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T ical
The target field method of designing gradient coils is extended
o the case where the gradient producing currents lie on cylinders
f a general orientation with respect to the polarizing magnetic
eld. This provides a general approach for designing coils that
equire unusual sample geometries such as those required for
agic angle spinning (MAS) applications. A detailed example of a
agic angle gradient coil set for MAS is given. © 1999 Academic Press

Key Words: magic angle gradients; target field method; gradient
esign; magic angle spinning.

The current interest in magic angle gradient coils origin
rom applications involving water suppression in DQF-CO
1) and the use of MAS to obtain high-resolution spectra f
mall sample volumes (2) or heterogeneous liquid enviro
ents (3). Magic angle gradient coils for water suppress
mploy the standard high-resolution sample geometry w

he sample axis is along the polarizing magnetic field direc
nd the gradient currents are wound on cylindrical form
oaxial with both. Such gradients can be produced by su
mposing standardZ gradient coils with transverseX or Y
radients, or they can be designed using an integrated wi
attern determined by target fields as proposed by Bowtel
eters (4). The same type of design can in principle be used
AS experiments where the sample and rotation axis are
agic angle with respect to the polarizing field. This appro
owever suffers from poor efficiency and precludes easy
le access. The alternative of winding a Maxwell pair aro

he sample will also be inefficient since only the projection
he gradient field along the polarizing field will contribute. F
he same reason, large spinning modulation effects will
rom the radial component of the magnetic field produce
he coil.

A solution to these shortcomings was proposed by Cory
o-workers, where the gradient coil, aligned along the sa
xis, is designed from the outset to have small modula
omponents as well as a gradient along the coil former axi5).
he purpose of this Communication is to show how the ta
eld method, widely used in the design of standard grad
oils (6), can be extended to coils for MAS gradient appl
ions.

The magic angle gradient coil geometries for standard h

esolution and MAS applications are illustrated in Fig. 1, wherc
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he vectorK denotes the direction of the gradient, andB0 the
ain polarizing field. Currents that produce the gradient
re constrained to lie on the surface of the cylinders, and
ethod used to derive the shape of the currents is by way
oundary conditions for magnetic fields and surface cur
7). In this approach, the component of the gradient fiel
ssigned a linear variation in the desired direction. Additi

erms are then added to the gradient magnetic field so th
otal field possesses zero divergence and curl, as requir
axwell’s equations. Once a consistent gradient field is s

fied, the surface currentJ producing such a field is given b

m0J 5 er 3 B, [1]

here er is the outward-directed unit vector normal to
ylinder. For case (A) in Fig. 1, the desired gradient fi
ariation,G(K z r )ez, with theK vector components (0, sinu,
osu), must be augmented with a term along they axis, so tha
he total field is

BA~u ! 5 G~ z cosu 1 y sin u !ez

1 G~ z sin u 2 y cosu !ey. [2]

imilarly, the augmented field for MAS gradient design in F
B yields a total fieldBB(u) 5 BA(2u). The current densitie
btained for both types of coils by applying Eq.[1] are the

ore closely related to each other. Wire patterns that app
ate the desired current densities can be obtained from

ontours of the scalar stream function (4), after suitable trun
ation that forces the current density to zero outside some
ength along the cylinder axis. This procedure will prod
dditional terms to the original current density in orde
atisfy conservation of charge. LetF( z) represent a gener
runcating function which goes to zero outside some ch
egion aboutz 5 0, but is almost constant within that regio
hen the general form for the stream function in cylindr
eoordinatesr, f, z for a MAS gradient coil will be
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S~f, z! 5 cosu E
2`

z

djjF~j! 2 r sin u sin f zF~ z!

1
r 2

4
cosu cos 2f F~ z!. [3]

hile the boundary method can produce acceptable co
igns, some amount of iteration is necessary since thecurrents
re being truncated rather than the magnetic field.A more
irect approach will start from a truncated magnetic fi
rofile, but this presents difficulties when attempting to ob
onsistent field profiles that satisfy Maxwell’s equations.
his reason, Turner’s target field method (6) offers an importan
lternative route to the design of gradient coils. For N
pplications, the component of the gradient field that is par

o the main polarizing field contributes to the evolution of
MR signal, and the target field method is simple to im
ent for coils wound on cylinders coaxial with the polariz

eld, as only thez component of the gradient field requi
onsideration. This allows the target field function to be ch
reely so long as the current density remains finite. For o
ylinder orientations, all three components of the gradient
an have nonzero projections along the main polarizing
owever, since currents derived from the boundary me
ill not depend on the radial component,Br, the target field
pproach can also neglect this component when choos
onsistent model gradient profile. Consistency for thez andf
omponents can then be ensured by requiring that the re

Bz
~m! 5 2iS r

mD d

dz
Bf

~m! [4]

old for each Fourier component,m, in the Fourier–Bess
eries expansion of the magnetic fields. For MAS magic a
radient applications, this consistency relation puts an ac

FIG. 1. Magic angle gradient coil geometries for normal high-resolu
ample geometry (A) and for samples spinning at the magic angle (B).
ble target field in the form f
e-

n
r

el

-
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Bz 5 cosu zF~ z! 2 r sin u sin f
d

dz
~ zF~ z!!

1
r 2

4
cosu cos 2f

d

dz
F~ z!

Bf 5 zF~ z!sin u cosf 2 r cosu sin fF~ z!, [5]

hereF( z) is a suitable truncation function. Truncation
he magnetic field produces a new term inBz that varies a
os 2f and requires that thez dependence of the sinf term
e given by the derivative of thef independent term. The
hanges in the form of the gradient field will reintrodu
odulation from sample spinning. This is basically
ffect of having the return paths for the current in proxim

o the active volume of the gradient coil. After Four
ransformation tok space, the Fourier componentsBz

(m) can
e used to determine the azimuthal current densities vi
tandard formula (6),

Jf
~m!~k! 5 e2ak 2

Bz
~m!~c, k!

m0kIm~kc! K9m~ka!
, [6]

here a Gaussian apodization factor has been added to e
nite solutions, anda andc denote the current winding radi
nd target field radius.
The projection of the gradient magnetic field can then

asily calculated as

FIG. 2. Magnetic field profiles at a radius of 0.16 cm for the zero-, fi
nd second-order harmonics for a MAS magic angle gradient coil with t
alue of 1 G/cm-A. The first- and second-order harmonics are scaled u

actor of 10.
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Bz
~m!~k!cosu 2 By

~m!~k!sin u

5
m0a

2p
kIm~kr!S2cosu Jf

~m!K9m~ka!

1
1

2
sin u ~2Jf

~m21!~k! K9m21~ka!

1 Jf
~m11!~k! K9m11~ka!!D [7]

nd after transforming back toz space, the total field can
onstructed from

B~ z! 5 B ~0! 1 2iB ~1!sin f 1 2B ~2!cos 2f. [8]

ne interesting choice for a truncation function is
quiripple profile based on Chebychev polynomials (8). This is
ecause the rippled profile can be smoothed considerab

he Gaussian apodization used to guarantee finite curren
ities, resulting in useful gradient profiles that cover a bro
ange of coil former geometries. The field profiles obtaine
sing Eq. [7] for such a design is shown in Fig. 2. For
esign, a coil radius of 0.7 cm and a target radius of 0.25
as used. A scaling length ofd 5 0.4 was used in th
ixth-order Chebychev truncation function,

F~ z!: 5
z

1 1 1
1000 T3

2~ z/d!
, [9]

hereT3(x) 5 x(4x2 2 3). A small amount of apodization wi
5 0.01 was used to keep the current densities from divergin

argek. The construction of an actual coil based on the der

FIG. 3. Integrated current density profiles for the zero-, first-, and sec
rder harmonics. All curves are scaled identically for a 1 G/cm gradient. Th

otal current is 1.75 A.
urrent densities requires approximating the continuous curre0
by
en-
er
y
s
m

or
d

istribution with a finite number of windings. This is acco
lished by placing wires along the appropriate contours o

otal current distribution, obtained by integrating the current
ities,Jw

(m), along the length of the cylinder and combining them
he same way as for the magnetic field in Eq. [8]. The curve
he integrated current densities,S(m), are illustrated in Fig. 3. Thes
urrents are for a gradient strength of 1 G/cm, and when com
o produce the total current distribution, show that 1.79 A
equired. Since an integral number of wire loops are needed i
eal coil, the current can be scaled appropriately. The con
laced at half-odd integer values for a 10-A total winding pa

-

FIG. 4. Contours for a 10-turn coil design resulting in a 5.8 G/cm
radient coil. The vertical axis is in units of arc length for the 1.4-cm-diam
oil former.

FIG. 5. Magnetic field profiles for the 10-turn coil illustrated in Fig. 4. T
eld is plotted for a helical trajectory (20 turns) at a radius of 0.01 (solid)

nt.16 cm (dashed).
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orresponding to a 5.8 G/cm-A gradient are given in Fig. 4.
ctual gradient performance for the discrete winding pattern
iffer from that expected from the continuous distribution
alculated from Eq. [7] and displayed in Fig. 2. A graph of
radient field for a spiral trajectory on and off axis, as calcul

or the wire pattern, is given in Fig. 5. In this case, the magn
eld was calculated by approximating the curves with short
egments and using the standard formulas for finite wire
ents. The axial curve very closely fits that obtained via

ontinuous current distribution. Off the axis, however, the 0
mplitude of the modulation components at the coil cent
bout 2.5 times larger than that expected from Fig. 2. Sinc

arget method includes the effects of the return current path
his is apparently a result of the passage from continuous cu
o discrete loops. The extension of the target method pres
ere can also be used to design efficient gradient coils for sa
eometries using horizontal solenoid RF coils, and by addin
dditional current layer, the gradient coils can be designe
hielding the exterior field while preserving the interior fi

radient linearity.
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