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SuperKEKB RF System




RF Accelerating System for the SuperKEKB Main Ring (MR)

Present RF Cavity Layout SuperKEKB operational parameters at 2024-12-27_01:40:59

e—p 2%:4— et Energy [GeV] 4.0 7.0
30+1 RF stations D04 Beam current [A] 1.632 1.259

D11 HER(7Gev) LER (4GeV) - Number of bunches 2346
8 x ARES 22 x ARES e
=3« Bunch length [mm] ~6 ~6
K — Total beam power [MW] ~3.2 ~3.4
¥V KLYSTRON D03-C 5 —== D05
-~ Total RF voltage [MV] 9.3 14.2
| scc B
Cavity type ARES ARES SCC
Number of cavities 12 10 4 4 8
'I'“'I”I' s DO7 ,I‘ Klystron : Cavity 1:2 1:1 1:2 1:1 1:1
. Cavity voltage [MV/cav] 0.40 or 0.45 0.40 or 0.45 1.35
lli ARES 1:2 station
(one klystron drives two ARES cavities) Input RF power [kW/cav] ~200 ~400 ~200 ~400 ~300
ARES 1:1 station .
(one klystron drives one ARES cavity)
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22 sets of A+C+S cavities used for LER, and 8 for HER (30 in total)
Present RF Cavity Layout B Unique three-cavity system operated with the stable 1t/2 mode
TSUKUBA B Accelerating m/2-mode frequency : 508.9 MHz
* B Q,="~11x10*(rn/2-mode), ~17%10* (only for SS) _
SS: Storage Cavity
€ = < e* \ B Vacuum pressure : ~107 Pa CC: Coupling Cavity | |
. B Cavity voltage (spec.) : 0.5 MV/cav (< Eacc = 2 MV/m) AC: Accelerating Cavity /2 — @ o
30+1 RF stations p D04 o . WA [ p—
4 . B Wall-loss dissipation power: ~150 kW (for 0.5 MV/cav)
e o -
D11 HER(76eV)  LER(4GeV) -
8 x ARES 22 x ARES I = ,'- SS cC AC
8 x SCC I =}’<
NIK pos-Av | Hb/ ; s
i 4 Soscameein:id i
¥ KLYSTRON - 'JDOS B 5

40
GFCce-2D0PPOS
Ge-s00080,

E-field (/2 que)

ARES 1:1 station
(one klystron drives one ARES cavity)

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

Reports on SuperKEKB RF System (2025-01-15) Tetsuo.ABE (KEK/ACCL)



DO5-A cavity

B Had an unusual breakdown problem.
® Already reported to the 27th KEKB Accelerator Review Committee
® Also see the backup slides for the details.

B Unusual light emission observed inside the coupling cavity at the moment of
each unusual breakdown

® Leakage of the brazing filler found at the light emission point inside the coupling cavity
B The cavity was replaced by a spare one during LS1.

B However, we needed to make a ~0.7mm gap at the RF contact of the
mechanical connection between the coupling and storage cavities.

® Passed a high-power test with a large tuning offset to simulate a beam loading of 3.6 A

R23.1: Instrument and carefully watch the temperature of the flange in DO5-A which may have
anomalous heating from both accelerating RF currents as well as beam induced HOM power.
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The vacuum sealing made with a metal O-ring

Mechanical connectlon surface in the coupling-cavity side

i
-

No welding bellow Ieft “ B The vacuum is designed to be sealed at the connection

between SC and CC with outermost bellows welded.

l Metal O-ring 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

\ 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
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Four thermocouples attached to the connection flange per cavity

Midpoint on the side
(upstream of e*)

Midpoint on the side
(downstream of e*)
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For comparison, thermocouples were also attached
to the D05-B and DO5-C cavities in the same way,

Midpoint on the bottom
where the two cavities have no gap at the RF contact.
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(During the recovery from the QCS quench)

Temperature measurements in 2024¢ (1/2)  tenticen snsccsoim” s

-==Vacuum

1
2

! ~ 1000
/ C_urrent QCS Quench % L
No beam el e
=== |nj. Rate 5
‘/ ~ 40 < - 700
Input RF power: ~25 kW/cav |
. . £ Lo
v’ Cavity voltage: 0.15 MV/cav i
L 1
13000 | 1z00:00 | 123000 13:00:00
. . H H 1 + b : in 1.5e-
--- Midpoint on the bottom --- Midpoint on the side (upstream of e*) 0.00mA 1.37mA/s 0 min 1.5¢-08 Pa
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"‘30degC (=~ temperature of the cooling water)
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Temperature measurements in 2024c (2/2)

v With increasing the LER beam current up to 1.3 A

v Input RF power: ~400 kW/cav
v’ Cavity voltage: 0.45 MV/cav

--- Midpoint on the bottom --- Midpoint on the side (upstream of e*)

--- LER beam current

LER (4GeV) Status:Physics Run Close 125 Hz

- = =Vacuum
Current Physms Run
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- - = Inj. Rate

2.’— = f"ﬂh—nslwu
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— 1000

- 100
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‘% No beam current dependence at all
€ No anomalous heating found
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ARES cavity trip statistics during 2024ab

Area

OHO

FUJI DR
Station D4._A D4I—C D4-E| D4-F | D4-G|D4-H|| D5-A| D5-B| D5-C| D5-D| D5-E| D5-F D7-A D7-B D7-C [D7-D D7-E D8-A D8-B D8-C (D8-D D8-E Up— Down-—
Cavity #11 #2 #1 1 #2 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #1 #2 #1 #2 #1 #1 #1 #2 #1 #2 #1 #2 #1 #1 #1 #2 stream | stream
HER operation 1 T 17T 17T T 1 1
2
| .
§$ \?se[ﬁgr}iav] 043 1043 (043 1043 | OFF | OFF [ 0.45 | 0.45 || 0.45 | 0.45 | 0.45 | 0.45 | 0.45 | 0.45 || 0.40 ! 0.40 | 0.40 ! 0.40 | 0.45 | 0.45 | 0.40 ! 0.40 || 0.40 ! 0.40 | 0.40 ! 0.40 | 0.45 | 0.45 | 0.40 ! 0.40 0.50 0.50
<<
§ Vac. press. [Pa] 10"-7110"-7|10"-7: 10"-7| 10"-7: 10"-7| 10"-7| 10"-7| | 10"-7| 10"=7[ 10"-7| 10"-7{ 10"-7| 10"=7| | 10"-7: 10"-7| 10”71 10"-7| 10”7 10"=7[ 10”71 10"=7[| 10"=7: 10"-7| 10"=71 10"=7| 10"=7| 10"=7| 10"=7: 10”7 10™-7 107
Input Coupler New New
= Reflection only 1 4
€ or unknown reason
g Vacuum trouble
§ Arc coupler
(not beam loss)
C—damper power
8 or cavity BD 1 2 2 3 1 3 8 1 2 2
Tuner trouble
e
' Chiller trouble 3
M
= Other cooling wtr
Others
Old D4-C-
#1 #2 cav.;
Had serious
R " Klystron PS | multipacting
emarks trouble problem
reported in
the 10th
KEKB
Review
Number of trips: 2 Number of trips: 8 Number of trips: 10 Number of trips: 8 0
2024ab 0.3 /cav 1.3 /cav 1.3 /cav 1.0 /cav 00 /cav
Operation days 146
# of operated MR cav 28 . .
Trip Rate (MR o6 Vool Average: 1.34 trips/ring(HER&LER)/week
Trip Rate (DR) 0.0 [/cav/90days]
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ARES cavity trip statistics during 2024c

Arca OHO FUJL DR
Station D4-A D4-C | D4-E| D4-F| D4-G| D4-H[[ D5-A] D5-B D5-C[ D5-D | D5-E | D5-F D7-A D7-B  |D/-C|D/-D| D7-E DS-A D8-B |D8-C|D8-D| DB&E Up- | Down-
Cavity : i #lo# Lot [ || o #1boso ot oo o Lot Lo b |l o#n oo o b oo | st | w1 [ #1F #2 || stream | stream
HER operation
;ff Sgﬁrhjfjjiav] 0.40 ! 0.40 | 0.40 | 0.40 | 0.45 | 0.45 | 0.45 | 0.45 || 0.45 | 0.45 | 0.45 | 0.45 | 0.45 | 0.45 || 0.40 | 0.40 | 0.40 { 0.40 | 0.45 | 0.45 | 0.40 i 0.40 || 0.40 i 0.40 | 0.40 | 0.40 | 0.45 | 0.45 | 0.40 | 0.40 || 0.50 0.50
S Vac. press. [Pa] 10°-7 110"-7[ 10"~7{ 10°~7| 10°~7: 10"-7[ 10°~7| 10°~7|| 10"-7[ 10°~7| 10°~7| 10"-7[ 10°~7| 10°~7|| 10”7} 10°~7| 10°~7} 10"~7| 10”-7| 10°~7| 10°~7} 10”7 | 10°~7} 10°~7| 10”7} 10°~7| 10°~7| 10"~7| 10°-7} 10°=7|| 10°-7 | 10°-7
Input Coupler New New
N Reflection only
h or unknown reason
S Vacuum trouble 1
S  Arc coupler
N (not beam loss)
g e 3 | 3 1 2 | 1 | 1 11
> Tuner trouble
é Chiller trouble
§ Other cooling wtr
o Others
Old D4-C-
#1 #2 cav.;
Had'serio'us
Remarks m L:J:;T;::]ng
reported in
the 10th
KEKB
Review
Number of trips: 7 Number of trips: 5 Number of trips: 2 Number of trips: 0 0
2024c 0.9 /cav 0.8 /cav 0.3 /cav 00 /cav 00 /cav
Operation days 79
# of operated MR cav 30 N _
Trip Rate (MR) 0.5 [/cav/90days] °
o Rate (MR) 05 peavooins]  Average: 1.24 trips/ring(HER&LER)/week
v' The average cavity trip rate is almost the same as before.
v’ The cavity trips are distributed among many cavities, not concentrated in a few cavities.
v" The D05-A cavity has never tripped during 2024ab+c after the cavity replacement in LS1.
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R23.2: Repair the klystron test stand to allow resumption of off-line testing.

B The broken klystron power supply for the test stands will be repaired next
fiscal year in 2025.

® The repair cost is estimated to be ~50 million JPY (= 0.3 million USD).
B This power supply can drive one of the two klystrons for D1-CT, D1-AT

L|m|t performance test of SiCHOM duc
I

t @ D1-CT RF cavity breakdown study @ D1-AT

____ s i i L : , z
B i IL band (1 25GHZ) CwW kIystron %_’ 509|MHZ W ca\lllty ‘é.._’ Suggests huge currents (peak)
|8 = [ | = (> 100A1?)

5 | 5 @

E 3

- l% :

i < N

v ‘ BN
8 T Pl \ | Emission point 1
a m____. --------- -1\,," | \I
3 -
=l /”\_/ % LT T H X

(! N/ " Va
a i == ’
=== g e ’ ‘ ]
..... y 256 mm ~ / 7 N
. /. N3 o I
cn1 =N | E ~
& | |
Emission point 2 Mirror (Al) é
Mirror (Al)
@ Assuming “(light emission point) = (¢~ emission point)”
— @ In this case, Camera 2 can identify the emission point. — |_

Emission point 2

@ Percentage of e~ reaching the mirror to be estimated with PIC sim.

eeeeeeeeeeeeeeeee

Thermocouple
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Super-Conducting Cavities (SCCs)}

Superconducting Damped Cavity for KEKB

Doorknob transformer
Input coupler

\‘

Gate valve

/

Gate valve

HOM damper
(SBP) i

HOM damper
(LBP)

e
—>

#150mm

LN2 shield

220mm duct
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©300mm duct
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MSingle-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
* Added for higher HER beam currents at SuperKEKB

Ferrite damper
\Stamless Steel FIangeE y* T ' - =
| SCC N\odule :

S |

&
Copper Pipe

for Coolmg\ﬁ‘! S "‘ :




SCC operation summary in 2024ab+c

B The 8 SCCs have been operating stably.
B V_: 1.35MV/cav or 1.60 MV/cav (to compensate the parked ARES cavities in 2024ab)

B Beam aborts due to the SCC system in 2024ab+c (233 days)
® Cavity Breakdown : 8
® Piezo Tuner Trouble : 5
® Peripheral : 3

Piezo Tuner Trouble

e Sudden breakdown occurred without any warning signs such as an increase in leakage current in 3 piezo actuators.
* The cause is currently unknown. But they were all produced in 2018, the oldest set we have.

* Possible deterioration in the insulation performance over time

* We are trying to prepare more spares.

Update on the cooling capacity for the HOM dampers

* New cooling method using cooling water for the magnet system has been tested for one of two SiC dampers in 2024c.
=» Found enough cooling capacity and the ~30degC temperature was maintained.
=>» No problems were observed in 2024c operation.

*  We will apply this cooling method to other SiC dampers for higher HER beam currents in the future.

* For higher HER currents than 2.0 A, it is necessary to update all the chillers and add more SiC dampers (during LS27?).

e Further R&D and measures are needed against higher HOM powers.
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Klystron

[Troubles during 2024ab+c]
-E3786 T54 (D04-A) replaced due to deterioration in the voltage resistance @ 5/13

Spot-knocking did not fix the problem. - Plan to upgrade it to higher specifications of E3732 to improve the reliability
Upgrading to E3732: Replacement of electron gun/first cavity, output window, and ion pumps.

E3732 T22B (DO4-E) replaced due to vacuum deterioration at startup and HV aging effect not lasting @8/22

Although the location of the vacuum leak could not be identified, testing will be carried out at a test station
to determine whether the device is usable or not.

Usability criteria: The effect of HV aging can be maintained for more than two weeks.
% Currently, we are using three klystrons with a history of vacuum leak, where 0.5 to 3 days of HV aging required.

[Responding to 27th Recommendations]

*R24.1: Test at least one of the spare klystrons to make sure there is always a ready replacement in case of failure
during the run.

=>»The spare klystron (T20A, stored for 10 years) was tested last year. HV aging took one day.
The other spare klystron (T25A, stored for 14 years) will be tested this year.
“R24.2: Closely monitor the klystron inventory for any further signs of aging
=>» There are currently four spare klystrons, but one more will be added in July.
If the T54 can be upgraded, six spare klystrons will be sufficient.

Gun Perveance is being monitored for signs of deterioration, but there has been no change under
current operating conditions (Po<500kW).

The cathode efficiency of the T27 (operating for 130,000 hours) will be measured to check
whether emissions have decreased or not.

Reports on SuperKEKB RF System (2025-01-15) Tetsuo.ABE (KEK/ACCL)
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Klystron Anode Voltage (V,) Controller

The current anode controllers are very old, developed in 1970’s.

Consists of only analog circuits with: | LR
* No flexibility for control method ey

* Precise control to improve power efficiency can’t be implemented.
* No remote control Citwen

* Adjustments must be made on-site and too complex. e o

(the controller is in each of the 38 RF stations.) g E —

* Difficulty in future maintenance 2R T duw

 End of production of some parts b FLﬁTfXL S

* Redesigning with alternative parts is costly. ) V!*.i..‘i.................V.@..CPF.T.-.vp.L.T.G...hbm.A.T.m..m.ﬁ..vbm.dg..s
—>Development of the new Klystron Anode Controller. g ] B ‘

1 DETECTOR Pdc | Pdiss Pout
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New Klystron Anode Voltage Controller

First prototype production is underway this FY.

* EPICS based remote control
»Much easier adjustment works o™

»Labor-saving

* Flexible control with FPGA

(Digital control)

DIGITAL ANODE CONTROLLER

Pin Pdt Pout Pdiss Efficiency RE ON

ERHEHE [EAERER. FHAHAE. EEEEAE. HAEEEE: ©
USB \\\\\ “ aiss

@ 10V’

—B

—6-

Block Diagram of the first prototype (STEP1)
of Digital Anode Controller

* |nitially, the current control method will be followed.
* More sophisticated and efficient control is to be developed and implemented.
(for improving power efficiency and reducing operational costs.)

Reports on SuperKEKB RF System (2025-01-15)

R24.4: Continue to seek energy savings such as modulation anode automated control, and
remote adjustment of klystron voltages. Study which amounts of energy could be saved, and
estimate the effort and time scale to implement the more sophisticated control.

~90kW/klystron saving expected for ~500kW output from klystron
= ~2.7MW saving in the MR (& ~27 million JPY saving /month)

(Cf. The 30 digital anode controllers cost ~30 million JFY.)

Tetsuo ABE (KEK/ACCL) 19
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R24.3: Continue anti-aging maintenance and updates of RF stations to preserve reliability.

Measures against the aging facilities
- Klystron cooling system:
Renovation work is underway for the air-cooling towers used in the vapor cooling system.
The entire renovation in the MR will be completed within several years, so that we will be able to use them for additional 20 years.

The main work will be the renewal of the aging fan-hoods and beam for mounting cooling fans. (One unit will be completed by Mar. 2025).
The remaining 5 units for the MR will be renovated in stages over a period of 4-5 years.
In addition, the renewal of the air-cooled fan drive system (fan-motor and inverter) is expected to be completed in 1-2 years.

- Waveguide system:
It is working smoothly without any trouble.

Vaper move to AFC

Renovation work for fan-unit

AFCin MR

1 gl

Condensed Water

Beam for mounting cooling-fan
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Operation Status of LLRF Control System

(Since 2018, No significant changes in the system configuration)

NIMBIN-Based Old Analog LLRF Systems,
which had been used since the KEKB era, still used.

" .

MTCA-based

MTCA-based Digital LLRF Systems, / e___}x -— o N\ Digital LLRF
which was developed for SuperKEKB, I 7.0Gev 4.0GeV
are applied to 10 RF-stations for ARES & DR. : D11 Dscc VKLY+LLRF

I
In the other stations, | = I NCC (ARES).......

| ,. T

|

J

8

CAMAC System is also still used for remote \_‘
control of the old systems. %"m"

|

|
A

NIM-BIN-based
e All the LLRF systems, including the reference signal distribution and old Anab;iemp

instability-dampers have been working well without fatal problems. for SCCE&ARES

e Beam instabilities driven by the accelerating mode are successfully suppressed by the CBl damper and the
Zero-mode damper. (CBI : Coupled Bunch Instability such as ti=-1 mode )

* Recent concerns are increase of failures of NIM-BINs and the modules due to aging of the old systems including CAMAC.
(The most devices are discontinued, and the spares are not enough.)
Even the digital systems with FPGAs&linux, developed in 2012, are becoming out-of-dateness.

Upgrade of the old analog systems to new digital ones is required, but it is difficult due to the insufficient budget and time.
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Recommendations:

* R22.1: Apply for funding to upgrade the control system.
—Yes. We have an estimation for the upgrade. It’s about 100 million JPY (= 0.6 million USD).

* R22.2: Develop a contingency plan as to how one could act should the 35-year-old cryogenics

- Equipment maintenance is performed every year according to a schedule. All the equipment
has spares or can be purchased soon. Time required to recover from serious damage or failure is
estimated to be within a few weeks.

* R22.3: Consider possible energy savings by improving controls or reconfiguring the plant.

— Shutting down some compressors can reduce power consumption (rated ~2.9MW—->~2.3MW),
but that requires additional liquid nitrogen, which is costly (more money needed to run it).

Reports on SuperKEKB RF System(2025-01-15) Tetsuo.ABE (KEK/ACCL) 24



Summary

B The RF system has been working well so far for < 2.0 A.

H In the next operation of 2025c¢
® Higher beam currents expected for higher luminosities
® First experience with > 2.0A

B Beam current limiting factors
® Power capability of the HOM dampers for SCC (2.0 A in HER)

» To increase the limit, further update the chillers and add more SiC dampers (during LS2?)

® Power capability of the SiC dampers for ARES (~2.5 A? in LER)

» The limit performance test to be resumed

Reports on SuperKEKB RF System (2025-01-15) Tetsuo.ABE (KEK/ACCL)
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Thank you for your attention
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Unusual Breakdown Problem on the DO5-A Cavity =

RF switch manually turned off
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The original paper,
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Rapid drop of the RF field,
which is explained

1000

1 800
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1 400

1 200

-200

as “Fireball Breakdown” in AC

(E.g. see the Attachment B)

-

Unusual cavity breakdown
seen only in the D0O5-A cavity
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the rapid drop of the RF field

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.

Tetsuo ABE (KEK/ACCL)
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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

BACK

Za [ | R I R [ R | e

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

Input couple

SC

Camera

200 2 1 41 004 300 I m 8 a8 o020 02T 1060 46 2
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BLER beam current [mA] —o—Cavity voltage [MV]
=» 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 00 8 A28 2 1

= <{—
Cameras = 33 -

® D

N} = 3

o o

S50

N

v’ Leakage of brazing filler (BAu-11V)
v’ The vacuume-arc point is around here
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P
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BEERAGE
% EIRRIE

Mechanical connectionJE
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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) BACK.
% | 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
2014 v & o .
A cavity.
%3 Y
“. o]
Tt , B
1 8 236 :
HE-A 5 Pressure-sensitive paper

Y id ,:;_' U. w:“ ! l.‘ e \
rlh )] v . - § ‘
e ~———~———) !f_" ' | \ . h e
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Moving the spare cavity out of the FUJI stock area

2023-01-20

Reports on SuperKEKB RF System (2025-01-15) Tetsuo.ABE (KEK/ACCL)
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Moving the DO5-A cavity (

Reports on'SuperKEKB RF System (2025-01-15)

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 -
RS T g~ S “Whica pe

Alignment

Tiny clearance!

Landing in the DO5-A

Tetsuo ABE (KEK/ACCL)



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

— CH2: RFLNCDO5A CCG ANV

— CHI BRFLNC:DOsA KLY QLT

1.8

b

3.4

1.2

2.8

2.b

2.4

T e e e

.........

...TTTTﬂl.. j.l.i..li.

200

250

200

150

100

500

=i

Vacuum pressure [CCG V]

12hpmps ghpm qph
44342023 444
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phg™  qzh ghp™
45 46

12h

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

Tetsuo ABE (KEK/ACCL)

A7

phpm  qoh
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-

BACK
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-

ARES three-cavity system sice

Accelerating n/2 mode in the ARES cavity system for I, ;; =0

2e+07

Equivalent mechanical model

— 5 e e e e - TMyp in AC:
i S e B e B R S

__ 1.6e+07 1 ' ' ' ' | | ’

S 1.4e+07 -

©

— 1.2¢+07 1

©

—  1e+07 -

a

L 8e+06 A

—> X Q

‘T 6e+06 -

s . . .

@ Aer061 E E E : Z E E

M 2e06 1 | ' | | f . | |
Input coupler 0 RN

1250 -1000  -750  -500 250 | g 250 500 750 1000
X/ mm

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)
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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

P_kout=~180kW P_kout="~300kW

Tuner position [V]

J J
| | | | | | | | I | | | | | | | | I | | | | | | | | I
T CH3 RFLNCDOSA TATNGFOSTION | | —— CHZ RFLNCDOSAKLYOUT 20o0n n —_ 20000
— CH4: BFLMNC:DOBA TS THCPOSITION CHS: RFLMNC:DOSATNRCNT L _DLTA_FP_TUMNE

2 E‘ - I
ZZ 1+ = =, i o 7
oG f - -85 o / .
FE F ) B = 15000 -84° g3 —{15000
nwn I 1 &= () _ o i
O Q4. 1 »70 S -82
& o 1..9=2 ~ i
G g 1”828 8 '
EE ] 28 - -
=8 ©3E & 10000 —~10000
33 | =2 o ~ o Tuning offset ]
=3 1. '8 - 0 g .
q D ’ _'ED : c E - ] -

-

% %4 ] |=’ m B -
T 8010 C 000 —5000
@ T = ! - -

s O _ -

0 | i O | A ]
I 05 1 15 .10°

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!
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DO5-A high-power test with 20 kW C-damper power maintained for 6.5 h

2.4e-6 Pa >

7.9e-7 Pa >

Reports on'SuperKEKB RF System (2025-01-15)

—— CHE5 RFLNC:DO5A CCGEICANT

Vacuum Pressure [CCG V]

— CH1: RFLNC:DOSA KLY OUT

e (CH ] #2 1000 f

4 II | | 1 I 1 1 Il 1 1 I 1 | | I 1 1 I | | 1 I 1 1 I 1 | | .IL14|:I
120
------------- 1] =
100 ™
7 o
] o
180 &
i i ] ®
| = | ' E- -
| <> &0 —
| i : : - A
NI Jo Z
2.5 I C:damper power [kW] = .
-t ; : : — — —20
E- '] II '] '] i '] '] i '] [l I I [l '] i ' '] i_.l:l
ghpfgE  qgh 110 120 13N 140 150 160 170

/30,2023

=» No breakdown occurred

-

BACK

~0.7 mm gap

Input coupler

=>» No breakdown during the 2024a+bc beam operation so far
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New LLRF System

for one klystron

—

PLC Uai
Mhocatied Gt e Prai ahda)

RF-Dutpest Uit |

UTCA crate

Digital Comired Unit
(pTCA-Pattormad FPGA) 1=

-

|I..CI &GLK generwion

Duvven Cafreditisl Uit
[10ch BPF & Mixer)

RF Dwrtecior Unit
| Behi RF Log detecior)

i
uTCA-platform
FPGA Boards

(AMC Card)

Digital LLRF Control System

16-bit ADC x 4ch,
16-bit DAC x 2ch

® Consisting of uTCA-platformed FPGA boards (AMC), & PLC.

® EPICS-IOC with Linux-0S is embedded in each of them.

® Common hardware for both of ARES & Superconducting Cavity.

® Klystrons (LLRF) : Cavity unit=1:1 (SuperKEKB)

Completely remotely controllable

Reports on'SuperKEKB RF System (2025-01-15)

RF Reference
508.9 MHz

RF : 508.9 MHz

LLRF System

Block Diagram

of FB & Tuner Cont.

PTG : Pulse Train Generator

:

cwiccw

10V
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cwicow

\ 4

]
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142
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B84.8
MHz
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x|
1

Rot. || Rot.  Rot. | Rot.
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1DEMHZ

-1 Mode FB

1/Q Mod.

>

uTCA-hased FPGA boards !

Tuner
cont. PTG PTG

e (5) (A)
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A
m
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1,Q Detecti

| Tuner Driver |
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Rotation

FRGA
{Kly Py, VSWR, Ard,
PLC

{(Water, ¥ac.. Temp.. ..)

)|

* * FF-1 FF-Q
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CLK — ‘:a " 1 ED_CQ

.

I Lo_>®:

KLYout FWD

DecCT

Monitor Signals
508.9 MHz

on |

A-Cav Pi

kUp (a)

® C-Cav PickUp (c)
* 8-Cav PickUp (s)

- ® ~ Cav- -Input (g)

......

The Digital LLRF control system has been newly developed in 2012 for higher accuracy and more flexibility.

ARES Cavity FB Control Stability

: measured by external “outside-the-loop” monitor

Detector Oulput [mV]

in high power test.

~..Amplitude Phase )
- FAREEN L
sommrnwr ! ?: Eo 1 deg
~rms:0.02%  rms: 0.02 deg

0051715225335-1 0051152250354

Time[ms]

* It is dominated by uTCA-platformed FPGA boards for higher accuracy and more flexibility.

® In this system, I/Q components are handled by FPGA for vector control instead of amplitude and phase.

* The good performance was demonstrated in the high power test with ARES cavity. The regulation stability was
0.02% in amplitude and 0.02 deg. in phase.

Tetsuo ABE (KEK/ACCL)
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: [T g

which had been used since the KEKB operation.

Analog LLRF

used since the KEKB operation

‘-.Irl

73, b 3
| | wemesk. [N
R w |

Block Diagram of Analog LLRF |

Interlocks
I

from
reference
line

station
phase

I

L
Freq.conv/
Phase det

LA

Ve-PLL

B

combiner

N
\

|
RF
switch
\
\

Freq.conv/
Phase det

driver

Old Analog LLRF Control System

Most stations are still operated by the old analog LLRF systems,

Power Supply
for Klystron

I

I

klystron

Freqg.conv/
Phase det

*These systems are composed of combination of NIM standard analogue modules.
*They are controlled remotely via CAMAC system.

*All systems are barely working without serious troubles.

for tuner etc

However, some NIM modules failed during operation. They were replaced by spare ones.
*Most of the devices are discontinued, and the number of spares are not enough.
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Estimation of
Growth Rates of Coupled Bunch Instability (CBI)

LER HER

1000N0rma| operation (Solid) / A cavity parked (Dashed) 1l:)OONormal operation (Solid) / A cavity parked (Dashed)
u=-1mod fmmm - L . =-1mode —— /[ = = = - Design Beam Current
N o mods A Design Beam Current 2 mode —— /- - : ~ 1
u = -3 mode [ oo ' u=-3mode =——— [ = === i
n=-4 moge ; ---- ”f:;-,‘ mggg S ; T Dashed line:

100 |+ rad%ld_a;'ﬁpr_n?at: 100 | r{:’tdI d_ amp. rate ——— . ”_ 1 : Dne_SCC parked
D
Rad. Damping Rate_ - - D= - : -

e
—

u—-3 Tt

_Ifsu '~-44AH @ 2.6A

Growth Rate [5'1]
S

Growth Rate [3‘1]
=

e
-

HER (8 x ARES + 8 x SCC) |

I LER (22 x ARES) | 5
0-1 L fl J. / | | 1 ‘Iy 0.1 L L | 1 1 1
0 0.5 1 1.5 2.5 3 3.5 4 : 1.5 2 2.5 3.5 4
Beam Current [A] Beam Current [A]

Threshold currents for y=-1 mode are quite below the design current.
When there are parked cavities, y=-2 mode also has no margin.

New CBI damper system has been developed and installed.
K. Hirosawa et al., Nucl. Instrum. Methods. Phys. Res. A 951, 163044, 2019.
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CBI damper

CBIl Damper System

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

The damper system is installed to some

: . . Beam
ARES stations with digital LLRF system. ISSRSRRRUORR. Lo S -
S Ky Loor ... : L1
RF Source ,‘, ' - ]
®_ Eu::r_rl;_n:ys_ )* Calvity
fyy= 508.9 MEz rect RF -5 Loos + } FB loop test result of the CBI mode
swW i filter for a simulant cavity
|
L pickup Sig, I o ; 1MHZ e >
Gain Adj. Bl Mode Filte 1] 0 = 5000

The damper system can correspond to u

=-1, -2 and -3 modes in parallel. Phase Adj.

(Simulated cavity)

10 - “=_2
I.fl'.l-l:lemud IIIIIIIIIII lowpass Digital IIQ-Mode. -5
Down Conv. filter : BPF | Up Conv. | G, \ /
: o i E LE-z0
4@ T\ -90 }—- =] ,_@— '; 5 zo/r/]
E o ;- -E: l L+ C. E: _25
f .f‘f. -2 li 199720 Sy v E‘E <f “ Loop gain = 35 dB
F)farrri_ - - I'I=-2 E iz ¥ |
—D< .Jf.lm.m _fd*el?- B a5 w=-1,-2,-3 damping
| =1l 5082 5084 508.6 5088 508.9
L Yy | Frequency [MHz]
\ Impedances at the frequencies corresponding to
Single Sideband Filter b =-1, -2 and -3 modes are suppressed by the damper.
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Super

<exB Zaro-mode

LLIRF

a 3 )

Instability related to Robinson Stability

K.Akai, PRAB 25, 102002 (2022).

* 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 frequencies with
simplified one SCC for various Q, (without FB
for instabilities)

- HER
2.0
Qr~4x104
1.5
1. ~5x104
1.0 L O1~6x104

0.5
Q]_~7X]04

0.0 \

0.0 0.5 1.0 1.5 2.0 25 3.0

Synchrotron frequency [kHZ]

Beam Current [A]

Synchrotron frequency reduction depends on Q.
But, changing Q, of SCC should be avoided due
to the need for vacuum work and the risk of
surface contamination.

Block diagram of LLRF with DRFB and ZMD
(Focused on SCC station in HER)

Irom

RF reference lin HER RF IB %
‘ {Zt'J")f.‘lh'{f(‘ Damper |-—| 2

D11 (50CC) beam pick up
3} ] :
_L,Ci\.—‘ DI11A station v, main E klys[mn !
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H 1

1% ‘ 5

FB Inner ]ncpsh:\r Kly.

FB cont . o '
FB comt : \IroG.Ln(_nm :

DA \“ 1 Andce Com E

DlIC \ Veref. | | T TTTTTTTTTTTT

Fi
Dl11D
uner conkt.
&
D4 (ARES)
B ¥

d-ALC | Direct RE FB

—-—)- L,'I‘S
. b7 LER RF Vo
> DY (all ARES)

Effective |mpedance of cavity and beam loading are
reduced by DRFB. ZMD is tuned its phase to
suppress the coherent oscillation.

Calculated and measured coherent oscillation
frequencies in actual HER (ARES + SCC) with
DRFB Off, -6.0dB and -4.5dB

e Measured (Beam Study)
1.0
0 200 400 600 800 1000

Beam current (mA)

- DRFB OFF
30 — - SCC (-6dB), ARES (off)
2.8 g --------------- «  SCC (-4.5dB). ARES (off)
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= 24 |t T :_:1m -~ O DREFB 45d8
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© i B o R e
g_ 20 : [T ez
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y— 18 i : '-._D
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g 16 F—— ;' ................................ .................................. 270
o
—
<
&)
c
>
w

4 The higher beam currents can be stored stably by DRFB and ZMD in beam studly.
4 There is no discrepancy between the quantitative analysis and the beam study results.
4 Coherent oscillation instability can be suppressed by the DRFB and ZMD so far.
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RF Reference Distribution System

* RF reference signal is optically distributed into 8 sections by means of “Star” topology configuration from the central control room (CCR).

* For the thermal phase drift compensation, variable optical delay line (VODL) is controlled digitally by using yTCA board at CCR for all the transfer lines.
The VODL is a mechanical type. The stepping motor is controlled by the yTCA boards with pulse train outputs like cavity-tuner control.

* For the phase monitor, direct sampling method is applied by using 14-bit ADC boards. It is under sampling at 212 MHz for 509-MHz RF signal.

QOptical Transmitter System (197 Rack) PSOF
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Short term stability (time jitter) : < 100 fs (rms) k
Long term stability (pk-pk) : +0.1° @508.9MHz = +0.55 ps :
(attributed to property of the optical delay control) :

It is working successfully without troubles, and also
completely reproduces the RF phases and the collision point Al { " Lines (VODLs)
for restart after long shutdown. Ny Variable Optical Delay Line 4 for 8 transmissions

“\ (Mechanical type) « ‘“" '
Reports on SuperKEKB-RF System (2025-01-15) Tetsuo ABE (KEK/ACCL) 1 ‘ﬂ‘\ t |

Direct sampling method s
applied for 509-MHz RF.
(under sampling at 212 MHz)

Variable Optica Delay

Iz | £






	Reports on�SuperKEKB RF System
	RF Accelerating System for the SuperKEKB Main Ring (MR)
	スライド番号 3
	Accelerator Resonantly-coupled with Energy Storage: “ARES” 
	D05-A cavity
	The vacuum sealing made with a metal O-ring
	Four thermocouples attached to the connection flange per cavity
	Temperature measurements in 2024c (1/2)
	Temperature measurements in 2024c (2/2)
	ARES cavity trip statistics during 2024ab
	ARES cavity trip statistics during 2024c
	スライド番号 12
	スライド番号 13
	Super-Conducting Cavities (SCCs)
	SCC operation summary in 2024ab+c
	スライド番号 16
	Klystron
	Klystron Anode Voltage (VA) Controller
	New Klystron Anode Voltage Controller�(Digital control)
	スライド番号 20
	スライド番号 21
	スライド番号 22
	Operation Status of LLRF Control System
	スライド番号 24
	Summary
	Thank you for your attention
	スライド番号 27
	スライド番号 28
	Unusual Breakdown Problem on the D05-A Cavity
	Identification of the vacuum arc point in the D05-A cavity�at the moment of the unusual breakdown
	History of the D05-A unusual breakdowns
	Visual inspection  Leakage of brazing filler found at the vacuum-arc point
	Check of the RF contact in the connection between SC and CC using pressure-sensitive paper
	Moving the spare cavity out of the FUJI stock area
	Moving the D05-A cavity (AC+CC) out of the D05 straight section
	Moving the spare cavity into the D05-A station in the D05 straight section
	High-power test of the new D05-A cavity up to 0.5 MV/cav
	ARES three-cavity system
	D05-A high-power test with a large tuning offset
	D05-A high-power test with 20 kW C-damper power maintained for 6.5 h
	Digital LLRF Control System
	Old Analog LLRF Control System
	Estimation of 
Growth Rates of Coupled Bunch Instability (CBI) 
	CBI Damper System
	Zero-mode Instability related to Robinson Stability
	RF Reference Distribution System
	スライド番号 47

