bunch Instability

Pitch/Yaw Feedback (different kick for head and tail )

CM kick

CM kick
CM kick

Pitch/Yaw monitor

CM 
feedback CM kick

CM motion

Usual feedback : Center of Mass (CM) motion feedback
+



Single-bunch Instability

Later on, “Pitch” -> Pitch or Yaw 
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Pitch / Yaw monitor 
Using USUAL BPM electrodes

Button, Stripline, ..
Realtime measurement as usual BPM

Bunch-by-bunch, turn-by-turn
Simple Circuit

Pitch / Yaw Feedback

Realtime observation of single-bunch instabilities
Mode-coupling, Head-tail, ..



Bunch Charge Transverse Distribution with Pitch

Slice Averaged 
Position
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Head-tail Monitor 

~
𝒅
𝒅𝒕

𝐿 CM𝐿 Pitch

BPM

LPF

Amp
Att.

Linear Components

( Pitch ) ~ 𝒅
𝒅𝒕

( CM )

𝒌 𝒕 𝝆 𝒕 ~
𝒅
𝒅𝒕 𝒙𝟎𝝆 𝒕

BPF
HPF

𝒇 𝒕 → 𝑳 𝒇 = ,𝒇 𝒛$ 𝑮 𝒛 − 𝒛$ 𝒅𝒛′

Large Phase Difference ~ 90 deg
for Usual bunch shape
( ~ Gaussian shape )



Head-tail Monitor 

CM signal

Pitch signal

BPM signal from 
CM and pitch

( Pitch )∼ 𝒅
𝒅𝒕

(CM)

CM
A

B

A

B
Pitch

A-B

A-B

&𝒙 𝒕 𝝆 𝒕

BPM electrode response

( CM )



Head-tail Monitor 

A

B

Pitch/Yaw + CM A + B

CM signal <= 𝒙𝟎𝝆 𝒕
Sum signal  <= 𝝆 𝒕

( Sum )  ~   ( CM )
Sum and CM have same shape

= Sum

CM signal

Pitch signal

Pitch



Signal Shapes of Pitch, CM and SUM

( Pitch ) ⟸
𝟗𝟎 𝐝𝐞𝐠𝐫𝐞𝐞
𝐏𝐡𝐚𝐬𝐞 𝐬𝐡𝐢𝐟𝐭

𝐢𝐧 𝐀𝐋𝐋 𝐟𝐫𝐞𝐪𝐮𝐞𝐧𝐜𝐲
⟹ ( CM ) and ( Sum )

!
𝑩𝒖𝒄𝒌𝒆𝒕

( CM )× 𝒅
𝒅𝒕

( Sum ) 𝒅𝒕~ 𝟎

Relation 1

Relation 2

( Pitch ) ∼ 𝒅
𝒅𝒕

( CM ) ∼ 𝒅
𝒅𝒕

( Sum )

( CM ) ~ ( Sum )

'
𝑩𝒖𝒄𝒌𝒆𝒕

(CM)× 𝒅
𝒅𝒕 (Sum)𝒅𝒕 ~'

𝑩𝒖𝒄𝒌𝒆𝒕
(CM )× 𝒅

𝒅𝒕 (CM)𝒅𝒕 = '
𝑩𝒖𝒄𝒌𝒆𝒕

𝟏
𝟐
𝒅
𝒅𝒕 (CM)𝟐𝒅𝒕 = 𝟏

𝟐 CM 𝟐

𝒃𝒖𝒄𝒌𝒆𝒕 𝒔𝒕𝒂𝒓𝒕

𝒃𝒖𝒄𝒌𝒆𝒕 𝒆𝒏𝒅
= 𝟎

(CM signal(bucket_start) = CM signal(bucket_end) = 0)



Signal Shapes of Pitch, CM and SUM

!
𝑩𝒖𝒄𝒌𝒆𝒕

( CM )× 𝒅
𝒅𝒕

( Sum ) 𝒅𝒕~ 𝟎Relation 2

Pitch Monitor Circuit for 2ns bunch Separation



( Pitch ) ∼ 𝒅
𝒅𝒕

( CM ) ∼ 𝒅
𝒅𝒕

( Sum )

BPM = 𝐴./× CM +   𝑨𝑷𝒊𝒕𝒄𝒉× Pitch
= 𝐴./× CM + 𝑨𝑷𝒊𝒕𝒄𝒉 ×𝑫

𝒅
𝒅𝒕

(Sum)

BPM x
𝒅
𝒅𝒕

(Sum) = 𝐴./ × CM x
𝒅
𝒅𝒕

(Sum) + 𝑨𝑷𝒊𝒕𝒄𝒉 ×𝑫
𝒅
𝒅𝒕

(Sum)
3

!
𝑩𝒖𝒄𝒌𝒆𝒕

BPM x
𝒅
𝒅𝒕

( Sum ) 𝒅𝒕 = 𝑨𝑷𝒊𝒕𝒄𝒉 𝑫×!
𝑩𝒖𝒄𝒌𝒆𝒕

𝒅
𝒅𝒕

( Sum )
3
𝒅𝒕 ∝ 𝑨𝑷𝒊𝒕𝒄𝒉

Suppressing CM signal (𝐴()) => Pitch signal (𝑨𝑷𝒊𝒕𝒄𝒉 ) extracted

!
𝑩𝒖𝒄𝒌𝒆𝒕

( CM )× 𝒅
𝒅𝒕

( Sum ) 𝒅𝒕 ∼ 𝟎
0

.
𝑩𝒖𝒄𝒌𝒆𝒕

𝒅𝒕

!
𝑩𝒖𝒄𝒌𝒆𝒕

( CM )× 𝒅
𝒅𝒕 ( Sum ) 𝒅𝒕 ∼ 𝟎

Pitch Monitor Circuit for 2ns bunch Separation



Mixer
LPF-1

Differentiator
BPM

A

B

A+B

A-B

180 Hybrid

2GHz

LPF-1

2GHz

ADC
sampling 

𝑆𝑢𝑚

Pitch Monitor Circuit for 2ns bunch Separation

Low freq

Shorted SMA-T,
HPF, IFN, …

Pitch

CM

Pitch
data

𝑑
𝑑𝑡
𝑆𝑢𝑚~

𝑑
𝑑𝑡
𝐶𝑀

Pitch

CM

Pitch x 7
78
𝑆𝑢𝑚

𝑪𝑴
𝑑
𝑑𝑡 𝑆𝑢𝑚

it worked
at Bench Test 

Good for 
Bunch-by-bunch
measurement

'
𝑩𝒖𝒄𝒌𝒆𝒕

(CM) 𝒅𝒅𝒕 (Sum)𝒅𝒕 ∼ 𝟎

LPF

LPF instead of Integration

High Freq



Signal Shapes of Pitch, CM and SUM

( Pitch ) ⟸
𝟗𝟎 𝐝𝐞𝐠𝐫𝐞𝐞
𝐏𝐡𝐚𝐬𝐞 𝐬𝐡𝐢𝐟𝐭

𝐢𝐧 𝐀𝐋𝐋 𝐟𝐫𝐞𝐪𝐮𝐞𝐧𝐜𝐲
⟹ ( CM ) and ( Sum )

!
𝑩𝒖𝒄𝒌𝒆𝒕

( CM )× 𝒅
𝒅𝒕

( Sum ) 𝒅𝒕~ 𝟎

Relation 1

Relation 2

( Pitch ) ∼ 𝒅
𝒅𝒕

( CM ) ∼ 𝒅
𝒅𝒕

( Sum )

( CM ) ~ ( Sum )

'
𝑩𝒖𝒄𝒌𝒆𝒕

(CM)× 𝒅
𝒅𝒕 (Sum)𝒅𝒕 ~'

𝑩𝒖𝒄𝒌𝒆𝒕
(CM )× 𝒅

𝒅𝒕 (CM)𝒅𝒕 = '
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𝒃𝒖𝒄𝒌𝒆𝒕 𝒔𝒕𝒂𝒓𝒕

𝒃𝒖𝒄𝒌𝒆𝒕 𝒆𝒏𝒅
= 𝟎

(CM signal(bucket_start) = CM signal(bucket_end) = 0)



Signal Shapes of Pitch, CM and SUM

( Pitch ) ⟸
𝟗𝟎 𝐝𝐞𝐠𝐫𝐞𝐞
𝐏𝐡𝐚𝐬𝐞 𝐬𝐡𝐢𝐟𝐭

𝐢𝐧 𝐀𝐋𝐋 𝐟𝐫𝐞𝐪𝐮𝐞𝐧𝐜𝐲
⟹ ( CM ) and ( Sum )Relation 1

( Pitch ) ∼ 𝒅
𝒅𝒕

( CM ) ∼ 𝒅
𝒅𝒕

( Sum )

( CM ) ~ ( Sum )

Pitch Monitor Circuit for ~ 6-8ns Bunch Separation
but rather Easy



Pitch Monitor Circuit for ~ 6-8ns Bunch Separation ( but Easy )

( Pitch ) ⟸
~𝟗𝟎 𝐝𝐞𝐠𝐫𝐞𝐞 𝐝𝐢𝐟𝐟𝐞𝐫𝐞𝐧𝐜𝐞
𝒊𝒏 𝑨𝑳𝑳 𝑭𝒓𝒆𝒒𝒖𝒆𝒏𝒄𝒚
𝒄𝒐𝒎𝒑𝒐𝒏𝒆𝒏𝒕𝒔

⟹ ( CM ) and ( Sum )Relation 1

CM

Pitch

CM

Band Pass Filter 
(BPF)

BPF[ Pitch ]  ⟸
~𝟗𝟎 𝐝𝐞𝐠𝐫𝐞𝐞 𝐝𝐢𝐟𝐟𝐞𝐫𝐞𝐧𝐜𝐞
𝒊𝒏 𝑨𝑳𝑳 𝑭𝒓𝒆𝒒𝒖𝒆𝒏𝒄𝒚
𝒄𝒐𝒎𝒑𝒐𝒏𝒆𝒏𝒕𝒔

⟹ BPF[ CM ] and BPF[ Sum ]

𝐏𝐢𝐭𝐜𝐡 ~ 𝐬𝐢𝐧𝝎𝒕

Pitch

(𝐂𝐌), (𝐒𝐮𝐦) ~ 𝐜𝐨𝐬𝝎𝒕

90 degree 
Phase difference



𝑥( 𝐜𝐨𝐬𝝎𝒕
+𝜃𝑘 𝐬𝐢𝐧𝝎𝒕

sin𝜔𝑡

𝜃𝑘 sin3𝜔𝑡

𝑥. cos/𝜔𝑡

Bunch

𝑥( 𝐜𝐨𝐬𝝎𝒕 𝐬𝐢𝐧𝝎𝒕
+ 𝜃𝑘 𝐬𝐢𝐧𝟐𝝎𝒕

𝑥. 𝐜𝐨𝐬𝟐𝝎𝒕
+ 𝜃𝑘 sin𝜔𝑡 cos𝜔𝑡

cos𝜔𝑡

LPF

LPF

A

B

A+ B

A - B

sin 2𝜔𝑡

Pitch

si
n
𝜔
𝑡CM

BPF

BPF
Pitch

CM 

fc ~100 MHz

CM
Pitch

1260MHz  
BW 200MHz

sin 2𝜔𝑡

Feedback Processor

𝐜𝐨𝐬𝝎𝒕

𝐬𝐢𝐧𝝎𝒕

Tune 
component 

CM

Pitch

Pitch Monitor Circuit for ~ 6-8ns Bunch Separation



𝑥( 𝐜𝐨𝐬𝝎𝒕
+𝜃𝑘 𝐬𝐢𝐧𝝎𝒕
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+ 𝜃𝑘 𝐬𝐢𝐧𝟐𝝎𝒕

𝑥. 𝐜𝐨𝐬𝟐𝝎𝒕
+ 𝜃𝑘 sin𝜔𝑡 cos𝜔𝑡
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LPF
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A

B

A+ B

A - B

sin 2𝜔𝑡
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n
𝜔
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CM 

fc ~100 MHz

CM
Pitch

1260MHz  
BW 200MHz

sin 2𝜔𝑡

𝐜𝐨𝐬𝝎𝒕

𝐬𝐢𝐧𝝎𝒕

CM

Pitch

Beam Test with
Pitch Monitor Circuit with Relation 1

(Pitch Monitor Circuit for ~ 6-8ns Bunch Separation)



Ring Parameters

Energy 1 GeV

Momentum compaction factor (𝛼) 𝟏×𝟏𝟎(𝟑

Energy spread (𝜎!) 0.04 %
Revolution Frequency (𝒇𝟎) 2.525 MHz

Vertical tune 2.22

Nominal vertical chromaticity (𝜉 ) 5

Beam Test with NewSUBARU Electron Storage Ring
Univ. of Hyogo
(SPring-8 site)

1/2 partNegative 
Bend 

Normal 
Bend

𝛽 *
,𝛽
+

𝐷
[𝑚
]

1-1.5GeV
Light Source

ÞLow Synchrotron Frequency 
( 𝒇𝑺 ∝ 𝛼 )



𝛿 = Δ𝐸/𝐸

𝜏

𝛿'

𝑦
Δ𝜔U 𝑡 = 𝜔V𝜉𝛿 𝑡

y 𝜏 ∝ sin 2𝜉𝜔(
𝜏
𝛼

−𝜏0 𝛿 𝑡 = 𝛿V sin𝜔Y𝑡

−𝛿0

𝜏V = 𝛼
𝛿V
𝜔Y

132 4 1 3 24

1 3

24

132 4

L
V

[!
\
Δ𝜔U(𝑡)𝑑𝑡 = 2𝜉𝜔V

𝜏V
𝛼

−𝜏0 𝜏0 𝜏

𝜏𝜏

𝑦

Chromaticity Convert CM motion to Pitch motion

+ phase shift

- phase shift Head 

Tail 

Excitation of CM motion
by single kick
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Synchrotron
Osci. Period

𝛿
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Mirror input slit and
photo cathode

Mirror

Visible SR 
from ring Vertical 

sweep of
electron

Camera
image

Timing shift

Vertical 
position shift

Streak camera

Pitch Measurement with Streak Camera
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Turn-by-turn Bunch Images in Streak Camera

Small pitch Large pitch

1 turn 1 turn



Pitch Monitor Circuit with Relation 1 and Streak Camera Images

Mostly CM Large Pitch Pitch reduced Pitch comes backMostly CM

~ 80us~ 0 us ~ 180us ~ 220us ~ 240us
Fractional 
Betatron
tune

0.22

Pitch

BPM raw
~ CM

Half Synchrotron Oscillation Period

Streak Camera Images

Chromaticity 
𝜉= 3.2

VRF = 108kV 

Kick



Δ𝜓 𝜎] = 2𝜉𝜔V
𝜎]
𝛼

−𝜎F 𝜎]
= 14.4𝑝𝑠

Large tune shift (Δ𝜓 𝜎F )
->

Reduction of Pitch

𝝃 =5

𝝃= 3

𝝃= 1.2

𝝃 = 6

𝝃= 3.5

𝝃= 1.5

Pitch

Measurement Simulation: 𝝃 and VRF are Adjusted to reproduce data
VRF = 108kV VRF = 130kV

BPM raw

Chromaticity
𝜈G = 0.0023

Δ𝜓 𝜎F =71 deg

Δ𝜓 𝜎F =121 deg

Δ𝜓 𝜎F = 30 deg



Chromaticity : Fix Pitch Monitor Circuit with Relation 1

Measurement Simulation
Δ𝜓 𝜎1 = 2𝜉𝜔0

𝜎1
𝛼
= 2𝜉

𝜎2
𝜈3

Δ𝜓 𝜎, = 128 deg

Δ𝜓 𝜎, = 81 deg

Δ𝜓 𝜎, = 61 deg

𝜈3 = 0.0014
𝜎1 = 23 𝑝𝑠

𝜈3 = 0.0023
𝜎1 = 14 𝑝𝑠

𝜈3 = 0.0030
𝜎1 = 11 𝑝𝑠

Vo
lta

ge
 [a

rb
. U

ni
t]

Vo
lta

ge
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ni
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ge
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𝝃= 3.2 𝝃 = 4 

VRF = 200kV 

VRF = 50kV 

VRF = 108kV 

VRF =60kV

VRF =130kV

VRF =220kV

Pitch

BPM raw

Measurement Simulation: 𝝃 and VRF are Adjusted to reproduce data



Proposal of Kickers for Pitch Feedback

T. Nakamura, https://www.pasj.jp/web_publish/pasj2018/proceedings/PDF/THP0/THP089.pdf
T. Nakamura, https://www.pasj.jp/web_publish/pasj2022/proceedings/PDF/TUP0/TUP023.pdf

1) High Q Resonant Kicker
for ISOLATED singlet bunch

2) Low Q Resonant Kicker
for Bunch-by-bunch Pitch Feedback

3) Short Stripline Transverse Kicker driven by Multiple-Pulses
for Bunch-by-bunch Pitch Feedback

Kick head and tail with Different Strength
𝑑𝑉j 𝜏
𝑑𝜏

Large Value of is Required

https://www.pasj.jp/web_publish/pasj2018/proceedings/PDF/THP0/THP089.pdf
https://www.pasj.jp/web_publish/pasj2022/proceedings/PDF/TUP0/TUP023.pdf


1) High Q Resonant Kicker

T. Nakamura,  Proc. of The Physical Society of Japan, 2015    https://doi.org/10.11316/jpsgaiyo.70.1.0_547

HOM damperInput

Resonant Kicker

HOM dampers
Beam

1/4
part

Based on SPring-8 longitudinal kicker*

* T. Nakamura, https://accelconf.web.cern.ch/IPAC2011/papers/mopo007.pdf

Input L 
=6cm

Stripline

Beam

1/4
part

< For comparison >

Different kick for head ant tail

High dVK/dt
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https://doi.org/10.11316/jpsgaiyo.70.1.0_547


1) High Q Resonant Kicker
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No dependence on length L

3) Short Stripline Kicker driven by Multiple-Pulses
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Increase Efficiency by adjusting drive pulse order
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3) Shorted Stripline Kicker driven by Multiple-Pulses
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Summary

* Pitch / Yaw monitor for pico second bunch
is under development

* Beam test shows “plausible” result
but We need to confirm more…

* Resolution ??

* Pitch/Yaw correction kickers are proposed
but Strength is depends on Resolution of Monitor

* May be used to observe dynamics of single-bunch instabilities 
in time domain / realtime


