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 lonization cooling in muon collider needs very high field solenoids (>30 T).

o Use of HTS is essential to generate such high fields in a non-pulsed mode.

e High Field (20 + T) HTS solenoid is being developed under two SBIR funding to
Particle Beam Lasers (PBL) with BNL being a research partner in both:

— First SBIR: ~10 T, ~100 mm i.d., ~160 mm o.d. outsert HTS solenoid.

— Second SBIR: (a) ~12 T, ~25 mm i.d., ~90 mm o.d. insert HTS solenoid (b) integrate
this with the first solenoid to possibly generate ~22 T field.

— Beyond SBIR: Test combined unitat ~19 T NHMFL to test at fields approaching 40 T.
« This is a very aggressive proposal with challenging targets and modest funding.

« This is an experimental program. The goal is to do study systematically by
building a number of coils (not just test a unit), find practical solutions, etc., etc.

« Major challenges: quench protection, large stresses, minimization of degradation,
life time issues in demanding applications.
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wrosionton | TS Magnet Programs at BNL

Superconducting
Magnet Division

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

Built over 50 coils with the first generation (1G) HTS and over 25 coils with the
second generation (2G) HTS.

Currently funded HTS programs:
— These two high field solenoids >>> An experimental program
— FRIB second generation HTS quad (another talk in this session) >>> A conservative program
— Superconducting Magnetic Energy Storage (25 — 30 T) >>> High risk high reward program

Previous HTS programs:

— Two low field solenoids to be used in R&D devices at BNL

— RIA first generation HTS quad (a unique and successful program)

— Common coil R&D dipoles with Bi2212 Rutherford cable (and also with HTS tape)
These varieties of programs help each other:

— In developing wider understanding by sharing resources

— Under current projections (with all funded programs), by 2013 we should use ~50 km of HTS
wire (NO TYPO), normalized to ~4 mm width tape equivalent
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BROOKHRVEN Basic Design Parameters

superconducting | (pased primarily on conductor performance)

Magnet Division

Target Design field (optimistic) ——> ~227T Outer Solenoid Parameter
Inner diameter ——>
Number of coils (radial segmentation) 2 self supporting Outer diameter
] Length
Stored Energy (both coils) ~110 kJ Number of turns per pancake
) ] Number of Pancakes —— >
Inductance (both in series) 4.6 Henry Tt CorElEET Uss
Nominal Design Current —>  ~220A Target field generated by itself
Inner Solenoid Parameter
Insulation (Kapton or stainless steel) ~0.025 mm Inner diameter -~
. o Outer diameter
Je (engineering current density in coil) —>~390 A/mm? L:ngth I
Conductor 2G ReBCO/YBCO Number of turns per pancake
) Number of Pancakes
wwlic::tlilness ~g Tmm Total conductor used
e Target field generated by itself
Stablizer ~0.04 mm Cu g 9 i

External Radial support (overband)

~100 mm

~160 mm

~128 mm

~240 (nominal)
28 (14 double)
2.8 km

~10T

~25 mm

~90 mm

~64 mm

~260 (nominal)
14 (7 double)
0.7 km

~12T

Stainless steel tape

* This theoretical short sample performance is based on certain scaling.

* The purpose of the program is to find out what limits the actual
performance; what R&D is needed to overcome those limitations and
how close to short sample one can reach with available resources.
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DBROOKHRAUEN Differences between Insert Coil
Superconducting and All HTS Solenoid Tests

Magnet Division

Much higher fields than 20 T have been reached in insert coil tests

* Field components are different in an all HTS solenoid and field
perpendicular component is likely to limit the magnet performance

« Axial stresses on HTS coll are significantly different
— Stress/strain of HTS tape in axial direction is different.

— Tolerance is that direction is not well known — but it is order of magnitude
WOrse.

— If not defined and accommodated properly, it may limit the performance (not
so in insert coil).
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Superconducting

Magnet Division

Inner and outer coils together

Field Parallel (~22 T) Field Perpendicular (=6 T)

Surface contours: ABS

urs: Surface contours: SQRT(BX*BX+BZ*B2)
2.237706E+001 5.9818

39E+000
L5ﬂﬂﬂﬂlll§iﬂﬂl

H— 4.000000E+000

2.000000E+001

—— 1.500000E+001

M~ 3.000000E+000

—— 1.000000E+001

H— 2.000000E+000

- 5.000000E+000 +-1.000000E+000

l [0.000000E+000
5.305787E-001

Performance may be limited by the perpendicular component

(Note: field parallel and perpendicular components are used for simplicity;
for more rigorous analysis one should model the angular dependence)
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BROOKHEUEN Improving the Design Performance by

NATIONAL LABORATORY

Superconducting Reducing the Perpendicular component
Magnet Division
axiIs axis . .
Ficld M tud t  Field Perpendicular
ie agnitude
70.0 B |
60'0 40.0
50.0 sak
40.0 986 o0 200 300 400 500 600 700 600 80 1000
;m&gamm 3.111376685 6.222753132
30.0
20-0 | r i
10-0 40.0
%80 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0 =
Component: BMOD [ -
0.033679716 11.30593478 22.57818984 ki
e — St e

3.18591E-07 2742154162 5.4B4308005,

5 mm spacer reduces perpendicular component by ~15%
It should also reduce the axial stress (may be critical for 2G HTS)
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Superconducting
Magnet Division

Current Status

* \We have received over 3 km of 4 mm 2G tape from SuperPower

* \We need 28 colls for outer solenoid (each needs 100 meter tape)
and 14 for inner (each needs 50 meter of tape).

« \We have built 17 coils for outer solenoid with 1.7 km tape.

e All coils have been tested in LN2 and 4 Iin LHe

— testing a large number of colils is important for systematic study.

Several important lessons learnt (Shiroyanagi, this conference)
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NATIONAL LABORATORY 26 | ape

Superconducting
Magnet Division

from SuperPower

Wire was delivered in several batches.
Somewhat different Ic from batch to batch.

180

160 A

Wire Ic (@1 pVicm),
77 K, self-field
oo
o

Ramesh Gupta
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Batch No.

High Field HTS R&D Solenoid for Muon Collider

350
300
250
200
150 -
100 -
20

1/l
[E 0ot off £ 0 AR EREED WD

1 5§ 9131721252933 3741454953 576165
Batch No.

Each coil needs 100 meter tape.

One splice per coil was allowed
for cost reasons.
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NATIONAL LABORATORY NIOO mm dia 26 COiIS

Superconducting
Magnet Division

Each coil has ~240 turns and uses 100 meter tape (maximum one splice)
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Superconducting

Magnet Division

« Several important lessons learnt

— Paper by Shiroyanagi, et al. (this conference)
» Thermal shocks must be avoided as that may degrade the coil performance

o With that precaution, several coils were built and successfully tested
— 2G (of today) appears to be more sensitive than 1G (got more time to mature)

— One must be able to detect and avoid small local irregularities (which may turn in
to defects) for the successful development of low temperature, high performance
applications. The same conductor and coils that were OK for high temperature,
low current applications, may not work under more demanding conditions here.

— Conductor vendors are encouraged to focus on this now — not just on Ic, Ic, Ic.
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NATIONAL LABORATORY Per‘formance Of 26 COllS in LNZ

Superconducting
Magnet Division

Demonstration that the care is rewarding_

60 + Wic

M n-value

50 "

40

30

20

Ic (0.1 nV/cm), n-value

10

Coili.d.

To develop technology, it is important to build and systematically test a

large number of coils —real applications will follow.
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BROOKHEUEN | | ow Temp Performance of FRIB Coils
superconducting | (R&D during technology development period)

Magnet Division

During the initial FRIB R&D period, coils with 2G HTS from ASC (~0.4 mm
X 0.3 mm) and SuperPower (0.4 mm X 0.1 mm) were built and tested

600 R ; ; ; ; ; 3 : : : : : : : : : : |
550 1 4 ASCYBCOCoil .|| == ASCYBCO Coil (with nano-dots)
500 - SP \ --A-- SP YBCO Coil (without doping)
450 veco NP | —*—ASCBSCCO Coil (ist series)
c 400 - Coil \\\;
S 350 1 F— A
2 1 T~
Ta04 Ty
S 250 1 AscBi2223
<a 2004 b
= — 150 -
i . 100
RS om0 50 A . -
Constructed with the 0 ' -
conductor purchased 0O 5 101520253035404550556065 707580 8590
~ 3 years ago Temp (K)

Ramesh Gupta High Field HTS R&D Solenoid for Muon Collider ASC 2010 Aug 5, 2010



BROOKHRVEN | | ow Temp Performance of FRIB Coils

NATIONAL LABORATORY

Superconducting (R&D dur'ing Technology developmen‘l' per'iod)

Magnet Division
Tape width: ~4 mm
Copper thickness: SuperPower ~ 0.045 mm; ASC ~ 0.1 mm

1400 =
1300 | . | : : :
1200 | - ~ |ASC YBCO Coil (with nano-dots) _

=1100 | sp - | SP YBCO Coil (without doping) | If coils to go normal (quench,

1000 | YECO - K | ASC BSCCO Coil (1st series) thermal runaway, etc.):

900 | © . ‘ ‘ ‘
800 | )
700 -
600 -
500 -
400 -
300 -
200 -
100 -
0

pVicm

» Copper current density in ASC
coil : ~1500 A/mm?2

» Copper current density in
SuperPower coil : ~3000 A/mm?

Je, AImm? (0.1

O 5 101520 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Temp (K)

These numbers are amazing ...
 May be too demanding for protection and should be avoided in real applications.
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Ry A Recent Low Temperature
Superconducting Solenoid Coil Test Results

Magnet Division

Note: ~10 T or ~20 T design needs only 220 A with SuperPower Tape
i 3 & Cu current density @220 A : ~1200 A/mm?2
INl >

Current Lead

_ 450
\\ double coil #2
400 K
350 =8B —
LoE
~300

o 9A extrapolated
K = 2A interpolated

S 250 . 2B

= double coil #1

o 200 - " \

N [ ]

_0150 = \\'k-

100 e

50 - \\
0

. _ 0 20 40 60 80 100
Double Coil Temperature (K)

Are these high current tests too demanding in terms of protection?
(also larger Lorentz forces at high currents)

Were we too lucky or spoiled by FRIB tests to > 500 A?

Ramesh Gupta High Field HTS R&D Solenoid for Muon Collider ASC 2010 Aug 5, 2010



BROOKHFAEN
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Superconducting

Magnet Division

« Several v-taps are placed: ~25 turns per v-tap in coil with 240 turns
(~10 meter/v-tap in 100 meter/coil).

Detailed Analysis of LN2 Test Results

* A small section of coil developed equivalent to quench voltage during
the testing — this could possibly be missed when averaged over along

section before it’s too late (uV/cm definition).

* There could possibly have been a small latent defect in the conductor

which manifested more seriously and became active only when the

circumstances were very demanding.
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Superconducting

Tapestar Measurements of Ic in
1 mm interval at SuperPower

Magnet Division

* One way to detect these small sleeping
defects could be Tapestar measurements.

* There are always some weak points,
however small they are, in every production of
any Kind.

» These minor defects may not be relevant to
most applications and may become visible
only under very demanding circumstances as
in ultra high field magnets.

e But how can one be sure it is that? Can a
weak-point in tapestar measurements be
correlated to local defect developed in a coil.

* Need for an experimental program.
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Superconducting

Magnet Division

Coili.d. ~25 mm
Coil i.d. =50 mm

Coil types:
Bifiler and
double pancakes

=nall > [
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Current HTS R&D at BNL

Superconducting

Magnet Division

* Improved electronics for detecting small voltage signal over noise
e Quench detection, protection, etc.
* Increased instrumentation for protection

e Measurement of the impact on conductor of axial loading

o Systematic R&D with small coils on a number of topics
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NATIONAL LABORATORY SUMMARY

Superconducting

Magnet Division

A number of R&D program with different philosophies help each other and in
the development of the overall technology

— 20+ T HTS solenoid (this program): Experimental program
— FRIB HTS quad: Conservative design for a real machine

— High energy density SMES: High risk, high reward dream

Progress and status of solenoid program
— A large number of coils (17) have been built and tested.
— Problem with thermal shock in LN2 test has been identified and managed.

— Quench protection and other R&D are underway

— Colls have been successfully tested in LHe to the required current: 220 A.
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Backup slides
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Magnet Division

Critical Current Measurements at 4K as
a Function of B// in SuperPower Wire

Variation in ~46 mm pieces from the same spool
(SP-M3-638-2#2 May 2009)

Two 2G wires from different time w0
1200 1
1300 1100
~175 A (77 K, self field) = 10997
1200 1 g 900 -
<.. 1100 +------->q---------------~ —-SP-M3-638-2 #2| | E_ 800 |
1= = SP-ME-594-1 § 700
9 1000 7777777777777777777777777777777777777777777 g‘ 600 - —I—Seriesz
S i N < 500 - st
O 900 - _— = 400 -
© | 300 1 Significant variation
o 800 . 200 9
E 700 - ~100 A (77 K, SE|f f|e|d) 777777777777777777777 100 1
©) 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
600 - 0o 1 2 3 4 5 6 7 8 9 10 11 12
500 \ ‘ : ‘ ‘ - Applied Field (T)
Variation in different 46 mm long samples
0 2 6 10 12 (SP-M3-638-2#2 May 2009)
Field, T 1400

» Wire chemistry influences field dependence.

* At this stage of the production, there could also be

a significant variation along the length at higher

fields even though there was small at lower fields.

But what happens to the angular dependence?
How much is the difference in the minimum value?

1300 ==
1200 -
1100 -
1000 +

m)

Ic, A (1 microVolt/ci
\,
o
o

400 +
300 +

Some tapes got damaged during high field testing. Applied Field (7
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Superconducting

Magnet Division

Hindings ¥-C of YBCO Solenoids to Generobe 10T & 4 1) 14 mmd ¥-Ct crosshofched of +43 degrees

Akny L1
3 kn, 0,64 rmed X-C0 crosshotched of 49 degrees (. 000000060000
L 046 K

0
]
M

HMA A6 kn, 0.84 mme2: crosshatched vertically
Courtesy All cases for
g 10Tat4.2K
B. Weggel 2.5 kn; 0,64 nne2
2.0 kn
1.14 nna2
—|— %jﬁnm? 51.60 118.90 152.00

Fd. 55

|=— 43.50

| 117,65 o

* In the original SBIR proposal, we promised case (2) - which was for coil i.d. = 66.5 mm
o Case (1) was for coil i.d. = 87.2 mm
o Case (3) 9.8 T SuperPower/NHFML solenoid was for coil i.d. = 19 mm
Thanks to better Je, we are now aiming for a significantly higher value: ~100 mm coill i.d.
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T Higher Strength at
Superconducting Lower Temperature

Magnet Division

SuperRiwer .

SuperPower 2G HTS has Superior Mechanical

Strength 1. SuperPower Tape
77K Yield Stress 970 MPa Sipamowerdin Wi ZSHIS Tapa has a Yield Stress of
Strain at yield 0.92% S‘mﬁ“}gp‘;“gm‘&’;ggﬂgg‘ofgw S ~1000 MPA at the
1200 region of interest.
o Thee L 2. In addition we will
1000 + . -
o co-wind with
=  rev = stainless steel tape.
N ;z — 3. We will also have
e 00B3RT stainless steel wrap
g M7 —a—0099.RT -
py over the coils.
—o—0180.RT . )
30 —+— 007N 4, Coils made with
& ==L SuperPower tape
—a—0021.LN
" | | o N have been tested at
0.0% 0.5% 1.0% 1.5% 2.0% 30+ T.
Strain [ Data from R. Holtz, NRL "
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Superconducting
Magnet Division

jlobal sys. [Pa] Contour: sr normal shress global sys. [Pa] mal shress [Pa] Conbour: sphi normal shress [Pa]

4e7

6e?

0.0z 0.03 0.04 0.05 0.06 0.07 0.08 0.0z 003 0.04 0.05 0.06 0.07 0.08

or [Pa] (left) and o [Pa] (right) stresses in magnets with 1 GPa
pretension in inner-magnet banding.
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Superconducting

Radial Segmentation

Magnet Division

1al stress [Pa]  Contour: sphi normal stress [Pa]

obal sys. [Pa] Contour: sr normal stress global sys. [Pal

0.0z 0.03 0.04

0.08 o0z 003 0.04 0.05 008 0.07 0.08

o [Pa] (left) and or [Pa] (right) stresses in magnet banded with Eband =

3 Econd.

Ramesh Gupta High Field HTS R&D Solenoid for Muon Collider ASC 2010 Aug 5, 2010



e, Correlation between
Superconducting Coil I. and Wire I. at 77 K

Magnet Division

55

53

51
49

47

45

critical current in coil I, (A)

39

3 zé'Qa/M )/ /@63 . AA :

37

35

75

Ramesh Gupta

85 95 105 115 125
nominal critical current in conductor I; (A)
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