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Presentation Notes
The topic of this talk is the exciting world of high current HTS cables for magnet application
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= High Energy Physics
= Fusion
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= Cable designs for magnet applications
= Characteristics
» Advantages and disadvantages

= Qutlook and conclusions
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Presentation Notes
This is an outline of the talk. I will start with a brief introduction on why this topic is relevant now to continue with the applications in need for high current cables and the available conductors to use for those cables. I will then discuss what cable configurations are available now and draw some conclusions…
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= Cable designs for magnet applications
= Characteristics
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Ok let’s start…why now and why HTS
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Why now?

= HTS conductor is improving quickly but needs a push for
applications requiring high currents (> 10 kA) & high fields (> 20 T).
Cannot rely solely on private sector and power applications.

= Several opportunities in “distant future” but recall time from
discovery of Nb,;Sn (1954) and Nb,;Sn magnets in large machines
(2015-2020).

We have to start NOW!I!!

- High Energy Physics

- Fusion

- Nuclear Magnetic Resonance
- High Magnetic Field Science

“...If not now, when?”’
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Presentation Notes
Simple…HTS conductor is in its prime and has characteristics that could be of interest for applications requiring high currents greater than 10 kA and high fields greater than 20 T
Now the applications might be in the distant future but remember it takes a while from discovering a material to actually having it used in a machine! So we better start now!
What are the applications that might need those cables? High Energy Physics (HEP), fusion, Nuclear Magnetic Resonance (NMR) and high magnetic field science.
Additionally the conductor cannot rely only on the power sector so if not now when?
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So why HTS? Let’s look at the critical current density over the whole wire or Jengineering as a function of magnetic field.
NbTi and Nb3Sn is what is currently used so to change we need something better. Both are round multifilamentary conductors. Yes NbTi is used at 1.9 K but I will use 4.2 K for sake of comparison with other conductors. At 1.9 K the curve translates right ~20% but does not change the message I want to draw the attention to.
As you can see the critical engineering current density changes rapidly as the field increases and practically we are limited to fields of the order of 16-18 T.
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MgB2 is a niche market, cheap, can operate in the 20-30 K range as we heard yesterday from Prof. Flükiger’s talk. The niche market of interest if MRI, current leads but not for high field magnets. 
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Now we add the first HTS conductor of interest BSCCO
It is multifilamentary wire or tape and recent advances in critical current density were achieved with high temperature/overpressure heat treatment at 100 bar
The material is brittle once is is heat treated.
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Presentation Notes
Adding the next HTS conductor YBCO or REBCO we can see that this is in tape form and has asymmetric properties showing critical current values that depend on the direction of the applied field. Generally they are lower when the field is perpendicular to the surface of the tape.
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Additionally very recently and presented in this conference by the university of Houston it was found that adding 15% Zr doping to the REBCO conductor greatly improve its critical current density at 4.2 K as shown in this plot. Additionally, the tape is less sensitive to the direction of the field.
Few things to notice about HTS.
HTS conductor are flat in critical current with change in field (good for magnets) and they can reach very high magnetic field!!!
All data are at 4.2 K but YBCO could work at higher temperatures (BSCCO only good for low T)
BSCCO improved greatly with overpressure HT
REBCO improved greatly with 15% Zr doping

So what is the range of operation of LTS now? Roughly 15 T and engineering current density of 600-800 A/mm^2. We don’t necessarily need high Je BUT we need higher fields so the only way to get there is to use HTS and in particular BSCCO2212 and REBCO!


»
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Why HTS cables?

"Multi-strand cable has several advantages relative to single wire winding: \

Carry large currents (> 10 kA) maintaining flexibility for winding
Reduced conductor unit length

Reduce number of turns

Smaller inductance for lower coil-to-ground voltages during a quench
Current redistribution in case of a defect

Reduced losses through transposition of strands

Reduce quantity of insulation

General guidelines for cable design and fabrication:

Appropriate compaction for mechanical stability and winding ability
Control of the cable dimensions

Maintain mechanical and electrical integrity in sharp bends

Control of inter-strand resistance to minimize eddy current without
restricting current re-distribution

Cooling
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Presentation Notes
So now that we know why we need HTS why do we want cables?
Generally for those reasons…
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What cable options are available right now?
-Well if we use BSCCO2212 we can simply use the existing designs (Rutherford cables for HEP) as the architecture of the wire is the same (round and multifilamentary twisted) BUT for coated conductor the shape is a flat tape and the conventional design do not work…so here’s some options that we will cover in more details later.
-The first option to talk about is the Roebel Assembled Coated Conductor (RACC) that uses Roebel strands (cut out of tape) 
Once assembled RACC is similar to the existing Rutherford cable design for HEP 
Multiple RACC can be twisted around a former and create the Coated Conductor Rutherford Cable (CCRC).
RACC studies are mainly performed by KIT and RRI (Robinson Research Institute)
-Conductor on Round Core (CORC) takes the tapes and wind them around a former in several different layer (very compact design)
-Twisted Stacked-Tape Cable (TSTC) takes a stack of tapes and twist the stack along its axis
-Round Strand Composed of Coated Conductor (developed by PSI) takes a stack of tapes, inserted into slotted halves copper pieces. It is then twisted along its axis and soldered filled. Every “strand” is then wound around a former
-Slotted core HTS CIC (developed by Enea) resemble a typical CICC for fusion where you have forced cooling in the middle. Different stacks of tapes are deposited in the slotted core.
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Outline

- Why now? Why HTS cables?

- Applications and need for high current cables
- High Energy Physics
. Fusion ACT II: FOR WHAT

- NMR/High Magnetic Field Science

= Available conductors
- BSCCO
- REBCO

= Cable designs for magnet applications
= Characteristics
- Advantages and disadvantages

= Qutlook and conclusions
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Are there really applications that need those cables?
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Yes for example in HEP the future circular collider project has a baseline design that might not require HTS cables but other options that call for 20 T magnet which will for sure need HTS CABLES.
How will those magnet look like…from a designer point of view they look the same way as LTS but the conductor to be used will be different. Those are two options for a 20 T operation magnet based on BSCCO and HTS REBCO and grading (option with HTS NbTi and Nb3Sn and options with HTS and Nb3Sn)
The cables in this case will require ~20 kA of current and needs to be compact to control well the field quality. Typically the cable will have the Rutherford configuration I showed before. Currently for LTS, to control the position/size, the conductor is typically impregnated and has ~40 strands. Something similar is envisioned with HTS.
HEP: maximization of current density, field homogeneity (<10-4)
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...working towards 20 T

EuCARD project
5T HTS Dipole Magnet Design and Construction
5-10 KA @20 T, 40 mm aperture

Crystallized blocks concept
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Working towards the goal of 20 T a project that is designed to study the feasibility of the cables required for those magnets is Eucard2 which has the goal of building an insert using HTS cable technology to be used in a background field with LTS and produce 20 T.
Here’s some options for the cross sections of this magnet. The first one is particularly interesting because positions the coil in a way that the coated conductor (assembled in a RACC configuration) always see the magnetic field lines parallel to its surface therefore carries the highest current possible. The second one uses a stack of tapes and the last one uses RCCC but a more standard cos(theta) design.
A novel idea to be able to deal with the stresses caused by the high fields and current is the canted cos(theta) magnet which is inherently designed to support the cable and control the field quality.
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Fusion
Path to power plants through several technology programs:
500 tons of Nb,Sn - 2
TF 11. 8T, 68 KA
CS 13T, 45 kA
Fstpisma 1062 (IS0 | SOLAR'S ALL RIGHTIRIPZSY
BUT NUKES DO IT ALL NIGHT

Tore Supra  JET ITER Power Plants
iﬁ; -::n'::v ﬂ:gg;ﬂw -m;f}:ﬂmmﬁ “Yes we will only
e TS e POOUCE EleCHiCity DU
Satellites tokamaks In the most elegant and
IFMIF exciting way!”

Large volume, energy and required stability.

Cable requirements in fusion:

= High amperage conductor with large heat removal capability,
forced flow cooling By

= High stability, high mechanical strength, flexible design L

= Generally low current density N e foval 202

44 mm



Presenter
Presentation Notes
Let’s come to fusion.
Yes it is a long time away, yes we will only produce electricity but if you ask me these tokamaks are the most beautiful machines for the job!
Now here the requirement on the cables are a little different  as we are dealing with large volume over which we want high fields and require stability.
The currents are of the order of 50-100 kA and generally the cables are directly cooled with liquid helium and supported by high strength jacket.
This lowers the overall current density (not main requirement for fusion)
HEP: maximization of current density, field homogeneity (<10-4)

If you need to compare today’s high field HEP conductors and ITER conductors for example, the ITER conductors are “less efficient” in view of current carrying capability
1) Fusion type strands have much less Jc than HEP strands (1000 vs. 3000 A/mm2 at 12 T, 4.2 K)
2) Fusion CICC due to thermal mismatch between steel jacket and cable, Jc is reduced by about 50%
3) Transverse load (bending) on unsupported portions of strand normally adds a degradation of at least 10%.
Unfortunately some effects are unavoidable (lower conductor Jc due to coolant, copper for protection and jacket) but improvements are possible.


»
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\ Quadratic gain for resolution and

sensitivity with magnetic fields.
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H. Maeda, 2014
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Let’s come to Nuclear Magnetic Resonance (NMR).
Resolution and sensitivity are proportional to the inverse square of the Larmor frequency ( ÷ B).
Currently the highest resolution NMR is 1 GHz (commercial in 2009) and it is based on an all LTS magnet operating at 2 K.
The main requirements for NMR are: High field (the stronger the better), spatial homogeneity and temporal field stability (persistent mode operation).
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..work in progress for hlgh field NMR

500 MHz 400 MHz
LTS/Bi2223 LTS/REBCO

H. Maeda et al., 2014.

0649.6
O76.0

1.3 GHz NMR
15 TLTS, 15 THTS
BSCCO-2212.

W.D. Markiewicz

H. Maeda, 2014 I
Y. Park et al., 2014

1.3 GHz NMR |
500 MHz LTS + 800 MHz
HTS insert coil

L500 (1175 T) All coils GdBCO, NI-DP

urns; urns;

urns;

74

3-mm thick
Overband

: )
¢ i
o

Challenges in using HTS (REBCO):

Temporal field drift is large due to
screening currents

Resolution and sensitivity not as good
as with LTS

Tape limited lengths require joints
Long time persistent operation is
possible if joints are superconducting
Does HTS-NMR need cables? i
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Several projects are pushing the boundary of what is possible for HTS and insert for LTS magnets have been built in Japan (RIKEN) and/or are under design and construction (MIT, NHMFL). Most of them use single tape-wound coils.
Some of the challenges in using HTS (in particular REBCO conductor which has a flat geometry)
Temporal field drift is large compared to existing LTS-NMR due to screening currents (especially critical for REBCO) 
Resolution and sensitivity:   LTS/Bi2223 similar to LTS (2 ppb, S/N > 500);  LTS/REBCO much worse (30 ppb, S/N ~30) 
Tape limited lengths (<< 1 km at this point) require joints 
Long time persistent operation is possible only if joints are superconducting (recent development see Y. Park) 

You might wonder, does HTS-NMR need cables? It could provide higher currents BUT  it is difficult to satisfy the temporal stability and minimize winding-induced error field  so probably they are following the development of cables in other fields and might adopt some of the technology IF suitable…wait and see…
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High Field Solenmds

“General push for development of next

generation high-field magnets:
=|nstruments fora 1.5 or 1.6 GHz [30 T] NMR
=Develop 40 T all-superconducting magnet with HTS
»Design and build a 60 T DC hybrid magnet

»Design and build a 20 T, 65 cm bore [MRI] magnet
suitable for large animal and human research subjects

Under development @ NHMFL.:

The 4.4 T REBCO insert that
reached 35.4 T at NHMFL 2012

=32 T User magnet
=All SC: 15 T LTS, 17 T HTS (REBCO) Hoop stress test (760 MPa)
=Homogeneity 104 level BSCCO and REBCO in -

e 31T ack_ground feld Much more in

tomorrow’s
plenary,
Greg
Boebinger

YBCO Al
Nb,Sn Quench protection studies

NoTH 745 mm

Blnes = =
@ 574 mm

D. Larbalestier, 2018}
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The major push for HTS might actually come from high field solenoids.
These are some of the recommendation from the National academy of science regarding “High Magnetic Field Science and Its Application in the United States: Current status and Future Directions”, National Academy of Sciences
A lot of research in this direction is done at NHMFL where a 32 T user magnet is under construction and it will be the first magnets with a lot of REBCO in its insert (again single tape-wound coils).
A lot of steps were followed to be successful (hoop stress, quench protection) but see tomorrow’s plenary talk by Greg Boebinger.
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So...

Several activities centered on HTS for use in high field magnets...
GREAT START!

Plenty of projects require technological advances for high current cables.

Where do we start?

20T 12-18 T > 30 T the higher the better
5-20 kA > 50 kA >300A
Joverall = 400 A/mm? Joverall < 100 A/mm? Joverall = 300 A/mm?
<20 um
< 10° J/m?, < 1.6 x 106 J/m?3 minimal
slow ramp rates for£12 T
< 200 MPa
: Limited to strain
g (= ey LA & S ) dependence of conductor
<1nQ

L. Bottura, 2013; E. Todesco, P. Ferracin, 2012; H. Maeda, 2014; D. Uglietti, 2014; H.W. Weijers et al., 2011; H.W. Weijers, 2009. 19
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SO? Several activities are centered on HTS and plenty of projects require cables. 
What do we need?
Typically currents 5-20 kA are needed by HEP, >50 kA for fusion, NMR wants high field but typically uses single strand/tape wound coils so currents are low.
Current density requirements are most stringent for HEP (Joverall of 400 A/mm^2)
Losses have to be relatively low for all applications.
Stress management calls for being able to maintain stresses below a safe level (< 200 MPa) for all applications
Bending radii are typically tight for HEP and NMR, large for fusion.
Joint resistance have to be small (<1 n-Ohm) (ideally no joints or superconducting joints for NMR to be able to operate in persistent mode).


»
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~ Are we reasonable? Yes...just learning from history!
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Let’s take current density for example.
We say Joverall ofr HEP is ~ 400 A/mm^2. Is this reasonable? Yes we are just learning from history.
This plot shows the operational field vs. coil width for accelerator dipole magnets (triangles), for Nb3Sn models (80% of design short sample unless specified) and for HE-LHC (all 1.9 K). As you can see you can trace a linear trend for those magnets. The slope of this line gives the overall current density (field is proportional to coil width and critical current density) so you can see that the overall critical current density is ~ 400 A/mm^2. So we are just being conservative.
How does Joverall translate with Jengineering that we saw before? Joverall takes in consideration stabilizer in strands, voids, insulation. So given that we have 20% margin during operation, and that the dilution factor is ~30% (voids, insulation) we can find that the corresponding Jengineering is ~ 800 A/mm^2.

Protection is also important so this historical graph also tells you that typically if you want to run on the edge you have less conductor and higher critical current density (ex. McIntyre) but you will have issues with protection (won’t have enough time to detect the quench and act to protect) if you want to be safe you go in the opposite direction (larger coil and lower current density, ex. Fresca 2).
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Outline

- Why now? Why HTS cables?

- Applications and need for high current cables
- High Energy Physics

= Fusion
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= Available conductors

- BSCCO

. REBCO ACT lIl: WITH WHAT
= Cable designs for magnet applications
= Characteristics

- Advantages and disadvantages
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So what are the available conductor with those requirements?


@ IEEE/CSC SUPERCONDUCTIVITY NEWS FORUM (global edition) October 2014
Blenary Presentatign 4PLA-01 ginn at ASC 2014, Charlotte, Aufust 10 - 15, 2014.

Engineering Current Density Je

Nb-Ti: LHC 4.2 K

Nb-Ti: Iseult/INUMAC MRI 4.22 K
'e'll\!.p;%%ﬂ: Internal Sn RRP®
-MgB; oG

L I F - S —
w —2=MgB, 18+1 Fil. 13 % Fill
o |™*=Bi-2223: B L Tape plane

104

0O Bi-2212: 1 bar
-4F-Bi-2212: OST NHMFL 100 bar OP
=4—=YBCO: B /Tape plane
== YBCO: B L Tape plane
| ® GdBCO: B L Tape plane, 15%Zr

. YBCO and Bi-
| 2212 are what we
102.5_ ----------------------- e e e e ettt can use!

a—
o)
e

Whole Wire Critical Current Density
Jengineering (A/ mmzs 4.2 K)

“Expect increase in current

densities by 2.5 within a year

through:

= Reduction of substrate
thickness (from 50 pm to

10 30pm)
0 10 15 30 35 40 45 " Implementa_tlop of
Adapted from P. Lee . Lo advanced pinning”
G. Z. Lietal., 2013 Applied Magnetic Field (T) SuperPower

D. Larbalestier, et al., 2014 22



Presenter
Presentation Notes
This the same Jengineering plot showed before…as we determined we want magnetic field above 20 T and engineering current densities around 800 A/mm^2 so really we can only use Bi-2212 and REBCO conductor.
Yes we are not quite there at 800 A/mm^2 but we are close. SuperPower foresees an increase of the engineering current density by a factor 2.5 given they will be able to manufacture tape with substrates of 30 micron (down from the thickness of substrate today which is 50 micron) and they will implement advance pinning.
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BSCCO-2212 and REBCO
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BSCCO-2212100 Bar (10 MPa) heat treatment (HT) improved greatly its critical current properties.
Cross section of 0.8 mm diameter BSCCO-2212 strand BEFORE melt process (top left figure).
18 × 37 15-μm-diameter Bi-2212 powder filaments in Ag matrix.
After melt process and very controlled HT in within 1 degree C the BSCCO2212 filaments form and they are brittle
As you can see overpressure helps the formation of the BSCCO2212 (critical current increases as a function of the pressure applied during heat-treatment; top right figure has breakage (HT 1 bar); while bottom right shows an intact wire (HT 100 bar))
The cross section of the wire 25-40% superconductor (the rest is Ag and other components)

A typical cross section for a REBCO conductor is instead a multilayer configuration (shown is the tape from SuperPower but most companies producing coated conductor have similar designs).
Several steps are required to grow the 1 micron thick superconducting layer (which occupies only 1% of the cross section of the tape) with the proper grain orientation starting typically with a thick substrate where you deposit buffer layer above which you deposit the SC layer and add copper as stabilizer.
-Electropolishing to achieve the smooth, clean surface for the 12 mm wide Hastelloy®-based substrate, as a prerequisite for the successful addition of the buffer and superconductor layers.
-Ion beam assisted deposition (IBAD) or sputtering of a stack of buffer layers that act as a template layer to introduce the biaxial texture for the superconducting material.
-Metal organic chemical vapor deposition (MOCVD) of the superconductor, based on yttrium barium copper oxide (YBCO) or other rare earth materials.
-Sputtering of a thin cover layer of silver to provide electrical contact.
-Slitting to application-specific tape widths (i.e. 6 mm, 4 mm).
-Depending on the application, electroplating to completely surround the wire (Surround Copper Stabilizer, or SCS).

BSCCO2212 is easy to fabricate because we can use same lines of production as Nb3Sn but it has a challenging heat treatment process.
REBCO is hard to fabricate but it is ready to use! And despite being complex MANY companies are PRODUCING IT!
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OPEN ISSUE: Quench Detection and Protection

“= Time margins to detect, respond and protect ~100-200 ms
= Energy margin at 4.2 K: ~ 1 JJmm?3 for LTS, ~1600 J/mm? for HTS

—> problematic for detection!
NPZ velocities (//) ~ 10-20 m/s for LTS, ~ 0.05 m/s for HTS
—> Even more problematic for detection!
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Quench detection and protection remains a challenge!
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An open issue for HTS is quench detection and protection.
We want to limit the coil voltage to ground to below 1000 V (requirement for LHC) (hence we need cables to reduce the inductance and be quick to detect and act if a quench occurs). The prompt and symmetric onset of resistive voltage due to the heaters (passive quench protection technique) is essential to minimizing the peak coil temperature and minimizing the resistive-inductive voltage imbalances which can generate those large voltages to ground.
The time margin to detect, respond and protect is ~100-200 ms
BUT
The energy margin at 4.2 is 1 J/mm^3 for LTS while is much bigger for HTS (~1600 J/mm^3) so difficult to detect that a quench is occurring because it takes a lot of energy to quench.
Additionally the normal propagation velocities (parallel) are VERY SLOW for HTS (0.05 m/s for HTS vs. 10-20 m/s or LTS) even more problematic for detection. Transverse velocities are one to two orders lower!

Studies at NCSU showed that NPZ does not increase with field while the MQE decreases with field. 
Coating the conductor with nanoparticles significantly increase the thermal conductivity at all temperatures; ∼4 times higher at RT and 77 K and about an order of magnitude at 4.2 K therefore the velocity of propagation increases (transverse propagation velocity ~2-3 times higher than without coating with nanoparticles) when HTS is coated with those nanoparticles. Good start but still pretty slow propagation.
Recent studies at NCSU also showed promising improvements in detection of a quench using fiber optics (see Ishmael this conference).

Quench detection and protection remains a challenge!
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Cost?
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What about cost?
HTS is EXPENSIVE compared to NbTi and Nb3Sn. Plot shows price/performance ($/kA-m) as function of field. Granted Nb3Sn price goes up quickly if field increases but currently HTS is too expensive!
Additionally Bi-2212 price is very sensitive to the cost of silver. 
Current Ag price between 20 and 30$/oz ($700/kg).
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hat we've got here Is...
DO
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So how do those conductors look today?

BSCCO-2212 is multifilamentary (+) while REBCO is in tape form (-)
BSCCO-2212 has isotropic properties and critical current does not depend on the direction of the field (+), REBCO is anisotropic and its electrical properties depend on the direction of the field (-). Recently development in doping with zirconia showed great improvement regarding this anisotropy.

BSCCO-2212 has a difficult heat treatment and it is brittle after heat treatment so we can only use wind and react techniques to make magnets (-).
REBCO is already reacted and can be wound immediately (+) but there are some issues about delamination for certain loads directions.

The superconducting fraction in the cross section is 25-40% for BSCCO-2212 and 1% for REBCO (difficult to grow the superconducting layer!)
Jengineering is for both rather high so they will soon achieve what desired by applications. BSCCO-2212 is limited to applications with operational temperature of 4.2 K. REBCO could be used also at higher temperature (+) (irreversible magnetic field for REBCO is much higher than for BSCCO).

Manufacturing is not an issue for BSCCO-2212 (+), it is complex and expensive for REBCO (-).

BSCCO-2212 manufacturing could improve respect to porosity and mastering reaction and pressurization process.
REBCO is currently available with uniform properties along lengths of 100-200 m. It can be produced in 500-1000 m lengths but with variation of Ic along the length (-). 
Ideally we would like small filaments diameter for both (easier for BSCCO-2212 than fro REBCO even if there is work in striated conductors).
Cost is currently high for both conductors (-).
Quench detection remains an issue for both conductors (-).
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So now let’s come to the cables that are available, their characteristics, advantages and disadvantages.
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Cable Options
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Those are the cables I showed initially and now we will go into the details of each one of them…
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Main challenge finding a furnace at
100 bar to heat treat large coil £ 1 °C!
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Let’s start with BSCCO-2212 which being round and multifilamentary can be simply adapted to the existing designs used for NbTi and Nb3Sn.
Main challenge remains the heat treatment conditions (overpressure) and the sensitivity of the conductor to strain and transverse pressures. Old measurements were performed in early 2000’s so we need more measurements on the new optimized conductor (overpressure HT). Initial findings show that the advanced conductor is still very sensitive to strain.
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A Kario, 204 1-REBCO: RACC (KIT,RRI)
1914, original - 7 ar ra

patent by
= L. Roebel

= Meandered tape through punching
= Cable optimization to minimize stress: radii, angle and relative width
= | ocalized defects in tape to be avoided

= Experimental results available for bending behavior, tensile and
transverse load

= Preliminary work on vacuum impregnation with Araldite resin and
50% fused silica
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The idea of a Roebel cable is 100 years old (proposed in 1914 for copper by L. Roebel).This is the cable configuration most studied so far (mainly KIT, RRI).
Meandered tape through punching done from REBCO side to avoid delamination. Multiple tapes are then wound together.
REBCO tapes are prone to have localized defect. For this cable, the hope is that the meandered tape does not contain the defect otherwise we effectively lose that strand. Preliminary work on vacuum impregnation showed that with Araldite resin and 50% fused silica there is no Ic degradation. 
Bending radius can be as small as 15 mm, bending out of plane might be more problematic.
Effective transverse stress > 100 Mpa. 
For cable, tensile strength strain,irr 0.36% from RRI (Robinson Research Institute, NZ).
Low packing factor.
Rather poor utilization of tape.
For now rather low current capability (possible multiple meandered tapes stacked before twisting them will be an option, ongoing work @KIT).
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1-REBCQO: RACC (RRI, TEST @4.2 K CERN)
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Some mechanical characteristics…
Left plot shows how the irreversible longitudinal strain reduce from single tape (0.63%) to meandered strand (0.53%) to Roebel Assembled Coated Conductor (cable, 0.36%). RACC has localized stress locations (due to meandered geometry of strands in cable) to which is sensitive compared to single tape.
SuperPower 12 mm tape: Irreversible change @ 840 N (700 MPa).
Roebel 5 mm strand (146 Mpa) axial load.
15/5 Roebel cable Irreversible change @ 850 N (113 MPa).

Right plot shows the dependence of the critical current as a function of magnetic field at 4.2 K. The cables have the expected behavior once we take in consideration the self field contribution. 
GSC General Cable Superconductors NO BZO.
KIT cable uses REBCO with BZO (zirconia nanorods to improve transverse field dependence).
Superconductive joint made with NbTi.
The cables were pressed before test to positioned them properly and avoid movements during tests.
The effective pressure was > 100 MPa.
But the average pressure ~45 MPa (only a fraction of the cable is carrying the load). For those pre-stress value no degradation was observed.
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1-REBCO: RACC «im)
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Several work has been also done in trying to reduce the size of the filaments through striation with laser ablation (laser grooving) (right now a single tape has a single filament with size equal to the width so the screening currents and losses are high). 
It was possible to inscribe 120 filaments and through a post annealing process it was possible to separate them and effectively reduce the AC losses. It is just a start but very promising results!
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. 2-REBCQO: CORC (Advanced Conductor Technologies LLC) 1 .
= Very flexible

= \ery high currents and current densities
= Mechanically very strong
= Degradation from cabling < 10 %
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CORC cable has been developed by Advanced Conductor Technologies LLC.
It is basically multiple tapes and multiple layers wound on a metallic former (usually Cu).
It is flexible, compact, can produce large currents and it is mechanically strong.
The typical degradation from cabling is on the order of 10%.
It can be filled with solder to improve current sharing capabilities (to the expense of losing flexibility).

The plot shows the critical critical current measured for a 52-tape cables are 19 T.

It is worth noticing that the Je at 20 T in CORC cables (and ALL other cables based on REBCO conductor) is likely to increase significantly in the next few years because of the availability of thin substrates from SuperPower and the enhanced pinning.
CORC cables (and cables for which critical current depends on the direction of the field; all of them (2; 3; 4; 5) except Roebel which is already an optimized design to take this asymmetry in consideration) will benefit the most from better c-axis pinning, because they are limited by the c-axis component of the field.
Roebel cables are limited by fields at, or close to ab-plane. Enhancement of c-axis pinning in tapes will therefore benefit less Roebel cables.
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2-REBCO: CO RC (Advanced Conductor Technologies LLC) ‘
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Other experimental findings:

* No degradation when bending from 10 cm to 6 cm
= Transverse load effects: behavior of | depends on gap size
between tapes and their copper thicknesses

= Different terminations methods give resistances between 30 and
300nQat 77 K
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Testing under axial loading conditions were performed and showed a good behavior (cable is strong up to 1% strain).
Current sharing is good because solder filled cable so that the performance is “independent” of tape production quality (vs. Roebel).
Good current sharing in CORC cables eases requirements on conductor homogeneity and piece length.

the CORC cables that were tested under transverse compression were about 6 mm in diameter:
-Larger gap size degrades earlier.
-Smaller Cu thickness is better.

No degradation was observed for cables (single cable with multiple tapes and layers) bent down to 6 cm radius.
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3-REBCO: TSTC i

R i e Multi-stage cables

= Simple and compact cabling method

= High tape usage

» Good bendability (less than 6% degradation
for bending radius of 140 mm)

= High current density
= Scale-up for large cable fabrication

3-channel CICC cable

in the drawing planc

50 tapes
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The third cable to talk about is the twisted stacked-tape conductor. It is basically a stack of tape twisted along the axis of the stack.
Degradation of twisted tapes is not much for twist pitch as low as 100 mm.
It is simple, easily scalable to large current carrying cables as shown on the top right, high tape usage, can be bent to radius of 14 cm with no significant degradation.
Bendability with bending radius of 140 mm (for twisted cable).  
The bottom right image shows a stack of tapes bent to a 14 mm diameter bents in the “easy bend” section. This could be used to make cables for magnets wound appropriately so that the easy bend is performed at the end (smaller radii position). 
An example of this winding technique is shown in the bottom left figure where the cable is twisted along the sides of a pentagon and while it is straight while making the hard bends at the corners.
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3-REBCO: TSTC (M)

= @NHMFL, 50 tapes, 200 mm twist pitch
.=40KkA@ 100 wW/m @ 4.2 K, 19.7T
~50% of single strand performance

= @KIT, 40 tapes, 200 mm twist pitch
4.2-80 Kand fieldsupto 12 T
|.=51kA@ 100 uwW/m @4.2K, 12T
~50% of single strand performance
additional degradation observed after first field increase (~15%)

[—
=]
=]
=]

S \le at4.2 K ngetpelc @i | Lorentz load degradation ~ 10-15%
S \ " cablelepermpetescdacki? | The rest of degradation is NOT
3 o N e Gl | permanent and caused by
entagon Co cper tape | . . . .

5 -\\.ﬁ non-uniform termination resistance
g 200 M (non-uniform current distribution).
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Presentation Notes
Tests in field were performed at NHMFL (up to 19.7 T, 4.2 K) and KIT (up to 12 T, 4.2 K) and both tests showed significant degradation from expected single tape performance (~50% degradation). Several investigations into this degradation allowed us to determine that 10-15% degradation might be caused by the large Lorentz load but the rest of the degradation is NOT mechanical in nature but caused by non uniform current distribution in the cable.
VERY uniform termination resistance is CRUCIAL to short samples test.
Longer samples are less susceptible to non-uniform current distribution.
Current distribution is hard because tapes are electrically NOT symmetric (on one side we have the substrate, so electrically the tape behaves differently in the substrate side and REBCO film side).
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3-REBCO: TSTC i

YBCO-BSCCO Termination

YBCO Tupe Cable-_____

— S ll‘l'l\i' =

BSCCO Tapes
|
|
Copper % l/\?/
B
¢ f
“-. /\//\ >~ Joints between
S / BSCCO Tapes and YBCO Tapes

Soldered Joint Section
Encapsulated in Copper Tube
for Connection to Copper Lead

YBCO- YBCO Termination

YBCO YBCO joint tapes
\ —1 ‘/ ___________
] | |
I ! -YRCO
— i } cable
i } } tapes

L ¥ B W T e —————

Solder Formmer

between YBCO and YBCO tapes

Folding-Fan Soldered Termination

Joint resistances < 10-30 nQ are feaS|bIe .
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Presentation Notes
Several options for termination were proposed for this cable using BSCCO-YBCO (BSSCO is electrically symmetric and sandwiched between YBCO tapes) and/or YBCO-YBCO joints (one tape is used to have always good electrical contact YBCO side to YBCO side with all the tapes of the cable).
Joint resistances less than 10 nOhm seems feasible.
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>, gl 2014 4-REBCG-"RSCCCT s

0 6.3 mm / LHe

/Flat cable around Cu former

7 2 Expected critical current at 12 T, 5 K: 59+2 kA
_§  Strand twist pitch 320 mm

Soldered cable

= mechanically solid (no voids) and has

* |ow inter-tape resistance (easy current redistribution)

Flat cable

= [imits transverse stress accumulation

= has less strain during winding

Twisted strands

= more uniform redistribution of current during ramping

= reduction of coupling losses (expected to be similar to ITER CICC)
Conductor is scalable to 80-kA
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This conductor is made so that a stack of tapes is inserted into a copper channel (that is divided in two halves).
The “strand” (stack of tapes in copper channel) is twisted along its axis and then solder is added (mechanically solid and good current distribution).
Twisting of strand is before soldering.
Then each strand (with stack of tapes) is mounted around a copper former to make a large current current cable (scalable to 80 kA).
A flat cable configuration allows for less strain during winding and less transverse load during operation.
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4-REBCO: RSCCCT (psn

2/3

' Bending behavior driven by solder failure.

heat treated

Softened copper
No failing down
to R<180 mm

1.02

heat treated

" Softened copper

Solder failing at

/7 R<240 mm

1.00 -
0981
j 4
s 0961
<° 0.94 1

0.92 1

0.90

T T
1 1
.4 -
’ R
4 it
a i
'

:C’.J
Solder failing at Sl
bending radius as drawn
500 mm<R<700 mm

3

g Weak point

1 under shear

V

0.88 .

bending radius (mm)

100 200 300 400 500 600 700 800 900

Transverse load limit < 30 MPa with original copper profile

(weak In shear).
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The bending behavior for the “strand” is driven by solder failure. Better design of the copper holding the stacks have been recently tested showing great improvement.
Transverse load limit was tested in the configuration that is weak under shear (bottom right profile) but more experiments will be soon performed in a more optimized configuration (softened copper with cut of the channel perpendicular to taper stack (green legend above)).
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In-field behavior between 4.2 and 40 K (field perpendicular to the ab plane).
Critical current was in line with tape data.

8'000 [

|_ (@ampere)

2'000

1000 |

° 3000 |

Measured by C. Bayer (KIT)

] o o o 2t 16 tapes (not twisted)
. T uyiem average |, =98A at 77 K
™ .
— -"u._\ .
- h".. N '
15K
4 X '
: S ) N e o S
L 0K X
1 e Xn=22
b & ) ;n:ﬂ:‘-
WK T T o et LT
2 3 4 5 6 7 8 9 10 1112 13 14 15 16

field (T)

Joint methods

30 nQ
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In field behavior of a single “strand” showed the expected behavior from single tape data (up to 12 T for different temperatures). 
Cables will be tested soon at PSI using the EDIPO facility


IEEE/CSC SUPERCONDUCTIVITY NEWS FORUM (global edition) October 2014
Plenary Presentation 4PLA-01 given at ASC 2014, Charlotte, Au1ust 10 — 15, 2014.

S (ENEA/TRATOS) 2

—

Central channel
and groves in
slots for cooling

4.3 mm x 4.3 mm duct
Stack of tapes
(five)

Aluminum core

Fundamental design driver:

= Industrial process feasibility
= design for 10 kA-class cable: 150 2G-wires (5 stacks x 30 wires)

_ 5-REBCO: Slotted Core

Cu spacers

Tape stack

Al slotted core

wrapping

Jacket

FEM shows minimal influence
among stacks in the cable -
Ic,single_stack =2.13 kA

Ic,singIe_stack_in_5-stack_cab|e = 1.95 kA
@77 K, self-field
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Lastly we will talk about the slotted core HTS cable proposed by ENEA in collaboration with Tratos.
As you can see you take a former of aluminum, extrude the channels you want, twist the former along its axis and then deposit the stack of tapes in the already twisted former.
The cable is then enclosed with a jacket as it is envisioned for high current cables with forced flow (helium flowing in central channel and wetting the tapes).
The design resemble a CICC configuration used for fusion applications.
Preliminary FEM analysis shows that the stacks of tapes minimally influence each other so that the total current of the cable is close to the product of the current of each stack times the number of stacks.
It was estimated that the stack in the cable carries 90% of the current it would carry if it was an isolated stack of tape.
Ic,stack_in_cable = 1.95 kA 
~90% of Ic,isolated_stack = 2.13 kA
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5-REBCO: Slotted Core H

&

ugust 10 — 15, 2014.

2/2

"= Recent test with ONE slot filled with 18 SUNAM tapes

(SCN04150)
= Non-twisted cable

77 K, self field

I > 2 kA

c,single_stack

44 | m firstmeas. |
S A second meas. ;
S | |
3 34 '
ke . |
D a
(1 A .
= 2_ aa
RS, s
S .
o 44 o
(1] z

AAAA AAAAAAALA  e-wd

1900 2000 2100
Current (A)

S (ENEA/TRATOS)

4.2 K, In field // to c-axis

Ic,singe_stack ~22kKA@10T
10000 40
I (s.£)=9.3K
- - 35
s 8000 \ ..... ‘ n Index ......

< \ B 30
§ 6000 A o5 3
§ 4000 :: A - 20 2

£ . K'\':\LH 15

2000 - A A
I,(10T)=22kA [ 10
0 T T 5
0 5 10
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Recent data were collected in field (up to 10 T at 4.2 K) for a cable with ONLY ONE active slot (only one slot had HTS tapes from SuNAM, the rest were filled with dummy tapes)
The cable was not twisted.
The behavior of the cable was as expected from single tape data and self field effects.
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Cable concept Rutherford RACC CORC TSTC RSCCCT | Slotted CIC

Conductor

Tape utilization
Scale-up

lop (KA) @4.2 K
(possible >10 kA)

‘]overall (A/ mmZ)
@4.2 K

Gtransverse,ave

(MPa)

8Iongitudinal (%)

Bending radius
(mm)

Comments

EuCARD?2, 2014
Barth, 2014

Bi-2212

NA
easy
2.6 (s.f)

220 (s.f.)

<50

<0.3

Transposed

N

REBCO

mid/high
hard

>2(8TL)
>10 (8 T //)

400 (10 T)
> 50

~04

~10
(easy bend)

Transposed

REBCO

mid/high
possible
5(19T)

114 (19 T)

> 300

> 0.6

60
(-2.5%)

Partially
transposed

S

ummary

LJ

REBCO REBCO/P REBCO
IT
high high high
easy easy easy
5(112T) 3(127) >2 (10T)
4(19.7T)

100 (12T) 100(12T) ~40(10T)
<40 <30 NA
NA NA NA
~140 300 NA

(-3.6%)

Partially Partially Partially

transposed transposed transposed
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So…here is the impossible task of comparing the performance of those cables.
Comparisons are difficult at this point as most cables were tested to a limited extent but let’s try…
Stresses here are taken as AVERAGED on the cross section of the cable.

The main limitation for BSCCO-2212 based conductor is the sensitivity of the conductor to strain (<0.3%) and stresses (<50 MPa) (material is brittle) but the cable configuration is pretty straight forward from what available already.

The REBCO based conductor are either resembling Rutherford cables (RACC), transmission lines cables (CORC), twisted stacks configuration (TSTC, RSCCCT, Slotted core). The first two are better suited for HEP applications (medium currents, very precise field), all of them expect RACC could be used for fusion applications (large currents).
The scale up for Roebel is challenging.
Most of them were tested in field and had rather big variation of performances. At this point their Joverall is well below the desired 400 A/mm^2 at 20 T BUT it is a good start.

Advances in conductor will improve Je and current in perpendicular in c-axix
Roebel is operated taking advantage of ab plane so not much will change for its performance.
All others will benefit from the fact that the c-axis current will be higher (advanced pinning/behavior at 4.2K; IT IS NOT ENOUGH to characterize tapes at 77 K, measurements at 4.2 K are necessary!)

The mechanical behavior of all of them need improvement and recent progress are addressing the lack of electromechanical characterizations for most of them.

The bending behavior was characterized for:
-Roebel less than 6.5% degradation for 10 mm 
-CORC less than 3% degradation for 60 mm
-TSTC less than 4% degradation for 140 mm

It is worthwhile to notice that the only fully transposed configurations (electrically balanced) are Rutherford BSCCO-2212 and RACC. All the others are partially transposed. 
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Outline

= Why now? Why HTS cables?

= Applications and need for high current cables
= High Energy Physics
= Fusion
* NMR/High Magnetic Field Science

= Avallable conductors
= BSCCO
= REBCO

= Cable designs for magnet applications
= Characteristics
» Advantages and disadvantages

= Qutlook and conclusions ACT V: FINALE
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Some conclusions?
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Is the time for HTS here?

We have HTS conductors with high J.., at high magnetic field:

= REBCO coated conductors
Ready to wind, strong
...If only was multi-filamentary, round, easy to make long
length and cheap!

= BSCCO-2212
Round wire, multi-filamentary
...If only was not so sensitive to strain, in need of complex
heat treatment and cheap!

eng

This is an opportunity to push the envelope and have concerted effort
In addressing those ““if only’’s.

We can keep working!
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Conductor is improving continuously and issues (multfilametary for REBCO, strength for BSCCO) are being studied.
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= There are plenty of applications for high current cables
= Several cable options are available BUT none of them are ideal
= Current sharing and quench detection/protection need to be addressed

Plenty of room for |
Cable options and their co
fully characterized as t

mprovement!
nductors need to be

ney might show

pleasant surprises and offer ideas to re-think

our approach to

magnets!

Let’s keep working!
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There are plenty of opportunities and plenty of room for improvement for the cables. Cable options and their conductors need to be fully characterized as they might show pleasant surprises and offer ideas to re-think our approach to magnets!
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THANK YOU

Thanks to everyone who helped and/or let me
borrow material for the talk!

SPECIAL THANKS TO THE SUPPORTING CAST

(in order of appearance):

P. Ferracin, J. Pena, S. Giannelli, L. Bottura, M. Parizh (& colleagues
@GE), D. Hazelton, R. Flukiger, P. Lee, D. Larbalestier, Y. Iwasa,

E. Todesco, B. Strauss, G. Leisk, N. Allen, M. Takayasu, W. Goldacker,
D. van der Laan, D. Uglietti, G. Celentano, A. della Corte, G. De Marzi,
L. Muzzi, V. Selvamanickam.

RELEVANT WORK PRESENTED AT THIS CONFERENCE

V. Selvamanickam 1MOr2C-02; Y. lwasa 4LOr2A; W. Goldacker 2LOr3C-02; J. Fleiter 3LP01C-05; A. Kario 3LPolC-
08; C. Bayer 3LP0o1C-09; M. Majoros 1LOr3A;X. F. Lu 1MOr3D; P. Kruger 2LOr3C-05; N. Allen 3LP0o1C-01; M.
Takayasu 4LPo1H-02; D. Uglietti 2LOr2B-01; G. Celentano 3LP02C-02; A. Augieri 2LOr3C-01; G De Marzi 3MPo2D-
06; S. Ishmael 1LOr3D-05, X.F. Li 1Lor3D-06; G. Kirby 2LOr2A-06; T. Shen 2LOr2A-07, E. Demencik 2MP01C-09, H.
Lee 2MOr2A-01, N. Bagrets 2MOr2A-03; F. Douglas 2LOr3C-04; F. Grilli 2LOr3C-05.

Luisa.Chiesa@tufts.edu
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THANK YOU for listening and THANKS to all the people who helped with this talk!
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