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BROOKHFAEN

NATIONAL LABORATORY HTS Magne"' Prlogr'am a"' BNL

Superconducting
Magnet Division

« HTS magnet R&D over a wide range:
— High field, Medium field and low field (high temperature)

— Many geometries — solenoid, racetrack, cosine theta, curve
coils

Number of HTS coils/magnets designed built & tested:

— Well over 150 HT'S coils and well over 15 HTS magnets
Type of HTS used:

— Bi2223, Bi2212, ReBCO, MgB, — wire, cable, tape
Amount of HTS acquired:

— Over 50 km (4 mm tape equivalent)

Our recent activities have been largely on magnets with ReBCO
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BROOKHFAEN

NATIONAL LABORATORY Comple-'-ed HTS Magnef Pr'ogr'ams

Superconducting

Magnet Division

25 mm aperture 16 T HTS solenoid (SBIR)

e 100 mm aperture 9 T HTS solenoid (SBIR)

100 mm aperture “12.5 T @27 K” HTS SMES solenoid (arpa-e)
 HTS quadrupole for RIA (Collaboration with MSU)

* Bi2223 HTS tape common coil dipole (funded by DOE)

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

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

e Cosine theta dipole with 12 mm YBCO/ReBCO tape (SBIR)

e And a few others
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DRODKIRAIEN,
ATION Current HTS Magnet Programs

Superconducting

Magnet Division

 High Field HTS solenoid for IBS, Korea (Work for Others)
* High field collider dipole (Phase II STTR)
e Curved ReBCO tape dipole (Phase II SBIR)

* MgB, solenoid (Phase II SBIR)
* High field open HTS midplane dipole (Phase I SBIR)

* High radiation HTS Quadrupole for FRIB (Collaboration)
 HTS solenoid for Energy Recovery Linac (BNL project)

A wide variety of applications and collaborative

work is the nature of our HTS magnet program
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BROOKHFAEN

NATIONAL LABORATORY

Superconducting

Magnet Division

A Brief Review of
Select HTS Magnet Programs

1. High Field Large Stress (~400 MPa) HTS Solenoids
2. High Radiation/Energy Deposition Quadrupoles

Common Features:

SS tape insulation, either to deal with large stresses or to provide
radiation resistant insulation and help in quench protection
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BROOKHFAEN

enoviimoos | Path to @ 30-40 T Solenoid

Superconducting
Magnet Division

Goal: Develop high field ‘ DDDDDDDDDDD

solenoid for Muon Cooling [~

UUUUUUUUUUUUUU

DDDDDDDDDDDDDD

Several coils (build and test in their own structure, then combine ):m

a) >12 T HTS solenoid (insert): 25 mm, 14 pancakes, 4 mm tape
b) >10 T HTS (midsert): 100 mm, 24 pancakes, 4 mm tape
¢) >10 T LTS (outsert): NbTi and/or Nb;Sn cable
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e, 16T HTS Solenoid
Superconducting | (a wide range of operating temperature)

Magnet Division

PBL/BNL SBIR  |cvsT
300

» Field on axis: 15.7T

» Field on coil : 16.2 T

Highest field all HT'S solenoid

Overall J, in coil:

0 ——————————  >500 A/mm? @16 T
0 10 20 30 40 50 60 70 30

Temperature (K)

Insert solenoid: 14 pancakes, 25 mm aperture
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BROOKHFAEN

NATIONAL LABORATORY Lar'ge Aperture High Field HTS Magnet
Superconducting | (@ wide range of operating temperature)

Magnet Division

300
275
250
225
200
175
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100
75
50
25
0

Current (A)

PBL/BNL 100 mm HTS Solenoid Test for Muon Collider

N S Peak Field on Coil at 250 A: ~9.2 T a
RS | | | \ .
~1 Coil operated with marginat 250 A
Ve ,‘:‘". 3 9 21 B
A Half midsert (12 pancakes)
NS
B
~ Run stopped at 250 A \\\‘\%
SR -

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

Temp(K) , ——

» Half midsert operated at 250 A @4 K —
(6-4 T field on aXiS, 02T peak field on coil Full midsert (24 pancakes)

HTS Insert + midsert designed to generate ~22 T and with Nb;Sn outsert ~35 T
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NATIONAL LABORATORY

Superconducting
Magnet Division

High Field HTS SMES Coil
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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
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e, .
Superconducting The BGSlC Demo MOdUle

Magnet Division

High Risk, High Reward R&D funded by arpa-e

Aggressive parameters:

Field: 25 Tw4 K

Bore: 100 mm

Hoop Stresses: 400 MPa

Conductor: ReBCO
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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 Large Scale SMES Concept (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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BROODKHMIEN, | Design Parameters of

Magnet Division

Superconducting BNL Demonstration Coil

Stored Energy 1.7 MJ

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 dla.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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BROOKHFAEN

NATIONAL LABORATORY

Superconducting

HTS Coil Winding

Magnet Division
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A oA
Superconducting HTS PanCerS

Magnet Division

~210 meter i.d., 12 mm tape, 258 turns ° High strength HTS tape,
s _ co-wound with SS tape (for
=i LY - | insulation and added strength)

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

......
2L e

with Spiral Splice Joint
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T OIAAEN, :
77 K Pre-Test of Pancakes (inner)

Superconducting
Magnet Division

All pancakes are individually pre-tested at 77 K for QA check
(a unique benefit of HTS)

Ic and N value at 77 K of single pancake coils

140.0

Critical current (1 pV/cm)

120.0

100.0 -

.

80.0 -

Two single
pancakes
powered in
series.

Wic(A)

Ic (A)

En

# limited by

0.0

101102103104105106107108109110111112113114115116117118119120121122123124125126127 128
Single Pancake ID
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BROOKHRUEN |\ 77 K Test of a Series of Outer Pancakes

Superconducting | (mechanical and electrical properties adjusted)
Magnet Division

Adjustment in SS tape thickness and amount of Cu on HTS tape

250 200
[Outer double pancake coils ] 1WViem 0.1 pViem
225 - I n-value - = —
: Type A -CC(160 um) + SS (25 um) I =t
200 I | Four types to achieve I Measured value, A Beyond range- £
" | grading (see slide 12) [ype B -CC(160 um) + SS (50 um) 1< 10
175 F I Measured value, B Beyond range-| ~
I Type C -CC(120 pum) + SS (25 um)
150 L B Measured value, BBl Beyond range] %
i Type D -CC(120 um) + SS (50 um)
125 '_ [__1Measured value, .21 Beyond range_ 0

100 | - Two pancakes powered in series

Each pancake powered
alone

75
50

|_(A) based on 0.1uV/em criterion

25

Higher I in coil at
77K , doesn’t

0

~ N —~~ N —~ N —«~ N «~ N ~ N ~ N ~ N « °
I I I I N O N R hecessarily translate
OO0 0000000000000 OO0OOoOOo . .

Single pancake coil ID 1 toahlgher Ic at 4K
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NATOPEL LABORATOM Double Pancake 77 K QA Test

Superconducting
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 1 35000.0 "
‘ ‘ 1 i i I T
1 300000 - | | : 4
20000 FT : Je0000 i f f f f A‘;ik :
15000 ‘ 1 Em E o f f f f v"‘ f
3 % 200000 - : j ! 49— —e—SMES206
< 15000 % ‘ ‘§1500040 f ' ‘ ' /% | —m-sMmEs205
2 > & | —#—DPC 2003
% e * 10000.0 :
2 10000 || ——SMES 219(T) 5000.0 | | defective
——SIMES 203(B) =00 0 20 40 60 80 100
5000 Current (A)
0
0 0 20 40 60 80 100 120 140
0 20 40 60 80 100 cxviial
Current (A)
——(0-10)
== (10-25)
{25-50)
= (0-222.5)
_Une.v ((0-10}))

0 20 40 60 80 100
Current(A)
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BROOKHFAMEN | (Coj|ls, Test Fixtures and
Superconducting Support Structure

Magnet Division

:

: Xn T, 760 A coil =

2
AT

r outer

Outer
Support
Tu‘b’e for

p—
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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
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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

Low Temperature
Test Results
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SRR HTS SMES Coil High Field Tests
uperconducting

Magnet Division

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

[
o
\ oo

Peak fields higher
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T REN, Double Pancake Coil Test
superconducting | (@ wide range of operating temperature)

Magnet Division

1200
)¢ .
1000 A Top Coil
« & ¢ Bottom Coil
S| E s00 vt/
7L %
= & AO
®| o 600
:53 6))
= < AlO
&0l = 400
w | = AL
= & "
= 200 Bx———
=
(=} N .
Z 0 [ ST e 3 =
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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BROOKHFAEN

NATIONAL LABORATORY SMES COi' 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
| 0d:303 mm | A
L 3 liquid Neon
*E 250 f-----ommmemeeme e
<P
200 gl
=
QO 150 g
100 - Record field/energy density in a superconducting
50 - magnet at a temperature of 10 Kelvin or higher
0 T T T T T .
14:24 15:36 16:48 18:00 19:12 20:24 21:36

Time (hh:mm)
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BROOKHFAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

HTS Quadrupole for RIA/FRIB

RIA: Rare Isotope Accelerator
FRIB: Facility for Rare Isotope Beams
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BROOKHEVEN | Radiation Tolerant HTS Quad for the

NATIONAL LABORATORY

Superconducting Fragment Separator Region of FRIB

Magnet Division

To create intense rare isotopes, 400 KW beam hits the production target.

Magnets in the fragment separator region are exposed to unprecedented radiation
and heat loads. HTS can efficiently remove that at elevated temperatures.

R Mew Preseparator - ------------ .

el masssis - ExXposure in the first magnet itself:
Wedge Harvesting Point
% AN— > Head Load : ~10 kW/m, 15 kW
2 _V S > Fluence : 2.5 x105 n/cm? per year
o - o
= » Radiation : ~10 MGyl/year
éj o ;. Werge I 1000 _| el [ T T T T [ T T U T [ o \'II ) 5 10:
2 I Remote . Courtesy: Zeller, MSU \ e 0
! $ “TALCEeSS 5 = 10
2 Mar_lml.lalu' d : L o
5 : 500 = _ 127 ?
8 E = - 10° 53
t: L, e — 10° E
8 x _: - 2] 10* E‘
@) 0 E :_:_::E = 00 &
______ Production Target \ N\ 1B
. . . -500 _I 111 TR [ ) I O I L 1 | 107
Radiation resistant _ ~500 0 500 1000 1500 2000
Pre-separator quads and dipole z [cm]
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NATIONAL LABORATORY

Superconducting
Magnet Division

First Generation HTS Quad for FRIB

Return Yoke

Warm Iron Design with Bi2223 HTS

Mirror warm iron
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BROOKMAUEN | First Generation HTS Quad Test

Superconducting | (operation over a large temperature range)

Magnet Division

300 A
o M — 2 —Two Coils
250 - X | \\A -- X% - Four Coils
< Txo N —e— Six Coils
E NI —+— Twelve Coils
© 200
>
3
-
o 150 -
®
T
o 100 -
-
S
&)
50 -
0 |

0 10 20 30 40 50 60 70 80 90 100
Tempratue (K)
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BROOKHEUEN| Second Generation HTS Quad for

NATIONAL LABORATORY

Superconducting FRIB Fragment Separator Region
Magget Diisice ‘ , |
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RooIMaTEN, Large Temperature Margins

Madanet Division

Superconducting (only possible with HTS)

400 . |
| | s—4 (50K,375A)
350 | | eV (+21%in 1 &
| | 5 T +12KinT,
300 - _ [ _ e _ -:.)
Design Current: |
a— 250 .. t i _'________,\» :
< SuperPower Coil: 210 A e ePower =
% 200 ASCCoil: 310A | Byt (60K,240A)
3 | - (+14% in | &
L 150 g +22KinT)
=
© £
100 Q1
o
50 E'_nﬂ
@
a
0 10 20 30 40 50 60 70
Temperature (K)

Design SuperPower [ Design ASC O Measured SP#1 ® Measured SP#2 A Measured ASCH18&#2

HTS provides robust operation against local and global heat loads
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fm—mnnsim immn-
" Radiation Damage Studies of 2G HTS (YBCO)

SL, <
Magnet Division

Beam Tunnel

BLIP Tank

—
. —Target Area

Wing Wall {7, ===

Figure 3. BLIP Beam Tunnel and Target Schematic

From a BNL Report (11/14/01)

Figure 2. The BLIP facility.
The Brookhaven Linac Isotope Producer (BLIP) consists of a linear accelerator,
beam line and target area to deliver protons up to 200 MeV energy and 145 pA
intensity for isotope production. It generally operates parasitically with the BNL
high energy and nuclear physics programs.

BROOKHFAVEN

NATIONAL LABORATORY
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BROOKHFAEN

anoveiwonion) Tmpact of Irradiation on 26 HTS

Superconducting

Magnet Division

Radiation Damage Studies on YBCO by 142 MeV Protons
by G. Greene and W. Sampson at BNL (2007-2008)

1.1
0 A I. Measurements at 77 K, self field
. K B
0.9 - + SuperPower Sample#1
) O SuperPower Sample#2
—_ SuperPower Average
< 081
P C X ASC Sample#1
o 0.7 & ASC Sample#2
é ' —— ASC Average
=< 0.6 -
@ 0.5 |]
8 E
® 0.4
= 03 | 10 years at 400 kW
X
0.2
I, of all original (before irradiation) was ~100 Amp
0.1
100 pA.hr dose is ~ 3.4 X 10" protons/cm? (current and dose scale linearly)
o-o T T T T

0 25 50 75 100 125

Radiation Dose (nA.Hours)

YBCO is at least as much radiation tolerant as Nb,Sn is
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BROOKHFAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

Radiation Damage from 142 MeV protons in SP & ASC
Samples (measurements at @77K in 1 T Applied Field)

Ic Measurements of SuperPower Samples at 77 K in bacground field of 1 T

Ic Measurements of SuperPower and ASCat 77K in field of 1T

30 30
SuperPower LL
25 1 g' 25 fa Minimum
. o, _>15years s ./\ and
e g et %, ~l .
20 4 Ty S B o E 20 P I \\ maI‘X'mUTI
o, e e e values of |,
T U o — . are
K S g = S <& E / -2 ]
S e ~lyear “Ss 4 € 10 obtained
10 - T ) —4— Imin(SP) \i from the
>60 years —=— Imax(SP) >
_Q_M—a—ﬂmwm B_100 5 - - Imin(ASC) 3 5 gl"aphS on
i uperrower i
’ -2 Imax(ASC) f the right
’ —8—B_25 cee B_25 =r==B_100 0 [
0 0 25 50 75 100 125

0 30 60 90

Field Angle (degrees)

lc Measurements of ASC at 77K in background field of 1T

30

<
25 4

20 4

ASC

Ic (A)

10 A

5

> 15 year

> 1 year

> 60 year

——B_25

——B 25

—=&—B_100

0 T .
0 30 60

Angle (degrees)

HTS Activities and Recent Progress at BNL

90 120 150 180 210 240 270 300 330 360

120 150 180 210 240 270 300 330 360

Dose (1A-hours)

* While the SuperPower and ASC samples
showed a similar radiation damage pattern in
the absence of field, there is a significant
difference in the presence of field (particularly
with respect to the field angle).

* HTS from both vendors, however, show
enhancement to limited damage during the
first 10 years of FRIB operation (good news)!!!

Ramesh Gupta

July 31, 2015
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BROOKHFVEN
NATIONAL LABORATORY Cryo_cooler based HTS COiI R&D

Superconducting

Magnet Division
_‘: "__

 Coils reached <40 K (goal was 40 to 50 K)

« 25 W at 50 K can be removed by a number
of cryo-coolers
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NATIONAL LABORATORY

Superconducting
Magnet Division

3d and Curved HTS Coils
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ety | Cosine (@) Coil with Complex Ends
Superconducting PBL/BNL (TWO) STTR

Magnet Division

>
=%
=
(0]
(@)
©
-
o
>

-1.5
226 228 230 232 234
log(l)

50 100 150 200 250
Current (A)

B No measurable degradation
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BROOKHFAEN

NATIONAL LABORATORY Curved HTS Coil

Superconducting
Magnet Division
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NATIONAL LABORATORY

Superconducting
Magnet Division

Quench Protection

HTS Activities and Recent Progress at BNL Ramesh Gupta
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BROOKHFAEN

NATIONAL LABORATORY

Superconducting

BNL HTS Quench Protection Strategy

Magnet Division

A multi-pronged strategy developed and used at BNL in various HTS programs:
> Detect early and react fast with an advance quench protection system

1. Developed an advanced low-noise electronics and noise cancellation scheme to
detect pre-quench voltage (phase) where HTS coils can operate safely

2. Fast energy extraction with electronics to handle high isolation voltage (>1kV)

3. Use inductively coupled copper discs for fast energy extraction. Co-winding
with stainless steel tape helps in quench protection.

2
18
16 +—

| Difference Voltage between Coil#2 and Coil#11 ——
(lmV=0.1 pV/cm for 100 m), with offset

Twelve coil test at 4K (~12 T, ~120 KJ)

14
1.2

1

0.8

0.6

Vﬁltage (rn"\\i)

0.4

0.2
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750

X 3
——————— — Pre-oRCh — = = = = = = =
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&

3

o
3 MM S
0 M&n X an X oy
'0.2 T L 0

Current (A)
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BROOKHIVEN
NATIONAL LABORATORY SU MMA Ry
Superconducting

Magnet Division

BNL has worked on a variety of HTS magnets covering a wide
range and a variety of geometries with a number of collaborators.

In addition to HTS, BNL has expertise with NbTi and Nb,;Sn
magnets which will be helpful in developing the entire system.

BNL is the only US laboratory with a large operating
superconducting accelerator complex - Relativistic Heavy Ion
Collider (RHIC). This gives a very useful perspective and support
to superconducting magnet program.

We are looking forward to working with PPPL in this possible
ground breaking application of HTS magnets in fusion
technology.
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