> E’aﬁi?n‘il‘fﬁ‘_b?r‘éﬁfy‘ Jefferson Lab ,
Status of Q2PF Quad EM Design
- *

Ramesh Gupta
Meeting with Fermilab on-Options for EIC SC Forward Quadrupoles

X :

April 18, 2024 ":\? . 4
~ April 18, 2 - i ~ i

\7‘ :




Q2pF Colil Cross-section

My
MW[/W@@

Main Features:

» Two layers, 69 turns
* Only one wedge in each layer
* Poles of Outer and Inner layers aligned

» Symmetric wedges

« Significant midplane gap for tuning
allowed harmonics, and possibly some
non-allowed also, when used with the pole
shims (RHIC and SSC experience)
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I Coill and Yoke Cross-section
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Peak Field and Margin
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Design gradient reached at ~8.5 kA
Peak field Enhancement: 18% Margin on Load-line: 38%

. (max field over the midplane field) ~gnventional definition: 56%
I (short sample over design)
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Field and Temperature Margins
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Quench margins in the body of the magnet
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Field Harmonics at the Design Field

HARMONIC ANALYSIS NUMBER :.:sisasivsseasnncessadess 1
MATIN HBRBMONIC: . .omeareeatews sirenie e atueeee e me aiaess e s 2
REFERENCE RBDIEUS: (Y oo simie e eie e s, emese e 83.0000
X-POSITION OF THE HARMONIC COIL (mm) .....ccccceeeeas 0.0000
Y-POSITION OF THE HARMONIC COIL (MmM) .....cccceceeeoa 0.0000
MEASUREMENT: TYPE i iaviese svenisiessesiesieses ALL FIELD CONTRIBUTIONS
ERROR OF HARMONIC ANALYSIS OF Br .cciacccecccecasccnsse 0.9964E-04
SUM (Br(p) - SUM (An cos(np) + Bn sin(np))

MATH FEEBBE §T) oo e s b an Sein ey SSesiswi 3.176139
MAGNET STRENGTH (T/{M {ND~-1)) .:cusoumeeseeees s ee 38.2667

NORMAL RELATIVE MULTIPOLES (1.D-4):

D 1: -0.30804 b 2: 10000.00000 b 3 0.06621
b 4: -0.02748 Db 5: -0.02339 b © 0.21543
b 7: -0.00139 Db 8: -0.00180 b 9 -0.00012
bl0: 0.03688 Dbll: -0.00009 Dbl2 -0.00000
bl3: 0.00001 Dbil4: -0.29429 Dbl5S 0.00000
blé: 0.00000 Db17: 0.00000 Db18 -0.00151

| All harmonics < 1 unit
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Yoke Optimization for EIC Magnets

* Yoke must be optimized to make sure that field
harmonics due to iron saturation, don’t get out of

specifications through-out the range of operation.

* Fringe field in the hole (where electron beam
traverses), stays within acceptable limit. This is not
common in other colliders, but critical for EIC, and Is

expected to be worse at high fields.
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EM Yoke Optimization (1)

Holes for Tie Rods — Turning them in to an opportunity

» Strategy: Large holes for tie rods clearly make a significant impact on iron saturation.
Let’s try to make use of those large holes as a tool of opportunity!

©

Magnet Division ~Ramesh Gupta

Electron-lon Collider
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EM Yoke Optimization (2)

Tie Rods to Reduce Saturation-induced Harmonics

Allowed harmonics Allowed harmonics
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Optimized Iron: Major reduction in saturation induced allowed harmonics (order of magnitude)

L? Brookhaven Field Gradient @7.7 kA goes down from 36.2 T/m to 35.7 T/m for 2X holes (controlled saturation)

National Laboratory

Magnet Division ~Ramesh Gupta Q2pF Cross-section for 2K Operation April 5, 2022 20
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EM Yoke Optimization (3)

The location and size of holes for tie rods Is used

to divert field away from the electron beam hole
B(T) 0.008 f B(T) 0.008 E—
oone Note: Significant reduction in the field inside the hole for e-beam

Also see a change in the shape.
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®] Uniform field brings a much larger reduction in B,,’'s
Measure the merit of a solution by |B| or by B ’s?
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Evaluation of the impact of the fringe field on the
electron beam from the nearby hadron magnets

« Current approach is to make the fringe field below the
earth’s magnet field.

 Shouldn’t this be evaluated as the harmonic errors?

* Otherwise, we may be putting unnecessarily stringent
requirements on the magnets and infrastructure cost.

»Suggestion: Study the beam dynamics impact of the
computed error harmonics on the electron beam from the
excitation of the nearby hadron magnet.

» There are other sources and ways to deal with small field
or field gradient

Electron-lon Collider
Status of Q2pF EM Design, R. Gupta, BNL/FNAL Meeting, April 18, 2024



Cross-talk in the current design of Q2pF

Cross-talk for electron beam Cross-talk for hadron beam
(harmonics are in Tesla.unit) (harmonics normalized to quad field)

Non-allowed harmonics

Harmonics Bn(Tesla) in the hole
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Design current: ~8500 A, error harmonics remain small 30% above that
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I Superconducting Shield for electron Beam (1)

Work supported by two Phase | SBIR/STTR and one Phase Il, specifically for EIC

Demo of SC Shielding in Phase | 5 Bo(T) Phase Il Test
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RorRed ek | Compare the fields in two cutouts: one
I Electron-lon Collider without SC shield, another with shield
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Superconducting Shield for electron Beam (2)
*Work supported by two Phase | SBIR/STTR and one Phase Il, specifically for EIC

Demonstration of Superconducting Shielding in a Phase Il Magnet

NbTi tube
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Luvata
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k? Brookhaven 6” *A4K: High permeability Amumetal 4K (A4K) from Amuneal Manufacturing Corporation
PeL  Ramesh Gupta for PBL/BNL Team, A Novel, Medium-field Optimum Integral Dipole, MT-28
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Slides on the End design

(iIf time permits)
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Strategy for Optimizing Layout of Turns in EIC Magnet

EIC IR cable magnet coils have much larger aperture than that in
typical NbTi accelerator magnets

Therefore, the criterion or optimization methods used in designing
ends of previous cable magnets (as in ROXIE or bend or in earlier
BNL design), may not be valid.

This was realized early in the program, and a single turn winding
test with similar cable was planned for an initial check.

A request was made to CERN for leftover LHC cable (same width
but a slightly different keystone). CERN provided. THANKS.

« Single turn winding tests were performed for B1pF. It was found
that it is best to use ROXIE for creating layout of turns in the ends,
but not for optimizing as they produce excessive tilt.

« Asimilar strategy is being followed on all EIC cable magnets.

Electron-lon Collider
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Return End (min tilt angle 70°)

e/gupta/EIC/Q2pF/2024/Q2pF24March/3d/Q2pF-RE-2layers-03-11-2024c.data] — O

» End turns of the outer layer
and the inner layers aligned

me/gupta/EIC/Q2pF/2024/Q2pF24March/3d/Q2pF-RE-2layers-03-11-2024c.data
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Peak Field Enhancement in the Ends

ne/qupta/EIC/Q2pF/2024/Q2pF24March/3d/Q2pF-RE-2layers-03-11-2024c.data] — O

End configuration iterated for
smaller peak fields in the ends.
' Final optimization after the
winding trials.
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Turn #34 is the pole turn in the outer layer
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Integrated harmonics (3-d) in the Return End

e/gqupta/EIC/Q2pF/2024/Q2pF24March/3d/Q2pF-RE-2layers-03-11-2024c.data] —

A reasonable end design:

 All integrated field harmonics

are well within 1.

* Final optimization to be

performed after the winding

trials and with non-linear iron.

Electron-lon Collider

Status of Q2pF EM Design,

(]

End configuration for
lower integrated
harmonics in the
ends.

HABMONIC ANALYSIS NUMBEER .. ..ttt i ittt e e e eemenens 1
MATN HERMONTIC . oo it i et i et e m e e mnmesnmaseaaneenennn 2
REFERENCE REDIUS (IMM)] v v it vttt e et eeeeseeenaenneenn 83.0000
X-POSITION OF THE HARAEMONIC COIL (mm) ....ueuueuennn. 0.0000
Y-POSITION OF THE HAERMONIC COIL (INM) & v evevnnnneenn 0.0000
NUMBEER OF ANALYSES ALONG £ . i v it s i e e eseamnmennnnn 200
LENGTH OF VIRTUAL COIL (M) v v vt ittt e eeeeeeaannnn 5000.0000
REFERENCE POSITION NUMBEER . ... ..ttt eeeemeeenn 100
MELASUREMENT TYPE ... it i it st e ee e eemeenmns ALL FIELD CONTRIBUTICHNS
ERRCE OF HARMONIC ANALYSIS OF Br ... ans 0.737%E-04
SUM (Br(p) - SUM (&n cos(np) + Bn sin(np))

3D REFERENCE MAIN FIELD (T) «v vttt eieeeaeennannnn -3.4447
REFERENCE MAGNET STRENGTH (T/(m™(n-1)) ............. -41.5020
MAGNETIC LENGTH (IMIN) .ottt ettt e et eeeeneeannennns 3445.5359

NORMAL 3D INTEGRAL RELATIVE MULTIPOLES (1.D-4):

b 1: 0.00000 b 2: 10000.00000 Db 3: -0.00000
b 4: 0.00000 Db 5: 0.00000 Db 6: -0.34645
b 7: -0.00000 Db 8: -0.00000 Db S: -0.00000
bl0: -0.02086 Dbll: 0.00000 Dblz: 0.00000
bl3: -0.00000 Dbl4: -0.27946 Dbls: -0.00000
bleé: -0.00000 Db17: 0.00000 Dbls: -0.00525
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Lead End (min tilt angle 70°)

»End turns of the
outer layer and the
Inner layers allgned

ome/gupta/EIC/Q2pF/2024/Q2pF24March/3d/Q2pF-LE-2layers-03-11-2024b.data]

eview [/home/gupta/EIC/Q2pF/2024/Q2pF24March/3d/Q2pF-LE-2layers-03-11-2024b.data]

iew [fhome/gupta/EIC/Q2pF/2024/Q2pF24March/3d/Q2pF-LE-2layers-03-11-2024b.data] -

Inter /

layer
Splice
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Renderings of the Outer Layer of Lead End

ooks reasonably ok; to be examined more carefully
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Renderings of the Inner Layer of the Lead End

Q2pF-LE-Inner-03-18-2024c.3Dpreview.wrl - view3dscene - FPS: 26.96 (only render: 26.99) - 0O &

/ Navigation Animation Edit Clipboard Display Help View Navigation Animation Edit Clipboard Display Help

Looks reasonably ok; to be examined more carefully
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Renderings of Both Layers of the Lead End
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Looks reasonably ok; to be examined more carefully
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EM 3-d yoke

(earlier coil ends but for yoke it shouldn’t matter much)

OPERA3d Model ® |
Angular separation
between proton beam
. and electron beam ‘
I k? Broukhaven - ‘

aaaaaaaaaaaaaaaa

Magnet D|v|s|on Ramesh Gupta Results from OPERA3d Models of Q2pF September 20, 2022
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Integration method for the coil field to assure a reasonable accuracy

MODEL DATA

5.00 & 992728 nodes

dnates
Reflection in 2X plane (2+X fields=0)
Field Point Local Coordinates
ocal = Global

5.800000€ +0
FIELD EVALUATIONS

Line LINE (nodal#inte) 101 Cartesian
x=100.0 y=0.0 2%-2000.0 to
2000.0
GOrde  CIRCLE (nodal +inte) 201 Cyfindrical
r=140.0 6=0.0t0360.0 2z=0.0
5.600000€ 40 Cartesian CART)ES[AN (nodal  100x100 Cartesian
+inte]

x=-200.0 to 200.0  y=-200.0 to 200.0 2=0.0

Polar POLAR (nodal+inte) 100x25 Cyfindrical

Peak field from ROXIE
(mirror iron):
7.03 T @8.5 kA

5.400000€ +0

]

™ Peak Field:
- 6.37 T@8.5kA

Gradient: 41.8 T/m

Scaled Peak field:

('\Brookhaven' Gradient @ center 38.218 T/m 642 T fOI‘ 38.2 T/m
National Laboratory
Magnet Division Ramesh Gupta Results from OPERA3d Models of Q2pF September 20, 2022
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