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Superconducting RF (SRF) Cavity

1. RRR (Residual Resistivity Ratio) measurement
of Niobium, Copper and Aluminum samples
(Resistivity by DC measurement) 

2.  Resonant Frequency and Quality Factor
of Niobium and Copper Cavities at RT
(Resistivity by RF measurement) 

Hands-on Training   (SRF Cavity)
0.  Introduction:  Surface resistance
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Surface Resistance
Comparison of surface resistance  (Rs) between an NC cavity and an SC cavity

 NC cavity:

δσσ
µω 1

2
==SR RF surface resistance

 Skin depth

 Conductivity/Resistivity

 DC resistance
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Temperature dependence 
of surface resistance:
RS = RBCS (T) + Rres

Rres

RBCS

RS

 SC cavity:
The surface resistance (Rs) of an SC cavity is expressed by the sum of a temperature-
dependent term (BCS resistance, RBCS) and a temperature-independent term
(Residual surface resistance, Rres), as follows:

resTBCSS RRR += )(
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Surface Resistance

RBCS :  BCS resistance
Rres :  Residual surface resistance
kB :  Boltzmann constant
∆ :  Gap energy of Cooper pair
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Normal-conducting Cavity ;

 Surface resistance; RS [Ω]

[Ω]

f = 1.3 GHz,  G = 270 Ω
Cu (20oC)  ;  σ = 0.58 x 108 [1/Ω m]

δσσ
µω 1

2
==SR

 Surface resistance; RS [Ω]
Superconducting Cavity ;
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resTBCSS
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2

)(

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

RS = 9.4 mΩ,     (δ = 1.8 µm)

Q = G / RS = 2.9 x 104

f = 1.3 GHz,  G = 270 Ω

RS = 17 nΩ,     (λ0 =  44 nm)

Q = G / RS = 1.6 x 1010

Surface Resistance
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Superconducting RF (SRF) Cavity

Cu sample

Nb sample

1.3 GHz Nb cavity 1.3 GHz Cu cavity
Al sample
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Experimental set-up of RRR measurements

Temperature
monitor

Current 
source

Voltage
meter

PC
(Lab-view)

Liq.-He
Transfer tube Cryostat

Liq.-He Dewar

Temperature
sensor

Copper sample

Material properties of Nb and Cu



Eiji Kako (KEK, Japan) ASSCA2022 at Korea University,                         
2023 February 13-18 8

Ohm’s law :

Wiedemann-Franz’s law :

RIV ⋅=

L
TTW

≡=
σ
κρ

ρ
σκ 1

=∝

)(/
1

4.2 TRRRT ⋅+
=

βα
κCopper at low temperature (LT):

( )
( )LT

K300
ρ

ρ
=RRRResidual Resistance Ratio:

L   :  Lorenz constant  = 2.45x10-8 WΩ/K2

W :  Thermal resistivity
κ :  Thermal conductivity
ρ :   Electrical resistivity
σ :  Electrical conductivity
T   :   Temperature
α :  constant = 6.8x10-8

β :  constant = 0.53

Material properties of Nb and Cu
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Electrical conductivity

Cu

SUS
Cu (10)

Cu (100)

Cu

Nb Al2O3

SUS

Cu (10)

Cu (100)
Thermal conductivity

Material properties of Copper
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Experimental set-up 
for thermal conductivity

Thermal conductivity of
high purity Aluminum

Material properties of Aluminum

Al (2500)
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Material properties of Niobium

4.2 K 

Thermal conductivity of Nb; （κ ）

High purity → High thermal conductivity → Increase of quench field 

(a: defect size, Rdefect: resistance of defect)

RRR= 228, 198, 158

RRR= 596, 816

50 W/m K

200 W/m K

( )
( )K2.9

K300
ρ

ρ
=RRR

( )

[ ]KmW
RRRK

⋅

≈

/
4/2.4κ

( )
defect

Hec
quech Ra

TTH −
=

κ4

RRR : Residual Resistance Ratio

κ : Thermal Conductivity of Nb

Hquench : Quench field



Eiji Kako (KEK, Japan) ASSCA2022 at Korea University,                         
2023 February 13-18 12

Mechanical property

Chemical Composition

RRR = 298 

Ta W 

O N H C 
Purity, Thermal property

[by H. Umezawa (Tokyo Denkai)]

Material certification of Nb:  (Mill sheet)

Material properties of Niobium
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( )
( )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

Material properties of Niobium
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Material properties of Niobium

L

t w

Sample size

L =            m

w =           m

t =             m

Constant Current:
+100 mA / -100 mA

Background noise level

Averaging: 10 times
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Examples

Examples of experimental results of RRR measurements

Nb sample
I = 100 mA
(V = 44.76 µV)

Cu sample
I = 100 mA
(V = 6.380 µV)
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Experimental set-up: DC measurement

Measuring instruments : current source x 2 
digital volt-meter x 2, vernier caliper x 2 
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Please measure and calculate following parameters at RT; 

Nb sample at RT
I =                A
V =               V
R =               Ω

L =               m
W =             m
t =               m
S =              m2

ρ =                 Ω m

Frequency =  1300 MHz
Rs =              Ω

G   = 270      Ω
Q   = 

Cu sample at RT
I =                A
V =               V
R =               Ω

L =               m
W =             m
t =               m
S =              m2

ρ =                 Ω m

Frequency =  1300 MHz
Rs =              Ω

G   = 270      Ω
Q   = 

Al sample at RT
I =                A
V =               V
R =               Ω

L =               m
W =             m
t =               m
S =              m2

ρ =                 Ω m

Frequency =  1300 MHz
Rs =              Ω

G   = 270      Ω
Q   = 

Exercise (1)
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Exercise (2)
Please calculate the RRR value of Nb sample from the results of 
following temperature dependence of the resistivity;

at 300 K
ρ = 1.47x10-7 Ωm

at 9.3 K
ρ = 6.07x10-10 Ωm

RRR = _____ 
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Experimental set-up of RF measurements
Niobium cavity

Network analyzer
Electrical calibrator

Variable
Input coupler 

Fixed
input antenna

Transmitted
antenna

Input antenna Transmitted antenna

RF measurement of  NC cavity
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RF measurement of  NC cavity

Pin
Pext

Pref
P0

extrefino PPPP −−=

inref

inref

PP
PP

1
1* ±

=β

 Cavity RF loss

 Coupling constant
(over/under coupling)

WS

 Cavity stored energy

dVEdVHW
VV

S ∫∫ ==
2

0
2

0

22
εµ

 QL is measured by bandwidth of -3dB.

 Loaded Q
QL

extinL QQQQ
1111

0

++=

S11

S21

Reference = -0 dB

[ ]WPP in

S

ref ⋅= 10
11

10
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oextext PP=β

)1(*
extin βββ +⋅=

)1( extinLo QQ ββ ++⋅=

extooext PQPQ ⋅=

 Input coupling

 Monitor coupling

 Unloaded Q of cavity

 External Q (calibration)

 Accelerating gradient

RF measurement of  NC cavity

 Quality factor Q0: Geometrical factor G [W]:

Sd

S

R
G

P
WQ == 0

0
ω

dAH

dVH
G A

V

∫

∫
=

2

2

00 µω

extext
cavity

acc QPZQP
L

QR
E == 00

/
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Examples of experimental results of RF measurements

Nb cavity
Frequency = 1276.8 MHz
Loaded Q = 4779.

Cu cavity
Frequency = 1295.1 MHz
Loaded Q = 12209.

Examples

Variable input coupling

Fixed input coupling

Pin :            - 0 dB
Pref : S11 =       dB                
Pext : S21 =       dB                

Pin :            - 0 dB
Pref : S11 =       dB                
Pext : S21 =       dB                
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Experimental set-up: RF measurement

Measuring instruments : network analyzer x 2
electrical calibrator x 2
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Exercise (3)
Please measure and calculate following parameters; 
Cu cavity
Frequency =            MHz
Loaded QL =
Pref : S11 =         dB                
Pext : S21 =         dB                

Q0 =
Qin =
Qext =
βin =

Z = 91. Pin = 1.0 W
Eacc =             V/m

G = 270 Ω
RS =                Ω
ρ =                 Ω m

Nb cavity
Frequency =            MHz
Loaded QL =
Pref : S11 =         dB                
Pext : S21 =         dB                

Q0 =
Qin =
Qext =
βin =

Z = 91. Pin = 1.0 W
Eacc =             V/m

G = 270 Ω
RS =                Ω
ρ =                 Ω m

[ ]WPP in

S

ref ⋅= 10
11

10

[ ]WPP in

S

ext ⋅= 10
21

10
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Exercise (4)

Please compare following parameters measured by DC and RF; 

Copper
DC:
Q0 =
RS =                Ω
ρ =                 Ω m

RF:
Q0 =
RS =                Ω
ρ =                 Ω m

Niobium
DC:
Q0 =
RS =                Ω
ρ =                 Ω m

RF:
Q0 =
RS =                Ω
ρ =                 Ω m 

Frequency  =  1300 MHz
G  =  270  Ω
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Superconducting RF (SRF) Cavity

Thank you for your efforts.
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Superconducting RF (SRF) Cavity
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