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BROOKHEAVEN
whrionat panorton) Significant Progress since FCC Week 2016

Superconducting
Magnet Division

« HTS/LTS Hybrid Common Coil Test Results e

&=
‘.‘é B '\.

— Many LTS type quenches in HTS coils (including ok |
In hybrid structure). No degradation in HTS coils

— First test of significant HTS/LTS hybrid dipole

Q "1‘5

did not quench up to 92% of the short sample Hybridl Dipole

Pole Main
Blocks Coils

— Nb;Sn common coil dipole retested after a decade;

Bl (T)

Common Coil FCC Magnet Design Update Ei?ﬁ? i

13.58 II

— Several designs meet FCC field quality specifications = iZASC\ B -
_ 2016 I; |

— Smaller magnet size, lower conductor usage, lower 5 I =
stored energy, improved quench protection, etc., as == I L

= 2.792 o

= 1.961 Pole

[

compared to the designs presented at FCC2016
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BROOKHEAEN . . .
NATIONAL LABORATORY Unlque BNL Common CO'I D'pOIe

Superconducting
Magnet Division

\ AN > Build with “React & Wind” Nb.Sn Technology

_; - » Tested in 2006. Reached short sample of 10.2 T
proving “React & Wind” common coil design

| > Structure specifically designed to provide a
large open space (31 mm wide, 338 mm high)

goymwe > Racetrack coils can be inserted with no need of
any disassembly or reassembly of the magnet

| > New Insert coils become an integral part of the
® magnet. Coil tests become magnet tests

_ » Unique rapid-turn-around facility for novel or
{ systematic R&D which otherwise not possible

> Next: Results of HTS/LTS hybrid dipole STTR
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STy HTS/LTS Hybrid Dipole

Superconducting

Magnet Division

Designed, built and tested: ReBCO/Nb,Sn hybrid dipole in 2 years

Insert coils ld 1

gy gpace “ b

«‘m

< -

BNL Nb;Sn common New HTS coils slide inside the HTS coils inside Nb;Sn
coil dipole DCCO017 existing Nb,;Sn coils. New coils dipole - early experience
without insert coils become integral part of the magnet of HTS/LTS hybrid coils
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wionatiasoriiory | ReBCO HTS Coil with Insulation

Superconducting

Magnet Division

=
Z
Z,
=

ASC ReBCO 4-ply tape co-wound with Nomex insulation

(SuperPower tape much better for magnet application)
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OO DATEN, Extensive 77 K Testing of HTS

Superconducting Coils in Various Configurations
I\/Iagnt DIVIIO: : =

 ——
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BROOKHFAEN

SHMTRINES | HTS Coil inside LTS Magnet

Superconducting
Magnet Division
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NATIONAL LABORATORY

Superconducting QuenCh Protection

BROOKHEAEN | HTS/LTS Hybrid Operation and

I\/Iagnet Division

« HTS & LTS powered separately
 Tight coupling between them

« Common quench platform; fast
energy extraction from both colls

* Quench detection response time:
<5 msec

Colil current interruption: < 10
micro-second after detection

HTS coil shut-off: a few msec
High power IGBT switches
Isolation voltage: > 1 kV

Electronic threshold for quench
detection: ~100 micro-volts

« HTS Quench threshold planned:
5mV (ran much higher in test)
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BROOKHRUEN | Safe Quenches in HTS Coils at 4K
superconducting | (highest ever hybrid fields in dipoles)

Magnet Division

HTS coils were ramped up and allowed to quench at their limit

< 780 This was done multiple times and at
5 760 different fields, just like In LTS coils
O

2 740 ' NO degradation observed in HTS
i 720  colls even after many quenches

e 700

o

S 680

O

S 660 _ _ The maximum
@ 640 field achieved
o 620 was limited by

the leads
50 55 60 65 70 75 8.0 8.5 9.0

Applied Field and Hybrid Field (T)
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BROOKHFAEN

NATIONAL LABORATORY HTS Coil VOI'rages a"' QuenCh

Superconducting

Magnet Division

HTS coils were operated like LTS colls

» Significant voltage in HTS coils: >0.2 Volts

A An
U.UUO | | 1

Coil Voltage (V)

Rapid energy extraction

0.1 $2°

-0.2

-0.3 —Coil A Voltage (V)
-0.4 —Coil B Voltage (V)
-0.5

HTS/LTS Hybrid Test Results and Common Coil Design Update

after detecting quench
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OO DATEN, HTS and LTS Currents
superconducting | (just before and after the quench)

Magnet Division

HTS Current (A) LTS Common Coil Current (A)
800 7000
700
6000 -
600 5000 \
500 \
400 4000 \
200 3000 N\
200 \ 2000 \
100
e, S =

~

Separate power supplies and separate energy extraction for HTS and LTS coils

HTS and LTS coils have different inductances and different characteristics
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BROOKHRVEN | Performance of BNL Nb;Sn Common

NATIONAL LABORATORY

Superconducting Coil DiPOIC (teSTed Gf'rer' a Decade)

Magnet Division

« Short Sample: 10.8 KA (reached during 2006 test)

* Retest: No quench to 10 kA (>92% of short sample)

10000 o1 Nb,Sn magnet test
2 r~ limited by the leads
— 8000
H - - -
qCJ Similarly, the maximum
« 6000 background field was
| - . -
S limited by the stable
O 4000 operation of the leads in
E{ thetop-hat8kA (~75T)
2000
0
= O ™ O — WO = WO O — WO — W0 — W
MM~ O F M~ = = 00 = N 00 N b N W
o T B B ot T o O o o T 0 T o o T~ o~ I~ o T B 7
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.., Next Logical Step
superconducting | Small Investment, Significant Results

Magnet Division

1000 — . 1 « Simple replacement of
= Encouraging the leads in top hat will
~ 900 Results: 8.6 T allow 11 T hybrid test
o HTS/NbySn « New HTS coils with
S 800 2-year STTR
3 U SuperPower tape would
% o '11 allow ~15 T hybrid test
S \.\.\. - Big Bang for little
3. 600 money — such is what we
e 1 N R PR need to do in the present
EELAR & R A environment: show

RTflee noticeable results in

3«‘ 5”“‘”’_ ¥ 6.0 7.0 8.0 9.0 10.0 11
SRRl  Hybrid Dipole Field (T)

s

short regular intervals

BNL has proposed to commission this unique facility (with minimum upgrade required for

a user facility) under GARD (USMDP). This background field coil/magnet test rapid-turn-
around facility can be used for the high field development of Bi2212 coil, Nb;Sn coils, etc.
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BROOKHFAEN

NATIONAL LABORATORY

Superconducting

Magnet Division

Next Major HTS Project at BNL for IBS (Korea)

25 T, 100 mm Cold Bore User Solenoid

(would use 9-10 km of 12 mm wide ReBCO)
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BROOKHFAEN

NATIONAL LABORATORY Sfatus of the IBS Program

Superconducting
Magnet Division

BNL has previously designed and
built 25 T HTS solenoid with 100 mm
coil id for SMES as a high risk, high
reward program (no margin)

¥

f,}\/

<

/§ 7
! 3

1

Margins for this user solenoid:
» Electrical (1.): >50%
» Mechanical (stress/strain): > 50%

» Quench protection: No-insulation
(ok to use since the field quality
and ramping time are not critical) :‘,

100 mm bore double pancake coil
wound with 550 m of 12 mm wide
ReBCO tape (to be tested at 4K)
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TN, Fifty Years of "No-Insulation”

Superconducting Superconducting Tape Magnets

Magnet Division I

Nb,;Sn Tape Quadrupole
(still available to touch)

Bill Sampson

\dhvances in Superconducting Magnels
Y

L In the past five years superconducting magnets have developed from

u laboratory curiosity into the most practical means of generating

intense magnetic fields for a growing number of research projects

m B Sang A Cr Meron S

n
1.9
“v' d

luc'- 4
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NATIONAL LABORATORY

Superconducting

Magnet Division

Common Coil Design Update
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NATIONAL LABORATORY Common Coil Design

Superconducting
Magnet Division

(1O O

Main Coils of the

Common Coil Design
Good Field Quality
Common Coil Design

Coil #2

Bend radius is determined

by the aperture spacing
(much larger), not by the
perture (much smaller)

« Simple coil geometry with large bend radii: lower cost expected;
suitable for both “Wind & React” and “React & Wind” technologies

« Same coll for two aperture: Manufacturing cost should be lower as
the number of coils required for 2-in-1 magnet is half

» Rapid turn-around for systematic and innovative magnet R&D

 Tolerates larger deflections without causing strain on the conductor
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NATIONAL LABORATORY BaSiC GUidel ines

Superconducting
Magnet Division

Examine if a common coil cross-section is possible that
satisfies the key FCC 50 mm, 16 T design requirements

Harmonics (geometric & saturation): well within specifications
Conductor usage: similar or less than in the other designs
Stored energy: similar or less than in the other designs
Inductance: much less than in the other designs

Intra-beam spacing: 250 mm

Yoke outer diameter: 700 mm

Structure: able to hold pole (auxiliary) coils

vV V.V VYV V VYV VY V

Conductor: standard filament/strand, wider cable (next slide)
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BROOKHEVEN ,
PR LARDRATOE Choice of Cable/Conductor

Superconducting
Magnet Division

» Filament : Same as in EuroCirCol Common Coll
» Strand : Same as in EuroCirCol Common Caoill
» Cable: Wider (reach 16 T @~16 kA)
OK Iin conductor friendly common coil design
** Reduces inductance (helps quench protection)

“* Fewer coils (helps in reducing cost)

Perhaps only design which works easily with 20 kA cable

Larger diameter strand for inner layer will significantly reduce conductor usage
as it will allow better grading and by changing the aspect ratio of the cable
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NATIONAL LABORATORY

Superconducting
Magnet Division

Magnet Cross-section
(one of several types optimized)

Common_Coil CERN Euro Strand

Pole Main
Blocks Coils

|B] (T)

16.07
15.24
14.41
13.58
12.75
11.92
11.09
10.26
9.435
8.605
7.774
6.944
6.113
5.283
4.453
3.622
2.792
1.961
1.131
0.300

ROXIE 102

Y4 of a 2-in-1 magnet, %2 of one aperture

Intra-beam spacing = 250 mm; yoke od =700 mm; wider cable
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BROOKHFAEN

NATIONAL LABORATORY Geomefr‘ic Har'mor'ics

Superconducting
Magnet Division

SKEW AND NORMAL HARMONICS AT 17 MM RADIUS AT 16 T IN DESIGN #1

a2 d4 de as 10 di12 di4 die
0.00 0.00 0.00 0.27 0.21 -0.07 -031  0.07
bs bs b bo b b3 bis b7

0.00 0.00 0.01 -0.16 -0.10 -0.35 -0.32 0.03

Specifications < 3 unit
« Above are about an order of magnitude better

 Errors to be determined by magnet construction
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NATIONAL LABORATORY Irlon Safur'a?ion

Superconducting
Magnet Division

Yoke od =700 mm Well below specification:
Intra-beam = 250 mm 0 b, < 7 units (spec <10 units)
d a, <6 units (spec < 20 units)

Harmonics @17mm

Optimized by : Nick Maineri -6
2"d year undergrad student 0 4 8 12 16
6 week DOE SULI program Current (kA)
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BROOKHEAVEN . . :
NATIONAL LABORATORY In'T'al DeS|gn for POle CO" Assembly

Superconducting

Magnet Division

o
Pole
SS Filler coil
o turns
Original
Nb,Sn Coil
Blocks
= SS Plate
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ey | Influence of Coil Deflections due to
Superconducting | Lorentz Forces on the Field Quali'ry

Magnet Division | I

»Common coil design can tolerate large deflections with only a

small strain on the conductor since the coils move as a unit
»Large deflections found in horizontal direction
»Significant change in b; harmonic only /

20 Changeinbsat16 T
< 7 units (0.77 mm)

15 (accommodate with
re-optimized iron, as
in RHIC)

10
5

0

Change in b;(@17 mm)

0.0 0.5 1.0 1.5 2.0
Horizotal Shift in coils (mm) ASC2016

H15S/L15 Hybria 1esT ResulTs and Common Coll Desigh Update Ramesh cupta FCC Week 2017 June 1, 2017 25



BROOKHFAEN
e e Basic Desigh Parameters (ASC2016)

Superconducting
Magnet Division

Operatingcurrent —— (kA) 15.96
Fieldin the aperture ~~ (T) 16.0
Marginat19k % 19.3
Intra-beamspacing  (mm) 250
Yokeouter diameter  (mm) 700
‘Stored energy per unit length/aperture ~ (MJ/m) 17
NRGUCEARCOEPERUENIS  (mH/m) 13
Strand diameter (inner and pole layer) ~ (mm) 11
Strands/cable (inner and pole layer) - 36
Cu/Non-Cu (inner and pole layer) - 1.0
Strand diameter (outer layers) ~ (mm) 11
Strands/cable (outer layers) - 22
Cu/Non-Cu (outer layers) - L5
Total number of turns per aperture 179
FGEAIArEatICUGRHUEIIE  (mm?) 5029
FotalareaofNGR-CU/APEHUFEE  (mm?) 4026
Total weight of conductor for all FCC dipoles  (tons) 10300
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TN, : :
A Few Common Coil Designs

Superconducting
Magnet Division

Bl (T) POIe Main IB| (T)
Blocks Coils
16.12
15.27 1 == : ==
s Hmﬂ_;i———;z%
12.75 I —
11.91 _EEE

11.07 = : ==
10.23 e

o E—EE%%
8.558 I I
7.718 I EE='="='='

6.878 ; | |
6.038 EE%EE

5.197 ===
- 4.357
a1 CERN/CIEMAT SppC 20 T hybrid
= 1837 16T Nb?,SI’] ) common coil design
. | 0se7 COMMoON coil design
o= o Pole os
1.131
B .. Blocks ROXIE .
ROXIE .-

BNL/PBL Nb,Sn 16 T Nb,Sn Design

Informal Exchange/Collaboration with CERN and IHEP
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BROOKHFVEN . . -
NATIONAL LABORATORY AnOTheI“ Conflgur‘a"'|0n for‘ POIC COIIS

Superconducting
Magnet Division

B (T)

20.48
19.41
18.35
17.28
16.21
15.14
14.07
13.01
11.94
10.87
9.806
8.738
7.670
6.602
5.534
4.466
3.398
2.330
1.262
0.195

(magnetic 2-d design examined with IHEP visitor at BNL)

| i
=i

* Pole coil #1 is the same as all other main coils

* Pole coil #2 is racetrack in the other orientation with
space for support between pole coils and main coils

Common Coil Design Update & Recent Test Results Ramesh Gupta FCC Week 2017 June 1, 2017 28



BROOKHFAEN

NATIONAL LABORATORY End Design for‘ BIOCk COiIS

Superconducting

Phase |
SBIR

Applying Idealized Cross-Section to HTS Magnet

» Theidealized cross-section layouts can be used as a template for generating 2D coil layouts
> Sho rte r ends « However the coil-ends are not to be ignored, feasibility of ent in coil

ends requires extensive study

» Conductor friendly . ) ogends

* No hard-waybending Smoxe
Flat Racetracks B,=20T cable options available
J.=600A/mm?> : » Allow to take lead out on both
S : . inside and outside of single
Ra=50mm pancake (E3SPreSSO)

» * Superconducting layer on
outside of cable at ends
Flared or (delamination?)

Shn _ g o » Requires different winding
Cloverleaf @ H approach
) s 3 » Dual-Aperture?

AN _ ~ = ¥ Fofcesinpar a]lel’)

direction nasty




BROOKHRAEN Pole Coil Integration for Demonstrating
superconducting | Accelerator Quality Common Coil Design

Magnet Division

DCC017 without pole coils (present design) DCCO017 with pole coils (proposed Phase Il design)

 Several options for pole coils for a
proof-of-principle common coil

* Insert coil test facility magnet is an
iIdeal platform for evaluating them

A design that converts common coil
DCCO017 to a field quality magnet

« Topic of Phase Il SBIR with PBL

I [

——*

[

Ly /o

0 20 40 60 80 100 120 140 160 180 200 220 240 260 0 20 40 60 80 100 120 140 160 180 200 220 240 260
DCCO17 without pole coils (present design) DCC017 with pole coils (proposed Phase Il design)
MAIN FIELD (T) oviree ottt 0.995409 MAIN FIELD (T) oottt e ineaene e inene i 1,065489
MAGNET STRENGTH (T/(M(R-1)) ...\vvvivriniiniinnn, 0.9954 MAGNET STRENGTH (T/(M(n-1)) ..\ovvvviiiiiininnnn. 1.0655
NORMAL RELATIVE MULTIPOLES (1.0-4): NORMAL RELATIVE MULTIPOLES (1.0-4):
b 1: 10000.00000 b 2: 0.00000 b 3:  187.58719 b 1: 10000.00000 b 2: -0.00000 b 3: 0.00071
b 4: .0.00000 b 5 .2.01358 b 6: 0.00000 b 4; -0.00000 b 5: 0.00045 b 6: -0,00000
b 7: .0.13995 b 8: .0.00000 b 9: 0.00365 b 7 2.69589 b 8: -0.00000 b 9: 0.38260
ble: 0.00000 bll: 0.00136 b12: -0.00000 b1e: -0.00000 bll: -0.06197 bl2: 0.00000
b13: -0.00014 bl4: 0.00000 b15: -0.00000 b13: -0.02446 bl4: 0.00000 bl5: -0.00522
b16: .0.00000 b17: 0.00000 bl8: 0.00000 bl6: 0.00000 bl7: 0.00080 bl8: 0.00000
b19: .0.00000 b20: .0.00000 b b19: 0.00096 b20: 0.00000 b
SKEW RELATIVE MULTIPOLES (1.D-4): SKEW RELATIVE MULTIPOLES (1.D-4):
al: -0.00000 a 2: -192.09501 a 3: 0. 00000 al: 0.00000 a 2: 0.00049 a 3: 0.00000
a4 6.49804 a 5 .0.00000 a 6: 0.33413 a &4 -0.00002 a 5: 0.00000 a 6: 0.30753
at 0.00000 a 8: -0.03499 a 9: -0, 00000 ar -0.00000 a 8: 0.26673 a 9: -0.00000
alo: -0.00209 all: 0.00000 al2: 0.00053 alo: -0.01777  all: -0.00000 al2: -0.01224
al3;  -0.00000 al4:  -0.00002 als:  0.00000 aly -0.00000 al4:  -0.00849 als: — -0.00000
als:  -0.00000 al7:  -0.00000 als:  0.00060 al6: - 0.00121 al7e - -0.00000 alg:  0.00129
alo: 0.00000 a20: 0.00000 a al9: 0.00000 a20:  -0.00004 a
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TN,
Superconducting Summary

Magnet Division

¢ Encouraging Test Results of HTS/LTS Hybrid Dipole
* Many LTS type quenches in HTS coils with no degradation

= Common Coil Magnet Design Update for FCC
» Several designs meet FCC field quality specifications

» Smaller magnet size, lower conductor usage, lower stored
energy, improved guench protection, etc.

= Commissioning of a rapid-turn-around, low-cost facility
» Insert coil become integral part of the magnet

» This could play a major role in performing both systematic
studies and trying novel ideas in the present limited budget
environment where it is important to show progress regularly
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