SuperKEKB RF Accelerating Cavity System

(Improvements during LS1, etc.)




RF Accelerating Cavity System for the SuperKEKB Rings (MR & DR)

Present RF Cavity Layout
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ARES 1:1 station
(one klystron drives one ARES cavity)

ARES 1:2 station
(one klystron drives two ARES cavities)

RF Cavities for SuperKEKB (2024-03-26)

¥ KLYSTRON >—— DO5
s
| sce i

Ring HER LER LER
Energy [GeV] 8.0 35 7.0 4.0 7.0 4.0
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
Total Beam Power [MW] ~5.0 ~3.5 8.0 8.3 ~3.1 ~3.2
Total RF Voltage [MV] 15.0 8.0 15.8 9.4 14.2 9.12
ARES SCC ARES ARES SCC ARES ARES SCC ARES
Number of Cavities 10 2 8 20 8 8 8 14 4 4 8 12 10
Klystron : Cavity 1:2 1:1 11 1:2 1:1 1:1 1:2 1:1 1:2 1:1 1:1 1:2 1:1
RF Voltage [MV/Cav.] 0.5 15 0.5 0.5 15 0.5 0.45 1.35 0.45
Beam Power [kW/Cav.] 200 550 400 200 600 400 200 600 \13[! 170 260 190 230 )
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Super-Conducting Cavities (SCCs)

Superconducting Damped Cavity for KEKB
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RF Cavities for SuperKEKB (2024-03-26)

HMSingle-cell single-mode 508.9 MHz cavity
» All the HOMs are extracted to the beam ducts.
BHOM dampers with:
» Ferrite (used since KEKB)
* 4mme-thick Ferrite (IB-004) bonded on the inner
surface of a copper duct by HIPping
* Ferrite Length: 120mm (150mm) for 220 (300) mm
diameter damper as “SBP” (“LBP”)
* Power-handling capability demonstrated: 11.7
(14.8) kW for 220 (300) mm diameter damper
» SiC (new)
* Added for higher HER beam currents at SuperKEKB

Ferrite damper
o ‘Stalnless Steel Flange*E y# a

t= :
Copper Pipe ‘
for Coollng\ﬁ;! ‘ // ; ."“:‘:. - '

. SCCModuIe =
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Improvement for SCC M. Nishiwaki

B The HER beam current is limited by the cooling capability of the chillers for
the HOM dampers (Ferrite & SiC) installed near the SCC modules.

B During LS1, the chillers have been replaced by new ones with a larger cooling
capacity.

— Allowable HER beam current due to the RF system: 1.7 =» 2.0 A

B For higher HER beam currents than 2.0 A, we need to further upgrade the
cooling capability and to add more SiC dampers.
® During LS2?

RF Cavities for SuperKEKB (2024-03-26) Tetsuo -ABE (KEK/ACCL)



Normal-Conducting Cavities

Two cavities used for DR beam operation

30 ARES cavities used for MR beam operation
ARES Cavity System

Prom = 3.3 kW /HWG

L , 74 mSingle-cell damped cavity
<~ dg gy HFrequency: 508.9 MHz
WR,/Q,= 150 O

¢/ Tested up to 5 kW at test stand D1-C. .QO - ~3X104
A BV_=0.8 MV/cav (spec.)
HOM Waveguide (HWG) : » P, = 140kW
Two SiC bullet-shaped
Storage Cavity absorbers per HWG. e —
(SC) it
apotEctplsy Puom = 0.93 KW /Groove '
y Coupling 7  Tested up to 1.2 kW at D1-C.
Input Coupling Factor Cavity (CC)
B =6 (max.)
& ‘ G d Beam Pipe (GBP):
ﬁv ‘ E{;ﬁ: giC ‘I?\ﬁzr: plIzFr]eG(ruove).
Accelerating
Cavity (AC) [} _ . e .
S A s e Three-cavity §ystem stabilized with the /2
Mode Damper mode operation
Pemp = 21 kW
to 40-kW dummy load. BMFrequency: 508.9 MHz (/2 mode)
+/ Tested up to 24 kW at D5-C. .
WStored-energy ratio: Us/U,.= 9
leh/ Q,=15Q
Pinput = 800 kW (max.) —~ 5
+/ Tested up to 2;0‘0 kW at thert‘;as): stand D1-A, .QO =~1.1x10
and up to 770 kW with beam at D5-C. WY, =0.5 MV/cav (spec.)
Puan = 150 kW (Ve = 0.5 MV), Poeam = 550 kW, Peup= 21 kW >Pwa|| = 150kW (60kW in AC, 90kW in SC)
Equivalent mechanical model No.2 ) iy, X : No.1
(Upstream CAV) | o, . /! (Downstream CAV)

< In the DR tunnel

RF Cavities for SuperKEKB (2024-03-26) Tetsuo ABE (KEK/ACCL) 5



Improvements of the Normal-Conducting Cavity System during LS1

B 30 ARES cavities for the MR

® C-damper system (Attachment A)
» Replacement of water-cooling pumps by more powerful ones: ~25 = 40 L/min for > 20kW power capability / dummy load
— 3.6A LER beam current & 20 kW / dummy load in the C-damper system
» Replacement of support disks in the coaxial lines
— From cross-linked polyethylene (radiation-hard, but low heat resistance)
— To Teflon (high heat resistance)
® Replacement of high-power input couplers
» For four cavities: DO8-C,D,E#1,E#2
» Followed by successful high-power tests
® Cavity replacement in the D05-A station
» Due to un unusual cavity breakdown problem
» To be explained later in detail

B Two cavities for the DR

® Vacuum-sealing method between the cavity and duct changed
» O-ring replacement (Viton (rubber) - metal)
» To obtain much better vacuum in the DR / RF section
» Details follows...

RF Cavities for SuperKEKB (2024-03-26) Tetsuo-ABE (KEK/ACCL) 6
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(Extracted from the M. Tawada’s presentation in this ARC)
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The vacuum-pressure level in the DR /RF section was high.

® We used Turbo-Molecular Pumps (TMPs) in addition to sputter Jon Pumps (IPs) during beam
operation.

Downstream CAV
Upstream CAV

544 556 | - 544 | [~ 556 77 R A T

Turbo-Molecular Pump (TMP) sputter-lon Pump (IP)
(300L/s each) (400L/s each)

RF Cavities for SuperKEKB (2024-03-26)
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Cavity side Connected Beam-duct side

Downstream CAV

N 556 = saa 11 556 P

Contact fingers (Au-coated BeCu)
spot-welded innermost in the flange

Viton O-ring
(rubber)

v The vacuum is designed to be sealed with welding of the outermost bellows (like weld-ring gaskets)
v However, the welding is cost-ineffective (~100,000USD needed) and almost irreversible process.

v’ Before LS1, Viton O-rings (rubber) were used, which were not so radiation tolerant.

v' We decided to use metal O-rings to make the hardware all-metal!



Vacuum leak test at test bench

Custom-made HELICOFLEX gasket

v" Flange mockups used
v Heat cycles applied with ribbon heaters
v" No vacuum leak demonstrated

Test bench built by H. Sakai

~

. -~

The same flange as used in the DR / RF section

I T

RF Cavities for SuperKEKB (2024-03-26) h Tetsuo ABE (KEK/ACCL) h h i S e -10



Vacuum leak test using the prototype cavity (No.0)

| Vacg_eal applied

v Heat cycles with AT = 20°C applied using
ribbon heaters
v No vacuum leak demonstrated

1=

RF Cavities for SuperKEKB (2024-03-26) Tetsuo ABE (KEK/ACCL) 1l



O-ring replacement
in the DR/ RF section 2022-10-12

Downstream CAV

556 | - 544 | [~ 556 | T 544 | T 55 544

RF Cavities for SuperKEKB (2024-03-26) Tetsuo ABE (KEK/ACCL) 12



High-power test of the DR / RF cavities up to tot. V. =1.5 MV

> (Operational tot. V_ = 1.0 MV)

Vacuum pumping with CHEE #1110 _ . .
v" Two IPs (400L/s each) — CH3: BFDMCDREARELY QLT - EHE Eggmggﬁgggaﬁx
v" Two TMPs (300L/s each) ' ' ' '
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ofd | = O
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> a0 DY I N 5 & 3e-7 Pa

|:| : i i F i F F i PR B i P | -I
IIE 117 11/8 119 1110 1111 1112 1113

11/R2023
=» No vacuum leak during or after the high-power test
RF Cavities for SuperKEKB (2024-03-26) Tetsuo-ABE (KEK/ACCL) 13



DR / RF Vacuum improvement by the O-ring replacement during LS1

2022-01-25 (just before LS1)

» 5e-6 Pa
» RF / GVs closed
> tot. V,=1.0 MV

» Pumping with IPs + TMPs

Pe_avg [Pa]

Pw_av92 [Pa]

current & pressure

2023-11-24 (just after LS1)

» 5e-7 Pa
» RF/GVs closed
> tot. V= 1.0 MV

» Pumping with IPs + TMPs

CURRENT [mA]
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RF Cavities for SuperKEKB (2024-03-26)
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2024-02-05 (recent status)
m[ > 2e-7Pa
» RF/GVs closed
» tot. V_=1.0 MV
» Pumping with IPs only

IP: sputter-lon Pump (400L/s each)

GV: vacuum Gate Valve
TMP: Turbo-Molecular Pump (300L/s each)

~1e-7 Pa in the recent RF section using IPs only

Vacuum improvement in the DR / RF section
by two orders of magnitude

during DR beam operation

- Only IPs used for beam operation

14



However, periodic vacuum-pressure rises appeared

after the O-ring replacement

— CHE RFDMNC DRACCG CANVT

CH3: BRFDNCDRA DG Gz — CHI: RFDNCDRARLYQUT
; 35 -I L] L] L] | | I L] L] L] | | I L] L] L] | | | L] L] L] L] I L] L] L] | | |I L] L] 2
2e-5Pa> © I Jia0 2
S - s
.L_), b e O O et e el P Yl T Ot W e Y[t g e e I O e OO e P e =) - OO v i : :
<>t 3_— | | —1120 g
&) - i g
10 oA
| 1
2e-6Pa> O o &\ " "‘m ,J'l 'lll “'m ‘ l ‘ I .l 1 €
= J ) | 60
7 L ~
o i ’J 1 =
=) - 1n o
- 2 : *&. i :EEI :
= I Ji0
3e-7Pa> 32 o 15[ ) Zz
ks - 1o =
-I 'l 'l 'l 'l I 'l 'l 'l 'l I 'l 'l 'l [l 'l 'l 'l 'l I| l| 'l 'l [l I 'l 'l
le-7Pa~> lnimgs 12/6 12411 12/16 12/21 12/26
124142023

v" No impact on the DR beam operation (well below the interlock threshold)
v Appears even with no beam

v Under investigation

v" The dominant component of the gas in the pressure rises: m=2 (H,)

RF Cavities for SuperKEKB (2024-03-26) Tetsuo-ABE (KEK/ACCL) 15
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Unusual Breakdown Problem on the DO5-A Cavity

Unusual cavity breakdown

RF switch manually turned off Usual cavity breakdown seen only in the DO5-A cavity
DO4H_TNRCNT 20211102122101.817485 DOSE_TNRCNT 20210503070151.213812 DO5A TNRCNT 20210418040230.778355
S s
18000 — N A 100C 40000 : : — oV INA — 1000 180Fjg|d pickup (AC) AT 1000
® CAVINP — — CAVINP — — I CAVINP —— |
16000 rFie|d pickup (AC) I S SCAVA —— | goo 00007 SCAVA —— 1 a0 10000 . S CAVA —— | ggo
14000 $ SCAVP —— | 10 ps SCAVP —— 14000 Fraeee—a—7/" SCAVP — —
" Input RF & q CCAV A 30000 PR C_CAV A " InputRF P C CAV A
12000 = AP 600 CoAv.P 600 12000 CCAVP 600
I 10 us S CAV A 1 25000 | A CAV A 1 i A CAV A T
<_§ LR\ J— ACAVP — — s ACAVP —
10000 | 50T 1 Field pickup (AC) { - 1Field pickup (SC) T .
= 1 400 20000 } < Cdamper power | 400 { 400
8000 Field pickup (SC) 1 ~ 1 8000 |
6000 : 15000 1200 6000 200
I ) Field pickup (SC | I l
SRV Looo pickup (SC) T
4000 | S 4000 |
— ] 0 .
2000 t 5000 ¢ 2000 |
0 . : - : 200 0 - ' : i -200 0 : . : 200
-0.04 -0.02 0 0.02 0.04 0.04  -0.02 0 0.02  0.04 0 002  0.04
time [msec] time [msec] time [msec]
Tail in the RF-field decay Rapid drop of the RF field, .
. . C . Slow drop prior to
determined by the fill time (~10pus) which is explained

as “Fireball Breakdown” in AC the rapid drop of the RF field

(E.g. see the Attachment B)

The original paperd,

T. Abe, et al., "Direct Observation of Breakdown Trigger Seeds in a Normal-Conducting RF
Accelerating Cavity", Physical Review Accelerators and Beams 21, 122002, 2018.

RF Cavities for SuperKEKB (2024-03-26) Tetsuo ABE (KEK/ACCL) 17



https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.21.122002
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.21.122002

|dentification of the vacuum arc point in the DO5-A cavity
at the moment of the unusual breakdown

g L G S S [N 8 e 2

v" All the light emission at the same point
v Vacuum arc in the coupling cavity (CC)

Input couple

SC

Camera

ZRORE2 B 0 S/ A3 R0 A G A R R ] ZE05200 00020 N6 A6 2
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istory of the DO5-A unusual breakdowns @

H

v" Occurred even with no beam
v Getting worse and worse

Frequent
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=» Decided to replace the D05-A cavity (CC+AC)
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Visual inspection = Leakage of brazing filler found at the vacuum-arc point
on 2022-09-28

2021/10 /30 G B 2R 2 1
S%
Cameras = =fsl
23
J o 3,
o o
59
N\

v’ Leakage of brazing filler (BAu-11V)
v The vacuum-arc point is around here

M

\

S
W
S

h----l‘."

‘AR RAK

Mechanical connectionJ‘

RF Cavities for SuperKEKB (2024-03-26) Tetsuo-ABE (KEK/ACCL)
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Check of the RF contact in the connection between SC and CC using pressure-sensitive paper

2014-05-22 (just after the relocation: HER—> LER between KEKB and SuperKEKB)

B Perfect contact around the vacuum arc point
B Any contact failure was not a cause of the

N 0 unusual cavity breakdown of the DO5-A
2004 - g — .
| | cavity.

s Y
o0& (0 *
I "
1 & 2 26)
HE-A Pressure-sensitive paper

;__—-ﬁ_.)

RF Cavities for SuperKEKB (2024-03-26) Tetsuo ABE (KEK/ACCL) 21



Moving the spare cavity out of the FUJI stock area

2023-01-20

RF Cavities for SuperKEKB (2024-03-26) Tetsuo -ABE (KEK/ACCL)
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Moving the DO5-A cavity (

RF Cavities for SuperKEKB (2024-03-26)

AC+CC) out of the DO5 straight section

2023-01-25

Tetsuo ABE (KEK/ACCL)
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Moving the spare cavity into the DO5-A station in the DO5 straight section
S T gl S “Whca P

Alignment

Tiny clearance!

i
St
A

[}
T

Landing in the DO5-A

Tetsuo ABE (KEK/ACCL)



High-power test of the new DO5-A cavity up to 0.5 MV/cav

— CHZ: RFLNCDO5A CCG AN — CHI RFLNC:DOBA KLY QLT

4.-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.

38 e 300

34 | | | Al Ml
i i i i i | s 200

1.
150

78 100

2.b a1

N TN NN TN

2.4

o LY S o | S | L e ) | S e L P [}
12MgMgs ghp™  q2h phg™  qpf ghpm o qoh ghg™m o qph

4032023 444 4/ 4/h 417

Successfully finished
v"No vacuum leak
v"No vacuum arc

Vacuum pressure [CCG V]

[V1] 1omod 4y Indino uoaasApy
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The vacuum sealing made with a metal O-ring

Mechanical connectlon surface in the CC side
.

-

No welding bellow Ieft . B The vacuum is designed to be sealed at the connection
between SC and CC with outermost bellows welded.

B After the cavity replacement during LS1, no welding
bellow left due to:
® First welding during the KEKB era

® Second welding during the relocation (HER = LER) between KEKB
and SuperKEKB

l Metal O- rmg

\ b B From the test bench result, vacuum leak occurs if we
Bump for RF contact make a perfect contact at the bump for RF contact
between SC and CC.

® ARES cavity was not designed for using metal O-rings

Nose cone in CC
/ B Decided to make a gap of ¥0.7 mm at the bump for RF
contact

\/_\0 No RF contact here
‘ ® RF contact made through the metal O-ring

RF Cavities for SuperKEKB (2024-03-26) Tetsuo ABE (KEK/ACCL) 26




ARES three-cavity system

Accelerating ©/2 mode in the ARES cavity system for I, ;; =0
1 T T TMg,inAC

L v S e S
Ioes : : ! ; : : :
!

1.6e+07 1 I
1.4e+07 1
1.2e+07 1

1e+07 A

Be+06 1

be+06 1

4406 A

Electric Field [a.u.]

2e+06 -

0 i i i i : i i i
-1250 -1000 -750 -500 -250 ! 0 250 500 750 1000
X/ mm

Input coupler

Equivalent mechanical model

This node shifted toward X>0 for higher beam currents

=» Higher C-damper power
=» Higher RF field applied to the connection at X=0

Surface electric field during operation with 0.5 MV/cav and | ;=0
» At the connection (X=-130mm) : ~0.3 MV/m
» InAC:7.2 MV/m (max.)

(The surface field at the connection between SC and CC) « (square of the C-damper power)

RF Cavities for SuperKEKB (2024-03-26) Tetsuo ABE (KEK/ACCL) 27



DO5-A high-power test with a large tuning offset

2023-04-07

20 kW C-damper power corresponds to beam loading with LER 3.6 A

——— CH4: RFLNC:DO5AT STHNC:POSITION

- CH3: RFLMC:D0BATATMNCPOSITION | | —— CHZ: BELNC:DOSAKLYOUIT

CHE: RFLMNC:DOBATHRCNT LW _DLTA_F_TUMNE

Tuner position [V]

RFLNC:DO05A:1ATNC:POSITION
RFLNC:DO5A:1STNC:POSITION

a1
TTT T

In I
[Lm]
[Ea]

=

i P
|
(=)
=

LNOATIYS0Q-ONTdY

d ¥L1d MTLNOUNL:YS0O-ON14Y

-0l

NNL

3

P_kout=~180kW P_kout="~300kW

NE J
20000 | ' L onoon
— - -85° o 4 :
& 15000 84 83 —15000
2 - -82 ]
8_ - ]
s 10000~ —10000
Q . 9 Tuning offset ]
= -
T 5000 —5000
@) i ]
; 0° ]
g | ' L1
0 05 1 15 4105

Wall-loss power (= Input minus reflection) [W] |

=» Successful simulation of the beam loading of a 3.6 A LER beam current with a 20kW C-damper power!

RF Cavities for SuperKEKB (2024-03-26)

Tetsuo ABE (KEK/ACCL)
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DO5-A high-power test with 20 kW C-damper power maintained for 6.5 h

— CHE: RFLNCDOSA CCGCAY] — gm EEF#E"‘D%EDERKLVDUT

1

I. — I — I o I:_.ME| ~0.7 mm gap

| KIysii;ron ou:tput péwer [kiW]% ~§—:1ED !

oo

||"|"|"|
(mm]
=

]
=

T
[M] 1amod 4y

.

! 1 1 1 1

: : E E E Input coupler
24e-6Pa 2SI Cidamper power [RWIS T 1 o
: : : —_— o0 +

Vacuum Pressure [CCG V]

7.9e_7 Pa 9 E | ['] i [l ['] i ['] ['] i ['] [l I ['] ['] I [l ['] II ['] ['] ' ['] [l i_.l:l
ghpmps qqgh 11N 12h 13h 14N 15h 16N 17h
643042023
=» No breakdown occurred

=> No breakdown during the 2024a beam operation so far
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(Shown in the previous ARC)

HOM Power in SCC modules ‘ @i
KEKB

summary of Evaluation of HOM power in SCC

« The allowable beam current of HER is evaluated as 2 A
with some update of cooling chillers in LS1.

*In order to aim for more high current, it is necessary to
update all chillers and add SiC dampers.

* Reinforcement of the capacity of cooling water for chillers
from infrastructure (pure-water system of NIKKO area) will

be also necessary.
y Uncertainty not verified

e

* Note : In LER, the allowable beam current is estimated to be 2.6 A
based on the maximum absorbed HOM power during KEKB operation
by SiC dampers installed in the ARES section. Further R&D of dampers
are planned to extend the limitation.

Dec. 13, 2022 KEKB ARC2022, RF system

SiC damper
being used for &
beam operation [

RF Cavities ¥

{
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Allowable LER beam current due to the RF system

B Limited by the power absorption capability of the
SiC dampers installed at the end of each RF
section for ARES

B We had been working to investigate the actual
capability limit of the SiC dampers, and to
develop how to increase the capability using an
L-band (1.25GHz, CW, 50kW) high-power test
stand (D1-CT).

B However, the klystron power supply (for D1-
AT&CT) was broken half way through high-power
testing.

This R&D bas been halted.

At least, we can guarantee 2.0 A.
® ~2.5Anotsure

This kind of R&D for high-power components
takes a long time (e.g. serval years).

The broken klystron power supply is shared with
D1-AT (509MH:z test stand) where an important
experiment was on-going to measure
fundamental parameters in the fireball
hypothesis for SBL.

See = https://indico.cern.ch/event/1298949/contributions/5783882/
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Summary
B SCC

® The cooling capability for the HOM dampers (Ferrite & SiC) has been upgraded.
» Allowable HER beam current due to the RF system: 1.7 = 2.0 A

B ARES

® DO5-A cavity had the unusual breakdown problem.
» Vacuum arc in CC (not in AC)
» CC+AC replaced by spare one
» Successfully recovered with no breakdown until now including the current 2024a beam operation

B RF cavity for DR

® The O-ring replacement (Viton = Metal) led to the significant vacuum improvement.

® The strange periodic vacuum pressure rises appeared after the O-ring replacement
» Under investigation
» No impact on the DR beam operation

B The klystron power supply for the high-power test stands (D1-AT, D1-CT ) was broken.
® Can not perform high-power tests toward higher beam currents
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Thank you for your attention
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¢ [Attachment A] ARES C-damper system ¢

BACK

Hh7ZIEL>THEEERMNSIID HEI N
RFESN (BAHI30kW) FRSAIESHE
(SuperKEKBTIE#HIEAT) 28> T

BIRDKSERFEICES ! ) ]
77D in Air

Antenna coupler
with COAX 120D out.
L
COAX Taper
120D - 77D
‘L 3 _—
COAX 77D = S 4 120D—>77D
[=1Kk ,\E’é =X 9 o
(75|‘1|$%i BT E) in Air
Water-cooled dummy load
(AOEE : 77D)
RARER : 40kW
S0kWHRICIER B D FE

These support disks have been replaced: /
Cross-linked polyethylene 2 Teflon

C-damper
(Antenna + Coaxial line + Dummy load)
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Amplitude [a.u.]

[Attachment Bl Example of fireball breakdowns observed in the

DO4F_TNRCNT_20200717143418.974264

[ [ )
40000 , : 1000 ARE C VItI
CAVINA
35000 | C-damper power CAVINP —— |
SCAVA —— 1 goo
> scmap ——
30000 | CCAV A
ceap —— |
0 | ARE 1
Field pickup (AC) \CAVP —— %
20000 | la0 2
[
%]
15000 | | 3
1200 =
10000 F
0
5000 |
0

Video file &> https://youtu.be/qtIB6kLf2j4 D04-F
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