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= Cryomodule development

= |[HEP cryomodule test results (VT, HT)



Requirements for cryomodule

Operating Temp.

Alignment

Width

Length, mm
Height

THS

Pipe lines

Cavity

X,y

z (beam direction)
tilt

Magnetic shield

Vacuum

Total thermal
load

Cavity
Vacuum vessel
2.05 K
4.5 K
40 K

Less than 3.5 m
40 K
4.5 Kor2.05K
45K 2.05 K
£ 1 mm
+ 1 mm
+ 5 mrad
15 mG
Less than 102 mbar at cold

Less than 10-> mbar at cold

29.6 W 122.7 W
122 W 191 W
732 W 1385 W



Cylindrical cavity (IHEP)

Balloon type Cylindrical type
SSR1 SSR2 SSR2
Optimum g 0.3 0.51 0.51
f [MHz] 325 325 325
Lesr(= BoA)[mm] 276.9 470.8 470.8
R/Q[Q] 233 290 247.6
Epear/Eqcc 4.1 3.7 3.75
Bpeak/Eqcc [mT/(MV/m)] 6.9 7.7 9.43
Egce [MV /m] 8.5 8.7 8.7
Vice [MV] 2.35 4.1 4.1

= Cylindrical SSR2 cavity and dedicated coupler, tuner,
cryomodule was developed by IHEP, China
» Vertical tests of cavities were done by IHEP

= Assembly of cryomodule were done by IHEP personnel at

SRF test facility of RISP
» Horizontal test were done by RISP




P&ID of cryomodule

Cool down return (pure, 1.05 bar)
Warm supply (300 K, 1.5 ban) i
Safety / gurge (imphre, 300 K, 1.05 bar) ]

TS retum, 60 K, 15.00 bara
GHe retum, 5:8 K, 1.25 bara \ "‘ |
SHe supply. 4.5 K, 3.50 bara \ |
VLP return, 4 K, 41.00 mbara |
TS supply, 40 K, 15.50 bara

Zhng
gomg |
mmu:_

&E N5, 6

T
ﬁm |
=

I
e

Valve box

I .
| Jumper connection

A" & &
Cool down ol
T —
xpanswc-nai ¢ % -
eliuim
L(ﬂvd—’ guand
expa;wsic ]
Cavity &|
] e ke P
L t t
Braid wire v

§ %$ uuuuu

= Thermal shield cooled by GHe (SRF test facility: LN2)

= 2 reservoirs for 4.5 K and 2.05 K liquid helium

» Thermal intercepts
- 4 K intercepts: loop thermosiphon connected with 4 K reservoir
- 40 K intercepts: copper braid wire connected with thermal shield

= 3 cryogenic valves: 1 for cool-down and 2 for JT expansion

= Heat exchanger to pre-cool the liquid helium before expansion
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Thermal & structural design

+ Boundary Condition « FE Model
1 Ill? MDdEt jt t; A (Temperature) : 2K
A Fixed Support B (Temperature) © 5K
B (Force) : GOODN © (Temperature) : 50K

€ {Fon D {Temperature) © 300K

D {Foece)

+ GOOON

',1\ : Nodes : 55,477
Elements : 10,448

= FE Model Types : Tetra, Hexa
0 Steady Sate Therma
Totsl Heat Flux 2

Ty Totad bt Flux
Unit: Wifm?

Tene 1

11565 Max
10849
1033
PRIt
9.098%
B4R1E

78082 r : -
7.2485 ﬂ
66318

B0152

53068 |

47818 =
41682 I { ! 1
5485 .
ZOT16 Min

<7 2.9318 W/m™2

Case 1) 2K-5K

Ansys 2 AL Y QAT
Heat Flux W/m*2] | 29318 | Thermal Conductivity B2 2t W/mA2'K] | 00512 |

st 238 555 Area [m~2] | 00013503 Lim~a] 0047
|._|I.‘|I'IL‘fIt'3 E IIﬂ_?‘JR B l.l.‘] 00039528 e :\’\II 00044099 |

Iypes - lTetra, Hexa

« Result (Total Deformation)

D: Static Structural
Total Defornation
Type: Total Deformation
unit: mm

Time: 1

0.043939 Max
0042658
0.0329376
0036095
Q032814
0029532
0026251
002297

BEO B2
0015407
0013125
00098441
00085627
0.0032814
o Min

Thermal and structural design with ANSYS

Max Leformation : 0.045939 mm 6
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Vacuum chamber



E — ~

Caviy stri;g o Cawty strlng assembly in cleanroom

Tuner assembly Cavity string
Room T. motor: 2set, Cryo. Motor: 1 set



Insertion of cavity string into vacuum chamber 9
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Cryogenic pipe line assembly

= SSR1/SSR2 cryomodules by RISP are not tested yet.
» SSR2 cryomdoule by IHEP was tested.

10
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VT results of cylindr

¥ Sensar

3 Pa during HTB

°C/hour, 1e-

, 200

HTB: 3 hours at 800°C

Baking: 120~150°C, 48hours

HPR: 100bar, 30mm/min., 10L/min.

11



VT results of cylindrical SSR2

1.00E+11 1E+11
1E+10
1E+09
i ¥ * * * *
oo ®_g o O X xx X X * w
1.00E+10 =© & L 0 §o0 o0 §osp o %o mi 3 X N 100000000 -
o* - ° ® 10000000 3>
* b L] g
* 1000000 >
3.2e+9@8.7MV/m £
100000 x
& 1.00E+09
. B} « 10000
[ |
- 1 1000
B e *
. ot 100
1.00E+08 X . . L 10
o g
] &
m o> L] 1
o g o a o ° * r
PR R R L ER TR
1.00E+07 0.01
0 2 4 6 8 10 12 14 16
Eacc (MV/m)
—4—Target O SSR2#001 Bare (21.01.18) m SSR2#001 Jacket (21.07.29) o SS5R2-#002 Bare (20.10.26)
e SSR2#002Jacket (21.07.29) + SSR2-#003 Jacket (21.09.29) 4 SSR2-#004 Jacket (21.10.14) % SSR2#005 Jacket (21.11.05)
S5R2-#006 Jacket (21.09.30) o SSR2#001 Bare X-ray (21.01.18) m SSR2-#001 Jacket X-ray (21.07.29) o S$SR2-#002 Bare X-ray (20.10.26)
e SSR2#002 Bare X-ray (20.10.26) + SSR2-#003 Jacket X-ray (21.09.29) 4 SS5R2-#004 Jacket X-ray (21.10.14) * SSR2-#005 Jacket X-ray (21.11.05)

S5R2-#006 Jacket X-ray (21.09.30)

12



Horizontal test

—> Cryogenic transfer line

> RF transmission line

X-ray sensor: installed between
Vacuum pump for cavity Coupler #3 and #4

13



= Test schedule

22.11.14
11.17
11.18

11. 22
11. 23

11. 24

11. 25

11. 28

* DC bias
- 1 kV DC voltage

LN2 Supply
LHe Supply
Line calibration, Q,,; measurement

Cavity #6, #5, Static thermal load measurement
Cavity #4, #3

Cavity #2, #1, Static thermal load measurement
DC bias* installation

Interruption of LHe supply (resumed at 11.26)

2 K pumping
Static/total thermal load measurement (cavity #2)

- DC bias Installed before Cavity #1 test
- No MP of FPC below 10 kW



Multipacting conditioning

040 045 0.50

SRF01-HT:Cavity02-VP:Pin [W], SRF01-HT:Cavity02-VP:Pref [W]

030 035
01 23 45 6 7 8 9 10111213 141516 17 18 19 20 21 22 23 24 25 26 27 2

SRFO1-HT:Cavity02-VP:Eacc

0.00 005 010 Q.15 020 025

Eaa @ we R AN e
Eacc \W ERS /(
Pf 7
Eg%
] | a
Pr L

ap

[ Vacuum

T b
pi ~
SRFO1-HT:CavityD2-VP:E:
1
1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

| ]
o
g
a 8
X-ray
- i :
A el §4 7
L [N B S B R N S R B T T T T T T T T T T T T [ T T T T T | L | gmm
1432 1440 1442 1444 1448 1448 14 3 e == e — I

2 E T T T T T T T T T T
2022-11-24 1645 1650 1655 1700 1705 1710

MP starts at 0.35 MV/m X-ray generation by MP above ~2 MV/m

MP band upto approximately 4.5MV/m

(IHEP: 3.5 MV/m at VT)

MP band is wide, but conditioning is possible within 2~3 hours.
MP is sometimes reactivated.

=> Difficult to distinguish the cause of X-ray whether by MP or FE.
=> Difficult to check the FE turn-on E
=> MP conditioning procedure needs to be established.

acc-
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Summary of HT results

#1 = Repeated quench at 3MV/m

= 7.5MV/m, (X-ray: 180 uSV/hr) but degraded after quench
#2 » Repeated quench around 5.7 MV/m and 7.1MV/m
» Degradation after Pulse conditioning

= Repeated quench around 2.3MV/m
= X-ray: 2200 uSv/hr

= 7.0MV/m reached but strong FE
#4 = X-ray : 2.55e+4uSV/hr
» Degradation after Pulse conditioning

#3

45 = 6.55Mv/m reached but strong FE
= X-ray: 4000 uSv/hr
= Repeated quench around 5.1MV/m

e = X-ray: ~300 uSv/hr

16
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Eacc(MV/m) 4 4.5 ) 5.5
11.6 150
11.23 80
0.7 1
0
1000
500
500 2100
2100
11.24 210
500
80 270
11.24 17:47
(Add DC bias) U 39 170
pulse cond.

At 6.6MV/m, the LHe level drops rapidly even with the valve open

more than 60% =» Large heat load

1600
1100
580

800

6.5

30

2800
2800
1800
1700

2200
1400

70

7000
6000
6000

7.5

180

Quench / Eacc

)

5
5.9
5.8
7.5
5.7
5.7
5.7
5.7

5.7

7.1
7.1

71
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]

SRFO1-HT:Cavity02-VP:Eacc
00 05 10 15 20 25 30 35 40 45 50 55 6.0 6.5 70

HT:Cavity02-VP:Pref [W]

800 1000 1200 1400 1600 1800 2000

1
SRF01-HT:Cavity02-VP:]
600

200 400

L
0

Faweass xo

1 H FaccMV/m) 4 45 5 55
£ f

"l i 350 1400 3100 950
530

4 DEJE4

S

350

e

316E-7
' s 1 L s
SRFO1-HT:Cavity01-XD:GetRMChannel2 [usv]

200E4
M

3. DiJE4

pulse cond. 250

1.00E-7
1

.
|
8 pulse cond.
2| &1

g BT —— —

= <1405 1410 1430 1435 14

2022-11-23

Pulse conditioning

17000-
1000 5000>23OOO

14000
16000

RF supply process of the cavity #4 and performance change according to pulse

conditioning.
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Cavity #5 & #6

[& AT mEa o w=

e
o
e
o
<

RF supply process of the cavity #5 and
quench due to FE (X-ray: ~5000 usV/hr)
around 6.3MV/m.

i —
e S

SRFO1-HT:Cavity02-VP:Eacc

20 a5 10 15 20 25 30 35

SRFD1-HT:Cavity02-VP:Pin [W], SRF01-HT:Cavity02-VP:Pref [W]
400 600 800 1 1
500 1000 1500 2509 : :2599 3000 3500 499-9 4500 5000 554

[|
0

35 4 45 46 47 48 49  5Quench / Eacc
Trip at 4.7MV/m

S g e = MP reactivated
5.0MV/m
T MP reactivated
Trip occurs repeatedly at 5.0MV/m
0 or trip while maintaining at
4.9MV/m
150 X-ray increase after repeated trip
at 5.0MV/m
10:22 9 44 160 200 250 300 350 Trip at 5.0MV/m
80 When RF is supplied again, MP

reactivated around 0.6Mv/m
10:55 21 77 180 225 300 Trip at 5.1Mv/m

X-ray change according to RF supply process of the Cavity #6 and repetitive quench around
5.0MV/m 21



4 <He level

Total thermal load at 7.0 MV/mA

420
1
0
TN

#¢_thermal load

40
1
60

=

acc

50
i

390
1
40

SRF01-Bunker1:SSR2-Level:2KCVCm [Cm]
400
1
SRFD1-HT:Cavity02-VP:Eacc

380
1
30

1
LY

e

370
1
20
il IR

360

1

10
T BT

=
(=2 |

350
1

| L L L L LLALAL N LN T LA N R B N B N B | LI [ S B [N N B B B [
1520 1530 1540 15:50 16:00 16:10 1620 16:30 16:40 16:50 1700 1710
2022-11-28

m“

25 6 46.7 11.1 2.89e+9
7.0 ' 70.7 35.1 1.25e+9

= Static thermal load requirement: 14 W -



Discussion with IHEP

= FE was generated in all cavities and the target E_.. was not achieved.
» Contamination during cavity string assembly
» No HPR before cavity string assembly
» No coupler conditioning before cool down

= For Cavity #1, #3, #6, quench occurs repeatedly at low field.
» Large static thermal load for the cavities at the both end.

= Huge static thermal load (36 W)
« No vacuum leak of vacuum chamber
» Large conduction through the warm-to-cold transition beam pipes
> Possibility of thermal contact between thermal shield or pipes and helium pipes

23






Cavity alighment

* Process of alignment calibration and measuring method are applied to SCL 3
cryomodules and it was verified.

Calibration valu

Process of alignment calibration
4. Warm-up

3. Find out calibration value
Beam ling == - e e—
Calibration \.u\luc\l
¥ - - - N e -- ** --
S T _—

5. Calibration

Measuring cavity displacement of room and cold temperatures with micro alignment telescope

Strong-back

1. Fine alignment during assembly

25




Cavity alignment

- Vertical
12 e [ » Calibration method of cavity was
_ A —Pp— Right . .
£ s —$—gm ] confirmed in 15t prototype of HWR
£ cryomodule B.
@
£ 04 N/ 4\», *
3 08 f |.4\|‘\Q|||| } . .
5 i - * Including deformation of vacuum
2 16 N chamber in vacuum and thermal
2 w . . .
P e — — Callbration_ T contraction of vertical support and cavity,
) 1 2 3 4 5 6 7 1 1 1 1 1
vae. D vee | vae  amw ammt vee | vee e§t|mgteq calibration value in vertical
300K | 77K | 300K 300K 300K 300K | 77K direction is -1.21 mm.
- 7 stateap :
Vertical :gz 2 e Lot * Measured displacement of beam port is
—15 2 e located less then 0.29 mm of estimated
. —_—— = 2 state BP_estimation .
E 12 | - 7 state_BP_estimation d|Sp|acement_
= 0 _ L _
S 04f « Alignment of SSR1 cavities is easier than
E Of QWR&HWR cavities because SSR1
§ 04T cavities are supported from below not
?,'_?'2 } hanging.
Q _1 6 i 1 1 1 1 1 1 1

-880 660 -440 220 0 220 440 660 880
Longitudinal position (mm)
26



Cavity alignment

Y-position (mm)

/
/
\

N
\
\
7
P
-

DN\
\)
0,
/

CV_QcCM#1
CV_QCM#2
CV_QcMm#3
CV_QCMit4
CV_QCMi#5
CV_QCM#6
CV_QCM#7
CV_QCM#8
CV_QCM#9
CV_QCM#10
CV_QCM#11
CV_QCM#12
CV_QCM#13
CV_QCM#14
CV_QCM#15
CV_QCMi16
CV_QCMi#17
CV_QCM#18
CV_QCM#19
CV_QCM#20
CV_QCM#21
CV_QCM#22

-2 -1

0

1 2

X-position (mm)
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« Magnetic field near cavity is below 15 mG(avg. 7.6). It satisfice our requirement.

Test 1: 50 mm ~ 1250 mm, 150 mm interval

In test 1, points near top
cover and tuner port
(A7,10,13, B8,11,14,
C9,12,15) are over 15 mG
but under 27 mG(C12).

In test 2, maximum and
minimum values at points
near coupler port (A17~19,
B18~19, C19) are 134
mG(A19) and 18 mG(C17).

* Background: 260 mG

29



Q.. measured

CAV #1
Freq [MHZ] 325
S21 (dB) -40.9936
S11 (dB) -7.99E-02
S22 (dB) -1.12E+00
QL 6.12E+06
Qt 2.68E+11
BW 53
0. = L(2%
r=——=
Qc 521

#2
325

-45.6779

-5.87E-02
-9.60E-01
1.77TE+06

2.32E+11
184

#3
325

-41.108

-7.07E-02
-1.62E+00
5.70E+06

2.42E+11
Y

#4
325

-40.76

-8.40E-02
-1.20E+00
5.30E+06

2.18E+11
61

#5
325

-40.45

-7.74E-02
-1.11E+00
5.80E+06

2.24E+11
56

#6
325

-34.2772

-8.00E-02
-1.11E+00
2.70E+07

2.52E+11
12
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l. SCL2

1. M27X2E HE 575}

eat loa
“sosw [ 45k [ as-sok | zosk [ asw [ as-ss | zos [asn | ss-s
4.5 5.0 48.8 9.2 12.7 92.3

Static 121.0 5.0 8.1 2016.04
Without margin ~ Dynamic 12.8 - - 14.7 - - 72.6 - - 2016.04
Total 17.3 5.0 121.0 19.7 8.1 48.8 81.8 12.7 92.3 2016.04
Static 6.8 7.5 181.5 7.5 12.2 73.2 13.8 19.1 138.5 2016.04
With margin Dynamic 19.2 - - 221 - - 108.9 - - 2016.04
Total 26.0 7.5 181.5 29.6 12.2 73.2 122.7 19.1 138.5 2016.04
2. M2aX2s O E£3}
e —
e 205K | 45K | 35-55K |
Static 349.5 508.8 3,650.9 2016.04
Without margin Dynamic 2,165.9 - - 2016.04
Total 2,515.4 508.8 3,5650.9 2016.04
Static 524.3 765.6 5,327.6 2016.04
With margin Dynamic 3,250.0 - - 2016.04

Total 3,774.3 765.6 5,327.6 2016.04
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