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Overview of SuperKEKB ’

« Searching for “new physics” beyond the Standard Model
e e-/e+ asymmetric energy ring collider for B-meson physics

e Circumference of 3 km SC-RF Belle |l
« Target Peak Luminosity (HER) e
8 x 103 /cm?2/s = 800 /nb/s PositroLn/ \J > ey
40 times of KEKB achieved P NS
Elect
»>Nano-beam scheme with colliding beams of \ eetron Iy
10pum x 40nm ‘ NC-RF
»>Increase of Beam Intensity _‘ (HE_R LER)
« (achieved) 1.14 A for HER, 1.46 A for LER NC- RF !
Peak luminosity of 4.65x103% /cm?/s was (LER) )
recorded in June 2022. Injector LINAC
Particle positron electron
Energy 4 GeV 7 GeV
Beam Current (design) 3.6 A 2.6 A Positron

Damping Ring
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Operation History of SuperKEKB ’
Physics Run started in 2019. | | | 2022ab| A hieved Beam Current Y. Ohnishi
% 1000 1145 mA glectron (HER)
E C
=
1500 _

< b 1460 mA positron (LER)
T:I 1000:.....5.......
g 500

5p Peak Luminosity
" =4 4.65 x 1034 cm-2s-1
97 | (4.71 x 1034 cm-2s°1)
- E . ‘j (Belle Il HV off)

OE | = I 1
—~ 400 delivzresi S N N SO SRS SR N N s / 491 fb1
'a recorde i
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f ? I: KEKB
Re-use with reinforcements to handle twice high beam current and large beam power
Ring HER LER HER LER HER LER :%ﬁ;:
Energy [GeV] 8.0 3.5 7.0 4.0 7.0 4.0 € m—pp <4 e+
Beam Current [A] 1.4 2 2.6 3.6 1.14 1.46
Number of Bunches 1585 1585 2500 2500 2346 2346 =
Bunch Length [mm] 6-7 6-7 5 6 ~6 ~6 30 RF stations -
Total Beam Power [MW] ~5.0 ~3.5 8.0 8.3 ~3.1 ~3.2 HER (7GeV) LER (4GeV) -
Total RF Voltage [MV] 15.0 8.0 15.8 9.4 14.2 9.12 8 x ARES 22 x ARES S
ARES SCC ARES ARES SCC ARES ARES SEE ARES 8 x SCC :]—4
Number of Cavities 10 2 8 20 8 8 8 14 4 4 8 12 10
Klystron : Cavity 1:2 11 1:1 1:2 1:1 1:1 1:2 11 1:2 11 1:1 1:2 1:1 [ —
RF Voltage [MV/Cav.] 0.5 1.5 05 05 15 0.5 0.45 1.35 0.45 V KLvSTRON b
Beam Power [kW/Cav.] 200 550 400 200 600 400 200 600 130 170 260 190 230 | >—'.'
SCC
Upgrade items
& |Increasing the number of RF stations where one klystron drives one ARES
(Normal Conducting Cavity), called 1:1 station.
& ARES (Normal Conducting Cavity) HHE
« Changing Input Coupling gfrom 3 (1:2) to 5 (1:1). 'I'“'I”I'
& SCC (Superconducting Cavity)
e Installation of additional HOM damper R t ti tat (2022 b. 4 th )
& HPRF esent operation status ap, 4amonins
« Replacement of Klystrons with higher gain and more stable ones # of Beam Aborts caused by RF system : 72
& LLRF : 0.6 aborts/day
« Replacing with new digital LLRF a part of ARES 1:1 stations (Total # of beam aborts : >1300)

 Development of new CBI damper
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.~ Accelerating
Cavity (AC)

KekB
~ -
A :{ - S : Accelerator Resonantly coupled to Energy Storage
. . . o T. Abe
Unique cavity specialized for KEKB
Parameters
Puom = 3.3 KW /HWG
ﬂ ¢/ Tested up to 5 kW at test stand D1-C.
e Freq. 509 MHz
TEo13 o q
En HOM Waveguide (HWG) : Ren/ Qo 150
Stora(gseC():avity : T;héosgrfetr)su';l)ztr- T—T\?V‘gd 00 ~1.1x10°
Input Coupler ut
' ' Coupling P4 VTegt’:)cTL:potlgif(ZV\I’(\llfl;::o[;lf-C. I/C (spec.) O'5MV/CaV'
Input Cfuépling Factor Cavity (CC)
a(,ﬁ el ‘) # J pl‘i Grooved Beam Pipe (GBP): B ~ t q o A : ; / Pwall Loy
- Eight SiC Tiles per Groove. i : A = . , e ’ - E : (60kW in AC, 90kW in SC)

Equivalent mechanical model

Parasitic (0 &17) Afac = -280 kHz
Pewp = 21 kW

Input coupler
Mode Damper
to 40-kW dummy load
v/ Tested up to 24 kW at D5-C

AW d i s e e o . A
o b =t 4 e _x o) o ! B -
\ | =73 Bt J ‘*, N\ “OxPFR
¢/ Tested up to 800 kW at the test stand D1-A, | 5555 o : i |

Pinput = 800 kW (max.)
and up to 770 kW with beam at D5-C. C damper

—fpwau =150 kW (V. = 0.5 MV), Pbeam = 550 kW, Ppmp= 21 kW cc
BmThree-cavity system is stabilized with ©/2 mode operation M2 — —:
»SC has large stored energy : Us./Uye =9 - -
» Optimum detuning of f , is reduced as Afy/, = Afac/(1+ Use/Uge)

> CBls driven by the accelerating mode is suppressed.

—
-
—

mCavity trip rate = 0.5/cavity/4 months
(during 2022ab operation) for the 30 ARES cavities
> No significant change since the KEKB era.

» Parasitic 0 and ® modes can be damped selectively out of CC by an > Very stable for beam operation so far

antenna-type damper.
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Upgrades of the high-power input coupler for SuperKEKB

For the higher RF power (400 - 800kW max.) and higher beam currents (< 2A 2 3.6A max.) T. Abe

Fine grooving of the coaxial line Increased input g:oupli_ng (Bmax = 326, Bset = D)
to completely suppress multipactoring needed for the stations with the Kly:Cav=1:1

T. Abe. et al.. Phys. Rev. Accel. Beams 13. 102001 (2010) configuration to accelerate beams with the design
current of LER

-

Used for KEKB With an increased input coupling
Monitor port for — for SuperKEKB
L The 14 input couplers used for SuperKEKB beam
DY operation have:
. N > the fine-groove structure with no multipactoring
0 observed so far
J @ > the increased coupling
g2 L ) e = No trouble so far

. Monitor port for
Capacitive iris arc detection

Sept.14 2022 cer 7 NN Frascati, M.Nishiwaki, SuperKEKB RF system



https://journals.aps.org/prab/abstract/10.1103/PhysRevSTAB.13.102001

Super

KekB

S C C SuperKEKB-SCC Design Parameters

||| |

) ) _ Number of Cavities 8
® 509 MHz Nb Single-cell HOM-damped Cavity, 4.4 K Operation Max. Beam Current [A] py=
® 8 SCC Modules in HER (electron ring) RF Voltage [MV/cav.] 15
® Re-use of SRF system of KEKB External Q SE+4
® Sharing the beam power and accelerating voltage with ARESs Unloaded Q at 2MV 1E+9

by giving phase-offset Beam Loading [kW/cav.] 400
® Main Issues in SuperKEKB for SCC | HOM Loading [kW/cav] 37

> Large HOM power is expected due to twice high |
beam current and shorter bunch length.

€ Additional SiC HOM damper
» Degradation of RF performance of Qo.
& Horizontal High-Pressure Rinse

Resent Operation Status (Trip rate)
« Very stable beam operation
- Trip rate : 1.1/cavity/4 months(2022ab)
(except due to LLRF and High-power system)
« By discharging in cavity or input coupler and trouble of
peripheral devices (chillers, tuners and so on)

Sept.14 2022 eeFACT2022 INFN Frascati, M.Nishi
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SCC Module of SuperKEKB )

509 MHz Nb Single-cell Cavity
4.4 K Operation

Sept.14 2022



|SCC : Measure against large HOM | ())rs=
Fxisting HOM dampers from KEKB operation

« HOMs can propagate toward beam pipes due to large aperture size.

* A Pair of Ferrite HOM dampers for each SC module
»SBP damper : $220 x t4 x L120

»LBP damper : $300 x t4 x L150
>Max. absorbed power in KEKB : 16 kW/cavity (1.4A, c=6mm, 10nC/bunch)

Doorknob

Input coupler e _— ﬁ;rite HOM DEiI"T]pGI’ .
SBP e [ | BP . IStainless Steel Flange
HOM damper ] /" HOM damper Copper S
Gate valve o\ =0/ Gate valve Pipe for
\\\[j \ ﬂéj q/ j]// Cooling
\ f L 3
e- L, . f’\/i iy £ 4 - :
BA:E E e \J =k ; [""ﬂ
O AL ) T O
ﬁﬁ( S - ":éan f.Cl"l :
| — S —
SBP side LBP side |

Twice High Current and Shorter Bunch Length

: - Hlﬁ’ped Ferrite
) Further measures of HOM power is required. [___
: . Sut KB RF system

(thickness: 4mm)

Sept.14 2022



SCC : Measure against |arge HOM M.Nishiwaki, et al., Proc. of SKF2015, THPB071 Super
KeEKB
Eq.LF | HOM Load
[v/pCl | @2.6A[KW]

Fstimation of HOI\/I Povver Flow

Wake field simulation using CST Particle Studio (3)

Eq.LF | HOM Load
[V/pC] | @2.6A[KW]

e_

) Emit into upstream 0.05 1.3 0.05 1.4
SBP Ferrite (2) Emit into downstream 058 (_15.7 ) e
Larip g (3) Abs. by SBP Ferrite 0.3 8.6 0.35 9.5
4) Abs. by LBP Ferri 0.43 11.7 0.47 12.
LBP Ferrite Damper @) hlos- by errite 8
Total 1.38 37.4 1.02 27.7
) Additi 1 SICD (5) Abs. by additional SiC - - 0.97 26.1
Ition | mper :
L ampe > Loads of SBP(3) and LBP(4) ferrite dampers are not large.
Input coupler Doorknob > Large HOM power is emitted through the downstream
SHgl\lz)damper h T; ; ||q(|)3MPdamper beam plpe(Z)
catovahe [ \ , Gate valve > The emitted power becomes the load of the downstream
un/ v cavity.
ﬁ:ﬁ il fe= g - » Additional SiC damper(5) can absorb enough emission
SR . R 1 power. The emission power is reduced to one-third.
S —— pdditional  » SiC damper can be installed without vacuum breaking of
W donehin e npump  SIC Damper the cavity.

Sept.142022  eeFACT2022 INFN Frascati, M.Nishiwaki, SuperKEKB RF system




|SCC : Measure against large HOM | Super
Results of Beam Test with SiC Damper

Layout Of S SCCS and SIC dampers Absorbed power by a pair of Ferrite dampers in D11 cavities
- normalized by the power in D11A @0 without SiC
O O o < < o O O << |
O O o o — = o ~ i 1 & with SiC
e- D 0 0D o o o0 P ~ C A 4
I 3,-%8 ! ® S . v _
- o N | : . i
i J |[ | ~60m L 358 o5 >10% reduction !
385 | by SiC damper
559 % |
o = @ % e i SiC Damper ;
=SCC Module 558 “fgé 04 | Instatted 1 | Absorbed HOM
D o e T S ool 1 | power at 1.1A
et =GiC Zo : _ 1 | (max. current)
° Oy e e |~ 8 KW/ cavity
R — Cavity

Two set of SiC dampers have been installed to SCC section for beam
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 SCC
modules.
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SCC : Cavity Performance Recovery @i
KekB

Degradation of Cavity Performance

RF performance of SCCs are degraded in the long-term operation.
> Qg of several cavities were significantly degraded at ~2MV with Field Emission (FE).

» Degradation might be due to particle contamination during
* repair of vacuum leak.

* replacement of input coupler gaskets to change Q..

> Degradation increases a load on the refrigerator and makes beam operation difficult.

3100 history of @_060308 ) history of @_060308
B ] R ey RE==E R s T S Ty R EERT 310
i : : slow gooldown ] ' : : i !  slow cooldown * " |
2510° ... 5 i i : i 0510 Fi , D11C(Ieaktrouhle) _'—"'PL
[ —8—LaooeMy | ch gasket.(mummn B,C,D) ' NN R AR R - gasket (D10D;D114,8,C,0)
> 210° B | T8 (Caoemn Lzl D10A leaked 8. ixel o1 I : HER=1A 5 Dm“ leake}t & fixed
s - —&— LD-00ZMV) ' : ; ] % g 5 T ERE o e oo
N r " i : 1 1 ¢ : g f :
s 1510°L . . e I:PL.gaskel(D.mn,B,Q..../ ..... 3 N B v : : _ ;
ks g 5 ; = 1 ) SN AxWon S : ! L
P B = F : ‘ z 5 E
C 1107 | G 110 r H C W - . ISR I
s Fi L] —e— RA-QO(2MY) 1 :
5107 ¢ 5 10¢ E| —=— RB-QO(ZMY) : i : :
i . . ! ' e RC-QO(MY | s e e —
U: . ' ||.| IIIII i :§+RDQU(2M\/) g H : i : T. Furuya
[ S s s s s 1 i
o O S 2002D ;.?.UES 200: SRR =Tl 1899 2000 2001 2002 2003 2004 2005 2006
T T offset (5 -->8) alls offset (5 -->8)
L=1E+34
D11B (Vc test) L=1E+34

D11B (Vc test)

Performance recovery is desirable for stable long-term operation of SuperKEKB.
Sept.14 2022 eeFACT2022 INFN Frascati, M.Nishiwaki, SuperKEKB RF system




m Y.Morita, et al., Proc. of SRF2015, MOPBI1 5@;‘5
Horizontal High-Pressure Rinse (HHPR) system

® New High-Pressure Rinse (HPR) with ultrapure water system was developed.

® We can apply HPR to the cavity in the cryomodule.

® The system is equipped with automatic nozzle driving system in horizontal and rotational.

® Input coupler and both end groups, including ferrite HOM damper, taper chamber, bellows chamber,

ion pump, vacuum gauges and GV, are removed before HHPR in a clean booth.

® \Water in the cell is pumped up by aspiration system during rinsing.

® Only cell and iris area are rinsed.
i_ _In_pu_f :o;pTe: p_o;f_ o _C_I’gla r_n_oa_uTé:
o
| n

- '
Drive system m ! = )
R —— : @ Nozzle Water Pressure 7 MPa
I — 1 K4
- 3 Nozzle $0.54mm x 6
: PicKup port °
High pressure pump U Driving speed 1 mm/sec.
Cavity Rotation speed 6 deg./sec.
Aspirator Rinsing time 15 min.
0 0 Filter
VR From ultrapure water system

Sept.14 2022 eeFACT2022 INFN Frascati, M.Nishiwaki, SuperKEKB RF system



m Y.Morita, et al., Proc. of SRF2015, MOPB11 5@&3}\
Performance Recovery by HHPR "

® We have already applied HHPR to three cryomodules degraded by strong FE.
® HHPRed modules were tested with high power at 4K.
® Before cooling, baking were not performed.

® Cavity performances were successfully recovered.
® All three cavities have been installed and operated stably in SuperKEKB.

1010 : : 1010 : i ] 010 :
After Aging | after HHPR ; § after HHPR
after HHPR S EE | 20140227 | | 20180125 e
8 10° | T ® o | 8 10° | . ‘ | 8 10° | hd
: = Before ] f f :
Degraded Degradation : Desraded : [ Degraded m
20110310 200pHs | oro0eo] | | 20160616
108 CA-B0O3 108 CA-B04 108 CA-B02 ]
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 25
Ve [MV] Ve [MV] Ve [MV]

We are planning to perform the HHPR in the accelerator tunnel. There are many difficulties such as
maintaining cleanliness, working in narrow spaces, and supplying ultrapure water. However, it has the great
advantage that no extensive work is required to move the cavity out of the tunnel. We will continue R&D.
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High Beam Current-related issues in RF system

® |[n RF system of SuperKEKB, some systems to cope with instabilities due to large
beam current are working well.

® Coupled Bunch Instability (CBI) due to HOM
»>ARES and SCC are designed as HOM-damped structure with HOM absorbers.

»>Additionally, a bunch-by-bunch feedback system is effective.

® Coupled Bunch Instability (CBI) due to accelerating mode
o =-1,-2and -3 modes
»>New CBIl damper system
® Zero-mode related to Robinson stability
»Direct RF feedback (DRFB)
»Zero-mode damper (ZMD)

® Bunch Gap Transient
»>Propose the measures to mitigate the phase difference

Sept.14 2022 eeFACT2022 INFN Frascati, M.Nishiwaki, SuperKEKB RF system



CBI damper K. Hirosawa et al., Nucl. Instrum. Methods. Phys. Res. A 951, 163044, 2019. Super
KEKB

-stimation of the growth rates of CBI ™

LER HER
Normal operation (Solid) / A cavity parked (Dashed) Normal operation (Solid) / A cavity parked (Dashed)
1000 u = -1 mode e - m s ' ' e 1000 u = -1 mode ~/---. Design Beam Current _~
"= Design Beam Current u = -2 mode [ = .
W= u = -3 mode [ === '
k= E:'g mggg ; s Dashed line:
100 | g 100 } rad. damp. rate ) : On_e_SCC parked
. "/ =1 .. - —
- - |

- p=-37
. Afscc ~ -44 kHz @ 2.6A

Growth Rate [s"']
o

Growth Rate [s"]
S

1} 1)
LER (22 x ARES) | : 'HER (8 x ARES + 8 x SCC) |
L 1 : ’ \ll
0.1 kL N — 0.1 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 CBIl damper system has been developed and installed.
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CBI damper K. Hirosawa et al., Nucl. Instrum. Methods. Phys. Res. A 951, 163044, 2019. Super

KeKB
.. Beam
The damper system is installed - VeLOOR e .
to ARES station with digital e oo ol FB loop test result of the CBI
LLRF system RF Source  , ; | mode filter for a simulant cavity
O o5 [P > camy e >
fry=508.9 MHz - oo + i 4l —-1/4\ Q=9000
! SW ’H:' Drect RTTE boop i ° =3 - (Simulated cavity)
Beam ' ™l u=-2
Gain Ad Pickup Sig, I:' .15
ain Adj. CBI Mode FiIterI( S, \/
The damper system can correspond 'v Coo. Ve
— : Phase Adj. @
tou=-1,-2and -3 modes in parallel. u,
IlQ-Demod. lowpass | Digital | IQ-Mode. | 0 Loop gain =35 dB
Down Conv, filter BFF Up Conv. : _
: %@_\_{_gun}_ IJ=.1 I—% : asl ) . I1l=-l.--.-.?darn|'r|ng :
. o R o 508.2 5084 508.6 5088 508.9
b | S 000 A -90°] |-90°| fyy | Frequency [MHZ]
ﬂri O @E‘;_uﬂ ™) Frequencies correspond p =-1, -2 and
g _A_ -3 modes are racked successfully.
| L [p=3]]: - :
2\ alile The new CBI damper system is working

in SuperKEKB LER and HER.

eeFACT2022 INFN Frascati, M.Nishiwaki, SuperKEKB RF system



CBI damper K. Hirosawa et al., Nucl. Instrum. Methods. Phys. Res. A 951, 163044, 2019. Super

-xample of CBl damper operation

without CBI damper Fof 2oy W S 2 et

u = -2 mode excitation
10 khz fre=2fo  fri-2fa+ fs

o

=-2 mode was excited purposely
by large detuning SCC.

__: WWN il b ulm WMW.\ m

10 kHz (@p= 2)

[0 508875641 MHz »  — 198804 kHz  »

10 kHz fed2to _
i Peak disappeared by CBIl damper.

with CBIl damper ‘
800 ' fes - 2f0 + Ts

| ' Up to 1.46 A for LER and 1.14 A for HER,
il (s CBl is not a problem with this damper systems.
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DRFB and ZMD K.Akai et al., Proc. of PAS/2022 P320. Super
KEKB
3

/ero-mode stability related to Robinson stability

-+ In high current operation, synchrotron frequency reduction is expected due to coherent oscillation (zero-mode).
- To mitigate the beam-loading effect, Direct RF feedback (DRFB) and Zero-mode damper (ZMD) are working.

Calculated coherent oscillation : . Calculated and measured coherent
frequencies with simplified one SCC for Block diagram of LLRF with DRFB and oscillation frequencies in actual HER (ARES
various Q, (without FB for instabilities) | ZMD (Focused on SCC station in HER) + SCC) with DRFB Off, -6.0dB and -4.5dB

— F. ‘ ‘ ‘ ‘ [ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ " “ reference line HER RF - DRFB OFF
:lx’\:‘ 25’ H ER ’ i Dlll(SCC) IZero—Mode Damper |<—IB| w 30 [ ' n o n : SCIC (-Gd.B)'AlRIFS (nﬂ')‘
P [ ] beam pick up P [ . . ( .\ A .‘u 6 B
520 | | iyson | = b LSS A
S i O1~4x10¢ ] ,—lvgr ] P Ver — — 2.6 FosEtm [J DRFB OFF
> 1.5 , ] | var. att | O | i " cavity > L [, Ei'--..:::.u,:::__ O DRFB -6.0dB
S r Q1~5x10 Vs irnnenuopsfmuy,f pr c 24 | %'. jeri [] DRFB -45dB
E1.0 Q1~6x10* FB cont e v o : s pn PR
S e =] = RO -2 S g 4.0dB
5 0% OL~Tx104 [det] u,, 2204 e E ...:__%I:_;--:Ej' .......
fé 00" ] T b4 (ARES) ¢ c 18 f DRFB Off [] "'-':E;':::::T'E:

S S S S S o O T e L
& 00 05 10 15 20 25 30 ||/;p5 darc | Direet rE FB S 16 Oy -6.0dB ™.

-+ >p7 LERRF: 57 o S
Beam Current [A] > pg (I ARES) | < 14t Calculated ......

Synchrotron frequ_ency reduction depends Effective impedance of cavity and beam S >
on Q.. But, changing Q of SCC should be || * = = = L DREB. ZMD is tuned > 12 0O Measured (Beam Study)
avoided due to the need for vacuum work its hagse to suppress )’Ehe Coh'erent oscillation Lo - i ‘ i
and the risk of surface contamination. P PP : 0 200 400 600 800 1000

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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Bunch Gap Transient [.Kobayashi and K.Akai, Phys. Rev. Accel. Beams 19, 062001, 2016. Super
KEKB

Calculation and measurement of Bunch Gap Transient

« The bunch gap modulates the amplitude and phase of the accelerating cavity field.

 The longitudinal synchronous position is shifted bunch-by-bunch along the train. It is
meaning that the collision point of each bunch is shifted.

« Although this effect has not yet become a major problem, it will be a loss of luminosity.

. Storage Cavity
Calculation and measurement of phase (m

change in ARES A-cavity (LER, 1A, 2gaps) 0., o, °°“7g:g$;""v Acoelerating Cavity
A-cav
Af ~ —102[kHz](including — 5°offset) input Coupler S e
1.0 ; : = yBeamAxis
Phase be ~ 74.1° — Phase modulation
o5 along train
E‘b ; ; k. 2
=, 0.0 ' Uomr il U
2 for simulation ademe
= -05 R R\ (Ugo U, =k k? for /2 mode 0 mode — — —
n?; V| =1,Q, <6)a = 1,04 (6)( (;at) Zf,,,ziAﬁ,/(HUS/IZ)Z ? wimde — - —
O -1.0 - . . . T .
< :g;a;;;;i@w\ » The rapid phase change is attributed to the parasitic 0 and pi mode
15 i | of ARES.
20 < Revolution Period ] > The feed-forward control cannot be available in our RF system

-2 O 2 4 6 8
Time [us]
Rapid phase change

at bunch gap

for the measures to reduce the phase modulation due to the gap
transient, because the klystron performance (bandwidth ~100kHz,
output power) is not enough to cancel the rapid phase modulation.
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Super

Bunch Gap Transient [.Kobayashi and K.Akai, Phys. Rev. Accel. Beams 19, 062001, 2016.
KEKB

Estimation of phase difference between LER and HER (A¢yzr — AD; 25

Calculation at design beam currents with 1 gap

Smaller phase difference Simulation study to mitigate the phase difference
— Smaller loss of luminosity « Change filling pattern at leading part of LER (with step)
6.0 = Revolution Period - R o Gap delay for HER 60 fé“on}l‘jgcolhsggs Colhswn ——
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Summary

® SuperKEKB is steadily increasing the beam current and continues to update own
luminosity record.

® RF system of SuperKEKB is operating stably at large beam currents of 1.14 A for HER
and 1.46 A for LER.

® ARES and SCC systems work stably with low trip rates.

® |t is confirmed that additional SiC HOM dampers for SCC reduce HOM load of ferrite
dampers of downstream cavities. In the future, SiC dampers will be installed to
downstream of all cavities.

® To control instabilities, such as CBl and coherent oscillation due to large beam current,
CBIl damper, DRFB and ZMD are working well.

® Mitigation method of the beam phase difference between LER and HER due to bunch
gap transient effect is proposed: the relative phase change at |IP can be reduced by
optimization of the gap delay and bunch fill pattern.
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Thank you for your attention!
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Ve-Transient in 2021 operation

Working Status of RF System Beam Loading (Op. Conditions)

Py = I, Vc.cosgs

B File Edit Window 2021-12-17 11:23:54 Help ~ - Pkly Pr PC
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Ve-Transient with Two Bunch Gap in HE

HER SCC Vc (only simulation)
1% f~ —14‘.4[kHz] (inclgding — 8°offset)

HER ARES (D04F)
Af ~1;74.5[kH?] (including — 5‘°offset)

Beam Curren : 800mA
Vector Sum of SCC & ARES

Phase ¢s ~ 69.3° . Vs TheGa ¢bs ~ §1.3° from simulation data
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Plot shows the effective phase including Vc-change for beam phase.
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Ve-Transient in LER & Comparison with HER

LER ARES (D05A) ‘Beam Current 1A Superposition Plot of LER & HER (Vector-Sum)
Af ~ —102[kHz](including — 5°offset) for the Simulation Data
1.0 | : . , . e
Phase 4.1° Assuming that all ARES’s are operated with the same condition in LER
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Storage Cavmq >

(S-cav)

Coupling Cavity
Qs 3 ws (C-cav)

Accelerating Cavity
k (A-cav)

Input Coupler P

(0 & tmode)
to damper

rf Power

Us/Us = ka*/ks*> for /2 mode

M2 =M/ (1+ UJUY 0 mode —» oh .
/2 mode — . «—
T mode

« Unique cavity specialized for KEKB
« Consist of a three-cavity system operated in the

n/2 mode
« Accelerating (A-) cavity is coupled to a storage
(S-) cavity via a coupling (C-) cavity.
The A-cavity is structured to damp HOM.
« The C-cavity is equipped with a damper to damp
parasitic 0- and m-modes.

ARES in SuperKEKB Tunnel
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Key features of the ARES scheme based on the m/2 -
mode resonant coupling are summarized as follows.

Uy/Ua = ka?/ks* for m/2 mode

» The stored energy ratio for the m/2 mode is given by U.
U,/U, = k%/k?, where U, is the stored energy in the
A-cavity and Us is the energy in the S-cavity, k, is damper
the coupling factor between the A- and C-cavities
and kg the coupling factor between the S- and C-
cavities.

Ua Afan = Afa/ (1 + UyUs)

0 mode o e o
/2 mode —> . -
ntmode — <«— —

 The /2 mode shows extraordinary field stability, which assures that the stored energy ratio
U,/U, can be kept almost constant in the presence of detuning by Af, for the A-cavity loaded
with beam. Therefore, the detuning of the /2 mode will be reduced as Af;,, = Afy /(1 + Us/U,).

(In ARES, Us/U, =9, then Af,,, = Af, /10 ~30kHz.)
e The parasitic 0 and m modes can be selectively damped by equipping the C-cavity with a damper.

» Moreover, the damped 0 and m modes are nearly symmetrically located with respect to the RF
frequency. Therefore, the impedance contributions from these two modes to CBls cancel each
other out to some extent.
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Coupling impedance of the m/2 mode calculated for
the SuperKEKB compared with that for the KEKB

Afgz = Afa/ (14Us/Ua)

KEKB LER
20 x ARES (0.4 MV, =3)

Afpe =-17 kHz for 1.8 A

SuperKeKB LER
22 x ARES (0.48MV, B =15)
Afpz = -28 kHz for 3.6 A

Re(Z)) / Cavity [Q]

-3 -2 -1 0 1 2 3
(f—frf)/frev

> The amount of frequency detuning Af, ,, =
Af,/(1 +Ug/U,) for the m/2 mode increases from
17 kHz to 28 kHz, however, still being kept below
1/3 of the beam revolution frequency of 99.4 kHz.

> The impedance spectrum becomes broad since
the coupling factor g being increased from 3 to 5.
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Coupling impedance (top) of the 0 and « The 0 and r modes are located nearly mirror-symmetrically with
modes, and the imbalance (bottom) with respect to the /2 mode to be tuned into the vicinity of the RF

respect to the RF frequency frequency. Therefore, the impedance contributions from the damped
5000

S 0- and r-mode resonances to CBIl can be counterbalanced between
-*% o excitation and damping.
O 20007 However, detuning of the accelerating cavity by Af, affects the
N 2000 field distributions of the 0 and = modes in the first order. The
¢ 1000- impedance imbalance (the difference between the original

- = - i o  Waveform and its mirror image obtained by horizontal reverse with
g 10  SuperkeKBLER36A respect to the RF frequency) is also shown, where excitation is
Z 50 | fgennee cadles) - positive and damping is negative, and the fastest growth time is
§ ’ indicated for each case. As for the KEKB LER, the fastest growth
» KEKBILER 1.6 A time is estimated 70 ms at a beam current of 1.8 A, much slower
1500 (20 ARES Cavities) than the radiation damping time of 21 ms. As for the SuperKEKB
x 7 =70 ms for Afa = -170 kHz

10004 | 1 . . LER with the design beam current of 3.6 A, the fastest growth time

-100 -50

%0 ™ is estimated 21 ms for a CBI mode number around -40, that is

about -4 MHz apart from the RF frequency. It is slightly faster than
the radiation damping time of 22 ms, however, slow enough for a
longitudinal bunch-by-bunch feedback system to cure.

0
(f-fn‘)/frev
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T.Abe, ALERT2014 Workshop

Appendix A (3/5)
Longitudinal CBI driven by the parasitic 0 and T modes
a 5000 7
E 4000 - \
(‘E’ 3000 1 / / \
= L W ks /1~ ka
S 2000 7
&J 1000 - C-damper
mode  SC CcC AC
0 T T T T 1 0 — --_.-- s—
100 50 0 50 100 : :
cl. 10007 - SuperKeKB LER 3.6 A 2 — e s—
> w00 (22 ARES Cavities) e wu  (hoa B s
= r =21 ms for Afa = -280 kHZ (m—
O -
~ 0 4= 4 ‘/______;.'.
L KEKB LER 1.8 A
| 500 ] (20 ARES Cavities)
o r =70 ms for Afa = -170 kHz
~ -1000 + T T T 1
-100 -50 0 50 100
( f-fis ) [ frev

To be cured by the longitudinal
bunch-by-bunch feedback system

Figure 7.10: Coupling impedance (top) of the 0 and m modes. and the imbalance (bottom) with
respect to the RF frequency.
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. . ) ) Appendix A (4/5)
Longitudinal HOM Impedance (Simulation Results) and
CBI Threshold at SuperKEKB/LER
Both impedances from

a 1000 wakepotentials in time-domain
; GdfidL (s, ,=520m) | < With the full structure (including SC)
‘S 800 CST-PS (s,...=190m) < Only AC + half CC (without SC)
6 ! Tuner Port
~— =
- f 7=13ms for SuperKEKB/LER / 22 ARES cavities \ l- 7 Sl
NQ 600 with 3.6 A beam current T
K1 / o o T BEAIA "1 o
a7 " | §

400/ ‘ o

v'<21.6 ms (Longitudinal rad. damping time of LER)
| ‘, , v'Fastest longitudinal CBI source
0 .u..lmmmill Hm . b M A ™ v'To be cured by the longitudinal bunch-by-bunch
0 0.5 1 1.5 2 2.5 3 feedback system

Frequency [GHz]
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