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BNL HTS magnet experience relevant to
accelerator dipoles
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U.S. MAGNET

DEVELOPHENT Overview

AKey BNL contributions to the current global high field
magnet programs

AA variety of HTS R&D magnets and experience at BNL

AAvailability of the fastturn around, low cost magnet
R&D factory for the use of community to advance the
magnet science and technology

APossible leverage of BNL assets and experience to US
Magnet Development Program on high fields with HTS

ABNL SMD has worked with many institutions worldwide
ASummary and Conclusions




U.S. MAGNET

i Key Contributions

A BNL has always been a major global
player in superconducting magnets

A Nextd two of many contributions which
are relevant today




U.S. MAGNET Freeway OverpasdlnderPass(or

DEVELOPMENT
PROGRAM clovereaf) Ends

ASC2002 | Presented at ASC 2002

Design attractive for HTS and
block coil dipoles. SBIR with
e2P in2015

U HTS test coil wound in Phase
and produced good technical
results

U We collaborated with CERN
ASC2018 and they picked it up. Now

%ﬁgﬁﬁ%é -~  part of the 20 T design
ﬁ@“ - -
- p— U BNL can make specific

———————— ——— contributions here
CERN




DeveloeneN  Demonstrations of the Overpass/Underpass in

Phase |

PROGRAM

77 K Test Results

12 mm wide tape
No degradation

Coil Voltage (mV)
O =B N W b~ U1 OO N

SBIR with e2P

0 50 100 150 200 250 300 350 400
Coil Current (A)
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U.S. MAGNET
DEVELOPMENT — OQverpass/underpass cloveteaf design

PROGRAM

9. Cloverleaf Prototype Magnet
Before onsrrutingme;ug OTmngne t it Is planned to frst
coastruct 2 small coll containing most of the featwes of the
l:ugermngn:a This in oeder to a nn.nexpeneoevmh coil
winding and impregnation of this relatively new geometry.

.

SEATTLE" IDIE

SEATTLE, 2018 OQUTOBRER . T

Design and Optimization of a Full HT'S Accelerator 2 O'I
Dipole for Achieving Magnetic Fields Beyond

J. van Nugteren, J. Murtomdaki, G. Kirby, &
T. Nes, G. de Rijk, L. Bottura, L. Rossi “

An example of the SBIR Program and of BN
contribution to the high field magnet R&D

Similar design by wolf about a decade earliérindependent work

Office of

NERGY Science



U.S. MAGNET

DEVELOPMENT
PROGRAM

HTS/LTS Hybrid Dipoles

U A key component to HH.HC




U.S. MAGNET A Dipole at BNL for Developing

DEVELOPMENT

PROGRAM Magnet Technology

U BNL had a magnet development
program to demonstrate a highfield
hybrid HTSLTS collider dipole.

< U ANb;Sndipoleswas built to produce a
| record field of >10 Twi tReactd
Windd technol ogy.

U Eight HTS (Bi2212) coils and five
BNL O0React ;S&Diplen d 6 magnets were built andtested.

U Themagnet was designed such that
HTS coil can be tested in an hybrid
configuration with NO disassembly

fffff NS 4 d U This feature can be used by USMDP ta

BN . j hnologies in
BNL OReact & Win (i%sﬁegl.?t Cgllflieftckg% t?c Otog es
8 coils, 5 magnets, 4.3kA (10/03) Igh field magnet environment.




S PBL/BNL STTR on
PROGRAM HTS/LTS Hybrid Dipole

A unique feature of BN:labge operospancedan C O |
Il nserting & testing Acoil so without
STTR Phase Il for (1) Demonstration and protection of High field HTS/LTS
hybrld dipole (2) measurement of field paFaJJrel—aneLperpendlcular field quallty

[ Insert coils in 4
L4
= §bace

New structure

BNL NRSn common coil New HTS coils with the existing HTS coils inside NfSn dipole- early
dipole DCCO017 without Nb,Sn coils and become part of experience of HTS/LTS hybrid dipole
insert coils the magnet

Office of
Science

%!,4» ENERGY



oL Retest of Nb,Sn Common
Coll Dipole After a Decade

PROGRAM

A Short Sample: 10.8A/10.2 T (reached during 2006 test)
A Retest: No quench to 1&A/9.5 T (>92% of quench,leads limited)

12000

~9.5T@10kA

10000 -

= A reliable

8000 = magnet for

6000 |- % test facility
O

4000 -

2000

N 0 4 W A W AW < W o A0
P~ O = M~ —~ =F 00 — uw 00 o~ N T o~ W
L T T B o e e 5 T o' TR o T~ o~ o~ N T B Ty




oveovenr — HTS/LTS Hybrid Dipole Test

PROGRAM
v, _
21000 < Encouraging Results:
— " O :
E 800 -yt SO C HTS coils were ramped to
£ i h'Tw quench, just like LTS coils
= ] | NI N ..
O 600 7117 | C Nodegradation in HTS
— ] : | o |1 . .
Q A R TR coils despite a number of
O 400 4+ bbb
W A [N RN guenches
= ,', I, | I, I, il' I, I'I’ I' I' I' : ianifi d i
L 200 /- fr ¢ Significant emonstration.
I R N A A NN 8.7 T may be the highest
" ] ! ] I I . .
0 [ Y R T N N field HTS/LTS hybrid

00 20 40 6.0 80 10.0 dipolemagnet
Hybrid Dipole Field (T)

>14 T possiblewithnew-HT S:tapesiin:favorable direction




U.S. MAGNET

et Qperation of HTS Colls

HTS colls operated like LTS colls

j C Significant voltage in HTS colls: >0.2 Volts
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evelorue — BNIL Approach to Quench Protection

PROGRAM

Quench protection is a major challenge in using HTS magnets.

BNL has successfully developed a mipltong strategy:

1. Inductively coupled copper disks (now being used in CERN HTS program also)
2. Sensitive electronics to detect resistive voltage quickly at thegoench phase
3. Fast energy extraction with electronics that can tolerate high voltage stéind
4

6.E+05

4.E+05

3.E+05

. All metallic coil (including insulation)

12 (Amp?)

2.E+05

1.E+05

0.E+00
2.5 2.502 2.504 2.506

Time (sec)

Office of

DEPARTMENT OF
NERGY Science



uswener — HTS Tape Magnetizatio® Quantify

DEVELOPMENT
PROGRAM

the issues; Can they be handled?

A Key input to machine physicists on dealing with
magnetization Is to first define the problem.

A This information should be available experimentally, nc
just computer models (computer model can supplemer
out t hey camiytheyrmeigtlbea c e
penchmarked).

A The input should come from an environment that is as
close to accelerator magnets as possible

A BNL common coil magnet provides that




us.mener — Test Run at 4 K (in 2 T background

DEVELOPMENT

PROGRAM field from Nb,Sn collg

Additional field from the HTS coils in up and down ramp

(offset to start from zero to start upramp)
PBL/BNL STTR -

HTS Coil Field (T)
o O
= N

0.0 //ir//l/ " field

-0.1 perpendicular
e | configuration

0 100 200 300 400 500 600
HTS Coil Current (A)




U.S. MAGNET Summary Of BNL

DEVELOPMENT
PROGRAM

HTSEXxperience

ABNL has had a long history in development of HTS
magnets for science applications

ANeeds for magnets for various applications, including
high field magnets (25 T), magnets for accelerators
has driven the areas of research BNL has pursued

A Future contributions will continue to develop this
focus 8 e.g. understanding magnetization, HTS/LTS
hybrid magnet design and testing

ABNL has had 2630 HTS magnet programs$imost are
listed in the backup slides




U.S. MAGNET
DEVELOPMENT
PROGRAM

BNL Assets and Experience

AStandout features of BNL magnet program

o Develop and demonstrate designs and technology in a cost
effective way

o This should continue together with other partners

AStandout feature of BNL HTS test facility

0 A vehicle to demonstrate and study magnet technology in a
high field accelerator magnet test environment

o Unique BNL NBSn dipole with large opening provides a low
cost, rapicturn around test facility (magnet R&D factory)
where R&D insert coils become an integral part of the high
field dipole




U.S. MAGNET
DEVELOPMENT

PROGRAM BNL R&D for International Accelerator Community

.~' l,'."-f

B A BNL has significant capabilities that can help MDP further
,' , 'l address the needs of the global community

il ' A A high field testing capability for HTS coils can be applied
N immediately to address MDPneeds, particularly address the
technology issues of interest today

0 CORC hybrid magnet already underway with support from SBIR
=>scope can be expanded for quench propagation studies

0 Rapid testing of sample coils at high fields to
address/understand coil components impacting quench
at high fields in REBCO tape coils, Bi2212 coils (LBNL),
Nb,Sn coils with different

o Field parallel magnetization measurements

A Demonstrationof unique coil configurations at high fieldsd
e.g. cloveHeaf coill

A Note: Insert coil becomes an integral part of the magnet

Office of

NERGY Science



U.S. MAGNET

e Summary and Conclusions

AWi th itds vast and unique exp
provide a strong contribution to US high field Magnet Developmel
Program, particularly in the area of HTS magnets

A With a unique team experienced in large scale magnet
productions in partnership with industry for superconducting
colliders, BNL can help develop HTS magnets that industry can
build

A BNL common coil magnet providesmmediately a unique fast turn
around, low cost magnet development test facility

A BNL can make unique and significant contribution®y providing
answers tokey basic science and technology withira year




U.S. MAGNET
DEVELOPMENT
PROGRAM

Extra Slides

MOR Office of
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U.S. MA
DEVELO Summary of HTS Magnet Program

PROGR/

AHTS magnet R&D over a wide range:
o High field, Medium field and low field (high temperature)

o0 Many geometriesd solenoid, racetrack, cosine theta, curve
coils

A Number of HTS coils/magnets designed built & tested:

oWell over 150 HTS coils and well over 15 HTS magnets
A Type of HTS used:

0 Bi2223, Bi2212, ReBCQMgB, o wire, cable, tape
A Amount of HTS acquired:

o Over 50 km (4 mm tape equivalent)

A Our recent activities have been largely on magnets witReBCO




U.S. MAGNET and RecentHTS and/or

DEVELOPMEN

ProsaM High Field Magnet Programs at BNL

A 25 T, 100 mm HTS solenoid for IBS, Korea (Work for Others)

A Hybrid Dipole with CORC® Cable (Phase |l SBIR)

A High field solenoid for Neutron Scattering (Recent SBIR)

A Passive shielding for Electron lon Collider (Phase | SBIR)

A Modular racetrack coil quadrupole for EIC (Phase | SBIR)
A100 mm aperture 012.5 T a@a€ k
A High field collider dipole (Phase Il STTR)

A CurvedReBCCtape dipole (Phase Il SBIR)

A MgB, solenoid (Phase Il SBIR)
A High field open HTSnidplane dipole (Phase | SBIR)

A ngh radiation HTS Quadrupole for FRIB (Collaboration)




U.S. MAGNET Completed HTS Magnet Programs

DEVELOPMENT
PROGRAM

A 25 mm aperture 16 T HTS solenoid (SBIR)

A 100 mm aperture 9 T HTS solenoid (SBIR)

AHTS quadrupole for RIA (Collaboration with MSU)

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

A Bi2212 Rutherford cable Common Coil Collider Dipole (DOE)
A HTS solenoid for Energy Recovehynac (BNL project)

AHTS magnet for NSLS (BNL Project)
A Cosine theta dipole with 4 mm YBCQReBCQtape (SBIR)

A Cosine theta dipole with 12 mm YBCCOReBCQtape (SBIR)
Aéand a few others.




Possible Demonstration of Cloveleaf hybrid

A A successful demonstration of this technology will open the
door for many new possibilities

AIn HEP high field magnets, it can be used f&oebel(CERN)
with field in right direction S

Alt can also be used in NgSn magnets

APhase Il for more automated coil winding & insert high field
coil testing inside BNL dipole au

MOR Office of

'ARTMEN
ERGY Science



U.S. MAGNET . .
e o Common Coll Dipole for

PROGRAM High Current CORC® Cable

HTS COILS

\\\\\\\\\\\’?
7

CORC™
Advanced conductc

SS— ““W\%sw%%:w*- D\ &

A CORC® cable offers a promising option for high performance,
high strength ReBCO tape for making high field magnets

A Partially transposed CORC® cable reduces the field harmonics
associated with the tapes

A6 mm diameter offers a relatively robust CORC® cable with a
measured J(4.2 K, 17 T ) = 344 A/mm; | .= 7,030 A, and is
ready for use in common coil with practically no R&D required

A CORC® cable based HTS insert coils running at 10 kA in series | trscows |
with BNL Nb ;Sn common coil DCCO017 produces a proaff- -
principle 13 T hybrid dipole within the budget of Phase Il SBIR

AHigh current HTS coils running in series with Nb,Sn coils
provides a magnet with easier operation and easier protection &

A Larger diameter cable requires magnet designs with large
diameter coilsi common coil design offers that .

A6 mm CORC? cable is a factor of 2 higher in Jthan the smaller|ze.
3 mm di ameter cable, has | esf

APhase 2 J> 600 A/mn? at 20 T in 56 mm thick CORC® cables

— W\

MOR Office of

. DEPARTMEN
NERGY Science



Dry Run for Final Assembly

@ Dry run to see that the metal frame
structure will fit inside the common
"¢ coil magnet opening

 Metal part fabrication was
coordinated and purchased by PBL
2 (saves on overhead)

%4,%4‘ é}ERGY | Smence .



Metal Structure Inserted

Further check to see that the

two pancake coils can be
separated out b
the installation

(now you can see light at the
end of the tunnel)

Office of

/é*'wk’@; U.5. DEPARTMENT OF
%"“&‘ ENERGY Science



HTS Quench Protection




U.S. MAGNET
DEVELOPMENT
PROGRAM

New HTS coils slide inside the
existing Nb,;Sn coils and become
an integral part of the structure

HTS coils get pushed
inside the LTS coils

U.5. DEFARTMENT OF

ENERGY

Office of
Science

HTS/LTS Hybrid Dipole Structure

Assembly of a
pair of insert coils
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oveows  Relevance of Aperture in Magnet R&D

PROGRAM

A
ree *—\-:s*

.-\ T \;\_ (= " A The modular common coil design offers an option where the

s S8  aperture can be made smaller to do initial evaluation of high field
men o0 SR magnets R&D at a lower cost

A Natural question: what is the applicability of these results in
Omagnets with real aperture?6

| A If a design is such that one side of the coils are independent of the
other side of the coils, then how much does it matter that how far
they are, as long as the individual set of coils are subjected to the
same level of field & stresses.

- < 57 ~ A Compare this with using the results of magnet R&D between the long
M)V \ "\, magnets and the short magnets
Structure separating coils A : : :
g % Yes, long magnets give complete results. But if we were.relylng only
'Jal: _ —f .l on them then what would have been the cost of developing
: A ¥ technology; or examine different options; or how much R&D we

would have been able to do?
92 A Common coil design with an option of doing R&D with smaller

aperture takes the value of subscale magnet R&D to the next
dimension

"

= 1 Onice of

TrFlinE T o
ERG? | Science



DEVELOPM

U.S. MAGN Kapton-Ci Insulation onReBCOTape (and
() PROGRAM Making a NbTiType Cured Coill)

Part of the same STTR

NERGY | science



300

15t 10-turn of one coil

250

'oltage (uV)

The existing coils (shown) will be removed
from the box and replaced with the new coil

HTS Lead
Width to increase
to 12MM

ERGY | Science

when both coils powered
in series at “48 K

200

150

100

Magnet Reached the
Expected Performance

Current (A)




U.S. MAGNET Click to edit Master title style

DEVELOPMENT
PROGRAM

Magnetization studies in high field at 4 K in magnets made with

the HTS tapes

Office of

4}&‘”??{%‘ U.5. DEPARTMENT OF
%},,45 ENERGY Science



Clirls tA adit NMactar titla eh/la

U.MAS! Test Run at 4 K (in 2 T background field from

PROGRAM Nb,Sn coils)

Additional field from the HTS colls in up and down ramp
(offset to start from zero to start ugamp)
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HTS Coil Current (A)
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0 100 200 300 400 500 ‘oo 20 40 so 80 100
] Hybrid Dipole Field (T)
HTS Coil Current (A)
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Trapped Field (mT)

-518

-520

-522

-524

-526

Decay of Trapped Field

(after the final run to ~8.7 T hybrid field @ 4 K)

0 500 1000 1500

& 60 600

Trapped Field (mT)
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e 16T HTS Solenoid

PROGRAM (a wide range of operating temperature)

PBL/BNL SBIR  |cvsT

300

250 \

\ (original target: 1012T)

| >500 A/mm2 @16 T

0

D | | I I I
0 10 20 30 40 50

Temperature (K)

Insert solenoid: 14 pancakes. 25 mm aperture

\ Overall J in coil:
60 70 8



B'ES\;E"{'SSGE IBS 25 T, 100 mm HTS Solenoid Design Summary

PROGRAM

ADesign Field: 25 T

AOperating Temperature: ~4 K

ACold Bore: 100 mm

ACoili.d.: ~105 mm

ACoilo.d.: ~200 mm

ASingle Layer

AConductor: 12 mm wideReBCQ50 nm Hastelloy, 20
mm Cu)

AConductor per Pancake: ~300 m

ANumber of Pancakes: 28

ACurrent: ~450 A

AOverall Current Density: ~500 A/m#h (+ >50% mafgih

AStored Energy: ~1.3 MJ "

Alnductance: ~13 Henry

AMaximum Hoop Stress: ~48MPa( + >50% marésfﬁims(m

AMaximum Axial Stress: ~180MPa

AOuter Support Ring: 40 mm High Strength Aluminum

Aluminum Outer Support Rings

SST outer End Plate ¢

/\/’

SST inner End Plate

Office of

NERGY Science



EE%ETSSS Summary of the 39 (of 4) 4 K Test Campaign

PROGRAM

AThree quenches at ~850 AB,e, ~17 T,
~450 MPa (similar hoo streSs and stored
energy/pancake as in full 25 T solenoid)

BROOKHEVEN OOKEAVEN,
A Many shutoffs at different currents Supronains Monday Run Summary | spwcnacws | Tuesday Run Summary

500 * Quenched in going from 850 A to 900 A (design: ~450 A)

. s . = agnet Run on Monda 600 « Continue increasing current to the maximum it could go 5 D
A Survivability against unusual events : Outc “( i o ol i gowigh fan: ~450 RO

. . . i in a double
Hellum Sudden Jump |n Current Sudden = + It reached maximum field in bore ~9 T and in coil ~17 T =
] ] B @S00+A 400
loss of power, runaway S e | R . [
B Field g e® ST b hoop
% 5 1 | ar 20 3 T &0 L
2 , ! . 2::::‘:»51 3 - ; » f o stresses
g ! . ol A y ‘ £, 3; 400 and
. . Current | . %‘ " L SN similar
15:50 16:04 16:19 16:33 Time 16:48 17:02 17:16 17:31 Ea 3 || 200 S“"-ed
Shut-off may cause an eventual thermal runaway (quench) ? Mag st R o Tuiesdey 9/11/18. Bl cnergy per
> As a part of the study a large number of shut-off (30-50) performed. b 1200 1312 Time 1426 1536 7y l.)"'"c"'"" a8
This gives an early indication, depending on whether coil runs away o1 . o T . in the 25T
_ not, that we are close to the limit (more discussion in the next slide). > Quench in more in the next slide solenoid
. Wednesday Run Summary

Superconducting | (unusual events - not expected during normal operation)
Magnet Division
a o

Magnet Run on wedne.-.dav 9/12/2018

g

\N ,\h\

‘ ~Hall Probe Mld
eoilB
~cailA

Coil Valtage [mV), Field ()
Call Current (4}

current o
wa e uwsr wee  au was ma
T
B R £l + Hall Prabe Mid Magnet Run on Wednesday PM 9/12/18 PM 20
1. Sudden increase in 2 cals -
ouvent
current due to E® g™
coupling of two iy P
power supplies z, ¥
. 2. — 3
2. Rur:mlng out of I . o — -
Helium at the end of 8, — 0
the day 2 o
eee 2 was 628 1633 Ao ees 1635 1
Time
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