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Cavity String/Cryomodule Experience at JLab

* CEBAF
— Electron SRF linac, CW

— 338 cavities

1497 MHz, 5-cell
Design Eacc 5 MV/m, Q0=2.4x10°

— 42 cryomodules
— Re-work 10 modules

d SNS 3.0 8 1 ,w' # | 5

— Proton SRF linac, pulsed 6; ”-"""”'“""ﬁ"‘«“’""f"f
— 81 cavities B=0.61

805 MHz, 6-cell, p=0.61 & $=0.81

* Design Eacc: 10.2 MV/m (f=0.61), 15.6 MV/m(f3=0.81); Q0=5x10°

— 24 cryomodules

 CEBAF 12 GeV Upgrade
— Electron SRF linac, CW

— 80 cavities =0 "““'”"‘m"m c.o'l.o.«l\.u Wt ZO 10'2015
1497 MHz, 7-cell % /)
Design Eacc 19.2 MV/m, Q0 =7x10°

— 10 cryomodules

Large body of experience has been accumulated at JLab in cavity string and cryomodule for CW electron and
SRF linacs in past two decades. Analysis of these experience is a worthy effort to success of future SRF projects
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20+ years of cryomodule construction, testing & operation as well as cavity gradient R&D at Jefferson Lab
allows advanced SRF technology applicable to many future domestic and international SRF based machines

SNS cryomodule
construction &
testing

ILC Cavity High Gradient R&D

CEBAF upgrade cryomodule development
CEBAF CEBAF cryomodule re-work CEBAF 12 GeV Upgrade
cryomodule

construction CEBAF CryOmOdU|e Operahon Cryomodule
& testing Construction & Testing

1987 1993 2000 2005 2010 2015
Year
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CEBAF: Continuous Electron Beam Accelerator Facility

Construction 1987-1993
Operation 1994-present

Basic research of atoms’s nucleus

First large-scale application of SRF linac technology

The same SRF technology plus Energy Recovery Linac
technology used for JLab’s Free Electron Laser
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SNS Cryomodule Experience
Some typical Q vs E curves for 2000'2005

SNS high p cavities

Maximum Gradient Distribution

1L.OE+11 SNS Cryomodules
2 |Emax Average = 18.0 MV/m * 3.3 MV/m|
7 HMedium-beta specification = 10.1 MV/m
1.0E+10 6 o High-beta specification = 15.6 MV/m B Emax
c=>>' 0 Emaxop
° g S
o g4
@ Avg Spec.  Min Spec. *3
10E109 T=| wHBI0  wHBIl  [ESTsssioooisooisiics 2
--| « HBI2 x HB13 ZoIIDIIzoIoooozzIIIIo
--| + HBI14 o3 2 1:) 5 JRNN Supu S ——— 1
--| o HB16 B} [ 0 . -
--| «HBIS 0 feemmemmemm e
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
10E+08 +————A—— Eacc (MV/m)
0 5 Gr10 ) l\I\lS 20 25
adient (MVim) Limitations arising from module cooling
A predominant limitation of both medium- issues when all cavities are operated
and high-f cavities was unpredictable stray together might impose lower limits
electron loading due to multipacting/field M. Drury et al, PAC2005, p.3496.
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£ W U-S. DEPARTMENT OF

K@’I ENERGY R.L. Geng TTC Meeting, Beijing, Dec. 5-8, 2011 6 ..Oleff;?son Lab

S
ZATEs OF



ILC Cavity High Gradient R&D: .
YRy TTen BrasEn . Since 2006
Reduce field emission, overcome quench limit

Developed repeatable high quality processing and handling procedure for multi-cell cavities

Multi-Cell Cavity EP Cyles
Accumulated by JLab EP Machine

RLGENG120CT2011
120 N I 1 1 I
110 [ M ILC 9-cell cavity EP cycles - Accumulated ]
10" [ B CEBAF 7-cell cavity EP cycles - Accumulated ]
T T T T
16 cavities processed and tested at JLab since July 14,2008 i 100 o ]
Fabrication: 10 by ACCEL/RI, 6 by AES ; 4 e [ ]
. 61c009 i
9 out of 16 exceed ILC vertical test spec after 1st-pass proc.: - B0 - e - - e
13 out of 16 exceeded ILC vertical test spec up to 2nd-pass proc. o [
80 oo
0 70 F e
8 2 [
g' 60 -
0 s
o [
10" w 50 F o BN
: 2nd pass (+USC+HPR), RF power limit M,
A12: 2nd pass (+EP+120Cx48hr), quench limit H A |
A13: 1st pass, FE limit . T
A14: 1st pass, RF power limit Ve . 40 .../l I s
--A15: 1st pass (limited by one defect in cell #3),quench- limit- R e kR S o
A16: 2nd pass (+EP + 120Cx48hr), quench limit
| RIM8: 2nd pass (+EP + 120Cx48hr),RF power limit ==~~~ T I I e |
RM9: 2nd pass (+HPR), quench limit 0 e B B B
RI27: 1st pass, Note: 1.8 K data shown, quench limit - 30
RI28: 2nd pass (+HPR),quench limit
* Note: A12 and RI19 already qualified by 1st-pass proc
* Note: RI27 1st pass at 2K 41 MV/m, cable limit 20 | D 0 N |
AESS5: 1st pass (limited by one defect in cell #3), quench limit
AES6: 2nd pass (+800Cx2hr+EP+120Cx48hr), quench limit .
AES7: 1st pass, administrative limit 10 ___________
AESS8: 1st pass, administrative limit
AES9: 2nd pass (+EP+120Cx48hr), quench limit
AES10: 1st pass, quench limit
* Note: AES6 quench limited 14 MV/m by same defect area in 0 [
9 cell #5 in 1st pass processing and testing ; ;
10 - -
FY07 FY08 FY09 FY10 FY11
0 10 20 30 40 50
Eacc [MV/m] RLGeng190ct10 Year
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CEBAF 12 GeV Upgrade Presently on-going...

6Gev == 12 GeV N
Add beamljhe

Upgrade magnets
and power

/upplies

Add 5
cryomodules

20 cryomodules

cryomodules

Two 0.6 GeV linacs ==y 1.1 GeV linacs
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Key Cryomodule Technical Parameters
for CEBAF 12 GeV Upgrade Project

* CW operation

* Number of new cryomodules: 10

* Voltage per module: = 108 MV (average)

 Heat budget: =300 W @ 2.07 K

e Cavity: 1.497 MHz, Low-loss cell shape

* Operating Spec: 19.2 MV/m at Q, > 7x10° @ 2.07 K
e Cavity length: 1 m (0.7 m active cell length)
 Cryomodule length: 8.5 m

 RF power: 7.5 kW (average)/13 kW (peak)

 Higher Order Mode (HOM) damping

— Transverse (R/Q)Qk < 2.4x10%° Q/m
— Longitudinal (R/Q)Q < 6.5x1011 O
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CEBAF 12 GeV Upgrade Cavity and Cavity String
Processing and Handling Procedure

. Heavy BCP (160 um removal) (by vendor)

. Pre-tune (by vendor)

. Receipt inspection — mechanical and RF

. Ultrasonic cleaning

. Vacuum furnace heat treatment (600 °C x 10 hr)
. Light EP (30 um removal)

. Post-EP cleaning (low pressure rinse + ultrasonic cleaning with detergent)
. Tuning with No-touch bead-pull

. Helium vessel TIG welding

. Flange lapping

. First high pressure water rinse

. First clean room assembly

. Final high pressure water rinse

. Drip dry in class-10 area

. Final clean room assembly

. Slow pump down

. Leak check

. In-situ low temperature bake (120 °C x 24 hr)
. Vertical test for qualification

. High pressure water rinse

. Drip dry in class-10 area

. String assembly in clean room
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JLab horizontal EP machine
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JLab in-house fabricated, in-house processed and tested
pre-production 7-cell cavities

/ max. Egep chuk \

Vertic al Test (MVIim) (mT) testlimit
0 ® R100-1 325 122 RF power
T=2.07K ® R100-2 285 107 RF power
1811 @ R100-3 28.1 105 rad. limit at TmSo/hr
© R1004 374 140  quench
© R100-5 27.0 101 rad. limit at TmSv/hr
@® R100-6 355 133 rad.limit at TmSolhr
& R100-7  36.7 137  LHe(facility shutdown)
-
lel0
\ CEBAF npgrajie
\ |cavity specification
29 Watts dynamic load
1e9

0 5 10 15 20 25 30 35 40
Eacc (MV/m) F. Marhauser et. al. LINAC10 THP0O9

S U.S. DEPARTMENT OF

( EN ERGY R.L. Geng TTC Meeting, Beijing, Dec. 5-8, 2011 12 JefQon Lab
)’0\” ‘\ \'\:- o



C100 Cavity Maximum Gradient in Vertical Testing
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Comparison of Gradient Yield: CEBAF vs. ILC Cavities Processes & Tested at JLab

CEBAF 7-cell: Bulk chemistry by BCP + 600Cx10hr + Light EP + 120Cx24hr; ILC 9-cell at JLab: Bulk chemistry by EP + 800Cx2hr + Light EP + 120Cx48hr

C100 Cavity Gradient Yield Drop due to Quench Limit
74 CEBAF 7-cell cavities fabricated by one vendor<_.
Y Same vendor —

Gradient Yield of 10 ILC Cavities Built by éne Vendor

CEIGE I Processed and Tested at JLab since July 2008

Eacc for TTF
shape for ILC

[MV/m] 0 |

>15 99 561 13 o |

100

=20 97 748 18

Yield [

225 92 935 22 L R ey A I un S

First-pass yield [%]

2 F Second- passyield (%] §- """"""""" """""" =
10 10 ILC 9cell cavmes built by ACCELIRI - o __
- A11, A12 A13, A14 A15, A16 RI18, RI19 RI27, RI28 E
>28.5 80* 1066 25 ; , ' _ , ‘
0—.‘.AiA.‘.i.,..i....i.....‘..
15 20 25 30 35 40 45

Eacc [MV/m] RLGeng190ct10
* Optimistic estimation due to administrative limit at 27 MV/m for some cavity testing
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C100 Cavity Emax at 29 Watts

30
.
.
® *
25 < L o 2
o’ Y0 I * % IS oo, * . 1 !
o ¢ 0 dle o0 o o ¢ o * oo e
* | o ¢ * . * o @
YIRS * . . ¢ * A * .
K.
*
E Design gradient specification 19.2 MV/m
>
2 15
10
5
0
0 10 20 30 40 50 60 70 80

Cavity Serial number
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C100 Cavity Initial FE Onset (1st Test)
60
Cavities w/ zero FE
/ 7
A \A
50 L 2 *o
40
E ................................................................................................................................................................
>
2 30 TS
.S — — Avg+3Std
2 _—— e im = Y A A P ‘ - Avg=25td
o ® * L 2 -« = Avg+lstd
M ¢ o . ¢
. * Avg
20 L g * * L 4 *® ¢
" /Y L 2 - *
. K
. L I
* 3 ! &
e *® o
10 L 2 L 4
L 2 * N
L 4
<
. °
Q Q Q N N N N N N N N
0\’ Q\’ 0’\, SN Q\’ 0\’ S Q’\v Q'Sr Q\’ Q\’
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VTA Test Date J. Leung
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C100 Cavity Initial FE Onset (Final Test)
60
— Cavities w/ zero FE —___
50 . * oo ¢
40
£
>
2
I R U PR DR B L. I P D R I [ | — —Aves3sud
._;'%: . ......... Avg+2Std
G L 2 P L 2 * -« = Avg+1Std
o? > o . ¢ o  * ave
20 —s -  S— . » 299 o9
2 . . : . e °*
. 3 . 3 o® *
. e . o ¢ : .
10 . oo
¢ .
L 2
0
9 Q N N N N N N N N N N N
o\ N\ N N N N N\ N\ N N\ N N\ N\
v o N v ¢ N o Q A & o v o
VTA Test Date J. Leung
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Re-EP__ C100 Processing Cycles to Qualify a Cavity Did not meet
3% Spec
2%
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Cavity string assembly area in Class-100 Clean room at Jefferson Lab

Assembled medium beta a

cavity string for SNS

==

Assembled cavity string
for CEBAF 12 GeV upgrade

I, 20 S

{
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Cryomodule Assembly and Testing in CMTF at JLab

. B

-

-
-
—

* 300 W helium refrigerator

* 21 m x 7 m with radiation shielding
* Magnetically shielded
* Dedicated control room
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C100-1 Qo vs. E Measurement History Cavities 1-4

Qo vs. Eacc History Qo vs. Eacc History
C100-1-1 / 2L24-1 / C100-RI-010 2L.24-2 /| C100-1-2 / C100-RI-006
1.0E+11 i i s 1.0E+11 I ——f— -
e o e e e
€Qo VTA(12/10) T ¢Qo (VTA11/10)
©Qo Acc (7/11) Qo (Acc 07/11)
©Qo Com (9/11) ji— ©Qo (Comm 09/11) f{
L e |
goE+10 E 1 PP goe+10 it
=+ 10
I
L
_Q_"
-~
1.0E+09 1.0E+09
1234567 891011121314151617 181920212223 2425262728293031 733 24 1234567 891011121314151617 181920212223 24252627282930313233 34
Eacc (MV/m) Eacc (MV/m)
Qo vs.EaccH .y 10 vs. Eacc History
C100-1-3 / 2L.24-3 / (_100-R_01= 2L2 4/C100-1-4 / C100-RI-004
1.0E+11 - — o —— 1.0E+11 I - —
11 } N [N I ¢ ] O [N Y (S ) Y [N |
I S S S
©Qo (Acc 07/11) [ ¢0o (VIAT20) H—|
©Qo (Com 09/11) [] #Qo (Acc 07/11) - [T
©Qo (VTA12/10) ©Qo (Com 09/11)
=
mn
9 'EE I
805+10 E 1 805+10
H .
KoH
oA
1.0E+09 1.0E+09
1234567 891011121314151617 181920212223 242526272829 3031 3233 34 1234567 891011121314151617 181920212223 242526272829 3031 3233 34
Eacc (MV/m) Eacc (MV/m)
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C100-1 Qo vs. E Measurement History Cavities 5-8

Qo vs. Eacc History

2L.24-5 | (C100-1-5) / C100-RI-007

Qo vs. Eacc History
C100-1-6 / 2L24-6 / C100-RI-003

Qo (VTA1210) |

Qo (Acc7/11) M

©Qo (Com 09/11) | |

1314151617 18192021222324252627282930313233 34

Eacc (MV/m)

Qo vs. Eacc History

2L.24-8 / C100-1-8 (C100-RI-011)

| eqo(vTA [
1 11no)

1.0E+11 S — 1.0E+11
| I N N O A |
N N N I |
1 1 11 1 11
Qo (VTA11/10) []
Qo (Acc 07/11) [
©Qo (Com 09/11) |
I
ii SLITTTT p
4
BOE+10 isdan . | goes10 o
H
1.0E+09 I.....} oUW wld Ll | EP aiider T e R PV,
1234567 8910111213141516171819202 =~ 42 627 M9 31 33 | N |38 |7 MO \1f
Eacc (MV/m)
Qo vs. Eacc History
2L.24-7 | C100-1-7 / C100-RI-005
1.0E+11 1.0E+11
¢ Qo (VTA11/10)
@ Qo (Acc 07/11) [
©Qo (Com 9/11) [
| ol
[ F LT i
"ﬁEiw 1y ; TTIY 9
7 L
BPE+10 e ROER10 T "&%
1.0E+09 1.0E+09
1234567 891011121314151617181920212223 242526272829 3031 3233 34
Eacc (MV/m)
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C100-1 CMTF Testing vs. VTA Testing

Cavities in cryomodue C100-1 all meet or exceed CEBAF 12 GeV upgrade project spec

Understanding change of Emax and FE onset from VTA to CMTF testing is worthy effort and under way (more later)

-----_

27.0 admin 21.6 Thermal 19.9 18.0
2 30.4 admin 22.4 Thermal 11.6 13.0
3 27.0 admin 22.3 Thermal 22.0 18.7
4 27.1 admin 25.4 Thermal N/A 18.5
3} 26.5 admin 21.0 Thermal 18.5 18.3
6 27.1 admin 25.8 Thermal 19.0 18.7
7 27.2 admin 22.2 Thermal 13.0 20.0
8 27.0 admin 21.5 Thermal 15.2 24.0
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C100-2 CMTF Testing vs. VTA Testing

Cavities in cryomodue C100-2 all meet or exceed CEBAF 12 GeV upgrade project spec

Understanding change of Emax and FE onset from VTA to CMTF testing is worthy effort and under way (more later)

-----_

271 admin 21.8 Thermal 23.5
2 27.0 admin 24.0 Thermal N/A NO FE
3 27.1 admin 21.3 Thermal N/A NO FE
4 27.0 admin 21.9 Thermal N/A NO FE
3} 27.0 admin 20.0 Thermal N/A NO FE
6 27.2 admin 21.4 Thermal N/A 19.5
7 N/A N/A 19.8 Thermal N/A N/A
8 27.0 admin 19.5 Thermal N/A NO FE
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C100-3 CMTF Testing vs. VTA Testing

Cavities in cryomodue C100-3 all meet or exceed CEBAF 12 GeV upgrade project spec

Understanding change of Emax and FE onset from VTA to CMTF testing is worthy effort and under way (more later)

-----_

23.7 Thermal 17.9
2 25.7 Quench 21.7 Thermal N/A NO FE
3 28.6 FE 25.0 Admin 16.8 17.0
4 27.1 Admin 22.9 Thermal N/A 19.2
5 28.0 FE 21.6 Thermal 14.0 24.4
6 27.8 Quench 24.9 Thermal 11.0 NO FE
7 N/A N/A 22.2 Thermal N/A N/A
8 27.0 admin 24.5 Thermal N/A 22.0
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_ cew SNS__________| CEBAF Upgrade
Cw Y Y

Pulsed Y

Frequency [MHz] 1497 805 1497

Cavity cell # 5 6 7

# of cavities 320 81 80

Epk/Eacc 2.56 2.71(p=0.61) 2.17
2.19(p=0.81)

Hpk/Eacc [Oe/(MV/m)] 45.6 57.2(p=0.61) 37.4
47.2(p=0.81)

Operating gradient [MV/  >5 10.2(pf=0.61) 17.5 (average)

m] 15.6($=0.81)

Qo >2.4x10° >5x10° >7x10°

Operating Temp. [K] 2.07 2.1 2.07

Epk [MV/m] >12.8 27.6(p=0.61) 41.7
34.2(p=0.81)

Hpk [Oe] >228 580(p=0.61) 718
732(p=0.81)
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Cavity String/Cryomodue Performance
Lessons Learned & Issues of Interest

Field emission/dark current
— Situation is improving, still not completely resolved
— Challenge goes up rapidly with gradient
* Active subject for ILC 1 TeV cavity gradient R&D

Q, loss
— CEBAF re-work cryomodule during 2006-2010
* Final answer yet to be found
Real estate gradient
— 7-cell cavity replaces 5-cell cavity during CEBAF upgrade module R&D
Cryogenic limitation
— Understanding of critical heat flux in liquid helium tank riser from CEBAF upgrade
cryomodule R&D
* Symptom: LHe boiling >> temperature & liquid helium level instability & microphonics
* Solution: increase riser pipe diamter >> built into CEBAF 12 GeV project

Thermal limitation

— HOM coupler thermal limitation
* Solution: superconducting niobium probe & sapphire feedthrough
* Technology used in CEBAF 12 GeV project and European XFEL project

Vibrations and microphonics
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Field Emission Onset in Cryomodule Test
SNS vs. CEBAF 12 GeV Upgrade

| sNs_ | CEBAFUpgrade

year 2005 2011

All met or exceeded Test is on-going
requirements for gradient or Q0

Field emission onset

Eacc [MV/m] 5-13 (10 average) 12-22
Epk [MV/m] 14-35 (27 average) for $=0.61 26-48
11-29 (22 average) for $=0.81
Modules tested 9 of 11 $=0.61 3 so far (plan to test all)
2 of 12 $=0.81
Gradient limit
VTA Field emission during VTA testing Mostly admin. limit in VTA testing
Cryomodule Electron loading in cryomodule C100-1: All cryo/thermally limit
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Cross Checking Development of cryogenic
CMTE GM tubes in VTA radiation detector for “at-cavity”
radiation measurement

WA, il B
VTA lon Probe IP-100,

Work supported by ILC Cavity Gradient R&D and applicable to CEBAF

N

S S
o 10 , I T
2 —+— Diode1 L 10 3
5 | @ —<— Diode2 3 3
> 10°gF I —+#— Diode3 g
9 P — Diode4 2
s —+4— Diode5 =1 =
10* 4 —= Diode6 C ~
—4— Diode7 L
O lon_probe L g4
10° 3
o 4
| | | | |
10 12 14 16 18

Fl rSt ReSU ItS . Field Eacc (MV/m)

Field emission onset predicted by
CMTF GM tubes is delayed by 3-6
MV/m compared to that by VTA
ion probe

8 —Hamamatsu S1223 Diodes
(provided by KEK STF) mounted
above 9-cell cavity RI23

», U.S. DEPARTMENT OF

ENERGY R.L. Geng TTC Meeting, Beijing, Dec. 5-8, 2011 29 Jef@on Lab
o) 5)




C100 Cryomodule in CEBAF tunnel
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Current Status of Cavity String & Cryomodule
for CEBAF 12 GeV Upgrade

86/86 (100%) cavities received from vendor

86/86 (100%) cavities completed EP processing

67/86 (78%) cavity vertical test completed

7 (70%) hermetic cavity strings completed
— On track to deliver all 10 cavity string by Feb 2012
* 3 cryomodules under testing

— C100-1 & C100-2 in CEBAF tunnel
— C100-3 in Test Lab CMTF
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New SRF Infrastructure at JLab

for Future SRF Technology and Projects
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Conclusion

* JLab has accumulated cavity string/cryomodule experience with ~ 80
cryomodules and ~ 500 multi-cell cavities for CW electron and pulsed
proton acceleration.

— JLab delivered an integrated cryomodule field of 820 MV which was used for
acceleration of proton beam up to 26 mA at SNS.

— We have had an integrated cryomodule field up to 1200 MV and an accelerated
current up to 900 nA electron beam at CEBAF, but not simultaneously.

* Many issues of interest have been identified and understood and solutions
built into cryomodules for new projects.

* We are continuing to optimize the operating parameters of CEBAF
cryomodules.
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