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Dilution refrigerators 
The phase diagram of 3He/4He 

 
Phase separation occurs somewhere below 0.8K 

depending on the mixture 
Note that the He4-rich phase contains 6.6% He3 

even at T=0 

Where does the He3 atom want to be. 
Chemical potential for He-3 in different 
environments.  

 
 
Binding energy is smaller in He4 due to lower 
mass, giving larger zero point fluctuations. 
He3 in He4 can be treated as a dilute Fermi 
liquid. The superfluid helium 4 acts as an inert 
background. 
m*  2.34-2.8 m3  ,  TF,conc  1K 
TF,dil ~ x2/3 

He3 atom in pure He3 

Chemical potential of a He3 
atom in diluted phase 

Chemical potential of a He3 atom in 
diluted phase taking interaction to 
the other He3 atoms into account 



Schematic drawing of a dilution refrigerator 

 



Cooling power for a dilution refrigerator 

 

The cooling power is given by: 

˙ Q = ˙ n H3c H3d( ) = ˙ n μ3c μ3d + TS3c TS3d( ) =

˙ n T S3c S3d( ) = 84  ˙ n  T 2  J/mole K2[ ]  

 
Cooling power at 100 mK typically 30-1000 μW 

Base temperature typically 5-30 mK (world record 1.7 mK) 



Adiabatic demagnetization of paramagnetic salts 
 

 



Adiabatic cooling, entropy versus temperature 

 



What paramagnetic salts can be used 
 

The best salt would have low ordering temperature, high spin number, and high density of 
spins (partly contradicting requirements) 

 
S max = n R ln(2J+1) 



Table of paramagnetic salts 
 

Material m=2J+1 

Bo 

(mT) 

To 

(mK) 

B1/2 

(1K) 

[T] 

B1/2 

(4.2K) 

[T] 

CMN 2 4.2 1.9 1.69 7.11 

CMA 4   1.09 4.57 

CPA 4 10 9 1.09 4.57 

FAA 6 50 26 0.866 3.64 

MAS 6 80 173 0.866 3.64 

 



An ADR fridge 

 



Adiabatic magnetization becomes modern again 
Advantages: No vibrations, simple operation, lower base temp than He-3 cryostat 
Drawbacks: Single shot, Low cooling power 

 



Nuclear demagnetization 

 
 

Starting temperature for nuclear demagnetization 
is much lower. 

 



Multistage cooling 

 
 



Heat Switches 
Superconducting, mechanical, gas 
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Electron Spin and Phonon temperatures can differ 

 



Pomeranchuk cooling 
 

 



 A Pomeranchuk celll 

 



 



Comparison of Cooling powers 
 

 
 



Thermometry below 1K 
Pimary versus secondary thermometers: A primary thermometer does not need calibration. 

 

 

Primary thermometers 
 

(Gas thermometry) 
Nuclear orientation 

Coulomb blockade thermometry 
Noise thermometry



Nuclear orientation 
The orientation of emitted gamma photons has an angular dependence at low temperature. 

 
At high T the distribution is isotropic, bot at low T some directions are preferred. 
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Sensitive only below 50mK 



Noise thermometry 
 

V 2 = 4kBTR f  
The noise from a resistor depends directly on the temperature. 

 

 



Coulomb blockade thermometry 
The half width of the conductance dip for an array of small tunnel junctions depends only on the 

temperature 
 

V1
2

= C
NkBT

e
C = 5.349... Caculable

N =  number of junctions in series
 

 
 



Secondary thermometers 
Resistive thermometers. Simplest measurement, but low excitation current needed. Often ac methods 

are used. 

 



Magnetic thermometry (CMN thermometry) 
Cf. Adiabatic demagnetization 

=
C

T
, = the ordering temperature  

 
Signal increases with lower temperature. 

 

 
The ordering temperature for the salt, , determines the minimum temperature 



He-3 melting curve thermometry 
Relies on the prediction from Fermi Liquid Theory that CV is linear with temperature 

CV = aT + bT 3 lnT  
and the Superconducting transition of tungsten, TCW  12 mK. 

 
 

 
TN =Spin ordering temperature in the solid 



Comparison of thermometers 
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