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The use of surface coils in magnetic resonance is widespread.
Examples include MRI, detection of subsurface aquifers by NMR,
and, more recently, landmine detection by nuclear quadrupole
resonance. In many of these cases a finite-sized sample to be
examined is contained within a larger medium that is a poor
electrical conductor, and eddy currents induced by the RF fields
provide a loss mechanism that reduces the effective quality factor
Q of the transmitter and receiver coils. Here the losses induced in
a circular surface coil (a horizontal loop antenna) separated a
distance from a dissipative medium are calculated and compared
to measurements. It is shown that often the overall efficiency of the
coil for magnetic resonance can be improved by displacing the coil
away from the conducting medium a prescribed “lift-off” distance.
The use of a gradiometer as a surface coil is also examined, and it
is shown by theory and experiment that in certain circumstances
such a gradiometer can be more efficient than a conventional
surface coil for inspection of conducting media. © 1998 Academic Press
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INTRODUCTION

The work here is primarily motivated by a need to optimize
SNRfor landmine detection, though the results can be ex
pected to be applicable in general.

In many cases, obtaining signals from only a small regior
within the conducting medium is desired (MRI) or is practical
(aquifers and landmines). In that case, surface coils are usef
to “focus” the RF energy and signal pickup sensitivity to a
smaller region of interest. At the same time the more focuse
RF field results in less dissipation in the surrounding mediun
and thus a betteBNR(1, 9).

The loss mechanism can be easily understood. The R
magnetic field, of frequencyw created in a coil induces eddy
currents in nearby conducting media. We specialize to the cas
of a “poor conductor” for which the RF skin depth is large
compared to coil dimensions and, correspondingly, the mag
netic fields created by these eddy currents can be neglected
comparison to the field3,. However, these eddy currents
induce an ohmic loss in the medium. It has also been suggestt
that significant dielectric losses due to the presence of R
electric fields may also be present when the coil is close to th
medium Q). Satisfactory results were obtained here without
consideration of such dielectric losses.

Magnetic resonance signals are typically weak and mustAn improvement of SNR with a small lift-off is known

compete with undesirable signals from thermal noise. Morgualitatively @) in the MRI community. Below we derive
over, substantial RF power is required for the transmittesxplicit expressions for the electrical dissipation and an effec
especially when specimens are large. It is well known that tfige measure of th& NRfor measurements of a small sample
use of a highQ receiver coil and/or transmitter coil is advanin a conducting medium using a simple, circular surface coil
tageous, since the signal-to-noise rat®NR scales aQ"'?  that is displaced a distanbealong its axis (“lift-off’) from the
and, similarly, the required RF power to create a given magedium and compare with experimental data. This is a gene
netic field strength scales asQ/Any dissipation in the coil alization of the i = 0) calculations of Harperil() and those
(receiver or transmitter) reduc€s The usual loss mechanismof Wanget al. (11). We find that a lift-off of a fraction of a coil
is the resistive loss in the coil, but sample losses in a nearius can improve the over@NRand, of course, reduces the
conducting medium also reduc@, leading to a decrease inpower deposition and total required transmitter power.
SNRand an increase in the required transmitter power. Exam-For a circular surface coil, which produces a dipole field at
ples include patient loss in MRL(2) and RF loss in wet soils |arge distances, the RF field falls off fairly rapidly so that, in
(3) as seen for NMR study of subsurface aquife¥sgnd for practice, sample regions approximately one coil radius dee
landmine detection by nuclear quadrupole resonaBe€d( and one coil diameter across can be observed. Followin
1 To whom correspondence should be addressed. Physics Departm'éiﬁ,rpen,s analysisl() itis str_aughtforward to §hOW that 83% of
Michigan Technological University, 1400 Townsend Dr., Houghton, M€ power loss occurs outside one coil radius and 42% occul
49931-1295. E-mail: suits@mtu.edu. outside two coil radii. That is, most of the power loss occurs a
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distances where the RF field is too small to be effectively usadherel is the current in the coily, is the permitivity of free
for magnetic resonance. Hence, it therefore would be usefuldpace, and, is the azimuthal unit vector. Note thet A = 0.
employ a coil whose field falls off even more rapidly at largéfter some manipulation, we find that the losses in a poorly
distances. Accordingly, theory and measurements were atemducting half-volume extending from= h (h > 0) toz =
pursued for the use of an axial gradiometer surface coil, com-are
prising two circular surface coils displaced a distabcaong
their common axis and arranged so that the circulating currents aT
oppose one another. At large distances, such a coil produces a ~ P«(h) = ¢ po o w?1?a’ f<2a) =5 17r(h),  [3]
magnetic quadrupole field. As we will show below, the dissi-
pation for such a coil occurs almost entirely within a depth of, . , . . .
one coil radius and the resultirgNRmay be improved com- yvh|ch defmes the effectlvg series resistange,due to losses
. . ; in the medium. The functiorf, is
pared to the simple circular coil.
The general theory for the simple circular coil and the
gradiometer coil near the surface of an infinite conducting . f” 4 [Jl(K)]ZeKB
K
0

medium is presented in the next section, along with corrections f(B) =
for finite media. This is followed by a comparison with mea-
surements made in the laboratory.

K

1 ™
=5 f [(B?+ 2—-2cosd — B](1 + cos¢)de
THEORY 0
We start by computing the extra losses for a simple circular ~ [82 tanl(w) ] . [4]
NMR coil made from thin wire in the vicinity of a semi-infinite 3 4B

poorly conducting medium and then apply corrections for a ) ) )

finite-sized medium. By poorly conducting what is meant i§he second form of the integral in eq. [4] is due to Watson
that the magnetic field due to currents induced in the mediddd)- Either of the two integral forms can be treated numeri-
can be neglected and that the skin depth is large compared@y, though the elliptic form converges much more rapidly
the size of the coil. We neglect capacitive effects between tfiBd is preferred. From examination of results of numerical
coil and the medium, which will give rise to additional losdntégration and series expansions for large and shiallwe
when the coil is very near the medium. The calculations beldive discovered that the approximate form shown in eq. [4] is
are a generalization of previous calculations performed foradequate for many practical calculations. The functigs)
circular loop surface coil of radiua resting in thex-y plane obtained using numerical integration and the approximation are

atz = 0, on the surface of a conducting medium occupying tif@mpared in Fig. 1a. Note th0) = 4/3w and that eq. [3]
half spacez < 0 (10). agrees with previous calculation8, L0 for h = 0.

conducting medium in the presence of an RF magnetic fiedth a finite depthD, are then given by
with angular frequencyw, and amplitudeB,, which has a

corresponding vector potentiad, in the Coulomb gauge, is T, L, h h+ D
given in the long wavelength limit byl() Po(h) =g poow®a’| fl2 | —fl2——]|. [5]

1 We have been unable to find a simple form for the case of a
P="_ gw? f A - A dr, [1] conducting medium with a finite width. However, an approx-

2 vol imate result can be computed for the case where the width is
large compared to the coil radius. In that case, the asymptotic

_ o ) ) form for A can be used1@). The losses from a region of
whereo is the conductivity of the medium and the integral igsfinite depth but restricted to the region> R, with R > a,
over the volume of the medium. For a circular loop of radiug,e

a, with its axis alongz and in the plane = 0, A is given in
cylindrical coordinates by the Lipschitz—Hankel integral

T 1 [3a ha
12,1 ~ 2 212,83y — |99 1 _
1 - [6]
A =3 Kolaa, f e K3, (kr) 3, (ka)dk, [2] and thus the losses within the region< R are given by the

o quantity [P.(h) — P,~r(N)].
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05— sample on the axis will be, by reciprocity, proportional to
Numerical |B,(2)|. Hence for the signal from nuclei along the axis of the

04| x  Approx. Function - coil and a depthd, inside the conducting medium,
03 X Single Coil, f) (a) 1 SNRx &|B,(h + d)| Jol/(ro + r (h)). [9]

T For finite-sized samples, an appropriate averad®, afver the
sample volume should be used.

. The analysis above can be easily extended to other config-
urations involving multiple co-axial loops. For example, if a

. second identical coil is added at a distanbe¥ b), b > 0,
from the conducting medium, but with the current in the
opposite sense in order to form a gradiometer of “basddiiie
one gets for the infinite medium

Loss Integral
o
N

01l

00+

12714 16

05 . .
T, L, h h+b 2h+b
04 ] I:)g(|'1):§/.l,00'(1)|a.f2gl +f2? — 2f a
o 03, [10]
% and
£ 0.2
2 Mo 1 1
§ 0.1 Bi(2) = > azl[(az + 27 @+ (z+ b)2)3/2] a,.
0.0+ [11]
0o G 0 - s The loss integral for this case (the sum in brackets in Eq. [10],
’ ' B=2Na ’ ' with B = 2h/a) is also shown in Fig. 1a. ThENRIis then

calculated as was done in Eq. [9]. The gradiometer loss integral
FIG. 1. (a) The loss integral for the single circular coil (Eq. [4]) and thfdrops very rapidly to zero with increasitg and wherh = 0,

gradiometer coil witrb = a/2 (from Eq. [10]) computed numerically (solid y;iy,a11v 4l of the power is dissipated within one coil radius of
line) compared to calculations using the approximate functional form (crosse

from Eq. [4]. (b) A comparison of the functional dependence of the |o§56 Surf_ace' The losses for the gradiometer for a ﬁ_nite region
integrals (solid lines) from (a) and the magnitude of the correspondingRF can be included as was done above; however, as will be shown

fields (dotted lines) a = O for small values oh. The magnitude of th8,’'s  below, corrections for a finite medium for the gradiometer are
have been scaled so that the value for the circular coil matches the loss integigt needed in practice.
ath = 0. Figure 1b shows a comparison of the functional dependence

of B,(h) for fixed current,|l, and the losses shown in Fig. 1a
The magnetic field along the axis of the coil is given by thfo" Smaller values oh. It can be clearly seen that near= 0,
well-known expression the Iosseg drop much more ra_1p|dly with increadintpan does _
the magnitude oB, for both coils. Hence, even though the coil
no  2mall sensitivity is decreased with increasihg SNRwill initially
Bi(2) = — 53 a,. [7] increase with increasinig for both coils. Note also that though
4m (a°+ ) the maximum RF field for the circular coil is much greater than
the maximum field of this short-baseline gradiometer, the

The signal-to-noise raticiNR for a tuned and matched coil|ogges for the circular coil at smdilare also much greater than
will depend on the square root of the quality factor of the coil,se of the gradiometer.

Q, and the size of the induced EMF from a distant sample. For|; i instructive to consider the semi-infinite case where the

a coil inductancel., with a series resistance,, power losses in the medium dominate by setting: 0 above.

Figure 2 showsSNRfor the simple surface coil and gradiom-
(8] eter coil with b = a/2, both assumed to have the same

inductancel, as a function of heighty, and various sample

depthsd. For samples near the surface, there is clearly a gain
where Q,¢ is the quality factor in the absence of the poorlyjn SNRwhen the coil is held above the surface. Figures 3 and
conducting medium. The size of the induced EMF for a smalishow plots oh,,, the optimum value df for a given sample

1 ro rL(h)_ 1 1

= —+ = + -,
Q ol ol Qe QL
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— 1 1 T T 1 whereM is the magnitude of the mutual inductance betweer
301 °°"\ 2,  Cpnducting | the coils. For any specific coil, the mutual inductance falls
# ol — / rapidly with coil separation14). For practical highQ coils,M
dI ID < L for b > a, andM gives only a small correction20%)

for b = 0.5 a. As b becomes less than about &,9M rises
Sample  ——(—— | very rapidly untilM = L in the (unphysical) limit wheré =
0. General expressions will require knowledge of the wire
. dimensions used and are not pursued here. However, an e
plicit comparison between a single loop coil and a gradiomete
made from two single loops is easily made.

Referring to Fig. 4, we see that the optimu&NR for
constant inductance is rather insensitive to coil spacings ne:
b = a/2. However, for coils spaced closer than abaii, the
mutual inductance will become large, reduci@g, andSNR
will be reduced. Hence, an optimum spacing will be, within
factors of order unitya/2.

SNR (arb. units)

EXPERIMENTAL

T T Two types of surface coils are considered here. The first is
0 1 2 3 4 simple circular surface coil that we may term a “magnetom-
h (un'ts of a) eter,” as it responds to the net magnetic flux through the coil
The second is an axial gradiometer that essentially rejects tt
FIG. 2. Dependence oBNRon coil height for signals from a depthfor  net flux but responds to the (linear) gradient of the flux.
an ideal simple sgrface coil (solid line) and an ide_al two coil gradiomet¢r (  Three 20-cm-diameter coils (tWO simple circular coils and a
W|t_h the coll spacing equal to one-half the coil radibs< a/2) as computed gradiometer) were constructed of RG401/U semirigid coa»
using Eq. [9]. The inset shows the geometry used here. . . . . .
(0.64 cm o0.d.) using a split-shield desighb(16. The split-
shield design yields coils which are inherently electrically

depth, and the (_:orrespond_lng_ vaIueSjﬂRfo_r the s!ngle coil balanced, greatly reducing electrostatic couplings and therefol
and for the gradiometer coil with various coil spacings, respec-

tively. For the gradiometer, the single coil result is obtained in
the limit of large coil spacing. Note the surprising result for this
idealized caseSNRfor the gradiometer is significantly better
than that of the simple surface coil, all other factors being
equal.

Calculations withr, = 0 lead to the somewhat counterin- 06
tuitive conclusion that the beSINRwill be obtained for a very
closely spaced gradiometer cdil & a) held far b > a) from
the conducting medium. Even thouBh diminishes as the coil
spacing is decreased, the losses in the medium decrease even
more rapidly. However, when a nonzero value gfs used to
represent finite coil losses, there will be an optimum spacing
and lift-off distance. In addition, one should consider the
effects of the mutual inductance between the coils, which
reducesL for small spacings. As will be shown below, the

08 —F+—F——7——T——7—

04}

02}

h for best SNR (units of a)

corrections for a finite-sized medium may also be very impor- 00t Single Coi g

tant for the simple circular loop coil and hence also for any

comparison of the relative performance of these two coils. 00 02 04 06 08 10
Conglder a gra}dlomgter coil made fror_n two single circular d (units of a)

loop coils each with an inductanteand resistive losg,. Then

the Q of the gradiometer,Qg, away from the conducting FIG. 3. The coil height,h, above the conducting medium for maximum

: : - - SNRfor the single coil and the gradiometer coil with three different coil
medium (the free SpadQ) IS given approxmately by spacings as a function of sample degthjn the absence of corrections for a

finite-sized conducting medium and assuming the losses within the coil ar
Qg = (L — M)/ry, [12] negligible.
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L and a larger 6 ftx 12 ft (1.84 mX 3.69 m) pool filled to a
depth of 3 (1.53 m) were filled with artificial sea water,
prepared from “Instant Ocean,” to obtain measured dc electri
cal conductivities obr = 3.55 S/m and, by dilutiony = 1.28

T S/m in the smaller tank anat = 0.33 S/m in the larger tank,
measured with a Hydrolab DataSonde 4. A recirculator wa:
used to provide a uniform conductivity in the large tank. To
simulate a magnetic resonance signal, a small (1-cm-diamete
untuned transmitter coil, driven by a 5-W broadband RF am:
plifier, was placed a fixed distancebelow the surface of the
water, co-axial with the surface coils.

For **N nuclear quadrupole resonance (NQR) transitions
g frequencies of 0.5-5 MHz are appropriate. At 3.5 MHz, the
skin depth,s, of the conducting medium needs to be consid-
ered. Here the skin depths are 46 cm and as small as 14 ci
respectively, for the larger and smaller tanks, and so RF scree
R — ing effects cannot be ignored. The RF screening was taken in

00 02 04 06 08 10 account in anad hocway, by setting the dept® = & for
d (UnitS of a) analysis.

FIG. 4. The SNRobtained for the optimum coil heights, shown in Fig. The efﬁuenqes an@'s of the coil were measured in .tWO
3. The reduction irSNRdue to the mutual inductance between the two coil¥v@ys. In the first method (method 1), the surface coil was
of the gradiometer has not been included here. carefully matched to 5d) with a series capacitor, and the

voltage induced by the transmitter was observed at the outpi
) ] ] . _of the matching capacitor. This method corresponds to thi
the loading by any nearby dielectric media. One other simplgyentional observation of a magnetic resonance signal by
circular surface coil, 5.5 cm in diameter, was constructed iny@ned and matched circuit, and the signal here is proportion:
similar manner using 0.64-cm-o.d. copper 'tubmg. Thg lattgy B, Q2 whereB, is the magnetic field that would be
was used qnly for measurements which did not require they ,~aq by a unit current flowing in the surface coil, @ is
central coax.|al conductor, ) ) . the quality factor under matched conditions. Most of the mea

All the coils were parallel tuned with higl- ceramic ca- g rements were obtained using a second method (method

pacitors (American Technical Ceramiii:ssee Table 1 for \pere 5 separate untuned pickup coil was mounted on the ax

electrical details. The mutual inductance for the gradiometerd§the surface coil, approximately 10 cm from the surface coil
calculated based on Grover's tablég) The inductance of the on the side of the surface coil away from the tank). The serie

g.radiomet'erl_g, cglculatgd using the inductance f(.)r the sing| atching capacitor from the surface coil was not terminated
cm;ular coil combined with the mutual inductance is 0.él8, - <0 this method measures the “unmato@et Q,, of the
which is very close to the measured value of Oug4. Values coil. (Provided the coil is impedance-matched carefully, =
of o are computed from the measured value€gk and the %QO.) The voltage induced across the untuned, weakly couple

inductance. . o . )
i . . .._pickup coil is proportional tdB,; Q,: note the linear depen-
To provide an electrically lossy medium, both a 230-lite ence onQ in this case.

rectangular aquarium (48 89 cm) filled to a depth of 57 cm A network analyzer (HP 4195A) drove the RF transmitting
2 Reference to this and other commercial products is for completeness, %‘p“f'ef and moh'tored the voltage induced in the surface coi
products from other manufacturers could also be suitable. or the pickup coil. The values d@ were measured from the

w
o
1

I

N
()}
1

N
'
o

-
[¢,]
1

/
Single Coil

SNR at Optimum h (Arb. Urits)
P

o
(6]
1
1

TABLE 1
Electrical Properties of the Coils Used for Measurements

Diameter Inductance Mutual inductance Tuning capacitance o
(cm) (mH) (uH) (calc.) (nF) Qint (mQ)

Small circular coil 5.5 0.077 — 1.5 @ 14.8 MHz 2653 27
Circular coil 1 19.6 0.43 — 4.4 @ 3.65 MHz 3803 26
Circular coil 2 18.8 0.42 — 4.76 @ 3.56 MHz 3353 28

Gradiometer
(5 cm spacing) 19.5 0.64 —0.106 3.40 @ 3.42 MHz 293 3 47
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FIG. 5. The measured loss resistancefor the 20-cm-diameter circular  FIG. 6. The loss resistance, for the small circular coil at 14.8 MHz
coil #1 at 3.65 MHz near the large tank (circles). Theoretical predictions af@rcles) and for the 20-cm-diameter gradiometer coil at 3.4 MHz (triangles)
shown for the semi-infinite model (solid line), the case of infinite width butear the small tank containing solution with conductivities of 1.28 and 3.55
finite depth (dashed line) and taking into account both the finite depth aBdm, respectively. The solid lines show the predictions from theory with no
width of the tank (dotted line). There are no adjustable parameters in this &itljustable parameters. For the gradiometer, the semi-infinite model was us

with no finite size corrections. The dotted line shows the prediction for the
small circular coil without finite size corrections.

3-dB points of the response curves. Since the effecve

involves loss due to the dissipation in the medium, as well as

coil resistance, loss in the capacitors, radiation loss, and diggedium. This will be important for applications such as MR,
pative loss in other more distant lossy structures in the lab@ough not for landmine detection. _ _
ratory, some care was taken to rec@pg;, the value ofQ, at Figure 7 shows relativE NRmeasurements for circular coll
a substantial distance>. m) from the tank. These contribu-#2 and the gradiometer coil. These were obtained, along wit
tions to Q. are then subtracted from the measu@t to Q(l);zwith the two probe technique a.nd each point is divided by
isolate the dissipation ascribed to the lossy medium. Qp © to correspond to th&&NRwhich would be measured

RESULTS AND DISCUSSION

T T T T
Circuer Cail, d=0
Qadarer, d=0
Circuar Cdl, d=a
Qadiometer, d=a

Figure 5 shows the loss data for circular coil #1 of radius 0
a = 9.8 cm (see Table 1) near the large tank, along with 1
theoretical predictions. The tank depth and effective tank ra-__ ;4|
dius,R, used for the predictions were 46 .7 a) and 0.91 é
m (9.3 a), respectively. Even though the conducting medium ]
is large compared to the coil radius, the corrections for the® 06
finite-sized tank are clearly necessary and, when includedy |
yield good agreement with experimental results. Figure 62 ., |
shows similar data for the smaller circular coil and the gradi—E
ometer coil near the smaller tank along with theoretical pre-w
dictions. Once again, the finite size of the tank must be in-"" 02-
cluded to obtain a good theoretical prediction for the circular
coil; however, the semi-infinite model is quite adequate for the
gradiometer coil.

For the circular coils, the finite size effects will thus be h (units of a)
important when considering an optimum lift-off of the coil, and , _ _ , ,
the values shown in Fig. 3 should not be directly used for finiLeFIG' 7 Measu_red signal-to-noise r_atlo (symbqls) as a function of height,

) . ;7 for circular coil #2 and the gradiometer coil next to the small tank

conducting media. Rather, these values should be recalculatgfaining solution withr = 3.55 S/m compared to theory (solid lines) which
taking into account the finite size of the particular conductingcludes the finite size of the medium and losses in the coils.

T
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