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Outline of the Lecture

1.   Fundamental of SRF Cavity System
      (60 min. Lecture + 10 min. Discussion)

Break (10 min.)

2. Recent Progress on SRF Cavity Performance
        (60 min. Lecture + 10 min. Discussion)
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Introduction of Lecturer

Dr. Eiji Kako
Emeritus Professor
Researcher
iCASA: Accelerator Laboratory
KEK
voice:  +81-29-864-5200 ex. 4325
fax:      +81-29-864-3182
email:  eiji.kako@kek.jp

mailto:eiji.kako@kek.jp
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A Korean-Language Textbook 

 Original Author: 
       Prof. Eiji Kako (KEK)
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       Prof. Eun-San Kim 
       (Korea University)

 Price: 25,000 KRW (Won)



2026 Accelerator Summer School at Korea University, 2026 July 07 7Eiji Kako (KEK, Japan)

J-PARC

Narita Airport

Haneda Airport

High Energy Accelerator Research Organization

                      KEK

Tokai Campus

Tsukuba Campus

Mt. Tsukuba
(877m)

(Proton Accelerator)

(Electron Accelerator)

Introduction of KEK
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Introduction of Superconducting Cavity

My life at KEK for 39 years.
My experience on SRF Cavity

for 39 years.
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Superconducting RF (SRF) Cavity

Niobium Material Stable Beam Operation

Cavity Cryomodule
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Superconducting RF (SRF) Cavity

Superconducting
RF cavity system

Cryogenic technology

RF technology

Ultra-high vacuum & 
clean technology

Superconductivity 
and material science
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Typical Properties of Superconductor

Phase diagram

Meissner effectType-1, Type-2 Superconductor

Flux trapping

DC Resistivity

RF Surface Resistance

Superconducting 
State 

Normal-conducting 
State 

Nb: Tc= 9.2K

Nb,  Nb3SnPb
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by P. J. Ray

Thin film on Nb
Thin film 
on Nb

Thin film on Cu
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Critical Temperatures of Superconductors

T c H c (0) λ

Nb 9.2 K 0.20 T 40 nm

NbN 16.2 K 0.23 T ~350 nm

Nb3Sn 18 K 0.54 T ~100 nm

MgB2 40 K 0.43 T 140 nm
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Question (1)

What is the advantage using Niobium for SRF cavities?
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Superconducting RF (SRF) Cavity

 Suitable critical temperature (Tc) at 9.2 K 

                    Cooling by liquid He: at 4.2 K and at 2.0 K 

 Availability of high purity Niobium metal

                    Production by Electron Beam (EB) melting

 Better fabrication property from Niobium sheets 

                    Forming by deep drawing and joining by EB welding

What is the advantage using Niobium for SRF cavities?
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Rest Energy of Particles

1 Joule = 1 Nm= 1 kgm2/sec2

1 eV = 1.6 x 10-19 Joule

c = 2.9979 x 108 m/sec

me = 0.9109 x 10-27 g  ; mass of electron

mp = 1.6925 x 10-24 g  ; mass of proton 

Ee = me c2 = 0.511 MeV

Ep = mp c2 = 938 MeV

Rest Energy
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Kinetic Energy of Protons and Electrons

Low-β

Medium-β

High-β β=1
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Accelerating Structures for Proton and Electrons

Low-β

Medium-β

High-β

β = 0.98

500 keV CW e-beam
β = 0.24

2.0 MeV CW e-beam

500 kV
DC-Gun

β = 0.07 β = 0.88
HWR:

Half-wave
Resonator

β = 0.47
SSR:

Single-Spoke
Resonator

QWR:
Quarter-wave 

Resonator

β=1

1.3 GHz, 1.5-cell 
SRF-Gun Cavity
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Accelerating Structures for 
Proton/Ions and Electrons

Existing developed SRF cavities 650 MHz

1.3 GHz1.3 GHz
3.9 GHz

(IHEP : CEPC)
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SRF Cavity Production in Worldwide Projects

Quarter
Wave
Resonators
(QWR)

Spoke
cavities

Half
Wave
Resonators
(HWR)Elliptical

multi-cell
cavities
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Beam Acceleration by RF Fields (v = c)

Accelerating Electric Field
(TM010 π-mode)
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Electromagnetic field in an RF cavity 

  Maxwell's equations:

  Wave equation:

  Helmholtz equation:

  Bessel equation and Bessel functions:
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Several important equations and useful formulas are now introduced in order to 
better understand the behavior of the electromagnetic fields inside an RF cavity:
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Pill-Box Cavity 
The following important RF parameters for the case of the pill-box cavity are calculated 
analytically from the fundamental equations obtained in the previous formulas.

 Resonant frequency: f0
   Stored energy: WS
  RF loss (dissipation power): Pd
     RF surface resistance: RS
   Quality factor: Q
   Geometrical factor: G
   Transit-time factor: T
   Accelerating gradient: Eacc
   Shunt impedance: Rsh
   R over Q: R/Q
   Energy gain

A pill-box cavity, (circular cylindrical resonator): 
The symbol a and l represents the radius and the 
cavity length of the pill-box cavity, respectively. 
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Accelerating mode (TM010) 
TM010 mode is known as “accelerating mode”. The boundary conditions of electromagnetic 
fields of the accelerating mode inside a pill-box cavity can be written as follows:
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Summary of Main RF Parameters  (1) 
The essential RF parameters can be summarized as follows:

   Electric RF field E [V/m]:

   Magnetic RF field H [A/m]:

   Accelerating gradient Eacc [V/m]:

   RF Loss / Dissipated RF power Pd [W]:
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Summary of Main RF Parameters  (2) 

   Stored energy WS [J]:

   Quality factor Q:

   Geometrical factor G [Ω]:

   Effective shunt impedance Rsh [Ω]:

   R/Q [Ω]:
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Temperature Dependence of Surface Resistance









⋅

∆
−=+=

TkT
ARRRR

B
BCSresTBCSS exp,

2

)(
ω

1.3 GHz, 9-cell
Superconducting Cavity

RS=G/Q0

RBCS(T)

Rres

2.0K

1.7K

4.2K

λ-point
He-IIHe-I

1 nΩ

Different condition of
Residual magnetic field



2026 Accelerator Summer School at Korea University, 2026 July 07 29Eiji Kako (KEK, Japan)

Surface resistance of RF Cavity: Cu and Nb

Normal-conducting Cavity ;

 Surface resistance; RS [Ω]  
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f = 1.3 GHz,  G = 270 Ω  
Cu (20oC)  ;  σ = 0.58 x 10 8 [1/Ω m] 

RS = 9.4 mΩ,     (δ = 1.8 µm)

Q = G / RS = 2.9 x 10 4  

RBCS :  BCS resistance
Rres :  Residual surface resistance
kB :  Boltzmann constant
∆ :  Gap energy of Cooper pair

f = 1.3 GHz,  G = 270 Ω  

RS = 14 nΩ,     (λ0  =  44 nm)

Q = G / RS = 1.9 x 10 10  

Nb (2K)  ;  RBCS = 7 [nΩ] 

                      Rres = 7 [nΩ]
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Question (2)

What is the advantage of superconducting cavities?
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Superconducting RF (SRF) Cavity

 low surface loss  higher Q  higher Ws 

 high acceleration gradient 

                         higher energy in smaller space

 better efficiency to beam power 

                         smaller RF power source 

 CW operation at higher fields

What is the advantage of superconducting cavities?
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1.  Fundamental of SRF Cavity System

1. Introduction

2. Fundamental of SRF Cavity

3. Overview of SRF Cavity System

4. Fabrication and Surface Preparation

5. Summary
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Fabrication Process of Nb Sheets

Electron Beam Melting

Electron 
Beam
Melting

Forging

Electron 
Beam
Melting

Rolling

Rolling

Annealing

Polishing

Polishing

[by H. Umezawa (Tokyo Denkai)]
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Material certification of Nb:  (Mill sheet)

Mechanical property

Chemical Composition

RRR = 298 

Ta W 

O N H C 
Purity, Thermal property

[by H. Umezawa (Tokyo Denkai)]
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Characteristics of Nb materials:   (RRR)

( )
( )K2.9

K300
ρ

ρ
=RRR

RRR measurement system Residual Resistance Ratio 

ρ (300K) = 2x10-5 Ω cm ρ (9.2K) = 1x10-7 Ω cm RRR = 200

Superconducting 
State 

Normal-conducting 
State 

ρ (9.2K) = 6x10-8 Ω cm RRR = 330ρ (300K) = 2x10-5 Ω cm

Nb
Tc=9.2K

2-times melting
3-times melting
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Material Properties:  Thermal conductivity
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RRR~ 200
50 W/m K

200 W/m K
RRR~ 800

RRR : Residual Resistance Ratio

κ : Thermal Conductivity

Hquench : Quench field
Rdefect :  Resistivity of Defect

a :  Radiaus of Defect
Tc :  Critical Temperature
THe :  He Temperature

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

ρ
σκ 1

=∝

Wiedemann-Franz’s law



35 MV/m 
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Characteristics of Nb materials:
(Improvement of RRR)

[by H. Umezawa  (Tokyo Denkai)]

RRR – No. of melting

RRR – Vacuum pressure

30 MV/m 

Eacc (MV/m) = Bp,max (mT) / 4.3 
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Performance improvement for 25 years at KEK

Figure 1: Best Q0 vs. Eacc curves obtained from performance tests 
for KEK-12 through KEK-22.[T. Furuya, SRF’89]

Eacc = 6 MV/m
Qo = 2 x 109

TRISTAN 508MHz 5-cell Cavity STF 1.3GHz 9-cell Cavity

He temperature at 4.2 K
CW operation

He temperature at 2.0 K
1 ms, 5 Hz pulsed operation

Eacc = 31.5 MV/m
Qo = 1 x 1010

1989’

2013’

[Y. Yamamoto, NIM-A (2013)]
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SRF cavities developed at KEK

TRISTAN
508MHz 5-cell Cavity

cERL Injector 
1.3GHz 2-cell Cavity

J-ADS 972MHz 
9-cell Cavity 

(β=0.73)

KEKB 508MHz 1-cell Cavity

KEKB 508MHz Crab Cavity

cERL ML 1.3GHz 9-cell Cavity STF 1.3GHz 9-cell Cavity
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Cryomodules developed at KEK

J-ADS 972MHz 
Cryomodule

TRISTAN 508MHz Cryomodule KEKB
508MHz Cryomoudle

KEKB  Crab Cryomoudle

cERL 1.3 GHz 
Injector Cryomodule

cERL 1.3 GHz 
ML Cryomodule STF 1.3GHz Cryomodule
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STF at KEK for future Linear Collider (ILC)

     

Superconducting RF Test Facility 
STF2 Accelerator 

Photocathode RF-Gun:
(1.3 GHz, 6 mA, 1 ms, 5 Hz)   

Cold Box -1 

Cold Box -2 

Capture Cryomodule
(two 9-cell cavities) 

CM1 Cryomodule
(eight 9-cell cavities) 

CM2a Cryomodule
(four 9-cell cavities) 

1.3GHz, 9-cell Cavity 

3 MeV 

40 MeV 

400 MeV 

12 kW 
Beam Dump 

(Pulse, electrons) 
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Superconducting RF cavity system for STF

1.3 GHz, 9-cell Nb Cavity 

HOM Couplers 

Input Couplers 

Cold-mass Slide-Jack Tuner 

RF Feedthroughs 

Magnetic Shield 
& He Jacket (Ti) 

Cryomodule

STF Cryomodule
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cERL at KEK for future Light Source: ERL

     

Compact-ERL 

(three 2-cell cavities)

(two 9-cell cavities)

(500 kV, CW, 10 mA)

Beam Dump 

0.5 MeV 

5 MeV 

35 MeV 

50 kW 
(CW, electrons) 

Energy Recovery LINAC 

 Acceleration
 Deceleration 
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Superconducting RF cavity system for cERL

Slide-Jack Tuner 

Cold Mass Assembly

cERL Injector Cryomodule

Cryomodule

HOM Couplers 

Input Couplers 

1.3GHz, 2-cell Cavities 

1.3GHz, 2-cell Cavity 
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Superconducting Accelerator Projects in Japan

 SRILAC (heavy ions)
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Superconducting Accelerator Projects in World

Operation Construction Future Plan



2026 Accelerator Summer School at Korea University, 2026 July 07 47Eiji Kako (KEK, Japan)

Superconducting Accelerators in Worldwide

 Elemental Particle Physics: (S-KEKB, BEPC, LHC, CEPC, FCC)

 Radiation Light Source: (DIAMOND, CLS, TPS, SLS, PLS, NSLS-II, HEPS, HALF, SAPS) 

 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-II, HIPrDr-KEK)

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

 Heavy Ions LINACs: (ISAC-II, SPIRAL-2, RILAC, FRIB, RAON, HIAF)

 Linear Colliders for High Energy Physics (STF, FAST, ILC)

Operation
Construction
Future Plan
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Main Accelerator Laboratories for SRF R&D

KEK

MSU

JLab

Cornell

TRIUMF

LNLINFN
CEA

IPN/IJC

ANL
FNAL

IMP IBS

STFC DESY

CERN
IHEP

 Cryogenics (Liq. He)  Surface preparation  Vacuum Furnace  HPR  VT

International Collaboration for SRF Technologies
TTC : Tesla Technology Collaboration

 Clean room

RIKEN

ESS

SNS
SARI

BNL

IASF

SLAC
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Question (3)

Why our international collaboration is important for  

R&D of superconducting cavities?
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Superconducting RF (SRF) Cavity

  To advance SRF technology R&D and related accelerator studies 
across the broad diversity of scientific applications. 

  To keep open and provide a bridge for communication and sharing 
of ideas, developments, and testing across associated projects. 

  Free and open exchange of scientific and technical knowledge, 
expertise, engineering designs, and equipment.

  New developments are reported, recent findings are discussed, 
and technical issues concluded.

Why our international collaboration is important for  R&D of 
superconducting cavities?
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1.  Fundamental of SRF Cavity System

1. Introduction

2. Fundamental of SRF Cavity

3. Overview of SRF Cavity System

4. Fabrication and Surface Preparation

5. Summary
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Superconducting RF Cavity System (1)

Refrigerator Cryomodule

4.2K 

4.2K 

2K 

77K 

2K 

2K-gas 
5K 

80K 
300K 

Cryogenic Efficiency
    1 W at 2 K          4.5 W at 4.2 K,  (1 : 4.5)
    3 W at 4.2 K       AC 1 kW,            (0.3%)
  AC 1.0 MW        3 kW@4.2K,      700 W@2K      STF Cryomodule

STF Cryogenic
System
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Superconducting RF Cavity System (2)

Input coupler

HOM coupler and absorber Frequency Tuner
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Superconducting RF Cavity System (3)

1.3 GHz, 9-cell Nb Cavity 

HOM Coupler 
Input Coupler 

Cold-mass Slide-Jack Tuner 
Magnetic Shield
He Jacket (Ti) 

RF Feedthrough 
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Superconducting RF Cavity System (4)

STF 9-cell SRF Cavity Package
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Superconducting RF Cavity System (5)
Center-cells

(Tokyo Denkai ; RRR~300 Nb)

Forming and joining properties of Nb
(Deep drawing , EBW: electron beam welding) 
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Cavity fabrication companies in the world

RI (Germany)

Zanon (Italy)

AES (USA)

Pavac (Canada)

Niowave (USA)

Hitachi

Toshiba
MHI-MS

(Japan)

Roark (USA)

Melco

(Korea)
Vitzro tech

(China)

HERT

HIT

HECHAO

Shanghai/
MTW KAT
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Essential technologies for cavity fabrication

Design
- RF analysis (HFSS, SUPERFISH, CST-MW)
- Mechanical analysis (ANSYS)
- Thermal analysis (ANSYS)
- Elastic-Plastic analysis (Deep-drawing)

Engineering
- Pressing
- Machining
- Chemical polishing
- Electron beam welding (EBW)
- Vacuum brazing

Assembly and Inspection
- Fabrication of special jigs
- Vacuum leak check
- Dimensional measurement
- RF measurement
- Frequency tuning
- Precise alignment
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Special cavity fabrication tools developed 
by DESY

Automatic pre-tuning machine

TESLA 1.3 GHz 9-cell cavity

Eddy current scan of Nb sheet
Frequency measurement

of half-cell/dumb-bell 
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Fabrication Process of Nb Cavities

by K. Sennyu 
(MHI-MS)Deep Drawing 

(press forming)

Trimming
(machining)

CP

Joining
(EBW)

Electron Beam Welding (EBW) 

Special Technology
4 x 9-cell cavities

(all 36 EBW seams)
per

1 vac. Pumping
at MHI-MS
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Cavity fabrication (EBW: electron beam welding)

End-groups

HOM couplers

Center-cells
(Tokyo Denkai ; RRR~300 Nb)

Nb TiTi

Nb/Ti

KEK 1.3 GHz 9-cell cavity
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Materials and joining methods in SRF cavity

Materials Joining Methods
Nb (Cavity cells)
Ti (He Tank)
Nb/Ti (Flanges)
Nb - Nb Joining EBW,  LBW
Nb - Ti Joining EBW
Ti - Ti Joining TIG
Nb/Ti - Ti Joining TIG
Nb/Ti - Nb Joining EBW,  LBW

Nb

Ti
Nb/TiKEK 1.3 GHz 9-cell cavity
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High pressure gas safety low in Japan 

Mechanical properties of Nb, Ti and Nb/Ti (EBW-joints)
Tensile strength of Nb

18 J

0.2% Proof Stress of Nb

120 MPa
360 MPa

300 MPa

39 MPa

Charpy Impact Value of Nb

Temperature [K] [by H. Nakai (KEK)]Temperature [K]
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Surface treatment (smooth and clean)

Pre-EP + EP-I (5+100 µm)

HPR Assembly (Class 10) Hanging stand with T-map
Vertical Test

Inspection of
inner surface

Hot bath rinsing
with ultra-sonic

EP-II
(5~20 µm)

Pre-tuning (flatness, f0)Anneal (750oC, 3h)

Baking (120oC, 48h)
(Class 1000)

1.

2. 3. 4.

5. 6.

7. 8. 9. 10.

11.
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Electro-polishing: EP

by K. Saito (4th SRF-WS in 1989’)

Electro-polishing Device

RI/
DESYSTF/KEK

DESY

ANL/
FANL

E. ZANON/DESY

JLab

1993’ 1998’

Ningxia/IHEP
Wuxi/SINAP

2006’
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Vacuum furnace for heat treatment

New clean vacuum furnace with cryopump 
for N-doping and N-infusion:
max. temp. = 1200 oC
1. x10-6 Pa at RT

Vacuum furnace with diffusion-pump 
for hydrogen degassing:
max. temp. = 800 oC
1. x10-4 Pa at RT
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High pressure rinsing: HPR

Pressure = 8 MPa
Purity = 18 MΩ・cm

HPR-1 at STF

HPR-2 at COI
Nozzle: fixed
Cavity: rotation, up/down

Nozzle: rotation
Cavity: up/downby K. Saito (SRF91’)
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Cleanroom Assembly  (class-10, ISO-4)

 Parts cleaning
 UPW rinsing
 Ultra-sonic bath
 Ionized gun
 Particle counter
 Ar gas flow
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Question (4)

What is the essential technologies for achieving 

higher cavity performance?
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Essential technologies for higher performance: 
   Smooth Surface
   Clean Surface
   Clean Environment

To achieve higher performance 
 avoid Thermal Quench caused by surface defects
 suppress Field Emission due to dust contamination 

Superconducting RF (SRF) Cavity

What is the essential technologies for achieving higher 
cavity performance?
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1.  Fundamental of SRF Cavity System

1. Introduction

2. Fundamental of SRF Cavity

3. Overview of SRF Cavity System

4. Fabrication and Surface Preparation

5. Summary
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Summary (1)
  Fundamental knowledge of RF electromagnetic fields in the SRF cavities is 

absolutely important in the first step of R&D in SRF technologies.  

  Essential surface preparations including EP, 800oC HT, HPR, 120oC baking and 

clean assembly was confirmed in many 1.3 GHz 1-cell/9-cell cavities.

  High power input couplers and HOM  couplers/absorbers are one of the most 

critical components of an SRF cavity system and include varieties of key 

technologies  in design, fabrication, conditioning and operation.

  International collaboration is essentially important for  R&D of superconducting 

cavities.
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Thank you for your attention. 

Thank you!

Emeritus Prof. Eiji Kako
iCASA, Accelerator Laboratory, 
KEK, Japan
voice:  +81-29-864-5200 ex. 4325
fax:      +81-29-864-3182
email:  eiji.kako@kek.jp

I believe you are interested in SRF cavity developments.
We welcome your visit to KEK. 

mailto:eiji.kako@kek.jp
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Outline of the Lecture

1.   Fundamental of SRF Cavity System
      (60 min. Lecture + 10 min. Discussion)

Break (10 min.)

2. Recent Progress on SRF Cavity Performance
        (60 min. Lecture + 10 min. Discussion)
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Questions !
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