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Superconducting RF resonators (cavities)

Carlo Pagani 2 2025 CEPC Workshop
Guangzhou, 7 November 2025

High Q for low losses Small Rs for high Q

dissP
UQ ω= U = stored energy

Pdiss = dissipated power
sR

GQ = Rs = surface resistance 
G = cavity geometrical factor

NC or RT
NormalConducting

∫=
S

s
diss dSHRP 2

2

𝑅𝑅𝑠𝑠 nΩ = 9 × 104
𝑓𝑓2 GHz
𝑇𝑇 K

exp −
𝑎𝑎

𝑇𝑇 K

𝑅𝑅𝑠𝑠 mΩ = 7.8𝑓𝑓
1
2 GHz

Nb

Cu

SC cavities still dissipate power, since not all electrons are in
Cooper pairs. Dissipation is at cryogenic temperature

L R C

SC
SuperConducting

An RF cavity, the accelerating element, is a container in which a non-conservative electric field is stored or 
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SRF Workshops since 1980
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SRF Evolution in Particle Accelerators
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SRF before TESLA
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Since 1980s Large HEP Projects bet on SRF
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TRISTAN at KEK

The LEP 27 km Ring

LEP2 at CERN CEBAF at TJNAF



LEP-II:  Production and Performances
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A complete picture was in progress
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Hadrons for discovery Leptons for understanding



Next Lepton Collider should be Linear, LC
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Linear Collider Schematics



LC competition and the TESLA Collaboration
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TESLA Collaboration: Intellectual Property
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Luminosity is Proportional to Beam Power
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Parameters to play with
Reduce beam emittance (εx

.εy ) for smaller beam size (σx
.σy ) 

Increase bunch population (Ne )
Increase beam power
Increase beam to-plug power efficiency for cost

nb = # of bunches per pulse

frep   =   pulse repetition rate

Pb = beam power

Ec.m.=   center of mass energy

L    =   Luminosity

Ne = # of electron per bunch

σx,y. =  beam sizes at IP

IP   =  interaction point
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C. Pagani - ISLC08 - Lecture 1
Oak Brook, October 20, 2008
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LC are Pulsed for Conversion Efficiency
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All the LCs must be pulsed machines to improve Plug Power to Beam 
Power conversion efficiency. As a result: 

• duty factors are small 
• pulse peak powers can be very large

RF Pulses

Bunch Train

Beam Loading

<10-200 ms

<1 µs-1ms

1-300 nsec

100 m - 300 km
…………………....……

gradient
with further input

without input

filling loading

accelerating field pulse:

C. Pagani - ISLC08 - Lecture 1
Oak Brook, October 20, 2008
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The path to a new SRF standard for TESLA
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TTF as operated for SASE FEL

3 cavity productions from 4 European industries: Accel, Cerca, Dornier, Zanon

Cornell
1995

5-cell

Module performance in 
the TTF LINAC

Improved welding
Niobium quality control

<Eacc> @ Q0 ≥ 1010 <Eacc> @ Q0 ≥ 1010

at Q = few 109

<1997>

<1999>

<2001>
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TESLA TDR: Presentation and Reactions
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TESLA TDR kick-off meeting March 2001

1000 participants, 40% from abroad

 Cold reaction from German Government 
to the proposal to host the TESLA inear
collider

 Insufficient momentum from the HEP 
international community, inspired by 
CERN 

 Understanding of the potentiality opened
by the TESLA driven SRF technology

 Endorsement of the science prospectives
coming from the realization of an X-Ray 
Free-Electron Laser 

 Interest for a stand alone X-Ray FEL

2025 CEPC Workshop
Guangzhou, 7 November 2025



From TESLA TDR to an independent XFEL
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Huge international collaborative effort involving
1100 scientists from 36 countries

Feb 2003 - Decision by 
German Government:

Germany will cover half 
of the cost of the free-
electron laser facility 
proposed by DESY, which 
has to be realized in a 
European collaboration.

Stand alone facility

On request of German Science Council
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E-XFEL: 800 cavities at the State of the Art
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1.3 GHz Eu-XFEL cavities «as received»



E-XFEL: Usable Installed Voltage
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From TESLA to TESLA Technology Coll.-TTC
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New CW XFEL from TESLA Technology
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LCLS-II and
LCLS-ⅡHE

SHINE

S3FEL

DALS

2025 CEPC Workshop
Guangzhou, 7 November 2025



TTC: US modifications for CW and High Q 
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J.N. Galayda @ Linac2014
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Impressive results at SHINE
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• 252 dressed cavities are tested including:

• 126 mid-T baked cavities

• 126 N-doped cavities

• 192 cavities qualified (76%)

• 152 qualified as received

• 30 with FE, qualified after HPR

• 10 with Q-switch or low Q, qualified after retest

• 36 concessionally accepted for CM assembly (14%)

• Eacc≥ 19 MV/m, or Q0≥2.5E+10@20MV/m

• 24 cavities still unqualified (10%)

• 4 with FE, awaiting further HPR

• 20 with too low Eacc or Q0, need repair (on going)
Recipes Ave. max Eacc（MV/m) Ave. Q0

Mid-T 27.5 3.2E+10
N-doping 24.5 3.5E+10



Great Progress on SRF Understanding
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Daniel Bafia @ LCWS 2025 

RF field
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SRF Accelerators for Free-Electron Lasers
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SRF Based Spallation Neutron Sources
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Proton and Deuteron SRF Accelerators
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PIP-II (FNAL) (Proton Improvement Plan –
II)

[A. Klebaner
(FNAL)  in SRF21]

46 x175 MHz, HWRCavity

 DONES(F4E/CEA)
(Demo Oriented Neutron
Source)

40 MeV D-beam
125 mA, 5 MW

 IFMIF-LIPAc(QST/ Rokkasho)
9 MeVD-beam

125 mA, 1.1 MW

[S. Ishida
(QST)  in
SRF19]

 A-FNS(QST/Rokkasho) (Advanced Fusion Neutron
Source)

40 MeV D-beam
125 mA, 5 MW

8+10+12+12 HWR: 175MHz
[N. Bazin
(CEA)  in
SRF21]
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Large Heavy Ion SRF Accelerators
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 RAON (IBS/RISP) FRIB(MSU)

76 HWR: 162.5MHz
28 QWR: 81.25MHz

69 SSR1: 325MHz
138 SSR2: 325MHz

[Y. Sohn (IBS/RISP) in
SRF21]

16+104 QWR: 72+148 HWR:
80.5 MHz, 322 MHz,
β= 0.041, 0.085 β= 0.29, 0.53

55 5-cell Cavity:
644 MHz,
β= 0.65

[T. Xu (FRIB) in
SRF21]



SRF for ADS (Accelerator Driven System)
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SRF for Dark Matter Search
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Top Level SRF for Future Lepton Colliders
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FCC-ee

Drives beamquality:
challenging design and components

Beaminduced 
background

ILC 250



The CERN View ( Venice, June 2025)
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Fabiola Gianotti
Venice 2025
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ILC @ CERN
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Steinar Stapnes @ LCWS 2025 
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Concluding Remarcs
The great demand for knowledge fueled by nuclear and particle physics has 
favored the technological development of magnetic and radiofrequency 
superconductivity, through the construction of large accelerators with the 
involvement of industry. 
The fallout on medical devices (MRI, NMR), green energy (ADS) and advanced 
light sources (SR, XFEL) is currently underway, making conceivable also new 
huge infrastructures for fundamental physics (CEPC), which could trigger other 
future applications.
The pursuit of pure knowledge, typical of fundamental physics, has generated 
large-scale open and global collaborations, also producing technologies, such 
as the World Wide Web, accessible to all. With the TESLA collaboration, SRF 
has shared this mission, which today is a precious treasure that we must 
preserve.
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Great Future for SRF in China
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Thank you for your attention
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