
  

Jinfang Chen
Shanghai Advanced Research Institute (SARI), CAS

September 2, ISBA25, Shanghai

Superconducting Accelerators



  

2/71
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u Superconducting Accelerators in the World
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l SC Material, Fabrication
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n Why superconducting RF (SCRF)?

n What are the types of SCRF cavities? and their functions?

n How to design and fabricate a SCRF cavity?

n How the surface treatments can improve cavity RF performance?

n How to preserve cavity high performance in cryomodule?

Questions you may ask
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Superconductivity (SC)

Meissner effect (1933)

Niobium: highest Tc 
among pure element 
materials, non toxic
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SC material for cavity- Why Nb?

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

• For ideal niobium, Bsh at 2K is about 220 mT, which translates to a maximum accelerating field of about 52 
MV/m for a typical shape �  =1 Nb structure, and roughly 30 MV/m for a typical � <1 Nb structure.

Bc = 50 mT
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RF to Transfer Energy to the Beam
u To give energy to a charged particle beam, one need to let it move across a region in 

which an electric field exists and is directed as the particle motion.

u Cavity = an arbitrary volume, partially closed by the metal wall, capable to store the E-
H energy

u An “RF power source” is used to fill, via a “coupler”, the “RF cavity”, or resonator that 
is the e.m. energy container from which the beam is taking its energy. 

u What we ask to a good cavity?
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Surface resistances in NC and SC Cavities 
Normal conducting

d
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Surface currents
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Why superconducting cavities? 
u Power dissipated on the cavity walls to sustain the field is:

u In Normal linacs a huge amount of power is deposited in the copper structure: MW to have 
MV Pulsed operation and Low Duty Cycle；

u Copper cavities are limited 
• to gradients near 1MV/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.
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Why superconducting cavities? 
u Merits of Superconducting cavities

l Low surface resistance High Q  Low power dissipation on the cavity walls Low 

cost for large accelerator

l Affordable to have a large beam hole, reduce beam disruption and provide high quality 

beams for physics research or photon production.

l Capable to provide higher voltage in cw or long-pulse operation ->SRF systems can 

be shorter, and thereby impose less disruption.

u Benefit even considering expensive cryogenic cost, for CW and long-pulse 

operation
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SC Cavity Types
Considering:
1. RF efficiency
2. Mechanical stability
3. Multipacting
4. …

TEM-type TM-type
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Non Elliptical SC Cavities for Acceleration

TM110-like modeTEM-like mode
Subashini De Silva-SRF2023

TE21-like mode

TEM Type
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Non Elliptical SC Cavities for Deflecting and Crabbing

TE11-like modeTE11-like mode

TM110-like mode TEM Type
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Elliptical SC Cavities

SSRF 1.5 GHz

(>1500 
cavities 
produced)

TM010-like mode
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Elliptical SC-Cavity Accelerators in the World

Rongli Geng, SRF2023

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

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

• Planed: ILC etc 



  

SRF Before TESLA/ILC
“Livingston Plot” from Hasan Padamnee



  

CEBAF and LEP II

LEP II & CERN
32 bulk niobium cavities

Limited to 5 MV/m
Poor material and inclusions

256 sputtered cavities
Magnetron-sputtering of Nb on Cu
Completely done by industry
Field improved with time 
<Eacc> = 7.5 MV/m (Cryo-limited)

352 MHz, Lact=1.7 m

1.5 GHz, Lact=0.5 m5-cell cavities

4-cell cavities

CEBAF & Jlab
338 bulk niobium cavities

Produced by industry
Processed at TJNAF in a dedicated infrastructure



  

TESLA Technical Design Report 2001
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Figure 3.  Main LINAC, Damping Ring &  Klystron Station

As in the TDR

Updated tunnel cross section
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E-XFEL, LCLS-II/HE & SHINE use TESLA SRF Tech.

A1 AH
1

SASE1
SASE2

SASE3

n.c.Gun
1.3 GHz
6 MeV

LH, Dogleg, BC0

130 MeV 

BC1

600 MeV 

BC2

2.4 GeV 

Collimation

6 to 17.5 GeV

L1
4 modules
(1 RF station)

L2
12 modules
(3 RF stations)

L3
80 modules
(20 RF stations)

Injector
1.3 GHz module
≈ 150 MeV
3.9 GHz 3rd harm.
≈ 25 MeV

1 Module

300 kW

300 kW

300 kW

9 kW
5 kW0.24 kW

A25

40 m
240 m

470 m
1460 m

2130 m

2440 m

3100 m

3300 m
0 m

E-XFEL

LCLS-II

Pulsed-mode:
• 100 sets of 1.3GHz 

CMs
• 1 set of 3.9GHz CM

• 800 1.3GHz cavities
• 8 3.9GHz cavities

CW
• 35 sets of 1.3 GHz CMs
• 2 sets of 3.9 GHz CMs

• 280 1.3GHz cavities
• 16 3.9 GHz cavities
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LCLS-II HE Project • LCLS-II HE:  
Add 23 
additional  
cryomodules 
(L4 linac), 
~184 1.3GHz 
cavities

• Totally, ~ 480 
cavities
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SHINE Accelerator Layout
SHINE (updated, >450 cavities)

CW



  

The European XFEL Project
58% 27%

Combines extreme peak power with high average brightness

10 Hz birst mode of operation

Office and laboratory building

Start of construction: Spring 2010

First FEL beam in hutch: May 2017
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SHINE Project

• An 8 GeV SC RF linac, 2 undulator lines to deliver photons from 0.2-15 
keV, up to 1 MHz pulse train with pulse duration of 1-100 fs
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u Introduction
u Superconducting Accelerators in the World
Ø Tesla Cavity

• Design

• SC Material, Fabrication

• Surface Treatment 

• RF Test

u Tesla Cryomodule
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Some Basic Ideas for Cavity RF Design

Spherical

High Tc, low f but 
consider also size  

active

accaccacc
acc l

)Q/R(W
E






When G denotes geometry constant, Rs surface resistance 



  

RF design - Some key parameters
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Sensitivity to the field emission. Limit in Eacc due to the break-down 
of superconductivity (Nb ~220 mT).

2. RF  Parameters

The is relevant for the accelerating mode passband of multi-cell structures

• Multi-cell structures are less expensive/m and  allow for 
higher real-estate gradient.

• Kcc affects tuning sensitivity of field flatness, HOM damping



  

Criterion RF-parameter Improve(s) 
when

Cavity 
examples

Operation at       
high gradient

Epeak / Eacc                 

Bpeak / Eacc

           

 Ir is & Equator 

shape

TESLA,              

HG CEBAF-12 

GeV

Low cryogenic  
losses

(R/Q) ·G   
           

  Equator shape

LL CEBAF-12 
GeV

High Ibeam ↔
Low HOM 
impedance

k ┴ , k ║   
B-Factory

RHIC cooling

We see here that ri is a very “powerful variable” to trim the RF-parameters of a cavity.

3. Criteria for Cavity Design: accelerating cells

Criteria for Cavity Design: Accelerating Cells

Jacek Sekutowicz-SRF2013

Example:  
 { (R/Q), Epeak/Eacc , Bpeak/Eacc  }  
vs.  ri  for cell at f  = 1.5 GHz
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A tool for cavity design – BuildCavity (INFN) 

• C Pagani, D Barni, A Bosotti, et al., - SRF2001.
• J.F. Chen, M. Moretti, C. Pagani, et al - SRF2015

Seven parameters to design a cell:

An interface to SUPERFISH code



  

Sergey Belomestnykh, Valery 
Shemelin, High-β Cavity 
Design–A Tutorial, in 
Proceedings of SRF2005 
Workshop Ithaca, NY, USA: 
Cornell University, 2005.

Machine-related cavity design issues

A good cavity 
design is an 
optimal balance 
of many 
parameters!
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R/Q 1036 Ω

Epeak/Eacc 2.0

Bpeak/Eacc 4.26 mT/(MV/m)

Df/Dl 315 kHz/mm

KLorentz   -1 Hz/(MV/m)2

TESLA cavity parameters

Bulk Nb, 9-cell, 1.3 GHz

電場

(陽)電子

Electric Field

 Particle 

   tsqE
ds

cmd
z ,

2
0 


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Cavity Design - HOM Damping

Asymmetric end cell shaping
B. Aune, et al., Superconducting TESLA cavities, PRST-AB, 3(9), 092001 (2000).

Half-cell shape parameters (mm)
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High Purity Nb for RF Cavities

Nb sheet

Diameter 265 mm and  
thickness 2.8 mm
for 1.3 GHz cavity
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Nb Sheet Production



  

Niobium Production Process

   
   

1.Ingot 2. Forging 3.Sawing

13.Cutting

4. Machine peeling

6. Annealing 7.Rolling

5. Acid Etching

12. levelling 14. Acid Etching11. Rolling

9. Polishing8. levelling

15. Annealing

19. Acid Etching

10. Acid Etching

16. levelling 17. Cutting 18. Polishing 20. Packaging

Guan Lu, OTIC Nb,  
TTC2024
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Eddy Current Scanning for Nb Sheets
Scanning results

Rolling marks and 
defects are visible on a 
niobium disk to be used 
to print a cavity half-cell. 
Surface analysis is then 
required to identify the 
inclusions

Nb sheets, passed 
the ECS,  are used 
for cavity fabrication
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n A 

Fabrication of SC Nb Cavity
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Fabrication – Deep Drawing  with Hydraulic Press
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Fabrication – Electron Beam Welding

Electron Beam Welding (JLab),  Rongli Geng, SRF2023l

SHINE cavity

All Nb parts with EBW

Dumbell Fabrication process
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Surface Treatments: Crucial to Cavity RF Performance 

A. Romanenko, SRF2021



  

Key Device: Electro-Polishing (EP) for Smoother Surface

Nb sheet as delivered

After 120 µm of BCP After120 µm of EP

Main difference 
between BCP and EP: 
smoothening of grain 
boundaries. 



  

EP for SRF cavities: Basic Concepts

Cavity
Rotates

EP mixture
 level

EP mixture
Overflow &

 level control

Al 99% 
Cathode

(not rotating)

EP mixture inlet

holes / nozzles
At each equator

Insulators to 
avoid 

excessive iris 
etching

Net for 
Hydrogen 

confinement

EP mixture
 level

DC Power 
Supply

-
+

V

I

V – I curve

Acid flow direction



  

Reference EP System 

EP System in Industry (EZ)

SHINE EP System in Wuxi

EP System at DESY
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Key Device：High vacuum Furnaces
Fermilab furnace

SHINE small furnace

KEK furnace
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Surface treatment for E-XFEL Cavity (high gradient)
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E-XFEL Cavity Vertical Test Results

• D. Reschke et al, PRAB, 20(4), 042004 (2017).

• E-XFEL cavity recipe: EP + 800 ℃/3h + EP/BCP + 120 ℃/48h
• Vertical test results
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Cavity Surface Treatments for LCLS-II/HE

D. Gonnella et al, NIMA, 883 (2018); James Maniscalco, TTC2023
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LCLS-II and LCLS-II HE Cavities

Average max Eacc = 27.3  MV/m
Average Q0@20 MV/m = 3.3 E+10

LCLS-II HE

James Maniscalo, IPAC’24

Dan Gonnella, June 2023

(373 cavities)
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Understanding the Mechanism of High Q

Anna Grasselino, SRF2019
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Mechanism of High Q Martina Martinello -SRF2017
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n Methods:
l Reduce residual B (magnetic shielding, degaussing)
l Enhance flux expulsion (cavity annealing at high temperature, fast cooldown)

High-Q: Reducing Trapped Flux  

1.3 GHz cavity

(S)

Doped
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Mechanism of High-Q (Mid-T)

Eric Lechner, TTC2020

• Oxygen shown as major contributor at ~0.1 at %. 
A similar concentration of N in N doped cavities.



  

53/71

High-Q Recipes: N-doping and Mid-T Baking

Eric Lechner, TTC2020
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Cavity Surface Treatments for SHINE

Bulk EP 140 μm 

Final EP 10 μm (cold 
EP)

HPR+Assembly

VT

Arrival of bare cavity

900℃/3h

Bulk EP 50 μm (cold 
EP)

Holding 30 min at 
800℃ 3/60 N-doping

Bulk EP 140 μm 

Final EP 10 μm (cold 
EP)

HPR+Assembly

VT

Arrival of bare cavity

900℃/3h

Bulk EP 50 μm (cold 
EP)

Holding 30 min at 
800℃ 3/60 N-doping

Bulk EP 180 μm 

HPR+Assembly

VT

Arrival of bare cavity

EP (cold) 20 μm 
(with fresh acid)

900 ℃/3h

Exposed to air (48 h)

300 ℃/3h

SHINE Mid-T baking recipeSHINE Nitrogen doping recipe

Flange losses not deducted

SHINE Production – Mid-T VT 
results (87 cavities, July 2025)

Dressed cavities

Average max Eacc = 27.3  MV/m
Average Q0@20 MV/m = 3.3 E+10
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n Testing ensures cavities meet 

specifications for

l Accelerating Gradient

l  Qo

l  Field Emission onset (if 

present)

l  Measure resonant modes / 

passbands etc

Vertical test
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Basic Scheme of Vertical Test 
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Vertical Test Stands
Vertical TEST Infrastructure at DESY Vertical TEST 

stand at SHINEVertical TEST 
stand at FNAL
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TESLA-style Cryomodule

• 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
• 1 – Vacuum vessel
• 1 - Cryomodule support system

l 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;

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

l Main components in a CM 
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Cryomodule Structure
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Cavity string assembly 
in ISO4 (WS1)

WS2-WS4

WS6WS5

Higher clean standard,
Strictly training and supervising



  

62/71

n After CM degaussing, average Q0 improved from 2.4 to 3.0 E+10 (~20%).

Degaussing of the SHINE Prototype High-Q CM

2023.1 2024.3

2024.3, Q0 measurements: 3.0×1010 @135MV

Ten single-axis fluxgates readings 
inside and outside cavity He-tank:

10 mGs before degaussing

1 mGs after degaussing

Degaussing coils
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n In-situ degaussing was performed at HT stand before cooling down 
or at 45 K

n Less than 1 mGs can be achieved  

Degaussing for SHINE High-Q CM 

（CAV1）
（CAV5）

SHINE CM03
Degaussed at room temperature
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n From 300 K to 45 K, average cooling rate ~ 6 K/h, followed by 12 h homogenization
n From 45 K to 4.5 K, fast cooling with a He flow rate ~41.6 g/s for flux expulsion

Cooling Down for High-Q CM

T-sensors mounted outside of He-tank

SHINE CM03

Example: SHINE CM03-MT
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Cryomodule Horizontal Test
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n Example: SHINE CM03
Horizontal Test Results

Almost full Q0 maintained from VT to HT
CM03-MT

Almost full gradient maintained from VT to HT, except cav5, which is limited by HOM heating.  FE Free.
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CMs installed in Superconducting Linacs
E-XFEL SHINELCLS-II/HE

Beam commissioning, operation
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n Why superconducting RF (SCRF)?

n What are the types of SCRF cavities? and their functions?

n How to design and fabricate a SCRF cavity?

n How the surface treatments can improve cavity RF performance?

n How to preserve cavity high performance in cryomodule?

Summary - Questions you may answer



  

8. Final Remarks and References
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More information: SRF text book and proceedings

My email: chenjinfang@sari.ac.cn

https://www.jacow.org/Main/Proceedings?sel=SRF#SRF


  


