Magnetic Gradient Amelioration
for nEDM@LANL

Austin Reid nEDM 2021 Les-Heuches Zoom
Trinity College, Hartford 202002 19

Trinity College



CONNECTICUT

HARTFORD

Trinity College

Image by Chris O'Shaughnessy



Image by Chris O'Shaughnessy



LANL nEDM Layout

Precession
Chambers

Felicity Hills



HV Hg Probes

Status

* Optics setup for
NnEDM@LANL

* The Larmor precession
frequency is detected by
the Faraday rotation of
the laser polarization.

* Lock the laser frequency
during the pump and
probe phases with a Hg
reference cell.

* Frequency locking circuit
design and fabrication

* Hg cell fabrication with
various coatings

Jennie Chen

The Top View

Front

( The front is where the
neutron guides come in )
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Anti Helmholtz coils and off diagonal shim coils
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Gradient Coils along x and z axis to create —, , ,
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Scalar Potential Colil Design

Thanks to Chris Crawford. For more detail, see one of his talks
here: https://youtu.be/LTuk-sz-ApE
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Scalar Potential Colil Design

In ﬁree:pau: N u 3
VxH:0 V-H=0 2 H=-U

Swpuce o'."swfinw'y:
Ax-0(Upe-Win)= K -su=T

Thanks to Chris Crawford. For more detail, see one of his talks
here: https://youtu.be/LTuk-sz-ApE
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Tx: Calculate, invert transfer function

- Given a full basis set of Vm: Zm,z

- Simulate coil response for each 2

 Decompose coil response across
sample regionto 2, ,

- Orthogonalize response matrix, hope it
Isn’t singular

- Generate a linear sum of 2’s that yield
any desired 2, ,

Abel 2019 d0i:10.1103/PhysRevA.99.042112

Z[.m — Cl.nl((/s)"[P[lml(COSH ) (4)
with
[ —1)!1(=2)m
Cral®) = ﬁ cos(m¢) for m >0,
[ —1)(=2)m
Cim(@) = E= = sin(|m|¢) for m < O. (&)

(I 4+ |m])!
Finally, the modes are obtained by calculating the gradient of
the magnetic potential:

n.\'.l,m = a.x‘zl+l.m- n)xl.m = a_\'zH—l.m- n:.Lm == a:ZH-l,m-
(6)
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RX:

1.Solve for idealized Vm

2.Extract windings from #1

3.Add MuMetal, energize windings
4.Solve for Vm across fiducial volume
5.Decompose #4 into 2, ,

- Surface or Volume integral?
- Is there a difference in theory?
- What about FE considerations?
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Scalar Potentials and Finite Elements (e.q.
COMSOL)

— -
* VV,. surt X I 1ssurface normal, so check that all contours have

same orientation
» Simplifications:
* Restrict to planar geometry
- Don't try to connect adjacent faces

* Results need an enclosed volume
* https://github.com/MengerSponge/CoilSolver

Trinity College


https://github.com/MengerSponge/CoilSolver

Step 1. Penetrations

- Set surfaceto 2 ,
- Set hole Vm to

2>
< m,t > hole
» Allow annulus to float




Step 2: Getting Contours

* Pick a set of planar faces
* Transform each one to 2D

 Find contour lines across
mesh

» Correct direction of contour
lines

* Line collections in 2D are ready
to build

* Line collections need some
processing to model robustly

Trinity College



Step 3: Mesh Wires

* Points from plane contour
are irregular

* [rregular points lead to
poorly defined interpolation
curves

- Resample each contour

» Need finer resolution near
penetration

Trinity College



Step 3: Mesh Wires

* Points from plane contour
are irregular

* Irregular points lead to
poorly defined interpolation
curves

- Resample each contour

» Need finer resolution near
penetration




Step 3: Mesh Wires

* Points from plane contour
are irregular

* Irregular points lead to
poorly defined interpolation
curves

- Resample each contour

» Need finer resolution near
penetration




y College

1nit

Ir

0 coils with 12

Automated €=2 m
penetrations

LR

\ R 0\\\.\.\:.““\\\

\ XX 2. 21, 7
e ....ﬂ...,,,,v,.,,/,,//,////,/ i
\\\\\\\\M\\\seo L oooﬂ; \ 1 ,,...... .\\5
\\.\\\\.\.ﬂ. SR i
11527 \
124! \\

N

N S 7
///?.\\\W\\\\
\

>
N
S8

\\\\\
W
‘:

AN
N NN
AR

\

11411

77 %

_

=
L

!

\

,/,7%/,/%

|
W

Nk
NN

2“0,
~~I

N\
\
W

il
”./,vu".\‘s \\\& “‘?

\\\

{\\ Q
7

:\\\ \“\
1/

Nee

Lol

Y/
Ly e, AR
97 w“ 7 e e SNN

il

SRS

P CAOIRRERN
Pl 550N




Automated €=2 m=0 colils with 12
penetrations
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Automated €=2 m=0 coils with 12

penetrations
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Automated €=2 m=0 colils with 12
penetrations




The floor/subfloor problem
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Stream Functions via bfieldTools

* https://bfieldtools.qgithub.io/

* “From the theory of harmonic potentials, we know that U can be
determined uniquely in the volume (up to a constant) when either the
potential or the normal derivative of the potential is specified on the
boundary enclosing the volume. Thus, any external source distribution
whose potential reproduces the boundary conditions of a given U, can
be used to generate U in the volume.”

Méakinen 2020 doi:10.1063/5.0016090
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https://bfieldtools.github.io/
https://doi.org/10.1063/5.0016090

Surface Triangulation

Current density

Makinen 2020 doi:10.1063/5.0016090

FIG. 1. An example stream function (red-blue colormap) and its
rotated gradient, i.e. the surface current density (arrows; green col-
ormap) on a surface mesh with a hole in it. The surface normal is
oriented up towards the reader.

Zetter 2020 doi:10.1063/5.0016087
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https://doi.org/10.1063/5.0016090
https://doi.org/10.1063/5.0016087

Double Planar Coil Example

Makinen 2020 doi:10.1063/5.001600  mewrrompTconwrenmcns



https://doi.org/10.1063/5.0016090

Coil+Shielding Interactions:

FIG. 8. A current distribution (coil) on a bi-planar surface
(A) inside a perfect cylindrical p-metal magnetic shield, an
equivalent surface current on the shield surface (B), and as-
sociated magnetic scalar potentials (C,D,E) plotted on the
horizontal plane shown in A and B. A: The stream function
of the primary current distribution on the bi-planar surfaces
inside the shield. B: The equivalent surface-current distri-
bution (stream function and surface-current density) repre-
senting the induced field source on the p-metal shield. C:
The primary magnetic scalar potential generated by the pri-
mary source in A. D: The magnetic scalar potential generated
by the equivalent current in B inside the shield surface. E:
The combined potential that satisfies the constant-potential
boundary condition. The dashed circle represents the volume
of interest.
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No shielding in model:

AP

|B| deviation from average, no shielding
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Naive Design Result:

AP

|B| deviation from average, mu_rel = 3e4
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Fabrication/Validation

* CNC Router + MDF to validate
« 3D-print smaller test frames (OpenScad/SolidPython?)

Implementation

* PCB (flex PCB) or CNC PVC panels
- Specifying inductance/current for IU’s electrical engineers...

Trinity College



Single-turn coll design
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Snorkels?

- Correction loops generate a moment
» Put that loop outside the inner shield wall




This work is supported by Los Alamos National Laboratory LDRD
and the National Science Foundation, grants PHY-1828512 and
PHY-1614545

Thank you! Questions?
austin.reild@trincoll.edu
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