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RF System Status
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Cavity Types of MR

ARES Basically, KEKB RF systems are reused with reinforcement for SuperKEKB. SCC

@Oho, Fuiji @Nikko
Accelerator Resonantly-coupled with Energy Storage 8 modules have been installed in Nikko for HER.
3-cavity system stabilized with the n/2-mode operation Y. Morita
Successful Operation of the 32 ARES Cavities at KEKB Tesf;"g“:,: :‘3 ‘;5"(‘,” KW. DOOR KNOB TRANSFORMER GATE VALVE
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Cavity parameters of the KEKB Superconducting cavity

. . ARES parameters
S a
Us TG Vs L 508MHz

damper Ul U 9 Frequency 508.8 MHz

0 mod Gap length 243 mm

- 2(; dz 7 RIQo 15Q for the 72 mode Diameter of aperture 220 mm
tmode — «— — 0o 1.1x105 R/Q . 93 Ohms
Geometrical factor 251 Ohms

Ve 0.5 MV E,/E 1.84
= [.2/f2 sp/ £+acc
Us/Ua = ka*/ks* for m/2 mode Hsp/Eacc 40 3 Gauss/(MV/m)

P 150 kW 60 kW (A) + 90 kW (S)

Afan =Afi ! (1 + UJU)
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RF Related Parameters (design value)

Ring

Energy

Beam Current
Number of Bunches
Bunch Length

Total Beam Power

Total RF Voltage

Number of Cavities
Klystron : Cavity
RF Voltage (Max.)

Beam Power (Max.)

HER
GeV 8.0
A 1.4
1585
mm 6-7
MW ~5.0
MV 15.0
ARES
10 2
1:2 1:1
MV/cav. 0.5

kW/cav. 200 550

Issues for RF systems
Beam current will be twice of KEKB.
Beam power/cavity will be 3 times higher than KEKB for ARES cavity.

eBunch length will be shorter than KEKB. HOM Power will be increased.

SCC

1:1
1.5
400

LER
3.5
2
1585
6-7
~3.5
8.0
ARES
20
1:2
0.5
200

HER

7.0

2.6

2500

5

- 3.0

15.8
ARES SCC
10 3
1:1 1:1
0.5 1.5
600 400

LER

4.0

3.6
2500

3.3
9.4
ARES

1:2 1:1
0.5
200 600

# Reinforcement and reconfiguration of RF system are required.



RF System Arrangement (ultimate)

KEKB-RF K. Akai, 2014
/ D4 0

D5 \ / D7 Full D8 \ /" 1o NIKKO b11 N
|

E B = B E B
e+: 8.0Gev x 1.4A =8 ﬂ}iﬂl

ARE
e-: 3.5Gev x 1.8A .L.E.B _________________ ? ____________ |

Beam PowerlCawty ~200kW[—/

@)

A e
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\ ARES
Drive Power/cavity: ~350kW Super {(EKB'RF
’ | 20d 3 power supplies (ultimate)
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- Type “A” power supply (for two klystrons) ARES cavity I SC cavity I:I Crab cavity
B8 Type “B” power supply (for one klystron)

Drive Power/cavity: ~750kW (Kly Max: 1MW)

crab cav.
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ARES
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remo
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' Klystron, HP&LLRF system

= One-to-one configuration for every ARES (One klystron drives one cavity unit). -> eadd 9 klystrons and 3 PS’s more.
= |Input coupler was reinforced for the ARES (B=5, 800-kW input power capable) at “1:1” stations
= Addition of new HOM Damper for the SCC as a measure against beam-induced HOM-power rising.



RF System Arrangement (Present State)

KEKB-RF K. Akai, 2014

OHO
/ D4 DS\ / D7 Full D8 \ /D1o NIKKO 514 \

P rese nt add 5 klystrons, HP&LL

add 3 power supplies

Layout o O o5\

HER
LER

BUEEE)

: convert to LE

- Type “A” power supply (for two klystrons .
v Klystron, HP&LLRF system P P PPly ( y ) ARES cavity I SC cavity |:| SC crab
‘1 Type “B” power supply (for one klystron)

At the OHO D4 section, two cavities were added.
At the D5 section, all ARES cavities were moved from HER to LER, and changed to the one-to-one configuration.
At the Fuji D7: two cavities were removed. And also at D8: two cavities were removed.
Accordingly, some klystrons and LLRF systems were added at D4 & D5.



DR caVity Installed November, 2016

DR has an RF station with 2 cavities

(the Up-stream and the Down-stream cavity)
'HOM Damperl ~—
(]

Design Parameters

N & Operational frequency 508.9 MHz

@ - \\_
] v il > ™ R./Q, 150 Q

Yo i

< ) ~
i'|: (:J 1 I q, 30000
) ! e Cavity Voltage (DR spec) 0.7 MV / cavity
) © e

= Cavity Voltage (Cavity spec) 0.8 MV / cavity

~ Wall-loss power ~110 - 140 kW / cavity
@ 0.7 - 0.8 MV / cavity

¢ Dummy chamber for option to install an 0.95 MV/cavity has been achieved

' additional cavity (the middle cavity) if necessary. by RF conditioning
— -

RF Reference

Two cavities are driven
by one klystron

Circulator
Phase Shifter
K
s . - ,';, "::‘::"-"—'L.'J- -‘ ¥ "'_:__‘\{_',“_: | ‘,‘: - ,. Above ground
il ons ook N | e |
- . 1] =2 L : Acc. Tunnel
Operation Freq. : 508.9MHz Beam
; - : T L | By chamber Lo |
. ummy C
Cavity Voltage: Total 1.4 MV (O',7 MV/cavity) for Ehe design Upatoam o the middie-cavity  Downsiream
Lo 5 s el

So far, this system has been
successfully operated at 1 MV (0.5 MV/cavity) without problem ! -



Overview of
Operation Status




His tory of Total Vc (Phase-2 2018)
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History of Total Vc (Phase-3, spring 2019)

o eob| Ema: ghmoccricymmEnT|] 1-3o0c 940 mA
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Beams were smoothly s_s:-o:e'd“a‘? RF start-up without phase search (with only
fine tune), so RF reference phase was properly remained from Phase-2.
10 - I And also the collision phase was successfully reproduced.
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=R=aul NN | | N — SR (Ih 3§
=9 F All RF stations worked well =
W W 4 209
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2 R P e 1
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0 ml 1V
o"eMe® 4/1 5/1 6/1 7/1
3/1/2019



<Topic>

Normal-Conducting Cavity
ARES & DR Cavity
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ARES

@Oho, Fuiji

DR-Cav

NC-Cavities Operation Summary

ARES & DR Cav

in Phase 3

2019-03-11 to 2019-06-30

RF failure statistics for each station during Phase-3, 2019

Fuji

DR

Area

OHO

RF conditioning performed each maintenance day

v’ Low trip rates (<1 /3_months)
v No significant difference in the trip rates between the ARES cavities at D5 and D7/D8 for LER

FUJI 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 D7-C |D7-D D7-E D8-A D8-B D8-C |D8-D D8-E U-Cav | D-Cav
Cavity #1 1 #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
=
<@
“ =
Z$ \O/:e[ﬁ{:/l;iav] 040 1040 | 040 1040 | 045 | 045 1045 1045 040 1040 | 040 | 040 | 040 | 040 042 1042 | 042 1042 | 042 | 042 | 042 i 0.42 042 1042 | 042 1042 | 042 | 042 | 042 1042 0.50 0.50
<< o
é Vac. press. [Pa] 107-7110"-7/10"-7110"-7{10"-6| 10"-6] 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"-7| 10”7 10"-7} 10"-7| | 10"-7} 10"-7| 10”71 10"-7| 10"-7| 10"-7| 10"-7 10"=7|| 10"-6 | 10"—6
Input Coupler New | New | New | Nev N lew | Ne New | Ne New | New New Ne
| .. Cav. Breakdown
[{=) [o]
o +
& 8 Vac. press. rise 1
= S
O »
c; %’ Arc Coupler
25 8 —
B Coupling=Cav. 3 1 2 1 1 1 1 11 2 2 1 1
& % Damper Power
T & Tuner Trouble
Z %
& = Chiller Trouble 1
Old D4-C-
#1,#2 cav,,
.Ner’_ Had serious New
New [ "% multipacting inst.;
Remarks .
inst. Usi problem
Os!ng reported in Using Oring
MNE[ the 10th
KEKB
Review
Number of trips: 7 Number of trips: 4 Number of trips: 5 Number of trips: 3 0
09 /cav 0.7 /cav 06 /cav 04 /cav

No RF conditioning performed during maintenance day

(as an experiment)

12




=fa

Super-Conducting Cavity




- SCC operation status
status|] 1N 2019 spring operation

* 8 cavities have been operated with good stability.

e \/c:1.35 MV/cavity in present operation (1.5 MV is standard)

* Beam Aborts caused by SCC
* Breakdown of Cavity : 1

e Peripheral problem : 4 (Piezo tuner trouble : 3, Water chiller trouble : 1)

e Cavity performances

* All cavities almost reproduced the performance of Vc limits and Q factors of
Phase-2. (not degraded)

e Vc.max > 2.0MV, Qo : >1e9at 1.5 MV

=fa

Piezo Tuner Problem

* Six piezo actuators were broken in Phase-1. Then the slower low-pass filter and

the voltage limitation were applied in piezo tuner control (reported in the last
review) . As the result, piezo actuator failure was dramatically decreased.

* However, the increase of leakage current of piezo actuators is still observed and
several piezo actuators were broken by electric breakdown in Phase-2 and
2019-spring-operations. -> The piezo-broken cavities were operated with only
mechanical motor tuner if it was possible.

14



- Piezo Problem Study:
Exposure Experiment - Drying by silica gel -

We investigated the effect of environments on piezo insulation.

For the experiment, we tried to expose piezo actuator to various environments, such as vacuum,
dry N, gas, the air and synchrotron radiation. According to the results, we found that the

moisture in the air degrades insulation between electrodes of piezo stacks.

From the exposure test,
It was found that drying by silica gel is effective to reduce leakage current of piezo tuner!

Piezo enfolded in plastic bag with silicagelpacks ¢ 1~ 1 %
AT £ L BT A [ .
' T \3 » \‘Q\“b i Piezo Voltage
7 Y /o g G g - ~ ~ - N 400
' ' 6
< :
= W | - : 1 300 r%
= Leakage Current in plasticbag 17 ¢
3 P with silica gel packs: =
I 1 [{®]
. ; : : . ]
, L intheair _
I 100
1
o b oL S S A
19/5/M13 19/5/20 19/5/27 19/6/3

Date&Time

--> As a trial, we attached silica gel packs to piezo tuner in the tunnel.



- Attaching silica gel

at D11A SCC in the operation

to piezo

As a trial, we attached silica gel packs to piezo tuner at D11A SCC in the tunnel.

Piezo Tuner with silica gel Leakage Current of Piezo Tuner

—— CH1: RFHSC:D11A:PZ0:DRVCUR

~Motor Tuner =

[ =
N B

=
<)

s 5
4
i A
C—— w
.

N B O

Piezo Tuner

RFHSC:D11A:PZ0:DRVCUR

| 53
Silica Gel

~ - Attached Silica Gel | 114

I lllll I L] L] ] L] I L] L] ] L] I L} L] L] ] I L]
; ! .||

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 12
degradation : ‘ 4

of electric insulation “[{ X/ (i [ k1 T} { MG 10

| 8

6

—4

,,,,, ; 2

with lead shield
5/1/2019

Increase of the leakage current of piezo due to degradation of electric insulation was
observed at D11A SCC. Then, silica gel was attached to piezo. After that, the increase

of leakage current was effectively stopped.

o"eMes 5/11  5/21 6/1 6/11 6/21 7/1

The good effect of drying by silica gel was also confirmed in the practical operation.

We will continue to study moisture control around the piezo in the tunnel.
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HPRF

High Power RF System

Klystron
Kly. Power Supply
Waveguide system

17



<Topic>

HPRF Water Leak from High Power Load

In Phase2, . L. 1.2 MW high-power water loads
Water leak troubles occurred in two cylindrical type water loads at  1y0 types:

D04G (April 2018) and DO5D (July 2018), _ _ )
because, ceramic RF windows were broken by mechanical stress. Cylindrical type \\
They were replaced with spares, and after Phase2, were repaired. ;»’Lrﬁ —— \'

— s ' | 3 : . A l :

Water leak §
; from load
First time at D0O4G (April 2018),
There were no interlock systems for water leak. The water went throughout the

waveguide system because it was delayed to recognize the water leakage. It took [ ¢
long time to dry it. -> A water-leak detector was mounted for all water-loads. '

Second time at DO5D (July 2018) | |
The water-leak detector worked well. So the water leakage was able to be found before the water enter
the waveguide system. The operation was recovered within few hours.

Fortunately, during Phase-3 (2019), no water leak trouble occurred in the water loads.

New design of a ceramic window is under consideration for the robustness against mechanical stress. 15



<Topic>

HPRF

Anode Voltage Controller Failure
in Klystron Power Supply at DR

June 18, 2019

Anode-V was

. Cockcroft o fixed at 30 kV.
Walton T
Collector Collector _-Lcircuit VK= T
KIyStrOn To Collector - 70 kv Va_
© Vk= R1 30kV
Output cavity J I.P. __—_ 70 kv Rz Va }
/ Ground
RF window (
ot — Tempora Vg RS
Waveguide R3 p ry
converter | C ure !
} . The power supply was replaced
RF output(MW) < with voltage divider reS|stance
RF out Middle ? Electron beam R1=100 MQ B =
cavities —— :1b(A) Vk Va out to
Input cavity I
. E'% = Vk=
RF input (W) L Q/NA C@ 70 kV output
| I no :‘sisteance to =SSSame
/%F—__w
Insulator e 1 Va
Cathode N )(T 1 |
Heater L

grounding
resistance
(200 MQ)

generate anode voltage.

==miN

TosCatpodem @
* Solenoid magnets set at outside of the ¢fivities to focus the electron beam.

Anode voltage controller failed. The

cause of failure could not be identified. o
- In this case, the efficiency (collector loss) cannot be optimized.

So, it is difficult to apply this cure method to MR klystron for
large beam loading. Although, idling operation of cavity might
be possible with no-loading phase instead of detuning cauvity.

Then we applied temporary cure.



LLRF

Low Level RF Control System

20



<Topic>

LLRF New Digital LLRF System

Digital LLRF control system has been newly developed for high accuracy and flexibility.

=== \ ___ @OHO D4 Control Room
/ e- ..._-) (__. et newLLre| Ol sys?em's | \ F, 1
7.0Gev 4.0GeV < E L new LLRF control

D1

3 new LLRF
systems

] P
@OH_D5 Control Room

1
[j SCC Y KLY+LLRF

6 new LLRF .
® Consisting of yTCA-platformed FPGA boards & PLC
J SVStems * |/Q components are handled by FPGA
| @DR Control Room

S tat u s Regulation Performance

ARES Cavity FB Control Stability

e 9 stations of Oho D4&D5 (6@D5 + 3@D4) are operated with the new measured by external “outside-the-loop” monitor

in high power test.

digital LLRF control systems. ..Amplitude | " Phase
e All of new LLRF systems are successfully working well without Wﬂ'ﬂ/' gg“}‘“!;%
. . . ’ggoe.s. ! ™ ‘l" 1 ° L
problem. Some software bugs found during the operation were fixed. 2~ -} | £, !
. »rms: 0.02%  rms: 0.02 deg.
*At DR, also the new digital system is applied, and it is working { " ww "' e

properly without problem. It is almost the same as MR one, except 2-

cavity vector-sum control is needed. 9



<Topic>

LLRF Existing Analog LLRF System

Most stations are still operated with old analog LLRF systems, which had been used in KEKB operation

-

e —>» «— e \

r 7.0Gev 4.0GeV

i

: ba

i ‘ i

: T

| i uno

i D10, - o* DS

' i M om B O O O N N N N N . - -|

1 | .

g .

| o CED
from RF

reference line Phase Lock L
combiner fof.“,i,"y,t:f;,'j oor klystron circulator ARES Tuner Control
- PR - : Tuning Control Loop N i .
B &N ST F---- Configuration S-cav __ coupling .. elerating
L Sy 1 f
11 . cavity ;
L, out A 1oL, : RF input / cavity
D 1$_det. 1 storage cavit
ref| JFB + ref.| |FB out _ ____J____l - ! — > J v A-cav
= rec| Gain Control | Tuner v A
== + =1 for klystron y Controller 1 |
ref. FB = i " I I:Ale
1
offser. ™™ : c-damper
- c_] Kklystron out , \:-tl“l-ef 1 : [BPF] a-tuner
Ve set _FB . .~ beam= == = === = = = > : (RF ON) BPF T @E
q 1 ©
\ J cavity 1 beam signal [i-| o wob
. 1
Direct RF Feedback L r o] (RF OFF) fac
—<-E-B—<ft 0
= pick up (Vo) for ALC and PLL
Amplitude Control for Vc -
Phase Lock Loop for Vc

* These systems are composed of combination of NIM standard analogue modules.
*They are controlled remotely via CAMAC system.
*All systems are soundly working without serious troubles.
However, some NIM modules failed during operation. They were replaced with spares.
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LLRF

Damper System for
Longitudinal Coupled Bunch Instability
due to Acc. Mode

23



Growth Rate Estimation for SuperKEKB

Estimation of Growth Rate of LCBI due to the Acc. mode

LCBI: Longitudinal Coupled Bunch Instability
LER (22 x ARES) |

Normal operation (Solid)

/ A cavity parked (Dashed)

1000 ——————————

S b

-
-
-
-

—‘—
-

100 |

-
-
-
-
-
-

Growth Rate [s'1]
o

—

for LER

Design Beam Current

" | H | | 1 | IV
0.5 1 1.5 2 2.5 3 3.5
Beam Current [A]

4

K. Hirosawa

HER (8 x ARES + 8 x SCC) |

100ONormaI operation (Solid) / A cavity parked (Dashed)

h: -1 mode [ - Design Beam Current

u = -2 mode [ ===

u = -3 mode

e o Dashed line:

one SCC parked

rad. damp. rate

100 |

-
-=
-

- =
-
-
-
-

-
--
-
-
-
-
--
-
- -
-

L.--" '7“;’:—:):
" Afsce ~ -44 kHz @ 2.6A

-
-="
-
-

Growth Rate [s'1]
o

-k
&y T T
L ]
n

Ry, (optimum tuning)
. for HER
' \ 4

01005 1 35 4

15 2 25
Beam Current [A]

Dashed line indicates the case that one SCC is parked with detuning at -150 kHz.

Jo =100 kHz (revolution frequency)

(center between -1 and -2 modes)

In SuperKEKB, the p=-1 and -2 modes of LCBI will be serious problem for

the design current.

New LCBI damper system with new digital filters has been developed for
SuperKEKB. It can suppress the y=-1, -2 and -3 modes in parallel.



New LCBI Damper System for SuperKEKB

For SuperKEKB, new LCBI damper was developed.
It can suppress p=-1, -2 and -3 in parallel by new digital filter.

Block diagram of FB loop of RF system with LCBIs damper for SuperKEKB.

RF control system Pickup signal | ;
|
. i
Vc FB control — . Cavity

Drlver Klystron :
'
. |

Lo (. s »! LCBIs damper Beam —I: Beam
Reference Slgnal ('u: -], _2, -3 mode ﬂlter) PICkUp Slgnal i
f,=508.9 MHz v

fo =100 kHz (revolution frequency)

'Newley developed LCBI damper (mode filter) Transmission N
fir = 508.9 MHz

Bandpass Filters

From

— -1 & Phase Shifter —> Combined
Beam Pickup = ase Shifter with LLRF out

M = -2 & Phase Shifter —» I
I—> —

U =-3 & Phase Shifter —» fo —100 kHz
k_ 800 kHz '
Amp Single Side-Band Filter —

Frequency [Hz]

Single sideband filter and digital band pass filters (a parallel comb filter) J

v

sain [dB]

v

v

.

Our klystron bandwidth is about 100 kHz (The gain and phase are not flat at p=-2 and -3 modes ).

The feedback gain and phase can be controlled independently for each mode by the digital filter.



Demonstration of the new LCBI Damper
in HER in Phase-2 Operation (I ~ 0.7 A) |

frr=508.9 MHz fo=100kHz  f;=23KkHz

The p=-1 mode was excited We purposely excited the p=-2 mode by detuning
by a parked SC cavity of Af~-150 kHz. a SC cavity manually at Af=-200 kHz.
u=1mode B 7./, B /-.+/ B w=2mode B i /oy B
o | u = -1 mode excitation | frs - 2f0 frf 2f0 + fs
500 fre = fo fﬁ-fo+fs 0

sync osc.

,‘M ikl MNMM il MMWWW

10 kHz (@ --2)

|
' sync. osc
i At L4 0 e "(Méﬁ_‘ 1 Ui

Center 508.776 MHz Span 10 kHz

(b) Beam pickup signals with dampe The new LCBI damper applled
A . - |

M1 508.875641 MHz « — D -198.804 kHz
(D2}

10 kHz

The p=-1'-2 modes were
successfully damped.

frt - fo frt - 2fo

‘ fre - fo + fs for - 2f0 + fs

ban 10 kHz
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Summary

e Steady operation has been continued without serious problem in RF
systems.

* ARES cavity and DR cavity has also operated without trouble and the
trip-rate is enough low at present.

* In SCC operation, piezo actuator frequently failed with electric
breakdown. From our study, it was found that the moisture degrades its
insulation, and that drying piezo with silica gel is effective to prevent
from the degradation.

We ill continue to study moisture control around the piezo in the tunnel.

* Newly developed digital LLRF control systems, applied to 9 stations at
OHO section, is properly working without fatal trouble.

* New LCBI damper system with new digital filters has been developed.
It can suppress the u=-1, -2 and -3 modes in parallel. In Phase-2,
successful damping of y=-1 and -2 was demonstrated by the new
damper.
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Thank you
for your attention!
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RF Power for Ultimate Stage

SuperKaKB L

HER SCC

Ve

1.8 MY

P beam

400 ki

OMNIN

TTd

o T

a K’Ljs&ron

SCC

8 Ares

= ¥ x 10%° e =5t

w

@.""‘"‘%' ‘
7 CreV x 2.6 A
Ve =2 18716 MV

Pheam = ¥.0 MW

oaF

4 CxeV x 3.6 A
Ve =2 9.4 MV
‘Pbeam = ¥.3 MW

T. Kageyama, 2011.02

HER ARES
Ve 0.5 My
P wall |[150 kW
P beam | 600 kW
Input B 5.0
Pemp 21 kW

by by
ExXARES + ¥xSCC 22X ARES
LER ARES Winh Je g
Ve 04¥ MY | 0.34 MV
P wall 140 el 70 kW
P beam | 460 kW | 230 kW
Inpu,f: B 4.3 4.3
Pemp 14 kW

7 W

738
~

OHO

RO10,11.286
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Instability due to RF cavities and cure

T. Kageyama, 2011.02

Longitudinal/Transverse Frequency (MHz) | Growth time (ms)

Longitudinal ARES-HOM 1850 B-by-B FB
ARES-0/1 504 21 B-by-B FB

-1 mode 508.79 4 -1 mode damper
LER Transverse ARES-HOM 633 7 B-by-B FB
HER Longitudinal ARES-HOM 1850 59 (no need)
SCC-HOM 1018 58 (no need)

-1 mode 508.79 4 -1 mode damper
HER Transverse ARES-HOM 633 39 (no need)
SCC-HOM 688 14 B-by-B FB

Longitudinal bunch-by-bunch FB will be needed
to suppress coupled bunch instabilities driven by RF cavities.



22 ARES Cavities
operated for LER (l,=3.6A)

T. Kageyama, 2011.02

RF frequency 508.869 MHz
Flywheel Energy Ratio Us /Ua 9 unchanged
Cavity Voltage Vc 0.48 MV P(wall) = 140 kW

Detuning Frequency Afn2 / Afac

-28 kHz / -280 kHz

P(beam) = 460 kW

Input Coupling Factor 8 5.0 B (optimum) = 4.3
CBI (-1 mode) due to the Acc. mode T=4ms RF feedback
CBI due to the 0 and M modes rT= 21ms bunch-by-bunch FB
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HOM Power Estimation for LER

T. Kageyama, 2011.02

o S| ot
Lbeam [A] 1.6 - -
Niunch 1293 - "
O- [mm] / " )
FIVibC] | 040 (0.39% : -
Prom /ARES o i _ _
[kW]
PHOI[\iX{<XI_]I]WG 1.051 5.0 5.0/3.5=1.5
PHOI\EI{/‘(X}]I]‘OOVG 0.3 1.2 1.2/ =1.3

Tbased on calorimetric measurement



Re(Z)) | Cavity [Q]

10

10

10

10

Coupled Bunch Instability (CB|) T. Kageyama, 2011.02
driven by the Accelerating Mode (11/2)

Afre =-28 kHz

| KEKB LER
3 3 20 x ARES (0.4 MV, B=3)
3Af17kHZ for 1.8 A
11::}SuperKeKB LER
fffffffffffffffff T T e 22 x ARES (0.48MV, 8 = 5)

! \! - Afap = -28 kHz for 3.6 A
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Cavity Impedance and LCBI modes

LER - ARES Cavity Impedance ( 1b=3.6 A)

Af = 28.0kHz
Fres[1frs = 508.87TTMH 2

O_
5 Excite Damp
u=-3 u=-2 u=-1 u=-1 u=-2 u=-3
-0 11
_15

AR

25| @ S

T L S B B
(f_frf)/fo

Figure 1: The illustration of the relation between LCBIs modes and longitudinal resonant
impedance of an RF cavity.

Impedance (peak ratio) [dB]

Longitudinal Coupled Bunch Instability

TL: Albi { £ Re Z( f;w))_ f¥“IRez ( fp(”‘))}

U = pf .+ ufy+ f,
9 =(p+1) f,—uf,- f,

£,r=508.9 MHz

Revolution freq.
fo=100 kHz

Synchrotron osc. freq.
fs=2~3 kHz
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SCC Operation Parameters and Trip

Number of Cavities

Max. Beam Current [A]

RF Voltage [MV/cav.]
External Q

Beam Loading [kW/cav.]
Unloaded Q at 2MV

at 1.5MV
Max. Vc [MV] at aging

Beam Aborts cavity trip

peripheral

2.6

1.5
5E+4

400
1E+9

3
0.87

1.2

4.3 -
6.8E+4

80-170
1.6E8 - 1.1E9

3.3E8 - 2.2E9
1.74 - 2.36

9
16

8 8
0.8 0.94
1.35 1.35
4.3 - 4.7 -

0.8E+4 7.2E+4

100 - 120 30 - 100
1E8-1.6E3 0.2 - 1.5E9

3.1E8-3.0E9 1.0- 2.8E9
1.75-248 2.00-2.49
1 1
4 4
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LLRF New LLRF Control System

was developed for higher accuracy and flexibility for SuperKEKB.

Block Diagram

LLRF System . of FB & Tuner Cont.

N eW L L R F SySte m g 5 PTG : Pulse Train Generator Tuner Driver
for one klystron = E : Er A
¥ RF Reference W5[¢  -1ModeFB e "s‘:,vfc“"’: =) ARES Cavity
" 1 ! v © (Water, Vac., Temp., ..)
Docated e rear aide) | uTCA-platform | 5089 MHz | | S
T FPGA Boards E.8 I e | RF :508.9 MHz . L er N A7
RF-Outpet Und AVE 88  16-bit ADC x 4ch, i - KLY
vaod & -5 —— (AMC Card) S-S B 1.0 DAC x 2ch L~
I W =i S : uTCA-hased FPGA boards ' e )
: ~C e 3 | | P DA Ky
HTCA crate |ed| || EPICS-10C embedded - A e e e oag . FE RS
L4 uma : . | 16— e (S) (A) Rotation — i
Digital Controd Unit " . : :
(WTCA-Platormed FPGA ‘W = 5 i+ A FF;I> FF-Q ;
I l. GUI is composed by uhﬁg—CSS-GOY : I CLK -:t P-glain P-glain (T 1_‘—-
] - LO & CLK gas | A® (AO) ‘_j’ ’ PI - Cont. ’ Monitor Signals
i lon Us 1 1 a-c une b : 3
u.g ;'gf: oml:n:on D'Str'l?Utor e (s-9) offset Ref-l - |5 ey MHZI 1

ARES Cavity FB Control Stability
measured by external “outside-the-loop” monitor
in high power test.

. Amplitude “ Phase

Rot Rot Rot Rot
IQ IQ IQ IQ

i L L L]

[ Cowt] i

Down Converter Unit
(10ch BPF & Mixer)
RF Detector Unit
{ 8ch RF Log detector)

|

ADC| 1,Q Detection

Detector Output [mV]

'11!

' S —— 0 H
| G ™ Vacuam Pump & ; LO IF i = rms: 0.02% rms o 02 deg
Gauge Controller § ' \—l—/ 10.6 MHz KLYout FWD i A =
- “Time [ms] Time[ms]
ll A-Cav Pi¢kUp (a) |

LO : 519.5 MHz %\A
> C-Cav PickUp (c)

. S-Cav PickUp (s)

g [x}( Cav-Input (g)

A

* New LLRF control system is built on recent digital technique. It is dominated by
MTCA-platformed FPGA boards for higher accuracy and flexibility.

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

Consisting of yTCA-platformed FPGA boards (AMC), & PLC.
EPICS-IOC with Linux-OS is embedded in each of them.
Common hardware for both of ARES & Superconducting Cavity.
Klystrons (LLRF) : Cavity unit =1 : 1 (SuperKEKB)

* The good performance was demonstrated in the high power test with ARES cavity.,
Completely remote controllable The regulation stability was 0.02% in amplitude and 0.02 deg. in phase.
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RF Reference Distribution

with digital optical delay control for phase stabilization

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

¢ “Phase Stabilized Optical Fiber”, which has quite small thermal coefficient, is adapted : < 1ppm/°C

¢ For the thermal phase drift compensation, optical delay line is controlled digitally at CCR for all transfer lines.

e The phase noise (time jitter) is enough low. Optical Transmitter System

) @KEKB Control Room

PSOF

D11(H X REH) D1 (R RERH [ Y——
—~ X N, p2inmmm £ e
D10(B X REH) - ¢ -‘\ (& - 508.9MHz Optical | & - Opt. Receiver System
\ e 4 ic\ Amplifier 3 a0 @RF-Cont. Room
féukubam?i'{f 7 'IE’°+’ 3 woMm 'WDM A
Phase Stabilized Optical Fiber (r) AN / As © " O/E > LLRF
(PSOF) < 1ppm/*C f \\\\\ x f) \& A :
instalied in the tunnel SuperKEKB —— \ = At 1 Ao O/E E/O
Main Ring (MR) ' T 5 e
=0 f g . , A=1551nm
PL_-‘ 1;1 Oo?::v:oc r 3 A;*1531nm
o 1w
A | IS5 0
. || Central Control Bm.‘i EPICS - LAN
i ,-‘;\ ™~ L’i\;\: . p N Tmmmmmmmmmmmmmmmmmmmmmm—m—m————
~S =S y S ——-) Optical Signal WDM : Wavelength Division Multiplexing (ASd/Drop) Device
/ [ ¥ 4 4& —————p  Elactrical (RF) Signal PSOF : Phase Stabilized Optical Fiber
DB(I:i:ilﬁa) i 4 | VODL : Variable Optical Delay Line

} "\ D4 (KBRS

S ,.;,ma%\;os_(xmiam
—y NI

- (
Sh—— | \E J = . —

Low SSB Phase Noise

Long term stability (pk-pk) : £0.1° @508.9MHz = %0.55 ps

(expected by the optical delay control)

E/O, OE : Optical Transmitter and Raceliver
PTG : Pulse Train Generator

Variable Optica Delay ™, 7CA platformed FPGAs

Lines (VODLs) for the VODLs control
for 8 transmissions




Linac/DR/MR Synchronizing MO System

MR Circumference

Central Cont. Room
/\/ 510MHz  Compensation

2 510MHz é , _’gt

10MHz
Freq. Change
510MHz for DR Dispersion /\/ DR-MO
Measurement 508.9MHz Moaice
R
Phase (/7
Shifler 'x 4
‘®‘ ] 508 GMHz
508.9MHz | :
ﬂ% B 1/5120
=
2 1/49 |
S FT7™Y
Linac- J

Linac

Cont. & 44Hz
Room
10MHz
DR- Trg.
' Court

Cont. Room

-MO = 508.9MHz | 17230 - 2%
& ] -
571.2MHz 146 RE Phese 1 i
LERMHER — = 44Kz (Inj. Phase) BM,
sw 49/55 Timing
s, ss1| oo
Bucke! Acc.
[ 1 secten :
’
114 MHz, 2856MHz » DR ;| 235?”“2
® ‘
Leon b { 5@ | = l:LinaC = = & = € = = o e |- - - -

For dispersion measurement in DR, the RF frequency has to be controlled independently for only DR.
->A dedicated master oscillator for DR (DR-MO) is required.

Linac-MO, DR-MO and MR-MO are synchronized each other by the external 10-MHz reference generated by
frequency dividing of 510-MHz into 1/51, which is distributed from the central control room.

After the end of the dispersion measurement (frequency change), RF phases between each other can be immediately
recovered by a phase shifter, and bucket-ID (the revolution signal) is reset for successive injection.
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Longitudinal Coupled Bunch Instability

LCBI Damper System

In KEKB operation, the y=-1 mode damper has
been used to suppress the LCBI due to the Acc.
Mode in KEKB operation.

In SuperKEKB operation, the LCBI damper is also

needed:
at I, > 800 mA, the y=-1 mode was excited in HER,

and a parked cavity also excites y=-1 mode at Ip >
500 mA in both rings.

Block diagram of the -1 Mode Damping System

RF Input Klystron Circulator Cavity

— D_@

] @ _______________ LPF | @ o
Piékup
0° 0° 0° 0 Electrode

< e fif frf S

0" |-90° -90° 0°

v P

LPF [—) L
Up Converter Down Converter Beam

Digital Filter

Example of SKB Phase-1 operation

The p=?1. mode excitation |
due to a parked SC cavity. Ib>05A

frf_fo
L]

wl;-p=-1 mode damperl ‘ /

|

\'414«'*.1‘f«|”‘4n~'«'rr.;.'.\*-,\',&L‘ﬁ'ﬁ*.':\b’ﬁw‘{?w,‘{#},ﬁ Tt s

[

M=-1 mode damper appliedl ‘

A AA s Y

rovse * Bt 30017004 e . 00004
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Klystron Characteristics
Our klystron bandwidth ~ 130 kHz

M Od u Iati o n Am pl itu d e P h ase ency characteristics of the klystron
= ol -
+ 0 100 k
v
5 ? <3|
(- 2 S
B (O]
3 S 85
£ 9
o 3
: Frequency (log1o)[Hz] O Frequency (logio)[Hz]
f,r=508.9 MHz fo =100 kHz (revolution frequency)

Klystron bandwidth is not so wide (gain and phase are not flat).
The feedback phase and gain should be controllable for each LCBI

mode independently in our RF system.
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SSBF and DBPF K. Hirosawa

Transmission ¢ .— 508.9 MHz

Bandpass Filters

From N — -1 & Phase Shifter —> Combined —
Beam Pickup M= ase Shifter with LLRF out
I —» U = -2 & Phase Shifter —» 1 g '
S— < .,
—» [ =-3 &Phase Shifter —» f0 =100 kHZ
Amp Single Side-Band Filter P— 800 kHz

Frequency [Hz]

Single Side-Band Filter (SSBF) Digital Band Pass Filter (DBPF)

90-degree polyphase filter 90-degree polyphase filter

/ FPGA Board| W, = —[lWp — W;
>

Q
) l Out In Q 8 1 .
@"’ DBPF —><

3 \
a Dg (8 >
| | >

\ J K j Figure 11: A functional block diagram of the digital bandpass filter on the FPGA.

Transmission Jir=508.9 MHz wu = —HW, — A, u=-1,-2,-3

-

A -3dB

Lowpass Filter
Lowpass Filter

1/Q Demodulator
Lowpass Filter
1/Q Modulator

The center frequency(-ufo-fs) of BPF,
phase and gain are precisely adjustable

i MMK for each mode individually by remote
‘_'_ 1MHZ — control

Frequency [Hz]

Jo= 100 kHz




Feedback Loop Test with a Simulant Cavity

fr=508.9 MHz
fo =100 kHz (revolution frequency)

[s = 2~3 kHz (synchrotron osc. freq.)

Q =9000
(Simulated cavity)

Port]1 Network Port2 Amp
l Analyzer 24dB -10 +

AT EB062A
divider
Simulated > .
Cavity

\ 4
24dB
¢ < 9 -30 -
Signal Generator
HP 8648C

—
(&)

~ Gain [dB]

Loop gain = 35 dB

w=-1,-2,-3 damping

5082x10°  5.084x10°® 5.086x10° 5.088x10®  5.09x10%

Frequency [Hz]
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Concern Issue of CBl damper

In the demonstration,

the new damper was applied to only one klystron
station at the D04G station in HER or at the DOSF
iIn LER. (In these stations, one klystron drives one
ARES cavity) .

Then, the instabilities were suppressed as

expected at up to about 0.9-A beam current In
Phase 2.

However, the target current of SuperKEKB design is 3.6 A which is much higher.

According to the calculating evaluation, there is possible that applying the damper
to only one station could not reach the required loop gain to damp instabilities for
the nominal beam current.

We will try to apply the damper system to two or more klystron stations.

We need enough time for tuning of several dampers systems to apply them to
several klystron stations.
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DR-Cav Check of the relative cavity phase
between Upstream and Downstream
Cavities for the DR

* The relative phase was adjusted during the advance low-power RF measurement.
=>» This time, we verified the result by using the beam.

* Method based on the beam

@ Operate the cavities with a constant RF power based on klystron-loop feedback
* To establish that the synchrotron frequency (fs) does not change

@ Change the relative cavity phase by moving the phase shifters
(3) Record fs from the spectrum analyzer
A B camy B

RF Reference

N

Circulator §\\
Phase Shifter AN\
P | Magic-T *
Above ground
................................ Accmnnel A

Beam

g " By charber > > The adjustment of the WG phase shifter
m or the middle-cavity n m . .
Jpees pounetres was confirmed by using the beam.
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DR-Cav Check of the relative cavity phase between
Upstream and Downstream Cavities for the DR

Measurement Results

O MeaSU rements Max. of the fitted parabolic function @-0.7°
40 4 l Klystron output power maintained to be constant
40.3
Qo0
40.2
y =-0.0007x% - 0.001x + 40.311
40.1
T 40 Original (defined to be 0)
K% 39.9
39.8
39.7
396 The result based on the beam is very good agreement with
395 the result of the advance low-power measurement! o
394

-400 -350 -30.0 -25.0 -200 -15.0 -10.0 -5.0 0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0

Relative cavity phase [deg]
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HPRF High Power RF SYStem
(above-ground part)

to Fuiji toIP
N~ —
e

| |
Wntgery Oute: JTIIUM  NCOFTAAC N WOOTAIT L dev M eeen 3OW ()

D4-A (1 2)

Klystron .'

vioagshy

D5-F (1:

| Klystron =

L.
“--

1.2-MW water Ioad
(Cir. port#3)
.

-
— ...‘

1)
A3

r
l -
to the tunnel

(ARES) 30-kW dummy load

(Clr port#4)

water load
] T ‘ (Cir. port #3)
s > ‘ | 30-kW dummy load | -
(C|r port#4)

WR-1500 ¢

Examples of HPRF System !\

| AT T ST .|
Many components used in TRISTAN operation were reused. Regular maintenance of them is needed. 48
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HPRF
KPS Issues

In Phase 2 (2018),

MR

: One KPS (D4-GH) was tripped due to reducing a ground resistance in anode power supply by
leaking of rain from the roof at May 13, then an interlock to detected anode over-current was
worked. At May 16, this KPS was retuned to operation after set-up a simple rain cover on this
KPS in the building.

. A stucco work to repair on a part of outer wall at D4 building was made until March 2019 before
Phase 3 commissioning. We will continue the repair work for other region of outer walls.

DR

. Successfully operation.

In Phase 3 (2019),

MR

: Troubles did not happened during Phase 3. -> Successfully operation.

DR

. A failure of control board in anode power supply was happened at June 18. We could not search
immediately specifying a failure point in control board. To retune for operation without taking time,
the anode voltage power supply was disconnect to KPS. Then, the voltage divides to anode by
changing the value of resistance between the cathode, anode and ground. The anode voltage
can controls roughly as a function of ratio of resistances. It was worked well, therefore, the KPS
of DR was retuned at evening in June 19.

: We are planning a repair work for this KPS in this summer.
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HPRF

KPS : connection of anode power supply

A

Conventional

Collector

. To Collector

/ Ground

Collector

Output cavity

RF window

Coaxial-
Waveguide
converter

RF out Middle LZ t\ Electron beam

cavities — :1b (A) Vk
Input cavity ; 5 _ 1
RF input (W) — Anode T
I || ToAnode
/ | va(kv)
Insulator —
Cathode ST T
Heater
To Cathode

* Solenoid magnets set at outside of the cavities to focus the electron beam.

anode

Output
resistance to

anode
(20 MQ)

node power supply to generate Va

Va out to

d vk Input ¥/
(kV)

grounding
resistance
(200 MQ)

To Heater in
cathode

Vk out (kV)
to cathode

Cockcroft-Walton circuit to

To Ground |

generate anode voltage.
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HPRF Anode Voltage divides replacing by
resisters after disconnect the Cockcroft-
Walton circuit

Vk Input

Va out
(R2=~60 MQ)

Conventio
nal

oy

twmey Vk (kV)

X<
Lo VvV
:

. fq.

-

After disconnect the Cockcroft-
Walton circuit and replacing the
resistors.

Equivalent circuit

Without Cockcroft-Walton circuit

k

A

70kV Va=
30KV * R1 * R2

Vg R3

Equivalent circuit (Conventional)

[
A

R1
R2

Cockcroft
Walton

| circuit

A

Va

\ 4

R3-
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AERE High-power components Issue 1

1MW UHF Circulator (Total 31 circulators used for SuperKEKB)

Number of overhaul: Three circulators repaired from April 2018 to March 2019.
Before starting Phase2, they were replaced to other circulators which a repair
should be necessary. We are planning that two circulators repair until Dec 2019.

New production: One circulator was manufactured until March 2019.
We propose the next production for one circulator until March 2022.
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HPRF ,,.
High-power components Issue 2

*1.2 MW high-power water loads
(Two type loads used which are the rectangular type (18) and the cylindrical type (12).)

In PhaseZ2,
-> \Water leak trouble was happened from two cylindrical type water loads.
A cause of water leak is that a ceramic rf windows was broken by mechanical stress.
After Phase2, the broken loads were repaired.

D4-G (HER) -> At April 5, a water leak trouble happened, then the leaked water was infiltrated to
inside waveguide system. It was detected by checking with eyes, after
judged the monitoring values of LLRF are abnormal. The cavity was detuned and
removed to operation after drying inside waveguide by blower.
At evening on April 6, the operation of HER was restarted.
-> The load changed to spare until May 16, then rf station was retuned to operation.
-> After this trouble, a water-leak detector was installed for all water-loads.

D5-D (LER) -> At July 1, a water leak trouble happened.
-> \Water-leak detector worked well before infiltrating leaked water to inside
waveguide system.
-> So, the cavity was detuned and removed to operation within few hours.

In the Phase3, the trouble of loads are not happened never.
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HPRF

fnner 9)"‘-\ =

o

Input Coupler

HOM WG
[ TR LA

Grooved

Storage Cavity Beam Pipe

TEos Coupling ©

Cavity / '

, / Accecleraung

i Cavity

Y

Parasiue (O & 1)
Mode Damper

R' Pl. Wl
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