Common Coil Dipoles for |

Future High Energy Colliders

R. Gupta, M. Anerella, J. Cozzolino, W. Sampson,
J. Schmalzle, P. Wanderer, BNL
J. Kolonko, D. Larson, R. Scanlan
R. Weggel, E. Willen, PBL, Inc
N. Maineri, SUNY a1' Gepzseo




BROOKHFAEN

NATIONAL LABORATORY Purlpose Of 'rhis Exer'Cise

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): less than the specified
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 (*NEW¥)

Standard intra-beam spacing: 250 mm

V V V VYV V

Standard yoke outer diameter: 700 mm
» Structure able to hold pole (auxiliary) coils

If so, then one can take several inherent advantages of the common
coil in making high field collider dipoles cheaper and more reliable

Basic design presented here satisfies above requirements
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BROOKHEAVEN . .
cmonena | Common Coil Design

Magnet Divicinn
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e Simple coil geometry with large bend radii: reliability & lower cost
expected; suitable for both “Wind & React” and “React & Wind”

e Same coil 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

 Used in the initial designs of VLHC and SppC. How about in FCC?
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BROOKHEVEN | Need of the Hour for the FCC Study

NATIONAL LABORATORY

Superconducting Present a Competitive Design

Magnet Division

» Pole coil adds to the complication but must be used

FEM: % ROXIE:.

Only

this

one
examined

Start by choosing one style
from the previously examined

0 20 40 &0 80 100 120 140

0 20 40 60 80 100 120 140
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BROOKHEVEN o :
NATIONAL LABORATORY DeS|gn Examlned

Superconducting
Magnet Division

» Pole (auxiliary coils) must clear the beam tubes in the ends

In this design, the pole coils are like
midplane coils of cosine theta dipoles

0 20 40 60 80 100 120 140

Try at home with Rutherford cable — easy to do
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BROOKHFAEN .
arovic oo |- Common Coil Magnet Structure

Superconducting

Magnet Division

A Kkey technical and cost issue in high field magnets is structure

In cosine theta and block designs, In a common coil design, coils move
large forces put excessive strain on as a whole - much smaller strain on
the conductor in the end region the conductor in the end region

BNL common coil dipole tolerated ~200 um (typical ~50 pm)
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BROOKHFEAEN
NATIONAL LABORATORY Acknowledgements

Superconducting

Magnet Division
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BROOKHIEAEN .
Choice of Cable/Conductor

Superconducting
Magnet Division

> Filament : Same as in EuroCirCol Common Coil
> Strand : Same as in EuroCirCol Common Coil

» Cable: Wider (reach 16 T @~16 kA)

OK in conductor friendly common coil design
** Reduces inductance (helps quench protection)

“* Fewer coils (helps in reducing cost)
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BROOKHFEAEN : 1
NATIONAL LABORATORY Magne"' Cr‘OSS-SeCTlOﬂ (deSlgﬂ #1)

Superconducting

Magnet Division

Common_Coil CERN Euro Strand

Pole Main
Blocks Coils

Bl (T)

16.07
15.24
14.41
13.58
12.75
11.92
11.09
10.26
9.435
8.605
T.774
6.944
6.113
5.283
4.453
3.622
2.792
1.961
1.131
0.300

ROXIE 102

s 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 Geometr‘ic Harmonics

Superconducting
Magnet Division

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

a2 d4 de as 10 di2 di4 die6
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
 We obtained about an order of magnitude better

 Errors to be determined by magnet construction
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NATIONAL LABORATORY Ir'on safura*ion

Superconducting
Magnet Division

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

Harmonics @17mm
N

0 _

2

-4
Optimized by : Nick Maineri -6
2nd year undergrad student 0 4 8 12 16
6 week DOE SULI program Current (kA)
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BROOKHFEVEN . o
NATIONAL LABORATORY BGS|C DeS|gn Par'ame'rer's

Superconducting
Magnet Division

OPREEGECICREE ) 1596
Fieldin the aperture  (T) LGl
Marginatd2K % i
infrasbeamspacing N (mm) 250
NokCouRaamee S (nm) 700
Stored energy per unit length/aperture  (MJ/m) 1.7
hdicEncTApSr S (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) - L0
Strand diameter (outer layers)  (mm) 11
Strands/cable (outer layers) - =
Cu/Non-Cu (outer layers) - L5
‘Total number of turns per aperture 17
RIS CADCHrO N (mm?) 5029
Total area of Non-Cu/aperture | (mm?) 4026
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BROOKHFAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

16.07

Design #2 (same cable as in #1)

—= ﬂ ——===-—_ _ » 3 mm gap between pole coils and main coils for
14.41 f e ] 0 -
T tase H,_ e support structure to deal with the vertical forces
= o ===~ =% » 1 turn each from upper and lower pole blocks
0.4% i58 moved to the main coils to create space for that
cou ”f W == > Only a limited number of cases were examined.
5280 - — Still field quality specs are met
C e - > No change in iron saturation and inductance
1.126 Bo=16 T
SKEW AND NORMAL HARMONICS AT 17 MM AT 16 T IN DESIGN #2
az a4 as as a10 a1z ai4 aie
0.00 0.00 0.00 0.00 0.04 -0.89 -0.30 0.19
b3 bs b? bg bl 1 b 13 b 15 b 17
0.00 0.00 0.37 2.01 0.10 -1.06 -0.30 0.16
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NATIONAL LABORATORY

Superconducting
Magnet Division

16.11
15.27
14.42
13.58
12.74
11.90
11.06
10.22
9.388
B.548
T.708
6.868
6.028
5.188
4,348
3.507
2.667
1.827

0.987
0.147

ROXIE 102

ASC2016

Design #3

with EuroCirCol Cables

L |

0 20

Operating current : 8.67 kA
Stored Energy : 1.8 MJ/m/aperture

Inductance : ~50 mH/m/aperture
(was ~13 in design #1 & 2)

A few ROXIE optimization run only
(b4 = 4.2 instead of <3)

SKEW AND NORMAL HARMONICS AT 17 MM AT 16 T IN DESIGN #3

az a4 ae as aio a2 di4 aie
0.00 0.00 0.18 0.82 -0.05 0.15 0.27 0.03
bs bs by bo b bis bis bi7
0.00 0.00 0.06 -0.02 421 0.26 -0.39 -0.08
40 60 80 100 120 140 160 180
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TR Common Coil Design
Suparconducting A Breathing Structure Concept

Magnet Division

Allow the coils to move as a whole against
the Lorentz forces (just as we do for tall
buildings against earthquakes and winds).

Only requirement is to keep strain on the
conductor within acceptable limit.

Field harmonics will change due to the coil
motion. Compute the changes and include

them in the design optimization, along with
the iron saturation as a function of current.

Just imagine how massive structure would have been if a

bit of swaying was not allowed?
Would there have been a practical, affordable structure?
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BROOKHFAEN

aneva wmowow | A Captoon from Internet

Superconducting
Magnet Division

y— Akl TALL
S e
a THE winD.

https://s3.amazonaws.com/lowres.cartoonstock.com/property-skyscraper-tall_building-windy-windy_days-sways-shrn109_low.jpg
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BROOKHFEVEN .y o . . .
NATIONAL LABORATORY In|1-|a| Mecharucal DQS|gn and AHOIYSIS

Superconducting
Magnet Division

Preliminary analysis with simplified
ANSYS workbench (Schmalzle, Anerella)

Goal: Get a quick initial evaluation of the
structure (particularly for vertical forces)

Assumptions:

« 3 mm SS support between pole coils and
main coils (none at midplane)

« Coil modulus: 20 GPA
» Simplified, single piece collar (no joints)

* Frictionless symmetry at horizontal &
vertical split line

 Frictionless support on right edge
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BROOKHFEAEN . - .
NATIONAL LABORATORY s-'-r.ess and S‘rra"" on "'he Maln COIIS

Superconducting

144.03 Max
133.77
12351
113.25
102.99
92.728
82467
72.206
61.945
51.684 Min

[ T .
[T [ [N

Equivalent Stress 2 Equivalent Elastic Strain
8/23/2016 3:56 PM
e 9
X X

Magnet Division
Type: Equivalent (von-Mis Type: Equivalent Elastic Strain
0.00 20.00 40.00 (mm) 0.00 20.00 40.00 (mm)

Stress: 144MPa @16T Strain: 007 mm/mm@16T

B: symmetric middle B: symmetric middle
Time: 1 Time: 1
8/30/2016 10:41 AM
0.0072 Max
0.00669
0.00618
0.00566
0.00515
0.00464
— 0.00412
0.00361
0.0031
0.00258 Min
Y Y
10.00 30.00 10.00 30.00

» Coil move as a whole (a major benefit of the common coil design)
* Future work : intermediate structure elements
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BROOKHFEAEN - o
NATIONAL LABORATORY s-'-rness and STr'a"“ on The POle COIIS

Superconducting
Magnet Division

Stress: mostly <150 MPa Strain: mostly < 0.007 mm/mm

B: symmetric middle B: symmetric middle
Equivalent Stress 3 Equivalent Elastic Strain 2

Type: Equivalent (von-Mises) Stress Type: Equivalent Elastic Strain
Unit: MPa Unit mm/mm

Time: 1 Time: 1

8/23/2016 3:58 PM l 8/30/2016 10:39 AM

0.00496
0.00269
0.000431 Min

52907
8.6259 Min

. 407.16 Max . 0.0208 Max
36288 0.0185

— 318.59 — 0.0163

— 27431 — 0.014

= 230.03 = 0.0117

1 185.75 1 0.00948

— 14147 —1 000722

I 97.188 I

0. 000 15.000 30.000 (mm) 0.00 20.00 40.00 (mm)

7 500 22.500 10.00 30.00

Local pinching at one location (model?) to be reduced in future iterations
of magnetic and mechanical design and analysis
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NATIONAL LABORATORY
Superconducting

Deflections - Horizontal

Magnet Division

B: symmetric middle
Directional Deformation 4
Type: Directional Deformation(X Axis
Unit mm

Global Coordinate System

Time: 1
8/30/2016 10:40 AM

0.77 Max
0.69

061

0.54

0.46

0.38

03

0.23

0.15

0.071 Min

0.00 20.00

10.00 30.00

Main Coils: 0.77 mm

40.00 (mm)
Il N )

Pole Coils: 0.32 mm

B: symmetric middle
Directional Deformation 2
Type: Directional Deformation(X Axis)
Unit mm

Global Coordinate System

Time: 1

8/30/2016 10:38 AM

0.32 Max
0.29
0.27
0.24
021
. 0.19
0.16
0.14

011
0.085 Min

20.00 40.00 (mm)
| | J
30.00

Y

[ ]
X
0.00

I
10.00

« Coil move as a whole (common coil)
* Further reduce relative bending
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BROOKHFAVEN . .
NATIONAL LABORATORY Deflec"'lons - ver""lcal

Superconducting

Magnet Division
Main Coils: <0.2 mm

Pole coils: <0.1 mm

B: etric middl

B: symmetric middle ) syn.-lm ag: Ml ‘_a
- . Directional Deformation

Directional.beferoation 3 Type: Directional Deformation(Y Axis)

Type: Directional Deformation(Y Axis yPe:

Unit mm Unit: mm

) Global Coordinate System

Time: 1

Global Coordinate System

Time: 1
8/30/2016 10:39 AM 8/30/2016 10:38 AM
0.19 Max 0.096 Max
0.17 0.077
0.15 0.057
0.12 0.038
01 0.018
0.08 -0.0016
0.058 -0.021
0.035 -0.041
0.013 -0.06 -
-0.0092 Min -0.08 Min '

0.00 20.00 40.00 (mm)
| I |
10.00 30.00

0.00 20.00 40.00 (mm)
N
10.00 30.00

Structure seems to be able to hold the pole coils against vertical
forces with no structure at the midplane (details to be worked out)
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DRCQHRANEN. | Influence of Coil Deflections due to
Spercoauctind | Lorentz Forces on the Field Quality

Magnet Division___|

» Major deflections found in horizontal direction

» Major change in harmonics found in b; only

- 20

£

E 15 Changeinb,at16 T
— < 7 units (0.77 mm)
2 10 | |

P (this can be easily
£ 5 accommodated or
o re-optimized with
- iron saturation)

© 0

i -

o

0.0 0.5 1.0 1.5 2.0
Horizotal Shift in coils (mm)
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BROOKHFAEN
wronat teoraory | Wopk to be Performed on Structure

Superconducting
Magnet Division

Initial results are encouraging but more remains
to be done

 Full mechanical analysis with real structure

« Magnet Assembly
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BROOKHFVEN . . o
NATIONAL LABORATORY Common Co|| Magne"‘ W|'|'h POle COI'S

Superconducting
Magnet Division

¢ Several main coils common coil magnets have been built and tested with
impressive performance at various laboratories

% However, pole coils with proper structure are yet to be demonstrated

* PBL/BNL SBIR on going Phase | (Ron Scanlan, PI) is performing model
studies (including this paper) and would perform some practice windings

» Phase Il (if funded) will do construction and 4K test of a few Nb;Sn pole
coils in a unique Nb;Sn common coil BNL magnet with a large open space

» That will be an important proof-of-principle demonstration of Nb;Sn
common coil magnet - hard to believe it can be done with the SBIR funding
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BROOKHFAEN

NATIONAL LABORATORY CONCLUSIONS

Superconducting
Magnet Division

* The basic common coil design presented here satisfies the key
design requirements of a S0 mm, 16 T dipole:
v' Harmonics (geometric & saturation): less than the specified
v Conductor usage: similar or less than in the other designs
v" Stored energy: similar or less than in the other designs
v Inductance: much less than in the other designs
v" Standard intra-beam spacing: 250 mm
v' Standard yoke outer diameter: 700 mm
v" Structure able to hold pole (auxiliary) coils
* Given several inherent advantages of the common coil design in
building high field collider dipoles cheaper and more reliable, it
should now be one of the leading candidates
 BNL is interested in contributing and collaborating with others
using its unique US experience in building reliable and low cost
magnets for colliders in large production
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BROOKHFAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

Extra Slides
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DROOKHRUEN Common Coil Design
SMperconcucting (Summary of Benefits)

Magnet Division

>
>

Coil #1

Main Coils of the Coil #2
Common Coil Design

Simple 2-d coil geometry for colliders

Fewer coils (about half) as the same coils
are common between the two apertures
(2-in-1 geometry for both iron and coils)
Conductor friendly - large bend radii with
simpler ends allowing many new options
Block design with lower internal strain on
the conductor under Lorentz forces
Savings from less support structure
Easier segmentation for hybrid designs
(Nb;Sn & NbTi and possible HTS?)
Minimum requirements on big expensive
tooling and labor

Potential for producing lower cost, more
reliable (less margin) high field magnets

Efficient and rapid turn around magnet
R&D due to simpler and modular design
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NATIONAL LABORATORY

Superconducting
Magnet Division

Brief History of Common Coil

/% Nary Large Hadron Collider

Design Study for a Staged | * Started the culture of

woo) © R&D magnets built at

Fermilab-TM-214¢

= LBL, BNL and FNAL

Very Large Hadron Collider | fast turn-around R&D 5=

Report by the collaborators of
The VLHC D(ﬁs'ign Study Group:

Brookhaven Nation ILhmlr\
Fermi Natio lA celer: abor:
Laboratory of Nu I Std es, Corn

L\\renLB kth ILh Ir)
Slmfodem elsm Stmfozd C—\ 94 09

‘Work supported in part by the Department of Energy contract DE-AC03-76SF00515

ASC2016 September 8, 2016

- Base line design for
VLHC; also for SppC

= Work stopped after a few years for reasons
other than the failure of the design
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