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Objectives

« We are investigating reduced-cost CORC ® cables using tapes with dropouts
 To do this, need to understand and manipulate inter-tape contact resistance

* \We present our Tape-In-Tape-Out (TITO) model-guided methodology to
characterize inter-tape contact resistances in CORC ® cables

Numerical investigation of current
distributions around defects in high

~Constant voltage between dropouts temperature superconducting CORC®
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CORC ® Contact Resistance — Prior Work

FSU/NHMFL Twente
Investigations in the tape-to-tape AC loss and °9®“ta°t resistance in
contact resistance and contact REBCO CORC™, Roebel, and stacked
composition in superconducting tape cables
(od0) RC® wires K Yagotintsev', V A Anvar' 260, P Gao', M J Dhalle!, T J Haugan®, D C Van Der Laan®®,
J D Weiss* (), M S A Hossain® ) and A Nijhuis’
Virginia Phifer'>*, Michael Small'?, Griffin Bradford'~, Jeremy Weiss**©,
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Table 4. Contact resistance results (12 cm?).
After bending to 2,000 -
CORC® wire Straight 10 cm diameter [
1,000
(6(0] 1300 £ 1000 403 + 63 160 [ﬂﬂ _ sz] - I
NL 160+ 80 —35k13—p O O ; ol B . .
HC 41425 1345 -9 [ —m] 2 3 4 5 6 7 8 9 10 11 12 13
PbSn Before HT 2+04 08£0.1 Layer number
PbSn After HT 0.7+£04 0.6 +0.1

-~

rr,'}| B| 4/3/2025 Teyber et al. IDSM 2025



Goals of our work & Outline

» Our work aims to build on these excellent manuscripts via

« Automation of TITO tape powering, switching and measurement
process

« Measurement of all tape voltages during TITO experiments
» Development of a TITO simulation tool to resolve current percolation

* Optimization-based fit of TITO model to experiments to extract
distribution of inter-tape resistances in cable
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Terminations

Parameter Value
Weape 4 [mm]
Lecabie 900 [mm]
Py 21.4 [mm]
Niturns 42 [-]
Tavg 2.8 [mm]
Ntape 12 [-]

Niayer 4[]
Ptape 3 [tape/layer]
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Cryo Switch Network

Infineon IRLB3813 MOSFETS -1 mOQ @ 77 K
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Experimental Methods
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TITO Experiments and Voltage Results

All TITO experiments

Input Tape  Qutput Tape Vo [pV]

* Straight

straight r=152mm r=76mm

LO-T0 L1-T0 232 76 68

b)) . LO-TO L1-T1 248 61 55

e 152mm (6”) radius O
LO-TO L3-T0 480 203 185

Lo-To L3-T1 514 200 178

,, " Lo-TO L3-T2 515 204 179

[ ) 76 m m 3 rad I u S LO-T1 L1-To 263 74 63
LO-T1 L1-T1 233 62 87

LO-T1 LI-T2 382 210 201

Lo-T1 L3-TOo 497 204 184

LO-T1 L3-T1 532 201 178

Lo-T1 L3-T2 532 205 178

LO-T2 L1-T0 365 229 180

L0o-T2 L1-T1 354 220 167

Input Tape Output Tape vV [wV] LO-T2 L1-T2 506 350 310
straight 1=152mm r=76mm LT 10 ou 85 29

L0-T2 L3-T1 649 353 290

L0-T0 L3-T0 480 203 185 e o
L2-T0 L1-T0 196 82 80

LO-TO L3-T1 514 200 178 L2-To L1-T1 173 62 60
L2-T0 L1-T2 208 202 201
Lo-To L3-T2 515 204 179 L2T0 La-To 215 163 143
L2-To L3-T1 346 157 137

L2-To L3-T2 349 157 141

L2-T1 L1-T0O 204 84 84

L2-T1 L1-T1 193 63 65
L2-T1 L1-T2 322 205 207

L2T1 L3-TO 342 179 161

L2-T1 L3T1 384 174 160

L2-T1 L3-T2 378 176 152

L2-T2 L1-TO 181 T 81

L2-T2 L1-T1 174 60 63

L2-T2 L1-T2 302 202 206

L2-T2 L3-T0 333 172 161

L2-T2 L3-T1 367 164 150

L2-T2 L3-T2 369 173 153
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Goals of our work & Outline

» Development of a TITO simulation tool to resolve current percolation
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TITO Simulator - Percolation Model

* 4 tape cable illustrates —@ O @

TITO percolation effect

& G

: Transport curren; 11500 1Al ____ — . o A“ifj [mZ]
o Sivi = 1 Riej = 5i6 — ]
—\\-\ / _ - _ - _ -
— /N /// /’f.;.m /J' —(So2 + Sos) 0 So2 So3 Vo —transport
M e e 0 —(Su+tSu) S S1s wl_| o
3 ‘ g Y Soz S12 _(SDZ + 812) 0 Va 0
gty So3 Si3 0 —(So3 + 313)_ _Vi_ i Liransport i

(3)
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Results — Uniform Resistivity

radius - r76mm
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50.0 [A]
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1000
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- T2 212
L1.T0 L3.T0
800 11Tl -8 L3T1
1112 -8 L3712
600 A
>
2
>
400 A
200 A
0 ’I_—/‘___I'—’_‘/-f’l

L1_TO 4
L1 T1
L1 T2
L2_T0 {
L2_T1
12 T2 -
L3 T0 4

Exp
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-l - -l
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Goals of our work & Outline

* Optimization-based fit of TITO model to experiments to extract
distribution of inter-tape resistances in cable
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Optimization Formulation

Sum over all TITO exps
30 A only

Input Tape  Output Tape V. [aV]
straight  r=152mm  r=76mm
LO-T0 L1-TO 232 6 68
b o wew Defect in termination

Lo-To L1-T2 350 206 201
Lo-T0 L3710 80 185 :
Lo-T0 L3-T1 514 200 178 :
LO-TO L3-T2 515 204 179 V- + p— & I Interface
e 1 - erm*transport :
LO-T1 L1-T1 233 62 57
Lo-T1 L1-T2 382 210 201
Lo-T1 L3-T0 197 204 184 l 2 C o n ta Ct -
Lo-T1 L3-T1 532 201 178 . -
Lo-T1 L1312 2 25 178 H _—— —
LO-T2 L1-T0 365 229 180 reS|Stance params _— -“ -7 _
LoT2 LTI 334 220 167 _—— be(\q{’
Lo-T2 LLT2 506 359 310 l " ap®
Lo-T2 L3T0 614 358 296 _— < 4
- =1 =

pm Bm e W — __
Seommomono T =< Ret, 1070, -5 Ret, 1370, Tterm, Rterm > 1 P T

L2-T0 L1-T1 173 62 60

L2T0 L1T2 208 202 201 _— '—‘

L2T0 L3T0 315 153 143 \ - — =

L1210 L3T1 346 157 137 - Poor Contact Interface
L

L2-T1 L3-T0 342 179 161

L2T1 L1-T2 322 205 207 — — —_
ReBCO ‘ | |
(Vsim (%) = Veap||) Sk

L2T0 L3T2 319 157 141 =T
L2T1 LLTO 204 81 81 -
121 LTI 193 6 6 Tape i [—

| Z

L2-T1 L3T1 384 174 160
-
L211 1312 78 176 152 =
L21T2 L1-To LT 1Y 81 Hastelloy = 1
L2-T2 LI-T1 174 60 63 I—} |
. .

L2-T2 L1-T2 302 202 206 1 -
L2-T2 L3-To 333 172 161 ’ J ‘f’
L2-T2 L3-T1 367 164 150 |
L2-T2 L3T2 369 173 153

-~ Poor Contact

E;

56 parallel CPU differential evolution optimization :
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Optimized Parameters

le—8

* Reported values from 7 Tape Rec 062 — m?]
superconductor to Interface [* straight  r=152mm  r=T6mm

e |2TO->L1T2: H L0-TO 9.6 4.0 3.4
* 5.1+9.9=15e-9[2—m?] e e === e e S S S Lo-T1 108 4.2 3.0
— o~ — o~ o — o~ o — ~ @
+ L2T0-> L3 TO: S5 9 35 4954050 T s o
« 5.1+29.3=34.4e-9 [ —m?] o LI-TO 179 6.6 6.1
. . ' L1-T1 15. 1. 1.4
« Lijterature “NL”: T 0s] 5.0 8
. 16e-9 [_Q _ mZ] é’t 0.6 L1-T2 9.9 2.1 2.0
& 0.4 L2-T0 5.1 4.4 4.7
c
¥ o2 L2-T1 9.7 4.8 5.4
001 : : . : . . . : . : L2-T2 5.3 3.6 4.8
o — ~N (=) — ™~ o — o~ o — ~ E
F F H F = F F F = F F F 5
9 S S = ] — N N N M M "M Q L3—TO 293 152 125
? 5 e _ L3-T1 343 14.7 11.7
: —8— straight
Interface 3 .l oo L3-T2 341 15.3 11.5
: —_ r76mm
z g 31
@ @ i“% 2 \ Configuration Tape  Rierm[uf]
H Straight ~ L1-T2 4.92
01 | : ’ : : ! : : s : : : r=152mm  L1-T2 4.7
EI i:.l E| E| "jl "E| E| "jl ,"jl E| 'Ijl 'r:l| g r=76mm L1-T2 4.71
S ¢ 8 o =2 4 84 o o9 o g g O

N
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Results — Optimized Resistivity

radius - r152mm LO T2 -> L3.T2 radius - r76mm 50 L2 T2 -> L3 T0
50 = =
-8 5.0 [A] 40.0 [A] -8~ L0_TO L2_T0 -o- 5.0[A] 40.0 [A] -8~ L0_TO L1270
8- 10.0 [A] 50.0 [A] -8 L0_T1 2T -@- 10.0[A] 50.0 [A] - L0.T1 2.1
800 20.0[A] ~®— 60.0 [A] -8~ L0.T2 L2_T2 20.0 [A] ~®— 60.0 [A] - Lo.T2 L2.T2
30.0[A] -8 70.0(A] 40 1 L1170 1310 400 4 30.0[A] —@- 70.0[A] 40 1 L1_T0 1370
— sim 1T1 -8 13T — sim LLT1T -8 L3T1
1172 -8 L3T2 L1LT2 - L3T2
= = -
600 - T 304 T 30
® 300 - T
£ c
wn w
. g 204 3 2 20
E 200 E
> >
=} =3
—_— 10 - —_— -
> > 10
200 - 100 A
0 0l —
0 7 0 o
T T T T T T T T T T T T -10 T T T T T T T T T T T T T T T T T T T =10 T T T T T T T
'gl :I gl E‘ '-jl gl Eu :I gl E‘ ":u gl 10 20 3(|J 4?A] 50 60 70 Eu l-jl ﬂu ﬁ‘ ':'I lrlll E‘ '-:I lrjl Eu ijl 'gll 10 20 30 40 50 60 70
S 29 9 2 224394 1T 9 transport 9 9 9 o4 o4 2 o N N M omom ltransport [A]
Sim
LO (outer) 4 LO (outer) -
Ll T Ll 4
L2 1 L2
L34 L3
L4 (Core) A —41 L4 (Core) 1 -4
T T T T T T T T T T T T
0 1 2 0 1 2 0 1 2 0 1 2
tape [-] tape [-] tape [-] tape [-]
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Visualizing Impact of Contact Resistance

L2 T1-L1_TO
2500 A )
—8— straight
2000 rl52mm
r’7emm
— 1500 A
>
=
= 1000 -
500 A
0 - —
10 20 30 40 50 60 70
L2 _T2-L1_TO
500 A
400 A
S 300
=
>
200 A
100 A
0 T T T T T T T
10 20 30 40 50 60 70

|transport [A]
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Summary

* Model guided dis-aggregation of local inter-
tape contact resistance from bulk cable
behavior

» Accounting of percolation effect suggests ~
higher resistances than previously reported

« Results show layer-dependent inter-tape

contact resistances

» Results show layer-dependent sensitivities to
bending

« "Peaks” in Rct fit possibly result of internal
tape defect

 Would benefit from more statistics
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Future work

 Faster optimization process towards near-real time (e.g. sub-minute)
monitoring

« Simplified / more efficient fabrication of TITO terminations to facilitate
testing more samples, higher tape count cables

* Higher current TITO terminations, move towards probing tape
performance limits

* Development of TITO percolation model with internal tape defects,
working toward simplified cable modeling tool
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