
K.Saito ILC 2nd Summer School Lecture 
Note

1

Superconducting RF-I
- Basics for SRF Cavity -

K.Saito  KEK
1. Superconductivity Basics
2. Niobium Material
3. SRF Cavity Design
4. HOM Issue
5. Lorentz Detuning
6. RF input coupler
7. Cavity Dressing
8. Cryomodule
9. Cryogenics
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1. Superconductivity　Basics
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1.1 Superconductivity
1.2 SRF Specifics and Constrains
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1.1 Superconductivity

Hext > Hc

T < Tc

Zero resistance @ Tc Perfect diamagnetism < Hc

Miessner effect

Hext

1911 by K.Onnes
19933 by Meissner and Ochsenfeld (experiment)

1935 Phenomenological theory by F.and H.London
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Microscopic Theory
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Two electrons having opposite spin and momentum get an attractive interaction 
through lattice/electron interaction. 　
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1957 by Bardeen, Cooper, and Schrieffer
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Two Types of Superconductor

Type-I Type-II
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1937 by Schubnikov (experiment), 1957 Abrikosov (theory)
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Vortex state

ξ : Coherence length
a  distance within which the superconducting 
electron concentration cannot change 
drastically in a spatially-varying magnetic 
field

Observed by iron powderFlux quantization, 1961 by Deaver and Fairbank

Quantized magnetic flux

supercurrent
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Critical magnetic field measurement 
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Example of  demagnetization curve on Niobium
(NingXia, Large Grain RRR=340) 
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Abrikosov’s Theory for Type-II 

  
Hc =

κ
λ2

=c
2e *

=
κ
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(hc / 2e )
2π 2
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2π 2λξ

Hc2 = 2
λ
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2π 2λξ

=
φ0

2πξ2

Hc1 =
φ o

4πλ2 ln(
λ
ξ

+ 0.08)

φ0 = hc / 2e = 2.0678 × 10−7Gauss ⋅ cm2

                    = 2.0678 × 10-15 T ⋅ m 2
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Exercise I.
Show the formulas for ξ, λ by Hc,Hc2.
Get the T-dependences for ξ, HC2, κ, HC

RF.
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T-dependence of HC1, HC, HC2
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Τ−dependence of λ and ξ
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T-dependence of κ with Lab material
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Attempt for RF Field limitation model
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1) Hp=1750±100 Oe with Nb cavity          Eacc ~ 40MV/m
2) The SRF technology is meeting the theoretical limit.
3) Nb3Sn cavity has  a very larger k(0), therefore the critical field is

so small.
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Checking of the model for other materials

The model looks good for the type-II material cavity！
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What material is best for SRF cavity?
Material point of view: 
・ Smaller heat loading for refrigerator     Higher TC 
・ High gradient 
  HRF>HCRF, then normal conducting  

  H c
RF = 2 ⋅

H c
κ

, κ :G - L parameter  
  The material with higher Hc and smaller κ-value 
If Hc is high enough, Type-I material is better because of 
the smaller κ-value. 
・  Good formability  

Materials Tc [K] Hc,  Hc1 
[Gauss] 

Type Fabrication 

Pb 7.2 803 I Electroplating 
Nb 9.25 1900,  1700 II Deep drawing, film 
Nb3Sn 18.2 5350,   300 II Film 
MgB2 39 4290,   300 II Film 

 
 
 
 
 
 

Niobium has higher Tc, Hc and enough formability.  
  
Now, niobium is widely used for RF sc cavity production. 

This is very much different from 
superconducting magnet
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1.2 SRF Specifics and Constrains

Surface resistance is very very small.      
Cavity performance strongly depends on the surface.

Thermal conductivity @ superconducting state is very small.        
High thermal conductivity is very important.
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HB = 0, E +  0
t
ED = 0, H    E 0
t

J = E   (Ohm's Law)
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ε σ
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Maxwell Equations for conductor (ε, µ, ρ = 0)

t

t

E(x,t) = E (x,t) + E (x,t),

H(x,t) = H (x,t) + H (x,t)
A

A

G G GG G G
G G GG G G

t

From Maxwell Equation, 

H 0,   E (x,t) = E (0)
t

e
σ
ε

−∂
= ⋅

∂
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t t

For the transvers,

 Plane wave : E (x,t) = E (0) exp( k x - t)i ω⋅ ⋅
GG GG G

Surface resistance of normal conducting Case

t t
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β µσω

= = : Skin depth

For good electric conductor
Normal Conducting Case, continued

Surface Impedance for normal conducting case
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s s
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1
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µσω
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1P R H
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Exercise II.
Get the formula of Rs 
for good electric conductor
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Surface resistance in superconductor (Two Fluid model)

General equation:
Two -fluid model by Gorter and Casimir in 1933

Maxwell equation: neglecting the Lorentz term,
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Surface resistance in superconductor

σ n =
nn ⋅e 2 ⋅ l

m ⋅vF
=

e 2 ⋅ l
m ⋅ vF

⋅ ns(T = 0)⋅ e
−

∆
k B⋅T

RS =
1
2

⋅(2π)2 ⋅ µ 2 ⋅ f 2 ⋅ λ L
3 ⋅l ⋅

ns (0 )
mvF

⋅ e
−

∆
k BT

      = A ⋅ f 2 ⋅ e
−

∆
k BT

Normal

Superconducting state

∆

At a finite temperature T

excitation

Quasi particle

BCS Theory

( , ) ( , , , ) exp( )BCS
S c

B

R T A T
k T

ω λ ξ ∆
= ⋅ −A

Exercise III.
Get this formula.
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Rs: (1.259E-4/T) exp(-18.008/T) + 5.5682E-9 
R

BCS
= (1.259E-4/T) exp(-18.008/T)

Rs [ Ω]

1/T [K -1]

Rres

“Very Small” Surface Resistance in SRF Cavity

∆
kB

= 18.008 ⇒
2∆

kBTc

              =
2 ⋅18.008

9.25
= 3.89

2∆
kBTc

= 3.52  (BCS theory)

Residual surface 
resistance depends on 
residual magnetic field, 
surface contamination, 
and so on.

1300MHz, niobium

RBCS ~ 8nΩ,
which is smaller a factor of 10-6 than normal conducting!
The performance strongly depends on the surface!

( ) ( )BCS
S S resR T R T R= +
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BCS Surface Resistance Calculation for 1.3 GHz 
niobium cavity at 4.25 and 2K

Used J. Halbritter’s Code

RBCS ~ 8nΩ @ 2K, 1300MHz (mean free path) RRR∝A
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RS minimum around mean free path
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Thermal conductivity
Normal conductor : 

Wiedemann-Franz low:

κ e =
π2nk B

2τ
3m

⋅T ,    
κ e
σ

=
π 2

3
kB
e

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ 

2
⋅T = LOT

κ en =
1

Wen
=

ρ
LOT

+ aT 2⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

−1

ρ =
ρ 300K
RRR

e-lattices scatt.

e-impurities scatt.
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Thermal conductivity of Nb material at low 
temperature

10

100

1000
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RRR=54, normal
RRR=54, superconducting
RRR=213, normal
RRR=213, superconducting
RRR=246, nornal
RRR=246, superconducting
RRR=398, normal
RRR=398, superconducting

  κ
 [

1/T [K-1]

Cooper pair: k=0

Normal

Super

∆

exp(−
∆

kB ⋅T
)Boltzmann statistics：Existing probability

at energy ∆, and  Temp. T 

Cooper pair condensation

Quasi particle
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Thermal conductivity comparison 
with NC and SC

∆
kB

= 15.339

     ⇓
2∆

kBTc
= 2 × 15.339

kB 9.25
2∆ = 3.317kBTc

BCS theory
2∆ = 3.52kBTc
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κ
SC

(T)=2604.6exp(-15.339/T)+21.345

κ
NC

(T)=51.291T+14.536

κ
[W

/m
*K

]

T[K]

RRR=218
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Calculation of thermal conductivity 
based on Quantum mechanics

κ s(T ) = R(y) ⋅ ρ295K
L ⋅ RRR ⋅T

+ a ⋅T 2⎡ 
⎣ ⎢ 

⎤ 
⎦ ⎥ 

−1
+ 1

D ⋅ exp(y )⋅T 2 + 1
BlT 3

⎡ 

⎣ 
⎢ 
⎢ 

⎤ 

⎦ 
⎥ 
⎥ 

−1

 

  e - impurities scatt.   e - phonons scatt.     lattice - phonnons scatt.   lattice - grain boundaries scatt.    
L = 2.05E − 8,  RRR = 200,  ρ 295K = 14.5E − 8 Ωm , a = 7.52E − 7

−y = α ⋅ Tc
T

,  α = 1.53,  Tc = 9.25K , T ≤ 0.6 ⋅Tc

D = 4.27E − 3,  B = 4.34E 3,  l = 50µm

R(y) =
κ es
κ en

=
2F1(− y) + 2y ln(1 + e − y ) +

y 2

(1 + e y )
2F1(0)

,

Fn (− y) =
zn

1 + e z+ y0
∞

∫ dz                                               
10-5

0.0001

0.001

0.01

0.1

1

-2 0 2 4 6 8 10 12 

F
1
(-y)

y = 0.87222 * exp(-0.95932*x)

F 1 ( 
− y)

-y
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Calculated κsc(T)
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T : Temperature [K]

Thermal conductivity of niobium in superconductivity @ 2K is 1/15 that of stainless at R.T.
(15W/(m•K)） and 1/6800 of pure cooper at 4.2K
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phonon

High purity           +            Homogeneity

High RRR material Vacuum annealing

Nb

R = e-phonon scat. + e-imprity scat. + e-inhomogenety scat.+
1

e-phonon scat. + e-imprity scat. + e-inhomogenety scat.+
κ

⋅⋅⋅

= ⋅⋅⋅

Scattering mechanism limits both 
thermal conductivity and electric conductivity
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RRR measurement
3 0 0 K

9 .5K

RR R R
R

≡
Very simple measurement!!  
RRR is linearly proportional to thermal conductivity.
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Linear relationship between κS(2, 4.25Κ) and RRR

0

50

100

150

200

0 100 200 300 400 500 600
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Linear Relationship between RRR and thermal conductivity
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History of RRR improvement in a Nb production Company
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2. Niobium Material

2.1 Niobium Mien 
2.2 High Purity Niobium Industrial Production
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2.1 Niobium Miens
Niobium mine:Carbonatite

Big three mines in the world
Brazil：Araxa’(アラシャ）

Catalao（カタラウン）
Canada：St.Honore

（サン・オノレ）

（アラシャ）

（カタラウン）

（サン・オノレ）

Niobium is 33rd abundant metal element in the earth.
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A Niobium Mien

Brazil, CBMM, Araxia Mine
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Process of Niobium Refining
CBMM

Nb Ore
Pyrochlore

Crashing Concentration
Float-selection

Burning @ 700,1100OC
(Evaporate S)

Melting
(Isolation)

Fero-niobium

S

Be

Fe, P

Refining

ATR
Aluminum Termitt Reduction

EBM

Pb
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2.2 High Purity Nb Industrial Production 

Tokyo Denkai
By H.Umezawa

Nb
Powder
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Original material for high pure niobium 

シルメットインゴット

ワーチャンの粉末

Original imported Ingots Imported Niobium 
powder

Tokyo Denkai

Pressed powder
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Vapor Presser for various metals

Evaporated easily
except for Nb,W,Ta

Melting point 
for Nb: 2741K

Temperature [K]
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Electron Beam Melting

Molten pool

First melting

Multi-melting

Niobium powder block

Ingot

Nb Powder block
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EBM furnace and Nb Ingots

Tokyo Denkai400kw EBM furnace

Nb Ingots after multi-melted

450 kg
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Impurities
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Keys for High purity Nb Ingot production
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1.0E-05

1.2E-05

1.4E-05

150 170 190 210 230 250 270 290 310 330

RRR

180φ3次

230φ3次

230φ5次

Tokyo Denkai

Effect of the vacuum

Three keys:
1) High Vacuum, 
2) 2) Multi-melting, 
3) Large molten pool surface

(Large Ingot diameter)
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300

350

0 20 40 60 80 100 120
Number of Ingot

3rd180φ

1st 230φ

2nd 230φ

3rd 230φ

4th 230φ

5th 230φ

Build more 30,000 l/Se

Ingot diameter effect

230φ ingot 3 times melting
180φ ingot 5 times melting RRR=300
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Gas analysis in niobium

Gas analysis (Hydrogen, Oxygen, Nitrogen) ：HORIBA

Tokyo Denkai

Melting Nb
Oxidation

Remove CO2

Case of N

He

Thermal conductivity Meas.
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Regression Analysis Result

1
RRR

=
O

5800
+

N
2273

+
H

16322
+

C
8911

+
Ta

604690
+

1
1249

Umezawa’s (Tokyo Denkai) result.

1
RRR

=
O

5000
+

N
3900

+
H

1550
+

C
4100

+
Ta

550000
+ ...

K.K.Schulze: J. Metals, 33(1981), 33-41

Correlation of Measured and Calculated RRR

y = 0.9798x

R2  = 0.835
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=
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+
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+

C
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+
Ta
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OTHE

1249
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Rolling

Final rollingIntermediate rolling

Careful control against dust

CleanroomTokyo Denkai
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Vacuum annealing system
Tokyo Denkai
1400oC Max,
~1x10-6 Torr

Effective working zone
1000φ x 1800L

Ta heater
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Metallurgy of Nb

None annealedWell annealed

Remained roll rolled structure
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Annealing Temp. and Mechanical Properties

Re-crystallization Temperature :  680 ~ 780oC
Vacuum Pressure : ~10-6 Torr

TRISTAN
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High Pure Niobium Sheets

Tokyo Denkai
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Improvement of RRR at Tokyo Denkai

0

100

200

300

400

500

600

1980 1985 1990 1995 2000 2005 2010Year

Maximum RRR
Titanification

300kW EBMF Installed

EB power increased
from 300kW to 400kW

Vacuum pump increased
 from 50,000 L/sec to 80,000 L/sec
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RRR measurement

Tokyo Denkai
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Tensile Test

Tokyo Denkai
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3. SRF  RF Cavity Design

3.1 Single Cell Cavity Design
3.2 Criteria General for Cavity Shape
3.3 Criteria for Multi-cell Structures
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What is RF cavity ?

Principle of RF acceleration
TM-mode : Ez≠0, Bz=0,   frequency: f
TM010 - mode, π-mode,  Standing Wave
V(electron velocity)～C(light velocity)
L(cell length) = λ/2 ;  λ(wave length)=C/f
If the velocity is low like protons,               
β=V/C < 1, then L=βλ/2

RF Cavity: accelerates charged particles by 
the electric field
synchronized with RF frequency.
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Equivalent circuit

I = −
dQ
dt

, Q = CV , V = L
dI
dt

+ RI

d2V
dt

+
R
L

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ 

dV
dt

+
1

LC
⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ = 0 , V(t ) = VO exp(−α + iω )t

(−α + iω )2 + (−α + iω )
R
L

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ +

1
LC

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ = 0,

α =
R
2L

, ω 2 =
1

LC
−

R2

4L2

R << L , ω O
2 =

1
LC

⇒ f =
1

2π LC

Q-value of the circuit

Q ≡ ω・
storedenergy

powerloss / sec
= ω・

P
dP dt

= ω・
L
R

=
ω

2α Q : proportional to 1/R
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Simple Circuit Model of RF Cavity  
- Oscillation in the LCR Circuit -

∝ exp(−
ω
2Q

t ) Q : Damping factor of 
the stored energy
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Electro-magnetic field in a waveguide
Maxwell equations in a waveguide

2
2

2

,  =0,  ,   =0,  =0, =0

0,

( , , , ) ( , )exp( ),  : wavevector,
( , , , ) ( , )exp( ),

i i
c c

c
x y z t x y ikz i t k
x y x t x y ikz i t

ω ωµε ρ

ωµε

ω
ω

∇× = ∇⋅ ∇× = − ∇⋅

⎛ ⎞⎧ ⎫∇ + =⎨ ⎬⎜ ⎟
⎩ ⎭⎝ ⎠

= ± −
= ± −

E B B B E E  j

E
B

E E
B B

2 2
2 2 2 2

2 2

2
2

2

2
2

2

( 0,   ,   ,   =

1 ,

1

t t z z t z z t

z
t t z t z

z
t t z t z

k E B
c z

B i E
z c

k
c

E i B
z c

k
c

ωεµ

ωεµ
ωεµ

ω
ωεµ

⎡ ⎤ ∂⎧ ⎫∇ + − = ∇ ≡ ∇ − = + +⎨ ⎬⎢ ⎥ ∂⎩ ⎭⎣ ⎦
⎡ ∂ ⎤⎛ ⎞= ∇ + ×∇⎜ ⎟⎢ ⎥∂⎛ ⎞ ⎝ ⎠⎣ ⎦−⎜ ⎟

⎝ ⎠
⎡ ∂ ⎤⎛ ⎞= ∇ − ×∇⎜ ⎟⎢ ⎥∂⎛ ⎞ ⎝ ⎠⎣ ⎦−⎜ ⎟

⎝ ⎠

Ε E e E B e B
B

B e

E e

Exercise IV.
Get this formula.
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TM- mode Assign

TM-mode : Bz = 0, Ez ≠ 0 Can accelerate beam Beam

Solve the eigenvalue problem,
get k and Ez

[ ]2
2

2

2
2

2

2
2 2

2

,

1 ,

( ) 0,

t z t z

z
t t

t z z

i
c E

k
c

E
z

k
c

E k E
c

ωεµ

ωεµ

ωεµ

ωεµ

= ×∇
⎛ ⎞

−⎜ ⎟
⎝ ⎠

∂⎛ ⎞= ∇ ⎜ ⎟∂⎛ ⎞ ⎝ ⎠−⎜ ⎟
⎝ ⎠

⎡ ⎤
∇ + − =⎢ ⎥

⎣ ⎦

B e

E

Boundary condition   E z S = 0 ( ∵ on the surface of perfect conductor)

∂Bz
∂n S = 0 ( on the surface,

but automatically satisfied by the TM - mode condition)

0× =n E

0⋅ =n B∵
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TE-mode : Ez = 0 ,  Bz ≠ 0 Can not accelerate beam

TE-mode Assign

2
2

2

2
2

2

2
2 2

2

,
( )

,

( ) 0,

z
t t

t z t z

t z z

i Bc
zk

c

i
c B

k
c

B k B
c

ωεµ

ωεµ

ω

ωεµ

ωεµ

∂⎛ ⎞= ∇ ⎜ ⎟∂⎝ ⎠−

−
= ×∇

⎛ ⎞
−⎜ ⎟

⎝ ⎠
⎡ ⎤
∇ + − =⎢ ⎥

⎣ ⎦

B

E e

Boundary condition   E z S = 0 ( on the surface of perfect conductor

but automatically satisfied by the TE- mode condition)
∂Bz
∂n S = 0 ( ∵ on the surface) 

0× =n E∵

0⋅ =n B



K.Saito ILC 2nd Summer School Lecture 
Note

61

Eigevalue problem
ψ(x, y ) = Ez(x, y )  for TM- mode  or  Bz(x , y) for TE- mode

From the boundary condition,

  γ
2 = γ λ

2  ,  ψ = ψ λ    (λ = 1, 2,") 

kλ
2 = εµ

ω 2

c 2 − γ λ
2

G 
∇ t

2 + γ 2( )ψ = 0 , ψ S = 0 (for TM - mode)  or 
∂

∂n
ψ S = 0 (for TE - mode)

γ 2 = εµ
ω 2

c 2
− k 2 ≥ 0

If , then  is an imaginal number. The wave is damped in the waveguide.

cutoff frequency

When  , wave number  is a real number, 
then the wave can propagate into the waveguide.

c k

c

k

λ
λ

λ
λ

λ λ

γω
εµ

γω
εµ

ω ω

<

=

≥

"
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TM-mode in a Pill Box Cavity

[ ]
t

TM-modes
( , , , ) ( , ) exp( )

When shorted at 0 and ,  then the wave makes a standing wave.
 ( , , , ) ( , ) cos( ) ( , )sin( ) exp( )

If the cavity is made from perfect conductor, E

x y z t x y ikz i t
z z d

x y z t x y kz x y kz i t

ω

ω

= −
= =

∴ = + −

=

E E

E A B

[ ]

t2

0  0 and d.

 ( , , ) ( , )sin( ) and sin( ) 0 ( 0,1, 2, )

( , , ) ( , , ) ( , ) cos( ) ( , )sin( )

1( , , , ) ,  and the boundary condition: E 0 at 0.

z z z z z

t t

at z
px y z x y kz kd kd p p k
d

x y z x y z x y kz x y kz

x y z z
z

ππ

γ

=

∴ = = ⇒ = = ⋅⋅⋅ ⇒ =

= Ψ = +

∂Ψ⎛ ⎞= ∇ = =⎜ ⎟∂⎝ ⎠

⇒ Ψ

E B

E e A B e

E

( )

( )

22 2
2 2 2 2
t 2 2

2 2
2 2 2

2 2 2

( , ) cos( ) ( , ) cos( )

Now one can solve the eigenvalue problem.

0,  

Cylindorical cordinate ( , , ),  = ( , )

1 1 0

(

z z

z

t

pB x y kz B x y z
d

pk
c c d

r z B r

r r r r

π

ω ω πγ γ εµ εµ

θ θ

γ γ
θ

= =

⎛ ⎞∇ + Ψ = = − = − ⎜ ⎟
⎝ ⎠

Ψ → Ψ

⎛ ⎞∂ ∂ ∂
∇ + Ψ = + + Ψ + Ψ =⎜ ⎟∂ ∂ ∂⎝ ⎠

Ψ , ) ( ) ( )r R rθ θ= ⋅Θ
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2 2
2 2 2

2 2

2
2

02

2 2

2 2

( ) ( ) 1 ( )
( ) ( )

1 ( ) ( ) exp( ), 0,1, 2,
( )

 is for a single-value function at =0 2 .
= ,

1 (1 ) 0 : ( )

For no dive

m

R r r R rr r
r R r r

m im m

r
R R m R R mthBesselfunction J

θγ
θ θ

θ θ θ
θ θ

θ π
ρ γ

ρ ρ ρ ρ

∂ ∂ ∂ Θ
+ + = −

∂ ∂ Θ ∂

∂ Θ
− = ⇒ Θ = Θ ± = ⋅⋅⋅

Θ ∂
Θ

∂ ∂
+ + − = ⇒

∂ ∂

∼

,

rgence at =0 ( ) ( )
Boundary condition: ( , ) 0 at ( ) 0 :  nth solution of 

m

z m m n m

R J
E r r a J a a J
ρ ρ ρ

θ γ γ ρ
⇒ =

= = ⇒ = ⇒ =

m=2

m=1

m=0

n=3n=2n=1,m nρ
0,1 2.405ρ = 0,2 5.520ρ = 0,3 8.654ρ =

1,1 3.832ρ = 1,2 7.016ρ = 1,3 10.173ρ =

2,1 5.136ρ = 2,2 8.417ρ = 2,3 11.620ρ =

, ,
,

, ,

2 2
,

, , 2 2

,   thus ( , ) ( ) exp( ),

Resonance frequency (TM mode)

m n m n
m n m

m n p

m n
m n p

r J r im
a a

c p
a d

ρ ρ
γ θ θ

ρ πω
εµ

= Ψ = ⋅ ⋅ ±

−

= +
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[ ]2
2

2

2
2

2

For  and , calculate

,

1 ,

t t

t z t z

z
t t

E B

i
c E

k
c

E
z

k
c

ωεµ

ωεµ

ωεµ

= ×∇
⎛ ⎞

−⎜ ⎟
⎝ ⎠

∂⎛ ⎞= ∇ ⎜ ⎟∂⎛ ⎞ ⎝ ⎠−⎜ ⎟
⎝ ⎠

B e

E

, ,

,

0 , , ,0

, ,

,0
2

, ,

mode

cos( ) ( ) exp( ),               0

( )cos( ) exp( ),         cos( ) ( ) exp( )

cos( ) ( ) exp( ),   

m n p

m n
z o m z

m n p m nm
r r m

m n p

m n
m

m n p

TM

E E kz J r im B
a

E miE p JpE z im B kz J r im
d a

E mp pE z J r im
dc d aθ

ρ
θ

εµω ρπ ρπ θ θ
γ ρ

ρπ π θ
γ

−

= − =

∂
= − = − −

∂

= − 0 , ,

, ,

( )cos( )exp( )m n p m

m n p

iE JB kz im
cθ

εµω ρθ
γ ρ

∂
= −

∂
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Design of TM010-mode single cell cavity
0,1

0 0 0 0

0 0,1,0
1

0,1,0

2.405( ) ( ),    0

0,                                                0
2.4050,                                              ( )

Here, remember 

z z

r r

m

E E J r E J r B
a a

E B
iE

E B J r
c a

J mJ

θ θ

ρ

εµω
γ

ρ

= = =

= =

= = −

∂
=

∂ 1 1

0,1,0 0,1,0
2.405 2.405,   

m mJ

c
a a

γ ω
εµ

− +−

= = ⋅

0,1,0

10 

10

o o 9

Example of cavity design: 1300MHz, 

pill-box type single cell cavity

2 ,   ,  

 c=3.00 10 / sec,

= =1, = =1 (Gauss unit),  a = 8.83

2.405 2.405
2

2.405 3.00 10
2 1.30 10

2

f a

cm

cm

d

c c
a f

c

ω π

µ µ ε ε

µε π µε

π
λ

= ⋅ = =

×

=

= =

⋅

× ×
× ×

10 9

11.54
3.00 10 /1.30 10

2 2
cm

f
= =

× ×

Exercise V. 
Make design a 1300MHz single cell Pill Box cavity
1.What is the diameter of the cell?
2. What is the cell length?
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Transit time factor
0,1

0 0( 0, , ) ( ) exp( )zE r z t E J r i t
a

ρ
ω= = ⋅ −

d=λ/2

v=c

0,  0t z= =

z c t= ⋅

,  
6 6
Tt z λ

= = ,  
4 4
Tt z λ

= =
5 5,  
12 12
Tt z λ

= = ,  
2 2
Tt z λ

= =

0 0 00 0 0

0

sin
2( 0, ) ( 0, )

2
:  Transit time factor

2 0.637  (for Pill Box Cavity)

z zi id d di t c c
z z

d
cV E r z e dz E r z e dz E e dz E d E d Td

c
T

T

VEacc E T
d

ω ωω

ω

ω

π

⎛ ⎞
⎜ ⎟
⎝ ⎠= = = = = = = ⋅

= =

≡ =

∫ ∫ ∫
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Characteristic parameters of RF cavity

Surface Impedance Z[Ω]:   Z ≡
E//
H //

= RS + iX ,       RS =
1

σδ
=

µω
2σ

,      
 
Skin depth δ [m] :  
 

Wall loss Ploss [W]: Ploss =
1
2

RS Hs
2

S∫ ds       (=
πRSEo

2

(µ ε )
J1

2 (2.405)⋅ a ⋅(a + d)      for pill box cavity) 
zi(ω× )d cE e dz 2z0T ransit tim e factor T  :   T =               (=    fo r p ill box  cavity )πd E dzz0

∫

∫
 

Accelerating Voltage V :  V = Eo (ρ = 0,z) ⋅
0

d
∫ ei(ω⋅ z

c )dz             (= dEoT      for pill box)

                                          
 

Accelerating gradient  Eacc :   Eacc =
V
d

        (= Eo T = 2
Eo

π
      for pill box cavity) 

Stored energy  U:  U =
1
2

µ H2
V∫ dv =

1
2

ε E2
V∫ dv      (=

πεE0
2

2
⋅ J1

2 (2.405)⋅ d ⋅a2      for pill box cavity)

 

Unloaded Q - value QO:  QO =
ω ⋅U
Ploss

      (=  ω ⋅
µ ⋅ a2d

2 ⋅a(a + d)
⋅
1
RS

     for pill box cavity) 

δ =
2

µωσ
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Characteristic parameters of RF cavity

Shunt impedance  Rsh[Ω]: Rsh =
V2

Ploss
     ( =  

4( ε
µ )d2

π3RSJ1
2(2.405)a(a + d)

   for pill box cavity)

Geometrical factor Γ: Γ = QO ⋅RS =
ωµ H2dv

V∫
HS

2ds
S∫

  ( =  
ωµda2

2(a2 + ad)
  for pill box cavity)  ⇒   RS =

Γ
QO

R
Q :       R

Q( ) = Rsh

QO
 = V2

ωU
         Goodness of the cavity shape,No dependent on material

ESP Eacc      (=
π
2

=1.57    for pill box cavity),   HSP Eacc     (= 30.5 
Oe

MV/ m
    for pill box cavity)   

Smaller value is better from field
emission problem point of view

Smaller value is better from high gradient
point of view

Pill-box cavity maximum Eacc  = 1750/30.5 =57.4MV/m
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Frequency dependence of the cavity parameters

ω

No dependenceNo dependenceR/Q

No dependenceNo dependenceΓ

Rsh/L

Rsh

QO

U

No dependencePloss

RS

ω dependence
Super conducting

ω dependence
Normal conducting

Characteristic 
Parameter

1
2ω
3
2ω

−

3ω−

1
2ω

−

1
2ω

−

1
2ω

2ω

3ω−

2ω−

2ω−

1ω−

Rsh per length linearly increases to         , so normal conducting choose higher frequency, 
for example 11.4GHz @ warm LC.



K.Saito ILC 2nd Summer School Lecture 
Note

70

3.2 Criteria General for Cavity Shape

Suppressed Multipacting
Lower Surface Electric field
Lower Surface Magnetic field
High Efficient
High Gradient incorporate

2001-2004
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Real Cavity Design
1) Need a hole on the cavity 

for electron to pass the cavity
2)   Need RF input port
3)   HOM coupler port
4)   High efficient cavity
5)   Better performance

Smaller Ep/Eacc : Field emission 
Smaller Hp/Eacc : Multipaction

Need Beam pipes on both Ends

Optimization of cell shape
Multi-cell cavity

Choose spherical shape
to reduce multipacting

Diameter of BP               bigger
Ep/Eacc larger
Hp/Eacc larger
R/Q            larger
Cell to cell coupling   smaller 
HOM issue           more  serious       
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Cavity Design (single cell cavity)
Superfish

Meshing Driving point

Hp Ep
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Exercise VI.
Calculate the following cavity RF parameters from the Superfish outputs.

Rsh [Ω] =
Accelerating Voltage V [MV]=
RF wave length λ[m] =
Gradient Eacc = V/Leff [MV/m]=                         ,defined as Leff =λ/2
Hp/Eacc[Oe/(MV/m)] =                                       , use 1A/m= 4π10-3 Oe
Ep/Eacc =
Eacc [MV/m] =                                Z=
Geometrical factor Γ [Ω] = 

lossZ P   ,OQ⋅ ⋅

Superfish outputs

f0=1293.77430MHz
Ploss=118.1551W
RsQ=265.171 Ω
Qo=28257.6
(Rsh/Q)=109.24 Ω
Hp=1753.44 A/m
Ep=0.946176 MV/m
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High Gradient Shapes 

Cavity shape designs with low Hp/Eacc

TTF: TESLA shape
Reentrant (RE): Cornell Univ. 
Low Loss(LL): JLAB/DESY
IchiroｰSingle(IS): KEK

from J.Sekutowicz lecture Note

49.2

285

138

35.6

2.02

61

IS

46.548.541.1Eacc max

277284271G[W]

126.8133.7113.8R/Q [W]

37.636.142.6Hp/Eacc [Oe/MV/m]

2.212.362.0Ep/Eacc

666070Diameter [mm]

RELLTESLA
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Eacc vs. Year   

10

20

30

40

50

60

70
E

ac
c,

m
ax

 [M
V

/m
]

Date  [Year]
'91 '00'95 '05'93 '97 '03

High pressuer 
water rinsing

(HPR)

Electropolshing(EP)

 + HPR + 120OC Bake

New Shape

Chemical Polishing

RE, LL, IS shape

'99 '07

2nd Breakthrough!
1st Breakthrough!
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Pros and cons for a multi-cell structure
Cost of accelerators is lower (less auxiliaries: LHe vessels, 

tuners, fundamental power couplers, control electronics)

Higher real-estate gradient (better fill factor)

Field flatness vs. N 

HOM trapping vs. N 

Power capability of fundamental power couplers  vs. N

Chemical treatment and final preparation become more 

complicated 

The worst performing cell limits whole multi-cell structure 

3.3 Criteria for Multi-cell Structures



K.Saito ILC 2nd Summer School Lecture 
Note

77
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ff
i i cc i

A f fNa
A f k f

∆ ∆ ∆= = ⋅

Field flatness factor :

How to decide the number of cells

Cell to cell coupling :

Beam pipe has no acceleration beam.
BP reduce the efficiency.

Multi-cell is more efficient.

N
nπβ =

N
fπω =

gv ω
β

∂
=

∂

fπ

0f
nπ0n

N: number of cells

HOM
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No fields at HOM couplers positions, which are always placed at 
end beam tubes

e-m fields at HOM couplers positions

N = 17

N = 13

N  =  9

N  =  5

Smaller number of cells is easy to take out HOMs.

HOM trapping vs. N
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104
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107

1 2 3 4 5 6 7 8 9

Frequency and External Q

Fr
eq

ue
nc

y 
/ M

H
z

External Q

Mode Number

RF Structure Simulation

Simulation of Higher Order Mode Damping

Analysis of Wall Loss in Vertical Testing 

Currently full 3D analysis is possible using cords Omega or ANALIS, example SLAC, 
KEK

0.7 W on SUS 316L Wall 15.8 W on
SUS 316 Wall

«1 W

21.8 W on Niobium Walls

Measured Low Q of 1.1×1010  at 21 MV/m for 38 W ----- Reproduced by Simulation

Mesh of HOM Damper

Element Model (Mesh)

Dipole Modes (TM11)

Monopole Modes (TM01)

Dipole Modes (TE11)

•

Magnetic Field Contour
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1 2 3 4 5 6 7 8 9
1 2 3 4 5 6 7 8 9

1
9

π

2
9

π

3
9

π

4
9

π

5
9

π

6
9

π

7
9

π

8
9

π

π

4, 5, 6

2, 5, 8

5

Pass-band modes of TM010 in a 9-cell cavity

Cell number

2π advance in the cavity
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BCD Cavity shape : TESLA

ACD cavity shape : LL

17000 cavities

ILC Cavity



K.Saito ILC 2nd Summer School Lecture 
Note

82

4. HOM Issues

4.1 HOM
4.2 HOM Coupler
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The beam will excite HOM modes, 
if it passes off beam axis of the cavity.

ro

The amount of induced energy by charge q is:
∆Uq = k║·q2 for monopole modes (max. on axis)

∆Uq = k┴·q2 for non monopole modes (off axis)
where k║ and k┴(r) are loss factors  for the monopole and transverse modes respectively.

The induced E-H field  is  a superposition of cavity eigenmodes having  the component of the 

electric field along the trajectory.

J.Sekutwitz’s Slide

4.1 HOM (Higher Order Mode)
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Dangerous Modes HOM

Two kind of phenomena can limit performance of a machine due to the beam induced HOM 
power:

Beam Instabilities and/or dilution of emittance 
Additional cryogenic power and/or overheating of HOM couplers output lines

Beam instabilities and/or dilution of emittance

Transverse modes (dipoles) causing emittance growth+ monopoles causing energy spread
This is mainly problem

in linacs: TESLA or ILC, CEBAF, European XFEL, linacs driving FELs.

Additional cryogenic power and/or overheating of HOM couplers output lines

Monopoles having high impedance on axis are excited by the beam and store energy which must
be coupled out of cavities, since it causes additional cryogenic load, and induces energy spread.
This is mainly problem

in high beam current machines: B-Factories, Synchrotrons, Electron cooling.

HOM Problem
J.Sekutwitz’s Slide

HOM modes has to be taken out from the cavity through HOM coupler.



K.Saito ILC 2nd Summer School Lecture 
Note

85

Spectra of accelerated beams, which bunches are shorter than 1 mm, extend to hundreds of GHz.

Propagating Modes and Trapping between Cavities HOM 

Modes under cut-off,
(R/Q) up to 160Ω/cavity

Propagating modes, 
(R/Q) up to ~5 Ω /cavity

Damped by 
HOM couplers

Damped by beam line absorbers 
outside the N-cavity cryomodule

ILC Beam Spectrum:  σz = 0.300 mm, Δfi,i+1 = 2.97 
MHz

f [GHz] 5000

1

1 10 100 1000
fo

Trapped in cavity Propagate beam pipe
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Propagating Modes and Trapping between Cavities HOM 

f [GHz]1 10 100 1000
fo

Propagating modes above cut-off.

Gray-zone ?
5 GHz < f < 15 GHz

17 m long TDR cryomodule: 12 cavities.

70 K beam line 
absorber

70 K beam line 
absorber

Damping the HOM with higher frequency
over than Cut-off frequency
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HOM couplers  limit RF-performance of sc cavities when they are placed on cells 

no E-H fields at HOM couplers positions, which 
are always placed at end beam tubes

The HOM trapping mechanism is similar to the FM field profile unflatness mechanism:

weak coupling HOM cell-to-cell,  kcc,HOM

difference in HOM frequency of end-cell and inner-cell

f = 2385 MHz

That is why they 
hardly resonate 

together
f = 2415 MHz

Trapping of Modes within Cavities HOM Attention to Trapped modes damping 
through HOM coupler
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The TESLA –like  HOM couplers are nowadays designed in frequency range: 0.8-3.9 GHz

Cs 

Cf 

Co 

L1 
L2 

Ro 

x1, z1 x2, z1 

4.2 HOM Coupler

Pass band Pass band

Rejection band
Rejection band

Loop

Take out HOM modes
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Comparison in Damping Performance of HOMs

R/Q and Qext

1.E-01

1.E+01

1.E+03

1.E+05

1600 1700 1800 1900 2000

Frequency / MHz

R
/Q
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n 

Ω
/m

2 )  
   

   
 Q
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t

R/Q
R/Q TESLA
Qext
Qext TESLA
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Suppression of Multipacting in HOM Cylinder 
by better HOM coupler design

Old
Multipacting in Old Dampers

1

10

100

1000

10000

0 10 20 30 40 50 60

Accelerating Gradient / MV/m

EC
F

Upstream
Downstream

Multipacting in New Damper

1

10

100

1000

10000

0 10 20 30 40 50 60

Accelerating Gradient / MV/m

EC
F

“New”

By Y.Morozumi @ KEK
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5. Lorentz Detuning
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Frequency detuned by Lorentz force

∆f

L large

C　 large

　　　　　　 lowerfc =
1

2π LC
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Frequency and Phase Control by Piezo tuner

fRF

Lorentz detuning can be 
compensated 
with Piezo tuner control

fC

Resonance
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Tow components of Lorentz Deformation

S

2
2

kk
0

k
mode

k

K
BA

aa

acc
acc

l

E
ld
fdE

F
Fd
ld

ld
fdfff

+=

+≈=∆ ∑∑
=∆

δδ

Ｋｊａｃｋｅｔ Ｋtuner

ＫcavityF F

Ｆｚ

Ｆｒ

Noguchi’s slide in the 1st ILC school 

2.913.7μmFine Tuning Stroke

(1360)6201490HzΔf (30MV/m)

170050026N/μmKtuner

589626N/μmKjacket

608013N/μmKS

1.833N/μmdF/dl

370320320Hz/μmdf/dl

0.0510.0470.047N/(MeV/m)2B

(1.2)0.50.5Hz/(MeV/m)2A

STF Ball ScrewSTF Slide JackTESLA Blade　　

Rigid Stiffness at Jacket and Tuner are also
Very important against the Lorentz Detuning.
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Lorentz Detuning Compensation Tuner System @ KEK

1) Use well established technology
2) Rigidity during handling
3) Wide Range Tuning Design                               
4) Easy Replacement
5) Less heat loss
6) Less X-ray Damage
7) Keep the possibility to move out of vacuum chamber

Screw Ball Tuner

Mechanical resonance

Locate both tuners around 
100K shield

Coaxial screw ball tuner

NO BCD yet for ILC!



K.Saito ILC 2nd Summer School Lecture 
Note

96

1.3ms

f=250Hz

Frequency  change

∆L ~ ∆f

368Hz/µm

Principle of the Lorentz Detuning used mechanical resonance

∆L

Cavity Lorentz detuning

Compensation by ∆L
3.4µm 

@31.5MV/m
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Comparison of Lorentz Force Deformation between 
different cell shapes

0.12 µ

0.34 µ0.11 µ

0.16 µ

0.40 µ0.07 µ

ICHIRO TESLAHalf Cell Models
with 2.8 mm Niobium Wall

Loaded with Surface Stresses
(Excited to 40 MV/m)

Constrained in Axial Length

-2.4 kHz -2.1 kHz
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MN

MXTIME=1
USUM     (AVG)
RSYS=0
DMX =.139E-06
SMN =.273E-08
SMX =.139E-06

MN

MXUSUM     (AVG)
RSYS=0
DMX =.134E-06
SMN =.143E-08
SMX =.134E-06

MN

MXUSUM     (AVG)
RSYS=0
DMX =.123E-06
SMN =.241E-08
SMX =.123E-06

MN

MX

USUM     (AVG)
RSYS=0
DMX =.136E-06
SMN =.447E-08
SMX =.136E-06

                                                                         
0

.200E-07
.400E-07

.600E-07
.800E-07

.100E-06
.120E-06

.140E-06

(Unit: m)

R40mm

R50mm

R61mm
Minimum def.

R64mm

Eacc=38MV/m
Optimization of   Stiffener Location against Lorentz Detuning

by H.Yamaoka
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69Hz

207Hz

343Hz

476Hz

137Hz

260Hz

313Hz

569Hz

Calculation of longitudinal mechanical resonance 
w/wo He vessel　 by H.Yamaoka

Naked Cavity With He Vessel
SUS t3mm

Fixed point
Free for longitudinal Fixed point Free for longitudinal
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Mechanical Design Cavities Mechanical Resonance of a multi-cell cavity

TESLA structure

Transverse modes

60 Hz

152 Hz

250 Hz Longitudinal mode

The mechanical resonances modulate frequency of the accelerating mode.
Sources of their excitation: vacuum pumps, ground vibrations…
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Comparison of Tuners (Now NO BCD  for ILC)

Screw Ball tuner Saclay-II

Blade Tuner Jack tuner
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0.1Piezo

Motor

END plateHe vesselEnd plate80K or out of  Vac. 
vessel

Piezo

Motor

138036.4

320320368

0.1Resolution
[Hz]

~3000Piezo tuning range

0.06gf/µm, 0.1WMotor driving power

Lever typeTwistSlide JackyCoaxial ball screwTuner mechanism

Beam tubeHe vesselOut of Vac. vessel80K or out of vac. 
vessel

Location

Saclay-IIBladeJackScrew Ball

Comparison of Tuner Designs

[ ]  Hz/ mdf
dl

µ

[ ] N/ mdF
dl

µ
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6. RF Input Coupler
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Three types developed for ILC

CC-coupler Double disk windows

TTF-III (BCD for ILC)
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205016RF processing time [hr]

negligible0.030.18Dynamic

0.10.22.0Dynamic

331.5Dynamic

Static

Static

Static

2K

5K

80K

0.060.051.8e-4

0.51.10.54

651.24Therm
al Loss [W

]

3.22.33.25Average rf power [kW]

1055Repetition [Hz]

1.31.3(1.5)1.3 (1.5)Pulse width [ms]

250(1000)350(1300)500 (2000)Designed RF Power [kW]

TTF-IIISTF-BLCC-coupler

Input Coupler Designs

Can be reduced the dynamic loss at 5K and 2K in CC-coupler by using higher RRR
cooper material, for example RRR=40.
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Thermal anchor

5K 80K

RF

Cold rf window

By Matsumoto and Kazakov @ KEK
Input Coupler Design @ KEKInput Coupler Design @ KEK

Major Parameters

Input rf power: 500 kW

Pulse width: 1.3 msec

Repetition rate: 5 Hz

Average rf power: 3.25 kW   

Thermal loss　[W]

80K    5K     2K

Static: 　1.24   0.54   2.6x1e-4   

Dynamic: 2.14   2.88   0.25

Total:    3.38    3.42  ~0.25

RRR: 3.5 (measured data)
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Capacitive Coupling Coaxial Line for Input Coupler

inner conductor

ceramicouter conductor

to cavityrf input

capacitive coupling

Capacitive coupling coaxial line should have advantages;
1) Good thermal insulation ability between the warm and the cold sides.
2) Reduce the brazing difficulty for the ceramic window.

Easy to braze between cooper and ceramic disk.  

Concept of capacitive coupling coaxial line

ceramic disk

inner conductor

outer conductor

support stems between outer 
and inner conductors

Well established in warm technology

By H.Matsumoto and S.Kazakov
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500kW Input coupler high power test stand @ STF
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Coaxial capacitive input coupler

Successfully demonstrated
the high power performance 

up to 2MW!

The specification: 500kW, 
1.5msec, 5Hz 

@ 45MV/m operation

By H.Matsumoto and S.Kazakov
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Progress with Input Coupler @ LAL
Selected recent progress on CARE SCRF:
3 new prototype designs of power couplers from LAL-Orsay:

To be built in industry
and tested in 2006.
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better handling (N2 cabinet and caps)

TTF III Coupler Processing Times in CHECHIA
Data from D. Kostin –DESY-

Processing time was much reduced!
now ~ 15hr
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7. Cavity Dressing

7.1 Helium Vessel Assembly at KEK
7.2 Cavity Dressing
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Flow of the Cavity Assembly to Cryomodule

Electropolishing

Cryomodule test

TTF
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Helium Vessel Parts @ KEK

SUS

SUS
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TIG Welding of the Vessel @ KEK
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Completed Helium Vessel
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Tuner Dressed Cavity @ KEK

Ichiro Cavity
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Cavity String Assembly at DESY

The inter-cavity connection is done 
in class 10 cleanrooms



K.Saito ILC 2nd Summer School Lecture 
Note

122

Coupler Mounting @ KEK
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A Fully Dressed Cavity Holed under He Gas Return Pipe

KEK LL cavity
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8. ILC Cryomodule
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eff

eff tech

eff tech

Generation efficiency of LHe:
T(T) ,    6.71E-3 @ 2T,

300-T
(2K) 0.1% @ 0.2,

This means that one needs 1kW energy to remove 1 W of the heating.

η

η η

η η

= ⋅

≈ =

Cryomodule Design
• Minimize the radiation energy 

from outside
• Reduce heat leak from outside
• Use the material with 

low thermal shrinkage 
710769Volume ratio of Gas/Liquid

1612.55Latent heat[kJ/L]

0.8090.125Density [kg/L]

77.354.22Boiling temp.[K]

LN2LHe

Characteristics of the Liquid Helium
Very small efficiency !

Very small Latent heat !
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4σT
T

Radiation energy

4

4

4

4

4

4

(300 ) 300 13 6
(5 ) 5

(300 ) 300 200
(80 ) 80

(80 ) 80 65500
(5 ) 5

r

r

r

r

r

r

E K E
E K

E K
E K

E K
E K

= ≈

= ≈

= ≈

4
rRadiation Power: E (T)= T  

(Stefan-Boltzmann law)
σ

80K shield

5K shield

Lhe 2K

Stop the direct radiation !
Use the reflection shield!

Use the material with small thermal conductivity
Example: SUS, G10….

Basics for Cryomodule Design
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Helium tank

Coupler 
port

Thermal 
shields

Sliding support

Helium 
GRP

Cryogenic 
support

Two phase flow

Pressurized 
helium feeding

Shield gas 
feeding

Cross section

WPM

cavity

2K LHe level
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5K Shielding @ KEK

RF-cable connectors (5K)5K shielding

5K anchor of coupler
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Coupler and Tuner in the cryomodule @ KEK

Motor
Piezo TunerCold window cover
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80K Shielding

80K shield

He gas 
retun pipe

Cavity

5K shield
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Installation into vacuum vessel
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Move into the tunnel
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Cryomodule in the STF Tunnel
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For ILC Cryomodule Design

• Magnet alignment and vibration issues.
• Cryomodule with and without magnet package

– Define BPM, Steering, and Quad parameters
– Possible option for separate magnet cryo vessel

• Reduced cavity length (which tuner design?)
• Reduced cavity spacing (new interconnect)
• Need for functional Fast-Tuner

Current Cryo3

Minor changes to address major concerns.
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Cryogenics

JT Valve

Expand the gas by J-T valve,
and decrease the temperature

Make work a part of the gas by operating turbine,
Decrease the temperature,

Reduce the temperature of the heat exchanger

Completely thermodynamics

4.25

Open the JT valve bellow 45K for LHe

T
em

perature

Constant 
pressure

J-T cycle
Entropy

H
eat exchanger

Compressor

T
em

perature
Claude Cycle
Entropy

Compressor
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2K Liquid Refrigerator (CEBAF)

Cold compressor:
Compress the cold gas and 
Increase the temperature and pressure 
up to nearly RT.
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LHe-T(K).d

Temperature(K)
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He Gas Pressure [Torr]

4.25 K = 760 Torr

λ-point :
2.1773K  = 38.41 Torr

2K = 23.77 Torr

LHe Temperature　P vs. T

0.30163( ) 0.79588 0.46085T P P= + ⋅
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Characteristics of the He-II

・LHe transits from He-I to LHe-II at Lamda point : T=2.18K
・He-II　has no viscosity and makes easily super-leak.
・He-II has very a large thermal conductivity.
　which is 100 higher than that of copper at low temperature

Temperature

Temperature
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Characteristics of thermal  conductivity of He-II

qm = f(T)−1 dT
dx


