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BROOKHEVEN High Field, Large Aperture HTS NI

NATIONAL LABORATOR]

superconducting | Solenoid for Axion Search at CAPP/IBS

Magnet Division

enter for xion and recision hysics Research ( ),
nstitute for asic cience ( ), Daejeon, South Korea

Axion dark matter is partially converted to a very weak flickering
Electric (E) field in the presence of a strong magnetic field (B)
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High field, large volume : key to targeted breakthrough

»High field solenoid magnets: B (B4
»High volume magnets/cavities: V (V2)
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BROOKHFVEN . . o
wrionat iroraiory | Begign Requirements of IBS Solenoid

Superconducting
Magnet Division

d High Field : 25 T (must use HTS: it's all HTS)
4 Large Volume: 100 mm bore, +/-100 mm long

b= e

Stresses: J X B X R S

0 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
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BROOKHEAMEN | No Insulation Approach to Magnet Protection
(slides courtesy S. Hahn)

Superconducting
Magnet Division

No-Insulation HTS Winding Technique

INS: Difficulty in Protection

Insulation

Q Slow normal zone propagation in HTS

=» Slow quench detection

O Larger enthalpy (stability margin) of HTS

=>» Difficulty in “activate-heater” protection
REF: S. Hahn, D. Park, J. Bascufian, and Y. Iwasa, “HTS Pancake Coil without Turn-to-Turn Insulation,” IEEE Trans. Appl. Supercond., vol. 21, pp. 1592 — 1595,
2011.
S. Hahn No-Insulation HTS Magnet 514
<shahn@fsu edu> WAMHTS-3, Lyon, France (September 11, 2015)

NI: “Quench Current Bypass”

O “Automatic bypass” of quench current

through turn-to-turn contacts

No Protection Device: No-Insulation HTS Magnets

Seungyong Hahn

Applied Superconductivity Center
National High Magnetic Field Laboratory
Department of Mechanical Engineering
Florida State University

WAMHTS-3
Lyon, France

September 11, 2015

A decrease in field
Implies that more
and more turns are
getting shorted
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Successfully demonstrated to work in small coils, but not yet in big coils at 4K
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BROOKHFEAVEN . - o o
NATIONAL LABORATORY MaJor DgS'gn DeC|S|Ons (1 )

Superconducting
Magnet Division

* No-insulation winding

» Better tolerance to defects (it’'s still an R&D
conductor) and hopefully better quench protection

« Single layer coil design
> To avoid unbalanced Lorentz forces
« 12 mm wide tape

» To (a) reduce impact of hairline defects, (b) help In
guench protection and fewer coils (cost reduction)

» Pilece length > 100 m (not =100m) for cost
reduction (each pancake needs ~300 m)
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BROOKHFEAVEN . - o o
NATIONAL LABORATORY MaJor DgS'gn DeC|S|Ons (2)

Superconducting

Magnet Division

« Electrical margin > 50% (Note: NOT =)

» Tight spec on I, Is a “mirage” as there Is a large
variation in |, margin within HTS coil even for a
100% uniform conductor

* Low spec on minimum I

» Design is limited by the mechanical properties
« Mechanical margin > 50%

» 50 um Hastelloy and 20 (10+10) um Cu chosen
* No multi-width coils

» Smaller width increases J. and J X B stresses
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wronatasortory | TBS HTS Solenoid Design Summary

Superconducting
Magnet Division

e Design Field: 25T

* Operating Temperature: ~4 K
» Cold Bore: 100 mm

e Coil1.d.: ~105 mm

* Coil 0.d.: ~200 mm

 Single Layer

» Conductor: 12 mm wide ReBCO (50 pm Hastelloy, 20 um Cu)
« Conductor per Pancake: ~300 m

* Number of Pancakes: 28

e Current: ~450 A

 Coil Current Density: ~500 A/mm?
 Stored Energy: ~1.3 MJ HTS Cols
« Inductance: ~13 Henry e\
* Maximum Hoop Stress: ~480 MPa  ssTinnerénd Plate 4'
« Maximum Axial Stress: ~180 MPa ~ *TTeRed®
» Quter Support Ring: High Strength Aluminum Rings
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oo Orthogonal Coil Stresses (@4 K, 25 T)

Superconducting

Magnet Division
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NATIONAL LABORATORY

Superconducting
Magnet Division

Mechanical Properties of the Conductor

Req u | rement Of Stress—Strain Relationship, Critical Strain (Stress)
] and Irreversible Strain (Stress) of
Azimuthal stresses of IBAD-MOCVD-Based 2G HTS Wires
. . Under Uniaxial Tension
-~ 5 O O M P a, I S m et W I t h Y. Zhang, D. W, Hazelton, R, Kelley, M. Kasahara. R, Nakasaki, H. Sakamoto, and A. Polyanskii
: 1300
2G Tape having 1200

1100 - Bare tape

50 micron Hastelloy

and 20 micron Copper SCS wire - 20um Cu

~ 00

o O

o o
] L

SCS wire - 40pum Cu

Stress (MPa)

600 -
Meeting requirement of o SCS wire - 100um Cu
~200 MPa on the narrow 300 Cu stabilizer

200

side of the tape needs to 100-
be checked as no such 00 02 04 05 08 10 12 14 16 18 20

- - Strain (%
data is available rain (%)

Dashed line - fitting Solid line - measured

Courtesy: SuperPower
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BROOKHRVEN | Apparatus to Apply up to 300 MPa Load on

NATIONAL LABORATORY

Superconducting the Narrow Side (design needs 170 MPa)

Magnet Division

&3 !
Hydraulic Cylinder =
32 mm dia. actuator rod——| 1] iy
LN, Dewar
Press Plates\
HTS Test Sample %
Sample O.D. Suppon\%s;; SEIN
Sample —
Bobbin
N
Source of Load on Narrow Side: B,
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BROOKHRVEN | Test Setup to Vary Load on the

NATIONAL LABORATORY

superconducting | Narrow Edge During the 77 K Test

Magnet Division

ENERPAC RCH-
302 Hollow Plunger
Cylinder

Current
Leads

Voltage taps to
Multimeter

To ENERPAC P-80
Hydraulic Steel
Hand Pump

LN, Dewar

Load varied while testing

April 12, 2019 WAMHTS-5 BNL Experience with NI Coils Ramesh Gupta, ..., BNL 1 11



BROOKHEVEN | Experimental Results of the Load on

NATIONAL LABORATORY

superconducting | the Narrow Edge (need >170 MPa)

Magnet Division

20 pm Cu Superpower e Studies show that painting the
surface of the coil with epoxy helps

0.007

0.006 - * Itreduces the point/local load on an
0-005 —Coil after 232 MPa 270CT17 indiVidual tape
0.004  -Virgin Coil  We have >50% margin

3000 ‘ ‘
~i-Epoxy after 278MPa

0.003

—e—-Epoxy after 300MPa

0.002 2500

Coil Voltage (V)

===No Epoxy after 208MPa

0.001 2000 ===No Epoxy after 255MPa
0 z
0 50 100 150 200 | &
Current (A) =
~ 1000 -
Meets the requirements of 500
170 MPa on the narrow side , ,
150
» Cyclic studies performed S
Tapes with 40 and 65 microns Load should be distributed over the

copper and also from the other coil surface and not accumulate on
vendors were tested as well the narrow side of one tape
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NATIONAL LABORATORY
Superconducting

Magnet Division

April 12, 2019

Coil Construction and Test Results
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BROOKHFVEN

nationaL Lasoratory | BINJL Exper'ience with HTS Magne‘l's

Superconducting
Magnet Division

« BNL has been working on HTS coil and HTS magnet technology
almost from the beginning (about two decades)

« BNL has made coils with all type of HTS (Bi2212, Bi2223,
ReBCO MgB,) in a variety of forms (wire, tape, cable)

« BNL has experience in making coils with over 60 km of HTS
(4mm tape equivalent)

 BNL has made over 100 HTS coils and over 20 HTS magnets in a
variety of geometry — dipole, quadrupole, solenoid, curved coils

« BNL has made coils with a variety of insulations - inorganic,
stainless steel and no-insulation

April 12, 2019 WAMHTS-5 BNL Experience with NI Coils Ramesh Gupta, ..., BNL 14



BROOKHRVEN | Winding of IBS NI HTS Coils with

Magnet Division

Superconducting BNL Universal Coil Winder
| =4/ ) [ "“br_i'LAﬁ“'_“ ¢ T J

16 coils -
wound ~5 km of 12 mm tape used

April 12, 2019 WAMHTS-5 BNL Experience with NI Coils Ramesh Gupta, ..., BNL 15



A, IBS Coil - Well Instrumented

Superconducting | (fwo single pancakes spliced to a double pancake)
Magnet Divisio

Major parameters: — - [ 7a [ ] Alarge number of v-taps are key

Qid.: 105 mm _ 2o NWll to our detailed investigations

0 o.d.: 200 mm S — and how the

Q Turns: ~1250 (DP) [ - = performance of the

Q 600 meters of tape R A . <ALl
(12 mm wide) g ® certain event and
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NATIONAL LABORATORY

Superconducting
Magnet Division

77 K (LN2) Test of 12 Pancake coils

(coils 1-6 tested as single pancakes and 7-12 as double pancakes)

Total VI curves: all coils
- .-

3.5
—&— Coil 01 |
30l C0!| 02 A
Coil 03 : ‘-
Coil 04 significant
2.5 Coil 05 variation
N o— Coil 06 b t
c 2.0 Coil 07 e Ween
P Coil 08 . coil to coill
=) Coil 09
S L5 Coil 10
e ,.
> Coil 11
1.0-
_ 50 A in single pancake
0.5 /_’ /1; | creates ~0.5 T and In
e double pancake ~1 T
0.0 f - | [
30 40 50 60 70 80 90 100 110 @3mV
Current [A] (0.1 pVvicm)
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NATIONAL LABORATORY

Superconducting
Magnet Division

Details of the 77 K Test Results

(Sectional Voltage in Coil #1)

Coil 01
—0— 0-10
3.01 —e— 10-25
25-50
55 50-100
—+— 100-200
o 200-300
= 2.0
c —— 300-400
v —— 400-500
21.5{ —— 500-600
% —+— 600-630
>
1.0
0.5 @3mV
(0.1 uwVicm)
0.0 —88
90 100 110 120 130
Current [A]
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BROOKHEVEN Details of the 77 K Test Results

NATIONAL LABORATORY

Superconducting (Sectional Voltage in Coils)

Magnet Division

. _ o
o Coil 01 @ 0.09 uyVcm™1 .
0.3 O
= 0.3~
o
s =
© 0.2 <
+ 0.2 [e))
=t c
w5 Q
c 01 0.1 ®
.° o
© o
S 0.0 ©
= 0.0 008
0-10 10-25 25-50 50-100 100-200 200-300 300-400 400-500 500-600 600-630 e
Turns >

Turns 0-10 @ ~0.1 uyWVcm™!

5 12 §

: Bl Backup slides for a

S detailed analysis of

& B 77 K test results for
B tvelve coils

C01 C02 C03 C04 CO5 Coe CO7 C09 cCl10 (C11 cC12
Turns
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NATIONAL LABORATORY
Superconducting

Magnet Division

Coil Tests in Helium

April 12, 2019

WAMHTS-5

BNL Experience with NI Coils Ramesh Gupta, ..., BNL
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BROOKHFAVEN . . .
NATIONAL LABORATORY IBS Double Pancake CO|| Runs W|'|'h Hellum

Superconducting

Magnet Division

« Two sets of runs of R&D coils (including defect simulation
with heaters) were carried out in 2017 (not presented here)

* Two sets of runs of the IBS double pancake “production
coil” were carried out from 9/10 to 9/14 and from 10/16 to
10/18. First test run was extensive and discussed here:

» Many test runs over the design current of 450 Amps
» Several test runs at the stress level of 25 T solenoid
» A large number of shut-offs at various currents

» Many high current quenches or runaways

» Sudden over-current tests Attempt to create a

» Helium runout tests series of fault scenarios

April 12, 2019 WAMHTS-5 BNL Experience with NI Coils Ramesh Gupta, ..., BNL 21




BROOKHFAVEN
NATIONAL LABORATORY Monday RUH Summaf‘y

Superconducting

Magnet Division

> Magnet Run on Monday 9/10/2018 000

500

20 l
i~
S M Shut-off o
T I @500+A
%‘ 10 _ < 300
< Field 5
g 5 ] 5 200
= U
S | ~-Hall Probe 1 3
'S: 0 F Coil B ' 100
—-—Coil A
Current
5 : 0
15:50 16:04 16:19 16:33 _  16:48 17:02 17:16 17:31
Time

Shut-off may cause an eventual thermal runaway (quench)

» As a part of the study a large number of shut-off (over 30) performed.
This gives an early indication, depending on whether coil runs away or
not, on how close we are to the limit (more discussion in the next slide)

U Do these shot-offs create excessive shielding currents?
April 12, 2019 WAMHTS-5 BNL Experience with NI Coils Ramesh Gupta, ..., BNL 22



BROOKHFIAEN

NATIONAL

Superconducting
Magnet Division

LABORATORY

Discussion on Shut-off @550 Amp
(a large number of shut off tests at different currents)

600

* In No-insulation coils, in addition to the

500

M

circulating current, the current may

S
o
o

5 flow across the turns (sideways),

s providing an extra protection

——Current

w
(=]
o

Current (A)

* These sideways current keep flowing
even after the power supply shut-off

Field(T) 3

Field (T)

0 1000

Event at 09/10/2018 17:15

and decay slowly in No insulation coils

 These sideways current heat-up the
coil and depending on the contact

2000 3000 4000

—— resistance and on how close one is to
- ield (scale) **  the critical surface, may or may not
N LT ) " quench the coil (thermal runaway)
e ————

0.0

-0.1

-0.2

Voltage (V)

o2 ¢ Inour case, we found that it runs

629-600

500-400
—300-200
—100-50
—25-T10

600-500

400-300
—200-100 \f/
—50-25 ";‘
—10-0Coil2 [

°
=

away at 450 Amps or more
« At high currents it runs away within

o

o

®
Current (A)

o e . noe a few hundred milli-seconds
- 00 —awss | “* « At 550 A, it took about 3 seconds
- - I \__ "™« During this period resistive voltage
e S kept increasing the temperature
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BROOKHFAVEN
NATIONAL LABORATORY TueSday Run summary

Superconducting
Magnet Division

« Keep increasing current to see how high it could go (as in LTS)
* Quenched in going from 850 A to 900 A (design: ~450 A)
* Bore field ~9 T, Peak field ~17 T (high peak stresses: B x |)

24 ——Hall Probe on axis 900 )
3 coo | BRI 850 Amp in a
——_L0lI g
— 18 Current | 700 double
= L
3 15 {600 pancake
- c
S 12 g 500
S O
= 9 = - 400
v o
%" o
£ 6 300
S l
= 3 200
o
0 100
3 Magnet Run on Tuesday 9/11/18 0
10:48 12:00 13:12 Time 14:24 15:36 16:48

IBS solenoid

» Quench discussed in more details in the next slide
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BROOKHEVEN | Discussion on Quench at High Current

NATIONAL LABORATORY

[} [}
M [ ]
SRSicenc e T'uesday Run: v-taps help in analysis
Magnet Division
1000 10 0.50 1000
—=—0-10Coil4 ——T10-25
900 *‘“ 9 0.45 25-50 — —50-100 900
800 \ Event at 09/11/2018 16:15 _| ¢ 0.40 =i i 800
N ‘\ ——300-400 —s—400-500
700 N | | | 7 0.35 ——500-600 —600-624 700
600 \ NO SIOW . < 0.30 === Hall Probe (scaled) ====Current 600 -
< X\ — @ 025 500 =
= 500 quench HsE @ Start il £
S oo L I\ propagation. | ,3 £ °¥ arter COll | o £
3 —« Current ; - 0.15 300
S L All done in
300 —  H N 3 0.10 200
——Field(T) SN | <200 msec :
200 ! ! \ ‘ | a2 0.05 100
100 ) N 1 0.00 0
Peak Field on Conductor: ~17 T ’
0 > 0 -0.05 -100
-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time (seconds) Time (seconds)
1.00 1000
1.00 1000
0.75 900 075 : 900
Follower coil
’ 0.50 800
0.25 700 0.25 700
< 000 600 S 0.00 te——t N[ e — # 600 <
= —629-600 —600-500 = g €
% -0.25 500-400 ~—400-300 so0 & F 025 500 E
= — 300-200 — 500-100 § 3 . ——629-600 ——600-500 5
= -0.50 —100-50 —5025 400 £ 0.50 \f\\ e 500-400 ——400-300 400 ©
075 —25-T10. —10-0Coil2 300 © 0.75 \ !I ——300-200 —e—200-100 300
. —0-10Coil4 —T10-25 v o 10050 — —50.25
25-50 50-100 1.00 \ | . 200
-1.00 \’\ | 100-200 —200-300 200 b ——25T10 —e-10-0C0il2
. 300-400 —400-500 1.25 '-\ | ——Current 100
-1.25 —500-600 —600-624 100 ~-
B Ot h C O I | S —Hall Probe (scaled) —Current -1.50 0
-1.50 e 0 004 002 0 002 004 006 008 0.1 012 0.14 0.16

-0.04 -0.02 0.00 002 004 006 008 010 012 0.14 0.16
Time (seconds)

Time (Seconds)
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NATIONAL LABORATORY

Superconducting
Magnet Division

42

36

3

o

2

B

1

-]

1

N

Coil Voltage (mV), Field (T)
(=) ]

Wednesday Run Summary

(unusual events - not expected during normal operation)

Magnet Run on Wednesday 9/12/2018

W A

wg —~Hall Probe Mid

——

11:42 11:49

—

11:57

coil-B
coil-A
Current

12:04

1. Sudden increase in
current due to
coupling of two
power supplies

2. Running out of
Helium at the end of

the day

April 12, 2019

WAMHTS-5

700

' 600

500

300

200

Coil Current (A)

100

400 2

5.815
e
Py L
5.81 v
P ~
5.805 # L'
— "i b
E .»’ —Hall Probe Mid \.\
2 ss8 H Current \_“_\
= r +coil-B b
s70s | ~coil-A
»
Magnet Run on Wednesday 9/12/2018
5.79
12:28 12:29 12:29
Time

12:29 12:29

700

600

500

400

300

200

Current (A), Coil Voltage (mV)

100

Cof

-100
12:30

Magnet Run on Wednesday PM 9/12/18 PM 900

12:11 12:18 12:25
Time
24 | ——Hall Probe Mid
21  —CoilB
Current

E 18
e
E 15
(¥
== 12
>
£ g
() [
® 6
s S|
> 3 __m—
‘S
O 0

-3

16:04 16:12 16:19

BNL Experience with NI Coils

16:26

16:33 16:40
Time

Ramesh Gupta,

16:48

..., BNL

i

[ 100

16:55

800
700
600
500

Coil Current (A)

400
300
200

0
17:02
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BROOKHFIAEN
NATIONAL LABORATORY Thur'SdaY Rl..ln summﬂr'y

Superconducting
Magnet Division

80 Magnet Run on Thrusday 9/13/2018 900 TWO more
70 -=-Hall Probe Mid 800
—-—Coil B
= 60 700 h t
[
= ~Coil A _ guencnes a
@ 50 Current < 600
i €
—_— [7]
S w : o 800-850 A
= 30 2 400
% S desi :
£ 2 w (design: ~450 A)
(=]
Z 10 , ! 200
3 !
0 - _—'f g N [ 1]
-10 3 0
10:48 11:02 11:16 11:31 11:45 Ti 12:00 12:14 12:28 12:43 12:57
ime
45 900
l‘ ‘I* »——Hall Probe Mid
40 4 ‘ i+Coi| B 800
..and a shut-off n 1T AR -cin
(= Current
near design current z * | |
g 3 _
120 600 LL\ 25 s 500
Magnet Run on > 5
:m Thursday 9/13/18 =g E 20 = 400
3% z w & 15 2 - 300
5 : S S
£” T 2T Q 10 < 200
540 +c IA © . 200 =
% 20 100 8 5 100
0 ¥ — : : 0 (1] Sl 0
peeoome Beowme L Mo um Beow 15:00 15:28 15:57 16:26 16:55 17:24 17:52 18:21 18:50
Magnet Run on Thursday 9/13/18 Time
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BROOKHFAEN .
NATIONAL LABORATORY Fr‘day Run Summary

Superconducting
Magnet Division

35 800
L —=—Hall Probe Mid
30 | ——Coil B 700

™= ——Coil A

E 5 - 600

o Current

]

i 20 - 500

S <

£ 15 2 - 400

— QL

& g 300

8 10 o

= =

2 s | S - 200

)

S0 —_
-5 0
15:00 15:14 15:28 15:43 15:57 16:12 16:26 16:40

Magnet Run on Friday 9/14/18 Time

» Higher temperature operation mostly in Helium gas environment
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BROOKHEVEN | Overall Summary of four Series of

NATIONAL LABORATORY

superconducting | Tests of two Large NI Coils at 4 K

Magnet Division

» Two large coils survived many quenches/thermal
runaway at 4 K, 17 T peak field (i.d. 105 mm, o.d. 200 mm,

~600 m of 12 mm wide tape used in each)
» Colil survived simulation of a variety of accidents

» Maximum current density in coil: ~950 A/mm? (design
needs ~500 A/mm?)

» Hoop stresses (JXB) over 400 MPa

» A large number of v-taps helps understanding of the

guench propagation within coil and coil-to-coll

April 12, 2019 WAMHTS-5 BNL Experience with NI Coils Ramesh Gupta, ..., BNL



BROOKHRUEN | Key Takeaway from the Quench
SHbCicenducting Studies in Large NI HTS Coils

Magnet Division

« Conventional HTS thinking: Slow quench propagation velocities in HTS.
This implies energy getting deposited in a small area for long enough to
possibly degrade and even permanently damage the conductor locally.

« Conventional Approach: Fast acting heaters. Challenge in HTS magnets
to make it work - large and varying thermal margin across the magnet.

» Recent results in the “No-Insulation Windings” point to a very
different scenario = quench propagation is fast within a pancake
between the adjacent turns (as indicated by the large number of
v-taps) and also the propagation is fast to the adjacent pancakes.

» BNL 4 K results in large aperture, high field/high stress double
pancake coils are so far encouraging.

» We need to properly understand the other results/concern with
more diagnostics (v-taps) and demonstrate a working solution.

April 12, 2019 WAMHTS-5 BNL Experience with NI Coils Ramesh Gupta, ..., BNL
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BHOOKIII-’A'EN

BORATOR

Superconducting
Magnet Division

High Field Solenoids

for Neutron Scattering

PBL Collaborators:

Bob Weggel, Ron Scanlan, Erich Willen, Steve Kahn,
Del Larson and Jim Kolonko

April 12, 2019 WAMHTS-5 BNL Experience with NI Coils Ramesh Gupta, ..., BNL



BROOKHEVEN TS Solenoid for Neutron Scattering
Superconducting (PBL/BNL SBIR, Phase I funded)

Magnet Division

Ultimate requirements of the experiment:

» A high field (25 T) magnet with wide opening (both horizontally and
vertically) to maximize the range of angles for incoming neutrons and
minimize the blockage of scattered neutrons (angular opening)

Stated Goals of PBL/BNL SBIR:

Develop innovative designs and technologies with large opening angles
that could revolutionize the capabilities of neutron diffraction

» Specifically exploit the concept of the open-midplane design
(developed under HEP for Muon collider and LHC luminosity upgrade)

» Also HTS colls conical angle to maximize the reach of experiment. A
NI HTS conical coil to be built and tested at 77 K in Phase |

¢ Proof-of-principle magnet to be demonstrated in Phase II, if funded
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BROOKHRUEN | Prqctice Winding of Conical Shape Coil
Superconducting (made with Stainless Steel tape)

Magnet Division
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BROOKHFAEN

Conical Shape NI HTS Coil

Superconducting
Magnet Divisio

» Cone angle = £15 degrees

» 315 turns with 12 mm wide tape
9 > Inner diameter = 2” (50.8 mm)
| > Outer dimeter =5” (127 mm)
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BROOKHFVEN
NATIONAL LABORATORY 77 K Tes"‘ Resul"'s (jUS"' r'eceived)

Superconducting
Magnet Division

VI curves: total and by section VI curve for turns 100-300
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Superconducting BNL PGI"TICIPG"’IO" lﬂ USMDP

Magnet Division

* BNL has recently joined the US Magnet Development Program

» Specific tasks this year uses BNL's common colil dipole to

perform R&D for high field accelerator magnets based on HTS

1. Quench studies on CORC cable in dipole field

2. Magnetization studies on HTS tape colils with dipole field
primarily parallel to wide face and hybrid field over 10 T

Plans underway to make this magnet available for a wider use. It

will operate in an independent test stand providing a background
field of 10 T and current for cable/coil up to 30 kA (100 kA option)
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NATIONAL LABORATORY A Unique Facili"'y for' Magne"' R&D

Superconducting
Magnet Division

« BNL Common coil dipole offers a large open space for inserting and
testing “coils” at high fields without requiring any disassembly

* New racetrack coils come in direct contact with the existing Nb;Sn
colils, just as in any other coils in magnets

* A coil test becomes a magnet test with a rapid around and lower cost

InsertconsmA‘

“. ’“ '; zgpace

BNL Nb;Sn common New HTS coils with the HTS coils inside Nb,;Sn

coil dipole DCCO017 existing Nb,;Sn coils and dipole - early experience of
without insert coils become part of the magnet HTS/LTS hybrid dipole
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BROOKHFIAEN

NATIONAL LABORATORY Al mm Parname'rerls of BNL DipOIZ DCCOI7

Superconducting
Magnet Division

» Two layer, 2-in-1 common colil design

COLLAR
COLLAR

- y m  10.2 T bore field, 10.7 T peak field at
10.8 kA short sample current
335 mm ‘ ' « 31 mm horizontal aperture
« 335 mm vertical aperture
v ﬁ | » Aunique feature for
SHELL- ", i | insert coil or cable testing

0.8 mm, 30 strand Rutherford cable
70 mm minimum bend radius
85 mm coil height
614 mm coil length
One spacer In body and one in ends
Iron over ends
<—— 24,187 —= Iron bobbin
614.3 mm  Stored Energy@Quench ~0.2 MJ
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Superconducting ummar'y

Magnet Division

« Slow ramp rate and relaxed field quality in IBS 25 T, 100 mm bore HTS
solenoid allows the use of No-insulation (NI) winding (courtesy S. Hahn)

* Four sets of 4 K test runs with many voltage taps in two sets of coils. A
large number of v-taps provide useful information for extensive analysis

* IBS double pancake coils were subjected to several quenches/runaway.
The test run also included simulation of various accidents. The coil was
able to reach high field in the next run, implying no major degradation

 The quench propagation in this large no-insulation coil is fast, both
within pancake and pancake-to-pancake. Our understanding of the
process is that it should be scalable to longer magnet many pancakes
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NATIONAL LABORATORY
Superconducting

Magnet Division

April 12, 2019
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BROOKHFAEN . .
NATIONAL LABORATORY Observed Change N Con‘l’aC"' ReSIS'l'ance

Superconducting

Magnet Division

« Large coil (100
mm id, 220 mm
od, using >500 m

T 12 mm tape)
500 - o “wwa + NO epoxy painted
- on the surface

400 -

s ® Coll was rewound
(on Bench) -
at higher (3X)

300 y=12811x-58.7 tension

*
200 //.— e moer ® Better situation

@ 290K)

with higher
tension.

Mili Volts

y=0.5509x- 26.713

100
—~—20DEC17

(in Dewar

@ 290 o ngher tension
‘ . . ‘ . used in
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Turn # production coils.

y=0.1732x-2.7087
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NATIONAL LABORATORY

Superconducting
Magnet Division

Detailed Analysis of 77 K Test Results
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NATIONAL LABORATORY

Superconducting
Magnet Division

77 K (LN2) Test of 10 Pancake coils

(coils 1-6 tested as single pancakes and 7-12 as double pancakes)

Total VI curves: all coils
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BROOKHEVEN Details of the 77 K Test Results

NATIONAL LABORATORY

Superconducting (Sectional Voltage in Coil #1)

Magnet Division
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BROOKHREUEN | Distribution of Voltage @77K within Pancakes

NATIONAL LABORATORY

superconducting | Coils #1 to Coil #6 (tested as single pancakes)
Magnet Division
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BROOKHRAEN | Distribution of Voltage @77K within Pancakes
superconducting | Coils #7 to Coil #12 (tested as double pancakes)

Magnet Division
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BROOKHEVEN | Variation in the Voltage @77K within

NATIONAL LABORATORY

superconducting | @ set of turns of different Coils (1)

Magnet Division
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NATIONAL LABORATORY

Superconducting
Magnet Division

Variation in the Voltage @77K within
a set of turns of different Coils (2)

Turns 100-200 @ ~0.1 uyV¢cm™?
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NATIONAL LABORATORY
Superconducting

Correlation between Coil I, (@77K) and Wire
Transport I. (77K, self-field, averaged)

Magnet Division

Coil 1
A Tested as SPC (Single Pancake) A
100- Tested as DPC (Double Pancake)
Coil 7
90 ‘Coil 3
< acoil 2 ,Coil 4
.___';_J ‘Coil 5
'S 80- .
S P Coil 8
20, Because of a higher
Coil 12 Coil o field, a Iovyer current
Coil 10 expected in DPC as
60 Coil 11 compared to in SPC
| | | | . |
350 400 450 500 550 600

Average Transfer Current I [A]
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NATIONAL LABORATOR]

Superconducting
Magnet Division

Coil I [A]

April 12, 2019

100 1

90 -

80 1

701

60 -

Correlation between Coil I, (@77K) and Wire
Tapestar I, (77K, self-field, averaged)

\ Coil 1
A Tested as SPC A
Tested as DPC
Coil 7
‘Coil 3
‘CC’”iCoil 4
‘Coil 5
acoe Coil 8
Because of a higher
Coil 12 Coil 9 field, a lower current
5l 10 expected in DPC as
Coil 11 compared to in SPC
| | | | | ]
350 400 450 500 550 600
Tapestar I [A] (@ 77 K)
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NATIONAL LABORATORY
Superconducting

Correlation between Coil I, (@77K)
and Wire I. (30 K, 2 T, ends only)

Magnet Division

« As a part of contract,

SuperPower also = 4 Testedasshc |
measured and 1001 :
provided Ic (30K, 2T) ol
measurements from 90 JCoil 3
the samples cut at < | A et
the two ends. é 50 L s o

* Ic (30K, 2T) has been
found to have a good 701 I .
correlation with Coil 10 ) )
Ilc(high field 4K). 601 Colli1

375 400 425 450 475 500 525 550

« However, often a lc[Al@30Kand2T
significant variation : :
was found when Poorer correlation between coil
comparing the I. (77, self-field) and conductor
ENNEMSEMmENT £ e | (30K, 2T) from two ends
two ends. C
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NATIONAL LABORATORY

Superconducting
Magnet Division

Quench Propagation in the Second

Series of Double

Pancake Tests
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z /
200 p anc a.k e £ /
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% ) st / g
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= —700*Hall —Mag Current 100 Time {msec)
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) 550
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—B200 to B250 X20 —B150 to B200 X20 —Mag Current
400 —B100 to B150 X20 —B50 to B100 X20 40 —END T COIL to T450 X20 Follower
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* Quench propagation from the = —T100t0T50X20
. 150  150toT25 X20 ‘ Inner turns to outer turns }
Inner turns to the outer turns w
—T25t0 T10 X20
) 50 —T10'to MID B COIL X20
* Quench propagation from one 0
. -50
pancake (coil) to another
pancake (coil) after ~1/2 sec
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BROOKHFVEN o
NATIONAL LABORATORY CondUCfor Requ|rements

Superconducting
Magnet Division

d I (8T,4K) >675A (507% margin)
» 50 micron Hastelloy, 20 micron Copper
» Design and conductor specs are governed by the mechanical
properties (50% margin) and not by the electrical properties

U Need a significant quantity of 2G HTS (ReBCO) tape
» 9km, 12 mm wide

O SuperPower has delivered 5 km of 12 mm wide tape
(easily exceeding I, margin)
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SOWURESN | Orthogonal Coil Strains @4K, 25 T

Superconducting

Magnet Division

0.00078
0.00057 Min_

-.10% Max -.18% Max .34% M:

Radial mmmm) + Axi?I Azimuthal @
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Model of DCCO17
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BROOKHFAEN
LABORATORY
Superconducting

NATIONAL
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