Superconductive Materials

Part 1
Introduction to Cryogenics



Why Low Temperature is so exciting?

« Temperature is one of the most important variable parameter

* Mechanical, thermodynamical, chemical, electronic and phonon
properties strongly affectby T

e Lattice vibration are dominant at room temperature

* At very low temperature quantum behavior of matter appears
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Cryogenics

Definition
The cryogenic temperature range has been defined as from -150 °C
(123 K) down to absolute zero (-273 °C or 0 K), the temperature at

which molecular motion comes as close as theoretically possible to
ceasing completely

Five main application of cryogenics

Liquefaction and separation of gases

Storage and transport of gases

Altering material and fluid properties by reduced temperature
Biological and medical applications

Superconductivity

Nnhwhe
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How to conduct an experiment at Low 1?

Cryogenic Bath Domain of existence of cryofluids
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Tcritical point (K) I:)critical point (bar) k  Moar K bar
Range of existence of the liquid phase 1
TTripIe point (K) PTripIe point (ba r) P. DUTHIL, Cryogenics for accelerator cavities, EASISchool 2 on Cryogenics - September 30t 2019
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Cryogenics fluids properties

Flud 4He H> Ne N> 0>
Normal boiling point [K] 422 204 272 774 902
Critical temperature [K] 5.20 332 44 4 126. 155.
Critical pressure [MPa] 0.23 1.32 2.72 3.39 5.08
Triple point temperature [K] 2.18" 14.0 246 63.1 544
Triple point pressure [kPa] 5.04" 7.20 432 12.8 0.15
Liquud density at ambient pressure [ko/m3] 125. 70.8 1204. 808 1140
Vapour density at ambient pressure [kg/m3] 16.7 133 9 46 4.59 475
Normal density [kg/m3] 0.18 0.09 0.90 1.25 1.43

*: Lambda point U. Wagner, REFRIGERATION, CAS 2002

Helium shows the particularity that it has no triple point, it may solidify
only at pressures above 2.5 MPa. The commonly given lambda point
refers to the transition from normal to superfluid helium
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Helium Phase Diagram
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Helium shows the particularity that it has
no triple point, it may solidify only at
pressures above 2.5 MPa. The commonly
given lambda point refers to the
transition from normal to superfluid
helium.

The superfluid component has zero
viscosity and zero entropy and very
high effective thermal conductivity

@ 1 phase: bivariant — (PT) to be set

® 2 phases co-existing: monovariant — P (or T) to be set
and thus T (or P) related
P=1 bar for T=4.2 T, P=0.031 bar forT=2K

P. DUTHIL, Cryogenics for accelerator cavities, EASISchool 2 on Cryogenics - September 30t 2019
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The race to liquefy Helium (1)

Here starts the story of Superconductivity

* In 1852 the principle of cooling by rapid expansion had been extablished by James Prescott Joule
and William Thomson (aka Lord Kelvin)

Compressor _. Water Heat Expander
cooler Exchanger
| W e _I
e |
Joule — Thomson effect L] v A Ll =
e e
Warm end Cold end

* Carl Paul Gottfried von Linde (professor of Rudolf Diesel) patented and installed in 1873 the first
commercial refrigeration system

* In 1879 he founded ‘Linde’s Ice Machine Company’, which is now the Linde group

* Zygmunt Florenty Wroblewski and Karol Olszewski in March 1883 produced liquid Oxigen

* They succeded also with nitrogen. Krakow became the world-leading centre of low-T physics

* By the mid-1880s, the most important known gases had been liquefied, apart from one: hydrogen
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The race to liquefy Helium (2)

* In 1868 Pierre Janssen noticed a bright yellow line with a wavelength of
587.49 nm studying the spectrum of solar light during a total solar eclipse

* Norman Lockyer (later to be the first editor of Nature) concluded that this
specr’]craéline must be due to a new element, unknown on Earth but present
on the Sun

* Norman Lockyer and Edward Frankland (a Professor of Chemistry at the

Royal Institution) named the element helium from the Greek word for the _
Sun Sir Joseph Norman Lockyer

it i & 7
’ a ‘ﬂ‘ ’.\. 1

“' b

* |In 1895, the Scottish chemist William Ramsay isolated helium in the
Ial_ooratlory_gf University College London by treating the mineral cleveite with
mineral acids

* Helium is trapped in various minerals because of radioactivity: helium is
being continually produced inside the Earth due to radioactive decay
processes (alpha particles)

 Ramsay received the Nobel Prize in 1904 ‘in recognition of his services in the
discovery of the inert gaseous elements in air, and his determination of their
place in the periodic system’, reflecting not only his discovery of helium but -
also that of the other noble gases: argon, neon, krypton, and xenon Sir William Ramsay
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The race to liquefy Helium (3)

* James Dewar comes into the race and in 1886 succeeded
in producing solid oxygen

* |n 1893 Dewar unveiled his famous double-walled
container which became known as a vacuum flask or a
‘dewar’

 On 10 May 1898, Dewar produced about twenty cubic
centimetres (about five teaspoonfuls) of liquid hydrogen
(20.28K or -252.87°C)

e Even when solidified the hydrogen (14K, -259°C) Helium
remained gaseous

* Possible dream team with Ramsey at Royal Institution in
London, but because of the “Olszewsky case” they never
collaborate together

Sir James Dewar
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ir James Dewar demonstrating his recent successful liquefaction of hydrogen at a Friday evening lecture in 1899 at the
¥ Royal Institution, London. The painting, by Henry Jamyn Brooks (1865-1926), is reproduced with the permission of the Royal
¥ |nstitution and the Bridgemun Art Librury.




The race to liquefy Helium (4)

* Kamerlingh Onnes studied under Robert Bunsen and Gustav
Kirchhoff in Heidelberg and after the PhD he became
acquainted with Johannes Diderik van der Waals

* In 1881 built his world-famous low T physics laboratory

* The laboratory motto was therefore the poetic Door meten
totcweten (‘Through measurement to knowledge’). Onnes
was one of the first people to really understand that
advances in this field depended critically on having first-rate
technicians, expert glass blowers, cand skilled craftsmen to
build and maintain the delicate equipment and provide
support for the technically demanding experiments

* Onnes founded a Society for the Promotion of Training of B 41 -
Instrument Makers which was crucial for building up the '
necessary Skl”Ed Workforce Kamerlingh Onnes (seated, left) and Johannes van der Waals

1
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The race to liquefy Helium (5)

Onnes only succeeded in liguefying hydrogen in 1906, (8 years after Dewar) but Leiden’
apparatus produced much larger quantities and was much more reliable

His younger brother was director of the Office of Commercial Intelligence in Amsterdam
and in 1905 was able to procure large quantities of monazite sand from North Carolina;

helium gas could be extracted from the mineral monazite. Onnes had over 300 litres of

helium gas at his disposal

On 10 July 1908, after 14 hours of work, the temperature stopped falling at 4.2K

Onnes wrote: ‘It was a wonderful sight when the liquid, which looked almost unreal, was

seen for the first time . . . Its surface stood sharply against the vessel like the edge of a
knife.

The Nobel Prize for Physics in 1913 was awarded to Kamerlingh Onnes ‘for his
investigations on the properties of matter at low temperatures which led, inter alia, to
the production of liquid helium
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Leiden, the coldest place on earth

Here is how the location looked like in the 1980's

UNIVERSITA
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What information we are looking for?

* How to reduce the thermal losses of a cryostat

* How to have a stable working temperature
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Thermal Gonduction in Solids

q is the heat flux density (W-m)

ﬁ
ﬁ = — k (T) VT Fourier Law k is the thermal conductivity (W-m™*-K2)
T is the temperature (K)

Material having
thermal conductivity k

H r//Area A

» d ~
T T,

https://www.khanacademy.org/science/physics/thermodynamics/specific-heat-and-heat-transfer/a/what-is-thermal-conductivity
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Thermal Gonduction in Solids

q is the heat flux density (W-m)

= — k (T) VT Fourier Law k is the thermal conductivity (W-m™*-K2)
T is the temperature (K)

T ot
= — k(T — = k(TYdT A is the cross-section of the domain
( ) Q ( ) Q is the power (W)
cold
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Thermal Gonduction in Solids

— _k(T) :> 0 f — = j k(T)dT In the case where 4 is constant

cold
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Thermal Gonduction in Solids

— _k(T) :> 0 f — = j k(T)dT In the case where 4 is constant
dT
= —k(T)—=>— = j k(T)dT
Thut Tcnld

The definition of heat flux
1n a one-dimensional domain
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Thermal conductivity | «cryar

cold

10

* Thermal conductivity of
most materials varies 10’
strongly with temperature

(W/m)

10°

(=

* Nb behavior close to SS

Cu (RRR=200)
e C11 (RRR=20)
—— Acier 3041
— Al 6061

NbTi
G10

10" Epoxy
Polvanmde (Nylon)
Pyrex

Conductivity Intergal
S

LI | 1 | 1 LI B B B B |
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Tenperature (K)
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Thermal conductivity, exercise

* Three 304 stainless steel rods suspend a He bath cooled system

* Ttop flange =300 K

* THe Bath — 4.2K

* I‘rod= Im %103
* O, 4=10 mm f

e Heat leak?

Temperature (K)
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Thermal conductivity, exercise

* Three 304 stainless steel rods suspend a He bath cooled system

* Ttopflange=3OOK e L 300 X
* Thepath= 42K @
* I‘rod= 1m %1@
¢ ®, =10 mm f 0 lJ;I
e = 2
Exoy o
? Temperature (K) ”
300 —
Qug = Z kss(T)dT — s
4.2 P
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Thermal conductivity, exercise

* Three 304 stainless steel rods suspend a He bath cooled system

* Tiop flange = 300 K R 0
* Thepath=4-2K @
° Lr0d= 1 m ;fmj_ /
° (Drod =10 mm é m / : lJ ﬂ
= 888
* Heat leak? i I 1__,
Temperature (K) R
A (399 2.36 X 107* ; =
Quc =7 |  kss(TdT = - 307 x103 =~ 07w | [0
4.2 P
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Thermal conductivity, exercise

A 300 2.36 x 10~* .
Qug = Zf kes(T)dT = ] 3.07 X103 =~ 0.7 W
4.2

wfé
104—é
103—
1&—%

10' 5

Conductivity Intergal (W/m)

10" 4

10 100
Tenperature (K)
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Thermal conductivity, exercise

2.36 x 10~*
3.07 x 10% = 0.7 W

A 300
Qsk =+ f kss(T)dT —
L,

2.36 x 1074

1.26 X 10° = 20 W

4 (300
Qag = T j kcu rrr20(T)dT =
42

— - - -
=8 = S =
T TR |

ty Intergal (W/m)

nductivi

Cc

Tenperature (K)
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Thermal conductivity, exercise

A 300 236 x 1074 .
Qug = Zf kss(T)dT = 3.07 x10° =~ 0.7W
4.2
A 399 2.36 x 104 -
Qug = Zj Kcurrr20(T)dT = 1.26 X 10° = 20 W
4.2
A 3% 2.36 x 107
4.2 E

Tenperature (K)
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W = ?1 liquid helium evaporated?

° |In a phase transition: Q,, is amount of energy absorbed during the evaporation (kJ)
A, is the specific latent heat of vaporation (kJ-kg™2)
Q = A1..m m is the evaporated mass (kg)
ev ev
Hl."‘| |'|.-HE D] M H: C0 FF Ar ﬂ;- '::H.| Kr Xe ‘:;Hq
Mormal bodling point (K) 4.FF 4 23,7 27.1 TT.A 1.7 ] A7 Gf1.2 11L.A 12000 1650 1654
Liguid densits (kg'm"} 125 TLO 163 L 20 2w T L 502 1243 1141 425 2406h JikL ol
Liquid densityvapou T4 33 71 | 2 175 LE] 267 24] 255 236 270 2587 272
densiry
Endhialpy af VapTIEElOn Hid? 44k 1l i 199 & 175 11 213 512 108 Qi 482
(klkg)
Enthalpy of vaporisation Bhn 899 1211 2333 5565 LIS 6659 G441 6708 206 2 12,604 13534
(ki g-male)
wirlueme of lhgnd vaponsed 14100 14 4 a3 22 1 14 [ & I3 17 14 i3 13
h:.' energy inpul ol 1W-
hr (cm™)
Drymamic viscosity of lguid 13 133 283 124 152 —_ 240 2600 195 1% 404 S 1700
l:|.|.:'“~|:-.|‘:|:."||'|!|
Surface lensaon (mMNm) LR N 1.9 ] <8 LR Yoh 4.5 125 13.2 132 55 153 16.5%
Thermal condsctivity of 8.7 100 =00 113 135 — — 128 152 187 a4 74 1592
Tiquid (mWm 'K ™"
olume of gas ar 15°C T34 &3 830 41 Ll 8l Q03 824 g42 Gl3 GEg 520 475
released Ffroem | volume
of liquid

* Pressure af 1.00329 bar
S Crpogeale Enpimsering, ed, B.A, Hands, Acedemic Press (1986],

INFN 8““ eci Sru Cristian Pira Superconductive Materials 1 Introdletion to Cryogenics

ANNI



1W=?1liquid helium evaporated?

° |In a phase transition: Qev-IS amount.o.f energy absorbed durln.g the evaporation (kJ)
A, is the specific latent heat of vaporation (kJ-kg™2)
— m is the evapor m k
Qop = Appym s the evaporated mass (kg)

H: C0 F_'. Ar ﬂ;- '::H.| Kr Xe ‘:;H.\
TTA L B5.0 #7.3 on, 2 'I_]-lh .IE['I-.'I'.I 165.0 [
2w T L 502 1243 1141 425 2406h JikL ol

h‘ . | . - 175 1§l 267 241 255 236 270 207 FAF

Normal botling poant (K) 199 26 175 161 213 512 108 9 482

Liquid density (kg/m’)

5565 G044 Lol G441 G798 B206 2 12ed 1351

Liquid density/vapou

22 21 14 16 i3 17 14 i3 13
densary
Endhalpy al v :|.'|_'|-:'-1'i.-..'.-|l Tala) M, 152 — 240 60 195 119 44 506 170
| ngl K0 96 148 125 132 132 5.5 183 16.5
135 — — 128 152 187 a4 74 1592
Tiquid imWm 'K ™"
olume of gas ar 15°C T34 L) R30 412 hiE| HikG o3 24 a2 Gl3 GEg 520 473
released from | volume
of liguid

Pressure af 101329 ba
SRR |:"'.-_-,-|_|||=-|-\.-||. Erpirsering, ed, B A, Hands, Acpdemic Prese (1584,
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1W=?1liquid helium evaporated?

* In a phase transition:

Q., is amount of energy absorbed during the evaporation (kJ)
Q = 1. m A,, is the specific latent heat of vaporation (kJ-kg™)
ev ev :
m is the evaporated mass (kg)

* With SS bars, the liquid helium consumption is: Qss por = 0.7 W
QCubar=22W
0.7-1073 k [ Q10 por = 0.026 W
Cev _ = 0.034-103-2 1 i
Aev 2042 S h 1W=1J/S

He density = 0.125 kg/I
* With Cu bars ~ 31 1/h A, He = 20,42 kifkg

* With G10 bars ~ 0.04 I/h
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Cost? 222 SIAD

LISTINO PREZZI GAS TECNICI E PURI
. Gas Compressi Recipiente Prezzo UM
o Wlth SS ba rs ~y 1 I/h Acetilene Ricerche b.lette € 48,00|carica
Acetilene Ricerche b.la € 10,00]kg
. Anidride Carbonica Solida cassette € 4,000kg
o Wlth cu ba rs ~ 31 I/h Argon S b.lette £ 30,00|carica
Argon 5 bombole £ b,00]mc
. Argon Q b.lette € 35,00|carica
* With G10 bars ~ 0.04 I/h ool
Aria Tecnica b.lette € 25,00]carica
Aria Tecnica bombole € 5,50]mc
Aria Cromatografia b.lette £ 33,00|carica
Aria Cromatografia bombole € b,00)mc
Azoto Tecnico bombole € 5,00lmc
Azoto Ricerche b.lette € 25,00]carica
Azoto Ricerche bombole € 6,00]mc
Elio Ricerche b.lette £ 40,00 carica
Elio Ricerche bombole £17,00]mec
Idrogeno Ricerche b.lette 5it € 28,00|carica
Idrogeno Ricerche b.lette € 33,00]|carica
Idrogeno Ricerche bombole € b,50]mc
Ossigeno Ricerche b.lette € 25,00|carica
Ossigeno Ricerche bombole € 6,00lmc
Azoto liquido dewars € 1,50)litro
Elio liquido dewars £ 14,00|litro
Azoto liquido 5.0 tank criogenico € 0,50]litro
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Cost?

 With SS bars ~ 11/h
* With Cu bars ~ 31 1/h
* With G10 bars ~ 0.04 I/h

#ZZSIAD

LISTINO PREZZI GAS TECNICI E PURI

Gas Compressi Recipiente Prezzo UM
Acetilene Ricerche b.lette € 48,00|carica
Acetilene Ricerche b.la € 10,00]kg
Anidride Carbonica Solida cassette € 4,000kg
Argon 5 b.lette £ 30,00|carica
Argon 5 bombole € 6,00|mc
Argon Q b.lette
Argon Q bombol € 50 / Ilter
Aria Tecnica b.lette
Arin Tarniera Y a7 P £ e enlane

Elio lig un:ln'.:-

Azoto liquido 5.0

* With SS bars ~ 14 €/h
* With Cu bars ~ 434 €/h
* With G10 bars ~ 0.56 €/h

Cristian Pira

dewarﬂ

Oliitro

Elio Ricerche b.lette £ 40,00 carica
Elio Ricerche bombole £17,00]mec
Idrogeno Ricerche b.lette 5it € 28,00|carica
Idrogeno Ricerche b.lette € 33,00]|carica
Idrogeno Ricerche bombole € b,50]mc
Ossigeno Ricerche b.lette € 25,00|carica
Ossigeno Ricerche bombole € 6,00lmc
Azoto liquido dewars € 1,50)litro
Elio liquido dewars £ 14,00|litro
Azoto liquido 5.0 tank criogenico € 0,50]litro
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Heat Interception
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Heat Interception

_A 77k (T)dT = 2:36 X 1077 325~ 0.1 W
Qax = 7 L, SS =075 ~ 0.

consumption of 0.14 1-h-' of liquid helium (7 times less) ~ 2 €/h
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Heat Interception

77

Qs =~
L 4.2

kss(T)dT =

2.36 X

1074

0.75

325 = 0.1 W

consumption of 0.14 1-h-!of liquid helium (7 times less) ~ 2 €/h

300

0 Aj
77K — T
L 77

2.36 X 10

—4

kSS (T)dT —

Cristian Pira

2.75%x 103 ~ 2.6 W

0.25
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Heat Interception

77 2.36 X

1074

325 = 0.1 W

7 kss(T)dT =

4.2

Qak = 0.75

consumption of 0.14 1-h-!of liquid helium (7 times less) ~ 2 €/h

2.75%x 103 ~ 2.6 W

0 A j300 keo(T)dT 2.36 x 10~*
77K — L . SS — 0.25
consumption of 0.06 1-h-! of liquid nitrogen ~ 0,03 €¢/h
Hl."l H:
Mormal bodling point (K) 4.22 A
Liquid densits (kg/m’) 125 B4
Liquid density/vapouw T4 175
densit

Emthalpy of v :.'p:'-ﬁ.-.:ll 10

(klkg)

Cristian Pira

Elio liquido

dewars

Azoto liquido 5.0

tank criogenico
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Heat Interception

_A 77k (T)dT = 2:36 X 1077 325~ 0.1 W
Qax = 7 L, SS ="07% ~ 0.

consumption of 0.14 1-h-! of liquid helium (7 times less) ~ 2 €/h

300 2.36 x 107%

= — = — 275 %103 =~ 2.6 W
Q=T | k(DT ==

consumption of 0.06 1-h-! of liquid nitrogen

The optimization depends on many parameters:
* thermalization temperature

* material properties

e geometry of the system

Cristian Pira Superconductive Materials
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Thermal resistance Ry,

* Used to evaluate the thermal losses of the system
* Thermal resistance is characteristic of each material

Isothermal surface

* From: = _k(T)d_T=>% = %JThOtk(T)dT Isothermal surface - A
Y cota S / * Heat flux line
* In the steady state regime \@, = il -
* No internal dissipation e A e
2 dz " = TZ Z7 dz
BT jT AT =l = T2) = Ren = kf A(z) lw]

k = average conductivity
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Thermal resistance Ry,

22 dz _ T o _Tl_TZ Zz dz
QLl et —jTl k(T)dT—k(Tl—Tz):Rth——Q - 21 " [W]

= agverage conductivity

e for a slab a constant section A = A1l = A2 and a thickness L

L Izsothermal surface
Ry, = =— et T
kA lsothermal surface _
Ay at 1
e for aslab a cylinder with radio R1 and R2, with a length L \®
b R ln RZ /Rl Heat flux tube based on the surface 5, and 5;
th — 7
k2L

* a convective boundary thermal resistance can be simulated by considering
a_heat transfer coefficient h and a heat transfer area A as

1
Rth—hA

Heat flux line

Cristian Pira Superconductive Materials L Introdliction to Cryogenics



Different Materials System
6 L)L

Riotar = z R;

A convective boundary thermal
resistance can also be simulated by
considering a heat transfer
coefficient h and a heat transfer
areaAas R, =1/hA

(Uh, )+ (Iq 'k, ) +(L: 'k, ) * (Lﬂ 'k JH(L7)

A N

T}:L_I:

I SERIES case
Hot fluid Cold fluid
hh at Th .f.l'c at Tc T . T
Q: h S|
111 2R,
L.k L i
I L
PARALLEL case Riotar = z .
Hot fluid Cold fluid l
hh at Th h{.‘ at Tc
111 o

Cristian Pira Superconductive Materials

(Vi )+ (L /Ry )+ (2L, /ey + ) )+ (Ly Ry )+ (1 )
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Contact Thermal Resistance

 Surfaces are not perfect

* Contact at the interface is not perfect:
* Roughness
* Defects

Interstitial element

* Thermal resistance increase significantly: i
» Kapitza resistance (phonon scattering at the solid—solid contact)
* Heat transfer via eventual interstitial elements

~
N
|
~
pt
W
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How to reduce Re?

* Decrease with T
* Increase with applied force

* Insertion of conductive and malleable fillers

(charged grease, indium, or surface coatings)

4

Fundamental for
a good thermometer contact

INFN 8 Cristian Pira

Thermal Conductance (W/K)

Superconductive Materials

102 ! | ] T
o Pb-superconducting - =y © E:“’_'d?’_ —— e
40 R - . -y 4 Pbsolder *,
} N ' # ™ Insolder = S0
>/\ TN e - solde
10 i
Solders . i " 4 -
normal state =~ 7/ < "
N o " Cu-Agsoider _ . au50kg force
4 - I GE 7031 varnish i
| 10 um
0 — silcond
PSS =T -
RS, ) NLp T el L meemm
N SO T
Stainless-stainless
Cu-Cu S0 kg \1
~ Pb-5n solder 50 kg force o
1 D-.‘.’ =~ 10um
103
Thermal Conductance of Solid-Solid Joints
ot (A=1cm * for solder, varnish, & grease joints)
I ':.O kg force
InCu
10 kg force —
1 O-S | | | | |
0.1 1 5 10 50 100

Temperature (K)
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Thermometer contact

R -
S e e

e )
: 3 RNRRRAR
i B T
e
R e
e g
i e ey
e
W o
g
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Transient conduction process and Thermal Diffusivity

In a cryostat design it is often important to include the transient conduction process

Using an energy conservation equation:

oT ,
pC-=V- (=k(T)VT ) +Q

$

aT

T characteristic diffusion time (95% T;,, = 3 1)
L characteristic thermal length of the solid

Cristian Pira

k 0°T k
i 2. -1
ot pC 0x? +d ‘ D pc[m s

Material having
thermal conductivity k

p is the density (kg-m™) ﬂ A

C specific heat of the solids (J-kg™-K™) /

k thermal conductivity (W-m=3-K™) =

Q heat source (W-m=3) - B T
> d -

DIFFUSIVITY

Table 1: The thermal diffusivity of different materials at different temperatures in cm™s™' [1]

300 K 77K 4K
fiauR(I){Ffféo) 1.2 3.2 11700
Pure Al (RRR = 800) 1 4.7 42 000
Commercial Al (6061) 0.7 1.3 1200
SS304 L 0.04 0.05 0.15
Nb-Ti 0.03 0.02 0.51

Superconductive Materials

L Introdliction to Cryogenics



Thermal Gonductivity (k) in different media

_ Water
Gases
! Liquids
Alir — [:np!:ner
Non Metallic Solids !
Pure Metals
lce -
| | | - I | | A
0.01 0.1 1 10 100 1000 (WmTK™)
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Thermal Conductivity (k) in different media

SOLIDS

Conductivity Intergal (W/m)

e NBT1
GI10

0, (I'=9 K) N, (T=77K) H, (T =20 K) He (T'=4.2 K) I.IQUIDS
0.152 0.14 0.072 0.019 bad thermal conductors
Thermal conductivity of some cryogens at atmospheric pressure (W-m=-K1) Except superfluid helium:
~ am—1l.I1K-1

T (K) 4He H2 1\{2 k = 105 W-m K

300 150.7 176.9 25.8

75% 624 51.6 723 GAS

250 295'79 1.7 Depends on mean free path A and the distance L (related to P)

Thermal conductivity, k [mMW-m~1-K™1] at 1 atm
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Thermal radiation

* Principal source of energy transfer in vacuum

< Visible > Thermal radiation zone
5 5 &
: X Rays > : |
,r< Ultraviolet Dy < Infrared |
E ! i : Microwave >
T iays ' : Thermal radiation >
L 04| o7 |
| ] : | | : 1 1 i | ]
10~ 10~ 10~ 10~ 10° 1 10 10° 10° 10*

Cristian Pira Superconductive Materials L Introdliction to Cryogenics



Emissivity

From Plank’s law, for a blackbody we can obtain the Stefan-Boltzmann law

> C
E° = j A5( cz/,lw D dAl = oT? o=567-10"8W -m2%.K™*
0 e —

Stefan-Boltzmann constant

For real surface materials, emissive power is a fraction of the blackbody
Emissive power for real surface materials is defined as:

&

@,

M

EY = eoT?
\ /N

Emissivity -
Spectral distribution A

Directional distribution
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AL ANOD. O/P (0.98 * 5%
VP08 = 5% }]AMBEENT

_ I 1
#ALANOD. O/P SB (0.94 * 5%

m I Iv I ,:r':NEITEL ONAL (0D 25Y) | AOURENENTS
j;’g/ AL ANOD.O/P S.B (0.89% 9'%)

EO 4‘ 1.0 1/ Al ANODOIP FWB (0.85 £ 8.5%) Al. ANOD O/P SB (0.78 £ 9%)
— g _ANOD L2127 Al. ANOD CP (0.7626")
= &0l e D e gy /M Aol G737
\.M ANOD.O/P CWB (0.83 2 8%) :T-_“'“Aj ANOD O/PFWB (0.71 24%,)
NEXTEL ON Al (0.82 = 7°) \ “NEXTEL ON AL (0.69¢ 6 %)
Al. ANODISED CP (0.8 212%,) NEXTEL ON S1.51. (0.6728"%)
] 0.5F.  \[NEXTEL ON 5t.51.{0.8% 11%) NEXTEL ON St 513 SAMPLE (0.67 £10%)
e ¢ decreases W|th T \\m CLEAR ANODISED (0.78214",) Al. CLEAR ANODISED (0.67 % 8%)
'‘Al.« PROTECTIVE OXIDE LAYER
b (0.49 9%)
* gincreases with oxidation, impurities, dirt, ... SRR N £
- S1.51, SHOT BLAST (0.24 2 5*%)
* Highly polished and highly conductive clean surfaces 0zt ——
. e e Cu.AS FOUND (0.12 * 11%) = : CASIAL MR
allow to achieve the lowest emissivity values /[3: SLMECH.POL (01228%) R
% ") = SLSL.SHOT BLAST (0.1426%)
= — —  SULSLAS FOUND (0.1225%)
% 0.1l [t SLELECT POL (0.1213%)
e, ALMECLPOL O Al +PROTECTIVE OXIDE LAYER
LEU “\SLSU.SILVER PLATED(0.092 = 9") ZSI St.MECH.POL. (0.074 * ;E:C;?" =
TALELECT POL. (0.075:29%) | SUSLELECT POL. (0065  5%)
i} — ~—Cu. MECH. POL.(0.06 * 9 %) [ ——Cu. AS FOUND (0.06214*)
300K 78K 42K _:\St.‘SLAS FOUND. Al FOIL(00s6:13)| A MECH.POL. (00582 6%)
. S1.51. SHOT BLAST. ALUMINISED
3M black paint (80 pm) on a copper surface 094 091 0.89 MR (0082 W
- ALELECTROPOLISHED (0.036 £ 7*.)
Polished aluminium (33 pm roughness) 0.05 0.023 0.018
CWB COARSE WIRE BRUSH
FWB FINE WIRE BRUSH —  Cu.MECH.POLISHED (0.023212%)
Polished copper (41 pm roughness) 0.10 0.07 0.05 OF PO PORE
CP CLOSED PORE
. . . . . . . } 4 - ANOD.BLACK ANODISED
304 Polished stainless steel (27 pm roughness) 0.17 0.13 0.08 s T
0.01 —  StL.SL.AS FOUND. AL FOIL (0.011= 5%,

The total emissivity of various metals at three different temperatures PP ——— Y

The total emissivity from ambient temperature
down to liquid helium temperature (4.2 K
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Passive thermal shielding

* From blackbody radiation: q=0(Ttom—Teog)  Heattransfer rate

q77x = 0(T300 — T77) = 457 W - m?

=0(T37 —Ta,) = 2W - m?
0(T300 — Taz) = 459 W - m? a2k (T77=Ti2)

da2 K

Assuming that the surfaces and emissivities are identical for the different reflecting surfaces:

g 1 o=

q:

(T:a_rm - ]?:j:ld )

g
T4 _T4 —_— T4 —T4 =
2—8( warm ccld) q 22—8( warm cc—ld) g }"}'—|—12—8

T:.\.'am1 TCO]d Kra:m Tceld ﬂvann L Y ) cold
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Multilayer insulation system (MLI)

 Reflective films (usually aluminium or aluminized polyester film)
* Insulating interlayers (polyester, glass-fibre nets, or paper)

* Operated under vacuum

Warm surface

Reflecting
layers

Insulating
interlayers

Cold surface
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Direct cooling
Bath cooling

—

Direct cooling
Forced flow

UNIVERSITA
DEGLE STUDI
D1 PADOVA

cram
[
o
b d
g
F. =

P

R
|
|
e
[ —

(@

Indirect cooling
Bath cooling

Indirect cooling
Forced flow

e

Indirect cooling
Bath as cold source

—]
| —
—

Indirect cooling
Two-phase thermosiphon

Superconductive Materials

ooling techniques at Low Temperature

=

Indirect cooling
Cryocooler as cold source
Thermal link

Indirect cooling
Two-phase thermosiphon
Coupled with a cryocooler
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Helium direct cooling
hath method

10,000 ———T——T—73100
A line |
1,000 / 10
N He | n
CRITICAL -
He ll POINT
100 |- T
- Superfluid E
—~ F Helium d -
s | 1 E
x <
BT 1 o
VAPOR
10 -:10‘l
L e S I s e S L L "
00 Elliptical cavities
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He Gryostat @ LNL

- Atmosphere
T, C r " v
< >< <
D-rq B > < 7 T E
j s A
) Vacuum 1[ -
pumps —JS
N
A 4
\/
A 3 4

He recovery

balloon

2
1
\\
Cryostat

Compressor
Room

\ 4
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He Gryostat @ LNL

UNIVERSITA
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Helium indirect cooling
Quarter Wave Resonators (QWR)
bath method - T

Liquid helium |Id. jo=
[ =

| |
o

g

¥

1
—
r o s e o

Cu ——

Radio-frequency
power input ‘

Drift tube

Pickup probe !j
Beam axis

Indirect cooling i
Bath cooling

\llp(.‘l’t.'('lﬂdllt.‘llllp resonator

(http://rrsys.tokaisc.jaea.go.jp/rrsys/html/tandem/

english/koumoku-03/booster.html) ALPI Cryostat @ LNL
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ALPI Gryostat

L Introdliction to Cryogenics

2
s
[
D
whed
(L]
—
(-]
=
whd
(]
—]
b —}
=
(—1
(]
T
(-"
=
—]
(7]

Cristian Pira




Helium uses

Helium isn't just used in balloons. It's also used to save lives,
as well as to power scientific innovation.

el Helium Use Global Share Description
A 6% """""""""""" Cryogenics 23% Superconductors use ultracooled helium liquid.
___________ ik Lifting 15% Used in airships and balloons
--------------------------- Electronics 14% Used to manufacture silicon wafers
L | Optical Fiber 11% Necessary to make optical fiber cables
Welding 9% Used as a shielding gas for welding
""""""""""""""" E it e S el | o Detection 6% Helium particles are small, and can find the tiniest leaks
Source USGS
Analytics 6% Used in chromatography and other applications
. L . . Pressure & Purging 5% Used in rocket systems
https://www.visualcapitalist.com/helium-a-valuable-gas-not-to-be-taken-lightly/
Diving 3% Mixed into commercial diving tanks for various reasons
Other 8% Helium's diverse properties give it many other minor uses

Cristian Pira Superconductive Materials L Introdliction to Cryogenics
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Helium shortage

HELIUM PRICES OVER TIME

120 18

BLM CRUDE HELLIUM
4.
=]

(]
(=]
(4]

PRICE ($/MCF)

0 [#2]

= (=]

%M

o ey

(%]

LAB-READY LIQUID HELIUM
PURCHASE PRICE ($/L)

o
(=]

Oct. '97
Oct. ‘98
Oct. ‘29
Oct. '00
Oct. ‘01
Oct. ‘02
Oct. '03
Oct. ‘04
Oct. '05
Oct. "06
Oct. ‘07
Oct. ‘08
Oct. 08
Oct. 10
Oct 11
Oct. 12
Oct. 13
Oct. 14
Oct. ‘15

People walk out of a Party City store with DATE
balloons on in Miami, Florida. Party City I 5LV crude Helium B Lab-Ready Liquid Helium
announced that it will shutter 45 stores in

2019 due to a global hefium shortage Up to 50 €/1 in 2022111 Today ~40 €/1 (2022)

https://business.financialpost.com/ https://physicstoday.scitation.org/do/10.1063/PT.6.2.20200605a/full/
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The USA government has

a helium stockpile at the
Cliffside Field in Texas,
developed as part of a WW)
initiative. It is in the process
of being phased out, and by
as late as 2021 it will no
longer contribute to supply.

Though not a helium player
yet, scientists from Oxford
and Durham universities and
startup Helium One recently
identified a major prospective
hediurn resource in the Rift Valley
of Tanzania, which contains

an estimated 99 billion cubic

In December 2013, the Qatar
Helium 2 project was opened.
This new facility combined with
the first helium project makes
the country the second largest
source of helflum globally.

Helium shortage reasons

2%
|
3%

Russia is looking to become
a player in helium as well.
Gazprom's Amur LNG project
will be one of the biggest gas
facilities in the world, and it will
nclude a helium processing
plant. This won't be online
until at least 2024.

Because of inflated demand, especially for
cryogenics in MRI machines, helium prices have
risen significantly over the years

Global helium demand is expected to increase
at a compound annual growth rate of 3% by 2022.

Source: USGS
Supply === Demand Forecast
3% CAGR
-
ff‘f
*CAGR-Compeund Anrwal Growith Rate Sourca: USG5

Pandemic situation solves helium
shortage issue, but not the price race

feet of helium. That's enough
to fill 2200000 MRI scanners

https://www.visualcapitalist.com/helium-a-valuable-gas-not-to-be-taken-lightly/

Cristian Pira

INFN 800 ¢ 3 Superconductive Materials

L Introdliction to Cryogenics


https://www.visualcapitalist.com/helium-a-valuable-gas-not-to-be-taken-lightly/

How to work with helium today?

Today is mandatory install a closed re-circulation system to re-

compress helium which comes out of the exhaust of a cryogenic
system

Reduce as much as possible the helium losses

Just to have an idea: when | test a single Accelerating cavity, | use 200-
400 liters of Helium, for a theoretical cost of more than 10000 €!!!
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Nowadays: GUORE Experiment @ LNGS INFN

Creating the Coldest Cubic Meter in the Universe

Aforthcoming neutrino detector will require temperatures approaching absolute zero.

° 1 m3’ 400 kg @ T=6 mK for 15 days Feature Story Kate Greene 510-486-4404 - October 28, 2014

KR A S [[in 10 < 410

SHARES

In an underground laboratory in Italy, an international team of scientists has created the coldest

* A mixture of Helium-3 and Helium-4
that continuously circulates in a cilte S rlNeer 4421 et o s

that will study neutrinos, ghostlike particles that could hold the key to the existence of matter

specialized cryogenic unit called

The collaboration responsible for the record-setting
M M M M refrigeration is called the Cryogenic Underground
d I I ut I O n refrlge rato r’ re m OVI n g a ny Observatory for Rare Events (CUORE), supported jointly
by the Istituto Nazionale di Fisica Nucleare (INFN) in Italy,

re m n a nt h e at e n e rgy fro m t h e S m a | I est and the Department of Energy’s Office of Science and

National Science Foundation in the US. Lawrence
. . Berkeley National Lab (Berkeley Lab) manages the
C h a m b e r. Th e C U O R E d I | u t I O n CUORE project in the US. The CUORE collaboration is
made of 157 scientists from the U.S,, Italy, China, Spain,
H H : - and France, and is based in the underground Italian
refr I ge rato r’ b u I It by Le I d e n c ryoge n ICS facility called Laboratori Nazionali del Gran Sasso (LNGS)
of the INFN.

in Netherlands, is one of the most

o years,” says Yury Kolomensky, senior faculty scientist in
p Owe rfu I I n t h e WO rl d the Physics Division of Berkeley Lab, professor of physics
at UC Berkeley, and U.S. spokesperson for the CUORE
collaboration. “This is a tremendous feat of cryogenics. We've exceeded our goal of 10 milliKelvin.
Nothing in the universe this large has ever been as cold.”
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Nowadays: GUORE Experiment @ LNGS INFN

DCS
Motion Box

300 K
40K
4K
600 mK
50 mK
10 mK _
== g
TapEeas = =
i
Detector Towers % E iiE
= i

Lateral Lead

Bottom Lead
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Nowadays: GUORE Experiment @ LNGS INFN

The CUORE detectors and their shielding must be cooled to approximately 10 mK before they can take data. We cool them using one of the largest and most
powerful helium dilution refrigerators ever constructed. Our cryostat produces the coldest cubic meter in the known universe.

To reach such a low temperature, the cryostat is cooled in different stages. The first, which allows the cryostat reach a few degrees above absolute zero, can
be performed using cryogenic liquids (liquid helium and liquid nitrogen) or pulse tube cryocoolers. For CUORE, we chose the latter, as it ensures that the
cryostat will be stable over several years without needing to replace boiled off liquid cryogens, which disturbs the detector operating conditions.

The second stage, that brings the temperature down to a few mK, exploits the unique properties of two isotopes of helium, 3He and “He, to cool matter to a
fraction of a degree above absolute zero. At very cold temperatures, 3He and *He cannot be mixed in an arbitrary ratio; the mixture will spontaneously
separate into two phases, much like oil and water. These phases are known as the concentrated phase, containing mostly 3He, and the dilute phase,
containing mostly “He. A pump outside the cryostat pulls 3He across the boundary from the concentrated phase to the dilute phase, an endothermic process
that absorbs energy and is the key to the cooling power of the refrigerator. This 3He is then returned to the dilute phase, completing the circuit. We pump on
the dilute phase to encourage faster phase change from concentrated to dilute, just like
blowing across the gas above a cup of tea encourages a phase change from liquid to gas, . - < 3
cooling your tea. P OW - Y, Motion Box —n 5

Smaller dilution refrigerators are commonly used in modern low-temperature
experimental physics; they typically have working spaces of tens of cubic centimeters.
The CUORE detectors, on the other hand, weigh approximately a ton and are
approximately a cubic meter in size, and are accompanied by several tons of copper and
lead shielding that need to be cooled as well. Also, the CUORE detectors are extremely
sensitive to any radioactive background, so the cryostat had to be constructed from
extremely radio-pure materials. For these reasons, the design of a cryogenic facility for
CUORE was a real challenge.

40K

4K

600 mK

50 mK

10 mK

& 33 Top Lead
)
}(’/”Deleclm Towers

Lateral Lead

The cryostat is surrounded by an octagonal lead shield and borated polyethylene neutron
shield. Some of the lead used for shielding close to the detector was recovered from an m
Ancient Roman shipwreck off the coast of Sardinia. -

s Bottom Lead
L

https://cuore.lngs.infn.it/en/about/cryostat
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