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Target Field Design for Magic Angle Gradient Coils
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The target field method of designing gradient coils is extended the vectorK denotes the direction of the gradient, aBgthe
to the case where the gradient producing currents lie on cylinders  main polarizing field. Currents that produce the gradient fiel
of a general orientation with respect to the polarizing magnetic are constrained to lie on the surface of the cylinders, and ot
field. This provides a general approach for designing coils that o404 ysed to derive the shape of the currents is by way of t
require unusugl §amp|e geometries .SUCh a th.ose required for boundary conditions for magnetic fields and surface curren
magic angle spinning (MAS) applications. A detailed example of a . . . .
magic angle gradient coil set for MAS is given. © 1999 Academic Press (7)..In this a'pproach,. the C_Ompone”F of the gr.adlent f'.elld !
Key Words: magic angle gradients; target field method; gradient ~ @SSigned a linear variation in the desired direction. Addition
design; magic angle spinning. terms are then added to the gradient magnetic field so that t
total field possesses zero divergence and curl, as required
Maxwell's equations. Once a consistent gradient field is spe
The current interest in magic angle gradient coils originatefied, the surface current producing such a field is given by
from applications involving water suppression in DQF-COSY
(1) and the use of MAS to obtain high-resolution spectra from
small sample volumes2) or heterogeneous liquid environ- ol = e, X B, [1]
ments B). Magic angle gradient coils for water suppression
employ the standard high-resolution sample geometry where
the sample axis is along the polarizing magnetic field directighere e, is the outward-directed unit vector normal to the
and the gradient currents are wound on cylindrical formegglinder. For case (A) in Fig. 1, the desired gradient fielc
coaxial with both. Such gradients can be produced by sup@riation,G(K - r)e,, with theK vector components (0, sif)

imposing standard gradient coils with transvers¥ or Y cos6), must be augmented with a term along yhexis, so that
gradients, or they can be designed using an integrated windifg total field is

pattern determined by target fields as proposed by Bowtell and
Peters4). The same type of design can in principle be used for

MAS experiments where the sample and rotation axis are at the BA(0) = G(z cosf + y sin 0)e,
magic angle with respect to the polarizing field. This approach )
however suffers from poor efficiency and precludes easy sam- + G(zsin 6 —ycosb)e,. (2]

ple access. The alternative of winding a Maxwell pair around
the sample will also be inefficient since only the projection of
the gradient field along the polarizing field will contribute. FoBimilarly, the augmented field for MAS gradient design in Fig
the same reason, large spinning modulation effects will ari$8 Yields a total fieldBg(0) = B.(—0). The current densities
from the radial component of the magnetic field produced I®ptained for both types of coils by applying Eq.[1] are there
the coil. fore closely related to each other. Wire patterns that approx
A solution to these shortcomings was proposed by Cory afthte the desired current densities can be obtained from t
co-workers, where the gradient coil, aligned along the samientours of the scalar stream functio#), (after suitable trun-
axis, is designed from the outset to have small modulatieation that forces the current density to zero outside some fini
components as well as a gradient along the coil former &is (length along the cylinder axis. This procedure will produce
The purpose of this Communication is to show how the targadditional terms to the original current density in order tc
field method, widely used in the design of standard gradiesatisfy conservation of charge. LE{z) represent a general
coils (6), can be extended to coils for MAS gradient applicaruncating function which goes to zero outside some chose
tions. region aboutz = 0, but is almost constant within that region.
The magic angle gradient coil geometries for standard highkhen the general form for the stream function in cylindrica
resolution and MAS applications are illustrated in Fig. 1, wheordinateg, ¢, z for a MAS gradient coil will be
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d
B, = cos0 zF(z) — p sin 6 sin ¢ d—z(zF(z))

M p2 d
BOTG// K \ +Zcose cos?gbd—ZF(z)

B, = zF(2z)sin 6 cos¢ — p cos6 sin ¢F(z), [5]

— whereF(2) is a suitable truncation function. Truncation of
the magnetic field produces a new termBpthat varies as
cos 2p and requires that thedependence of the sih term

A B be given by the derivative of th¢ independent term. These
FIG. 1. Magic angle gradient coil geometries for normal high-resolutioﬁ:hangeS in the form of the gradient field will reintroduce
sample geometry (A) and for samples spinning at the magic angle (8). modulation from sample spinning. This is basically the
effect of having the return paths for the current in proximity
to the active volume of the gradient coil. After Fourier
transformation tck space, the Fourier componer§” can
be used to determine the azimuthal current densities via tl
standard formulag),

S(¢, z) = coso fz dEéEF (&) — p sin6 sing zF(2)

2

+ pz cosf cos 2p F(2). [3]
. B, Kk
i . \](m)(k) - e_ak 7 I} [6]
While the boundary method can produce acceptable coil de- ¢ woklm(ke) Ki(ka)

signs, some amount of iteration is necessary sinceth@nts
are being truncated rather than the magnetic fiekdmore

direct approach will start from a truncated magnetic fielghhere a Gaussian apodization factor has been added to ens
profile, but this presents difficulties when attempting to obtaighite solutions, ané andc denote the current winding radius
consistent field profiles that satisfy Maxwell's equations. Ffng target field radius.

this reason, Turner’s target field meth&) ¢ffers an important e projection of the gradient magnetic field can then b
alternative route to the design of gradient coils. For NM%asily calculated as

applications, the component of the gradient field that is parallel
to the main polarizing field contributes to the evolution of the
NMR signal, and the target field method is simple to imple-
ment for coils wound on cylinders coaxial with the polarizing
field, as only thez component of the gradient field requires
consideration. This allows the target field function to be chosen
freely so long as the current density remains finite. For other
cylinder orientations, all three components of the gradient field
can have nonzero projections along the main polarizing field.
However, since currents derived from the boundary method
will not depend on the radial componem,, the target field
approach can also neglect this component when choosing a
consistent model gradient profile. Consistency forzteand ¢
components can then be ensured by requiring that the relation

Gauss

(p\ d . . .
m_— i ) —Rpm
B:" = '(m) 4z Bo [4] 1 05 0 05 1
Z(cm)
hold for each Fourier component), in the Fourier—Bessel L _ . ,
. . fth tic fields. For MAS . | FIG. 2. Magnetic field profiles at a radius of 0.16 cm for the zero-, first-,
Seres expansion of the magneuc nields. For magic angil"?d second-order harmonics for a MAS magic angle gradient coil with targe

gradient applications, this consistency relation puts an acceRiiue of 1 G/cm-A. The first- and second-order harmonics are scaled up by
able target field in the form factor of 10.
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FIG. 3. Integrated current density profiles for the zero-, first-, and second- -2.5 15 1.0 05 0.0 05 1.0 15
order harmonics. All curves are scaled identically &1 G/cm gradient. The T e e ' ’ ' )

total current is 1.75 A. Z (cm)

FIG. 4. Contours for a 10-turn coil design resulting in a 5.8 G/cm-A
- - . gradient coil. The vertical axis is in units of arc length for the 1.4-cm-diamete
B;"(k)cos6 — By"(k)sin 6 coil former.

a
=M°klm(kp)(—cose IK (ka) o L o
2m distribution with a finite number of windings. This is accom-

1 plished by placing wires along the appropriate contours of th
+ > sin 0(—Jg”’1)(k) Ki-1(ka) total current distribution, obtained by integrating the current der
sities,J™”, along the length of the cylinder and combining them ir
, the same way as for the magnetic field in Eq. [8]. The curves fc

+350(K) Km+1(ka))) 7] the integrated current densiti&?, are illustrated in Fig. 3. These
currents are for a gradient strength of 1 G/cm, and when combin
and after transforming back tspace, the total field can beto produce the total current distribution, show that 1.79 A i
constructed from required. Since an integral number of wire loops are needed in a
real coil, the current can be scaled appropriately. The contou

B(2) = B + 2iBWsin ¢ + 2B@cos 2. 8] placed at half-odd integer values for a 10-A total winding patter

One interesting choice for a truncation function is the 4
equiripple profile based on Chebychev polynomi&)s This is
because the rippled profile can be smoothed considerably by
the Gaussian apodization used to guarantee finite current den- -l
sities, resulting in useful gradient profiles that cover a broader
range of coil former geometries. The field profiles obtained by "
using Eq. [7] for such a design is shown in Fig. 2. For this 9 ol
design, a coil radius of 0.7 cm and a target radius of 0.25 cm 8
was used. A scaling length ad = 0.4 was used in the
sixth-order Chebychev truncation function, )

F(2)i= [9]

7). = ,
1+ 1 T3(2/d) 4 : : :
-1 0.5 0 0.5 1

whereT,(x) = x(4x’° — 3). A small amount of apodization with Z (cm)

a=0.0lwasusedto keep the current der_1$|t|es from dlverglng fOFZIG. 5. Magnetic field profiles for the 10-turn coil illustrated in Fig. 4. The
largek. The (?(_)nStrUCtK_)n of an acj[ual _CO|| based on the derivegdid is plotted for a helical trajectory (20 turns) at a radius of 0.01 (solid) an
current densities requires approximating the continuous currernis cm (dashed).
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