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Gulliver’s Travel

Grand Academy of Legado

In 1726 Janathan Swift  had written that air was 
considered to be permanent gas 

150 years before it was liquefied….
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Cryogenics
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Application of CryogenicsApplication of Cryogenics
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Temperature Scale (ITS-90)
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Origin of the word ‘CRYOGENICS’

CRYOGENICS

means

“the science and art of producing cold”

1st recorded use at the 19th century !!!!

EtymologyEtymology

‘cryos’ = frost ‘Generate’ = to produce

Derived from Greek       word  [12th Century]

Etymologically 
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1894
Dutch term by K.Onnes 
“Kryogen Laboratorium”

In USA 1st recorded use
of word “Cryogenic” 
By Bradley and Rowe in
a paper of Physical Review

1904



Cryogenic Development EvolutionApplication of CryogenicsCryogenic Development
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Father of Helium Cryogenics and Superconductivity

Kamerlingh Onnes

In 1908 : 1st Person to liquefy Helium In 1911: Discover Superconductivity  

Helium CryogenicsEvolutionApplication of CryogenicsHelium Cryogenics & Superconductivity
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Dewar’s Letter to Onnes

12th May,1898



History of Helium 

Aug. 18, 1868: Helium Discovered  by 
French astronomer Pierre Jules Ceasr 
Jansseen During a Total Solar Eclipse 
In Guntoor, India

Kamerling Onnes brother collected 
Monazite sand from Kerala, a southern 
state in India ( according to Barron’ s book)



Charged particles in an Accelerator need

DetectionAcceleration Bending & 
Focusing 

F qE
Dipolep B

Cavities or 
Resonators Magnets Magnets

Higher magnetic fields will cause charged particles to take a 
curved path through the equipment : the curvature will be 
proportional to the mass and energy.

Magnets & Cavities for Accelerator
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Operating Temperature of  magnet

At Lower Temperature, Higher Field can be achieved
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Source: Ph Lebrun

Critical current density of practical superconductors

NbTi : TC~9.2K

Nb3Sn : TC~18.3K

8T



Operating Temp of  (GHz) Cavities

Niobium : TC~9.2K

Top=2K ;

Top=1.8K ;

Top= 4.2K ;

The surface resistance of a 9-cell TESLA cavity plotted as a function of Tc/T
@Padamsee

800 nW

15 nW

7 nW

Dr. Soumen Kar, IUAC, New Delhi DEC10-17, 2017KEK-JAPAN

Niobium Cavities 

RS=R BCS (f, T) + R res

Tera Electronvolt Superconducting Linear Accelerator (TESLA)



Other advantages of Superfluid

Low viscosity enables superfluid helium to

permeate to the heart of magnet windings

Very large specific heat ( ~105 times that of the 

conductor per unit mass)

Copper

Superfluid

1.9K

1.9K 1.8K

1.8K

Excellent heat conductivity (~ 103 times that of 

cryogenic-grade OFHC copper) 

Q/A~1W/cm2

Q/A ~1mW/cm2

Length =1m

Provides  better stabilization against  any thermal disturbances
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Superconducting Elements

Magnets

Field  < 8T Field  > 8T f  ~ GHz

Cavities 

f  ~ MHz

4K Cryogenics

Particle Accelerator

NbTi Nb

2K Cryogenics

4K or 2K cryogenics
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QWR 
HWR
Spoke 

TESLA type
cavities



Cryogen for Practical Superconductors

0K

NbTi   (9.2K) 
Nb3Sn (18K)
Nb (9.3K)

LTS 

HTS

BSCCO(110K) 
YBCO (93K)

LHe@4.2K

LN2@77K

Copper

300K200K100KTemperature

R
es

is
ti

vi
ty

Tc Tc

*Figure is indicative

Every SC needs a Cryogenic Coolant to maintain its  Temperature 
below Tc and perform the Duty  What   it is Supposed to Do……. 
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Nomenclature

Fluid: Gas /Vapor/ Liquid

Nitrogen
Liquid: LN2 or LIN
Vapour: VN2              
Gas : GN2

Similarly 
LOX, LH2, LHe

For Quantitative  treatment of technical  System:

Need some  thermodynamic variable

Therm. Process                    Variable Unit

Isobaric ( dP=0)                    Pressure (P) Bar (bar)   

Isothermic (dT=0)                Temperature (T)               Kelvin(K)

Isenthalpic (dH=0)                Enthalpy (H)                     Joule/gram( J/g)

Isentropic (dS=0)                  Entropy (S) Joule/gram-Kelvin (J/g-K)

EvolutionApplication of CryogenicsNomenclature
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T- S Diagram (Temperature -Entropy) 

Entropy 
(S)

Temp 
(T).

A.  Isothermal Processes

B. Isentropic Processes

C. Isenthalpic Processes

D.  Isobaric Processes

Process may be 
an Expansion or 
Compression

Need an  General Diagram to represent the  thermodynamic processes

Represent all thermodynamic 
processes involved  in Cryogenics  

EvolutionApplication of CryogenicsT-S Diagram ( Temperature-Entropy Diagram)
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Thermodynamic Processes



T-S Diagram of Nitrogen

a T= 300 K, p = 200 bar, s= 5.16 kJ/(kg-K), h = 430 kJ/kg;
b T= 270 K, p = 1 bar, s= 6.79 kJ/(kg-K), h = 430 kJ/kg;
c T= 133 K, p = 200 bar, s= 3.75 kJ/(kg-K), h = 150 kJ/kg;
d T= 77.2 K, p = 1 bar, s= 4.40 kJ/(kg-K), h = 150 kJ/kg;

dP=0

dT=0

dS=0

dH=0



Fluid with normal boiling point < 120K  ?

Cryogen Boiling point 
(K)

Critical point (K)

Krypton, Kr 119.73 209.48

Methane, CH4 111.67 190.56

Oxygen, O2 90.19 154.58

Argon, Ar 87.30 150.69

Fluorine, F 85.04 144.41

Carbon monoxide, CO 81.64 132.86

Air, 0.76N2+0.23O2+0.01Ar 78.9 – 81.7 132.4

Nitrogen, N2 77.36 126.19

Neon, Ne 27.10 44.49

Hydrogen (normal), H2 20.39 33.19

Helium-4, He4 4.230 5.195
Source: NIST, REFPROP

Cryogen
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Technically:  120K boundary is Real , not an Arbitrary

T > 120K T <120K

Easily achievable

As  the Working Fluid 

Tc >Ambient Temp

Only By applying
pressure (alone) possible
to liquefy at room temp
( SO2, NH3 etc.)
* Does not need any
special cooling tech.
* No need of HX’s

Not very easily achievable

Only Possible by
Refrigerating Machine

With

Some Special Cooling Tech.
*Cooling by gas Expansion
* Heat Exchanger
LOX, LN2, LH2, LHe etc.

Why Below 120K ?
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T(boil) T(critical) P(critical)

SO2 263K        432K   79 bar 

NH3 240K        405K   115 bar 

H2 ( LH2) 20K       33K      13bar  

Ne 27K       45K      27 bar 

N2 (LN2) 78K       126K    34 bar 

O2(LOX)    90K       155K    50 bar

He(LHe) 2K        5.2K   2.2 bar   

Tc [SO2/CO2] > 300K (room temp)

Gas

Liquid

Apply      
Pressure

Tc [N2/He] < 300K (room temp)

Gas
Whatever 
Pressure ?

No liquid

Hence they are called

Ar, N2, O2, Air, Ne, H2  and  He

Need to 
COOL before 
Liquefaction

PERMANENT GASESPermanent Gases 
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Helium Gas @ 300K
H (enthalpy)= 1570 J/g

Helium Vapour@4.2K
H = 30J/g

Cooling 1540J/g

Lot of Energy Needs to 
be  extracted By

Some Cooling Mechanism

Liquid Helium @4.2K
H = 10 J/g

20 J/gCondensation

What Actually Cooling Does ???

Sensible  Heat

Latent Heat

Role of cooling 
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Need

Isobaric Cooling
dP = O

Done By

Heat Exchanger

Transfer of energy between incoming  Hi-Pressure
hot gas and Outgoing Lo-Pressure cold gas 

Isentropic Cooling

Liquefy “Permanent Gases”

Cooling

Isenthalpic Cooling

Liquefy Permanent Gases
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Working  fluid

Precoolant ( 78K LN2)
Or cold Helium gas 

T1

T1’

T2

T2’

T2<T1

T2’<T1

T1=T1’ & T2=T2’    if 100%  efficient

But Practically 
<100% efficient
T1>T1’ & T2>T2’

Heat Exchanger ( HX )Cooling: Isobaric cooling  by HX 

DEC10-17, 2017KEK-JAPANDr. Soumen Kar, IUAC, New Delhi

300K

78K



Heat Exchanger ( HX )Heat Exchanger (HX)
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Need

Cooling by             
Expansion [Isentropic]

Free Expansion does External work

Cooling by Joule -Thomson 
Expansion [ Isenthalpic ]

No External work

Cooling

Isobaric Cooling

Liquefy Permanent gases 
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To Define Cooling effect : Need an Expansion Coefficient

> 0 for Cooling  

<  0 for Heating

Inherent Property of any Gas

????



•Adiabatic  System :  dQ=0 
•No Heat flow ( IN/OUT)  to  the System  

Cylinder

Moving 
Components!!!

Piston

Cooling by Isentropic expansion
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P1

Step-I

W

P2

P3

Step-II Step-III

* NO Heat flow To or From the system  dQ = 0 
* Expansion chamber is Same 
* Expansion does some External  work    dW = 0

Expansion Procedure

Expansion 
Engine

Expansion Procedure
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Change in internal energy

DU = DQ  - DW   

The first law of thermodynamics is  the 
Conservation of Energy

The Change in internal energy of  system is equal to that heat  
added to that system minus the work done by the system

Heat added  
To the system

Work done By the  system

First Law of Thermodynamics
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dQ = dU     + dW

Internal 
energy

Kinetic Energy                       Proportional To T

Reduced Hence Cooling!!!!

That means External work at the  cost of internal energy

Work done

Cooling by free expansion

Zero
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Work  done by the system

Heat 
Exchange

The first law of thermodynamics is  the 
Conservation of Energy



Free Expansion Coefficient

DEC10-17, 2017KEK-JAPAN
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Cooling in Expansion for Ideal gases

S = S ( T, P) 



S = S ( T, P) 

Free Expansion Coefficient
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Cooling in Free Expansion for Real  gases



Joule -Thomson Valve

Hi -P Lo -P Hi -P

Lo -P

High pressure
p1, V1

Low pressure
p2, V2

H1= H2

A flowing gas expands through a throttling valve from a fixed 
high pressure to a fixed low pressure, the whole system being 
thermally isolated 

Throttling

NO Moving components!!!

J-T Expansion  ( Isenthalpic)

Throttling
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Signifies the non-idealistic nature of Gases

ONLY Inter-molecular Interaction plays  role in Expansion

Joule -Thompson Expansion

Using Vander Waals gas Eqn.
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ro

Enthalpy( Total energy) = K.E + P.E

Internal Exchange of Energy

r

Enthalpy = K.E + P.E

K.E a T Cooling in Expansion

Atoms are far apart:
Attractive Force Dominant
Attractive force has to work against 
Expansion

Atoms are very close:
Repulsive Force Dominant
Repulsive force helps in Expansion

Enthalpy = K.E + P.E

K.E  a T Heating in Expansion

Cooling in Joule-Thomson Expansion

Behavior of Real gases 
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Pressure (P)

T
e

m
p

e
ra

tu
re

(T
)

Expansion

J-T Expansion: Inversion Curve

Heating

 
    

JT

h

T
0

p

Cooling

 
    

JT

h

T
0

p
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Maximum Inversion 
temperature



Methane 939 K
Oxygen 761 K
Argon 794 K
Nitrogen 621 K
Air 603K

Neon 250 K
Hydrogen 205 K
Helium-4 45 K

Maximum Inversion Temperature 

J-T Expansion: Inversion Curve

N2 @300K (room temp)

JT      expansion

Cooling

He@300K (room temp)

JT      expansion

Heating

He< 45K

JT      expansion

Cooling
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J-T Co-efficient  of  Various gases 

J-T Coefficient

Cooling

Heating
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Isentropic Vs. Isenthalpic Expansion

Is there any difference  ?
Are they same ?
Which one is better ?      
When to apply? 

Vs.
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Expansion co-efficient :

Isentropic Vs. Isenthalpic Expansion

Cooling By 

Isenthalpic Expansion>Cooling By 

Isentropic Expansion
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That means @ High-P + @ Low-T

300K

CRYOGENIC LIQUID
Helium @4.2K

Room Temperature Gas

Intermediate 
Cooling

Final stage of Cooling
& Liquefaction

HX + Isentropic Expansion

HX + Isentropic Expansion

J-T Expansion

HX + JT expansion

Heat Exchanger (HX)

Isentropic Expansion 
not at Liquefaction 
Stage  because of 

moving parts

Stages of  cooling in a Liquefier and Refrigerator

V~0 when temp is low and pressure is high
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300K

CRYOGENIC LIQUID
Helium @4.2K

Room Temperature Gas

Intermediate 
Cooling

Final stage of 
Cooling 

& Liquefaction

HX + Isentropic Expansion

HX + Isentropic Expansion

J-T Expansion

HX + JT expansion

Heat Exchanger (HX)

COLD BOX

Stages of  cooling in a Liquefier and Refrigerator
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Energy Balance Equation

Flow Equation (Energy Balance)

System
Inlet Outlet

Q

W

m
1 2

Z1 Z2

Q net  - Wnet = m(h2-h1): In General,  Q net  - Wnet =  Smh -Smh
Outlet Inlet

K.E gravity

0 0
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Ideal Liquefaction

300K

77K

1bar

T-S  diagram of Nitrogen

Isothermal compression

Isentropic 

Expansion

DEC10-17, 2017KEK-JAPANDr. Soumen Kar, IUAC, New Delhi



Liquefaction: Ideal Cycle ( for Helium)

1.   1  to 2 : Isothermal Compression

2.    2 to  3 ( f) : Isentropic Expansion    

P1

* Yield ( y) = = 1
mass  Liquefied ( mf)

mass  Compressed ( mc)

e.g He  T1 = 300K, S1 = 32 J/g,v
h1 = 1573 J/g   Tf = 4.2K, Sf = 3.2J/g, hf = 10J/g
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Liquefaction: Ideal Cycle - Work Requirement

Tboil Work J/g

He 4.2K

77.4K

90.2K

N2

O2

6900

770

636

Work Required 
to  produce 

1 gm of liquid

Work Rate for 1L/hr
Production

240W

175W

Work Requirement  is much more for any Practical Cycles!!!

He

N2
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Linde-Hampson (JT) Cycle
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Helium Gas @ 300K
H (enthalpy)= 1570 J/g

Helium Vapour@80K
H = 430J/g

Pre Cooling

1140J/g

Liquid Helium @4.2K
H = 10 J/g

420 J/g

What Actually Cooling Does ???

Liquid Nitrogen

Expansion 
Engine

Role of Precooling 

DEC10-17, 2017KEK-JAPAN
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LN2

Vapour Nitrogen @77K

Nitrogen Gas @300K

30J/g

230J/g

200J/g

470J/g

240J/g

Liquid Nitrogen @77K
Cooling and 
Condensation



Pre-cooled Linde-Hampson Cycle 
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Liquefaction: Collins Liquefier
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1.3kW @ 4.2K Liquefier
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Ideal Refrigeration Cycle ( Carnot)

Ambient

Cold Body 

QH

Qc =1W

Wi

TH ~ 300K

H C

C C

T TW
n

Q T

 
   

 

77
0.345 34.5%

300 77

300 77
( ) 1 3

77

Cc

th

H C

H C

c

c

Q T
COP

W T T

T T
Work W WattsQ

T

   
      

   

    
    

  
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Tc ~ 4.2K Wi=70W
Tc

4.2K 
Superconducting magnet

Or cavities



Carnot Refrigeration Cycle

CarnotPs.cdrWatts of input power per watt of refrigeration

300HT K

1.8CT K

4.2CT K

SC Magnet 
or Cavities 

H C

C C

T TW
n

Q T

 
   

 

For Practical System
Less efficient 

Than Carnot Cycle

Need power for  Helium Refrigeration for Magnet/Cavity  
at 4.2K  @1 W -Need electrical power of ~300-1000 W 
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Work Required for Ideal Cycle Liquefaction & Refrigeration
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LHC Refrigerator 18kW@4.5K 

P. Lebrun, CERN

Refrigeration Power ~ 18kW @ 4.5K
Plug Power~ 4 MW

COP (W/W) = 4MW/18kW ~ 222 (W/W)
DEC10-17, 2017KEK-JAPANDr. Soumen Kar, IUAC, New Delhi



COP of Large Helium  Refrigerators

P. Lebrun, CERN

300W

18kW
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Refrigeration Vs. Liquefier

300K

4.2K

LHe
Exp.
Load

L O A D Load may be the
S.C. magnets

S.C. Resonators

4.2K Vapour

Warm gas

Refrigerator Mode Liquefactier Mode

Cold Box  Cold Box

4.2K vapour

DEC10-17, 2017KEK-JAPANDr. Soumen Kar, IUAC, New Delhi

30J/g

15709J/g

30J/g

1570J/g



Cryogenic Material Properties 

Designing and Developing any Cryogenic System like
Cryostats/Cryogen Network /Experimental Dewar
require good knowledge of material properties at
low temperature.

Most of the properties may vary by orders
of magnitude between ambient and cryogenic
condition

Why do you need to know material properties?
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Cryogenic Material Properties

Why does the Property vary?

At room temperature the atoms are vibrating very
rapidly. Higher the Temp, greater is the amplitude of
oscillation. As the substance is cooled down, the amp. Of
atomic vibration is reduced ( thermal energy reduces)

Thus all the properties which dependent on interactions
with the atomic vibration ( or Lattice) will change at 
low temperature

The decrease in the various types of interaction  will
show up as variation in the  mechanical properties. 

Thermal properties and  electrical properties     
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Cryogenic Material Properties

Properties

Ductility

Yield 
Strength

Ultimate
Tensile
strength

Mechanical

Electrical 
Resistivity

Thermal 
Contraction

Thermal 
Conductivity

Specific Heat

Diffusivity

Electrical Thermal
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Mechanical properties

Ductile -Brittle Behavior 

Yield Strength
Ultimate Tensile 
Strength [UTS] 

To describe it

Yield
point

Elastic
limit

Elastic
region

UTS

plastic
region

rupture

Stress (F/A)

Strain (DL/L)

For Ductile Material: 
UTS >> yield Strength

For Brittle Material:
UTS ~ Yield Strength

DL

F/2

F/2

A
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Mechanical Properties

SS304

282422332497

547 1660 460 1509 406 659

345Al -6061

OFHC Cu

G-10

90 418

758

312

414703

75

758

36088

703

s u (4.2K)

414

222

s y (4.2K) s y (80K) s y (300K)s u (80K) s u (300K)

Yield Stress and  Ultimate tensile  Stress

N/m2
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Ultimate Tensile Strength)Yield  Strength

As the temperature is lowered, the atoms of the material vibrate less
vigorously. Because of the decreased thermal agitation of the atoms, 
a larger stress is required for any kind of strain.

Mechanical Properties
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Mechanical Properties

SS304

Carbon steel

Ductile to Brittle transition

For Carbon Steel

Elongation Before Failure
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Thermal Properties

Thermal 
Contraction

a = [(dL/L)/dT] =K-1

Fractional Change in length per unit change in Temp.

Why do We require “a “ ?

Thermal Contraction of different material
vary considerably. Therefore differential

thermal contraction has to be taken care of 

Thermal Properties
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Thermal Contraction

D
L

/L
 (

m
m

/m
)

G10

SS304

SS G10

300K

300K

G10

Thermal Stress Developed 

SS

300K

4.2K

300K4.2K
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Thermal Properties

Thermal 
Contraction Thermal 

Conductivity

K = Q/ [ A. dT/dx] =W/m- K

Heat transfer rate per unit area per unit thermal
gradient which causes the heat flow

Why Do You Require “K” ?

Thermal Conductivity
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Why Do You Require “k” ?

Less Conductive Material for 
Inter-Connecting tube between 
300K to 4.2K

High Conductive Material for 
Intermediate thermal shield 

Less Conductive Material for 
Support Structure

Less conductive leads for 
T-sensor, V -signals  etc.

Thermal 
Conductivity

Thermal Conductivity (k)
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SS304

G10

ETP-Cu

Thermal Conductivity 
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Thermal Conductivity of  lead Wire used 
for T-Sensor/level sensor/ Voltage taps  & other Instrumentation

Thermal Conductivity 

Phosphor –
Bronze wire

300K

4K

T-sensors

300K

4K

leads

Si-diode NTC resistor

Heat
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Thermal Properties

Thermal 
Conductivity

Specific Heat

Thermal 
Contraction

= J/g-K

Energy Required to change 
the temperature of 1 gram 
of substance by one degree

Why do you require “Specific Heat?

DEC10-17, 2017KEK-JAPANDr. Soumen Kar, IUAC, New Delhi

Thermal Conductivity 



Why Do You Require “Cp” ?

Need less amount of  cryogen to 
cool material with lower specific 
heat

The material with higher specific 
heat can store energy for longer 
time. Temp rise would be slower if 
cooling is stopped.  

Specific Heat(Cp)

Energy  needs to be taken out  during Cooling     

OR 

Energy has to be Given  during warm Up

H= mCpDT=m Dh

Dh is energy content  per mass unit (J/kg)

D
2

1

T

T

pdTch

Heat Capacity or Specific Heat
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Specific Heat of Different Material 

Specific Heat
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Al

Glass 
Fibre

SS



m cold massCp Dt = mcryogen L latent heat + mcryogen (Hbt-H300)

Consumption of Cryogen

1kg

Cold mass

1kg

LHe

VHe

300K

4.2K

1kg

1kg

1kg

LN2

VN2

VHe

LHe

300K

4.2K

78K

Cold mass
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Cryogenic heat transfer

Cryostat
- Maintains the  low temp 
- Store the Cryogen ( LHe/ LN2)
- Thermal insulate the  Ambient Heat 
- House all superconducting Components 
- Provides all the interface for the operation of

superconducting components

SC components of 
accelerator 

Test Cryostats

Magnet
Cryostat

SC RF cavities
Cryostat

Off-line Testing of SC  
Cavities/ Magnets 

Cryomodule/Cryostring 
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Cryomodule 

TRIUMP, Canada

IUAC, India
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Cryostring

ILC
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Cryogenic Heat Transfer

Cryostat or Cryomodule 

- Need to cool upto Operating  
temp of the Cavities/Magnets Nb/ NbTi   

Tc~ 9.2-9.3K-Maintain the Operating 
Temp & Store the cryogen 

4.2K

1g LHe@4.2K

1g VHe at 4.2K

20J heat

Heat from ambient ( 300K)

Minimize the Heat Flow
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Cryogenic Heat Transfer

Solid  Conduction RadiationGas  Conduction

Basic Heat Transfer Mechanism

4.2K
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Residual Gas Conduction

d = distance between 
two surfaces

Two  Flow Region

l <d

Low Vacuum(~ 10E-2torr)

Independent

of P

d

Continuum Region

P l >d

Qgc

gas

300K 4.2K

DEC10-17, 2017KEK-JAPANDr. Soumen Kar, IUAC, New Delhi



Residual Gas Conduction

Two  Flow Region

l <d

High Vacuum (~ 10E-6torr)

Strongly

Dependent

on P

d

300K 4.2K

Molecular Region

P
l >d

Continuum Region

( )
1/ 2

1 2 1

1

1 8
gc

R p
Q A T T

MT


a

 

   
   

   

( )1gc hot coldQ A Cp T Ta 
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P
•Low P                                          
: high Vacuum ~ 10E-8 Torr
: Low Outgassing Material
:Low leak rate                    

:Adsorber material              

* Reduce Temperature difference (Th-Tc)               

* Low a :  Clean Surface              

( )1gc hot coldQ A Cp T Ta 

Vacuum

Residual Gas Conduction



Residual Gas Conduction
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Thermal Radiation 

300K

QR 4.2K

Vacuum

4 4
1 12 12 ( )R Hot coldQ A F T Ts  

A1~ surface area of cold surface

s  Stefan- Boltzmann constant ( 5.67E-8 W/m2-K4)

A1

A2

F12 = (Radiation leaving A1 intercepted by A2) / 
(Radiation leaving A1 in all directions

= Geometrical FORM FACTOR or view factor

F12= 1 : if cold surface is complete enclosed by hot 
surface
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Residual Gas Conduction

4 4
1 12 12 2 1( )q A F T Ts  

How to  reduce the radiation heat transfer?

1

12 1 2 2

1 1 1
( 1)

A

A  
  

1, 2: Low emissive surface

Highly reflecting surface

Emissivity ~ dependent on material properties, 
surface finishing, temperature

4.2K (T1)

Vacuum

300K ( T2)

1

2
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Emissivity 

Temperature SS- as 
found

SS-Mechanically 
polished

SS electropolished SS Silver plated

300K-80K 0.34 0.12 0.1 0.092

80K-4.2K 0.12 0.074 0.065 0.0013

How emissivity varies with surface finishing for SS-304?

Temperature SS- 304 Aluminum Copper

300K-80K 0.12 0.1 0.06

80K-4.2K 0.074 0.058 0.023

How emissivity varies with  mechanically polished surface for various material?
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Radiation 

4.2K (T1)

Vacuum

300K ( T2) 4 4
1 12 12 2 1( )q A F T Ts  

How to reduce the radiation heat transfer?

Reduce  Temperature difference
between hot surface and cold surface2 1( )T T

Intermediate Thermal Shield

1

1

(80 4 ) 1
~

(300 4 ) 200

Q K K

Q K K





If  temperature of intermediate 
shield is Ti= 80K
( In case of  actively cooled by LN2)

Ti

50K or 60 K Helium gas is also used to cool thermal shield
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Al

ETP-Cu

Thermal Conductivity 
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Aluminium alloys are mostly 
used for Thermal shield 



Floating Shield

Floating shields are not actively cooled, they reach 
achieve equilibrium Temperature by heat balance

n  -floating shield 

300K (T2)

 

4.2K (T1)

This concept is realized by 
Multi Layer Insulation (MLI) Or Superinsulation
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Superinsulation (MLI) 

Hot surface
Reflecting layer

Insulating layer

Cold surface 

Alternately stacked a highly reflecting  layer and a insulating layer
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Superinsulation (MLI)

Ruag  Space Superinsulation

Polyester foil, double-side aluminized, perforated and interleaved 
with 10 layers of non-woven polyester spacer material.



Solid Conduction

4.2K (T1)

Vacuum

300K ( T2)
Q Q Q Q

Neck Tube

Support Structure

Current leads for magnets
hundreds of A-kA

Conduction Needs some  kind of  solid medium

In an Accelerator Cryomodule, the Solid Heat
Conduction  from 300K to 4K(or 2K)  will be

Instrumentation  leads
T-sensor, Level-sensor, V-tap

Rf-Power Coupler
For cavities

Through
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Solid Heat Conduction

Fourier Equation for one dimension

4.2K (T1)

Vacuum

300K ( T2)
Q Q Q Q

T2

T1

A
L

Warm end 

Cold end 

( )
dT

Q k T A
dx


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Thermal Conductivity Integral
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න
𝟖𝟎𝑲

𝟑𝟎𝟎𝑲

𝒌 𝑻 𝒅𝑻 = න
𝟒𝑲

𝟑𝟎𝟎𝑲

𝒌 𝑻 𝒅𝑻 − න
𝟒𝑲

𝟖𝟎𝑲

𝒌 𝑻 𝒅𝑻



Solid Heat Conduction

Low   T2 : Reduce warm end temp

T2

T1

A
L

Warm end 

Cold end 

Reduction of heat flow to the cold 
temperature by thermal interception at 
intermediate temperature

Intermediate Thermal  Intercepts (Anchoring) ?
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Thermal Interception

300

1
4.2

1

( )
K

c
K

A
Q k T dT

L L


 

77

2
4.2

1

( )
K

c
K

A
Q k T dT

L
 

300K

Tc

~77K  

Thermal 

Anchoring

L

300K

4.2K

L1

~200K

300

4.2
( )

K

c
K

A
Q k T dT

L
 

For 4K Cryomodule

@ LN2

or 50-60K Helium gas 
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Thermal Interception

300K

2K

QC1

L1

QC2

QC3

L2

~ 50-80 K 

~5K

300

1
77

( )
( 1 2)

K

c
K

A
Q k T dT

L L L


  

QC1

QC2

QC3

L

300K

4.2K

L1

~200K

For 2K Cryomodule
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5K

x
TC

300 K

T

T2

T1X=0

X=L

77 K

5K

Temperature profile  for  Different Thermal  Intercepts

Thermal Interception
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• Small A 
• Long L 
• Low k

Thinner Tube/Rod
Less conductive  material     

Use material with  high
Strength to Conductivity Ratio

Material S(MPa)

300K-80K

K(av)

( W/cm-K)

S/k (S/k) /

(S/k) ss

SS-304 630 0.125 5018 1

Fibre 
Glass 897 0.049 18362 3.6

Al

2024
76 0.884 86 0.02

Ti-Alloy 7

Solid Heat Conduction



4K Cryogenic System

Liquid Helium 
Storage (Dewar)

300K

Compressor

Cold
Box

4.2K

300K

L
iq

u
id

 H
el

iu
m

 P
la

n
t

JT

VHe

4.2K VHe

4.2K

LHe

4.2K 4.2K

Q

Cryogenic Transfer Line

4.2K LHe

Cryomodule Cryostring

tens of m to tens of km

1-2m to 10s m

SC Cavities or Magnet

Vapour Helium :VHe 

Liquid Helium   : LHe 

DEC10-17, 2017KEK-JAPANDr. Soumen Kar, IUAC, New Delhi



2K Cryogenics 

4.2K

1atmLiquid Helium 
(LHe) :

At P <40 torr :Temp <2.2K
Helium becomes Superfluid !!!

4.2K

1atm
Vacuum

P=

Vacuum 
Pump

1atm ~760 torr

760 torr~40 torr

2.17K

4.2K
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2K Cryogenic

1.8-1.9K

@1atm

He-IHe-II

Liquid

Vapour

Liquid
1atm ~760 torr

~40 torr

2.17K

4.2K

~760 torrSaturated He-II 

Pressurized He-II
Sub-Cooled
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2K Cryogenics

1.8-1.9K

@1atm

He-IHe-II

Liquid

Vapour

Liquid

4.2K

4.2K

1atm
Vacuum Pump

Vacuum
P=

Saturated He-II 

Cavity or Magnet

Pressurized He-II Sub-Cooled 

Vacuum Pump

Vacuum

2K4-5K ≥1 atm

Liquid Helium

2KP ≥1 atm
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2K Cryogenic System

Compressor

Cold
Box

Liquid Helium 
Storage (Dewar)

4.2K

300K

JT
Valve

4.2KLHe

300K

L
iq

u
id

 H
el

iu
m

 P
la

n
t

Heat 
Exchanger

Heater

Pump

4K Phase 
separator 

2K

VHe

VHe

Cryomodule 
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Summary

* Introduction of Cryogenics and its  Temperature Range

*  Different cooling procedure, Liquefaction Cycle, Refrigeration 
Cycle , Comparison between liquefaction and refrigeration

*  Material Properties at Cryogenic temperature: Mechanical Properties 
( Yield strength, UTS,, thermal Properties ( thermal Contraction, 

conductivity, Specific heat)

*  Why do we need cryogenics for high energy accelerator, 
Operating temperature of SC magnets and cavities

Å Cryogenic heat transfer mechanism: Solid conduction , radiation 
and gas conduction, How to minimize the heat 

Inleak to the 4K or 2K system

Å Basic 4K and 2K cryogenic system
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