The 20th KEKB Accelerator Review Committee (2015.02.23)

Status of RF System

T. Kobayashi from SKB RF Team
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Intro.: RF System Arrangement (ultimate)

K. Akai
KEKB-RF
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e+: 8.0Gev x 1.4A  HER
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e-: 3.5Gev x 1.8A  eq ]
. P — | :  ————— ol
Beam Power/Cavity: ~200kW | o "/
Drlve Powerlcawty ~350kW S er{(EKB-RF
DA (ultimate) Max. RF Power Config.|

add 3 power supplles

add 2 more k|ystr0ns HP&LL add 2 klystrons' HP&LL
adl(:j)lll more power SUPP% D7 add 2 power supplies D8
2

e+: 7Gev x 2.6A IIIII

- o i

. lede i ssssndhahe - -
|
e-: 4Gev x 3.6A [ _2%2MRB ! i -
\
= remove 4 ARES
Beam Power/Cavity: ~600kW
' Klystron, HP&LLRF system Type “A” power supply (for two klystrons) ARES cavity I SC cavity I:I Crab cavity
Type “B” power supply (for one klystron)

Drive Power/cavity: ~750kW |

= One-to-one configuration for every ARES (One klystron drives one cavity). -> Sl LTEIE £ & ) [l

i . ¢ increase and reinforce WG systems.
= Upgrade of input coupler for the ARES (up to 8~6, 800-kW input power capable)
= Addition of new HOM Damper for the SCC as a measure against beam-induced HOM-power rising. 3



Relocation of ARES Cavity for Phase-l
SuperKEKB (Phase 1)

KEKB R¥F Svs&em Sur?e_rKeKB will start wp wikth

) § *
"%’"‘"‘"‘— e _) “‘.;_""'“‘ ¢
e’ 7 Gey 4 GeV

¥ GeV x 1.4 A 3.5 GeV x 1.¥ A DD Ve = 94 MV

Ve = 15 WY, Ve = ¥ MY, b‘j- %,

FxARES + ¥xSCC 22xARES
@< Pream = 5.0 MW Pheam = 3.5 MW @D4
._<3.-<:1 by by added 3 KLYs &

12xARES + ¥xSCC 2O0xARES added 3 new LLRFs

@D5
added 2 KLYs &
replaced all LLRFs D—-

Wi , 11/
108010 S : i A

~UJI

Relocation of ARES cavities almost completed.

* Oho D4: Two cavities added. 141 config.
* Oho D5: Six cavities moved from HER to LER.

e Fuji D7: Two cavities removed.

* Fuji D8: Two cavities removed.
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ARES Cavity
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ARES ARES Cavity

Accelerator Resonantly-coupled with Energy Storage

3-cavity system stabilized with the n/2-mode operation

T. Abe (2014.03)
(top view)

Two SiC bullets per Waveguide
Input Coupler Port

\W
\A LAY

O g consists of

Pumping Port

® HOM-damped accelerating cavity (A-cav),

® Coupling cavity
with a parasitic-mode damper.

(C-cav)

(side view)

Two SiC bullets per Waveguide

® Energy-storage cavity with TE0O13 (S-cav),

JRE 508MHz

US / Ua 9
R QO 15€2 acceflzrratlltliig/ r%lode
Qo 1.1 x 105
Ve 0.5 MV
P. 150 kW 60 kW (acc. cav.) +

90 kW (str. cav.)
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‘ Along the beam axis . 1000mm
|
Perpendicular to the beam axis | . P

Successful Operation of the 32 ARES Cavities at KEKB

k S k a
Us °m.-.;.- ) U

damper
0 mode > > >
/2 mode —> . «—
T mode > « >

Us/ U, = ka*/ks* for m/2 mode

A = 0fal (1+ UJUL)



AREs Relocation of ARES Cavity
@Oho DS

ARES cavities along the LER beam line in Oho D5.
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Ll start wp witkh

Ve =2 9.4 MV

by

22%x ARES All of 6 cavities were moved

from HER to LER.

Photo View
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ARES Relocation of ARES Cavity
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A-cav (+ C-cav) and S-cav are moved

separately, then connected with each
other after the installation.

Lip welding for vacuum seal at the flange connection between the coupling and storage
cavities was processed after the accelerating cavity aligned along the LER beam line.
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ARES Performance Upgrade
of Input Coupler

MonIaZ Dot Over: and Under-Cast ‘Structure Fine grooving inside the outer conductor of the

for Arc Detection  for Impedance Matching _ = coaxial line in order to suppress multipactoring
' - 6~ B8 discharge for high power hadndling.

.-. — o S—

Ceramic

Door-Knob Transformer RF Window

from Rectangular WG

0. Comntlal Ling . (™ itiahSmmm—m Coaxial Line

The coupling loop was extended to increase
the input coupling factor 3. (up to 3 = 6)

The optimum coupling factor 3, is given by
Bopt =1+ Pbeam/Pc-

ICF-203 HOM WG
Flange Inner Dia. 1.1 M~
Monitor Port o~y
for Arc Detection Grooved
Storage Cavity Beam Pipe

Capacitive Iris

TEo3 S
Coupling
Input Coupler *"’\“‘ p z‘usi:)ﬁ' =
\ Accelerating
Power Handling Capability (Spec.) Cavity
P input P c P beam Parasitic (0 & m)
SuperKEKB : 750 kW =150 kW + 600 kW ; (g . =5) Mode Damper

KEKB : 350 kW = 150 kW + 200 kW

RF Power

P. = 150 kW generating V, = 0.5 MV per ARES cavity.

/ 3D Transparent View of ARES Cavity System




ARES Production & Processing
of Upgraded Input Couplers

ARES
Storage Cavity =

Input Coupler
used as
Output Coupler

Snapshot of Status Monitor for RF Processing

Input Coupler
Under Test

High Power
Test Stand

RF Power from
To 1MW Water Load 1MW CW Klystron
(TOSHIBA E3786)

Status & Plans

« So far, 13 input couplers have been processed up to 750-800 kW.
« Every ARES cavity in Oho D5 has been equipped with an upgraded coupler.

« Additionally in Oho D4, upgraded couplers will be installed in the RF stations each
configured as one klystron driving one ARES cavity before T=0.

D4+D5 = 10 ARES's (1:1)

10
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Damping Ring Cavity
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DR-Cav

Acc. Structure for the DR

T. Abe (2014.03)

Based on the ARES cavity with the long successful operation at KEKB

1. Accelerating-Mode Frequency: 508.887[MHz] (same as for the MRs) We can supply total V, : 2.4MV
3. Gavi g j //7at maximum.

. Cavity Voltage (spec): 0.8[MV/cav] (—Wall-loss power: ~150kW/cav)
4. Max. stored beam current: 70.8[mA] Very low loading compared
5. HOM absorbers: Silicon Carbide (SiC) tiles — to the (Super)KEKB-MRs
6. Grooved Beam Pipe (GBP) common between cavities
7. Cavity-GBP Joint with a weld-ring gasket (not using a usual flange) —> More compact than the SiC
8. "Multi Single Cell” structure bullets
9. Reuse of high-power input couplers and tuners proven at KEKB-MRs/ARES
10. Good vacuum in cav. (~10-%[Pa]) needed for high-power input couplers. —> Pumping port on each cavity
11. Loss factor (incl. the taper sections): 2.4 [V/pC] (for 0,=6.0mm)
12. No coupled bunch instabilities (CBls) due to this structure occur.

3

-cavity concatenated system ’-

—~—

(Dimensions in mm)

Blue : Vacuum region

400
Gray : HOM absorber (SiC) ’ l |k 1100 ' Taper
!-l-’ 3 cavies are driven by one klystron| | __L.l_,_ LILFlange
oo fm— (. [— ] emmmmm $—— —
e P e B e
f40 S ( —J'— L <20 | -J‘_ 50, o
a R4 | 2 3 256, 1 200, 5
S K e 128, o T Hellows o
- v .« C C . P
r=n ) K% i ) = 7_-.1\.7.(4\"' 110
. &' g~ ‘ s . '_}472 - e
_!-,:, L e >
«— d g L Commissioning will be started with 2 cavies. (The middle cavity is omitted.)
2 ~ | ha—— 12




<Topic>

DR-Cav DR Cavity No. 2

High power test result of the Cavity No. 1 was reported last ARC.

The Cavity No. 2

B Fabricated in JFY2013 with the same structure,
method, and procedure as Cavity #1.

Inner surface of both end plates are
electropolished in the same way as the #1.

B High-power tested from May 12 to July 4 in
2014

l
!

& - -
‘[-'.
=
i
;-.-_—\\<

Table 1: Design parameters of the DR cavity

g Frequency 508.887 MHz
Rsh /Q() 150 Q
Qo ~ 30000
Cavity Voltage 0.8 MYV reavity

Wall-Loss Power ~ 140 KW  /cavity

Just after the delivery to KEK

In DR operation: 0.70 MV/cavity
13
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DR-Cav Setup of High Power Test
for the Cavity No. 2
@D1-A test stand

-

Fine grooves against Multipactoring

o (i i

“ High- Power Input Coupler

3 TV Camera 3 '~ N
oA , y r :

-

Turbo-Molecular P N\
Pump (300L/s) [Rge L~ . lon-Sputter Pump (400L/s) LAN Cable (CAT.6)

14
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DR-Cav Conditioning Histories

NO.1 ‘ v'83 hours to reach 0.90MV/cavity

Reported ’14

(a) Cavity No.1

= 200

__MWWW

— stopped at reaching 0.9MV,

0.90MV

o

10 20 30 40 S0 60 70 80 90 100 110
Conditioning Time [hours]

, 5
Vacuum [x10" Pa]
o =~ N W b MO

Auto conditioning sequencer was applied for the process.

No.2

then migrated to stability test.

N
o
(=

150

-l
o
o

50

Pipp= Pren [KW]

y -5
Vacuum [x107Pa]
O = N W B O

v 95 hours to reach 0.90MV/cavity
v'107 hours to reach 0.95MV/cavity

(b) Cavity No.2

Conditioning was continued
until reaching 0.95MV.

(Radiation regulation limit @D1)

* MW{

10 20 30 40 50 60 70 80 90 100 110
Conditioning Time [hours]

The light blue lines indicate the reference vacuum pressure
specified by the computer controlled automatic aging.

v'P,, (P.r) - input power to (reflected power from) the cavity

If the vacuum pressure is higher than the reference, P,, is | v Wall-loss power: P, ., = P, — Py = ~0.99 x P,
slightly stepped down until the vacuum pressure becomes | Cavity No.2 reached 0.95MV/cavity successfully.

lower than the reference, and then P, is slightly stepped up

v'Comparable conditioning speeds btwn Cavity No. 1 and 2

as long as the vacuum pressure is lower than the reference.

15
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DR-Cav Stability Evaluation
with Keeping IO.QOMVIcavity

After reaching 0.95MV, —
Stability was evaluated by
keeping voltage at 0.9 MV “of I

117:01:16 Help «
E
~200f— '":4 <
® f - -
. . :152-— 1 --3'58
(In DR operation: 0.70 MV/cavity) o f 1 1 &
a0 3 =
= =
S —2.55
. . i g: A ! - 1 I | )
Example of the daily histories — o
So.s keeping 0.9MV »| s
o’ keeping 0.95MV 4=
’ for 30 min. B
[ s 1 1 1 1 | 1 | L —
9"070* 10" 11" 12h 13" 14" 15" 16" 17"

6/25/2014
| Assuming Rsh'Q0 - 1500 [Chm] (sim), Gex(IC) = 22620 (meas. with LoogAngle:77.5deg) [L'min) MV
n 00RW]L Pref 0.002 kW] Beta$$SSSS, O0$3333SS, Rsha$$$s MONm] Ve 0000 [MV] Vac(CCG) 336[v]  A-<#v 130,68 Vell:0.95
PlA-cavi1028 kW] | Acav: 1304[Uminj | Pin(max) = 2043 kW] Veo(max) = 0841 [MV] | VeUL{set) = 0550 MV] S Set
aviy Power and Vacuum (v11) on locaihost (34 ]

mCavity No.1: 3 breakdowns for 14.5 hours in total = 5.0*43 , - /24hrs
mCavity No.2: 11 breakdowns for 80 hours in total = 3.3*13, ;/24hrs

W
Same stability between Cavity No. 1 and 2

within the statistics

16



DR-Cav = Conclusion on Cavity No.2

B The RF performance is equivalent to that of Cavity #1:
® Comparable conditioning speed
® Same stability at 0.90 MV/cavity

(In DR operation: 0.70 MV/cavity)
[} [}
Passed

Cavity #1 and #2 will be installed in the DR tunnel in
2016, and will supply a total V. of 1.4MV to the DR.

*DR commissioning will start with 2 cavies.
e The fabrication of the No 3. relies on the budget.
e However, the need for the No.3 is not clear at present (It depends on the operation result).

17
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Super-Conducting Cavity



GATE VALVE

Superconducting Cavity

8 modules have been installed in Nikko for HER.

Y. Morita

/DOOR KNOB TRANSFORMER GATE VALVE
Input Coupling Factor

Pinput =400 kW
Tested up to 750 kW. |

INPUT COUPLER
ext~50000) not changed  Needs to be renewed
Piom =19 KW._ — since 'some major parts
Tested up to 19 KW~ FREQI.UUE:&Y né:t available.
“HOM bAMPE‘Rj
§ SBP) | ,“HOM DAMPER ™" »

dﬂd-‘ﬂd‘
|

| (LBP) -

4

' Pdbu =26 kKW
Tested up to 26 kW.

0 0s Im

Vc=1.5 MV, Pbeam = 400 kW

Icavity 19



SCC module | Text

Doorknob

Input coupler

Tuner

- | LBP side

SBP side | |
lon pump

* Expected large beam-induced HOM
power in SuperKEKB/HER

In design parameter, the HOM power is
calculated as 37 kW/cavity. As
measures against the large HOM
power, the additional SiC damper was
studied.

We have a lot of use-experiences of SiC, and SiC has several
advantages such as low-outgas, mechanical strength, easy
treatment, .. etc.

LBP ferrite damper

lon pump

Large HOM Power *
nduced by high-charge and short-bunch beam

(Presently-used)

Ferrite Damper _‘
' Stainl\ess Steel Flange

Gate valve

Beam Pipe
1500

mm)

S 3
iHIPped ferrite (thickness: 4
J o .

SCC-HOM KEKB SuperKEKB
parameters (achieved, calc.) (design, calc.)

Beam Current 1.4 A 2.6A
Bunch Length 6 mm 5 mm
Bunch Charge 10 nC 10 nC
Loss Factor 1.2 V/pC 1.4 V/pC

HOM power 17 kW/cavity 37 kW/cavity

20



Simulation Study
of Additional SiC Damper

1.3kW Bleam

Wake field simulation using CST Particle Studio

Inlet BP
Outlet BP
SBP
LBP
SiC
240mm

Without SiC

Eq.LF
[VIpC]

0.05
0.58
0.32
0.44

HOM Load
[kW]

1.3
8.7

11.8

LBP damper

Cavity cell

Inlet

A
SBP damper

With SiC (240mm)

Eq.LF HOM Load
[V/pC] [kW]
0.05 1.5
0.20 5.4
0.34 9.2
0.44 12.0
0.90 24 4

BP

~
v

oC)

v

,
e T
0SS Facle

Outiet Power [pJ]

EqQuivalent L

According to calculation using CST
particle studio with wakefield solver,
existing damper (LBP, SBP) loads are not
large, but emission power through the
outlet beam pipe toward the downstream
cavity becomes to be large, 15 kW.

Eq.LF and Emitted Energies vs SiC Length

—a
o
o

Eq. Loss Factor

—

HOM Power Emission through
Outlet BP

(=)
o
3
9

200 300
Si1C length [mm]

0
0 100

400 500

The emission power can be reduced to
1/3 by the additional damper. The load of
existing dampers is not increased.

Additional damper can absorb more HOM
power emission as the length becomes
longer. In our practical condition, 240 mm
Is suitable length.

21



‘séc Simulation Study
of Additional SiC Damper

1.5kW B

Wake field simulation using CST Particle Studio load Ieam According to calculation using CST

particle studio with wakefield solver,
existing damper (LBP, SBP) loads are not
large, but emission power through the
outlet beam pipe toward the downstream
cavity becomes to be large, 15 kW.

Inlet BP

A
SBP damper

Cavity cell

Eq.LF and Emitted Energies vs SiC Length

LBP damper

~
v

oC)

-
(4]
o

v

Eq. Loss Factor

—

,
ACC =arMinr
0SS Facle

Outiet Power [pJ]

5.4kW °
Additional SiC Damper
HOM Power Emission through

| withoutSiC [with SiC (240mm) Outiet BP

Equivalent L
o
4]
3
9

Eq.LF | HOMLoad | Eq.LF | HOM Load o4 . - i
[VipCl [kW] [VipCl Lt Ral . B L

138 374
1.3

The emission power can be reduced to

Inlet BP 0.05 0.05 1.5 1/3 by the additional damper. The load of
Outlet BP 0.58 @ 026 existing dampers is not increased.
SBP 0.32 8.7 0.34 9.2

Additional damper can absorb more HOM
LBP 0.44 11.8 0.44 12.0 power emission as the length becomes

. longer. In our practical condition, 240 mm
o C244>  issu
240mm -- -~ 0.90 @ is suitable length. .



‘séc Development of
Additional SiC Dampers

New SiC damper modules were developed for SCC module. The SiC absorber SiC damper module
length is 120 mm, therefore, two damper modules are needed for one SCC module.  giainjess steel flange

One SiC module needs to load 12 kW, because the expected HOM power loaded —Z Stainless steel jacket
by the SiC is totally 24 kW at 2.6 A of beam current. Copper base /

The additional SiC damper can be installed into downstream outside of gate valve
of the SCC module. The cavity surfaces do not need to be exposed to the air. The

ﬁ g{ﬁll[l[]ll C“Lﬁj

risk of degradation of the cavity performance can be avoided. - SiC (L=120mm)
* Additional SiC damper module ?
» SiC : ¢150x10x120 12 kW
* Ferrite HOM damper (existing) « Cooing path: 5
« SBP damper:¢p220x4x120 » Water flow rate: 15L/min -~ |

* No. of modules: 2 l ]

Doorknob u s — rl—ll O — ;—;»—El
Cooling path

Input coupler

SBP ferrite damper

Tuner

LBP ferrite damper

Gate valve Gate valve
Beam —)
Bean/ Plpe Kol | _ Addltlonal SiC dampers

1 50(1) lon pump | (to be installed)




séc High Power Test Result

of the new SiC damper module
‘High Power Test Stand

‘Absorbed Powers

I
ey 2 - 13 ”m . o He
~ SiC module Coaxial WG =15 ¢ Si1C#1 e
. s i R 5 = SIC#2 | -
v 'F) N ¥ - 3
: S 310 . B T
= m
=5 = Expected HOM load
2 - at 2.6A: 12kW
— I
0 50 100
Input power (kW)
. : 100 - SIC Surface Temperatures
M Conditions and Results of High Power Test ~
Max. absorbed power: 18kW 2 80 1 «g10# N
Max. SIC temperature: 80 °C o .
Max. flange temperature: 60°C 5 60 — ®SIC#H2 | S @
Cooling water: 15L/min *_5 - e o
Inlet temperature: 25°C 2 40 — - T
Outlet temperature: 42°C E 59 en® Expected HOM load
6’ at 2.6A: 12kW
12 kW/module of absorption power, that is o 0+ r r T :
expected HOM load, was achieved in 0 5 10 15 20
enough low SiC surface temperature. Absorbed power (kW)

Conclusion:

We have established the new SiC HOM damper modules with adequate load performance for SuperKEKB !
Those modules will be installed into the beam line for confirmation of practical HOM damping effect.

24



HPRF

High Power RF System

Klystron
Kly. Power Supply
Waveguide system

25
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HPRE High Power RF SYStem
(above-ground part)

to Fuiji toIP
N~ —
e

B R R

| !
Wagery Dute: SEIOUM  SCOFTAAC N MCOMAIT L Gy M e e 30w O

D4.A (1 2) < Klystron

vod3shyy

D5-F (1:1)
Klystro e Q\A}

to the tunnel o )
(ARES) Ralis 30-kW dummy load

“ ‘ i (Cir. port#4)
é : >

1.2-MW water load [
C|r port#3)
- 1

1 2 MW water Ioad ~ [
(Magic-T port#4)

- water load
S LY N® (Cir. port #3)
30-kW dummy load o
(Clr port#4)

——sd.

>

. A 1-MW UHF circulator

" Examples of Slte Condltlon ‘
Most components are about 30 years old. Maintenance of them is going on for all statlons




HPRF Reinforcement @ Oho D4

One type-B KPS will be moved to the DR in 2016

. ¥ " B ol
! J . L oy’ » (
! FIRARE S £
A=T .
™ '8 2 el 4
" ot
8 ‘ s .
] - — o
) 1 SR -
- - ! ) o — "
oy te, g e ; -
2 : : ¥ . 4 ot - ‘. " T . LS \
e - - < Pee U L v 9] R
. o - < 2 o " !
. L o wihe 104 £ A5 4
\’ |
- - v :
I
\, Cs

/ N
KPS

N /
1 |peas | b oac) 1 lo D4-DE |

w— Circulator :: Type- O Type- mﬂ L Type-A —

- ] H | (Idle period)
h (I // TR o O D Db b g D ( h

Klystron-)@ "y :[mﬁ Oy - O m Vertical ”EEED 0 r

- 00 O“AI [ 1 ("B‘ 00 00 OC‘ tt:rt‘:]:%:::;f; S oo Fgo |
— | Q /]vnv o 0o Q—Q 0 o= 0 0 %

; ' A2 ARES T C1,C2 ARES

Relocation and reinforce of

Plan to manufacture the high power RF system
after T=O

For SuperKEKB (T=0)

z : ..... KPS ps = DZ_':
£ KPS™G : D4CD | D4-EF Briat KPS
S 1?4'Ai ¢ : Type-A TypeA She S ?4'Gi
Circulator e-A HIE T Feimeeeeensd . | . o- ;
e I 11 ot 7T ) 0 PR
el I . e ; o R Fm— = S e e
) Klystron —)n:]I p ; 15: o = 1] rp‘é j g Iﬁl e oo G n[:L_U
= A nA r " C " to the tunnel ! o E .F ‘ G
" ¢cD T EF G H = -




Reinforcement @ Oho DS

One type-B KPS was moved to the D2 (for a test station)

o KEKB r\/- '] T Dl e s wed ] U & =
KPS [ T 1| KPS T KPS
D5-D 0 4l H D5-C .\ /ID5-AB
Type-A T l_l Type-B ||| Type-A ] -
J—A——w ) b ?.I_T_I'Clﬂator ' 9 B r—r T -
: [ 11 ElLL) o
| Klystron fmj D__J” ml . ?7
= C0 @0 02 . Oﬁ—b ' to the t C]O = : R 3 . . tothetunnel _J
A E C .. B.. A
) a o 0 o e 0 0 i § P i g
E,C B1, B2 A1, A2
\v/ The all works of relocation and reinforcement for D5
were completed.
For SuperKEKB = All stations were changed to 1:1 configuration
“:a KPS | = KPS =1
Circulator : D'I'5 CAD 4 [')I'f[;eAAB -
&1.2-MW WL ype- - !
H— — - — .N _________________ L e
—_— - | R
: e TpEEE— i B - -
1' Klystron "—) = a[El O =, 0° =
i foX i 00 4 g 00 = 90 7
/_;J C i & to the tunnel A
K = B A ——
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HPRF Status & Plan of HPRF System
(Summary)

» Klystron

. Klystron set up (D4: +3, D5: +2, D10: exchange for Toshiba) : finished AirEggﬁLendg:Ifat
: Manufacture of the cooling system for the reinforced stations (D4, D5) : finished ‘ ,

» KPS (Klystron Power Supply)
: Additional Two power supplies set up for the reinforced stations (D4-EF, D5-CD) : finished
: Maintenance for the existing power supplies (D4, D5, D10, D11) : finished

(D7, D8 ) : will be finished in October 2015

nad Klystron Cooling
! System

» High-power components

: Connection of the waveguide system : will be finished in March 2015
: Manufacture of new 1.2 MW water loads (D4: 6, D5: 6 -> total 12) : finished
I > set up to the stations : finished

Y i
.

‘ﬂu;-f--am,

: Overhaul of the existing 1.2 MW water loads (19 loads) : finished
replaces to the stations : will be finished in June 2015
: Manufacture and set up of the 30 kW dummy loads (25 units) : finished
: Manufacture of the cooling system for the 1.2 MW water loads (D4, D5): finished
: Maintenance of 1MW UHF circulators : will be finished in August 2015

**Other maintenance work: will be finished in October 2015 **

Addition and relocation for reinforcement were almost completed.

High power RF system will be all done well in advance of operation start. -




LLRF

Low Level RF Control System

30
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LLRF

Existing KEKB
Analog LLRF System
( for one klystron)

NA 44

: EX|st|ng L

............

Block Diégram
of FB & Tuner Cont.

New LLRF Control System

has been developed for higher accuracy and flexibility.

LRF controls systems will be replaced with new ones step-by-step.

LLRF System

PTG : Pulse Train Generator Tuner Driver

=

cwicecw

FPGA

F— New LLRF System
—

PLC Unk l for one klystron
(locmanmom]a:nu-)

——
r . e | I
| -
RF-Output Unit - v '

(1Q-Mod. & RF-SW) - UTCA-platform

e .\

S FPGABoards *16-bit ADC x 4ch,
: (AMC Card) | 16-bit DAC x 2ch
pTCA crate @ -

EPICSIOC embedded

g E==
GUlis composed by using CSS-80Y

Dignal Comrol Unit
IuTCA-Phﬂormed FP

Distribution Uﬂn
(LO & CLK generator)
I
P - .
l"
|

Down Converter Unit
(10ch BPF & Mixer)

RF Detector Unit
{ Bch RF Log detector)

Vacuum Pump &

——
1| .. - Gauge Controller §

-

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)

RF Referencé
508.9 MHz

POy Py VEWR_ Asé, )
PLC

Tuner

Cwictw
.
;
)
@

Mo Lock

. RF : 508.9 MHz

ARES Cavity
A-Cav

S oo e B
o= o (S) (A) Rotation I
4 4 Fr1 L L FF-Q

: CLK P-q'am Pgun +>3) Pe [ nccT

| 1:_’ N
LO & CLK 84,8 Ao A9 ot Pl - Cont. ARES Cavity FB Control Stability

MMz (s-g) (a-c) ~e measured by external “outside-the-loop” monitor

Dlslﬂbl’ltOf " ’ ’ ? ? oﬂsn Rq-f-l’. ’ | * I::'-Q in high power test.

: Rot. Rot. Rot. Rot 2 Phase

. x . . Selector 3¢
oLk @ ta 1| 1a :, ],
;!!)‘ ' 424 Lmj J L L g R°t' Ro‘ <§ ., 101 d: b
e | wiz A A ]

| ¥ cLK -@ @ 1,G Detaction | rms 0.02 deg.

: ‘ LO 13 t Time[ms]

: ;I_/ 10.6 MHz A KLYout WD |

: LO—":‘,.'.",‘

:LO : 519.5 MHz I LO ‘ ’ P A-Cav PickUp (a)

. ; "4 C-Cav PickUp (¢)
) " ‘ S Cav PickUp (s)
> | _.-::,,24

Coﬂnnut @l

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

The p=-1 mode feedback would be applied to a few or some

stations. (Not to all stations)

If not enough, The -1 mode signal will be distributed to the other stations.

In the KEKB operation, the y=-1 mode FB was applied to only one station in each

ring respectively and it was enough effective.
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LLRF Installation Status of new LLRF

@OHO D4 Control Room

) [N 3
: . : New LLRF Old stem i »! ™ v il
© E ’ . - ' | ‘.ui -
7Gev I P k| S

4GeV - e
— L 1H< 3 - S - o
CoO—q D11 sce - 3 new LLRF =
— _ U PP systems
Nikko IARES New LLRF »
- ) |
() I} [
= KLY+LLRF > !
=< D10 v D5 | B »
() . ‘_= i
]
Fuji Q - /=
YT THHIE
i - -
D8 V D7 6 new LLRF

systems

@OHO D5 Control Room

Status & Plan

e New LLRF control systems were installed to 9 klystrons stations at Oho D4&D5 (6@D5 + 3@D4) , and the cabling was
completed.

e The other stations will be operated by existing systems in the Phase-l. D4 stations are mixing the new and old systems.
e The RF cable loss measurement and the overhaul of the old systems were also finished for all stations.

e The new operation interfaces (GUI) for the acc. operators, which integrate both the new and old systems, should be
prepared before the phase-| starts.
e The DR-LLRF control system is almost the same as MR one, except 3-cavity vector-sum control is needed. It will be

produced and installed in JFY2015.
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LLRF Implementation of KLY-PLL

for Compensation of KLY Phase Change due to Anode Voltage Control

Reported 13 I CLC (84.8MHz) o
- o : ¢ (508.9MHz)
For efficiency optimization, the anode voltage is controlled Lo - FPGA -FB cont. = o ~
depending on klystron input power to reduce the collector loss. (519.50z) i i .
Rotation ‘ Rotation  for KLY-PLL R 4
KLY Anode Voltage | c [, o3 g-(!» ® E{or T o, [ OAS QMo
10.6MHz bals u. COnt. x D" a" b ax
~la x DAC -
Cavity Pickup = 4 1 J Q
w | mm":'::w Ref-Q FF-@ ic"
calculated by VQ-rotation,
'F . A=Arg(K/C) biesing. i '
- ADC Qab': K J; rg(K/C) i Orvr
= ) —Sign(A)x A
L(Iystron Output Z :gn( )x [

Input Power \ ﬁsfﬂ‘]»l—l_]_l_j—U"l_ “?‘"C“’"I‘:'I;”;";LL )|T
I, i Key /.

A4
J
508.9MHz
Kly Input-Output Characteristics cavit Klystron Phase Lock Loop (KLY-PLL) was implemented
~=>-Out Phase [Deg] [—e=Kiy Out (kW] digitally in the FPGA for the cavity I/Q-FB control. (only

phase compensation without KLY-AGC)
Reported 14

The successful working was demonstrated
In low level test last year, but..

Output Phase [deg.]
[y S— T T TSR

0 0.05 01 015 0.
Kly. Input Power [W]

Necessity for the high-power test with

The phase shift of 80 deg. will be critical . .
y : klystron was pointed out in the last ARC  ,

problem for I/Q FB control technique. (acceptable: ~60 deg. )



LLRF  High Power Test @ 800 kW
for the KLY-PLL control

This test was including just

LLRF System | oo g R
s : — — | o klystron checkup for high-
| . | {g . power output of 800 kW.
4 /Apc | ! 2 -: '§ % c:'r;t. %; '::,'-_ o _::-oAc Q-Mod. It was the first time to output
Cavity brokan L3 & '(?* 'C? % " H " HDAC) over 800-kW since the KEKB
LO ’ besing. [ caib. | B b @ operation closed.
e ret-a I
F ax=cosé,
N | a:-b: K A= Arg(K/C) bi=sing iZA':;"
klystrontutput af” ® 6 = -Sign(A)x A6 ’
:_2‘:,“"_' I | I | | | | | | 48 ' increment constant
AN (AN
QU! -
Kly. Loop Delay ~ 1us : 2
Loop Delay ~ 2us |_ :
4 ~ ARES Cavity P\ Cav-In o _ o—
= A-Cav Simulator - LLRF System
Tuner€—F C -Cav
Cont. «— S -Cav Reflect
S Tuner =
Latency: 800ns Cont. ©°
INTL
Cont.

Auto tuner and Beam loading can
be also simulated in real time.
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LLRF

KLY-OUT [KkW]

Anode Voltage

High Power Test Results

of the KLY-PLL and cavity FB control using ARES cavity simulator

The coefficient is optimized
for 850-k\W max. output.

>

Kly-Input

KLY In/Out Characteristics

100(

0

800 |

600 ¢

400 |

200 -

Under Closed Loop

—o—KLY- PLL Cont Phase [deg |

T

| Compensated Phase by PLL ]

Outpuf Power :

Operatlon.
750 kW

——KLY- OUT [kW] . f

of /1Q-FB & KLY- PLL

0 Lo
0

Klystron linearity & gain is very good

0.5

'1 156 2 .

KLY-IN [W]

in the operation range.

-20

-40

-60

-80

[3ap] aseyd MmO TI1d-ATY

Beam Loadlng Simulation | Y using ARES Cavity Simulator

oY

& P P Com

§||| ERORERRNRRRNN FRRRRERRNNERT FERNARGRRIARD

Regulation Stability @ 750 kW

under the Closed Loop

ﬁ 750kW
KLY Out — (@|b_3 6A)
, W ®.=80deg.
- . ‘JJ;
“ wp I “‘L ,rJrfr A-Cav Amp.(simulator)
[~ | r) A-Cav Phase (simulator)
fioee I - T T e e e
-._ | ;!’
= - Auto Tuning Pulse Count/s_[
lb=0
(@ >=0) I (A-cav detuning: -290kHz)
[émkw

(Equwalent to 150-kW Cav-In for B=5)

-

B[4+ ala ok a)w]| &)
2114254
suee AMP. | g er Phase|  10.08 deg.

gll%&i
2.102E4
2.09854

2095264

" \
A

[ 0

4 ms —>

-1.19 (

MADCI MADC2 MADC3 WM ADC4 [ SEL TR

TADCY [TADCZ [T ADC3 W ADC4 [ SEL TR

T DCAY 7 DCA2

KLY-PLL worked successfully over 800-kW output range,

and no problem was found in the cavity FB control.
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Summary

The rearrangement and reinforcement of components are almost completed for Phase-l.
The remaining works to do will be done in advance of the RF conditioning start in 2015.

1. ARES Cavity

¢ Relocation has been completed.
¢ 13 input couplers have been processed up to 750-800 kW.
e Upgraded input couplers has been installed for all ARES’s of D5 stations
= Upgraded input couplers will be installed for D4 stations of the one-to-one configuration, beforeT=0 .

2. DR-Cavity

¢ High Power Test of the Cavity No.2 was done, and the good performance as equivalent to that of the No.1 was
demonstrated.
= The two cavities will be installed in the DR tunnel 2016. (V.=1.4MV can be supplied.)
¢ The fabrication of the No 3. depends on the budget (The need for the No.3 is unclear).

3. Superconducting Cavity

¢ Additional HOM damper is required, then new SiC absorber was developed to reduce HOM-power emission.
¢ Good performance of the new HOM damper was verified by the high power test.
= The new HOM dampers will be installed into the beam line to confirm the effective performance in beam test.

4. High Power RF System

¢ Rearrangement of klystrons and the power supplies were completed.
e Manufacturing of the reinforced HPRF components were completed.
= The remaining maintenance and connection of the waveguide system will be done in 2015

5. Low Level RF Control System

¢ Installation of 9 new LLRF control systems and the cabling were completed at D4 and D5. The existing systems are
also used for the other stations. The LLRF hardwares for the MR are ready.
e KLY-PLL implemented in the FPGA worked successfully in the high power test.
= For the acc. operators, new user interfaces integrating the new and existing systems should be prepared.
= The DR-LLRF control system will be produced and installed next JFY.
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Fundamentals of the ARES Cavity System

T. Kageyama, 2011.02

RF Parameters /2 - mode basics

of 5 5
the n/2 Accelerating Mode Ua/Us=ks / ka

- O
High-Power Performance e
8. Damper
Pc =150 kW / ARES Cavity @ | ‘ ‘
generating g 0 mode —> > >
Ve = 0.5 MV (KEKB Design) 7)) /2 mode —> . «—
, m© mode —> < >
Maximum Continuous
Pc = 380 kW ;
Maximum for 20 minutues : Afn = Afa [ (1+Us/Ua)
Pc =450 kW 38 9
’ frequency /MHz : T T T

-28 kHz  -280 kHz 9
Detuning against beam Ioading|

Flywheel Energy Ratio Us/Ua = 9 not changed.



T. Kageyama, 2011.02

Fine circumferential grooving on the outer conductor surface
In order to suppress multipactoring discharge.

[N “‘*“\\
\\\\\\\\\\\\

< . -;l‘:: CEALA A
"NHHHH”lH”tH;H‘Hli“ffh

" wzf/zf/////// //// |

|
J

// ey |
/////////// ’/’//"’/;//,/ / / [ ,' / ; / | / } ’/

/u ////H//“”

40/ L,iﬁ.//'/”///////
W, ////////

T. Abe

Successfully tested and used in actual KEKB operation.
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T. Kageyama, 2011.02

Input Coupling Factor vs. Loop Height

copper spacers

R — — — — — — — — — — ;—1.20x105
Fas

—1.10

~—

f (Input Coupling Factor)
SNEA O PP®OIY]

.05

: ' 3_ .................. ; ............... ; ................ S— —  S— — — — :*. ............. 4 1.00
. ! Y | | | | | | | |

15 20 25 30 35 40 45 50 55 60 65

£l gl DL Loop Height [mm]
Loop Height
K. Yoshino, H. Sakai, T. Kageyama

A prototype coupler with a loop height of 60 mm
was fabricated in JFY 2009.
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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.



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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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



The -1 mode feedback
In the KEKB Operation

limited due to the -1 mode

e Beam current was

instability at 1 A in LER and 1.2 A in HER, much = oo : e
E ol Stored beam current /
lower current than expected. = e e
e The -1 mode digital feedback selectively reduces [ Wl —/ .. .
impedance at the driving frequency. -l '/%;;%234 —Eh
o After the -1 mode feedback was installed, the —
beam current could be successfully increased.
FB OFF
= b f e fi= Fevt Fo ()
RF reference Klystron Circulator Cavity —— B ol { / -
o PR I -
- Z'\' 3 . ‘ : E 100} -
_] Phase shifter — \f/frev
. . FB ON ) -1 mode sideband
() LPF | () . — /
s i Pickup & AT J (b)
0 0 0 0 0 0" Electrode 5 0 / \ Fut+ frev+ s
. ;)i;‘i.l; . g . g -80
0 O-»~0 M) 0«00 R
{ -90) 90 - =90 0 -1 -0.|99 -0.I98 -0!97 -0.I96 -0.|95
! ! Frequency Af/f,.,
@, LPF [
Up conv. Down conv.
SSB filter Beam

46



ARES Cavity Simulator |

ARES Cavity Simulator

T. Kobayashi, et. al., Proc. of the 9th Annual Meeting of Particle Accelerator Society of Japan, WEPS121 (2012)

IQ-Sampling of IF Signal l

Ref. 508.9MHz

508.9MHz
RF Input-3(X

508.9MHz

— DAC [e] ‘ N
RF Input REinput G DAC Mod -‘* i ( |
Q Q (Pick-up) ) mode
(508.9MHz) | 3-Cavity System o] ("1/Q ce W2 mode —
: ' /Q  |e—<oac Simulator > Mod "f) av- o mode
Reflection€ yoq [ (FPGA) ot Pickus
[0ac)

Tuner control pulses (rear panel) ’

S-Tuner A-Tuner Beam

sosomHz  Ref. Signal Signal Intensity Ref.

i i
Pulse Train (CW/CCW) }

> ADC Aws Awa Ib

DAC

| a

Y VY

The ARES Cavity

T. Kageyama, et. al.

(+10V, 10us, 2kHz) ‘L )
‘L’ * 508.9MHz . ’
J
Us

HOM WG

e Dia: LA P
o
\ . Grooved

Storage Cavity l,’ Beam Pipe

TEo: Coupling
r / o
Cavity N

! 1 Accelerating
e

Cavity

q

(Pick-up) Parasitic (0 & ) oy ”
! l [nput Coupler Mode Damper
> > A
Be Qu Aty Ref. RF Output RF Power ”
Reflection, A, C, S-cav.
P 48 S Y DR i | T o e 1T aE e ™ ~.
: A-Cav V:rﬂ 1-Ar @, _AtAwa 0 K At-w,,0, 0 V,:r At'wa/zRAlgr Beam Loading :
X v AtAw 1-At-w,, -KA-0,,0, 0 v At-w R Term ;
758 0 KAt-0,0 1-At-o, —AtAw, At-o,,0 v 0
Ci Ry wc/ZQc 0 AtAa)c 1 - At wc/Z _KsAt wc/ZQc VCi O
R U i N Ay (R As A | N nd e T
; 758 0 0 ~-KAt-o,,0, 0 AtAw, B+1)At-w 1% At-o ,RI;. Term
Reflection 1 Time-evolutionary simulation of baseband (I,Q-components) by FPGA in real-time. f— = 2(0_# U:s, ca
2 Simulation of 3-cavity coupled system (11/2 mode operation). clock Qu
Rl 3)  Direct RF signal (509MHz) input & output.

Vir =\/B'V5r_2\/ﬁ

R1 ;’i

Vi =\/E'Vs1'_ﬁ

AN AN AN AN AN SN AN A~
~N O o B~
S N N N N N S

oo
N—

Cavity reflection signal is simulated in real-time response.

Tuner control (tuning/detuning) can be also simulated with pulse train signal input.

Beam loading effect can be included.
Cavity parameters is variable arbitrarily.
Bench-top use or rack mounting

Aw,=w,~®, :Detuning [ :Input Coupling

: Coupling factor with C-cav.

R# : Shunt Impedance
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Response Property - Klystron Bandwidth

Measured Result (open loop)
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Disturbance Rejection Characteristics

in the closed loop

X ‘i% KLY Delay Cavity —
T Pleont ()= Delay }—  y=H[s]x
Ref..
Magnitude (h11)| Calculation & Measurement
Hk 10k 100k 11\/1?31:?@ h
— OpenLoop 150 TS y reauencs
... Phase \i\
) 0 ‘\#\\i~ \\‘
— . P20,120 \
/}% g o
| | ] (—" g—
P20,180 i \ \
il 1~.,‘\ \' \
0 Q \
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