Cooling Below 4.2 K

1. Evaporative Cooling

2. Dilution Refrigeration

3. Heat exchangers

4. Pomeranchuk Cooling

5. Adiabatic Demagnetization Refrigeration
6. Acoustic/Pulse Tube Refrigeration

7. Laser Cooling

Evaporative Cooling

Latent heat (also known as enthalpy change of vaporization)

Change in energy as system particle goes from
liquid state to vapor state A

Inp,=- H, +B
AH is the heat of vaporization (kJ/mole)

R is the gas constant

T is the temperature (Kelvin)
B depends on the substance

p " is the vapor pressure

Sprinklers -

= Responsible for cooling by sweating
= Building AC
= Power Plant Coolin

Refrigeration Methods for
Very Low Temperatures
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Fig. 2. Evaporative cooling. The graph shows the
distributions of the Kinetic energles of atoms at an initial
temperature Tp and at a lower temperature T,. After the
removal from the distribution at Tp of all atoms with
energies above E., collisions among the atoms cause the
gas to rethermalize to the lower temperature T,.

Phase Diagram of H,O
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Evaporation Cryostats

Principle of Operation
Technical Realization
Cooling Power

Evaporation Cryostats
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Evaporation Cryostats-Cooling Power
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Evaporation Cryostat-Principle of Operation
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Capable of reaching temperatures of
about 300mK in *He and approx 1K in ‘He

Main disadvantage is that the amount of liquid *He is
reduced by close to 50% to reach 1 Kelvin

Used in cascade to reach lower temperatures

AH
Inp, =—AHV+B B = e_RTV
' RT Py = Bo
Minus sign in exponential implies lowering p leads
to lowering T —many ways to accomplish this
= Bulk liquid: Pumping the vapor away from above the
liquid, induces more liquid to vaporize, thus cooling the
liquid

Mechanical - Adsorption - Turbo molecular - Diffusion pumps
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3He/“He Dilution Refrigeration

1. Evolution of Art
2. Physics

3. Mechanics

4. Cooling Power

5. Heat Exchangers

Model JDR-100 Dilution Stage

Dilution Refrigeration-What an Idea!
Proposed by Heinz London in 1951 (Later at Duke University).
Enthalpy(pure He)<Enthalpy(dilute phase)

Like “expanding” 3He into the dilute phase--
a mechanical vacuum 1962

PHYSICAL REVIEW VOLUME 125, NUMBER § DEGEMRER 1. 162
Osmotic Pressure of He® in Liquid He’, with Proposals for a
Refrigerator to Work below 1°K

H. Loxbow aso G. R, Ciaze
Atansic Emargy Research Establishwens, Horwel, Englond

Axp

Emc Mexnoza
Pliysical Laboratories, University of Monchester, Manchester, England
{Reecived September 21, 1961; revised manuecript received May 14, 1962)

An experimental study has been carried out of the osmotic pressure of solutions of the isotope He in
tiquid Het at low temperatures, betwean 0.8 and L2°K. A superleak, a tube packed with a fne powder, 1 |©
Inlud as a semipermeable membrane which allowed only the superfluid Flef to pass. The conclusion from \

experiments was. that the measured osmatic pressures were in reasonable agreement with values
mm from the thermodynaric relations with other equilibrium properties of the mixtures, notably their
vepor pressures. Thermodynamic equilibrium thercfore seemed to have been aitained under the conditions
of the experiments, The second half of this paper concerns a study of the cooling which must take place
during the wdiabatie dilution of He* by et If the dilution is carried aut at low tempertures where the
of heat is estimated to be wsefully large. After dilution the
salution can be distlled, condensed and recirculated 0 s to make a continuously acting refrigeratar. Tt
should be possible to operate at temperatures af 0.17K or bel

Where is the Cooling Power?
Define:
Enthalpy (pure *He)= H,
Enthalpy (dilute phase)=H,
Circulation rate of 3He= N
What is the cooling power of an ideal dilution refrigerator?

AN B. NHy c. NHp

D. N(H;-Hp) E.N(Hp - Hy)

Q=82nT? walts

Dilution Refrigeration
Development
1965--Das, DeBruyn, & Taconis (Leiden)
T= 220 mK
--Hall et al (England) T=~50
1966--Neganov (Russia)  T=~50 mK

1998--Lowest recorded temperature by dilution
refrigeration is 1.7 mK (Cousins et al-Lancaster).

Can have enormous cooling power : IuW at 10 mK
Can cool tons of matter-CERN
Can cool quickly-- few hours from room temperature

Remember the Phase Diagram
«3He / “He mixture at low temperature

28 « Phase separation for more than
6.5% °He in “He
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Dilution Refrigerators-Phase Separation
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It’s all Evaporative Cooling

"He Pump

N

1 *He venear
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How many places in a standard dilution
refrigerator use evaporative cooling?

A. One
B. Two
C. Three
D. Four
E. Five
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Dilution Refrigerators-Building One
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Dilution Refrigerator--Cooling Power
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Metal/He Thermal Boundary Resistance
.Acoustic Impedance: Z = p*v
p density, v acoustic velocity

- ZCu > ZHe

« Transmission coefficient for phonons
with perpendicular incidence:

B 4Z.Z,
Z, +2, )2
« For Cu/He: t= 103

— High thermal boundary resistance
Kapitza Resistance R, ~ T2

Dilution Refrigerator Heat Exchangers
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Heat Exchangers are the Key

b—— 10 "He pump

exchanger

What does the impedance do below
the pot on the condensing line?

HRoom lemperature
A. Slow down the helium atoms ternp | - L
B. Cause the required pressure [” ]
drop
C. Allow the required temperature

1 100%°He

A Conderser 1.5K
drop for condensation )
D. All of the above i
E. None of the above flow
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Where is the Cooling Power?
Define:

Enthalpy (pure ®He)= H,; < Enthal py (dilute phase)=H,
Circulation rate of 3He=N

What is the cooling power of anideal dilution refrigerator?
AN B. NH,

D. N(H;-Hp)

c. NHp

E.N(Hp - Hy)

0= 82r'1Tr§ watts

Pomeranchuk Cooling
m Principle of Operation
m Technical Realization
m Cooling Power

Pomeranchuk Cooling--Apparatus
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QUIZ: What is the

approximate 31
proportion between S
Hp and H, at 0.35 K?""g

2
A.Hp=H, o
B.Hp,=0.5H; S
C. Hp = 2H, o

Evaporation Vs. Dilution Power
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Pomeranchuk Cooling-Principle of Operation

Phase diagram of 3He

o

Pressure (MPa)

.dp/dT <0 for T < 0.3K 0

Salid (bcc)

« Entropy of solid 3He is higher
than that of liquid He

« Heat of solidification is negative

— Solidifying by applying pressur
leads to reduced temperature
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Pomeranchuk cell
Original figure from the Nobel Laursates’
publication of the discovery

Prescure (MPa)

Prossura incmasing — 3

The Experiment
In a cryostat designed and constructed
by Lee, Osheroff and Richardson a container
of3He was cooled with the Pomeranchuk
method to about 2 mK.
While the *He was being slowly compressed
at a constant rata, tha inner pressura
L When the maximum pressure of
3.4 MPa was reached, the measurement was
continued while the hellum was allowed to expand.
Asthe volume decreased and then increased,
small changes in the slope of the pressure curve were
observed, and also small kinks. These observations
were the first evidences of transitionsto superfluid phases
in 3He. Two superfluid phases were discovered, "A™ and "B".
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1971 - Superfluidity discovered in 3He (US)

David M. Lee
Cornell University
Ithaca, NY, USA

Douglas D. Osheroff
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Cornell University
Ithaca, NY, USA
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