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Absiract

A& newr analytical approach is used m the design of disc-like gradient coils suitable for magret gecometries with main field direction
perpendicular to the surface of the disc. Aninverse procedure is used to optintze the coil’s characteristics, subject to the restrictions imposed
by the desired field behavicr cver a certam set of corstraint poixts inside a predetermired imaging vohime. Excellent agreement betwreen
the expected vahies of the gradient magnetic field and the mumerical vahies generated by applying the Biot-Savart law to a disciete current
pattern of the perspective disc col was found. & Fimte Elenernt Analyss package was used to predict the fringe gradient field levels for
anonshielded axdal dise coil and for a selffshielded transverse dise coil in the vicinity of the magnet poks. The mmerical results indicate
that for the self-sluelded design the gradient fiinge field 15 1000 tixes smaller than the corresponding fiinge field for the non-shielded dise
case. &lso no sigrific ant spatial dependencew as roticed for the shieHed coil’s fringe field. © 2000 Elsevier Science Inc. A 1 rights reserved.
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1. Introduction

In the past few wyears, the trend towards faster high-
resolution magnetic resonance imaging (MRI) ssquences,
such as 2D and 3D Echo Planar Imaging (EPT) and 2D and
3D Fast Spin E cho Imaging has increased the demand for
high strength and rapidly switched gradient fields. The phi-
losophy behind the design of such gradient coils can in
general, be viewed as a convolution of two interrelated
components. The first component focuses on the subgantial
improvement of the basic gadient field characteristics In
this case, improvements involving the gradient field’s tech-
nical properties, such as the gradient frength the required
risz time to achieve the highest possible field srength, the
slew rate and the gradient field linearity and uriformity over
the desired imagng wolume address the demands on the
new and improved imaging techniques. The second compo-
nent focuses on compatibility of the gometrical shape of
the gradient relative to the shape of the manmagnet, aswell
as the feasibility of the proposed geomettical shape to en-
hanice patient comfort and accessbility in order the gradient
system to be compatible with the largest possible spectruam
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of interventional and swgical applications. Since the stored
magnetic energy of the gadient coil, W, is proportional to
the fifth power of the effective radius of the structure »
Wy = rj), any increase spacing between gradient strue
tures which assists in the improvement of patient comfort
and accesability, will have a negative impact on the gradi-
ent coil’s fleld srength and slew rate with a subsecquent
effect the degadation of the image resolution and elongs-
tion of overall imaging time.

The initial application of biplanar gradient codl sructures
was intended for cylindrical bore magnets with a main field
direction parallel to the swface of the planes [1,2]. The
purpose of that desgn was to achieve proximity to the
patient, while mairtaining patient access and comfort. Al-
thoughthe biplanar structure wasable to satisfyr these goals
it appeared to have some significant drawbacks associated
with this design concept. The most noticeable oneswasthe
inability to design an efficient X gradient coil, and the high
level of spatially asymmetric eddy cutrents which were the
result of the variations in distance between the flat planes
and the magnet’s cylindrical cold shields.

When main magnet structures with vertically directed
main magnetic fields were introduced, the biplanar gradient
geometry became the geometry of choice [3-3], since it
matches the geomettical shape of the magnet structure.
There are however advantages and disadvartages associated
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with the biplanar design. Becauss of the low effective radius
and the large opening bebween the planes the biplanar
design assigts on the improvement of the basic gradient
propetties, such as gadient strengh, slew rates, gradient
field linearity and uniformity, while mantaining patient
comfort, recuces patient claustrophobia and enhances pa-
tient accessibility, a helpful aspect for interventional appli-
cations. In addition, due to its flat shape, the biplanar coil
design reduces the hurdles on the processes which are as-
sociated with the mecharical design, the manufacturing and
the maintenance of the coil. A disadvantage, which can be
attributed to the biplanar structure, is that both planes hawe
arectangalar shape while the magnet’ spoles have a circular
cross section. In order for the gradient coil to physically fit
within the magnet boundaries the corners of the rectangle
must be trimmed and thus the cwrrent of the gadient coil
must be truncated at that location. The effect becomesmore
pronounced for actively shielded biplanar gadient struc-
tures dnce the current apodizationfor both the primary and
secondary coils is necessary in order to fit within the mag
net’s mecharical structure. These current truncations alter
the current pattern shape on both the primary and shielding
gadient coil sructuresandresult in a signficant increase of
the reddual eddy cwrents at the magnet’s poles which
consecuently degadates the image quality of the MRI scan-
ner.

In this article, a new algorithm for designing finite size
disc gradient coil sets compatible with vertically oriented
magnetic fields is presented [6], based on the energy mir-
mization algorithm (target field approach) as presented by
Twner [7]. Specifically, the theoretical dewvelopment for
designing =1f-shielded or non-shielded transverse and/or
axial disc gradient coil sets for manmagnetswith vertically
directed fields will be presented. Numerical smulations
involving Finite Element Analysis (FE &) software to eval-
uate the residual gradient field on the magnet poles for both
the non-shielded and the slf-shielded configurationsis also
presented. The major advantage of this disc-like gradient
coil structure over the traditional biplanar design is that for
the disc coils the current is phydcally bounded within pre-
determined circular cross section area. This area can be
designed to match the cross sectional area of the man
magnet’s poles. Thus, no current truncation is necessary in
order to fit the gradient set into the magnet. By avoiding the
currert truncation for both the primary and the secondary
coilg the eddy current caused by the gradient coil at the
magnet poles are minimized and the image cquality is im-
proved.

2. Theory

The geometrical configuration of the disc gradient coil

set is shown in Fig 1. The main magnetic field B, is
otiented alongthe z direction, which is perpendicular to the

surface of the discs. The radius of the inner disc is denoted

Fig 1. Geometric cordiguration for 4 norvself- shie ded Disc Gradiert Coil
Set. The gup between the two primary (ewr) discs is denoted s 24, while

the distarce bebaeenthe taro shielding (outer) discs is denoted as 2b. The

radns of the disc is denoted as R.

as R, while the gap between the two disc-like planes of the
primary coil is dencted as 2a. For the actively shielded
design, the gap between the planes of the secondary discsis
denoted as25. Inthe present section, the theoretical devel-
opment for the axial and transverse disc gradient coils with
or without shield will be preserted. An axial gradient coil
configurationis defined as the gradient coil which generates
a z directed fleld component (G; — #By(x, v, Z)/vz) coinck
dental with the direction of the main magnetic field and
varies linearly along the direction of the main field axis (z
axis). Furthermore, a transverse gradient coil is definesasa
configuration which generates a z directed field component
Gy — #BJx, v Dfx, G, = #Bx, 3, 2/#y) coincidental
with the direction of the main magnetic field, but varies
lineatly along the direction perpendicular to the main field
axis (x or ¥ axis).

2.1 Axial disc gradient coil sef

For the axial (2) disc gradient coil to produce G, its
current density is restricted to lie on the satface of each the
two discs. Therefore the expression for the cutrent density
for the primary disc coil in cylindrical coordinates becomes:

T = Qup, iddiz] - al (1

The z ditected component of the gadient field mug be
antisymumetric alongthe Z axis, while it must be symmetric
along the X and ¥ axes These symmetry requirements
indicate that the coil’s current densty has no angular de-
pendence. Furthermore, the constraint that the cutrent den
sity is bounded inside a disc of radius R leads to Fourier
series expansion’ for Q3(p) as:

! An altemative way is 4 series expansion of Q %) h tenns of the
Bessel fumctions of 2ro and first order.
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netic field dlong the x direction that matches a predeter-
mined set of gradient field constraint points B, (x5, % 2z

inside the desired imagng volume. In order to achieve this
goal, a gquadratic fonctional F of the current densty is
constructed in terms of the gradient magnetic field  and
the fored magnetic energy as:

Il

MO~ W, — 2 MBI — BsdF)li (26)
;1

where \; are the Lagrange multipliers and B, are the

desiredfield constraint points By minimizingthe functional
in equation (26) with the help of equations (24), (25), a
mattix equation for the Foutier coefficients 4 is obtaned
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The close matrix form of equation (27) is similar to the
ecquations (13) and (14). The matrix solution for the coef
ficients A, is gven by the last expression of ecquation (14).
Upon the determination of the Fourier coefficients 4, the
contitaous cutrent density for the primary coil is evaluated
inside the suface of the disc from the equation (17). In
addition, the current density of the shielding coil can be
found through wia a Hankel transform of the zeroth order
with the help of equation (22) as:
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Applying the stream function techricue to the continuous
current digributions of the primary and shielding disc coilg
the respective discrete loop patterns for congant current
value are generated Given the wire patterns and using the
Biot-Savart law, the B, component of the gradient magnetic
fieldisindependently re-evaluated to ensure the accuracy of
the discretization process

Table 1
Constraivt poirt set for the Non-Shielded Findte G | Disc Gradiert Coil

Hom- e lded G Disc Gradiert Coil

Bodiys vy, )
N 1y (emd) 1t (rad) Z, (cm) mT)
1 000 000 010 0.02000
2 000 000 225 5.04000
3 150 000 010 0.01770
3. Design

Asarepresentative of the above theoretical development,
the mamerical results for both a non-shielded finite G disc
and self-shielded G finite disc gradient coils are presented.

3.1. Nowshielded G disc coil

Far the non-shielded G, gradient coil, the ssparation
betweenthe two discsisset to 22 — 58 cm, while the radius
of the discisset to R — 51 om. Three consraint points are
chosen to represent the behavior of the gradient magetic
field inside 45 om Diameter Spherical ¥ olume (D3V). The
first constraint sets the strengh of the gradient field to 20
mT/m. The sscond constraint specifiesa 12% variation from
the actual value of the gradient field along the Z gradient
axis at a disance of 22.5 om from the isocenter of the
gadient field (on-axis linearity congraint). The thitd con-
straint ensares that the uniformity of the gadient magnetic
field is confined within 11% from its ideal value at a radial
distance of 15 cm from the gradient’s isocenter (off-axis
uniformity congraint). This set of congrants is shown in
Table 1.

3.2. Self-shielded G disc gradient coil

For the actively shielded G, disc coil, the size of the gap
between the two primary discsis st to2a — 58 om, while
the distance bebwreen the discs of the secondary coil is set to
2b — 68 cm. Furthermore, the radius of the disc is set to
R — 41 cm. Once again, three condraint points are chosen
to define the characterigics of the gradient magnetic field
inside 45 cm DSV, The first constraint point defines a
gadient field with strength of 20 mT/m near the isocenter of
the disc coil. The second constraint point setsthe linearity of

Table 2
Constraivg poird set for the Self-Shielded Firdte G Disc Gradiert Coil

SeX-Shielded G , Disc Gradiert Coil

Bodiys s )
N 1 (el 1wy (rad) Z, (cm) (T)
1 0.10 000 0no 0.02000
2 225 000 ono 4.0050
3 0.10 000 200 0.01500
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Fig 7. One-half of the disarete amrert pattems for the travewerse 2 disc
coil. There are 14 Loops per quadrant with a commmon cumrert per loop of
41278 Anps.

radial behavior of the B, component of the shielded coil’s
fringe field at the axial location of z — 485 om. The
maxitmum field ocowrsat p — 0 cm and is equal to 0.9 T,
while no sgnificant spatial variation is observed.

5. Discussion

The proposed gradient coil methodology leads to an
effective design procedure for minimum inductance disc
gadient coils, where no apodization process was necessary
in order to match the gradient structure with a round shape
magnet pole. Very good mumerical ageement was found
between the expected (constrained) values of the gradient
magnetic field and the calculated values of the gradient field
at the constraint points which are generated by applyingthe
Biot-Savatt law to the discrete current pattern for both axial
and transvers: gadient coils Furthermore, the flexibility of
the proposed methodology for designing non-shielded and
self-shielded disc gradient coils was also demonstrated. In
addition, the current solution for the two disc gradient coil
modalities (axial and transverse) can be easily adapted to a
commercial FEA package where a full 3D harmonic anal-
ysis can be performed in order to estimate the level of eddy
currents inside any dedrable imaging volume.

Fig 8. Feldbehavior of the B | conponert of the gradient field along the
XZ phre for the self-delded disc coil.

As shown in the present paper, two examples were cho-
sen in order to demonstrate the distinct differences between
a notr shielded and a s:lf-shielded configwation. For the
non-shielded configuration, the resistance and inductance of
the coil are reduced significantly compared to the self
shielded design, which can be translated to the lower rise
times and faster slew rates as Table 3 illustrates The
drawback however of the non-shielded desgns is the coil’s
high fringe field value o the wicirity of the magnet’s poles.
In addition to its high value, a non-congant spatial depen-
dence is also associated with the B component of the
gadient field. This poses a problem to an iron core magnet,
where the behavior of the iron towards the magnetic field is
non-linear, thus an eddy- current correction, uang a gradient
pre-emphasis pulse, & a certain spatial location indde the
imagng volume might have a non-predicted adverse effect
in a different spatial location For this reason self-shielded
designs are always preferred over non-shielded gradient
structures. As Table 3 demonstrates, the value of the fringe
field generated from a self-shielded design at the same axial
location at the magnet’s poles is almost 1000 times smaller
than the value of the non- shielded dedgn. In addition, the
spatial behavior of the fringe field is almost constant. This
indicates that the spatial dependence of eddy current is
non-exigent. The penalty pad in this case is that the coil’s
resistance and the inductance values are increased relative
to the non-shielded design, which resultsin the increase of
linear rise times to a full gadient srength and the conse-
gquent reduction of the coils slew rates, as Table 3 indicates.

6. Conclusions

A nowvel analytical methodology for designing non
shielded and actively shielded gradient coilshas been pre-
serted. The purpose of the particular examples in the
present paper was four fold. First, they demonstrated that no
curtert apodization is necessary during the dedgn disc
structures suitable for magnet with vertically directed fields.
Second, they were used to validate the capability of the
proposed theory to dedgn non-shielded and self-shielded
disc gradient coil fructwres. Third, they were used to dem-
onstrate the capability of the proposed algotithm to design
axial and transverse disc gradient coil for main magnets
with a main field directed along the vertical direction (per-
pendicular to the satface of the disc). Fowrth, they demon-
strated the advantages and disadvantages of an actively
shielded desgn wersus a non-shielded design. Excellent
ageemernt between the expected and the calculated results
was found. Furthermore, a commercial FEA package by AN-
SYSTM was also utilized to estimate the fringe field at the
wicinity of the magnet’s poles Although the proposed meth-
odology was developed for vertical field magnets, it should aid
i the development of an analogous algotithm for designing
disc gracient coil for magnets with horizontally directed main
fields (the main field is parallel to the swface of the disc).
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