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BROOKHFAEN C
NATIONAL LABORATORY
Superconducting o nTe nts

Magnet Division

* Introduction to high field solenoid
 Summary of HTS magnet program at BNL
— Design, construction and test results
* Collaborative work with SuUNAM
— Conductor testing

 Summary/Outlook for CAPP high field solenoid
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BROOKHRVEN | Motivation for High Field Solenoid
Superconducting (slides from Yannis Semertzidis)

Magnet Division

What's there to improve over ADMX? (CAPP) Axion dark matter plan

P - (ﬁ] VB p Cm O

Ja « We have started an R&D program with BNL for

- B2, energy density new magne’Fs: goal 25T; then 35T. Currently all
axion experiments are using <10T.

* Q, resonator quality factor

« Based on high T, cables (including SUNAM, a
Korean high T, cable company). ~5 year
program.

» B-field/resonator volume V

+ Ampl. noise/physical temperature, S/N

21

B-field possibilities _‘BNI.,].s-lookmg forward to.
: contrlbute _tp -A%ion search
+ Magnetic field B: efforts hy PP‘Wrth it _

— Develop 25T magnet.

expert1§e “fn hlgh field and
“HAS magnet techltology

— 35T magnet based on high T..
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BROOKHFAEN Phase space for'

NATIONAL LABORATORY

Superconducting Super'conducti ng Magne‘l's

Magnet Division

Superconductor in J {Amps | cm’)
magnets must remain in
the captive volume of:

e Field |

* Temperature

* Current (density)

Michael Tinkham, Introduction to Superconductivity (New York: McGraw-Hill, 1975) :

Phase Diagram

Conventional superconductors (NbTi and Nb;Sn) generally

operate at 4 K and applications rely on liquid helium for cooling
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BROOKHFAEN

NATIONAL LABORATORY

Superconducting

High Temperature Superconductors (HTS)
are also High Field Superconductors (HFS)

Magnet Division

Nb-Ti

Yecoe, YBCO: B || Tape plane
‘ prod + Tape Plane ==« YBCO: B L Tape plane
TS S . SRR SRR T T Bi-2212: O5T NHMFL 100 bar OP

High Field Solenoid Magnets

ngh J Hb Sn O Bi-2223: B 1 Tape plane (carr. cont.)
=M Bi-2223: B L Tape plane (prod.)
micms N b3 501: Internal 5Sn RRP®

=t Nb3Sn: High Sn Bronze

=« Nb-Ti: LHC 1.9 K

mi s Nb-Ti: LHC 4.2 K

«« %+ Nb-Ti: Iseult/INUMAC MRI 4.22 K

: 18+1 Fil. 13 % Fill

/\\

Bronze Nb,Sn \
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ot imoniel A 35 T Hybrid (HTS/LTS) Design

Superconducting

Magnet Division

25/Marf2009 13:16:19 UNITS
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Surace contours: BMOD Bﬂﬁgn_;wx T
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Local = Glohal
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Line LINE 101 Carte
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®=0.0,w=0.0t0 1000,z

— 1.500000E+001

Must use expensive HT'S in inner

—r— 1.000000E+001

l 3.957354E+000

s HTS is the driver; however, HTS/LTS hybrid may eventually be more realistic
on cost consideration, if the operation can be at ~4K

» smaller volume, higher field
Could use cheaper LTS in outer
» larger volume, lower field
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BROOKHFAEN

NATIONAL LABORATORY HTS ngne'l' Pr'OQr'C(mS C('|' BNL (1)

Superconducting
Magnet Division

BNL has been active in developing HTS technology for well
over a decade.

We have used all types of HTS
— Bi2212 (tape and Rutherford cable)
— Bi2223
— MgB,
— YBCO (Second Generation)

We have used about 50 km of HTS (normalized to the standard
4 mm tape equivalent) for various programes.

We have designed, built and tested a large number of HTS
coils and magnets at a temperature range of ~4 K to ~80 K.
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BROOKHFAEN

NATIONAL LABORATORY HTS Magne‘r Programs 01' BNL (2)

Superconducting
Magnet Division

e HTS magnet R&D on a wide range of programs:

— High B, low T (similar to what is needed at CAPP/IBS)
— Medium B, medium T (similar to what is needed at RISP/IBS)
— High T, low B (many applications, only with HTS)

 We also have major program on magnets with conventional Low

Temperature Superconductors (LTS) — NbTi and Nb;Sn

* These varieties of programs help each other in developing a wider

perspective while optimizing designs and sharing resources
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NATIONAL LABORATORY

Superconducting
Magnet Division

High Field HTS Solenoid Programs (1)

BNL/PBL Collaboration for
Muon Accelerator Program (MAP)
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DROOICIATEN, Path to 30* T Solenoid

Superconducting

Magnet Division

Modular R&D approach consisting of three coils:
1. Design >12 T HTS; Demonstrated ~16 T
2. >10 T HTS solenoid; Demonstrated in %z coil >6 T (>9 T peak)

3. >8 T LTS; Demonstrated ~7 T in a separate BNL program

25/Mar/2003 13:16:19 o

Surtace contours: BMOD
3.519937E+001

3.000000E+001

[~ 2.500000E+001

—— 2.000000E+001

—— 1.500000E+001

(—— 1.000000E+001

l 3.8957354E+000

b

Field Perpendicular
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BROOKHFAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

High Field HTS Solenoid Test Results
(magnet #1 - insert)

lcvs T Field on axis:

300

250 \

> over15T

j> Field on coil:
>over16 T

(original target was 10-12 T)

Demonstration that HTS
can create high fields

Tt

| . 1 . . Overall J, in coil:
40 50 60 70 80 >500 A/mm? at 16 T

Temperature (K)
(despite anisotropy)

~25 mm PBL/BNL solenoid, 14 pancakes, 700 meters of HTS from SuperPower

High Field Solenoid Magnets
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BROOKHFAEN

NATIONAL LABORATORY

NbTi (or Nb3Sn) Outer Solenoid

Superconducting

Magnet Division

* Two NbTi solenoids were built and
tested to 6.6 T for BNL/RHIC e-lens
(test stopped 10% above design field)

Value
1.78 mm X 1.14 mm
1.91 mm X 1.27 mm

Parameters
Wire, bare
Wire, insulated

Wire I specification (4.2 K, 7 T) >700 A . . .
Turn-to-turn spacing (axial) 1.98 mm ° Nb3Sn will give hlgher field but
Turn-to-turn spacing (radial) 1.42 mm

Number of layers (main coil)
Additional trim layers in ends
Length of additional trim layers

22 (11 double layers)
4 (2 double layer)
173 mm on each end

Coil inner diameter 200 mm
Coil outer diameter 274 mm
Coil length 2360 mm
Yoke length 2450 mm
Maximum design field 6T
Current for 6 T ~440 A
Peak Field on the conductor @ 6 T ~6.5T
Computed Short Sample @4.2 K ~70T
Stored energy @ 6 T ~1.4 MJ
Inductance ~14 Henry
Yoke inner diameter 330 mm
Yoke outer diameter 454 mm
Operating field (on the axis) ITto6T
Relative field errors on axis “6X 10

High Field Solenoid Magnets

Ramesh Gupta, BNL

require reaction facilities (ReBCO

comes pre-reacted)

CAPP/IBS at KAIST, Korea

December 4, 2014 12



NATIONAL LABORATORY

Superconducting
Magnet Division

High Field HTS Solenoid Programs (2)

Superconducting Magnetic Energy Storage
(SMES)
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ol SMES Options with HTS

Superconducting
Magnet Division

> High Temperature Option (~65 K): Saves on cryogenics (Field ~2.5T)
» High Field (~25 T) Option: Saves on Conductor (Temperature ~4 K)
High

Previous attempts: Temperature
LTS: upto~5T S“"Esyg
HTS: few Tesla (high temp. to save on cryo)

Our analysis on HTS option:

Presently conductor cost dominates the
cryogenic cost by an order of magnitude

High field HTS could be game changer:
v Very high fields: 25-30 T (E a B?)
s Only with HTS (high risk, high reward)

» Also: A medium field and medium temperature option

12.5T@27K

High Field Solenoid Magnets Ramesh Gupta, BNL CAPP/IBS at KAIST, Korea  December 4, 2014 14
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BROOKHRVEN :
The Basic Demo Module

Superconducting
Magnet Division

Aggressive parameters:

Field: 25 T@4 K (more than ever)

Bore: 100 mm (large)

Hoop Stresses: 400 MPa (>2X)

Conductor: ReBCO (evolving)
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NATIONAL LABORATORY Conducfor - ReBCO Tape

Superconducting
Magnet Division

HTS tape: angular dependence
Measurements at NHMFL (earlier sample)

250:.T=4.2 10

[ width 1.1 mm
Copper Stabilizer 200 15T

Silver Overlayer 150 :

(A

20 pum (RE)BCO - HTS (epitaxial) 1o

Buffer Stack

50 |

0 30 60 90
6 (deg)
20m  SMES specs (12 mm):
>700 A@4K
(at any angle)

12 mm wide ReBCO tape with high strength hastelloy substrate
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BHMEN
NATI O L LABORATORY

Superconducting
Magnet Division

Large Scale SMES Concept (1)

TLEE Y S

LR L L BES ]

* A torus would consist of a large number of solenoid module
* Field becomes parallel => less amount of conductor required
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BROOKHEVEN
NATIONAL LABORATORY Lal‘ge Scale SMES C()ncept (2)

Superconducting

Magnet Division

GJ scale GRID storage system that can fit in a room!

» Moreover, a small B, (<0.5T) for a large B, (30 T) means a
major reduction in conductor cost (~1/5 with an optimized HTS)
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NATIONAL LABORATORY

Superconducting
Magnet Division

Design of the Basic Module

The High Field Solenoid
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DROOKHRUEN .
Parameters of the SMES Solenoid

Superconducting
Magnet Division

Stored Energy 1.7 MJ

Currrent 700 Amperes

Inductance 7 Henry o .
Maximum Field 25 Tesla Very Slmllar
Operating Temperature 4.2 Kelvin Design and
Overall Ramp Rate 1.2 Amp/sec

Number of Inner Pancakes 28 TeChnOlOgieS
Number of Outer Pancakes 18

Total Number of Pancakes 46 that are
Inner dia of Inner Pancake 102 mm needed fOl‘
Outer dia of Inner Pancake 194 mm

Inner dia of Outer Pancake 223 mm CAPP/IBS
Outer dia of Outer Pancake 303 mm .
Intermediate Support 13 mm SOlenOld
Outer Support 7 mm

Width of Double Pancake 26 mm

High Field Solenoid Magnets Ramesh Gupta, BNL CAPP/IBS at KAIST, Korea December 4, 2014 20



BROOKHFAEN

NATIONAL LABORATORY HTS Single Pancake

Superconducting
Magnet Division

* High strength HTS tape,
co-wound with SS tape (for
insulation and added strength)

* Thickness of SS tape and
copper on HTS adjusted to
optimize the performance

High Field Solenoid Magnets Ramesh Gupta, BNL CAPP/IBS at KAIST, Korea  December 4, 2014 21



BROOKHRUEN | Two Pancakes Connected
Superconducting with Spiral Splice Joint

Magnet Division
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BROOKHIAVEN Inner and Outer Coils

NATIONAL LABORATORY

Superconducting Assembled

Magnet Division

Inner Coil Outer Coil

(102 mm id, 194 mm od) (223 mm id, 303 mm od)
28 pancakes 18 pancakes

Total: 46 pancakes

High Field Solenoid Magnets Ramesh Gupta, BNL CAPP/IBS at KAIST, Korea December 4, 2014 23



BROOKHFAMEN | (Coj|ls, Test Fixtures and
Superconducting Support Structure

Magnet Division

:

: Xn T, 760 A coil i

2
AT

r outer |

Outer
Support
Tu‘b’e for

p—
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BROOKHFAEN

NATIONAL LABORATORY

Inner and Outer Coils

Superconducting
Magnet Division

¥
e
| R s |
4
|

Inner (in suppot tube) Outer (prior to support tube)
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BROOKHFAEN

NATIONAL LABORATORY Final Assembly

Superconducting

Outer inserted over inner coil SMES coil in iron laminations
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NATIONAL LABORATORY

Superconducting
Magnet Division

Test Results
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BROOKHPVEN | 77 K Test of a Series of

NATIONAL LABORATORY

Superconducting Double Pancakes (i nner')

Magnet Division

Ic and N value at 77 K of single pancake coils

140.0
Critical current (1 pV/cm) =
120.0 2 = {
g
W @
100.0 - RN
‘ ‘ I Two single
R pancakes
1 ‘ ‘ powered in
600 series.
40.0
| l ‘ T
200 | # limited by
} the companion pair
0.0

101102103104105106107108109110111112113114115116117118119120121122123124125126127128
Single Pancake ID
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BROOKHRAEN | 77 K Test of a Series of
Superconducting Double Pancakes (outer)

Magnet Division

Two pancakes powered in series )
Single pancakes

250 -
-Outer double pancake coils ] powered alone
225 I n-value 4 2
c [ Type A -CC(160 pm) + SS (25 pm) ] -
2 200 [ Measured value, B Beyond range| 1o | mmies
2 - Type B -CC(160 pm) + SS (50 pm) IE = e "
6 175 F B Measured value, Elill Beyond range- < o B
= [ Type C -CC(120 um) + SS (25 um) 1=
L 150 F I Measured value, 88 Beyond range_
= : Type D -CC(120 um) + SS (50 um)
; 125 L [__1Measured value, .2/ Beyond range
c ;
< 100}
()] L
® 75 . . .
Q Higher I, in coil at
< 50 77K , however,
25 doesn’t necessarily
0 translate in to a
~ ON ™ NN ™~ N «~“ N ~“ N ~“ N ™~ N ™~ N ~~ °
NI N VNSl higher I at 4K
OO0 000000000000 ObOOOo

(present conductor)

Single pancake coi

) ID
MT?23, Lakshmi, et al
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NATIONAL LABORATORY

Superconducting

Double Pancake 77 K Test

Magnet Division

one pancake and other
e e s 2 pancakes with ver
2 pancakes with similar =P > y pancake
.. different critical current
critical currents
40000.0 | |
25000 | |
e 35000.0 I
1 ‘ ; "f :
1 30000.0 A
20000 FT i . ﬁ;ﬂ; !
P ‘ P EZSOOO.O : j:
3 % 200000 - — 49|  —+—5MEsS206
< 15000 % 3 150000 | 7 —m—SMES 205
2 > [ W | | == DPC 2003
% 10000 ? — 10000.0 e !
g —a— SMES 219(T e | defecti
> 10000 || (m) 5000.0 ! ESEss: ':::"_F ! | defective
=== SMES 204(T) ~&—SMES 202(B) ¢ 00 w"wvi‘"ﬂf*; <« g()()d
——SIMES 203(B) =00 o 20 40 60 80 100
5000 Current (A)
0
0 0 20 40 60 80 100 120 140
0 20 40 60 80 100 Current(A)
Current (A)
——(0-10)
== (10-25)
{25-50)
= (0-222.5)
_Une.v ((0-10}))
0 20 4zu"°m(A;iD 80 100
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SESENOTN HTS SMES Coil High Field Tests
Superconducting

Magnet Division

2 pancakes 12 pancakes 12.5
1140 A, 4K 760 A,4K,114T LR _ ; B

[
o
\ oo

Peak fields higher

High Field Solenoid Magnets Ramesh Gupta, BNL CAPP/IBS at KAIST, Korea December 4, 2014
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NATIONAL LABORATORY

Double Pancake Coil Test

Superconducting
Magnet Division

1200
)¢ .
1000 A Top Coil
« & ¢ Bottom Coil
S| E s00 vt/
Ak o
sl & AO
® o 600
E 6))
= < AlO
&0| = 400
wn| = AL
= & "
= 200 Bx———
=
(=]
- 0
0 10 20 30 40 50 60 70
Temperature (K) up to 10 A/s

The option of operating over a large range (the benefit of HTS)
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BROOKHFVEN .
NATIONAL LABORATORY 12 Pancake CO'I Tes.'-

Superconducting

Magnet Division
Charge  [MARiBI00mmboE]  Quench

800 800
750 P — #
700 = —— 700
650 e — — =1
600 o 600
550 = %
500 == +— < 500
g 450 = g
£ 400 / 5= S 400
g I =
5 350 I = 4= 5
300 I — H— O 300
250 ’ -+ 200
200 : = S
150 =
100
100 II =
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.
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BROOKHFAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

High Field Solenoid Magnets

Ramesh Gupta,

BNL

CAPP/IBS at KAIST, Korea

Preparation for the Final Test

'y aVa

"N CEEl )=
=%/ LHefillline
He Return line &% -

A

WISSSSEAN 4 LN fill line
Cryostat with coil £y

= o -
& i o
g v

W . 'C )
o o
| 4
- Current leads |
—~— 1 ;

Y <
s

December 4, 2014



BROOKHFAEN

NATIONAL LABORATORY SMES coil Run on 5/21/14

Superconducting
Magnet Division

12.5 Tesla at 27 K

350 Amp
l sk . _Coil Current

o i 425 kJ 27 K possible

350 |MORIUPR NN with
ol 0:303 mm | A
L3 liquid Neon
E 250 f-----ommmemeeme e
<?)
200 gl
=
QO 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 21;36
Time (hh:mm)
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BROOKHFAEN

NATIONAL LABORATORY s-racl-us of ARPA-E SMES COiI

Superconducting
Magnet Division

 The design goal was: 1.7 MJ at ~700 A with 25 T at 4 K.

 We tested the unit at several temperatures between 20-80 K,
including the 350 Amp (12.5 T) test at 27 K.

 During one such test, the system tripped due to a data entry error
at ~165 A — well below the earlier magnet test current.

e This trip resulted in damage to a few current leads in the inner
coil. It appears that there was arcing, perhaps during shut-off.

* Since the test was not limited by the field performance, the coil

still has the potential to reach higher field after repair.
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NATIONAL LABORATORY

Superconducting
Magnet Division

4 mm wide SUNAM- ReBCO Tape
Critical Current Measurements at
field and 4.2 K
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RooIMaTEN, Test Set-up for I
Superconducting Measuremen.'.s

Magnet Division

. ulil ‘ .jl :w: ﬁ q\h\w \:ﬁ
Field Paralle]l gtk .

pus aop TR DOBOL © AW SISNROW e

Ll b S S
* Samples are mounted on ITER-type barrels for I,
measurements 1n // field. Typical length used 0.5 m

* Measurements 1n //-field at 4.2 K using eithera 12 Tor 16 T
solenoid magnet to provide background field

* For H-parallel to ab-plane: using SS barrel holder V-tap
separation of 47 mm total length 235 mm.

« H-perpendicular to ab-plane: using U shaped sample V-tap
separation 10 mm; total length 30 mm

Field Perpendicular ‘

High Field Solenoid Magnets Ramesh Gupta, BNL CAPP/IBS at KAIST, Korea December 4, 2014
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NATIONAL LABORATORY

Superconducting

Pictures of Conductor Test Station

Magnet Division

High Field Solenoid Magnets
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BROOKHFAEN

NATIONAL LABORATORY

Superconducting

Pictures of Conductor Test Station

Magnet Division

\ W

High Field Solenoid Magnets

Ramesh Gupta, BNL CAPP/IBS at KAIST, Korea December 4, 2014
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BROOKHFVEN

NATIONAL LABORATORY

Superconducting

Magnet Division

High Field Solenoid Magnets

amesh Gp'l' CAPP/IBS at KIT, ea

" December 4, 2014
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BROOKHRAEN | \/_T curves for the sections at 77 K

Magnet Division

Superconducting and at 11 T, 4.2 K (field parallel)

45

40 | Xz 40 1 o
H=0T + ZN H=11T +$
il 77K 35 42K -
35 —+—NP o PA
——PA |
30 - 30 ——AY
——AY
25 1
25 1
=4 2 XZ ZN NP PA AY XY
> L0 77K XZ ZN NP PA AY XY > 20 11.0T
1 lc,A [765.2]808.9[774.6]792.2[788.1]779.4
lc,A [201.8]199.3[196.3[198.9 [ 203.3 [ 199.1 15 | n [ 433 [499 | 434 | 419 [ 416 | 448
15 1 n [397 [363[397 [337 [ 414 [ 357

Ratio of Ic(11T, 4.2K) and Ic(77K, SF) for all the sections

1.(11T,4.2 K) / XZ ZN NP PA AY XY
(77K, SF) 379 | 4.06 | 3.95|3.98 | 3.88 | 3.91

The different sections look fairly uniform BNI. Test

High Field Solenoid Magnets Ramesh Gupta, BNL CAPP/IBS at KAIST, Korea  December 4, 2014 42




BROOKHFAEN

NATIONAL LABORATORY

Superconducting

Magnet Division

Test Summary SUNAM Sample

(field perpendicular)

<

700
600
500
400

2300

200
100
0

60

- n-value 1 10

0.0

2.0 4.0 0.0 8.0 10.0
HT

High Field Solenoid Magnets
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BROOKHFAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

In-field performance of SUNAM
HCNO04200 (measured at Grenoble)

1400

1200 = mB//c4K
" = [1B//ab 4 K
1000 -—r‘ E AB//ab 20K
% 14 =g ® B//ab 40 K
z goo ™ A
: Ly i i
- on . il 4 K, field parallel
g? 600 ° A
2 A
K> A
400 L A
. A
7 AL
200 ’ '——g——z
SNEEL RRET L 4 K, field perpendicular
@
0
0 2 6 8 10 12 14 16 18
B(T)

High Field Solenoid Magnets
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BROOKHFAEN

wovrisorion | Recent Results from SUNAM

Superconducting

Magnet Division

 Recent results (21 T test) from SuNAM show that the conductor is good for
high field solenoids

* They were able to overcome somewhat poor in-field performance by grading
the coil with different width tapes used in the design

 However that significantly increased the amount of conductor required (700
meter in BNL 16 T magnet vs 11.4 km in 21 T)

e Itis known that SuUNAM produces one of the best conductor for 77 K, self-
field application. The mechanical properties of the conductor are good for
high field applications as well (with additional reinforcement by SS tapes as
used in BNL designs). However, the lift factor for in-field 4K critical current
performance significantly lags behind the competitor currently

* SulNAM continues to make remarkable progress and there is no reason why
this (high field performance) would not improve over time

 For now, a smart mixture of SUNAM (most part) and SuperPower (some
part) should be interesting
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BROOKHIVEN
NATIONAL LABORATORY SU MMA Ry 1
Superconducting

Magnet Division

 Even though we didn’t reach the aggressive design goal of 25 T,
in a big aperture (~100 mm) superconducting magnet with large
hoop stresses (~400 MPa) in the first attempt, we did learn
several things in the process beside creating new records.

* This provided a significant experience in using a large amount of
coated conductor (over 6 km of 12 mm wide tape) in a demanding
4K, high field and a high stress application.

* Demonstration of a 12.5 T SMES coil at 27 K is a promising
application of the coated conductor. The earlier most ambitious
proposal was for 11 T at 20 K by Chubu Electric and Furukawa.

* The experience and technologies developed should also be useful
in other applications, such as in NMR, ADMX, accelerators, etc.
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* By coincidence, the 100 mm, 25 T solenoid design (fully
engineered, developed for a completely different
project,) is directly applicable to CAPP

* If no changes in the design are made, the magnet can
be built quickly

* Change in length is allowed as that can be accomplished by
stacking more or less number of pancakes

* SUNAM conductor could be used for most part except
for the pancakes in the ends

* We are excited and ready to see our work being used in
a real application at CAPP
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