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Gradient coil design typically involves optimisation of current densities or coil windings on familiar
cylindrical, planar, spherical or conical surfaces. In this paper, an analytic inverse method is presented
for the theoretical design of toroidal transverse gradient coils. This novel geometry is based on previous
work involving a 3D current density solution, in which the precise geometry of the gradient coils was
obtained as part of the optimisation process. Regularisation is used to solve for the toroidal current den-
sities, whereby the field error is minimised in conjunction with the total power of the coil. The method is
applied to the design of unshielded and shielded, whole-body and head coil gradient systems. Prelimin-
ary coil windings displaying high gradient homogeneity, low inductance, high efficiency and good force
balancing are displayed and discussed. Potential benefits associated with this morphology include self-
shielding gradient sets, greater access to cooling mechanisms, a reduction in acoustic noise due to
force-balancing, a lessening of patient claustrophobia and greater patient access for clinicians.

Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.

1. Introduction

Magnetic resonance imaging (MRI) scanners contain gradient
coils as a means of frequency-encoding the imaging volume. This
is achieved by a set of three coils, which superimpose a linear mag-
netic field in each orthogonal direction, and are pulsed rapidly at
specific times during image acquisition. Coil performance is gov-
erned by efficiency #, gradient homogeneity ¢ and inductance L
[1]. Various combinations of these parameters are used as figures
of merit [1-3].

Numerous coil-space optimisation techniques are available for
the design of gradient coils, including conjugate gradient descent
[4], simulated annealing [5] or the genetic algorithm (see for exam-
ple, [6, p. 86]). An alternative branch of design methods deals with
reciprocal space by expanding quantities of interest in terms of
orthogonal functions and solving for the coefficients of a current
density expansion [3]. A well-established example is Turner’s tar-
get field method, in which a Fourier-Bessel expansion is used to
describe the induced magnetic field and a current density solution
is obtained using Fourier Transforms [7]. Typically this is achieved
by minimising some feature of the coil such as inductance [8],
stored magnetic energy [9] or power [10], subject to the constraint
that the field be specified at a set of target points, following a La-
grange multiplier argument. The current density solution must
then be approximated in some manner using discrete windings.
This approach generally leads to more compact coils with less con-
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centrated current, which results in increased efficiency and lower
inductance [1].

A possible drawback of the target field method is that it as-
sumes coils of notionally infinite length as a result of the use of
Fourier Transforms. A Fourier series representation of the current
density is proposed by Carlson et al. [2] to obtain a finite length
coil, and coil length is constrained explicitly using a Turner-style
target field method by Chronik and Rutt [3]. Forbes and Crozier
[11] use a Fourier series expansion combined with Tikhonov regu-
larisation (see for example, [12, p. 307]) to solve an ill-conditioned
integral equation and obtain a finite length coil without
approximation.

In addition to the standard primary design aim of arriving at an
optimal trade-off between gradient homogeneity, coil efficiency
and inductance (see also, [13]), many secondary concerns dictate
design considerations for gradient coils. These include: the sup-
pression of eddy currents via shielding (see for example, [14-
16]); avoiding peripheral nerve stimulation (see for example,
[17-19]); alleviating patient claustrophobia (see for example,
[20]); and minimising acoustic noise caused by Lorentz forces
(see for example, [21-24]).

In an attempt to address specific gradient problems further
and improve coil performance, more recent gradient designs
have tended to deviate away from the established primary plus
shield coil, cylindrical or biplanar gradient system and a variety
of geometries have been considered (see for example [25-33]).
However, despite these methods being applicable and adaptable
to arbitrary geometry, this geometry must still be chosen prior
to the method being implemented. In contrast, a design method
for whole-body transverse gradient coils is presented by While
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et al. [34] that allows full freedom to explore arbitrary current
distribution within 3D solution space. That is, the coil windings
are not constrained to lie on some predetermined surface, but
are instead found as part of the optimisation process. This meth-
od of gradient coil design can potentially offer a number of
advantages. For example, integrated shielding may be possible,
rather than having to consider separate surfaces for primary
and shield coil windings. In addition, the resultant structures ob-
tained may feature natural advantages in regards to cooling,
force balancing and patient claustrophobia.

In While et al. [34], a 3D current density solution, contained
within the volume between two coaxial cylinders of different radii,
is obtained by minimising gradient field error in conjunction with
total coil power using Tikhonov regularisation. Discrete 3D coil
windings are obtained using a priority streamline technique and
a secondary field optimisation for the coil currents, and these are
found to display an interesting general geometric form involving
sets of closed loops plus spiral-type coils. However, despite induc-
ing an attractive magnetic field within the region of interest, coil
efficiency is low due to the small number of windings and increas-
ing this number results in an unattractive design in terms of
manufacturability.

The aim of the present paper is to take the 3D gradient coil
results of While et al. [34] and address the concerns of coil effi-
ciency and manufacturability whilst maintaining the field accu-
racy and general geometry of the coil. The sets of closed loops
plus spiral-type coils obtained in While et al. [34] are found to
lie approximately on the surfaces of sets of elliptical tori. There-
fore, using these 3D coil windings as a guide, we replace the 3D
current density of While et al. [34] with a set of toroidal cur-
rent density surfaces and repeat the gradient field optimisation.
Provided field accuracy is maintained, this should yield gradient
coil windings that are easy to manufacture via machine etching,
and should also offer much greater freedom in regards to opti-
mising the trade-off between coil efficiency, inductance and
field error.

It is envisaged that further to this preliminary work, other gra-
dient coil concerns, as mentioned previously, may be addressed
using this 3D design method and similarly novel geometry. This
method has the additional advantage of being semi-analytical in
nature and avoids the computational constraints associated with
the numerical techniques that dominate recent coil design.

The geometrical description of the toroidal surfaces will be pre-
sented in the following section. In Section 3, general forms for the
components of this current density vector will be selected using
Fourier series. A regularisation solution process will be outlined
in Section 4, and the method for obtaining discrete coil windings
from the continuous current density will be explained in Section
5, along with the means for calculating certain parameters measur-
ing coil performance. Results will be displayed and compared in
Section 6 for a variety of gradient coil designs, and some conclud-
ing remarks will be given in Section 7.

2. Elliptical tori and governing equations

Let us consider K elliptical tori of radius a, (k=1 :K), with
semi-major axes by, and semi-minor axes by,, lying coaxially with
the z-axis and centred on the points (x, y, z) = (0, 0, c,). Fig. 1 illus-
trates this arrangement for the kth torus with cross-sections both
in the (y,z) and (x,y) planes. Every point on the surface of the
torus can be described using a position vector in terms of two coor-
dinates, ¢’ and ¢’ (shown in Fig. 1), and this is given by:

1,(0/,¢") = (ax + bya cOs ¢') cos 0'ey + (ay + byp cos ¢') sinO'e,
+ (Ck + by sin¢')e,, (1)

X

Fig. 1. The kth elliptical torus with radius a,, semi-major axis by;, semi-minor axis
bi, and centred on the point (x, y, z) = (0, 0, cx). The top portion displays a cross-
section in the (y, z) plane at x = 0 and shows the variable ¢" and corresponding unit
vector e,. The bottom portion displays a cross-section in the (x, y) plane at z = ¢,
and shows the variable ¢’ and corresponding unit vector e;.

where the unit vectors ey, e, and e, point along the usual Cartesian
X,y and z axes, respectively (see Fig. 1). We may also define the unit
vectors:

e, = —sinf'e, + cos e, (2)
1

e, =
¢ bZ 2 1/ 2 2 g
k1 C0S2 @' + b, sin” ¢
X (—by sin ¢’ cos 0'ey — byp sin ¢’ sin'e, + by cos ¢'e;),  (3)

and the scale functions:

hio = @ + by cos ¢' (4)
iy = \/bi] cos? ¢ + by, sin” ¢/, (5)

for this orthogonal curvilinear coordinate system. Suppose some
current density vector ji(r},) exists on the surface of the kth torus,
at a source point with position vector r,. Using Egs. (2)-(5), this
may be expressed in component form as follows:

Je () = Jko(T) €0 +jiy (Th )€

. . Vi . b . / /
=— (]k(,(l“k) Sin 0’ + ji, (1) ﬁ sin ¢’ cos 0 )ex

: b b
+ (J;«;(%)COS@ *Jw(l‘k)h'T‘j sin ¢’ sin 0 )ey

N .
+lig (), - COS He. (6)

The magnetic induction vector B(r) at the field point r, induced by a
surface current density vector j(r') existing at the source point r’ on
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the surface S, can be obtained from the Biot-Savart law and is given

by:
// -T) ><_]r’ dA' 7)
(L

where u, is the magnetic permeability of free-space. For the design
of gradient coils, primary interest lies with the axial component of
the magnetic induction vector, which for the present elliptical torus
system can be expressed as follows:

21 21
B.(x,y,2) = / / R3 {jro(hko — xcOs 0’ — ysin @)y,
+]k¢bk2 sin¢'(xsin¢’ — y cos ¢') thy,do'd¢’, (8)
where
R = {[hko cos 0’ — x]* + [hge sin @' — y]* + [(cx + by sin¢') — 2] }/2.
9)

The aim is to solve for the current density components ji, and jy,
(k=1 : K) such that the z-component of the induced magnetic field
closely matches that of some desired target magnetic field over the
surface of the DSV. This makes Eq. (8) a Fredholm integral equation
of the first kind (see for example, [12, p. 299]) and is therefore likely
to be ill-conditioned. However, a regularisation strategy will be dis-
cussed shortly to overcome this problem.

3. Toroidal current density and field expressions

The surface current density vector on each torus must have zero
divergence, that is: V - j, = 0. Given the expression for j, (r}) in Eq.
(6), the position vector r;, for points on the kth torus given by Eq.
(1), and the scale functions given by Egs. (4) and (5), we have
(see for example, [35, p. A64]):

. 1
Vo= Trolies s 20 (Jk() k¢) 8¢>’ Ukphro) |- (10)

Eq. (10) can therefore be made zero by introducing a streamfunc-
tion ,(0', ¢') related to the components of the current density by
means of the equations:

. 0
Jkohiey = Tﬁlf

Ry ()
00
This means that we need only obtain the solution to one component
of the current density. The streamfunction serves to be of further
benefit as it can be shown that contours of y,(¢', ¢") occur at equal
intervals of current and hence give appropriate locations for coil
windings (see for example, [36]).
Fourier series in terms of torus coordinates ¢’ and ¢’ are used to
describe the components of the current density vector and the
streamfunction:

and jyshe =

M

=Y Z{cos ¢ [Amnic €08 MO’ + By SIn MO’

m=1 n=1

+sin n¢’[Cmnk €os Mo’ + Dy Sinmo']} (12)

U0, ¢')

Jo(0,¢) = Z Z n{sinng'[Anmn €05 M0’ + By sin me')

m=1 n=1

— cos nd) [Cmn;< €os MO’ + Dy Sinmo']} (13)

Jig(0, @) = h, Z Z m{cos ¢’ [Amnk SINMO — By cOS MO')
ko

m=1 n=1

+ Sin ' [Conk SIN MO’ + Dy cos m6']}. (14)

Egs. (12)-(14) involve four set of coefficients, Amnk, Bmnk» Crnk and
=1:M,n=1:N,k=1:K), which are to be solved for

later. Substituting Eqgs. (13) and (14) into Eq. (8) and performing a
change of variables (8 = 6" — 6), we express the axial component
of the magnetic induction vector at any (r, 6,z) field point as

follows:
K M N
B.(r,0,2) = u, Z Z Z{Umnk (r, 2)[Amnk €OS MO + By Sin mo)
k=1 m=1
+ Vo (1, Z) [Cmnk €os MO + Dy Sinmo]}, (15)
where for convenience we have introduced the intermediate
functions:
Unnk(1, 2) = L /27I o [(hyy — 1 cos B)hyn sinng’ cosmp
mnk\!', - T A A R3 ko — ko

— byarmsin ¢’ sin f cos n¢’ sinmp|dpd¢’ (16)
2n T

Vink (T, 2) =57 / 1 [(hyy — 1 cos B)hyyn cos n¢' cos mp

n 0

+ byorm snr1¢ sin sinng' sinmpldpd¢’, (17)
and

2

Re={, ~ 2hurcosp+ 7+ [(c + basing) - 27} . (18)

That s, Eq. (15) gives the magnetic induction vector as a linear func-
tion of the unknown current density coefficients.

4. Regularisation solution process

The axial component of the magnetic induction vector (15) is
required to match some desired target field on the surface of a
spherical region of interest (DSV) with radius o and centred at
the point (x,y, z) = (0, 0, z,). Therefore, the following field error
®psy is minimised with respect to the unknown coil coefficients:

o= [ [ (Butra 0.2) - B )aoc (19)

o+Zy

wherer, = —(z— Za)z and By, is the z-component of the target
field. For example, for the coefficient A,,, we have the condition:

aq)DSV K O+Zy
Z Z unk Uunk(rau Z)Uuuw(rm Z)dZ
k=1 -
o+zy

OAyvw =1 042Zy

+Cunk Viunk (Toy 2)Unpw (T, Z)dZ}

—0+Zy

o+Zy 4
—Zoc,uo/ / Br, (15, 0, Z)Uypw(ry, Z) cOsufdodz = 0
—0+Zy -7
(20)

and similar conditions exist for the remaining three sets of
coefficients.

Active shielding may be incorporated by minimising, in con-
junction with ®psy (19), the total magnetic flux ®s on the surface
of some exterior cylindrical target region of length 2L and radius
7, centred about the origin:

L T
Og =y / / B2(y, 0, z)d0dz. (21)
-L J-m

For example, the shielding condition for coefficient A,,, is as
follows:
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Therefore, to account for shielding, this condition (22) would be
added to Eq. (20), along with similar expressions for the remaining
sets of current density coefficients, and made equal to zero.

The integrals in Egs. (20) and (22) may be evaluated numeri-
cally to obtain a system of linear equations in terms of the un-
known current density Fourier coefficients, and the complete
system can be expressed in matrix equation form:

(A+ isAs)X =T. (23)

Here matrix A (square) and vector T contain the field error condi-
tions such as Eq. (20), matrix As (square) contains the shielding con-
ditions such as Eq. (22), and the unknown coefficients are stored in
vector X (length 4MNK). A weighting /s has been applied to matrix
As such that the shielding constraint may be scaled. As is typical of
these kinds of problems, however, matrices A and As are found to be
highly ill-conditioned and this can lead to gross errors in the corre-
sponding solution.

A regularisation strategy is used to overcome this problem (see
for example, [12, p. 307]), in which ®psy (19) and s (21) are re-
placed by a residual error I', by adding a weighting /p of some addi-
tional constraint IT, before minimisation with respect to the
coefficients:

I = Opgy + AsDs + ApI1. (24)

The regularising parameter /p behaves in a similar way to a La-
grange multiplier except that its value is left open for numerical
experimentation. The choice of penalty function IT is largely up to
the designer and in the present paper, as in While et al. [34], we
choose IT to represent minimum power:

K T T 5 )
=S [ [y | hahgards (25)
k=1 J-7m J-m
Minimising the residual error I" (24) demands the differentiation of

IT (25) with respect to the current density coefficients. For example,
for the coefficient A,,,, we get:

(91_[ _ hWU
T TCZ{ unw {nv o sinng' sin v¢'d¢’

+u? / % cos n¢' cos vd)’d(/)’}

wo

" h
—Cunw m// " cosng' sin v¢'de’
-T hW(/)

" h

12 / hl"’ sinng’ cos vd)’dqb’} }, (26)
-7 wo

and similar expressions are obtained for the remaining three sets of
coefficients. The full system of linear equations is expressed in ma-

trix equation form:

(A+ AsAs + 2pP)X =T, (27)

where matrix P contains the minimum power conditions such as Eq.
(26). Increasing Zp improves the conditioning of the matrix equation
(27); however, this also reduces the accuracy with which the in-
duced field can be matched to the target field, for which 1 must
be small [11]. Solving Eq. (27) yields the current density coefficients
stored in vector X. These can be used in conjunction with Egs. (12)-
(14) for the surface current density and Eq. (8) or (15) for the axial
component of the magnetic induction vector.

5. Coil winding discretisation

Coil properties such as gradient homogeneity, efficiency and
inductance can only be calculated sensibly with respect to physical
coil windings and hence a discretisation of the current density is re-
quired. Coil windings are obtained by contouring ¥, (12). This can

be achieved using the program MATLAB™, for example, provided
care is taken in choosing appropriate contour levels and in pre-
serving current flow direction when storing contour vertices.

For a discretised system of K tori, each containing Wy (k =1 : K)
coil windings described by the Q. vertices (X,q: Yiwg: Ziwg)
(@ =1 :Q,x), and carrying currents I, the magnetic induction vec-
tor (7) becomes:

Wi Quik AS/
o3y 3 o 5 e (28)
k w=1 g=1 Rkwq
where
Riwg = [(Xiwg = X)° + Giowg = ¥)° + Ziowg — 271" (29)

Here vector rj,,, describes the position vector for each coil winding

vertex and vector r represents all field points of interest. Vector
As},,, represents a discretised segment of the coil winding:

AS;<wq Ax;cwqex + Ay ;<quy + AZ;<wq €z, (3 O)
where, for example: Ax,, = x;“.,vvq 1™ Xiwge The axial component of
the magnetic induction vector is therefore given by:

K Wi Quk

Z ZZ [(Xeq
k w=1 g kw

q

X Y, Z )Ay;(wq_(y;cwq_y)AX;(wq}'

1)

The greater the number of coil windings, the more accurately the
field induced by the discretised system, given by Eq. (31), will
match that of the continuous system given by Eq. (8) or (15).

Coil efficiency is calculated by taking the ratio of the gradient
strength to coil current magnitude:

G

gy (k=160 (32)

}']:

Efficiency can be improved by increasing the number of coil wind-
ings. However, this can also increase coil inductance, which is
undesirable.

Coil inductance for a volumetric current density J(r) may be cal-
culated as follows (see for example [6, p. 58]):

_4n12 /// ///JHI' r ava (33)

where V denotes the volume of the conductor. For the discrete sys-
tem this becomes:

L= ff,‘;ZZZ

(yhv,pﬂ 7yhz/p) ykw,qﬂ

[(xh vp+1 — Xh vp ) (ka‘qﬂ - kaq )

(Zh vp+1 — Zp up)(zkw,q+1 - zkwq )} )
(34)

7kaq) +

where

— Yiwg)” + @hop — 2w’ (35)

Note that care must be taken to avoid any numerical errors caused
by small or vanishing denominators.

Gradient homogeneity § provides a means of quantitatively
measuring the accuracy with which the induced field matches
the target field and can be calculated as follows [1]:

V/// s BTZ} v

o+zy 2n —(z— zx
:47-:’7 / / / {BZ r, GB: BTZ} rdrdodz, (36)
—0l+Zy

2
Rkhqup = [(xlwp - kaq) + (yhup
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where the volume of integration is the DSV. The value /5 effectively
gives a measure of total field error (\/5 X 100%) over the volume of
the DSV.

We may also estimate the Lorentz forces placed on the coil
windings and the associated torque of the system. Lorentz forces
arise as a result of the strong gradient currents being immersed
in the powerful magnetic field induced by the main magnet. The
switching of the gradient coils in this field subsequently estab-
lishes a pressure wave, which manifests as acoustic noise (see for
example, [21]). The Lorentz force AF acting on a wire segment
As' (30) carrying current [ within a magnetic field B is given by:

AF = IAs' x B. (37)

If we assume that the magnetic field has a dominant z-component,
By, the x- and y-components of the total force on the system are gi-
ven by:

K Wi Quk

Fx = BOZZ’I(Z Z(y;(wgﬁ»‘l _y;<wq) (38)
k=1 w=1 g=1

K Wi Qui

Fy = —Bo, Zlk Z Z(X;<W.q+1 - x;cwq)' (39)
k=1 w=1 g=1

Egs. (38) and (39) may be modified to consider the forces on indi-
vidual tori or specific regions of the coil system.

The associated torque Az on the winding segment As’ in Eq. (37)
is given by:

At =1 x AF, (40)

where 1’ is the position vector of the winding segment relative to
some appropriate reference point. It is important that the torque
be as small as possible to minimise coil deformation and ensure
structural integrity (see for example, [25,13,26]). For the present
toroidal gradient coil system, the components of the total torque
vector are given by:

Wi Quk

rXfBoZZIkZZka Xiewq) Zwq — 20) (41)

k=1 w=1 g=
Wi Qui

Ty = Bo; Z I Z Z(ykw g+1 ykwq)(zlkwq 29) (42)

k=1 w=1 q=
Wi Qui

= _BOZ Z Ik Z Z ka ,q+1 kaq)(kaq X )

k=1 w=1 q=
+ (ykw‘q+1 7kaq)(ykwq 7)’0)}7 (43)

where (X9, ¥y, Z0) is taken to be some reference point such as the
origin or the centre of mass of the system.

6. Results and discussion

The results of While et al. [34] were used to guide the choice of
geometrical parameters (see Fig. 1) and the number of tori consid-
ered. In that paper, the greatest success was achieved for an un-
shielded whole-body system comprising six sets of closed loops
and spiral-type coil windings. This result is reshown here in
Fig. 2. Therefore, we consider K = 6 tori and obtain parameters
(ak, b1, bra, ¢x) for each torus by mapping the vertices of the wind-
ings in Fig. 2 to the (r, z) plane and finding the best-fit elliptical
cross-sections following a least squares type argument. Results
for the first three tori are illustrated in Fig. 3 and parameter values
for all six tori are summarised in Table 1.

A symmetrically located DSV was selected, as in While et al.
[34], centred at the origin and with radius o« = 0.15 m. The target
field was chosen to represent an x-gradient with gradient strength

50 mT/m, such that B, =50 x 107r,cos0 in Eq. (19), with

0.6-
0.4-
0.2-

0-

z (m)

0.2
0.4-

0.6
0.4

y{m) _p2 ™ ¢ 0.2

04 g4 0.2 X (m)

Fig. 2. The 24 coil windings used to approximate the 3D current density J(r, ¢, Z)
obtained for an unshielded x-gradient coil in While et al. [34].

b

0.36

0.34

03 032 034 03 032 034
r(m) r (m)

Fig. 3. The coil windings of Fig. 2 mapped to the (r,z) plane. The dashed lines
represent cross-sections in this plane of the best-fit ellipses for the (a) first, (b)
second, and (c) third torus.

I, = 1/02 — (z — z,)*. The outer cylindrical shielding target region
was chosen to have length 2L = 1.2 m, radius y = 0.6 m and to be
centred about the origin. The program MATLAB™ was used for
numerical integration, for solving the matrix equations, and for
plotting coil and field properties of interest. Numerical integration
was performed over 20 intervals and the series representations for
the current density components, given by Eqs. (13) and (14), were
taken to M = N = 11 terms.

Results were obtained firstly for an unshielded transverse
whole-body gradient system. That is, matrix As in Eq. (27) was ig-
nored in solving for vector X. The condition number of matrix A
alone was found to be very high and of the order 10*°. Using a reg-
ularising parameter of 4, = 107'8, the condition number was de-
creased to the order 10*, which allowed accurate solutions to be

Table 1
Parameter values (m) for the six tori of the whole-body gradient coil.

Torus 1 Torus 2 Torus 3 Torus 4 Torus 5 Torus 6
ay 0.3098 0.3260 0.3188 0.3188 0.3260 0.3098
Ck 0.4828 0.2691 0.0762 —-0.0762 -0.2691 —-0.4828
by 0.0217 0.0275 0.0211 0.0211 0.0275 0.0217
b1 0.0707 0.0792 0.0522 0.0522 0.0792 0.0707
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obtained. In conjunction with the aim of obtaining a well condi-
tioned matrix system (27), the field error v/5 (from Eq. (36)) asso-
ciated with the continuous current density guided the choice of
regularising parameter as it represented a limit to the field error
attainable for the discretised system of coil windings. For the con-
tinuous current density result with /i, =10"'" we find
V4 = 0.0156. That is, the field error over the volume of the DSV
is approximately 1.56%.

When discretising the current density, by taking contours of the
streamfunction , (12), a sufficiently large mesh of size 501 x 501
was considered to ensure convergence of all properties of interest.
These contours were taken such that each winding on the same
torus carried identical current, and windings on different tori car-
ried as close to identical current as possible, limited only by the
integer number of coil windings. The maximum current amongst
the windings of all the tori was used in efficiency calculations, as
dictated by Eq. (32). In practice, the small differences in coil cur-
rent between tori may be achieved by the addition of a parallel
resistor to each torus, however this is not ideal due to possible
thermal instability. Alternatively, a preferred method is to adjust
the streamfunction through the introduction of delta functions,
as explained by Carlson et al. [2], to obtain an even current step.

As a first example, Fig. 4a displays a set of 128 coil windings ob-
tained for the six tori of the unshielded transverse whole-body case
with /p = 107 '8, Current is concentrated in the second and fifth
torus; however this depends largely on the value of /p. Fig. 4b
shows the winding pattern for the first torus plotted on the (6, ¢)
plane (see Fig. 1) and displays a familiar fingerprint type pattern.
On first look, the windings shown in Fig. 4a do not appear to
resemble the spiral-type windings obtained in the 3D gradient
work of While et al. [34], shown in Fig. 2. However, certain features
are similar in a general sense. For example, in the portion of the
coils in Fig. 2 where the spirals are tightly wound there is strong
axial current, which is also observed in the same portion of the
coils in Fig. 4a. Similarly, in the portion of the coils in Fig. 2 where
the spirals open up (near the plane y = 0) there is strong azimuthal
current, which is also observed in the same portion of the coils in
Fig. 4a.

The axial component of the magnetic induction vector (31), cor-
responding to the coil windings in Fig. 4, is shown in Fig. 5 as a con-
tour plot on the (r, z) plane at constant 0 = 0. The curved dashed
line indicates the boundary of the DSV in this plane and an excel-
lent match to the target field is observed within this region. This is
confirmed by calculating the field error using Eq. (36), for which
we find v/& = 0.0178 (1.78%). Note that this value is only slightly
larger than that found above for the continuous current density
solution (v/6 = 0.0156). Alternatively, this corresponds to a 5% field
error DSV of radius 0.202 m.

The maximum coil current is found to be 743 A, which for a gra-
dient strength of 50 mT/m relates to a coil efficiency (32) of
n = 67.4 uT/A/m. The inductance (34) for the present whole-body
example is found to be L = 634 pH. Chronik and Rutt [3] introduce
a figure of merit for measuring coil perfomance that is independent
of the number of coil windings and coil radius a, given by #a?° /L.
For this first example we obtain the value #a?%/VL=
1.53 x 1074(Tm/A)"/2. In addition, we find that the field maximum
on the exterior target region is 2.6 mT.

Coil efficiency can be improved by increasing the number of
windings. However, this could present manufacturing difficulties
and would also increase coil inductance One alternative may be
to increase Zp, which will reduce the power in the coil at the ex-
pense of gradient homogeneity and should lead to an improvement
in efficiency for the same number of coil windings.

For example, for 7, =107 a slightly improved efficiency of
1 =71.4 uT/A/m was obtained for a reduced number of 108 coil
windings. This reduction in coil windings, in conjunction with their
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Fig. 4. (a) The 128 coil windings used to approximate the toroidal current densities
Ju (0, ¢") (k=1:K) for the six tori of the transverse whole-body case with
sp = 1078, (b) The coil windings of the first torus in (a), plotted on the (0, ¢)
plane, where the dashed lines represent reverse current in those portions of the coil.

smoother nature as Ap is increased, also led to a reduced inductance
of L = 454 pH and the value a5 /vL = 1.91 x 10*(Tm/A)"/2. This
improvement in coil performance was at the expense of gradient
homogeneity, for which v/4 = 0.0382 (compared to v/& = 0.0373
for the continuous current density). This represents a 3.82% field
error, or expressed alternatively, a 5% field error DSV of radius
0.169 m. Figures for this 4 = 107!7 case have not been shown in
interests of space but are similar in general form to Figs. 4 and 5.
The reduction in coil power also results in a reduced field maxi-
mum on the exterior target region of 2.3 mT. As a further whole-
body example, if we increase the number of coil windings for the
Jp=10""7 case from 108 to 140, we get a solution with
7 =90.1 uT/A/m and L = 756 uH, for the same na*°/vL and Vo
values.

Shielding can be incorporated by reintroducing the function ®s
(21) into the residual error I" (24), before minimising with respect
to the current density coefficients. That is, conditions such as Eq.
(22) are used to create matrix As in Eq. (27) before solving for
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Fig. 5. Contour plot of the B,(r, 0, z) field on the (r, z) plane 0 = 0, induced by the
128 coil windings of the whole-body coil illustrated in Fig. 4a. The curved dashed
line represents the boundary of the DSV in this plane.

the coefficient vector X. For example, solving Eq. (27) with /s = 1
and Jp = 107"® and discretising the current density with 204 coil
windings, gives a shielded gradient system displaying an efficiency
N =49.7 uT/A/m, an inductance L =473 uH(na?%/vL =1.30x
107%(Tm/A)"/?) and a field error /5 = 0.0488 (4.88%). This repre-
sents approximately a 70% reduction in coil performance, which
is typical for shielded gradients. The field maximum on the exterior
target region is found to be 0.12 mT and represents a 95% improve-
ment when compared to the unshielded design. Figures have not
been shown in interests of brevity, however this example demon-
strates that it is possible to incorporate active self-shielding suc-
cessfully into the present gradient coil design methodology.

The Lorentz forces acting on the gradient coils can be calculated
using Eqgs. (38) and (39) and for the whole-body examples consid-
ered above are found to be of the order 10-''—10""> N. This is de-
spite the sum of the magnitudes of the forces being of the order
10*—10° N. However, it is important to modify Eqs. (38) and (39)
to calculate the net force over the two halves of the system,
x> 0 and x < 0 (see for example, Fig. 4a), for each torus, thus iso-
lating individual sets of coil windings. These net forces are all
found to be very small and of the order 10-''—10~'* N. Therefore,
these preliminary results suggest that considerable force cancel-
ling is achieved with these toroidal whole-body gradient coil
designs.

The associated torque may be calculated using Eqs. (41)-(43).
For all the above whole-body examples, the x- and y-components
of the torque, 7, and 7, were found to be negligible and of the or-
der 107'°—107"* Nm. This is very small when compared to other
gradient coil designs (see for example, [25]), particularly consider-
ing that torque has not been minimised directly as part of the opti-
misation process. The z-component of the torque, 7., is much larger
with magnitude approximately equal to 150 Nm for the above un-
shielded examples (twice this for the shielded example), which re-
lates to an azimuthal twisting of the coil about the z-axis. This
corresponds to a torque per unit current per unit field strength of
around 0.2-0.3 Nm/A/T, which is appropriate for systems without
direct torque balancing (see for example, [13]).

The figure of merit #a®°/+/L was calculated for a wide variety of
contemporary unshielded and shielded whole-body transverse
gradient coil designs, such that the preliminary results presented
thus far could be compared in terms of coil performance. A consid-
erable spread of values were obtained and typically fell in the
range na*3 /L = 0.85—2.2 x 107*(Tm/A)"/? for recent whole-body
designs [3,25,30,18,19]. Recall that the toroidal unshielded coil has

na*s/vL=191x107%(Tm/A)"> and the shielded coil
na*3/v/L = 1.30 x 1074(Tm/A)"/?, which are therefore both com-
petitive with modern designs. However, it is important to stress
that many other design criteria must be considered in any direct
comparison betwen coils. For instance, the toroidal designs pre-
sented here display a large linear field region and considerable
force cancelling characteristics. In addition, the unique geometry
and novel design method show promise for optimising additional
design criteria in subsequent work.

Other dedicated coil types can be considered in a straightfor-
ward manner using the present design methodology, simply by
altering the geometric parameters defining each torus. For exam-
ple, a dome-like head coil structure was considered such that
windings could be placed as close to the head, and hence the
DSV, as possible (see for example, [25,31,32]). The parameters for
the whole-body case, given in Table 1, were used as a guide in
maintaining semi-major to semi-minor axis ratios for the ellipses.
However to fit the structure of the coil best, these ratios were
skewed by a function of torus position around the dome. In addi-
tion, to obtain better coverage of the coil volume, gap sizes be-
tween adjacent tori were reduced for this head coil example. This
approach was investigated for reasons of immediacy and conve-
nience, rather than resolving for a 3D current density as in While
et al. [34]. The chosen structure for the head coil is illustrated in
Fig. 6 and the geometric parameter values for all six tori are sum-
marised in Table 2.

A smaller DSV of radius o = 0.075 m was chosen, centred at the
point (x,y,z) = (0, 0, z,), with z, = 0.15 m (dashed line in Fig. 6).
The target field was chosen to represent an x-gradient with gradi-
ent strength 50 mT/m; however, shielding was not considered for
this coil design. Choosing 4 = 10~%? reduced the condition number
of the matrix equation (27) from the order of 10% to 10°, such that
accurate solutions could be obtained. The corresponding continu-
ous current density solution induced a field with error
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Fig. 6. Cross-section in the (r, z) plane of the six elliptical tori used in the transverse
head coil design. The dotted line represents the cylinder plus hemisphere dome-like
structure and the dashed line represents the boundary of the DSV in this plane.
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Table 2
Parameter values (m) for the six tori of the head gradient coil.

Torus 1 Torus 2 Torus 3 Torus 4 Torus 5 Torus 6
ai 0.0319 0.0899 0.1317 0.1496 0.1500 0.1500
Ck 0.2966 0.2701 0.2219 0.1607 0.0964 0.0321
bya 0.0276 0.0198 0.0129 0.0102 0.0101 0.0101
b 0.0106 0.0148 0.0228 0.0288 0.0290 0.0290

V6 = 0.0022 (0.22%), which served as a limit for any discretised
system of coil windings.

Fig. 7 displays a discretised set of 136 windings over the six tori
of the present head coil example with 4, = 107%%. Note that the
current is much more evenly spread amongst tori when compared
to the whole-body coil of Fig. 4a. The maximum coil current has a
value of 273 A, such that the efficiency is 1 = 183.4 uT/A/m, which
is high. The inductance is calculated to be L =115 pH, such that
na*3/v/L = 1.49 x 1074(Tm/A)"2. Fig. 8 displays a contour plot of
the axial component of the induced field on the (r, z) plane, with
0 = 0. A highly linear field is induced within the DSV and the field
error is found to be v/ = 0.0329 (3.29%, or a 5% field error DSV of
radius 0.102 m). Note, for comparison, that the field maximum on
an exterior cylindrical target region of radius y=0.25m and
length L = 0.35 m is found to be 0.84 mT for this head coil exam-
ple. Reducing the number of coil windings to 92 (instead of 136)
results in an induced field with much the same field error but at
a lower efficiency of # = 123 uT/A/m and with a lower inductance
of L = 53 uH (same na®3/v/L).

As illustrated above with the whole-body system, the coil effi-
ciency to inductance trade-off can be improved potentially by
increasing the value of the regularising parameter Ap. This reduces
the power of the coil system and also smoothens the current den-
sity and hence the coil windings, and therefore can be beneficial to
both efficiency and inductance. For example, Fig. 9 displays a dis-
cretised set of only 52 windings over the six tori of a head coil de-
sign with Zp = 5 x 107'°. Despite the low number of coil windings,
this coil was found to have an efficiency # = 114.4 uT/A/m and an
inductance L = 28 pH, such that #a*3/vL = 1.90 x 10~4(Tm/A)"/?,
and a field error v/§ = 0.0253 (2.53%). That is, the efficiency-induc-
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Fig. 7. The 136 coil windings used to approximate the toroidal current densities
§e(0, ¢') (k=1 :K) for the six tori of the transverse head coil case with 7, = 1072,
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Fig. 8. Contour plot of the B,(r, 0, z) field on the (r, z) plane 0 = 0, induced by the
136 coil windings of the head coil illustrated in Fig. 7. The curved dashed line
represents the boundary of the DSV in this plane.

tance trade-off is superior to the 4, = 1072 example of Fig. 7 and
the field error is actually smaller (although the 5% field error DSV
has a smaller radius of 0.095 m). This demonstrates the nonlinear
behaviour of Jp when solving Eq. (27). A field plot has not been
shown in interests of space but is similar to Fig. 8. Increasing the
number of coil windings to 76 increases efficiency but also induc-
tance, to #=160.2uT/A/m and L=58uH, respectively,
gna”/\/lf: 1.83 x 10°%(Tm/A)"/?), for approximately the same

eld error. For both of these examiples, the field maximum on the
exterior target region is found to be 1.1 mT.

The sum of the Lorentz forces on the coil windings in each half,
x > 0 and x < O (see for example, Fig. 9), of each torus of the above
head coil examples is found to be negligible (order 10"'>—10""° N),
as was similarly found for the whole-body cases. This is despite the
large individual magnitudes of the forces and again suggests that
considerable force cancelling is achieved with these toroidal gradi-
ent coil designs. In contrast to the whole-body designs, however,
the head coil designs have a dominant y-component of the torque
vector. For the /p = 107%* cases, T, ~ —110 Nm, 7, ~ —11 Nm and
T is negligible, such that the torque per unit current per unit field
strength is about 0.3-0.4 Nm/A/T. For the i, =5 x 107" cases,
these quantities are smaller by a factor of about 4.

Presently it is unclear what dependence the results obtained
thus far have on the precise geometry of the elliptical torus sur-
faces. To investigate this dependence, the elliptical tori of the head
coil displayed in Fig. 6 were replaced with circular tori of equal
cross-sectional area, and the model resolved for a number of com-
parable cases. That is, the parameters in Table 2 were used once
more, except that all by; and by, values were replaced with
b, = 0.0171 m. As a direct comparison to the elliptical torus head
coil displayed in Fig. 9, Eq. (27) was resolved for the circular torus
head coil described above, with /p =5 x 10°'°, and the current
density solution was discretised into 54 coil windings (as close to
52 as possible). This design was found to have an efficiency
n=85uT/A/m and an inductance L=25pH, such that
na*3/v/L = 1.48 x 1074(Tm/A)"/?, and a field error /5 = 0.0253
(2.53%, or a 5% field error DSV of radius 0.097 m). This is an inferior
coil design to the elliptical torus head coil of Fig. 9, for which
na*3/vL =1.90 x 10~ (Tm/A)"/?, and provisionally suggests that
the precise elliptic form of the torus cross-sections may be impor-
tant in optimising results.

However, as a final example, discretising the circular torus head
coil with 74 windings was found to increase the efficiency to
n =152.8 uT/A/m but increase the inductance only to L = 45 pH,
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Fig. 9. The 52 coil windings used to approximate the toroidal current densities
Ju (0, ¢ )k=1:K) for the six tori of the transverse head coil case with
Jp=5x107"°.

such that na?5/vL =1.99 x 10°4(Tm/A)"/?, for a field error of
V6 = 0.0231 (2.31%, or a 5% field error DSV of radius 0.098 m). That
is, the efficiency-inductance trade-off for this circular torus design
is apparently superior to that of the equivalent elliptical torus de-
sign described above (for which na?%/vL = 1.83 x 10~*(Tm/A)"/?).
In addition, the field maximum on the exterior target region is
found to be only 0.4 mT, which represents a 64% improvement over
the elliptical torus head coil of Fig. 9, and the torque per unit cur-
rent per unit field strength is slightly smaller. Note however, that
in all these head coil examples we have not included active shield-
ing, nor torque minimisation.

This final result still suggests that the precise torus geometry is
important, but perhaps that the approximate values of Table 2 and
the chosen elliptic form of Fig. 6 are not entirely optimal. A more
indepth analysis would require the application of the 3D design
method of While et al. [34] to a head gradient coil, however further
fine-tuning of the torus geometry is beyond the scope of the pres-
ent paper and will be left for future research. Note that the added
advantage of using circular tori to construct the head coil is with
regards to ease of manufacture, and this consideration may well
outweigh any perceived benefits from fine-tuning the geometry
further.

As a means of judging coil performance for the presented preli-
minary head coil designs, the figure of merit 7a?°/v/L was calcu-
lated for a number of recently published transverse head
gradients (and similar). A wide spread of values were obtained,
with #na?5/vL =0.78—2.74 x 10°4(Tm/A)"* [25,31,32,18,26,22],
which demonstrates the competitive quality of the toroidal head
coils (na”/ﬂ =1.99 x 10’4(Tm/A)”2>. In addition, a superior le-
vel of gradient homogeneity is observed when compared to several

of these contemporary designs and the coils have also been shown
to display excellent force balancing.

7. Conclusion

An inverse method has been presented for the theoretical de-
sign of transverse gradient coils. The basic geometry of the gradi-
ent coil was chosen based on the results of While et al. [34].

Those authors considered a fully 3D current density and a priority
streamline method to obtain coil windings that optimised the in-
duced field subject to a minimum power constraint. Results from
While et al. [34] involved sets of closed loops plus spiral-type coil
windings and dictated the use of toroidal current density surfaces
as the preferred geometry in the present paper.

A regularisation strategy was used to solve for the toroidal sur-
face current densities. That is, the field error between the induced
and linear target fields within the DSV was minimised along with a
constraint representing the total power in the coil. The current
density was then discretised, via a streamfunction method, to ob-
tain individual coil windings on each torus.

Several unshielded and shielded, whole-body and head coil
examples were considered. These highlighted the trade-off be-
tween gradient homogeneity, coil inductance and efficiency. In
addition, it was demonstrated how varying the regularising param-
eter could improve coil performance. Coil windings displaying high
efficiency, low inductance, high gradient homogeneity and good
force balancing were obtained both for a cylindrical whole-body
design and a dome-like head coil design. In addition, the elliptical
torus structure was shown to display an inherent self-shielding
property and hence a compact overall form.

Further optimisation of the precise geometry of the tori may
yield even more attractive results. However, this must be balanced
against the ease of manufacture of the gradient coil, such as that
afforded by a circular torus design, for which excellent results
are nevertheless still attainable.

In addition to the self-shielding property, the general structure of
the system may potentially offer further advantages. For example,
the gaps between (or spaces inside) the tori allow greater access
for cooling mechanisms to improve thermal performance. These
gaps may also allay patient claustrophobia concerns and afford im-
proved patient access by allowing more open systems. Furthermore,
the separately contained elements comprising the coil system have
been shown in preliminary results to aid force balancing, which
should serve to reduce acoustic noise generated by the coil.

The combined design method of While et al. [34] and the pres-
ent paper allows considerable freedom in the optimisation of a
wide range of design criteria. The utility of the third radial dimen-
sion can potentially lead to additional novel and interesting coil
geometries to the toroidal structures presented in this paper. The
method has the added advantage of being semi-analytical and
hence fully tractable and computationally non-intensive. In light
of the preliminary results presented here, further work will look
at more direct treatment of gradient issues such as acoustic noise,
peripheral nerve stimulation and thermal performance, using the
present 3D design method.
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