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5. Superconductors in accelerators

a. NbTi
b.Nb;Sn

c. MgB,

d. Bi-2223
e. YBaCuO
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a. The system NbTI

T.=10K
Bc2 =147
Body cubic cented structure Phase diagram
| Weight percent Ti
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calculations by Kaufman et al. The dashed line represents the
martensitic transformation inferred by Moffatt and Larbalestier.
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The fabrication of NbTi wires =

A sequence of extrusions

Configurations

: Solid billet of oxygen-free
high conductivity Cu

1.Extrusion

NbTi rods

{(a)
L Drilled holes

Diam.: 300 =850 mm

Hexagonal tube

NbTirod - . Stacking unit

‘““;""—‘ } \“-‘_
(b)

Can, extruded and drawn
7 to hexagonal rods

>N foil L
—

Second restack

Diam.: 300 ™% 50 mm
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Naturally formed nanosize o.-Ti during deformation

At the interface between the a. — Ti precipitations and the NbTi matrix are formed
during the thermomechanical treatment:

* creation of defects
* creation of normal conducting centers: new vortices ~ Emhancement of J,

« Natural » additional pinning by o —Ti precipitates
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NbTi wires today
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Today: ~ 90 % of all industrial wires are based on NbTi
Future: Increase of other s.c.: Nb,Sn, MgB,, HTS

No further work for enhancing J. in industrial NbTi wires Is
performed today: NbTi development is close to its optimum state

NbTi applications:

*NMR magnets up to 9T,

*for a background field in high field magnets (= 9T)
* for accelerator magnets (dipoles in LHC)

* Levitation trains in Japan
Already tested trains

Tokyo-Osaka (2035-2040); later replaced by other s.c. ?
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b. The system Nb,;Sn

LHC-Upgrade: Dipoles: NbTi
Quadrupoles: Nb,;Sn
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High Field Magnets: sk
Applications involving NbTi and Nb,Sn

Solenoids Produced Field Superconductor
MRI <9Tat4.2K NbTi
<10.5Tat1.8K NbTi
<247 NbTi + Nb,Sn
224T - 2327 Nb;Sn + HTS
ITER tokamaks 12T Nb,Sn
DEMO ~12 T Nb;Sn
LHC Upgrade
Quadrupoles < 12.5T Nb;Sn
Dipoles < 8T NbTi

FCC 16T Nb,Sn, HTS?
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Magnetic field in a superconducting coil
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Physical Properties of Nb;Sn

A. Properties of bulk Nb;Sn

T., T. vs. Sn content
T, distribution

Residual electrical resistivity r, (just above T,)
BCZ
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The superconducting compound Nb,Sn

The system NbsSn

Very brittle phase ; T.=18 K, B, =22T (clean limit : | >> &)
Be, =30 T (dirty limit : 1 = &,)

Perfectly ordered phase : all cubic sites occupied by Sn
all chain sites occupied by Nb

— very low normal state electrical resistivity p(T>T,), or p,

at25at.%sSn: Py ~ 5 pQcm

Orthogonal Nb-Nb chains
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T. vs. Sn content in the A15 phase of Nb,Sn
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Sn content (at.%)

Linearity up to 24.5 at.% Sn

Saturation at > 24.5 at.%:
(due to phonon softening)

1’000°C: homogeneity range
between 18 and 25 at.% Sn
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) Electrical resistivity of Nb;Sn and V;Si

T l

L X
Strongest variation of p,: - 80 \n Bulk Nb3Sn
close to stoichiometry: -
o\

-0.5 at.% Sn at 24.5at.%Sn:
P, Increases by 50% !

> ” \

Composition gradient close to I;EKT
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stoichiometry (24.5 at%Sn) 20
Influences optimization of J, i
(specific heat measurements: later)
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R. Fllkiger, et al.,
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B., vs. Sn content in the A15 phase Nb,Sn
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Strong reduction of the
electronic mean free path at
> 24.5%8Sn.

The correlation

Bc2 ~Tc 'Y po

explains the sharp reduction
of B, In this composition
rage.
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Enhancement of J_ at high fields by Ta and Ti additives

Po
uQem]

50

40

30

20

10

|_
Ternary Ta
4 m) and Ti
b additions
L l ] ] |
0 1 - 3 4

Additive content in Nb,Sn filament [at.%]
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Effect of Ta and Ti additives:

mmmEhancement of p,

Since B, ~T. v p,,
and AT . and Ap, small:

p{‘ BC/;
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Wire Fabrication Techniques
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Nb.Sn fabrication techniques

50 years after the discovery of Nb,Sn, there is still a
considerable potential for improvements of J, !

3 main industrial fabrication techniques:

Bronze Route NMR magnets (523.5T)
RRP (Internal Sn Diffusion) High field magnets
PIT (Powder In Tube) Accelerator magnets
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&) The Nb,Sn Bronze Route IR

Work hardening of Cu-15 wt.%Sn bronze: Intermediate anneals are needed

Cl.l-':ais”

Extrusion
C:} + (::}

Bundling

Extrusion
.I..

Wire Drawing

Multifilamentary wire

Up to 10’000 fllaments R. Flikiger, XXVI Giornate, Cogne (It), 2017 19



The Sn diffusion reaction
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@‘ Filaments in Nb,Sn Bronze Route wires R

colm%nnar>.< AIS equiaxe%,d
—>< —

0 relative filament radius (~2.5 pm) 1

Limitation: only a small part of the filament
carries supercurrent !

2N T L8 R V. Abacherli et al., ASC 2004

AccV  Spot Mér_]n Det WD Exp | 1
100KV 40 20000x TID 50 | Hm
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NbTi addition in Internal Sn wires (OST)

Red: Ti-K Blue: Nb-L Green: Sn

Ti

(from NbTi) P. Lee, D. Larbalestier, J.A. Parrell, M.B. Field, Y. Zhang, S. Hong, ICMC 05, Keystone, USA
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The PIT Process

What determines J_?

Powder-in-Tube wire 50% non-Cu fraction - non-CuJ_

40% 25%

l Only 20% of a wire carries current ]

Godeke et al., Cryogenics,48,308 (2008)

R. Flikiger, XXVI Giornate, Cogne (It), 2017 23



Comparison : Nb,Sn wires by 3 different routes

3000
| J_non Cu
2500
2000
NE ] Internal Sn
§ e T OST #7069
1000 - e Internal Sn
I OST #8298
500 e I 'nn
1  Bronze Route @ > Ny @
. GAP #24 @ . ' o

12 13 14 15 16 'I? 18 19 20 21 22 23 24

field (T)
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c. The System MgB,

R. Flikiger, XXVI Giornate, Cogne (It), 2017
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The MgB, compound

wf  TcT 39K u Akimitsu et al.,
| : 1 | Nature 410,163(2001).
1% | MgB, P6/mmm:
aof ] a = 3.0852(8) A
N S | ¢ = 3.5202(8) A
Temperature (K)
g - Po = 0.1 lJ«QC"‘ / -
. 7 -
5 - MgB, is a layered compound.
B It is perfectly ordered, like Nb,Sn.
° - E——— — P.C. Canfield et al.,
T TG T ™™ Phys. Rev. Lett, 86,2423(2001)
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Field (T)
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Upper critical field of MgB,: films and wires

Films: B,=60T

Bulk, wires: B, =30-40T

The reason for this difference
IS still unknown

Temperature (K)
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Effect of Carbon Substitution on T, and B, of MgB,

Enhancement of B, Slight Decrease of T,
5L 0 T i — ; = - . - -
. " ) 20 S. Leeetal,
s0f B vith € addiive) 1|W. Hassler et al., N Phvsica C
' Hilab  1|susT21,062001(08)| ~ 1
25} j u , 20| - | 397,7(2003)
t% 20— 25 - .
T, 15} Mo, £ |
N E ] = | x=25-3:
] oW, ) . | corresponds
N ”%*M% X=25-3 | to J.(max)
0 5 10 15 20 25 30 3§ 1 _ _ _ _ * _
T (K) ! T nl:“ i jn.-:-_- X0

Substitution of B by C: enhanced electrical resistivity p,
Enhancement at B, (and B,,): B, ~T. vy p, == Higher J. at the same field

Disordering: gradual transition: 2 bands == 1 band

* By C substitution of B

* By high energy irradiation . putti et al., SuST, 21(2008)043001
C.Tarantini et al., Physica C 463-465(2007)211 (2007)
R. Flikiger, XXVI Giornate, Cogne (It), 2017
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@) Il. MgB, wires: fabrication and properties

Key to high J. values in MgB, wires:

High quality Boron powder: [ ggo, nyrity

Amorphous
Particle size < 100 nm

Two manufacturers:  SMI (Specialty Materials, Inc). (USA)
Pavezyum (Turkey)

Different Boron powders * Pure Boron powder
* Boron encapsulated in a thin Carbon layer

R. Flikiger, XXVI Giornate, Cogne (It), 2017
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9 Industrial production of MgB, multifilamentary wires

Columbus Superconductors, Hypertech Research Inc.,
Genoa, Italy Columbus, Ohio, USA

OSU, Columbus, OH, USA
_ NIMS, Tsukuba, Japan

Laboratory production of EEL, Bratislawa, Slowakia
long prototype wire lengths: KIT, Karlsruhe (D)

IEE, Beijing, China

IFW, Dresden (D)

University of Cambridge (GB)

DPMC, Geneva, Switzerland
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Common steps for MgB, multifilamentary wires and tapes

Initial powder _
configuration SOORCMRCOS Monocore wire ‘
deformation
"
J’?g Mg powder
&~ orrod |
— Metal tub :
| s ne Bundling
L__J (several wires

in metal [haath]
treatment 7 ﬁ j
M

ultifilamentary wire ‘ Cu-1 um,q-; Ni tube

Heat | Deformation |

31
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Known MgB, wire configurations e
Columbus (ltaly) Hyper Tech (USA)
‘Standard’'Tape-14 filam-Cu stab _
In situ

e T RS e .
Ex SitU T -—P:-:-‘_-—-._ Pt

) I # * L
oy - o

Tsukuba laboratory, Japan

.":“;Huiu\
IMD ‘ -4 =~ DA e
-

- oo STOSGERegEd
Q’ !

!:H '

k 2000 1t m 200 4t m
e ——
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@) Latest developments in USA and in Japan i

OSU as at NIMS: advanced developments, based on the IMD process.
In both cases, the reaction kinetics has been taken into account.
Various details have been added:

ﬂ‘uancement of the MgB, layer and thus of the fill factor (>20%)

ancement of J..

The two new wire types are denominated:
IMD-PIT (NIMS) and
AIMI (OSU, Hypertech)

Both types of wires belong to the “second generation”.

R. Flikiger, XXVI Giornate, Cogne (It), 2017 33
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Industrial 1G (in situ) and 2G(AIMI) MgB, wires

AIMI = Advanced Internal Mg Infiltration
F77Hyper Tech
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Critical Density, J, A/ cm?2
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6. High current cables

R. Flikiger, XXVI Giornate, Cogne (It), 2017
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High Current MgB, cables

Successful prototypes:

A) The LINK cable for LHC Upgrade: 20 kA at 24K
CERN, Geneva

B) Energy Transfer by MgB, cables with LH2 cooling
Russian Scientific R&D Cable Institute, Moscow

R & D Projects

Energy Transfer by Underground MgB, cables with LHe (or
LH,) cooling: * IASS-CER

* Nexans

36
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MgB, cables for Hi-Lumi LHC Upgrade: LINK
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LINK: Cold powering of CERN LHC magnets using superconducting cables

4 Columbus

POINT 4

_‘l

o

\_fﬁ."—' -

} ra7y
SECTOR 45

SECTOR 34 CM35

A

i

are connected in series

SECTOR 33

SPS

..'\'-.\_r
L ._t,
ol AT
el T,

SECTOR 56 "

o

Magnets in each of the 8 sectors

-\.'\.:-.l.

POINT &

:E".
\

F

SECTOR r}i‘

Total current to be fed : 220 kA

 SECTOR 78

o

&

4

Amalia Ballarino and coworkers, CERN: ASC 2014 presentations

LHC Upgrade: Magnets in the
tunnel become radioactive —
moving power supplies far away
from the beam: LINK Cables

2011: 12x1.1 mm strand subcable
tested successfully up to
17.8 kA at 5 K with no quench

37
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LINK Cable for LHC-Hi-Luminosity Magnets CERN) | = &

20 kA
Six cables, @=19.5 mm

Concentric £ 3 kA
Seven cables, @= 8.4 mm

%4 0.4 kA
F [
| ltotl = 150 kA our cables
for ~ 65 MM ® 0.12 kA
Mass ~ 11 kg/m Eighteen cables

Construction 2013-2020: total amount of 1’000 Km MgB, wires

38
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Superconducting Link for Hi-Lumi LHC Upgrade

| February 2014:1,= 20 kA at 24K ! |
MgB, reacted “ex situ” round wire

Length of the line =20 m
Length of the cable =2 x 20 m
Cooling with forced flow of He gas

AT across line<1K

® 8 4 098mmdi

Monel Matrix
1 30 MgB, filaments
Nb barrier + Ni
== g Fill factor ~10.4 %

Flikiger, ASC, 10-15.8.14, Charlotte, NC, USA



HTS Superconductor for HiLumi-LHC: Bi-2223
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LHC Current Leads

Work on HTS current leads started at CERN in the early 1990s, a few years
after the discovery of High Temperature Superconductivity, and intense
R&D program has led to their application to the LHC machine

This has been the first large scale commercial application of HTS

Following this development, the fusion community has also adopted the LHC
HTS lead design (ITER, up to 68 kA, W7-X and JT-60)

HTS Current Leads: a successful example of a replacement technology



Bi-2223 In the LHC Current Leads

Bi-2223 tape: 31 km in total

AgAuS (Wt%)

ULs=100...300 m

ASC Spools

ge (A)

lc_avera

Spool number

age (A)

lc_aver:

Ic_min (A)

Ic_av (A)

Ic_max (A)

103

120

147

100
90
80
70
60
50
40
30
20
10

0

EAS Spools

1 8 15 22 29 36 43 50 57 64 Ih 78 a5 92

Spool number

Ic_min (A) Ic_av (A) | Ic_max (A) o (A)

70 79 87 4
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Bi-2223 Tape Delivery

Length [km]
E.u...un:unuunuluu

BSCCO 2223 tape
1 |
1-Jan 02 1 -Jan 00 1-dan 04 1 Jan 06 1-lan 06 1-Jan 07 1 Janoo
i = Dinlivered

Updatend 31 Decesnbey 2007

Data provided by A Ballarino  AT-MEL

, I1ASS Potsdam

A. Baila’rino ' '

73

37



Stacks of Bi-2223 Tapes

About 10 000 vacuum soldered stacks of tapes

700 [T
T=7TT K
00 N rw -
‘m
500 | -

N
200 RS
\\"'-...
100 R
0 Tirrte
0 100 200 300 400 500
B (mT)
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HTS 13’000 A Current Lead

R. Flukiger, XXVI Giornate, Cogne (It), 2017

14 m
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HTS Superconducting Link
For LHC

R. Flikiger, XXVI Giornate, Cogne (It), 2017
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HTS Superconducting Link

-Transfer of high currents (up to about 14 kA) in superconducting cables

-Multi-cable system containing up to about 60 electrically insulated cables
transferring in all a maximum current of about 180 KA;

-Compact transfer of about 180 kA over long horizontal and vertical
lengths. Optimization of differential thermal contractions and of cable
supporting structure in particular for the vertical option;

-Optimization of a new cold powering system with respect to cryogenic,
electrical and mechanical requirements

The project will enable to continue to accumulate expertise with HTS
conductors - of interest for future application to magnet technology



Novel Cables

R. Flikiger, XXVI Giornate, Cogne (It), 2017
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Development of Novel Cable Assemblies

Y
gkt
A ishaiay
Agaiah
P—ﬁ'.'ﬁiﬂ-" 4

- @11.8 kA @ 4.2K

. Iegagals
“eaen

Cable structure using Cable structure using
; 12 wi .
b wires
-

ltot=100 KA @ 20 K

27 x 6000 A 24 x 6000 A
48 x cables 600 A 42 x 600 A
ltot = 190 kA ltot = 169 kA
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Develo_pment of Novel Cable Assemblies

Twisted pair 600 A cable

®=27 mm
50 YBCO cables 600 A @ 70 K

R. Flikiger, XXVI Giornate, Cogne (It), 2017
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HTS Link Project TimeLine

Test of prototype link Availability of Cold Powering Systems

(vertical) (vertical links) for installation in 2016
Start-up of production of
Test of prototype link Availability of HL-LHC CoFI]d Pgwering Systems
(horizontal) Cold Powering Systems for installation in 2019

(horizontal links)

June 2010

013 Dec¢ 2015 Dec 2017

B Horizontal link at P7 (600 A circuits)
I Vertical link at P1 and P5 (7000 A and 600 A circuits)
BN Vertical link at P1 and P5 for IR-Upgrade (with 14000 circuits)

R. Flukiger, XXVI Giornate, Cogne (It), 2017 51



Material Needs for HiLumi LHC
Operational 2023




Critical current density ( A/mm?)

-
(=]
S

103

102 |

-
o

Nb,Sn

B '

38

COMVENTRMAL
[RON-CORED

Based on CERN and EuCARD procurements

Magnetic field (T)

“2K) NED | FReSCa-ll| DS-MB
| [strand diameter (mm) 1.25 1 0.7
' | Sub-element diameter | (um) 50 50 =50
l Copper:non-Copper (-) 1.25 1.25 1.13
J Jc(12T, 4.2K) (A/mm?)| 3000 2500 2650
| Je(15T, 4.2K) (A/mm2)| 1500 1250 1400
\ n-index (-) 30 30 -
\ RRR (-) 200 150 60
e Piece length (m) >300 800 350
R. Flikiger, XXVI Giornate, Cogne (It), 2017 53




Material Needs: LTS

Q
<
25 g
. -
v 20 -
: S |
> )
ng D
] e
Y10 L
m
g =
s
£ S|
0 e

Dec-09 Dec-10 Dec-11 Dec-12 Dec-13 Dec-14 Dec-15 Dec-16 Dec-17 Dec-18

Approximately 20 tons of HEP-grade Nb,Sn
are presently been constructed

L. Bottura
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Material Needs: HTS

* Conductor needs for R2E and HL-LHC amount to a length in
excess of 2000 km of HTS wire or tape, to be used in cables
rated at currents ranging from 600 A to 14000 A

d w Th Tmax Ic®
(mm) (mm) (mm) (K) (A)

(IMgB, wire 1.1 - - 25 > 400
MgB, tape - 3.7 0.67 25 2400
YBCO tape - 4 0.1 35 2400
BSCCO 2223 tape - 4 0.2 35 2400

NOTES:

" bending radius Ry £ 80 mm
®) at applied field B<0.5T



Conclusions

» Superconductivity has played a major role in the evolution of HE accelerators

» The work-horse conductor has been up to now Nb-Ti. For many applications
Nb-Ti remains the conductor of choice

» To go to higher fields, or for specific applications where higher operating
temperature is an advantage, A15 type conductor and High Temperature
Superconductors are needed. This requirement defines the present and
future R&D effort at CERN
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