Journal of Magnetic Resonandd0, 325-339 (1999)

3 ®
Article ID jmre.1999.1832, available online at http://www.idealibrary.conl ILE %l

Fast Optimization of a Biplanar Gradient Coil Set

D. Tomasi,* E. C. Caparelli,* H. Panepucci,t and B. Foerstert

*Escuela de Ciencia y Tecnologia, Universidad Nacional de General San Martin, Alem 3901, 1651 San Andres, Buenos Aires, Argentina; and
tDepartamento de Bica e Informi&ca, Instituto de Fsica de Sa Carlos, Universidade de“8aPaulo,
Av. Dr. Carlos Botelho 1465, CEP 13560-25003aarlos, SP, Brazil

Received October 14, 1998; revised May 5, 1999

This work presents an approach for fast optimization of gradi-
ent coils, using the simulated annealing method. The shielding
condition derived from a target field method and the analytical
evaluation of the fields produced by simple geometries were used
to reduce the computing time. This method is applied to the
optimization of a shielded biplanar gradient coil set. Efficiency,
inductance, and homogeneity of the gradient fields produced by
the optimized geometries were studied as a function of the number
of wires, for the longitudinal and transverse gradient coils. A
prototype of the gradient set was made to test the proposed design
method. The resulting experimental values of coil efficiency, in-
ductance, field linearity, and shielding performance exhibit good

agreement between theory and experiment. © 1999 Academic Press

INTRODUCTION

Recently another method, called simulated annealing (SA
has been successfully employed for developing longitudin:
and transverse gradient coils with cylindrical3¢16§ and
planar ((7) geometries of restricted length. This method, in-
troduced by Metropoliset al. (18), was applied to a great
diversity of problems where the arrangement of elements in
large scale can be done by simulating the way in which a met
slowly cools to a minimum energy state. Unlike the TF
method, discretization and restricted length are naturally take
into account in the SA method. The SA computing time de
pends strongly on the number of degrees of freedom of tf
annealing problem; typically several hours are required t
achieve convergencdy).

In this work we show that the shielding condition derived
from TF methods and the analytical evaluation of the field

A great deal of effort has been made during the past yearsjfbduced by simple geometries, like circles and lines, can t
magnetic resonance imaging (MRI) to develop coils producinged to develop rapidly converging SA routines.

uniform magnetic gradient fields with high efficiency and low
inductance 1, 2).
Coils producing uniform gradient fields for axial magnets

were obtained using the target field (TF) approach and mini-\, the simulated annealing method for gradient coil desigr

mum inductance methods pr(_)posed by T_urr_ler and coIIea_g_“gé coil geometry is adjusted step by step through a set
(3-96). In these works the desired magnetic fields are specifiggh jom parameters. For this, a dimensionless error fundgion,

METHOD AND NUMERICAL RESULTS

on cylindrical surfaces, and the current density is found in thg,; may contain contributions from uniformity, efficiency,
reciprocal space linked to the coordinate space through ’i'ﬂﬂuctance, etc., is considered,

Fourier transform. The TF method also provides a shielding

condition, which is frequently used to develop self-shielded

gradient coils. Because this method usually results in coils with N B

a large length-to-diameter ratio (LDR 4), constraints repre- E=2 a((G)~G)*+ G Tkt [1]

senting regions where the current density is set to zero are used :

to allow truncation of coils, resulting in a loss of gradient

uniformity (7). wherea, B, and y are weighting factors for uniformity, effi-
The TF method for planar geometries, first introduced lyiency, and inductance, respectivalis the number of points

Yoda @), was applied to design gradient coils with minimunin the evaluation region (ER) where the gradient field is cal

inductance for axial magnet$(, 11, but due to limitations on culated,L is the coil inductance, an(s) is the average value

coll size the uniformity region is restricted. of the gradient in the ER, frequently evaluated from direc
In a recent work we presented an extension of Yodaistegration of the Biot—Savart lawi). To perform the mini-

approach, to design a set of shielded biplanar gradient coils nization process the resulting error function at any skepis

be used in electromagnet MRI systemi®)( In that work we compared with that corresponding to the best previous confi

used simple geometries for the current densities optimized ugtion, E,, by using the Boltzmann probabilitP; ~

to fifth-order terms in the magnetic field expansion. exp(—AE/KkT,). Here, k is the Boltzmann constant; the
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temperature of the system in thermal equilibrium, aiel = Standard SA procedure
E, — E,. Arrangements witlAE < O are always accepted
while arrangements withE > 0 are accepted with probability Random choice of the n + m wire parameters
P., which depends off; at stepi (13-16. A y
After M rearrangements at fixed temperature the allowed Biot-Savart calculation of
excursions of free parameters are reduced and the annealing G in the inner region
schedule is repeated times until the local minimum of the y
error function is reached. Biot-Savart calculation of
To optimize shielded gradient coils, the standard SA proce- B in the outer region
dure usesn free parameters to model the primary coil and Y
anothemn free parameters for the shielding cdif3j, which are

randomly varied. At each annealing step the gradient homoge-
neity and colil efficiency are calculated inside the primary coil,
and the shielding performance is evaluated outside the shield-
ing coil in order to optimize the wire arrangement using the
annealing procedure described above. In this work we are

proposing a fast simulated annealing method where the shield- Fast SA procedure

ing current distribution is analytically derived and simple ge- Random choice of the n wire parameters
ometries for wires are employed, allowing the use of analytic ¢ ¥
expressions to calculate the gradient field inside the primary Analytic derivation of the shielding
coil. This procedure, schematically compared with the standard distribution and coil discretization
procedure in Fig. 1, does not increase the necessary number of Y
degrees of freedom in the annealing problem and quickly Analytic evaluation of
converges to the local minimum & resulting in a significant G in the inner region
reduction of the computing time.

As we have shown beforel?), a set of shielded biplanar
gradient coils can be achieved considering a set of four planes

perpendicular to the axis where the shielding planes and the
primary planes are placed at= +d andz = +a (d > a), FIG. 1. Fast simulated annealing scheme compared with the standard one
respectively. In the next two sections we detail the simulated
annealing scheme used to optimize the longitudinal and the *  sinhag)
transverse gradient coils. It must be noticed that just as in the j%r)y=—-IR f E———— =
standard SA method we did not include the minimization of sinh(dg)
coil inductance in the annealing algorithm in order to reduce

the computing time. wherer is the axial distance];(x) is the Bessel function of
order 1, andR is the radius of the wire carrying a current
Longitudinal This relation between currents flowing in the primary and th
) ) _ o shielding planes can be used to obtain, by superposition, t
‘The axial gradient coil has been modeled usmgircular  cyrrent density to shield a coil consisting of a set of circula
wires with radiusR;, i = 1, ..., n, placed in each primary yres of radius R}. To approximate the continuous current

plane. The wire distribution in the two primary planes must b@ensity by a discrete wire arrangement, we choose a set
identical to maximize the field uniformity, but the currents iRsjrcylar wires of radius R,} calculated from

each plane have to be opposite to produce an axial gradient.
Several authors 13-16 have obtained SA-optimized Re
shielded coils addingn extra degrees of freedom into the (k — 0.5)Is=j jor)dr, [3]
annealing algorithm, to null the magnetic field outside the 0
shielding coil. This increases the computing time for each
annealing step and also the number of steps needed to reachwtherel  is the current carried by the shielding wires.
local minimum ofE. Another strategy followed to reduce the CPU time was t
To reduce the CPU time, necessary to encounter this lot@bk for regions where the gradient fields could be analyticall
minimum, we reduced the problem’s degree of freedomito evaluated. Unfortunately this methodology cannot always &
the following way: To obtain the shielding coil we used thesed, but for the proposed geometry the gradient field can |
shielding densityj‘(r), derived from the planar TF method,expressed analytically along taexis. Thez component of the
which forn = 1 is related to the primary current b$2) gradient field due to th& wire is

Ji(R§)I(re)dé,  [2]

0
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e ER = (0, 0,2) with 0 = z = 0.75a: the gradient fields
were evaluated at 10 axial positions= i 0.075, to compute
Eq. [1].

As shown in Fig. 2, the optimization procedure produces
significant reduction of the error function, which for the final
configurations essentially does not depend on the initial s
{R}. Furthermore, due to the probabilistic nature of the tes
used to accept or reject a given configuration, the algorithm c
deal with relative minima without getting trapped.

Figure 3 shows the optimized set A corresponding to th
primary coil of the axial gradient. This figure also shows the
current density necessary to shield this final wire distribution &
a function of the normalized radiuga. To obtain a discrete
distribution of this density we used 58 circular wires carrying
a currentl = 1/4.

The improvement obtained in gradient homogeneity with th

FIG. 2. Error function evolution of the simulated annealing procedure fog gy e procedure is shown in Fig. 4. whem 8 2a contour

the longitudinal gradient coil. Two different evolution curves are show
corresponding to two initial conditions for the wire distribution (see the textm

3ol Ri(z — z)
2 [(z— 2%+ RI¥™

GK(z) = (4]

wherez, is the z coordinate of thek wire.

aps of thes, fields are given in ther( z) plane. In this figure

e 5% contours correspond to black—white transition edges.
linear gray scale was introduced to increase resolution. Lar
continuous areas of the same gray level, in the center of Fig
4C and 4D, indicate good gradient linearity. The gray-scal
maps of Fig. 4 demonstrate the success of the optimizatic
process in increasing the region of uniform gradient. Thi:
allows for a sufficiently large field of view (FOV) along tlze
axis without increasing the magnet gap.

We wroke a C code that computes Egs. [1] to [4] to perform Makinga = 25 cm, the resulting coil has a diameter of 100

the annealing of a set of wires on each primary plane.

cm with a gap of 50 cm, usable for patient access despite sor

The curves in Fig. 2 represent the evolution of the calculategace taken by the RF coil. The coil would produce a gradiel
error function, for accepted wire arrangements. Two differefield of 6.6 mG/cm/A with a residual magnetic field at=

initial radius sets R} have been used showing that final=37 cm which is only 5% of the one which would be producec
configurations do not depend on the initial conditions. Thay the same coil without shielding. This means that the shielc
solid curve corresponds to the initial set A, where all turns haiueg is 95% effective. The coil inductance was numerically
the same radius, given by the Maxwell condition, which igvaluated using (see the Appendix)

{R, = 1.154a} for i = 1,...,n, and the dotted curve
corresponds to the initial set B where théurns were distrib-
uted in two different groups having radiufk{ = a} for i
1,...,n/2 and {R, = 1.5a} for i nf2 +1,...,n.
both cases we set

— Shielding density =12a

In

Primary coil
15

e n = 18: number of wires in each primary plane;

e d/a = 1.2:ratio between the coordinates of the shield-
ing and primary planes;

ea =1 B =0, y = 0: for optimization of gradient
homogeneity only;

e M = 10: number of rearrangements at fixed temperature™

e S = 50: number of temperature steps in the cooling
scheme; the temperature at thestep is given byT,., =
To(1 — i/S), whereT, is the initial temperature of annealing;

¢ AR = 0.1T,/T,: the amplitude for random excursions of
{R} is a linear function of temperature;

e KT = 50: the initial temperatur&, was chosen to accept g, 3. Primary coil and shielding density for the optimized longitudinal
larger excursions of radiusR}; gradient coil.
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FIG. 4. 2a X 2a G,(r, z) maps produced by the longitudinal gradient coils as described in the text. (A) and (B) correspond to the initial configura
A and B. (C) and (D) correspond to the optimized configurations. A linear gray scale was used between the 5% contours, defined by the black—ahgte tra

" wires in the primary and shielding planes and resulted i
L=4mp, | |2 RALRE|? L = 280 uH.

o -1 To study the effects of the number of turns on the coi

performance we evaluated the gradient field per unit curggnt,
( _ sinh(ag) e(da)f') sinhag)e *d,  [5] at the magnet isocenter, and the coil inductance, using Egs. |

sinh(d§) ' and [5], respectively, as a function of the number of wines
Additionally, for each optimized configuration we have calcu:
lated the gradient field homogeneity in the ER using thi

which includes self- and mutual inductances between theantity
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FIG. 5. Main characteristics of the optimized longitudinal gradient coils as a functianfof two different ER.

LN G 5 wheren™ and L™ are the efficiency and the inductance rela:
o= 4= ( _ Z(Z')) , 6] tives to then = 1 coil, respectively.

\ N (G Figure 5D shows the effect of the number of turns on the co
performance as a bar plot §fvs n. The initial increase in this

where the gradient homogeneity is defined by . To study figure of merit is due to the fast improvement of the homoge

the effects of the ER in the annealing process, we performB@ity With n while the decrease at large results from the
two kind of fast SA optimizations, evaluating Eq. [1] in twolncrease of.. A maximum is observed, which indicates that ar

different ER intervals, (0= z = 0.75a) and (0= z = Optimumn exists for a given FOV.
0.50a), and keeping the other annealing parameters as aboye

i=1

The results of this calculation are shown in Figs. 5A-5C. A ransverse
we can see from Figs. 5A and 5B,increases linearly witim, To model theG, gradient coil we usedr2straight wires of
andL shows a parabolic growth. lengthdat+y, i =1, ...,n, oneach primary plane. In this

The gradient homogeneity-1 o, shown in Fig. 5C, presents configuration, the current must flow along in the same
a sharp increase at lom In this region it depends on the ERdirection in both planes to produce the desired gradient fielc
reaching 100% homogeneityat= 8 for 0 = z = 0.50a, and As in the axial case, we calculated the current denglfy),

n = 16 for 0 = z = 0.75a which corresponds to a largerin the shielding coil using the analytical relation between th
FOV. primary and the shielding densities?j, which, forn = 1, can

The overall performance of the coil can be described by tie written as

figure of merit, defined as the dimensionless quantity

rel O I cosha¢)
- %, 7] jx(y) = - 0 cod y;é)cog y¢) mdf- (8]
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15 ; . » wire configuration for the (Oy, z), (X, 0, ), and (x, y, 0)
d=12a planes, respectively. The efficiency and inductance of thi

1 shielded coil fora = 25 cm andd = 1.2a are 1.8 mG/cm/A
and 315puH, respectively, where the last was numerically
7 evaluated using (see the Appendix)

aj’e) TA]

32a = 0
L= ”°f 1> codyé)|2

- — Shielding density p

( _ costag) _<d_a)§>cosffaé’>
cosdé) © §

+  Primary coil

e ®dg. [10]

/
. . |
0 1 2 As for the longitudinal coil set the effect of the number of
turns n on the performance of the SA-optimized coil was
studied using two different error functions. First we aet 1
FIG. 6. Primary coil and shielding density for the optimized transversand 8 = 0, that is, optimizing only homogeneity. Next we set
gradient coil. For this calculation we used= 1, 3 = 0,M = 300,S=50, « = B = 0.5 to equally emphasize the field homogeneity an
Ties = To(1 = i/9), Ay = 0.1 Ti/To, andkT, = 20. coil efficiency. In both cases the valuerfvas varied between
1 and 30 and the results are given in Fig. 8. These results sh

S ) » that the coil efficiency is not an adequate parameter for opt
To make the current distribution discrete, the positions of thi;ing the current distribution since it is not very sensitive tc

wires in the shielding coil were calculated as in the longitudingle details of this distribution. On the other hand the homoge
gradient case. As shown id2) the shielding coil can be usedpeiry, quickly increases with the number of wires, reaching
as a return path for the primary coil current; therefore no EXtEﬁ‘ateau forn = 16. Since the inductance rises quadraticall

wires need to be included in the calculation. with n an optimum value for the previously defined figure of
Because of the symmetry of the problem, heomponent it exists as evidenced by the maximum in Fig. 8D.
of the gradient field produced by tlkewire has an analytical

expression on th& = 0 plane, given by

v/a

EXPERIMENTAL

Mol@ - This section describes a gradient set prototype, design

Gk ,Z) = : _ _ 2A|< L Z 1 g p ype, g
Wy, 2 mBX(y, 2) \f’Ak( Y, 2) [=(y=y)*A% Y. 2) with the proposed method, and the experimental techniqu
—2(y - y)2BXy, 2) 1+ 1], [9] ;lc)srel;]jatr]océest the gradient field linearity and the shielding pe

whereA (y, 2) = (z — z)* + (y — y)? + 4a’, BXy, 2) =
(z—2z)*+ (y — yo? and (y, z,) are the coordinates of the
k wire. Two 5-mm-thick acrylic disks of 28 cm diameter were usec
As for the longitudinal gradient case we developed a simte support the longitudinals,, and the transvers&, andG,,
lated annealing C code including Egs. [1], [4], [8], and [9] tgradient coils. The main coils were attached to the disks c
optimize the transverse gradient coil. their inner sides and the shielding coils on the outer sides. TI
As before the error function evolves to a minimum and thaisks were fixed by an acrylic support in such a way that the
final optimized configurations do not depend on the initial wirsterior edges are spaced 7 cm apart from each other as sho
arrangement. Figure 6 shows the optimized positions of the 4éhematically in Fig. 9.
wires in they > 0 half primary coil and the shielding coil Each plane of the longitudinal gradient coil consist of 1¢
current density. In the initial arrangement 18 wires were placedcular wires made of a 0.3-mm-diameter copper rod. Th
atly| = 0.4a andd = 1.2a. The annealing algorithm has beenadii of the 18 loops are listed in Table 1, and their layout ca
applied, evaluating the gradient field at 100 positions formirtge seen in Fig. 10.
a rectangular grid in the plane (9, z), for |y| = 0.75a and This main coil was connected in series with its shielding
|zl = 0.75a. coil, so that currents flow in the opposite sense. The shieldir
Figure 7 shows contours maps of t¢ field produced by coil consists of 58 wires made of the same copper rod as tl
this coil plotted over a @ X 2a region. Figure 7A shows the primary coil. The radii of these 58 loops, used to make th
field for the initial wire configuration plotted in the (§, z) shielding current density discrete, are listed in Table 1 an
plane, and Figs. 7B, 7C, and 7D correspond to the optimizegre arranged in four parallel layers. In this way, each co

The Prototype
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FIG. 7. 2a X 2a maps of the gradient fields due to the transverse gradient coil described in the text. (A) and (B) correspoml toaps of the initial
and optimized configurations, respectively. (C) and (D) atezj and (X, y) maps, respectively, of the field corresponding to the optimized configuration.

forming the shield carries a curretig, improving the match- with 20 cm length, 0.1 mm thickness, and variable width ir
ing between the continuous and discrete current densities. each shielding plane.

As an example, Fig. 10 shows the coil layout for one of these For the return path of each single wire in the primary plane
subcoils. The longitudinal shielding coil was placed directly owe used a single copper sheet in the shielding planes, fixed
the outer side of acrylic disks, resulting &b = 1.14. the outer side of the acrylic disksat= =4.16 and+4.32 cm

For the self-shielde®, and G, gradient coils we used 36 for the G, and theG, coils, respectively. These coils are
parallel straight copper rods with 20 cm length and 0.5 msimilar to rectangular sandwiches formed by twoX2®0-cm
diameter in each primary plane, and 36 parallel copper sheggstangular solenoids ob(— a) thickness.
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FIG. 8. Main characteristics of the transverse gradient coils as a functionfef « = 1; 3 = 0, anda = B = 0.5.

The positions of the copper wires forming the primary plane The direction of currents on the primary and the shieldin
and the cuts realized on a copper board to build the shieldipi;anes for these self-shielded gradient coils is schematical
plane are listed in Tables 2 and 3 for tlg and G, coils,
respectively. The layout of the primary and shieldiagcoil is

illustrated in Fig. 11.

G,-Shield plane
o~ Uymeap

| R

N\

G,-shielded gradient coil

//

G,-Shield plane

28 cm

shown in Fig. 9.

For interconnections between the primary and shieldin
planes we have used & (- a)-length copper rod along, to
avoid thez component of the magnetic field resulting from
them.

The measured electric resistance and inductance of the cc
are listed in Table 4. The small inductance values, which ai
proportional to the energy stored in the magnetic field, are du
to the small coil gap (2 = 7 cm), and are in good agreement
with the calculations using [5] and [10] (see Table 4).

Field Linearity

To test the gradient field linearity we used the phase refe
ence method. Recently this method was used to measuee th
component of the magnetic fields due to weakly magnetize
objects 20) and current distributions2(-23.

The amplitude images resulting from the phase referen

FIG. 9. Schematic drawing of the acrylic support and the direction df€thod show the contours of constant magnetic field intensit
currents in both the primary and the shieldiBg coil.

avoid the effects of theB, field inhomogeneities, and are
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TABLE 1 TABLE 2
Radii of Circular Wires for the Longitudinal Shielded x = 0 Positions for Straight Wires and Copper Board Cuts
Gradient Coil (a = 3.5 cm and b/a = 1.143) of the Transverse G, Shielded Gradient Coil (a = 3.5 cm and
b/a = 1.186)
Coil r [cm]
Coll x [em]
Main 1.35 2.00 3.75 4.00 4.15 4.40
4.45 4.55 4.95 5.10 5.15 530  Main 0.00 0.20 0.65 0.80 0.90 1.05
5.65 5.75 6.00 6.10 6.30 1.60 1.70 (2) 2.10 2.70 2.85 3.10(2)
Shield  0.85 1.35 1.60 1.85 2.10 2.35 3.15 3.35 3.40 3.45
2.60 2.85 3.10 3.35 3.65(2)  3.90(3) Shield 0.09 0.35 0.61 0.87 1.13 1.39
415(3) 4.40(4) 465(4) 490(5) 5.15(4) 5.40(4) 1.65 1.92 2.20 2.48 2.75 3.00
565(4) 590(4) 6.15(4) 6.40(3) 6.65(3) 6.90 3.25 3.52 3.89 4.38 4.94 5.62

Note.Numbers in parentheses indicate the number of loops having the sam@lote. The 18 X = 0 positions are symmetric. Numbers in parentheses
radius. indicate the number of straight wires having the same position.

calculated from the difference of two gradient recalled ecf}o The rig.ht parts of Eigs. 120 an_d 12d,.showing the magr)eti
leld outside the gradient coils, will be discussed under Shielc
(GRE) data sets. . ;
To map the magnetic field of th®, gradient coil we placed ing Eerb?mllam;' hi i0sin the | ¢ Fi
a cylindrical phantom with 10 cm diameter and 5 cm length, The black and white strips in the images of Fig. 12 represe

filled with a 2 mMMCuSQ aqueous solution, inside the gradien‘fo,ntour p"?ts of the magnetic field pro_duceq by. the gradier
set, which was positioned in the isocenter of our full-bod oils. The images prove that the gradient field is reasonab
Hitachi 0.05-T magnet inear in a large region inside the coils.

We acquired a transverse image with 10 mm slice thicknessThe intensity information of the contour maps can be used

and 0.78 mm in-plane resolution. Other experimental paranpéj_antify the spatial variation of the magnetic field intensity.
ters were TE= 20 ms. TR= 500 ms. EOV= 20 X 20 cm Because of the extra magnetic fieltl3, due to the current

256 X 128 acquisition matrix, and 3.45 mT/m slice selectioH‘ the gradient coil, the spins at positiorwill accumulate an
and 0.75 mT/m readout gradients additional phasey = yAB TE, which modulates the pixel

Following the acquisition of this reference data set, we Se{'rgens_ity of .the phase _refgrence imaged)( Since the mini-
DC current of 153 mA in thes, gradient coil, using a 1.5-y MUM intensity regions in Fig. 12 correspond to the extra phas

dry cell, and a new amplitude image was acquired with tHé = 2N7 the difference in field among them is

same protocol as before.
Finally the difference of the two complex data sets was used AB = 2m —11.74 MG [11]
to obtain the amplitude image shown in Fig. 12a. A similar YTE ' '
procedure was used to map taeomponent of the magnetic
field due to theG, gradient coil. The resulting phase referencand the local field gradient can be obtained from the spati:
image is shown in Fig. 12b. The left part of Fig. 12¢ is distance between the minima.
coronal image of the magnetic field produced by @gecoil The linearity of the gradients is shown in Fig. 13, where th
with the same DC current as in Fig. 12a. Finally, the left partcomponents of the magnetic fields due to g G,, andG,
of Fig. 12d shows a sagittal image of the magnetic field
produced by thes, coil with a DC current of 81 mA. TABLE 3

y = 0 Positions for Straight Wires and Copper Board Cuts
of the Transverse G, Shielded Gradient Coil (a = 3.5 cm and

Main Coil Shielding Coill b/a = 1.228)
Coll y [em]

Main 0.00 0.25 0.70 0.75 1.10 (2) 1.45
1.80 1.85 2.40 2.95 (2) 3.05 3.15
3.20 (2) 3.30 4.80

Shield 0.06 0.31 0.56 0.81 1.05 1.30
1.56 1.81 2.06 2.33 2.60 2.84
3.07 3.29 3.53 3.88 4.43 5.35

Note. The 18y = 0 positions are symmetric. Numbers in parenthese:
FIG. 10. Schematic drawing of the layout for ti@, coil. indicate the number of straight wires having the same position.
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o
N’

b

FIG. 11. Schematic drawing of the coil layout for tit&, coil. (a) The layout in the primary plane. (b) The same for the shielding coil.

coils, obtained from Fig. 12 and Eq. [11], are plotted as the good linearity of the gradient fields. The efficiency of the
function of the distance to the isocenter, alongxhg, andz coils, measured from these magnetic fields, resulted in .04
axis, respectively. The constant slope of all three curves pra@®1, 1.10= 0.01, and 1.99 0.01 mT/m/A for theG,, G,,
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TABLE 4 amount of iron mass placed at the exterior of the gradient s
Resistance and Inductance of the Gradient Coils and close to the shielding coils does not alter the inductance
the coils gives evidence that the shielding is effective in min

i exp the
cot RO L LeH] L™ [uH] imizing the interaction between the pole tips and the gradiel
G, 44+0.1 68= 1 63 coils.
G, 44+0.1 56+ 1 52 For the acquisition of a NMR signal, we used a solenoid RI
G, 30x01 28+ 1 36 coil and a cylindrical phantom with 3 cm diameter and 3 cn

length, filled with 2 MM CuSO4 aqueous solution, which were
placed 5 mm from the magnet isocenter alang

andG, coils, respectively. These values are in good agreemen%Ne a(_:quired a set 9f fr_ee i_nduction de_cay (FID)_ signalf
with the corresponding theoretical values 0.86, 0.96, and 2 4@der different dynamic situations. For this we switched :
mT/m/A, and the measured limits of the 95% homogeneigfad'em pulse with a variable delay before the excitation ar

regions related to these gradient fields resulted very close to ggduisition interval. The transients of the gradient pulse induc
expected limits. eddy currents whose effects can be observed in the FID. F

the gradient pulse we used a trapezoidal form with 20 m
duration and 10Qus rise time, followed by a delay, which
Shielding Performance was varied in 128 steps from 10 to 12.8 ms. Subsequently,
we used a nonselective RF excitation pulse and acquired t
To test the shielding performance, we acquired a set pfp with 256 samples during 16 ms.
sagittal images using the phase reference method, placing thg, order to observe the eddy current effects we disabled tt
phantom described above in the outer region of the gradiergﬁieming coils. As shown in Fig. 14a, with i@, shielding
as close as possible to the shielding planes. Magnetic figiJdapled and for short delay values= 500 us, the gradient
maps corresponding to th8, and G, coils were obtained as ransjent produces a time-dependent magnetic field gradie
before. The maps corresponding to the inner and outer regiofich produces a modulation of the FID. No modulation of the
for each gradient, were used to compose Figs. 12¢ and 1g¢h que to eddy current effects is observed for sufficiently lon
which keep the spacing between the regions, to show gjay valuesy = 12.5 ms, as shown in Fig. 14b. Finally, Fig.
shielding performance along bothandz. 14c shows that with shielding enabled, even for short delay
From Fig. 12c we can see that tzecomponent of the . — 500 45, no modulation is observed. This proves the

magnetic field due to the transverse gradient coil is mosiyticiency of the gradient shield in minimizing eddy currents
suppressed in the outer region, where it rises to a maximuymy ,ced in the pole tips.

value of 3.84uT/A atz = 5 cm, representing & suppression of 1. ne_dimensional fast Fourier transforms of the FIDs i

88% of thez component of the magnetic field at that pOSitionFigs. 1l4ato 14c, plotted in Fig. 14d, show the overall behavic

As shown in Fig. 12d, the longitudinal gradient coil presents;g e frequency domain. When the shielding is off, the fre

similar shielding behavior. For this the maximum value of th&uency distribution corresponding to the= 500 us trans-

mrz]i_grrw]etic field observed is SZW/'?‘Q"’SO/F’O?“F?QZ =5 cm,f formed data exhibits several peaks as a result of the spread
n’} 'c repret_ser:;[slg s;pp_rlessmn cl)t ©0 Z]E n;p?neltwt o Larmor frequency induced by a time-dependent magnetic fie
e magnetic field. Similar results were found for ttg gradient due to the eddy currents. For the 12.5 ms trans-

gradient (.:0"'. . . formed data a single peak is observed, showing less ed
The shielding performance has been examined in a secondpem effects at that delay time. As is also shown in thi

type of _experiment observing _the effect of eddy currents on tﬁuure, when the shielding is turned on, the Larmor frequenc

NMR signal. For these experiments, the gradient set has beén : : o :
- Juin . PN srpread is mostly avoided because of the magnetic field nullir

placed in a 0.2-T iron magnet with 18-cm-diameter polat the pole tips DoSItions

pieces and a 10-cm gap. This magnet exhibits poor magnea}lc P PSP '

field homogeneity due to its small diameter-to-gap ratio. How-

ever, the lack of homogeneity did not significantly compromisgnaging Test

the examination of eddy current effects. For the interpretation

of the eddy current effects it must be noted that the shieldingTo show the quality of the gradient fields in producing NMR

coils of the gradient set were placed directly against the polarages we placed the biplanar gradient set at the isocenter

pieces of the iron magnet. The direct neighborhood of tliee 0.05-T Hitachi magnet, coaxially witB,.

shielding coils and the large iron mass of the polar piecesWe set the NMR probe, tuned at 2.35 MHz, and the cylin

results in a very high sensitivity to eddy current effects.  drical phantom, described above, at the gradient isocenter a

It must be noticed that the measured inductance of thequired a set of SE 258 128 images by using a 10 cm 10
gradient colil is identical, independently of whether the coils aten FOV, TR = 500 ms, and TE= 20 ms, without selection

placed inside or outside the iron magnet. The fact that a largeadient.
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FIG. 12. Phase reference images showing the contours of the cortdield. The (a) and (b) transverse images correspond t@&thand theG, coils,
and the coronal images (c) and (d) correspond toGhend G, coils, respectively.

The coronal and sagittal planar projection images acquired SUMMARY
are shown in Fig. 15. As we can see, the phantom edges did not
suffer distortions from gradient nonlinearity even at a large The SA method can greatly improve the design of high
FOV in thez direction of about half the gap size. performance gradient coils. When the standard SA algorithi
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T y T " T i S T 1 (15 is applied to the optimization of self-shielded coils, the
G -gradient coil % R @ncrease in the_necessary number qf degrees of freedom res
G -gradient coil = o in long computing times. As shown in this paper, the propose
4 1 modified SA procedure, which uses the analytical relationshi
between primary and shielding currents, allows a great redu
2 O | tion in the number of degrees of freedom.
A The computing time can be further reduced by restricting th
i wire geometries to those that allow analytical calculation of th
ok 1 magnetic field over selected regions that can then be used
o x evaluate the error function used in the annealing procedure
7 x The examples presented in this paper show that this descr
= S 1 tion does not impoverish the quality of the result.
The present approach resulted in approximately 30 min «
e 7, o ' ' . . . . ] computing time even using a double—precis_ion nonoptimized
code running on a standard 166-MHz Pentium PC under DO
-40 20 0 20 40 o ; . .

Additionally we have derived generic expressions for the
Distance [mm] inductance of shielded biplanar gradient coils, which wer
FIG. 13. Magnetic field as a function of the distance from the gradien?'pp“e(_j to calculate the CQ” mdu_Ctance ar_]d used to show th

isocenter along the, y, andz axis for theG,, G,, andG, coils, respectively. @n Optimum number of wires exists for this geometry.
Finally, we did a prototype of the shielded biplanar gradien
set to test the proposed design method. The inductance, e

N
=)
T

> < o

G -gradient coil = S
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FIG. 14. FID signals relating magnetization evolution, after a trapezo@agradient pulse, with the eddy current induced on the polar tips of a 0.2-
10-cm-gap iron magnet. Slew rate 140 T/m/s.
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FIG. 15. MR planar projections of a 3-cm-diameter cylindrical phantom, for which the biplanar gradient coil was used for the phase and frequency en
B, = 0.05T.

ciency, linearity, and shielding performance of gradient coils + 2fe (@ a) \[kZ+k? (2 (K, k)oK, k)
are in good agreement with theoretical expectations. ] ooaTme Ty
+ 5 (ko k) (ks k)

APPENDIX + e AR (k,, k)] (kS + kD)
In this Appendix we derive the analytical expression of the ) N 2+ k2
inductance for the longitudinal and transverse gradient coils. + 5 (K Ky j (ks k)1 =z dkd,,  [14]
The inductance of a system of two coils connected in series Y
can be written as wherek = (k,, ky, k;) is a vector in the reciprocal space.
Considering now the symmetrig(k, y, z) = j(X, y, —2)) and
L=Ly+ Lyy+ Ly + Ly, [12] antisymmetric (X, ¥, 2) = —j(X, Y, —2)) current distribu-
tions and the shielding condition for each ca%a) (
where the induction coefficients,;, are defined by19) fa(Ky, K,)
- d _ _ia a X1
1 Jx(kxv ky) - Jx(er ky) fd(kX! ky) ’ [15]
Lj = e J Ji-Adv, [13] with f,(k,, k,) = sinh(@Vk;+k;) for the antisymmetric case
v andf,(k,, k,) = cosh@Vk; + k;) for the symmetric case,

EqQ. [14] can be simplified to
J; being the current density of thiecoil and A; the vector
potential of thej coil. Ko N

i imensi i | L =570 150k k)2
Using the three-dimensional Fourier expansion of the vector 2722 JxKoo Ky

potentialA, as given in Ref.10), the Fourier transform of thex( et
y) component of the current densitg?, j,, (k. k), and the e (TR f.(K,, ky)
continuity equation expressed in terms of the Fourier components 1—-e @@ f.(k, k)
of the current densityl@), we have found the following expres- e T

sion for the inductance of a shielded biplanar gradient caoil, k2 k e
X ki fa(ke ke 2V dkdk,. [16]
y
[ T 2 . a i i i i i
_ g , {172k k)2 + 1] 5%k K))|2 _ For _the aX|aI_ g_rad|ent coil we have an ant_lsymmgtrlc con
8wl v figuration consisting oh loops on each gradient coil plane,

z = *a, with the primary current. Thus, for this geometry,
+ 2e-2a\/kiHk] +kZJ = (ky, ky)jx 2K k) the current distribution at the Fourier space is given by

+ 5k k)2 + [k k)2 Kk, E
) i 2(ky, ky) = 27l = > RI(RQ), 17
+ 26 2SHGE (kk) ¢ %Ky Ky) : ’ g5 q 1l
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where q Vk; + k. Therefore the inductance for this 3.
gradient coil is
4.
o N
L= 477#0] |E RJ(R)|? S
o i=1
6
sinh(aq) _(d_a)q> ] g
< —We sinh(ag)e™®dqg. [18]
7

For the transverse gradient coil we have considemned
straight wires parallel to the axis, symmetrically distributed
respect to thg = 0 axis, on each of the planesat *a and
symmetrically distributed with respect to tye= 0 axis with ¢
lengthl. Thex component of this symmetric current density at
the Fourier space can be written as

sm(k 1/2) X

X

j 3k, k) = >, cogky)).

i=1

[19]
Hence for the inductance we have

sm(k 1/12) X

e cosha k 24 k)

E cogkyy;)

x| 1 e iz COSAG K)
coshd k 2) 15
VKE + k]
X A costlak? + ke aJdkdk, [20] 16
y
which for| > a can be written as
17.
_ 8l
° J IZ cogk,y)|?
o i=1 18
( cosr(aky) o coshak,) e
cosi(dky) k, ' 19.
[21]
20.
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