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(ﬁ) Outline

U=t

0 Introduction on EU DEMO tokamak
0 Quench Experiment on sub-scale HTS samples
0 Design and R&D on Full-scale HTS conductors

0o Conclusions
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@) EU-DEMO tokamak

EU-DEMO reactor is designed for demonstrating net

T
 Minorradius | afm)
Aspectrato | A

production of electricity and operation with a closed fuel
cycle (TBR>1)
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é;}) DEMO CS WP: Hybrid variant

5 modules CS (with a central double one)
Hybrid
Design variant

Total current » The hybrid variant allows the Increase of the magnetic
[MAt] 72.2 flux wrt the ITER-like design of 13%.
» Layer winding with grading on superconductor and
Cond current 46.3 stainless-steel
[kA] '
R, [mm] 1520
R, [mm] 2700 'RE-123 Nb,Sn 9 Nb-Ti }
Max B [T 15.8 ; T T .
7] _ [*]eJe]e]e]e oo o]e]o]e]o]o]o]o]o]o[0]0
Mag flux 2sn|y 218.5 § ojle|o|o|o|jo|o|o(ojojo|afa|ajofo]jofj0(0o]0
[Wb] CSipF 235 - |le|e|o|o|o|ojojofofafojo]a]je]oj0]0f0]0]0
+ —
*.Jo|e|o|(o|oje|ojojo|ojojefojajojofofofo]0
Ohoop [MPA] 295.4 R, = 2700 mm

Need to study HTS conductors suitable for the EU-DEMO central solenoid
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O) Experimental activity on HTS conductors Inlet Temperature = 4.5 K
DEMO

CS target

Peak field =18 T
Operating current = 60 kA

Minimum bending radius = 1.5 m

Experiment to study the quench propagation on sub-scale (15 Assess the performance of full-scale HTS conductors
kA) HTS conductors. with electromagnetic cycles

Motivation: quantify the slow propagation velocity of the hot Motivation: Trying to reduce the degradation of the
spot after a quench (compared to LTS conductors), which may performances with cyclic electromagnetic loads in

require a change in the quench detection approach. full-scale HTS conductors.

Conductors based on stacks of REBCO tapes
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78

é:,r) Quench test: Al slotted core sample

A: 4 stacks x 19 HTS tapes (76 SuperOx Tapes - No APC tapes)

- 6-slot Al-core;
- Straight slots/straight stacks
- double jacket concept (inner Al and outer SS)

SULTAN sample

Stack is not soldered

~._ High-Field region

430 : >
e inlet @ 150, 500 . 200 M 300 9 600 . 2555 (magnetic center)
bottom joint T ;rii:100= T, 5d T.* 150. T 300 Lﬁ T 150, T,* T
- BARRRRR ‘
“ Vv
\ Va v d Vi bdVe i Ve i 12
NVA \\3_b|s a_bis| V's_bis e_t;lu,s Vg Vg Vio He outlet @
Vv, \ Va Ve Ve aa upper terminations

Layout Sample A1: 21 T sensors

« 12 protruding into the cable cross section (Ty, Tz)
(implemented with technology developed by SPC);

« 7 on the steel jacket surface (T,);

« 2 on the joint and upper termination;

@ T,*, Ts"and T,*

8 Valentina Corato| SPAS 2024 - Cracow | October 22, 2024




Performance analysis of the conductor: |_test

[

o
e’

(Run 13) (Run 14) Comparison with simulation (*
20K, 10851 > 20K, 71> 1 GEM i et al., SuST 34, 035016 (2021 ( )
= 8.7 kA = 12.3 kA 20 - De Marzi efal, SuST34, (2021)
10000 T T 4000 T T
L 2
9000+ ® py ® : o | 2000 4 °® ° ® | - ~
8000 1 B ™ ~ ~
7000 ] 0000 [ | — - ~ -
f:?* 6000 - 2000 - i 15 N
= ~
F s000 = Dy ~
E 4000 | 6000 1 g N o ¢ .
S ool ool § 10 L — —lc_simul@ 7T ’\ ~ -
. “px . Q — — lc_simu . =~
200 Uniform transition in HFZ 9 e-emul @ 10867 ~e
1000 = & lcexp@7T
0 | | w u‘ | 1 O € Ic_exp @10.85T
o »;«xx“ﬁ o m»"\ﬂ S v w.!*“'@ o 1@.!*‘"\11 o 3}
B : Yoo : L(*) - 2D FEM T-A formulation
- modified |Kim model for tape I.(T, B, ), assumingy =5
- based on measured tape I(T, B, 6=0°)
Good match between calculated and experimental /; 0 5 10 15 20 25

Temperature (K)

Good SULTAN samples performance predictions
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_,.») QuenCh tEStS @ 10.85 T, 15 kA ( Protruding sensors inHFZ @ T,*, T5", T,* h

[

D

Quench tests:
* direct power supply keeps the current constant
 guenchis induced by heating the He at the inlet
e current is dumped when a T threshold is reached

Series of test T_hot spot = 105 K (T_3X)
T_hot spot — —
(reference T_3X) 150 25
15t 25 K 150 e 125 0 ST M s
i — i I Il ——Heater||
2nd > 72 K _ ! ¥
3rd > 105 K [ | —TA1_1X A 1 20 1
4th S 135 K i ri : : E ] — :_: : : I
5th > 135K | €100 | TA1_3X X ] | @ T TALSY T ! S
6th > 125K | £ [ |- TA1_4X ! | 1 e 5 || TA13Y_2 ! | L i
7th > 200 K g ! i X § % ————— TA1_4Y_1 i | | ! %
= N e TA1_6X X ' & g | - TA1AY 2] ) X Q
2 50 1y I P = 50 : I I =
I Iy < ¥ : : S
| 1 | 1 | |
. I I ' '
Degradation _ X ¥ X X
I 1)
AfterThs>200K 0 -|||||||||||i|l|:|;T|||IIl:l:fllllllllll_ 0 0 ....I....I....|.I.!.|....|.I.|. .§|....|...._ 0
3200 3250 3300 3350 3400 3450 3500 3550 3600 3200 3250 3300 3350 3400 3450 3500 3550 3600
Time (s) Time (s)
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/?ﬂ“f} Quench tests — degradation after T, ; ,.,.= 200 K

U=t
Final check with repetition of /|, @ 15K, 10.85T Appreciable degradation recognized by 10 % I,
3 reduction (1.2 kA)
I-V curves in HFZ 20
251V probes on SS jacket -
2F o ~
.
_ End of QE tests (after T, .>200K) g 15 ~ .
5 1s) = ~
> = U~ -
= c ~
%/ ] PO T N S | g AN d ’.
5 3 19 | ——csmuarn S~
© = = lc_simul @ 10.85T ™ -
0.5 S) & cexp@TT é} o
Z*E @ Ic exp @10.85T
A Tcs exp@7T, 15 kA
0 © € Icexp p@10.85T after QE t
5
o5l after T, .>200K
20I00 40'00 60'00 80'00 1 O(I)OO 1 2(')00
Current (A) |
: oL . ..
I.= 8.9 kA - 10% reduction between 0 5 10 15 20 25
test before and after QE tests Temperature (K)
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Reference
(twisted)

Non-twisted

Solder-filled

(Bis;Sn,,A8,
solder)

Aluminum
Slotted Core

Cu

Cu

Cu

Al

Stabilizer

cross section
(mm?)

150

150

150

180

+12 (Cuin the

tape)
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Jstabilizer

(A/mm?)

100

100

100

83

15

15

15

15

Steel cross
section
(mm?)

715

715

652

81

Design and
manufacture

SPC

SPC

SPC

ENEA

N. Bykovskiy, SUST 36
(2023) 034002

O. Dicuonzo 2022 PhD
Thesis
(http://infoscience.epfl.ch
/record/293510)




D

) Quench Experiment: Normal Zone Propagation Velocity

[

Mark time at which E>E,, .00 KNOWING |
distance L between taps = Normal Zone ' A

] ) . &% Reference
Propagation Velocity (NZPV) = L/(t,-t,) WS (twisted)
3 .
[ m(®  Not-twisted
e &
— 2T :
5., ool Solder-filled
z 0
w1

o
o

Slotted-core

o

0 20 40 60
NZPV [mm/s]

t, t, ot
Ewesiw="1 mV/cm: high enough to exclude sensors noise. At 1 mV/cm lc~100 A (at about 70 K) -> all current is flowing in Cu
A. Zappatore, Cryogenics 132 (2023) 103695
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7 -
(_)) Temperature Evolution
=

=) Ref(.erence ,f\?\ Solder-filled Al Slotted-core
_(m / (twisted) (@)

175 -
Tjacket jacket

— Tjacket

i _THe

150 1

R THe — THe Thotspot
Tstack

125+ — Thotspot T Thotspot

T [K]
o
<

100 105 110 115 120 125 0 20 40 60 80 100 05 810 815 820 825 830 835
Time [s] Time [s] Time [s]

O In reference conductor: largest temperature differences in the cross-section

Q In solder-filled: smaller temperature differences, slowest temperature rise

O In Al slotted core: faster evolution, smaller temperature differences. Measured T, very close to T, .., that is

reconstructed from voltage: T
pe,stabilizer( hotspot)

AVq — L . ItOt

Astabilizer
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X\ .
{(C)) Quench Experiments: comments
=

- In ENEA conductor the sample degraded after T, =200 K was reached, likely
because of thermal gradients.

- ENEA conductor and solder-filled conductor guarantee a better thermal contact
among their sub-elements = AT__ ~ 35-40 K in the cross-section;
in reference and not-twisted conductors, point-contact between copper profile

and jacket leads to AT, _, >100 K in the cross-section.

- NZPV in range 10-50 mm/s, i.e., 1-2 orders of magnitude smaller than in LTS (ITER
conductors)

- Smaller NZPV in solder filled due to larger heat capacity wrt the other conductors.
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/’-“‘\ )
@) ASTRA conductor prototype layout L

SWISS PLASMA
CENTER

Aligned Stacks Transposed in Roebel Arrangement (ASTRA)

Stack of REBCO Non-
twisted soldered tapes \

Cooling channel

\

Cu profile —
Current

®—
‘ Field

Force

* 3.3 mm SST tapes, 21-tape soldered stacks

50 mm

v

A

e 6 transposed strands (L~0.75 m) — reduce AC losses

e Aqueous DMSO (Dimethyl Sulfoxide) impregnation
(for mechanical support)

‘ggaaaagi
[

<~ hemmy il hv@ R S
o t&&{{&“’ .&2&&1

* Tight cooling channel — conduction cooling

«—26mMmm —»

* Operation in parallel background magnetic field —
reduce # tapes

Forced flow He Impregnation
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ASTRA Conductor prototype: test results

ASTRA LN2 test

F=N

After the 2nd
SULTAN test

%

[\

Electric field, pV/em

o

SULTAN test

MSO 25 %
— — — | Before SULTAN|

6 7 8

SWISS PLASMA
CENTER

B=9 T

W Vv
% ~2=0 7 60 70 80

Operating current, kA

2 SULTAN test N0

Initial DC performance in-line with expectations both from LN2 bath and
SULTAN testing.

Strong performance reduction by EM load (at 9 T, 63 kA ~570 kN/m) and
thermal stresses by frozen aqueous DMSO due to its thermal expansion

Voids and pores in soldered stack might be the root cause, thus strand
manufacturing is being revised trying either to improve soldering or
avoid using it (using BRAST strands).



@) SECAS conductor development
=

BRAided STAcks (BRAST) of REBCO
tapes

BRAST Features

Flexible
Compact
Easy to handle

ENEN

High-current / high- field SECtor ASsembled (SECAS)

CICC

Multi-Stage Cable Processing
Steel Jacket

Sector-shaped
profile (Stabilizer)

Steel wrapping

Steel Spiral .
(Pressure Relief Channel) BRASTs

Non-monolithic structure of the stabilizer 2
limited AC losses?
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BRAST mechanical assessment: twisting and compaction ENEN

Core: Cu tube, dia. 38 mm, with
machined spiral slot (Twist Pitch 1.2 m)
HTS strand: BRAST 10 tapes (SuperOx
Jp, 12 mm x 0.08 um), Braid: 144 Cu
wires, dia. 0.15 mm

Jacket: Circle-in-square SS tube (PF ITER
cable), 54 x 54 mm, compacted with a 4
rolls mill @CRIOTEC Impianti (Italy)

GRS

/s

BRAST#3
Cross-section

BRASTH3
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@)

SECAS sub-cable: electric performances

e

. . .. Sample TEST in LN2 @ the
In line with calculated cable critical current by ENEA 20KA

FEM model

De Marzi, et al., SuST 34 (2021)

4
\

510* -
- -®- - Stack (V/ £
——.—-Ebr:i(zi (&//nzn)) @LNZ/ SE/ff/e/d
y - -®--E Cufiller (V/m)
410" |
E
2 310* |
O
@
e
[&)
S 210" | I.=3.2kA,n=15
[&)
5}
L
| E=1uV/em
0 L l 1 | 1 | L l 1 | 1 | L |
500 1000 1500 2000 2500 3000 3500 4000
Current (A)
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@) BRAST#3 Tests on BENT Conductor

BRAST#3 has been BENT to R = 1.5 m (as required for the EU-DEMO CS coil winding)

BRAST #3 bending to target R=1.5m BRAST #3 in BENT configuration
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) BRAST#3: Test on BENT Conductor

N

V_BRAID

(5%) reduction in I_

V_STACK

1.2%10™ -

El. Field (V/im)

1.0 —

0.8

0.6 —

0.4 —

0.2 —

BRAST#3_STRAIGHT: E Between Terminations
o BRAST#3_STRAIGHT: E_STACK

& BRAST#3_BENT: E_STACK

— COMSOL Simulation

BRAST#3_BENT
E_STACK

f FE Model

I I
2500 3000
Sample Current (A)
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/f(’*\\\ .
%%:_“5; Conclusions Quench Experiment

1) The performance of ENEA Al-slotted core sample is in agreement with predictions and is stable.

BUT I, degradation by 10 % @ 10.85 T, 15 K occurred after the sample reached T, ; ¢,0t > 200K

2) Despite the different configurations the NZPV is in range 10-50 mm/s, i.e., 1-2 orders of

magnitude smaller than in LTS (ITER conductors)

Full-scale conductor characterization

d All HTS conductor prototypes have initial performances in line with expectations
(J ASTRA conductor: degradation of the performances due to voids and pores in soldered stacks
L SECAS conductor: full-size design is complete, the manufacture is in progress. SULTAN test in 2025.

The subsize sample performances are as expected. Under bending, a limited (5%) reduction in |_is

observed.
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A special thank to the WPMAG team members that worked on the topics shown in this presentation: H.
Bajas, R. Bonifetto, P. Bruzzone, N. Bykovskiy, G. Celentano, G. De Marzi, A. Masi, L. Muzzi, M. Ortino, K.
Sedlak, I. Tiseanu, D. Uglietti, A. Zappatore
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\=*" DC performance test: T, measurement - 400(HF2)
T,* T,* T.* T,* T,
T.. measurement @ 7 T, 15 KA He flow = —— ¥ ' a——: | ; | ; :
” -IAIZVUJMZ\Q | | | | - vl vz V3_bis v‘l_biSvE_bi vE_bi vﬂ_bis VB
Al: V2/A1: V3
@ Al: V3I/AL: V4 | v, Va Vg Ve v,
Al: V4/A1: V5 [
@ Al: V5/AL: V6 r
2 I|-® Al: VE/AL: VT ' . y .
FALVIALV T . estimate by fitting the curve with E=E,+ E (T/T )™
Al: VI0/AL: V11
’é\ - Al: VII/A1: V3S
RS 1.5 F|— -Ec 18 ; Py py
E 16 ? . ’ ?
u
= ~ 14t
T S :
212-
g0 Tcs = 16.1 K (HF2)
055 2 gl
= g
b b Y = 4
e 6r
1 gl

I..I.au-g.. - - L

8 10 12 14 16
Helium Inlet Temperature (K)

b
T

0
. . . . 'L %> M 5 6 1 9 Q N S \3
E, consistent with contribution from current qm},qi\%}q‘;\»;%q}; P,:X::‘Lq“\\% e

fraction into the normal (AI/SS) component & ™ N NN R T
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D

) Quench tests — degradation

\=
Increasing hotspot temperatures > E-T curves shift after first QE with T, ;... = 45 K
evolution of the E-T curves in HFZ After QE @T, ;o = 205 K = larger shift
5 -
After H — m i
45 | HorSpo All curves have same T-dependence (*) S;:l';rET‘CSEOr;_iE;gZ(T“) provide
e appear translated to larger E-field offset '
s :ggg Increase in conductor and bottom joint
| =m0k resistances with QE (T _hot spot) Increase in bottom joint R
g il 0.06 . .
g’ o ° could determine a different
25 - @ Conductor o ¢ fraction of current on Al/SS
ﬁ 5L e 0% stabilizer = inducing larger E-
o S . field offset in E-T
. § 0.04 Lo @ measurements
1r g - o @
0.5 15kA,10.85T sl Effect on T, @ 15 KA,
0 | . | | | . . © @10.85T 10.85 T not detectable
7 7.5 8 8.5 9 9.5 10 10.5 i o -
Temperature (K) N S I B D B (possibly masked by this
0 50 100 150 200 250

Hot spot temperature (K)

increase in E-field offset)
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% \\._x"-
V_BRAID
V_STACK
1.2x10°
1.0 -
— V_1__V_Stack
—— V_5__V_Termination-Termination
—~ 08- — V_11__V_Stack-Termination_A
= : — V_12__V_Termination-Stack_B
@ — V_16__V_Core
g 06
S
0.4 -
0.2 4
0.0 AL 41\__/\_,_.4\/

28

T T | T
500 1000 1500 2000 2500
Current (A)
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300 -
=
(]
&
£ 200-
S

100 —

RAST#3: First tests on BENT Conductor

After subtraction of resistive slopes

Stack

__V_
__V_Termination-Termination
1__V_Stack-Termination_A

1
12__V_Termination-Stack_B
16

1000

T T T T T T | |
1200 1400 1600 1800 2000 2200 2400 2600

Current (A)

Transition occurs at
20% lower current than
in Straight sample

BUT transition occurs
at termination B

Evident Current
transfer phenomena
between tape stack and
the other components
in the cross-section.




—

2 ..
@) Re-assembly of BRAST#3 termination

- Termination (partially) dismantled and re-assembled;

Spﬁtco”

- A split coil (B,,,, = 100 mT) added, in the attempt to «force» the

\ ——
transition to occur at the center. \ ()

T

Cu block
(termination)

l Pressure contact

|

HTS staggered tapes

Cable Cu core

29 Valentina Corato| SPAS 2024 - Cracow | October 22, 2024



/

) BRAST#3: Final tests on BENT Conductor

ﬁ\\.._/,.
- » Transition shifts to higher current values.
LOX =]
—e- V_STACK_Self Field » Transition occurs most likely at the center.
—o— V_STACK_ 90 mT
» Transition measured over terminations is very similar to

s . V_TERM_Self Field_First Test
the one measured over the stack.

0.6
1.2x10™ =

Voltage (V)

s From 15t to successive tests
a (3 WUCD, 20 tests)

1.0 —
BRAST#3_STRAIGHT: E Between Terminations

&
a
g
o BRAST#3_STRAIGHT: E_STACK 2
&
0.8 - & BRAST#3_BENT. E_STACK f
&
.

El. Field (Vim)

FE Model

— COMSOL Simulation ﬁ
0.6 —

E_STACK

1500 2000 2500
Current( A)

(5%) reduction in I_

2500 3000 3500

1500 2000
Sample Current (A)
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