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Overview PSEC
Obijectives: Actions:
1. Provide insight into what is required g 1. Give overview of and lessofesarned
for fusion REBCO cable testing from 4 VIPER cables tests at SULTAN

2. Provide input to HFVMTF t0 ensure gy 2. List many recommendations based
maximum utility for fusion community on our experience developing a
new REBCO cable and at SULTAN

11/21/2022 © MIT Plasma Science an d Fusion Center 2



: MIT
Overview PSEC

1. Provide insight into what is required g 1. Give overview of and lessofesarned
for fusion REBCO cable testing from 4 VIPER cables tests at SULTAN

11/21/2022 © MIT Plasma Science an d Fusion Center 3



VIPER R&D focused on retiring risk for high-field DC magnets P'\S",I:I;

RISK
Fabrication Scalable to >100 m cable manufacturing for SPARC magnet in a few years

Joints Simple, robust, lowresistance electrical joints between cables and terminations
IXB Handle IxB loading + cycling equivalent to those found in SPARC >20 T magne

Strain Handle axial strains on the HTS above ~0.3% equivalent to SPARC >20 T mag

Quench Incorporate viable quench detection and possess high cryostability

2 KATS &a2YS N A&KR JdEISE @S ONEBPI AFNID R OA{ Vi A
for retiring all of these risks under hifjdelity magnet operating conditions.
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Overview of VIPER cables designed for SULTAN testing

A VIPER cables were designed and fabricated

specifically for SULTAN testing [1]
A Extruded central copper former
A Inner central cooling channel
A Quter slots for HTS stacks (up to 4)
A Copper jacket (VPI solder, joints)
A Steel jacket (IxB Lorentz loading)

STAINLESS STEEL JACKET

COPPER JACKET

COPPER FORMER

A Desired test characteristics
A Temperatures: 4 30 K (design target: 20 K) SILVER PLATING
A Current: 20¢ 80 kA (design target: 500 kA) COPPER SADDLE

HTS STACK

SOLDER

COOLING
CHANNEL

A Fields: 0; 10.9 T (design target: 20 T) INDIUM WIRE
A Lorentz cycles (>1000) and temperature cycles (>10)
A AC loss and quench/curregharing testing
A Relevant notes:
A Cable assemblies designed, fabricatethause
A Everything assembled at MIT then shipped to SULTAN
A Instrumentation done at MIT and SULTAN

Substantial effort (and often customization
IS required for SULTAN testing wadlyond
In-house 77 K tests

N—~
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We completed 77 K tests for development, bending, fabrication MIT
before going to SULTAN for high B, low T testing PSFC

REBCO tape level (~cm) Ic tests : 77.3 K, 50.0 A/s [Shot 181215015]

2.5 |
2 |
Predicted Ic Voltage data
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-] % 0 2000 4000 6000 8000 10000
B Curtent A

A Voltage taps at 2m spanning the main cable
measuredcin good agreement with prediction

A Leads showed ntzdegradation and all joints
demonstrated acceptable resistance at 77.3 K

Many users/cables will have
substantial 77 K test experieng
Important for guiding the prize(

high B, low T testing time
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Overview of the four VIPER cable tests at SULTAN (2019)  pere

Four SULTAN tests (2 identical cables per test) were carried out between Feb 2019 and June 2019

The VIPER cables, HTS performance, and assembly were designed for specific test objectives:
A Test AlphaCable + assembly qualification; critical current model validation; moderate IxB tests
A Test BravoVIPER performance under SPABIEvant IxB per HTS stack for loading and cycling

A Test CharlieBravo objectives PLUS axial strain on HTS to replicate magnet operating conditions
A Test DeltaQualification of quench detection techniques; assessment of quench dynamics

HTS channels filled with:

Alpha 1 of 4 w/ lowlcHTS

Bravo 1 of 4 w/ highlcHTS

Charlie 1 of 4 w/ highicHTS; 3 w/ dummy
Delta 4 of 4 w/ with lowlcHTS

. HTScselected to avoid exceeding
— practical limits of 100 kA SC transformer

Users will ideally come with very sharp test objectives that facility must be able to sa|tisfy
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Alpha: Confirmed testing capability, moderate IxB, Ic modeling PSFC

1. Qualified VIPER testing capability at SULTAN
iIncluding mechanical assembly, joints,
cryogenics, instrumentation, facility interfaces o

2. Validated higHidelity cablelc model with high
resolution HTS data, with model predictiltg
within 2%4% across a wide range of Band T

3. Confirmed VIPER performance at moderate lterativelc

HTS Tap&(B,T, ) data SULTAN-Belds

Cable model

operating currents (185 kN/m per stack) solver

Modeling and advanced layout of test prograrin
with SULTAN team optimized tiroe-test

Onthe-fly analysis and redlme guidance of
test program by users at SULTAN was key

|
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Ic Test | 290101 | B=7.0T, T=20.5K
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Bravo: ~4% Ic decrease at 382 kN/m/stack at 1550 cycles pgrc

Following initial checks and DC characterization
(5,10,20,30 K and 0,3,9,10.9 T), IxB cycling

was carried out on the cable pair:

A IxB cycling: 1550 @ 382 kKN/m (10.9T x 35 kA)

Atg2 ANBOISNESE LE.

Oeé Of Sa

A One warmup/cooldown halfway through cycling

Ability to exceed IxB loads under higdelity
conditions provides confidence in risk retireme
GawWSOSNES: LE. 0OeOf Sa |LINR JA

of cable/strand degradation due to movement

Thermal cycles very low due to nuaay
requirements at SULTAN. Faster would be nige!
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Charlie: Novel approach for IXB + strain in straight cables

A SULTAN cable assembly system Wwas clever use of cables\D

designed to impart axial strain to HTSssembly enabled IxB + strainl|i
A Hydraulic jacks attached to outer clamps

Helium lines —F» |

Top terminals —> [} |

Two parallel ,
VIPER cables 3

G10-CR
cable
saddles

8 |SS316
clamps
¥ [0.56 m

Steel jacking
brackets

Hydraulic
Jacks

Invar shims

[3] V Fryet al. SUST35 (2022) 075007.
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I (cable 1)

IxB

Axial strain
(both cables) §

I (cable 2)

A Combination of SS316 (moderate CTE) apd

A Strain gauges through assembly monitored

A HTS strain confirmed through additional

Cable strain [microStrain]

MIT
PSFC

enabled dynamic adjust of strain ptest and facility intensive 3D coil te:

Invar (no CTE) provided fixed additional

axial strain due to cooldown Users on the ground played

critical role in cable
installation as well as in real
time to test program

during preparation and testing

SULTAN instead of a time, co$

n

51

SULTAN Charlie : Initial cooldown strain Charlie Cycles : 5K, 10.9T, 35kA, ~0.5% strain
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Delta: Quench detection and dynamics measurements pl\snll:-lé

Test program primarily focused on quench and AC loss

once DC operating characteristics established [1]

A Note:Important limitation at SULTAN due to SC Erica Salazar working
transformer preventing full quench evolution on Delta assembly at
(improved at SULTAN with 15 kA DC system) SPC facilities at PSI

Cables were instrumented with the following:
A Standard voltage tap€ernoxes

A 2 resistive surface heaters (50 W each) per cable
A 4 fiber optic quench detection systems
A 2 acoustic quench detection systems

Heavy and unique instrumentation suite required
additional and special feedthroughs as well as
complex routing of all signal cables to 300K flanges.

MIT, CFS, CERN, RRI worked very closely with SULTAN
staff for weeks onsite to assemble and install the sample.

SC transformer drops out early in quench evolution (=35 K
maximum temperatures) prevent key learning
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