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1.1 The facility
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1.2 The 2 x 9-cell cryomodule

It can accelerate the electron beam to 10 ~ 30 MeV, also uses a LN, shield inside.
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1.4 The CW operation of DC-SRF-II

M | g2

Table I. Measured emittance and relevant parameters.

Parameters 100 pC 50 pC 20 pC  Units
SRF cavity gradient 14.4 14 14 MV /m
Drive laser size (og) 1.0 1.0 0.8 mm

Electron beam energy 2.42  2.35 2.35 MeV
Normalized emittance 0.54  0.40 0.28 mm-mrad

Core emittance 0.28 0.25 0.19 mm-mrad
Core fraction 0% 5% 7%
DC-SRF-I1 gun and beam line 81.25 MHz
1 MHz 4 — . .
. : 50
o Beam current g 3 3 mA
—_ i I ]
b Laser power 1 ;‘;’ % ’
S 0.05} 120 & :5;1 dmA
= 5
© 110 2
— 0 : : : :
0 . . , A1 0 10 20 30 40 50 60 70
0 2 4 6 8 Time (minutes)
Time (hours) :
Beam current feedback was applied to Short-term tests were performed with a current
maintain a constant current up to 3mA and at the energy of 1.7 MeV.
arXiv:2406.00659
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2. The development of the FPCs

2.1 Resonant ring for coupler conditioning
2.2 Couplers for DC-SRF-I gun

2.3 Couplers for 2 X 9-cell cryomodule
2.4 Couplers for DC-SRF-II gun

2.5 Couplers for DALS injector CMO00




2.1 Resonant ring for coupler conditioning
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Schematics of the resonant ring used for
power coupler conditioning
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Measured resonance curve
of the ring with a pair of

power couplers.

f=1.3 GHz
fi4s =0.9953 MHz
Q =1306

Powers in the ring: (a)Without insertions, (b)With a pair of couplers

240

—e— Power in the ring with shorting plate
—e— Power in the ring with dummy load

200

160 -

N E
Test bench of the resonant ring 0
2200 kW in 10 Hz 5 ms, 270 kW in CW % : R ; o
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2.2 The coupler with capacitive coupling

The warm ceramic window of waveguide type
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2.2 The performance of the capacitive coupling couplers
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Cold test using vector network analyzer:

B VSWR=1.07@1.3GHz, the bandwidth with VSWR < 1.1 is 30 MHz.

RF conditioning on the test stand

€ Upto 17 kW in SW with 10Hz 40%, which was limited by the power amplifier.
Warm off-resonance RF conditioning on the DC-SRF-I gun

€ Uptol7 kW in SW with 10Hz 40%

Long-term operation on the DC-SRF-I

»  The cracking of the warm widow occurred sometimes.

» In CW mode, for safety consideration, the power was limited to 5 kW.
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2.3 The hybrid coupler for 2x9-cell SRF linac

investigate the CW capacity of the capacitive coupling coupler and develop power couplers for the 2 9-cell cavities

§

1< The Improved structure design

734.8

465. 3

-“'TLI.";

| " (a) e

The structure of upgraded type of power coupler with capacitive coupling:

(c)

(a) overall layout, (b) warm section, and (c) cold section

A

@ A cylindrical ceramic warm window

® More robust.
® DC bias can be applied.
@ A thick T-stub

® A much shorter length of the cold
section.

® The heat conduction can be improved.
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SEY

1.5

2.3 Multipacting and thermal analysis simulation

1.5 T T T T 1.5
------- warm coaxial line warm ceramic ======+warm coaxial line warm ceramic = =====+warm coaxial line warm ceramic
S cold coaxial line cold ceramic | [ e cold coaxial line coldceramic | 00000 e cold coaxial line cold ceramic
1" % s ” 1 /.f' A-\».." 1 —
_______ oi i Lo o ’,"‘ S g 77 K
"""" ~ m 7 A 53} N —
v .’:‘;J 1\“-'."’“ e - R0 s il pei I s e S
05} .,,.,-"" : 1 05 ::;\;.:""":" -------------------------------- | §
(b) (c) iy
20 40 60 80 100 120 140 0 s " H . 0 P i A H r.—»
Incident power / kW 100 200 300 400 500 100 200 300 400 500 - - y - .
Incident power / kW Incident power / kW F N2 COOI | ng
Normalized SEY curve of all four regions with different DC bias :(a) no bias; (b) 1 kV; (c) 2 kV | T |
Power/kW 10 15 20
K K 1.7
Improved /K 140 170 185 A 202 A 170
copper depth = 5 um
i = —* — copper depth = 10 ym e |
Previous/K 159 202 222 201 Z 165  —-—a-— copper depth = 15 ym T
200 168 v, -
199 o
197 164 3
196 ’ 4 &=
195 162 5
194 160 < 1 -
193 ==,
192 158
191 .
v 191 ¥ 156 40 S0
(a) (b)

Copper layer thickn([a{g(sR of 10 pm and the
RRR value of 20 is the best choice for power
level of 15 kW.
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Temperature distribution of the cold inner conductor with the incident
power of 15 kW. (a) original design and (b) upgraded design.




2.3 Results from the high power test

Power
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Long-term stable oﬁg}%tlé}ﬁ"of tested couplers in CW mode at a power level of fgllf\/\?()(g) transmitted
RF power and ion current; (b) monitored temperature.
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Long-term stable operation, 10Hz 5ms
Up to 110 kW with a duty factor of 5%

2 kV DC bias could overcome the multipacting
barrier.

CW RF power up to 15 kW could be
transmitted steadily in the coupler by using the
resonant ring for the test.

Further tests in CW mode for power up to 20
kW made the ceramic disk at risk.

Assembled to 2x9-cell linac, the couplers were
operated in 8 kW, 5 Hz, 2 ms.
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2.4 the power coupler for DC-SRF-Il gun

The improvements to enhance cooling
(DForced N, gas cooling for the warm inner conductor
(@Forced N, gas cooling for the warm ceramic

(®Forced water cooling for the doorknob transition

Warm ceramic

@A OFHC copper block is connected to the cold ceramic

®lntercepts are added in the bellows

Microwave design simulation

- I A

Room temperature part Cryogenic temperature part

=

IHH

A

E._——"l"l'\'l'l%ﬁ'\'l'i'

— Connected to
SRF cavity

Cold ceramic 77 K point

”

drawing of the coupler

l Connected to WR650 waveguide

S,; of the coupler in the COMSOL simulation

i I I~ L |
F _ T X = | h :
—t

with different number of mesh cells
0 . . .

ﬂ

1.2 125 1.3 1.35 1.4
frequency [ GHz
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2.4 Multipacting simulation of the coupler

Normalized SEY curve of all four regions with different DC bias applied on inner conductor

111

— - —— . — : : ‘ . —
| B Cold-coaxial line | |=E Cold-ceramic
. 1kV 1.1 1 kV
1 |[—1.5kV | —1.5kV
—2kV —2kV
b 25kV 1r—25kV
0.95f 4 >
7 3KV 2 || —=3kv
0.9F - pd
09 B /I _—
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0.8 [ F_—_I_—\:—_—__‘I /J_I‘-\_—__I-ﬁ_\r—l-ir 1 7 0 8 B /
0 12 30 40 50 60 70 80 0 10 20 3 40 5 60 70 80
Power / kKW Power / kW
12H oKy ' | ' ' ' ' ] — o
—0s kv Warm-ceramic 105k Warm-coaxial line -
T 15Ky |
—2kV
S 1H—25kV
0 —3kV
091 — - | i
1 1 1 1 1 1 1 0.7 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Power / kW

» 25 kW is OK without DC bias.
» \oltage higher than 1.5 kV is good for power up to 80 kW.
» DC bias of 0.5 kV and 1 kV is not good for the multipacting suppressing.

Power / kW

0 kV
<25 kW
cold-ceramic

0.5 kV

<15 kW
cold-ceramic
warm-ceramic

1 kV
<45 kW
warm-ceramic

21.5 kV
80 kW
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2.4 thermal analysis

Static and total heat load with RRR=30. Considering the uniformity of | Temperature distribution without RF power
the copper layer, the thickness are 15 pm and 50 pum, respectively.

K
A 300

300
250

Copper Heat load to | Heat load to 10 kw 20 kW
deth/m 2KIW 7T7TKIW 2KIW 77TKIW 2K/IW 77KIW

200

2.47 075 11.90  1.32 228
2.56 0.79 1155 1.28 21.97
2.64 088 1161  1.36 21.96

272 097 1169 145 22 v

x
A 303 =
A 67
400
366
390
N 364
380 |
362
370
360
360
358
350
356
188

v 188 160 = - A
v 222 van
v 159 S AL v s

K
A 269
04

204 283
202 el
200 223
198 i
196 285
194 240
192 235
190 F 230
225

Effects of the SS block with copper plating vs. the OFHC copper @20 kW Effects of the forced N, gas cooling: none vs. 20L/min @20 kW

With the OFHC copper block, the highest temperatures of the cold inner The gas cooling is needed. Without cooling, the highest temperature is up to
conductor and the cold ceramic decrease significantly, from 257K to 200K, 403 K in the bellow part, and 367K on the warm ceramic. With 20L/min N,
from 269K to 185K, respectively. cooling, the temperatures both decrease to 339K.
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2.4 from fabrication to assembly

& L ghl
% 1
T ecopperlayer thickness on the co —

Position 1 2 3 4 . liu“
li |

pm 17.04 16.01 1533 12.69
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2.4 the conditioning of the coupler at pulse mode

125

100

75

50 1

N
[4)]

Power / kW
o

10 4

Conditioning time (hour)

—Power . . .
:ggzg:z:; 100+ —Forward RF Power|
—Cold side —Reflect RF Power
e sol 1skv 2V SR 3k
5 0 kv
3 — 601
5 & 2 1kV
10 Hz 6 ps—10 Hz 50 ms “ s £ wf
10* >
Lol |[] 05KV
| r‘ “ ‘ W‘ LA 25 -~
| , | ‘ N 0 5 10 15 20 25 30 35
d‘ﬂ'u 1 I wnm '“l H"lhll‘ “H ‘I J'“ ; Time / min
5 10 15 20 Tilfj/hour 30 35 40 45 50 60 10 HZ 100 MS :ég:ljdg:z;;_
s00i <% Coupler 1 without bias
B Coupler 2 from 0 to 3 KV
830t
53 hours > ol
10f | ﬂ
% 5 25 30 35

0.006% 0.01% 0.02% 0.05% 0.1% 0.2% 0.5% 1%
Duty factor

5%

10% 20% 30% 40% 50%

Tlme / min

» DC bias of 0.5 kV and 1 kV is worse than no bias.
» Over 2.5 kV is effective.
» The result is partly consistent with the simulation.
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2.4 Re-conditioning of the coupler

Power / kW

30 h CW TW30 kW with 3 kV DC bias (a)Power and vacuum, (b)temperature

NN WWE
oo wuvo

:

Vartmm / Pa

QRN
oo m,m

8 h CW TW 25 kW without DC bias (a)Power and vacuum, (b)temperature

Power / kW
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-------- Vac-Upstream

Vac-Downstream

Vac-Cold side

Time / honr

Power / kW

Vac-l.llpstreaml
gg I Vac-Cold side Vac-Downstream
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25 H
20 F
15
‘Ig I
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e —

15 20

Time / honr

0 5 10

25
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Vacuum /Pa

cold-bellow
cold-ceramic

warm-outer-conductoj]
waveguide-box

0

80

751
70
65

&)

< 60t

255
g 50

245¢
S a0t
35|

30

257+

20

Time / honr

cold-bellow warm-outer-conductor]
cold-ceramic waveguide-box
—_
A e
0 5 10 15 20 25 30
Time / honr

B The couplers were brought back to
the clean room.

B All the parts were cleaned from the
ultrasonic bath to filtered high-
purity nitrogen gas blowing.

B With reliable clean assembly, the

power can be raised sharply.

Pt100 sensors stuck to the outside of
OFHC copper block
58°C@25kW
70°C@30kW
This result gave us much confidence on

the power operation under 25 kW.
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On-site off-resonance RF conditioning during the cooldown

Assemble to the DC-SRF-II gun

B The initial forward power was limited
to 4 kW for safety reason.

B During the test of the 1.5-cell cavity

* pulsed mode,10Hz 7ms,forward
power is 6 kW. Eacc= 9.3 MV/m

« CW mode, forward power is 3 kW.
Eacc= 8.2 MV/m
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2.4 the coupler on the DC-SRF-II gun

Before the disassembly of the DC-SRF-II, a cold off-resonance conditioning at 2 K was conducted. A CW 4.5 kW
forward power was applied for one and half hour. It can be seen it needs a long time to get thermal balance.

i o6
I 4
4.5 1 —_— 94+
1
ar 1
| 92 -
= 35 1 90 -
= 1
= 3l ; ( ) i
E 5 88
a 25 1 =
T - 86
2 ° il [/
=
e
15+ a0
1r 80
05 . —
0 ) ) ‘ ‘ ) 76 1 L L
14:20 14:30 14:40 14:50 15:00 15:10 14:00 14:30 15:00 15:30 16:00 16:30 17:00
Time Time
26 . . . _— : 250
|
251 | 245 1
1
24 + 1
1 240
23 !
« b2
= © 235
© 22 2
. [16
- 2 230
= 20
| | 225 |
I 19
I 18 | | | | | 220 ‘ ‘ : ‘ ‘
NP V= - 14:00 14:30 15:00 15:30 16:00 16:30 17:00 14:00 14:30 15:00 15:30 16:00 16:30 17:00
I Time Time

@ incident power kept at about CW 4.5 kW; @ turn off the incident power; ® turn off the 2 K cooling
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Disassembling from the DC-SRF-II injector after three months tests
The coupler parts were only blown with filtered high-purity nitrogen gas again, and then assembled to the gun.
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2.4 the coupler on the DC-SRF-Il gun---beam operation

P ) @R 100% v i
. s T BREUA = i It
0.1mA: 1@})\ ori 5| T T eI i rward power is 3 kW
=
. Eafo
3 2
o | QCI- 2
T; o | 177 73 K i g il !
T 1
ks 1.93 K «
0l-e=— 03 K o
AL || (e = THME 12200 1HO4H 1800 17055 00:00
SC 44 K I 3 2 0.00 K time 20244
1 5
————— 110
: 1.89 K
3.81K | 7 o

=X ¢ i1781K |
frsask \ b E s
3 80
18.81 K #—505.00 K |

21610 K I 2.96E-8 mbaﬂ | ‘5\-“?} 78.96 K 1}|§E“ 1200 1HO04F 1800 1H050 00:00

time 202445
= = 1
794k | s || | Wz P 7 98.74 K 2680
© | = ‘ | .
i | [294.6 K ) o ez Qﬁ 78.16 K 260
E \ . “=' i "1 j f 240
3 3005 K . , c
3 ] , [ 99978 kv | -
i i | [ 1018 mA |
e \ O UA sl o H / / 1,!?82“ 1200 1H04F 1800 1H050 00:00
A6 uA 4000 V z B 7 UG BTG | Y -, frote
® Intl \ 1.8UA 4200 V L el 150 ) e. It takes more than six
hout .

m Inthe 1mA to 3mA beam test, the gun encountered some other problem, only short-term tests were available, it was
quite short for the coupler to get thermal balance.

Heat load at cryogenic temperature needs to be further investigated.
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2.5 Power couplers for DALS injector CMOO

DC/VHF Injector w/ CMO00

—— -y,

i| CMO00. TESLA.
I| 2-cell X 2-Cavity

DC/VHF
Gun Sol 1 Buncher Sol 2 |

A

CMO1: TESLA, 9-Cell X 8-Cavity

‘I:ﬁzl—

CMO0 Beam Design Parameters e A twin coaxial COUplerS
Parameter Values Unit
Q, 100 pC « CW power: >10 kW at
v 1 MHz
Entrance E, 300(DC)-750(VHF) keV room temperature
Export E| 2-4 MeV o
Normalized emittance &, 0.56 mm-mrad conditioni ng
Iy 0.1 mA .
Longitudinal bunch length o, I(VHF)-2(DC) mm * Qext of as Ingle COUpler
| 6E6-1.6E7
Heat load with RF power of 10 kW
Temperature zone 2 K 8 K 55K » Copper layer thickness:
heat load 015W 567W  26.38W 150 um for the inner

Four couplers are needed, six ones are made. 30 ym for the outer -
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2.5 thickness measurements

B The warm inner conductor was
firstly welded and then made
copper plating.

B In order to measure the thickness

2023/12/14 16:27

and RRR, one sample was cut.
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2.5 RRR measurements

.
o A #
7
ERpalidia AR T L 1= AE BT
X I7] I i Al =]
B R S fﬁl B / HE-RACING TECHNOLOGY
n [ Tas received after initial annealing at GL
[ Jeyanide bath [ annealing in a tube furn
240 4 237.8 sullale bath [ Jannealing at G
454
220 415
200 4 404
186.8 1868.5

180 4 354 27 34.0

160 (588 304 30.1

140 266
[ e 259
e 120 o4 22.0
e =4

100 204

87.0

804 153

60 54.1 10 4

404340

21 AA 14_’3‘ 19.6 54

0 T } t — 0= T T
Thickness(um) 45 /210 168 13774 30 /105 10/ 60 450°C 30min  $00°C 30min  350°C 10min  600°C Smin  450°C6h  3550°C 6h
F1 F2 F3 F4 annealing parameters

Results of RRR me

Measure the RRR of the samples from four domestic venders. Two
of them provided samples both from cyanide bath and sulfate bath.
For the GL cyanide bath samples, the heat-treatment parameters are
modified to improve the RRR.
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2.5 The power couplers as received and during cleaning
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0.1 3

E —— VAC1]j
—— VAC2/]
—— VAC3]]

0.01+

0.001

1E-4 4

Pressure (Pa)

1E-5

1E-6

1E-7 4 . . .
2023/7/7 2023/7/8 2023/7/9 2023/7/10 2023/7/11
12:38:50 o 10:40:46

Baking time

B The baking procedure: increasing the temperature with a gradient of
10°C/h, and maintaining a temperature of 150°C for 48h.

B Allion pumps are shut off when the temperature reaches 150°C.

® Defects: As the baking was carried out by using heating tapes in air, and
the heating is not uniform. The outer surfaces of the OFHC copper

intercept blocks had different colors.

2

S\

® Tightly wrap the silicone rubber tapes around the couplers afterwards.
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2.5 arcing outside the vacuum during RF conditioning

|

Burnout due to some improper assembly
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2.5 The 15t pair of power couplers for DALS injector CMOO

0 1 073
Air inlet Air inlet
e = AN
T11 T14 5 [l .
¢ & Infrared femperarue e Water e c & Int tempesamre]
RF power i . ]

— mlet & outlet

— @ S~ DCE

Electron current L‘ B AC Electron currentS: ©

e i ddrr A >

Up warm vacuum | Ton pump
Vacuum ion gauge'
| Angle valve |
______ forward | |
reflect
9 —— DownWarm
Electron current 8 Electron current Id Cold
SrCE A"._LA. — 7 | | 1 20 L I |
12:00 16:00 20:00 12:00 16:00 20:00 12:00 16:00 20:00
time 2356 H21H time 23‘F6 H21H time 236 H21H

11 &87E, Cold end bellows fixed simucture |
% Ei ol B The conditioning effect was captured directly once.
Ls ol onm B The vacuum of the downstream coupler suddenly improved
[@i . @ B T6 decreased to the same value as T2.
Angle valve . g

The vacuum between the two cold ceramic window also decreased.
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2.5 The 2"d& 3" pair of power couplers for DALS injector CM00
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3 Summary

2007-2016 2013-2019
Capagltlve Hybrid coupler
coupling

DC-SRF-I gun 2x9-cell

S 20KW 10Hz 40ms éﬁ?skw 10Hz
Power 5kw CW 15KW CW
Beam operation Beam operation
(2011-2016) (2019-now)
5kW CW max 8kW, 5Hz, 2ms
n Power

2015-2017

Resonant ring

200 kW 10Hz
5ms
70 kW CW

Operation
(2017-now)

2018-now

TTF-111 like

DC-SRF-II gun

100 kW 10Hz 5ms
30kW CW

Beam operation
(2021-now)

7KW CW max
3kW CW typ.

2020-now

TTF-111
like

DALS 2 X
2-cell
cryomodule

15kwW CW

High power
tested

® Three types of power couplers have been developed during the facility construction. The

heat load will be further investigated at cryogenic temperature with higher power.

® After nearly 20 years of efforts, DC-SRF photocathode gun has gradually developed from

concept design to a stable operation device.
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Thanks for your attention
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2.5 Typical S curves of the coupler-pair
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The refrigerant compressor operates periodically

The heat is expelled via a fan.
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