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Shielding of detection coil from low-frequency magnetic-field
interference is one of the main problems in weak-field MRI meth-
ods that utilize cycling of main magnetic field (MRI in the Earth’s
magnetic field, for example). In such cases, the best solution is
usually to shield the detection coil by shorting one of the resistive
coils of the system, typically the magnetization coil. The optimiza-
tion of this shielding method has been done by studying the total
magnetic field on the axis of a shorted single-layer cylindrical coil
placed in a homogeneous oscillating magnetic field parallel to the
coil axis. The results are generalized for the case when series im-
pedance is added to the shielding coil. The optimal added imped-
ance that gives the largest shielding factor in the center of the coil
is calculated. Because the theoretical treatment is confined to the
coil axis, the results are in simple form ready to use in applications.
The results of the calculation are verified experimentally and im-
plemented in Earth’s field MRI system. © 1997 Academic Press

INTRODUCTION

MR imaging in weak magnetic fields, ranging from 0.5
G (Earth’s magnetic field) up to few 100 G, is gaining
increased attention during the past years. Most weak-field
MRI methods utilize switching of the static magnetic field
(field cycling) either to prepolarize the samplein arelatively
strong magnetic field (1-3) or to decrease the RF power
deposition during saturation of electron transitions in dy-
namic-nucl ear-polarization-enhanced MRI (4, 5).

Our homemade Earth’s-magnetic-field imaging system
performs a field cycling experiment (6). The water sample
is magnetized in amagnetic field of 500 G. Then the magne-
tization field is adiabatically switched off, leaving the sample
magnetization pointing in the direction of the residual
Earth’s magnetic field. After a 90° pulse, the sample magne-
tization is flipped into the plane perpendicular to the Earth’s
field direction, where a free-induction signal with a fre-
guency around 2 kHz can be observed. At such low fre-
guency, copper screens do not efficiently suppress magnetic
interference from the environment unless very thick copper
or mu-metal plates are used. However, cycling the magnetic
field inside the metal cage produces eddy currentsin the cage
walls, which causes an additional decaying inhomogeneous
magnetic field which destroys the NMR signal. For this rea-
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son, shielding of the detection coil from low-frequency mag-
netic-field interference is one of the main problems in very-
weak-field MRI. One possible solution of this problem is to
choose one of the resistive coils (usually magnetization coil )
which is paralel to detection coil axis and shorts it during
signal detection. In this case, the magnetic-field interference
inside the cail is partially shielded by the currents that this
same interference induces in the shorted coil. Though this
approach is well known in weak-field MRI (1-3, 5, 7), the
full description and optimization of shielding the oscillating
magnetic field by the coil has not been described before, to
the author’s knowledge.

THEORY

In practice, it can be assumed that magnetic interference
is caused by a distant source. In this case, the interference
a the site of the coil can be treated as a plane wave of
magnetic field.

Let the single-layer coil with shorted terminals be placed
in the external homogeneous oscillating magnetic field B =
B.e'“* parallel to the coil axis. The induced current in the
coil creates an additional magnetic field which opposes the
external magnetic field. In the following treatment, the resul-
tant (shielded) magnetic field on the coil axes is analyzed.
It is assumed that the frequency of field oscillation is much
smaller than self-resonant frequency of the solenoid and that
the distributed capacitance of the coil can be neglected.

The schematic circuit of the shorted coail is shown in Fig.
1, where U; is the induced voltage in the coil, L is the
inductance, and R is the resistance of the coil. The induced
current in the circuit can be calculated using Kirchoff 's law

dl
IR+L— =U. 1
p” [1]

The induced voltage in the cail is then given by

Ui = — c(jj;f = _iN’fT'a.Z(x.)Boeiwt

(2]
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FIG. 1. Equivaent circuit for a shorted coil.

and the induced current from Eqg. [1] by

Ii = UO

TR T (L)

where U, is amplitude of induced voltage and

i(ml2—¢)

[3]

[4]

L
P = arctan% = arctan Q.

The magnetic field due to the induced current in the solenoid
can be expressed in the form

B, = KNl ¢ 50 1y,

, (5]

where | is the length of the solenoid and f(r, z') is the
function describing the geometry of the magnetic field of a
solenoid aone. The functionf (r, z") can be calculated using
the Biot—Savart law. In practice, we are mainly interested
in the field near the coil axes inside the solenoid. Therefore,
we shall use the expression for f(r = 0, |z'| < |/2) which
has a ssimple analytical form

1-z N 1+z } (6]
V1-22+82 W1+2)2+p%]"

ua:%[

where 8 = 2a/l and coordinate z is measured in half lengths
of the solenoid

The origin of coordinate system is placed at the center of
the coil with the z axis parallel to the coil axis. The induced
current creates a magnetic field B; which adds to the external
magnetic field B. On the coil axis, B;is paralel to B. From
Egs. [2], [3], [5], the total magnetic field can be expressed
in the form

Btot — Bo(l _ qei(w/Zﬂp))eiwt’ [7]
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Dependence of function Gy(8) on coil geometry factor 5 = 2a/l.
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where

N2raw

q= Mom f(2).

The self-inductance of the single-layer cylindrical coil is
given by the expression

[8]

_ /,LoN 271'8.2

Ls i

n(8), (9]

where 7 is function of ratio 8. Function n(3) is given by
the expression (8)

_ 4 [ K(K) + (B2 -1EK) .,
n(ﬂ)—w[ ” g } [10]
where
k2 — /82
1+ B2

and K and E are complete elliptical integrals of the first and
second kind. In practice, the function n(g3) is usualy re-
placed by a long-coil or short-coil approximation. It will be
clear later that the exact expression for n(8) should be used

in order to optimize the shielding characteristics of the cail.
Using Egs. [8] and [9], we write g in a compact form

G(z A)

Mo [11]
where
o -1

Using Eq. [7], the shidlding factor of the coil F can be
expressed as

F =

| Bt
B

0

=1+ ¢? - 2qsin g, [12]

and the phase angle of B, with respect to B in the form

1+F2-¢?
oF '

6 = arccos [13]

It can be seen from Eq. [4] that phase angle ¢ approaches
0 in the smal-Q limit (Q < 1) and #«/2 in the high-Q
limit (Q > 1). Therefore, in the high-Q limit, the shielding
magnetic field Bs opposes the externa field B—the coil
works as a low-pass filter.

F.0

2z/1

FIG. 3. The dependence of shielding factor F (solid line) and phase angle § (broken line) on the position along the coil axes (Q = 50, 8 = 0.8).
The phase-angle values are measured in radians and displayed on the secondary vertical axis.
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Equations [11] and [12] suggest that the dependence of
shielding characteristics of the coil on its geometry is de-
scribed by the function G(z, 8). In the center of the cail,
we get

1
Go =G(0,8) = ——F—. 14
(B) =600 =~ 4]

The graph of Gy(3) is shown in Fig. 2. It can be concluded
from the graph and from Egs. [11] and [12] that the cail
with 8 = 0.46 will produce the largest shielding field in its
center. Since in this case Gy(8) =~ 1.094 > 1, it can be
expected that the shielding field in the center of the coil can
even exceed the external magnetic field (which produced
it), providing that Q of the coil is high enough. Because the
shielding field decreases to zero from the coil center, there
should exist two points on the coil axes where B, reaches
the minimum value. The example of calculation of shielding
factor and the phase angle 6 along the axes of a long coil
(Egs. [12], [13]) is shown in Fig. 3.
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It can be shown that for the coilswith large Q the shielding
factor F has an approximate value

FN\/(l—G)2+(2—G)GQi2, [15]

where G = G(z, 8). In the center of the coil, Eq. [15]
reaches a minimum value of 1/Q for Gy(8) = 1 which
corresponds to 8 = 1.14. In other words, the coil with g ~
1.14 will produce the best shielding in its center. Any other
geometry of the coil will shield its center less efficiently.
Note that even in very high frequency limit, when the term
with Q2 in Eq. [15] can be neglected, the total field at the
coil center is still different from zero, unless Gy(8) = 1!

From now on, we shall use the term ‘‘long coil’’ for coils
with Go(8) > 1 and ‘*short coil’”” when Gy(8) < 1. For
short cails, the shielding field in the center of shorted cail
cannot exceed the external field. The minimum of By is
always in the center of the short coil, but shielding is less
efficient than for the long coil.
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FIG. 4. The dependence of shielding factor F (solid line) and phase angle @ (broken line) in the center of the coil on the added series reactance X,
(ke = Xs/iwL). The coil parameters are Q = 50, 8 = 0.8, and k, = 0. The shielding factor is displayed on a logarithmic scale, and phase vaues are

measured in radians and displayed on the secondary axes.
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TABLE 1
Measured Parameters of the Coils Used in the Experiment and for MRI in the Earth’s Magnetic Field (HP 4284-A LCR Meter)

Cail 1 (mm) 2r (mm) dy (mm) N Roc (©) L (uH) Queriz Qusirz

Coail A 100 77 19 28 0.04 33.7 5 a4
Coail B 33 83 19 16 0.03 239 6 39
Max. pair (one loop) 20 460 0.65 200 6.5 8890 — —
Pick-up coil 6 12 05 12 ~0.04 184 — —
Earth’s field

magnetization coil 684 397 4X6 640 ~0.5 70000 — —
Earth’s field

detection coil 110 110 0.2 6000 520 257 ~10 —

Obvioudy, the long shielding coil which produces the totdl
magnetic field as shown in Fig. 3 does not work as a good
shield in the region near the coil center—the region where NMR
detection coils are normaly placed. It would be therefore very
useful if the two minimums in Fig. 3 could be moved to the
center of the coil. This can be done by dtering the shielding
field (i.e, dtering the induced current) of the coail. Since coil
impedance can be increased or decreased by adding inductor or
capacitor in series to the coil, the value of Bs will increase/
decrease as well, providing the induced voltage was congtant.
The induced voltage will remain constant if the added inductor
or capacitor is well isolated from the externd magnetic field so
that it does not affect the totd induced voltage in the circuit.
This is dmogt aways true for capacitors but not for inductors.
The inductors should be screened or wound on toroidd forms
in order to minimize the interaction between external magnetic
field and inductor.

The shielding characteristics of the coil with the added
isolated impedance (reactance X, and resistance R;) in series
can be derived by using the results from the previous para-
graph. If the total impedance is written as

Z=(R+R)+i(wL + X),

then the expressions for parameter g and phase angle ¢ (Egs.
[4], [11]) can be written in the form

_ Gzh)
a= V(1 +k)2+Q 2’ [16]
o = arctan(Q’ (1 + k). [17]
where
_ X
k=22, [18]
=, [19]
Q=2 [20]

Negative k, value corresponds to the added series capaci-
tance

1

Cs = ;
W2L|kx|

[21]

positive k, values correspond to added series inductance

Ls = k(L. [22]
In case of the added capacitance, the added resistance is
amost negligible (k, = 0), whilein case of added inductance
it may be substantial. The effect of added impedance on
shielding factor F and phase angle # in the center of the coil
is shown on the example of along coil with Q = 50 and 8
= 0.8 (see the graph in Fig. 4).

It can be concluded from Fig. 4 that the shielding perfor-
mance of this particular coil can be optimized by terminating the
coil with the seriesinductance L =~ 0.06L. The improvement in
shielding factor, compared to the shielding factor of a shorted
coil (k. = 0), is more than threefold. For clarity, the added
resistance R, was neglected in this calculation. Ratio k; isaways
postive and it appears only in Eg. [20]. Therefore in most
prectical cases, the added resistance “* spoils’ a small fraction
of the shielding factor but it does not change the shape of the
F(k.) dependence significantly.

The F(k,) and 8(k,) values in the center of an arbitrary coil
have dependence very smilar to that shownin Fig. 4 (providing
that Q of the cail is not too low), except that the minimum in
F(k,) appears at different k, values. For short coils, the mini-
mum appears at negetive k, (added series capacitance) and for
long coils at positive k, va ues (added seriesinductance) . Using
Egs. [16] and [17] in Eq. [12], the shielding factor in the coil
with added series impedance can be expressed as a function
of parameter k,. From the first derivative, the minimum of this
function is found to be at

k2p=§<1+ 1+ ~1 [23]

sa7)
GZQIZ
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FIG. 5. Measured (points) and calculated (lines) shielding factor along the axis of the shorted coil A (see Table 1) at external magnetic-field
frequency of (a) 1 kHz and (b) 15 kHz. Measured and calculated shielding factors at 15 kHz for long coil with added series inductance with k. ~ 0.6
and (c) k, = 0.16, (d) k, = 0.044, and (e) k, = 0.092 (see Egs. [18], [19]). The calculated optimal series inductance in this case is k¥ = 0.068
(obtained from Eg. [ 23] at an average measured value of k, = 0.6).

with the corresponding shielding factor and its high Q limit The maximum of F(k,) always appears at k, =~ —1 when
the circuit is in resonance with the external field frequency.

1+ 4 1 It can be shown that the separation between the minimum

For G%Q’? 1 and maximum is inversely proportional to G(3). This must
= 2 ~ GQ'’ [24]  pe considered when shieldi ng with added capacitance is per-
1+ Go? +1 formed. Obvioudly, it is desired that minimum (best

Q shielding) is as far as possible from resonant point. On the

where G = G(z, 3). other hand, when inductance is used to optimize the
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Measured (points) and calculated (lines) shielding factors along the axis of coil B (see Table 1) at external magnetic-field frequency of 15

kHz with (a) shorted coil terminals and with added series capacitance with (b) k, = —0.48, (c) k, = —0.24, (d) k. = —0.16, and (e) k, = —0.18 (see
Eq. [18]). The calculated optimal series capacitance in this case is k™ = —0.21 (obtained from Eq. [23] for k. = 0).

shielding, the frequency characteristics of the circuit do not
change much from those of the shorted coil. The circuit
behaves as a low-pass filter with no resonant points as long
as the frequency is well below the self-resonance frequency
of the coil.

EXPERIMENT

The theory developed in the previous section was experi-
mentally verified on the bench using a common laboratory

equipment. The oscillating magnetic field was generated
with the Maxwell pair connected to an audio amplifier and
to asignal generator. The shielding coil (coil under observa-
tion) was placed in the center of the Maxwell pair. The two
coils of the Maxwell pair were driven in parallel in order to
minimize mutual inductance between the shielding coil and
the Maxwell pair. The magnetic-field amplitude was mea-
sured inductively with a small pick-up coil. The signal was
amplified and observed on the oscilloscope. First, the mag-
netic field on the axis of the Maxwell pair was measured.
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FIG. 7. The pulse sequence for observing an FID in the Earth’s magnetic field. The TTL signal closes the switch and shorts the magnetization coil

with the added optimal impedance (1 = shorted coil).

Then the shielding coil was inserted and the magnetic field
along the axis of shielding coil was measured. Finaly, the
shielding factor at each point on the axes was calculated as
a ratio between the two amplitudes. The measured values of
coil parameters are given in Table 1.

The comparison between measured and calculated values
of the shielding factor for shorted coils at frequencies 1 and
15 kHz has been done on different coils. In al cases, the
theoretical and measured values were in good agreement
despite the assumptions made in the model (the homoge-
neous oscillating magnetic field and neglected distributed
capacitance of the coil windings), the positioning error, and
the finite size of the pick-up coil. Some results are shown
in Figs. 5 and 6.

The effect of added series impedance on the shielding
factor was also examined. The comparison between mea-
sured and calculated shielding factors along the long-cail
axis for different added inductance is shown in Fig. 5. The
same comparison for ashort coil with different added capaci-
tanceisshownin Fig. 6. Again, the calculated and measured
optimal added impedance factors k3 are in good agreement.

Using the theory described above, the S/N ratio of our
homemade Earth’ s-magnetic-field MR imaging system (see
the Introduction) was improved. The external interference
was shielded only by shorting the magnetization coil with
optimal added impedance during signal detection. Shorting
of the coil was performed by a relay controlled by a TTL
signal from the computer. The example for a simple pulse
sequence is shown in Fig. 7. Note that the relay shorts the
magnetization coil after the RF pulsein order not to attenuate
the magnetic field of the RF coil. The parameters of the
magnetization and detection coil used in our experiments
are given in Table 1. The measured S/N ratios for 1 liter
water samples and shielding factors for different magnetiza-
tion coil terminations are given in Table 2. The theoretical
shielding factors are given in the same table. The difference

between the observed and cal culated shielding factors results
from the electric field oscillations picked up by the capaci-
tance of the detection coil, by the inhomogeneity of the
magnetic-field oscillations, and from the thermal noise back-
ground. It is also important to remember that the shielding
coil attenuates only the component of the external oscillating
magnetic field that is parallel to the coil axis. The perpendic-
ular component isonly slightly attenuated, depending on the
diameter of the wire. Since the effective cross section of the
detection coil with many turnsisin general not perpendicular
to the cail axis, there is always a component of the external
oscillating magnetic field that cannot be shielded in the way
described above.

CONCLUSIONS

In weak-field MRI systems that perform field cycling of
the static magnetic field by switching the resistive coils, the
efficient shielding of the detection coil from low-frequency
magnetic interference can be achieved by using the magneti-
zation coil or one of the coils as a shield. The theory
and measurements show that significant improvement in
shielding the axial component of magnetic interference at

TABLE 2

Shielding Factors and S/N Ratios for Different Magnetization
Coil Termination

URMS Fcalc
Termination (mV) Frneas (2 kH2) SN
Open 845 + 05 1 1 24
Short 181+ 0.1 0.21 = 0.02 0.09 112
Lopt 138 = 0.1 0.16 = 0.02 0.009 147

Note. SN values has been calculated measuring the signal amplitude
from 1 liter water sample after 90° pulse and RMS values of noise.
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the center of the coil can be achieved by adding a suitable
series impedance to the shielding coil during signal detec-
tion. The optimal impedance is determined by the geometry
of the coil and the observed frequency. The optimal imped-
ance is capacitive for short coils or inductive for long cails.
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