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BROOKHEVEN Highlights of the HTS

NATIONAL LABORATORY

Superconducting Magnet Program at BNL

Magnet Division

o First US national lab to start HTS magnet R&D (over 20 yrs ago)

— Opted the approach of demonstrating capabilities of HTS to
create new opening and create excitement, rather than waiting
for the conductor to get matured before starting magnet R&D

A wide ranging HTS magnet R&D at BNL
— High field, high temperature and the middle course

— Solenoid, racetrack, cosine theta, curve colils, clover-leaves, ...

Number of HTS coils and magnets designed, built and tested
— Well over 150 HTS coils and well over 15 HTS magnets
HTS used: Bi2223, Bi2212, ReBCO, MgB,, — wire, cable, tape

 Amount of HTS acquired: Over 60 km (4 mm tape equivalent)
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BROOKHEVEN Convectional Designs for
Sl Accelerator Magnets

« Have complex end geometry with tight bend radius

e Large Lorentz forces cause strain on the conductor

e Design not friendly for high field HTS magnets
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BROOKHRVEN A High Field Collider Dipole

NATIONAL LABORATORY

Magnet Division

Superconducting DeSign for‘ HTS CO“S

» Common coil 2-in-1 design with
large bend radii (determined by
the spacing between the two bores
rather the size of the bore itself)

» Conductor friendly simple
racetrack coils

» Colls move as a unit under large
Lorentz forces

» Replaceable coil modules for
flexible, low cost, systematic R&D

Superconducting Magnet Division

% .\ _ZM oBNL started working on it in
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BROOKHFAEN
NATIONAL LABORATORY CommOn Coil Magne-rs Wi"‘h HTS Tape

Superconducting
Magnet Division

2.0

B I 2223 1 99 8 7 ASC Common-Coil Magnet4.2 K
Tap eS TWO HTS tape COIIS In —— Magnet Voltage Gradient
- - A 1.5 1+ | —— Inner Section of Coil #1
) common coil configuration 51| . Gur sectonetcoles
5
2 05
. Current, A
0.0 —ernTy ‘
210 230 250 270 290 310
10 T
0+
O
g-zo 1
Status of HTS tape coils at BNL 230 |
[a)
Size, mm Turns Status g
NbsSn 0.2x3.2 168 Tested 350 |
IGC 0.25x3.3 147 Tested '1_607
ASC 0.18x3.1 221 Tested - ; ASC
NST 0.20x 3.2 220 Under construction -705 e
VAC 0.23x3.4 170 Under construction Max. Energizing Current Density, A/mm?

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 5



Chart2

		30		30		30		30		28

		32		32		32		32		46

		34		34		34		34

		36		36		36		36

		38		38		38		38

		39		39		39		39

		40		40		40		40



INNER

OUTER

INNER*

OUTER*

ASC COIL #1
77 K

1 mV/cm

Current, A

Voltage Gradient, mV/cm

0.078

0.065

0.07

0.04

1

0.16

0.13

0.14

0.08

1

0.33

0.26

0.29

0.18

0.68

0.51

0.58

0.38

1.4

1.03

1.23

0.84

2.06

1.41

1.8

1.22

2.88

2.03

2.5

1.76



77K

		

				Current		Inner		Inner*		Outer		Outer*

				30		0.078		0.065		0.07		0.04				28		1

				32		0.16		0.13		0.14		0.08				46		1

				34		0.33		0.26		0.29		0.18

				36		0.68		0.51		0.58		0.38

				38		1.4		1.03		1.23		0.84

				39		2.06		1.41		1.8		1.22

				40		2.88		2.03		2.5		1.76

				* Single Coil energized
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				Current		Total		Inner		Outer

				220		0.036		0.06								28		1

				230		0.06		0.125								46		1

				240		0.1		0.18		0.03

				250		0.16		0.253		0.06

				260		0.265		0.36		0.127

				270		0.42		0.51		0.265

				280		0.71		0.71		0.56

				285		0.92		0.85		0.8

				290		1.16		1		1.18

				295		1.5		1.2		1.73

				300				1.42

				250		1

				300		1






Chart1

		0		0		0		0

		16		10		58		600

		32		20		116

		48		30		174

		64		40.5		232

		80		50.5		290

		96		61		347

		112		71		405

		128		81		463

		131		91		521

		163		101

		192		111

		226

		262

		293

		330

		354

		378

		403

		0



IGC

ASC

Nb3Sn

ASC-BSCCO

IGC-BSCCO

Nb3Sn

Max. Energizing Current Density, A/mm2

Residual Dipole Field, Gauss

0

0

0

0

0.15

0.56

0

0

0.86

0.88

-0.8

1.96

1.29

-2.4

3.08

1.42

-5.1

3.91

1.16

-8

4.48

0.81

-12.3

4.58

-0.96

-16.2

4.15

-2.21

-20.6

3.47

-4.02

-25.5

0.77

-6.32

-2.81

-8.86

-8.82

-16.6

-24

-33.3

-42.6

-50.3

-59.7

0



Res-B0-vs-I

				ASC-COILS						IGC-COILS				Nb3Sn Coils

		I,A		Residual Dipole,g				I,A		Residual Dipole,g

		0		0				0		0				0		0

		16		0.15				10		0.56				58		0

		32		0.86				20		0.88				116		-0.8

		48		1.96				30		1.29				174		-2.4

		64		3.08				40.5		1.42				232		-5.1

		80		3.91				50.5		1.16				290		-8

		96		4.48				61		0.81				347		-12.3

		112		4.58				71		-0.96				405		-16.2

		128		4.15				81		-2.21				463		-20.6

		131		3.47				91		-4.02				521		-25.5

		163		0.77				101		-6.32

		192		-2.81				111		-8.86

		226		-8.82

		262		-16.6

		293		-24

		330		-33.3

		354		-42.6

		378		-50.3

		403		-59.7

		0		0

		600		0
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RES-B2-vs-Jc

				Jc		Residual B2				Jc		Residual B2				Jc		Residual B2

				[A/mm2]		[Gauss]				[A/mm2]		[Gauss]				[A/mm2]		[Gauss]

						Nb3Sn						HTS-IGC

				0		0				0		0				0		0

				58		0				10		0.07				16		0.06

				116		-0.05				20		0.33				32		0.36

				174		-0.1				30		0.73				48		0.92

				232		-0.17				40.5		1.14				64		1.67

				290		-0.65				50.5		1.51				80		2.57
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NATIONAL LABORATORY
Superconducting

HTS Coils and Magnets @BNL (2002)

Magnet Division

BNL had built 14 test coils and several HTS magnets by 2002

HTS Cable Coll

Two HTS tape coils in
common coil configuration

HTS Cable Coils in
support structure
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NATIONAL LABORATORY

Superconducting
Magnet Division

Results Reported at MT13
(2003)
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NATIONAL LABORATORY

Superconducting
Magnet Division

Bi2212 Cable Coil for Dipoles

Racetrack coill made with
React & Wind Rutherford cable

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta




NATIONAL LABORATORY
Superconducting

Magnet Division

le(1,2 Vicm), A

lc (4K ,self field), Amps

2019 IWC-HTS @

14000

Progress in Bi2212 Cables,
Coils and Magnet

BSCCO02212 Cables

—u=— 5-00836-3
—»— 8-B139-T1
—e— S-R007B147-1
—oa— S$-R013B153-1
—-o—- |-0076-1
—8— $-00825-1b

—u— S-00836-4
—»— $-B139-L1
—o— S-R013B147-1
—+—S-R016B155-1
- % - $5-00825-1a

A Continuous Progress

MT18 (2003)

Recent Showa Cable (shortlength) | COIl / Cable Magnet I
; Magnet | Description Description (A)
g S reiena® 17 CCo06 | 0.8Lmmwire, [ 2HTScoils, |
- DCCO004 18 strands 2 mm spacing
I - CCO007 | 0.81 mm wire, Common coil 900
Early Showa Cable (2001) DCCO004 18 strands configuration
) 2 . s . ; , CC010 | 0.81 mm wire, [2 HTS coils (mixed 94
Applied Field (T) DCCO006 | 2 HTS, 16 Ag strand)
° ° CC011 | 0.81 mmwire, | 74 mm spacing 182
ok DCCO006 | 2 HTS, 16 Ag Common coil
¢ CCO012 | 0.81 mm wire, | Hybrid Design
Later coils | pccoos| 18strands | 1HTS 2NbSn | 070
Earlier coils o 4.3kA (2003) | cC023 [ 1mmwire, Hybrid Design | ,o_0
<1 KA (~2001) DCCO012 20 strand.s 1 HT_S, 4 NbsSn
° CC026 | 0.81 mm wire, | Hybrid Common 4300
® DCC014 30 strands Coil Design
— ., Cco27 [o08lmmuwire, | 2HTS 4NbSn |, o
DCCO014 30 strands coils (total 6 coils)
HTS Coil Production No.
Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 9
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Ic

HTS Coil Production No.

Ic (4K,self field), Amps

560

900

94

182

1970

3370

4300

4200



Sheet1

		

		Coil Index				Ic				self-field				Je(A/cm2)

		1		0.5150385		560		60.4054087434		0.27		1.98		31		3.92

		2				900		97.0801211948		0.43		1.8		54		3.24

		3		1.9416024239		94		91.2553139231		0.023		2.2		41		4.84

		4				182		176.6858205746		0.045		2.2		80		4.84

		5		0.785		1970		212.4975986153		0.66		1.65		129		2.72

		6				3370		214.6496815287		0.95		1.5		143		2.25

		7				4300		278.2963474252		1.89		1.27		219		1.63

		8				4200		271.8243393455		1.84		1.28		212		1.64

								109		212

																B(T)

				109.4444444444												________________________________________________________________________		Ic(H)/Ic(5T)

																________________________________________________________________________

																0		Extracted Strand

																0.2		2.1470899471

																0.4		2.0222222222

				3370												0.6		1.8232804233

				20												0.8		1.6814814815

				168.5												1		1.5534391534

				0.785												2		1.4925925926

				214.6496815287												3		1.2476190476

																4		1.1333333333

																5		1.0560846561

								98.5								6		1.0005291005

																7		0.9571428571

																		0.9232804233

						CC006

						DCC004		0.81 mm wire,

						18 strands		2 HTS coils,

						2 mm spacing

						Common coil configuration		560		60

						[120]		0.27

						CC007 DCC004		0.81 mm wire,

						18 strands				900		97

						[175]		0.43

						CC010 DCC006		0.81 mm wire,

						2 HTS, 16 Ag		2 HTS coils (mixed strand)

						74 mm spacing

						Common coil		94		82

						-		0.023

						CC011 DCC006		0.81 mm wire,

						2 HTS, 16 Ag				182		177

						-		0.045

						CC012 DCC008		0.81 mm wire,

						20 strands		Hybrid Design

						1 HTS, 2 Nb3Sn		1970		190

						[310]		0.66

						CC023 DCC012		1 mm wire,

						20 strands		Hybrid Design

						1 HTS, 4 Nb3Sn		3370		215

						[320]		0.95

						CC026 DCC014		0.81 mm wire,

						30 strands		Hybrid Common Coil Design

						2 HTS, 4 Nb3Sn coils (total 6 coils)		4200		272

						[350]		1.84

						CC027 DCC014		0.81 mm wire,

						30 strands				4300		278

						[360]		1.89
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Extracted Strand

S-00836-3

S-00836-4

S-B139-T-1

S-B139-L-1

S-R007B147-1

S-R013B147-1

S-R013B153-1

S-R016B155-1

I-0076-1

S-00825-1b

S-00825-1a

Applied Field (T)

Ic(B)/Ic(5T)

BSCCO2212 Cables from Showa

2.1470899471

1.7753684211

1.8468634686

1.8115640344

1.8296967253

1.6902155667

1.7760265757

1.8814778081

1.7690217391

1.9922716701

2156.0177783881

1934.2085078313

2.0222222222

1.6854736842

1.6174661747

1.7992384772

1.8249356544

1.700079937

1.8059633223

1.9429704934

1.8465719064

1.7478792505

1529.0684635005

1301.7706094613

1.8232804233

1.3157894737

1.3231857319

1.9915672441

2.0351959874

1.6988386251

1.7668622818

2.0037193156

1.9224498328

1.4887445852

1232.7531824302

1111.7315978761

1.6814814815

1.1465263158

1.1552890529

1.8718826299

1.9302904284

1.7397095303

1.8688970321

2.027027027

1.989548495

1.2592404897

1139.6220117072

1007.8588316538

1.5534391534

1.0736842105

1.0833333333

1.7007572588

1.6992703512

1.6973785236

1.8006243718

1.9918175056

2.0225752508

1.1380202567

1097.7805215316

926.6663983335

1.4925925926

1

1

1.5772028177

1.5611354075

1.7901358409

1.9291288997

1.9050334738

1.9918478261

1.0632531129

989.3332776622

889.6351323669

1.2476190476

1.3975885611

1.3833999717

1.850661179

2.0160166074

1.8237044384

1.9117892977

1

1.1333333333

1.2755233622

1.2738693402

1.8578563185

2.0577171542

1.6290602529

1.7349498328

0.9657177876

1.0560846561

1.1339597361

1.1451659493

1.9180876403

2.0140112203

1.5551698487

1.6057692308

0.9337954459

1.0005291005

1.0429921095

1.0555792838

1.9071301955

1.9291841203

1.3699479296

1.4057274247

0.9571428571

1

1

1.7606398208

1.7367611227

1.262831639

1.2876254181

0.9232804233

0.9554557579

0.959513102

1.6348569755

1.6075934833

1.136374907

1.1448578595

0.9161540087

0.9231720183

1.3035359114

1.2816693166

1.0510786015

1.0579013378

1.1484423845

1.1391492737

1

1

1.0587065124
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Je(A/cm2)

HTS Coil Production No.

Engineering Current Density Je(4K,5T), A/cm2
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Ic

HTS Coil Production No.

Ic (4K,self field), Amps
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Magnet



Cable



Description



Magnet



Description



I



coil



(A)



J



e



(sf)



[



J



e



(5T)]



(A/mm



2



)



Self-



field, T



CC006



DCC004



0.81 mm wire,



18 strands



560



60



[31]



0.27



CC007



DCC004



0.81 mm wire,



18 strands



2 HTS coils,



2 mm spacing



Common coil



configuration



900



97



[54]



0.43



CC010



DCC006



0.81 mm wire,



2 HTS, 16 Ag



94



91



[41]



0.023



CC011



DCC006



0.81 mm wire,



2 HTS, 16 Ag



2 HTS coils



(mixed strand)



74 mm spacing



Common coil



182



177



[80]



0.045



CC012



DCC008



0.81 mm wire,



20 strands



Hybrid Design



1 HTS, 2 Nb



3



Sn



1970



212



[129]



0.66



CC023



DCC012



1 mm wire,



20 strands



Hybrid Design



1 HTS, 4 Nb



3



Sn



3370



215



[143]



0.95



CC026



DCC014



0.81 mm wire,



30 strands



4200



272



[212]



1.84



CC027



DCC014



0.81 mm wire,



30 strands



Hybrid Common



Coil Design



2 HTS, 4 Nb



3



Sn



coils (total 6



coils)



4300



278



[219]



1.89






Coil / Magnet Cable Description Magnet Description I coil


(A)


J e (sf) [ J e (5T)]


(A/mm 2 ) Self- field, T CC006


DCC004


0.81 mm wire,


18 strands


560


60 [31] 0.27 CC007


DCC004


0.81 mm wire,


18 strands 2 HTS coils, 2 mm spacing Common coil configuration


900


97 [54] 0.43 CC010


DCC006


0.81 mm wire,


2 HTS, 16 Ag 94 91 [41] 0.023 CC011


DCC006


0.81 mm wire,


2 HTS, 16 Ag 2 HTS coils (mixed strand) 74 mm spacing


Common coil


182


177 [80] 0.045 CC012


DCC008


0.81 mm wire,


20 strands Hybrid Design 1 HTS, 2 Nb 3 Sn


1970


212 [129] 0.66 CC023


DCC012


1 mm wire, 20 strands Hybrid Design 1 HTS, 4 Nb 3 Sn


3370


215 [143] 0.95 CC026


DCC014


0.81 mm wire,


30 strands


4200


272 [212] 1.84 CC027


DCC014


0.81 mm wire,


30 strands


Hybrid Common


Coil Design 2 HTS, 4 Nb 3 Sn coils (total 6 coils)


4300


278 [219] 1.89





BROOKHFAVEN - -
NATIONAL LABORATORY A Lear‘r"ng Experlence

Superconducting
Magnet Division

 To learn, perhaps one has to burn! And we certainly did that!!

 In magnet DCCO014 one of the two HTS coils was damaged
(burnt-out) during the test after two quenches.

 The quench protection (as used in LTS colls) was unable to
protect the high current HTS coil at 4K.

 Now, of course, we do things differently.
e This particular program was stopped after this test. (2003)

_.  .' =
Before Test After Test

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 10



NATIONAL LABORATORY

Superconducting
Magnet Division

Round 2 (SBIR with PBL 2014-2017)
High Field HTS/LTS Hybrid Dipole

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta
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moveisonon | 26 HTS Coils for Hybrid Dipole

Superconducting

PBL/BNL
SBIR

Conductor:
e12mm 2G
ASC tape

Insulation:
e Nomex

Two colils used ~300 meters of 4 mm equivalent

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta
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DROQKHRMEN. | 77 K Test HTS Coils in Various Configurations

Superconducting

Magnpet D on

, w
cU._
o 8
20
>
O T
Q
=
|
,*(7)<E
o O
e
O
X S
~ O
~
>

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 13



OIRVEN, HTS/LTS Hybrid Dipole with a

SdbSicanduciing 10 T Nb;Sn React & Wind Dipole
agnet Division

. : . Magnet (dipole) with a
Five Simple Steps/Components large open space

. Coll for high field testing
. Slide coil in the magnet

. Coils become an integral
part of the magnet

. Magnet with new coll(s)
ready for testing

| Jnsert cgils ingg b L

|| Empzspace

P

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 14



NATIONAL LABORATORY

Superconducting
Magnet Division

Quench Protection

2019 IWC-HTS @ Oct 15-17, 2019

 BNL advanced guench
protection with fast energy
extraction

e Quench protection system
was designed to protect
both the main magnet coils
and insert colls (including
HTS colls)

BNL experien with HTS magnets and coils -Ramesh Gupta 15



OROOKHAVEN HTS/LTS Hybrid Dipole Test
Superconducting (Round 2, Year 2016)

Magnet Division

YBCO coils ramped up till they quenched with ~ Several quenches.

different background field from Nb,;Sn coils > No training

1000 : . : (compare to LTS)
;,'2 | = ~HTSCoilA s E
< 800 -{_ o1 | —HTSCoilB SEa B No damage
£ £ o P um:fb and no
L 600 {7 — | UL L T¥ i
= ERK degradation
200 | tmaea T ML NN
S ; ; TN Encouraging
o : : Wil results
F 200 ————— i St [ i b oy A il
| | TARENE
0 | | TN R Ql1uenl(1:h|d 5
0.0 2.0 4.0 6.0 8.0 10.0 L 0.2V

Hybrid Dipole Field (T) (ust like in LTS)

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 16



BROOKHRUEN | New HTS Coils being Prepared for yet
superconducting | another Hybrid Dipole Magnet Test

Magnet Division

—

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 17



NATIONAL LABORATORY
Superconducting

Magnet Division

Other Geometries for
HTS Dipole Magnets

2019 IWC-HTS @

Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta
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Nﬁﬁ?ﬂ'ﬂgﬂ%’! Cosine Theta Coil with 4 mm
superconducting | 26 HTS Tape - PBL/BNL SBIR (1)

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta



DRODKRIVEY Cosine Theta Coil with 12 mm 26 Tape
Magnet Division_ PBL/BNL SBIR (2)

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta



BROOKHREVEN | Demonstrations of the Dipole Coil

Superconducting
Magnet Division

77 K Test Results

i 12 mm wide tape §s8 =
§ No degradation FESSSESs

0 50 100 150 200 250 300 350 400
Coil Current (A)
2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 21

Coil Voltage (mV)
O = N W h~ U O N



NATIONAL LABORATORY

Superconducting
Magnet Division

High Field HTS Solenoids

» Two Phase Il SBIR with Particle Beam Lasers (PBL)
for Muon Collider

> ARPA-E SMES Solenoid

> IBS 25T, 100 mm No-insulation coils for Axion search

» High Field Solenoid for Neutron Scattering

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta



wnowtisorion | High Field Solenoids with PBL

Superconducting
Magnet Division

 Two SBIRs for 25 mm and 100 mm coils, each to generate
10-12 T field for a combined field of 22 T

« HTS tape is co-wound with insulating stainless steel tape to
reduce hoop stress '

* Also to help in quench protection

pancakes Insert solenoid Outsert solenoid

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 23



T 16 T HTS Solenoid (2012)

Superconducting : .
Magnet Division (plus a wide range Of operang 1'emper'c'rh-'r'e)

PBL/BNL SBIR  1cvsT
300

> Field achieved: ~16 T

¢ Highest field HTS solenoid in 2012

= Overall J, in coll:
0 e >500 A/mm? @16 T
0 10 20 30 40 50 60 70 80

Temperature (K)

Insert solenoid: 14 pancakes, 25 mm aperture

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 24



BROOKHAVEN High Field HTS Solenoid for SMES

NATIONAL LABORATORY

Superconducting (funded by ARP

Magnet Divisio

100 mm,
25T

2-layer
coil design

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta



BROOKHERAEN | Parts of 25 T HTS Solenoid for SMES

NATIONAL LABORATORY

superconducting | arpa-e (with ABB, SuperPower & UoH)

Magnet Division

Outer

Out
HIEL Assembly

Support .
L f
ube or \Outer., ——

'l ! ssembly*“-

N

éT —
Discs

j =

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 26



NATIONAL LABORATORY

Superconducting
Magnet Division

Advanced Quench Detection System
with Fast Energy Extraction

« Fast energy extraction in larger magnets Cabinet #2 (32 channels, 1kV)
creates high voltages as “L” increases (expandable to 64 and 3kV)

» Develop electronics that can tolerate
high isolation voltage (>1 kV)

e Divide coils in several sections

Cabinet #1 (32 channels,

1kV)

“l’ _31‘

‘a

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta




NATIONAL LABORATORY
Superconducting

HTS SMES Coil High Field Tests

Magnet Division

. 2 pancakes

1140 A, 4K |

12 pancakes
760A,4K,11.4T

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta
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OROOKHAVEN SMES Coil Test
Superconducting Critical Current Reached at 27 K

125 Teslaat 27 K|

Magnet Division

Current (A)

350 Amp |
425 kJ :
el 4102 mm Record field/energy
| at 10 K or higher
300
250 ---mmmmmmmm e e R
200 T------m-m-o o gl R
Test
150 ------m- oo g oo )
terminated
100 -~ g === oo .
after arcing
E o T /2 in the leads
014:24 15;36 16I:48 18;00 19;12 20;24 21;36

Time (hh:mm)

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 29



nglsggggm HTS Solenoid for IBS (Korea)

Superconducting
Magnet Division

[ High Field : 25 T (must use HTS; it's all HTS)
0 Large Volume: 100 mm bore, +/-100 mm Iong
Stresses: J X B X R -

O Field quality: ~10%

d Ramp-up time: up to 1 day

Relaxed field quality and slow ramp rate allows the use of

No-Insulation windings to (a) tolerate defect in HTS tapes,
and (b) expected to offer a more reliable quench protection

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 30



BROOKHRUEN | Winding of IBS NI HTS Coils with

Magnet Division

Superconducting BNL Universal Coil Winder
WE rmmnl e N

16 coils
wound ~5 km of 12 mm tape used

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta Sl




BROOKHRMEN | Quench Scenario in Large No-Insulation Coil

superconducting | (fast 4K propagation within coil and coil-to-caoil)
Magnet Division

0.50 1000
1000 10 T .
900 tbﬁ-m 9 oo T T ™
800 \“ Event at 09/11/2018 16:15 _| ¢ ; . Ll rabe (scled —coment o
= <
g 0.25 . 500 ".é'
700 \L 7 g o Starter coil | w ¢
— 600 6 o 00
5- h . 0.10 200
+ 500 5 & 0.05 100
c - iy
5 ——— L e - e -0.05 . =71 100
a ——Current 8‘5 e WD ) " 004 002 0 002 004 006 008 01 012 014 016
300 —— . | i » P 3 Time (seconds)
—=—Field(T) \\\\ SN 1.00 1000
ZDD 1 1 1 o -"_:'_: Y ' i 2 0.75 H 00
Follower coil
100 i 1 0.50 800
Peak Field on Conductor: ~17 T 025 700
0 - 0 S 000 ¢ t 600
-0.04 -002 0 0.02 0.04 006 0.08 0.1 0.12 0.14 0.16 g ox e omsa | E
Time (seconds) o NN poedivnondl IO
-0. \ ——300- ——200-
100 ‘\\ ! ——100-50 —-—50-25 200
= - - it I ——25-T: —=—10-0Coi
Large No-Insulation HTS coil became normal in . e
<200 msec (even faster than in many LTS magnets) "o a2 o0 om om o om 01 o 0w 0
Time (Seconds)

» Large number of voltage-taps gives a detailed insight of what is happening
» Within a pancake: fast propagation due to resistive heating through contact resistance

between turns when the current flows across (not around) in a “No-insulation” coil
» Pancake to pancake: fast propagation due to inductive coupling of the drop in local field
» The mechanism seems scalable to long solenoids made with many pancake coils

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 32




BROOKHFAVEN

NATIONAL LABORATORY
Superconducting
Magnet Divisio

» Goal: 25T solenoid with
a large opening

» Successful coil winding

- and 77 K testing in Phase |

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta



NATIONAL LABORATORY

Superconductin
Magnet Division

g

« Medium field (2-3 T), medium temperature (30-50 K)

e Very lar

ge heat and radiation loads

HTS Quadrupole R&D for the
Facility for Rare Isotope
Beams (FRIB)

2019 IWC-HTS @

Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta
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NATIONAL LABORATORY

Superconducting
Magnet Division

Fragment Separator
Quadrupole for FRIB (2003)

ggzzz—_"""""""' o > Up to 400 kW of beam
=2 | Quad Triplet “ power hits the target.

5 / » & > Quad triplet in the

£ 200p w5 fragment separator is

S I— " ¢ exposed to very high

% 200 - Coreny Al Zeller « radiation and heat loads.
S gqooloo v vr vy, M8 B ~15 KW is deposited in

0

500

Z [cm]

Conventional superconductors and insulators can'’t

1000 1500

tolerate such heat and radiation loads

« BNL performed a significant R&D on HTS quadrupoles
with stainless steel insulation

e 1stgeneration with 2213 tape and 2"d with ReBCO tape

2019 IWC-HTS @

Oct 15-17, 2019

BNL experience with HTS magnets and coils -Ramesh Gupta

the first quadrupole itself.
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R S 77 K Test of Coils Made with

Superconducting

Magnet Division ASC 1st Generation HTS

» Each single coil uses ~200 meter of tape

13 Coils made HTS tape in year #1 12 coils with HTS tape in year #2

Double Coil Test

‘S 70 H Single Coil_ Test 70

§ Y0 T T M Double Coil Test |.....ccccoeeeee.... 60 | .
:- 50 |50 -

% 4 a0

- .30

§ .20+

3 10 |

1 2 3 456 7 8 910111213 °°

. 1 2 3 4 5 6 7 8 9 10 11 12
Coil No.

Note: A uniformity in performance of a large number of HTS coills

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 36
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NATIONAL LABORATORY HTS COiI Wiﬂding

Superconducting
Magnet Division

'l-l l-.‘
“' -]

HTS Tape

Earlier coils wound
with manual controls

Later coils wound with a computer
controlled winding machine

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta



NATIONAL LABORATORY

Superconducting
Magnet Division

Assembled Coils with Internal Splice

Three pairs of coils during their assembly a support structure

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta




BROOKHFAVEN .
e | 157 Generation HTS Quad

Magnet Division

| am Three magnet structures, built and tested

= | HTS Coils
| in Structure

Vi

Warm Iron Design to Reduce Heat Load

Mirror warm iron

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 39



SOROONHATEN, Summary of First Generation

Superconducting
Magnet Division HTS Quad TeS"'S
300 A
SN — # —Two Coils
250 - X\ \\A - - X-- Four Coils
g %N —e— Six Coils
S . N —+— Twelve Coils
© 200
>
3
—
o 150
®
& 100 -
S
@
950
0 ‘

0 10 20 30 40 50 60 70 80 90 100
Tempratue (K)

Operation over a large temperature range- only possible with HTS
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NATIONAL LABORATORY

Superconducting
Magnet Division

Energy Deposition Experiments

Stainless steel tape heaters for energy deposmon
experiments

2019 IWC-HTS @

Oct 15-17, 2019

| -l

 SEEERERTEE

BNL experience with HTS magnets and coils -Ramesh Gupta
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NATIONAL LABORATORY

Superconducting
Magnet Division

Large Energy Deposition Experiment

Magnet operated in a stable fashion with large heat loads (25 W, 5kW/m?3)
at the design temperature (~30 K) at 140 A (design current is 125 A).

33 0.22
T — —————— 1020
29 1018 E
)
27 ¢ ¢ 1016 % = o
3 25 Temperature in various | 1 014 E .g %
g— thermometers between HT S coils 2 © c
o 23 +012 § =
= & 8-
21 A T 0.10 o 2 g
19 - 1 0.08 = o !
Voltage gradient across the whole 8 S =
17 coil package 1 0.06 ) w=
15 ‘ ‘ | ‘ | | | 0.04
0 5 10 15 20 25 30 35 40
Time (min)

2019 IWC-HTS @

\oltage spikes are related to the noise
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Temperature in various 
thermometers between HTS coils

Voltage gradient across the whole coil package

T5

T6

T7

T8

T9

T10

T11

coil1 / 100

Time (min)

Temp (K)

Voltage Gradient (mV/cm)
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NATIONAL LABORATORY

Superconducting
Magnet Division

Second Generation

Quadrupole for FRIB

2019 IWC-HTS @

Oct 15-17, 2019

BNL experience with HTS magnets and coils

-Ramesh Gupta
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BROOKHEAVEN HTS Coils for FRIB with the

NATIONAL LABORATORY

Superconducting Second Generation (26) HTS Tape

Magnet Division
y 4 coils made with
SuperPower Tape

and
4 colls made with ASC

(~9 km of standard 4 mm equwalent used)

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta



NATIONAL LABORATORY
Superconducting

Completed 26 HTS Quad for FRIB

Magnet Division
’ . - F i
\ 'l

/1] f -

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta
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erooknruiN  FRIB Quad Test Results

NATIONAL LABORATORY

superconducting | Large Temperature Margins

Magnet Division__|
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Provides robust operation against local and global heat loads
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BROOKHFAVEN . .
naronat Lasoratory - Advanced Quench Protection Electronics
Superconducting

Magnet Divisio

il
a
k1
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[
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i
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Detects onset of pre-quench voltage at < 1ImV and with
Isolation voltage > 1kV allows fast energy extraction

2019 IWC-HTS @ Oct 15-17, 2019

BNL experience with HTS magnets and coils -Ramesh Gupta



BROOKI  Protection of HTS Magnet During an

. : : :
supercont Operational Accident Near Design Current

190

Design: 210 A in SP Colls

185A ™ g— Vacuum leak made the
LA~ temperature increase to
175A v & E ~57 K (design temp ~38 K)
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NATIONAL LABORATORY
Superconducting

Cryo-cooler based HTS Colil R&D

Magnet Division

e Coils reached <40 K (goal was 40 to 50 K)
e Cryo-coolers turn-on at 5 pm in the
evening before leaving and coils cooled at
8:30 am in the morning.

* Cryo-coolers removed a significant heat

| efficiently removed at 50 K.

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 49
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s oo | Cypyed HTS Coil (SBIR)

Superconducting
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BROOKHRAEN| Test Results of HTS Curved Coils
Superconducting | Reached Expected Performance @48K

Magnet Division
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BROOKHFAEN <
NATIONAL LABORATORY 5ummar‘y and CO"CIUS'O"S

Superconducting
Magnet Division

HTS magnets provide the opportunities that did not exist before

This is the only superconductor that can work over 20 T, or can
work over 20 K, or can take very high heat loads.

Yes there are some challenges but no show stoppers. | just
summarized BNL R&D experience on a wide ranging applications.

We are very interested in working with various organizations to
contribute to the new applications of HTS technology

With a unique team experienced in large scale magnet productions
In partnership with industry, BNL can help develop HTS magnets
that industry can build

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 52



NATIONAL LABORATORY

Superconducting
Magnet Division

Extra Slides

2019 IWC-HTS @

Oct 15-17, 2019

BNL experience with HTS magnets and coils

-Ramesh Gupta
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NATIONAL LABORATORY A List Of HTS Pr‘ograms at BNL (old Slide)

Superconducting
Magnet Division

25 T, 100 mm HTS solenoid for IBS, Korea (Work for Others)
Hybrid Dipole with CORC® Cable (Phase 11 SBIR)

High field solenoid for Neutron Scattering (Recent SBIR)
Passive shielding for Electron lon Collider (Phase | SBIR)
Modular racetrack coil quadrupole for EIC (Phase | SBIR)

100 mm aperture “12.5 T @27 K” HTS SMES solenoid (arpa-e)
High field collider dipole (Phase Il STTR)

Curved ReBCO tape dipole (Phase Il SBIR)

MgB, solenoid (Phase Il SBIR)
High field open HTS midplane dipole (Phase | SBIR)

High radiation HTS Quadrupole for FRIB (Collaboration)

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 54



NATIONAL LABORATORY Comple-'-ed HTS Magne"' Pr'ogr'ams

Superconducting
Magnet Division

25 mm aperture 16 T HTS solenoid (SBIR)

100 mm aperture 9 T HTS solenoid (SBIR)

HTS quadrupole for RIA (Collaboration with MSU)

Bi2223 HTS tape common coil dipole (funded by DOE)

Bi2212 Rutherford cable Common Colil Collider Dipole (DOE)
HTS solenoid for Energy Recovery Linac (BNL project)

HTS magnet for NSLS (BNL Project)
Cosine theta dipole with 4 mm YBCO/ReBCO tape (SBIR)

Cosine theta dipole with 12 mm YBCO/ReBCO tape (SBIR)
...and a few others.

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta
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NATIONAL LABORATORY

Superconducting
Magnet Division

Quench Protection of HTS Coils
in HTS/LTS Hybrid Magnet

HTS coils operated like HTS coils

Significant voltage in HTS coils

0.25 | |
- o
0.2 — —HTS Coil A ,"il
. A
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2 !
o 01 < '
oo o |
s 'll"‘.
= 0.05 pwet
g 'wu*"
0
]
-0.05
-0.2 -0.15 -0.1 -0.05 0
Time (sec)

« HTS and LTS coils were operated with
different power supplies and had separate
energy extraction under a common platform

 Coupling between HTS & LTS

2019 IWC-HTS @ Oct 15-17, 2019
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NATIONAL LABORATORY
Superconducting

Structures for HTS and HTS/LTS

Magnet Division

Magnet R&D with Racetrack Coils

B -

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta




NATIONAL LABORATORY Unique BNL Common COiI DiPOIe

Superconducting
Magnet Division

» BNL built a magnet to demonstrate “React &
Wind”” Nb,Sn technology in 10+ T dipole

Coil #1

» Structure specifically designed to provide a
large open space (31 mm wide, 338 mm high)

» New racetrack coils can be inserted in the
magnet without any disassembly or reassembly

2 > New HTS insert coils become an integral part
- of the magnet. Coil tests become magnet tests

98 > Rapid-turn-around, lower cost approach
allowed hybrid dipole in DOE/SBIR program

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils -Ramesh Gupta 58
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NATIQ_N/AL LABORATORY
Superconducting

Four Possible Configurations for
Insert Coils and the Cable Tests

Magnet Division

test configuration

--------------

Standard insert coil

Cable test
configuration

2019 IWC-HTS @ Oct 15-17, 2019 BNL experience with HTS magnets and coils

-Ramesh Gupta

One insert coil

Two independent insert

In one aperture

coils in two aperture
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