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(57) ABSTRACT 

A cylindrical Whole body magnetic resonance imaging sys 
tem gradient shielding coil having multiple Windings Which 
are individually Wound about a cylindrical support structure 
such that the Windings are evenly distributed in azimuthal 
angle and interleaved With one another. The Windings are 
preferably spaced in azimuthal angle by 360°/N, Where N is 
the number of Windings. In such a design, m azimuthal 
harmonic components of the error ?eld caused by the effects 
of eddy currents Within the imaging volume can be canceled. 
Canceling an increasing number of m components requires 
increasing the N number of Windings. 



Patent Application Publication Sep. 26, 2002 Sheet 1 0f 15 US 2002/0135369 A1 



Patent Application Publication Sep. 26, 2002 Sheet 2 0f 15 US 2002/0135369 A1 





Patent Application Publication Sep. 26, 2002 Sheet 4 0f 15 US 2002/0135369 A1 



Patent Application Publication Sep. 26, 2002 Sheet 5 0f 15 US 2002/0135369 A1 



Patent Application Publication Sep. 26, 2002 Sheet 6 0f 15 US 2002/0135369 A1 

m=l component 



Patent Application Publication Sep. 26, 2002 Sheet 7 0f 15 US 2002/0135369 A1 

5:59:35 Ewtzu wsozzcou uwuwoz/ 

I Iv I Nd 

302 $526 
w 2 man wmEEmw 

Q1 D 5E 

0.0 lwd I #6 

Mgsuep iueumg 



Patent Application Publication Sep. 26, 2002 Sheet 8 0f 15 US 2002/0135369 A1 

.Emw 
Re hi 





Patent Application Publication Sep. 26, 2002 Sheet 10 0f 15 US 2002/0135369 A1 

9 2f 

iisilis: HUD, 
D .l: 

1N. 

_ O D \U 

a\\ 
“w 3% 

W C wvm i 2a 

Ad 



Patent Application Publication Sep. 26, 2002 Sheet 11 0f 15 US 2002/0135369 A1 



Patent Application Publication Sep. 26, 2002 Sheet 12 0f 15 US 2002/0135369 A1 

QQ 



Patent Application Publication Sep. 26, 2002 Sheet 13 0f 15 US 2002/0135369 A1 

300“ 3”“ 

‘5011a '30) b 



Patent Application Publication Sep. 26, 2002 Sheet 14 0f 15 US 2002/0135369 A1 

Comparison of shielding ef?oiencies at z=0 
0.002 — 

0.001 - ._ 

0.000 

-0.001 -0.002 -0.003 

—0.004 

-0.005 - 

-0.006 

Shield with 
3 spirais 

Shield with 24 loops 

-0.2 -0.1 0.0 0.1 0.2 

X (meters) 



Patent Application Publication Sep. 26, 2002 Sheet 15 0f 15 US 2002/0135369 A1 

Comparison of shielding ef?ciencies at z=0.25 meters 

0.000 

-0.0D5 -0.010 - 

-0.0‘l 5 -0.020 

{1.025 

-0.03O - 

-0.035 - 

Shield with 3 spirals 
(maximum=0.02%) 
(barely perceptible!) 

Shield with 24 loops 
(3.5 %) 

/ 
0.0 0.1 0.2 

X (meters) 

Figaro? )( 



US 2002/0135369 A1 

Z GRADIENT SHIELDING COIL FOR 
CANCELING EDDY CURRENTS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention generally relates to magnetic 
resonance imaging coils and, more particularly, to Z-gradient 
shielding coils. 

[0003] 2. Background of the Invention 

[0004] Magnetic resonance imaging (MRI) systems are 
currently employed in forming images of the internal human 
anatomy. In such systems, a patient is placed in a magnetic 
?eld and is subjected to radio-frequency electromagnetic 
pulses. The magnetic resonance of the atomic nuclei of the 
patient are detected With a radio frequency receiver to 
provide information from Which an image of that portion of 
the patient containing these nuclei may be formed. The 
magnetic ?eld includes a main magnetic ?eld and three 
additional ?elds With linear spatial gradients in the X, y, and 
Z directions 

[0005] The main magnetic ?eld is a very strong magnetic 
?eld, Which may be created by a super-conducting coil, a 
resistive coil, or a permanent magnet. Normally, the Z-aXis 
is parallel to the aXis of the main magnetic ?eld for systems 
in Which the magnet has cylindrical geometry, such as for 
Whole body imaging. The linear gradient magnetic ?elds are 
typically created by resistive coils and are referred to as 
gradient coils. The resistive coils create a magnetic ?eld 
Within the coil With a linear spatial gradient, also referred to 
as a magnetic gradient. Typically, there is one gradient coil 
for each of the X, y and Z-aXes, Which create X, y, and Z 
magnetic gradients, respectively. TWo different types of 
gradient coils are typically used to produce the magnetic 
gradients for MRI, one Which creates a magnetic gradient 
along the Z (or longitudinal) aXis of the coil, and tWo others 
Which create magnetic gradients along either the X or y 
(transverse) aXes. 

[0006] In operation, for imaging purposes, it is necessary 
to rapidly pulse electrical current through the three gradient 
coils. When this is done, a problem commonly encountered 
is the induction of eddy currents in various metallic parts of 
the MRI system. The MRI system typically contains a 
metallic cylinder called a bore tube. The inside of the bore 
tube is an image volume; hoWever, most imaging occurs 
only in the central portion of the bore tube. The current in the 
gradient coils induce eddy currents in the bore tube of the 
MRI system that, in turn, induce a magnetic ?eld Within the 
image volume, referred to as the error ?eld. The magnetic 
?eld created by the eddy currents is undesirable in the image 
volume. In many medically useful imaging procedures, it is 
highly desirable to reduce or eliminate these eddy currents. 

[0007] Typically, eddy currents are reduced by surround 
ing each gradient coil, also referred to as the inner coil, With 
another similar coil, an outer coil or a shielding coil, to 
cancel the magnetic and induced electric ?elds in the region 
outside of the outer coil. A set of a gradient coil and its 
associated shielding coil is referred to as a shielded gradient 
coil set. Ideally, the shielding coil is designed to eXactly 
cancel the electric and magnetic ?eld outside of the coil set. 
If no ?eld eXists outside of the shielded gradient coil set, 
then no eddy currents can be induced in the metallic parts of 
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the MRI system, and therefore, no error ?eld Will be 
produced in the image volume. 

[0008] Not all eddy currents affect the imaging volume 
equally, in particular, the induced eddy currents and mag 
netic ?elds can be analyZed in terms of the aZimuthal 
harmonic number, m. The aZimuthal harmonic number m 
means that the ?eld or gradient varies in aZimuthal angle like 
cosine(m (1)), sin(m (1)), or a linear combination of the tWo, 
Where 4) is the aZimuthal angle as shoWn in FIG. 5B. That 
is, the ?eld goes through eXactly m full cycles as the angle 
varies from 0 to 360 degrees. The Worst effects are seen from 
eddy currents With m=0. These harmonics also have the 
longest lifetime, Which can be as long as several seconds. In 
general, the loWer the m number, the Worse the effects on an 
MRI system. 

[0009] EXisting attempts to reduce the eddy current effects 
have only been partially successful, especially for the Z-gra 
dient coil set. One common technique for making Z-gradient 
coils is using circular parallel loops of Wire, all of Which lie 
in planes that are perpendicular to the Z-aXis. The loops are 
interconnected by straight Wires that lie on the outer cylin 
drical surface of a support structure and are parallel With the 
Z-aXis. This design has the advantage that it creates no X or 
y magnetic gradient. This is important because it is unde 
sirable to use a Z-gradient coil that creates X or y magnetic 
gradients. HoWever, the Z-gradient that is created is not 
eXactly homogenous, but varies With the radius from the 
Z-aX1s. 

[0010] The problem With this conventional shielding is 
that it is impossible to eXactly cancel the ?eld outside of the 
Z-gradient coil set. Acontinuous surface current distribution 
Would be required on the surface of the shielding coil to 
eXactly cancel the ?eld outside of the gradient coil set. 
Conventional shielding simulates a continuous surface cur 
rent distribution by Winding several discrete circular loops 
around a support structure. HoWever, these discrete circular 
loops cannot eXactly simulate a continuous surface distri 
bution, and therefore, never eXactly cancel the ?eld outside 
of the gradient coil set. 

[0011] While is not possible to eXactly cancel the entire 
?eld outside of the gradient coil set, it Would be desirable to 
cancel the speci?c harmonics that are most troublesome to 
the MRI system. Therefore, a shielding coil for a Z-gradient 
coil that eXactly cancels the magnetic ?elds of loW aZimuthal 
harmonic number, m, outside of the Z-gradient coil set Would 
be very desirable. 

[0012] FIG. 1 illustrates an eXemplary prior art MRI 
system 10 as disclosed in US. Pat. No. 4,733,189. As shoWn 
in FIG. 1, the MRI system 10 includes a main magnetic 
component 20, gradient coils 30, shielding coils 40, and a 
detection component 50. 

[0013] The main magnetic component 20 can be a perma 
nent magnet, a resistive electromagnet, or a superconducting 
system as shoWn, in Which a solenoidal electromagnet 22 is 
encased Within a cryogenic vessel 26. Bore tube 28 supports 
the solenoidal electromagnet 22. Image volume 24 is located 
centrally to the main magnetic component 20. 

[0014] Gradient coils 30 include an X-gradient coil 32, a 
y-gradient coil 34 and a Z-gradient coil 36, disposed to create 
gradient ?elds orthogonal to each other. X and y gradient 
producing coils are preferably implemented by saddle 
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shaped coil elements disposed about the main magnetic ?eld 
axis and rotated ninety degrees from each other in orienta 
tion. As shoWn, the Z-gradient coil 36 is implemented by a 
parallel loop gradient coil coaxial With the main magnetic 
?eld axis. 

[0015] Detection component 50 includes a radio fre 
quency (RF) coil 52 and an RF interrogator 56 and receiver 
58. The interrogator 56 produces a pulse of radio frequency 
excitation and the energy emitted as the atoms return to an 
aligned state is captured via coil 52 and used to obtain an 
image signal. In use, a patient or other object is positioned 
Within the image volume 24 of the system 10. 

[0016] Shield component 40 includes an x-shielding coil 
42, a y-shielding coil 44, and a Z-shielding coil 46 disposed 
to counteract the eddy currents induced by the gradient 
producing coils 32, 34 and 36, respectively. The x and y 
shielding coils, 42 and 44 may be implemented by saddle 
shaped coils cut from ?at copper sheets and rolled into the 
appropriate saddle shapes. As shoWn, the Z-shielding coil 46 
is implemented by a parallel loop shielding coil coaxial With 
the main magnetic ?eld axis. 

[0017] FIG. 2 illustrates an exemplary prior art parallel 
loop gradient coil of a type Which may be used as a 
Z-gradient coil 36 in FIG. 1. As shoWn in FIG. 2, parallel 
loop gradient coil 80 includes loops 81 interconnected by 
straight Wires 82 that lie on the outer cylindrical surface of 
a support structure 84 and parallel With the Z-axis. The loops 
81 and straight Wires 82 are formed from a single Wire 86. 
Terminal connections 88 are connected to both ends of the 
single Wire 86. This design has the advantage that it creates 
no x or y magnetic gradient. This is important because it is 
undesirable to use a Z-gradient coil that creates x or y 

magnetic gradients. HoWever, the Z-gradient that is created 
is not exactly homogenous but varies With the radius from 
the Z-axis. The number of loops is determined by the current 
available and the gradient desired. Typically, tWo pairs of 
loops are used, called a MaxWell pair. 

[0018] FIG. 3 illustrates an exemplary prior art multiple 
Winding gradient coil as described in US. Pat. No. 5,289, 
129 to Joseph, Which may be used as a Z-gradient coil 36 in 
the exemplary MRI system of FIG. 1. As shoWn in FIG. 3, 
multiple Winding gradient coil 100 includes tWo Windings. 
The ?rst electrically conductive Winding 112 is Wound about 
the surface of cylindrical coil support structure 110. The ?rst 
electrically conductive Winding 112 is Wound helically in a 
symmetric manner about the center 114 of the coil support 
structure 110. Terminal connections 116 are connected to the 
?rst Winding 112. A second electrically conductive Winding 
118 is also Wound in an interleaved manner With respect to 
the ?rst Winding 112. In accordance With the invention, the 
second Winding 118 is offset in aZimuthal angle by 180° 
(360°/2 Windings) With respect to the ?rst Winding 112. For 
ease of illustration, the Wire diameter of the second Winding 
118 has been illustrated to have a smaller diameter than the 
Wire diameter of ?rst Winding 112. As With the ?rst Winding 
112, second Winding 118 also has a terminal connection 120 
to Which current is applied from a poWer supply (not shoWn) 
for generating a magnetic ?eld. In another embodiment, the 
Winding gradient coil may include a plurality of Windings, 
offset in aZimuthal angle by 360°/X Windings. Any number 
of Windings can be used, but for simplicity, only tWo are 
shoWn. The contents of US. Pat. No. 5,289,129, are hereby 
incorporated by reference for ease of description. 

Sep. 26, 2002 

[0019] FIG. 4 illustrates an exemplary prior art parallel 
loop shielding coil, for use as a shielding coil 46 as shoWn 
in FIG. 1. As shoWn in FIG. 4, loops 130 are interconnected 
by straight Wires 132 that lie on the outer cylindrical surface 
of a support structure 134 and are parallel With the Z-axis. 
The loops 130 and straight Wires 132 are formed from a 
single Wire 136. Terminal connections 138 are connected to 
both ends of the single Wire 136. Experience indicates that 
existing art is only partially successful in reducing eddy 
current effects, especially for the Z gradient coil set. 

[0020] AZ-gradient shielding coil and a Z-gradient coil set 
is desired that improves upon the coils and coil sets of the 
prior art to reduce eddy currents induced in the MRI system, 
particularly eddy currents With loW aZimuthal harmonic 
number, m. The present invention has been developed to 
address these needs in the art. 

SUMMARY OF THE INVENTION 

[0021] The above mentioned needs are met by a cylindri 
cal Whole body magnetic resonance imaging system gradient 
shielding coil having multiple Windings Which are individu 
ally Wound about a cylindrical support structure such that 
the Windings are evenly distributed in aZimuthal angle and 
interleaved With one another. The Windings are preferably 
spaced in aZimuthal angle by 360°/N, Where N is the number 
of Windings. In such a design, m aZimuthal harmonic 
components of the error ?eld caused by the effects of eddy 
currents Within the imaging volume can be canceled. Can 
celing an increasing number of m components requires 
increasing the N number of Windings. 

[0022] The cylindrical shielding coil of the present inven 
tion provides a canceling magnetic ?eld gradient to cancel 
an error magnetic ?eld gradient created Within the imaging 
volume by eddy currents generated by a gradient coil in a 
volume outside of the gradient coil. The shielding coil 
includes a non-magnetic electrically insulating cylindrical 
coil support having an internal cavity Which forms a volume 
for accepting the gradient coil and the imaging volume. N 
electrically conductive cylindrical Windings are Wound in a 
plurality of turns in a substantially helical path about a 
surface of the coil support, each turn of each Winding being 
electrically spaced from each other turn of each the Winding 
such that spacing betWeen respective turns of each the 
Winding decreases in approximate proportion to the distance 
of the respective turns from a center of each of the Windings 
in a direction parallel to the axis of the coil. Each of the N 
Windings is interleavingly Wound in the same direction 
about the surface of the coil support and separated from each 
other Winding of the N Windings in an angular orientation of 
approximately 360°/N about the coil support. N is deter 
mined so as to cancel all harmonics up to and including the 
Mth harmonic of the error magnetic ?eld gradient. 

[0023] The present invention also includes a gradient coil 
set for use in a magnetic resonance imaging system. The 
gradient coil set includes a cylindrical gradient coil and a 
cylindrical shielding coil. The shielding coil is as described 
above. The gradient coil may be any cylindrical gradient 
coil. 

[0024] The present invention also includes a gradient coil 
set electrically connected together to provide a fraction of 
the current to the shielding coil. The gradient coil may 
include a plurality of gradient Windings With an inductance 
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and a resistance. The shielding coil may include a plurality 
of shield Windings With an inductance and a resistance. The 
gradient coil set may include at least one external coil having 
an inductance and resistance substantially equivalent to the 
inductance and resistance of the gradient Winding of the 
shielding coil. The plurality of shield Windings are con 
nected in parallel. One of the plurality of gradient Windings 
are connected in series to the plurality of shield Windings. 
The remaining gradient Windings are connected in series 
With an external coil. The combination of the plurality of 
gradient Windings connected in series to the plurality of 
shield Windings is connect in parallel to the combination of 
the remaining gradient Windings connected in series With the 
external coil. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] The above and other aspects and advantages of the 
present invention Will become more apparent and more 
readily appreciated from the folloWing detailed description 
of the presently preferred exemplary embodiments of the 
invention taken in conjunction With the accompanying draW 
ings, of Which: 

[0026] FIG. 1 illustrates an exemplary prior art magnetic 
resonance imaging system; 

[0027] FIG. 2 illustrates an exemplary prior art parallel 
loop gradient coil; 
[0028] FIG. 3 illustrates an exemplary prior art multiple 
Winding gradient coil; 

[0029] FIG. 4 illustrates an exemplary prior art parallel 
loop shielding coil; 
[0030] FIGS. 5A and 5B illustrate a coordinate system for 
analyZing coil magnetic ?elds; 

[0031] 
cylinder; 

FIG. 6 illustrates exemplary eddy currents in a 

[0032] FIG. 7 illustrates an exemplary continuous surface 
current distribution required for exact cancellation of mag 
netic ?elds outside of a shielding coil; 

[0033] FIG. 8 illustrates error ?elds for various aZimuthal 
harmonic numbers, m; 

[0034] FIG. 9 illustrates a preferred embodiment of a 
multiple Winding shielding coil, in accordance With the 
present invention; 

[0035] FIG. 10 is a cross sectional vieW of one embodi 
ment of a multiple Winding shielding coil, in accordance 
With the present invention; 

[0036] FIG. 11 illustrates an embodiment of a multiple 
Winding shielding coil in a Z-coil gradient set, in accordance 
With the present invention; 

[0037] FIG. 12 illustrates a preferred embodiment of a 
multiple Winding shielding coil in a Z-coil gradient set, in 
accordance With the present invention; 

[0038] FIG. 13 is a schematic diagram of an embodiment 
of the present invention; 

[0039] FIG. 14 is a graph shoWing calculated shielding 
ef?ciencies at Z=0 meters of a multiple loop shielding coil 
and a multiple Winding shielding coil in accordance With the 
present invention; and 
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[0040] FIG. 15 is a graph shoWing calculated shielding 
ef?ciencies at Z=0.25 meters of a multiple loop shielding coil 
and a multiple Winding shielding coil in accordance With the 
present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0041] The main advantage of the multiple Winding 
shielding coil technique of the present invention over the 
parallel loop shielding coil technique of the prior art is that 
the eddy current distributions With loW aZimuthal harmonic 
number, m, can theoretically be canceled exactly. Due to 
practical constraints, including the placement of coil Wires 
and the movement of coil Wires over time, exact cancellation 
of the eddy currents by the multiple Winding shielding coil 
of the present invention is not probable. HoWever, the 
present invention may perform better than conventional 
shielding coils With regard to loW number m harmonics. 

[0042] In accordance With the present invention, cancel 
lation of the m=0 component may be achieved With a single 
Wire, but at the expense of creating eddy currents and 
resultant magnetic ?elds With higher m numbers. HoWever, 
these higher m ?elds make no contribution to the magnetic 
?eld in the Z direction in the center of the image volume and 
also decay much faster than the m=0 components. There 
fore, these higher m number eddy currents and resultant 
magnetic ?elds are less troublesome in MRI applications. 
Furthermore, by increasing the number of Windings, higher 
m errors can be reduced to arbitrarily loW levels. With a 
parallel loop gradient coil and N spiral Windings distributed 
equally in angle on a shield coil, all harmonic components, 
m, are cancelled except those that are integer multiples of N. 
It is not necessary that N be a poWer of 2 or an even number. 
For example, With N=3, all components Will be cancelled 
except for |m|=3, 6, 9, 12, etc. 

[0043] The cause of the eddy current problem addressed 
by the present invention can be understood if the induced 
currents and magnetic ?elds are analyZed in terms of the 
aZimuthal harmonic number, m. FIGS. 5A and 5B illustrate 
a coordinate system for analyZing harmonics of induced 
currents and magnetic ?elds from a coil. FIG. 5A is a 
perspective vieW of a coil. The coil 140 may be a gradient 
coil, a shielding coil, or a main magnet coil as all these coils 
are typically coaxial in an MRI full body imaging system. As 
shoWn in FIG. 5A, the Z-axis is co-axial With the main axis 
of the coil 140. FIG. 5B is a cross sectional vieW of the coil 
of FIG. 5A. As shoWn in FIG. 5B, angles 4) and 0 represent 
the angle betWeen the x-axis and a point on the coil. The 
angle 4) runs from 0° to 360° and then begins again at 0° after 
one complete rotation around the coil. The angle 0 incre 
ments by 360° upon every complete rotation around the coil. 

[0044] FIG. 6, shoWs the eddy currents produced for 
different aZimuthal harmonic numbers, In As shoWn in FIG. 
6, only the m=0 component 150 of the current circulates 
fully around the cylinder 154. The cylinder 154 may be the 
cryogenic vessel as shoWn in FIG. 1, speci?cally the inside 
diameter of the cryogenic vessel also referred to as the bore 
tube 28, or any electrically conducting object outside of the 
gradient coil. All higher values of have current distribu 
tions Which pass part Way around the cylinder 154 and then, 
While ?oWing also along the Z direction, turn around and 
make a complete loop Without encircling the Z-axis. For 
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example, as shown in FIG. 6, the m=1 component 152 ?oWs 
partially along the x-axis, then partially along the y-axis, but 
never encircles the Z-axis. The m=0 component is the only 
component in Which there is no motion of the current along 
the Z-axis, as it is a purely transverse current distribution. 

[0045] To fully cancel all harmonics of all eddy currents 
requires that the shielding coil have a tWo dimensional 
continuous distribution of surface current density x(q>,z) 
Which is determined by the design of the underlying main 
gradient coil. There are established Ways to calculate the 
desired surface current density x(q>,z); for example, see 
Carlson and Zha, Magn. Resn. Med. 1996; 36:950-54. 
HoWever, there are no practical methods of implementing a 
system of this type. Existing techniques use a series of 
circular loop coils arranged perpendicular to the Z-axis as 
shoWn in FIG. 4 to approximate a continuous current 
density. The parallel loop shielding coil cancels the error 
?eld along the 0 axis Well, but only approximates the 
cancellation of the error ?eld along the Z-axis. 

[0046] The reason that the parallel loop shielding coil fails 
to completely shield the gradient coil is illustrated in FIG. 
7, Which shoWs an illustration of the form of the needed 
surface current distribution, KO(Z), 161 as a smooth function 
of Z. Any design for the Z-gradient shielding coil that uses 
parallel loops is equivalent to sampling that distribution at a 
?nite number of Z values, shoWn as 160 in FIG. 7. Such 
?nite number of samples can never exactly reproduce the 
continuous function of Z that is required for exact cancel 
lation of ?elds external to the shielding coil. 

[0047] The present invention provides a shielding coil for 
exact cancellation of error ?elds along the Z-axis, at least for 
one aZimuthal harmonic number (m=0), and for cancellation 
of up to a maximum aZimuthal harmonic number, M. The 
invention, hoWever, does introduce errors of higher number 
m components, and does not exactly cancel the error ?elds 
along the 0 axis. Even though these errors are not completely 
cancelled, they are less troublesome for MRI systems. 

[0048] Analysis of the aZimuthal harmonic number is 
equivalent to expanding the angular dependence in a Fourier 
series; for example, the transverse surface current density, 7», 
in amps/meter can be expressed as: 

[0049] Where 4) is the aZimuthal angle of a point on the 
surface of the cylinder of the shielding coil and m is an 
integer running from —O0 to 00. 

Equation 1 

[0050] The Fourier coef?cients )tm (Z) are functions of Z 
and can be computed from a knoWn current density using: 

[0052] At issue is Which m components are most trouble 
some for the MRI system. This can by understood by 
looking at the radial dependence of the magnetic ?elds 
generated by a current density of a speci?c m value. The fall 
analysis of this problem involves another Fourier transfor 
mation over the Z coordinate and is beyond the scope of this 
invention. The important conclusion is that near the center of 
the cylinder, Which is Where the person or object to the 

Equation 2 

and the integral is over a range of 2st for the angle 
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imaged is placed, the magnetic ?eld strength Will be 
approximately proportional to the radius raised to the m-th 
poWer. 

Field rm Equation 3 

[0053] Thus, the Worst effects are seen from eddy currents 
With m=0 since they create magnetic ?elds Which are 
approximately transversely uniform Within the imaged vol 
ume. They also have the longest lifetime, Which can be as 
long as several seconds. If |m|>0, then the ?eld Will vanish 
at the center, r=0. If |m|=1, then one gets an approximately 
linear gradient in the magnetic ?eld near the center, Which 
is also very undesirable. In general, it is most desirable to 
suppress as many loW values of m as possible. 

[0054] FIG. 8 illustrates the error ?eld induced by eddy 
currents versus the radius from the Z-axis, or center of the 
coil for different values of the aZimuthal harmonic number, 
In As shoWn in FIG. 8, the m=0 component is approxi 
mately constant Within the coil. This approximately constant 
error creates the largest contribution of all the aZimuthal 
harmonics induced in the MRI system. The m=1 component 
approximates a linear function versus the radius from the 
Z-axis. Therefore, there is no m=1 error ?eld in the center of 
the coil, but the m=1 error ?eld increases approximately 
linearly With increasing radius. This error ?eld is Zero at the 
center of the coil (Where most of the imaging occurs). The 
m=2 component approximates a quadratic function versus 
the radius from the Z-axis. Again, there is no m=2 ?eld at the 
center of the coil, but the m=2 error ?eld increases With 
increasing radius. HoWever, the increase is sloWer than that 
of the m=1 error ?eld. These curves illustrate that the m=0 
component is the most critical component to eliminate in the 
MRI system. Also, these curves illustrate that the loWer the 
m aZimuthal harmonic number, the more important it 
becomes to reduce that component of the error ?eld. 

[0055] FIG. 9 illustrates one embodiment of a multiple 
Winding shielding coil in accordance With the present inven 
tion. As shoWn in FIG. 9, the multiple Winding shielding 
coil 200 includes at least tWo Windings. A ?rst electrically 
conductive Winding 212 is Wound about the surface of 
cylindrical coil support structure 210. The ?rst electrically 
conductive Winding 212 is Wound helically in a symmetric 
manner about the center 214 of the coil support structure 
210. Terminal connections 216 are connected to the ?rst 
Winding 212. A second electrically conductive Winding 218 
is also Wound in an interleaved manner With respect to the 
?rst Winding 212. In accordance With the invention, the 
second Winding 218 is offset in aZimuthal angle by 180° 
(360°/2 Windings) With respect to the ?rst Winding 212. For 
ease of illustration, the Wire diameter of the second Winding 
218 has been illustrated to have a smaller diameter than the 
Wire diameter of ?rst Winding 212. In this embodiment, the 
multiple Winding shielding coil has tWo Windings or N=2, 
Where N=the number of Windings. As With the ?rst Winding 
212, second Winding 218 also has a terminal connection 220 
to Which current may be applied. The multiple Winding 
shielding coil is displaced substantially coaxial and outside 
of a gradient coil 230, for example, the parallel loop gradient 
coil 80 as shoWn in FIG. 2 or the multiple loop gradient coil 
100 as shoWn in FIG. 3. 

[0056] In another embodiment, four interleaved Windings 
are offset in aZimuthal angle by 90° (360°/4 Windings) from 
each other. The multiple Winding shielding coil thus corre 














