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High Beam Current-related issues in RF system

In RF system of high beam current electron (positron) ring accelerator such
as SuperKEKB, there are many challenging issues to realize the stable and
high-performance beam operation.

® Large Beam Power Handling (Optimization for beam loading)
»Optimum tuning, Optimum coupling
»Phase difference among RF stations to share the beam power

® |nstabilities due to accelerating mode

® Coupled Bunch Instability (CBI) related to u =-1, -2 and -3 modes
> New CBIl damper system

® Zero-mode related to Robinson stability

> Direct RF feedback (DRFB)
> Zero-mode damper (ZMD)

® Coupled Bunch Instability (CBI) due to Higher-Order modes (HOMs)
»>ARES and SCC are designed as HOM-damped structure with HOM absorbers.
»>Additionally, a bunch-by-bunch feedback system is effective.
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Definitions of Basic Terms in this Lecture
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electron/positron storage ring

INVTF

Bunched beam

CW operation

Superconducting Cavity

Input port &

ex. of SuperKEKB

RF frequency frr

Cavity resonant frequency f
Revolution frequency frey
Revolution time T,
Harmonic number h
Beam current (average) I,
Particle speed v
Circumference C

e-/e+

Bunch charge q
Number of Bunch Ny,

Bunch space Ty

Frequency f w = 21f
Angular frequency w
~508.9 MHz : il / v(= ¢)
Wavelength A f= 1
~100 kHz Speed of light ¢
~10 ps Imaginary number j
5120 frev =V/C =1/Ty
2 6 Zﬁ;ﬁ A frf = hfrev Iy = frevqNp
| Klystron |
B = E ~ 1 \/\/ —Wave guide
¢ RF power
~3 km Wrf 7 Input Coupler
2 Loop t
10/14 nC H. v \antemna
2500 X |/
Beam plpe ‘ ij
~4 ns

TMO10 mode
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- quivalent Circuit Model of Cavity ‘e
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Frequency Dependence of Cavity Response (Impedance)

| Klystron |

RF powf\/

~Wave guide

Input Coupler
I Coupling : s

Beam pipe

Accel. Cavity . P

Superconducting Cavity
Input port

2023/6/23 FRIB/MSU

\‘f’r_w_oop type antenna Ik " Ro
; ® 3
L

Input RF (Klystron Out)
—

Cavity _

Zin —>
Coupler

Zc

Q-value corresponds to peak
1 width of impedance.

AA'A)
I
1

¢ |

Input Impedance

Ve(w) /I (w)

Zin(w) =
Z, (w)= 1
0,
R: Rsh
2

0 0
a1l v _w
Jupe b tanth = —QL[———]

28 Wo W

Vo | L Y —90°~ +90°
e | Y is used in
71 N— tuner control.
_T '
2 o w

Y : Phase difference between input
RF and excited voltage (w # wg)
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-quivalent Circuit Model of Cavity

Frequency Dependence of Cavity Response (Impedance)

> 4

AR — Caity |
. W = ———
RF pow,;}/‘\wave guide Zin => |C I % * e
0)) Input Coupler oupler r
| Coupling : I Ro RIS c Nl
R Loop type antenna G§ g - % V.
' R
' R\F—
L | | B {
Beam pipe \
Accel. Cavity Zin(a)) — VC((‘))/IR ((‘))
Im A wo-Aw
B %
+1
Z%(“OZZ 1 g% —= 03 )
w W . w w
QL, a% w 0 w
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......................

P11 —90° ~ +90°

5 Emnzﬁ:—QL[

i_ﬂ]
w, w
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-quivalent Circuit Model of Cavity

Super
KeKB

Frequency Dependence of Cavity Response (Impedance)

—~r— Cavity

[Kiyston |
,\}/ ~Wave
RF pa\ive ‘ ~—_

On resonance (w = wy):
Phase of V, is the same as the phase of input RF.
=> Power is transmitted most efficiently.

\LOOp lype antenna b < < Bl T Ve

Beam pipe

Off resonance (w # w,):
Phase difference of ¢y between V., and input RF.

* V. becomes small by cos .

Accel. Cavity

LI\ 7 C X 77

Im A wo-Aw
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P11 —90° ~ +90°
w o w,

z?m¢=—@{———ﬂ

w, w
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Consideration of

Seam
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> 4

Klystron — ity —<€==—Beam Induced
w,.f‘ ~Wave guide InpUt RE CaVIty
RF powe P~y )
~p T Input Coupler I
= Coupling : S :
A JU%ft —— 1 —
e B \ e ® Ro3 Rs CT L¢ & =)
= 1) |- | > &=
Beam pipe 'w
P29 b o
Accel. Cavity b = olecos s | | * JCL

Beam Loading

.

Additional Load to be
compensated by the Input RF
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-requency Spectrum of Bunched Beam

A gaussian bunch passing through the cavity only once

g, : bunch length

| 1
0 el 1) o=
C O

) t

- 1 — - W

The width of the spectrum is
depending on the bunch length.
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-Frequency Spectrum of Bunch Train

Multi Gaussian bunches passing through multi turns

etore-

Bunch .
Ring Onbit lb(At) Bunched beam ,-exp[_i] Ideal bunch train
. P 20’2 . .
Bunch train R — V. No difference between all bunches
25 6.0 « Gaussian shape
Ac. ) _ >l | . - Equal spaced bunches with interval
of T},
L > 1 ® \Vidth of impedance of cavity
«—> : T
. _mz_n eauency sbectrum T, Fourier is enough narrow. = high Q,
T, q. Y Sp transform » considering only near w,
. i,(w) 2z 1
I, : Average Beam Current T O = — (>SGHz for SuperKEKB) ® 0, > Wy (0, < Ayp)
(DC component) T b a, i
. : 21;, = .- 21, exp|— w 2
T, : Interval time of bunch = 202 i (w )~21 s
m : integer pATTS pEXP 202

~21b

Whenm = 1, s = w?‘f‘ . J J .
Tp Discrete and periodical line spectra

When all bucket filled by bunches, I (w'f) ~ 2Ib

interval of line spectra becomes w,. O >
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Beam is accelerating at the synchronous phase.
Equivalent Circuit Model with Beam Acceleration 4 Principle of Phase Stability )
1 —
7 Cavity Dt =9,
Input RF === <===— Beam Induced
|
A -2lb
Ik Ro
R C L
®» 3 s T tVe @
ja)dl R — 5 1 e.’(wrf’_¢‘)
& s “eTVer o .
¥ Positive direction of ¥, corresponds to beam acceleration.
I<w'f>%21” In the electron storage ring, the beam is bunched
: at the synchronous phase to balance the
V(@) = Zin(®) L(w) Iy : Average (.Iurre.nt - radiation loss. P
(Decelerating direction) ' : . _
_ According to “The Principle of Phase Stability”,
Vp(w) = Zin(w) Ip(w) the restoring force works around the phase ¢ .
V _ V + V _ Beam particles oscillate around ¢.
c b k inwy \ Synchrotron oscillation )
: /!
Cavity voltage | T \ due to input power from Klystron
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Cavity Voltage V. in Beam Acceleration

Super
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@1 Cavity D=9,
Input RF —===p 4-—'*' Beam Induced
3 Rsh cosd) " v =2l
(,3+ ) & gRo R{ ¢l Lg_ o
o R =R 7 LYy felee)
| Klystron | e’ ) @ T JCL
\Wave guide
RE powr\/
'\P, _ Input Coupler Vi(w) = Ziy(w) I (w)
27— Coupling :
S V(@) = Zin(@) 1y (@)
c
LES D) |==> | —> Ve=Vp+Vy
Beam pipe ' w
N y Py
Py =DV, s
Accel. Cavity b =lolecosd 14
Vo Ve Vi

Without Beam 1

Vir :Viatwg = Wy f

With Beam
Rl

Vo=V, =

Wy — W
On - resonance 0 rf
Wy = W
R, I
V.=V, =V, =—2t-=V
c k kr 2(,6"‘1) ref
Vc Vkr ‘/ref

Ve : Required voltage
Ve = Vyep Without beam

Wy = Wy

a; : Loading Angle

2023/6/23 FRIB/MSU

WlthOUt Ik
control (fixed)

Vbr : Vb at Wo = (,()rf
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To minimize P, loading angle a; = 0 is required.

Efficiency is important!!
2023/6/23 FRIB/MSU

with I, control to
maintain Vo = V,.ef

KEKB
Cavity Voltage V. in Beam Acceleration
| w::___} Cavity @41 =9, Guced wo o w’f
nput #——l Beam Induce
_ Rspcosyp cos Y i 2l Wy = We
Zin(w) e 1
Z(ﬂ + 1) |k J Ro R c L
@ 2 3T f Ve @ (0y1-6)
w1 = 1 e\
| Klystron | e % B wT e
f\/ \Wave guide Vir )I'_>Vref
RF Powe without I, control V=V, =k Rl v,
'\Pr - Input Coupler 1RIZ (fixed) 2(8+1)
== Coupling : 8 P = 85 \ Q
v V,=V,
WS ) |4 > g 20RE Ko 0=y
Beam pipe P‘ wy P, ﬂ+1 : Input power is not
Ce IV cos : efficiently consumed.
Accel. Cavitbe = folecosds Vir cos ay, = Vi + Vpy cOS ¢bs
2 :
_ (B+1)’[V, 4V, cos, L L e S L RELLEEEE
“ 4f6R, cosq;
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Optimum Tuning

! Cavity @t =0 Z (0)) T Sy ' Pl =
Input RF —===p- <— | Beam Induced .
I -2lb A
Ik .
O S T BT ) o
jot R,=— j o 4.1 e\ ] '_
B °TJeL l > Optimum (de)tuning Vk = Vk
\/ T
Z. (@) = Rsn COSWY sy v, =V, cos,, L0 = Wrf + Awopt
Z(ﬂ + 1) ‘/b 1 tanw = 2QLAwopt :_‘/br Sin¢s
‘/b opt W,f »» ‘/C
. Optimum (de)tuning | £ Awepe < 0 for e (e*) ring

Detuning the frequency of the cavity so that o |
V. and the input RF are in phase (a; =0) ;
c P P L S - A P — * ----‘--?;f-_-f

6
w1 — Vir  V,, cos9,
Wy = w'f + Awopt A(")opt - ;{,b [Sh ]Sin ¢s w()pt f P
c 0
\_ Input power is minimized. J
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- Tticiency by Optimum Tuning

Example of SuperKEKB, SC cavity operating parameters in I,=500mA

1:2 1i2 Vbr b || SCC operating parameters

06 06 Vref [MV] 15
Q-0.0 LES) Q-00 ®s [deg]: 80

06 06 R/Q [Q] 93

QL: 50000

: : f_rf [MHz]: 5089

without Optimum tuning

2023/6/23 FRIB/MSU

with Optimum tuning
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- Tticiency by Optimum Tuning ’

Example of SuperKEKB, SCC operating parameters in [,=2.6 A

100 zoomed up
7.5 t t t t t t 75 ! ! ! ! ! ! ///
5.0 | V | | | | 5o . Vbr | /
25 t t bT‘ l/ t t 25 ! ! ! ] ! !
c | v
Q 0.0 Ve (kept by FB) Q 0.0 < A et - %_—
25 25 . . Vk Vk’l" ' Vk [ I/C Vk?"
5.0 | | | 5.0 | | | [ \ | | | | |
-7.5 ‘bstr- 75 ! ! ! ! ! !
-10.0 -10.0 .
00 75 50 25 00 2.& 50 75 100 100 75 50 25 00 25 50 75 100 Vc IS gene rated by V b I
| Vk |
Beam Current; e==g) 12600 | mA Beam Current; esl) [2600 | mA

without Optimum tuning with Optimum tuning
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Optimum Tuning by Auto-tuner Control T
Auto-tuner control system keeps optimum tuning automatically.
' V, =V, costl,
Klystron i??ll\(/lv\\//v or; Cavity: Vb 1 tany  — 20,Aw,, __V,sing,

Cavity tuker

Reflect
Tuning Offset ' '
P
(Resonance point jl Cavity Pickup

]
calibration) _ . 1 |(Ve Monitor)
NP Cavity Input Monitor == | ~1W
Vo 7
Phase Detector »| Tuner Controller
A Tuning(wy) (Motor Driver) W I R ;
control signal Aw = ——t| Bon | V.=V, cosy,, Sy
LI B | 2V Q
Attenuator Cc 0

Optimum tuning is also effective to suppress the coupled bunch instability (u > 0 modes).

In the high current ring, the optimum detuning is indispensable.
But the detuning frequency should be smaller than revolution frequency to avoid instability.
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Optimum Coupling (to be more efficiency)

Optimization of input coupling constant : Reduce reflection power in beam acceleration

| Klystron | P, =P +P, +P Couplinglb’ Reflectivity No Beam
w,.f ~~Wave guide k ¢ b r B o, P, r ﬂ—l =1
RF power p — — _ex = - .
e 2 zero-reflection
~p T Input Coupler Q.. PC ﬂ +1 =
77— Coupling : Minimum power for beam (I,) acceleration
2 _
| N ,VC \ IVel” = RonFe P.: Wall loss (for V. excitation) [V.|? = Ry,P.
| ﬁ
Beam pips P'. wy P, P, : Feeding power to Beam I, P, = I,V cos ¢,
C»

P, = P, + P, (expecting with P,. = 0)
Optimum Coupling

Accel. Cavity Pb — IbVC COS ¢S

B should be set to make matching for Pt BP.
zero reflection with beam acceleration. B = P.+P, P.+P, * Bopt =1+ F

(Dissipation is P.— P.+ Ppin cavity.) f’ = 1is matching condition with beam.

If the beam current increase

. . . more than I,, P, increase
In general, B cannot be changed during the machine operation. and B <1. (<looks like

It is important to choose the optimum coupling with margin in Under Coupling). It is
design and manufacturing. better to design with a

margin for P,.
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| Klystron |
R(;)E{)\Cve p ~Wave guide
’:\?T Input Coupler
!\\1’7_’_‘ Coupling : 8
Ve \___ IVl®>=RaP
Ihe 1) | ==>
Beam pipe P‘C‘ wy P,
Accel Cavity  Pp = IpV cos ¢
Cavity Parameters ARES SCC
Rsn/Qo (€] 15 93
Qo 1.2 x 10° 1 x 10°
Ve IMV] 0.5 1.5
P. [kW] 150 0.024
5] 5 -
Q1 2 x 10* 5 x 104

2023/6/23 FRIB/MSU

Normal Conducting Cavity (ARES)
V. = 0.5MV, P. = 150kW, ¢ = 65°
Py, = 2.6AX0.5MVX cos 65° ~550kW

,Bopt =1+

P,

550[kW]
T 150[kW]

~

Fe

Superconducting Cavity (SCC)
V. = 1.5MV, P. = 24W, ¢, = 83°
P, = 2.6AX1.5MVX cos 83° ~475kW

.Bopt =1+

P,

475[kW]

— 2x10*
24[W] 0

Fe

Q. or Q.. are used as the input coupling in SC cavity.
Optimum coupling (Px = Pp, @ = Qext K Qo)

Qext.opt ~ (

7 1.5MV

~5x10%

Qo

&) 1, cos ¢, ~ 930X2.6AXC0583°
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Required Klystron Power tor SuperKEKB ‘
| Klystron | . .
R?g{)\\:vfe\/l_) ;Wave guide Optlmum tunlng
l'c\Pr - Input Coupler Optlmum COUpIIﬂg
‘\\;,2 Coupling : 8
| Nargr _2‘) \} Normal Conducting Cavity (ARES) Superconducting Cavity (SCC)

Beam pipe P‘c\wy P, ﬁ :5 ﬁ :2X104

Accel. Cavit Design Current Design Current
Vo2 = RonP, 800/ E 500
cl = Bsnle | : = = 83° ‘
P. = L.V. cos ¢ g  Ve=05MYV, ¢=65° P C+P b 500 Ve = 1.5MV, ¢s = 83 //
b— b S < 600 = (Qu ¥ Qexg~50000) |~
= ; S wo Pt
o .. k : e
: 400+ : o
P. is kept constant by E | Py z 50 p /73
keeping V. constant in L 200 : 8- 200 K~ b
f o
FB control. = Py 100 //
" 05 10 15 20 25 30 0 — |
0.0 0.50 1.0 1.5 2.0 2.5 3.0
Beam Current [A] Beam Current [A]

2023/6/23 FRIB/MSU
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Required Klystron Power tor SuperKEKB "

Superconducting Cavity (SCC) optimum tuning

optimum coupling ' B =2x104 700 - NOT optimum ' ﬁ =1x104H

Design Current D.esign Current /

b

600 7 , 600 |
500 VC = 15M\/} ¢S = 830 E ) i 00 VC = 15M\/’ ¢)S = 83( i /
' >~ Q,,~50000 ras = 900 Q)= oy~ 100000 7
E (QL Qext ) | ] Y4 [ / i
2 400 - ey p
S 2 300 | / |
2 300 3 300 | “p
(@)
o
L
(a'e

2.0 2.5 3.0 0.0 0.50 1.0 1.5 2.0 2.5 3.0

00 050 1. 15

Beam Current [A] Beam Current [A]
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Required Klystron Power tor SuperKEKB )

Normal Conducting Cavity (ARES) optimum tuning

optimum coupling ' _ NOT optimum ' Design Current
Design Current 1500+ ; ; _ . - .

800/ | | | =

_. V=05MYV, ¢=65° PetPy _ - Ps=65°
E 600 - | | | ' i E 100()? | | | - |
. ; S ﬁ:l Pk Pc+Pb/
© ’ f :
R T 500 |
Lo 200 L |

4 ‘ | P | s e S | E i I% ‘ | L [ %I)rl‘, .15 L

05 10 15 20 25 3.0 05 10 15 20 25 3.0
Beam Current [A] Beam Current [A]

2023/6/23
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CBl excited by wake Tields d

Super
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~

Calculated by “MAFIA”

Perfect conductor/Beam pipe

Cylindrical
Coordinate
System /\ X
i . :
‘\) No wake field Bunched beam

Resistive loss/Dielectric material

N f@/){ =

System
Bunched beam
‘\,) Wake F|eId

Cylindrical
Coordinate @ b\g
System /\ |

Wake field are induced by the interaction between
the beam and the resistive loss and/or structure
of the beam pipe.

(=impedance of the surrounding component).

8-

Bunches in a ring are coupled via the wake field.

8-

Oscillation of beam particles is increased.
Eventually, Beam is lost.

Coupled Bunch Instability (CBI)

/( Cavity is the essential component.\

A

\ Cavity can be a major cause of CBI.




-valuation of C

Super

KekB

U,=eV_ coso,

5]

Growth rate of oscillation

- Instability occur or not. - ’

et ore-
Bunch «

Ring Orbit

: w. -t Storage Ring
I N
E Acc.
& Cavity ™=
S
Synchrotron Oscillation
: Beam particles oscillate around the synchronous phase ¢.. SuperKEKB RE Resonitor
Ot ot —jwt e —jo.t RF frequency : f,.~509MHz
g(t)‘xe =e e T =€ -e" . . he
Revolution frequency : h =5120
s o =1/ ~100kHz  Trey~10ps
o =— growth rate' Jrev /h °
T Synchrotron frequency : f.~2kHz
o, > (0 oscillation increase exponentially |Instability is evaluated by the growth rate.

2023/6/23 FRIB/MSU
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Coupling Impedance and Growth rate of CBl

csT Instability occur in
' a structure (cavity)?

Voltage V(w) induced in
structure by beam current I(w),

Coupling Impedance Evaluate “Coupling Impedance” with beam
V(io)=-Z(o)I(o) - o _ 1
Oscillat de pu: ce ¥ = H
Induced Voltage Beam Current scifiation mode u é’(t) € €
1
N _ growth rate o,=—c< Re{Z(a)u)}
Longitudinal mode : v (a)) =-Z, (0))](0)) —' T,
(accelerating mode) o, : angular frequency of mode p

radiation damping ' oc e_a”dt
Transvers mode: VL (CO) — _ZL (CO)I(CO) stable condition o <o
u rd
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Wake function and coupling impedance

Super
KeKB
-

following

particle &&g leading particle
“R (btpart‘icle)\\_/_\wq‘ﬁding particle)
/\ e v=c

N e on ot N
} =
—_— i=¢
Coupling Impedance N
Z,(w)= [;W e © é
Z,(-0)=Z; (@) ¢

Coupling Impedance of accelerating cavity

R,
2,()=2,() = — / =

2023/6/23 FRIB/MSU

Force felt by following particle

F= e(E+ vV X B) Fy(rz,02,2,1) = ek

F | (ry,0,,7,t) = e(E + ce,xB)

Wake Function W(s)=L mF(t S+Z)dz
eq’— c

W(s<0)=0 Longitudinal : VV"(S)

No field before leading
Transvers : WL (s)

particle passing
Wake function considering only longitudinal mode---

1 e
W, (s)=— eEz(t S+Z)dz
eq c

Wake function of accelerating cavity

Fourier
transform

wo Rsp S _Wo S
M|(S)_7Q_OCOS( 6E+5)e 2Qrc
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Wake function and coupling impedance

Super

KekB

- -
o

Coupling Impedance of accelerating cavity

Z,(w)=2,(w)= R/ 20, -
Qﬁ’[?‘w—o]

Z)(w)

Wake function of accelerating cavity

Fourier
transform
wo Rsp S _2‘*’0 al
- _° — Q
Wils) = 2, (a)o -t 5) e 2QL¢
N\
Wy (s)

/
V

2023/6/23 FRIB/MSU
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Frequency spectrum of Beam

Super

KeEKB

Bunch train Ideal bunch train

Real bunch train

i, (2) Bunched beam iexp[_ e ] « No difference between all bunches « Not uniform bunch charge
’ 20, .
i / ................ « (Gaussian shape « Not Equal spaced
2, .-  Equal spaced bun(;‘iflleatc . « Abort gaps N
File Edit Command Window 022-06-16 23:11:09  Help «
------ —-> €<« ceeeeeen LER Bunch Current Monitor 2346 bunches " 0.73 mA #* 0.47 mA ¢ 0.09 mA
I e
06 T .
Hzg‘U MLl G A WO -
) LS JEO T R N o T T SO S ST SO SO SO
B t ﬁg II | I 7 | I I | H |I I | I | | 1 I }III I J
Tb FOU rier 0 700 800 900 1000 1100 1200
FrequenCy spectrum transform Qg o o o
. Hg ‘ II I I II (L) 111 [II [ 1 » L[] il I I II I I II ‘ (i1} » III J
l (w) 2” 1300 1400 1500 1600 1700 1800 1300
b — 0' _ — (>5GHZfOl'Sllpel’KEKB) EE VVVVVVVVVVVV B, bbbbbbbbbbbbbbbbbbbbbbbbbbbb J
T Tb w O't 5 D% I I (1] 2000 I I LI (] 210 I | 2[] I I [ 3 | I I 2400 """"""" T —
21 H . 21 ex _ w Oaf— T T T T T =
b RO P 20 §§ | | ) | il | | i
‘ w 0 [ [ (I [ AR I [ I [ (T I il
2600 2700 2800 2300 3000 3100 3200
08T T
Eg‘ 77777 I 7777777 Mt I | |
8200 3300 3400 3500 3600 3700 3800
- . " - 0.8
Discrete and periodical line spectra e e il i i 4
D'Z 39[] = 4000 e 41EIEI l : 4EIEI - 4300 = : 4400 =
< 1 W S B —
X I (OOt (I I I I (e _J
0 w D% SDU : EUD : = 4700 : : 4BDD 490 : H| 5000 5100
LER_BCM on skbcons-01.kekb.kek.jp:0.0 B
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Frequency spectrum of Beam

One bunch (point charge) in a ring

. T, . revolution time (10us)
! (t ) 7cos(wkT,,) Ty

>

A «—>
>
4
; - I(w)
A
frev ="'/} ~100 kHz o ‘Pwm
«—>
: ~509 MHz
RF frequency : frr ) ] o tw
Revolution frequency :  frev =’"7/;, ~100 kHz w, e
> «
h =5120 Trey~10 ps
Synchrotron frequency : f,~2 kHz >
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Multi bunches in a ring

All RF buckets are filled by bunches (point charge, number of bunch = h, Synchrotron oscillation wt)

Phase difference of oscillation between neighbor bunches : A6,

_1
Oscillation phase of n-th bunch : w,t + nAg, Trev = /frev
Returns to its own bunch after one turn : n = h, hA8,= u2n
REZ -—= P
h=8 moﬁfo Kbl e ey hAZ”e fz u : mode number
R R N 0<u<h-1
=1 ‘ ,.,-.-A- A9b=z
p=t t I S _;,-§ G

B2 Y 4 4$ ¥ aE

8 bunch#

There are p oscillation modes in one turn.

‘u=4 I | I ’ l Aeb:n ln the aCtual bUnCh, mal’]y particles are OSC”lating,
1 2 .3,4'5/67,8

o w w bum resulting in a superposition of modes.

Bunch#0 and #8 mean the same bunch. '

Since bunches are circulating a ring with revolution time of T, = /fm,
beam spectrum has frequency of 'uf + f
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KeEKB

-requency spectrum of Beam ’

All RF buckets are filled by bunches (number of bunches = h, oscillation mode p)

h=8 Oﬁﬂ;{jv bl . t 7ﬁCOS{wT [k_%]+27run} n. O h 1/
H= A6, =0 rev
23 45 6 7 6 l( ) ¥ n-th bunch in k-th turn
u=1 e ,‘“' A6,=" va
T R S ¢ . ... : revolution time
ﬂ=2 G ' A9b=£ oo 0 0 0 e 0o 0 0 0
; ?2 § 4 t 6 ) ; 8 bunch# 2
l«l«=4 ' - ' ' A9b=71.'
f .I . 3 g 5 8 7 8 puncht t)
u modes in one turn h=
wrev —_ —~~
/ e / \ = T l—% T
: ). ( I I [ I
? . s = S S S
\ & \- / N RN IR RN R L IR
R == I3 32 = = =2 = o
circulating with revolution time of Trop
w
. e @ “ « ' e ° o 0
‘le’i1?v — U’i; hu&w 2ha&w uj
= W._
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-valuation of growth rate from impedance

g (t) o eaut . €t/T”
growth rate'

o Exc:|tat|on Damping
Z{ (u+ ReZ( )) f(#—) Rez(f(#—))}

p=0
1)) = P+ oo+ £, = Py + 0+,
1 Re[z,(w)] £ =(p+)Hf,, - uf,, — f.=(p+1) £, — utf,., — £,
hf;‘evzf;f

Coupling impedance of cavity
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Growth rate of CBI due to accelerating mode

Super
KeKB
-

t t/
o ea# — e T,

A1)

Impedance of cavity

2023/6/23 FRIB/MSU

1

_:Alb

Ty

excitation damping

- a1 3 rez 1) 1 Rez( 1)}

Ty

¥ = phf, + uf,, + f.=pfy + uf., + f,
¥ =(p+1)hf, —uf., - f.=(p+1)f, —uf.,— f,

Considering only around f.r : p=0, 1
p=1 p=0
UPRez(frf + 1) = £ ReZ(frr = 1))

pu=0

(FODRZ(frr + Frew + £5) — fO7RZ(for = frew — 1))
(FOREZ(fr + 2fyen + 12) = i RZ(fog = 2fren = £5)}
(ETRZ(fry  frow + ) = S ORZ(fp + frew — £}

{fl(_z-l-)ReZ(fo — 2frev + fs) B fo(_z_)ReZ(frf + 2frop — fs)}

u=+I
u=+2
u=-1
u=-2

‘Nfrev + fs\ :excitation effect ‘Nf,ev —fs\ :damping effect

SRF2023 Tutorial, M.Nishiwaki (KEK), Beam-Cavity Interaction in High Current Storage Ring
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(h=h-1)
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Super

“ffect of CBI due to accelerating mode #20-

% —— By optimum tuning, cavity
1
1 —= AIbZ{fIf’”) ReZ(fIf“))—flf“') ReZ(fIf”'))} f'f frequency is detuned to lower.
Ty p=0 " exciting term  damping term “I ReZ(f)  Detuned frequency o< J,

_—

| | B H—__ =0
| (—— =y

Beam spectra e 0 0 o e l \/
P ~

( iﬂy_—///// TH— u — +3

' 2f (h—2)1.. (h-1)1.. h];;'-ev (h+1)f. (h+;); —A > f
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Super

“ffect of CBI due to accelerating mode #20-

1 % f —— By optimum tuning, cavity
I — = AIbZ{fIf’”) ReZ(flf“))—flf“') ReZ(fIf”‘))} f frequency is detuned to lower.
Ty p=0 " exciting term  damping term “I ReZ(f)  Detuned frequency o< J,
Beam spectra c o o o pe \IW\/
|| B Sl =] =(
| —— =
Optimum tuning is also effective P ( \\
to suppress the coupled bunch| 1 \\}\\\\“ [,L=+1
| instability (u > 0 modes). B RN > f
It is what is called S
“Robinson criterion”. A o
(— ="y
o o 0o o /// .
( *ﬂY-’”’/f// il L S - ,Lt=+§ f
' w21 (=2)f., (=D pf (h+1)f., (h+2)f,.,
2023/6/23 FRIB/MSU el
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-Tfect of CBI due to accelerating mode (Bs%%

1 % f —— By optimum tuning, cavity
1 — = AIbZ{fIf’”) ReZ(fIf“))—flf“') ReZ(fIf”‘))} f frequency is detuned to lower.
Ty p=0 " exciting term  damping term “I ReZ(f)  Detuned frequency o< J,

Beam spectra e 0 0 o e l \/
P ~

o o o o e . (,u=h—;)
g ’ﬂ’///W \\\Y\~¥ I’l’_ = f
e o 0o o ) g ) - (u=h-3)
M Il - #=-3
0 2f ol (h=2)f,, (h=1)f,, hfrev (h+1)f,, (h+2) fmy > f

2023/6/23 FRIB/MSU
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-Tfect of CBI due to accelerating mode (Bs%%

1 % f —— By optimum tuning, cavity
1 — = AIbZ{fIf’”) ReZ(fIf“))—flf“‘) ReZ(fIf”‘))} f frequency is detuned to lower.
Ty p=0 " exciting term  damping term “I ReZ(f)  Detuned frequency o< J,

Beam spectra e o 0 o e l \/

w. Il [R,| . A AN (u=h-1)
Aw,, =— 7 0| sk sing, |~ T \\V\‘“““ u=-1
I 2Vc QO T > f
Use of SCC with high Q, value is reasonable |, “ (L=h-2)
to reduce the detuning frequency. ~l 1= )
= ——=
©o o 0 o P . (u=h-3)
(1 ——1i //i/// 1 1 \\:\\\\% H= —3
0 2f ol (h=2)f,, (h=1)f,, hfrev (h+1)f,, (h+2) fmy > f

2023/6/23 FRIB/MSU
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Super
KeKB

Reduction of detuning frequency

A ? — S : Accelerator Resonantly coupled to Energy Storage
— . . . 1 T. Abe
Unique cavity specialized for KEKB
Prom = 3.3 kW /HWG il i e i AC Parameters
< 3 v/ Tested up to 5 kW at test stand D1-C. ’ Freq 509 MHZ
TEp13 | |3 v W ; .
* F i3 2
EH ~ 2 H?MV;_aéleguide(HWG): SC Ren/ Qo 150
Storage Cavity | :.birxo%elr)su:!:tr-ﬁlvavtgd < / 00 ~1.1x1 05
gedLCowley & l Puow = 0.93 KW /Groove - &
- Coupling ) v/ Tested upt.o1.2 kW at D1-C. \ } Y / \ee I/C(SDGC-) O'SMV/CaV'
Input;:tép(lrlrr‘l;;‘iactor Cavity (CC) o ;‘-'k' o : R /b P 150kW
F 4 ' » o7 4" Grooved Beam Pipe (GBP): - 'i N / i
Y . Eight SiC Tiles per Groove. B A ’ (60kW in AC, 90kW in SC)
s 8vier'am C‘~ - .
Parasilic(o&n)"¢ A,f:c ='_y2§,ﬁ)ﬂz Input Coupler %/7, Equivalent mechanical model
Mode Damper SN, = 21 kw Oe"
to 40-kW dummy load.
T v/ Tested up to 24 kW at D5-C.
V. ()] T
Pinput = 800 kW (max.)
v/ Tested up to 800 kW at the test stand D1-A, s ¢ %l —
and up to 770 kW with beam at D5-C. ”. C_damper
e P = 150 KW (Ve = 0.5 MV), Poeam = 550 KW, Pemo= 21 kW — oiimm o 3 SC CC AC
U
B Three-cavity system is stabilized with /2 mode operation Af., ~ Af, . A,
> SC has large stored energy : Ug./Uqe = 9 ) 1_|_Us 10
» Optimum detuning of f ,, is reduced as Afy;,, = Afye/(1 + Use/Uqe) U,

» CBls driven by the accelerating mode is suppressed. _
Af, ~280kHz » Af,y ~28kHz at design current
2

Frop = frf/h~100kHz ~3Xfrev
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Impedance of ARES ’

Af, ~ 280kHz A, ~28kHz f
2 frew ="'/, ~100kHz
Afre =-28 kHz
] ; F_‘ | KEKB LER
. 20 X ARES (0.4 MV, B=3)
10° 3 : 1  Afap =-17 kHz for 1.8 A
. “ SuperKeKB LER
_ 22 x ARES (0.48MV, S = 5)
=~y i Afme = -28 kHz for 3.6 A
G
%* 10* 3 Afra = Afac | (1+Us/Un)
® .
@) i
~ ]
S T. Kageyama
@ 10° 3
3

I
-3 -2 -1 0 1 2
= -3

—1 ) U
damping
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K. Hirosawa et al., Nucl. Instrum. Methods. Phys. Res. A 953 (2020) 163007. Super

-stimation of the growth rates of CBI ™
in SuperKEKB

LER (positron) HER (electron)
Normal operation (Solid) / A cavity parked (Dashed) Normal operation (Solid) / A cavity parked (Dashed)
1000 ' ' ' ' ' . 1000 ' ' e Design Beam Current _-~

[

Design Beam Current

I .
frm=e Dashed line:

! one SCC parked

100 | 00 L

Growth Rate [3‘1]
o

Growth Rate [5'1]_
S

-" Afscc ~ -44 kHz @ 2.6A

1} 1)
LER (22 x ARES) | : HER (8 x ARES + 8 x SCC) |
L 1 : ’ \ll
0.1 kL M. 0.1 Lo L -
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 35 4
Beam Current [A] Beam Current [A]

Threshold currents for uy=-1 mode are quite below the design current.

When there are parked cavities, n=-2 mode also has no margin.
New CBl damper system has been developed and installed.
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K. Hirosawa et al., Nucl. Instrum. Methods. Phys. Res. A 953 (2020) 163007. Super

KeEKB
.. Beam
The damper system is installed - VeLOOR e .
to ARES station with digital — Kiy-loop L FB loop test result of the CBI
LLRF system RF Source . | i " mode filter for a simulant cavity
@- R H+ — P cavity P Mz >
fiy=508.9 MHz e oo + i 5l —-1/4\ Q=9000
! SW ’H:' Drect RTTE boop i ° =3 - (Simulated cavity)
Beam ' "l u=-2
Gain Adj Pickup Sig, I' m-15-
ain Adj. CBI Mode FiIterI( L S, v
The damper system can correspond v Coo. v
— Phase Adj. @
to b= —1 .2 and__ __??___modes mﬁparaml_lel __ @_25/
IIQ'DEmnd lowpass Dlgltﬂl Q- Mgda . a0 LOC'[J gain =35dB
Down Conv. filter E BPF Up Conwv. : _
g —\_‘_{Jun}_ IJ=.1 I_% : sl l . Iu=-l.--.-.?durn|'r|ng :
| g u - 508.2 5084 508.6 508.8 508.9
S| -90° A \m} 90° [ Frequency [MHz]

Y .':li:‘r.‘-'.ll < f.lj"

-~

Impedance correspond p=-1, -2 and -3
modes are suppressed successfully.

oo in SuperKEKB LER and HER.

The new CBI damper system is working
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K. Hirosawa et al., Nucl. Instrum. Methods. Phys. Res. A 953 (2020) 163007. Super

-xample of CBl damper operation
without CBIl damper  f -2f ., f

- 2f otf. in SuperKEKB

10 kHz u = -2 mode excitation By optimum tuning, cavity

fet -TZfO fre - %fo + fs H:'Z mode was frequency is detuned to lower.
| excited purposely by _\ Re| Z, (o) ]
large detuning SCC. /o \ /
T T ATRPR VAN | YNTTNWNTRTIT. | YRTONTORPT—  L... /,///T | ) ‘ll ] _1
il o L WMW.\ 'ﬂ it i B =
P> 10 kHz (@p= 2) wam o /N
,_ ) i,’s \/ .
Center 508676871 MHz 4 _/f/| N . = _2
[ 508875641 MHz .. 3 ) N w
10 kHz fee - 2f0 /ff | AN
Peak disappeared I P T u=-3
with CBI damper ‘ by CBI damper. A . L >
_ f (h=2)w  hw =~ (h+2)w,, W
rf - 2fo + fs _

| m Y kil CBl is not a problem with this damper

systems in beam operation so far.
(I may - 1.46 A for LER and 1.14 A for HER)
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Contents

& Optimization for Beam Loading
® Impedance Characteristics of Cavity (Equivalent Circuit Model)
® F[requency Spectrum of Beam
® Optimum Tuning
® Optimum Coupling

@ Instabilities due to Accelerating Mode
® Coupled Bunch Instability (CBI) related to m=-1, -2 and -3 modes
® Static Robinson Instability (zero-mode)

¢ HOM
® HOM damping in KEKB SCC
® [arge HOM power in KEKB and SuperKEKB
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-
o

Static Robinson Instability e rszs o oo

7.Yamaguchi et al., PRAB 26, 044401 (2023).

This is another type of longitudinal instability related to the accelerating mode.
This instability arises from the coherent synchrotron oscillation where all bunches oscillate

in the same phase (zero-mode).
This instability limits the maximum beam current stored in high-current ring accelerators.

Coherent synchrotron oscillation
\ (all bunches oscillate in the same phase)

Coherent oscillation (zero-mode) e
'

Ring Orbit

Storage Ring

Principle of phase stability dose not work.

V, shifts with the bunch phase
No contribution for restoring force

; ‘/br ‘/b ) R ——
Only V, contributes to the restoring force. éﬁf,ity\ :
0, is considered as the synchronous phase. O,
Restoring force decreases and = s -y v
synchrotron frequency decreases. Stable condition \ ¢ s, =0 ;}
When ws = s, I .
(a)§>2 _ Visin€y Vi cosygp; sin(¢s + Yopt) w0 Vir cos g5 <V —,,
1+ {(Vbr /Vc ) sin ¢s}2 S atl Sfl e d in th e o p tl mum cou p | | N g con d | tIO N Vk
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10.0

75

5.0

25

Q 0.0

- TTiciency by optimum tuning ’

Super
KekB

Example of SuperKEKB, SCC operating parameters in [,=2.6 A

Vr

Ve

V¢ (kept by FB)

-25

-5.0

-7.5

-10.0

-100 -75 50 -25 00 2.& 50 75 100

Beam Current; i)

without Optimum tuning

2023/6/23 FRIB/MSU

Vk

12600 | mA

zoomed up
7.5 | | | . . v
5.0 ! Vbr /
Q 0.0 N»VG’ %—_

25 ! ! Vk

-10.0

5.0 ! | | | \
75 ! ! ! } ! !

il | VW Vi

-100 -75 50 -25 00 25 50

Beam Current: el [2600 | mA

with Optimum tuning

75 10.0

V. is generated by V,!!

If V,, cannot contribute to restoring force
of the synchrotron oscillation, V, alone
cannot maintain stable oscillation.
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K.Akai, PRAB 25, 102002 (2022). Super

Static Robinson Instability in SuperKEKB ’

® |n SuperKEKB, static Robinson instability is expected in the high current operation.
® |n the beam operation, there are FB system called Direct RF feedback (DRFB) and Zero-mode damper (ZMD).

Calculated coherent oscillation : . Calculated_anc_i measured coherent oscillation
f ies with simplified SCC f Block diagram of LLRF with DRFB and frequencies in actual HER (ARES + SCC)
requencies with simplified one or ZMD (F d on SCC on in HER) _ ! _
various Q, (without FB for instabilities) | ocused on >LL station in with DRFB off and different FB gains
— ;w " i i i 1 T i i i T ' ' ' ' ‘; RF reference line HER RFl IB % <> Meas. (DRFB OFF)
b ] ero-Mode Damper |<—| 2 Meas. (DRFB gain 1.005
E 25 H ER i D11 (SCC) 1£ Mode Damp beam pick up | | w : I\lc;:\', :DRFB t_‘.:::: 1.475:
- 50 L I N B e F <> Sim.(DRFB OFF)
Ur ] station . ikl : ey Sim. (gain 1.005 (S). OFF (A))
e i O1~4x104 ] _ﬁ Vgr"f’” ; |ysmm PV, 28 ¢ ﬁ S:::cfj:g 1.005 (S), 1.005 (A))
15 ] |LE‘“|I O— — —IJcavity — E O  Sim.(gain 1.473 (S). OFF (A))
g QL~5x10* 1 Veg| i |] ot | [ % 26 -8 O  Sim. (gain 1.473 (S). 1.473 (A))
= 1.0- QL~6x104 FB cont e ; v = . F & g i
5 - el o © A e
": 0.5} VentE pick{ up 8 B A
s O1~7x104 [det ] 8 22¢ A8
g O'OT\ T ST BT B S R \i —— D4 (ARES) qb[‘ g 2 O : <> g g e
» 00 05 10 15 20 25 30 (| 5 ¢ ; VJ-ALC | Direct RF FB = T © . R e
_E_’Dj LER R.FI Ve-PLL G = . ~ g e
Beam Current [A] Li> pg (U ARES) | g 1.8 - g
Synchrotron frequency reduction depends . . = E 3 =
. Effective impedance of cavity and beam S 16 A
on Q. But, changing Q, of SCC should be loading are reduced by DRFB. ZMD is tuned : ’
avoided due to the need for vacuum work : & y : A 14 L -
. L its phase to suppress the coherent oscillation. 0 200 400 600 800 1000
and the risk of surface contamination.

Beam current (mA)

€ The higher beam current can be stored stably by DRFB and ZMD in beam study.
€ Thereis no discrepancy between the quantitative analysis and the beam study results.
€ Coherent oscillation instability is not a problem with the DRFB and ZMD so far.
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Contents

& Optimization for Beam Loading
® Impedance Characteristics of Cavity (Equivalent Circuit Model)
® F[requency Spectrum of Beam
® Optimum Tuning
® Optimum Coupling

@ Instabilities due to Accelerating Mode
® Coupled Bunch Instability (CBI) related to m=-1, -2 and -3 modes
® Static Robinson Instability (zero-mode)

¢ HOM
® HOM damping in KEKB SCC
® |arge HOM power in KEKB and SuperKEKB
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Necessity of HOM damping "

The beam also excites the RF field of higher-order modes (HOMs) in the cavity.

HOM fields accumulate in multi passes of bunches and finally causes instability and
loss of the beam.

Since the beam-induced field is proportional to the beam intensity, the problem due to
HOMs becomes more serious in high-intensity accelerators.

In addition, the beam in high-current storage rings is distributed in a large number of
bunches.

HOMSs have to be damped sufficiently to avoid multi-bunch instabilities.
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Wakeftield in pillbox

« Without damper system
« Wake remains long
time. '
 Next bunches pass
through in the wake.
« CBI will occur.

PTTl
RN
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In principle, the beam instability could be avoided by
just tuning a few dangerous modes at safe

frequencies (somewhere between the driving

Reduction of coupling impedance of cavity

Example of Longitudinal Coupling Impedance
(KEKB-LER, ARES, T. Kobayashi et al, 1997)

ST Ssisiagame Meaechviie) LTI frequencies of the instabilities).
|  But, in a large ring with high current beam, it is
= seeT E*H’i‘ﬁm“ unrealistic to tune all dangerous modes at the same
e fo e L0 ] time
B : SOOMAIEHz : : : : 7
g“ S o s b b |n SyuperKEKB,
"o 1IEN| P Q-ase for RERE TER oo
=] z | aasdunz (# of Cavity = 200 * frep~100kHz (beam spectra are everywhere)
S soo-H-- ¥ sbeesed bbb« Various bunch filling pattern (beam spectrum is
R R ' not fixed)
: : 19S0MHz ; : : 1
200-H-+-F-i- ' i ' - | The impedance of longitudinal and transverse HOMs
must be sufficiently reduced to satisfy Tg_l < T,le.
o P I a . . . M 2, P PR M el FulPE _1 ] . ] .
e os 1 N S S S 7,4 - Radiation dampmg ra’F(?
Frequency [GHz] 7, ' : Growth rate of instability
(ARES, HOM-damped cavity with SiC damper) due to each HOM mode

The evaluation of the growth rate is the same as the CBI.
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How to Reduce Impedance of Cavity

The reduction of #/, and Q, of dangerous HOM modes in cavity is important.

How to reduce R/Q and O, of HOMs in SC cavities,
1. Use of couplers (antennas, loops, waveguides) to extract HOMs
2. Design of HOM damped structure

« single-cell

« |large-diameter beam pipes with absorbers

To damp lower frequency dipole modes,

 further enlarge beam pipe (KEKB)

] CESR
. fluted beam pipe (CESR-B) TS (KEKS -ty pe)

|

af >
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SCC is designed for KEKB and still operating in SuperKEKB. J

Optimized cell shape and ferrite absorbers

DOOR KNOB
INPUT GATE
COUPLER TRANSFORMER NN
GATE Lie
VALVE ol v 4 ‘ —— i
2 . FREQUENCY ; T f-
| Ferrite HES TUNER Ty Lo BT e
LE?%&A#PER [ . Ferrite K,EK'B test cavfty
=t g = HOM DAMPER :
C Ili L—150mm Ferrite HOM Damper (SBP)j
» I 'f" 3 Copper Stainless Steel Flange
.M [T] [T1 b df\.’ {1= F—I‘I‘I = m. - ¢ g 7 ;/‘x 7z / .
[ { - — - — |— ' -Nb CAVITY | — - { ] T SNGE Y
l 13
E ﬁm%ﬂ“lﬁt_@) JEEL T 1
| <ap j 1
S M1 F 1 LBP \
L 220(') 300¢ \\ |
N2 SHIELD ION PUMP
p I I 0.'51 L1 1 l.m

The HOM damping characteristics of absorbers depend on the geometrical parameters.
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Optimization of Territe dampers "
Optimized parameters HOI\/I' spéctra obtained by network analyzer
. Distance from cavity a) Al model cavity| without Ferrite
« Length and thickness of ferrite T O L T W L B R W B A WA N A R R A RN N AR S
T T J . ; [ RENEE SR 1 T
« Taper shape between dampers and S PRI B o S P K T N o RIS 1 1 T T L L 2
N I I T T, W 4} | TAY VAL NN TR RE
beam duct H !Yé(\.r!; AN B A= B AT A VAR
H . . : | H
HEEE ANA h Vi I ' ! ol ’ j -
+ etc... POt 170 M LI AN AL N ]
i'illl |l N RN T 4 I
R e ::.n unmmw-:-nl:naan'ﬁln-lwlrﬁl_‘;vv u:wmln vu!annllh:-'- a:lmlnlnri:nulmmm-nr; 1‘"”-|~T" .;---;:. : ;i‘

Example of Q, calculation by SEAFISH

0.5 GHz

optimization

Q. vs Lp (damper on the taper) . .
. b) Nb cavity| with Ferrite
—~ o 2 N .
:: A 4' Lal by 3@ WY A 1 My ™3 e s e iy M)l R AN N L/ d e ) LT by =g C i Xl I fpy ot~ D M an
300 - U " 3 Py .o a I ¥ T T T ] | N =1 - i
() a6 LI‘ T y — f ! = - ] : :
g H e b’ nga spto’ bgcrgs :
= 2o S Kk G R AR Fts Wi D A_/"\",'\"':/Vn 4
~ ! ! A NS - 4 “‘:\f —_ f'h_'“\vJ'N'\" = \ :
o 200f- - e\ AN T L o A - . n
T T I. H \r".‘f"f " v T T T . .
‘ . : !
150 |- . - + - - i _— . - ! 1
gt L . HI S R | . ! | }
ool l L K FL&-% ] ! H
[~ L. TR . P il .
L T T Ty = O Ty T Ty ammmmmﬁn nnmmu.nnn W RITH 07 m EAT T AT ovaves 1o e e T B A R T TR
|| 1 1 1

0.5 GHz

60 70 80 90
: Lo (cm) :
Distance between cavity cell and ferrite

3 GHz
Many modes are damped by optimization.
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Optimization of ferrite dampers

Measured frequencies and Q, values of £ IprEelgg“cedTgreSth'KB
HOM modes with optimized ferrite dampers or HER ?8" ‘.‘F?er)
(@) Monople B 30 — —— : cavrtles —
| mode Frequency RO o l i EEEE?Eggsés
LBP/TMs, 782.7460 *0.29000 196 o5 [ \ ® R kohm] =(R/Q)*aL/2)
LBP/TMa 834.3830 0.32200 100 [
LBP/TMy 918.9360 1.20460 60 = §
LLBP/TMo, 1002.5400 5.79200 42 © Cx:]‘ 20 )
TMayy 1018.3800 11.58400 170 = I;I i \ thl’eSh()|d for KEKB
TMag 1032.7500 1.48260 15 g S 15 B AN
SBP/TMy 1065.8199 1.23480 106 = © [ \
o o !
SBP/TMy 11309900 2.20000 T4 c O 1 O B ~
[TMagg 1607.5200 6.48800 300 3 E T~ :
®) Dipole | 5 | L threshotdrfor-SuparKEKB
— Mode M — ¢ - impedance | - ]
-TEy 606.2090 1.84 97 oL.. . L v e dese i C e
LBP-TE,, 628.6900 33.78 %0 | o 0.5 1 1.5 2 2.5
LBP-TE,, 654.0472 39.59 129 Frequency [GHZz]
LBP-TE,, 684.9373 152.47 L] .
My 2013156 24503 150 The impedance of HOM modes were successfully
— 20 e3¢ - reduced by the HOM damped structure and
1t i ! J B . __ 50 . . . .
R/0 and (R/Q)' are calculated values. optimization of the ferrite dampers.
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Wake field in KEKB SC cavity

Electric Field

Bunch
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HOM load

estimation
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® HOM power damped by ferrite damper changes to heat load.
« To estimate the heat load of ferrite damper, broad-band HOMs have to be also considered.

« The shorter-length bunch has higher frequency modes.
« Higher frequency HOM modes can be excited.

Loss Factor k

- The T ()

Total power loss of beam bunches

example
100mA, 1V/pC, 1nC
=> 100W

Piotal [KW] = k[V/pC]

mm) Total heat load becomes larger.

[ A sum of individual loss J
factors of HOM modes

_ Bunch charge
Ptotal—k°Q'Ib [ &€ 4 ]

Average beam current I,

(I,[mA])? [Number of bunches N, J
Ny - frep [KHZ] Revolution frequency f.q,,

HOM load can be estimated by Loss Factor of the cavity system.

We can get the loss factor including dampers by using simulation codes such as CST particle studio.
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Contents

& Optimization for Beam Loading
® Impedance Characteristics of Cavity (Equivalent Circuit Model)
® F[requency Spectrum of Beam
® Optimum Tuning
® Optimum Coupling

@ Instabilities due to Accelerating Mode
® Coupled Bunch Instability (CBI) related to m=-1, -2 and -3 modes
® Static Robinson Instability (zero-mode)

¢ HOM
® HOM damping in KEKB SCC
® Large HOM power in KEKB and SuperKEKB
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SCC Module of SuperK_KB )

o D S e ' i 8 cavities in the electron ring
4.4 K Opera’uon P

| Inut Coupler

IP

Ferrite HOM damper

A Pair of Ferrite HOM dampers
»SBP damper : $220 x t4 x L120
» LBP damper :ggao x t4 x L150

Copper |
Pipe for

P Cooling :

WW(WIHHHHHIHHHHI

2023/6/23 FRIB/MSU

llllllllllllllllllll HIIIIHHI]

TS 5w i

SRF2023 Tutorial, M.Nishiwaki (KEK), Beam-Cavity Interaction in High Current Stora_o#....




Super

KekB
Loss Factor of Cavity (calc. in design phase) Doorknob
o o il i S EHECOUPICE ol Tuner
- - SBP “ LBP
oo M K(4mm) = 1.2 + 0.6 — 1.8 VipC | HOM damper i . / HOM damper
e E._ 07 | Fofa pair of Gate valve E [H L ,/ j Gate valve
= i N Ferrite dampers L : } 1/ yd
E=) y o - | o Y
E [ @ i b : W [\ ——f o
g . (:).k 6mm=0.8+0.5=1.3 V/pC ! H ﬂ I: L: £ - jal :j] L]
=2 L. : o... : % 30 Jl‘ 4&%] 1}]&‘%/0 { ) ﬁ ﬁ'
0:.”. . e ..T.?.f..0....0....0....;' £ ilf'j_'lﬂ([p S : B L“':é’_;y:" ']’Im"n.’;“cm
0 =) 10 15 20 25 30 35 40 T 1 1 \w‘ ,{
nunchlengti(mom) SBP side LBP side |
KEKB Operation Parameters SuperKEKB lon pump lon pump
Beam current 1.4 A T
Bunch charge ~10 nC 10.4 nC ® The calculated power loss of beam from the loss

factor and the measured absorbed power by the

Bunch length 6-mm > mm ferrite dampers were roughly matched. The loss
Loss factor 1.3V/pC  1.38V/pC factors were almost consistent.

_Power IQSS of beam 18 KW 37 kW ® In SuperKEKB, enormous large HOM power is
in a cavity module calculated expected due to twice high beam current and shorter
Absorbed power by 16 kW (design) bunch length. Further measures are required.

' a pair of ferrite dampers LF : calc. by CST

measured ), Beam-Cavity Interaction in High Current Storage Ring
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Study of HOM power Tor SuperKEKB ™

Wake field simulation using CST Particle Studio

# ® Much HOM power emit through the
a- downstream beam pipe.

# ® The emitted power becomes the

additional load of the next cavity’s

¢ ferrite dampers.

mm) Additional SiC Damper

The emission power is reduced to
one-third in the simulation study.

Dporknob

Input coupler [

Tuner
. LBP
I,/ HOM damper

j 4Gate valve

///

SBP

HOM damper

R | y

| :
Y
Gate valve \ SINFL
\M\\ \ !
il ‘:‘\ g

n &< g o\ m iU L

I i B T \ ~
C

Power-- ________________|ratio_

(1) emit through upstream pipe 0.03 Additional =il 3|
(2) absorbed by SBP ferrite damper 0.23 SiC Damper | = !|!U

(3) absorbed by LBP ferrite damper 0.32 ol | L;\F,side i.'f Additional
(4) emit trough downstream pipe 0.41 lon pump fon pump SIC Damper
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Results of Beam Test with SiC Damper
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Layout of 8 SCCs and SiC dampers Absorbed power by a pair of Ferrite dampers in D11 cavities
4 normalized by the power in D11A @9 without SiC
298 g < @90 < T T T T e e
g 2 2 2 — o~ o5 10l o 1 €& with SiC
.. O 0O 0O DO 0000 Az C ~
—>»> :|T|: _ _ E%E 1 | © > . :
- I ~60m L - >10% reduction ]
- o PE YO0 .
TE8S [ by SiC damper
£E% 05}
_‘EQE [ SiC Damper ]
<83F 04 R
tS : mstalied 1l Absorbed HOM
'-("-J: 02 [ l 1| power at 1.1A
&2 : 1l (max. current)
L | o I AR SR SR S A . :
F_ 8 e 0 DITA  DI1B DITC DITD : ~ 8 kW/cavity
o e " ,‘:,‘;, ’ R — Cavity
o3 "‘._““’,':"Wmf" - Two set of SiC dampers have been installed to SCC section for beam

-

SCC modules.

test. The HOM power absorbed by the ferrite dampers of
downstream cavities (D11C in plot) were reduced >10% after SiC
damper installation. It was confirmed that the additional SiC
damper is effective to reduce the load of downstream cavities. For
the future high current operation, SiC dampers will be installed to all
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Evaluation of HOM power in higher beam current
2A  22A  24A  2.6A
5O'D‘1'0' SR A A R I (A The slope of linear fit is the apparent loss factor.
e - | Equivalent Loss Factor (Eq.LF) k., [V/pC]

Paps|kW] - frep[kKHzZ]
(Ip[mA])%/N,

Kegq [V/pC] =

- Allowable power .  D10C

w
o
)

\
N\
;\’5

R e et et

The absorption power is expected to be
higher than the allowable level for the
ferrite dampers in the design current.

N
o

Absorbed Power [kW]
in one SCC module

More SiC dampers or some other measures
are necessary.

. _ Nb=2346bunches |
0 5 10 15 20 2
lo™2/Np/f ey (=aly)

o1
w
(@)

SiC damper

cavity module M_
e_i D10D D10C[=D10B D10A o D11A D11B D11C D1TD p— IR
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Consideration of Build-up fielo ’

2020-2022 Equivalent LF of HOM dampers

D10 with SiC * In recent beam operation, bunch interval
T T dependence was observed in the absorbed
. power

goedng | o o ) ° .
_ & o . 8 | Build-Up of HOM fields
g o o R T " Decay time of HOM fields (z4,,)
E vl e 5 | > Bunch interval ()
IH 04 STa 5 .
| 1+ In addition to evaluating the loss factor, the
02 | _ effects of the build-up of HOM fields must
| - be considered.
’ 0 . 500 N IIOOOI II I150 T I2000I 'I I2500 example Of KEKB SCC
l N, I l from = 1GHz, Qp 16nz = 100 Tg,16Hz~30ns

Tp ~12ns ~bns ~4ns
see Okada-san’s poster in SRF2023
6/26 (Mon.) MOPMBO068
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Summary

® This lecture explained the optimum tuning, optimum coupling, CBl and HOM damping,
which are more important for accelerators with the high current beams, by showing
the actual examples of KEKB and SuperKEKB operation.

® |n designing your SRF system, the beam-cavity interaction should be well understood,

and the LLRF control system and the high-power supply system should also be well
considered.

® The parameters of SRF system should have sufficient margins. Your system may be
used by the next generation of researchers. The margins will help them.

® This lecture dealt mostly with qualitative matters. The underlying equations and other
aspects are explained in detail in many textbooks. Please refer them.
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Thank you for your attention.
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