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Introduction

HTS fusion cable concept at SPC:
 Strand - stack of HTS tapes twisted and soldered between copper profiles:

 Cable - copper cored Rutherford design:

e EDIPO sample — 60kA/12 T cable prototypes:
2 cables made of SuperPower & SuperOx tapes
20 strands per cable twisted at 1 m
16 tapes per strand twisted at 320 mm @

Bykovsky, EPFL-SPC
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Work motivation

v Feasibility of the proposed HTS strand and cable designs for fusion magnets
was experimentally demonstrated with the DC tests performed in EDIPO

* Improvement of the mechanical properties of the strand against the transverse
Lorentz force is the ongoing task ...

* ACloss mechanisms of the proposed cable design:
@ Hysteresis loss in the stacked tapes
® Inter-tape coupling current loss
@ Inter-strand coupling current loss (dominant one in the prototypes)
@ Eddy current loss

W Study of the magnetization loss in the stacked tapes is the scope of this work:
influence of the number of tapes in the stack?
...width of the tapes?
...orientation of the applied magnetic field?
...manufacturer of the HTS tape?

Magnetization loss for stacks of ReBCO tapes
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Description of the model

F————— Parameters Lo Sketch of the geometry ————
n; number of tapes GO reroro e oo
w  width of the tape i %

d  thickness of the SClayer (1 um) LT - T[T -T-T-T-Jt
D distance between the layers :

i=1 2 Ny

. n
- J i
E=E, ( ) - power law relation > 2D geometry with the uniform grid

Je(B,0)
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Description of the model

————— Parameters

n; number of tapes

w  width of the tape

d  thickness of the SClayer (1 um)
D distance between the layers

. n

J .

E=E_.|- — power law relation
‘ (;C(B.e)) P

I Sketch of the geometry ————

(x;,5) %u

AN N Y A R R R R R

i=1 2 Ny

W 2D geometry with the uniform grid

| Functional (A — ¢ formulation) |

$Cii AL AL

N Z 12
L(AD = I=
b Y

+AAg Al E Iy,
+

n+1
|I+AH)
12

n+1 I

* Minimization of L is equivalent to solving the Maxwell equations

* C;;j —matrix of mutual inductances (expressed analytically)
A, —vector potential of the applied magnetic field

* Transport current is implemented as a constraint for A (311
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Procedure of the calculation

I(t=0)=0 }

l

—| AB(t+AD), ALy (t+At)

[

[ )
l

{ L minimization J

[ )

[

- I -
< <
s B=B,+BqU+AD |8
L ] ]

!

[ done!

I(t+AD = (D) +AI ]
]

Conclusion
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Procedure of the calculation

Conclusion

I(t=0)=0

l

AB (t+AD), ALy (t+At)

l

[ L minimization

* Magnetic moment per unit length:

m(t)=-mz(0) = Y x I (1)
k=1

¢ Instantaneous power loss:

= i & al Ec n+1
4 v P=Y ExWh@®=Y ITII k(D]

L | B=B.+BgU+AD k=1 k=1"p;

I

I
( Ic(B)

I
% I(t+A8) = I(1) + Al
I

[ done!

* Hysteresis loss:

Q:fp(r)dt

* Magnetization loss:
Q= f mcosf,dBg;

— - -/ -/ - -/
adjust AT
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Benchmarking

Iy 20

—— Brandt’s solution
\ - Numerical model

ilje
S

Magnetic field B;, mT
[=)

|
—
(=}

X, mm Time ¢, s

e Parameters: n; =1, w =4mm, N, = 100, n = 1000, j.(B,0) = 40kA/mm?

Magnetization loss for f ReBCO tapes
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Benchmarking

Iy 20

—— Brandt’s solution
\ - Numerical model

ilje
S

|
Magnetic field B;, mT
[=)

|
—_
(=)

Time t, s

e Parameters: n; =1, w =4mm, N, = 100, n = 1000, j.(B,0) = 40kA/mm?

* Verification of the n-value in the model was done by considering a
saturated state of the tape (expressed analytically)
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Benchmarking

Iy 20

—— Brandt’s solution
\ - Numerical model

ilje
S

|
Magnetic field B;, mT
[=)

|
—
(=}

Time t, s

e Parameters: n; =1, w =4mm, N, = 100, n = 1000, j.(B,0) = 40kA/mm?

* Verification of the n-value in the model was done by considering a
saturated state of the tape (expressed analytically)

v/ Numerical model is validated ‘ 5/@

Magnetization loss for stacks of ReBCO tapes




Magnetization loss Conclusion

Experimental resuls
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Stack of tapes in the critical state model

* Brandt’s solution (n; = 1):
) 0jcd
Qbrandt = WjcBeqn (Ba/BC)’ Bc = Fole?

q1(x) = 2In(coshx) — xtanh x

Magnetization loss for stacks of ReBCO tapes
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Stack of tapes in the critical state model

* Brandt’s solution (n; = 1):

. 0Jjcd
Qbrandt = WjcBcq1 (Ba/BC)’ Bc = Fole?

q1(x) = 2In(coshx) — xtanh x

* Mawatari’s solution (7; = 00):
Qmawatari = WjcBcqoo (Ba/BCrZD/wa)
X inh?(1/
oo (X, @) :azf (x—-28)In|1+ w dé
0 cosh“ ¢
D> w: goo(x,a> 1) = q1(x)
a2x3/3, xs<l/a

D—d: x,axkl)= (x,a) =
= i {x—zl(&z), x>1/a
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Stack of tapes in the critical state model

* Brandt’s solution (12; = 1): I R R —
. Hojcd 09H —n,=2
Qbrandt = WjcBedn (Ba/Bc), Be="—— o
m 08/ __ g

¢1(x) =2In(cosh x) — xtanh x 07| —ni=16 |
ny =28

0.6

* Mawatari’s solution (7; = co): 0.5

Qmawatari = WjcBcqoo (Ba/BCr 2D/7Tw) 0.4

Normalized magnetization loss

X G 0.3 L
2 sinh“(1/a) i
Jo(x,a) = a f x-28)In|1+ ———|d¢ Mawatari:
0 cosh? ¢ 2 ni=oco ||
D> w: goo(x,a>1) = q1(x) 0.1 Ll
Dod ( 1 x.a) a2x3/3, x<lla 0 ‘
—d: xa<l)= X,a) = ————rT ——
floo i x-2/3Ba), x>1/a 10° 10! 102

Bu/B.
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Stack of tapes in the critical state model

* Brandt’s solution (12; = 1): I R R —
. Hojcd 09H —n,=2
Qbrandt = WjcBedn (Ba/Bc), Be="—— o
m 08/ __ g

¢1(x) =2In(cosh x) — xtanh x 07| —ni=16 |
ny =28

06
* Mawatari’s solution (7; = co): 0.5
Qmawatari = WjcBcqoo (Ba/BCrZD/T[w)
inh%(1/
sinl (2 a) de
cosh“ ¢

0.4

0.3

Normalized magnetization loss

X
Joo(x, @) = azf (x—zf)ln(l +
0

D> w: goo(x,a>1) = q1(x)

a2x3/3, x<lla
D — d: goo(x,a < 1) = gglap (%, a) =

x—-2/Ba), x>1la

ng-tape stack one can consider as the stack with infinite number of tapes
but with some effective distance between the tapes Degs(71):

Qn, = WjcBeqn, (Ba/Be,2DInw)

- . 0.344010
X,0) = oo | X, 0+ ————
n q nz;_44a+0.65 -1 \\6/9
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Stack of tapes in the critical state model

* Brandt’s solution (n; = 1): 1 —‘nt:‘l T e
i ”Ojcd 0.9 |—n,=2 _."'
Qbrandt = WjcBcq1 (Ba/Bc)y Bc= Y " n; —4 41
g 0'87—n,:8 /'
q1(x) = 2In(coshx) — xtanh x g 07 n =16 |
% 0.6 i
* Mawatari’s solution (7; = co): & o5 |
" g
Qmawatari = WjcBc oo (Ba/BCr ZD/TFW) g 04 o
X T = 0.3 Ll
2 sinh“(1/a) g
Joo(x,a0) = a f (x-28In{1+ ———|[d¢ £
© 0 cosh?¢ Z 0.2 u
D> w: goo(x,a>1) = q1(x) 0.1 Ll
D ds ooty a < 1 = qaptx, =4 /2 X114 0 EEE— : |
—a: X,a = X,a) = T I —— I T B
foe fstab x—2/Ba), x>1/a 10° 10" 10?

Bu/B.

ng-tape stack one can consider as the stack with infinite number of tapes
but with some effective distance between the tapes Degs(71):

Qn, = WjcBeqn, (Ba/Be,2DInw)

- . 0.344010
X,0) = oo | X, 0+ ————
i q nz;_44a+0.65 -1 \\6/9
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Samples for the VSM measurements

Fabrication of the samples

HTS tape I, A n-value
SuperPower4mm 155+2 33
SuperPower 3mm  70+1 29
SuperOx 4 mm 164+1 34

» Tapes were measured at 77 K/self-field before the stacks fabrication
* Soldering device ensures correct tapes stacking in the cross-section
* Edges of the stacks were cut by the electro-erosion process @

Magnetization loss for stacks of ReBCO tapes
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Cross-section of the SuperPower stacks

¢ Top row: 4 mm wide, 100 um thick tapes
Bottom row: 3 mm wide, 60 um thick tapes

* 3mm wide stacks have slightly distorted geometry (parabolic shape)

* Thickness of the solder between tapes is negligible,
i.e. D =100pm/60um for the modelling 89

Magnetization loss for stacks of ReBCO tapes



Test program

HTS tape Number Orientation of - VSM system at ENEA
of tapes, n; the sample, 6,

SuperPower
width 4 mm 1 0°
length 4 mm
SuperPower L 00 b 450
width 4 mm g 0°/45
length 5mm 13 0°/45°/ 90°

g 28 0° / 45°
SuperPower 1 o
width 4 mm 16 s
length 10 mm
SuperPower ! 00

3 8 0

width 3 mm o
length 5 mm 13 v

g 28 0°
SuperOx 1 o
width 4 mm 16 0
length 5 mm

Magnetization lo:
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* Finite length effect of the samples
* Geometry aspects on the magnetization behaviour (different w, D)
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HTS tape Number Orientation of - VSM system at ENEA
of tapes, n; the sample, 6,

SuperPower
width 4 mm 1 0°
length 4 mm
SuperPower L 00 b 450
width 4 mm g 0°/45
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g 28 0° / 45°
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width 4 mm 16 s
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length 5mm 13 v
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* Finite length effect of the samples
* Geometry aspects on the magnetization behaviour (different w, D)
¢ Shielding effect for the different number of tapes in the stack n;
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Test program

Number Orientation of - VSM system at ENEA —
HTS tape
of tapes, n; the sample, 6,

SuperPower
width 4 mm 1 0°
length 4 mm
SuperPower I 00 b 450
width 4 mm g D
length 5 mm 16 0°/45°/90°

g 28 0°/ 45°
SuperPower 1 0°
width 4 mm 16 0°
length 10 mm
SuperPower ! 00
width 3mm 8 0
length 5mm 16 00

28 0

SuperOx 1 0°
width 4 mm 16 0°
length 5 mm

* Finite length effect of the samples
* Geometry aspects on the magnetization behaviour (different w, D)
¢ Shielding effect for the different number of tapes in the stack n;

* Effect of the orientation of the magnetic field 6,
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Test program

Number Orientation of - VSM system at ENEA —
HTS tape
of tapes, n; the sample, 6,

SuperPower
width 4 mm 1 0°
length 4 mm
SuperPower I 00 b 450
width 4 mm g D
length 5 mm 16 0°/45°/90°

g 28 0°/ 45°
SuperPower 1 0°
width 4 mm 16 0°
length 10 mm
SuperPower ! 00
width 3mm 8 0
length 5mm 16 00

28 0

SuperOx 1 0°
width 4 mm 16 0°
length 5 mm

* Finite length effect of the samples
* Geometry aspects on the magnetization behaviour (different w, D)
¢ Shielding effect for the different number of tapes in the stack n;

* Effect of the orientation of the magnetic field 6,
® Magnetization loss from the area of minor magnetization loops

Magne
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Magnetization loops

+————— Finite length effect ———
SuperPower at 77K

T T
— l=4mm
—— [ =5mm

/=10mm

—0.05 |- o

Moment per unit length m, A‘m

=0.1 o

| | |
-1 —0.5 0 0.5 1

Magnetic field B,, T

Saturated state of the finite length tape:

. 1
Msat 1 ( w) Bw fn 2n
=—Jw|l-—||—
1 4 31)\ 2E; 2n+1

* Moment is corrected by (1 — w/31)

* B-effect due to finite n-value

Magnetization loss for

Conclusion
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Magnetization loss

Magnetization loops
+—————— Finite length effect I Major & minor loops ———
SuperPower at 77K SuperOx at 77K
T T T T
— l=4mm —— major loop
z 0.1 —J=5mm . —— minor loop [
< [=10mm < VSM - solid
g g model - dashed |
£ =
=) oo
E E 0f ! i
) 5 I
5 5 //‘/
o (=%
£ —0.05| o £ -0.05 —\ o
o o 1
£ £
=} =}
= =
—0.1} g —0.1 \f g
Il Il Il ? Il Il Il Il Il
-1 -0.5 0 0.5 1 -1 0 1 2 8] 4 5 6

Magnetic field B,, T

Magnetic field B,, T
0—6—--1—-1-0Tat77K
0—12—-2—-2—-0Tat5K

2 —25—15-25-2Tat77K
10—11— 9 —11—10Tat5K

o)

Saturated state of the finite length tape:

. 1
Msat 1 ( w) Bw fn 2n
=—Jw|l-—||—
1 4 31)\ 2E; 2n+1

* Moment is corrected by (1 — w/31)

* major loops:

* minor loops:

¢ good agreement with the modelling,

* B-effect due to finite n-value if jc(B,0) is well defined
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Shielding effect of the stacked tapes

T T T
1 .
‘ SuperPower 4 mm width tapes ‘
g 0.5 N
< = —————
s 0
S - —
5]
g -0.5 3
3
D-q v,
5 _1 | | | | | i
E’J i T T T T T ]
% SuperPower 3 mm width tapes
&
- 05 i
<)
o
=
) 0
5
> n=1
-0.5 E —_— = 8 —
n;=16
-1 —_— ;=28
| | | | | T

-2 0 2 4 6 8 10 12
Magnetic field B,, T
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Shielding effect of the stacked tapes

T T T
1 —
‘ SuperPower 4 mm width tapes ‘

g 0.5 a

< - ———
£ 0 * Tapes were not damaged

§ — | during the stacks fabrication

g -05 -|  (curves overlap in the

g 7 high-field zone)
E =1 | | | | | i

E’J i T T T T T ]
% SuperPower 3 mm width tapes ‘
g

- 05 i

<)

o

=

Q 0

5
> n=1

-0.5 = — ;=8
n;=16
-1 —_— ;=28
| | | | | T

-2 0 2 4 6 8 10 12
Magnetic field B,, T
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Shielding effect of the stacked tapes

1 —
‘ SuperPower 4 mm width tapes ‘

0.5 a

0 ¢ Tapes were not damaged

— | during the stacks fabrication
-0.5 -|  (curves overlap in the
7 high-field zone)

-1 -

—

=
3

T T T T T 7 * 'Smoothing’ of the curves is
SuperPower 3 mm width tapes ‘ due to the self-field effect
0

Moment per unit length per tape m/n;, A-m

—n;=1

-0.5 E —n;=8
n;=16

-1 —n; =28

-2 0 2 4 6 8 10 12
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Shielding effect of the stacked tapes

=
3

| ® Tapes of different widths
have comparable I, field
dependence

1 ]
‘ SuperPower 4 mm width tapes ‘

g 0.5 n

< - ——

£ 0 * Tapes were not damaged

E —1 during the stacks fabrication

S -05 -|  (curves overlap in the

5 v high-field zone)

o 1 |

< I | | | | P @D .

& ) * ’Smoothing’ of the curves is

= due to the self-field effect

E

g

o

=

5]

=

=]

=

-0.5
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Moment per unit length, A‘m

Orientation of the magnetic field

SuperPower single tape at 5K VSM sample holder

T T T
—0,=0°: By, m;
= 0,=145": By, m,
0,=45°:B,, m

0.5

-0.5

vibration

| |
-2 -15 -1 -0.5 0 0.5 1 1.5 2
Magnetic field, T

* Magnetization of the tapes corres_gond mainly to B | component,
with a slightly reduced j. due to B component
(i) One should take into account the torque acting on the sample
T = x ﬁa in the measurements (possible mechanical issue) @

Magnetization loss for
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VSM vs modelling

T=5K B;,=10£1T T=77K,B;=2.0£05T
1.2 T T T T T T T T
-7 ".7"’ "o -
103 e A
/ .
0.8 Model ©}
(@]

o
=

o
'
T
(@]
|
|

- @ SuperPower 4 mm, 0°
© SuperPower 4 mm, 45°
[| - @ SuperPower 3 mm, 0°
A SuperOx 4 mm, 0°

0 I I I I I I Q I I I I I I

1 4 8 12 16 20 24 28 1 4 8 12 16 20 24 28
Number of tapes 7, Number of tapes 7,

o
(S
T
o
|

Normalized magnetization loss per tape
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VSM vs modelling

T=5K B;,=10£1T T=77K,B;=2.0£05T
1.2 T T T T T T T T

=S "¢ S dbe
—mr / ﬁ — 7”—\
©)

Model

(@)

04 © 4+ . .
- @ SuperPower 4 mm, 0

© SuperPower 4 mm, 45°
[| - @ SuperPower 3 mm, 0°
A SuperOx 4 mm, 0°

0 I I I I I I Q I I I I I I

1 4 8 12 16 20 24 28 1 4 8 12 16 20 24 28
Number of tapes 7, Number of tapes 7,

0.2 o -

Normalized magnetization loss per tape

* Numerical and experimental results are in good agreement, but I, angular
dependence used in the model for the SP tapes is not well representative.

Magne
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VSM vs modelling

T=5K B;,=10£1T T=77K,B;=2.0£05T
1.2 T T T T T T T T

=S "¢ S dbe
—mr / ﬁ — 7”—\
©)

Model

(@)

04 © 4+ . .
- @ SuperPower 4 mm, 0

© SuperPower 4 mm, 45°
[| - @ SuperPower 3 mm, 0°
A SuperOx 4 mm, 0°

0 I I I I I I Q I I I I I I

1 4 8 12 16 20 24 28 1 4 8 12 16 20 24 28
Number of tapes 7, Number of tapes 7,

0.2 o -

Normalized magnetization loss per tape

* Numerical and experimental results are in good agreement, but I, angular
dependence used in the model for the SP tapes is not well representative.
* 3 mm wide stacks have stronger demagnetization effect (ratio D/ w is smaller)
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VSM vs modelling

T=5K B;,=10£1T T=77K,B;=2.0£05T
1.2 T T T T T T T T

——m / é —
(©)

Model

(@)

04 © 4+ . .
- @ SuperPower 4 mm, 0

© SuperPower 4 mm, 45°
[| - @ SuperPower 3 mm, 0°
A SuperOx 4 mm, 0°

0 I I I I I I Q I I I I I I

1 4 8 12 16 20 24 28 1 4 8 12 16 20 24 28
Number of tapes 7, Number of tapes 7,

0.2 o -

Normalized magnetization loss per tape

* Numerical and experimental results are in good agreement, but I, angular
dependence used in the model for the SP tapes is not well representative.

* 3mm wide stacks have stronger demagnetization effect (ratio D/ w is smaller)

* Presumably, less regular results at 77 K is due to small absolute values of the loss
(~30 times smaller than the values at 5 K)

Magne



Magnetization loss

Comparison with the EDIPO test results

Magnetization loss per strand Q [J/(m-cycle)]
for Bgc =2T and B, =0.3T at5K:

SP SO
HTS cables in the EDIPO test 0.2-0.5
Numerical model 0.21 0.22
Analytical approach 0.20 0.18

* Frequency range of the applied AC field in the EDIPO testis = 0.1 —2Hz.
Magnetization loss was extracted by the data extrapolation to 0 Hz.

» Twisting of the strand has been considered by varying 6, in the calculation

* Conclusions from the VSM study of the field’s orientation effect on the
magnetization loss were used in the analytical approach

Magnetization loss for stacks of ReBCO tapes Nikolay Bykovsky, EPFL-SPC
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Introduction

* Using the numerical modelling, analytical approach for the magnetiza-
tion loss of the stack with arbitrary number of tapes is proposed.

Various effects of the stack on its magnetization behavior have been
figured out using the VSM measurements.

* Developed numerical tools are well agreed with the different exper-
imental results and will be used further for assessment of the stack
magnetization.

Next modelling tasks — to validate the transport current term and to
improve the optimization algorithms.
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