
Dilution refrigerators - concepts
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Landau Fermi liquid theory
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Fermi liquid theory



3He as an example Fermi liquid
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Osmotic pressure MIT MAE 545

H2O => 4He

membrane => superleak
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Dilution refrigerator

Only available CONTINUOUS cooling method below 0.3 K

– 1951 H. London proposed the operating principle at LT meeting in Oxford
– 1962 First practical concept about it (London, Clarke & Mendoza)
– 1965 First realization (Das, De Bruyn Ouboter & Taconis, Leiden, 0.22 K)
– 1966 Dubna, 25 mK
– 1999 Lancaster, 1.7 mK

Physical grounds: QUANTUM-effects make it possible !

– 3He atoms take more space than 4He (zp motion) => distinguishable 

– 3He dissolves into 4He (Fermi/Bose systems) even at absolute zero

temperature;  x3s(T = 0) = 6.6 %

– molar entropy of 3He is higher in dilute mixture than in pure phase;
heat of mixing:  Lm = 84 T 2 J/(mol K2)

– 4He is superfluid and has no entropy (T < 0.5 K)
– osmotic pressure of 3He keeps balance against thermal gradient in mixture 
– 3He vapor pressure higher than of 4He (possible to distill 3He out of 4He)

L=DST; DS ~T





Operation of a dilution refrigerator requires pretty

elaborate pumping and gas handling systems

– efficient booster-, roots-, or turbo pumps + backing pumps

=>  104 m3/h (~ 1 mmol/s,  p ~ 1 Pa)

– still pumping line  f ~ 0.3 m
– LN2-charcoal trap
– safety measures, etc

SS mesh



Dilution units are commercially available  (price around 200-300 k€…700k€) 

– Oxford Instruments, UK

– Leiden Cryogenics, The Netherlands 
– Bluefors Cryogenics, Finland
– etc.

Special types may be adapted to specific conditions: 

• Dry cryostats
– pulse tube cooler provides the  ~ 2 (3.5) K base
– have become the mainstream of mK-refrigerators
– just one vacuum space for the pulse tube and the dilution fridge

• Miniature cryostats
– can be dipped into a storage dewar (often max diam ~ 5 cm)
– quick operation,  Tmin ~ 10 ... 20 mK in couple hours, limited power

• Fully plastic dilution fridges
– can be operated in very high magnetic fields
– Kapitza resistance between helium and plastics is smaller than He–metal 

• Monster machines
– dn/dt ~ 10 mmol/s  with  Ahex > 2000 m2



CF-CS110-1500 Maglev-2PT

Tmin < 7 mK

Q > 1500 microW @ 100 mK

Mixing chamber 

diameter 490 mm



4He 3He
Helium – Bose condensate – Fermi fluid

isotopes – no thermal excitations – TF ~ 1 K
T < 0.5 K – h = 0,  S ~ 0,  C ~ 0 – C = p2 R/2 T/TF

– m* ~ 2.8 (3.0) m3

0.064 - 0.068



Finite solubility of 3He in 4He at  T = 0

Stronger binding of
3He atoms in liquid 4He 

than in 3He is expressed 

by 3,d(0, 0) > L3/N0

J. Bardeen, G. Baym, D. Pines, 

Phys. Rev. Lett. 17, 372 (1966)



Heat of mixing

THUS: Lm = TDS = T 2 (106 – 22) J/(mol K2) = 84 (T/K)2 J/mol

Fermi-liquid theory works fine:  Cd =

– empirical fact x = 0.066, m* = 2.5 m3
– no first-principles theory x → 0, m* = 2.34 m3

=>  Cd (0.066) = 106 T J/(mol3 K2)

=>  Sd (0.066) = 106 T J/(mol3 K2)

C
3
= 2.7 RT = 22 T J/(mol K

2

)

S
3
= 22 T J/(mol K

2
)

mL T S= D

dQ TdS
C

dT dT
= =

C
dS dT

T
=

0

( )

T
C

S T dT
T

= 



Cooling power

Compare    evaporation       vs.      dilution
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m
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Osmotic pressure

Large thermal gradient in DR
causes concentration gradients,  x(T)

Ideal mixture model:

T > TF pVm,4 = x R T

T < TF pVm,4 = 0.4 R TF

p is osmotic pressure

Equilibrium:
p(z)  is constant
=> concentration
gradient is
opposite to

dT/dz



Mixing chamber

Power balance:

If  TEX = TMC (or operation in single cycle)

if

=>  best possible heat exchangers to obtain minimum TEX

Enthalphy DH=cpDT
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Examples on
real geometry

Kurt Uhlig, arXiv 1412.3597



Distiller (still):

Optimal still
temperature
is  0.6 – 0.7 K

T/K x3 /% p3 + p4 /Pa p3/(p3 + p4) /%

0.6 1.2 4.6 99
0.7 1.0 8.8 97

– 3He coming from RT is condensed in 4He evaporator (pot),  T ~ 1.2 K
– further cooling of returning 3He occurs in still,  T ~ 0.7 K
– simple spiral tube heat exchangers
– impedance  Z ~ 1012 cm–3



Still must be heated up:
– latent heat of 3He evaporation is  L3 ~ 20 J/mol

– incoming 3He flow gives a load DH3 ~ 2 J/mol

– additional heating  dQ/dt ~ 18 dn/dt J/mol  ( ~  few  mW  typically)  must
be provided to keep up circulation

– still is a good thermal-anchor point (additional load up to  ~ 1 mW is OK)

Important to prevent 4He from evaporating in the still. Superfluid 
film may creep up to a point where T ~ 2 K => higher vapor 
pressure

– may become as much as 10 ... 20 % unless attention is paid
– pumps are loaded by additional mass flow
– heat exchangers are loaded as mixture has higher heat capacity than pure 3He 
– before MC 3He separates from 4He and produces heating (reverse to mixing) 
– 4He may accumulate to heat exchangers if geometry is not right (gravity)
– down at the mixing chamber extra 4He does no harm, except that some 3He is

away from taking part in the mixing process
– check 3He/4He ratio in circulation by a leak detector (mass spectrometer)
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