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ABSTRACT

High-order field gradients are useful for
spatial localization of a volume of interest and
dynamic range improvement of signal detection in
NMR (Nuclear Magnetic Resonance) spectroscopy
and imaging. This paper proposes a design method
of shielded high-order gradient coils to reduce the
effect of eddy current on the spectroscopy and
imaging results. According to the experimental
results, the shielded gradient coils produce less
than 2 % eddy current compared to non-shielded
coils. Two shielded z2 gradient coils have been
designed and constructed for 1.5 T whole-body and
3.0 T animal NMR imaging systems. Experimental
results are in good agreement with the theoretically
expected behavior and show the utility of the
shielded high-order gradient coils.

INTRODUCTION

Recently, several useful techniques using
pulsed high-order gradients have been proposed, i.e.,
dynamic range improvement methods by phase
scrambling [1-3] and spatial localization methods
using high-order gradients [4,5].

Since the magnetic field change due to the
gradient pulsing may ruin the result of NMR
spectroscopy or imaging by producing eddy current
on the conductive part of the magnet, the active
shielding for high-order gradient system will be very
useful in using these techniques.

Although the basic principles of shielded
gradient system for MRI is now well established [6-
9] and can theoretically be used for any-order
gradient coil systems, most of them have focused on
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linear gradients. We have designed and implemented
shielded "z2" (or "z2-(x2+y2)/2") gradient coils and
found that special consideration is needed for the
design of high-order shielded gradient systems such
as the suppression of both lower and higher order
components than the necessaty component while
compensating for the effect of the shield. This is
even more complex in the distributed-current system.

METHOD

The proposed design scheme uses a
"component graph" for (& "B’ (z)&"),—¢ vs. 2/,
where z' is the position of the primary current loop
and B',(z) is the field from a single primary current
loop and its corresponding shield.

The field intensity along the z-axis from one
expressed as

2
Bz(z;a,l’z') = (E—Ol) _—a__—s_

s (D
o {az+(z—z')2}5

where up, 1, a, 2', and z are the permeability of the
free space, current, the radius and position of the
loop current, and the field measurement position,
respectively.

Equation (1) can be extended by including the
continuous shield of one primary loop coil for a given
shield radius, a’, as

B,(za,1,2) =
B,(z;a,1,2)+ [ B(z,a',]'(z"-2),2")dz", (2)
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where I'(.) is the shield current density as a function
of the position relative to a single-loop primary
current [6] and z” is the shield current position. As
an example, Fig. 1 shows B, and B, as functions of
the primary coil position (z') for a=35 cm and a'=48
cm.  The graphs for B,’ (dotted line) show the
shifted characteristics due to the addition of the
shield compared to the graphs of B;.

The zI' gradient coil design can be done by
canceling out ali the lower-order components and one
higher-order component with the same symmetry.

Here it should be noted that the contribution of
one loop coil to a specific component at z=0 can have
different polarity depending on the coil position (z7).
So, the polarity of coil position should be chosen
carefully as a function of position when maximizing
or canceling out a specific component. Gradient
components for various orders are calculated from
weighted integration under the graph depending on
the current distribution of the primary coil.

RESULTS AND DISCUSSION

Figure 2 shows a design result of a shielded
gradient system with distributed coil positions for a
1.5 Tesla whole-body clinical NMR imaging system,
Here, the current distributions for the primary layer at
the radius of 35 cin and the shield layer at the radius
of 48 cm are optimized for the magnet inner
conductive surface at the radius of 55 cm. From the
continuous shield current distribution, discrete coil
positions for a given current intensity are calculated.
The current intensity through each wire is adjusted as
a half of the primary current to make the distance
between the adjacent shield current loops closer.
The error caused by the truncation at each end and
the approximation using discrete current loop element
is minimized by iterative optimization of the coil
positions. Although we have minimized the current
intensity for a given gradient intensity (0.06
Gauss/cm2), other optimization methods such as
minimization of the total power or inductance can
also be adapted to this design method. The residual
field intensity on the conductive magnet surface

(r=55 cm) was less than 0.2 Gauss in this design for

a primary loop current of 132 A.

Figure 3 shows another design results for a
sinall-bore animal NMR imaging system. The
primary current has two layers by winding a second
layer on top of the first one. The wire current for the
shield is the same as the primary in this case.
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Fig. 1 Component graph : [8"B'(z)/&""],( as a
function of coil position z' forn =0, 2, 4, and
6. (a) Solid lines : without shielding. (b)
Dotted lines : with shielding.
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Fig. 2 Coil arrangement of a shielded z2 gradient
coil designed for a 1.5 Tesla whole-body
NMR imaging system. z0 and z4 and all the
odd components are canceled out. (a)
Primary layer (¢=35cm). (b) Shield layer
(a'=48 cm). The dotted line shows a
continuous current distribution from which
the discrete coil positions were derived.

The radii of the two primary layers and the
shield layer are 5.134 cm, 5.295 cm, and 6.422 cm,
respectively. For the wire diameter of 0.18 cm
(minimum wire interval) and a given current intensity
of 20 A, maximum of 3.0 Gauss/cm? of z2-gradient
was obtained. The primary layers and shield layer
have 144 (for two layers) and 72 windings,
respectively. The conductive surface of the magnet
was assumed to be at r=11.5 cm.
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The above two coils have been constructed
and tested experimentally. Two kinds of test results
for the small-bore system are shown in this paper.

First we have tested the shielding effect by
measuring the magnetic field. A sinusoidal
waveform is applied to the coil and then B, at r=11.5
cm was checked along the z-direction by measuring
the induced voltage to a muti-layer solenoid (I cm
diameter and 1 cm length). The results are then
calibrated to obtain B; at r=11.5 cm from 10 A DC
current. Three measurements were performed : (a)
with only primary layer, (b) with both primary and
shield layer, and (c) for the old unshielded z2
gradient coil for reference (See Reference 4). The
corresponding results are shown in Fig. 4(a), (b),
and (c). By comparing (a) and (b), we can see the
effectiveness of the active shielding. With the shield,
Bz at r=11.5 cin was reduced to about 2% and this is
close to the theoretical shielding effect obtained by
simulation (1%). Figure 4(c), which is obtained by a
non-shielded coil designed for only one primary
layer, shows about half the B; compared to (a).
However, its maximum value was still more then 30
times bigger than the field in Fig. 4(b).

Another experiment was performed to see the
effectiveness of active shielding by acquiring NMR
signal from a 0.5 cc sample at the center of the
magnet. A S-msec-long ]3-Ampere-higli pulse was
applied (with 200 ps rise and fall times) right before
a 90° RF excitation pulse. The FID (Free Induction
Decay) signal was measured without, (b), and with,
(¢), the shield and compared with the FID obtained
without gradient pulsing, (a). As expected, a large
amount of eddy current produced by gradient pulsing
affected the field at the center when the shield is not
used. The acquired FID shows frequency modulation
due to the temporary magnetic field change, specially
near t=0 msec. However, when the shield is
connected, there is almost no change in FID shape
compared to Fig. 5(a) showing the effectiveness of
active shielding.

CONCLUSION

According to the simulation and the
experimental test results, the shielded high-order
gradient coil seems to be very useful for NMR
spectroscopy or  imaging, specially for the
applications where the results are sensitive to the
eddy current from gradient pulsing, such as spatial
volume selection for localized NMR spectroscopy.
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Fig. 3 Design results for a 3.0 Tesla small-bore
system with two primary layers and one
shield layer. (a) Primary layer I (r=5.134
cm). (b) Primary layer II (r=5.259 cm). (c)
Shield layer (r=6.422 cm).
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Fig 4. Experimentally measured B; at r=11.5 cm for
the coil current of 10 A. (a) With only
primary layer. (b) With both primary and
shield layers. (c) For a non-shielded z2
gradient coil.
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C
FID signal from a small sample at the magnet
center. (a) Without gradient pulsing. (b)
With gradient pulsing (without the shield

layer). (c) With gradient pulsing (with the
shield layer).



