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Outline and motivations

» Superconductor is a nonlinear magnetic material.

» Its magnetization also decays with time.
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Animesh Jain, BNL

« LHC Nb-Ti dipole wire, Dy;=6-7 pm.

* High-Lumi LHC Nb3;Sn wire, D 4~50 um.
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« Large screen currents affect both field quality and

the ability of REBCO magnets to survive high

fields.

— Results of FEM models of KEK REBCO coils in a
BNL Nb;Sn magnet

* Experience with quenching REBCO tapes

Screening Currents: Tape Conductors |\/

Naoyuki Amemiya & Ken Akachi, SuST (2008) 095001.

Scr

fiel Rippling of the edge of used tapes was observed.

After Mark Bird, MT26 plenary | L8

« J,=transport current in 8 direction. It creates

B,. At top of magnet B, is positive.

During charging of the magnet, B, creates

screening currents, J,, in the tape.

The Screening Current changes the field
distribution.

Screening Currents: Strain

In the 1970s & 1980s, IGC built Nb,Sn tape

' magnets.

tap In 2018 Jing Xia, et al., showed that if a coil was § 8004

designed for uniform stress due to transport
current only, actual stress including screening
currents might be 2.4x higher.

Low screening currents at mid-plane due
to low radial field.
High radial field at end of coil limits Jc.
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SCIF (screen current induced field) in a hybrid magnet — overall design

REBCO (flat racetrack) coils

BNL Nb;Sn magnet: SEEY NbgSncoils 4
FETTEE . : IHHHHH L
Horizontal aperture mm 31 j s "
w2 - hume |
- B ext
Central field T 8.7 H- 5.000000€ 400 102
Nominal current A 8000 | l
Nominal current density A/mm?2 425 [E——
KEK HTS coills: I
= |
Number of HTS tape - 20 T ext & %
HTS Tape width mm 4 ! HTS Colil Fabrication .
Thickness of HTS layer um 2.2 OO0 Winding : Three coil with Coated ReBCO tape (wet winding)
Thickness of HTS tape um 310 » The actual conductor thickness: 0.31 mm ";‘:f;’;ﬁjiig for tiouble
(EuBCO: 0.16, coating layer: 0.05, adhesive layer: 0.1)
Current of HTS coil A 500 » The number of turns: 20 turns
Center field T 0.8

US Japan HEP collaboration on high temperature superconducting
magnets for accelerator facilities

Tengming Shen (US PI), LBNL; Toru Ogitsu (Japan PI), KEK
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HTS coil construction led by Masami lio, Mukesh DHAKARWAL from
KEK and tests led by Febin Kurian, Piyush Joshi from BNL.
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Modelling the Magnetization in HTS Tapes with FEM tool
(COMSOL)

Boundary condition:

T-A formulation: > - = = =
B HTS film 1t=f]dA=J\7deA=j£le=(Tl—Tz)a
{VX(pHTSVX?)'I_E:O/ _ T1
— - Tl

VXB—ugJ =0  +—— Entire domain > 0 .
L | o o
J=VxT HTS film ~— 0 'z dT/dx ]
B=VxA Otherdomains 2 >

350K Il 770K

Resistivity of HTS film:

]-> n-—1
]C(T’ B 9)

PHTS ]c(T' B 0)

N value is fixed at 45 "
Critical surface for ReBCO tape:
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FEM model
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Validating the modeling technique: The benchmark case

R. Gupta et al, Design, construction, and test of HTS/LTS hybrid dipole, IEEE Transactions on Applied Superconductivity, 28(3), 4002305, 2018
Coil construction and measurement financially supported by a SBIR award from US. DOE OHEP to Particle Beam Lasers, Inc. and BNL.

Measurement:
022520-2>50>0->75->0,... %O%
250 T ﬁ 0 25 50 75 100 125 150 175 200
200 Py ——. —_ 3
125A H I 1 ‘ E 0 ’_4
— 150 » = \'\
= == T 5
E 75A 1 * .2 \\
= 100 (T .
= 5 N, REBCO coil
T 50 254 r' 3_ 15 ‘> K
o
I BRI
0 — b=
pa| | -25
-50 -30
(] 1000 2000 3000 4000 5000 6000 7000 Excitation Current (A), previous run
Simulation:
0.25 S 200 0- .
=1 HTS Tape:
0.20
E 150 E =5+ Manufacturer: AMSC 0.20 x 12.1 mm Tape
20.15 T = YBCO YBCO layeris 10 mm x 1.2 um
[9) 100; & Description: 3R-174-1-37-38 Area (mm2): 2420 Length: 30 mm
£0.10 2 2 101 SAMPLE# 1 SC_Area (mm2):  0.012
& 3 § FIELD Dir.  PERP-H
%90 A\_//\ o | " -
00 5 3 o i 0 160 130 200 Thanks Ramesh for the information!
Current [A]

Time [s]
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Return to the US-Japan case:

Field and AC loss during energization of the Nb;Sn Magnet and HTS colls

B // Tape:
3.0 p—
= 25
o 2.0;— 3
=z 15E - B, (peint 1) - B, (point 2) B, (point 3) - B, (point4) - B, (point ) 3
g 1.0E — B, (point 1) — B, (point2) — B, (point 3) — B, (point 4) — B, (point5)
15 F E
& 05F E
] E ]
= 0.0 s = m e e E
—0.5E :
12, : : : : 112
g LOf 11.0
£ 08f 1038
S 06F 106
E oaf 04
RN : — HTSwil |
< 02f — NbySn il {02
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00045
'E 0.0040 3
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2 0.0030F o
& 0.0025E -
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5 0.0015F R0
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Time [s]

IHT‘S‘/IHT‘? nom

Magnetic Field [T]

JNb;g Sn / ’]Nb;‘Sn‘ nom

Hysteresis Loss [W/m]

B LTape:
> (point 1) B; (point 2) - B, (point3) - B, (point 4) - B, (point 5)
P — B, (point 1) — B, (point2) —. By *p'o_ir{t 3) — B, (point 4) — B, (poirlt('s.)_-.x_‘__ .
.... ° e . ‘.,-'.‘--.'-. BN .

———— "k'\'-\.,-" ’ ‘\\l\"'\g
T 1.2
1.0
40.8
0.6
. 04
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— NbySnosd 192
o N

©0000 B .. 1
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e 4 e
1000 2000 3000 4000 5000

* Energized Nb;Sn magnet first, then powered up the HTS coil with two cycles
 Bx and By are generated by the cases B//Tape and B_Ltape, respectively
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SCIF by HTS colls during energization with LTs magnet field removed

0.005 0.01
w0
2= Il
% [lll5 "
0.000 = 5o |l Bext
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- —0.005 | =
= = —0.02}
3 b
< o010l |
—0.03 }
point 2
—0.015} — point 3 | _ point 3
i 004 cecocoo | o oint 4 ||
— point4 20425 | Byt p '
T=4.2K, Bypssp = 2T — point 5 00 — — point 5
—] I | ! | —0.05 I ! | |
0'0200 100 200 300 400 500 0 100 200 300 400 500
Current [A] Current [A]

« Case of B// c has a large loop about dBx ~ 10 mT
* The loop for the case B // ab only has dBy ~ 5mT
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Screening Current distribution (B // Tape case)

% IR AR N ISR SRR b ~+ Field is not fully penetrated into the
5 08 OSE HTS tape at 4.2K due to the high
= o= critical current
Z ol AN .l_fo_zg « Current flows uniformly at 77K
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B BNL=8 T, Thath=4.2 K Time=1000 s Line: Jz//cB (1

Screening Current distribution (B // Tape case)

* Field is not fully penetrated into the
HTS tape at 4.2K due to the high

£ 08F 108 5
Z 060 los 5 4

3 oul I critical current

2 o2t — owad do2= ¢ Current flows uniformly at 77K

. . S — 300 because lop > ISSL
0 2000 00 5000
\ Time [s] M
B=8T, T=4.2K

)
B_BNL=8 T, Thath=4.2 K Time=1500 s Line: Jz/JcB (1) ath=4.2 K Time=3000 s Line: Jz/JcB (1
A 0.831 . . ‘ ‘ ‘
i mo.
o.
1 f]o.
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I ﬂ Em | omjE GO | M smmo | mm
I 1 T =TT T T 11

-5 0 5
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Screening Current (B

Tape case)

1.2 T 1 1.2
s 10f {0« Field is fully penetrated into the tape
:} 0 8 F ] 0 8 :0: 0 . - .
@ S 4108 =
2 : 1 g at the beginning of the energization of
— 0.6F J0.6 G .
—“"‘ﬁ- C N ““\
5 04F 104 = the HTS COll
= . — UTSeoil ] 5
< 02f 2102 ™
) N Nb3Sn doil 10-
0.0 L 0.0
0 1000 2000 5000
Time [s]
B_BNL=2 T, Thath=4.2 K Time=1000 s Line: Jz/JcB (: B_BNL=2 T, Thath=4.2 K Time=1500 s Line: Jz/JcB (: B_BNL=2 T, Thath=4.2 K Time=2000 s Line: Jz/JcB (: B_BNL=2 T, Thath=4.2 K Time=3000 s Line: Jz/JcB (:
mm mm mm mm
1251 A 0.853 125 A 093 1251 A 0.932 1251 A 0.904
120} 0.87 120 0.87 120} 0.87 120} 0.87 _ _
B 06 B 06 B 06 B 06 B=2T, T=4.2K
g 115¢ 0.33 g 115 0.33 g 115¢ 0.33 g 115¢ 0.33
£ 0.07 E 0.07 E 0.07 E 0.07
- 110} 02 - 110 02 - 110} 02 - 110} 02
105} -0.47 105 -0.47 105} -0.47 105} -0.47
-0.73 -0.73 -0.73 -0.73
100+ -1 100 -1 100+ -1 100+ -1
‘ . |¥w-0.853 ‘ . |w-0093 ‘ . |w-0932 ‘ . _|'¥-0.904
-10 0 mm -10 0 mm -10 0 mm -10 0 mm
x [mm] x [mm] x [mm] x [mm]
B_BNL=8T, Thath=4.2 K Time=1000 s Line: Jz/JcB (. B_BNL=8T, Thath=4.2 K Time=1500 s Line: Jz/JcB (. B_BNL=8T, Thath=4.2 K Time=2000 s Line: Jz/JcB (. B_BNL=8T, Thath=4.2 K Time=3000 s Line: Jz/JcB (.
| bath i i ( _ bath i i ( _ bath i i ( _ bath i i (
mm T T mm T T mm T T mm T T
1250 A 0383 1250 A 0925 1250 A 125 1250 A 0.907
120} 0.87 120} 0.87 120} 0.87 120} 0.87
_ 0.6 _ 0.6 _ 0.6 _ 0.6
g 115¢ 0.33 g 115¢ 0.33 g 115¢ 0.33 g 115¢ 0.33
E 0.07 E 0.07 E 0.07 E 0.07
- 110} 02 - 110} 02 - 110} 02 - 110} 02
105l -0.47 105l -0.47 105l -0.47 105l -0.47
-0.73 -0.73 -0.73 -0.73
100} -1 100} -1 100} -1 100} -1 B — 8T T — 4 2 K
‘ . |¥w-0.829 ‘ . |¥w-0.925 ‘ . w122 ‘ . |'¥w-0.907 - y - .
-10 0 mm -10 0 mm -10 0 mm -10 0 mm
x [mm] x [mm] x [mm] x [mm]
Lop > Issy,
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Decay of SCIF after Ramping Nb,;Sn Magnet

0.00035
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0.00000 ¥ : :
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0.000020

0.000015 -

0.000010 -

0.000005 -

0.000000

—=— 2T
—— 8T
ﬁ.‘EZ?DJ‘EA’ESTEext
Point 3

500 600 700 800 900 1000

Time [s]

» Field decays as a function of time due to the resistivity of flux flowing

* Field increases because the shielding field is decreased

* Field decay at 2T background field for the case B // c seems faster that at 8T
» For the case B//ab, the field decay is faster at 8T

Tengming Shen| BERKELEY LAB
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B_BNL=2T, Thath=4.2 K, 10_KEK=500 A Time=500s |jne: Jz
Arrow |

y [mm]

Lorentz Force at the H

J :'\-1'3_-;511/ J NbsSn, nom
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e
o o
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112
111
110
109
108
107
106k
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x10!?

3.9
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2.6
2.27
1.95
1.62
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0
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B_BNL=2T, Thath=4.2 K, I0_KEK=500 A Time=1250

y [mm]
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4.28
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0.01
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0e: JB_BNL=2 T, Thath=4.2
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5000

mm C T T ]
6.09x10%!
1181 B XTell
117} e 1 [ 5.84
116 1 5.36
115} 1 4.87
L 1 4,38
114 | 39
113 b 3.41
112} 1 2.92
111 1 2.44
uop il =
109} ) 1 0.97
1081 - 1 W o.4a9
107 b 0
106+ ‘ . 1 ¥ 6.07x10°
-1 -5 mm
x [mm]
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ape case)

100~

-10

B_BNL=2T, Thath=4.2 K, I0_KEK=500 A Time=1750's Ljne:

Arrow

1A 7.81x10"

x10!

7.18
6.56
5.94
5.31
4.69
4.07
3.44
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1V¥ 1.41x10°

-5 mm

B_BNL=2T, Tbath=4.2

y [mm]

mm
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117
1le
115
114
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-10
X [mm]

K, 10_KEK=500 A Time=2000 5 |ine: |

Arrow

14 5.98x10"

x10Mt
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4,31
3.83
3.35
2.87
2.39
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1.44
0.96
0.48
0

| W 1.05x10°
mm
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Lorentz Force at the HTS Film (B L Tape case) s

124 E : s

120 E H
118]] s
e . i
1.2 — : : : . : : : : : : . - - - - . - - - : 12 114 s
S 1.0 " 1 1.0 112] s
:?;' 0.8 — / _ 0.8 E 1107 o
:,f 0.6 106 E iz: = | ==

5 0.4F _: 04 © _— || ===
& g — HTSweil ] E 1047 P
= 02 / —  NbySn il 102 1021 -
0.0 , , , , , 10.0 1001 . ‘ | | mm|
0 1000 -15 -10 -5 0 5 10 15

B_BNL=2T, Thath=4.2 K, 10_KEK=500 A Time=250 s \_jne: Jz/JcB (N/m°) B_BNL=2T, Tbath=4.2 K, I0_KEK=500 A Time=1750 s Line: Jz/JcB (N/m°)

cB (N/m’) BNL=2 T, Thath=4.2 K, I0_KEK=500 A Time=2500 s Line: Jz/JcB (N/m?)

Axrow Line: Arro.w Liner o Arrow Line: Arrow Line:
mm mm
125 A 274x10" A 4.38x10" 121423 A 4.29]>§10” 125} A 3.46x10'"!
124.5¢ . N . . x10'! x10'? - x10 124.5f x10'!
124} = = s S 4.38 124 4.29 124} = 3.46
123.5} 1235 1235}
35t 3.8 121222 3.72 123} 3
1225 3.21 : 3.15 122.5}
= 2y T 1225 T 12112§ 2.58 122 2
| 1215 . - . £
E 12115 E e 2.63 E 1n E 12112.§» 2.08
E e ——— ) 2 £ r
> 1205f > 12050+ e 204 - 121028 > 120.5- 1.62
120} 4 1.46 1195 1.43 120t
119.5 : 119.5| 1.15
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1185 1185 119 0.69
18| == 118 0.29 118.5¢
17sl = = == 117.5 . . 118} 0.23
urt . ‘ n7e . . . . ¥ 7.62x10 117.5¢
” . 0 -4 -2 0 2 4 mm 117k ) ) \ . ¥ 1.24x10°
x [mm] x [mm] * [mm] -4 2 [) 2 4 mm
= = = ime= e 3 x [mm
B_BNL=2 T)Mbath=4.2 K, 10_KEK=500 A Time=500'5 Line: j2c8 (N/m’) NL=2 T, Tbath=4.2 K, 10_KEK=500 A Time=1500 s /L\me.JzL/!cB.(N/m ) [mm]
Arrow Line: mm frow Line: 1"
mm 125} A 351x10
125 A 3.86x10" 1245 X101 . .
5F 10
L 11
25 e | e | 0 1oa] == « Once the transport current is applied, the
3 1235} -
1235 et —— T e 3.6 . . . .
= === o f distrib bal d
e = |... Lorentz force distribution is not balance
. 122 234
— 122 2.57 £ 121.5¢
£ 121.5¢ E 1} 1.87
E 2.08 >~ 1205/
> 120.5¢ 120 1.4
120+ 1.54 119.5; 0.94
119.5 1.03 119+ '
119 — ——— 118.5+ 0.47
118.5 =——— e p— 0.51 118+ _—
Ul S | st 0
117.5 0 5 117t . . . . ¥ 2.75x10°
117¢ . L . ¥ 3.01x10 -4 -2 0 2 4 mm
-4 -2 0 2 4 mm x [mm]
x [mm]
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Deformation during the energization (B 1 Tape case)

0.1267M
0.1257
12, —t— ——— -_— 12
S 1.0} 11.0
s L ] £
s 08F 108 = 1 ——
(;i O 1. (; 0.121 =
= r ] ; i :
= 0.6F 10.6 = 0.12 :
—~ r ] e , — —
& 0.4F T i 104 é 0.119 — —_— =
5 F — 01 ] E— — =
=)
= r 1 ~ 0.118] —_— —
= 02F — NbsSn ool {02 A A A
0.0 . . . . . . N0 0.117]
0.116 " — T T T T T
0 10 5000 -0.006 -0.004 -0.002 0 0.002 0.004
Time=1.4909 s Surface: von Mises stress
m
r"Tlme=0,24078 s Surface:/ n Mises stress Time=1.0117 s Surface: von 0.125
x10"
0125 0.124
0.124 [ 215
. = 0.123
0.123 H
[l 0.122
0.122 H =
— 0.121
0.121 =
= 0.12
0.12 = =
H —
0119 ! 3 0.119
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0.118 | 0.118
0.118
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0.117 0.117 0.07
e 5925 s Surface: von Mises stress
-0.004 -0.002 © 0006 0002 D002 o 0002 DOoE m -0.006 -0.004 -0.002 0 0.002  0.004 m m <10’
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x107 x10° 7.55
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Experience with impregnating and quenching REBCO tapes

Vere S.Yin et al., Degradation of REBCO coated conductors due to a combination of epoxy impregnation, thermal cycles, and quench:
A Characteristics and a method of alleviation, J. Appli. Phys. 128, 173903 (2020)

f Vi Vo Va V, Va Vo V, \
| i — -
\ \
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Concluding remarks

* A tool developed for predicting SCIF for the upcoming US-Japan collaboration’s test
of KEK HTS coils at BNL.

— Screening currents in HTS coils calculated by solving the T-A formulation.
— The model was benchmarked with earlier measurement data at BNL.
— Strong mechanical consequences.

« Experience with impregnating and quenching REBCO tapes
— Further work needed to access the conductor limits.
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HTS Tape

Stabilizer [Cu plating] 20pm

Protection layer [Ag] 2pum

Superconducting Layer [GdBCO] 2 pm /

Buffer layer [MgO, etc.] 0.7um

Substrate [Hastelloy®] 75/ 50 pm

[EUBCO+BHO] 2.5 pm

Products Width Thickness [mm] Substrate [um] Stabilizer [um] "3 | Critical Current [A] Critical Current [A] Remarks
[mm] @TTK.Self-field @20K, 5T

FYSC-SCHO4 4 0.13 75 20 = 165 368 Mon-AP™2
FYSC-SCH12 12 0.13 e 20 = 550 1,104 Non-AP2
FYsc-s12°t | 12 0.08 75 - = 550 Non-AP™
FESC-SCHO02 2 0.11 50 20 =30 257 AP3
FESC-SCHO3 3 0.11 50 20 =63 497 Ap3
FESC-5CHO4 4 0.11 50 20 =85 663 APT3
FESC- 4 0.07 50 5 =85 663 AP"3
SCHO4(05)

FESC-SCH12 12 0.11 50 20 = 250 1.9680 AP"3
FESC-S12 1 12 0.06 50 - = 250 AP

Ic [A] (4mm wide)
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Sample:
e Width: 10 mm, thickness: 2.4 um



Fujikura measurements

A KEK measurement + 20K 40K + 65K
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Short Sample Limit
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» Still can test the HTS coil in the background field of 2T at 77T with 200A (B//ab)



Thank You



