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Abstract

In standard cylindrical gradient coils consisting of a single layer of wires, a limiting factor in achieving very large magnetic field

gradients is the rapid increase in coil resistance with efficiency. This is a particular problem in small-bore scanners, such as those

used for MR microscopy. By adopting a multi-layer design in which the coil wires are allowed to spread out into multiple layers

wound at increasing radii, a more favourable scaling of resistance with efficiency is achieved, thus allowing the design of more

powerful gradient coils with acceptable resistance values. Previously this approach has been applied to the design of unshielded,

longitudinal, and transverse gradient coils. Here, the multi-layer approach has been extended to allow the design of actively shielded

multi-layer gradient coils, and also to produce coils exhibiting enhanced cooling characteristics. An iterative approach to modelling

the steady-state temperature distribution within the coil has also been developed. Results indicate that a good level of screening can

be achieved in multi-layer coils, that small versions of such coils can yield higher efficiencies at fixed resistance than conventional

two-layer (primary and screen) coils, and that performance improves as the number of layers of increases. Simulations show that by

optimising multi-layer coils for cooling it is possible to achieve significantly higher gradient strengths at a fixed maximum operating

temperature. A four-layer coil of 8mm inner diameter has been constructed and used to test the steady-state temperature model.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Gradient coil design requires the consideration of a

number of relevant parameters which affect the achiev-

able performance. The coil inductance is important for

fast imaging sequences since the shortest attainable
gradient switching time is proportional to the induc-

tance [1]. The power dissipated by the coil needs to be

minimised both in order to allow the use of low power

drivers and to minimise ohmic heating. The latter can be

a particular problem for small and densely wound coils

carrying large currents.
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The degree of gradient homogeneity is important if

good quality images are to be obtained; the received

signal is interpreted assuming a linear field variation

with position, so any deviation from this will cause

spatial misrepresentation of voxel positions. Further,

very large magnetic field gradients are required in a
variety of NMR experiments. NMR microscopy [2] and

pulsed gradient spin echo (PGSE) [3] experiments can

particularly benefit from the availability of switchable

gradients of more than 5Tm�1 strength. In NMR mi-

croscopy, large field gradients are needed to achieve fine

resolution, particularly in the ‘‘diffusion-limited’’ re-

gime, where diffusion under the read gradient is the

dominant broadening mechanism [2]. In PGSE experi-
ments, strong gradients in the field are necessary for the

measurement of diffusion in low-mobility systems and

mail to: richard.bowtell@nottingham.ac.uk


J. Leggett et al. / Journal of Magnetic Resonance 165 (2003) 196–207 197
also allow the investigation of motion occurring on
short timescales.

Access to such large gradients in small-bore systems is

usually limited by the rapid increase in gradient coil re-

sistance (R) with efficiency (g ¼ G=I), which results from

the reduction in usable wire diameter as the number of

turns in a single layer, cylindrical gradient coil increases

(R / g3) [4]. Similar effects occur in coils constructed by

cutting wire patterns in conducting layers because of the
loss of conducting material with increasing number of

cuts. Adopting a multi-layer approach to coil design, in

which the coil windings are allowed to spread out in the

radial direction, gives a more favourable scaling law [4],

which allows larger gradients to be achieved at a given

resistance and power dissipation.

However, although multi-layer coils dissipate less

power at a fixed gradient strength than a conventional
single-layer coil, the increased radial extent of the cur-

rent distribution can cause problems for cooling the coil.

If the overlying layers hinder heat flow sufficiently, it is

possible that the internal temperature will be higher than

in a single-layer coil, which dissipates more power. A

pertinent question, therefore, is what temperature a coil

will reach for a given current, and also whether it is

possible to design a multi-layer coil so as to minimise the
operational temperature.

A further notable design consideration relates to the

magnetic screening of the gradient coils. Since MRI

generally requires the gradient fields to be rapidly swit-

ched on and off, a temporally varying magnetic field is

present [5]. This induces eddy currents in any conducting

material in the vicinity of the gradient coil, such as the

magnet�s heat shields and the dewar walls. Such currents
in turn generate time-varying magnetic fields which add

to the primary imaging field, thus altering its linearity

and time-dependence, potentially giving rise to image

artifacts. Consequently, it is desirable to eliminate eddy

currents by the use of a magnetic screen placed around

the primary gradient coil so as to cancel the field in some

external region. The perturbation to the primary field

caused by the secondary coil can be accounted for in the
design procedure such that within the internal region of

interest, the two fields add to provide a linear field

variation; outside the shield the two fields can be made

to cancel [5,6].

Another requirement in gradient coil design is the

generation of coils of finite length. Some methods pro-

duce a current distribution of effectively infinite axial

length. This current is subsequently apodised, whereby it
is multiplied by a function which tends to zero smoothly

at the ends of the coil. This results in a current distribution

of the same physical dimensions as the required coil for-

mer. However, the resulting characteristics will not be

exactly the same as those of the current of infinite extent

since the infinitely long distribution is the one which

satisfies the coil design constraints. The first successful
technique for generating finite length coils using a target
field approach was that of Turner [7]. Other methods [8–

12] are also able to accommodate the use of a finite length

current distribution from the outset, thus eliminating the

approximations inherent in appodisation.

Previously we have designed unshielded gradient coils

[4,13] using a multi-layer variant of Carlson�s harmonic

minimisation technique [8]. Here, the technique is

extended to the design and construction of length-con-
strained axial and transverse actively shielded multi-

layer gradient coils, and coils with improved cooling

properties.
2. Theory

2.1. Shielded gradient coils

In a multi-layer coil [4], the current distribution,

Jðq;/; zÞ, is composed of N layers on cylinders of radii

qn. In each layer, the distribution can have axial and

azimuthal components. Radial components are not

considered here due to constructional difficulties asso-

ciated with the resultant coil designs. For a longitudinal

gradient coil, the axial component of J must be zero,
whereas for a transverse coil, both components are re-

quired. The zero divergence of Jðq;/; zÞ means that the

axial and azimuthal current distributions are simply

related [5,8] and the coil design can be fully specified in

terms of J/ð/; zÞ alone. The azimuthal current in the nth
layer can be composed of a set of Q axial Fourier har-

monics, weighted by the coefficients, knq.
When designing a standard longitudinal gradient coil,

the field, and consequently the current, needs to be anti-

symmetric in z. In this case, sinusoidal current har-

monics are used and there is no azimuthal variation of

the magnetic field or the current density. For a standard

transverse gradient coil, the symmetry requires the cur-

rent to be composed of cosinusoidal harmonics and

there is additionally a cosinusoidal azimuthal depen-

dence to the current density. For a non-symmetric gra-
dient coil, both sets of harmonics are required [14].

In general, for a finite length coil of length 2l, jzj < l,
the azimuthal component of the required current dis-

tribution is given by

J/ðq;/; zÞ ¼
XN
n¼1

XQ
q¼1

dðq� qnÞHðl� jzjÞ

� knq
sinðqpz=lÞ

cosðqpz=lÞ cosð/Þ

� �
; ð1Þ

where HðhÞ is the Heaviside function, which takes a

value of 0 for h < 0 and 1 for h > 0. The upper term in
curly brackets corresponds to a z-gradient coil and the

lower term to an x-gradient coil. The Fourier trans-

formed current is
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~JJm
/ ðq; kÞ ¼

XN
n¼1

XQ
q¼1

dðq� qnÞ

� knq
ig�q ðk; lÞdm;0

gþq ðk; lÞðdm;1 þ dm;�1Þ

( )
; ð2Þ

where

g�q ðk; lÞ ¼ sincðklþ qpÞ � sincðkl� qpÞ: ð3Þ

The total field produced, Bz, is the sum of the indi-

vidual fields produced by each current harmonic in each

layer, and at radii less than that of the innermost layer,

qi, is generally given by

Bzðq;/; zÞ ¼ � l0

2p

X1
m¼�1

Z 1

�1
kdk eikz eim/

�
Z 1

0

q0 dq0 ~JJm
/ ðq0; kÞImðkqÞK 0

mðkq0Þ; ð4Þ

A similar expression holds for radii greater than that of

the outermost layer, qo, but with the Bessel functions Im
and Km interchanged. Using Eq. (2), Eq. (4) can be

written as

Bzðq;/; zÞ ¼
XN
n¼1

XQ
q¼1

knqbnqðq;/; zÞ; ð5Þ

where the field component arising due to the qth current

harmonic in the nth layer is given by

bnqðq;/; zÞ ¼
l0

p

X1
m¼�1

qn

Z 1

0

dk

� k
sinðkzÞg�q ðk; lÞdm;0

� cosðkzÞgþq ðk; lÞðdm;1 þ dm;�1Þ

( )

� ImðkqÞK 0
mðkqnÞeim/: ð6Þ

An expression for the inductance of the coil can be

derived from the general relationship between the cur-

rent distribution and stored energy [1,4], and an ex-

pression can also be derived for the total power
dissipated by the coil [4].

In an approach similar to that of Carlson et al. [8], an

optimal coil design is found by zeroing the differential of

a functional with respect to knq. As previously [4,13], the

functional, C, comprises a weighted combination of

the inductance, power, and the sum of the squares of the

deviations of the field from its ideal value over a mesh of

P constraint points within the region of interest where a
linear field variation is desired.

The usual approach to screening a single layer coil is

to place a secondary coil concentrically about the pri-

mary coil, thus introducing a second set of terms to all

of the equations. However, here we already have

multiple concentric layers of current, equally capable of

acting as primary layers, shield layers, or some com-

bination of the two, as determined by the current op-
timisation equations. All that is required, therefore, is
to specify that the current distribution should produce

a zero net field in a region outside the coil when field

components produced by every harmonic in every layer

are summed. Thus, the shielding is affected simply by

the inclusion of an additional term in the functional

equal to the sum of the squares of the deviations of the

field from zero over a grid of U points outside the

shield coil

C ¼ aPtot þ d
XP
p¼1

G
zp
xp

� ��
� Bzðqp;/p; zpÞ

�2

þ c
XU
u¼1

Bzðqu;/u; zuÞ
2
: ð7Þ

Inductance optimisation can also be included by
adding in a weighted contribution from the total in-

ductance. This was omitted in the work described here,

since the focus was on designing small coils in which

power dissipation is the limiting factor.

The N � Q equations resulting from minimisation of

Eq. (7) are solved by Gaussian elimination. The relative

importance of each constraint is set by the weighting

factor (a, d or c) attributed to it. Thus, having evaluated
the coefficients for the current harmonics, an optimised

continuous current distribution can be obtained.

For an axial coil the azimuthal current density is in-

tegrated to yield the stream-function. Equally spaced

contours in the stream-function define the locations of

the current loops required to mimic the continuous

current distribution.

For a transverse coil, the Fourier transform of the
optimised two-dimensional current density is related to

the two-dimensional Fourier transform of the stream-

function, Sð/; zÞ, by

~SSmðkÞ ¼
~JJm
/ ðkÞ
ik

; ð8Þ

where the tilde denotes the two-dimensional Fourier

transform. The wire paths required to mimic the current

distribution correspond to equally spaced contours of

the current stream-function.

2.2. Heat flow equations

Consider conduction of heat from a cylindrical sur-
face of area A1 and temperature T1, located at radius r1,
through a coaxial annulus having an outer boundary at

a radius r2, area A2, and temperature T2, followed by

convection and radiation in parallel to a coolant of

temperature T3 (see Fig. 1).

For r1 < r2 < r3, the total heat flow is given by

_qqtotal ¼ �UADT ; ð9Þ
where DT ¼ T3 � T1 and UA is effectively an overall heat

conductance analogous to electrical conductance.



Fig. 1. Geometry of the coil showing relative locations of the coolant

and electrically conductive layers of the coil.
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As such, the total conductance from the source surface

through the outer surface can be obtained by combining

the conductances arising due to the individual heat

transfer processes

1

UA
¼ Dr12

A12k
þ 1

A2h2
: ð10Þ

The first term arises from conduction through the coil,

with

A12 ¼
A2 � A2

ln A2=A1ð Þ ð11Þ

and

Dr12 ¼ ðr2 � r1Þ ð12Þ
The second term includes contributions from both

convection and radiation at the coil surface.
Thus, the total heat removed from the surface at r2 by

outward heat flow is given by

_qqtotal ¼ fA2 T1ð � T3Þg
A2 r2 � r1ð Þ ln A2=A1ð Þ

A2 � A1ð Þk

��
þ 1

h2

�
:

ð13Þ
The same equations apply for r1 > r2 > r3, but the

subscripts for r and A need to be interchanged in the

term A12 (Eq. (11)) describing conductive heat transfer.

This also leads to a reversal of the subscripts in the first

term of the bottom line in Eq. (13). The resulting ex-
pression describes the heat removed from the inner

surface at r02 by inward heat flow.

In an N -layer gradient coil, the properties of the

copper layers can be labelled by two subscripts, so in

place of T1, we write T1;n. Here the subscript ‘‘1’’ indi-

cates that the temperature is that of a layer in the region

containing the copper conductors. The additional sub-

script ‘‘n’’ refers to the specific layer number. The same
labelling system can also be applied to both the radius
and area in order to differentiate between the layers of
the coil. The innermost layer is labelled layer ‘‘1’’ and

the outermost is layer ‘‘N ’’.
2.3. Optimisation of coils for cooling

Simple minimisation of the total power dissipated by

a coil works well when designing single layer coils.

However, the three-dimensional nature of the current
distribution, and the additional potting material that is

required, gives an added level of complexity to multi-

layer coil design. In this case it may be desirable to

modify the design procedure so that it is weighted to

produce a coil having a current distribution formed so

as to facilitate the removal of the heat generated. The

more desirable wire positions are those nearest the

coolant, i.e., nearest the coil surfaces, and furthermore,
preferentially near to the surface with the higher heat

transfer coefficient.

Given that it is easier to provide enhanced cooling,

such as forced water cooling, at the outer rather than

inner surface of the coil, the requirement for heat re-

moval optimisation happens to be congruent with the

requirements for good shielding performance; that is, a

significant fraction of the current positioned near to the
region to be shielded. However, gradient strength con-

siderations favour placing all of the current as near to

the gradient-field region of interest as possible, that is,

near the inner coil surface. Thus, the requirements for

cooling optimisation are not completely compatible with

the other coil design requirements, so it can be expected

that a price will have to be paid in terms of some of the

other parameters in order to achieve enhanced cooling
performance.

The technique adopted to design coils with im-

proved cooling characteristics was to generate coils

using the harmonic minimisation technique (v.i.), but

with the slight modification that an additional multi-

plicative factor is applied to the current at each radius

in the expression for the total power before insertion

into the power term of the functional of Eq. (7). Since
heat conduction through the coil from a radius r1;n
depends upon Dr12=A12 in Eq. (10), it was decided that

a suitable weighting parameter should also follow this

form. As power dissipation in layers at larger distances

from the coil surface requires a higher weighting in the

functional, it can be seen that the required function

should be inversely proportional to the conduction

equation. Thus, the following weighting function was
used

wtðnÞ ¼ Dðr1;n � r02Þ lnðA1;n=A0
2Þ

ðA1;n � A0
2Þ

þ ðr2 � r1;nÞ lnðA2=A1;nÞ
ðA2 � A1;nÞ

: ð14Þ



200 J. Leggett et al. / Journal of Magnetic Resonance 165 (2003) 196–207
Here, D is a function reflecting the relative values of the
heat transfer coefficients for the inner surface at r02 and

the outer surface at r2, and n is the layer number.

A suitable function for D is one that varies smoothly

from h2=h02 at r02 to h02=h2 at r2. Since the multiplication

factor varies from xð¼ h2=h02Þ to 1=xð¼ h02=h2Þ, this

suggests the use of a logarithmic scale with the central

value being unity. A suitable function, which varies the

weighting logarithmically as the distance, DR, of the
layer from the inner surface varies, is given by

D ¼ C exp

�
� DR
r2 � r02

2 lnðCÞ
�
; ð15Þ

with

C ¼ h2
h02

: ð16Þ

The behaviour of this function is illustrated in Fig. 2.

It can be seen that this function works regardless of

whether h2 or h02 is the larger, giving a small weighting

for positions nearer the preferred surface and a larger

weighting for positions further away.

By inserting h2 ¼ h02 the situation reduces to one of

simple power minimisation with no preference for layer
positioning. This occurs because the sum of heat resis-

tances to two fixed end-points is being considered, and

this will always be constant regardless of which interme-

diate point the resistance is measured from. Thus, basic

power minimisation is a simplified version of the more

complicated multi-layer, weighted, power minimisation.

2.4. Modelling heat flow

The model comprises layers of copper at which the

temperature is to be calculated, separated by a heat
Fig. 2. Model used for the variation in the weighting function, D, with
layer position, DR, when different heat transfer coefficients apply at the

coil�s inner and outer surfaces.
conducting material (epoxy resin). The epoxy resin, be-
ing of considerably lower thermal conductivity (typically

k ¼ 0:17 to 0:87Wm�1 K�1 [15]) than the copper

(k ¼ 401Wm�1 K�1 at 300K [16]), will support a tem-

perature gradient. The gradient across the copper layers

will be negligible in comparison. We aim to model the

steady-state condition. Consequently, at any given

copper layer, the sum of heat entering the layer (both

conducted and dissipated) has to equal the heat being
conducted away from the layer.

The objective is to find the equilibrium temperatures

of the layers of the coil. To this end, a set of equations

has been derived which can be used iteratively to refine

an estimation of the equilibrium temperature distribu-

tion of the system. At equilibrium the following rela-

tionship holds for the outer surface

h2A2 T3ð � T2Þ ¼
T2 � T1;Nð Þ
r2 � r1;Nð Þ

A2 � A1;Nð Þ
ln A2=A1;Nð Þ kepoxy ð17Þ

which can be rearranged to give T2 in terms of T3 and
T1;N . A similar expression holds for the temperature of

the inner surface, noting that the material between the

wire and the surface is the inner former rather than

epoxy.

If the heat-flow through the coil is to be modelled,

expressions describing heat transfer at the individual

copper layers are also required. These are found by

consideration of energy conservation at each layer: the
heat removed from each layer must equal the sum of

the heat conducted into the layer and the heat dissi-

pated in the layer by the current distribution therein.

There are two different cases to consider: conduction

between copper layers neighboured only by other

copper layers and conduction from a copper layer, one

side of which is neighboured by one of the coil

surfaces.
For the first of the two cases listed above, the con-

dition for equilibrium at the nth layer can be written as

Pn þ _qqn�1!n þ _qqnþ1!n ¼ 0; ð18Þ
where Pn is the ohmic heating due to the current flowing

in the nth layer and _qq is the net heat flow between the

two layers indicated by the subscripts. Writing this in

full and rearranging to obtain an expression for the

temperature of the nth layer in terms of its neighbours

gives

T1;n ¼ ½ZðnÞ þ Zðnþ 1Þ��1

� I2R1;n

kepoxy

�
þ ZðnÞT1;n�1 þ Zðnþ 1ÞT1;nþ1

�
; ð19Þ

where

ZðnÞ ¼ 1

r1;n � r1;n�1ð Þ
A1;n � A1;n�1ð Þ

ln A1;n=A1;n�1ð Þ : ð20Þ

For the case where one side of the layer is neigh-

boured by a coil surface, the same approach is followed,
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but an expression of the form of Eq. (13) has to be used
for the conduction to the appropriate coil surface in

order to account for the rate of heat removal from the

surface. For the layer adjoining the outer surface of the

coil, the temperature is given by

T1;N ¼ vo
�

þ kepoxyZðNÞ
	�1

� I2R1;N



þ voT3 þ kepoxyZðNÞT1;N�1

�
; ð21Þ

with

vo ¼ A2

A2 ln A2=A1;Nð Þ r2 � r1;Nð Þ
kepoxy A2 � A1;Nð Þ

��
þ 1

h2

�
ð22Þ

and for the layer nearest to the inner coil surface

T1;1 ¼ vi
�

þ kepoxyZð2Þ
	�1

I2R1;1



þ viT

0
3

þ kepoxyZð2ÞT1;2
�
; ð23Þ

with

vi ¼ fA0
2g

A0
2 ln A1;1=A0

2

� 

r1;1 � r02
� 


kformer A1;1 � A0
2ð Þ

(,
þ 1

h02

)
ð24Þ

In Eqs. (21)–(24), the primed variables with ‘‘2’’ and

‘‘3’’ subscripts refer to the inner surface and coolant,

respectively, as opposed to the equivalent unprimed

variables which refer to the outer surface and coolant.

For an N -layer coil, a set of N coupled equations can

be generated and then solved simultaneously. These

equations require a knowledge of the resistance of each
layer in order to calculate the power dissipated therein.

The resistance of each layer can be calculated from the

length, cross-sectional area, and resistivity, q, of the wire
used

R ¼ ql
A
: ð25Þ

However, the resistivity is dependent on the wire tem-

perature. At 293K copper has a resistivity of

1.673� 10�8 Xm [17], and at this temperature the coef-

ficient of variation of the resistivity with temperature,

dq=dT , has a value of [17] 3.93� 10�3 K�1.
3. Method

Coil design programs employing the expressions de-

scribed in the theory section were implemented using

Fortran77. The magnetic field, Bz, produced by the

discretised coil designs was calculated using computer
programs which divided the current paths into small

elements that were then fed into a field calculation based

upon the elemental Biot–Savart expression.

The multi-layer approach is most advantageous for

the design of coils of small diameter, where the limiting

factor is generally the coil resistance rather than the

inductance. We therefore did not concern ourselves with

optimisation of the inductance. In designing coils, as low
a dissipated power as possible was sought, whilst limit-
ing deviations from gradient linearity to less than 5%

within the specified ROI.

The first coil designed was a four-layer z-coil which
was subsequently constructed and used to test the coil

cooling model. The coil was designed with 2.3mm layer

spacing and the first layer was located at a radius of

9.70mm. A large layer spacing was needed to allow

mounting of temperature sensors at each layer. The in-
ternal region of interest within which the field deviation

from a perfect gradient was to be less than 5% was de-

fined to be a cylinder whose diameter was 0.55 times that

of the first layer, with a total length equal to 0.54 times

the first layer diameter. The total coil length was con-

strained to be twice the inner layer diameter. Shielded

coils were designed using ratios for the outer to inner

cooling coefficients of C ¼ 1 (i.e., unweighted), C ¼ 3,
and C ¼ 10. The number of wires in the inner layer was

chosen such that the closest conductor spacing just al-

lowed the use of wire of total diameter 0.32mm (com-

prising 0.28mm diameter copper covered by an 0.02mm

enamel layer). This determined the current step in the

stream-function for the positioning of the wires, and the

same current step was used in all subsequent layers. By

this method, the maximum number of wires, and thus
maximum possible efficiency using the gauge of wire

intended for constructional purposes, was achieved.

For comparison, unscreened four-layer coils of

identical geometry were also designed using each of the

cooling coefficient ratios in order to assess the effect of

including shielding on the coil performance. It was

found, as discussed later, that higher values of C led to

an enhanced level of shielding, but also to a slightly
higher coil inductance. Using C ¼ 3 seemed to provide

the best compromise between inductance and shielding

requirements, so this value was adopted for the coil that

was built. The C ¼ 1 and C ¼ 10 coils were then re-de-

signed to criteria set by the characteristics of the C ¼ 3

coil. That is to say, the coils were designed with the same

homogeneity constraints and the number of wires was

chosen so as to match the resistance of the C ¼ 3 coil.
The coils were made as efficient as possible by using the

largest number of turns which satisfied the resistance

constraint. The wire diameter was set by the minimum

wire spacing in the region of the coil with the highest

current density (allowing for an 0.02mm coating of

enamel on the wire).

The four-layer, C ¼ 3, z-gradient coil was constructed
around a fibre-glass former of internal diameter 8.0mm
and external diameter 10.0mm. Grooves were machined

into the former to accept the first layer of wires, centred

at a radius of 9.70mm. A temperature sensor was glued

to the wires approximately centred at the region of

highest current density. The sensor covered most of the

layer�s windings and so would effectively have measured

an average layer-temperature in the vicinity of the wires.
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The assembly was then set in a layer of Araldite epoxy
resin (kit K3600). Once it had set, the epoxy was turned

down to the radius of the next layer. A new set of

grooves was milled into its outer surface to accept the

next set of wires, and a temperature sensor was subse-

quently placed above the bedded conductors. This pro-

cedure was repeated until all of the layers had been laid.

A final covering layer of epoxy was then used to seal the

outer layer. The finished coil is shown in Fig. 3.
During construction it was decided that in order to

enhance the heating effect, thus emphasising the tem-

perature gradients and giving larger measurable tem-

perature differences, wire with half the cross-sectional

area of that originally intended would be used (total

diameter 0.24 mm including a 0.02mm enamel layer).

The effect of this was to double all of the coil resistances,

and thereby double the power dissipated in the coil at
any given current. However, the coil performance was

not otherwise altered in any way.

The coil was tested by energising the windings with

various currents at 100% duty-cycle. The coil was cooled

by both natural convection of air and radiation at the

outer surface. The 8.0mm diameter cylindrical bore of

the coil was sealed at both ends so there were no net

convection currents at the inner surface. However, there
may still have been localised air currents acting to even

out any surface temperature variations arising from the

inhomogeneity of the current distribution within the

layers. Further, once the air in the cavity had come to

thermal equilibrium with the coil�s inner wall, there

would also have been no net radiation losses from the

inner surface. The coil was allowed to thermally equili-

briate with its surroundings, then temperature mea-
surements were made on each layer and on the

surrounding air.

The measured coil layer temperatures were fitted to

the thermal model to test its performance. To do this,

the inner surface heat transfer coefficient was set to zero

in the model. The condition that at equilibrium the coil�s
inner surface and the air within the bore cavity must be

at the same temperature as the inner layer of windings
was also imposed to account for the closed coil bore.
Fig. 3. A photograph of the constructed coil showing the win
This meant that the temperature gradient from the inner
layer occurred in the positive radial direction only.

The only two parameters needed for fitting were the

thermal conductivity of the epoxy resin and the heat

transfer coefficient of the outer surface. However, the

surface heat transfer coefficient incorporates compo-

nents of convectional and radiational heat-loss. As such,

any value determined will only be valid at the particular

temperatures at which it was fitted. This is due to the
differing temperature dependences of the two heat

transfer mechanisms [18]. In practice, the value will not

change significantly at low temperatures due to the rel-

atively small contribution of the radiation component.

Having varied the combinations of these two parameters

to obtain a good fit for the temperatures of all four

layers, the next step was to compare the performance of

the coils designed using differing degrees of thermal
weighting. To do this, the temperatures of the C ¼ 1,

C ¼ 3, and C ¼ 10, four-layer, z-coils were modelled

assuming 100% current duty cycles and identical cooling

conditions as occurred during aquisition of the experi-

mental data.

A further experiment conducted on the coil was to

measure the field generated at a number of axial posi-

tions immediately outside the four-layer shielded coil.
This was done using a search-coil whilst driving the

gradient coil with a 1 kHz sinusoidal wave-form. In or-

der to assess the shielding, identical measurements were

also made with current flowing through the inner layer

of the coil alone.

A set of shielded and unshielded x-gradient coils was
also designed with C ¼ 1, C ¼ 3 and C ¼ 10 using the

same criteria. The only difference with this set of coils
was that the coil length was set to be four times the

diameter of the first layer: the extra length being nec-

essary in order to allow for the return paths of the

windings, which are not required in the z-coil.
In order to assess the variation of coil performance

with number of layers, a further set of coils was de-

signed. Shielded and unshielded z- and x-gradient coils
with 5 and 8 layers were produced, both in weighted
(C ¼ 3) and unweighted (C ¼ 1) form. In order to effect
dings and temperature sensors through the epoxy resin.
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a fair comparison, all coils were designed so that their
current distributions were evenly distributed over the

same volume as that occupied by the previous four-layer

coils (between radii of 9.70 and 16.60mm). That is to

say, the outer and inner layers occupied the same radial

locations for all coils and the remaining layers were

equally spaced in between. As before, the x- and z-coil
half-lengths were 4 and 2 times the inner radius,

respectively, and the same ROI was used as in the four-
layer coils. The numbers of wires in each coil was

adjusted to give a resistance of about 2X. Again, each

coil was made as efficient as possible by using the largest

diameter wire that did not give rise to overlap with

neighbouring conductors at the closest wire-spacing, but

in this case no allowance was made for the presence of

an enamel coating.

Conventional two-layer screened coils comprising a
primary and a screen were also designed to these spec-

ifications. The layers were positioned to coincide with

the innermost and outermost layers of the four-layer

coils. These positions were adopted since this is where

most of the current distribution will be situated in order

to optimise the gradient efficiency (through proximity of

primary current distribution to ROI) and shielding

(through proximity of shielding current distribution to
shielded region).
4. Results

4.1. Simulations

Table 1 summarises the performance of the final four-
layer, z-coil designs. The average shielding values were
Table 1

Summary of key parameters for shielded (sh) and unshielded (u/sh), axial, m

u/sh, C ¼ 1 sh, C ¼

Average shielding — 4.869%

Efficiency (Tm�1 A�1) 0.319 0.176

Inductance (lH) 120.88 32.57

Resistance (X) 2.180 2.243

No. of wires/layer 26, 17 28, 10

12, 8 2, 8

Wire diameter (lm) 350 302

Table 2

Summary of key parameters for shielded (sh) and unshielded (u/sh), transve

u/sh, C ¼ 1 sh, C ¼

Average shielding — 1.980%

Efficiency (Tm�1 A�1) 0.217 0.131

Inductance (lH) 123.89 36.39

Resistance (X) 2.338 2.142

No. of wires/layer 18, 12 23, 9

9, 6 1, 8

Wire diameter (lm) 385 364
calculated by taking the ratio of the RMS field strengths
of the screened and unscreened coils. These were eval-

uated over an array of points equally distributed be-

tween radii of 0.0194 and 0.0251m, and axial distances

of 0 and 0.043m. The results indicate that the presence

of the shielding term in the functional acts to signifi-

cantly attenuate the external magnetic field. Inspection

of the distribution of wires across the layers indicates

that inclusion of the screening condition leads to a re-
duction of the relative number of turns in the middle

layers of the coil. It can also be seen that the inclusion of

screening leads to a significant reduction in the coil ef-

ficiency at fixed resistance.

Adding in the cooling weighting with a higher coef-

ficient at the outer surface can be seen to move even

more of the current distribution away from the inner

layers, and the effect is more pronounced at higher
values of C. The coil efficiency does not change signifi-

cantly with C, while the inductance rises slightly at

higher C-values. However, the shielding is markedly

improved for C ¼ 10. This is due to a higher proportion

of the current flowing in the outer layers which provide

the screening, and hence a more accurate representation

of the shielding current is yielded upon discretisation.

Similar trends can be observed by studying Table 2
which shows the equivalent coil parameters for the four-

layer x-coils.
Fig. 4 shows the variation of the temperature of the

innermost (hottest) layer of the set of four-layer x- and
z-coils as a function of current under identical cooling

conditions (i.e., assuming the same ambient temperature

and the same ratio of cooling coefficients to hold at the

inner and outer surfaces in each case), operating with
100% duty cycle. The upper line of the z-coil data-set
ulti-layer gradient coils incorporating enhanced cooling

1 sh, C ¼ 3 sh, C ¼ 10

2.287% 0.576%

0.175 0.185

33.61 39.51

2.228 2.060

23, 13 21, 16

6, 10 10, 14

320 361

rse, multi-layer gradient coils incorporating enhanced cooling

1 sh, C ¼ 3 sh, C ¼ 10

1.056% 0.189%

0.131 0.133

36.99 43.29

2.060 2.107

21, 11 19, 14

2, 11 8, 14

384 419



Fig. 4. Temperature of inner layer of four-layer z-coil and x-coil as a
function of current, designed for cooling coefficient ratios of C ¼ 1,

C ¼ 3, and C ¼ 10 in each case. For both sets of coils, values of

h2 ¼ 36Wm�2 K�1, h02 ¼ 0Wm�2 K�1, and kepoxy ¼ 0:45Wm�1 K�1

were used.
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represents the coil designed without cooling weighting
(C ¼ 1), the middle line is that with C ¼ 3, and the lower

line is for C ¼ 10. Increasing C, which results in more

current being placed close to the coil�s more strongly

cooled outer surface, leads to a reduction in the tem-

perature of the inner layer. Curves showing the equiv-

alent performance of a set of x-gradient coils, shown on
Table 3

Summary of key parameters for shielded, multi-layer, z-coils with various num

unweighted, two-layer shielded coil

Two-layer Five-layer

Conventional C ¼ 1

Average shielding 4.711% 5.617%

Efficiency (Tm�1 A�1) 0.174 0.199

Inductance (lH) 28.39 43.18

Resistance (X) 1.86 2.00

No. of wires/layer 32, 7 27, 12, 4

4, 9

Wire diameter (lm) 251 303

Table 4

Summary of key parameters for shielded, multi-layer, x-coils with various num

unweighted, two-layer shielded coil

Two-layer Five-layer

Conventional C ¼ 1

Average shielding 0.540% 1.289%

Efficiency (Tm�1 A�1) 0.132 0.142

Inductance (lH) 34.12 43.42

Resistance (X) 2.03 1.93

No. of wires/layer 29, 7 22, 11, 4,

3, 9

Wire diameter (lm) 301 370
the same figure, can be seen to mirror the behaviour of
the z-gradient coils, with the temperature of the C ¼ 10

weighted coil being lower than that of the C ¼ 3 coil,

which is lower than the coil designed using C ¼ 1.

In a real experiment, the usable gradient strength may

be limited by temperature considerations. If a temper-

ature limit of 80 �C is set, for example, then the un-

weighted z-coil can be used at a gradient strength of

0.132Tm�1, for a 100% duty cycle. In comparison, the
C ¼ 3 and C ¼ 10 weighted coils can be run with pro-

gressively higher gradient strengths of 0.133 and

0.149Tm�1, respectively. It is noted that although the

best increase in performance here is only 16%, between

the unweighted coil and the C ¼ 10 weighted coil, this

useful increase is achieved at no significant cost in terms

of other coil parameters, as can be seen in Table 1. In-

deed, the coil performance in some respects, such as the
efficiency and shielding, is significantly enhanced. The

inductance is 20% higher, but the value of 39.5 lH does

not pose a significant limit on gradient risetime.

Tables 3 and 4 summarise the characteristics of the

shielded z- and x-coils with varying numbers of layers.

The coils were designed using cooling coefficient ratios

of C ¼ 1 and C ¼ 3. It can be seen that as the number of

layers increases, the usable wire diameter also increases.
Consequently, a greater number of wires can be used to

achieve the target resistance, and the coil�s efficiency also

increases. However, because of this, the coil�s inductance
also increases for larger numbers of layers. It can also be
bers of layers, C ¼ 1 and C ¼ 3 cooling weighting, and a conventional

Eight-layer

C ¼ 3 C ¼ 1 C ¼ 3

2.909% 7.877% 1.386%

0.201 0.252 0.253

45.67 71.68 75.16

1.91 2.00 1.87

23, 14, 9 22, 15, 9, 6 20, 14, 10, 8

3, 12 2, 3, 6, 8 6, 2, 6, 12

329 346 380

bers of layers, C ¼ 1 and C ¼ 3 cooling weighting, and a conventional

Eight-layer

C ¼ 3 C ¼ 1 C ¼ 3

1.232% 3.092% 1.321%

0.149 0.165 0.177

50.05 62.15 76.93

2.01 1.82 1.91

21, 12, 7, 18, 13, 8, 5, 17, 13, 10, 7

1, 12 02, 5, 8 4, 1, 5, 12

381 423 444
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seen that in all cases, increasing the ratio of the outer to
inner cooling coefficients from 1 to 3 improves the

shielding, as has already been noted for the four-layer

coils.

Increasing the number of layers has the effect of

spreading out the current distribution over a larger us-

able volume. Consequently, the number of turns in each

layer decreases. The result of this is that the shielding

effectiveness is decreased as the number of layers in-
creases. This is due to a higher level of mismatch be-

tween the ideal continuous current and the discretised

representation, as has already been discussed as one

of the effects seen when varying the cooling coefficient

ratio.

The conventional coils with a single primary layer

and a screen were found to have significantly lower ef-

ficiency than the multi-layer coils, confirming that
higher performance screened gradient coils can be de-

signed via the multi-layer approach, when coil resistance

is the limiting factor. For five- and eight-layer z-coils,
increases in efficiency of up to 1.16 and 1.45 times re-

spectively are observed in Table 3. The equivalent ratios

for the x-coils presented in Table 4 are 1.13 and 1.34.

4.2. Experimental

The fit between the modelled and experimental tem-

perature measurements is shown in Fig. 5. Here, the

points represent the experimental measurements on the

four layers of the real coil operating with natural con-

vection air-cooling. The lines represent the modelled

data for layers one, two, three and four of the coil. The

data were fitted by varying the values for the thermal
conductivity of the epoxy resin and the heat transfer

coefficient of the outer surface. The best fit was given by

a value for the thermal conductivity of 0.45Wm�1 K�1
Fig. 5. Experimental temperature measurements with predicted tem-

peratures from model for four-layer C ¼ 3 weighted z-coil.
for the epoxy resin, while the best value of the outer
surface heat transfer coefficient was 36Wm�2 K�1. Both

of these values are reasonable. The thermal conductivity

lies within the range of typical thermal conductivities for

epoxy resins of 0.17–0.87Wm�1 K�1 [15], and typical

values of natural convection coefficients for air would lie

in the range 1–60Wm�2 K�1[19]. The model can be seen

to agree quite well with the observed experimental data

if these particular values are adopted, and all experi-
mental values lie within 0.7 �C of the modelled curves.

The resistance and inductance of the coil that was

built were measured using an LCR meter. The resistance

was measured to be 4.5� 0.1X which compares with an

expected value of 4.456X from the design parameters,

allowing for the factor of two from the use of a different

wire-gauge. The inductance was measured to be

37� 1 lH, compared with a predicted value of 33.61 lH.
The higher inductance of the real coil can be accounted

for by the presence of the lead-in wires for the individual

layers and also the connecting leads to the LCR meter.

It should be noted that in the construction of this

coil, the optimum wire-diameter was not used. The effect

of this is that although in terms of efficiency and field

performance the characteristics reliably describe a coil

of this particular geometry, the resistance is consider-
ably higher than would have been expected. The tabu-

lated data represents the coils as they were originally

designed, before the change in wire-gauge was adopted.

In drawing comparisons between the various four-layer

coil designs, and between the theoretical and experi-

mental data, the altered wire-gauge was accounted for in

all theoretical coils by doubling the resistivity of the

current-carrying conductors. Consequently, more real-
istic coils would be expected to be usable at higher

gradients than indicated here before reaching the tem-

peratures suggested by these results.

It should also be noted that in order to allow space

for the temperature sensors between each layer, it was

necessary to use a larger than normal layer spacing in

the four-layer coils. Again, as a result, the performance

of the four-layer coils cannot be considered as optimal
for a typical multi-layer gradient coil of this size. A more

optimal layer separation was used in the coils presented

in Tables 3 and 4, and consequently these coils are more

representative of the achievable performance of multi-

layer coils.

Results from the experimental field measurements

using the four-layer z-coil indicate a significant reduc-

tion of the field in a ROI located immediately outside
the coil surface. The shielded field had an average

magnitude of 6.5% of that produced by the unshielded

coil when both coils generate the same internal field

gradient. Ideally the measurements would have been

made with a four-layer unshielded coil of equivalent

geometry to the shielded coil, but no such coil was

available. The inner layers will have predominantly
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gradient producing characteristics, whereas the outer
layers will provide a significant contribution to the

shielding. Therefore, driving the inner-most layer was

the closest approximation that could be made to an

unshielded coil, although the external field will be less

than would be expected from a four-layer unshielded

coil. As a consequence, the shielding performance will

be worse than expected from a comparison of shielded

and unshielded four-layer coils. A Biot–Savart field
calculation carried out using the inner-most layer as an

unshielded coil yielded a theoretical shielding perfor-

mance of 6.7%, which is in good agreement with the

value measured experimentally.
5. Conclusions

It has previously been shown that a multi-layer ap-

proach allows the design of gradient coils that yield

higher efficiencies and gradient strengths than conven-

tional coils [4,13]. This work has illustrated that the

gains can still be realised on the inclusion of active

screening. Cooling is also an important parameter for

multi-layer coils, and a new method for designing coils

with optimal cooling characteristics has been described
here. A clear benefit of this method is that higher gra-

dient strengths can be used before a given temperature is

reached within the coil. Further, an added benefit of the

method is that it can lead to improved shielding per-

formance upon discretisation of the continuous current.

A shielded, four-layer, z-coil has been built to verify the

performance of both the coil and the model.

The model presented in this work possesses many
short-comings if one is aiming for an accurate assess-

ment of the localised temperature variations present in

an operational gradient coil. However, this model was

not developed to perform such a task, rather it was

devised to allow the design of coils in which the current

distribution within the coil is weighted to take account

of the radial position of the layers and also the relative

ease of cooling the coil at each individual surface. For
example, when working with small-bore gradient sets for

use in animal MRI or MR microscopy, there is often

more space available to provide cooling at the outer

surface of the coil than at the inner surface, and as such

it is preferable to be able to direct the current into radial

positions where the heat generated can be more easily

removed. The results presented here suggest that the

model was successful in this respect.
The immediate intention for future work is to develop

a formalism allowing x, y, and z gradient coil layers to be

interleaved, thus enabling the design and construction of

an integrated multi-layer, screened, three-axis coil. A

further direction for future work relating to heat-trans-

fer will be to re-write the mathematical formalism such

that the current density is no longer represented as a
sum of continuous Fourier harmonics within each layer,
but rather to break each layer into a number of adjacent,

isothermal, current rings. Boundary conditions between

the rings would ensure current continuity and could be

used to model heat flow along the layer. An extra di-

mension will then have to be added to the sums for

equations presented in the theory section for the field,

etc., which will result in a slightly longer computing

time, particularly as the number of rings is increased to
more closely map the temperature variation. The reward

for this would be the ability to calculate a pseudo-lo-

calised temperature dependence in order to address the

issue of thermally optimising the current distribution

within the individual layers, rather than just across the

layers as a whole. The model will still not be able to

consider the azimuthal temperature variations that will

occur in transverse gradient coils, but to incorporate
these would require a significant increase in the com-

plexity of the design method, and may well be best

considered using a finite-element approach rather than

the analytical approach detailed here-in.
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