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Overview of FPCs at

IHEP
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Summary sheet

BEPCII Single-cell elliptical (SCC) 500 MHz
ILC R&D 9-cell elliptical (SCC)
RFQ (NC)
RFQ (NC)
CADS HWR (SCC)
Spoke (SCC)
5-cell elliptical p=0.82
(SCC)
HEPS-TF QWR B=1 (SCC)
R&D Multi-cell elliptical (SCC)
CEPC R&D 2-cell elliptical (SCC)

HEPS QWR B=1 (SCC) 166.6 MHz C(_)ax, fixed, capacitive, single-
window

Tongming Huang

Coax, fixed, capacitive, single-
window

Coax, fixed, capacitive, double

1300 MHz :
window

325 MHz Coax, fixed, inductive, single-
window

162.5 MHz Coax, fixed, inductive, single-
window

162.5 MHz Coax, fixed, capacitive, single-
window

325 MHz Coax, fixed, capacitive, single-
window

650 MHz Coax, fixed, capacitive, single-
window

166.6 MHz Coax, fixed, capacitive, single-
window

1300 MHz Coax, variable, capacitive,
double-window

650 MHz Coax, variable, capacitive, single-

window

Test: CW 420 kW (TW & SW)
Op: CW 150 kW

Test: 1IMW,1.5ms,5Hz(avg:7.5kW)
Op: 300kW,1.5ms,5Hz(avg:2.25kW)

Test: CW 105 kW (TW & SW)
Op: 100 kwW

Test: Not done on test bench
Op: 80 kw

Test: CW 20 kW (TW & SW)
Op: CW 15 kW

Test: CW 10 kW (TW & SW)
Op: CW 10 kW

Test: CW 150 kW (TW & SW)
Op: Not yet specified

Test: CW 50 kW (TW & SW)
Op: CW 200 kW

Test: CW 71 kW (TW & SW)
Op: Not yet specified

Test: CW 150 kW (TW & SW)
Op: CW 300 kW

Test: CW, TW 250 kW, SW 100kW
Op: CW TW 200 kW
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Beam operation

HPT and Cavity
integration

Beam operation

Beam operation

Beam operation

Beam operation

HPT

HPT

HPT
HPT and Cavity
integration

HPT and Cavity
integration

Cavity type Coupler type

2006-2012

2010-2012
2011-2016

2014-2016
2016-2018
2016-2019

2017-2019

2020-now



- Tested: CW, «  Operate stably
420kwW ' during the beam

+ Operate with commission .
beam stably over « Tested power:

8 years CW,100kW .

+ Coax, fixed,
capacitive, single-

« Tested power: window

Operate stably during the CW.,150kW
beam commission . Adjustable, . glfea:qndgzsgcg;ylﬂ

Tested power: CW,25kW clean assembly
B ) P o [ ==y &

»  Tested at KEK: »  Tested power: ~ * Double-window, Test: CW, TW 250kW, SW 100kW
1MW, 1.5ms,5Hz CW,150kW adjustable Op: CW TW 200kW
«  Clean assembly wit g;t‘;g va?lwe“
325MHz-Spoke  CAVIY IS available ! HEPS 166MHz SCC
500MHz-BEPCII 1300MHz-ILC 162.5/325MHz-RFQ 162.5MHz-HWR 650MHz-Elliptical 1300MHz Elliptical 650MHz Elliptical Beta=1, QWR
2006 2010 2012 2014~15 2016 2017~18 2019 2020~now

I
| A 1 ! !
A N
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IHEP Input coupler galle —

B NC

500MHz-  1300MHz-Pulse 162.5MHZ-CW 325MHZ-CW 650MHz-CW 166.6MHz-CW
CW 420kW  1MW,1.5ms,5Hz 20kW 50kW (SW)

L 5 fyl‘ﬁ

650MHZ-CW 166.6MHz-CW 324MHZ-Pulse 162.5MHZ-
150kW 250kW (TW), 100kW (SW) 300KW, 2.3ms, 25Hz CW,80kW




Power coupler for HEPS

166MHz SCC
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228 HEPS in Huairou Science City (Beijing)

 High Energy Photon Source (HEPS)

- A diffraction-limited SR light source (4t-gen), 1st high-energy SR light source in China

- Main parameters: 1360.4m circumference, linac + booster + SR, 6 GeV, 200 mA

- Construction time: 06.2019 — 12.2025, Location: Huairou Science City, Belijing

- Budget: 4.76 B CNY (~652 M USD)(incl. materials, civil constr. & commissioning, excl. labor costs)

g  BERSERLR SR R EMES BLRIQHE

lgh Photon Souirce Multi-mode, Multi-scale Biomedical
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SN Milestones of HEPS

Groundbreaking in Jun 2019
« Civil construction completed in Nov 2021
 PAPS completed in May 2021, currently in operation
« Booster installation completed in Jan 2023
« Storage-ring installation started in Feb 2023
 Linac commissioned in Mar 2023 |
« Booster commissioned in Nov 2023 ——
. Storage-ring commissioning to be started in summer 2024 #-Hinacwnnel

i |
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LM Main features of the RF system

* Double-frequency RF system: 166.6 MHz + 499.8 MHz

« Active harmonic RF compatible for on-axis swap-out & on-axis accumulation injection schemes
 SRF for the storage ring, normal-conducting RF for the booster

» Heavy damping of higher order modes for storage-ring SRF cavities

« Solid-state power amplifiers for ring-RF transmitters, digital low-level RF control

Booster
(0.5 -6 GeV)

RS *L Booster RF

f

(mmm) 166.6MHz SRF
(==3) 499.8MHz SRF
I 499.8MHz NCRF

V¥ Solid-state amplifier

Storage ring
(6 GeV)
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$OM Main RF parameters

L/ HEFS

e SR SRei0]_ome
499.8 166.6 499.8  MHz

Normal-conducting Superconducting Superconducting -
5-cell B=1 quarter-wave 1-cell elliptical
Mature product In-house new dev. In-house exp. -

RF voltage per cavity 1.35 (op.) 1.2 (op.) 0.91 (op.) MV
1.9 (design) 1.5 (design) 1.75 (design)

RF power per cavity (max) 70 (61 cav + 9 beam)
Power spec. of FPC 100

No. of transmitters 5

RF power per transmitter 100 (c.w.) 260 (c.w.) 260 (c.w.) kW

Transmitter technology SSA SSA SSA -
LLRF control stability (p-p) +1%, +1° +0.1%, +0.1° +0.1%, +0.1° -
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- () . Two frequencies; Two power levels;
=—-’ ng h-power RF Total RF power ~2.4MW

« Transmitter type: SSA
* Power transmission
- 9-3/16" coaxial rigid lines for 166MHz 1x499.8MHz
- WR1800 rectangular waveguide for 500MHz 2O SSA \ 7
« High-power circulator for each RF station 166 BV \'!\
200K SSAS 1X499.8MHz

499.8 MHz 100 kW SSAs

1X499.8MHz
260kW SSA

@ LLRF rack cabinets

\'-3‘\ 5% 166.6MHz
ter load 1X499.8MHz SRF cavities
waterioad 150 kw circulator 499.8 MHz copper cavities in the tunnel SRF cavity
RF hall surface area: 1600 m? RF hall surface area: 2400 m?
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w2 RF system Development

SR RF:

SSA installed in Mar 2024,
Commissioned in June 2024,
Vacuum cleaning operation to be
started in this month.
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Booster RF:

- SSAs (100 kW * 5) installed in Jan 2023,
- Commissioned in Apr. 2023

- In operation since Jul. 2023, routinely at
~80 kW per SSA.
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The first low-frequency(166.6MHz), high-power(CW,170kW)
active QWR SCC used to accelerate Beta=1 particles

Gate valve

Collimating HOM absorber

taper transition

/

B

Thermal break beam tube

Taper transition -,

Dressed cavity =~ Gate valve

AL A8 ! L Shielded bellows
Vacuum pump ,‘_' . ! l{' £ n/
= ] ' ’ 4™ ] 4 1‘{p

.‘ 3' Thermal break beam tube

u I { .._ quenc gl =3 )
X b,

<
~ Power coupler
s

166.6MHz SCC string

166.6MHz SCC cryomodule
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2o Requirements and design criteria of FPC

- Coupler geometry: co-axial type
RF frequency: 166.6 MHz - Interface with power source: coaxial rigid line, 9-3/16”
- Difficult to avoid MP zones below nominal power - MP suppression

- Sufficient cooling to remove high RF power dissipation
Power: 250 kW, CW - Electric coupling instead of magnetic coupling
- Single window

- Position the coupler on cavity body instead of beam pipe - less insertion
- Optimize location of the coupler port and the ceramic to avoid window
damage by electron bombardment due to cavity field emission

External Q: fixed, 5.0E4
(strong coupling)

Minimum contamination from - Coupler’s vacuum part assembling with cavity in the same clean room
power coupler to SRF cavity - Vacuum part geometry: as simple as possible

- Delicate cooling design

Reasonable cryogenic heat load Careful optimization of copper plating: thickness, RRR

- TiN coating for ceramic

Multipacting free - Adopt DC bias between inner and outer conductor

Safe operation Sufficient diagnostics: vacuum, arc, electrons, temperatures, flow
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e =2 Challenges (compromise)

* High power level (CW 200kW) + On-cavity body location
« Potential window damage from cavity field-emitted electrons

High power level Minimum FE Low cryogenic Cleanroom
gnp damage risk heat load assembly

V V

High RF power Coupler’s desired Coupler’s desired
dissipation and high location close to * location far away
dynamic heat load cavity’s H-end from cavity’s H-end

V

Shorter outer
conductor and limited
by cryostat size

Large magnetic field Longer outer %
leakage - High conductor
dynamic heat load
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) Main features

e RF window Water outlet 4 Water inlet —
- Single window (Tristan-type) ]
- Ceramic size: 27.4*120*10 mm
- Ceramic material: 97.6% Al203 (Morgan AL-300)

e Coaxial section

- OC: Double-wall structure
« ®: 100mm, length: 402 mm, Zc: 50 Q \
* Thickness: 1mm SS + 20um RRR30 copper plating
- I1C: Made of copper (OFHC) _
(b)  Detecting ports

* Transition component air intet = TR HHI— « Air inlet (vacuum, e, Arc)
- T-box structure |
- Outer T-box dimension: 340*340*340 mm .
- DC bias: +2000V e ) FPC-CM =

] —Hs connecting
* COOllng He gas outlet += 32 flange
- Inner conductor (vacuum part): water
- Outer conductor (vacuum part): cold helium gas
- Inner conductor (air part): forced air He gas inlet —»<d
- Inner T-box (air part): forced air

e Detector (@)
- Vacuum, electron current, arc

9-3/16"
coaxial line

Thermal
sensor base
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MM Power transmission optimization

r————————

TW: travelling wave

| T-box |
I Transmission performance
I I T g T 3 I J I ) T ; T ; T ; 1
-15 - ? ? ? ? | ? ?
|
| I TS S B S e S R
| -201 S N A — A — Tt
| e R o
| | i i : I
I E Field [¥/m] 25 —— y .
I 5 L m s | |
B. 7DE3E+005 o [ S I S S e T e e A
- s e e s . s w=l . B. 2592E 4005 S .30 - L AN A P
5. B1Z1E+005 ~— D i N | E L
5. 365AE+085 ~ e B R i \ ------------- — / ------------ R S S e
4. 916AE +BAS 0 35 - L " m. |
4. 47BaE 1005 i \ | $11=-43.6dB@166.6MHz
4, @Z238E+0@5 [ SUURUUTOY SR R e 1 S R N PN PP
3. 57E7E+@AS : u . BW=20MHI2 (81 1<-20dB)
3. 1796E +@85 -40 1 § T ; : ; T :
) ‘W 2. B825E+0E5 | R SRS SR PO NN L 4 SO R - FA T SR
2, 2354E+QES | P : [ é P i
RF WIndOW L 1. 7AGIE+@A5 -45 : 5 5 : 5
1., 5413E+085 ; ,

g, 9417E+BEY
4. 47E9E+BEY
8, BEERE +aa

Emax=6.7E5 V/m at 300kW (TW)
Located at the inner choke tip

T ‘ T ‘ T i T ‘ T ‘ T ‘ T ‘ |
150 155 160 165 170 175 180 185
Frequency (MHz)

Coaxial section

Calculated S11 vs frequency curve

r

Half RF structure
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wr 2.5
. . . . . . C 3
« Multipacting simulations carried out by using CST S . g
£ 21, \ {Faees copper baked to 300 C
. . . . o et ====:copper + argon dischrage
« Hard multipacting barriers: 10 kW ~ 50 kW 3 BN s TiN-coated ceramic
c : ~
152 2
‘% P L7 .
2 ) TOAShy,, Y e
E = . l2a nam, e T —
. 1 HE/ “Q"m""*ﬂhmuu I
Normalized SEY curve > i eSS
2 I I I I | | I I | | I g i
. . £ 0.5 .
—&— coaxial (copper as recevied) S i Material SEC
——&— window (copper as recevied) $ ol , ; _ , |
705 - —&— coaxial (copper baked to 300 C) | 0 1000 2000 3000 4000 5000 6000
’ —&— window (copper baked to 300 C) Kinetic energy (eV)
———— coaxial (copper + argon dischrage)
" window (copper + argon dischrage) Electron trajectory
TR wre RSN FR P H A S e s - :
7))
V
0.5 P 3 =3
Air o g Vacuum
. Ceramic window .
side l side
0 | | | | | | | | | | | | !

0O 20 40 60 80 100 120 140 160 180 200 220 240 260
Power (kW)
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;2 Cooling design: air part

Forced air cooling adopted: 100 m3/h The cooling scheme selection principle: making the “fresh”
« Two cooling schemes explored airflow firstly reaching the area with the largest power density.
- On-cavity SW: Scheme A is better
- TW: Scheme B is better Simulated air velocity with a flow of 100 I/min
. 2.501e+01 4.675e+01 i
Airinlet_ " 7 " Airinlet '
b=y F=t bi s(i_g(])(]emo = Sc:.g?Oe.oo
Scheme A Scheme B
Air inlet Air inle
AHL T Simulated temperature at CW 200kW in TW mode
Scheme A Scheme B ) B
Ma:; (Cav\ty tuned) H (Cavity detuned) —

3.375e+02

| 3.448e+02

I 3.250e+02

50 100 150 200 250 300 350 400 4$O 500 550 600 650 700 750 800 850 900

D(mm) 3.223e+02

3.125e+02

2.999e+02

D (mm)

- 3.000e+02

- Scheme A Scheme B
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MON Cooling design: window

AL-300 properties

» Cooling water flow rate: 1.5~3.0 I/min
Parameters

« Max. temperature reached 47°C in TW-400kW,
located on the ceramic close to the outer window

« Max. stress reads 60.2MPa on the window joint: well
below the specified flexural strength of alumina

Content 97.6% Al203
Flexural strength 296 MPa
Thermal conductivity 26.8 W/m.K

ceramic (296 MPa) Tan & 4E-4 @10MHz, 25°C
Cal. by HFSS | Cal. by ANSYS - -
S11 at 166.6 MHz -28.4 dB -28.4dB = il = o
S21 at 166.6 MHz -0.0067 dB -0.0064 dB 0 s = e
Bl 319.712 Bl .602E+08
Ceramic dissipation Unit: K Unit: Pa
at 400kw, TW SO S
Inner window dissipation
at 400kwW, TW SHD L
: L 53.7 W
Outer window dissipation 13.4 W
at 400kW, TW . (a) Temperature (b) Stress
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X 2M Cooling design: outer conductor

5

Power dissipation on the copper-plated surface with

 Quter conductor: Only 400 mm |Ong, located different thicknesses from 2 K to 300 K (RRR = 10).

) e | B —————— DL T L Ll bbbk

close to high H-field area = high cryogenic s F -
heat load, quench risk < J—d-t0s
o d=2.06
* Copper plating: thickness(>35,20um); RRR(30) - ° =
« Cooling method: thermal anchor or cold c
helium gaS? - 0.01 ' . ' ‘ '
0 50 100 150 200 250 300
- After careful analysis, cold helium gas cooling (50 sl/min, T K]

7 K) chosen to obtain less cryogenic heat load
Heat loads at 4.2 K of the FPC outer conductor with optimized 80 K

The calculated heat load cooled by GHe thermal interception (copper plating thickness: 36, CW 200kW in TW)
GHe flow rate (sl/min) | 4K heat load (W) 45 : :

0 17 7 53_;: \Cooled by thermal anchor
X 280
5 5.8 = ot
15 2.0 8.0 ///
3 1+ .
30 15 = 05+ I?)t;r:::mic 1
50 1.2 " 10 2 30 40 50

RRR
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X 2M Coupler and window position optimization

 FE electrons accelerated by transverse E-field may hit the ceramic - Ceramic crack
» Trajectories of FE electrons were tracked and recorded

Average electron numbers

FE electrons flying 600 5
: . into the coupler o

Final choice N .

z
Pos_FPC = 160 mm : B 13

Pos_ceramic = 531 mm s

: 8

— L glano
, Pos_ceramic o
s Pos_ceramic=600 mm(M®6)

Pos_ceramic=531 mm
is determined(M7)

Pos_ceramic=400 mm(M5)

Pos_ceramic=300 mm(M4) 300 1AI|.O 160 1éO 260 220 240 260 280
Pos_ceramic=200 mm(M3) Pos FPC(mm)
Pos_ceramic=100 mm(M2)
= Pos_ceramic=0 mm(M1) The ceramic window shall be
l‘l -1 arranged inside the area
‘ B il electrons marked by pink dashed lines.
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« Coupling was chosen to be 5.0E4 instead of 6.3E4 (ideal coupling)
- To achieve a higher Robinson-limited beam current: 250mA (>200mA)
- For low Vc operation (<1.2MV) in case of cavity degradation

* Insertion (h_antenna) determined based on simulation

2:%)rwar_d power of 166._6MHZ C_avity (I0=ZOQmA_, \éOO)

220 |

N
—l
o

Forward power (kW)

170 |

160

(@)

N
o
o

-k
©
o

=
(@)
o

—Vc=1.1MV (ideal Qe:
—Vc=1.2MV (ideal Qe:

Vc=1.3MV (ideal Qe: 7.
—Vc=1.4MV (ideal Qe: 8.
—Vc=1.5MV (ideal Qe: 9.

03 040506070809 1 11

Qe (x 10°)

1.2 1.3 14 1.5

h_antenna
— Y
\ | S 0
1] ]
A= '
yee—
—
/ ,,4
:/

Simulated 'h_antenna' VS Qext

M

1.00E+05

Qext

1.00E+04
-6 -5 -4 -3 -2 -1 0 1 2
h_antenna (mm)

Simulated Qext Measured Qext

h-antenna h-antenna Before After
-2.81lmm*  -3.11mm** cooling cooling
5.02E4 5.15E4 5.14E4 5.21E4

*. AIMg gasket: compressed by 0.3mm
**: AIMg gasket: no compression
Negative means no insertion into the cavity inner volume
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Coupler during assembly

_—
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$ 28 High-power test record

Coupler Stage | Power source | Mode | Max. power |Description
reached

PoP
(2017~2018)

Prototype
(2019~2023)

Stage |
(2017.09)

Stage |l
(2018.04)

Stage Il
(2018.12)

Stage IV
(2022.02)

Stage IV
(2023.11)

166.6MHz 50kW  TW & SW CW, 50 kW

SSA

650MHz 150kW TW CW, 150 kW
SSA

166.6MHz 50kW SW CW, 50 kW
SSA

166.6MHz 260kW  TW & SW TW: CW 250 kW

SSA SW: CW 100 kw
166.6MHz 260kW SW CW, 100 kW
SSA

SW: standing wave, TW: travelling wave

On test box
Power limited by SSA

On test box
Use a modified test stand

On SC cavity at 4K and 2K
Horizontal test of 166MHz PoP
cavity

On test box
SW phase moved in a step of
1/16 A over 1/2 A

On SC cavity at 4K
Horizontal test of 166MHz
HOM-damped cavity

Tongming Huang
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LM PoP: 166.6MHz-50kW on test box  2017.09

« Travelling wave (TW) mode : 40 Power
.. I I ---Vac_u
- Conditioned up to CW 50kW took 78 hours 35A---Vac_dﬁ
. . . 39 O T6
- Temp. rise of window: 0.6°C/10kW (simu.: 0.5°C/10kW) | eosF | B—T14
. ; &Sl 2—rs
« Standing wave (SW) mode A it
- Phase shift: 1/8A (step) * 4 positions (over 1/2A range) [ T
- Power keeping with Epeak positioned on ceramic window o= 1606
- Temp. rise of window: 1.0°C/10kW PO o e ) 20
. . 18:03:23 18:25:40 18:46:55 19:07:52 19:28:51 19:49:44
« During 50kW power keeping (TW & SW) Time
- Vacuum < 7E-7Pa (a) 166.6MHz 50kW cw power keep in travelling wave mode
- No MP induced electrons or Arc discharging observed o] | | | — e
45 N Vac_dn
Upstream coupler Test box Downstream coupler 40—: }\ 150 ~ T6
---------------- S 35 s | 2 —T14
=301 ;%1&04%'401% 1?6
%25—- \ _1E_05§ 30%‘ —T2
- - fg = — 2 T10
10 1% e RIS
5_: 10
Electron probe Electron probe c1)6:65:00 16:230:00 16::55:00 17:'20:33 17:‘46:13 I
Vacuum gauge Vacuum gauge Time

Arc detector Arc detector

(b) 166.6MHz 50kW cw power keep in standing wave mode

ﬁ ﬁ T. Huang et al., Rev. Sci. Instrum. 91, 063301 (2020).
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XM PoP: 650MHz-150kW on test box  2018.04

« Conditioning went smoothly and took only 23 hours to reach 150 kW CW power in traveling wave mode

« Temperature rise of window: 1.2°C/10kW
Test results during power keeping at

650 MHz CW 150 kW in traveling wave mode

ICT1_dn
160 4 60 ’
58 3 W\N )n\\'er
e B e — . W —— ' :
3 54 1
' ICT2 up 140 ] «3 3 s : [CT2 up
| BOY S0 —-
Hybl'ld test asoMHzt - 12 3 ICT1 dn
‘ components 110 4 — 44 i
bench  weeue | . A—— _ gt | ICT2 dn
. ' B—WT _dn - 100 K 46 f }
166.6MHz 90 ] 8 38 |
window-IC N 1 B 361
_ assembly O 8 4 = 34 ] — WT up
————————————————————— g 70 * “:L 32 | B A et WT dn
Dielectric loss: ~f Test box A 53 qE)‘ 30 1 .
Metal surface loss: ~f %5 ey b /
50 1 32 !
24 3= /A
40 1 2 =i
Scaled to 166.6MHz ol o _‘/
166.6MHz 50KkW SSPA | 650MHz 150kW SSPA 20 12
[kW] [kW] 10 if
= = O - 10 T T T T T T v v
Ceramic window 50 585 08:58:18 09:20:00 09:40:00 10:00:00 10:20:00 10:40:00 11:00:00 11:27:55
Metal part 50 296 Time
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X OB Prototype: 166.6MHz-250kW on test box 2022.02

» Entire test bench assembled and high-power tested in clean room Baking oven
- Reception: Class 10000 (ISO 7) (in Class 100 clean room)
- Cleaning: Class 100 (ISO 5)
- Bake out: custom-made baking oven, Class 100 (1ISO5)
- Vacuum part assembly: Class 10 (ISO 4)
- High-power test: Class 100 (ISO 5)
- Vacuum part disassembled after conditioning: Class 10 (ISO 4)
- Storage after conditioning: N2 cabinet in Class 100 (ISO5) clean room

Maximum cleanliness is ensured !

The baking process of the 1# & 2# 166MHz FPC

120

5.00E-04
100

80
5.00E-05

60

—— q
40 Temperature(°C) 5.00E-06

Temperature (°C)

—e—\acuum (Pa)

Vacuum pressure (Pa)

20
0 5.00E-07

0 20 40 60 80 100 120
Time (h)

110°C, 112 hours

Test bench setup in Class 100 clean room (ISO 5)
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« TW mode

- Conditioned up to CW 250kW took 100 hours

- Initial conditioning: sharp temp. rise on OC observed (no cooling)

- Power keeping at CW 250kW for 120 hours
- Max. T of window: 29 °C (Ambient T: 22 °C)

« SW mode
- Phase shift: 1/16A (step) * 8 positions (over 1/2\ range)
- Conditioned up to CW 100 kW
- Power keeping for 1 hour at each phase
- Max. T of window: 35 °C (Ambient T: 17 °C)

Upstream coupler Test box Downstream coupler

Electron probe
Vacuum gauge
Arc detector

Vacuum gauge
Arc detector

lon pump

Temperature sensor location

300.00 —Power —VAC up —VAC_down ---T3 ---T1 ---T4 1.00E-06
---T12 T6 ---T14 ---T7 ---T15 ---T16
250.00 -
E 20000 | TNl veneenntnaaacn et e e o
ah') S P St A e s | At & \e-/
= 150.00 v ™/ ) N\ ’\__/“/_‘*—’ o 5
(o] . e = - : = =
Q | P Masesenscaveccactoccnces —
- B b L e e e s Vel e £V i W W 3 Q
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g 100.00 73 = P T g [ Trrr e ©
g R Wil e R S SO =g a
(s =5 .
\
0.00 - 1.00E-07 -

2022-01-18 2022-01-19 2022-01-20 2022-01-21 2022-01-22 2022-01-23 2022-01-24
Vacuum and temperatures during power keeping
at CW 250 kW in TW mode for 120 hours

Sharp temperature rise on OC caused by MP
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~——de— Window (simulation) » -+-DC bias voltage: -0.2kV I
Coaxial (simulation) | { 30 8 1.8 «+-DC bias voltage: +0.2V —P_FWD (kW)
18 Vacuum interlocks g 2 16 | +DC bias voltage: -1kV l § 250 -
s 2 2 +DC bias voltage: +1kV —VAC_up (Pa)

16 N | — =
2 20 é W12 | T 200 ——VAC_down (Pa) 1.00E-05 ®©
Lia § &D & 2 e
' e & | e ™ i i e s & 150 \ E
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Power (kW) Power (kW) 0 _______/ 4 00E-07
MP band observed: 15~20 kW MP with DC bias simulated : 16:22:05 16:23:31 16:24:58 16:26:24 16:27:50
+0.2kV > exciting new MP | Time
- | ‘ S 58 —_— : Hard MP band observed: 10~25 kW
- == Vac_up
50t 05 Vac_dn 1 300.000 e 1.00E-04 60
e_up _OC_

— 4of HE4 _| 0 ——e_dn | 250000 -~ T_OC_down L 50
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| 11 S 100.000 " © 1.00E-06 [ 20 2
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. 0.2 -04 06 -08-1.0-12 -14-16 -1.8 -20 -2.2 I -200V -400\/ -600V +200V +400V +600V
- DC bias v.oltage (kV) DC bias voltage
MP with DC bias observed: Operation with DC bias of

MP-induced outgassing observed with

+0.2kV = fresh MP at 8kW, 11kw +1.0~1.2kV is suggested. DC bias between -0.6 kV and +0.4kV

-0.2 kV = new MP at 5.5 kW
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1010 Z
1 " e Horizontal test (4K) ||
AL e Horizontal test (2K)
% _-77| * Vertical test (4K)
L, 3 Y HEPS op. target
’ P
4 ’
/7 s’
7/ //
109 :/// L4 .
/ /‘ "/
& AT
v D rog ”~
6 gty
II //' ,\,Q Q\‘\ /,/
i P Quench at 1.5MV
103 ’l 1/ / // b ’
0.0 0.5 1.0 1.5 2.0 &S 3.0
Ve (MV)

Large performance degradation

H Fie

1

1d [A/n]

5. 4363E+004
5.0739E+004
4. 7115E+004%
4. 3490E +004
3. 9866E+00Y4
3. 6242E+00Y4
3. 261B8E+004
2. BI94E+00Y
2.5369E+004
2. 174SE+004
1.8121E+00Y4
1. 4497E+004
1.0873E+00Y4
7. 2484E+003
3.6242E+003
4. 3008E-009

H-field > 1000 A/m in the cavity-coupler

interface region (at 1.5MV)

Vc=1.1 MV

Cavity loss at the VT
(Hres = 10 mG)

, 0.6 W

Trapped magnetic
flux induced loss (Hres

Loss by power from 10 to 40 mG)

coupler and others
1MAW
el

Total dynamic load at the HT

14.2 W

11.1W may be attributed to
power coupler and others

stainless steel (Coupler OC)

Temperature
H Field [A/n] Niobium tube
1.G000E +003 1.138e+001
9. 3333€+002
- 8. 6667E+002
B . eocoe 002
7.3333E+002 9.584e+000
6. 6667E+002
6. 0000E +002
5. 3333E+002
. 4. 6667E+002 7.790e+000
4. GOOOE +002
3. 3333E+002
§ 2.6667€+002
B 2. 0000E+002 5.995e+000
1. 33334002
6. 6667E+001
4. 3008E-009
4.200e+000
K]

Increased temperature and heat load was observed.

Operation Pf Vc CryoTempB
mode (kW) | (MV) (K)
0 6.5

RF off 0 12.2
FRG=— Cavity detuned  13.2 0 6.5 12.8
CryoTempB
H=80mm ; Cavity tuned 13.3 1.09 35.0 28.3
- "'1";; iga\Q:y tuned) H (3avity detuned)
‘ !1 2 e
Cayity | _ eI

Helium jacket

\\
N Tmax=11.4K>9.3K

Simulated temperature of the Nb
extension tube at 1.5 MV with a helium
gas flow rate of 14.4 standard |/min (slm).

i

P I A

) 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 asc(: soo)
H mm

Overheating observed in the
cavity-coupler interface region
caused a “thermal runaway” and
eventually quenched the cavity

Both test and simulation indicated
a quenching at 1.5MV!

T. Huang et al., AIP Advances 11, 045024 (2021).

Tongming Huang
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16000 8
Temperature N r 1400 e e (b) -o-Flow rate = 0.04 g/s
Niobium tube 14000 - i 1;33 913 —Ve=15MV E 7 -+-Flow rate = 0.08 g/s
h=4 T41 S~
1.092e+001 \ £ 12000 S :gg n 606 ., ne O 6 -+Flow rate = 0.1375 g/s
\\ £ 400 2 T — T
~ 10000 § 200 - e w O
9.241e+000 2 0 Fueeny I PO N 0 0 S
— 70 80 90 100 110 120 130 140 150 ©
< 8000 1 0 (mm) g 4 At 1.5 MV
7.561e+000 g 6000 + | + 3
& g s il 2
" < 4000 + it ||| e 2
5.880e+000 O . W > N
3 2000 [ ¥ <« 1
4.200e+000 0+ ' ' =~ 9 : ! ;
K] R 200 300 400 500 80 100 120 140
N D (mm) Coupler port height (mm)

Simulated temperature of the Nb extension tube

Magnetic field along the power coupler’s

Simulated 4.2K heat loss of the coupler at

at 1.5 MV with a helium gas flow rate of 50 sim. outer conductor

various coupler port heights and different

~

LI T maxca K SN ——
84201008 A Elongate the Nb ext. tube at

1.5 MV

asezesco 14.4 SIM the coupler port from 80mm

80 mm 40mm extension to 120mm
of Nb tube . After mod. (1.5MV, 14.4 sIm)
k - 4K heat load of coupler:
[W—— \ 7.7W > 1.8W
=% i - T_max of Nb: 11.4K - 4.8K
Simulated temperature of the Nb
PoP cavity HOM-damped cavity tube after extended to 120mm T. Huang et al., AIP Advances 11, 045024 (2021).

Tongming Huang
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) Prototype coupler on HOM-damped cavity HT 2023.11
R W o Additional loss observed

mm%@%m%s = B OO0 (CAVAVTAK)
£2150] o AVINT
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: + I & Q0(CAVLII-Flow raledK)
RN "hl L] 2 - Rudigtion {CAV VT jacketed 2K)
- -h.-. +* W2k Radiation {CAV2 VT 4K)
© e Wt £ 1 Radiation (CAV2,VT,2K)
o, E ¢ Rudistim {CAVILVTAK)
. T gy 'S+ Radiation (CAV3,VT,2K)
+ ¢ L T % Rudiation (CAVIHTAK)
+ t
D72 ISRRRS SRR SR PPN F S A % L ST I N S 1/
YT rgﬂ + il
Lt
by +
wew o 0% B L £0% Faliw L i T 7w
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Lol B (MV)
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a0 02 04 s R 1.n 1.2 1.4 [ & 20 22 24 24

Pk (MVim) /
Coupler Monitor —Coupler Monitor

> QUITEIANEI AT S/ /aCllieel | w—ulllialll NDTi flange overheating

°.1W .dynamIC loss ErE T2 increased up to 14.9 K
* Contributed by (Vc=1.2MV) K™ 14 sIm 40 sim when Vc reached 1.2 MV
- Power coupler: ~4.1 W (Too large) % static x| 1.2 MV No guench observed at
- Beam pipes: ~0.8W % Vc=1.6MV

- Trapped magnetic induced loss: 0.22W 40slm :
_ Others: ? 199K [ o209k | Vc A: Quench risk?

|||||||||||||||||||||| Bpeak(mT)
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« Both the simulated Max_T on NbTi flange and heat load contributed by the coupler are lower than

the measurement. An unpredictable heating load of 2.7 W was still not found. Confused! |
Mass flow inlet(d.3K) 1] Pmsumutkt” Inlet Eﬁ_{;}‘ Sectlon A B Section B Section C

7
gl
!

A 1A41e+a01
\ = . 5
il B i - _._.__E 1.07564001
@ 81404000
N 1 | B.B956+200
e 7 FTBEHIOD
} Sl \ L ] 7.057e+000
NbTi flange & 38eam
M10 bolts A.2006+300
I K
| v 7 S
- .’ = ! = :-.-.
= ~

|y s | _J ange
| B \J 5% flang GHe:40sim S
| ' ] Section E
Nblul:e\ | i : / — .
/i _— o e }_3§§\$1 B :
Al gasket ool et 4.1-1.4=2.7W?
At 1.2MV RF surface loss (W s
AtL2MV 4, o o 40 sim 1.2 MV
OC 1.79 _ | "
Temperature along the radial of the NbTi flange
(1.2MV-40SLM)
SS flange 1.55 . T1 (K) at NbTi flange ~ 7.03  7.05
NbTi flange 1.35 T2 (K) at NbTiflange 12.26  14.90
Al gasket 0.08 T3 (K) at SS flange  12.39 9.06
Total 477 T4 (K) at SS flange 6.68 6.54

R L 4K heat load (W) 1.38 4.10

Tongming Huang WWFPC 6# meeting, July 2024, CERN, Switzerland



X oM Field leakage in FPC vacuum sealing groove

« One of the main heat loss may be contributed by the RF power dissipation on the
vacuum sealing groove at the cavity-coupler connecting flanges
- Total power dissipation on the sealing groove at 1.2MV: ~2.5W, 0(20K) was used

- Hard to reduce the gap loss by decreasing the sealing gap ‘H_groove’
- Gap loss decreased significantly by moving the coupler port far away from the cavity H-end

v' Pos FPC=160mm, gap RF loss=2.56W
v Pos_FPC=355mm, gap RF loss=0.53W

—p
N N I I I B |

Tongming Huang

P _lossin the

groove (mm)

3.20

3.10
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I 250
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]
1

240 T

0.40

] E
I E
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Il o
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IJ e
BE \ £
~F 3 \!} — E
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e
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E2M HT exception: frosting

« As the gas helium flow rate increased up to 30 slm, serious frosting observed close to the bellow of
the coupler-cryostat connecting flange

 Proposed solution
- Increase the power of the heating wrap: effective but limited.
- Move the helium gas outlet (OC cooling) from top to the middle of the outer conductor.

0 T8(172K)
_ > 242K

Move helium gas outlet
close to the middle of
the outer conductor.

Based on simulation, T8
will increase about 70 K
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222 HT exception: RF dissipation on IC

* RF power dissipations on vacuum part of the inner conductor & inner window have huge
difference among three scenarios: on test box, on-cavity detuned and on-cavity tuned

* Once the cavity is tuned, cavity field leak in FPC & RF field distribution changed - RF
dissipations on IC and inner window increase significantly

Conditions _ _ =
Loss (W) | Water flow (I/min) | Water T-rise (°C) | Loss (W)

On test box TW-200kW 95 1.6 1.0 112
On test box: SW-100kW 190 1.6 2.0 224
On-cavity detuned: SW-90kW 65~110* 1.6 0.8 90

On-cavity tuned: SW-56kW-1.2MV 750 1.6 8.0 896

Excessive RF IC loss! How to solve the problem?

*. Depending on the frequency difference to fO
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MM Solution: excessive RF dissipation on IC

Solution: Increase the cooling water flow  Cooling water flow: 1.6 I/min Cooling water flow: 3.2 [/min
from 1.6 I/min to 3.2 I/min
 Simulation

- Maximum temperature at the antenna tip
decreased from 77.5°C to 62.5°C;

- The temperature rise of the cooling water
decreased from 6.7°C to 3.3°C

e Measurement

Tmax_1C=62.5°C

w . Tmax_|C=77.5°C

| 3261e+002
3.230e+002

1
1
1
1
I
1
1
1
|
|
|
|
1
|
|
1
Y
Temperature of jnner conductor——=

1

1

1

1

1

I

1

|

1

|

|

|

|

|

I

I

1

I

- The temperature rise of the cooling water ' — L
decreased from 8.0°C to 3.6°C
. . . . —_ (o] —_ o
e |Cthermal radiation estimation TempemATmax_water—a7 C TempemATmax_water—B.3 C
_ 4 _ T4 o ——
Pradiaiton =&exAxox* (Th - TC ) \ | b B o000
e: 0.5~1; o: 5.67E-8 W/(m"2.KN4); 2 seer0os S orommocs
. e+ I 3.009e+002
T,,: Tmax of IC was used; T.: 4.2K s o700 3 005e-002
3.024e+002 r 3.007e+002
A: The area of the IC inserted into the | = 302084002 Sesstbes
FPC port (highlighted with blue). I::sas::zzi I::83221823
3.004e+002 3.001e+002
3.000e+002 3.000e+002

K]

[K]

Estimated thermal radiation from IC: 0.6~1.2W
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X 2H Modification validation (PoP -> Prototype)

L S —— —— T T T T ™1 10*
QO increased obviously. ® QO (PoP,HT,4K) o
l o QO (PoP,HT,2K) o+ #5 _
¢ Q0 (CAVLHT-LHe level,4K)| o 7 110
Coupler port extension is successful. ¢ QO (CAVLHT-Flow rate,4K) | o ’ ’ :
+ Radiation (PoP,HT ,4K) s T
x Radiation (PoP,HT,2K) ot S 5 5 110
+ Radiation (CAV1,HT,4K) 1 =
10° b-T------ e LT EEEEEE A L T &9 ———————— 1 &
o o Vrl:“target S
S foere A R R . —— g
- — [ B T 1 =
Radiation dose decreased significantly. - %* % % =
I i i 5 ; . - i 7
. (:_!peratlo? target . 4 100
All the measures of improving the . +
cleanliness is proved to be effective. X + + T 4 10"
sl i e
0 2 4 6 8 10 12 14 16

Eqcc MV/m)
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@ Change the inlet of
the helium gas from
current 12 o’clock to 3
o'clock position

Reduce the maximum
temperature on the NbTi

Tongming Huang

(@ Move the helium gas
outlet (OC cooling)
closer to the cold part

Alleviate the frosting
near the window

Prototype OC Formal OC

Now, since both cavity and cryomodule have entered the
manufacturing stage, what we can do is quite limited.
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£ OM Modification validation (PoP -> Prototype->Formal)

Future

Prototype

(Measurement)| (Measurement) modification Comments

(Simulation)

Parameter

GHe flow rate 14.4 sIlm 40 slm 40 sim /

OC Temp. close to
coupler cold flange(T6)

Temp. on NBTI flange(T1, T2) B\ leif[sEE(=T 7.1K / 14.9K 6.5K/12.0 K Overheating alleviated v

35K @ 1.1MV 9.2K @ 1.2MV 6.8K@1.2MV  Overheating alleviated +

4K heat load from by FPC 11.1W @ 1.1MV  4.1W @ 1.2MV 2.3W@1.2MV  Heat load reduced v

. : Quenched at No quench at Shall not quench :
Cavity quenching 1 5MV 1 6MV at 1.6MV Quench risk reduced +
OC Temp. close to coupler Frosting near the
warm flange(T8) NelmEEEITER 172K 242K window alleviated v
Temp. at the GHe outlet(T9) Not measured 118K 47K Icing more severe x
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e 2M Future modifications

Try new sealing way with rf Reduce rf power dissipation on
shielding between the cavity- the sealing groove to alleviate the
coupler connecting flanges. overheating in further.

Any other suggestions for this coupler?
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Miscellaneous: Some FPC

related iIssues
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| EDS: No Ti element.

o The measurement results of Rs on
1#: Window cracked due to FE the damaged window ceramic

Rs (Q) 2.4E14 7.7E6

Conclusions:

-  FE induced e- bombardment
might damage the TIN coating

- Arc may result in copper
sputtering and the increasing

' of the surface resistivity.

existed. Energy the Dispersive Spectroscopy

Tongming Huang WWFPC 6# meeting, July 2024, CERN, Switzerland
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2#: Window cracked due to disabled
ARC interlock (BEPCII 500MHz SCC) —EDS* Cu element




oM \acuum sealing failure

e Recently, we continuously encountered failed vacuum sealing due to the poor hardness of the stainless
steel flanges: both knife sealing used copper gasket and flat sealing adopted aluminum gasket.
FPC for HEPS 500SCC Torque 25 N.m FPC for HEPS 166SCC
Knife copper gasket sealing ~ Leakrate: le-7 mbar.L/s Flat Al gasket sealing:

~_ Gasket hardness: 60 (HV) sealing flange too soft

Wider gasket indentation:
window side—> sealing knife
of the window flange too soft

. Confused: same fabrication
_ CF150 flange technic and never happened before;

Any suggestion?

Plan to change
flanges

sealing surfa
- Flange material: 316L SS Material problem? ]
_ : . Prototype | Formal
-Tthermal Cycclje of flange: Final solution: change to flat T— F
S °C:- 2n ° : - araness
1% 900 °C; 27800 'C sealing using Al gasket : _
Sealing knife getting soft Sealing Success Risk

Tongming Huang
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« High power operation (CW 120kW):

- Vacuum side of the coupler: operate normally (vacuum, temperature rise)

- Air side of the coupler: the area contacted directly with the cooling air turned black due to possible oxidation
under high temperature and excessive humid conditions. Any risk?

FPC for Petra 5-cell 500NCC -
(ordered from RI) =

C T T T T iinnimeraid. m"’“"
1 (562) Rohriange Ricklauf i .
: {191 — i 2% i - 30
: 6 VE BA L _/f,-/"’.'
1 : \M Sealmg
| : I ceramic
I . | A
(R =C :
1 h / \ 1 ASSS
: -El""/ ; N \\ 1
o [P X N S\
: 7 NN \ Y IS
I V ". .\"‘ , Seme S u
1 f SIS
1 = | |
L ARy
: | ! \| ] /Cooling
o o o o o o o e e - . .
T-Piece ™ SUpporting Area near the vacuum Area near the supporting T-Piece
: sealing ceramic ceramic
ceramic 9
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« Temperature of the outlet cooling air (Cp_T01) showed
an excessive heating of the coupler for CAV02

« Obvious discharging traces observed at the flanges of
the air side of the ceramic window

« Cause: Flexible flange deformation -> poor RF contact
between window and T-piece

 Solution: Replaced the flexible flange

54* 45 4+
44.3 42.8

* pbad flexible flange ** good flexible flange
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