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Instrument Layout
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How to produce mechanical or refrigeration power

- IdealthermodynamiccycleY cycledefinedby Carnot
Limitirreversibilitiesat interfacesY Isothermal

ReversibldransformationY Isentropic

wRefrigeration

Producing a cold gas or liguefied, it means carrying out a
thermodynamiccyclewhich, by absorbingwork andrejectingheatin a
hot source,succeedsn extractingcaloricenergyfrom a cold sink



|deal refrigeration cycle

Reversed Carnot cycle

1st principle : Q.= W + Q;

Scst

Gaz cycle
w 1-2 :Isothermalcompressionifeat Q is rejected to a higltemperature reservoiy

w 2-3 :Isentropicexpansion
w 3-4 :Isothermalexpansionlieat Q isabsorbed from the lowemperature reservoir
w 4-1 :Isentropiccompression
W=Q.1 Q=(T,-T): B COP : coefficient of performance
COP(carnot) = Qf: Iy Tf®Y COP- 0

W T.—T¢



|deal refrigeration cycle

For thecryogenicapplicationsthe efficiency of the cycle is evaluated with
1/COP (work consumed to produce 1WTgt

((o) 0 w Y Y Y
P - ~ ~ P

1 |deal refrigeration cycle
COP

1.=300K | ,=0.1K| T,=1K | T;=4.2K| T,=20K | T,=40K | T,=80K

1/COP

(W/W) 2999 299 70 14 6.5 2.75




Reversiblegycles

isobares P .

Carnot cycle : Theoretically feasible but very
very high pressure necessary! Y high
temperature

The solution: transform the 2 isentropic
(compression and expansion) into:
- 2 isobaric (p=cst): Ericsson cycle
- 2 isochoric (V=cst): Stirling cycle

Ericsson

v



Vapourcompressorcycle

Compression
heat
dissipation

A

2 ARSt @& dzaSR AY AGAYRdAzZAGNALFE YR R2YS&al0AC
- the small temperature difference achievable in wet steam between the triple and critic:i
points,

- the need for a fluid at saturation temperature close to ambient temperature
(compressor). 8



Temperature(K)

Domain of existence of cryofluids

200
Ar (0 )
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The 2 mairkindsof refrigeration gas cycles

Counterflowheatexchangecycle Regenerativeycle

There is alternate storage
then release of heat in the
regenerator

Permanent exchange between the
ascending and descending
branches (recovery of frigories)

10



Counterflow heat exchanger cycle

11



Linde¢ Hampsorcycle

Compressor
T
n
A SR
|| « Heat
" | exchanger
I R i
T2 ,,,,,,,,,,,,,,,,,,,
T3
Cold tank

Qfroig = M (h5 - hl)

12



T¢ Sdiagram

rd

Temperaturék) Y Inversiontemperature

Entropy(J/ké K)



JouleThomson expansion

Isenthalpic expansioi dh =0 etdT ? High pressure % low pressure
dT

0= 6, TY+ w+ QO — =7 , ,
O w+ QLN dp [ Isenthalpic expan\ﬂm

0= Y2 r

1Y §
- T o 1ltw
Q= 6,0+ w YT M=0 |-= &Yy

ay= & ;YT_ Q=LY 1Gy=

av= 1 g m—éhwvlm— v O
Temperature JouleThomson coefficient

t Isenthalpich =cste Y W

/‘/_s Si w>0Y expansion and®@

//_s Sip<0Y expansion andT
s Inversioncurve .
/ f; PerfectgasY =0
47 Pressure 9 Hor=
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JouleThomson expansion

Isothermalcompression+ JT expansion
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JouleThomson expansion

Inversion curve

Gaz

T° inversion maximum (K)

0, 760
800 Ar 720
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@ \ H, 200

1 N He 40

N 0
k7 \\
. /

700 -
B ST

o (var)




Isentropic expansion

adiabaticreversible
expansionthrough a turbine

Inlet at p,

¢ %Outlet at
P2 < P1

1st principle m(h, - h)) W &
2dprinciple (s, - s,) S ©

Extraction of work
Temperature decreases

T

A

P1
i_/
P2
Actual
Isentropic‘i performance
expansion
¢
/:
¢/is/ o
=8 >
' ¢ S
DS > 0 2
ﬁ\v’v\ § ‘Wis‘ |sentropicefficiency
| ' -
112> Tais hs = Preel 2= Th
Wis hiS - hl

17



Isentropic expansion

Generally approached with recovery of external work (piston,
turbine) for high expansion rates.

dQ =TdS=C,dT +kdp=C dT- T#Sd aé*¥
GHT =
_T 3 13V &
a;Lo dp = dp a, =23
Cp cHT 5 Cp Vel 5
dT _Va,T
dp C

P

) (ﬁ) .
UAS-0 P S

The temperature variation is always negative and greater in an
Isentropic expansion than in an isenthalpic expansion (JT).

18
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Claude cycle

- Coupling of a Brayton cycle with a Jelilomson cycle
Y Claudecycle for the liquefaction of air or helium

- Operation in pure liquefier (liquid extraction), in refrigerator (closed cycle) ol
mixed

JOULE
THOMSON BRAYTON CLAUDE

LHe l‘ W He " W 19
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Example®f smallheliumrefrigerator

E1

12 | R
E2 | T1
T

E3
10 " 16
E4 | T2
&2 5
E5 |
6
8 § ,
LHe ‘w
1/COP
> 500 W/W

Air Liquide document

Liquefaction capacities HELIAL SL
Throughput without nitrogen pre-cooling 151026 Uhr
Throughput with nitrogen pre-cooling 30 to 50 Lhr
Consumption of liquid nitrogen <25 Lthr
Consumption of electricity 4510 55 kKW
Maximum efficiency 1 kWhr/L

HELIAL ML
3510 70 Lhr

7510 150 Lhr
<60 L/hr

7510 132 kW
0.9 kWhr/L

HELIAL LL
1100 145 Uhr

21510330 Lhr
<125 Uhr

160 to 260 kKW
0.75 kWhr/L

Linde Kryotechnik document

[ [woavipeodne  [woopewing

1
LR70 100 - 145 Watt 130 - 190 Watt
LR140 210 - 290 Watt 255 - 400 Watt
LR280 445 - 640 Watt 560 - 900 Watt
I .




Regenerative cycle

21



Ericsson cycle: Giffofldlac Mahoncryocooler

Main components compressoydisplacerregenerator valves

Q: Valve HP
Compressor (inlet)
P11l
2) 5
1
T ! —fll— T (2) (1)
4 Tightnessat T,
Tw Y :
< pol o]
Valve BP £ Displacer
(outlet)  E==s
R (3) (5)
Regenerator maga =
A\ 4
2 way Valve (p >(3)
4
I n (4)
O AT S

1-2 HP valve open, the Hiasflows into theregeneratorThe pressurancreases

2-3 Thegasis forcedthroughtheregeneratoby the motion oflisplacer

3-4 BP valve opengasexpansion

4-5 Thedisplacerforces the coldjasthroughtheregenerator 22



_ F?dﬂ?.&?

) .f.f.f.f.f.f.f.f.f.ﬂﬂ'unf

Ericsson cycle: Giffofldlac Mahoncryocooler

Vrnin

Vmin

Vmin

Vmax

Vmin

23



pCpJ KT cm=3)

Regenerator

-e=mee Helium 8 bar

— == Helium 20 bar
Er3Ni

— Ph

— SS

e

Crenegerator> Cquid
DP° 0
Thermal conductivity: low axial, high radial

24



SRDK-415D Cold Head Capacity Map (50 Hz)

With F-50 Compressor and 20 m (66 ft.) Helium Gas Lines

2nd Stage Temperature [K]

20
18
16
14
12
10

8

SO N By

GiffordMac Mahoncryocooler
Cryomech, Sumitomo, CTI,

M L
LE: sﬁw 40
%
I
|
i
Heat|Load

20 30 40 50 60 70 80 90 100 110 120
1st Stage Temperature [K]

1.5W @ 4.2K
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Pulse tube

Replacemenof the displacer by a fluid piston whose movement in the tube is
controlled byinertance(valve sets or orifice on the tank). Based on the phase shift
between pressure waves and gas flow, it works in 2 frequency domains:

Low frequencye Ericsson high frequencye Stirling

RLC circuitfor impédance adaptation

orifice

Q.

Pulse Tube

Q

26



Pulse Tube
Cryomech, Sumitomo, CTI,

SRP-182B2S Cold Head Capacity Map (50 Hz)
With F-100 Compressor and 20 m (66 ft.) Helium Gas Lines

o 25 &E
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v 2

5 20 9% —

: ok 200 36 W 8 o
g 15 i | | | -
GEJ o

= 10 ‘ (S S S <

w \

o o |

85 syl L — =— 48

2 1st Stage

5 0 Hiatljoad 1.5W @ 4.2K

30 35 40 45 50 55 60 65 70 75 80 85 90 95

1st Stage Temperature [K] -



Cryocooler

Main components

Water cooling

_ HP lines
Electrical
power Hot head
compressor

Cold head

Doigt
froid

28
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ComparisorbetweenGM and PT

GiffordMacMahon(GM) | Pulse Tubé€PT)
Principles RegeneratolY RegenerateuFixed
Mouvement at cold
temperature
Technical Efficiencyhigherthan PT | Lower vibration level
parameters Not very sensitive to Lower temperature
orientation limit
Industrial Lowercost Lowermaintenance
parameters

29



Differents kinds of cooling systems

Continuous cooling

G [ I R

10mK 100mK 1K 10K 120K
Dilution 3He/He Cryogenic fluids
Liquefactors Refrigerator

Small Cryocoolers

Cooling with regeneration sequence

10mK 100mK 1K 10K 120!

Adsorption
Adiabaticdemagnetization

30



Dilution refrigerator3He/*He

P. Part dilution

31



1) Introduction

In the past,physicistsusingdilution were quit oftenthe builder
of their apparatusTheywereindeedbearinga goodknowledge
of the physical processrunning the systemand aware of the
problemsarounda badrunningapparatus

Nowadaysmost of them had the apparatusdelivered by a
specializedirma andsometimeignoring partially the essential
low tempphysicsandtherunningprinciplesof thesesapparatus

We will try to give some simple tools to overcomethis
situationand thereforebe more awarehow it worksand® | e s
lostif anyproblemsa pp e.ar s’

32



2) Thermodynamic: Someremindering before explicit formulas
applied on dilution process

A few useful thermodynamic functions
Internal energy U=Q+W heat +mechanical work

and for a fluid, gas or liquid
dU=dQ- pdV

Entropy (disorder of a system) S define adS=dQ
Enthalpy H=U+PV
dH=dU + pdV+Vdp=dQ+ Vdp

Enthalpy is thushe heat one could releases from a gas or a fluid at
constantpressure.
The heatyou could extractfrom the vapourabovethe liquid at 1bar up to the
room temperaturds called sensibleheat, to be comparedto the latent heat of
vaporisationand it is muchbigger It is usedto cool all the screensn the cryostat
andtheincominggasand/orliquid comingfrom roomtemperature
An other property of the enthalpyis that it is conserved in a Joule Thomson
““adi ekkgtaind is wsedih adilution refrigeratorto adiabaticallyreducethe
pressureof the incomingHe; andin the sametime cool it to give liquid insteadof
gas 33



Exampleof anadiabaticJoule Thomson expansion.
It couldbe designwith a porousplug or aflattenedtube isolated
In avaccum
P> B Vi<V,
and T and T, dependson thesignof the process

H=H

34



3) Generalities :How to produce a low temperature from a very basic point
of view?

You takea fluid composedf eithermoleculesor atoms(noblegas) It will
bewith two phasesa gaseousnda liquid whenthe temperatures around
the binding energy betweenthe atoms or molecules More precisely we
defineL asthe(molar)latentof evaporation,

RT a L

where L is a few time the energy of interaction betweentwo atoms or
molecules

The lower the heat of evaporation,the lower the range of obtainable
temperatureandconsequentliyiobles gasesarethe onesto producevery low
temperaturesl he smallerthe atomicnumber,the smallerthe binding energy
and the lower the obtainabletemperatureThe gasin equilibrium with the
liquid haveat a given temperaturea vapourpressure and pumping on the
gas will cool the liquid if the systemis isolated The lowest attainable
temperaturas obtainedwhen the pressurdas so low that you are unableto
remove a noticeableamountof the fluid (amount= pumping capacity?

pressure) If the latent heat of evaporationis L (in joule per mole) the
equilibriumpressurevill tendto

P a exp(-L/RT) 35



A sketch of @ryogenicapparatus

pumpingline

gasinjection line

Y

Initial cold source

Gasto liquid
Enthalpyexchange
alongthe two lines

Joule Thomson
Adiabatic expansion

Coldvapor Final
Liquid temperature



no [S0Qa 3IALBS GKS LINE LIS NI A S &
cryogenic compounds

Nitrogen is liquid at 1bar pressureand 77 K Its latent heat of
evaporationis 5600J/mole Bypumpingon a bath of liquid nitrogen
one could obtain 66K, which Is the nitrogen solidifying
temperature

Neonis liquid at 1bar and a temperature27.1 K Thelatent heat
of vaporisationis 1714J/mole

It IS a substitute to hydrogen, considered nowadays as too
dangerouX

Dewar, in the early 1900 presented experiments with liquid
hydrogento anassemblyof scientistat LondonUniversity!!

37



Helium4 with a pressureof 1barisliquid at atemperatureof 4.2K. Thelatent heat
of vaporisationis 82 J/mole (1 liter of liquid He, gives 750 liter of gasand hold a
power of 0.7 W in the bath duringone hour)

Pumpingon Hedecrease®asilythe temperatureto about1.1 K
T=15K P=4.7 mBar

T=11K P=0.38mBar

Butto gomuchbelowa constriction

* Limiting the superfluidfilm is needed The superfilm creepsalongthe pumping
tube andgivesa heatrate of 1 m\W for atube with smoothcircumferenceor 1cm!!

* Thepracticallimit is0.7 K P=33 103 mBar

Helium3 with a pressureof 1 barisliquid at 3.25K
Thelatent heat of evaporationis 20 J/mole
Whenpumpedit goeseasilyto low temperature
T=04K P=29 10?mBar

Thelimit is aroundT=0.2K with P=1.6% 10>mBar
* |t doesnot sufferfrom the presenceof superfluidity.

* Notice that He, liquid has a very low heat conductivity and no more bubbling
below0.5 K Tohomogenizehe temperatureone needsmetallicexchangerdetween

the bottom andsurface 38



Note that He?liquid havea verylow heat conductivityand nearlyno more
bubblingbelow 0.5K .To homogenizethe temperature one needsmetallic
exchangerdetweenthe bottom and surfaceotherwisethe situation below

will appearswith alongtime constant

Pumpingof He?

- 0.3K
Liquid 3He

0.4K

0.5K

39



Short note on the origin of the two He isotopes

He, is very volatile and do not stay in the atmosphere But
the alpha particle coming from Uranium and Thoriumin the
earth crust mostly staysand the He gasaccumulatewithin the
fossilgas Whenthe gasis extractedand liquefied, the He, Is
left free and is taken as a by product In the sixties,it was
transportedasliquid by planefrom for exampleTexagjasfield
to Europe

He, is a by product of H bomb. In a H bomb, H,; is
compressedand heated (by an external A bomb) and this
producea (partial)fusion

H, with a'2life of 12.3 yearsdecaysn He; It iswhy USand
SovietUnionwherethe two first to studyHe, properties

To be known, the crust of the moon containsHe; and for
future fusion with this isotope the moon could be a
competitivesourceof fuel !

40



5) Dilution of liquid Hg In liquid He,.

The good & Y S g O 2 NScolEe with the study of mixture of
liquid He; and He, at low temperature . Both are liquid and the
mixture offers a peculiarbehaviour,seethe fig below. At very low
temperaturethe mixture separatein 2 phasespne nearlypure He;,
andthe other is a dilute phasewith 6.3% He; in Hg,at OK Therich
part with a lower densityis floating above the dilute one. Before
this discovery,it was supposedthat the solubility will decrease
exponentiallyasthe pressurefor aliquid. Butwhat wasfound, and
later explained was that the solubility at OK is not decreasing
exponentially but tendsto a constant.Thetwo liquids are Fermi
type with a heat capacityproportionalto T which give a heat of
dilution decreasin@sT?

See later the exact formulas;

41



Temperature (K)

Fermi liquid *He

in superfluid “He

25 50 75

3He concentration (%)

100
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All theses facts, explainable by the nature of the two fluids has
promoted the technic, with systems able to work continuously
easily down to 10mK, and with more dedicated exchangers to
the record of 2.3mKG.FrossafiCRTBT Grenoble with 2

mercury secondary pumpg. Phys. (Pari8pP ,1578 (1978) )

and later to 2ZmKYu.M.Bunkoet al at Lancaster University
J.LowTemp Physicgol 83 Nos 5/6 1991) .This was a great
change to the previous production of very low temperature,
done in one shot by electronic adiabatic demagnetisation
processes.

43



ﬂ“/ﬂ' 1K bﬂ.l:h p-ump

“He pump and purification

/Ni‘lr bath

Helium bath

i

Main impedance

BAiing chamber

20mik

77K

4.2K

1.4K

0.7-0.8K 1%

continuous exchangeends
T=100mK

Discretheat exchanger

Lowest temperature
6-12mK
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[ S indv@ivemore detailson the processesvhich happenin a dilution fridge.
In a mixing chamberat low temperature a rich He; phaseis floating on the
dilute phasewith 6.3% (at very low temperature) If He; is stirred from the
dilute phasea dissolution(equivalentto an evaporation,but in a media, the
superfluidHe,, and not in vacuun) givea productionof cold. Eitherthe phase
will cool further, or it will be compensatedby the heat coming by external
sourcesandstayat its equilibrium low temperature

The stirring of He; is done at a much higher temperature, in a still which is
heatedaround0.7- 0.8 K and pumped Theheating of the still , either by the
iIncominggasor/and by an electricalheating,is essential It givethe circulation
rate by insuring that the pressureof He; is not too low. The pumpedgasis
essentiallyHe; (90-95% of He;) because at 0.8K the partial pressureof He, is
still verylow andthat a constrictionlimit the amountof He, . In the tubing from
the mixingchamberto the still the concentrationof He; decreaserom 6.3%to
a bout 1% with the still at 0.8K To maintainthe equilibriumalongthe column
the stirred He; in the still is compensateddy the sameamountof He3 whichis
transferred in the dilute phase

This is equivalent to the pumping of a liquid but with an 65 @ LJ2 NJ { )
pressurenot decreasingexponentially.
45



Along the pumping tube®ecause the enthalpy of the dilute kis
much bigger than the enthalpy of pure Hbe incoming Hg is

cooled down and there is still possibility to thermalize for example
all measuring cables coming from the hot part (4.2K) of the cryostat
down to the lowest temperature. The better the exchange (number
and guality of the exchanger), the lower the attainable temperature

Note that a film of Hegis present everywhere in the system, both
on the concentrated side and in the dilute one. Note also that in
the concentrated side bubbles of dilute mixture are produced and
may degrade the final temperature.

Note also that being at very low temperature any exchange of heat,
Inside exchangers or between the experiment and the liquid in the
mixing chamber needs very large surfaces and hence surfaces with
sintered fine silvempowder.

46



More guantitative

In a dilution chamberthe enthalpy of the pure (concentrate,c) He,
writes

Hc=12T?joule/mole
Andfor the dilute (d)
Hd =96 T?joule/mole

If the exchangersare perfects, (could be the case at elevated
temperature), the incomingtemperature is that of the outcoming
fluid

Onegetthen the power of the apparatusas
dQ/ dt=(96 - 12) T%joule/(mole.s) =84 T%oule/(mole.s)

Note that the circulation flux is only given by the overall power
appliedto the still, andnot on the sizeof the pump.

Thesizeof the pumpgivesthe temperatureof the still.
47



How a 1K pot works

It consistsof a pumped reservoir connected by an impedance
(adjustableor not) to the main bath of He,.Thereis some external
heatarrivingon the pot (He; gas,cablesanchoredon it). If this heat
IS biggerthan the flux of liquid He,, givenby the impedanceand a
pressure difference of nearly 1bar, the pot is dry and at a
temperature normallynot suitableto condenseHe,.It shouldnot be
the case If on the contrary the heat is lessthan what the supply
gives,then the pot starts to fill until the level in the pumpingtube
gives a heat coming from 4.2K which exactly compensatesthe
Incomingflux. Thetemperature of the pot is then givenby the flux
dividedby the capacityof the pump.

Thistemperature is constant At the beginningof the filling of the
pot, the temperatureis, slightlylower andrisesuntil the equilibrium
Is obtained Oxforddilutions have a specialway, with two linesand

one with avalvewhichallowsa quickfilling of alarge 1K pot.
48



NB: The initial designasknownto producevibratingnoise du
to cavitation of theliguid Heenteringthe pot.Theproblemwas
solvedby coolingthe incomingliquid all alongthe gradianfrom
4.2K to thdowesttemperature

49



Tricks

A usefulltest . the one shot process

Supposédhat you are not satisfiedby the obtainedtemperatureof
you fridge and you believethat you shouldadd more exchangers
Is it usefull? Maybe you do not correctly anchorthe cablesgoing
down. Dothat first, it is by all meansvaluableto correctlyanchor
them rather than byingan expensivanore powerful machine
Theoneshotessayis done with the sametemperature of the still,
with a extraheatingwhichreplacethe onedu to the incomingHe.
Becausano more 3Heis sendto the mixingchamberthe only heat
arrivingis the cabling,radiatingheat and everythingcomingfrom
the experiment If it coolsdown, addingexchangemwill help the
system If not, addingexchangersvill not reducethe temperature

50



Comparison betweefHe fridge and dilutiosHe-*He refrigerato

200

7(K)

. Py~exp [-Ly /RT] Clapeyron

SHefridge Y -

Q = 7:13 L3(O) aveCe 7:13 ~ PV

i Q ~ 7.13 TBM 2
1 7, fixed by thestill temperaturewhenthe
~ mixingchambertemperature< 100mK 51

Dilution 3He “HeY




Cooling with regeneration sequence

O I I I [

10mK 100mK 1K 10K 120K
Adsorption

Adiabaticdemagnetization
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Adiabaticdemagnetizatiorandanomalousheat capacities

Helium

53



Heatcapacities

e V/(kgK)]
Si
10% -
: /“
102
Araldite
ForT<100K,Cdropsquickly 1o Tétion_ %,
wFormetalsC™ T 1
electrononly S
below 30K 10 {
102 _ 4
Al,O4 (saphir ou rubls purs)
wForinsulatorsC”™ T3 100
phononsonly
muchbelow 100K 104
""\;erre SI0; (quartz cristallisé)
13”5 T T T
0,03 0,1 1 10 100 300
T{K)
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Anomaloudheat capacities

a b 2 NJXieaf capacitiesC at low temperature as presented
by JeanPierreand Manuel are:

Firstphonons,elasticsvibrationsexistingeverywhere
Theassociatedheat capacityis

CraT
Fermifluids (normalmetals,liquid He;, concentratedor dilute)

CaT
And for a superconductingnetal, G- a exp(-2D/T) becausethe
part of normal component (upper Ilevel) decreases
exponentially

AmorphousMaterial C,a T?
andthentendto C,a T
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Schottkyheat capacity
Suppose that you deal with a system with two level separateD. by

The ratio of the upper ¢plevel population to théower (,) isgiven by the
Boltzmannexponential
A

D > P

& 2o

Theenergy U of the system @5+ p*D. Thespecific heat islU/dT. With a
simple calculation one get

A)2 eA/T

Cacouty = R( T) T1+eb/T]
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Schottkyheat capacity

Heat Copaci ty C N (k g)
E

(] 1 & - 4
Termperakrs (K gTe)

Schottky anomalous heat capacity &
C’ for a two-level system. T is the
absolute temperature, kg is the
Boltzmann constant and £ is the

energy difference between the levels. -



Schottkyheat capacity

Cmax@kTF nBDnwMmT

andif kKT>>D  C=k(D/KT)?

Orderof magnitude 1IMHz=4.793 10°K
1K=20GHz

Unlessthe others heat capacitiesthis is biggerthe lower the
temperature

Thistype of situationarose
- If there are nuclearquadrupoleinteractionin the sample
- If nuclearspinslike copper(or silver)are in amagneticfield.
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Quadrupolenteraction

Mixture of Z proton and A neutron, they are boundagdthe strongforce.

The proton and the neutron have bothspin'z. They will combine in such a
way that the totalspin ismuch less than ( Z+Al/2.

A fewexampleqseeVariantable with the refrenceg

AP S =5/2 Q =0,149

Br®S =9/20Q=0,4

Beside a spin the nucleus havguwadrupolarelectric momentQ. This is
dueto the fact that except for apin 1/2 thedistribution of theelectric
chargeis notspherical

= S>1/2 S>1/2
Q=0 Q<0 Q>0

Thearrow is the quantized axis along witlhe quadrupolas aligned. It will
play a great role ithe spectrumof energy of nuclei in solid arsbmetime

aspossiblespuriousheat capacity
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Quadrupolanteraction

Thismomentfeelsthe derivativeof the electricfield produced
by the surroundingions and if it is not cubic environmentit
developsenergy levels specificto the quadrupolar moment
andthe derivativeof the electricfield at the nucleusposition

The effect of thesesgrowing heat capacitiesdependson the
coupling between the nuclel and the lattice. Three main
situations

1) the couplingis strongandwill preventthe useof the sample
asbolometer,

2) the couplingis very weak and the anomalousheat will not
be seen,

3) intermediate situation, in whichthe long decaywill appears
togetherwith a smallersignal
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Someexamplesare shownbelow.

The firstis Al nucleiin sapphire
A

E in Mhz

P -

112

o=
§— |

5 HinkG

=

Fig. 1. Energy levels of Al nuclei in a magnetic field along the
C-axis.
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Quadrupolenteraction

With the aboveexamplethe phononheat capacitycrossthe quadrupolarone at
250mK and the ratio decreasewith a ratio T°. It have been observedwith
sapphireat 100mK (C Enssandal)

We presentpossiblecouplingsbetweenthe nucleiand the lattice dependingon

the magneticfield appliedon the cristal.

e ey S

a)

b)[.. s I g |_.|’.....T..,‘|-| ot

Fig. 2. Coupling between Al nuclei, Fe ions, phonons of the

crystal and the main bath. (a) Applied magnetic field, (b) zero

field. The strength of the coupling is visualized by the thickness of 62
the line.




An other example is shown below with metallic bismuth, used as
target in some light bolometers
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Hydrogenortho para state

Thehydrogencase Ortho parasituation

Themolecule H2 containstwo hydrogensthat istwo proton nucleuswith a spin’2
There are two states, one with the spins parallele (hamed ortho, but in fact
paramagnetic) the other with the spinantiparallele namepara(non magnetic)
Becausethey are fermions, the quantum mechanic(which apply even at room
temperature in this case!!) makethem with different rotation state Jthe ortho
having J=1 andthe paraJ=0

Thesituationisthen the ortho isin a quantum state 174K abovethe parastate. At
room temperature there is 3 times more ortho than para and lowering the
temperaturethe ortho shouldrelaxeto the parastate! Thedangerisif it doesnot
disappearsjt left an enormouslatent heat which could eventuallyvaporizedthe
liguid. When the processof liquefyingis done it is essentialto insure that the
conversionis done. Somecatalystis neededasiron oxyde Thehigh magneticfield
breaksthe undisabilityof the two proton.

For cryogenistthe problem aroseif some hydrogenis embeddedin a metal like
copper Therelaxationis slow and may preventfor a longtime the copperto be at
the low temperature It is the essentialto choosecopperwith aslow as possible
hydrogerk

Foryour knowledge the water havealsothe samesituationX. 64



Hydrogenortho para state

b

£

il s
1

L3

Ht ot 1)

ortho

para
__"
—
—
I
—»
.-_
R’

Figure 1: Water spin 1somers. The necessity for an overall antisymmet-
ric wavefunction requires that the symmetric (5) spin combinations W onin
of ortho water combine with an antisymmetric (A) rovibronic eigenstate
W ooe, and vice versa for para waler. 65



Copper altow temperatureand highmagneticfield

5
o
1

Molar nuclear spin entropy, S 5

(=]
]

] 1 | i ] I 1
10nK 0.1pK 1ukK 10 uk 0.1mK 1mK 10mK 100 mK

Nuclear spin temperature, T,

The copperhastwo isotopesCuU3(69%) and Cf° (31%) their NMRfrequencies
for 1T arerespectivelyl1.28 MHzand 12.09 MHz,consequentithe entropyof 1

mol of copper in 8 Tand 10 mKis shownin the abovefigure.

Fromthis, you candeducethat the heat releasesfrom below 0.5 Kto 10 mKis

0.91J/mol ! Thatmeansalongcoolingtime for only 63 g of copper

To overcomethis situation a simple solution is to replacethe copper by silver
which hastwo isotopesAgto’ (51%) and Agl®® (49%), their NMRfrequenciesfor

1Tarel.72MHzand 1.98 MHz

Sincethe heat capacitiesvary hasthe squareof the frequency, the replacement
of copperby silverwill reducethe heatreleaseroughlyby a factor 100



Adiabaticdemagnetization

N 7724\

V7A

772770\
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Adiabaticdemagnetization

Whena magnetidield is appliedon a systemwith electronicmagneticnomentthe
orientationof themomentreducegheentropy A- B

If the systemis isolated,the temperaturdrom B to C by reducingthe magnetic
field.

Onecould give moredetailto explainthe limitation. The electronicmomentfrom
spinl placedthe magnetidield H gives2l+1 level separatedy D= g.b.H

g : gyromagnetianoment

b : nuclearmagnetionoment

At equilibrium temperatureT, the ratio of adjacentpopulationis given by the
Boltzmannratior = exp(-D/KT).

If we reduceH ontheisolatedsystemthe populationof the subrlevelis constant
The resultis H/T = cst which gives impressionthat the systemwill reachlow
temperature

This is of coursewrong becauseeach spin seesadditional averagefield H,
producedy the over spins H,,. dependf the concentratiorof the paramagnetic
lonsandtheirinteractionan thesolid.

The smaller H,,., the lower the temperaturelimit will be of the order of
KT jimit = 9-b.H o
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Adiabaticdemagnetization

Sel ] Taeel | Tviax M Densité
(mK) | (°C) | (g/mole) | (g.cm?d)
CCA
CsCr(SQ,, 12HO 15 10 116 593 2.06
CMN
0.5 15 1530 2.1
CeMg,(NOy),,, 24 HO
Entropie r dite (S/R) CPA
........... T e e Y = --L-M . .
___________ Fo CrK(SQ),, 12HO 15 17 89 499 1.83
s '- '--l
7’ FAA
. o 2.5 26 39 482 1.71
.......... , X | Fe(NH)SQ), 64O
/ i
.." / Champ I3
h / croissant'.-' ! -
"ll ' .'l
- / :
A T.1. fascicule
i 0
----------- R B -
¢ /
LS
n 'r, ,
S
- -’ "-' | “'W--\
T T
F Temp@rature (K) c 69




Adiabaticdemagnetization

Recycling Operational Mode

Detectors

Wide range of
temperature available

First proposed in 1926 by Debye down to few mK

First practical demonstration : i
(DE—' Haas et ai.) ;1933 Ukimate T imteemediate T Initial T TEIT..{;ETE!['IIL'E T

70



Adsorption Hecoolers

ChaseResearchCryogenics

GasGap Thermal Switch
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Helium - 4He

Pression (10° Pa) He I (normal)

Solid 100 oIy P '
Solide ~ P=297
10 |
T,=52
pc =02,23
1 -
He Il

(superfluid)
0

Gaz

0,001 +——F | I ' !
0 1 2 3 4 5
Température (K)
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Adsorption Hecooler

Fillingpressure at roontemperaturep,, : a fewdozenbars

Activatedcarbongluedon
copperplates

Cryopump

&
\ Electrical heater 1000 a 1500 r#gr

Thermalswith to connectdisconnecthe
/

Condenser ] cryopumpto the cryocollercold head

Condenser linked to the cold head @K n Y

Evaporator

Evaporatoffilling with liquid helium
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Adsorption Hecoolers @
Cycling

Activatedcarbon

/temperaturedecreases
Activatedcarbon .
: !Z Heatswitchcl d
% heatingat T H 1Y o eatswitchclose

Heatswitch open -—I—
! e P _— Condenser at,[2.5K & 4K)
L -J_

heliumcoldvaporsare
condensedat T; (2.5K a 4K) Temperatureof liquid
helium decreases
Liquidhelium at T, : _I(

temperatureclose to T
I/ Activatedcarbontemperatureclose to T
/ Heatswitchclosed
| i

Condenser at;(2.5K a 4K)

Temperatureof liquid helium

| ‘/reachesthe temperaturelimit
I 74




Adsorption He cooler

Adsorption He cooler sequences
0fem®. 9'1]

10°

— ActlvatedcarbonheatlngY heliumdesorption
/ Y p,,increases to condensation pressure

/ ~ A S S S
/@> “? HeliumcondensatiorstartsY p,,° cste
/ . ‘ T

. 3 : ¢ Activatedcarbonheating
vavs v

‘ ///

End of the helium condensation
Y liquid heliumtemperaturedicreases

: [ ]IS

] N _
| / / / / ////PRoubeau -

107 10" P[mm Hg]

e

~ Evaporator is cold

C——

|
|
[
|
] |
ActivatedcarboncoolingY helium I

w'+— adsorbedby activatedcarbon
Y p,,dicreases
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Adsorption Hecooler
GasGap Thermal Switch

Stainlessteelthin walltube  Copperfingers

NN

Adsorptioncryopump

Thermometer

Capillary

Gan = 100 Electricaheater
T warm R T cold
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Vapour pressure, P (mbar)

Adsorption He cooler
Lowertemperaturefor operation

&

Hel fridge He*fridge

1074 1 v Syl \ ] '

0.2 0.5 1.0 2.0 5.0

77
Temperature, T (K)



Heat transfer

Differentkindsof heattransferinsidea cryogenicequipment

Heat transfer from the warm vessel (at room temperature) to the cold vessel
(at cryogenic temperature)

Warm vessel with air Warm vessel under vacuum

Conduction

Radiation

Warm vessel 8



104A

Thermal radiation

rayonnement
i thermique |

2° 0 0 | . 3
10~A 1A 10A 0,1 Tym 100ym  1cm im 1Km

[ i I, | 1, /| I | ]
10101072 10" 10" 10? 10 107 10 10 10 10° 102 107 10° 10' 102 lcla3 10° 10° 104 .
} 1 L 1 1 L 1 1 1 1 1 ] i ] 1 1 ’& metre

1912 ‘911 1910 ]99 1?8 197 ]96 ]95 ]?4 1?3 Hz

cosmiques

‘023 1022 ‘021 ‘020 1019
Vi . L 1 4 basses
hautes fre es :
cayons ﬁ‘“‘ MICRO ONDES  ONDES RADIO TELEPHONIE fréquences

rayons § l

F=e AT"| StefanBoltzmann law

F . thermal power [W]

e surfaceemissivity(e< 1)

s : StefanBoltzmann constant = 5,67 2QW.m2.K-4]
A : surface [M]

T : surfacaemperaturé¢K]
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Thermal radiation

thermal radiation from a surface
thermal radiation from an ideal black surface

Emissivities of materials at cold temperature

Emissivity € =

300 K 78 K 4,2 K
Silver 0,02 0,01 0,005
Aluminium 0,20 0,10 0,06
Copper 0,10 0,06 0,02
Stainless steel 0,20 0,12 0,10
- Glass 0,8
Water 0,9

TRY e ®

Oxyded surface¥ e -
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Thermal radiation

The black body completely absorbs the radiation it receives

—_ 4
(W.m?) ql:émis =S T (K)

s =5,67.16 W.nr2. K4

StefanBoltzmann constant

T(K) |[300| 80 | 40 20 10 4 2 1 0.4 0.1
W/m2 | 459| 2.32| 0.145[9.13103|5.710%| 1.4 105|9.13107| 5.7 108 | 1.45 10°| 5.2 1012
Tshield
T, | T,

qtemls(gOOK) — 200

qé’:mis(SO K)

/A

Y Use of cooledhermal shield

Shield cooling
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Thermal radiation

U Reduction of radiation heat flow rate

Isolated thermal shield : One isolated shield installed between two
surfaces at different tempertaure

v : N
U\?%Hf\-} q&z — = #2- 1
T} Te h - ° ~ 2
G2.e |{de~1
4 4
VU V) = =L{/Tz +T,
° 2
#2_ 1 T, N isolated shields :
e #2- el = el- e2 = .= eN- 1
#2' el qfel- e2 #GN 1
i "1 @ @ @ !
¢ =&
NUN+1
Tel Te2 TeN
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Thermal radiation

Multi-layer insulation (MLI) is thermal insulation composed of multiple

layers of thin sheets. Generally, the layers are held apart by a thin cloth
mesh.

With N layers ¢, = &,

warm wall 6 -

Sheet with
low emissivity

Flux total

/

Spacers Flux par

Flux par _ ar |
conduction solide

| rayonnement

0 I I I 1 1 I I I
0 5 10 15 20 25 30 35 40 45

Nombre de couches d'isolation par centimetre
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Thermal conductivity

k[W/(m.K)]
() Nonmetallicsolids 104 - :
main mechanism: transfer of energy by vibration
of the network(phonons) e
O k ~ P(Crystallizednsulatorg ’ |
O At low temperatures their conductivity “? i
decreases more quickly L :
Al écroui
W Metal 10 - e =
O at low temperatures, heat conduction is W
mainly due to free electrons . vors
O strong variation of k with temperature AR " et
WiedermannFranzaw: i ﬁc??\?i :,'::: s @
koélec = LOT ! siec - €lectrical resistivity (Wm) \Téj‘?i\'o'o"
L, : Lorentz number 1077 e .
= 2,45 108 V2/K? Votrae A
, Plexiglas
Y k~T, pour T<10K 1o | | . |
0,1 1 10 100 500

84 T(K)



Thermal conduction

U Cas 1D (x direction)

adiabaticconductionthroughthe barg calculationof the thermal
flow rate

Ty T, A[m?] : conduction surface
A ’ _Q> ’ L [m] : distancebetweeril, and T,
‘ é [W] : heatflux throughthe surface A
I0 L ] X
dT . . .dT
¢ =d=-kET &= Adg=- AGST
dx adx
Glix=- AGQT

Firstprinciple Y @t: constante

Lz T;
O.dx = —A | k(T).dT

Lq T; I

Q.(L,—L)=0Q.L=—-A| k(T).dT
Ty
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Thermal conduction

Cryogenic environment

The thermakonductivity k varieswith the
temperature

G=- %ﬁ((T)CbiT

Usingmaterial propertiesdata, the integral
between two distinct temperatures is found

using:

AT = PRT)QT- pR(T)GIT

To=4K To=4K

See€l.l. fascicule, BE9 811, p.-1113

Conductivité A

i
___________ Az /
2o
- T.
IS S _;m T,\(r)dT
TO
...... - Il
/
//
T T
fA(T)dT— j'A(ndT
To | | Ty
— -
To LK T2

Température T
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Thermal conduction

wThermalisation aintermediatetemperature exampleof stainlesssteelrod

300 K 300 K 200K )
L, — k(T)dT = =X 294 =4.2W
Ly Jsok 7
- | )
..' Y
Stainless steel L,=7cm 50 K . 30.8- 1.36 W/cm
L =20cm L,=13 cm :
S= 1cm? QSOK = 4‘2 - 0105 = 4‘1 W
I-2
4 K
S 300K 1 S 50K 1
Qs = —f k(T)dT = — x 30.8 =154 W Qix = —f k(T)dT = —x 136 = 0.105 W
| ) L Y )
30.8'W/cm 1.36 W/cm

Qg =154 W > Qur = 0.105W
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Thermal conduction
Evolution of the temperature along the rod

T4 T
— T . T2 .
A . Q . & =- A KM @T =- A (K(T)@T = constant
Io| L ” X X T L T
T i = + Cuivre RRR=30
rk(T) )
X_1
Sk
rK(T) QT i}
Tl = 150
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Thermal conduction

Energy efficiency

T1

cﬁz_-—ﬁ((T)crAT 1.54W Y W= @Tl'TZ

A T,=300K T,=4.2K L T
2
6 mp o=
300 — 4.2
| —> W= ——x154 =108 W
0 L X 4.2
T
@5 A T,=300K T, T,=4.2K (ﬁz = L— ﬁ((T) @T =0.105 W
X
! »’ ' » &, k
Qr =42 —0.105 =41W
¥6-¢-¢, f
0 X L X
=302 1054390070 i —row
= 32 <Y 50 I
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Thermalanchorage

Heat transfer by solid conduction withhigh value thermal
conductivity metal (coppemaluminum, etc.)

- Braids

- foll

- Rigidplate

Heat transfer byheat pipeusing cryogenic fluid : helium
nitrogen, X
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Energy efficiency

Identical insulation for the both Dewar ¢, = ¢, ( )

Dewar R1 Dewar R2

Relative losses by evaporation by day the DewarRA4/V, = 10%

What are the relative losses by evaporation of the Dewar R2 ?

AV, AV, Dy AV; 3|V
e N N L5 e e N Y
V5 Vi D Vi \|V2
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Energy efficiency

wEfficiency of refrigerators evolves with their dimensions, the cold power produced

wThe operating temperature of refrigerators hige impacton efficiencies.

- Strobridgediagram
102 | - . ‘ ,
LHC refrigerator
| L a"° -
Refrigerator/Liquefier pih— A o
kb 'OO e .
Z s A
10 N - ﬁ“ o ?’3@ .
Cryocoolers  ° CD p
1 —
Température froide: 01,8 a10K
210 a 30K
0 30 & 90K
10"1 T T T T o ' 1
1071 1 10 102 10° 104 105 106

Puissance de réfrigération (W) 93



Formations en cryogenie

ANF IN2P3 : Vide et Cryogénie
Ecoles AFFCCS : Cryogénie et supraconductivite

CNRS Formation : Cryogénie

Niveau ingenieur

GRENOBLE

du lundi 18/03/2024 au vendredi 22/03/2024
Niveau technicien

GRENOBLE

du lundi 24/06/2024 au vendredi 28/06/2024

SFV/UPC/IJCLab : Cryogénie

Tronc Commun

PARIS

Du mardi 14 mai au jeudi 16 mai 2024
Parcours differencié Technicien et Ingénieur
ORSAY

Du mardi 11 juin au jeudi 13 juin 2024
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VARIAN table

NMR
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