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An important requirement for a gradient coil is that the uniformity of the generated magnetic field gra-
dient should be maximal within the active volume of the coil. For a cylindrical geometry, the radial uni-
formity of the gradient turns critic, particularly in cases where the gradient-unit has to be designed to fit
into the inner bore of a compact magnet of reduced dimensions, like those typically used in fast-field-
cycling NMR. In this paper we present two practical solutions aimed to fulfill this requirement. We pro-
pose a matrix-inversion optimization algorithm based on the Biot-Savart law, that using a proper cost
function, allows maximizing the uniformity of the gradient and power efficiency. The used methodology
and the simulation code were validated in a single-current design, by comparing the computer simulated
field map with the experimental data measured in a real prototype. After comparing the obtained results
with the target field approach, a multiple-element coil driven by independent current sources is dis-
cussed, and a real prototype evaluated. Opposed equispaced independent windings are connected in pairs
conforming an arrangement of independent anti-Helmholtz units. This last coil seizes 80% of its radial
dimension with a gradient uniformity better than 5%. The design also provides an adaptable region of uni-
formity along with adjustable coil efficiency.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Magnetic field gradient coils as designed for magnetic reso-
nance imaging (MRI) have several common aspects related to elec-
tromagnets for fast-field-cycling (FFC) nuclear magnetic resonance
(NMR). In both cases we refer to coil devices that should be opti-
mized for switched magnetic fields, with an optimized spatial uni-
formity of the generated field across a targeted volume of interest
(VOI). In the case of gradient coils, the uniformity of the gradient is
required [1,2], while in FFC magnets we refer to the magnetic field
homogeneity [3–6]. In this manuscript we propose a robust and
straightforward method for the design of longitudinal gradient
coils based on a matrix inversion algorithm, successfully used also
for the optimization of FFC magnets. The proposed solutions are
validated in prototypes of simple construction.

For a given VOI, MRI machines are designed as compact as pos-
sible, since this has a direct impact in power consumption, which
in turn leads to lower demands of power supply and cooling sys-
tems. In FFC machines one has to face, in addition, the fact that
most of the variables affecting the performance of the system are
related to the magnet volume. Most performance requirements
for a gradient coil can be attended post fabrication. In fact, switch-
ing time can be handled with proper power amplifiers and power
dissipation with efficient cooling. However, active corrections of
the gradient uniformity inside the VOI demands for additional
and complex hardware. For the reasons stated above, the present
study focuses on producing longitudinal gradient coil designs with
maximal exploitation of their active volume.

Three important aspects should be considered when designing a
gradient coil for MRI:

(1) Maximize the gradient uniformity within the VOI. Spatial
gradient homogeneity has a direct impact in image quality.
A 5% deviation in uniformity represents a 5% error in pixel
size in the final reconstructed image. This condition strictly
depends on the geometry of the coil and its immunity to
thermo-mechanical deformations.

(2) Facilitate rapid intensity variations of the gradient field. The
switching performance, however, not only depends on the
electrical parameters of the coil (inductance and resistance),
but also on the powering network and the peripheral
electronics.
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mailto:anoardo@famaf.unc.edu.ar
http://dx.doi.org/10.1016/j.jmr.2017.01.012
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


70 J.A. Romero et al. / Journal of Magnetic Resonance 276 (2017) 69–77
(3) Reach high gradient amplitudes without overheating (power
dissipation). In practice, this last point mainly depends on
the geometry and the net resistance of the winding,
although an efficient cooling strategy may critically improve
the performance.

There are different possibilities for the mathematical optimiza-
tion of a gradient coil. In general, the problem is that of finding a
current density pattern which fulfills the desired requirements.
These requirements are then translated into a convenient set of
equations, and then solved for the current density which best sat-
isfies them. One of the most used methods is the target field
approach [7], where the magnetic field is expressed in terms of a
Fourier series expansion. This method was later expanded to
include inductance as a variable to be minimized [8]. Finite
elements methods include matrix inversion, like methods using
the least-squares-error technique as applied to surface elements
[9] and simulated annealing [10]. A matrix inversion of the
Biot-Savart law combined with a Lagrange minimization of the dis-
sipated power (subject to constraints on the homogeneity and
effective volume) was successfully used to calculate FFC magnets
[11]. A similar method including inductance minimization was
proposed for optimizing gradient and radio frequency coils [12].
Stream function methods can also be applied to solve for the cur-
rent density [13–15]. Other approaches take hot-spots into account
[16], eddy currents [17], torque [18] and even the noise generated
from switching [19].

The gradient coils here presented were designed for a FFC appa-
ratus working with a cylindrical sample of 30 mm in diameter and
50 mm in length. The whole gradient coil unit is placed inside the
bore of the main magnet [20]. Transversal gradient coils were
adapted from other designs available in the literature [13,14].
However, we faced the problem of finding a longitudinal gradient
coil design that will perform to our demands: generate a gradient
field across the VOI with a maximum error of 5% in uniformity,
with a coil diameter of 50 mm (inner gradient coil of the gradient
unit). The restriction on the diameter of the coil comes from the
dimensions of the main magnet: it implies the gradient coil must
seize at least 60% of its radial dimension. Not being able to find a
convenient design adaptable to our needs, we turned to the search
for a simple and robust optimization method. Most designs of
straightforward construction seize up to 50% of its radial dimen-
sion. Nevertheless non-tested mathematically elegant and fairly
impracticable (or demanding absurd powering conditions) designs
can be found in the literature claiming for a better performance. In
turn, convenient as they are, many of the methods can represent a
time-consuming challenge if not familiarized with the mathemat-
ical formulation or the numerical approach. A finite element
method can become a cumbersome task and very imprecise to
the non-expert, even using commercial solutions. The target field
approach requires some advanced Fourier analysis skills. The
stream function methods exhibit a prudent level of sophistication
but the gradient uniformity tends to be poor:±5% within a volume
of 40% of the coil radius [21].

We propose a simple ‘‘single-current” optimization algorithm
which is based on the Biot-Savart law [9]. It solves for the opti-
mal current density by means of a cost function. We place N
equidistant conductors beforehand and solve for the driving cur-
rent each conductor must have, instead of partitioning the cylin-
drical coil former in discrete elementary areas. The surface
current density can then be approximated by a sufficiently large
number of conductors. It corresponds to a matrix inversion algo-
rithm, but the numerical approach is straightforward and conve-
nient on computation time. The method also takes power
dissipation into account to produce efficient (gradient/current)
solutions [22].
The discrete solution for the optimal current density allowed us
to investigate the performance of coils having a reduced number of
localized and independent windings (multiple-current approach).
We found that few elements can perform very well. Such is the
case of the multiple-element coil we present in this work. With
as few as 18 elements (equispaced, connected in pairs), it produces
a magnetic field gradient that is uniform up to a ±2.5% error within
a radius that encompasses 80% of its maximum value. The draw-
back is that it has to be driven by 9 independent current sources.
There are a few papers and patents dealing with similar designs
[23–25]. In our case, a set of combined anti-Helmholtz pair units
are driven independently, thus saving half of the power supplies.

2. Optimization algorithm

Consider N coaxial, equispaced loop conductors along the Z-
component of a cylindrical surface. The current of each ring is inde-
pendent from each other. The magnetic field generated by this coil
is calculated using the Biot-Savart law [26]:
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These equations can be conveniently assembled into a global matrix
equation
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invert Eq. (3) and solve for the optimal set of currents. Given the
azimuthal symmetry of the problem, the set of target values can
be defined on a plane to save computation time. Minimization of



Fig. 1. Optimized current density obtained through the described algorithm. Only
half of the density function is shown (impair function). Color bands represent
equally integrated currents (see text). The triangles determine the positions for the
discretized current paths corresponding to the single-current solution (35 conduc-
tors for half coil were chosen in this case). Inset: Dependence of the driving current
(needed to generate 200 mT/m) and effective diameter for a uniform gradient
volume (±2.5%) as a function of the number of loops.

Fig. 2. Theoretical magnetic field gradient uniformity map corresponding to the
discretized solution shown in Fig. 1. Observe that the uniformity within the
specified region (dotted square) is within ±2.5%.
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U comes from solving the N � N first order simultaneous equations
obtained from forcing all @U=@In to zero. The result is a discrete cur-
rent density which arises from the In currents values of the N con-
ductors (Fig. 1).
3. Single current approach

After the current density was calculated, we have to face the
problem of faithfully reproducing the function on the surface of a
cylindrical former. This involves determining the current paths
the conductor must follow to best approximate the optimized cur-
rent density, with the additional constraint that the coil should be
driven by a single current source. All these demands can be met by
dividing the total current (integral of the current density) bym, the
selected number of discrete conductors to locate on the surface of
the former. The driving current will then be the total current
divided by m. The current paths can be calculated by integrating
the current density until the driving current is accumulated. The
corresponding conductor must be placed inside the integration
range at the position having equally integrated currents at both
sides (Fig. 1).

Care must be taken in selecting the number of conductor loops
m. A large value for m plays in favor for a higher field-to-power
ratio, but also increases the inductance and resistance of the coil.
However, it is also seen (inset in Fig. 1) that a minimum number
of conductors is needed to accurately approximate the optimized
current density. Thus, a situation of compromise is encountered.
The purpose of the coil and current source specifications will deter-
mine the best design.

The Biot-Savart law was again used to write an algorithm in C++
for testing the final design. As shown in Fig. 1, the treated case uses
70 conductors to approximate the optimized current density. The
test is carried out by placing loop conductors at the positions
obtained from the optimization algorithm. All conductors are dri-
ven with the same current value. A first coil designed using this
method was presented in a previous work, and the method was
validated by measurements in a prototype [22]. Here we present
an improved solution for a shorter coil (same VOI), were the
weighting factor of the power term was slightly increased (see
Eq. (2)). Fig. 2 shows the obtained field map corresponding to the
current density of Fig. 1. For this coil the radial uniformity of the
gradient is about 67.8%, it has an efficiency of 14.6 mT/m A, an
electric resistance of �880 mX and an inductance of �124 lH. Coil
dimensions are 50 mm diameter and 184 mm length.
4. Multiple-current approach

Single current solutions are very attractive for simplicity. How-
ever, in the context of field-cycling technology, multi-purpose coils
rather open other possibilities for shimming the B0 field, compen-
sating field offsets and time-dependent corrections of thermal
shifts. Active control of both the gradient and B0 fields uniformities
are favored by this approach, although one has to cope with an
increasing hardware complexity. Multi-purpose coils can be han-
dled by variable-geometry coils or, multi-winding coils feed by a
set of independent power supplies. Variable-geometry designs
include a higher mechanical complexity. In contrast, multiple-
winding coils of fixed geometry are much simpler to build, at the
cost of multiple powering.

The fact that the used algorithm starts off with discrete conduc-
tors, facilitates the analysis of coils based on independent localized
windings. These designs have the great advantage that no conver-
sion to a one-current solution is required, although driving these
coils needs as many current sources as independent elements. It
should be emphasized that only a few conducting elements can
lead to gradient coil solutions with a better uniformity (±2.5%) vol-
ume to net coil volume ratio than single-current solutions. The
design and prototype here presented proves this point.

The algorithm and computational procedure used for the opti-
mization of this coil is the same as the employed for the single-
current case. For a suitable comparison between the two coils, both
designs were optimized having the same diameter of 50 mm. To
keep the design as practical as possible one should try to minimize
the number of elements N, since each added element demands an
extra independent current source. Having this in mind, we
searched for the smaller N that covers the targeted VOI following
the next criterion: starting from a heavily power-dissipation ori-
ented optimization (high a in Eq. (2)); successively more weight
was put on the ROU (region of uniformity) optimization until it
reached the targeted size (VOI). Then pass to the next N value. This
procedure ensures finding the most power efficient design for each
N value.

The final design consists of 18 equally spaced current elements
distributed over a length of 90 mm. Opposed elements are con-



Fig. 3. Magnetic field gradient uniformity map for the simulated multiple-element
coil. The figure shows the excellent performance in radial uniformity that can be
reached within the active volume of this coil, for a proper current distribution.

Fig. 4. Measured field map. The sample (dotted rectangle) is contained inside a
volume of uniformity tolerance within ±2.5%.The inset shows the multiple-element
prototype coil. The current paths that connect each anti-Helmholtz pair are shown
to be in the inner side of the coil former.

Fig. 5. Magnetic field gradient measured along the Z-axis of the multiple-element
coil at different radial positions. (A) - Horizontal positions. (B) - Vertical positions.
Observed fluctuations are within the ±5% of uniformity within the ROU. In figure A,
positions 2 and 3 refer to (9.5 ± 0.5) mm and positions 1 and 4 to (15.8 ± 0.5) mm. In
figure B: 4 is the center, 3 and 5 correspond to (6.3 ± 0.5) mm, 2 and 6 to
(12.6 ± 0.5) mm while 1 and 7 to (18.9 ± 0.5) mm.
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nected to resemble 9 anti-Helmholtz pairs, with the same zero-
field coordinate at the center of the coil. This configuration reduces
the number of independent current sources needed to drive the
coil. To our knowledge, the proposed arrangement of simultane-
ously powered combined anti-Helmholtz independent units has
never been proposed nor tested before.

To enhance current efficiency and to avoid unpractical current
values in the constructed prototype, 7 turns of 0.6 mm copper wire
were used for each element. Questions arose as to how to place
these seven turns of wire without degrading the calculated gradi-
ent uniformity. To solve this problem we simulated a few hand-
picked configurations for the placement of the wires and
compared the resulting uniformity maps. These configurations
allowed the variation of the radial parameter in a ‘layer per layer’
fashion. The best configuration was found to be 4 turns in the first
(inner) layer and 3 in the second (outer) layer (see the correspond-
ing field-map in Fig. 3).

Although other configurations work just as well from a perfor-
mance perspective, this one was chosen because of ease in con-
struction. The implementation of multilayer gradient coil shows
the advantage of improving the efficiency while keeping reason-
able resistance values [28]. Since we do not change the wire diam-
eter, the selected configuration yields:
g7 ¼ 7g1; R7 ¼ 7R1; L7 � 2L1

where the sub index 7 means configuration of seven turns in com-
parison with one, and g, R and L stands for efficiency, resistance and
inductance respectively. This implies that even though the simulta-
neous switching [26] performance of the multiple-element coil
degrades, the efficiency increases considerably.

A prototype was tested in order to validate the simulated
results. The coil former was chosen to be of polyacetal resin (Del-
rin). This material offers good dimensional and thermal stability,
while having optimal mechanical properties for its machining on
a lathe. The machined former has inner and outer diameters of
(47 ± 1) and (50 ± 1) mm respectively, and a total length of
(120 ± 1) mm. Each independent element was constructed by
winding AWG19 copper wire into milled grooves of (0.50 ± 0.05)
mm in depth on the external former surface.

Magnetic field maps were obtained using a Lake Shore 475 DSP
gaussmeter. The probe of the instrument was mounted on a home-
made computer controlled rail with a position accuracy of
(250 ± 2) lm. Measurements were taken at 7 longitudinal lines,
each covering the range [�27.5;27.5] mm of the Z coordinate at
different radial positions (in the same plane). The probe of the
gaussmeter was guided by a wooden insert, which was milled to
fit tightly inside the inner diameter of the former. Seven holes were
also milled on this wooden piece to ensure radial positioning of the
probe during measurements. The measured magnetic field map
can be observed in Fig. 4.

The magnetic field was measured for the powered coil at 18
equidistant positions separated 2.5 mm each other (10 steps of
the step-motor) along the Z-axis, covering a longitudinal range
from (�20.00 ± 0.25) mm to (20.00 ± 0.25) mm (Fig. 5). The mag-



Fig. 6. Simulated coil using the target field approach. A: current density and
discretization for a single-current assembly. B: field map. Observe that the
uniformity within the VOI (dotted rectangle) does not comply with a ±2.5%
tolerance.
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netic field was measured five times at each position. The averaged
values were used to derive the corresponding field gradient. Note
the influence of the mechanical imprecision of the assembly and
measurement set-up, causing variations between adjacent posi-
tions not only along the longitudinal axis but also in transversal
direction. The remarkable point here is that all the values stay
within 5% deviation, even those that are outside the ROU.

A remarkable feature can be observed in Figs. 3 and 4: reducing
the length of the VOI to 40 mm, the radius of the uniformity vol-
ume can be extended to as much as 20 mm. This entails seizing
80% of the radial space occupied by the effective volume of the coil
with a magnetic field gradient uniformity tolerance within the
±2.5%.
Fig. 7. Simulated coil using the target field approach with power minimization. A:
current density and discretization for a single-current solution. B: gradient
uniformity map. Observe the improvement of the uniformity within the VOI
(dotted rectangle) if compared with Fig. 6B.
5. Discussion

The proposed method was previously tested in a single-current
coil. The computed wiring and the simulated field map were exam-
ined in a home-made prototype [22]. Here we present a new opti-
mization of the same coil, using the same algorithm, and showing
an improved performance. We may compare this single-current
coil with equivalent solutions obtained from different optimiza-
tions based on the well-known target field approach, as it is one
of the most widely used and accepted methods for gradient coil
design [8,29]. The guidelines for longitudinal gradient optimization
described in Ref. [29] were followed in detail, for similar coil
dimensions as used in our case. A function f(Z) = 1/[1 + (Z/d)12]
was used to define the target field along the Z-axis (d stands for
the length where the gradient is required to be uniform). The
resulting half current density is shown in Fig. 6A, and the calcu-
lated field map is shown in Fig. 6B. In contrast with the calculated
efficiency of 13.6 mT/m A [22] and 14.6 mT/m A (this work), the
target field approach solution shown in Fig. 6 has a calculated effi-
ciency of 8.3 mT/m A (for 70 conductors).

From the uniformity map it can be seen that the design does not
perform to our demands. Nevertheless, it is noteworthy to mention
that a discretization process with 45 conductors derives in a solu-
tion that tightly fits our sample, although the electric parameters
of the coil are different.

A more valuable comparison to our case can be made by using
the target field method including power dissipation into consider-
ation, as originally described by Turner [1]. The method was imple-
mented as described in [8], finding the Lagrange multipliers and
using the inverse Fourier transform to obtain the current density.
The resulting half current density is shown in Fig. 7A and the cor-
responding field map is shown in Fig. 7B.

The solution is obtained for a field defined as linear on the sur-
face of a cylinder concentric with the coil, at r = R/4 and z = (0.1).n.
R0, where r is the radial coordinate, n 2 ½1;10� and R0 is the coil
radius. The method was implemented using the same coil and gra-
dient uniformity parameters as needed by our application. The
solution was also calculated by distributing the target field points
along the axis of the coil, with minor differences in the results. For
both cases the calculated efficiency of the resulting solution is
�13.7 mT/m A. From these results it turns clear that the inclusion



Fig. 8. Simulated coil using the target field approach with inductance minimiza-
tion. A: current density and discretization for a single-current assembly. B:
uniformity map. Observe the reduced length for the obtained coil (108 mm) and
the tendency to superpose the position of the conductors. Also observe the negative
currents that are intercalated in the solution when the position for a conductor
coincides with an extreme in the negative density (blue triangles).

Fig. 9. The multiple-current approach allows setting different current distributions
for the coil-elements. In this way, the same coil may produce different magnetic
field maps: in the figure, each current distribution corresponds to a different ROU.
Filled circles correspond to the case where the ROU fits the VOI (gradient efficiency
1�). Open circles correspond to a 2.2� gradient efficiency and triangles to a 3.3�
gradient efficiency. Compare with Table 1 and Fig. 10.

Table 1
Calculated ROU and efficiency for different current distributions in a multiple-
element coil. See Figs. 9 and 10.

Red Green Black

ROU (mm2) 38 � 40 38 � 12 11 � 9
Power (W) 206.6 202.7 210.7
Efficiency (mT/A m) 6.86 15.75 22.89
Relative efficiency 1 2.3 3.3

Fig. 10. Three different ROU produced with the same coil. The smaller the ROU, the
larger the coil efficiency: filled circles correspond to the case where the ROU fits the
VOI (1� efficiency); open circles stands for a 2.2� efficiency and triangles for a 3.3�
efficiency. These maps correspond to the current distributions shown in Fig. 9.
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of power optimization improves the coil performance (compare
Figs. 6B and 7B). We may also compare Fig. 7B (target field with
power optimization) with Fig. 2 (matrix inversion with power opti-
mization), and the result previously obtained in [22]. We can see
that these results are equivalent within a non-uniformity of
±2.5%, that is, they do not show a critic dependency on the
employed mathematical algorithm.

Finally, we compare with the minimum inductance target field
optimization [8]. Specifying the field as linear on the axis of the coil
the method gives a poor radial uniformity, as already observed by
other authors [30]. An exhaustive analysis of the involved param-
eters was carried out to ensure an optimal solution (within the
dimensions and restrictions of our case). The current density
shown in Fig. 8A arises from a field defined as linear at r = R/4
and z = (0.075).R0.n, with n 2 ½1;12�. The corresponding uniformity
map can be observed in Fig. 8B. Due to the minimum inductance
condition, the method tend to pack the conductors into a small
length (see Fig. 8A), resulting in an increase of the theoretical effi-
ciency (17.8 mT/m A). Such solutions holds a drawback, since the
tightly packed conductors in the largest lobe of the current density
are scarcely separated, thus being a limitation for the practical
implementation (conductors may be superposed but this may
introduce important errors if not properly positioned according
to the calculated discretization). The oscillatory character of the
optimized current density is also problematic at the discretization
stage, particularly for coils of reduced dimensions like we consider
in this work. Errors occur when the current density crosses zero,
where integrated currents which determine conductor’s positions
cancel themselves out. Moreover, no conductors will be placed
by the algorithm in lobes with area smaller than the integrated
current. This imposes a restriction to the number of conductors
into which the current density can be partitioned.

Now we confront the radial uniformity and the coil efficiency
with the multiple-current equivalent. The obtained results show
the excellent performance that can be obtained with this coil



Fig. 11. Magnetic field along the Z-axis measured and simulated for each anti-Helmhotlz pair element. Element 1 corresponds to the inner pair, while element 9 corresponds
to the external pair. The inset in the figures indicates the position along the Z-axis in mm of each pair.

Fig. 12. Magnetic field along the z-axis for the multiple-element coil. Red (squares)
and black (triangles) points correspond to the sum of the measured and simulated
individual contributions, while the blue points (circles) correspond to the measured
field with all elements simultaneously powered. Experimental errors are contained
within the symbol size. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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(see Fig. 3). An interesting advantage of the multiple-element
approach relays in the possibility to adjust the current of the
anti-Helmholtz pairs according to the required specifications. For
example, it is possible to gain efficiency by reducing the region
of uniformity (ROU), thus increasing the gradient magnitude at
the same power (see Fig. 9 and Table 1). The figure shows the
increase from 6.86 mT/A m (1�) to 15.75 mT/A m (2.3�) and even
22.89 mT/A m (3.3�) gradient efficiency at the same power con-
sumption, at the cost of a reduced ROU.

These results suggest that the same coil can be configured to be
more efficient for a similar power, at the cost of a reduction in the
ROU. The field maps corresponding to the current distributions
shown in Fig. 9 can be observed in Fig. 10. Here we can see the
noticeable sensitivity of the coil for different current distributions,
even when the net dissipated power is nearly the same for all the
cases.

Fig. 11 show the simulated and measured magnetic field along
the Z-axis of the multiple-element coil for each anti-Helmholtz
pair, each powered with the corresponding current (see Fig. 9 for
1�). The sum of these contributions builds-up the final gradient,
as can be observed in Fig. 12. These figures suggest the great flex-
ibility of the design for a uniform gradient after a proper current
setting of the individual elements.

The switching behavior of the coil was analyzed using the
mathematical model described in reference [26]. Self and mutual
inductances were measured in the prototype, see Table 2 (self
inductances are measured with all the remaining elements open,
while the net inductance is measured with all the remaining ele-
ments in shortcut). It was found that only the three closest neigh-
bors contribute to the mutual inductance, for each element. The
simulated response of the system is based on the measured cross
coupling inductive matrix. Fig. 13 shows the response of the sys-



Table 2
Lo: 7-turns element’s self-inductance. L: element’s inductance in presence of coupling with all other elements. R: resistance of each element. Note that the inductive couplings are
weak since the net inductance after mutual couplings do not differ too much from the self-inductance values. This will be reflected in favorable time-dependent effects.

Element Lo ± 2 (lH) L ± 2 (lH) R ± 2 (mX) I ± 0.01 (A)

1 115 126 217 3.68
2 123 140 235 2.12
3 126 145 235 �0.69
4 121 142 231 0.90
5 113 132 226 0.46
6 115 129 223 0.36
7 125 137 225 0.26
8 135 142 223 0.15
9 183 188 226 0.05

Fig. 13. Turn-on behavior of the coil when the largest ROU set-up is used. Note that
the setting-times of all the coils are nearly coincident. From top to bottom the
coil-element number is 1–2–4–5–6–7–8–9–3.
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tem for the simultaneous switching of the elements using idealized
independent power supplies. The highest voltage needed in this
example is less than 1 V. After the transient time (about 3 ms for
the largest ROU in the simulated conditions) and once the currents
values are stable, the generated gradient corresponds to the pas-
sive solution (200 mT/m @ �5 W). The switching time can be opti-
mized by a proper powering network and an adequate control
strategy, thus enabling preenphasis or other particular switching
conditions. Since the sampling of a single current for the control
loop is not possible in this case, a direct sensing of the generated
field must be considered. Details of this sort are however outside
the present scope. Fig. 13 shows that, against the mutual induc-
tance coupling between the elements, it is possible to switch a gra-
dient coil based on the multiple-current approach.
6. Conclusions

A computational cost-effective, simple and intuitive optimiza-
tion method for designing longitudinal gradient coils was dis-
cussed. The method was successfully used for the design of fast
field-cycling magnets in the past. Simulated results were experi-
mentally validated in real prototypes. The matrix inversion formal-
ism with power optimization here presented is compared with
different versions of the target field approach. When power mini-
mization is considered, both methods perform equivalently. A con-
trast however exists in the difficulty of implementation. The
proposed approach shows the advantage of a straightforward
way, easy to learn and write down. The results of this comparison
suggest that the key-feature of the optimization process does not
rely on the mathematical machinery itself, but on the selected
physical parameter used in the process. It is worth to mention that
although the target field approach with power optimization was
mentioned long ago in reference [1], this is the first time a unifor-
mity map obtained with this methodology is shown and, simulta-
neously compared to its matrix inversion equivalent and the target
field minimum inductance method.

We presented an original multiple-element configuration based
on 9 anti-Helmholtz pairs showing an excellent radial uniformity.
Such coil seizes 80%of the radial length it occupieswith a nonunifor-
mity of less than ±2.5%, and over a length that represents 44% of its
total axial extension. Multiple-element solutions are very much
attractive in FFC technology since they can be used to fulfill different
tasks during the evolution of an experiment: it can be used to gener-
ate intense gradients, and actively correct for the magnetic field in-
homogeneities of the FFC B0 magnet during signal acquisition [31].

Pulsed gradients based on the multiple-current approach
demands for particular powering and control solutions that are
outside the scope of the present. However, we may anticipate that
a multiple channel power supply with a feedback based on the
direct sampling of the field, plus iterative learning control and sta-
tistical signal characterization (or feedforward strategies) may be
of potential success.

Both solutions here presented fits very well with the require-
ments for a compact gradient unit to be located inside our FFC
magnet. Field-cycled images using the coils here described will
be shown soon elsewhere.
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