Active and Passive
Shielding of B, Colls

Mike Hayden / SFU

e Review of dressed-spin scenario

e Constraints for an EDM experiment
e |Induced shielding currents

e Examples of coilsused at SFU
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Dressed-Spin Technigue

Apply ahighly off-resonant B, (dressing) field at angular frequency w

Time average longitudinal magnetization is

()

Spin dynamicsin static field B, can be described in terms of an
effective gyromagnetic ratio

B
Yeff = YJo (%) <7

Critical Dressing Field

Relative 3He-neutron precession frequency
Wrel = (,Ysz - ngf) BO

Two species behave asif they have the samey if
wB B
Yndo (7 1) —73Jo (73 1) =0
w w

B
This occurs when (7w 1) ~ 1.19

Critical Dressing
and YT~ 0.657,

Field amplitude required to achieve effect at frequency w
w
B]_ = 119—B0
&o

e.g. if B~1mG and w211 kHz then B,~1G
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Constraints on B, for an EDM experiment

e Reasonably high level of field homogeneity over EDM cell

- est.level of 1 partin 103
[Golub & Lamoreaux, Phys. Rep. 237, 1 (1994)]

- penetrations and image currents could be problematic

e Shielding to minimize influence of B, fields outside of EDM cell

e Minimize Joule heating from currents
associated with pulsed and/or CW B, fields

a) Drive currentsin B, coils )

b) Eddy currentsin

- passive rf shields > Heat load on refrigerator

- ferromagnetic B, shields and systematic EDM effects

- radiation shields

Passive shields can be made thinner at high frequencies
... a the expense of a greater heat |oad!

0.25mm

Skin depth in ‘pure’ Al, Cu: § ~
e Vs

at cryogenic temps

T,~1K
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M athematical For malism

Based on principles laid out by Turner and Bowley,
J. Phys. E: &ci. Instrum. 19, 876 (1986).

Useful for the design of MRI gradient coils

Cylindrical coordinate system p, @, z *p “
Limit & << thickness of shield L '

An arbitrary current
Jo=F(z,¢)6(p—a)

constrained to flow on a cylindrical former of radius a
Is (perfectly) shielded by a current

Jy=F(2,4)8(p—b)
flowing on acoaxia cylinder of radiusb > a if
a*I! (ka)
021, (kb)

106 = ~Fy () 5

Jit (k) = —E7" ()

Z

where

k) = = ] " @b e —img) ] " dzexp (—ik?) . (6, 2)

2ﬂ. - —0Q

o (k) = iﬁ /ﬂ d¢ exp (—ime) foo dz exp (—ikz) fy (¢, 2)

2 —7 —00

etc. are essentially Fourier transforms of the currents
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SFU Low-Field MRI System

55cm id solenoidal
magnet produces
longitudinal B,

Elliptical (or cylindrical)

sinB-like (cosb-like) caill
produces transverse B,

Use active and/or passive shields
for B, coilsaswell as gradient coils

Contour map of B,
over +15cm ROI

Y-axis (cm)

X-axis (cm)

typically £1% field
homogeneity or better
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Shielding Currents: closed form

Bidinosti, Kravchuk Cha, David & Hayden
Proc. 12" ISVIRM (2004), p. 1551.

(T elementary current paths constrainedto p = a

o - =il ..
I -
k h
t il "-_.
rlq“ ..
) - /

shielding currents constrainedto p=b j

B, drive currentson p = a:

B(67) = [ =0(6+60)+3(6-60)~0(p—7—6u) +(p=7+6)
x[H(z-I—zl)—H(z—zl)]
[[1=H (p+7—gu) —H 9+ bu) + H (9= 6u) + H($—7+64)
X [—5(z—z1)+5(z+zl)]

Fy(4,2)

shielding currentson p = b:

_ 8la sin ( kzl Ycos (kz) I! (ka)
fi(¢,2) = e m=§5m sin (md,,) sin (me) f T (kD) dk

_8Ia <~ sin(mgy)cos(mep) [ , I (ka)
fo(d,2) = 5 m=§5m o fo sin (kz1) sin (kz) T (kD) dk
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Example: Passive Shield

contour plot of surface Penetrations (dlits)
current (half of shield) can be made along
< V4 > current streamlines

ha

high current —J
low current
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Example: Active Shield

outer sinB-like current distribution of relative
magnitude —a2/b? provides shielding

y —
central field is 7 )
reduced by a
factor of (1-&a/b?) & 8
{ ol
X : g
g
. . @)
a series connection of the F
two coilsis possibleif ® g o :
N./N,=b/a (here a/lb=4/5, o, Or@re®
Na:20, and Nb:lG) AR SN RS O I
@ & Currentsin z-direction
8 | ) T T T T T T T T
6 i H B . 1
F|e|d 4+ - (] _
distortions s 2F "fa_ L. _‘
produced by < ofa L - o ]
image currents g 2| " _
induced in a = At o )
Cu plate are = -6t | | . _
smal whenthe @ 8} . gieteor .
coil is shielded 10F o Shielded coil in free space .
12[ i
-14 [ 1 1 1 1 1 | =
15 10 5 0 5 10 15
X (cm)
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Example: Combined Active & Passive Shielding

e place discrete currentson p = a,b and let N/N, = b/a
e continuous conducting surfaceonp =c

here a:b:.c = 4:5:6

& & Currentsin z-direction

e for smplicity
- ignore return paths (2D problem)
- choose angles @, from current segment approximation
of sinB distribution (i.e.

.. . 1|
no optimization) L TN
; .
= 05 I-“I x'*. '
= / b
i 2 w '
4 2 -0.5] Y W
== ;
Pi+1 = COS (mﬂ (¢:) — ﬁ) | 1%
0 -~ eg 18D 270 36D
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c tend to cancd

Induced currentson p
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M iscellaneous thoughts

e Significant improvements in homogeneity
with increased N

o Further reduce joule heating by using
superconducting wires; insert (thermally-
heat sunk) normal metal breaksto allow for
passage of flux lines

e Full analysis of the restricted diffusion
problem in a non-uniform dressing field has
yet to be tackled (1 part in 10° homogeneity)

.IIIIII
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