Journal of Magnetic Resonance 212 (2011) 154-160

Contents lists available at ScienceDirect !J_MR
Journal of Magnetic Resonance ;i‘\ h]
journal homepage: www.elsevier.com/locate/jmr e

Avoiding eddy-current problems in ultra-low-field MRI with self-shielded

polarizing coils

Jaakko O. Nieminen **, Panu T. Vesanen?, Koos C.J. Zevenhoven ?, Juhani Dabek?, Juha Hassel ®,
Juho Luomahaara?®, Jari S. Penttild €, Risto J. Imoniemi ?

2 Department of Biomedical Engineering and Computational Science, Aalto University School of Science, P.0. Box 12200, FI-00076 AALTO, Finland
P VIT Technical Research Centre of Finland, P.O. Box 1000, FI-02044 VTT, Finland

€Aivon Oy, Tietotie 3, FI-02150 Espoo, Finland

ARTICLE INFO

Article history:

Received 28 April 2011
Revised 10 June 2011
Available online 1 July 2011

Keywords:

Polarizing coil
Ultra-low-field MRI

Eddy currents

Magnetically shielded room
Multipole expansion

ABSTRACT

In ultra-low-field magnetic resonance imaging (ULF MRI), superconductive sensors are used to detect
MRI signals typically in fields on the order of 10-100 puT. Despite the highly sensitive detectors, it is nec-
essary to prepolarize the sample in a stronger magnetic field on the order of 10-100 mT, which has to be
switched off rapidly in a few milliseconds before signal acquisition. In addition, external magnetic inter-
ference is commonly reduced by situating the ULF-MRI system inside a magnetically shielded room
(MSR). With typical dipolar polarizing coil designs, the stray field induces strong eddy currents in the
conductive layers of the MSR. These eddy currents cause significant secondary magnetic fields that
may distort the spin dynamics of the sample, exceed the dynamic range of the sensors, and prevent
simultaneous magnetoencephalography and MRI acquisitions. In this paper, we describe a method to
design self-shielded polarizing coils for ULF MRI. The experimental results show that with a simple
self-shielded polarizing coil, the magnetic fields caused by the eddy currents are largely reduced. With
the presented shielding technique, ULF-MRI devices can utilize stronger and spatially broader polarizing
fields than achievable with unshielded polarizing coils.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

In ultra-low-field magnetic resonance imaging (ULF MRI), MR
images are acquired in fields on the order of 10-100 uT [1,2].
Because the precession frequencies are low, it is preferable to mea-
sure the signals using very low-noise detectors, e.g., supercond-
ucting quantum interference device (SQUID) sensors [1], atomic
magnetometers [3], or giant magnetoresistance (GMR) sensors
[4,5]. The use of highly sensitive SQUID sensors with low 1/f noise
allows one to combine MRI with magnetoencephalography (MEG)
[6,7].

Despite the highly sensitive detectors, it is necessary to prepo-
larize the sample in a magnetic field B, on the order of 10-100 mT
before signal encoding and acquisition occurs in a weak homoge-
neous field By and gradient fields. When the signal is measured
with an untuned SQUID sensor, its amplitude is independent of
the signal frequency, and thus also of By, and proportional to B,
In ULF MRI, image signal-to-noise ratio (SNR) is a limiting factor;
thus, the imaging time for a given spatial resolution (voxel volume)
depends on SNR as 1/SNR? « (By/B,)?, where By is the noise ampli-
tude. Therefore, the polarizing field should be as high and the noise
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level as low as possible to obtain high-quality images in a short
imaging time.

Typically, By is reduced by providing shielding against external
noise sources. For ULF MRI at the kilohertz range, a light magneti-
cally shielded room (MSR) of an aluminum layer around the mea-
surement system together with gradiometric sensors are enough to
render the external noise insignificant [8]. If ULF MRI is combined
with MEG, additional shielding at lower frequencies is usually
needed. Such a shielding can be achieved with an MSR consisting
of a few layers of u-metal with high permeability, together with
thicker layers of aluminum [9].

However, combining the shielding and high polarizing fields is
problematic. Because the polarizing field has to be switched off
in a few milliseconds, a large time-derivative oB,,/dt appears. With
dipolar polarizing coil designs presented in literature [8,10,11], an
extended stray field (or fringe field) occurs with B,,. Thus, when a
typical polarizing field is switched off, strong eddy currents are in-
duced in the conductive layers of the MSR [12,13]. These currents
decay in a multi-exponential manner depending on the resistances
and inductances of the conductive paths. The eddy currents cause
secondary magnetic fields inside the MSR. If these fields are strong,
they will affect the spin dynamics of the sample, reducing image
quality, or, in the worst case, making image reconstruction practi-
cally impossible. A large drifting magnetic field may also exceed
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the dynamic range of the SQUID sensors. In addition, such fields
typically contain low-frequency components; thus, they may inter-
fere with MEG recordings, frustrating simultaneous MEG-MRI [7].

In high-field MRI, harmful eddy currents are induced because of
the rapid switching of the gradient fields. Naturally, they affect the
field homogeneity and stability, producing image artifacts. To-
gether with the high static field, the eddy currents cause also vibra-
tion and acoustic noise [14]. Therefore, several methods have been
developed to minimize the eddy currents.

One of the most widely used techniques is to design gradient
coils with weak stray fields. Such self-shielded gradient coils can
be designed numerically [15] or analytically in cylindrical [16,17]
and planar [18] geometries utilizing Fourier transform techniques.
An equivalent approach can also be applied to designing coils that
produce shielded homogeneous fields useful in pulsed-field MRI
[19]. Also the multipole expansion of a coil can be applied to obtain
a design with a reduced stray field [20,21].

Another possibility is to modify the gradient-field waveforms.
In the pre-emphasis methods, the current pulse has typically a
multi-exponential overshoot at the beginning and an equivalent
undershoot at the end [22-24]. Commonly, an iterative approach
is needed to design waveform corrections that minimize the eddy
currents.

If the static field is produced by a permanent magnet, gradient
switching may induce eddy currents in the magnet. It has been
demonstrated that by covering the permanent magnet with highly
conductive plates, the eddy current problem will be reduced [25].
In that case, eddy currents are induced in the plates with rapid de-
cay rates permitting signal acquisition shortly after gradient
ramping.

When magnetic relaxation or nuclear magnetic resonance
experiments are performed inside a magnetically shielded room,
the magnetization of the MSR may cause problems. In Refs.
[26,27], a tiny solenoid is used to polarize the sample; an equiva-
lent coil, with an opposite field direction, is placed next to the
polarizing coil to reduce the stray field and to prevent the magne-
tization of the MSR walls. However, such a design becomes imprac-
tical when the sample volume and the strength of the polarizing
field increase.

In this paper, we describe a method to design self-shielded
polarizing coils for ULF MRI. The method takes into account that
the polarizing field homogeneity requirements within the imaging
volume are weak; we concentrate on minimizing the stray field
outside the coil using the coil’s multipole expansion. The approach
can be used to design self-shielded coils with arbitrary geometrical
constraints, allowing one to find coils that produce shielding
against eddy currents, are easy to manufacture, and meet the geo-
metrical constraints of the ULF-MRI system. The theoretical results
are verified with experiments using a polarizing coil with and
without shielding.

2. Theory

In the following, we derive equations that under given geomet-
rical constraints determine how an axially symmetric polarizing
coil can be shielded. The aim here is to design a shielding coil that,
when connected in series with the polarizing coil, produces a self-
shielded polarizing coil with a weak stray field. In general, the
method is not limited to the symmetric case.

In current-free space, when displacement currents can be ne-
glected, the magnetic field B is

B=—u,VV, (1)

where o is the permeability of vacuum and the scalar potential V
satisfies Laplace’s equation,

V2V = 0. (2)

The solution of Eq. (2) can be found using the spherical harmon-
ics Y [28]:
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where (1,0, ¢) are the spherical coordinates. The first sum with mul-
tipole moments o, defines the potential exterior to any current
sources. In contrast, the sum with multipole moments B, gives
the potential closer to the origin than the current sources. For a cur-
rent density J(r), the multipole moments are [29,30]
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where the asterisk indicates a complex conjugate and the integra-
tion is performed over the source volume. Note that in Ref. [30],
Eq. (15) is missing a minus sign in front of it. As can be seen, the
choice of the origin affects the multipole moments; a natural choice
is the center of the current-density distribution. Combining Eqs. (1)

and (3), we find
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If the smallest-order multipole moments o, are zero, the mag-
netic field of a coil decays rapidly with increasing distance; thus,
we would like to design a self-shielded polarizing coil such that
am =0, for [=0, 1,...,n. Because Yy is a constant, Eq. (4) reveals
that oo = 0 for every J(r). In addition, the shielding should not re-
duce the field amplitude at the coil center too much.

From Eq. (4), we find that for an e -directional axially-symmet-
ric current density J(r)=J(r,0)e4, o4m =0, when m # 0. The other
multipole moments are
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where we have dropped out the unnecessary index m, P, is the [:th
Legendre polynomial, and K,(“)(r, 6) is a kernel function for the I:th
multipole moment. For a circular turn at (r, 0g), the current density
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where § is Dirac’s delta function. Inserting J(© into Eq. (7) and car-
rying out the integrations, we get the respective multipole
moments:
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Table 1 lists the first multipole moments for a circular turn in cylin-
drical coordinates (p, ¢,2).

Suppose oc§0), i=1,...,n, are the first multipole moments of a
given unshielded polarizing coil. We wish to design a shielding coil

(10)
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Table 1
The first multipole moments for a circular loop at the z axis with
current [, radius p, and axial coordinate z.

I o
! 330

2 VEp*z

3 -3V (p? - 42)

4 YE[p2(-3p2 + 422)z

5 VB (p* — 12p%22 + 82%)

with a current density j(1)(r,0)e¢ that has the opposite multipole
moments:
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Thus, when the coils are connected in series, the first n multipole
moments become zero.

One practical approach to design the shielding coil is to consider
a fixed number of loops. Then, the positions and the diameters of
the loops can be optimized such that the lowest multipole mo-
ments of the polarizing coil are shielded to zero.

However, here we find a solution for the unknown J by
expanding it in the basis defined by the kernel functions:

n
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a® = —K%c, (14)

where a® is a vector with elements o”, the matrix K* contains the
kernel integrals [ [ I(E”K}“) dodr, and ¢ is an unknown vector with
elements ;. A solution of Eq. (14) describes a current distribution
of a shielding coil. We can constrain /"’ to lie on a bounded region
by setting it and the kernel functions explicitly to zero elsewhere
and by modifying the integration limits in Eqs. (11) and (13) to reflect
the choice. As long as the functions K; are linearly independent,
which is often the case, K is nonsingular, meaning that there al-
ways exists a solution in the space spanned by Kf.“)(r., 0),i=1,...,n
However, care must be taken when limiting the source space. For
example, Table 1 reveals that a circular turn at the positive z axis with
nonzero current always has a nonzero ¢,. Then again, if the space of
J is limited to the z = 0 plane, o, is always zero.

Note that there exist infinitely many shielding coils, because
any current density orthogonal to the functions K\”(r,0), in the
sense of Eq. (11), can be added to the obtained solution without
sacrificing Eq. (11). Generally, the basis functions for the current
density may be chosen to be different from the functions KE“).
The basis functions together with the geometrical constraints de-
fine the outcome of the design process.

If we want to have a precise control of the field inside the coil,
we may explore the B, multipole moments. As with the oy, mo-
ments, f;, moments of an axially symmetric current density distri-
bution are zero when m # 0. The kernel functions for the By
multipoles are
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Now, we may modify Eq. (12) and expand J'" in the basis de-
fined by both K{” and K" functions. Finally, Eq. (14) may be
rewritten to include also the g, multipole moments. With these

changes, the formalism may be utilized to design self-shielded
coils with a desired magnetic field profile in the interior region,
e.g., self-shielded gradient coils.

3. Methods

In the ULF-MRI test system at Aalto University, we have a cylin-
drical polarizing coil with N, =211 turns of 3-mm copper wire in
five layers, height h, = 0.14m, and inner and outer radii s;, = 0.105m
and S,y ~ 0.12m, respectively. The polarizing coil, with its axis in
the vertical direction, is located approximately at the center of a
double-layer MSR. Both layers have an inner yg-metal shell and an
outer aluminum shell. The height, width, and length of the inner-
most shielding layer are 2.76, 3.11, and 4.11 m, respectively.

The current in the polarizing coil is switched off rapidly with a
dedicated circuit allowing us to reduce the polarizing field nearly
linearly to zero in 1 ms. However, such a rapid decay induces sig-
nificant eddy currents in conductive materials, most notably in
the aluminum layers of the MSR [12,13]. These currents decay in
a multi-exponential manner, the longest time constants being on
the order of 1 s. When a strong polarizing field is used, the decay-
ing eddy currents may distort the spin dynamics of a sample at the
center of the room, making MRI difficult.

In our ULF-MRI test setup, we have three planar sensor mod-
ules, each having two orthogonal SQUID gradiometers, with a base-
line of 8 mm and rectangular pickup loops with dimensions
13 mm x 31 mm, and one SQUID magnetometer with a square
pickup loop with a side length of 27 mm. The planar sensor geom-
etry has been optimized for MEG [31]. The sensors are situated on
the curved bottom surface of a fiberglass dewar, surrounded by the
polarizing coil, as illustrated in Fig. 1. The normals of the sensor
modules form angles 12°, 30°, and 48° with the vertical direction.
The SQUIDs with lead-wire pickup coils are shielded against the
strong polarizing field in two ways [32]. Flux dams [33,34] added
in series with the pickup loop and the intermediate flux trans-
former restrict the field originating from the pickup. 250-pm-thick
and 13-mm-wide niobium plates are placed below and above the
SQUID chip to provide local protection against the external field.
Consequently, the sensors spontaneously recover from the prepo-
larization without external heating.

We adapted the method of this paper to design a shielding coil
that would reduce the induced eddy currents to a tolerable level.
When the coils are connected in series, the phases of the currents
in them are automatically equal, making the shielding effective.
We studied theoretically different axially-symmetric shielding-coil
geometries that would be easy to realize: possible geometries were

yard
Yok

Fig. 1. An illustration of the sensor geometry. Shown are the cylindrical polarizing
coil and the pickup loops of the three SQUID magnetometers. The dashed line marks
the axis of the polarizing coil which passes through the center of a magnetometer.
The normals of the magnetometers form angles 12°, 30°, and 48° with the coil axis.



J.0. Nieminen et al./Journal of Magnetic Resonance 212 (2011) 154-160 157

a cylindrical shell, a hollow disk at the z =0 plane, and a coil with
multiple cylindrical shells. For practical reasons, the outer diame-
ter of the shielding coil was limited to 0.63 m. The applied coordi-
nate system has its origin at the center of the polarizing coil with
the z axis parallel to the coil axis.

We modeled the polarizing coil as a hollow cylinder with a uni-
form current density. Thus, the current density of the coil can be
written as

.’p(r) :.]p(pvz)edJ = Hﬁ’%ph

'TIJ(Z)Hsinvsout (p)jpelbv (16)
where J, = Nplp/[hp(Sout — Sin)], Ip is the current in the wire, and the
boxcar function II,4(s)=1 when a<s<b, and zero otherwise.
Using J,, % in Eq. (14) was calculated. We studied shielding coils
that would null the first two or the first four o; moments of the
polarizing coil.

Eq. (14) was solved for the different shielding geometries. Then,
the obtained surface current densities were discretized with the
stream function technique to get winding patterns for sets of dis-
crete current turns [35,36]. The number of turns in the shielding
coils were matched to produce good shielding of the target multi-
poles when connected in series with the polarizing coil.

We compared the magnetic field of the polarizing coil with and
without the shielding. The field around the coil was calculated
assuming permeability of po. In addition, we computed the field
value at the origin to check that the shielding does not reduce
the polarizing field amplitude too much.

We also studied how a pair of circular coils should be positioned
to shield the lowest-order multipole moments. From Table 1, it is
evident that a pair of circular coils symmetric with respect to
z=0 could be used to shield oy, oy, ..., o4 of the polarizing coil.
With more coils, higher multipoles could also be matched, but
the shielding coil would become more complex.

On the basis of the theoretical results, we constructed a single-
layer cylindrical shielding coil. The winding of the coil was
adjusted by inspecting signals of the SQUID sensors in the time
window 20-70 ms after polarizing pulses. The aim of this tuning
was to find the number of turns that would best reduce the
transient magnetic fields in practice.

Finally, we measured the transient magnetic fields of the un-
shielded and self-shielded polarizing coils with the three SQUID
magnetometers. We applied a static polarizing field for 2900 ms,
after which it was switched off in 1 ms; the rise time of the field
was less than 30 ms. The signal acquisition began 200 ms after
the polarization, except when measuring the transient fields of
the shielded polarizing coil with a small current, in which case
the acquisition started 15 ms after the polarization. Before the sig-
nal acquisition, we reset the flux-locked loops of the SQUIDs.

4. Results

We found that a cylindrical shell with diameter d = 0.63m and
any length h could effectively shield the multipole moments o
and o of the polarizing coil. The surface current density obtained
from Eq. (14) is uniform, as expected. After matching the number
of turns, the coil would have 27 equally spaced turns around
z=0. Such a coil with h =0.185 m (Fig. 2A) would reduce the polar-
izing field at the origin by some 5%. In Fig. 3, we show how the
shielding affects the magnetic field around the coil.

To produce practical shielding against the first four multipole
moments, o, &%, ..., 04, of the polarizing coil, a cylindrical shell
with diameter d=0.63 m should be at least h=0.4m long
(Fig. 2B). Fig. 4 illustrates the required surface current density
and the discretized winding pattern for such a coil with 27 turns.
That coil would reduce the polarizing field at the origin by 4%.
Fig. 5 visualizes the shielded magnetic field around the coil. Note
that the stray field is significantly lower than with the 0.185-m-
long shielding coil having equally spaced turns. If h <0.4 m, the
surface current density on the cylinder would have both positive
and negative values. Then, a large number of turns would be
needed, because opposing currents would produce some cancella-
tion for the coil’s dipole moment.

According to our results, a disk shield at z=0 plane would
shield the oy, a5, ..., s multipole moments inefficiently. Such a
coil would require both positive and negative currents; thus, the
number of turns needed to shield the polarizing coil would be high.
For our purposes, a multi-layer cylindrical shield would not pro-
duce improvements with respect to a single-layer shield. A short
(h<0.4 m) multi-layer shielding coil would, as a single-layer
shielding coil, require currents with opposing signs to shield the
o3 moment of the polarizing coil, leading to inefficient shielding.

Fig. 6 illustrates how a symmetrical pair of coils on the z axis
(see, Fig. 7) should be manufactured to shield the first four multi-
pole moments of the polarizing coil. The figure shows the coil
parameters as a function of the number of turns. When the number
of turns increases, the radius of the shielding coil decreases so that
its dipole moment still matches that of the polarizing coil. With our
polarizing coil, this type of shielding coil resembles closely a Helm-
holtz pair.

Based on theoretical results and geometrical constraints, we
manufactured a single-layer cylindrical shielding coil with length
h=0.185m and diameter 0.63 m to shield the dipole moment of
the polarizing coil. We tested the coil by varying the number of
its equally spaced turns and found that the smallest transient
was obtained with 28 turns. In addition, we fine-tuned the shield-
ing by winding four new turns around the polarizing coil, in the
same direction as the original ones.

Fig. 2. Illustration of the polarizing (orange) and shielding (blue) coils; also shown are the pickup loops of the three SQUID magnetometers. (A) The 0.185-m-long cylindrical
shielding coil with 27 equally spaced turns and diameter d = 0.63 m. (B) The 0.4-m-long cylindrical shielding coil with diameter d = 0.63 m and 27 turns positioned according
to Fig. 4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Left: The calculated magnetic field amplitude of the polarizing coil when it is connected in series with a 0.185-m-long cylindrical shielding coil having 27 equally
spaced turns and diameter d = 0.63 m. Current I, flows in the coils. Right: The relative amplitude between the shielded and unshielded polarizing fields using the 0.185-m-
long shielding coil. For visualization, a region around the coil is plotted white. The coil geometry is illustrated in Fig. 2A.
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Fig. 4. Winding pattern for a 0.4-m-long cylindrical coil, with diameter 0.63 m, that
shields against the oy, oy, ..., o4 moments of the polarizing coil. The dots mark the
discrete wire positions. Also shown is the continuous surface current density j
obtained from Eq. (14) when a 1-A current flows in the polarizing coil.

Fig. 8 shows experimental results with and without the shield-
ing coil. To remove high-frequency noise, the curves were moving-
average filtered. When using the polarizing coil without shielding,
the applied current was 600 mA, corresponding to a polarizing
field B, = 0.61 mT; the signal acquisition started 200 ms after the
field switch-off. With the shielded polarizing coil, we measured
the transient magnetic fields in two parts. The initial part from
15 to 500 ms was measured using a polarizing field B, = 0.43 mT,
which was achieved with a current of 440 mA. This guaranteed
that all the magnetometers were working properly shortly after
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the field switch-off. The latter parts of the curves were obtained
with a stronger polarizing field, B, = 7.9 mT, achieved with a cur-
rent of 8.1A, to increase the SNR of the transient field
measurement.

As can be seen, when the polarizing field is applied without
shielding, the measured magnetic fields are strong and decay expo-
nentially with long time constants. By fitting the data with a sum
of two exponential functions, we found time constants 100 ms
and 500 ms. By extrapolating, we found that the vertical compo-
nent of the transient magnetic field at the sensor positions at
t =0 would have been 5-7 x 107° B, where B, is the vertical polar-
izing field at the coil center. However, this is probably an underes-
timate of the magnetic fields originating from the eddy currents,
because the data do not reveal fields decaying with short time
constants.

Fig. 8 demonstrates the benefit of using a self-shielded polariz-
ing coil. For example, 200 ms after the polarization the magnetic
field with the unshielded polarizing coil is about 50 times higher
than the field achieved with the shielded coil. This result is in good
agreement with the calculated magnetic fields of Fig. 3; in that fig-
ure, we see that at the distance of the walls of the MSR, the un-
shielded magnetic field is approximately 20-50 times higher
than the shielded field.

5. Discussion

As can be seen from Fig. 8, even with the self-shielded polariz-
ing coil, some decaying magnetic fields remain in our measure-
ment environment. However, those fields decay with short
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Fig. 5. Left: The calculated magnetic field amplitude of the polarizing coil when it is connected in series with the 0.4-m-long cylindrical shielding coil with diameter
d=0.63 m. The turn positions for the shielding coil are shown in Fig. 4. Current I, flows in the coils. Right: The relative amplitude between the shielded and unshielded
polarizing fields using the 0.4-m-long shielding coil. For visualization, a region around the coil is plotted white. The coil geometry is visualized in Fig. 2B



J.0. Nieminen et al./Journal of Magnetic Resonance 212 (2011) 154-160 159

’é '] T T T T
= 100+ .
'—g e Separation,
= e = Radius, s
g 0.70 e b
= [ ]
g 050 2 e b
g [ ]
g LI
g e
< .l.
g 0301 ) b
2]
3 .\
@) . . . .
2 5 10 20 50
Ns
Fig. 6. Design parameters of a symmetric pair of coils that cancels o, o, ..., 04

moments of our polarizing coil. The horizontal axis shows the total number of turns
N; in the shielding coil. The geometry of the coil is illustrated in Fig. 7.

Fig. 7. Illustration of the polarizing coil (orange) and a shielding coil pair (blue);
also shown are the pickup loops of the three SQUID magnetometers. The radius, s,
and the separation, h, of the shielding coil are shown in the figure. In this figure, the
geometry of the shielding coil is such that 20 turns in it would cancel out the a;,
o, ..., 04 moments of the polarizing coil. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Transient magnetic field B, measured with the three SQUID magnetometers
after the polarizing field was switched off. t is the time after the field switch-off and
B, is the polarizing field at the center of the polarizing coil.

relaxation time constants and are not as harmful as the long-
lasting fields. Because of their short time constants, we think that
these fields are not generated by eddy currents circulating in the
main loops of the MSR.

If high-precision shielding is needed, it may be best to fine-tune
the shielding on-site by measuring the actual transient magnetic
fields and adjusting the winding. Such a need may arise if the mul-
tipole moments of the coils are only known inaccurately. Depend-
ing on the precise geometry of the conductive structures nearby,
nulling the lowest-order multipoles may even be suboptimal.

In our case, we found that the shielding was best when we had
28 and 215 turns in the shielding and polarizing coils, respectively;
with these figures, the total dipole moment seemed to be experi-
mentally closest to zero. This is in excellent agreement with the
theoretical results obtained with 27 and 211 turns in the coils. If
we allow a 1-mm error for the coil radii we used to design the
shielding coil, the total dipole moment of a coil with 28 + 215 turns
is zero within the assumed error margin and the theoretical and
experimental results agree.

If the polarizing coil is designed before the shielding coil, the
discrete number of turns in the polarizing coil may limit the best
possible shielding if the geometry of the shielding coil is restricted.
Optimally, the polarizing coil and the shielding should be designed
together so that the number of turns can be matched to guarantee
optimal multipole nulling. If the shielding coil is made adjustable,
the shielding can be tuned on site.

The choice of the expansion origin affects the multipole mo-
ments of a coil. Natural choices for the origin are the center of
the imaging region and the center of the MSR. If these two points
are close to each other, as is probably best in order to minimize
the distortions caused by the MSR, the effect of the origin seems
to be small and the most practical choice should be preferred.

For simplicity, we mainly restricted our formalism to axially
symmetric coils. However, with slight modifications to the nota-
tion, the method can be applied also to design coils without any
symmetry. Such a need may arise, e.g., when the shape of the polar-
izing coil is spatially constrained. In this study, we ignored the
multipole expansion of the coil in the interior region, but the pre-
sented formalism gives also full control, e.g., over the field homoge-
neity or linearity in the imaging region.

In the demonstrations with our ULF-MRI test system, the high-
est polarizing field was 8 mT requiring an 8-A current. Although
the field can still be increased at least by a factor of 2 or 3 just
by increasing the current in the coil, the coil heating limits the
highest achievable field. One possibility to overcome this limit is
to provide the coil with cooling. Another approach to reduce the
resistive dissipation is to wind the coil from superconducting wire
and to mount it inside the dewar.

6. Conclusion

We have introduced a method for designing self-shielded polar-
izing coils for ultra-low-field MRI. By requiring that the lowest-
order multipole moments of a shielding coil coincide those of the
polarizing coil and by connecting these coils in series with reversed
currents a coil with weak stray field is obtained. The resulting
self-shielded polarizing coil allows us to pulse the polarizing field
without inducing significant eddy currents in the layers of the
magnetically shielded room. Thus, the self-shielded design permits
us to use much stronger polarizing fields than without the shield-
ing. Noteworthily, the shielding reduces the polarizing field
strength at the coil center only by a small amount, whereas the
eddy currents are greatly suppressed.

The self-shielded polarizing coil design allows us to use SQUID
magnetometers for signal detection; commonly, second-order ax-
ial gradiometers have been used for ULF MRI [1,2]. Typically, with
second-order gradiometers the eddy-current fields generate only
weak signals; still, the effect on the spin dynamics remains. In
addition, even with second-order gradiometers, the eddy currents
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may interfere with MEG recordings, preventing simultaneous
MEG-MRI [7]. Magnetometers and planar gradiometers are conve-
nient in hybrid MEG-MRI with whole-head coverage and a large
number of sensors.

With the presented shielding technique, ULF-MRI devices can
utilize stronger and spatially broader polarizing fields than could
be achieved with unshielded polarizing coils. The design approach
is simple and can also be applied to update existing ULF-MRI sys-
tems, as was demonstrated in this study. With the described tech-
nique, a self-shielded coil may be designed to satisfy also possible
spatial limitations. We believe that essentially all ULF-MRI systems
in magnetically shielded rooms will benefit from self-shielded
polarizing coils.
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