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N, Relevance of BNL High Field
Superconducting HTS Magnet Program to ADMX

Magnet Division

- ADMX needs large aperture, high field solenoid. Next upgrade
must use High Temperature/Field Superconductors.

* For a decade, BNL has been working on high field HTS solenoids.

* For about five years, BNL HTS program has been dedicated to
the large aperture, high field HTS solenoids for Axion search.

* Prior to that BNL worked on high field HTS solenoid for SMES
with many parameters similar to those needed for Axion search.

 BNL would be glad to offer its experience with large aperture,

high field HTS solenoids to the development of ADMX program.
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BROOKHFIAEN

NATIONAL LABORATORY HTS SO'Z"OidS Pr‘o‘ieCfs a.r BNL

Superconducting
Magnet Division

25 mm aperture, ~16 T HTS solenoid (SBIR)

HTS solenoid for Energy Recovery Linac (BNL)

MgB, solenoid (SBIR)

HTS solenoid for SRF cavity (BNL project)

100 mm aperture, ~9 T HTS solenoid (SBIR)

100 mm aperture, 25 T HTS SMES solenoid (arpa-e)

100 mm aperture, ~11 T solenoid with SuUNAM HTS (IBS)
100 mm aperture, 25 T HT'S solenoid for Axion search (IBS)

Focus of this presentation will be on the BNL

experience with the high field HTS solenoids
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BROOKHFIAEN

NATIONAL LABORATORY O?her‘ HTS MagneT PPOJCCTS a'l' BNL

Superconducting

Magnet Division

« HTS quadrupole with 1G Bi2223 for RIA (DOE/NP)

e HTS quadrupole with 2G ReBCO HTS FRIB (MSU/FRIB)
 1G Bi2223 HTS tape common coil dipole (DOE/HEP)

 1G Bi2212 Rutherford cable common coil Dipole (DOE/HEP)

e Cosine theta dipole with 4 mm 2G YBCO/ReBCO tape (SBIR)

e Cosine theta dipole with 12 mm 2G YBCO/ReBCO tape (SBIR)
 Curved 2G ReBCO tape dipole (Phase I SBIR)

« HTS novel dipole design overpass/underpass ends (SBIR)

* High field HTS/LTS hybrid collider dipole (Phase I STTR)

« HTS/LTS hybrid common coil dipole with CORC® cable (SBIR)

A wide ranging magnet program with ~200 coils and ~20 magnets

built using over 60 km of HTS (4 mm tape equivalent)

BSCCO: Bismuth strontium calcium copper oxide ReBCO: Rare earth Barium Copper Oxide
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BROOKHIWEN.| High Field Magnets for the Axion Search

Superconducting | Experiments and for the Hadron Colliders (1)

Magnet Division

* High field magnets are needed both for the next generation Axion search

experiments and for the next generation high energy hadron colliders.

* Axion search experiments are essentially looking for very high field solenoids

whereas hadron colliders for the very high field dipoles and quadrupoles.

* The target field for the next generation Axion search experiments is 25 -40 T

whereas the target field for the next generation colliders is 15 — 20 T.

e Use of HTS is must for the next generation Axion search experiments, whereas
the use of HTS is optional for the next generation colliders (and in fact HTS is

not a part of the base line design).
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BROOKHIWEN.| High Field Magnets for the Axion Search

Superconducting | Experiments and for the Hadron Colliders (2)

Magnet Division

* Field quality requirements are only 10-2 for the Axion search experiments
whereas they are typically 10-* for hadron colliders. This plays a significant role

on the choice of conductors and in the choice of certain technologies.

e The maximum stresses on the conductor is of the order of ~500 MPa in the

Axion solenoids whereas it is of the order of ~200 MPa in collider magnets.

* The ramp rate could be much lower and need not be well controlled in the

Axion search solenoids as compared to that in the collider magnets.

* Number of dipoles needed for the next generation collider is of the order of tens
of thousand as compared to a few for Axion search experiments. It has bearing

on the magnet R&D budgets and the timeline.
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BROOKHFIAEN

NATIONAL LABORATORY

Superconducting

Magnet Division

High Field HTS Solenoids

R&D with PBL (SBIR funded)

PBL: Particle Beam Lasers, Inc.
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BROOKHRUEN. | High field HTS solenoid R&D at BNL

Magnet Division

SBIR#2: 25 mm
(insert)

Conductor used: High strength, ~4 mm wide 2G ReBCO HTS tape from SuperPower
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SBIR #1: 100 mm Outsert

Superconducting

Magnet Division
PBL/BNL 100 mm HTS Solenoid Test for Muon Collider

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

300
275 -
250 ¢ T Peak Field on Coil at 250 A:~9.2 T <
| | | .
. 225 N Coil operated with margin at 250 A |
< 200 O
t 175 - ]
O Half midsert (12 pancakes)
~ 150 B
=)
O 125 ‘
100 O '.
75 S '.;: ‘ ?
50 | Runstopped at250 A \\\% e . EEE:E% Y
. g-ﬂﬂ:gi
25 O T
0 s

NN N

L G

L LY

21 4 \
Ly )

“ .=

Temp(K)
» Half midsert operated at 250 A @4 K

(6.4 T field on axis, 9.2 T peak field on coil

» Design value for full midsert: 220 A for 10 T Full midsert (24 pancakes)
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BROOKHFIAEN

NATIONAL LABORATORY SBIR #2: 25 mm Inser..r

Superconducting
Magnet Division

LA > Field on axis: 15.7 T
'\ > Field on coil : 16.2 T

250 \
200

\ Highest field at that time (2012)

300

\.\’ Overall J  in coil:

—  >500 A/mm? @16 T
40 50 U 30

Temperature (K)

Insert solenoid: 14 pancakes, 25 mm aperture
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BROOKHFIAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

High Field HTS Solenoids

SMES (ARPA-E funded)

Note: The basic requirements of the IBS solenoids for Axion search
are nearly the same as they were for the SMES HTS solenoid
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BROOKHFIAEN

NATIONAL LABORATORY Unique Opportunity

Superconducting
Magnet Division

... ARPA-E’s mission is to catalyze and accelerate
the creation of transformational energy

technologies by making high-risk, high-reward
investments in their early stages of development

Such missions provides a unique opportunity
"despite a constrained budget & schedule”

Target: 25 T HTS solenoid in 3 years

Clipoure ARPA-E: Advanced Research Project Agency - Energy
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O, Major Parameters of the
Superconducting HTS High Field SMES Solenoid

Magnet Division

Field: 25 Tw4 K
Bore: 100 mm

Stored Energy: 1.7 MJ

Hoop Stresses: 400 MPa

Conductor: ReBCO

Amount of ReBCO used: >6 km, 12 mm wide

Significant use of HTS in a high field application
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NATIONAL LABORATORY

Conductor Specifications

Superconducting

Maanet Division

12 mm wide tape with Hastelloy substrate

Copper Stabilizer

Silver Over =aycr

(RE)BCO - HTS (epitaxial)

* Minimum I, (@w4K, 8T) : 700 A (irrespective of the angle)
* Electro-mechanical properties graded (next slide)
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NATIONAL LABORATORY

The Basic Mechanical Structure

Superconducting
Magnet Division

Stress
<500 MPa
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Strain

 Stainless steel tubes to contain the hoop stress

* The magnet was radially divided in two coil layers (inner and outer) with

stainless steel tubes in between to reduce stress build up

 Stress and strain (hoop and axial) are kept below the conductor limit
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e | HTS Pancake Coil Winding

Superconducting
Magnet Division

Winding Machine Single pancake (outer)

High strength HTS tape

co-wound with SS tape Conductor used per pancake:
~210 m, 12 mm tape (258 turns)
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NATIONAL LABORATORY

Coils, Test Fixtures and Support Structure

Superconducting

Magnet Division

Outer
Outer

Assembly

Support
Tube for \uter. —
Assembly T
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BROOKHFIVEN .
NATIONAL LABORATORY Innern and OU‘rer‘ CO|IS Assembled

Superconducting
Magnet Division

4 .' ® \
Outer Solenoidal Coil
(102 mm id, 194 mm od) (223 mm id, 303 mm od)

28 pancakes 18 pancakes

Inner Solenoidal Coil

» Multiple leads to bypass a possibly weaker performing
pancakes (in pair to balance Lorentz forces)
Brookhaven HTS Solenoids -R. Gupta, BNL ADMX Magnet Workshop @FNAL April 13, 2018 18



BROOKHFAEN

NATIONAL LABORATORY

Inner and Outer Coils

Superconducting
Magnet Division
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Inner (in suppot tube) Outer (prior to support tube) |
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BROOKHFIAEN

NATIONAL LABORATORY Final Assembly

Superconducting
Magnet Division

Outer inserted over inner coil SMES coil in iron laminations
Brookhaven HTS Solenoids -R. Gupta, BNL ADMX Magnet Workshop @FNAL April 13, 2018 20




BROOKHFIAEN

NATIONAL LABORATORY

Superconducting

Magnet Division

Test Results

Brookhaven HTS Solenoids -R. Gupta, BNL ADMX Magnet Workshop @FNAL April 13, 2018 21



BROOKHFIAEN

NATIONAL LABORATORY

Superconducting

Low Temperature, High Field Tests

Magnet Division

- 2 pancakes

1140 A, 4K

Brookhaven HTS Solenoids

Al > 46 p‘ancakes
12 pancakes | | 350 A, 27K, 12. 5T

760 A, 4K, 114T[ “,\

-R. Gupta, BNL ADMX Magnet Workshop @FNAL April 13, 2018
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BROOKHFIAEN

NATIONAL

smenmeme | DoUble Pancake Coil Test

Magnet Division

: ~700 A

I.(A) @0.1pV/cm

Nominal design current

1200

1000

00
o
o

(o2}
o
o

B
o
o

200

X A Top Coil
& ¢ Bottom Coil
0
AO
A
AP X
b
B ox———
[ T -
0 10 20 30 40 50 60 70 80 Ramp rate

Temperature (K) up to 10 A/s

The option of operating over a large range (the benefit of HTS)
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NATIONAL LABORATORY

Superconducting
Magnet Division

12 Pancake Coil Test

11.4 T in 100 mm bore

800 800
750 = h
700 700
650
600 — 600
550 =
- ) 4
500 — = 2 500
< 150 = g
£ 40 / = S 400
g I s
::—3 350 I = 5
300 I = o 300
250 =
200
200 =
150 I = 100
100 I =
50 =
[ 0
0+ ‘ ‘ ‘ 0 1 2 3 4 5
4:09:07PM 4:14:53PM 4:20:38PM 4:26:24PM 4:32:10PM 4:37:55PM 4:43:41PM 4:49:26 PM
Time Time (sec)

* Energy (~125 kJ) extracted and dumped in the external resistor

* 77 K re-test (after quench) showed that the coil remained healthy

Brookhaven HTS Solenoids

-R. Gupta, BNL ADMX Magnet Workshop @FNAL April 13, 2018 24



BROOKHRAIEN, | SMES Test at Intermediate Temperature
Superconducting Critical Current Reached at 27 K

Magnet Division

12.5 Tesla at 27 K

350 Amp
. 5K (. Coil Current

o i 425 kJ 27 K possible

350 MORUPRV N - - with
el 01:303 mm | A N
L 3 liquid Neon
*E 250 oo NS
<P
200 gl
=
O 150 g

100 Record field/energy density in a superconducting

50 - magnet at a temperature of 10 Kelvin or higher

014:24 15;36 16I:48 18;00 19I:12 20;24 21I:36
Time (hh:mm)
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BROOKHFIAEN

NATIONAL LABORATORY

Summary of the Final Magnet Test

Superconducting

Magnet Division

* The ambitious design goal: 25 T, 100 mm HTS solenoid in a short period.
* It created a new record at an intermediate temperature: 12.5T at 27 K.
* During one test, the system tripped at a much lower fields than powered before.

 This trip resulted in arcing between two current leads in the inner coil. These
leads were not part of the normal magnet construction. They were added to

bypass a potentially weaker coil; ended up causing a problem instead.
* The current lead issue is not related to the high field HTS magnet technology.

* Only one test was allowed despite a challenging magnet with an R&D conductor.

A high risk, high reward program on a tight schedule, even though didn’t reach

the design field, it still created a record performance advancing the technology.
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BROOKHFIAEN

NATIONAL LABORATORY

Superconducting

Magnet Division

High Field HTS Solenoids

Axion Search (IBS funded)

» Phase I : ~100 mm coil id, 10 T solenoid with HTS SuNAM (completed)

» Phase II: 100 mm bore id, 25 T HT'S solenoid (in progress)

Case examined earlier: 35-40 T with Nb;Sn outsert from Oxford (still a possibility?)
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wronatisoriow | CAPP/IBS Phase I HTS Solenoid

Superconducting
Magnet Division

10.8 T|

* Peak Field : 10.8 T _—
 Aperture : 100 mm
* Stored Energy : 66 kJ i
* Temperature : 4.2 K e
* Number of Turns: 1881 0T
* Number of Pancakes : 6

* Conductor: 12 mm wide HTS Tape from SuNAM

e Insulation: Stainless Steel

Brookhaven HTS Solenoids -R. Gupta, BNL ADMX Magnet Workshop @FNAL April 13, 2018 28



BROOKHFIAEN

NATIONAL LABORATORY Tes-r Resu“‘s of "'he IBS HTS SOICHOid

Superconducting
Magnet Division

1400 O HCN12600_150312-01
®m HCN12600_150325-01
B HCN12600_150325-02
1200 I\ A HCN12600_150407-01
\\ A HCN12600_150407-03
1000 S ¢ HCN12600_150407-06
l‘ ~ — — — Average-Fit
— 800 = —t—Bpk(T)
5 1 ~- = Bperp(T)
o Imax = 590 A |
- 600 |- % .—*l.. - ——
Bpk=108T | — -
400 i
-—-“"—-
200 ’___‘_____.:—-"
)/__/
0

0 1 2 3 4 5 6 7 8 9 10 11
FIELD, T

Performance is primarily limited by perpendicular component.

The target peak field > 10 T was reached with SuNAM Tape.
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BROOKHFIAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

100 mm, 26 T HTS Solenoid
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BROOKHPVEN . ] ]
wrionataporatory - A Review of the Basic Requirements

Superconducting
Magnet Division

O High Field : 25 T (must use HTS)

d Large Volume: 100 mm bore, +/-100 mm long
Stresses: J X B X R

4 Field quality: ~10%

d Ramp-up time: up to 1 day

Relaxed field quality and slow charging
1 User magnet: robust design, large Margin

These requirements (particularly the reliability, rather than high

risk, high reward) made a significant impact on the design choices.
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BROOKHREUEN | No Insulation Approach to Magnet Protection
Superconducting (slides courtesy S. Hahn)

Magnet Division

No-Insulation HTS Winding Technique

INS: Difficulty in Protection NI: “Quench Current Bypass”

Insulation

O Slow normal zone propagation in HTS 0 “Automatic bypass” of quench current

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

> Slow quench detection through turn-to-turn contacts getting shorted
/

Q Larger enthalpy (stability margin) of HTS - , / 020 os
N . , . < a5 E s
=» Difficulty in “activate-heater” protection =" 016504 g
§ 90+ o.12§ 03 §
REF: S. Hahn, D. Park, J. Bascufian, and Y. lwasa, “HTS Pancake Coil without Turn-to-Turn Insulation,” IEEE Trans. Appl. Supercond., vol. 21, pp. 1592 — :§ 80 1 0_08_¢§ 02 g
2011. 2 w0 —o— Current 0,04 E E
S. Hahn No-Insulation HTS Magnet z —o— Field E 01 E

<shahn@fsu.edu> WAMHTS-3, Lyon, France (September 11, 2015) -] —4— Voltage | < -

0 50 100 150 200 250 300
Time (s)
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N, Fifty Years of "No-Insulation”
Superconducting Superconducting Tape Magnets

Magnet Division_________ I

Bill Sampson

Nb,Sn Tape Quadrupole
(still available to touch)

BNL (1967)

\dhances in Sll|w|'('m|(|||('ling \I;lgnvls

In the /m.crﬁrr years .tu[u'rfumlu1'!i11:.' magnets have fl:'rrlupwl Srom
u laboratory curiosity into the most practical me /gr'm'ru!m'_'

intense magnetic fields for a growing number of research projects

&oa
Black erraxz) s apposie 93 & djacent sheats, two of whicham vie

e i thene two ide viewe. The sugne b dhowa appm ciaucely
srmal dre Shen & b & use & b mesed in Bgasd belisn

© 1907 SCRNTING AVERICAN, NC

e — s However, no-insulation coils et
“Uoret 7967 Were made for different reasons i
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BROOKHFIAEN

NATIONAL LABORATORY

Design Choices

Superconducting
Magnet Division

O No Insulation
» Takes benefit of relaxed field quality and slow charging time
» Most reliable quench/defect forgiveness scheme in HTS magnets
O Single Layer
» Two layers may create unbalanced force condition between the
two layers, particularly for “No Insulation” option
0 Conductor: High Field, High Strength 2G ReBCO Tape
d Critical current margin (generous): ~50%
» High performance needed at high fields @ 4 K

O Stress/strain margin (generous): ~50%

> Multi-width option increases maximum stress (NOT acceptable here)
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BROOKHFIAEN

NATIONAL LABORATORY

Superconducting

Conductor for 256 T, 100 mm
HTS Solenoid for IBS

Magnet Division

» Essentially all major 2G HTS vendors (foreign and domestic) already meet
the critical current requirements with a sufficient margin.

> The design is limited by the mechanical properties. We didn’t use higher J_

(though available), as that increases stresses.

We are buying the conductor with
the lowest spec (and the lowest cost)

Quoted Reference = Target

12mm
4K, 8T

12mm
17K, sf

dmm
30K, 2T

as this will still gives a 50% margin |:>

p

679

300

289

175

350

332

819

400

319

a1

40

418

(backup slide for more on conductor)

Brookhaven HTS Solenoids -R. Gupta, BNL

ADMX Magnet Workshop @FNAL

April 13, 2018
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BROOKHRVEN | Major Parameters of the
Superconducting HTS Solenoid for IBS

Magnet Division

* Field: 25 Tw4 K

* Single Layer

* Cold Bore: 100 mm

* Coil i.d.: ~118 mm

* Coil 0.d.: ~214 mm

* Conductor: 12 mm wide ReBCO
* Current: ~450 A

e Current Density: ~490 A/mm?

* Stored Energy: ~1.6 MJ

* Max. Hoop Stress: ~500 MPa
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wmoxarasorvony | Gaijl Stpesses (MPa) @ 4 K, 25 T

Superconducting
Magnet Division

D: Static Structural
Coil Azimuthal Stress
Type: MNormal Stress(Z Axi

D: Static Structural
Coil Axial Skress
Twpe: Mormal Stressy Axi

D: Static Structural
Coil Radial Stress
Type: Normal Stress(X Axi

Unit: MPa Unit: MPa Unit: MPa .
Global Coordinate System Global Coordinate Systern G.Iobal Coordinate System
Time: 1 Time: 1 Time: 1

6/20{2017 1:38 PM 6120/2017 1:38 PM 6/20§2017 1:35 PM

83.7 Max 18.7 Max 484 Max
65.6 2,66 452
47.6 -13.3 421
29.5 -29.5 389
11.4 -458.3 358
-6.67 61,3 326

— -24.5 773 — 294

| -42.8 93,3 - 263

— -60.9 -109 231

~ -79 -125 — 199

— -97.1 -141 o 168
-115 -157 136
-133 -173 104
-151 -189 72.8
-169 Min -205 Min 41.1 Min

484 MPa Max Stress

100 MPa Max Stress -205 MPa Max Stress Azimuthal

Radial mmm)p Axial ®
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BROOKHEAEN , ,
vartonat iasoratory | Mechanical Properties of the Conductor

Superconducting

Magnet Division

Stress—Strain Relationship, Critical Strain (Stress)

RCQUiremeﬂf of Azimuthal and Irreversible Strain (Stress) of
. IBAD-MOCVD-Based 2G HTS Wires
stresses Of ~500 MPa is Under Uniaxial Tension
. 2 T . Y. Zhang, D. W. Hazelton. R. Kelley, M. Kasahara. R. Nakasaki, H. Sakamoto. and A. Polyanskii
met with 26 Tape having 1300
50 micron Hastelloy ﬁgg Bare tape
1000 -

and 20 micron Copper SCS wire - 20um Cu

——

SCS wire - 40pum Cu

Meeting requirement of
SCS wire - 100pum Cu

~200 MPa on the narrow 400
300 Cu stabilizer
side of the tape needed 200-
to be Checked as no SUCh 102__ | [I}ashetl:l Iinel-fittinlg Sollid Iin?-me?surm‘i
. 00 02 04 06 08 10 12 14 16 18 2.0
data was available Strain (%)

Courtesy: SuperPower
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BROOKHEMEN | Apparatus to Apply and Measure High Pressure on
the Narrow Face of the Conductor and the Coil

Superconducting

Magnet Division

ENERPAC RCH-
302 Hollow Plunger

Cylinder
Voltage taps to Current
Multimeter Leads

To ENERPAC P-80
Hydraulic Steel
Hand Pump

" LN, Dewar

~
et Workshop @FNAL QnApril 13, 2018 39
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BROOKHIEVEN
NATIONAoL LABORATORY Measur'emenf Of 1'he LOGd on 1'he Narrow FGCC Of

Superconducting HTS Tape (50 pm HGSTZ”OY, 20 pm Copper‘ from SP)

Magnet Division

0.007 20 pm Cu Superpower 20 pm Cu Superpower @ 135 A
’ 250 1400
0.006 ~Pressure (Mpa) —=Coil Voltage (uV)
1200
Z —Coil after 232 MPa 270CT17 o 1000
& 0.004 -=Virgi i
o Virgin Coil S 150
= 800
S 0.003 -
- o S
S 0.002 = 100 =3 600
Q (o ;
0.001 400
50
0 200
0 50 100 150 200
Current (A) 0 0
First Test Repeated Cycles

Meets the requirements of ~200 MPa on the narrow side

Tapes with 40 and 65 microns copper and
from other vendors were also examined
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BROOKHFIAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

No Insulation Coil Construction

and Test Results

* No Insulation protection has been demonstrated to be robust in many coils.
* No such data, however, is available for big coils (100 mm or more i.d.) at 4K.

* Since this is a critical part of providing a reliable magnet, we decided to do a
series of early tests on the full scale double pancake coil to avoid any surprise.
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BROOKHFIAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

No Insulation Double Pancake Coils

Early experience with a big
“NI” coil wound with ~550 m
of 12 mm wide ReBCO tape

= .d.=100 mm
= 0.d.=220 mm
=  Turns =971

Brookhaven HTS Solenoids

Significant instrumentation:
»> A large number of v-taps
»> Three heaters (for controlled
simulation of defects)

-R. Gupta, BNL ADMX Magnet Workshop @FNAL April 13, 2018 42



BROOKHEVEN | Transfer Function Vs. Current

NATIONAL LABORATORY

Superconducting in No Insulation Coils

Magnet Division

Reduction in T.F.
means that the current
is going sideways
between the turns

82.5 rather than circulating
n .4 (effective short)
2 k___————-—Q—f
= 82 + N e
>
T
<
E 815 +——————— | 1400000 i
';E 120000.0 |
N V-I curve
= 81 B 100000.0 ‘
= 800000 |
N \
g 60000.0 i
""' : 20000.0 J
Z |
= 80 | i AR 0.0 -
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BROOKHFAVEN . -
NATIONAL LABORATORY S|mu|a1'ed Defec“'s wr"h Hea*ers

Superconducting

Magnet Division
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SIERNNSNN Test at Intermediate Temperature (20 K)

Superconducting

Magnet Division

Coil Runaway at 502 A and ~20 K
0.8 »Coil was

_ allowed to
0.6 =Upper Colil runaway
unprotected.

0.4 ~Lower Coil

»Normal HTS
coil would
probably
have been
damaged.

Coil Voltage (V)

80 90 100 110 120
Time (seconds)
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BROOKHEAEN Test of Large Double

NATIONAL LABORATORY

Superconducting Pancake COil at 4 K

Magnet Division

Lower Coil Total Voltage - Runaway 865A (07DEC17)

8000 9
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—+—Coil Total -=Field (T) - f d
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. = hodamage
=] n u
z 5W0 : in coil
v 5 =
& 4000 °
S 42
= 3000 b
o -
2000 =
2 =
=
1000 T 1 =
0 — : 0
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Current (A)

Peak field 1.2 T
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NATIONAL LABORATORY

Superconducting
Magnet Division

Simulation of Large Local Defects (~30 W)

Coil V vs Heater Wattage @ 600 A, 4.2 K

45 35

40 -=-Coil Voltage (mV) 30
s"‘ 35 —Heater Wattage —
= 25 £
= 30 =
S 25 20 7
&~ ¥
E 20 15 E No degradation
> R« in the

15 10
= 10 & performance of

5 S the coll

~ 5 =~ observed

0 0 during further

T tests
-5 -5
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BROOKHFAEN

NATIONAL LABORATORY SUMMARY
Superconducting

Magnet Division

* Conductor specifications for such a high field, large aperture solenoid are
primarily driven by the mechanical requirements. We already have HTS with

sufficient critical current for such applications.

* No-insulation option offers the possibility of a reliable high field solenoid for
ADMX.

* With about 200 HT'S coils made using 60 km, 4 mm tape equivalent conductor,
BNL has significant experience with the HTS magnet technology and in
particular with the large aperture, high field HTS solenoids.

* Experience with a relatively large bore HTS and high field solenoids for SMES
and IBS should directly help high field HTS solenoid development for ADMX.

* There is likely to be synergy in the magnet R&D needed for ADMX with the
HTS solenoid being built for IBS.
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BROOKHFIAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

Backup Slides
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BROOKHFEVEN . . .
NATIONAL LABORATORY Bas|c DeS|gn and ConS'rr'uclrlon

Superconducting
Magnet Division

Pancakes coils are made with high strength 2G HTS from SuperPower, Inc.

HTS tape is co-wound with Stainless Steel (SS) tape providing Metallic Insulation (MI). SS
tape (instead of kapton, etc.) is used to handle hoop stress and to help in quench protection

Cu discs are used between the double pancakes to reduce thermal gradient during cool down
of large assembly. Cu discs play a crucial role in quench protection

No epoxy impregnation (only surface painted)
A large number of v-taps for extensive 77 K QA testing

Pancakes Insert solenoid Midsert solenoid
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BROGKHAVEN Design Parameters of

Superconducting SMES Demonstration Coi [
Magnet Division

Stored Energy 1.7 M) = /

Currrent 700 Amperes

Inductance 7 Henry

Maximum Field 25 Tesla

Operating Temperature 4.2 Kelvin

Overall Ramp Rate 1.2 Amp/sec

Number of Inner Pancakes 28

Number of Outer Pancakes 18

Total Number of Pancakes 46

Inner dia of Inner Pancake 102 mm

Outer dia of Inner Pancake 194 mm

Inner dia of Outer Pancake 223 mm

Outer dia of Outer Pancake 303 mm High field and big

Intermediate Support 13 mm .

Outer Support - o radius create large

Width of Double Pancake 26 mm stresses (~400 MPa)
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NATIONAL LABORATORY

Superconducting
Magnet Division

Basic Design of the SMES Solenoid

Coil winding adjusted for grading:

* Cu thickness in HT'S tape (65 and 100 pm)

* SS tape thickness (65 and 100 pm)

(more copper in ends; more SS in center)

Number of turns per pancake
i (for the same coil i.d. and o.d.)

End Result : Improved performance -

» Reduced B, and better mechanical structure

Brookhaven HTS Solenoids

-R. Gupta, BNL
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NATIONAL LABORATORY 77 K QA Tesf of Double Pancake COiIS

Superconducting
Magnet Division

one pancake and other
. . . 2 pancakes with ver
2 pancakes with similar =P > y pancake
. different critical current
critical currents
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SOMHNONY | Quench Protection Strategy for SMES

Superconducting

Magnet Division

BNL has relied on a multi-prong approach for quench protection
in a large number of HTS coils/magnets built and tested to date

1. Stainless steel (metallic) turn-to-turn insulation to spread energy after the quench

2. Inductively coupled copper disks to transfer energy instantaneously out of HTS
coils, heat up coils and reduce current to provide extra margin at a critical time

3. Sensitive electronics to detect resistive voltage quickly at the pre-quench phase

4. Fast energy extraction with electronics that can tolerate high voltage stand-off
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BROOKHFIAEN

NATIONAL LABORATORY

Copper Discs for Energy Extraction

Superconducting
Magnet Division

6.E+05

Inductively coupled copper discs - Over half
between two double pancakes _ s removed
800 | 5_%_ 3.6405
700 l u 1‘E+05 \
' \
600 > — 0.E+00 . . ) 3\4—;
— 500 4 Time (sec)
< ] 6.E405
d ‘
q:) 400 5.E+05
5 300 405 \
. . 3
200 1 This fast extraction S 3B —
also adds margin at 26405 1] :
100 71 the critical time o Most action
0 - in milliseconds
0 1 2 3 4 5 0.E+00 | | |
2.5 2.502 2.504 2.506
Time (sec) Time (sec)
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BROOKHFAEN

NATIONAL LABORATORY

. oo Conductor Selection
uperconducting

Magnet Division
Considerations in selecting the conductor:

1 Width of the tape : 2 mm to 12 mm

v' 12 mm gives larger current, smaller impact of local defect and fewer coils
1 Choice of substrate: Hastelloy, SS, Ni and others

v Hastelloy for the best mechanical properties
(d Amount of copper : 20 micron to 100 micron

v 20 micron gives the best mechanical properties; modelling to continue
O Critical current at high field: depends on the manufacturer

v" Need good (4K, high field) performance rather than (77K, self field)
d Previous delivery of similar conductor to BNL or elsewhere

v" Quotations from several conductor manufactures from around the world

Brookhaven HTS Solenoids -R. Gupta, BNL ADMX Magnet Workshop @FNAL April 13, 2018 56



NATIONAL LABORATORY

| Strains @ 4K, 25 T

Orthogonal Co

Superconducting

Magnet Division

. D: Static Structural D: Static Structural
D: Static Structural Cail Axial Strain Coil Azimuthal Strain
Coil Radial Strain Type: Mormal Elastic Skrain Type: Normal Elastic Strain
Type: Mormnal Elaskic Skrain Uit ingin Unit: infin
Unit: infin Global Coordinate Swskem G"‘"’a' Conina sysen
Global Coordinate System Time: 1 Time::1
Times 1 6/20/2017 1:10 PM
ime: 6/20/2017 1:26 PM
BI20JZ017 126 PM 0.0034863 Max
0.00034 Max 0.0032833
0.00028 Max 0.00017 0.0030803
0.00013 4.08f 0.0028773
-1.4e-5 -0.00018 0.0026743
-0.00016 _0.00035 0.0024713
-0.00031 -0.00052 — 0.0022683
_0.00045 ' — 0.0020653
Dlnons -0.0007 0.0018623
o= -0,00057 — 0.0016593
-0,00075 -0.001 { 0.0014563
-0,00039 -0.001z2 0.0012533
-0.001 -0.0014 0.0010S03
-0.0012 _0.0016 0.00084728
-0.0015 00017 0.00064428 Min
-0.0015 -0.0019
-0.0018 -0.0021 Min
-0,0018 Min

.35% Max Strain

-.10% Max Strain -.21% Max Strain

Radial + Axial +
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BROOKHFIAEN

NATIONAL LABORATORY

Superconducting

Conductor for 256 T, 100 mm
HTS Solenoid for IBS

Magnet Division

» Essentially all major 2G HTS vendors (foreign and domestic) already meet
the critical current requirements with a sufficient margin.

> The design is limited by the mechanical properties. We didn’t use higher J_

(though available), as that increases stresses.

We are buying the conductor with
the lowest spec (and the lowest cost)

Quoted Reference = Target

12mm
4K, 8T

12mm
17K, sf

dmm
30K, 2T

as this will still gives a 50% margin |:>

p

679

300

289

In reality, the margin will be even higher as SuperPower

175

350

332

makes the conductor in the similar way. Also we can sort

819

400

319

based on the location and (30K, 2T) measurements

a1

40

418

Moreover, most places field is parallel => higher margin

(backup slide for more on conductor)
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NATIONAL LABORATORY

Superconducting
Magnet Division

New Apparatus to Apply 300 MPa Load on
the Narrow Side (design needs 200 MPa)

Brookhaven HTS Solenoids

Hydraulic Cylinder

32 mm dia. actuator rod\\

LN, Dewar

Press Plates\

HTS Test Sample

Sample O.D. Suppo

Sample —

Bobbin \

21N
Z
/

0

s
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