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Superconducting RF Cavity system in cERL
Compact-ERL

Recirculation loop

cERL ML Cryomodule
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- Dump

35.5 MeV

Main-linac module

® Acceleration
® Deceleration

Final target: 100 mA
cERL : 10 mA

Injector module

cERL Injector Cryomodule

1.3GHz 2-cell Cavity
7.5 MV/m x3 2> 5 MV

1.3GHz 9-cell Cavity
15 MV/m x 2 - 30 MV

Eiji Kako (KEK, Japan)

2017, October 27th



CERL

Cavity VT results
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Coupler condltloning at test-stand

Eiji Kako (KEK, Japan)

injector cryomodule

New type HOM couplers

Vacuum Vessel

5K Duct
5K Panel

BOK Shield  [jinpuss il

2K He Jacket
5K Support

Ml d:ﬁ ed: ¢ERL injector 48
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Sllde-jack type frequency tuner
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cERL main linac cryomodule

Results of vertical tests (#3 & #4)

i ® Qo (3rd cavity)
1 A Qo (4th cavity)
4
[ YT . i
r's & J L E ¥ X
- 'l!d-...‘

9cell superconducting
cavity
Q0> 1*10r10 @15MV/m

*20kW CW (standing wave)
*Cold and warm window

* HA997 ceramic is used

= QL=(1-4)*10~7(variable)

Eiji Kako (KEK, Japan)

HOM absorber
*HIP ferrite on Copper beampipe

*Operation at 80K. (expected 150W HOM power)
*Check enough absorption ability of ferrite at 80K

(Compact) ERL target
Frequency: 1.3 GHz
Input power : 20kW CW (SW)
Gradient: 15MV/m s
QO0: >1*10~10
Beam current : max 100mA
(against HOM-BBU instability)

¥ Frequency Tuner
Slide jack tuner (mechanical)
piezo tuner(fine tuning)

2017, October 27th 5



Cool-down cycles of injector & main linac cryomodules

B N T A T

Assembly of Injector

Cryomodule

15t cool-down

znd
3rd
4th
5th
Gth
7th
sth

gth

10th cool-down

11t cool-down

cool-down
cool-down
cool-down
cool-down
cool-down
cool-down
cool-down

cool-down
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Bl Low RF power tests of Injector Cryomodule

1

i High RF power tests of Injector Cryomodule
4 . - -
[ Beam commissioning
5 7 ofInjector section at 5 MeV

11 High RF power tests of Main Linac Cryomodule
B Beam commissioning of Main Linac section at 20 MeV

1 3 Beam commissioning of Re-circular ring

. Demonstration of energy recovery
4 6
] Beam operation at 20 MeV, ~10 pA
1 4 )
[ LGS experiments
5 6

Beam operation at 20 MeV, ~100 pA B8

13
Beam operation at 20 MeV, "1 mA g

1 3
Beam operation at 20 MeV, ~40pC (162.5MHz, 200nsec/5Hz) g

2017, October 27th 6



Injector Cryomodule

High power tests
Beam operation
Long term cavity performance
Unexpected discharge phenomenon
Performance recovery

by high power pulsed RF conditioning

Design values and achieved results



High power tests of injector cryomodule

Cavity-1 Cavity-2 Cavity-3 Excessive temperature rises
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Beam operation of injector cryomodule

History of thermal cycles in May-July, 2013

Temperature of He jacket

—
cool-down warm-up
one week

M—
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—
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Operating accelerating gradient (Eacc)
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Stable beam operation at Vc = 4.4~5.0 MV/m
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Long term cavity performance in injector cryomodule

Observation of x-ray radiation in 2013-2017

3 cavity operation at 5 MV (ave. 7MV/m)
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X-ray of individual cavity operation at 7 MV/m

oo Cavity -1 [at 7 MV/m]

2017, October 27th
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Unexpected vacuum discharge phenomenon

Solenoid 1 Solenoid 2

F.E. electrons

Recirculated beam

IMIW

Injectogcavities Métoer
Bunchef cavity Quadrupole magnets &
Anode X-ray (upper) Vacuum (cavit:
Photocathode GO ERY)

Vacuum (buncher) X-ray (center)

Screen monitor in front of Gun

| Vacuum -

it J, l Many bursts of

. buncher _II-iieiat L — | yacuum pressure

upper 1 E Lo .
i VO gyt Cremirlel Gradual increase of
center L P
- e s, X-ray radiation level

 Eacc 3-cavityope_ration at4 MV SOIenT’d] SoJI’enoidZ

,r'—' 1' L[ e -400kV. EF.\Fl\eitrons Recirculated beam

- - T e
o uneis - <t RSP SRVORT
Secondary électrons

- 500 k\.' }‘\ T Injector cavities Merger
In]ector-lJ nac Sectlon - - b Gun A ClBuncht:rc vity Quadrupole magnets

Gate val \ node X-ray (upper) X-ray (lower)

ateva ve Cold BoX | guncher— b Photocathode

) 2y
X-ray detector ° Ca\flt_y o 23

Faraday cup' \Llower Center U.ppt’r

Eacc & Xray
COLUlScreen m9n|tor » ::; »
colg2) - * . 03@ wy . Eacc
07, s 1E8 .
(0% d @ o o\, No.2 Mo, Faraddyfcup ol Cavity-1at 7 MV/m
F{ ““ - b Scree momtor s
o o e ey Injector Cryomoduld) Lt J . ) l
A & & .W' -t -,'. — _I > O ok i B “‘F‘ ) s, o |
N e w7 — \7’ 1
&= Merger Section lon pump @ oy
o110 o X-ray lower
e 08) (30) (43 f"
| ] P
E\ ¢ ‘ 13 upper
03 N X PP =
Speuflcatlon {4y ’“ - M'l\ [ i
o 7.0 MV/m X 3 cavity p o &?;D’U}&?’” 800 1000 1100 1200 13 1500 ww'\ 1700 1600 1900 200 200 200 200 07
Guis TotalVace: SMV. gy 2017, March 14 o e
Eiji Kako (KEK, Japan) 2017, October 27th

11



Performance recovery by high power pulsed RF conditioning

No.1 cavity
1.2 x 10°
0.15 msec
12 kW
21 kW

Q

1 -filling
15 MV/m
20 MV/m

0.5 msec x 10 Hz

| 0.5msec _PIN
—

‘ e €

5 msecx 10 Hz

Pt
| mme————————
— Pin -
1 B — e
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No.2 cavity
5.3 x 10°
0.07 msec
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47 kW

No.3 cavity
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Summary of design values and achieved results

Static heat load at 4.2 K 33 W 36 W
Static heat load at 2 K 11 W 14 W
Dynamic heat load at 2 K <1.0W 8.5W
(7 MV/m per cavity)

Qo at 2 K (7 MV/m) > 1.0 x 10%° 1.8 x 10°
Operating total Vc 5 MV 5 MV
Conditioning RF power at RT --- 40 kW
Operating RF power at 2K --- 10 kW

Tuner stroke > 500 kHz 600 kHz

Piezo stroke > 1 kHz 2 kHz

Eiji Kako (KEK, Japan) 2017, October 27th 13



Main linac Cryomodule

HOM damped cavity design

High power test of input couplers
Performance test of tuner & HOM damper
Typical one day operation of main linac
Demonstration of energy recovery

Cavity performance in VT and cryomodule test
Long term cavity performance before 1 mA
Performance recovery by pulse processing

Trip statistics of ML cavities for 2 years



HOM damped cavity design for ML cryomodule

0.7 ‘ : . ‘ : ‘ :
06 /\/\\\\/
1) Cell shape is optimized to reduce HOM s KEK-ERL Model-2 (HOM: 6x2)
impedances £
>Iris diameter 80mm, elliptical shape at 5 °*
A N simulation by Bl
» Cell diameter 206.6mm § s | |
2) Large beampipes mounted with RF  ~ KEK-ERL Model-1 (HOM: 6x2)
0.1 L e
absorber TESLA (HOM: 5x2)
»Bempipe diameter 100mm and 123mm O to 100 150 200 250 300 350 400
phase advance in the ERL loop (deg.)
Main parameters for the acceleration mode
Frequency 1300 MHz Coupling 3.8 %
Rsh/Q 897 O Qo x Rs 289 Q
Ep/Eacc 3.0 Hp/Eacc 42.5 Oe/(MV/m)

Eiji Kako (KEK, Japan)
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High power test of ML input couplers

ERLEZERADANNTS5— (cERUBHTS—DN\AI\T—FAREED 21— )LL)

o= L.
e
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o] =
] = b0
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- B#Q(q,): (1-4) * 107 (variable coupling)
T- * Points (STF-BL coupler MM EIE >CWHTIE)

REEEN2 gas THHIZ 4
Impedance #5000 M H60QIZEE
5K 80K . - - =y 99.7% DHED LSO BEGER.
ERLjEE;E”EH AD 3’377_ RF power cold E([ZbellowsiBM., +-5mmA %,
CERLAANDTS5—(#2.35H#) DI REETE power v Tempartre @or2s1Y)
-FRARREL R TOFHE: i ::ﬂsiz_::z;m;;fﬁ'__L " S
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43KW(CW) i T RF out
-Keep 40kW CW, 4hours - ! ] ) Lah | -
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W%{*@’\D—ZEBUOC} n—f_l 10 [ : 4 40 E-
(AT~60degree, OK) g ol 1. %
B 21— UAEAH 2K AN m.ﬁL i i -
pulse:25kW, CW : 15kW : HIn ] L
TEV2—IERBRICTEZ&E - AL - S=sc
£+ FHLAT<60K TRIRELL S ST - T ' '
® CERLECa—L~Q#A0K | § 8131331 CERAOAISFARRSE
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Performance test of ML cryomodule (tuner & HOM damper)

Performance test of cERL cryomodule (tuner & HOM damper)

Performance of frequency tuner

Mechanical tuner

#;

N &

3 i

1 i

-4
& &g i )
E E I|I _]_u

rm |
bl
™

Cancel pressure varation
Piezo performance @ 2K

1299.984

Af = 1kHZ@2K -

12999835

=

i 1258583

& 17905835

c

)

S

E 1200082 e

= / #4 cavity mint;
1199,9815 fe_ 3 tum amund} 12868
1200081

: - P 12997

Af=600kHz

with 2mm
| stroke

Piezo Voltage(V)

PRI B AT s
4] 0.8 1 15 2 28

Tuner movement(mm}

Course and fine piezo tuners also worked smoothly and

had enough stroke under 2K cooling.

Eiji Kako (KEK, Japan)

2017, October 27th

1l
3

Loaded Q

Detail ;L& & iR+t

HOM properties under 2K condition

—]

. o

I. f MO port W2

Fickup part

HIAA nner WT
_1 D-"r | ; km
1 Dﬁ - o ;_’L-_ |-" bala) | ‘ §
=
109 :
| d : B L o )

1 D4 O L} ?li .__.-i’? E - -._.%
S I 4 -
-1 Dz u w & _"{ : e .:‘. [
10

1000 1500 2000 2500 300C

Frequency (MHz)

Using fundamental pickup port (FU)
and HOM ports (HOM1, 2, 3),

HOM charactenistics were
measured.

Their behavior, frequency and
loaded Q-values, were generally
agreed with calculation results. 12
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Typical one day operation of main linac

Main linac Drift due to temperature change of tuner system
Fiald &Vac Ve (ML1&2) 8.57TMV (Stop 2K opgration during night time) 4
o — 1 B ”“’n ~ 8hours |
8 hours Plg;zg UNCipiezo voltages
g1e z - olf 7 : 4
Pl o > o e 1kHz
o
. L\a//c:aL---mow
- | | Piezo feedback works well | |
120 T T
Ty —r—— oL LS TNRL PIEZD — B MLSC M TNRZPIEZD|
RF stability AA/A(% rms) ~ 0.003, AB(deg rms) < 0.01 deg
) 4 = = s = 4
156635510 -129.8 x10 23.1
1.644
& i 5 i, L T 23 WA AN
51-663W§ by 516435 b ool b ot bl g | .
| = -130 : ; < 229
1.6625%= 400 ms ==t ‘ML1 = 400 ms == MLz\
0 200 400 0 200 400 1643 00 400 2% 200 400
time [ms] time [ms] time [ms] time [ms]
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Demonstration of energy recovery in ML cryomodule

ML2 ML1

Pin — Pref ~ Ploss + Pbeam

A(Pin— Pref) ~ Pbeam € Beam loading

E=2.9Me\/l l »t
R ‘.?.n SEE 1ic.~'

Injector Diagnostic Line

Path-Length Control
Chicane

(W)

P -P

in  ref

Eiji Kako (KEK, Japan)

2nd Arc Section

LCS X-ray THz CSR .
Generation Jeneration

e

lm B
40 — T T [ T T T [ T T T 01 A (Pin - Pref) of cavity 1 30 ML
(Pin - Pref) of cavity 2
— ML#I _ MH: ACC M u Beam current 15
30 H —ML#2 ] - -
—— MLI1#1+ML2#2 BLVILZD Decc | ' 0T
[ 20 e )y 0
= | Energy =
& -0.05 15 2
10 n WH h recovery
é-*., -0.1 Beam loading test Energy recovery test 10§
< - m
0 -0.15 Mﬂ Jﬁ 'm ﬂh 5
f
-10 02 L [ paa A 0
00:40 00:50 01:00 01:10 01:20
-20 Energy loss measured from the graph = 4 W. (+-4W)
30 — Required power without recoveryis :
: : | | - 17.14 MV x 900 uA = 15.4 kW
7T ) R RN R S SR R '
200 0 200 400 600 800 1000

Beam current (uA) Energy Recoveryis almost 100.0% (error +-0.03%)
Cavity voltage:
8.56 MV (ML1), 8.57 MV (ML2)

Current: 0 ~ S00uA

X different slop of ML1/ML2 come from energy
difference of (acceleration — deceleration) beam

2017, October 27th
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Cavity performance in VT and cryomodule test
CERLF D MR BN ARAE BZE R 0D 1 RETESAER (#3817 &cryomoduleER)

Summary of performance

*#ERIE TIZEAE T25MV/mER. 1§
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Vc vs Qo (Final)
1 HOSEN oF Pergusi vt t“ & / H i ERL Main Linac Cryomodule High Power Test
10" . : ERL target | (Radiation on axis vs Vc)
= 1 L 4 4
® Qo (3rdcavity) 100 'f = 120 =i o ot A Ui 3
s ) : ; E oy zt:r.;,":i*sn;j

..lllllll...........
‘T_._‘_
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E
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Long term cavity performance of ML cavities before 1mA

ML1 (2012 Dec. -- 2015 Jun.)
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141 | -m—vc=857MV | 1 = )
L | - ve=emv || 857TMV  ( 10MY
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ML2 (2012 Dec. == 2015 Jun.)

1610"
1410 |
1210" |

110" %

o

9t
g 810°}

610° |

410° |

L

2 10°

o

-0— Vc=10MV
- Vc=8.57TMV

-A— Vc=6MV

Crvomodule test

R 5\*5

1

8.57MV]

_:7.1j£/1v Ul

9.8MV

2012/12/1 0:00:00

2013/12/1 0:00:00 [

2013/4/1 0:00:00
2013/8/1 0:00:00

N a
o
i o,
. 2nd 3rd i Ath th ]
—

Beam operation

2014/4/1 0:00:0
2014/8/1 0:00:0
2014/12/1 0:00:0
2015/4/1 0:00:00
2015/8/1 0:00:00

We met Q degradation during beam operation. But we kept same performance within error bars
after degradation from May 2014 to March 2015 and no trip was observed for 1.5 months, even if

no pulse processing was applied in 2015. So in 5" phase in May — June 2015, one cavity of ML1

increase the field from 8.57 MV to 10MV operation to survey how much field could be operated for
a long time. Finally, in 5" phase, we successfully operate 10MV field in ML1 cauvity.

* |n 2016, we continued 10MV operation to keep this field during 1mA operation.

* And we tried pulse processing to improve cavities performances more.

Eiji Kako (KEK, Japan)
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Performance recovery by pulse processing in ML cavities

2015/5/25 Before pulse processing ML
ML2 Pulse Aging (10Hz)  After pulse aging
Vc=8.5/MV(CW)+2.3MV(10Hz x 4ms)=10.9 MV Pulse Aging Result
:40min pulse aging was done. W T
i /20150525 UP | e before
1000 | /m/ 20150525 DOWN | W
‘| ¥® 20160210 UP 5 I
100 L/ ® 20160210 DOWN| . gl 4 |
‘| Y® 20160212 UP - "m gL
= 1 L :20160312 DOWN .!.]‘gc_ after
z | Resultsof e ;
z . pulse | T
_ ‘ » 0.1 processing ..!0 o
led (Cold window) - (ML2) 5.
FEE Ty 0.01 F : | e
S - 0_001% ___________ S — - ." ____________ ___________
History of pulse processing: In ML, we were i ﬁ ﬁ a g ‘ : j ]
processing by monitoring side 32 PIN diodes 0.0001 "= e e e e
20 2 4 6 8 10 12
Arc sensor Ve (Pt) [MV]
SBP side s s AO10 ML2 Ve vs ALOKA monitor

Under pulse processing
< >
< >

* Onset moved up 0.5 MV.

« Radiation reduced half on
same acc. field.

—>Pulse processing works well.
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Trip Statistics of Main Linac cavities for 2 years

4t & 5% phase we did not apply pulse processing. But;‘we had no trip for 1.5 month in 4" phase.

Trip statics of cERL Mafh Linac Cavity

2 T T '857TMV2 [ ML1:1OMV, ML2: 7.16MV  8.57MV*2
= 3 run (5 weeks) 4 run (9.5 Weeksf)r,:";éth run (5 weeks) 6" run (7 weeks)
= 15 | (2014/5/20-6/20) L (2015/1/26-4/4) | (2015/5/25-6/27) (2016/2/15-3/31) |
g — : e ' T » - —
g LLRF ch nu |
g HG gain stited |
= ->MG gain trlpgcon’:]eg 5
a, | from LLRF '
o= === | == —
B E 1 I E
0 1 | | 1 I | | | I 1 | | 1 1
DN DDENDDWDNENDWE D
SSoccococococococoococcooSSo
e S e e e e e e S e e e e e e e e e S e e e e Y \
S 53Szce-coSNofnalme~S23
S = N S = D
1trip/2days
Date (Year/month) p/2day
cavity S miss operation
coupler2(warm) 3 earthquake ]
vacuum outside cavity I other hardware I
LLRF s unknown [N
Stable beam operation was done by using this cryomodule for 3 years. ML

Main issues of trip is warm coupler of ML2 now.

Eiji Kako (KEK, Japan) 2017, October 27th 23



EEF‘ZE“*LT‘EZ%& 'fﬁd)n%

® ASTEIREZE

=1

* IHEWZR



ERSNT-HRESERDRE (1) AHZER

] of RF feedthroughs
Cavity O (stable) in horizontal cryostat
Field emission X > A 22 R REEI B F B
(x-ray) DL
Tuner O (stable)
Input coupler O TARRAVETD
(<10 kW -> 100kW) EXER
HOM coupler O (stable)
HOM RF X (MRBEF) HBRISAATOD
feedthrough AER
Static heat load A BEFEO-HDHED
Ritdpl)
Dynamic heat load A BERO-HDORED
FKihdpl)
Q;.ony HOM power A ERENTOE A
Beam operation O (stable) EiRIE M TOREE
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ERSNT-RRESEDRE (2): £

o ZEi]
> HOM-BBUHN&ID =6 . HOMBE R =R A %3
> REIEIGHNKELLYField emissionh EIREIZ
e HOMEZEZS
> ImAEER CORBI-EITEL,
(=1L 99O ABLGEDEELDEELH S, )
: )UJ?J“J7°3—
> EREHEDCW 15kWZE T, AR BETHoT-,
¢ JEI/&&%J_T_
> E—LiEErih, BEERIRBERAENGIN TV,
o DIAFED A
> D5AAED 21— ILELT . E—LEBEFTOIFELE T,
(;%EE]

Awtéi-—éﬁb\?'t/j ') :B'iﬂ'l@ Faﬁ% He processing at low temperature
e FILI-ZRZMAIIEIHE S T BHF > | Ne plasma processing at room temp.
R Efi'“ﬂ @+ 1=t s High power RF pulsed processing

Eiji Kako (KEK, Japan) 2017, October 27th 26



ERSNT-RESRDRRE

Dust free clean assembly technology
for suppression of field emission

Vacuum particle sensor
Collaboration with

IFMIF/ QST-Rokkasho

0.1um particle counter

- 4 j
4

| Mass Flow Contraller S .

Kie " s

Slow venting/

igh-Q/ N-dopi s
High-Q/ N-doping -
[ P —, '.‘
Collaboration e | \
W|th FNAL R 1;m(:;wn12)0 25 30
AIN HOM
absorber
Collaboration
with Toshiba ™ o
CW, 130 kw 1.3 GHz, SRF-Gun
Input coupler 2 MeV, 100 mA, CW e-beam
B (e pa——

o
........

bERLinPro (HZB)

pumping system
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with MHI
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Thank you for your attention.
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