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Cryostat design
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Outlook on different crygenic fluids:
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How can we cool a superconducting material
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Note: Latent Heat of 
water is ca. 2200 J/g

To cool a material the latent 
heat cλ = Hvap – Hliq is used, 
with or without the gas 
enthalpy. Hvap and Hliq are 
computed at the boiling 
point temperature.
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Cryostat design
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Cryostat design

LASA
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Cryostat design
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Cryostat design



R.Pengo,Introduzione alla criogenia, Bologna ottobre 2019 12

Cryostat design
Cryostat with lambda plate for superfluid helium (He II)

Thermal shields
Helium at 4.2 K 
(stratified)
Lambda plate
Superconducting 
dipole magnet in 
superfluid helium 
(Helium II, 1 bar)
Superinsulation in 
vacuum (MLI)

LHC magnets

Rotating Cryostat
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Cryostat design

To house and thermally insulate a superconducting device (e.g.  s/c RF cavities, s/c magnets,..) or a 
cryogenic fluid (e.g. Liquid Argon) in which detectors are immersed.

The following disciplines are necessary/involved:

- Low temperature mechanical engineering (e.g. to chose the proper material)

- Heat transfer (e.g. to properly insulate the devices and so to reduce the consumption of the cryogenic 
fluid used

- (low) temperature fluid mechanics for the fluid transfer and control

- Instrumentation such as measurements of flow, temperature, level, pressure at low temperature

- Safety measures to be adopetd both for the personnel and the apparatus protection (e.g. use of the 
proper material, pressure relief valves PRV,..)

- Vacuum is an important part (not treated in these lectures).
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Temperature scales
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Heat Q at 
constant 
pressure

Difference between Internal Energy and Enthalpy

Process at constant pressure P= 12 bar
The heat added Q = 125 kJ
Volume increase Δ V = 12.4 liter
Calculate the change of internal Energy ΔE and the change of Enthalpy ΔH

ΔH = Δ E + Δ(PV) = DE + P Δ V + V Δ P = Δ E + P Δ V

Δ H = (Q + Work) + P Δ V

= Q – P Δ V + P Δ V = Q

Δ H = 125 kJ

ΔE = Q + Work = Q – P Δ V

Work = 12 bar ∙ 12,4 liter

= 12∙105 Pa ∙ 12,4 ∙ 10-3 m3

= 14,9 ∙ 103 J = 14,9 kJ

ΔE = 125 kJ -14.9 kJ = 110.1 kJ
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Definizioni utili

- Temperatura (K)
- Entalpia H(J) = U+ PV o piu’ usata «specific 

enthalpy»  H/m = h= u+p/ρ (J/kg) or (J/g) or (J/mol)
- Entropia (J/K) o piu’ usata «specific entropy»  (J/kg-

K) or (J/g-K) or (J/mol-K)

Richard T. Jacobsen, Thermodynamic 
Properties of Cryogenic Fluids 
(International Cryogenics Monograph 
Series), 1997
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- Temperatura (K)
- Entalpia H(J) = U+ PV o piu’ usata «specific 

enthalpy»  H/m = h= u+p/ρ (J/kg) or (J/g) 
or (J/mol)

- Entropia (J/K) o piu’ usata «specific 
entropy»  (J/kg-K) or (J/g-K) or (J/mol-K)

Useful definitions
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Per un sistema PVT l’Entalpia e’ definita:

H = U (Energia interna in Joule) + PV

Da cui segue: dH = dU + d(PV) = dU + dP ∙V + P ∙dV

Ovvero (1^ Princio della termodinamica): 

δQ = dU – δW

dU = δQ + δW

dU = δQ – PdV ;

dH = δQ+ δW +d(PV) 

dH = (
డு

డ்
)V dT + (

డு

డ௏
)T dV f(T,V)

dH = (
డு

డ௉
)T dP + (

డு

డ்
)P dT f(P,T) (

డு

డ்
)P dT ≡ Cp

dU = (
డ௎

డ்
)V dT + (

డ௎

డ௏
)T dV f(T,V)   (

డ௎

డ்
)V dT ≡ CV

dH = (
డ௎

డ௉
)T dP + (

డ௎

డ்
)P dT f(P,T)

L’Energia interna U e l’Entalpia H svolgono ruoli analoghi 
nelle descrizioni di alcune trasformazioni a V costante e a 
P costante (Per sistemi PVT).

VOLUME COSTANTE (QUASI STATICA)

dU = δQ – PdV → dU = δQ

ovvero U =ΔU

Il calore trasmesso e’ uguale alla variazione dell’energia 
interna!

PRESSIONE COSTANTE (QUASI STATICA)

dH = δQ+ δW +d(PV) 

= dH = δQ-PdV + d(PV) = δQ- PdV + PdV + V dP = 

= δQ- V dP = δQ

δQ = dH → Q = Δ H

Il calore trasmesso e’ uguale alla variazione di Entalpia

Molte trasformazioni in ingegneria criogenica sono a P 
costante!
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THROTTELING O FENOMENO DI STROZZAMENTO (IMPORTANZA DELL’ENTALPIA)

PISTONI SPOSTATI SIMULTANEAMENTE MANTENENDO A SINISTRA P1 E A DESTRA P2 [ES. UN 
REGOLATORE DI PRESSIONE A SX A P1 E A DX P2]

P2<P1

ΔH= Q +W+Δ(PV);

H2-H1= Q+W+P2V2-P1V1               Q=0 (SISTEMA ISOLATO)

W = -∫ 𝑃ଵ 𝑑𝑉
଴

௏ଵ
-∫ 𝑃ଶ 𝑑𝑉

௏ଶ

଴
= - (- P1 V1)- P2V2= - ( P2V2- P1 V1)

ΔH = H2 – H1 = 0 – ( P2V2- P1 V1) + ( P2V2- P1 V1) = 0

H2 = H1

LA QUANTITA’ DI GAS ALL’INIZIO E’ UGUALE ALLA QUELLA FINALE

L’ENTALPIA INIZIALE E’ UGUALE ALL’ENTALPIA FINALE:

TRASFORMAZIONE ISENTALPICA

ES: UNA VALVOLA PARZIALMENTE APERTA (O STROZZATA)

SI PUO’ MANTENERE PER IL TEMPO VOLUTO, 

AD ESEMPIO CON UNA POMPA AD ALTA PRESSIONE



R.Pengo,Introduzione alla criogenia, Bologna ottobre 2019 23

SISTEMI APERTI ADIABATICI (ΣQ=0)

SI PUO’ DIMOSTRARE CHE PER ESSI VALE:
ΔH + Δ u2/gc +Δ z (g/gc) = ΣQ + Ws

PER LA STESSA ALTEZZA z, Δ z (g/gc)=0
ΔH + Δ u2/gc =  Ws

CASO a): UGELLO Ws =0, → ΔH = Δ u2/gc
(propulsione). Se la velocita’ prodotta non e’ 

usata per ricavare lavoro (oppure e’ piccola), il
proceso e’ isentalpico (throtteling).

CASO b): TURBINA Δ u2/gc = 0 →ΔH =  Ws
L’energia cinetica e’ trascurabile, cosi’ anche la 
sua differenza.
Se  Δ Q = 0 AND Δ S = 0→ Ws = (ΔH)S, e’ il
massimo shaft work (isentropic)
Ws (actual) = ΔH, l’efficienza e’  
η= ΔH /( ΔH)s  expansion
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SISTEMI APERTI ADIABATICI (ΣQ=0)

CASO c): COMPRESSORE Δ u2/gc = 0 →ΔH =  Ws
L’energia cinetica e’ trascurabile, cosi’ anche la 
sua differenza.
Se  Δ Q = 0 AND Δ S = 0→ Ws = (ΔH)S, e’ il
MINIMO shaft work (isentropic)

Ws (actual) = ΔH, l’efficienza e’  

η= ( ΔH)s/ΔH
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A refrigerator ,must extract heat at low temperature and reject it at ambient 
temperature: this is achieved by doing work.
The most efficient refrigerator is the Carnot reversed cycle for which the work W done to 
the heat Q extracted at low temperature Tc for ambient temperature T0 is
W/Q = T0/Tc -1, known as figure of merit always >1.  (the inverse of COP, coefficient of 
performarce)
Or W = Q (T0/ Tc -1). 
For constant temperature is as follows:

In reality if the gas is used as coolant the ideal work can be 
assumed as the sum of a series of Carnot refrigerators working 
between Th and TL. If Q = Cp dT gives
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Liquefaction as the sum of the work to cool it from 300 K to boiling point plus the work to liquefy 
it. The last work to liquefy it is W = Q (T0/ Tc -1) = W = 𝜆 (T0/ Tc -1), λ is the latent heat.
Wr = ∫ 𝐶𝑝 (

்଴

்
− 1)

்଴

்௦
 𝑑𝑇 + 𝜆 (

்଴

்
− 1) = T0∫ 𝐶𝑝

ௗ்

்
+ 𝑇0

ఒ

்௦
− [∫ 𝐶𝑝𝑑𝑇

்଴

்௦

்଴

்௦
-λ] =

T0 ∫
஼௣ௗ்

்
+

ఒ

்௦

்଴

்௦
− [∫ 𝐶𝑝𝑑𝑇

்଴

்௦
- λ] = T0 [S0 – SL] – [h0-hL];

Exergy = [h0-hL] - T0 [S0 – SL]  =dh – T0 ds, availability

For helium: [h0-hL] = 1.57 106 – 9.59 103 = 1560 kJ/kg = Δ h
T0 [S0 – SL] = 300 [ 3.14 104 – 8.6 103] = 6840 kJ/kg (cooling)
W= Q [T0/Tc -1] =λ[T0/Tc -1] = 20.9 [300/4.2-1] = 1472 kJ/kg (condensation)

6840 J/g+1472 J/g-1560 J/g=6752 J/g
i.e. for 1 g/s we need 6752 W
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Inversion temperature
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The fluid used, gaseous at normal 
temperature, has to be liquefied. If the J-T 
method is used, it must be taken below its 
inversion temperature.
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ΔT = Ti – Tf < 0 : The  temperature 
increases for the same Enthalpy 
(isenthalpic transformation)

initial

final

Pressure 
decreases 
(expansion)

Inversion temperature
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Inversion temperature
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initial

final
ΔT = Ti – Tf > 0 : The  temperature 
decreases for the same Enthalpy 
(isenthalpic transformation)

Pressure decreases 
(expansion)

Inversion temperature
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Gas liquefaction by the Joule-Thomson Effect

The condensation (liquefaction) of a gas is due to the high intermolecular 
forces.At temperatures slightly above the condensation temperature the 
forces are so strog that the work against them during expansion causes 
significant cooling of the gas and the partially condenses: the process is 
Joule Thomson liquefaction.
In practice a real gas at high pressure is forced trough a needle valve (or a 
nozzel) from where it exits at a lower pressure and a lower temperature.
In the picture aside the work is given by P2V2 (recovered from the gas)  –
P1V1(done on the gas) = W=0. The enthalpy is the same since W=0.
H1= H2 : isenthalpic expansion
Note: for an ideal gas H = 5/2∙ N ∙T then T1 =T2, there is no cooling!
In real gases a small temperature change occurs because the internal of 
work done by the molecules during expansion. The sign of the change in 
temperature depends on the initial temperature. All gases have an 
inversion temperature, below which the JT expansion cools.
Note: For a real gas the Enthalpy is: 

H= 5/2∙N∙T + (N2/V)∙(bT-2a) and b>0, a>0
Tinv = 2a/b = 27/4 ∙Tc

For Helium theoretically Tinv  would be 27/4 ∙ 5.2 = 35.1 K
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Gas liquefaction by the Joule-Thomson Effect
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Gas liquefaction by the Joule-Thomson Effect

Ref.:C.Kittel, Thermal Physics, New York, 
1980
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Isentropic transformation: for a 
monoatomic gas T1

3/2∙ V1 = T2
3/2 ∙V2 or 

since PV=NT it results :
T1

5/2/P1=T2
5/2/P2 and T2= T1∙(P2/P1)2/5.

Suppose P1=31 bar,P2=1 bar and T1=300 K 
it follows that T2= 75 K. For Helium the 
above equation is a very good  
approximation if the cooling is reversible.

In practice, since in real processes friction 
is present (no perfect lubricants exist), all 
real trasformations are irreversible and 
the expansion cooling instead follows the 
scheme shown aside.

Cooling by external work
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Cooling by external work
- Gas in compressed at or above room temperature (ca. 80 C) and the heat is 

ejected in the atmosphere (air and/or water). 
- The gas enter the expansion engine (gas bearing turbine) after a counterflow 

heat exchanger HX where it is cooled, i.e. It exits at a lower pressure and 
lower temperature. It enters the working volume (sample) which is cooled. 

- Then it enters at low pressure the HX which further cools the gas that enters 
the expansion turbine. And so on.

The work extracted by the turbine is the enthalpy difference ΔH between the 
input and the output gas.

W = (U1+P1V1) –(U2+ P2V2) = H1 – H2 = ΔH 

- The process described above continoues to reach a temperature close to the 
liquefaction temperature. It is not possible to introduce a mixture of gas and 
liquid into the turbine (an exeption is for the wet reciprocating expander, old 
fashion), which would produce instability/damage.

- The final stage of liquefaction is achieved by means of Joule-Thomson effect, 
or JT expansion valve.

HX
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Cooling by external work

BRAKE

EXPANDER

EXAMPLE OF A REAL HELIUM 
TURBINE
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Cooling by external work: The compressor
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Claude cycle: ALPI superconducting 
Linac accelerator, INFN-LNL

Gas liquefaction by the Joule-Thomson Effect 
plus preliminary work extraction: the Claude 
cycle
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Refrigerator vs Liquefier

Main gas 
return path

Total return 
path

Minor gas 
return path

Refrigerator Liquefier
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Refrigerator vs Liquefier

Question: what is the refrigeration power @ 4.3 K of 1 g/s helium liquefaction?

Main load Entropy load

10 kW 510,5 g/s 293 K 4,3 K 4,3 K Difference per flusso at 4,3 K Refrigeration
3660,677 J/kg-K 8363,242 J/kg-K 4702,565 2400,66 W/K 10322,84

Liquid Vapor

13 g/s 31489,08 3893,096 27595,99 358,7479 W/K 1614,365 W/4.5K Liquefaction
gas Liquid

OR 124,1819 W/ g/s

6,5 kW 28,1 g/s 84 K 30 K
20213,13 14773,07 5440,064 152,8658 687,8961 W/4.5 K Gas cooling

gas gas

TOTAL 12625,1 W/4.5 K

VERY HIGH VALUE!!
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Other types of refrigerator: the Stirling cycle
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Other types of refrigerator: the Stirling cycle
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Other types of refrigerator: the Stirling cycle
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Other types of refrigerator: the Stirling cycle
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Other types of refrigerator: the Stirling cycle
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Other types of refrigerator: the Gifford-McMahon cycle
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Other types of refrigerator: the Gifford-McMahon cycle
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Other types of refrigerator: Puse Tube

J. Bert, Stanford University, 2007
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Other types of refrigerator: Puse Tube
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Other types of refrigerator: Puse Tube

1. Compression of the gas by the piston
2. Temperature rises due to adiabatic compression
3. The gas passes the Tcold and goes into the tube
4. Then back to ambient temperature through  Thot
5. Then through an orifice to the reservoir
6. Pressure in the tube and reservoir is the same (no flow)
7. The piston goes upwards and expand adiabatically the gas in the tube
8. The gas is cooled
9. The gas flows back to the HX Tcold
10. Absorbs heat from the HX (cools the HX Tcold)
11. The piston cycle starts again
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Other types of refrigerator: Puse Tube
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Other types of refrigerator: Puse Tube



R.Pengo,Introduzione alla criogenia, Bologna ottobre 2019 56

Other types of refrigerator: Puse Tube

1. Compression, the gas is cooled through the regenerator at Tcold end
2. The element of gas (1) is compressed adiabatically, is heated, and 

travels towards the closed end (1 -> 2)
3. During the relaxation period cooling occurs: heat is rejected at the hot 

end (to ambient)
4. The gas element is cooled transferring heat with the wall (2 -> 3)
5. The piston now goes back and the gas moves back towards the 

regenerator
6. The element of gas in the tube is expanded adiabatically and cools 

towards Tcold (3 ->4)
7. During the relaxation time at constant volume heating occurs at low 

pressure (4 -> 1)
8. The gas at the cold end HX absorbs heat from the load while gas in the 

tube is heated by the wall

For the OPTR the relaxation time is given by the orifice, during this time 
the gas is cooled (expanded adiabatically) while the gas enters the 
reservoir.  As gas flows back into the tube from the reservoir. Gas in the 
tube is adiabatically compressed and heats up.
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Other types of refrigerator: Puse Tube
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TS diagram for Helium
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TS diagram for Para-Hydrogen 
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TS diagram for Nitrogen & Oxygen
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PROPRIETA’ DEI MATERIALI:
- Entalpia (Temperatura di Debye)
- Scelta del materiale 
- Contrazione termica
- Conducibilita’ termica

TRASMISSIONE DEL CALORE
- Nei solidi
- Nei gas
- Irraggiamento 
- Isolamento termico
- Cenni di crio-pompaggio
- Current Leads (discendenti di corrente)

LINEE DI TRASFERIMENTO
- Caduta di pressione
- Termosifone
- Pompe di circolazione
- Valvole criogeniche
- Giunzioni a bassa temperatura
- Dimensionamento di valvole di sicurezza
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Al fine di voler raffreddare un materiale e’ necessario sapere:
Quanta energia e’ contenuta in un materiale ad una determinata temperatura?

Teoria di Debye: se si introduce la temperatura di Debye θD, caratteristica di un materiale, il «lattice specific heat» di 
un materiale e’ dato dall’espressione (vedi grafico):

- θD e’ detta Temperatura Carattersitica di Debye (vedi tabella)
- Per T>θD tende a 3R (Dulong Petit formula)
- Per T< θD/12:  

- Spesso e’ piu’ utile conoscere il Cp anziche’ il Cv , ma la differenza Cp- Cv e’ generalmente cosi’ piccola da poter 
essere trascurata se confrontata con l’incertezza della stima
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Example: Enthalpy of a copper RF sc cavity (ALPI) (Nb sputtered on copper)
- Cylinder : diam 20 cm, height 50 cm, thickness 1 cm
- Cu density: 8.96 g/cm3, Cu molar weight: 63.54 g/mol, Cu Debye Temp θD = 310 K
- Calculate: the enthalpy from 300 K to 80 K, and from 80 K to 4 K

Volume= 2983 cm3 Mass = 26728 g 
From graph E/T vs T/ θD :
- at 300/310=0.97 read E/T= 16.7 J/mol-K => h(300)=16.7x300/63.54 = 78.8 J/g
- at 80/310=0.26 read E/T = 5 J/mol-K => h(80) K=5x80/63.54= 6.295 J/g
- at 4/310=0.01 read E/T= 0

Hence: Most of the energy is needed from 300 K to 80 K (78.8-6.295)/78.8= 0.92 i.e. 92%
- From table Conte (see next slide): h(300)=79.6 J/g; h(80)= 6.02 J/g 

THE GRAPH σ (T) gives a very good estimation!

For a cavity: H(300)= 79.6J/g x 26728 g =2.13 MJ; H(80)=0.16 MJ;
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Example: Enthalpy of a copper RF sc cavity (ALPI) (Nb sputtered on copper)
- Cylinder : diam 20 cm, height 50 cm, thicknes 1 cm
- Cu density: 8.96 g/cm3, Cu molar weight: 63.54 g/mol, Cu Debye Temp= 310 K
- Calculate: the enthalpy from 300 K to 80 K, and from 80 K to 4 K

Volume= 2983 cm3 Mass = 26728 g 
From graph E/T vs T/theta:
- at 300/310=0.97 read E/T= 16.7 J/mol-K => h(300)=16.7x300/63.54=78.8 Joule/g
- at 80/310=0.26 read E7T = 5 J/mol-K => h(880) K=5x80/63.54=6.295 Joule/g
- at 4/310=0.01 read E/T= 0

Hence: Most of the energy is needed from 300 K to 80 K (78.8-6.295)/78.8= 0.92 i.e. 92%
- From table Conte: h(300)=79.6 J/g; h(80)=6.02 J/g (79.6-6.02)/79.6 = 0.924
THE GRAPH σ (T) gives a very good estimation!
For a cavity: H(300)= 79.6J/g x 26728 g =2.13 MJ; H(80)=0.16 MJ;
How many kg (litres) of LHe are needed from 300 K to 80 K?
From calculation above: (2.13-0.16) x 10^6 J/20.9 J/g/125 g/l =754 litres (only latent heat)
From graph of σ He: σ(300)=3.1; σ(80)=0.3; diff=2.8 kg(LHe)/kg(Cu)=>2.8/0.125= 22.4 litreLHe/kg(Cu)
Hence 2.8 kg Lhe x 26.7 kg (Cu)= 74.76 kg Lhe or 74.76/0.125= 598 litre of LHe
The sigma graphs are also a good estimation of enthalpy.
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How many kg (litres) of LN2 are needed from 300 K to 80 K?
From graph of σ Nitrogen: σ(300)=0.72; σ(80)=0; diff=0.72 kg(LHe)/kg(Cu)=>0.72/0.800= 0.9 
litreLN2/kg(Cu)
Hence 0.9 kg LN2 x 26.7 kg (Cu)= 24.0 kg LN2 or 24.0/0.800=30 litre of LN2
From calculation above: (2.13-0.16) x 106 J/199 J/g/800 g/l =12.4 litres (only latent heat)
The sigma graphs are also a good estimation of enthalpy.

How many kg (litres) of LHe are needed from 80 K to 4 K?
From graph of σ He: sigma(4)=0; σ(80)=0.3; diff=0.3 kg(LHe)/kg(Cu)=>0.3/0.125= 2.4 litreLHe/kg(Cu)
Hence 0.3kg LHe x 26.7 kg (Cu)= 8.0 kg Lhe or 8.0/0.125=598 litre of LHe
From calculation above: (2.13-0.16) x 106 J/20.9 J/g/125 g/l =64 litres (only latent heat)
The sigma graphs are also a good estimation of enthalpy.
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How to select the appropriate material

The first selection of a material for low temperature use is the fracture toughness: 
- Best are the fcc (face centered cubic) (AISI 300 series expecially 304,310, 316, CU, Al,brass,...)
- Less suitable the bcc (body centered cubic) (Cr, Fe, Mo, Ta, W, V, and nickel steel. The become brittle at 

low temperature
- The hcp (hexagonal close packed are between the two above (Be, Ti, Zn,..)
- resins material (epoxy) become also brittle at low temperature

Other important properties are:
- The tensile  properties such as :

- Young modulus, E (modulo di Young GPa)
- Stress (carico, sollecitazione MPa)
- Yield strength, σy ( carico di snervamento 0.2 % Pa= N/m2)
- Elastic strength, εy ( deformazione elastica ΔL/L)
- Ultimate strength, σult (massima resistenza alla trazione N/m2)

- Fracture toughnes, Klc (Resilienza)
- Fatigue tolerance (Tolleranza alle sollecitazioni ripetute)
- creep (cricca)
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How to select the appropriate material
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How to select the appropriate material
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How to select the appropriate material
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How to select the appropriate material

To be 
avoided

Resilienza: E’ il lavoro per rompere una provetta di determinate 
dimensioni in un solo colpo con mazze a coltello
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How to select the appropriate material
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How to select the appropriate material
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How to select the appropriate material
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How to select the appropriate material
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How to select the appropriate material

The austenitics stainless steels such as 304 (1.4301) and 
316 (1.4401) are however 'tough' at cryogenic
temperatures and can be classed a 'cryogenic steels'.
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RT=293.15 K
THERMAL EXPANSION
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10 -0,23 -0,22
20 -0,56 -0,6 0
30 0,67 -0,77 -0,05
40 -0,65 -0,7 -0,8 -0,8 -0,15

57,5 -0,58 -0,67 -0,81 -0,78 -0,32
65 -0,56 -0,67 -0,79 -0,74 -0,43
75 -0,5 -0,74 -0,73 -0,45
85 -0,47 -0,55 -0,7 -0,7 -0,46
95 -0,38 -0,47 -0,66 -0,41

105 -0,32 -0,38 -0,59 -0,56 -0,24
115 -0,24 -0,32 -0,47 -0,48 -0,1
125 -0,19 -0,28 -0,45 -0,43 0
135 -0,13 -0,21 -0,38 -0,36 0,26
143 0 -0,35 -0,28
199 0,26 0,26 0,06 0,06 1,38
207 0,3 0,26 0,12 0,11 1,56
215 0,36 0,14 0,12
283 0,44 0,42 0,3 0,31 2,35

THERMAL EXPANSION
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THERMAL EXPANSION
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THERMAL EXPANSION
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SS 304: (307-17)/307=0.945
Al: (431-24)/431=0.944

THERMAL EXPANSION
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THERMAL EXPANSION



R.Pengo,Introduzione alla criogenia, Bologna ottobre 2019 88

THERMAL EXPANSION

Calculate the contraction of a cryogenic transfer line 10 m long, 
when cooled from 300 K to 4 K.

From table: L(300)-L84)/L(300) = (307-17) x 10-5 x 10 m = 0.029 m = 
2.9 cm!!
If it were Aluminium (431-24) x 10-5 x 10 m = 0.041 m = 4.1 cm

The anchorage point cannot usually stand the equivalent force: in 
order to compensate one can insert compensation boxes where the 
lyra pipe shape is adopted.

As an alternative bellows can be welded in the appropriate 
locations, even though bellows, being a weak part , should be, 
when possible,  avoided in cryogenics.
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PROPRIETA’ DEI MATERIALI:
- Entalpia (Temperatura di Debye)
- Scelta del materiale 
- Contrazione termica
- Conducibilita’ termica

TRASMISSIONE DEL CALORE
- Nei solidi
- Nei gas
- Irraggiamento 
- Isolamento termico
- Cenni di crio-pompaggio
- Current Leads (discendenti di corrente)

LINEE DI TRASFERIMENTO
- Caduta di pressione
- Termosifone
- Pompe di circolazione
- Valvole criogeniche
- Giunzioni a bassa temperatura
- Dimensionamento di valvole di sicurezza
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HEAT CONDUCTION IN SOLIDS (FOURIER LAW)

Strong dependence on temperature: but since

∇∙∇ 0 ∇2 

Then it exists a potential, and:
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For pure metals Wiedemann-Franz law (ρ is 
the electrical resistivity):

HEAT CONDUCTION IN SOLIDS
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HEAT CONDUCTION IN SOLIDS
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HEAT CONDUCTION IN SOLIDS
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Case (i): k(T) const (e.g. Al from 300 K to 130 K)
=> Linear temperature distribution

Case (ii): k(T) linear (e.g. SS from 300 K to130 K)
=> Parabolic temperature distribution

K SS 304 Al 6063
4,00 0,24 34

10,00 0,77 86
20,00 1,95 170
30,00 3,3 230
40,00 4,7 270
50,00 5,8 280
60,00 6,8 270
70,00 7,6 248
80,00 8,26 230
90,00 8,86 222

100,00 9,4 216
120,00 10,36 207
140,00 11,17 201
160,00 11,86 200
180,00 12,47 200
200,00 13 200
250,00 14,07 200
300,00 14,9 200

HEAT CONDUCTION IN SOLIDS 
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Case (i): k(T) const (e.g. Al from 300 K to 130 K)
=> Linear temperature distribution

Case (ii): k(T) linear (e.g. SS from 300 K to130 K)
=> Parabolic temperature distribution

K SS 304 Al 6063
4,00 0,24 34

10,00 0,77 86
20,00 1,95 170
30,00 3,3 230
40,00 4,7 270
50,00 5,8 280
60,00 6,8 270
70,00 7,6 248
80,00 8,26 230
90,00 8,86 222

100,00 9,4 216
120,00 10,36 207
140,00 11,17 201
160,00 11,86 200
180,00 12,47 200
200,00 13 200
250,00 14,07 200
300,00 14,9 200

HEAT CONDUCTION IN SOLIDS 
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HEAT CONDUCTION IN SOLIDS 

Ref: Cryostat Design, 
V. Parma, CERN-2014-005
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HEAT CONDUCTION IN SOLIDS 

Support of a magnet/cavity with fixed 
temperature at both ends (e.g. 300 K 
and 4 K).

Ref: Cryostat Design, 
V. Parma, CERN-2014-005
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HEAT CONDUCTION IN SOLIDS 

Thermal shield (actively cooled) at 
constant temperature

Ref: Cryostat Design, 
V. Parma, CERN-2014-005

t= thickness
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HEAT CONDUCTION IN SOLIDS 

Calculate the heat transferred in Al 6063 with a cross section 1 cm2 and a length of 0.1 m, when the end 
surfaces are mantained at 300 K and 80 K respectively. Compare the value found by Kaverage and KdT 
method:

0.1 m long1 cm2
In SI:  
L = 0.1 m
DT = (300 – 80 ) K =220 K
A= 1 cm2 = 10-4 m2

1. Q(W) = kaverage A DT/dx = [(230+200)/2] (300-80)/0.1 10-4

=  47.3 W
2. Q(W)= K(300) – K(80) A /L = (61300-16700)/ 0.1 10-4

= 44.6 W
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HEAT CONDUCTION IN SOLIDS 

Calculate the heat transferred in Al 6063 with a cross section 1 cm2 and a length of 0.1 m, when the end 
surfaces are mantained at 80 K and 4 K respectively. Compare the value found by Kaverage and KdT method:

0.1 m long1 cm2
In SI:  
L = 0.1 m
DT = (80-4) K =220 K
A= 1 cm2 = 10-4 m2

1. Q(W) = kaverage A DT/dx = [(230+34)/2] (80-4)/0.1 10-4

=  10.0 W
2. Q(W)= K(80) – K(4) A /L = (16700-0)/ 0.1 10-4

=  16.7 W
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HEAT CONDUCTION IN SOLIDS 

Calculate the heat transferred in SS 304 with a cross section 1 cm2 and a length of 0.1 m, when the end 
surfaces are mantained at 300 K and 80 K respectively. Compare the value found by Kaverage and KdT 
method:

0.1 m long1 cm2
In SI:  
L = 0.1 m
DT = (300 – 80 ) K =220 K
A= 1 cm2 = 10-4 m2

1. Q(W) = kaverage A DT/dx = [(14.90+8.26)/2] (300-80)/0.1 10-4

=  2.55 W 
2. Q(W)= K(300) – K(80) A /L = (3060 - 349)/ 0.1 10-4 

=  2.71 W
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HEAT CONDUCTION IN SOLIDS 

Calculate the heat transferred in SS 304 with a cross section 1 cm2 and a length of 0.1 m, when the end 
surfaces are mantained at 80 K and 4 K respectively. Compare the value found by Kaverage and KdT method:

0.1 m long1 cm2
In SI:  
L = 0.1 m
DT = (80-4) K =76 K
A= 1 cm2 = 10-4 m2

1. Q(W) = kaverage A DT/dx = [(8.26+0.24)/2] (80-4)/0.1 10-4

=  0.32 W
2. Q(W)= K(80) – K(4) A /L = (349-0)/ 0.1 10-4 

=  0.35 W
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HEAT CONDUCTION IN SOLIDS 

Calculate the heat transferred in copper berillium with a cross section 1 cm2 and a length of 0.1 m, when 
the end surfaces are mantained at 300 K and 80 K respectively. Compare the value found by Kaverage and 
KdT method:

0.1 m long1 cm2
In SI:  
L = 0.1 m
DT = (300 – 80 ) K =220 K
A= 1 cm2 = 10-4 m2

1. Q(W) = kaverage A DT/dx = [(78.5 + 37.0)/2] (300-80)/0.1 10-4

=  12.7 W
2. Q(W)= K(300) – K(80) A /L = (15000 - 1600)/ 0.1 10-4 =13.4 W
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HEAT CONDUCTION IN SOLIDS 

Calculate the heat transferred in copper berillium with a cross section 1 cm2 and a length of 0.1 m, when 
the end surfaces are mantained at 80 K and 4 K respectively. Compare the value found by Kaverage and KdT 
method:

0.1 m long1 cm2
In SI:  
L = 0.1 m
DT = (80-4) K =76 K
A= 1 cm2 = 10-4 m2

1. Q(W) = kaverage A DT/dx = [(37.0+1.9)/2] (80 - 4)/0.1 10-4

=  1.48 W
1. Q(W)= K(300) – K(80) A /L = (1600-0)/ 0.1 10-4 

= 1.6 W
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If only conduction from table 30.6 W/cm.

LHe bath

«neck» with cross 
section A, Lenght L

T

Tbath = 4.2 K

Q bath

Q conduction

Vapour flow 
Cp(T)

Liquid Helium Dewar with open neck
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HEAT CONDUCTION IN THE RESIDUAL GAS

λ: mean free path [m]
η: viscosity [Pa.s]
p: pressure [Pa]
T: temperature[K]
M: Molecular Mass
L: distance between walls

Cold temperature contributes to improve the vacuum by 
condensing molecules on the cold surface 
(cryopumping). Common gas, except He and H, are 
condensed  at LHe temperature (see graph of vapour 
pressure vs temperature).
In order to trap He and H additional material (e.g. 
Charcoal) are needed.

Case 1:  λ << L  Viscous regime (hydrodynamic regime)
Case 2: :λ >> L  Molecular regime (free molecular 
regime)

Note: calculations of heat transfer trough 
gases are not as accurate as through 
solids! Some estimate is possible.
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HEAT CONDUCTION IN THE RESIDUAL GAS



R.Pengo,Introduzione alla criogenia, Bologna ottobre 2019 110

For the residual gas if : λ >> L  Molecular regime (free 
molecular regime)

A: surface receiving the heat flux

For the residual gas if : λ << L  Viscous regime 
(hydrodynamic regime)

The heat transfer is indipendent of the gas 
pressure.
The heat transfer follows the Fourier law (≈1/L)

HEAT CONDUCTION IN THE RESIDUAL GAS
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λ << L : Viscous regime 
(hydrodynamic regime)

λ ∝ 1/p , N ∝ p 

Thermal cond ∝ λ N

Q/(A Δ T) constant

λ >> L:  Molecular 
regime (free 
molecular regime)

Q/(A Δ T)  ∝ p

Heat switches: 
molecules travel 
without collisions 
from one wall to the 
other . By varying the 
pressure one can 
couple/decouple the 
cooling between 
different parts

HEAT CONDUCTION IN THE RESIDUAL GAS
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HEAT CONDUCTION THROUGH LIQUID/SOLID INTERFACE

- < 104 W/m2 or ΔT ≤ 0.5 K
- Q/A = 6 x 104 ΔT 2.5 [(W/m2)(K-2.5)] for LHe / solid interface
- Or Q/A ≥ 104 ΔT 2.5 [(W/m2)(K-2.5)] for LHe / solid interface, conservative approach

- < 2 x 105 W/m2 or ΔT ≤ 10 K
- Q/A = 5 x 102 ΔT 2.5 [(W/m2)(K-2.5)] for LN2 / solid interface
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Pipe diameter d(m), ΔT (K) = temperature difference 
between the pipe and the air, dS (m2)= π ∙ d ∙dx

dQ (W) = h ∙ ΔT ∙ dS

Downward: h (W/m2-K) = 1.3 (ΔT /d)0.25      

Upward : h(W/m2-K) = 2.5 (ΔT /d)0.25

Example: 

Diameter:  0.05 m, 
Flow: 10 liter/hour (only vapour)
LHe: 10 litre ∙ 0,125 kg/litre /3600 s = 3.47 10-4 kg/s
LN2: 10 litre ∙ 0,800 kg/litre/3600 s = 2.22 10-3 kg/s

cp (Ghe)≈5200 J/kg cp (GN2) ≈ 1040 J/kg

HEAT NATURAL CONDUCTION: HORIZONTAL PIPE IN AIR

Speed m/s

Temperature K
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HEAT NATURAL CONDUCTION: HORIZONTAL PIPE IN AIR

Speed m/s

Temperature K

Danger: Oxygen enrichment in 
liquefied air
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RADIATIVE HEAT TRANSFER

A body absorbs/emits energy by radiation according to, for a black body: 

For a real opaque surface material the emissive power is only a 
fraction ε(T) of the black body: E0 = ε σ T4 ;  ε = 1 – R (reflectivity)
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The thermal exchange q12 between two surfaces  A1 at T1 with ε1 and A2 at T2 with ε2 
depends also on the geometrical factor (view factor) F12

Examples: Large parallel plates (above) and long concentric cylinders (below)

RADIATIVE HEAT TRANSFER
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More configurations in: H:Y: Wong, Heat Transfer for 
engineers, Longman 1977

RADIATIVE HEAT TRANSFER
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RADIATIVE HEAT TRANSFER



R.Pengo,Introduzione alla criogenia, Bologna ottobre 2019 120

Most of the radiation happens between 300 K and 4 K 
happens between 300 K and 77 K:

300 K to 77 K: q 300-77/A = 5.67 x 10-8 x (3004 - 774) = 457 W/m2

300 K to 4 K: q300-4/A =   (5.67 x 10-8 x (3004 – 44) = 459 W/m2

Only 2 W/m2 between 77 K and 4 K 

σ= 5.67 x 10-8 W ∙ m-2 ∙ K-4); ε=1; F12=1

Most of the radiation happens between 300 K and 4 K 
happens between 300 K and 77 K:

293 K to 77 K: q 293-77/A = 5.67 x 10-8 x (2934 - 774) = 416 W/m2

293 K to 4 K: q293-4/A =   (5.67 x 10-8 x (2934 – 44) = 418 W/m2

Only 2 W/m2 between 77 K and 4 K

σ= 5.67 x 10-8 W ∙ m-2 ∙ K-4); ε=1; F12=1

RADIATIVE HEAT TRANSFER
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It is important to note that by inserting 1 or n floating shields between the hot and the cold surface 
one can reduce the radiation up to 1/(n+1) times (MLI multilayer insulation):

RADIATIVE HEAT TRANSFER
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MLI is used to reduce the radiation power, when cleanless is not required as e.g. Not suitable 
for Superconducting RF cavities environnement. It consists of  a number of reflecting (Al , 400 
ångström, 1 ångström = 10-10 m) thin layers, in vacuum,  of polyethylene films interspaced by 
thin insulating materilas as polyesther nets or glass fiber.

Al + Glass fiber spacer (hydrogen, oxygen)

Polyesther spacer (helium, nitrogen)
between polyethylene with 400 
ångström Al deposit.

RADIATIVE HEAT TRANSFER
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Glass fiber spacer (hydrogen, oxygen)
Polyesther spacer (helium, nitrogen)

It can be shown that there is an optimun value for the number of layers per unit thickness equal to 20-
25 layers/cm. The actual value of equivalent heat conduction depends strongly on the vacuum level but 
also on the ability to install the MLI, avoiding to tight/compress them, overlapping the junctions, etc.
LHC measured values: 
- 30 layers between 300 K and 50 K ~ 1 W/m2
- 10 Layers between 50 K and 1.9 K ~ 50 mW/m2 

RADIATIVE HEAT TRANSFER
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Glass fiber spacer (hydrogen, oxygen)
Polyesther spacer (helium, nitrogen)

RADIATIVE HEAT TRANSFER
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Glass fiber spacer (hydrogen, oxygen)
Polyesther spacer (helium, nitrogen)

T SCHERMO 80
T AMBIENTE 300

Radiative cooling of a mirror, supported by a
PEEK tube, from a shield at 80 K.

RADIATIVE HEAT TRANSFER
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Cryopumping (highlights only)

It allows to obtain very low vacuum level (< 10-2 Pa or 10-4 mbar) by means of 
Cryocondensation and Cryosorption:

- Crycondensation
- the molecules adhere to the cold surface and form a layer.

- re-sublimation (gaseous->solid)
- condensation (gaseous-> liquid)



R.Pengo,Introduzione alla criogenia, Bologna ottobre 2019 128

9.Cryopumping (highlights only)

100 K: water, and all hydrocarbons (e.g. Oil vapours)
20 K: to condense air (N2 and O2)
4 K : Hydrogen isotopes and neon
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9.Cryopumping (highlights only)

For practical applications it is recommended to provide for 
oversaturation of the gas by TWO ORDER OF MAGNITUDE in 
pressure. In order to establish a pressure of 10-4 Pa during 
pumping of H2 (at 4.2 K), the cold surface must be at 3.6 K.
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9.Cryopumping (highlights only)

It allows to obtain very low vacuum level (< 10-2 Pa or 10-4 mbar) by means of 
Cryocondensation and Cryosorption:

- Crycondensation
- the molecules adhere to the cold surface and form a layer. 

- Cryosorption
- the molecules adhere on a solide «porous» surface, which is the adsorbant 

element
- physical (ad)sorption or physisorption

- The quilibrium pressure of the adsorbed gas is much lower than the 
saturation pressure for cryocondensation. The gas can be retained at 
considerably higher temperature than would be required for 

condensation. (Essential for cryopumpimg He, H and Neon)
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9.Cryopumping (highlights only)

- Porous materials with high sorption capacity, such as molecular sieves or activated charcoal are most 
used  as sorbent materials

- However layers of condensed gas frost (Argon, CO2, SF6) may also be applied
- It is possible to bind Helium and Hydrogen in the 5 K temperature range and to achieve pressure of 

10-7 Pa (10-9 mbar).

Zeolite molecular sieves: are (size 3 Å, 4 Å, 5 Å ) hydrated aluminosilicates (synthetically produced or rom 
volcanic ash). Usually adopted till 77 K. Their temperature regeneration is quite high 300 C (hydrophilic 
character)
Cryocondensates: Typical combinations are He/Ar, He/SF6, H2/CO2 usually  some µm thick. (E.g. for Argon 
the ratio is 20 atoms of Ar for 1 atom of He at 4.5 K.)
Activated charcoal: is the most recommended material. It is obtained from coconut shell (mostly) or 
wood, peat, lignite,.. To activate the charcoal two procedures are used:
- chemically:  phosforic acid is added to the parent prior carbonization
- physicallly: gasification of carbon by introduction of oxygen

The activation temperature is about 400 K.
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9.Cryopumping (highlights only)

- Some general characteristcs of the most 
common adsorbants used in cryogenics.

- A critical component is the «glue»

Charcoal Zeolites

Charcoal: 
1000 m2/g 
0.5 g/cm3

1 cm3=0.5 g = 500 m2

1 g = 2 cm3 =2000 m2
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Electrical connection into the cryostat

- A cryostat typically contains superconducting RF cavities and/or superconducting magnets
- An electrical connection between the outside (at 300K) and the sc device is needed
- The connection should be capable of carrying the necessary power with the minimum use of cryogenic power.
Superconducting cavities: usually a (commercial or home made) coaxial cable (50 Ohm) from 300 K to 4 K
- The RF power P cold dissipated into the RF cavity is of the order of few Watts (max ca. 50 W). ALPI-HIE Isolde-ESS 5-

12 W (old LEP cavities ca. 50 W)
- To minimize the heat load optimize A/L and when possible anchor to intermediate temperature (e.g. LN2 

temperature)
- Stored energy is low Q= 2∙ π ∙ν = ω ∙U stored/P cold

Superconducting magnets: the connection from the outside to the coil is obtained by means of “current leads” (CL). 
Three types mainly of CL are used:
- Conduction cooled CL (for low current)
- Gas/vapor cooled CL (or forced flow cooled  CL)
- Hybrid HTS CL
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Electrical connection into the cryostat: conduction cooled CL

Ref. US Particle 
accelerator  
school 2004
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For 1000 Amps one CL dissipates at 4 K ca. 45 W, a pair ca. 90 W!! 
i.e. 90 J/s/20.9 J/g/125 g/liter x 3600 s/hour = 124 liter/hour!!

Electrical connection into the cryostat: conduction cooled CL
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Electrical connection into the cryostat: conduction cooled CL

For I= 2 ∙ Iopt ; QL/QL)min =1.25

For twice the current only 25 % 
higher dissipation
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Electrical connection into the cryostat: vapour cooled CL

Transfer coefficient f 
between the  vapour and 
the copper should be 
inserted

f = 0      47 mW/A

f = 1      1.04 mW/A

For cryogenic engineers  is more useful to convert in terms of g/s:
Conduction cooled is 47 mW/A : for 1000 A  2 ∙47  J/s/20.9 J/g =
4.5 g/s; 130 litre/hour!!

Since 1 g/s = 120 W @ 4.5 K  540 Watt @ 4.5 K!!! (not realistic)
Vapour cooled is 1.04 mW/A: for 1000 A, 0.1 g/s ; 2.9 litre/hour
Since 1 g/s = 120 W @ 4.5 K , 12 W @ 4.5 K

ATLAS (CMS) 21 kA: for a pair of leads
2∙ 1.04 ∙21 /20.9 = 2.1 g/s , i.e. 250 W @ 4.5 K!! 
In refrigeration mode (in reality 50% more, 3 g/s).
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Electrical connection into the cryostat: vapour cooled CL



R.Pengo,Introduzione alla criogenia, Bologna ottobre 2019 139

Electrical connection into the cryostat: hybrid CL

To be installed vertically!

For a vapour cooled CL at 13000 A:
1.04∙ 10-3 ∙ 13000 W = 13.5 W

For hybrid CL (LHC) the average value is 1.2 W!

HTS stacks of BSCCO 2223
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Other insulation techniques than vacuum insulation

- Porous insulation
- low gas density embedded (nitrogen), apparent thermal insulation is that of the gas
- il limits the heat transfer by convection and radiation
- No linearity as expected but constant

- Powders & Fibers
- perlite (from volcanic rocks, 100-1600 micron
- colloidal silica (150-200 angstron ca. 15-20 nm
- silica gel (water is replaced by alchol, hygroscopic)
- Note: the vacuum required with powder insulation is much less than with High Vacuum or MLI (=> vacuum pump 

protection!)
- 300 K -> 80 K : evacuated powders are superior to HV (powder limuts the radiation load) see example
- 80 K -> 10 K solid conduction is greater so it is not used in this temeprature range

- Microspheres insulation
- hollow spheres, conductivity ≈ 10-4 W/m-K

- Specific powder insulation
- Adding copper or Aluminium flakes reduce the radiant heat.
- Gas filled powders on fibrous materials (used T> 77 K or 81.5 K for air condensation.
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Other insulation techniques than vaccum insulation

REAL

EXPECTED
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Other insulation techniques than vacuum insulation
Solid foam:
- Polystyrene, Polyurethanes, rubber, silicons (CO2 used for manufacturing)

- Gas (air) can penetrate the porous material
- high expansivity (2-5 times Aluminium, 4-10 times SS)
- during cooling they will shrink more and then crack, where air and/or moisture can enter

- e.g. Thermal conductivity of Polyurethane : @ 1 atm 0.330 mW/cm-K , @10-3 torr 0.120 mW/cm-K

-Example: cryostat containing Liquid Argon, is a big box 20 m long and quared faces of 6 m x 6 m.
-The total area is (4 x 20 x 6 + 2 x 6 x 6) m2 = 552 m2

- thermal insulation is 0.80 m of polyurethane (see above).
-@ 1 atm  Q(W) = (552 x 104 cm2 / 80 cm) x 330 10-6 W/cm-K x (300- 80) = 5009 W (113 l/h LN2)
- @ 10-3 Torr Q(W) = (552 x 104 cm2 / 80 cm) x 120 10-6 W/cm-K x (300- 80) = 1822 W (41 l/h LN2)
Radiation only:
Assume epsylon =0.1; Q = 24912 Watt (560 l/h LN2)  
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PROPRIETA’ DEI MATERIALI:
- Entalpia (Temperatura di Debye)
- Scelta del materiale 
- Contrazione termica
- Conducibilita’ termica

TRASMISSIONE DEL CALORE
- Nei solidi
- Nei gas
- Irraggiamento 
- Isolamento termico
- Cenni di crio-pompaggio
- Current Leads (discendenti di corrente)

LINEE DI TRASFERIMENTO
- Caduta di pressione
- Termosifone
- Pompe di circolazione
- Valvole criogeniche
- Giunzioni a bassa temperatura
- Dimensionamento di valvole di sicurezza
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Esempio di calcolo di pressure drop di una linea di trasferimento

In most applications the flow is turbulent, Re>2300. From 
G.K.White. Experimental techniques in low-temperature 
physics, Oxford press.

L: pipe length [m]
ρ: density [kg/m3]
η: viscosity [Pa∙sec]
D: pipe diameter [m]
ψ: dimensionless factor
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Esempio di calcolo di pressure drop di una linea di tresferimento

Moody diagram
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Esempio di calcolo di pressure drop di una linea di tresferimento
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Esempio di calcolo di pressure drop di una linea di tresferimento

Moody diagram
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Esempio di calcolo di pressure drop di una linea di tresferimento [Metodo 1]

Example: transfer LHe from a dewar (connected to a 
liquefier/refrigerator) to N cryostats where in total 
500 W are dissipated. The LHe in the dewar is at 1.3 
bar absolute, i.e. 4.5 K. Case of pure liquid helium.
Q(W) = cλ [J/g] ∙ m [g/s] = cλ [J/kg] ∙ m [kg/s], cλ
latent heat,
L = 30 m, D (guess) 25 mm =0.025 m
m: mass flow = 500 W/20.9 J/g =23.9 g/s = 0.0239 
kg/s
η (from HePak) = 3.0 x 10-6 Pa ∙ s; G= 4 m/(π D2 )= 4 x 
0.0239/ π (0.025) 2 = 48.6887
Re= GD/η = 403887 => turbolent flow
Ψ= 0.316 (Re)-0.25 = 0.01253;
DP = 0.5∙ 0.01253 ∙30 ∙(48.6887)2 /(0.025 ∙119.0) 
=150 Pa = 1.5 mbar

Example: transfer LHe from a dewar (connected to a 
liquefier/refrigerator) to N cryostats where in total 
500 W are dissipated. The LHe in the dewar is at 1.3 
bar absolute, i.e. 4.5 K. Case of pure helium vapor.
Q(W) = cλ [J/g] ∙ m [g/s] = cλ [J/kg] ∙ m [kg/s], cλ
latent heat,
L = 30 m, D (guess) 25 mm =0.025 m
m: mass flow = 500 W/20.9 J/g =23.9 g/s = 0.0239 
kg/s
η (from HePak) = 1.4 x 10-6 Pa ∙ s; G= 4 m/(π D2 )= 4 x 
0.0239/ π (0.025) 2 = 48.6887
Re= GD/η = 884852 => turbolent flow
Ψ= 0.316 (Re)-0.25 = 0.0103;
DP = 0.5∙ 0.0103 ∙30 ∙(48.6887)2 /(0.025 ∙22.07) 
=664 Pa = 6.64 mbar



R.Pengo,Introduzione alla criogenia, Bologna ottobre 2019 149

Esempio di calcolo di pressure drop di una linea di trasferimento [Metodo 2]

Example: transfer LHe from a dewar (connected to a 
liquefier/refrigerator) to N cryostats where in total 
500 W are dissipated. The LHe in the dewar is at 1.3 
bar absolute, i.e. 4.5 K. Case of pure liquid helium.

Q(W) = cλ [J/g] ∙ m [g/s] = cλ [J/kg] ∙ m [kg/s], cλ
latent heat,
L = 30 m, D (guess) 25 mm =0.025 m
m mass flow = 500 W/20.9 J/g =23.9 g/s = 0.0239 
kg/s; density =119 kg/m3

η (from HePak) = 3.0 x 10-6 Pa ∙ s; Re= GD/η = 
403887 => turbolent flow;
From Moody diagram for a smooth pipe,
Head [m]= 0.014  ∙ 30 ∙ (0.41)2 / (0.025 ∙ 2 ∙ 9.81)= 
0.1405  [m]; DP = 0.1405 ∙ g ∙ 119 = 164 Pa

Example: transfer LHe from a dewar (connected to a 
liquefier/refrigerator) to N cryostats where in total 
500 W are dissipated. The LHe in the dewar is at 1.3 
bar absolute, i.e. 4.5 K. Case of pure helium vapor.

Q(W) = cλ [J/g] ∙ m [g/s] = cλ [J/kg] ∙ m [kg/s], cλ
latent heat,
L = 30 m, D (guess) 25 mm =0.025 m
m mass flow = 500 W/20.9 J/g =23.9 g/s = 0.0239 
kg/s; density =22.07 kg/m3

η (from HePak) = 1.4 x 10-6 Pa ∙ s; Re= GD/η = 
884852 = ρ D v/ η > turbolent flow
From Moody diagram for a smooth pipe
Head [m] =0.012 x 30 x (2.21)2 / (0.025 x 2 x 9.81) 
= 22 m; DP = 22x g x 22.07 = 771 Pa
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Esempio di calcolo di pressure drop di una linea di trasferimento [Metodo 3]

Case of pure liquid helium.

Q(W) = cλ [J/g] ∙ m [g/s] = cλ [J/kg] ∙ m [kg/s], cλ
latent heat,
L = 30 m, D (guess) 25 mm =0.025 m
m mass flow = 500 W/20.9 J/g =23.9 g/s = 0.0239 
kg/s; density =119 kg/m3

η (from HePak) = 3.0 x 10-6 Pa ∙ s; Re= GD/η = 
403887 => turbolent flow; [e.g. Barron, Cryogenic 
Engineering]
f=64/Re if Re<2300; 
f=0.316 Re-0.25 if 3000<Re<50000; 
f= 0.184-0.20 if Re >50000; 
Re= ρ v D/µ = 403887
f=  0.184 x 403887-0.20 =0.0139
DP = L f G2/2 ρ D=
0.0139 x 11961.24 = 166.5 Pa

Case of pure helium vapor.

Q(W) = cλ [J/g] ∙ m [g/s] = cλ [J/kg] ∙ m [kg/s], cλ
latent heat,
L = 30 m, D (guess) 25 mm =0.025 m
m mass flow = 500 W/20.9 J/g =23.9 g/s = 0.0239 
kg/s; density =22.07 kg/m3

η (from HePak) = 1.4 x 10-6 Pa ∙ s; Re= GD/η = 
884852 = ρ D v/ η > turbolent flow
f=64/Re if Re<2300; 
f=0.316 Re-0.25 if 3000<Re<50000; 
f= 0.184-0.20 if Re >50000; 
Re= ρ v D/µ = 884852 
f=  0.184 x 884852 -0.20 =0.0119
DP = L f G2/2 ρ D=
0.0119 x 64294 = 765 Pa
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Esempio di calcolo di termosifone
Supponiamo di voler raffreddare un magnete usando solo la forza di gravita’: termosifone (ALEPH, CMS;..)

The pressure drop Pf due to the friction in the turbulent flow is given by 3 6 (in SI units):
Pf =   f  (L  v2) / (2  D)

is the fluid density kg/m3
f is the friction factor 
L is the length of the pipe m
v is the velocity of the fluid m/s
D is the diameter of the pipe m

Pf = 8 f  (L  m2) / (π 2   D 5)  

For a simplified thermosyphon calculation let x be fraction of vapor produced:

x =  q / (cL  m) = q / (cL    S   v)

q is the heat load W
cL is the latent heat J/kg
S is the pipe cross-section m2
m is the mass flow kg/s.
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Esempio di calcolo di termosifone
Supponiamo di voler raffreddare un magnete usando solo la forza di gravita’: termosifone (ALEPH, CMS;..)
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Esempio di calcolo di termosifone

The subscripts L and G stand for liquid and gas respectively.
If the difference in volume, due to the input heat load, were empty, then the pressure 

difference PL would be given by:
PL =  x  L  g  h

From the above value one has to subtract the amount PV
PV =  x  L  g  h ( G  / L),

which is due to the vapor, in order to obtain the total PTh for the thermosyphon:
PTh = PL - PV = q  (L  - G)  g  h / (cL  L  S   v).

Since the fraction of vapor is of the order of a few percent, i.e.   L, one can assume that: 
Pf  L  f  (L  v2) / (2  D).

By substitution of the values for helium at 4.5 K (or at 4.2 K), for q = 185 W, as calculated in this 
report, and solving the resulting equations in v, one obtains the total mass flow given in the 
following tables. In the calculation the correction (of the order of few percent) due to the bends 
was not taken into account. The presence of bends in the circuit gives, as a consequence, a 
reduced value of the velocity and a decrease in mass flow as well as an increase in the value of 
vapor fraction.
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Esempio di calcolo di termosifone
Table A1 Summary of the mass flow for the racetrack cooling system @ 4.5 
K. Each of the pipes is 21 m long. 
 

Number of 
pipes 

Pipe diameter 
(mm) 

Velocity 
(m/s) 

Vapor fraction 
% 

Mass flow
(l/h) 

4 x 2 = 8  14 0.62 10.8 2749 
4 x 2 = 8 21 0.54 5.5 5402 
4 x 3 = 12 14 0.54 8.3 3601 
4 x 3 = 12 21 0.47 4.2 7078 
4 x 4 = 16 14 0.49 6.8 4363 
4 x 4 = 16 21 0.43 3.5 8575 
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The simplified calculation, given above, shows 
that the thermosyphon cooling is feasible, with 
a pipe diameter of 21 mm and a three- or four-
pipe geometry. The above calculations have 
been also successfully compared to the values 
published for the ALEPH case, and an 
agreement better than 10 % was found (see the 
text below).
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Esempio di calcolo di termosifone

Note. In the following an example of the calculation, for comparison only, is outlined for the ALEPH thermosyphon. 
The total input load given is 200 W, divided in 52 pipes in parallel each 8.7 m long and 14 mm in diameter. The flow 
is taken as turbulent 3 6 with an / D = 1.5 10-6 m /1.4 10-2 m =1.1 10-4. The pressure drop due to the 
friction is then
Pf = f   v2  38964 .
With the notation used above, and for the ALEPH case, the thermosyphon pressure drop is given by 
PTh = 50.95/v.
Solving the equation for v and with f = 0.02, extracted from the usual Moody diagram 36, one obtains v = 0.40 
m/s. The total flow, for the 52 pipes in parallel is given by the following expression:

Ql/h = S  v = 1.54  10-4 m2  0.40 m/s  3600 s/h  1000 l/m3  52 = 11614 l/h,

where S is the cross section of the pipes and v the calculated velocity, to be compared to the value of 11000 l/h
quoted in ref. 9.

The reduction due to the bends of the pipes in the circuit should be of the order of a few percents and it has not 
been taken into account in the calculation because its exact number was unknown. The correction would bring the 
calculated value closer to the one quoted in 9.
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Esempio di calcolo di head di una pompa e dell’efficienza

Quite often is necessary to have a 
higher mass flow and/or  a higher 
pressure head than that available 
from a JT circuit of a given 
refrigerator. 
Suppose we need 1.6 kW to cool a 
big magnet (ATLAS): the refrigerator 
has a max JT flow of 295 g/s (5000 
W) and a the available Dp is less 
than 300 mbar. We need to 
dissipate ca. 1600 W, i.e. more than 
36% vapor will be produced. In case 
of all vapor the heat load would 
produce the temperature increase 
according to:
Q(W) = Cp m DT.
The task is achieved by adding a 
Liquid helium pump and leaving the 
refrigerator to work in a closed 
cycle.
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Esempio di calcolo di head di una pompa e dell’efficienza

Magnets

Pump

LHe

Helium 
Refrigerator

Liquefaction mode

Refrigeration 
mode Current 

leads
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The advantage in mass flow and 
pressure head is paid by the 
efficiency of the pump, ca. 60%.

(1.2 kg/s x 40000 Pa)/ 120 kg/s =
= 400 W
Since efficiency is 0.6 the 
refrigerator has to produce:
400 W/0.6= 670 W.
The use of a LHe pump has to be 
avoided when possible.

R.Pengo, et al., Cryogenics 50
(2010) 8–12
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Esempio di calcolo del flow coefficient Kv (Cv=1.17 Kv) di una valvola
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Esempio di calcolo del flow coefficient Kv (Cv=1.17 Kv) di una valvola



R.Pengo,Introduzione alla criogenia, Bologna ottobre 2019 162

Esempio di calcolo del flow coefficient Kv (Cv=1.17 Kv) di una valvola
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Esempio di calcolo del flow coefficient Kv (Cv=1.17 Kv) di una valvola
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Esempio di calcolo del flow coefficient Kv (Cv=1.17 Kv) di una valvola
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Esempio di calcolo del flow coefficient Kv (Cv=1.17 Kv) di una valvola

The procedure specified in the IEC 60534 standard
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Esempio di calcolo del flow coefficient Kv (Cv=1.17 Kv) di una valvola

Suppose we have to feed a cryostat with four cavities each dissipating 7 W RF at 4.5 K. The cavities are housed in 
a cryostat whose static heat load is 12 W at 4.5 K: total heat load is 50 W i.e. 50W/20.9 J/g = 2.39 g/s.
Calculate the appropriate Kv of the cryogenic valve
Case 1: Feeding fluid is pure liquid helium at P1 =1.3 bar abs, P2 =1.1 Bar abs in the cryostat, i.e. DP= 0.2 bar
Density ρ of LHe at 4.5 K is 118 g/liter (or Kg/m3). From the previous formulas:
Kv = 2.39 ∙ 3.6/sqrt(1000 ∙ ρ ∙ DP)= 0.056 => Kv chosen is 2 ∙ 0.056 = 0.112;

Kv installed 0.112
Aperture Aperture

g/s Kv def 1:50 def 1:100
Kv/Kv 
installed

Proportiona
l

0.1 0.002334 0.011502 0.160286 0.020921
0.2 0.004669 0.188686 0.310801 0.041841 1.792392
0.4 0.009337 0.36587 0.461316 0.083682 3.584784
0.6 0.014006 0.469516 0.549362 0.125523 5.377176
0.8 0.018675 0.543054 0.611831 0.167364 7.169567

1 0.023344 0.600094 0.660286 0.209205 8.961959
1.2 0.028012 0.6467 0.699877 0.251046 10.75435
1.4 0.032681 0.686104 0.73335 0.292887 12.54674
1.6 0.03735 0.720238 0.762346 0.334728 14.33913
1.7 0.039684 0.735735 0.775511 0.355649 15.23533
1.8 0.042019 0.750346 0.787922 0.376569 16.13153

2 0.046687 0.777278 0.810801 0.41841 17.92392
2.2 0.051356 0.801641 0.831497 0.460251 19.71631
2.4 0.056025 0.823883 0.850392 0.502092 21.5087
2.6 0.060694 0.844344 0.867773 0.543933 23.30109
2.8 0.065362 0.863288 0.883865 0.585774 25.09349

3 0.070031 0.880924 0.898847 0.627615 26.88588
3.2 0.0747 0.897421 0.912861 0.669456 28.67827
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Esempio di calcolo del flow coefficient Kv (Cv=1.17 Kv) di una valvola

Suppose we have to feed a cryostat with four cavities each dissipating 7 W RF at 4.5 K. The cavities are housed in 
a cryostat whose static heat load is 12 W at 4.5 K: total heat load is 50 W i.e 50W/20.9 J/g = 2.39 g/s.
Calculate the appropriate Kv of the cryogenic valve
Case 2: Feeding fluid is pure vapor helium at P1 =1.3 bar abs, P2 =1.1 Bar abs in the cryostat, i.e. DP= 0.2 bar
Density ρ of LHe at 4.5 K is 22.1 g/liter (or Kg/m3). From the previous formulas:
Kv = 2.39 ∙ 3.6/sqrt(1000 ∙ ρ ∙ DP)= 0.129 => Kv chosen is 2 ∙ 0.129 = 0.259;

Kv installed 0.259
Aperture Aperture

g/s Kv def 1:50 def 1:100
Kv/Kv 
installed

Proportiona
l

0.1 0.005412 0.011502 0.160286 0.020921
0.2 0.010824 0.188686 0.310801 0.041841 0.773098
0.4 0.021648 0.36587 0.461316 0.083682 1.546196
0.6 0.032473 0.469516 0.549362 0.125523 2.319294
0.8 0.043297 0.543054 0.611831 0.167364 3.092391

1 0.054121 0.600094 0.660286 0.209205 3.865489
1.2 0.064945 0.6467 0.699877 0.251046 4.638587
1.4 0.07577 0.686104 0.73335 0.292887 5.411685
1.6 0.086594 0.720238 0.762346 0.334728 6.184783
1.7 0.092006 0.735735 0.775511 0.355649 6.571332
1.8 0.097418 0.750346 0.787922 0.376569 6.957881

2 0.108242 0.777278 0.810801 0.41841 7.730979
2.2 0.119067 0.801641 0.831497 0.460251 8.504077
2.4 0.129891 0.823883 0.850392 0.502092 9.277174
2.6 0.140715 0.844344 0.867773 0.543933 10.05027
2.8 0.151539 0.863288 0.883865 0.585774 10.82337

3 0.162364 0.880924 0.898847 0.627615 11.59647
3.2 0.173188 0.897421 0.912861 0.669456 12.36957
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Esempio di calcolo del flow coefficient Kv (Cv=1.16 Kv) di una valvola

DN 8

Da verificare con un esempio reale
ATLAS il caso di pre-raffreddamento
misto
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Metodi di giunzione piu’ usati in criogenia

- But Welding (Saldatura di testa): TIG, Laser, Electron-beam (SS-SS, Al-Al, SS-Cu,...)
- For SS-Al joints special transitions Al-SS parts obtained by friction.

- Vacuum Brazing (Brasatura sotto vuoto)  (SS-Cu, Cu-Cu, metals-ceramics,..)

- Seals/couplings (guarnizioni/Flangiature) (SPG, CF, Johnston/bayonet, Indio, Elicoflex, Al, ...)

- Possible use of other materials (e.g. for Cryo-valves) Kel-F, Vespel SP1,Teflon,..)

- No Viton O-ring  at low temperature! (=>Space Shuttle Challenger incident, 1986)
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Dimensioning of a Pressure Relief Valve
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Dimensioning of a Pressure Relief Valve

The correlations are based on the 
assumption that the gas, at the exit in 
the atmosphere, cannot have a speed 
higher than the speed of sound.
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Dimensioning of a Pressure Relief Valve
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Dimensioning of a Pressure Relief Valve

A cryostat housing a liquid helium reservoir,  a horizontal cylinder as in picture. The total surface is=
2 ∙ 0.52 ∙ π/4 + 0.5∙ π ∙1 = 1.96 m2. Let us assume that only 50% of the reservoir has Lhe the rest has vapor, i.e. the 
wetted surface is 1.96/2= 0.98 m2

In case of vacuum rupture the reservoir undergoes a heat load (experimentally measured) as follows:
Case 1: 6 kW/m2, if the reservoir is wrapped with 10 layers of MLI
Case2: 40 kW/m2 with no MLI.
Case 3 (fire): 70 kW/m2

The latent heat of LHe is (307741-9944) J/kg=20798 J/kg or 20.8 J/g.
Case 1 : the mass flow generated is 6000 W∙ 0.98 m2/20.8 J/g = 283 g/s or 0.283 kg/s
Case 2:  the mass flow generated is 40000 W∙ 0.98 m2/20.8 J/g = 1885 g/s or 1.885 kg/s.
Our cryostat design imposes not to exceed 6 bar absolute, 
so the Pressure Relief Valve must open at this pressure. 
According to the formula which gives the minimum area of the PRV orifice

The temperature T has to be calculated according to a isochoric 
transformation. Usually it is chosen between 10 and 20 K.

D= 0.5 m

L= 1.0 m

LHe

GHe

PRV

High 
vacuum
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Dimensioning of a Pressure Relief Valve

In our example we choose T= 15 K.
Case 1: with MLI

PRV minimum diameter is 18 mm

Case 2: no MLI

PRV minimum diameter is 46 mm.

Conte p 20
gamma 1.67 mdot 0.283227 T 15 P 6 Kd 0.78

1.854651
base 0.74906367 exp 3.985075 Coefficient 377.864

Area 0.000244854 Diam 0.018 m 17.7 mm

Conte p 20
gamma 1.67 mdot 1.888179 T 15 P 6 Kd 0.78

1.854651
base 0.74906367 exp 3.985075 Coefficient 377.864

Area 0.001632357 Diam 0.046 m 45.6 mm

In case of a magnet quench the stored energy ½ ∙L∙i2 has to be taken into account.
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Dimensioning of a Pressure Relief Valve

In case of a magnet quench the stored energy ½ ∙L∙i2 has to be taken into account.

The electromagnetic energy stored in the magnet is usually dumped into external resistors 
and/or diodes. The latter to limit the voltage during the discharge.

With the detailed knowledge of the design of the magnet it is possible to estimate the heat 
load as a function of time i.e. the power (Watt/m2) associated and the related mass flow 
generated at the opening of the PRV, and its dimensioning.
Sometimes it is also necessary (advisible) the measure the heat load by inducing some 
quenches (Fast dump), and to measure the mass flow associated through a PRV.
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Dimensioning of a Pressure Relief Valve

Spring-loaded PRV: Most used 
type, sometimes does not 
shut properly (dust or 
alignement) and so it leaks. 
Needs maintenance so usually 
double with three-way valve.

Magnetic PRV: high 
conductance, quite expensive, 
does shut after opening

Rupture disk as PRV: high conductance, does not 
shut and the apparatus can be irreversibly 
damaged, usually set in parallel at a higher opening 
pressure
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CENNI DI CRIOGENIA CON T< 4 K
- Superfluidita’
- Resistenza di Kapitza
- Cenni di criogenia con T< 1 K
- Superconduttivita’ (Magneti, Cavita’ RF)



R.Pengo,Introduzione alla criogenia, Bologna ottobre 2019 178

Superfluidita'e superconduttivita' cenni

- By pumping on a He4 bath, it is possible to lower the 
bath temperature (see table). A physical limit is at 
about 1 K

- Below 1 K a mixture He3- He4 is used
- At 2.17 K one observes that the Cp diverge and 

recovers just below, i.e. it can be integrated (see 
picture.  The shape of λ gives the name «lambda 
point»

- The liquid become superfluid, a quantum fluid with 
no viscosity and very high thermal conductivity

- The very high thermal conductivity λ is such 
that the bubbles desappear (see photo)

- At 2 K: λ = 2 kW/(m∙K) !!
[for Cu: λ = 0.2 kW/(m∙K)]
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[Temperature < 4K] cenni
- By pumping on the bath, the temperature is lowered
- The transition at 2.17 K is paid by the vaporization of a 

good part of LHe (50 to 60) % (see graph)
- If Cλ and Cp are the latent heat and the specific heat at 

the same temperature T, on can write:
- Cλ ∙dm = m∙ Cp ∙dT ;   ln ௠

୫଴

= ∫
େ୮

େ஛

்

ସ.ଶ
dT ; 

with the initial mass equal to m0
- The helium superfluid, named He II, is a mixture of normal 
He and superfluid He. The ratio, as a function of T,  is given 
in the graph below.
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[ Superfluidita'e superconduttivitaì' cenni]
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Temperature < 4K cenni
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- The cold compressor CC pumps the 1.8 K 
( 16 mbar) cold vapour to higher 
pressure.

- A stack of CC  is necessary to reach 
atmospheric pressure.

- The roots pumping speed (20 000 m3/h) 
is calculated for 300 W at 1.8 K (see 
previous calculations)
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Velocità di pompaggio necessaria per mantenere la temperatura T < Tλ (T < 2.17 k) in elio 
superfluido di-fasico? [La pompa è a 295k] 

- Supponiamo heat load 1 W @ T 

- Supponiamo il calore latente  Cλ ≃ 20.9 𝐽 𝑔ൗ = 4 ∙ 20.9 𝐽 𝑚𝑜𝑙
ൗ  

Q (W) = 𝑚̇ ∙ Cλ  1 W = 𝑚̇ ൫𝑔
𝑠ൗ ൯ ⋅ 20,9 (𝐽

𝑔ൗ ) 

𝑚̇ = 1

20,9
  ൫𝑔

𝑠ൗ ൯ =  1

4⋅20,9
 ቂ𝑚𝑜𝑙

𝑠𝑒𝑐
ቃ 

PV = nRT  P ⋅ 𝑉̇ = 𝑛̇ R T ;  𝑉̇ = (𝑛̇ 𝑅 𝑇)/𝑃 ; 𝑉̇ ቂ
𝑚 3

𝑠
ቃ = 

1

4⋅20,9
ቂ

𝑚𝑜𝑙

𝑠
ቃ ∙ 8,31 ቂ

𝐽

𝑚𝑜𝑙 ⋅K
ቃ ∙ 295K

287 [𝑃𝑎 ]
 

= 0. 1022 𝑚
3

𝑠
 = 368 𝑚

3

ℎ
  @ 1.4 k;   33,3 𝑚

3

ℎ
 1 W @ 2.0 K 

 333 𝑚
3

ℎ
 10 W @ 2.0K 

 

 

 

 

 

T [𝒌] P [𝑷𝒂] 
1.4 287 
1.6 287 
1.8 1662 
2.0 3169 

746
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TWO PHASE He II: CONTINOUS PUMPING
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PRESSURIZED He II
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The Kapitza resistance (conductance)

- At low ΔT no boiling occurs and the heat transfer 
between He II and a solid surface is controlled by the 
Kapitza conductance such that hk= q/ΔT ( q in kW/m2)

- (At high ΔT the heat transfer is determined primarily  by 
the character of the vapour film)

- If a block of copper is immersed in He II, sizeble DT 
between the Cu and the bath can be measured

- (Nowdays the Kapitza conductance has been extended 
also to the interface between a metal and water at room 
temperature). In general it is neglected (also for He I) 
being strongly dependent of T.

- For small ΔT the  experimental values are: 
- clean surface hk= 0.9 T3 kW/m2

- dirty surface hk = 0.4 T3 kW/m2

- For large ΔT : 
- qs = α∙ (𝑇௦

௡ –𝑇௕
௡)

- α and n adjustable parameters (see next table)

Note:The dependence from T3 comes from solid 
state physics: the heat flux is q = σ T4, and for small 
ΔT , hk= q/ΔT implies that q = 4 σ T3. Theoretically for 
Cu it would be hk = 4.4 T3 kW/m2 K. (The σ is only an 
analogy to the photon radiation correlation).
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The Kapitza conductance
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The Kapitza resistance (conductance)

Copper at 2.1 K, heat flux 5 kW/m2

Small DT , surface as received:
hk = 0.4 T3 kW//(m2∙K) =0.4 ∙2.13 = 3.7 kW/(m2∙K)
Ts = Tb + q/hk = 2.1 + 5/3.7 = 2.1 +1.35= 3.45 K

Large DT, surface as received:
qs = α∙ (𝑇௦

௡ –𝑇௕
௡); α = 0.486 kW/(m2∙K)

, n = 2.8
Ts = ( q/ α - 𝑇௕

௡)1/n

Ts = ( 5/ 0.486 - 2.1ଶ.଼)1/2.8 =2.82 K
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The Kapitza resistance (conductance)

If q =1 kW/m2 in He II at 1.8 K turbulent flow one needs ca. 
1000 m to have 0.1 K= ΔT.

Δ x (m)=9749 x 0.1/ 13 =975 m
[Δ x (m)=9281 x 0.1/ 13 =928 m (at 1 bar)].

ΔT= 0.1 K

He II
1 km

𝑞̇= 1kW/m2

̇
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Temperature < 1K cenni
The lowest temperature accessible 
by evaporation cooling is a problem 
of vacuum technology. As T drops 
the equilibrium vapor pressure 
drops, and so the rate at which 
helium gas and its heats of 
vaporization can be extracted from 
LHe bath.Below 0.87 K, He3 and He4 are 

immiscible like oil and water. 
The concentrated He3 phase 
floats on top of the dilute He3 

phase.
If the amount of He4 is 
increased the excess of He3

will evaporate resulting by 
cooling the bath. To obtain a 
cyclic process He3-He4 mixture 
has to be separeted e.g. by 
distillation. Temperatures as 
low as 8 mK can be obtained.
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[Temperature < 1K] cenni
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[Superconductivity] cenni
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[Superconductivity] cenni
- Temperatura critica: T alla 

quale la resistenza e’ nulla 
(non solo piccola). La 
transizione  a R = 0 avviene 
in modo repentino, in 
dipendenza della purezza 
del materiale. (almeno 
inferiore a 10-25 Ohm)

- In DC e’ propriamente R=0 
Ohm.

- In AC solo a frequenze 
«ottiche» si comporta come 
un materiale resistivo 
normale. A 50 Hz la densita’ 
di corrente Jn/Js = 10-10

- Dopo la scoperta nel 1911 
per il Hg, molti altri 
materiali sono stati scoperti. 
In particolare dal 1986 
alcuni ad «alta 
temperatura» 
(praticamente a 
temperatura ambiente).
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[Superconductivity] cenni

- Effetto Meissner: Poiche’ il flusso di B deve conservarsi, 
affiche’ all’interno del superconduttore sia B=0, si 
devono instaurare delle correnti di «schermatura» di 
segno opposto. Il campo diminuisce esponenzialmente 
verso l’interno

- Se il sc e’ sottile d<<lambda 
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[Superconductivity] cenni

- Campo critico: Il valore del campo magnetico Hc al di sopra del 
quale il materiale superconduttore diviene normale.

- E’ funzione della temperatura : 
Hc(T) = Hc(0) [1 – θ2] ; θ=T/Tc
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[Superconductivity] cenni
La teoria basilare della superconduttivita’ e’ stata definita dalla BCS 
(Bardeen, Cooper e Schiffer, 1957):
- Gli elettroni avendo la stessa carica (– e) si respingono
- Nei cristalli si puo’ avere un’interazione elettrone-fonone cioe’ 

con le vibrazioni del cristallo
- E’ stato dimostrato che due elettroni con spin opposto possono 

formare una coppia di Cooper di spin nullo (statistica di Bose-
Einstein)

- La coppia si comporta come un’unica particella, bosone
- I due elettroni si trovano ad una distanza ξ (lunghezza di 

coerenza) ma si muovono insieme senza dissipare energia
- Per rompere una coppia occorre un energia 2 Δ(0) = 3.5 k Tc

- Es. Tc = 10 K, k = 1.38 10-23 J/K; eV = 1.6 10-19 Joule

- 2 Δ(0) k Tc ≈ 5∙ 10-22 J ; Δ(0) k Tc ≈ 2∙ 10-22 J 
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[Superconductivity] cenni: Magneti

Of major interest : 
NbTi (1.9 K LHC), 
Nb3Sn (HL-LHC, 
MgB2(MRI cryogen-free),
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[Superconductivity] cenni: Magneti

Per la criogenia sono importanti:
- L’energia immagazzinata ½ L∙ I2 (per la sicurezza)
- La massa del magnete
- Lo scambio termico con l’elio di raffreddamento, a bagno 

(LHC)  o indirectly cooled (ATLAS,CMS)

- Es. E dipole = 0.5 L∙ I 2  dipole Energy stored in one dipole is 7.6 
MJoule

- For all 1232 dipoles in the LHC: 9.4 GJ

- In case of quench (spontaneous or induced) the energy can 
be dumped on an external circuit (with resistors and/or 
diodes) or in the magnet itself (or shared between the two).

- In some small magnets the dumping circuit is in the bath.
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[Superconductivity] cenni: cavita’ risonanti

- L’applicazione maggiore dell RF cavities e’ per acceleratori, sia per ioni pesanti 
che per elettroni, protoni
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[Superconductivity] RF cavities

- Per la criogenia sono 
importanti:

- L’energia immagazzinata (per 
la sicurezza)

- La potenza dissipata in He I a 
4 K o in He II  a 2 K.
- XFEL (1.3 GHz), la potenza 
dinamica (RF) è attorno a 
60W, energia accumulata ≈
 80 J. (Q=1x1010)

- ESS (700 MHz), Q= 5x109

dissipano circa 100 W con 
un’energia accumulata di 
120J.

- ALPI, 160 MHz P= 7 W
- U≈ 0.2 J (≈3-4 J per PIAVE)
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[Superconductivity] Josephson junction
- Due superconduttori sono a contatto attraverso un 

sottile starto di materiale isolante
- Una densita di corrente Jc puo’ attravesare la barriera 

senza che vi sia applicata una tensione (effetto 
Josephson continuo)

- Se si applica una tensione U, appare una corrente di 
frequenza ν = ω/2 ∙π= 2 ∙e ∙U/h (effetto Josephson 
alternato)

- Esempio : U = 10-6 Volt ; h= 6.626 ∙10-34

ν= 2∙ 1.6 ∙10-19 ∙10-6/6.626 ∙10-34 = 483.6 Mhz

- Se si applica una tensione alternata
U = U0 + 𝑈ഥ sin ω t

La densita’ di corrente J ha un valore medio non nullo se e’ 
un multiplo di ω= 4 π ∙e ∙U0/h 
- L’analogo avviene in presenza di un campo magneti che 

produce un flusso φ, appare una correente
J = 2 ∙Jc ∙cos(φ/φ0) 

- per un circuito con due giunzioni

- Questo effeto e’ utilizzato negli SQUID 
(Supeconducting Quantum Interference 
Device) come magnetometri, voltmetri, 
frequency mixer,...)

- L’effetto Josephson e’ alla base della 
costruzione dei qubits
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[Superconductivity] Josephson junction

1000 qubits

Cryogenics for 
Quantum computers


