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Superconductivity & Cryogenics

UNIVERSITY OF TWENTE.

Want to know more?

* V.L. Ginzburg and E.A. Andryushin, “Superconductivity” (1994)

Excellent layman’s primer. -

Physics World

% 3z
* P.G. De Gennes, “Superconductivity of metals and alloys” (1966) o
... and many more books of varying level of detail. ;W\A

5 ] 15

* V. Schmidt “The Physics of Superconductors” (1997)
M. Cyrot and D. Pavuna, “Introduction to Superconductivity and
high-Tc materials” (1992)

* M. Tinkham, “Introduction to Superconductivity” (1975)

-8

Science Advances

. Or contact us: https://www.utwente.nl/en/tnw/ems/
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1. Phenomenology & Theoretical understanding

UNIVERSITY OF TWENTE.

Disappearance of electrical resistivity

©
- | Below a critical temperature T, :
| ;’ | -
- % ‘| p 0
o ' f No scattering of charge carriers at
P lattice imperfections
c'“n'n e oiw QL
Onnes, 1911
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1. Phenomenology & Theoretical understanding UNIVERSITY OF TWENTE.

Liquid helium
4.2 Kelvin (1908)

aAaETWO

https://www.youtube.com/watch?v=9FudzqgfpLLs

E-l'l'ﬁ.:;-;i' -5' T
= e S Lorentz.leidenuniv.nl
i
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@i Electrical conductivity & resistivity
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1. Phenomenology & Theoretical understanding UNIVERSITY OF TWENTE.
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N Resistance

Electrical conductivity & resistivity
Temperature
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1. Phenomenology & Theoretical understanding

UNIVERSITY OF TWENTE.

Disappearance of electrical resistivity

©
- | Below a critical temperature T, :
| ;’ | -
- % ‘| p 0
o ' f No scattering of charge carriers at
P ‘ | lattice imperfections
w{.fzé | ‘
e'“n.w 49 ‘&4‘;4‘ ; M
Onnes, 1911
slide 8 of 60 EMS5



1. Phenomenology & Theoretical understanding

UNIVERSITY OF TWENTE.

Disappearance of electrical resistivity

|

Resistance iIs at least
1017 times smaller

than that of copper
st E
.
AR S S ﬂ{éﬁ--i}:..‘“vﬁ
Ginzburg & Andryushin, 1994
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1. Phenomenology & Theoretical understanding

UNIVERSITY OF TWENTE.

Meissner effect

T Ba

W. Meissner and R. Ochsenfeld, 1933

T2md] Perfect diamagnetism

B=0

Magnetic fields are screened out
by surface currents )

e

(*) up to a critical field H,,

slide 10 of 60

EMSJ5



A

g 1. Phenomenology & Theoretical understanding UNIVERSITY OF TWENTE.
|
-y ¥,
e Flux Quantization
S Only integer multiples
—T>T
| —T<T.
-0 B increasing r —
R G A: / P = ndo

2{|}D—

of the flux guantum

h

" 2e

Magnetic tlux m loop

C: ﬁ (II)O

" . e are allowed inside a
B *r’ superconducting ring.
e F. London, 1950
Bl W. A. Little and R.D. Parks, 1962
e slide 11 of 60 EMS5



1. Phenomenology & Theoretical understanding UNIVERSITY OF TWENTE.

- Flux Quantization

et For “type II” superconducting materials:

B=nAg¢,

‘oo rdy
iy BAF PP Y R
S o e K

Fields higher than H, are admitted in
the form of mutually repulsive flux tubes ©),
generated by current vortices

A.A. Abrikosov, 1957

Essman and Traube, 1967 o
T (*) up to a second critical field H,,

= slide 12 of 60 EMS/5
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1. Phenomenology & Theoretical understanding UNIVERSITY OF TWENTE.

i:Q
-

Flux Quantization

H_,(0) P Vortex- or ‘Abrikosov'- state.

Interactions between vortices and current
Hc,,(T) . .
“ often determine maximal or

I:f ‘critical’ current density J,
H.1(0)
O o
0 I
s 1E /000
i TEgd wIhE .
el ST ;
& slide 13 of 60 EMS5
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f 1. Phenomenology & Theoretical understanding UNIVERSITY OF TWENTE.

- Josephson effect
Current can ‘leak’ through a barrier:

: Je =Josind

Superconductor Superconductor oL Vt
6(t) =46(0) +—
0

The maximum tunneling current

(a)

o e IS modulated by a “phase difference”
FIG. 1. Currenl-vt::r::n::c::lauc for a tin- across the barrier that depends On

feld of 6 x 10~ gauss and (b) for  field 0.4 gauss. mag netic f|e|d .
B.D. Josephson, 1962

P.W. Anderson and J.M.Rowell, 1963

325 :‘:ﬁ o ==
wha
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1. Phenomenology & Theoretical understanding

UNIVERSITY OF TWENTE.

The London theory

H. London and F. London, 1935

A(VxJ)+H=0

Equation of motion for “superelectrons”
— penetration depth A

Ne = Ny (1 - T/TC) oM, =N T/TC

“2 Huid™-model
— kinetic inductance, surface impedance

slide 16 of 60
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,;‘“- 1. Phenomenology & Theoretical understanding UNIVERSITY OF TWENTE.
|

- Y,

- Ginzburg-Landau theory

V.L. Ginzburg and L.D. Landau, 1950

Y@@ = Y@ win |2 ="/,

complex “order parameter”’

MOH
2

AF = F. — F. _a|¢|2+ﬁ|¢|4+—|(th+2eA)¢\

Minimization of free energy F —
flux quantization; coherence length £; penetration depth; vortex state

oy slide 17 of 60 EMS/5



1. Phenomenology & Theoretical understanding

UNIVERSITY OF TWENTE.

BCS theory (1)

L.N. Cooper, 1956

Density of states

Density of states

Bound Electron Pairs in a Degenerate
Fermi Gas*

Leox N. CooPEr
Consider a pair of electrons which interact above a
quiescent Fermi sphere with an interaction of the kind
that might be expected due to the phonon and the
screened Coulomb fields. If there is a net attraction

between the electrons, it turns out that they can form
a bound state, though their total energy is larger than

In the presence of an attractive
Interaction, electrons can ‘team up’,
they form “Cooper pairs”.

Cooper pairs are bosons.

To break them up, one needs to

g ek overcome an enerqy gap A .
ﬂ"’-f"r"':,ﬁ.'%a-
£ slide 18 of 60 EMSx
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1. Phenomenology & Theoretical understanding

UNIVERSITY OF TWENTE.

BCS theory (2)

J. Bardeen, L.N. Cooper, J.R. Schrieffer 1957

Theory of Superconductivity*

J. Barprew, L. N. Coorer,t anp J. R. SCHRIEFFER]

We shall call the interaction, I, between electrons
resulting from the electron-phonon interaction the
“phonon interaction.” This interaction is attractive
when the energy difference, Ae, between the electron
states involved is less than #w. Diagonal or self-energy

The attractive interaction comes

SIS . . .
o %"”f o@ 39° about through interactions with
9 o° lattice vibrations (“phonons”).
9 9 00 Q o 00
@ o + T_ (isotope effect), critical field H.
: *Gap A4
« Cooper pair density
* penetration depth A, coherence length &
slide 19 of 60 EMSJ5
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2. Materials and Applications

UNIVERSITY OF TWENTE.

Superconducting transition temperature (K)

1910

HgBa,Ca,Cu;0,
(under pressure)

HgBa,Ca,Cu;0,

TiIBaCaCuO

BiCaSrCuO

YBa,Cu;0,

Liquid Nitrogen
temperature (77K)

(LaBa)Cu©

Nb.sn  NPsGe l‘
Nbc NPN =
V.S i

BaFe,As,

1930 1950 1970 1990 2010

The history of superconducting materials (only a selected materials are shown)

. Materials that are developed /
commercialized into practical
superconductors

“Practical " = >1 km long wires )

with stable and uniform properties
that can be used on coil windings

(*) see lecture 2

slide 21 of 60
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o 2. Materials and Applications UNIVERSITY OF TWENTE.
v
.-

Intermezzo

 Probing the limit of loss-less charge transport:
the critical current |, ;

the critical current density J.

Current
terminal

Tihsﬁtrj“p'e « Place the sample holder in a controlled T-
olaer

and H — environment
| (often a SC solenoid in liquid or gaseous He)
SC wire

_—‘*\-

]p.lu} ;

Voltage
pair

|

=
= =
-
—
=
=
i P
N
-
-~

Current

* Ateach desired T- and H- value, slowly
terminal

Increase the current | and record the voltage V
across the test section (IV-measurement)

- slide 22 of 60 EMSJ5
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2. Materials and Applications

UNIVERSITY OF TWENTE.

Voltage-current refation of a superconductor: “sudden” appearance of voltage

Voltage V (uV)

100

80 4

60

40 4

204

~ power-law relation (curved on lin-lin VI scale, but linear on log-log VI scale)

Current density J (A/m:)

5.0x10°  1.0x10° 1.5x10° 2.0x10°

0.010 10"§
- 101
0.008 B
z 10"+ F
0006 = = 1 ¢
= ot
2 E 10
0.004 .2 ]
= 107
- E
m ]
0.002 10°
107
0 500 1000 1500 2000 2500 300
Current I (A)
Note;

1. Not infinitely steep (n < «); needs eriterion (E,or p,)
2. Use of E and J instead of V and |

. deU
J (A;’mmg)

3000

slide 23 of 60
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‘::"_lf 2. Materials and Applications UNIVERSITY OF TWENTE.

Measure VI-curves across a range of magnetic fields H and temperatures T,
extract 1. (B,T) and from this
the critical surface Je(T,H) of a superconductor

HiperTech MB-7fil-700-40
E-4 ———r—rrrrrr——r—gerrgn

i / + Hincreasing ¢
1 8

T
I(A)

: o slide 24 of 60 EMSJ5



""Pf 2. Materials and Applications UNIVERSITY OF TWENTE.

Loss-less transport = bodily shifting of Fermi surface in k-space
Depairing current: EO=§%{Uwz+pgz+Gu2—pgf}:§;0ﬂ/z+zm3)
e 10*-10° A/mm?; Py Py
 Fundamental upper limit; |
e Never reached
In practical SC

= A
Jedepairing = 2nse /pF
Non current-carrying Paired : E = E, Unpaired : E = E; + 2A -Pvg

after Rose-Innes & Rhoderick, 1974

Scattering of a pair to the state with lowest available E lowers E,;,, but costs condensation energy 2A

(P/2-pg)°
2m

+2A(T) =, ——PE L oA(T)
m

Escattered -

== slide 25 of 60 EMS5



2. Materials and Applications UNIVERSITY OF TWENTE.

. Current J + vortices — Lorentz force F,
Depinning current:

Moving vortex — Dissipation

e 102-10% A/mm?: B
o Sample-dependent; See Maxwell's equations: VxB=puJ , VxE= T and P=E-J

) Usual, it _ High current density can only be maintained loss-less
in practical SC when vortices are adequately pinned

.- +2 ‘\3'!"‘:.-- -
ORI IO
FL L

DAL TS N
P ",,‘- 2 -‘_t...

after Glatz et al, 2019

slide 26 of 60 ENSI5



,;r 2. Materials and Applications UNIVERSITY OF TWENTE.
v
o=

HgBa,Ca,Cu;0,
160 g {under pressure)

NBTi : niobium-titanium alloy

T.= 9K
B, = 11 T at 4.2K and 14T at OK

|
[

J
BiCasSrCuoQ A’
|

140 HgBa,Ca,Cu;0,

120 = TiBaCaCuQ

YBa,Cu;0;

well-developed
costs ~1 €/kA.m at 4.2K, 5T (¥) (*) L. Cooley et al.,

0 {LaBa)Cud i =2 .
NDSSn NbsGe

4‘ L | 1910 1930 1950 1970 1990 2010
' r |

Superconducting transition temperature (K)
-]
(=]

Cubic alloy, isotropic

%_' slide 27 of 60 EMSJ5



o . . .
g 2. Materials and Applications UNIVERSITY OF TWENTE.
) -
v Yy
-— Pinning in NbTi: very finely distributed Ti-precipitates
20 .
| Finer and
18 More Dense
. # 1 Precipitatesp 4 £¢=5.3
o A 16 4 "F.:‘I
_-"'-r .-"f. f | 7 E =4,
¥ i 14 =4.4
& 12 .
o 104 A
“ 8 A ke gr=2.5 & ”
I
E | x‘_x\x\ ?'
0 . :
Figure 2 Typical Nb-47wt.%Ti high critical current \ er=1.1 A
microstructure (in transversc cross-scction) showing the 2 - - q\‘
densely folded sheets of o-Ti pinning centers dispersed : T
within the superconducting [3-Nb-Ti matrix. Superimposed 15 0 L R ' J L
a schematic illustration of the equilibrium fluxeid spacing 6 1 2 3 4 5 6 7 8 9 10 N
and dimensions appropriate to Nb-47wt.5%Ti at 5T, 4.2K. B, Tesla

Larbalestier et al, 1995

F, = J.xB = “maximum pinning force”

: slide 28 of 60 EMS/5



UNIVERSITY OF TWENTE.

s Nb;Sn : niobium three tin
HgBa,Ca,Cuy0, -I-C - 18 K

TiBaCaCuO

B., =23-26 T at 4.2K and 30T at 0K

YBa,Cu;0,

well developed, still in progress

cost ~5-25 €/kA.m at 4.2K, 5T (¥) (") 2Ld (%ooley etal.

(LaBa)Cu

. Nb,Ge
9

N

1930 1950 2010

1970 1990

Cubic inter-metallic,
TP T isotropic

o slide 29 of 60 EMS5




#)‘ 2. Materials and Applications UNIVERSITY OF TWENTE.

-
- Pinning in Nb,Sn: grain boundaries
L |
" 2 NbaSn
I ® ViGa o Center
A Vq Si /
"E 8 D—l—f_,// |
b4
PR T
G O
. Pi} / Nb-A15
$ Interface 0 e
= 128W/675°C
@ 5
g
Z 4 A Reaction ~ Average
g Center temperature  grain size
5 [°C] [nm]
- 1 s
i 5
. / ot 675 150
= / 750 275
/ [ TN 800 400
L 850 500
1 S . 1000 1500
0 Interface & _
o 2 4 6 8 10 12 14 $h/675°C 32W/750°C 32W/800°C
Grain size™*, um™ I um p——
- .
_;L;lﬁif;:‘ Suenaga et al, 1981 Fischer et al, 2002
it

' slide 30 of 60 EMSx
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NbsSh Nb.Ge
 Npe NeN -"-———"
Hg Pb Nb .___,....- Vasi

,.;‘“-' 2. Materials and Applications UNIVERSITY OF TWENTE.
|
-y ¥,
- escacuor | MgB., : magnesium di-boride

3 / 2
% HgBa,Ca,Cu,0, [ -I-C — 38 K
s acssruo l’ B,, = 20-25 T at 4.2K and 25-30T at 0K
:g YBa,Cu,0;, A .
., e Development in progress
cost ~1 £/kA.m at 4.2K, 5T (*) () L. Cooleyetal,
'g {LaBa)Cud 2005
3

o———%

1910 1930 1950 1970 1990 2010

Hexagonal inter-metallic,
P anisotropic

: slide 31 of 60 EMS/5
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g 2. Materials and Applications
|

UNIVERSITY OF TWENTE.

HgBa,Ca,Cu;0,
{under pressure)

HgBa,Ca,Cu;0,

TIBaCaCuQ

BiCasSrCuoQ

YBa,Cuy0;

{LaBa)Cud
NbsSh b, Ge

i

Superconducting transition temperature (K)

1950 1970 1990 2010

[ | Orthorhombic oxide;
7| strongly anisotropic

“BSCCQO™ : bismuth-strontium-calcium-
copper-oxide “Bi-2212” and “Bi-2223" ©)
T.= 80 K (2212) or 110 K (2223)
B,=>100T
under development , cost ~ 50 €/kAm (**)

[

(*) Bi,Sr,CaCu,Oq
& Bi,Sr,Ca,Cu;0,,

" (**) L. Cooley et al.,
10} 2005
10’

slide 32 of 60 EMS/5



2. Materials and Applications UNIVERSITY OF TWENTE.

HgBa,Ca,Cu;0,
{under pressure)

/L “ReBCQ" : ytrium-barium-copper-oxide

HgBa,Ca,Cu;0, I
TIBaCaCuQ ?
A

T.=90K

BiCaSrcuo =>
YBa,Cu,0 BC2 1007 (*) “Re” = rare earth,
e sisa used to be YBa,Cu,0,,
rerf;;ranjr;o??;!{) Under development now often GdBaZCu3O7

{LaBa)Cud
NbsSh Nb.Ge

cost ~100-200 €/kAm (**)

Superconducting transition temperature (K)

(**) at 30K, 2T;
N. Bykowsky 2016,
J.H. Kim 2016

1930 1950 1970 1990 2010

1>~ 30 nm Homo-epi MgO
| —c~10 nm IBAD MgO

o slide 33 of 60 EMSJ5



2. Materials and Applications

UNIVERSITY OF TWENTE.

Pinning in YBa,Cu,0- : “correlated” disorder (anisotropy!)

FIG. 1. Transmission electron micrographs (TEM) of the cross section of
the (Y123+YS5Z) sample with the BaZrO:/ Y123 multilayer structure, the
bamboo structure: {a) the whole sample, showing the bamboo structure
grown up to the surface of the film: (b) the bambeoo structure near the buffer
layer of CeQ, started from the substrate. The dark region in the knots of the
bamboo suggests the stress fields surrounding Zi-included structures such as
BaZr(;. Y123 layers are epitaxially inserted between them.

Yamada et al Appl. Phys. Lett. 2005

Low supersaturation processing
Increased crystallinity

Induction heaters
Current leads

High supersaturation processing
Increased disorder

[ 5.000

L)

Moderate supersaturation processing
Cfitlml lift zone for many applications

~4.000

™ D T

X

D e

Vv ot
Rotating ¢ st

machines ©

~ 3.000

Critical current per unit width I w' (A crmry)

High-field/:"1.000

magnets [
v

MacManus-Driscoll, 2021
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2. Materials and Applications UNIVERSITY OF TWENTE.

HgBa,Ca,Cu;0,
{under pressure)

“Bal22" : barium-iron-arsenic ¢

|
[

<
@
= HgBa,Ca,Cu;0,
& T.=39K
g2 TIBaCaCu0 Y §
.uEg BiCaSICu0 B ) 100T (*) Ba 955K g 45F€ 2 AS
c
é YBa,Cu,0,
Early development
o
£ 2 no
g not yet commercialized
'g (LaBa)Cud
S Nogsn  NboGe 10° ¢ : -
= PN T 2 The practical level E
US",' A i / -
1910 1930 1950 1970 1990 2010 . 10” e 10" Alem” #"_‘,_r—"v?
“= - ol Vo i
S o * VY o ]
o o0 < Wg o 0 * 3
. ® . Orthorhombic pnictide; ~? S | l
~ . e = 10° L ¥ Tape Wire |
:{ e  Near-isotropic (! 2 =Y * % IEECAS ]
® - = - v VvV NIMS ]
Stainless Steel = 10’ = 4 y <©  Univ. Tokyo 7
. j R ST - 42K &I0T O NHFML 1
g ] - i
; 101 | l l l l | | |
e e = uperconducting core 2011 2012 2013 2014 2015 2016 2017 2018
e P
DAl i &% o6 Ma, 2020 Year Ma, 2020
it
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g 2. Materials and Applications UNIVERSITY OF TWENTE.
.

Large scale (1)

Hiah current density without ohmic heating
(J ~ 100 — 1000 A/mm?instead of ~ 1 A/mm?)

o slide 37 of 60 EMS5



2. Materials and Applications UNIVERSITY OF TWENTE.

Large scale (2)

= Powerful electro-magnets
(MRI, NMR, HEP, fusion,...)

e slide 38 of 60 EMSI5



> 2. Materials and Applications UNIVERSITY OF TWENTE.
.

Large scale (3)

High current density without ohmic heating
(J ~ 100 - 1000 A/mm?instead of ~ 1 A/mm?)

—,

= — Powerful electro-magnets

oz (MRI, NMR, HEP, fusion,...)

— Compact electro-technical devices
(cables, FCL, generators, motors...)

i

]
9) ecoswing
- Horizon 2020
European Union Funding
for Research & Innovation

e slide 39 of 60 EMSJ5



2. Materials and Applications

UNIVERSITY OF TWENTE.

Small scale (1)

Superconductor

Insulator

Area A

Quanitum interference with EM fields

Magnetic field
oH

1(H)11(0)

— Superconducting Quantum Interference Device

(‘SQUID)

more precise magnetic field measurements

EMS,

slide 40 of 60
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2. Materials and Applications UNIVERSITY OF TWENTE.

& Small scale (2) with EM fields

— Superconducting Quantum Interference Device
(‘SQUID")

more precise magnetic field measurements

— Measurement standards
(Sl ‘volt’ definition)

www.PTB.de

slide 41 of 60 EMS/5



2. Materials and Applications UNIVERSITY OF TWENTE.

4 Small scale (3) Quanturn interference with EM fields

— Superconducting Quantum Interference Device
(‘SQUID")

more precise magnetic field measurements
— Measurement standards

(Sl ‘volt’ definition)

— Faster and compacter electronics
= Qubits, quantum computing

ap "‘*:‘:ﬂi‘;‘f Clarke & Wilhelm, Nature 2008 Bosman et al, Nature 2017

= slide 42 of 60 EMS/5
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3. Cooling requirements & strategies

UNIVERSITY OF TWENTE.

at loads:

L)
—_
¢ 5
fa L

()

U in-leak through cryostat enclosure >

In common with other cryogenic systems

O ramp- or AC losses » unavoidable, but strongly application-dependent
[ external current leads » perennial worry
O ‘warm-cold’ structural elements > application-dependent
U ‘accidental’ » ‘“quench’-detection and - protection
= slide 44 of 60 ENS)5



3. Cooling requirements & strategies UNIVERSITY OF TWENTE.

-— In-leak through cryostat enclosure

MDS separator

Cable

* Typically vacuum + MLI; /l\ l \

 Challenge: minimize the ‘air’ gap
e ~0.1-1W/m?between 293 & 4.2 K (chambers);

i :%? ~ 0.1 -1 W/m between 293 & 77 K (flex tubes) o WU NEXANS. COom
g slide 45 of 60 EMS)5
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g 3. Cooling requirements & strategies UNIVERSITY OF TWENTE.
|

Ramp- or AC losses

I —

- -

after Jooss et al, 2001

AC loss - magnetization [J/cycle]

2 I ; ; I ; ; MR I |
0.1 0.2 0.5 1 1.5 2

& L
|  Time-varying magnetic fields or currents

lead to hysteretic internal flux profiles
... * Motion of vortices — dissipation ...

1'.. 1

) J -:;l afaprace e
"’Jﬁ. % o [Hysteresis loss

10

AC magnetic field amplitude [T]

Hyseresis losses in linear actuator coil

slide 46 of 60 EMS/5
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3. Cooling requirements & strategies UNIVERSITY OF TWENTE.

Ramp- or AC losses

) 04 Hﬁa speeg. mls
o —— : : ke

i I 7 i —
500 | B=971T ) i
450 o = 12 KA r s -
AT =1 +0.05K \ s .’
» 400} Full wave, 85 ms o 27 -
T 3500 ol - i
= [ a 3\2‘9\ <‘>"
*“g 300} - . .
an]} 50 [} e _ -
= 2 i -]
200 » y
1 .70 | o A Conductor .
150 I b ¢ o B Conductor “
N 1 s | N 1 " 1 | PR 1 . 1 2 l L
mﬂ[] 1 2 3 4 b 4] 7 8 g 10
He mass flow rate, gfs
Fig. 8 Stability vs. mass flow rate at constant tempcraturc margin

after P. Bruzzone et al, 2001
e ... In addition, Induced currents between
strands in cabled structures lead to ohmic loss
e “Coupling’ loss

'''''''

www.anl.gov

EMSJ5
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1:€ 3. Cooling requirements & strategies UNIVERSITY OF TWENTE.

s External current leads between RT power supply and cryogenic SC device

| | ()  0.05 |
i 0.04
| HgF' 0.03
] &~ 002
i 0.01

DD 1 é]:} 2&1:} 300 GD 100 200 300

Tlu:nw&r {H]' Tl-::-wer “{:'

J. Ekin, “Experimental techniques for low-temperature measurements” 2006

 Minimizing heat conduction calls for long length L and small cross-section A; e Optimal geometry L/A

L5gsy * Minimizing ohmic heating calls for short length L and large cross-section A  Unavoidable loss level
s

i slide 48 of 60 EMS)5



3. Cooling requirements & strategies

UNIVERSITY OF TWENTE.

External current leads

Possible escape (1) :

Intercept in-leak a.s.a.p. &

continue with HTS SC leads to actual device

A. Ballarino, 2004

A. Ballarino, 2013

290 K
terminal

Optimal L/A
Cu lead

60 K 1% stage e

BSCCO
SC lead

45K 2 stage |-

== A==

NbTi

SC lead '
MDS current feedthroughs

slide 49 of 60
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3. Cooling requirements & strategies UNIVERSITY OF TWENTE.

= External current leads
Possible escape (2) PHII_lps

— wvation - you

. I Current
retract RT connection | circulates
: [
after charging of the EIE
. leads leads
device | . . | |
persistent mode | i ‘:" S | o T e
300 K I 300 K 1 300 K
4 K 4 K 4 K
LHe LHe l LHe wlv
4K 4K 4K
» Open switch » Close switch » Retract leads
« Ramp up » Wait (cool switch) * Return MPS
« Wait ... V=L-dl/dt * Ramp down leads » Persistent |
ML : : G. Mulder, 2018
_""-f"sr""?:_ifri'-;
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f 3. Cooling requirements & strategies UNIVERSITY OF TWENTE.
™
ﬂ%

= Warm-cold supports

500
 Especially in electrical
machinery (high torque) g
300 ~
e high E, - low x material :
= 200 4
* reinforced polymers -
100 + | _
N . test coupon o+— - T
alloys 011 -é iloys---‘si.-- . -1 0 1 2 3 4 5 6
= ® Displacement (mm}
_:M 10 5 N * . s Lateral Extensometers B !
- - B Tensile yield test
é ) 1 :le:eels Thermal insulation
‘gh A/\Q “\“\\#'H s‘ai"lﬂl::r:z-ls: .: '.
g s s ey (oL
= 3 e Heater
5 1% N
§ L composites @
o= ._polymers . ;T
U,l—é W RN T = 20K —
B Yielding on warm side, not cold side
yield strength YS (MPa) .
e Ea Cryogenic strength vs heat conductivity - : - — ®
E‘L:,:.Fql-m;’v‘. Tensile / compressive loading UNIVERSITY OF TWENTE. =—=C_[
'*ﬁ&ﬁ;‘;ﬁfﬁ' test coupons @ TNO Delft
it
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i:Q
*7 Quench-detection and protection

3. Cooling requirements & strategies UNIVERSITY OF TWENTE.

. C—=
* An unexpected local disturbance can adt ot
Initiate a ‘thermal avalanche’, a guench

e Such a disturbance must be detected

a.s.a.p. and the stored energy safely
extracted

K a) + pJ? + Pinitial

Temperature rise (ail.)
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3. Cooling requirements & strategies UNIVERSITY OF TWENTE.

~Quench-detection and protectlon

Temperature rise sub-standard colil after quench

Sub-standard coil had passed (accelerated)
acceptance test ...

e ... and failed during power-up ramp;

. . ey =
* Inadequate ‘quench-detection’ (EM interference) . g =" B
> Required coil replacement & protection o AT
upgrade e, <
=iy’ _'ff %ﬁ;fUNIVERSﬂY OF TWENTE. THE\/A JEgﬂ?NT Repair action at Boessenkool Almelo
B 7
"l*
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e Superconductivity & Cryogenics UNIVERSITY OF TWENTE

Ei:&
-—

ﬁ;' _,-*«._?;
%Jf
i

A *,l| 3. Cooling requirements & -

y
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g

= | arge systems (‘Big Science’)

3. Cooling requirements & strategies

UNIVERSITY OF TWENTE.

» Forced-flow of (possibly superfluid) He

o Extended cryo-plants for
re-liquification

— SHe for Magnet/Cryopump cooling
— SHe to produce LHe via J-T valve

~=== Evaporated gaseous helium (GHe)

@ Cold circulator

@ Cold compressor
E=] sHe/LHe heat exchanger

“
<

X J-Tvalve
(] 4.5K LHe bath

(] 3.7- 4.2 K LHe bath

SHe/GHe heat exchanger

WwWw.iter.org
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~ 3. Cooling requirements & strategies

UNIVERSITY OF TWENTE.

1:&
= Large systems (‘Big Science’)

» Forced-flow of (possibly superfluid) He

o Extended cryo-plants for
re-liquification

8x18kW@ 4.5K
8x2.4kW@ 1.8K

36'000t@ 1.9K
1361t He inventory

R
P1.8 P1 distribution

g O cryogenic plant

&
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f 3. Cooling requirements & strategies UNIVERSITY OF TWENTE.

= Medical systems (stand-alone)

www.philips.com

 Liguid He bath cooling
» “Zero boil-off” technology (cryocooler-based re-condenser)
e Trend towards less & less He on-board (e.g. Philips ‘BlueSeal’ MRI system)
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g 3. Cooling requirements & strategies UNIVERSITY OF TWENTE.
e |

e Cu ‘cold-bus’ monted on
cold back-iron

e ‘On-board’ rotating GM
coolers

 Static compressors

rRoftating rHe gas

ClypgEale [enr slEgh coupling! (Sumitomo)
(Cu cold-bus, distributed coolers) ’
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3. Cooling requirements & strategies UNIVERSITY OF TWENTE.

* ‘Industrial’ machines (stand-alone) : cryocoolers + conduction cooling

e Thermal gradients need to be kept as low as possible
 High-purity metal flex-links & thermal shunts ...

Al alloy cassette (pre-compression)  high-purity Al shunts

Cu flex-link
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3. Cooling requirements & strategies

UNIVERSITY OF TWENTE.

Cryogenic heat-pipes as thermal links for the most
-~ demanding SC applications?

TC7  TC1  TC2

TCs

Primary vapor line TGS

Secondary —
evaporator Secondary loop line . Primary
Secondary Ny evaporator
Primary CC

\ Tcs TC11 1C12

TC10
-
TC9

Primary liquid line TC14

Secondary”

condenser Gas reservoir

. TC4

TC13 Primary
condenser

¥ _'r-;,‘i?'é A. Haghighi et al, 2022

Evaporator Adiabatic Condenser

:  ==0Oscillaiting— D

)
T .'I..J..-......|. afsnanna
f
I
!

Liquid slug Vapor plug
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