Successful Beam Commissioning
in STF-2 Cryomodules for ILC

Y. Yamamoto (KEK) on behalf of STF-2 beam commissioning group
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ILC project

® Higgs factory machine (250 GeV @E,,)
® Superconducting cavity/cryomodule technology as mass production
® Based on TESLA technology
® ~1000 Cryomodules (challenging number, but not impossible!)
® Nano beam technology
® Candidate site: Kitakami in Japan

cRey.Hori/KEK
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+ Schematic illustration of ILC
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ILC Spec. E,.. Qo
Vertical Test 35 MV/m 0.8 x 1010 >90% (successful rate)
Cryomodule test 31.5 MV/m 1.0 x 1010
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ILC Status (Just recently)

Mar/2019 May/2019

European Strategy Open Symposium @Granada
Int. WG established

Apr/2019
LC Community Meeting @Lausanne

“Expressions of interest” by MEXT
ICFA released statement

Aug/2019
ICFA/LCB held in Toronto
Oct/2019
LCWS2019 held in Sendai/Japan

International Workshop on Future Linear Collide

Technical
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Superconducting RF Test Facility (STF) in KEK

STF (Superconducting RF Test Facility)

@ Started from 2006
@ Available for half size of CM forkiysion s mo
€ Multi-beam klystron 000
@ Cryogenics system q; —

fa

DC-HV power supp(l’yl -
ulator

Surface Building 24 L &8

| STF-1 (4 cavities) in 2008 |

1 1Zf —T L = =3
el OSAXED2— VBT E e

@ EP system = preae |
shutter access _ 1 SU=—A Cold mass assembly LR E R =
@ VT system a1 o S g

L ;?.EF"" Funnel access hatch TN J
‘ fef i
R I I = : 13 I 2 [} i
Kiystron #3 u i | commiepmgng e |

ertical Test Stand H v st | © Cryogenics
g AERERRE F r QUBIN ¥ g
2 Klystrons == ' _-eeere Liquid He Tank ]

?542hﬂ7§ﬁLH 22 l Liquid He system

i : i = IESRSEa ' et ]

ind * shutter access
control room
=
, “Main Entrance
Z A
Tunnel M
TR RIVER [ o) )
- o | %

"ﬁ;’gm

STF Phase 1 Cryomodules

| 5000 so0

B 0 o= o = [m] C "g
- e 7 ° g
- - —= - = Underground Accelerator Tunnel 4
- _ 3

91.600

10000 10000 10000

Quantum Beam (2 cavities) in 2012
Capture CM in STF-2 accelerator




Superconducting RF Test Facility (STF) in KEK

— . @ Started from 2006 STF (Superconducting RF Test Facility)
STF'I (4 CaVltleS) m 2008 . . DO-HVpow-rsuppdy
- ——l @ Available for half size of CM e LR p———
€ Multi-beam klystron 0000
@ Cryogenics system | ) | e
IS4FED2—IEUE

@ EP system bl

er Tani
&l > I =
‘H clean room
shiatr access o sU-V—A

‘ VT System Cold mass assremb!y %
P oo ' 7| S1- Global (4+4 cavities) in 2010 == e ==
- N Sand ' TF g e | SE—

Purpose: Technology demonstratlon of superconductlng cav1ty/cryomodule for ILC ‘

‘ - o .
~ r £ He purifier
| . 1= 1 It e 7l === } ] |
Z : ss

control room

Hw=
, “Main Entrance
Ea
Tunnel
TR RIVER
s || o S
i o o C ° ° 45
........ - T g
t= - = Underground Accelerator Tunnel 4

STF ﬁhase 1 Cryomodules
Quantum Beam (2 cavities) in 2012 oz . oz —
Capture CM in STF-2 accelerator




STF-2 project and STF-2 accelerator

STF Cavity STF-II power coupler Slide-jack tuner II'. s | I T

STF Cavity Package
¥

I

Cooldown Date Content
1 Oct/2014 ~ Dec/2014 | Low power test
2 Oct/2015 ~ Dec/2015 | Single cavity operation, performance check
3 Sep/2016 ~Nov/2016 | Eight cavities operation, LFD and heat load meas., LLRF study
STF-2 Cryomodules
4 Jan/2019 ~ Mar/2019 | Beam commissioning, Machine study 12 cavities

: . (Constructed in F.Y.2014)

Operational condition

@ RF: 1.65 msec/5 Hz (ILC/TDR)

€ Temperature: 2K in lig. Helium

€ As max. E, as possible for STF-2 CM

Capture Cryomodule
RF Gun incl. 2 cavities
3/Jul/2019 [ photo-cathode (Constructed in F.Y.2012)




STF-2 project and STF-2 accelerator

STF Cavity STF-II power coupler Slide-jack tuner

AmV4

STF Cavity Package
¥

3 I

I
Contidonn PV Comtant | e 4
Purpose: Beam operation satisfied ILC spemﬁcatlon

2 Oct/2015 ~ Dec/2015 | Single cavity operation, performance check
3 Sep/2016 ~Nov/2016 | Eight cavities operation, LFD and heat load meas., LLRF study

STF-2 Cryomodules
4 Jan/2019 ~ Mar/2019 | Beam commissioning, Machine study 12 cavities

: . (Constructed in F.Y.2014)
Operational condition

€ RF: 1.65 msec/5 Hz (ILC/TDR)
€ Temperature: 2K in lig. Helium

€ As max. E__ as possible for STF-2 CM

Capture Cryomodule
2 cavities
(Constructed in F.Y.2012) 9

[ RF Gun incl.
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Construction of STF-2 accelerator

e ! A uE . I

Beamline construction completed!

'} i\l | e : I ‘,\{/ZW'

TUP104 by H. Sakai [0 - 73 1 Jan/2019 |



Beamline components in STF-2 accelerator

Beam profile monitor
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Ready for beam operation

We skipped RF conditioning with J

short pulse in 3" cooldown test,
because schedule was very tight!

v'Tuning cavity frequency
v'RF conditioning with short pulse (900 + 100 pus)
v'RF conditioning with long pulse (900 + 800 us)
v'Fine tuning by piezo (Af~=%50 Hz)
v'Closed-loop operation

v'RF Gun/Laser system operation

v'Beam commissioning



Summary of Accelerating Gradient in STF-2 CMs

Summary of Achievable Gradient in STF-2/Capture CMs
Capture CM ! STF-2 CM-1 | STF-2 CM-2a

50.0

450 f--------—-______ b o e e e

150 0 0 -- S - = — 3
: et S H o T We skipped RF conditioning by short pulse
100 1 B 3rd Cool-down Test at 3" cool-down test

50 B 4th Cool-down Test J}-----

CAV#1 CAV#2  CAV#1 CAV#2  CAV#3  CAV#4 CAV#8 CAV#I0 CAV#11 CAV#H12

CAV#5, #6, #7, and #9 are not used, because waveguide system is not available 16



PHASE SHIFTER (CM1,CM2a)

H
81:CAV1 HB

82:CAV2 HB
83:CAV3 HB
B84:CAV4 HB
85:CAV1 PS
86:CAV2 PS
87:CAV3 PS
88:CAV4 PS
89 CAVS HB
10:CAV10 HB
11:CAV11 HB
12:CAV12 HB
13:CAV8 PS
14:CAV10 PS
15:CAV11 PS
16:CAV12 PS

Maximizing accelerating gradient

Power distribution adjustment by variable hybrid

Position limit
status
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Variable hybrid/Phase shifter
attached for each cavity

Best parameters after adjustment

Cavity Monitor (CM1,CM2a)

2019/083/25 16:01:20

#1 #2 #3 #4 #8 #10 #11 #12
Pf (W): 86.63kW 87.01kW 70.42kW 41.71kW 83.97kW 63.13kW 56.69kW 51.13kW
Pf Eacc(MV/m): 39.25 39.00 35.42 0.00 37.50 33.92 2.1 30.25
Pt(W): 14.06W 10.090 7.330  469.67ul 12,970 7.990 9. 460 6.46W
Pt Eacc(MV/m): 36.71 35.41 33.57 0.20 36.46 32.69 31.42 30.32
Electron(mV): 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Arc(mV): 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
He flow rate Vacuum Power
K 55.225m* /hour Capture Upstream  5.83E-7Pa KLYS £ Pf 2.36M
5K: 0.000 m* /hour Capture Downstream  2.@4E-7 Pa KLY3 T PF 2.51Mu
Heat Load Capture Input coupler  3.7QE-7Pa Pt Eacc sum | 236.57MV/m
K:  64.429 W Capture Inner conductor  1.27E-8Pa I [ R GG 33.8@MWmI
M1 Upstream  2.719E-7Pa Input Volt 3.15V
He pressure 1 Tnput coupler  2.@BE-6Pa Feedback ON
2K: 3.07 kPa M1 Inner conductor  2.30E-8Pa Temperature
4K: 124.47 kPa (M2a Downstream  2.31E-7Pa 4K Pot: 4.64
aK: 51.29/% uctor  4.05E-8Fa 80K anchor#1:  124.350 K
2K: 54.41 % 80K anchor#2:  130.250 K
M2a End: 22.50 % Radiation m = —
High:  935.390 uSv/h 979.485usv/h 796.114 usv/h
Low: 4.607 mSv/h 8.194msv/h 25.183 mSv/h
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Accelerating gradient estimated from beam energy

Nerame Gigger | ShUEr
Floore

E

Beam profile monitor

33.1 MV/m (averaging for 7 cavities)

Achievements in STF-2 beam commissioning

Beam energy 280 MeV
Beam power 5 W
Beam current 275 nA
Charge 55 nC/pulse
# of bunches 1000 / pulse
Average gradient estimated from beam energy | 33.1 MV/m
Average gradient measured by power meter 33.8 MV/m

[ Consistent within 2%/! i
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Dynamic heat load in STF-2 CM

O Estimated from helium mass flow rate

O Meas. Flow: Static = Dynamic (cavity) = Dynamic (coupler) = Static
O Systematic error: 20~30% (RF duty < 1%)

O Well-reproducible for three measurements

O Consistent with ILC spec. within error bar

1.0E+11
- dynamic dynamic - O3rd cooldown (2016/11/17, 8 cavities)
static (cavity) (coupler) static < 4th cooldown (2019/2/28, 7 cavities, 1st)
i ot — O4th cooldown (2019/3/29, 7 cavities, 2nd) |.i.
¢ ILC spec.
Qp10E+10 —

FLOW [m3/h]

LEVEL [%]
PRESS [kPa]

LE IR LTS TS )
30

1.8 46 2.8
28
26 1.7 a4 2.7
I N I 1.0E+09 ‘ ‘ : ‘ : : i
= 0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
* e 2.11:% 14:30 15:00 15:30 16:00 16:30 17:00 17:30 18:00 '}?nf: 19:00 19:30 20:00 20:30 21:00 21:30 22:00 22:30 23:00 Eacc [MV/m]

[—rress|—rever | —rLow —Temp[—Heat Load
ILC spec. E,. Qo
Cryomodule test 31.5 MV/m 1.0 x 1010
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X-rays [pSv/h]

1000

100

History of radiation level

[ Reconnected beampipe

. High sensitivity detector

‘ Low sensitivity detector

CM-1 \ STF CM-2a 5“?’
nit
. B [ s,

5300

4175

=1

2500

=

I

Radiation level for Cavity #2 in STF-2 CM1/2a

2000

40.0

35.0

30.0

X-ray Onset Gradient [MV/m]

Radiation level for Cavity #8 in STF-2 CM1/2a

X-ray Onset Gradient in STF-2 CMs

CM-1

CM-2a

100.00
O: Up, High in 2019 (2nd) O: Up, Low in 2019 (2nd)
A: Mid, High in 2019 (2nd) EE A: Mid, Low in 2019 (2nd) 860
O: Down, High in 2019 (2nd) EE!EA & 1000 || ©: Down, Low in 2019 (2nd) 500 099 A
0O: Up, High in 2019 (1s¢) o o O: Up, Low in 2019 (Ist) 022 0%, N
A: Mid, High in 2019 (1st) i%a A: Mid, Low in 2019 (1st) 0? o° s ah
O: Down, High in 2019 (1) a 1 = O: Down, Low in 2019 (150) o o0 2 S
O: Up, High in 2016 ﬁ R »n O: Up, Low in 2016 o A8 a0 N o
A: Mid, High in 2016 ,? E A: Mid, Low in 2016 8 abdtfy
O: Down, High in 2016 8o R A O: Down, Low in 2016 o .4 ﬂé a -
O: Up, High in 2015 4 CINN ] Eoro0 [{0: Up, Low in 2015 ° A -
A: Mid, High in 2015 A B » A: Mid, Low in 2015 booati g™ o iuu
O: Down, High in 2015 " 2o A O: Down, Low in 2015 o . .
oa %u AA 0.01 N o m
A 2 DE s oo o a 9
o0 A 00 o o
0.00
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
E,. [MV/m] E,. [MV/m]

CAV1

CAV2 CAV3

B 2nd Cooldown
B 3rd Cooldown
M 4th cooldown

CAV4 CAVS

CAV10 CAV11 CAV12

» Some cavities had higher radiation level in this test
» One cavity had a little bit higher after beam commissioning
» Other cavities had same level

23
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Troubles in this commissioning

® Cooling water system down due to defect of pumping system (solved)

® IEGT fault in modulator for multi-beam klystron (solved)

® Spark in waveguide system for multi-beam klystron (solved)

® Breakdown of resistor in DRFS modulator (solved)

® Temporary (twice) warm-up/cool-down by cryogenic system fault (solved)
® Not worked tuner system for CAV#4 (solved)

® QF/QD cable mismatch (solved)

® Cavity quench after GV opened (solved)

We lost 5 days due to these troubles!

® Worse vacuum at upstream beamline of Capture cryomodule (should be baked)

Every trouble was solved, but some maintenance work is necessary till next beam operation

25



Towards next beam commissioning in F.Y. 2020

/J Challenging work for us (first time!) ]

O Cavity exchange in CM2a .

O Laser system upgrade (not easy!) /T[ Cause for very low beam current ]

O Improvement of beam dump system

O Power upgrade for RF Gun \L Request from radiation security center J

[ RF pulse data storage in last 30 sec for CM1/2a
O IEGT board for klystron #3
O Power control system upgrade for DRFS

e N-infusion

New surface treatment technology
* Low temp. baking

STF CM-1

O Pumping system repair for cryogenics

0 Maintenance for cooling water system

26



Summary

€ Beamline in STF-2 accelerator was successfully constructed

@ Accelerating gradient of 33.1 MV/m estimated from beam energy was achieved!
€ Heat load measurement was well-reproducibly done, consistent with ILC spec.
€ Radiation level increased for some cavities, but performance recovered

@ Defect of ultra-high vacuum rotary feedthrough for CAV#4 tuner system

€ Cavity exchange in CM2a will be done in F.Y. 2019



Announcement

LCWS2019 will be held in Sendai!
http://epx.phys.tohoku.ac.jp/LCWS2019/

Sendai
October 28 - November 1

28



Thank you very much for y yourattentlon'

Acknowledgement: K. Harada, M. Tawada, M. Masuzawa, S. Nagahashi, M. Asano, S. Imada,
H. Yamada, T. Tainaka, S. Ishihara, K. Ishimoto, N. Numata, K. Tsutsumi, T. Okada, M, Iitake,
A. Hayakawa, R. Terajima
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