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Scopeand limitations

Objective of the course: Magnets faccelerators

Superconductivity: experimental faets'art |
Practical superconductors: From filament (tape) to caliézrt ||

Superconducting magnet issuesart |||
Examples taken with CERN LHC magnets and PSI magrigts

Not in this course:

Details on the conductor fabrication

Description of MgBand Bi2212 (Bi2223) properties

Magnetic design methods

Dynamic effects (decay and snap back of magnetization, AC losses)

Field quality and Magnetic measurement techniques (refer to previous
lecture)

€ € & €E €

For further reading, please consult the list of recommended readings
Glossary at the end of the talk



Recommended ReadinGourses
SuperconductindMagnets

ACERN Accelerator School: Nornaad Superconducting Magnets

2023, https://indico.cern.ch/event/1227234/contributions/
Ad[ SO0l dzNBa 2y { dzLJS ND 2 y ReSedatod A {
https://senatore.unige.ch/lectures/
Ad { dzLISNO 2 Y RdzO U A y 3¢ E@e&3tsrhios BTodescdlJ
P.Ferracin USPAS course 2015

AdFrom materials to applicatiofsX a ® 3heiayEdefcgc Summer

School on numerical modeling for Applied Superconductivity
Ad a | 3y S U aBottufactAs ldtraducordo Accelerator Physics 2010
AdSuperconducting accelerator magnetz SchabrlingCAS&EAS 2018
Ad { dzLJS ND awt&tidiiibgyiFkld! LILIX A O Balaging a ¢
Atomiclnstitut of Vienna, 2018

AdSuperconducting Magneiss. deRijk, CAS Introduction To Particle
Physics, 2023


https://indico.cern.ch/event/1227234/contributions/
https://senatore.unige.ch/lectures/

Recommended Readinlgooks
SuperconductindMagnets

Books

Ammnn @SENAR 27T RdigalbaNdKesyphgzO 0 A A (

Ad+2NIAOSA AY | A3IK ¢ SYGLERN al azNS
Review of Modern Physics, 66 (1994)

APhysical Properties of Higfemperature Superconductors

RainenNesche wiley

Ad { dzZLISND2 Y RdzOU Ay 3 a | Dwof Skidhcé Prblicagot

Ad{ GLFroAfAlOE 27F DrezadSPIRRiRca (i 2 NA

Ad/ IaS {G§dzRASEA AY { dzudSINEBRiny Hlbt 2.

Adbpy ! OOSTt S NXxDarRel$tharlingbpfitgara €

Ad { dzLIS N2 ¥ Rédz® OA P LI A O FRIGASRaymaitirder

Adt NI OGAOIf f2¢ GSYLISNI 0dzNB -a d:
A.DevredCERN https://cds.cern.ch/record/796105
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\Woodstock of physics revisited

Ten years have passed since the now famous

S

of high

up

Paul M. Grant

Snap quiz: who can tell me the winner of the
1987 Super Bowl? Not most physicists, I sus-
pect, for whom it was certainly eclipsed by
two events of far greater consequence that
shared the early months of that year. One, the
discovery of Supernova 1987A, perhaps por-
tended the other: the announcement of
superconductivity above liquid-nitrogen
temperature on planet Earth — a dream ful-
filled for many condensed-matter physicists
like myself, whose careers had orbited
around this elusive star.

The successful sighting' fell to W. K. Wu
and C. W. (Paul) Chu and their teams of stu-
dents and postdocs at the Universities of
Alabama and Houston, following only five
months after the publication in autumn
1986 by Georg Bednorz and Alex Milller” at
IBM Zirich of their discovery of supercon-
ductivity in a previously unexplored class
of compounds, the layered copper-oxide
perovskites.

The ‘inside’ story of the hectic interval
between the first week in January 1987 —
when an announcement of the confirmation
of Bednorz and Miiller’s discovery first
brought ‘high-temperature superconductiv-
ity’ to wide public attention — and the week
of the American Physical Society’s March
meeting, remains to be told. Suffice it to say
that this period, and-thelast-thrsemonthest
1986, were replete with incredulity, credulity,
excitement, secrecy and a sense of immedi»
in competition with one’s peers, all
resulted in, frankly, a substan’
intrigue and suspicion. #”
surely came to un”’
done so before, th
ence but, perhap:

v

09 .aple of the University of Cal-

that heard the first breathless

Now, in calmer times, §

_—

Rising stas

intensely human pursuit — something they
do not teach you in graduate school.

The programme of the March
held each year inadifferent 1"
concrete’ early the
thereafter, an ah
ations prev
e
»

. 1IBM
«esults that
.« prompted the
.utake an unprecedent-

Fever pitch: the room filled to overflowing with physicists cager for news of superconductivity.

NATURE| VOL 386| 13 MARCH 1997

Woodstock of Physics NYC, 1987

iller and Chu with Shoji Tanaka (right), whose Tokyo '
first confirmations of Bednorz and Miiller’s discovery.

ging.

« order of the
.ake part—and did
, reaching a downpour in
sulacethementiog ascanfic-
of the Wu—-Chu measurements were
Allin all, 51 presentations were to be
given throughout the evening and early
morning of Wednesday and Thursday, 18
and 19 March. That memorable and riotous
session was to become our “Woodstock of
physics”, so named in honour of the village
only 50 miles north where, in an obscure |
farmer’s muddy field in 1969, the rock con-
cert occurred that defined a generation of
youth the world over.

Opening act

A few personal observations and anecdotes
may help to convey the colour of that week in
midtown Manhattan. Excitement was run-
ning high even before Wednesday, night. On
Monday, the opening day, the press were
already beginning to catch some of us to be
interviewed. That noon my colleague Ed
Engler and I went to lunch at a nearby
Brew 'n’ Burger and found Alex Miiller
sitting by himselfin a corner booth, attempt-
ing to escape the turmoil at the Hilton. At the
time he was not yet widely recognizable to
those attending the meeting or to the press
—asituation that wowldsoon.cbange...

ade.

) PTB Berlin Institute
Alexei A. Abrikosov

2 Get Nobel for Unlocking Superconductor Secret

Bednorz and Miiller, 19¢

Nobel Prize 2003
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Superconductivityin two properties

Phenomenaexhibited by somematerials under certain conditions(T, B)

R = (for T<T; No Joule heating losses

Meissner Effec{perfect Diamagnetism, expel all
magnetic fields from their interior when in the
superconducting state)

Strong magnetic field in a compact size
/| NBE23SyA0a NBIljdZANBR o1 St
Domain limitations : [ Tc(KBQT),JdA/mm?) ]

Bc, (T,JO: l_J_ppercriticaI field_ of metallic
J. (T,B): CriticalCurrentdensit superconductorsre
mutuallyrelated

Both B.,andT.are
determinedby the
chemistryof the
material

T. (B, J9: Criticaltemperature V}Bczandtemperature-rc

10| Current Density [A/mm?]

¥ (o4
[riical surface of LTS and HTS [1] 4~ andnormal state

r=0, T<Tc

PSI

Meissner effect

(field cooled)

T<T,
H =0

T<T,
H =0

Fluxis excludedby persistentshieldingcurrents

flowing at the surface, T<Tc

Perfectconductor+perfecdiamagnetism

HT Sacceleratommagnets Insidethe boundaries superconductivity R=0
Thesisleroen varNugteren(2016) Outside normal state (Rr' 0)

Criticalsurface:boundarybetween superconductivity



History and rise of cr
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v Type-I
H, ~103— 102T
- ext/rno
0 H, H
4 *
& Type-Ii \ b
H,~10-10°T Imi‘f il Wi ‘lw HI
. a 'm s &K )\l;} m, I 70, 2l 0
. >
0 Hcl HcZ H
H < HCI Hcl <H < HcZ
4 Type I/llsuperconductorcharacteristics )
A Typel: Meissner state B = 0 for HHg normal state at H > Hc

A
A

A

\A

Typell: Meissner state (H < K¢ partial fluxpenetration(Hg < H < Hg,

normal state (H > Bt

Hc,<H<Hg ¢ mixed state:penetrationof the field as quantum of flux callélixoids, the
vortices i.e.normal regionsof cylindrical magnetic tubes containing a magnetic flux
guantumu o = h/2eThe vortex core hak =
Vortex interaction : Hexagonal vortex lattice® minimize the flux repulsion energy

In a SC magnet : Transport current + shielding supercurrents due to vortices coexi




Practical superconductor:
Pinning of the vortices

' PSI

1 When a superconductor carries a currepR=J, B
. Vorticemotionh Cf dzE Ff 26> Sy SNB#o F
1 superconductivity

Persistentcurrents

>
F=JXB
A To avoid vortices motionjorticesare pinned by %
microstructural defects ‘ ]
A Force on an individual line; € Ju Defect \
= o o K
Critical state : -1 +2 ND SR ‘

A Pinning on an individual lin€;, =f,V (strongpinning

A Fluxwill not moveinto SCaslongasF <F,

h. Puig, EUCAS 2015

'I:he anchgringA of vprtices by defects occurs at trle §ga|g of the vortex core: I\ﬂ‘éximurr) ]

STFFAOASYOe O0SAY3I | OKASUSR FT2NJ I @2tdzyS 2y 0K
LowT.Q & ~4-6 nm ; HighT.Qx¥~1-2 nm

Manufacturing processes of superconductim I?rqctical superconductorJ n U |
YIUOSNRALF T a &uklpidning 2 LJU | Matenal with pinning defects




Type of defects to pin the vortices

—

/ﬁoint defects- OD (vacanciesgrainboundaries precipitateQ(‘U\

Artificiallyintroduceddefects including
Green phase inclusions by tMelt Texturingmethod
Columnardefects(1D) introducedby heavyion irradiation
Pointlike defectsintroducedby doping (Zr)
large size defects, spherical pinning centers, e.g. modificatiof
of substrates by growingano-particles to create interfacial
defects

Core
pinning

=

Aextended defects 1 D & 2 (@islocations, twin planes)
\&ﬂrinsic pinning by the structure (SC Cugplanes incupratey _/

< /
b udiiy
<

3D

oD 1D 2D

T increasdcand B*: optimize the pinning centers distribution and morphology of pinning centels w
the size «
Extended defects: reduce the wandering of vortices due to thermal fluctuations (HTS)
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Competitingenergies .
A PinningenergyU

pinning Hco

A Vortexlattice rigidity Ug,;.(dueto magnetic

repulsionTends to keep vortices equidistant in
absence of defecjs

A ThermaleffectsksT MhDepinning flux flow

LowTc: Upinning~ Uglastic<<KgT

Magnetic Field

Hci

A Atlow fields (but>Hg) the distributionis
governedby interactionbetweenflux lines

A Atintermediatefields,the pinningforcef, is
provided by the pinningsites, capableof
hinderingflux flow by withstandingthe Lorentz
forceactingon the fluxoids

A Athighfield < Hg, the numberof fluxoids

significantlyexceedghe numberof pinning
sites

Upper Critica{FieId | l

v N I
AR ‘ﬁ s
o : 1A| h Mixed
Abrkosoy Yortex Laltice S ta te
Lower Critical Field
fﬁ_ lj’ Meissner
State
Temperature Tc

£,0)

P

h =H/H c2 1
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Thermalflu;uations Bl T
Pinningenergy (@ Upinning
Elasticenergy @ (DJe|astic

Vortex Lattice voriex Hap/g

HlgT -

Wai-Kwong Kwok et aRe.Prog.Phy$2016)

Vortexliquid, T<Trelting
Irreversibilityline B, (T) << BLT)
Largepart of the B (T)diagram for J=0

A In HTShe Irreversibility Line
limits the practicaldomain of use

A Difficulty to use«practical HTS»
at hightemperatures(T>50 K)

Magnetic field

HTS: New vortex phases

Thermalfluctuations"gMelting line
Pinningcentersigrreversibility line

e

40

30 A

Field (T)
S

10 A1

N

PSI

Magnetic Field - Temperature Phase

B.(T)  Diagram of Cuprate Superconductors

Normal phase

Temperature T,

I-:elium : Nleon
Hydrogent
) 1

‘ ¥ \
Cooling liquids Nitrogen,
iy 4

k1
Irreversibilityfjine!

BSCCO

ol
u3]

= o Pt S
o

0 30 60 9 12

Temperature (K) (Courtesf/)l—l. TenKate)
ReBCO is the only superconductor that allows us to
generate high magnetic fields without using liquid
helium in the temperature range 20-50 K



Mullite braided insulation Bi-2212

Strandscables CIC, tape$ioebek

L. Quettier



Practical superconductors

main properties wPS
Compound| Yea T, B.5(0) Field Coherence
application length
(K) (T) (M @4.2 K (nm)
NbTi 196( 9.5 14.6 ~10 4 LTS
Nb,Sn 1953 18.3 24- 28 ~1516 4
PbM@S; 197( 15 60
Nb,Ge 1977 23 38
NbA 1979 19 33
MgB 2001 39 39‘gu.ki 66 | -34 ~35/39 ITS
Bi,Sr,CaCu,0O; |198¢ 94 >100 >16T ~2/0.1
Bi,Sr,CaCuw0O,,11989 110 >100 >16T ~2.9/0.1 HTS
YB3CwO, [1984 92 >100 >16T ~1.6/0.2
(Bg K, JFeAs, | 2007 38 70->135

From René Flukiger-Spring School and Educational Courses (SSEC) 2014




Multi-steps fabrication process of a wire:

o

PracticalSuperconductorNbTiwire
NbTiwire for LHOmagnéts

Niobiumand titanium combinein a ductile alloy :

+Easyto produce(drawing
‘+Goodmechanicaproperties(flexible)
- Modestsuperconductingroperties

(alloy 46-48%Tiby weight)

Cu Extrusion Can Preheat

\.

T, is~9.2Kat 0 T,Be,is~14.5Tat 0 K.

Extrusion Composite billet Nb core surrounded by a coppe

.7--’

Nb-Ti Billet (10-25 cmé; 15-200 Kg)

Nb-Ti/Cu Hexagonal Rod Nb-Ti/Cu Rod

-_,_/

matrix isheated and extrudedhrough a die to form a long,
continuous rod

Stacking Multiple extruded rods are stacked in a copper tul
to form a multifilament billet

Heat treatment The stacked assembly undergoes multiple
heat treatments. Heat treatments are applied to produce

Evacuate &
Seal

Stacking Nb-TiI/Cu Hex Rods (10-25 cm¢; 15-200 kg)

pinning centers @-Ti precipitates).
Cold drawing The conductor is drawn through a series of d pasen

to reduce its diameter while elongating it (small filament
diameter, better mechanical and electrical properties)

Twisting The wires are twisted to form and coated with an
insulating layer

Extrude
MF Rod
(et —> G-:A )N
- /

G | Test I G | Insulate I

B =




Niobiumandtin form Nb;Sn
Teois~18K atO TandO strain.
Beopis~2326 Tat 4.2 Kand Ostrain

For fields up to 15 T!

PracticalSuperconductor. Nb;Snwire

-

Brittle and strain sensitive the (A15) NBSn
phase is created during a heat treatment
of 180 h at up to 666C

Wind and React: the heat treatment |
performedon a wound NRSn caoil

U5l5

1.0

() /'1.(0)

0.7 4

0.6

0.54

0.4

) s

0.9

0.8 1

i

Nb.Sh

08 -06 -04 -02 00 02 04 06

Reversiblestrain dependence at low strain levels;

Irreversiblé¢ 6 md tcrwct ur al 6)

de

Ability to transportcurrentisimpactedby

mechanicasktrain (limit of reversibility)

gradati on

\ 12 14 16 18 20 22
B ITeclal

Nb;Sncoil fabrication steps

1) Assemblymultiflamentbilletsfrom Nb;Snprecursor

2) Fabricatiorof the wire through extrusiordrawing

3) Fabricatiorof the cable NSgphase)

4) Fabricatiorof the coil NScphase)

5) & NB | Otherca ShandNbare heatecto 600-700
Candthe Sndiffusesin Nbandreactsto form Nb;Sn

(Wind and React)
Pinning : Fine grain size of Mbn (156200 nm) /
Nb Cu-8n

Nb,Snstrand fabricationroutes o)
BronzeprocesgSn source €uSrbronze)ltfine |4 o \

filaments, highmechanicaktrength lower Jc S
Internal Tin(Sn source = Swd)IHvery highJg °

large filament size o®g

Power in tubg€Sn source = NbSpowderglh s,
HighJ but large filament size 2%
@Z@

3000 !
S e pIT

® Internal Sn

= Bronze Route

2500 F

C. Senatore 2000

Lecture 1500 ¢

- hi ghe s.*a:in;
M

non&u ) [A/mmZ]
o e
o o
o o

o




Hysteresis,J. and filament size

Hysteresis is created by

250 ‘. the vortex pinning

llllllllllllll
||||||||||||||

a cheff

AM=AM(B) = J.=J.(B)

L. Bottura
Lecture

-200
-250
B(T)

Simple model: SC
filaments carries either
JcOr no current

shielding current layer in a superconducting filament
(persistent currents)

The persistent current creates @agnetization adding to the magnetic field
The magnetization is proportional of the filament diameter

Largemagnetichysteresishi I NBEs@k 1 Wop

Largefilament size

Largescreeningfield Fieldquality perturbation and flux jumps



o Superconductingvires (strandsg are
multlfllamentary

dis the filament size

5

—

N
RVAYAYE AM o< nJ.d \\
BVAVAVaVaE
dis the filament size \

Reduce filaments size to reduce magnetization W= .[ HolTdM = .[ HoMd
With the subdivisionof the superconductingvire (strand)in filaments,
hystereticlossesare reducedbut the critical currentdensity J. isunchanged

wHERA filamentiameter 14 >m 2 | 3yC(Tc—T)
w [ |/ Tisrbetens- il e A

w -LHC filamentiameter50>m :

w @Qdrdet filament diameter 20>m g= density

Tc = critical temperature

From C. Senatore Lecture C = specific heat



o

Sizeof the fillament (2)

But if d is too Sma”CoupIing effect in filaments and an apparition
of large coupled filaments with an increased effective diamet&y,

'l

B —w
| ‘ Rutherford cable

- EYe

When amultifilamentarywire is subjected to a time varying
magnetic field, current loops are generated between filaments.

Large loops are generated, with large currents

High losses If the strands are magnetically (or physically) coupled
the effective filament size is larger

The effect is significantly reduced by twisting the filaments just
prior to final draw: Twist pitch = 1230 mm



Stabilizer Cooperor Aluminium

Cu

N

NbTi wire composed of very small
%ments embeded in a copper ma

) M

Stabilizerrole :

Improving Current Carrying Capacitiyelp in

At T > T, in normal state

[ noin~ D 10 W.m>r o~ 1.7 1 W.m
stabilizer ™ N
superconductor +’ +’
~— S
T < T<T, T<T<T

S

ultifilament wire

maintaining the current carrying capacity of the

superconducting wire

Enhancing Mechanical Propertiesnhance the 2

mechanical properties and mechanical stability of

the wire

Quench Protection and heat spreagroviding an
alternate pathway for the current and enhancing

heat dissipation

T current sharingtemperature

B

T>T

How doesit work?

T < T<T.Currentflowsin the superconductor
T> Ts: thecurrentstartsto flow in thestabilizer

T > T: If thetemperaturekeepsrising the
currentwill ONLY flow in thetabilizerg without
sufficientcooling the transitionisirreversible it
iIsaquench



Cablingthe strandsinto Rutherford cables

Superconducting coils wound from a mu#trand

cable (Rutherford cableyvhy?:
Reduce strand length (less expensive)
Reduce number of turns

Easy winding

Smaller coil inductance

Current redistribution in case of a quench in a strani
High packing factor

The most commonly used muktrand cables are
the Rutherford cablethat can be rectangular or
trapezoidal.

Too Joo Too To o I

The cable design parameters are:
o Number of wires N
o Wire diameter d,

wire

o Cable mid-thickness f_;,,

Cable width w_y,, superconducting
wires

L]
o Pitch length p_;.
L]

wire

finished
cable

Pitch ang]'e %’t?bh’ (tan mek =2 u?mbff / pmbk‘)
Cable compaction (or packing factor) k_,,,
’ ﬂ'd 2 keystone angle |

N . .

_ wire Wire Ly A

kl'fh'l?ﬂli_’ - 4 ‘ ! _W_ i
}t-f'frh!'f_’fl'f”l?ﬂlu COS Wf:uﬁfﬂ

Typical compaction : 882 %



Laststep: the cableinsulation o

Aim : To prevent electrical shorts

A Gooddielectric propertiesto withstand turnto-turn V after a quench
A Goodmechanical strengtho withstand high stress conditions

A Compactnesdor efficient winding of the cables

A Porosityto allow penetration of helium (or epoxy)

A Radiation hardness

A\ - Folyimide tapes S0% overlapped A InNb-Timagnets overlapped layers pblyimide
\e // | (Kaptor®)

A In Nb,Sn magnetdiber-glassbraided
A Typical insulation thickness: 100 and 200 pum

- Adhesive polyimide

N Polyimide tapes




N N N N

Superconductingvires & cablessummary

WIRE or Strand (= multi-filaments)
High and uniform Je at operating field;

Small filaments size to a) reduce
magnetization and assure uniform field -
mainly at injection, b) avoid flux jump;

Filaments twist to minimize coupling
effects during ramping (eddy
currents);

Appropriate (Cu/non Cu) ratio - minimum
amount of copper needed for stability and
protection, controlled within a strict
tolerance (typically 1.5-2 N0.05 for
accelerator magnets)

Flexible, small bend radius (wound in coils)
Low AC loss
Long lengths

Low costs

From A. Ballarino Lecture

CABLES

N W

virgin strands;
Uniform current density;
High filling factor and ratio;

Precise dimensions;

N N N N

during ramping;

W

crossing strands in the cable

High-current cables (10 - 20 kA range)

Minimum Jc degradation with respect to

Twisted wires to minimize coupling effect

Controlled inter-strand resistance between

/ TypicaWwireconfiguration

5-30mnm filamentize
0.3-1.0 mmwirediameter

\25cmtwistpitch

Strand: ® 0 Q 0 O flathénts

DN

J




m HT3materialstor practicalapplications, P

' ' :.~4 :."‘ - Ba
Nl . ' .;JU u Cu
v ¥s ¢ 5, % 9 *N2CuQplanes ¥
.o D * o ® ."{;. 9 ]
9. @ D o
| A @l ¢ 5 _.CuOchains
L’l = %~
L A5 oS 2CuQ planes e
© .07 3 CuQ planes
,‘Zjl;ﬁ ' ' Y123
\;\\// " ﬁ// ® O insulating oxide layer Y B aC Lbo7_x
N - T
ity ‘s e
L% ' | CoatedConductor
Bi2212  Bi2223 Y123 \
Bi2212 cuprateHTs a[A] 5.415  5.413  3.8227
Bi,Sr,CaCuyOg., layered struc.ture b[A] 5421 5421  3.8872
g clA] 30.880 37.010 11.680
%ﬁgﬁiﬁa # of 2 3 >
f"i‘;?;_é-} _,g-‘..}_;__ R adjacent
T cuq
i planes
: . : Bi2223 power irtube t T[] ol 110 | e
Bi2212 power irtube wire 3 power irtube tape \

Perovskite structure:
Layered crystal structure consisting of one or more Gl&yersc called ab planes
Various layers are stacked together in thedaection ¢ called c axis
Anisotropic CuQ superconductingplanes,Tcincreasewith the number of planes Cu@



® REBa,Cuy0, , coated ReBC)

Joe, From tapes to multtapes and cables
PN REBCO coated conductors

Copper Stabilizer (50 um)

puffe Layers 0247 -ReBCO

- HTS film ofi-2 mm thicknessgleposited on one side of
the substrate

- Produced in long lengths of 80 meter piece length

Goals

A Increasing the current and the current densities
A Allowing current sharing between tapes

A Reducing AC losses (transposition) ¢
A Improving mechanical properties FromHTSacceleratormagnets

A Reducing diameter bending capability ThesisJeroen varNugteren(2016)

—— — T —

CORC® cable, 7 mm

= W. Goldackeret al., IEEE TAS 17 (2007)

Roebelcable by KIT assembled from BrukReBCQ@apes
fiber glass rope inserted in the central channel

CORC® wire,

‘ 3.6 mm

First round, isotropic YBCO wire
CourtesyDankovan derLaan
(Advanced Conductor Technologies) Twisted Stacked Tape Cable (TSTC)




w

J (A) vs B (T) for superconducting materials (201‘-%2&

104 "

Nb-Ti 4.2K LHCinsertion 8 3 Maximal J, at 1.9 K for entire LHC NbTi
= quadrupole strand | @ strand production (CERN-T. Boutboul '07).
(Boutboul et al. 2006) ¥y Reducing the temperature from 4.2 K
” produces a ~3 T shift in J, for Nb-Ti

J up to ~2500 A/mrhat 6 T and \

&
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10 T field in the coil is the practical
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Jup to ~3000 A/mrfiat 12 T and 4.2 K+ Appled MagneticField 1) Wiss

Complex industrial processigher cosf https://nationalmaglab.org/maqgnet-development

brittle and strain sensitive /applied-superconductivitycenter/plots/
~20 T field in the coil is the practical

limit at 1.9 K, but above 16 T coils will
get very large

Current density is low (at low field), butell above 4.5 K and use of cryocoolers
Used in solenoids (20T range), used in power lines demonstrators of accelerator nragnets

small racetracks have been built


https://nationalmaglab.org/magnet-development

Non-InsulatedReBCQCnulti tape colls at PSI

Non-insulated (multi) tapes

+ Larger superconductor volumehigh J. Aperture 50 mm
+ transverse current path better quench protection SC typeReBCO
+ High thermal conductivity, mechanical strength # tapes: 2

- Very long time constant for current ramps #turns: 2 x 170

(not adapted for AC application
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Superconductingand roomtemperature magnets
Why they are different?

Superconductingnagnets

C

Performance limited by the selected conductor: you cannot exceed the
wire performanceyou only do worse !

field definedbythe currentdistribution (coil geometry) andnot by the
iron pole Eexceptfor the superferricy

highfield capabilitybut enormouselectromagnetidorces

guenchedtransitionto normal)need to be managed to avoid damage
and ensure safety

filamentsmagnetizatiorresultsin hysteresisandfield errors

the field quality is changingwith time atlow temperaturesandlow
magneticfields- dynamiceffectsare veryimportant at low fields

careful handling of cryogenic flui@isot water)
electricalinterconnectiondan so-calledcryolines+ currentleads

more expensive to produce and operate due to the need for
superconducting materials and cooling systems (cryostggcoolers.)



What do we expect for a
superconductingmagnets?

Excellent Material PropertiesHigh ratios of irreversibility fieldHjrr) to
upper critical field (Hg, and critical current densitiek{H,T) andH,T) at
various magnetic fields and temperatures, along with a high critical
temperature (Tc).

Advanced FabricationCapability to be fabricated into wires with flexible
architectures.

Cost EfficiencyFavorable low cosib-performance ratio.
Environmental ConsideratiorMinimal environmental footprint
Mechanical Robustnes#ligh strength for enhanced durability.

Production ScaleAvailability in long lengths suitable for largeale
applications

High-Performance Cable®esigned for high current applications.

Efficient Operation:Low ramping losses and enhanced magnet protection for
reliable performance.

Applications are determined by high, J and H,, rather than by high T



® 9 What are the main technical problems to achieve these goals
( ‘ h - » PSI

Screening Currents

wRamp losses

wMechanics _
wField quality and Magnet Protection
beamdynamics interface ,
. . wDetection
Cabling, Insulation, wProtection
Winding, Splicing wMajor cost factor

wCoil geometry / field orientation
wRequires transposition?
wlin-line cable fabrication?

Circuit Protection, Powering,
Electrical Integrity

wBusbar protection

Cost wExtraction to grid
wCable orientation in field Multiple parallel PCs,
wGrading Equalization varistors

wProtection for compact coils wDistributed or local powering:(yo PCs)

wMarket dilemma (what if
compactfusion fizzles?)

: Cryogenics
Mechanics _
wOperating temperature
wReact Lorentz forces wlLow cryogernventory forced flow cooling
wCope with screening currents wCryogen GHe H2?)
wCope with shear wT-Gradients alongryocircuit and in magnet-x
wStress management? section at end of ramp

CourtesyB. Auchmann



Superconducting magnetdife cycle

All the information through the production cycle has to be monitored

Items
/ s o
ﬂ vInstallation
_ procedures
v'Drawings v'Manuf. process v'Reception tests v'Installation
v'3D Models vTestprocedures o T4 cte drawings
v'Specifications ¥'Documentation vMagnetic meas. v’ Safety
v'Call for tender v'Spare parts procedures
v'Maintenance
procedure
: : Magnet Installation
Design Manufacturing Qualificati ,
ualification Maintenance

Multiphysicscodes Assembly control  Cryogenic tests  Installation

A Performance (margin) A Conductor Quality A Electrical integrity ‘A Procedures
A field quality, A Winding Process A Cryogenic integrity A Documentation
A Thermomechanics A HeatTreatment A Power test A Traceability
A cooling, A impregnation A Field quality,
A quench protection A Collaring and Yokint A Quench protection
A CAD design, specs, A Cryostat, cooling
A Tenders system
A Protection
A

Final integration



Magnet manufacturing process
Long and complex process

Multi -wire cable fabrication & Insulation wrapping
Coil winding, ends & transition manufacturing
Instrumentationé + 2t G 3S (F LJAX &aSyaz2NaRXOV
Coil reaction(Wind & React for Nisn cables)
Impregnation:
Vacuumimpregnated with epoxy resin or wax
Curing: The epoxy is cured in a controlled environment to ensure optimal performance
Collaring process (stainless steel):

Precollared coil assembly under a press, load the coil to the desiredtpss (in the
N} y3aS 2F paXmnn atl o G2 O2dzy 1SN} OG GKS [ 2

LYASNI {(Séa 2 af2071¢ G #Ro&dtigefcdill NEZ LINR GA
Yoking procesgmechanical stability, field enhancement):

Insert the collared coils in an iron yoke

Welding of the yoke using a press (max 19000 tons)
Cryostating Inserting the cold mass in the cryostat

Cryogenic enclosure: Vacuum enclosure, thermal shields

Multilayer insulation (MLI) blankets

Liquid helium pipes or cryocoolers




From conductor to magnets

Example CERN LHC magnets y PSI
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Cold mass yOkmg Process C0||aring process collars

(cryostating



Cooling (to remove the heat): many optior

PSI

Heat removal requires direct or indirect cooling at cryogenic temperature

Typical examples:
Direct:
w Bath cooling: immersion in a pool of liquid helium
A at atmospheric pressure and saturation temperature (4.2 K)
A at subatmospheric pressure (superfluid helium-Hg
w Forcedflow cooling using supercritical or twahase flow (inside the conductor)
Indirect (5 bars)
w Contact to a heat sink (e.g. to a cryocooler) through conduction

|
Courtesy of BBaudouy CEA



