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Abstract

Standard gradient coils are designed by minimising the inductance or resistance for an acceptable level of
gradient field nonlinearity. Recently, a new method was proposed to minimise the maximum value of the
current density in a coil additionally. The stated aim of that method was to increase the minimum wire
spacing and to reduce the peak temperature in a coil for fixed efficiency. These claims are tested in the
present study with experimental measurements of magnetic field and temperature as well as simulations of
the performance of many coils. Experimental results show a 90% increase in minimum wire spacing and
40% reduction in peak temperature for equal coil efficiency and field linearity. Simulations of many more
coils indicate increases in minimum wire spacing of between 50% and 340% for the coils studied here. This
method is shown to be able to increase coil efficiency when constrained by minimum wire spacing rather
than switching times or total power dissipation. This increase in efficiency could be used to increase gradient

strength, duty cycle or buildability.
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Introduction

Magnetic resonance images are created by imposing linear gradient fields and encoding spatial information
of an object in the frequency and phase of the acquired NMR signal. The gradient fields are generated by
gradient coils; coils of wire carrying low frequency currents to play-out myriad pulse sequences. It is generally
desirable for the gradient fields to be accurately linear, intense and rapidly switched [1]. Minimum inductance
coils [2] ensure fastest possible switching, which is governed by inductance, for a given field linearity and
gradient field strength. This approach has been especially successful in the design of whole-body gradient
coils and provided improved gradient coils enabling modern rapid imaging sequences. For smaller gradient
coils, such as those used in microscopy, the heating due to the resistive power dissipation may limit the
gradient strength and a minimum resistance coil design approach is appropriate [3]. Minimum inductance
and resistance coils are quite similar and neither approach addresses directly the minimum wire spacing of
the coil; an important practical concern that may also limit the gradient strength.

A trivial way to increase the minimum wire spacing is to reduce the number of wires in the coil, but this
results in a proportional reduction of the gradient strength. It is simple to include wire spacing constraints
in coil design methods that consider discrete wires [4]. However, these methods lack generality with respect
to the geometry of coils and their optimisation problem is generally highly non-linear and must be solved
by time-consuming stochastic optimisation methods [5] to avoid local minima. Multiple layer coils allow
wire spreading in each layer but increases the radial size [6]. Wires paths from the primary coil may be
allowed to join with those of the shield coil, either at the ends [7] or in the middle [8] of the coil to help in
spreading the closest wires, at the expense of build complexity. With continuous current density coil design
methods it is possible to manually specify the current density in regions of a coil with densely packed wires
[9, 10, 11]. This requires considerable user input and results in sub-optimal coils. Poole et al. developed
a method that spreads the closest wires automatically, but again the optimality of the resulting coils was
not guaranteed [12]. Recently, Poole et al. presented a method to optimally minimise the maximum current
density (minimax|j|) of a coil and thereby maximise the minimum spacing between wires [13]. While et
al. presented a similar approach to reduce the maximum temperature [14] by modelling the temperature
distribution [15]. In [13] the maximum current density was added to an otherwise standard optimisation
functional (containing field linearity, inductance, resistance, eddy current control and torque-balancing, e.g.
Eq. (5) in Ref. [16]) and solved using convex optimisation techniques. This minimax|j| method allows all of
these terms to be optimised simultaneously yielding a huge range of possible coils with different performance
characteristics. It is expected that the most desirable coil for a specific application is some trade-off between

minimum inductance and minimax|j| (or minimum resistance and minimax|j|). Therefore, it is essential to



the design of gradient coils that this trade-off be studied thoroughly.

In the present study the performances of a suite of minimax|j| gradient coils designed with [13] were
investigated and two of these coils were compared with empirical results. These experiments were conducted
to establish the improvements that are to be expected in the stated aim of the method, namely reduced
maximum current density for fixed field linearity and coil efficiency. The efficiency of a gradient
coil is defined in the present study as the magnitude of the gradient of the magnetic field that is produced
by the coil carrying one ampere. Since maximum current density, max|j|, is inversely proportional to the
minimum wire spacing of a coil design and peak temperature is hypothesised to be commensurate with
maximum current density, secondary and tertiary aims may be reduced peak temperature for fixed
field linearity and efficiency or increased minimum wire spacing for fixed field linearity and
efficiency.

It is the purpose of the present study to analyse these trade-offs and provide some guidance on the
appropriate use and expected gains of the minimax|j| approach. X gradient coils with length-to-diameter
ratios that vary over a typical range for MRI were studied. Performance figures are compared in order to
observe the way in which they change as the minimax|j| weighting is varied. This allows us to see what
improvement can be gained in efficiency for a given inductance increase, for example. Prototype coils were
built and tested in thermal imaging, field mapping and impedance measuring experiments to assess the
hypothesis that the peak coil temperature is reduced, the resistance increases and the magnetic field remains
the same in practice. Results of thermal simulations show how much the peak temperature can be reduced for
a given increase in power dissipation over a range of coils. Ultimately, gradient coils with higher gradient field
strengths are expected as a result of using the minimax|j| coil design approach which will see a consequential

improvement in MRI.

Methods

First the relevant aspects of the minimax|j| technique are reviewed and some repeatedly used terms are

established. Then, the experimental methods that we employed in order to study this technique are described.

Minimising the Maximum Current Density

A gradient coil design method can be considered to be composed of three parts; the method by which the
electromagnetic problem is discretised for numerical computation, construction and solution of the optimi-
sation problem yielding the “optimal coil” and finally the conversion of the numerical solution to buildable

wire paths.



Discretising the electromagnetic problem

Gradient coil design is essentially an inversion of the Biot-Savart equation since we consider only magne-
tostatics. The Biot-Savart equation is linear, therefore a convenient discretisation would produce a linear
system of equations relating the magnetic field to the causal current density. If only one component (by
definition, the z component) of the magnetic field, B,(r), is considered and a surface current density, J(r),
is assumed, a stream-function (or integrated current) approach [17, 18, 19] can be used. B,(r) can subse-
quently be discretised using the values at particular points or decomposed into spherical harmonics and J(r)
can be represented as a weighted sum of basis functions: J(r) = Z% YmJIm(r), where J,,(r) are the basis
functions and v, are the weights that define the coil. Three types of basis functions were used with the
minimax|j| approach in [13] where the current density was either represented as a weighted sum of; truncated
sinusoids on a finite-length cylinder [20, 21], locally-linear functions on triangular boundary elements [22] or
sinusoidal/linear functions on axi-symmetric boundary elements [10, 23]. The sum of sinusoids (SoS) method

was used in the present paper since only simple cylindrical coils were considered.

Optimisation

Inversion of the Biot-Savart equation is well-known to be an ill-posed inverse problem [24]. Given a specified
magnetic field, there are an infinite number of ways in which it can be generated, most of which are not
practicable. Optimisation techniques, for example Tikhonov regularisation, must be used in order to choose

a practicable coil design. The optimisation functional used in the minimax|j| method [13] is given in Eq. (1)

min{U(¢) = f(¥) + ae(®) + BW () +yP(¥) + 6]l () [l } (1)

Pew

where 1 is the solution vector, ¥ is the set with zero net torque, f(1) is the magnetic field error term,
e(v) reflects the eddy current control, W () is the stored energy, P(v) is the power dissipation, ||j(%)|l~
is the maximum current density magnitude and «, 8, 7 and § are user-definable parameters with which to
control the optimisation trade-off. Eq. (1) is solved using convex optimisation techniques with smoothing

[25], since O||7(¢)]|co/0Y is not defined.

From ¢ to the coil design

The optimisation produces the optimal solution in the form of the vector ) which contains the weights and are
used with the basis functions, J,,(r), to reconstruct J(r) and all dependent properties, for example magnetic
field, B,(r), or power dissipation, P. The wire-paths are determined by N, equally-spaced level sets of the

stream-function of the current density, ¢ (r) [17, 18, 19].



Simulation of the Coil Performance

At this point a suite of coils can be designed with varying «, £, v and ¢ and their predicted performance
simulated. The magnetic field from each coil was calculated by applying the elemental Biot-Savart law along
the wire paths. The efficiency, n (Tm~'A~!), was then calculated by least squares fitting to a perfect linear
field over the whole region of interest (ROI). The inductance, L, resistance, R and magnetic field, B,(r), can
also be calculated. Furthermore, accurate L and R simulation can be performed using Fasthenry [26] with
realistic wire thicknesses.

It is common to quote a figure-of-merit (FoM) for the performance of gradient coils which reflects the
requirements of the coil. For whole-body gradient coils, the strength of the gradient field is limited by the
desire for rapid switching. In coil design terms, this means that the efficiency is limited by the inductance.
In this case, the most common FoM, %, can be used (sometimes used as %2 or similar). A larger value of
% implies lower power requirement of the gradient amplifiers during switching. However, if it is supposed
that our amplifier is powerful enough to drive our coil with the desired switching rate, there may be some
difficulty in maintaining large currents in the gradient coils due to excessive heating. In this case 7 is limited
by the resistance of the coil. The appropriate FoM in this case is %. A larger value of # implies that less
heat energy is dissipated by the gradient coil per second for a given gradient field strength. Furthermore,
the cooling system of a gradient coil may be such that the resulting heat is easily removed, in which case,
the efficiency may be limited by the minimum practicable wire spacing of the coil and the appropriate FoM
is nw, where w is the minimum wire spacing of the coil (ﬁbl may be used equivalently). An essential
property of these FoMs is that they are invariant when the number of turns used to make the coil, N, is
changed. n o< N, L o N2 max|j| o< N., w o< N7 ' and R oc N2 (for fixed layer thickness, see Ref. [12] and
Refs. therein for further discussion).

Simulated experiments were devised to characterise the behaviour of the optimal coils when minimax|j]|
is included in the optimisation. In the interests of brevity the experiments are restricted to the study of
unshielded, symmetric, cylindrical X gradient coils using a SoS discretisation. Appendix A in Ref. [13] gives
details of this method. In all cases in the present study values of N = 20 (number of basis functions in z)
and M = 10 (number of basis functions in ¢) were used, giving a total of 200 sinusoidal basis functions.
Peak current occurs in the primary coil of actively shielded gradients, so results are expected to be similar
to those of unshielded coils. Z gradient, shim, asymmetric and more exotic coils will behave differently, but
X gradients are the most common and interesting case to study.

The magnetic field linearity must be high enough for accurate imaging and is therefore often a fixed

specification. Throughout this study the magnetic field error was maintained at 5.00 = 0.01 % (of the



maximum field in the ROI). The ROI was a cylindrical region with 0.4 m diameter and 0.4 m length and
the diameter of the coil was 0.76 m throughout. Firstly, W was traded for max|j| by careful selection of the
B and ¢ parameters for & = 0 and v = 0 and 4 different coil lengths were used: I = 1.2, 1.4, 1.6 and 1.8 m
(resulting in a typical range of coil length-to-diameter ratios). The second experiment differs from the first

in that the trade-off is made between max|j| and P rather than W.

Prototype Coils for Performance and Heating Tests

In order to validate and calibrate the simulations, prototype coils were produced. These coils correspond to
the min(P) and minimax|j| X gradient coils for [ = 1.2 m. Prototype coils of 1:5.28 scale were made for
inductance, resistance, magnetic field and temperature experiments. A variable track width was used with a
maximum track width of 20 mm and a 1 mm gap was maintained between each wire. A two-layer design was
produced to avoid the use of a direct return path that would affect the temperature measurements. Flexible
printed circuit boards (PCBs) were manufactured with 0.15 mm thick FR4 (flame retardant class 4, epoxy
resin impregnated glass fibre sheet; a standard PCB substrate) and 35 pm copper top and bottom. Coils
were potted in epoxy resin (Araldite LY 3600 - Huntsman Advanced Materials, The Woodlands, TX, US)
and glass fibre composite with 2.5 mm thickness either side of the PCB. Figure 1 shows the min(P) coil
before painting with matte white paint. A matte white surface provided a uniform emissivity and avoided
thermal reflections as much as possible.

Each coil was connected to 3.0 A DC current supply (GW Instek GPC-3030 - New Taipei City, Taiwan;
corrected for temperature dependent resistivity), subject only to unforced radiative and convective cooling and
imaged regularly over 40 mins with a thermal imaging camera (NEC F30 - NEC Avio Infrared Technologies,
Tokyo, Japan) assuming an emissivity of 1.0. Impedance measurements were made using an impedance meter
(HP 4275A - Agilent Technologies, Santa Clara, CA, US) and resistance at thermal equilibrium recorded from
the power supply.

Magnetic field maps were obtained by dual echo By mapping sequence data from a 3T MRI scanner
(Siemens Tim Trio - Siemens, Erlangen, Germany; 12 channel head coil; Ty = 4.92, 7.38 ms) with a water
phantom with and without 84 + 1 mA DC current in the coil, which was provided by a battery and series
ballast resistors. Images were subtracted to obtain the By due to each coil and a linear magnetic field was

fitted with rotation, offset and scaling to obtain efficiency and field error measurements of the prototype coils.



Thermal Simulations

In order to extrapolate the temperature experiments obtained from the two prototype coils, thermal simula-
tions [15] were performed on all other coils for the trade-off between min(P) and minimax|j|. The thermal
characteristics are presented in appendix A and those marked with an asterisk were tuned to fit the exper-
imental data. Fitting was performed because the true parameters were not known and simulated annealing
was used with typical material properties as initial guesses. The difference between the simulated and exper-
imental data raised to the power of eight was minimised to ensure a good fit to the max(7"). No conclusions
are to be drawn from the goodness of fit between simulated and experimental temperature, but fitting the
simulation to the experiment gives a realistic basis for comparing the different simulated coils to one an-
other. The thermal properties remained the same for all simulations. This then permits the investigation
of the relationship between max|j| and max(7T) for these specific coils and the trade-off between total power

dissipation and max(7T) by scaling the simulated data to the experimentally measured power dissipation.

Results

Simulation of the Coil Performance

Fig. 2 shows the results produced by simulating the performance of the 123 different coil designs. Figure 2
A shows the trade-off parameters, 3, v and 0, required to maintain the 5% maximum field error. 3 is plotted
normalised by By : the 8 required to give 5% field error when v = 6 = 0 (i.e a purely stored energy minimised
coil). Similarly, v is normalised by vp and § by .

The FoM results for all 123 coils are plotted in Fig. 2 to illustrate the trade-off in performance between
optimising for min(W) and minimax|j|, B, and between min(P) and minimax|j|, C. These data are presented
together in Fig. 2 D inverted and normalised by the FoMs for the standard min(WW) and min(P) coils. This
figure allows the prediction of the increase in inductance or resistance that could be expected due to a given
increase in wire spacing, for fixed efficiency.

In order to get a clearer picture of the coils behind these performance data, 12 wire patterns are shown in
Fig. 3. For each different length, [ = 1.2, 1.4, 1.6 and 1.8, a standard minimum power coil is displayed (left
column) alongside two other coils with §/§; approaching 1 (right column) and one somewhere towards the
middle of the trade-off between min(P) and minimax|j| (central column). The region in which |j| is within

5% of max|j| is shaded orange. Furthermore, these coils are labelled on the FoM graphs in Figure 2.



Prototype Coils for Performance and Heating Tests

Processed magnetic field maps of the small-scale prototype coils are shown in Fig 4 for the min(P), A,
and minimax|j|, B, coils. The magnetic field maps are shown in the z-z plane for y = 0 as contour plots
(solid green lines), with a fitted linear field superimposed (dashed blue lines). 5% field error between the
experimentally-obtained field and its linear fit are added (thick red lines) along with the outline of the region
of uniformity, ROU, (orange box) and the extents of the coil (thick black line).

The coil efficiencies of the full-scale coils obtained by scaling the efficiencies of both prototype coils from
linear fitting the magnetic field maps were measured to be (1.48 +0.07) x 1075 Tm~*A~!. The error was
calculated from an estimated maximum radial manufacturing error of 0.5 mm and a maximum drift of 0.5
mA in the current provide by the gel cell. From Biot-Savart integration of the wire paths, the coil efficiencies
were calculated to be 1.51 and 1.50 x 107° Tm~*A~! for the min(P) and minimax|j| coils respectively.

Temperature data obtained from thermal imaging and simulation are displayed in Fig. 5 for both of
the prototype coils built. The temperature simulations were warped to a cylindrical shape to match the
thermal imaging data qualitatively. These results are quantitatively compared, shown in Fig. 6, where the
measured and simulated temperatures of the min(P) and minimax|j| coils are plotted for axial position, ¢
= 0, 45° and 90°. The maximum temperature, max(T'), increase during the heating phases approaching
thermal equilibrium is shown in Fig. 7 for both coils and the ambient temperature, Tyay1,. Exponential fits of
the form T(t) = Tamp + (max(T) — Tamp ) (1 — €*/7) were made to the data to estimate max (7). 7 is a decay

constant fitted to the data.

Thermal Simulations

The thermal and performance simulations were collected and compared with the experimental data in Fig.
8. To give the power dissipated, P, each coil was simulated with Fasthenry at the prototype scale and the
resistance was multiplied by the square of the current needed in each coil so as to produce the same magnetic
field as the min(P) prototype coil carrying 3 Amp (G = 45 mTm™!). The simulated max(T) in each coil is
plotted against P in Fig. 8 A. In order to see whether minimisation of the peak current density is a sensible
analogue for the reduction of max(7T") in the coil, the max(7') is plotted as a function of the max|j| in Fig. 8

B.



Discussion

Coil Performance

As expected, the maximum current density in every coil designed with minimax|j| is reduced with respect to
the standard min(W') and min(P) coils. One aim of the present study was to find what reduction in max|j|
could be achieved over a range of different lengths and what the consequential change in other parameters of
the coil are. Gradient coil design is a multi-objective optimisation problem and as such we should characterise
all the possible coils to understand fully the nature of the trade-off between the objectives. The magnetic
field linearity objective was removed as a variable by fixing the maximum field error to 5% in all cases.
Mathematically, a more rigorous constraint would be to fix the £2-norm of the field error to a certain value
since this is the objective in the optimisation (1). This is not a convenient measure for coil designers however.
In the case of the shorter coils designed here (I/d < 2), the parameters 8, v and § required to maintain 5%
field linearity are close to being a linear trade-off, see Fig. 2 A. This indicates that the objectives of min(W),
min(P) and minimax|j| compete directly against the field linearity objective in a similar way. However, for
longer coils, an unexpected relationship between the parameters was observed; adding minimax|j| weighting
to the objective functional actually required increases in the min(W) and min(P) weighting parameters, (3
and v, in order to maintain 5% maximum field error. The exact origins of this effect are unknown, but it is
our opinion that adding a small amount of minimax|j| to the standard min(W) and min(P) coils actually
improves the field linearity in longer coils. For coils close to the min(W) and min(P) solutions, the amounts
of sinusoids with high spacial frequency have tended to zero and so the performance of these coils is not
limited by the finite number of sinusoids used. For the coils with more minimax|j| weighting this is not the
case and the performance of these coils is slightly limited by finite N and M.

Figures-of-merit (FoMs) were used to analyse the coil performance with respect to stored energy (\LFL)’
power dissipation (%) and maximum current density (nw) and are plotted for all 123 coils in Figs. 2 B
and C. The curvature of these plots provide information of the multi-objective optimality of the intermediate
solutions. For example, if a straight line resulted, it would indicate that the two objectives were mutually
exclusive. What was found in the present study was that there is a high degree of curvature, which indicates
that intermediate solutions provide results with a high degree of optimality in both metrics. Such behaviour
is well known in the subject of regularisation of ill-posed problems in the study of the L-curve.

Figure 2 D provides a means by which to estimate the increase in inductance or resistance one might
expect for a given increase in wire spacing over the standard min(W) and min(P) solutions (which appear at
[1,1] on this graph). The relative increase in minimum wire spacing achievable appears to decrease as the coil

gets longer, as has been observed in previous work [27]. However, for the longest coil a greater degree of wire
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spreading is achieved, which is an unexpected result that deserves more thorough investigation. The black
line in Fig. 2 D gives an example for a min(P) coil with a length of 1.2 m; an increase of approximately 70%
in minimum wire spacing would result in an increase in resistance of approximately 10%, for fixed efficiency.
The gains are considerably steeper for the min(W) coils since those coils tend to have a small region of very

high current density that is very rapidly spread by the addition of a small minimax|j| weighting.

Wire Patterns

Wire patterns of 12 of the coils are shown in Fig. 3 which are labelled correspondingly on Figs. 2 A and
C and Fig. 8 A. The coils on the left are standard min(P) coils exhibiting typical smooth wire patterns
with small regions of high current density. These regions occur at the far ends of the coil for short coils and
towards the middle for longer coils. As minimax|j| is introduced, those regions of high current density begin
to spread and new regions appear in which the current density is maximal. Such cases are shown in the
central column, which were chosen as optimal in terms of both total power dissipation and peak temperature
from the curves in Fig. 8 A. These wire-patterns appear qualitatively similar to coils presented in [14]. The
right column represents coils as we approach the extreme minimax|j| coils with little min(P) weighting. The
shape of their wire patterns are characterised by large regions of equally-spaced parallel wires with more
sharp corners and smaller loops to ensure that the field error remains at 5%. More extreme minimax|j| coils
are possible, but they tend to possess isolated loops and reversed turns for little increase in wires spacing
and as such are not of practical interest. This effect indicates that the minimax|j| term does not provide a
regularising effect on the ill-posed coil design problem and so some regularisation with either the min(W),

min(P) or indeed unweighted Tikhonov regularisation is still recommended.

Magnetic Field Mapping

The theoretical properties of the minimax|j| coils demonstrate the increased wire spacing for fixed efficiency
and a maximum field error of 5%. Two coils, 3 a and ¢, were chosen to be built as small-scale prototypes
and have their performance tested. The magnetic fields that these two coils generated are shown in Fig.
4. The contours of the magnetic field appear at an angle due to slight errors in the coil alignment with
respect to the scanner coordinate system which was accounted for in the fitting procedure. The 5% field
error line was calculated from the difference between the linear fit and the measured field. As demonstrated
by the presented data, the field in the ROU deviates exactly by 5% maximally and there is no appreciable
difference between the magnetic fields of the min(P) and minimax|j| coils in this region. From Biot-Savart

simulation the fields become clearly different closer to the coil surface well outside the ROU. The measured
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coil efficiencies matched the theoretical values within the experimental error.

Coil Temperature

Temperature measurements and simulations were also made of the two prototypes in order to test our
hypothesis that reducing the max|j| will reduce the max(7"). For a fair experimental heating test, the coils
were built in exactly the same way without the presence of any other coil and with a double layer coil design.
Thin copper (35 um) was used so that an appreciable temperature rise was observed under safe laboratory
conditions and relatively low currents. The double layer design eliminates the need for a return path, which
can act as a “heat pipe” removing the heat from the coil, which previously caused unfair comparison of
peak temperature measurements [27]. Temperature measurements and simulations of the two prototype
coils are presented in Figs. 5, 6 and 7 and used in Fig. 8. Clearly, in the studied prototypes there was a
significant reduction in the maximum temperature from both measurement and simulation. Qualitatively,
the simulations match the experimental measurements, but quantitatively, there are some differences. This
is thought to be as a result of uncertainty in the values for the thermal properties of the prototype materials
and an inability of the simulations to model accurately the radiative heat transfer and anisotropic thermal
conductivity of the coil layer. In reality, heat is conducted around the coil by the copper tracks, which is not
considered in the simulation (instead, an effective thermal conductivity was considered for the coil layer) [15].
The temporal increase in temperature tended towards an equilibrium value, max(7) which was estimated by
fitting a single exponential function to the data. The fit is poor during the rapid heating phase immediately
after the current is switched in, but the fit was only used to estimate max(7T). A difference in max(T") of
27 °C between min(P) and minimax|j| designs was observed corresponding to a 40% reduction. In a full
scale gradient coil with active cooling, other gradient layers and considerably more current, this reduction
will differ, but it is unlikely that in any real coil, max(7") in a minimax|j| gradient coil would ever be higher
than a standard min(P) coil.

It was expected that the results shown in Fig. 8 A would present a similar smooth L-curve to Fig. 2
C, but the results produced a curve with a very pronounced corner. This indicates that the coils at the
corners are optimal in both measures of coil performance. In other words, if the coil at the corner is chosen,
it is expected to have a maximal reduction in peak temperature without actually increasing the total power
dissipation. In fact, the properties of the intermediate coils, b, e, h and k are as good as, and in some cases
better than, the extreme min(P) and minimax|j| coils; a surprising result. It is thought that the difference
in theoretical and real power dissipation originates from the conversion from continuous current density to

discrete, variable-thickness tracks and the necessity for a finite gap between tracks [12]. For example, if our
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manufacturing method is capable of producing a 1 mm gap between tracks, then a min(P) coil with w =
2.1 mm will have tracks at least 1.1 mm wide. An equivalent minimax|j| coil with w = 3.6 mm will have
at least 2.6 mm thick tracks; the theoretical w is 70% higher, but the actual tracks are 140% wider. Even
though this occurs in localised regions of the coil, it is enough to alter the overall coil resistance dramatically.
The measured resistance and temperature data of the prototype coils are plotted on Fig. 8. The measured
resistance of the two coils were larger than the simulated results, which may be caused by the presence of
solder joints, interconnections and slightly different copper thicknesses and resistivities.

The relationship between max(7") and max|j| shown in Fig. 8 B demonstrates generally that a reduction
in max|j| causes a reduction of max(T), but that the effect is not entirely linear. Towards the extreme
minimax|j| coils no decrease in max(7T) was found, and in some cases a slight increase. This additionally
contributes to the pronounced corner of the L-curve in Fig. 8 A and proves that the best coil is one that has

some degree of minimax|j| but is still relatively smooth from a significant min(P) or min(W') weighting.

Conclusions

The minimax|j| method can be used to increase the efficiency of gradient coils for a given minimum wire
spacing, with a consequential small increase in resistance and stored-energy. This may be useful for small
coils in which the coil design is not dominated by the required switching time or total power dissipation. The
resistance increase is less in practice than in theory due to the necessity for a finite gap between wire tracks.
The trade-off between minimax|j| and min(WW) and min(P) is non-linear and as such a “best of both worlds”
coil can be found at the part of the curve with maximum curvature and not at either extreme. The location
of this coil depends on many factors such as the coil type, length, radius and linearity requirements. The
addition of active shielding to the optimisation is necessary for practical gradients and was described in Ref.
[13]. It also affects the optimisation trade-off, but was not included in this study.

The maximum temperature in a coil can be significantly reduced with a small amount of minimax|j|
weighting, §. The max(T") was found to be commensurate with max|j|, justifying the use of the minimax|j|
approach for the reduction of max(T"). This relationship is not linear and as max|j| is reduced the total power
is increased which, at some point in the trade-off, counteracts the effect of reduced max|j| though thermal
conduction of the heat throughout the coil. Again, quantitative reductions in peak temperature are expected

to vary widely for different types of gradient coil.
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Appendix A

Thermal Property Value

Copper mass density 8960 kg m—3
Copper specific heat capacity 385 J kg=! K—!
Copper resistivity 1.68x107% QO m

Copper thermal conductivity
FR4 mass density

FRA4 specific heat capacity

FR4 thermal conductivity

Coil layer thermal conductivity™
Epoxy mass density

Epoxy specific heat capacity

Epoxy thermal conductivity™

401 Wm—t K1
1900 kg m—3

1200 J kg~! K—!
023 Wm™! K!
226.8 Wm~! K1
1800 kg m~3

940 J kg~! K1
0.234 Wm~! K!

Convective heat transfer coefficient (inner)*
Convective heat transfer coefficient (outer)*
Radiative heat transfer coefficient (inner)

Radiative heat transfer coefficient (outer, min(P))
Radiative heat transfer coefficient (outer, minimax|j|)
Surface emissivity

Ambient temperature

5.178 Wm~2 K1
7.178 Wm~2 K1
0OWm—2K!
8Wm—2K!
7TWm2K!
0.94

19 °C

20

Table 1: Thermal properties assumed for the temperature simulations (* tuned using simulated annealing).



Figure 1: Photograph of the min(P) prototype coil with N, = 20 before painting.
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Figure 2: Input and performance data of the trade-off between both min(P) and minimax|j|, and min(W)
and minimax|j|. Trade-off parameters required in order to maintain 5% field error are shown in A normalised
by the extreme values. B and C show the minimax|j| FoM as a function of the min(W) and min(P) FoMs
respectively. FoMs are inverted and normalised against the min(W) and min(P) values and plotted in D to
allow estimation of the increase in W or P to be expected for a given increase in minimum wire spacing.
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Figure 3: Wire-path centres of one quadrant of X gradient coils designed with varying amounts of min(P)
and minimax|j|, shown with N, = 10, for total lengths of 1.2 m (a-b), 1.4 m (d-f), 1.6 m (g-i), 1.8 m (j-1).
The left column shows the min(P) coils, the right column show minimax|j| dominated coils and the central
column are those coils at the corners of the L-curves in Fig. 8 A.
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Figure 4: Magnetic field maps of the min(P), A, and minimax|j|, B, coil prototypes with wire patterns shown
in Fig. 3 A and C respectively. Shown are the coil cross-section (thick black line), ROU (orange shaded
region), magnetic field 10uT contour lines (thin green lines), linear fit contour lines (thin blue dashed lines)
and the 5% field error contour (red lines).
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Figure 5: Thermal image and simulated data of the min(P) and minimax|j| coils at 0° and 90° rotation.
Simulated data was warped to a cylindrical surface to match experimental data. Maximum temperature is
given on the colour bar.
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Figure 6: Measured and simulated temperature of the min(P), minimax|j| coils along the z direction for
azimuthal positions, ¢, 0°, A, 45°, B and 90°, C.
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Figure 7: Measured maximum temperature of the min(P), minimax|j| coils and the ambient temperature
over time during heating. Single exponential fits are shown as used to estimate the maximum temperature
at thermal equilibrium and dotted lines indicate the switching on and off of the current in the coils.
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Figure 8: Measured and simulated maximum temperature versus total power dissipation in the coils, A.
All coils shown in Fig. 3 are labelled and inset shows data for the two longest coils in detail. Maximum
temperature is plotted against maximum current density in B. Linear fits are added to the data in B.
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