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Introduction of Lecturer

® Dr. Hongtao HOU

B Shanghai Advanced Research Institute,

Chinese Academy of Sciences

B E-mail address: houht@sari.ac.cn
B Involved projects: SSRF, SSRF-II, SHINE

B Cavities: 500MHz single cell cavities for
SSRF, 1500MHz 2-cell harmonic cavity for

W NTCRLISY ™

SSRF-11, 1300MHz cavities for SHINE N e T e
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Suggested books

RF Superconductivity Superconducting

eer. Soriebegy, and Apphs e

'w | =
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i
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1. H. Padamsee, J. Knobloch, T. Hays, “RF-Superconductivity

RackoR ey for Accelerators ”, Wiley-VCH (1998).

for Accelerators

2. H. Padamsee “RF superconductivity”, WILEY-VCH (2009)

3. H. Padamsee “Superconducting Radiofrequency
Technology for Accelerators”, WILEY-VCH (2023)

LSS

Int. Conf. on RF Superconductivity

SuggeSted Proceedlngs &4 SRF 2023 2021 E2019 @2017 @2015 @2013 @201 82000 62007
2001 1999 01997 1995 U 1993 @ 1991 U 1989 0 1987 & 1984
Search criteria
1. SRF conference Tite
Author
https://www.jacow.org/Main/Proceedings?sel=SRF#SRF rext
Keywords
2 TTC meetlng Sort @Searchenginescore O Conference date (most recent first)
https://tesla.desy.de/meetings/collaboration_meetings_a

nd_ttc_workshos/
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1.  Introduction
B \What are RF Cavities?
B Normal Conducting Cavity vs Superconducting Cavity
B \Why superconducting cavities

B \World wide superconducting accelerators
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The roots of J,(z) =0

@ *@’/‘4 é?ﬁiiﬁ%%ﬁﬂ%ﬁ Tam | =0 n=1 n=2 n=3 n=4 n=5 Pmn and Umn is the m™ root of n" Bessel
\ i m=11 2405 3.832 5.136 6.380 7.588 8.771 . . . . .
SHANGHAL ADVANCED RESEARCH INSTITUTE, CHINESE ACADEMY OF SCIENCES m = 2 5‘520 7_016 8.417 9'761 11_065 12‘339 functlon and ItS derlvatlve respectlvely

m=23| 8.654 10173 11.620 13.015 14.372
m=4| 11.792 13.324 14.796

The roots of (5] =0 Cylindrical coordinate system

Ynm n=0 n=1 n=2 n=3 n=4 wn=>5

-
m=1]| 3.832 1841 3.054 4201 5317 6.416 3 Z
aV I m=2| 7.016 5331 6706 8015 9.282 10.520
n 10.173 8536  9.969 11.346 12.682

- m=4 | 13324 11.706 13.170 : B ] E(T" (p’ Z )’ i p(h?’.z)
Maxwell Equations Circular waveguides H(r,@,2)

OB
Faraday‘s Law: V X E= - 3

oD
Ampére's Law: V X H= Bt +]

Gauss’ Law (Electricity) : VeD= p TEmnp mode Tanp mode

Gauss’ Law (Magnetism) : Ve B =0 £, :(;n E —E_J.(kr)cos[n(4d,)Je "
Oy, . ik g .
E ==—=22H_J (k.r)sin[n(g—g,)le I L o Na- iz
r k2r m=niTc E, = E.J,(k.r)cos[n(¢—d¢,)]e
Where e K,
. . _ JNay iy : _ - jk,z jnk . s
J Is the current density By = HnJa(kr)cosIn(g—g,)le E, =7, Enda(kr)sinn(4 —g,)le ™
E is the electric field intensity H. = H 3. () cos[n(d — g )Je o
D is the electric flux densi ° | |
s the electric flux density Hr:—JkZ H, J. (k_r)cos[n(¢—¢,)]e " H, = L% E 3, (kr)sin[n(g—g,)e "

H is the magnetic intensity field k kT

C

B is the magnetic flux density HZ 3% 13 erysinid—gole * M- jnfogo 3 () cos[n(d— e
p is the charge density oK e C
ke = qmn/a k, =pm/l ke =pmn/a k;=pm/l

ASSCA 2026 | Hongtao HOU, SARI, CAS



w.."

¥R L BEEFREMR

1. RF Cavities

- Add electric boundaries at both ends = Circular waveguide to pillbox cavity

First mode is TMO010 called accelerating mode, which has the lowest frequency, only
has axis electrical field =>purely Longitudinal E,

B Frequency only depends on radius, independent on length

2405 Cyigne[m/s] $ 7~

fOlO[HZ] — ZﬂR[m] _‘_G\?‘;
2.405r

E,=E,J, ( )cos(wt) d

E, 24051\
Hy = J1 B sin(wt)
e \ )
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1. RF Cav

14000 MHz
1865.61 V/m

0°

Maximum (Plot)
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1. RF Cavity: LC circuit vs cavity wo=(LC)™/?

An LC circuit, the simplest form of RF resonator. This circuit and a U OO
resonant cavity share common aspects:

 Energy is stored in the electric and magnetic fields =

* Energy is periodically exchanged between electric and magnetic field q
d

« Without any external input, the stored power will turn into heat i) P‘é"
* Electric field used for acceleration is concentrated near the axis

e — —
 Magnetic field is concentrated near the cavity outer wall L = = o \

sl et

—— e O
l iyl il
i |
E
e — —
TMO010
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1. RF Cavities 1 ) 1 .
U=§u0/ H|2dv = 560[.|E\ dv
- Main parameters M M

* Resonant frequency f,

wopo [y |H| dv

1
P — —RS/|H|2ds Qo =
2 S

« Accelerating voltage / cavity voltage V, R, fS |H|2ds
» Accelerating Length L.

: 2
« Gradient E,, G Wo Lo fv [H|"dv Qo = E
« Stored Energy U fS |H|2d3 R
» Unloaded quality Factor QO
«  Geometry factor G P & R, V2
- Surface Resistance Rs A -1 Q(]. wolU
» Dissipated load / Cavity power loss Pc

/ Accelerator operation requirement
« Shunt Impedance R/Q Vz Vz 2
« Ratio Ep/Eacc P = — . xR L/ Cavity material
<~ R /

- Ratio Bp/Eacc “ Qﬁ X0, Qﬁ xG
. Maximize G*R/Q \ \ Cavity geometry

ASSCA 2026 | Hongtao HOU, SARI, CAS
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1. RF Cavities

« Add beam pipes for particles movement, power coupler for feeding rf power, pickup
antenna for monitor & Control - pillbox cavity to “real” cavity

- To save longitudinal o R
space
From single cell cavity
to mU|tI-CeIIS CaVIty # Rf input coupler to transmit the rf
= — ' il e PoE.
-1 TESLA cavity:

1300MHz 9-cell cavity
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TM,,o-mode

electric field magnetic field



¥EH#5 M L EBERFRARMKR
\ ~— y SHANGHAL ADVANCED RESEARCH INSTITUTE, CHINESE ACADEMY OF SCIENCES

1.  Introduction
B \What are RF Cavities?
B Normal Conducting Cavity vs Superconducting Cavity
B \Why superconducting

B \World wide superconducting accelerators
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Normal Conducting vs Superconducting

Norma] Superconducting Remarks
Conducting
Materials
! (typical, for real cavity) RS N YFISES
Examples:
» Elliptical for » High beta cavity: TESLA
* Re-entrant medium beta and cavity
2 Cavity Shape * Disc loaded high beta * Low beta cavity: HWR
» Coaxial lines for  (Half Wave Resonator),
low beta QWR(Quarter wave

Resonator), Spoke
« Liquid helium
3 Cooling water » Superfluid
helium

07.02.2(

Ca |

'SSRF 3HC
ASSCA 2026 | Hongtao HOU, SARI, CAS

~ 500MHz PF

C-band Structure
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Why Superconducting? Superconductivity

Discovered in 1911 by Heike Kamerlingh Onnes
and Giles Holst after Onnes was able to liquify

helium in 1908. Nobel prize in 1913 200 ~~~rrr -
HgBaCaCuO @ 30 GPa: record T, at 164 X
’ -
150} TBRGaGu0, 5 ¢ HOTBCaCuD ; Meissner effect (1933)
; | Nightimo
100t BiSfCaCuO‘ HgBaCaCuO ‘ o0 the Msen
. <bu«.. 8 A
‘E YBaCuO nitrogen
2 5% =
5 Cs:Cqy
o @146Ps  MgB
5 40} ki b
— o~ E J Rbcji/
£ o010 ® a0l LaBaCuO
O o 1 ' (199
8 svn g MKBO ‘ ¢ Lauie neon
] = i
= 20} o A VoPdy8,C PColey g
§ 0.0S bﬂ. V,Si KsCor U@nGPa.ACN -
10 Pb PUR Gas = = 2 s
0.025 o %o U8 g /‘ CY:é Niobium: highest Tc
e Uque
0 i A <, s u’f" §;§§" dl.mo,,:, { b among pure element
0.00 . v . .
40 41 42 43 44 1900 1940 1980 1985 1990 1995 2000 2005 2010 materials, non toxic
Year

Temperature Kelvin
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Why Superconducting? Surface Resistance

RF fields
Metal wall

Coolant

* RF fields penetrate a penetration depth, ¢ the
metallic cell walls and dissipate heat in the
surface resistance, Rs

* A coolant on the outside extracts the heat and

heat

prevents the cavity from heating above its
operating temperature
« Water cooling for normal conducting cavity,

liguid helium for superconducting cavity

Surface Resistance results in heat

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Why Superconducting ? Surface Resistance

« Dissipated power in the cavity is proportional to its surface resistance

« The cost of cooling the cavity (coolant fluid, temperature, fluid pumping power, etc.) scales
with dissipated power

« With hundreds of cavities in a particle accelerator, the cavity cooling cost forms a
significant fraction of accelerator operating cost

« Keeping low RF surface resistance is therefore necessary to reduce the accelerator

operating cost.

« Thus, superconducting cavities for CW or high Duty Factor are the choice at high gradient

operation accelerators

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Why Superconducting ? Surface Resistance [3] Eiji Kako, ASSCA 2025
Normal-conducting Cavity : Superconducting Cavity ;
® Surface resistance; R [(] ® Surface resistance; R [()]

Ry = Ryrg 1y T R

_|op 1 1oy > A
R. = _
V20 o6 RBcs=A7eXP T

j_-= 1.3 GHZ, G=270 0 f: 1.3 GHZ, G=270 0 Rgcs : BCS resistance

R... : Residual surface resistance

Cu (20°c) ; 0=0.58 x10 8 11/ m] Nb (2k) ; RBCS =79 kg : Boltzmann constant
Rres =7 [nQ] A : Gap energy of Cooper pair
RS:9.4mQ (5=1.8ym) RS=14n!2l {/10:44nm)
Q=G/R;=2.9x 10 Q=G/R.=1.9x101°

More information SRE surf . ic 166 ti less]
For Mid-T baking cavities, Q0 maybe higher than 3.0x101° surface resistance Is 1e6 times less:
ASSCA 2026 | Hongtao HOU, SARI, CAS
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Why Superconducting? Surface Resistance

1
* For copper cavity at room temperature (6=5.96e7 S/m) for 1.3 GHz, one has surface re: & =—== goaw
= 9.5 mOhm.
A

« For SRF Nb cavity at 2K one has Rs < 10 nOhm (TESLA type cavity, EP) R ~ ?af exp [_kAT] +R

« SRF surface resistance is 1e6 times less!
« Thus, SRF cavities for CW or high Duty Factor are choice at high gradient operation accelerators

PF cavities (normal conducting) measured value SHINE 1.3GHz 9-cell cavity vertical test: Q0-20~4e10
at SSRF QO < 4e4 s SI067-) QO vs Eace
i% 1: PF %iﬁlﬂ% RF é}i&?ﬂ”%%% PP PP
. U e 8338383338883303000333333?9
Cavit frequency o 8 5 o Pickup #7575 Tuner 417 33833 o
Y (M) L in t 0 dB (MHz)
#1 499.650 12000 2.34 0.015 39600 -51.0 1.8
#2 499.654 12500 2.17 0.014 39625 514 23

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Why Superconducting? Surface Resistance vs Operation gradient

« For CW or high duty factor operation, In Normal linacs a huge amount of power is deposited in
the copper structure: MW to have MV Pulsed operation and Low Duty Cycle.

« Copper cavities are limited

« to gradients near 1IMV/m in cw and long-pulse operation because the capital cost of the rf power and the
ac-power related operating cost;

« to surface temperature to avoid causing vacuum degradation, stresses, and metal fatigue due to thermal
expansion.

 SRF Cavities

« Lower surface resistance 2>High Q0—->Low power dissipation on the cavity walls = Low cost for CW or
high repetition large accelerators

« Larger aperture means lower impedance, lower wake field and less influence on beam. Easier alignment and
better emittance.

ASSCA 2026 | Hongtao HOU, SARI, CAS
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1.  Introduction
B \What are RF Cavities?
B Normal Conducting Cavity vs Superconducting Cavity
B \Why superconducting

B \World wide superconducting accelerators
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World wide superconducting Accelerators

Synchrotron Radiation Light Source

.By Hu Weicheng

HWRO019 Double Spoke042

ellip 062 ellip 082

TELSA 1.3GHz 9-cell cavity
* Euro-XFEL
 SLAC-LCLSII/HE

« SHINE

« SSFEL

And more......

ASSCA 2026 | Hongtao HOU, SARI, CAS
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World wide superconducting Accelerators
Superconducting Non-Elliptical Cavity Community

TRIUMF el e —<

G \ . :,""... % v
‘. « *. ".‘ = . sech b L= - ‘ _ ~
C amiveanime - GGl SARAF LG5 :
\ ;“. Poas r 3 " o ‘&
’ = ~ oF T8 v, " g
E :

COTRINORY cn s R |

January 2002

Henle 1:134,000,000

Fobnsen Projection
wandard paradals 3N and 38°S

802804A1 (R00352) 1201

And more......

ASSCA 2026 | Hongtao HOU, SARI, CAS
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World wide superconducting Accelerators

1011

SHINE & S°FEL

LCLS-II % t LCLS-HE
PIP-II %

CEBAF-12GeV g¢XFEL ILC
SNSPPUKR #

% WESS
SNS

Quality Factor (Q,)
S

10°

0 10 20 30
Accelerating Gradient (MV/m)

And more......
ASSCA 2026 | Hongtao HOU, SARI, CAS

Operation: CEBAF, SNS, E-
XFEL, LCLS-II

Under construction: ESS,
SNSPPU, PIP-Il, SHINE, LCLS-II
HE, S3FEL et al.

Planed: ILC etc
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[3] Eiji Kako, ASSCA 2025

World wide superconducting Accelerators
Elemental Particle Physics: (S-KEKB, BEPC, LHC, CEPC, FCC)

Radiation Light Source: (DIAMOND, CLS, TPS, SLS, PLS, NSLS-II, HEPS, HALF, SAPS)SSRF, HEPS
LINACs for Nuclear Physics: (CEBAF, S-DALINAC)

LINACs for Free Electron Laser: (FLASH, E-XFEL, LCLS-II, SHINE, DALS, S3FEL)

Energy Recovery LINACs: (cERL, bERLinPro, CBETA, PERLE)

Proton LINACs for N. Source & ADS: (SNS, ESS, CESS, CiADS, MIRRHA, J-ADS)

Proton LINACs for Neutrino Experiments : (PIP-Il, HIPrDr-KEK)

Deuteron LINACs for Nuclear Fusion: (IFMIF-LIPAc, A-FNS, DONES)

Heavy lons LINACs: (ISAC-II, SPIRAL-2, RILAC, FRIB, RAON, HIAF) Operation
Construction
Linear Colliders for High Energy Physics (STF, FAST, ILC) Future Plan

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Worldwide FELs

Beam Energy

Facility Wavelength Country LINAC | GeV
FLASH Soft X-ray DE SRF 1.25
E‘;{ggff‘” Hard X-ray EU SRF 17,5
LCLS-11 & HE Hard X-ray usS SRF 4
SHINE Hard X-ray CN SRF 8
S°FEL Soft X-ray CN SRF 2.5

ASSCA 2026 | Hongtao HOU, SARI, CAS

Rep. rate
[ Hz

5000
27000
1e6

1e6

1e6

Status

Operation

Operation

Commissioning & Under
construction

Under construction

Approved
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2. SRF Cavity
B Design
B SC Materials
B Fabrication
B Post process

B Vertical test

ASSCA 2026 | Hongtao HOU, SARI, CAS
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SRF System

AC power

From the
reference line

Pickup Signal RF cavity

Cavity is the “heart” of RF system

ASSCA 2026 | Hongtao HOU, SARI, CAS
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2. SRF Cavity: Elliptical

TESLA/ILC 1.3 GHz LEP 0.352 GHz
"""HH("

ﬁ

PR ——

SNS B=0.61,0.81, 0.805 GHz

S-DALINAC 3 GHz

SSRF 1.5 GHz
Harmnic

ASSCA 2026 | Hongtao HOU, SARI, CAS
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2.  SRF Cavity: non-Elliptical

Quarter Wave Cavities Half Wave Cavities Superconducting
) Vi e S . RFQ Cavity

Split Ring Resonator

Twin Axis Cavity

ASSCA 2026 | Hongtao HOU, SARI, CAS
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2.  SRF Cavity: non-Elliptical

Squashed Elliptical Cavities

4-Rod Cavity

RF-Dipole Cavities

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Now, we know lots of SRF cavity structure,
then how to design “your” cavity?

Let’s go back to those key parameters

ASSCA 2026 | Hongtao HOU, SARI, CAS
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RF Cavities: for superconducting cavities 1 ) 1 5
_ 2,LO/|H| dv——eU[ E[2dv
Vv V

e Main parameters

2
* Resonant frequency f, p 1 R |H|2d Q Wo ko fv |H| dv
= — S 0 —
- Accelerating voltage / cavity voltage V, ¢ 2" "° g R, fS |H|2ds
» Accelerating Length L.
« Gradient E,, G Wo Lo fv |H|2d'U Qo = E
«  Stored Energy U o [ |H|2d3 R
S

» Unloaded quality Factor QO
. 2

Geometry factor G R VC2 R, _ V.
« Surface Resistance Rs a P, Qo woU
» Dissipated load / Cavity power loss Pc

P yPp / Accelerator operation requirement

e Shunt Impedance R/Q V2 Vﬂ
« Minimize Ep/Eacc to have higher gradient R = RC R — XR “« Cavity material

X(J

* Minimize Bp/Eacc to have higher gradient

g 0,"")
« Maximize G*R/Q to decrease Pc, to save cost \ ™\ Cavity geometry
ASSCA 2026 | Hongtao HOU, SARI, CAS
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RF Cavities: for superconducting cavities

e Main parameters
* Resonant frequency f,
» Accelerating voltage / cavity voltage V.
» Accelerating Length L.
« Gradient E

acc

» Stored Energy U
» Unloaded quality Factor QO

« Geometry factor G

» Surface Resistance Rs E ﬂeld H ﬂeld
» Dissipated load / Cavity power loss Pc
/ Accelerator operation requirement
e Shunt Impedance R/Q V2 Vg 2
« Minimize Ep/Eacc to have higher gradient P = RC = — = ——=xR & Caviy material
* Minimize Bp/Eacc to have higher gradient .

* Maximize G*R/Q to decrease Pc, to save cost \ \ Cavity geometry
ASSCA 2026 | Hongtao HOU, SARI, CAS
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[5] Jacek Sekutowicz-SRF2013

SRF Cavity design: parameters vs performance

L Improve(s i
Criterion RF-parameter F\)Nhen( ) ex(;?r\llgl)(/es
r l TESLA,
Operation at Epeax/ Eacc
; : i HG CEBAF-12
high gradient Bpear! Eacc l' Iris & Equator
shape 1 GeV
Low cryogenic I i LL CEBAF-12
losses (RIQ) G GeV
Equator shape
High lpeam < l, I B - Factory
!'OW HOM K,k fi RHIC cooling
impedance

ASSCA 2026 | Hongtao HOU, SARI, CAS

equator

cavity axis
Example:
{ (R/Q)’ Epeak/Eacc 1 Bpeak/Eacc } VS. T for
cellatf = 1.5 GHz

Bpeak/Eacc

Epeak/Eacc

L Fu
t

(R/Q) [ks¥m],
Epeak/Eacc
: hy
h = n Rt W n £ Y

Bpeak/Eacc [mT/{MV/m)]

-4

(RAQ)

<

]
ch

28 30 32 34 36 38 40
ri fmm]
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[4] Sergey Belomestnykh, SRF2005

SRF Cavity design: Complex——RF & Mechanical & Cryogenic
Compromise = Optimal structure

Machine parameters Effects/cavity parameters Mechanical design

stiffness,
vibration modes,
tunability,

thermal analysis

RF power dissipation
in cavity walls

Pulsed operation |————p Torentz force detuning
>

CW operation

RF design
frequency & operating

temperature choice,
High beam current

\ optimal gradient,

<: cavity shape
\ number of cells,
High beam power <: Low Qext ’ < sellia-selll @omiins.

Beam stability (HOMs)

Heavy beam loading

optimization,
HOM extraction,
W 7 RF power coupling

Availability of
high-power RF sources

Cryostat design
Beam quality (emittance) Parasitic interac?ions ‘ Input coupler design
preservation (input coupler kick, alignmenf) \‘
\HOM damper design
Low beam power |~ ] High Qext, microphonics Tuner design

RF controls

ASSCA 2026 | Hongtao HOU, SARI, CAS
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SRF Cavity design: Simulation tools

. Field calculations:
-Spectrum, (r/Q), G, B
-Field enhancement factors

« HFSS (3D);
« CST(3D);
« Omega-3P (3D);
* Analyst (3D)
« COMSOL (3D)
Il. Multipactoring (2D, 3D)
* Analyst;
« CST (3D);
« Omega-3P
lll. Wakefield simulations (2D, 3D):
o GdfidL;
 PBCI;
« ECHO.
IV. Mechanical simulations:
Lorenz force and Lorenz factor,

Vibrations,

Thermal deformations.
a. ANSYS
b. COMSOL

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Lecture of J.Y.Zhal

SRF Cavity design: Simulation tools
3D code example: CST MWS

+ Expensive 3D finite-element code
* User-friendly interface
» Perfect Boundary Approximation increases accuracy
« Contains different solvers:
» Transient Solver
* Frequency Domain Solver
3 symmetry planes = only 1/8

’ Elgeande Solver of the volume needs to be calculated

[ superconducting cavity (half cell) [Z] Template Based Postprocessing @
yoovven, Boundary Conditions B

ASSCA 2026 | Hongtao HOU, SARI, CAS

| 1D Results | 0D Resuls
. Boundaries  Symmetry Planes lBomduy Temperature |
Add new postprocessing step.
Result name Template name Value YZ plane: Imagnelic Ht=0) 'I
1 Frequency (Mode 1) 3D Eigenmode Result 1.27021
* 2| Q-Factor (Perturbation) (Mode 1) 3D Eigenmode Result 3.132456e+004 2 plane: Imagnelic (Ht=0) 'l
- xlen2 3| Total Loss (Perturbation) (Mode 1) 3D Eigenmode Result 5.095663e+005
4 Total Energy (Mode 1) 3D Eigenmode Result 1 XY plane: lelectvic [Et=0) 'I
3 %u 5 ShuntImpedance (Mode 1) beta=1 3D Eigenmode Result 8.722676e+005 ——
& | R over O (Mode 1) beta=1 3D Eigenmode Result 27.8461 e_Abs (2)
v : 7 Voltage (Mode 1) 3D Eigenmode Result 2.955593e+006
1 s Wer2 57632 | [133 |
wl 12 w2 42 \
B e All modes are normed
to 1 Joule stored energy.
Lok [ concel [ Hep | E / H / surface current
B are stored as peak values.
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[6] Superconducting TESLA Cavity, PRST-AB, 2000

SRF Cavity design: TESLA cavity example

R

equator

cavity axis

CST model

>

Cavity shape parameter Midcup  Endcup 1  Endcup 2
Equator radius Regua, 103.3 103.3 1033
Iris radius R;;. 35 39 39
Radiwus R, of circular arc 420 40.3 42
Horizontal halt axis a 12 10 9
Vertical half axis b 19 13.5 12.8
Length [ 577 56.0 57.0

[& Superconducting cavity (half cell) @

i 3
% 1} r2
% g
,.1[ xlen2
1 s der2|576%2 | o [1033
wl |12 w2 [42 »
wl |19 w2 |42
[ ok | [ Cancel ] [ Help ]

Eigen mode @ Simulation

postprocessing
X

Template Based Postprocessing

1D Results | 0D Results

4dd new postprocessing step. v
Result name Template name Value

Frequency (Mode 1) 3D Eigenmode Result 1.27021

ASSCA 2026 | Hongtao HOU, SARI, CAS

1

2  Q-Factor (Perturbation) (Mode 1)

3 | Total Loss (Perturbation) (Mode 1)
4 Total Energy (Mode 1)

5 Shunt Impedance (Mode 1) beta=1
6 R over Q (Mode 1) beta=1

7  Voltage (Mode 1)

3D Eigenmode Result
3D Eigenmode Result
3D Eigenmode Result
3D Eigenmode Result
3D Eigenmode Result
3D Eigenmode Result

3.132456e+004
5.095663e+005
1
8.722676e+005
27.8461
2.955593e+006

TABLE II. TTF cavity design parameters.®

Type of accelerating structure

Accelerating mode

Fundamental frequency

Design gradient E,.

Quality factor Oy

Active length L

Number of cells

Cell-to-cell coupling

Iris diameter

Geometry factor

R/Q

Epeak/Eacc

Bpeak/Eacc

Tuning range

Af/AL

Lorentz force detuning at 25 MV /m

Qex of input coupler

Cavity bandwidth at Q. = 3 X 10°

rf pulse duration

Repetition rate

Fill time

Beam acceleration time

rf power peak/average

Number of HOM couplers

Cavity longitudinal loss factor k|
for o, = 0.7 mm

Cavity transversal loss factor &k,
for o, = 0.7 mm

Parasitic modes with the highest
impedance: type
7 /9 (R/Q)/frequency
27/9 (R/Q)/frequency

Bellows longitudinal loss factor kj
for o. = 0.7 mm

Bellows transversal loss factor k.
for o, = 0.7 mm

Standing wave
TM(]H], 7 mode
1300 MHz
25 MV/m
>5 X 10°
1.038 m
9
1.87%

70 mm
270 Q)
518 )

20
426 mTMV 'm™
+300 kHz
315 kHz/mm
=600 Hz
3% 10°
430 Hz
1330 us
5 Hz
530 ps
800 us
208 kW/1.4 kW
2

102 V/pC
151 VpC'm™!
TMon
80 /2454 MHz
67 /2443 MHz
1.54 V/pC

197 VpC'm™!
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2. SRF Cavity
B Design
B SC Materials
B Fabrication
B Post process

B Vertical test

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Niobium material for SRF Cavity

Ginzburg-Landau equation L Pb (type I)] 1l 11
By, > B, in general 1.4 Bsh 1 3B ‘ 1.4; ~
. (s 1 :
3 J. Matricop and D} Saint-James—— @008_ @008: “:
‘-& PHys Lett A 24 241 (1967) @ 0.6: o0 0.6 E
\\a Pb e 0.4E : 0.4; “
e ] Melssner state : . Meissner state _“
K b 0204 06 08 1 G 0 0

T/T

« Nb: Tc = 9.25 K, superheating field, Bsh =~ 220 mT, favorite material for SC cavities

Wl

c

» Regarding to TELSA Shape cavity, Bp/Eacc=4.26 mT/(MV/m), Bsh at 2K is about 220 mT, meaning to have a maximum
accelerating field of about 52 MV/m

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Technical Approaches to Gradient

Cavity shaping led to gradient
breakthrough with Nb cavities

L-Band SRF Cavity Gradient Imporvement and Underlying Technical Approachg reaching robust 50 - 60 MV/m

60 | RFIERNb‘: higHRRﬁ(pu;ity}n}cbiuﬁl ‘ I ‘ I .‘ I ‘ ‘ I in 1-Ce” & S|9h1- Of 50 MV/m n
| LG Nb: high purity large-grain niobium Mﬂfer‘lﬂl mul-l-l_ce” SInce 2018
[ HT: High Temperture post-purification
I HPP: High peak pulsed Power Processing
55 |- HPR: High.Pressure waterRinsing - - - oo SRR LR LR
| EP:I.EIe_ctrcPoIishinQ ]
| L7o: Low remperaure ke s 120c. 1 reatment/Processing
- ER: Ethonal Rinse
| USC: UltraSonic Cleaning with detergent
50
| IS Shaping
Ews|l o Np T |
>
2,
©
R T SR AN S o Sl
w
35
HPR/
— T TN Multi-Cell Cavity
30 S HT 4 ,
, Hpp~ o , today's best Nb35Sn 1-cell
- RRRNb A cavity - aiming 80 MV/m
s - as ultimate goal
1985 1990 1995 2000 2005 2010 2015 2020 )
LSF cavity, Rongli Geng, AWLC2020 Year 4 RLGENGZEAPR2019 Jjg_t@gon Lab

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Niobium material production

DB
: - CNMNC
Electron Beam Melting . Ingot 2. Forgin R 4, Madliine pesiiig .
& "
6. Annealing 7.Rolling 8. levelling 9. Polishing 10. Acid Etching
(=) — & = iy
— —> — —>
11. Rolling 12. levelling 13.Cutting 714- ACidﬁEtChing 15. Annealing
Using EB to purify the E - g i 2
mother material, 16. levelling 17. Cutting 18. Polishing 19. Acid iletching 20. Packaging

several times, then we : g
obtain high RRR ingot. % ‘/ — ‘ —>

ASSCA 2026 | Hongtao HOU, SARI, CAS
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[3] Eiji Kako, ASSCA 2025

Niobium properties: higher RRR, RRR> 300 for SRF cavity

| conductivity ( W/cm K)

lnerma

107 ¢

10’

Thermal conductivity of Nb

as received RRR=228 A
CEBAF welded p~1e-5 torr RRR=198 =
Heraus welded p~1e-4 torr RRR=158 i
production weld heat treated RRR=596
heat treated RRR-816

“nnhwmn=—=

5

4.2K/\ -f
A 200W/mK ]
/ RRR™ 800

50 W/m K ]

4 -t

RRR~ 200

T fﬁllll

1] l"l‘rﬁl’

10'
Temperature (K)

10° 102

RRR : Residual Resistance Ratio

B -, 2 (300K)
p(9.2K)
K : Thermal Conductivity Wiedemann-Franz’s law
K‘(42K)zRRR/4 K‘oco':l
[W /m-K ] Yo,

H, encn s Quench field

H

quech =

Rerect - Resistivity of Defect
4 K (T c I He ) a : Radiaus of Defect
T.: Critical Temperature
a Rdefect ‘
Tye : He Temperature

High RRR niobium with high thermal conductivity is preferable for achieving higher accelerating gradient.

ASSCA 2026 | Hongtao HOU, SARI, CAS



Current hlgh purlty niobium specification for SHINE

B High quality niobium material is important to cavity quality

B Grain size is slightly controlled based on XFEL-007.

Project
types
element
Ta
W
Ti
Fe
Si
Mo
NI

I=Z00

tensile / MPa
hardness / HV
Elongation % AL
Yield strength / MPa
RRR sheet

grain size predomainately / (ASTM / um)
grain size max (ASTM / um)
grain size min (ASTM / um)
roughness Ra um
roughness Rt um

XFEL/LCLS-2
fine grain

PPM
500
70
50
30
30
50
30
10
10
10
2
>140
<= 60
> 30%
50-100
> 300

6/45
4 /90
NA
<1.6
<15

SHINE / Spec
fine grain

PPM
500
50
50
30
30
50
30
10
10
10
2
>140
<= 60
> 30%
50-100
> 300
5/64 [1]
47190
6/45
<16
<15

SHINE / NX sheets

fine grain

PPM
100

5

3

3

<3

10

5

5
1
164 (average)
48 ~ 58
~50%
~ 76
437 ~ 469

5/64

4190

6/45
Y
Y

ASSCA 2026 | Hongtao HOU, SARI, CAS

SHINE / TD sheets

fine grain
PPM
<=60
<10
<10
<10
/
<10
<10
<10
<10
<10
<2
165 (average)

37~ 45

> 50%
~ 60

> 360

6 /45
4190

/
Y
Y
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‘Grain size—typical value

L

) A f; 0y Ve 1L 7‘&9@ 4
{ ?&'#0;%3“‘ Mg.\9 ‘;“T‘P ‘s
"fﬂ%‘n‘mﬁ‘m fRe s

B¢f s
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T
\ <A ALY
AT

Soft

/600.000um
_
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Qualification of niobium materials by eddy current machine

B Ensure Nb sheets surface is good, no defects, no scratches......

®  New eddy current machines at SHINE

®  Inspect NDb sheets surface

No. 1 No. 2

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Qualification of niobium materials by eddy current machine

B Resolution: Rt<10um

m Inspection time: < 8 minutes/ side

w2 s
L
18

EDDYSUN
rng

“

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Examples: HC0061, results similar to reports of DESY

1) Image of the eddy current scan (first side)

o
e

n o

2000

1300

009 5000

| Profile1

.n,',)/,f ’/_ % /
LRV

0000

Horz. dist. | Hght. diff. | Hght. ave. |

o
102 002 1% 190

Angle

Seg.1

60.202um.  34,988um| 26.621um

30.164°

30 Profie of defect 3 found by Eddy-current scanning in area 1-1

ASSCA 2026 | Hongtao HOU, SARI, CAS
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2. SRF Cavity
B Design
B SC Materials
B Fabrication
B Post process

B Vertical test

ASSCA 2026 | Hongtao HOU, SARI, CAS
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SRF Cavity Production Companies
eavas Sl R @ : f&iﬁ'ﬂéms

S, Pavac (Canada) Norge
Do FX‘(Germany)

4# v vaf KP&‘;& v z
om Polska 1 . b
Zanon (ltaly) - — canon

/ Canada
~Niowave (USA)

prama

3 J i d Kazakhstan
NIOWAVE /AES+uSA) o ~
www.niowaveinc.com United Espa{\a T
States 7 HIT > *-
A - Afghanista
= ROFR Roark (USA) | *~Ningxia/ \;x e o AR
OTIC 5 (K ) i Sty Pakistan
México X orea)"” Ara%la Ind
\‘ITZRO TECH | wan ¢ VltZl'O tech-: o
FAQAH|X2E|IT | nEo o
: 4 Sh dnghai a% mi, .(Japan)
s Elecy Fode an ¥ . HITACHI TOSHIBA
o) (C;{'na) \ ... N -<. ‘ "'tach' Inspire the Next Lﬁlding Innovation >
W HECHA% Y Toshiba % miTsusisui MITSUBISHI
? SHSESEVEBERRAD .L - M'—"-MS Our Technologles, Your Tomorrow ELECTRE
NINGXIA ORIENT TANTALUM INDUSTRY CO,LTD % o ¢ b! T“. ..“ Melco
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SRF Cavity fabrication: 1.3GHz 9-cell caV|ty

ASSCA 2026 | Hongtao HOU, SARI, CAS
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SRF Cavity Fabrication

« Half cell : deep drawing
« Surface clean
 Cutting, manufacturing
» Electron beam welding

,b0’/6‘ o _ T
?’ F 8" w wmwmmuw@j

\V/4 (¥

X ‘i" T8 |

v |

ASSCA 2026 | Hongtao HOU, SARI, CAS
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2. SRF Cavity
B Design
B SC Materials
B Fabrication
B Post process

B Vertical test

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Surface treatment

B We look forward to cavity’s performance
either high-Q or high-G

® For high-Q, N-doping and Mid-T baking
Is adopted for mass production

B For high-G, two-steps baking now seems
to be a promised way

1011

1010

State-of-the-art treatments studied

-

Highest Q’s with

anti Q-slope
SO QWU O g .... |
: S, o, Highest ]
AR oy )
= ‘-. X gradient |
D ogy
..“2 ®e \
] =
B
" *
.
W 800C+EP (TE1AES008)
® EP+75/120C (TE1AES009) L
& N doped - 800C 2/0 recipe (CAV18) 1
Mid-T Bake - 340C 2.5 hrs -
@ 400C 3 hrs - furnace ‘;
* 500C 1 hr - fumace

800C 3 hrs + 400C 3 hrs - furnace

1 1 1 L 1 M | 1 1 M 1 1 1 " 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45
E__(MV/m)

acc (



Post Process / Surface treatment

@) ¥ B4 1 LB B ST R

Mechanical removal
Ultrasonic cleaning
Chemical polishing

»  Buffered Chemical polishing
«  Electro-polishing, for better roughness

Heat treatment

«  High Temperature annealing 800°C~950°C
*  For high-Q: Mid-T baking, N-doping
«  For high-G: 2-steps baking (75°C+120°C)

- R S

Niobium surface after BCP

High pressure Rinsing with ultra-pure water

Tuning
Clean assembly
Slow pumping

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Post Process / Surface treatment

Mechanical removal

Ultrasonic cleaning

Chemical polishing

»  Buffered Chemical polishing

«  Electro-polishing, for better roughness
Heat treatment

»  High Temperature annealing

«  For high-Q: Mid-T baking, N-doping

«  For high-G: 2-steps baking (75°C+120°C)
High pressure Rinsing with ultra-pure water
Tuning

Clean assembly

Slow pumping

Buffered Chemical Polish (BCP)

Acid (Reagent Grade) Typical Mixture
0 1:1:1 etching subcomponents
HF (49 /o W/W), or 1:1:2 etching structures
HNO; (65% w/w),
H;PO,(85% w/w)
Reaction:

Forms NO, Orange Brown Gas
Oxidation

6 Nb + 10 HNO; < 3 Nb,O;+10 NO+ 5 H,0
Reduction
3 Nb,O; + 18 HF < 3 H, NbOF; + 3 NbO,F + 6 H,O

Insoluble

3 NbO, F +12 HF < 3 H, NbOF; + 3 H,0

Important for BCP
» Temperature, Time

» Acid Velocity and Distance from Inlet,
» (Gas Bubble Evolution and Control

* Acid Contamination

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Post Process / BCP

BCP Plant in Operation in Labs BCP Plant in Operation at Qualified Vendors

DESY BCP

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Post Process / Surface treatment Electropolish (EP) — |—

«  Mechanical removal
« Ultrasonic cleaning

5
il

Electrolyte =1 part HF(49%), 9 parts H,SO, (96%)

Hydrogen Gas

Reaction:

WINUIWNy 2ang

e  Chemical polishing z
_ o Oxidation g
»  Buffered Chemical polishing 2Nb +550,2 + 5H,0 - Nb,0, +10H* +5580,2 +10e" :
° _ 1 1 cathode anode
Electro-polishing, for better roughness Reduction

e Heat treatment

»  High Temperature annealing NbO,F 0.5H,0 + 4HF - H,NbOF, + 1.5H,0
«  For high-Q: Mid-T baking, N-doping
- For high-G: 2-steps baking (75°C+120°Cc) ~ |mportant for EP

« High pressure Rinsing with ultra-pure water

« Tuning
« Clean assembly
«  Slow pumping

Nb,0, + 6HF - H,NbOF, + NbO,F 0.5H,0 + 1.5H,0

« Temperature, Time - cold EP is important for unform
removal

« Current density = polishing area, not “etching”

» Gas Bubble Evolution and Control

« Acid Contamination
ASSCA 2026 | Hongtao HOU, SARI, CAS
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Post Process / EP Basic EP
EP mixture
EP mixture inlet level
' Acid flow direction
Al 99% \ $
Cathode e AT EE A0 miieis i S ip st ape- b iplikii—srygi | | Cavity
(not rotating) —\'/ \Ijtates
. holes / nozzles
: At each equator EP mixture
DC Power Overflow &
Supply +. EP mixture level control
— | level
. \C/f l\
V — | curve Net for Insulators to
avoid
Hyc_jrogen excessive iris
confinement .
etching

Cold EP (acid temperature 7 °C— 12 °C) or even less, improve smoothness increasing cavity performances.

High-QO cavities production requires cold EP whatever N-doping or Mid-T baking
ASSCA 2026 | Hongtao HOU, SARI, CAS
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Post Process / EP

vertical EP)

CEA ¢

EP Systems

Electrode

{
NG

. SR T N B WA SR TN

o —

= ]
; ‘Y .
: | L"
3 ) A 1
| \ — will ‘-;; e
T i [ | efiedom
. | ! i Ly
{1 e g
\| -
| )
S "3
g 1| .
| &\ L . i
\ :
' A
’

' LAKEK (vertical EP) -
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Camera inspection

B Two step camera inspection adopted to ensure vertical

tests of bare cavities are not necessary

B Itis important for SHINE’s early domestic
production

* Firstly, incoming inspection of bare cavity-> if qualified,
then go to EP process; Defects shall be removed before EP
 Local grinding for defects at end cell, BCP flush for
“dirty surface”
 Secondly, inspection after mid-T baking—> if qualified, go
to weld helium vessel; if unsure, then bare cavity will be

vertical test

A

i ;l! i“nfu*u“b“l*l*l“t“&.

Bt
s ’
E d
N !
i il
m il 1

ol |

-
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Pre-tuning

B After the treatments, the cavity needs to be tuned to the right
frequency and field flatness.

s Fabricated —After Tuning (-3 MHz, 94% FF)

N n

AR N AN AN
ATATAFR
[UALA

|
REREAY

8 10 12 14 16 18
Sweep Time [s]

e

M This operation is done by tuning each single cell to achieve
proper field distribution

B Bead-pull Method

Pre-tuning machine
B Auto and semi-auto control modes

M To reach field flatness >95% and eccentricity <0.4 mm: less
than 4 hours

B GUI, easier operation, RF experts not necessary

ASSCA 2026 | Hongtao HOU, SARI, CAS
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HPR: High Pressure Rinsing with ultrapure water

B HPR is used to remove particulate from the handling and
residual from chemical treatments

B HPRis also used in several steps of the cavity production cycle From ultrapure
(after bulk and final treatments, before high-T and mid-T Waler syatemn
process, before accessories assembly in clean room 1SO4, etc.)
B Water jet must be moved continuously: if jet impacts stably in b il .
one-point Nb surface can be damaged = ® 9
B Continuous motion of the cavity respect jets (drawing a spiral 2K “,
behavior that cover completely the Nb surface)
B Ultra pure (6.0) filtered (40 nm) nitrogen protection gas

injection coaxial with water to reduce risk of particles entering

B Cavity must be grounded otherwise it will be electrically
B UPW Specifications
— Resistivity: 18.2 MQ cm

— Total organic carbon (TOC): < 5 ppb

— Particulate counts (> 0.3 um/I): < 10
— Bacteria counts: < 0.1 CFU/100 ml ASSCA 2026 | Hongtao HOU, SARI, CAS
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HPR apparatus

Rinsing cabinet of Rinsing cabinet of “new* DESY ' CEA HPR svstem
“old“ DESY HPR system HPR system with “plastic” cavity y SHINE HPR system

ASSCA 2026 | Hongtao HOU, SARI, CAS
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M:.
High-Q Recipes: N-doping and Mid-T Baking

[1] O-alloying [2]  N-doping (3] How simple can O-alloying get?

( " ) SEIO 1] [ |3 L] L) L] L]
Ito et al.s cavit rep. it e High temperature degassing v
YPOeD: | *ErEmETEETEE e | w0 stomaum ¢ b e
: B S MO S5 7 %2 £ 3 TS M WA 3 - ) 4E10 ¥
| Reset Electropolish | SAOTE e} 8| - 8 ) v & .4
‘nom i ' L o ] i \e: 5 Nitrogen injection at the end of '. . .'.' ..... (3
3107 %1 ¥ ¥ SRR AR s TSN LA "R process (~ 25 mTorr) hold for ¥’ v v ‘.
High P Ri PRETSLIF > BE 30 A & 4% . ) (PO, PR L mins ] IE10 | ..
| igh Pressure Rinse I B S 510’ : 2 d o Bulk EP
0y . ﬁ:::’::; rom ) : i + i Evacuate furnace and temperature 0, '
[ § acar s e vy Rt deaEN)? XY ¥, 2 w0t 2eacegan hold for 'y mins o
Vacuum heat treat (200- g oo e [ L e | J 900°C3h
800 C) o ot T s e . Y L 2 | 20 —
BAOP]  © Maton w0630 by - %’ s Fumace cooldown to room Exposure to air
v olameeen THe ! J 1 4 epeaint i LRV |
High Pressure i & 3 |I° 9 ; v N6 Mid-T furnace
5 NP I PN PPN PR PR U U r ~ ¥ N6 jacketed baking
Rinse+RF test : 2 L E.CCSFMV/m] Electropolishing (5-10 pm) ® NI !
L J ® N9 jacketed Vertical test At2.0K
9
[ ] |l£ I() L) L] L) L} L] 1) Ll
High Pressure Rinse (HPR), cles
 room asselbly and r{ st 0 4 8 12 16 20 24 28 3
| ) Eacc (MV/m)
[1] H. Ito et al. Progress of Theoretical and Experimental Physics, 2021;, ptab056 COMPLICATED! SIMPLE!

[2] P. Dhakal Physics Open (2020): 100034.
[3] F. He, et al. Superconductor Science and Technology 34.9 (2021): 095005.
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J.F.Chen, TTC proceedings

Cavity Surface Treatments for SHINE

SHINE Nitrogen doping recipe

SHINE Mid-T baking recipe

Arrival of bare cavity

v

Bulk EP 140 pm

it s Sttt

900°C/3h

u pm (co!
EP)

Holdlng%) min at

800°C 3/60 N-doping

Final EF 10 pm (cold
EP)

1y

HPR+Assembly

Z
VT

|
I
I
I
I
|
I
I
|

Arrival of bare cavity

C'

Bulk EP 180 pm

EP (cogzo Hm

(with fresh acid)

— — — — — — —

J

900 °C/3h

v

Exposed to air (48 h)

2y
300 °C/3h

____{j}____

HPR+Assembly

Z

v

VT

M s s ee— — — — —
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Clean assembly

B Clean assembly is crucial for cavity performance,
especially for avoiding field emission

Working area is 1SO4 cleanroom
Regulations shall be defined

Operators must be trained

Tools, studs and nuts and so on must be cleaned
before enter clean room

B The cavity strings have to be vacuum tight to a
leak rate of <1 10-10 mbar |/sec

B The sealing gaskets and hardware have to be
reliable and particulate-free

B Present choice for SRF cavities: diamond-shaped
AlIMg3 —gaskets + NbTi flanges + bolts

ASSCA 2026 | Hongtao HOU, SARI, CAS
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Examples——Surface treatment platform at SHINE
« Key technique : EP

« Key technique : high-QO recipe

- L ] f - -
Workshop 2 SHINE High-Q recipes for SHINE cavities
(Non proportional) 102m( s )><18m(t) N
7 nates | opuca | 70 | [ermencd | | Mid-T baking recipe | | Nitrogen doping recipe |
Matness | ispection || wekdng | (01 leak test
Tunin 52 42 42 — —
cae
Chemical Treatment 52 storage g T g
2
-
Iying TT
i ‘
[ orying corsn BN 1 Ld., [ OrvFe[Orying Hall : with fresh acid
%) wes HPR - ol | arca ne a e -
P Lans x el ] s b || Office/meeting
< ‘ g " roominthe
IS ISO4 95m? ISO7 180m? ' ' second floor
o 14-7.1“? (o"%?'.‘%“z.] '3 o % '
Assembling T P i preparati l‘
table 4°2 | ‘%-.'fg“ table 4*2 table 42 [
o Li
c:mm'n:b %) 1507 "’":"'9
. (L3RS Ethancl - prgr ’ ] 10°7 |
#08 | [Orees dinsi | Torminat Aecawwery 4 Foatheoa Cativies
315 g‘"‘*’;’;% 3 |wee i ool Nedoprgreat || sorage
e - - s L gt ‘ m
Fumpce

N\ \‘ |.-'
SARI, CAS
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2. SRF Cavity
B Design
B SC Materials
B Fabrication
B Post process

B Vertical test
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Vertical test

Vertical test plays important role to evaluate cavity performance Fu=F-F-F
: : . . 1+.,/P/P
M Vertical testing vs horizontal testing & VTA area i—pre P!
B Test area design considerations & maintenance (magnetic fields) e . (BT
; ; — p <l
B Personnel safety and machine protection 1+yE /P,
. . . . P
B RF circuits used for vertical testing by
B Cryogenic circuits used for vertical testing B=B1+p)
=27t
B Test Dewars & Inserts 0=
0,=(+8+B)0,
B Other sensors: pressure, temperature, magnetic field probes 0-0/8
® Data Acquisition Methods 0.=0,/8
CENTER FREQUENCY E. = ((70x0,xP,.
ADJUSTMENT L,
. \/ P = Ve P _ovu pzﬂ
RF@@.{ AT _71 % vco | 6B [ PHASE e Al > =] N G40 Yo N A 0]
: /_’\ '/ | ADJUST | :—_\ L il [ i
LOW NOISE w 2 LOOP = =
OR LIMITING AMPLIFIER AMPLIFIER N ‘__> 3 B
MPLIFIER - (/:‘ D ——Q “p_p —1’,Q'
D
|
=
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“Vertical Test platform for SHINE

3 7 1 fartan 20 @S0 EWV TR 4O IAT EOW) WRol
= Ll il su@n
pra1ss (64BN
— = H o nom  Cable cabeuion v | Cody i
onos *' Mmi. Mén Puse Specnm  Cable cafbeaion  pomer meter ety info
oom 00w Tes139 [ESSK & F 55KES aamas mevs
[ &) ) _ — o813 (0008 i 5e L ar
‘ MR (B PT81E8 [olgabe PTE108 [SHORTASPA| Y ».« = o - >
& — - i v B [ NS HOMCON  INRUT CON RS ourput 2 . = ~—y B 3 -
B i Teqist BAOK OG0 - o rory foos | Betsetamp. = “ o 29623+ s
B151 | 00720 x ]
" T 2062+ —
P81-05 | Pe1-01 & TE8130 SN ngnuq-m‘i' 0w Refsetsha oacess || Jaoosmss [oso00esirs s |
M . : N E 35K{k Sl T D S P ol
bar | 3079 [} Cv8110 Ove112 30 72098 OB130 o e o = e a Bhomt |
B A oo a - L s e i (| o | 61
e »% 6 80Kt AV TOP TINPED AV D TG GV BT TENBOG i
- | e e = =
- per-g: L f [ i [ ]
406k 0oabw = 1 g o I |
MG (G} MG2imG) MGHMG) Rad-TopiSuh)  Rad-BotiySwhl Qhom! Phom1 P =
- wavou || (oo || s gz || [Javveess w1 [ fanes | mﬂ-‘
181-29 fremmes WSy MGG Vecpa 2 Vocbal 4 Qom Pham ® S
2k e || s a2 | ez || [Faees i ] fo [3706a8+7 |
s .
procgers Mok MGBm) V< 3 Vecow 3 o v foce 3 ds de 4 42 6 o di o b i
asass || [aes2es || |[roess sames | [accetes Angseees | [oo0s70903 e | il
L | SRR @ ’ o ’
29204 567K QER  eER Eacc vs Time Q0 v Eace
' 100001 Par 540003 Pa 2m- = 2100107 T
EROCSTIN SAGRTERY e PV = 3 B
P rop rad A ( q ) I 5 20506410+ ° 20 e }
. e I ; = |la=te
I - s 20006470~ o i 1800 e
i ] = e T
E e o | o 2w |
E | B 19008410~ ° 5
s i (] ]| =2 : o |,
! ‘ e Pramae 8
| 5 s P
m] l 100e10- 080 nniozsoonon
= ||| - &
B (L[ =il = - |
\ \ =
04— ~ T S o 17008 410-, , Pp— . A— . . A —— . 0000
s o B e seoen o s e wow o o M s e vv
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Cavity Performance Limitation

B Multipacting: soft MP barrier can be conditioned

B Field emission: some can be conditioned
« HPR is quite effective to cure Field emission

B Quench
 Caused by local defects
« Remove defects by grinding, chemical polishing

o’ A
A QO: G/RS Ry = Rycsry + Rygs Riyes =A?ex[)[_k .T]
B
Ideal (Constant Q = Constant R))
QO Multipacting v
(RF conditioning) Quench (H(:(RF))

mt
\(1400% HT, removal)  Co g i o

Hydrogen Q - Disease with x-ray :
(800°C anneal, fast cool-down) (HPR, clean room) v
Eacc [MV/m]

QSiops (Hc =~ 2000 Oe)
with no x-ray

(120°C baking) :

v Global Heating

(defect free)
(high A, high H,)
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MP

B Multipacting: soft MP barrier can be conditioned
. - 1010 Y_Y

W Surface condition influences MP _ T

B Not good Cavity shape results in MP %108 \ . Softbarers

Hard barrier
1st Order 2nd Order 3rd Order

-
ﬂ ’_I_L‘ ’_I_L‘ Beam 8 MV/m
L\QIJ L\U—‘ L\cﬁf‘ - Peak electric field

One point MP

TWO pOIntS MP MultiPac 2.1 Electron Tralectory N=10, 24~ Apr 2002 SEY Curve Of Nb
MuliPac2.1  Electron Trajectory, N=20, 24-Apr-2002 o 57\ B 3 b
QAT - Pk e — . T — : N : = -
; 3 : — ‘ o " ® Wet Treatment

<o ‘ ‘ , § : / : \ : = - m - © 300° C Bakeout

2005 - Y e N - L . . : 45} )

5 ! ‘ ; : ( : l S " u . A Ar Discharge Cleaned

: : o i i -
o | : ; 02 0 02 & 2|= "
-0.2 0.2 z-axis [m], flight time 4.8928 periods g u "
T T T T T T T T T = ]
0.1034 £ gy -
L 0o 00 4 B mg
— / : X > ° 5
A NN i e
E 01032 7\ © S ahdsa © 04
* \ o . 4 -g A A A 2 o (o] Q o)
B 0081 e N SN i s 1o A i 20 oo
: S a
' A
01028 -004 -003 -002 -0.01 0 0.01 002 003 004 N

z-axis [m]
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Field emission
B “dirty” surface B

B Emitters can be foreign particles, metals e et

B When FE happens, strong X-ray radiation can be
detected during vertical test

. HPR Can Cure Field emission 5/18/2017 Martina Martinello | IPAC 2017

ZEFern

5]028-J Q0 vs Eacc

An example

>0 09
0000000"000 ¢
&>

0 2

& 106410

Oooﬂogo 0 0 o

1.0E+09 %0 o o
0 2 4
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Quench / Thermal breakdown

B Generally, quench is caused by localized over-heating.
M Defects can bring quench at lower gradient

U, U,
t }
E s Time
30 -5500
27.5- []Face W -5000
25-| | |Top Rad |/ B -4500
22.5- Bot Rad ,_ 4000
20-
il -3500 -
§ . , -3000 &
= 15— B
g -2500 <
8 12,54 =
10- | -2000
7.5- -1500
5-| | -1000
I\ | i
0- 1 L -0
13:53:45 13:55:31
DESY, TTC 2025
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Quench / Thermal breakdown

B Generally, quench is caused by localized over-heating.
M Defects can bring quench at lower gradient

Welding seam at equator

AT
5

Picture before EP

1.0E+11

defect

=)
O LOE+10

Picture after EP e oT RS

0 2 4

ASSCA 2026 | Hongtao HOU, SARI, CAS
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000033t‘

8

QO vs Eacc

1.E+08

3!3330"""""3333,‘ 1E+07

+*
*

10

12

Quench at low gradient

* 1.E+06
*

1E+05 £

?
IEEHHI R {usvih)

Max gradient is increased::.:

after remove the defect

1.E+02
1E+01
1.E+00

1.E-01

14 16 18 20 22 24 26 28 30 32

Eacc(MV/m)

# SHINE-46round 1st * SHINE-56round 1st
+ SHINE-67round 1st
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Another example
®  Gradient limited by defect—> removal defect by local grinding—> Good cavity

Y023 Q0 vs Eacc As received

1.0E+11 1E+09

# bare cavity with defect

1E+08
# bare cavity-defect removal
# bare cavity-verified LE=07
4 dressed cavity
1E+06
* e 1E405 T
. * £
¢+t o3t f“’*?“*tg Z
o T4 s ¢ $ t .. t s =
s} . : PR J ® te T 8 B0 §
* 9 ) *
* \
: ® ¢ ' Q-Switch * ¢ -
»
Quench at low gradient e Dl
Local grinding
1E+01
1.E+00
°g 0 o o o © 9 o o 60 09 g 0o o ©
1.0E+10 %88@88Ssggec%go"oowgoeo@oc%Q’ 1E-01
] 2 4 6 8 10 12 14 16 18 20 2 24 26 28 30 32

Eacc(MV/m)
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Hongtao Hou, SRF 2025

Mass production for SHINE

Challenge to have qualified cavities on time
No vertical tests on bare cavities to reduce cost and save time
Establish acceptance criteria for dressed cavities

Domestic suppliers for parts and materials, besides niobium
sheets

- -
. .:.c? ’Ioifo’lﬂhfhela‘l~-wla
: - it ."Icfh’hfhfhfh@h” [
= e ’/# ,’5 ,’# ,’ﬂ' ’ﬁﬂ g’j ﬁl/ﬂ"i,l

'\“Iﬂ’l\‘\\‘ \\‘a\‘a\\ z\\. \\ o
}\‘!\‘!\‘ l\‘t\“q\\ \\\ 3\\3\\.

\\n\\ e\\a\‘s\\ S\ S0\ R \ \\\
: \
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'A SRF 1.3GHz Cavity performance

< +/-0.2
Shape accuracy (80%< +/- 0.2 mm, 20%< +/- mm
0.3 mm)
Eccentricity <04 mm Y
Cavity Length )
(between flanges) 1283.4 +/- 3.0 mm Y
Frequengy of bare cavity 1298.25 +/-0.1 MH7 v
@ In vacuum
Field flatness of bare cavity > 95% / Y
Field flatness of dressed cavity > 90% / Y
Appearance of inner surface defect free / v

(several cavities have defects)
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20

15

10

RO LT A L ol

Hongtao Hou, SRF 2025

Cavity performance

I
Mid-T baking :
|
Average Q, at 20 MV/m i o 20
L 2
3.24+0.47x1010 | =
: ® 15
I (0.8 nQ of stainless-steel : o
flange loss not deducted) ' 2 10
£
=
I 5
1 1 - 1 1 0
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Qo(@20 MV/m)

Q0

- flange loss not deducted)

N-doping

Average Q, at 20 MV/m
3.47+0.42%10%0

(0.8 nQ of stainless-steel

0.5 1.0 1.5 2.0 2.5 3.0
Qo(@20 MV/m)
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Hongtao Hou, SRF 2025

Cavity performance

Mid-T baking

Average max E_.

_ 27.5+£2.5 MV/m

15 20
Eacc(MV/m)

15

Numbers of cavities
=
o

o

25 30 35

gradient

N-doping

Average max E_.

24.5+4.5 MV/m
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ADEMY OF SCIENCES

Cryomodule examples

What are cryomodules

Superconducting harmonic cavity for SSRF

Twin-FPC Superconducting cavity for injector of SHINE
SHINE Cryomodule

Horizontal test of cryomodules
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3. Cryomodule examples
B \Wikipedia says .
Niobium Cawvity
A cryomodule is a section of a modern particle accelerator composed RF Antenna He Pumping Port

 Electric Fields

of superconducting RF (SRF) acceleration cavities, which need very

Liquid He Bath
—

low operating temperatures (often around 2 Kelvin). The cryomodule is a Beam Path

complex, state-of-the-art supercooled component in which particle beams R | ¥ L A :- .4,..

are accelerated for scientific research. The superconducting cavities are He Fill Port

cooled with liquid helium. Nl o

\ :
Vacuum Insulation

Simplified sketch of a SRF cavity =
In a helium bath, with RF coupling
and a passing particle beam.

A cryomodule section of an accelerator is composed of superconducting

cavities that accelerate the beam, also including a magnetic lattice that

provides focusing and steering.

ASSCA 2026 | Hongtao HOU, SARI, CAS


https://en.wikipedia.org/wiki/Particle_accelerator
https://en.wikipedia.org/wiki/Superconducting_Radio_Frequency
https://en.wikipedia.org/wiki/Microwave_cavity
https://en.wikipedia.org/wiki/Operating_temperature
https://en.wikipedia.org/wiki/Kelvin
https://en.wikipedia.org/wiki/Supercooled
https://en.wikipedia.org/wiki/Superconducting
https://en.wikipedia.org/wiki/Liquid_helium
https://en.wikipedia.org/wiki/Magnetic_lattice_(accelerator)
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SSRF 3HC Cryomodule

B Function: lengthen bunch size, increase beam life time and improve beam quality
B Not accelerate electrons

Hongtao Hou, TTC2024

B Now, goal of cryomodule is clear, we will start the cavity design

Multi-transfer lines

Gate-valve
HOM free 2-cell Nb Gate-valve i
Cavity Sliding

Joints

HOM
absorber
Tuner

Taper with ion pump Assembly

(downstream)

oM
Absorber

Adjustable Module base Cryostat

Taper with ion pump
(upstream)
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Superconductlng 3HC cryomoduledevelopment

Cryomodule Assembly Interlock and LLRF controller Horizontal test *In tunnel
ASSCA 2026 | Hongtao HOU, SARI, CAS
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Hongtao Hou, TTC2025

Twin FPC cavity for SHINE injector

Goal: to reduce influence by Asymmetric
TESLA cavity structure

« Axial symmetry cavity

» Enlarged beam pipe at downstream for
HOM propagation

* Eliminate HOM couplers

« Twin FPC located downstream
e Using CST. Mutipac. Ansys
« Beam pipe HOM absorber

.. rp_LL":r\,' N ey | ;
j&“gﬁﬂé} ‘a‘l ‘A /
S e oy A

6
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HOM

absorber

o Warm/cold

@ transition

High poweR - 8
cﬂ&do coupler “ 20\
os° ' 8\ Gate
Q@@& i valve
cavity L 45K

—— N intercept

Tuner

High power
Warm/cold coupler

transition

Gate
valve

45K
intercept

‘\\HOM

absorber
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Cavity Is BCP treated
Vertical test results: f=1300.146 MHz @ 2K, Q,> 1.5 €10 @ E,.,=12 MV/m, E

~28MV/m

acc_max

Vertical test results of SHINE twin-FPC cavity
1.0E+11

# bare cavity  dressed cavity

30303030303030330*338¢“z
<

g.OEﬁlO ‘

1.E+02

1.E+01

Xray / (uSv/h)
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Hongtao Hou, TTC2025

Cryomodule includes
* Twin-FPC cavity

» Fundamental power coupler
* Tuner

e Cryostat

» Cryogenic pipes

« Magnetic shielding layer

» Thermal shielding layer
« Cables
* supports
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TESLA-style Cryomodule for SHINE

e A TESLA-style cryomodule (CM) houses eight superconducting cavities, one SC magnet and one cold
BPM etc, providing cryogenic and vacuum condition, support and thermal insulation for the RF cavities;

e Modified TESLA-style cryomodule to accommodate CW mode operation, such as that for LCLS-II/HE,
SHINE.

e Main components in a CM

* 8 - 1.3GHz, 9-cell cavities
* 8 - Couplers
* 8 -Tuners
* 8 - Magnetic shielding
16 - HOM couplers

1 - HOM absorber

1 - SC magnet

1 - BPM

1 - Cryogenic pipe system and thermal
shielding

1 - Vacuum components and valves

1 - Cold mass support system A\ Hh ,
1 — Vacuum vessel N Ny ;-, _
1 - Cryomodule support system - -

R
ASSCA 2026 | Hongtao HOU, §Rl—'!| CAS
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CM assembl
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Cryomodule Horizontal Test
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CMs installed in Superconducting Linacs

E-XFEL LCLS-II/HE SHINE
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4,  Summary

You may know
B \What are SRF Cavities and their types and functions?

B \What are SRF Cryomodules?

B Why niobium is used for SRF cavities mass production

You may want to know further

B How to decide frequency and operating temperature? Please consider......
B Future of SRF Cavities? Design regarding to accelerator machine goals

B Other material instead niobium for SRF cavities? Nb3Sn, multilayer coating?
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Suggested books

RF Superconductivity Superconducting

eer. Soriebegy, and Apphs e

'w | =

! 3 A .
e n
i

~

1. H. Padamsee, J. Knobloch, T. Hays, “RF-Superconductivity

RackoR ey for Accelerators ”, Wiley-VCH (1998).

for Accelerators

2. H. Padamsee “RF superconductivity”, WILEY-VCH (2009)

3. H. Padamsee “Superconducting Radiofrequency
Technology for Accelerators”, WILEY-VCH (2023)

LSS

Int. Conf. on RF Superconductivity

SuggeSted Proceedlngs &4 SRF 2023 2021 E2019 @2017 @2015 @2013 @201 82000 62007
2001 1999 01997 1995 U 1993 @ 1991 U 1989 0 1987 & 1984
Search criteria
1. SRF conference Tite
Author
https://www.jacow.org/Main/Proceedings?sel=SRF#SRF rext
Keywords
2 TTC meetlng Sort @Searchenginescore O Conference date (most recent first)
https://tesla.desy.de/meetings/collaboration_meetings_a

nd_ttc_workshos/
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