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A loop—gap resonator design is described for use in NMR applications. Previously reported
versions have employed discrete capacitors at the “gap,” which typically yields a very
limited tuning range. The resonator described here uses one or more concentric tuning
cylinders around the inner loop to permit tuning over a range of several hundred megahertz.
Construction is straightforward, the Q is high, and the excellent inherent RF field ho-
mogeneity of the loop—gap resonator is retained. A simple theoretical modet for the operation
of this device is presented and verified experimentally. The performance of this concentric
loop—-gap resonator has proven excellent for 'H and *F NMR imaging and spectroscopy
at 4.7 T. © 1992 Academic Press, Inc.

One of the primary factors affecting data quality in magnetic resonance is the RF
coil design. The ideal coil would possess several properties. For optimum sensitivity
and short RF pulse widths, it should have a high Q and a good filling factor. Also, in
most NMR applications, a homogeneous RF field is desirable. A high self-resonance
frequency is an asset, since this determines the upper limit of the RF tuning range.
Several other characteristics can significantly enhance the versatility of the design,
including a wide tuning range, capability for double tuning, ease of construction, and
a convenient geometry for the particular magnet and sample orientation.

Among the multitude of coil designs in common use, no single type incorporates
all of the desirable characteristics. The solenoid possesses a good filling factor, high
Q, homogeneous B, field, and wide tunability (/, 2). However, its geometry is not
well suited for use in superconducting magnets. Also, the self-resonance frequency is
relatively low unless the turns are connected in parallel instead of in series (3). The
saddle coil (2, 4, 5) has a better geometry for use in modern solenoidal magnets, since
its B, field is orthogonal to the longitudinal axis of the coil. The field is relatively
homogeneous although the coil can be modified to produce a gradient (4, 6). Unfor-
tunately, self-resonance typically occurs at a low frequency. The birdcage coil, like
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the saddle coil, is based on an LC delay line concept (7-12). This design produces a
transverse RF field with excellent homogeneity and can be double-tuned (/3-16).
The primary disadvantage of the birdcage coil is its structural complexity and difficulty
in construction. The surface coil (17) is simple to build, has a good filling factor, a
reasonably high Q, a wide tuning range, and an extremely versatile geometry (18).
On the other hand, the B, field is very inhomogeneous ( /9, 20), a potentially serious
disadvantage unless an RF gradient is desired for spatial localization ( 2/-26) or imaging
(27-32) experiments.

Several useful RF coil designs have evolved from the concept of a tuned cavity. For
example, the coaxial cavity resonator (33, 34) has a good filling factor and high self-
resonance frequency and is easy to construct. However, tunability is limited and the
Q can be low. The slotted tube resonator ( /, 35), which is based on a quarter-wave
transmission line, also resonates at high frequencies and has the additional advantage
of reasonable B, homogeneity. The filling factor suffers when the resonator is tuned
over a wide range of frequencies. Another design based on a A\/4 transmission line
has recently been reported (36). Alderman and Grant (37) described a slotted tube
resonator with a homogeneous RF field, wide tunability, and high Q. This version
has been employed extensively for imaging, as well as in spectroscopic applications
(38-42). Another design was introduced by Hardy and Whitehead as the split-ring
resonator (43) and is now usually called a loop-gap resonator (LGR ). The advantages
of this design include excellent RF homogeneity, an extremely high Q, a self-resonance
frequency well above the present NMR range, and a filling factor equivalent to that
of a solenoid (44-50). Like the solenoid, the B, field orientation is axial, a potential
inconvenience when using superconducting magnets. We present here a simple mod-
ification to the standard L.GR design which provides a large tuning range and simplicity
of construction. The properties of this coil make it suitable for many applications in
NMR spectroscopy and imaging.

PREVIOUS LGR DESIGNS

The simplest form of the LGR useful for NMR is represented in Fig. 1A. The
resonator is driven inductively with an untuned coupling loop connected in the usual
manner to the spectrometer transcoupler. The LGR can be viewed approximately as
a series-tuned resonance circuit which depends on the inductance L of the conductive
cylinder (the “loop”) and the capacitance C of the “gap.” Therefore, the normal
equation for the resonance frequency v applies:

B 1
by (1]

If a simple cylindrical loop is used, it may be modeled as a single-turn solenoid of
finite length. The inductance is then determined by the radius r and length / of the
cylinder (517):

urr?

L:1+0.9r’ (2]
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FIG. 1. Loop-gap resonator designs. (A) Simplified LGR showing the resonant loop and gap. (B) LGR
with “wing” capacitor formed by extending the conductive surface at the gap. (C) LGR with gap capacitance
formed by discrete chip and trimmer capacitors. (D) Bridged LGR design with small conductive plate
centered above the gap.

where p = 1.257 X 1078 H/cm for free space (52). Once the loop dimensions have
been fixed, the tuning of the resonator can be varied by changing the capacitance at
the gap.

As would be expected, most LGR designs differ mainly in the nature of the gap
capacitor. The most widely employed version (43, 44, 46) simply extends the loop
surface at the gap, forming a “wing” capacitor of two parallel plates (Fig. 1B). Insertion
of a dielectric material between the plates and a “squeezing” mechanism allows the
capacitance to be trimmed slightly by varying the distance between the plates. The
tuning range of this design is limited by the compressibility of the dielectric. In addition,
the large capacitance needed for tuning at NMR frequencies can require a wing which
is large and clumsy. A more compact design (47) uses densely packed discrete chip
capacitors distributed along the gap (Fig. 1C). Tunability is achieved by adding one
or more trimmer capacitors. In our experience, the best Q results when the gap ca-
pacitance is uniformly and densely distributed. Unfortunately, the design in Fig. 1C
cannot be tuned over a wide range without creating significant capacitance variations
along the gap. A further refinement, described as a bridged loop-gap resonator (49,
50), has been employed in EPR investigations (Fig. 1D). In this design, the gap
capacitor is formed by a continuous conductive strip which bridges across the gap.
The resonator is compact, the Q is high, and construction is simple, but resonance
typically occurs at a frequency above the NMR range.
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FIG. 2. Partially exploded view of the loop-gap resonator with a concentric tuning cylinder. In use, the
ends of the inner resonator and outer tuning cylinder would be coplanar.

IMPROVED LGR DESIGN

We have developed a concentric loop-gap resonator (CLGR ) for NMR applications
which is related to the bridged LGR in Fig. 1. The gap capacitor is formed by an
outer tuning cylinder placed concentrically around the inner “loop” (Fig. 2). Rotation
of the outer cylinder dramatically alters the capacitance, producing a very large tuning
range. When in use, the ends of the two cylinders are coplanar so the capacitance is
distributed uniformly along the gap, yielding maximum (). The tuning action can be
understood by referring to Fig. 3. If the gaps of the inner and outer cylinders are
aligned, the capacitance across the inner gap is very small. As the outer cylinder is
rotated, a small capacitor C| and large capacitor C, are formed by the concentric
surfaces of the two cylinders. For rotations of only a few degrees, the vatue of the
small capacitor C, changes rapidly while that of the large capacitor C, remains ap-
proximately constant. C, and C, are connected in series, so the total capacitance Cy
= 1/(C;7' + C3"). The value of Cr is determined by the separation between the
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FiG. 3. Schematic representation of the concentric loop-gap resonator tuning mechanism. For small
rotations, the large capacitance C, is nearly constant.
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concentric cylinders, the dielectric employed, and the areas of the conducting surfaces
composing C, and C,. The latter depend on the angle of rotation and on the sizes of
the inner and outer gaps (Fig. 4A). If the radii of the two cylinders are assumed to be
equal, the total capacitance can be represented approximately by

k
T8 =) P+ (360° — 0 — )"
where the rotation angle 8, angle of the inner gap ¢;, and angle of the outer gap ¢,

are defined in Fig. 4A. From Egs. [1] and [3] the resonance frequency also depends
on these angles:

Cr [3]

v = k(0 — 67" +(360° — 0 — go) . [4]
TUNING CYLINDER 1

RESONATOR
LOOP

N
Cy
A --
2 \
1.00
B
0.75 \\
capacitance
0.50

resonance frequency

0 90 180 270 360
Rotation Angle (8, degrees)

Relative Magnitude

FiG. 4. (A) Definition of angles employed in the series LC model of concentric loop-gap resonator tuning.
(B) Theoretical behavior of CLGR capacitance and resonance frequency as a function of tuning cylinder
rotation angle # for infinitely narrow inner and outer gaps (¢; = ¢, = 0).
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Figure 4B shows the dependence of total capacitance and resonance frequency for a
hypothetical CLGR with infinitely narrow gaps (¢; = ¢, = 0). The gaps are super-
imposed at # = 0. As the outer cylinder is rotated, the capacitance rises rapidly from
approximately zero while the resonance frequency drops precipitousty. With further
rotation, both parameters become less sensitive to changes in 4 until the gaps are
opposed (§ = 180°), at which point C;, = C,, Cr is maximum, and » is minimum.
Rotation past this position leads to a symmetrical reversal of the previous behavior.
A similar dependence of » versus # is found for realistic inner and outer gap sizes.
Figure 5 contains plots for ¢; = 10° and ¢, = 10°, 120°, and 270°. Increasing the
outer gap narrows the 6 range over which tuning can be varied and changes the angle
that gives the minimum resonance frequency. The decrease in Cy resulting from the
smaller outer cylinder surface area also produces a somewhat higher minimum res-
onance frequency. Overall, the tuning characteristics are rather tolerant of variations
in construction, and precise fabrication techniques are not required to produce a
functional resonator.

As shown in Figs. 4 and 5, much of the tuning range of the CLGR occurs over a
narrow band of rotation angles where either C, or C, is small. This provides an enor-
mous potential tuning range. However, tuning to a precise, arbitrary frequency can
be difficult unless the target value lies within the broad minimum of the tuning curve.
We have therefore employed an additional concentric tuning cylinder which is useful
for fine tuning (Fig. 6). This outer, fine-tuning cylinder can be separated from the
other parts of the resonator by a thick dielectric layer. Coarse tuning to a frequency
slightly above the target value is first accomplished using the middle cylinder, which
is then immobilized. The outer (and easily accessible ) cylinder is available for tuning
over a smaller range to achieve exact resonance and to compensate for frequency
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FIG. 5. Dependence of CLGR resonance frequency on rotation angle § and outer gap size of the tuning
cylinder. The inner gap ¢; = 10° for all plots. (A) ¢, = 10°. (B) ¢, = 120°. (C) ¢, = 270°.
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FIG. 6. Partially exploded view of the complete concentric loop—gap resonator, including a coarse-tuning
cylinder and an outer, fine-tuning cylinder. Adjusting the angle of the coarse cylinder produces resonance
just above the target frequency, and final adjustments are performed using the outer cylinder.

changes due to differences in loading, etc. With reasonable choices for resonator di-
mensions and dielectric thickness, the tuning can be controlled with good precision
over an approximately fourfold range. If necessary, this range can be extended further
by using an additional fine-tuning cylinder.

EXPERIMENTAL

A concentric loop-gap resonator of the above design was constructed in our labo-
ratory for use in 'H and '°F imaging and spectroscopy experiments at 4.7 T. The
diameter of the resonator loop was 61 mm and the length was 52 mm. The inner gap
was 3.0 mm (5.6°) across. To fabricate the loop, a self-adhesive 2 oz. copper sheet
{ Bishop Graphics, Canoga Park, California ) was mounted on cylindrical high-density
polyethylene dielectric having a thickness of approximately 0.7 mm. This dielectric
material was obtained by cutting the ends off a Nalgene No. 2104, 250 ml, narrow-
mouth bottie. Polyethylene is a suitable dielectric material for this application due to
its low loss tangent and adequate electric strength (53), which enable it to be used in
high-Q resonance circuits at high-RF power levels. Two outer tuning cylinders were
constructed from the same materials as the inner loop and were split longitudinally
to allow them to fit over it. The coarse-tuning cylinder (Fig. 6 ) had a 63 mm diameter,
52 mm length, and 7.5 mm (13.6°) gap. The outer, fine-tuning cylinder was 68 mm
in diameter, 52 mm in length, and had a 74 mm (125°) gap. An extra layer of poly-
ethylene was inserted between the two cylinders to reduce the tuning sensitivity during
rotation of the outermost collar. Rubber bands were used to hold each of the two
movable cylinders in place, with no appreciable reduction in Q attributable to the
rubber. An untuned, two-turn coupling loop of 61 mm diameter was mounted as
shown in Fig. 6. Matching to 50 ohms was accomplished by adjusting the distance
between the coupling loop and the end of the resonator within a range of 0.2 to 3 cm.
[Reference (46) describes an elegant mechanism for this purpose.] The entire resonator
assembly was mounted in an acrylic plastic holder for convenient positioning inside
the magnet bore.
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The RF field homogeneity inside the concentric loop-gap resonator was determined.
The resonator was driven at 188 MHz with a signal generator, and an oscilloscope
was used to measure the voltage induced in an untuned “search” coil (6 mm diameter)
oriented with its longitudinal axis parallel to that of the CLGR. As shown in Fig. 7,
the homogeneity was excellent. Radial RF homogeneity was +10% within the central
80% of the diameter (Fig. 7B). When measured along the longitudinal axis (Fig. 7A),
the field was uniform to within £5% in the central 75% of the resonator volume.
Uniformity was +£12% over the entire length, which compares favorably with other
coil designs. The maximum RF field was found to be offset from the exact center by
several millimeters, probably due to the influence of the coupling loop located ap-
proximately two centimeters past the negative extreme of the distance scale in Fig.
7A. This design asymmetry, combined with a finite Q, would produce a slightly greater
field in the region nearest the RF source. However, the effect is small in practice.

Figure 8 shows the dependence of resonance frequency on rotation angle for the
above resonator. Experimental values agreed well with those predicted from Eq. [4]
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FIG. 7. Experimental RF field plots for the concentric loop-gap resonator. The solid lines, which are
intended as guides to the eye, are fourth-order polynomial fits to the data and are without known theoretical
justification. (A) Field profile along the longitudinal axis of the resonator. (B) Field profile along an axis
passing through the resonator center and orthogonal to the longitudinal axis.
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FIG. 8. Unloaded resonance frequency versus coarse-tuning cylinder rotation angle for the experimental
concentric loop-gap resonator of Fig. 2. The solid line represents a fit of the data to Eq. [4] using ¢; = 5.6°,
o = 13.6°, and k' = 960.22. The quality of the fit is good except for points near the extreme ends, where
the model fails to predict the capacitance accurately.

except at the extremes, where the inner and outer gaps were nearly coincident. This
is undoubtedly due to the simplicity of the theoretical model, which does not include
capacitance contributions from parallel surfaces which are in close proximity but not
strictly overlapping. The presence of RF fringe fields ensures that some capacitance
will be present even if the gaps are perfectly aligned (near 8 = 0°, 360°), decreasing
the actual resonance frequency relative to the theoretical prediction. In Fig. 8, the
experimental resonance frequencies at the most extreme points (7° and 347°) are
approximately twofold lower than the theoretical values.

The tuning range and Q of the resonator are influenced by the thickness of dielectric
between the tuning cylinder(s) and the inner loop. When a 0.7 mm polyethylene
layer was used to separate the inner loop and coarse-tuning cylinder (with no fine-
tuning cylinder), the minimum attainable resonance frequency was 101 MHz (Fig.
8). The measured Q was 230 at both 101 and 188 MHz. Increasing the dielectric
thickness to 1.7 mm raised the minimum tuning frequency to 138 MHz and increased
the Q to 360 for the 138-188 MHz range. A thicker dielectric layer (2.7 mm) produced
a higher minimum tuning frequency of 184 MHz but did not improve the Q (360 at
188 MHz).

The number and design of the various tuning cylinders also affect the Q and tuning
frequency. When a fine-tuning cylinder with 2.4 mm dielectric layer was added to the
inner loop/coarse-tuning cylinder design above, the minimum resonance frequency
dropped from 101 to 93 MHz. Rotation of the fine-tuning cylinder enabled precise
tuning from 93 to 101 MHz without any coarse adjustment. Q values for this config-
uration were 210 at 101 MHz and 280 at 188 MHz. Loading the resonator with a 250 g
rat reduced the Q to approximately 30 at 188 MHz. A further reduction in resonance
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frequency was achieved for the same inner loop dimensions by using a coarse-tuning
cylinder with two overlapping layers (Fig. 9). Since one of these layers bridges the
gap of the inner loop for all rotation angles, the upper frequency limit is greatly reduced.
In this particular case, the tuning range was 53 to 60 MHz (Q = 200) without the
fine-tuning cylinder. When the latter was added, the complete tuning range became
50 to 60 MHz (Q = 190) for all combinations of coarse and fine cylinder angles.
Loading the resonator with a 125 ml bottle of 0.9% NaCl (aq) reduced the Q to 40.
For the design in Fig. 9, the number of layers determines the center of the tuning
frequency range. The spiral geometry permits the copper surface to be terminated at
any arbitrary angle so the number of layers can be nonintegral. It is therefore possible
to construct a resonator with the desired tuning frequency for a wide range of inner
loop dimensions.

NMR performance characteristics for the concentric loop-gap resonator design in
Fig. 6 were measured using a Bruker Biospec 47/30 imaging/spectroscopy system
(Bruker Instruments, Billerica, Massachusetts ) equipped with an AMT Model M3205
RF power amplifier (American Microwave Technology, Inc., Fullerton, California).
The measured RF pulse power at the '°F resonance frequency ( 188.4 MHz) was 120
W. Three aqueous 154 mM sodium fluoride samples with different volumes were
employed. All samples were cylindrical and had the same length (40 mm), but the
diameter was varied to change the resonator loading and to examine the effects of B,
inhomogeneity. Table 1 shows experimental values for several '’F NMR parameters
measured as a function of sample diameter. The 90° RF pulse width increased with
loading and correlated with a reduction in Q. To assess the resonator’s RF homogeneity,
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! POLYETHYLENE DIELECTRIC (FINE TUNING)

1 POLYETHYLENE DIELECTRIC (COARSE TUNING)

FiG. 9. Cross-sectional view (not to scale) of a concentric loop—gap resonator incorporating a two-layer
coarse-tuning cylinder to lower the resonance frequency. Several layers of copper may be used, and the foil
may be terminated at any angle to yield a nonintegral number of layers.
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TABLE 1

Performance Characteristics of the Concentric Loop-Gap Resonator?

Sample Sample 90° pulse
diameter volume width Relative Relative
(mm) (ml)? o (us) Agge/A1soe? area/noise’ volume X Q*f
13 5.3 238 22 29.9 0.23 0.23
31 28.1 101 42 9.4 0.85 0.79
48 70.4 25.7 88 2.8 1.00 1.00

¢ Using the 52 mm (length) X 61 mm (i.d.) resonator of Fig. 6 with 0.7 mm dielectric between the inner
loop and coarse-tuning cylinder. The coarse- and fine-tuning cylinders were separated by a 1.7 mm dielectric
layer. RF power was 120 W at 188.4 MHz.

¢ Calculated from the weight of 154 mM NaF (aq) contained inside the resonator.

¢ Unloaded Q = 280. Measured using a Wavetek Model 1062 RF sweeper and Wiltron Model 62BF50
VSWR bridge.

4 Ratio of the ’F NMR signal amplitudes obtained from 90° and 180° pulses.

¢ Calculated from 'F NMR signal areas and peak-to-peak noise amplitudes for each sample. Estimated
uncertainy, +20%.

/Relative sample volume X Q' calculated from values in columns 2 and 3.

the quality of the “null” NMR signal produced by a 180° pulse was investigated. This
signal typically contained both positive and negative components. Therefore, the dif-
ference between the maximum positive and negative excursions from zero was taken
as its amplitude. The signal amplitude produced by a 90° pulse was divided by the
amplitude of the null signal to yield the ratio 4./ 4,59 tabulated in Table 1. This
ratio gives a practical measure of the RF field homogeneity over the sample. As may
be seen from the table, homogeneity for the smallest sample was excellent, producing
a null signal which was only about 3% of the amplitude obtained using a 90° pulse.
However, the homogeneity deteriorated as the sample diameter approached that of
the resonator. Figure 7B shows that the RF field decreases rapidly near the resonator
wall, yielding a range of nutation angles over large samples for any pulse width. The
quality of the null therefore suffers for samples of large diameter. Table 1 also shows
the effect of increasing sample volume on the 'F NMR sensitivity. For a homogeneous
RF field, the ratio of NMR signal-to-noise should vary in proportion to the product
of the sample volume and \@ (2). Within experimental uncertainty, the area-to-noise
ratios in Table 1 agree with this prediction for all three sample volumes. Signal areas,
instead of amplitudes, were used in these calculations because the areas were less
sensitive to differences in static field homogeneity. Variations in the shim were un-
avoidable since the samples differed in size. For the smallest sample, the full linewidth
at half-maximum intensity was 8 Hz, and the ratio of the '°F NMR signal amplitude
to the peak-to-peak noise amplitude was 170:1 following a single 90° pulse.

Overall, the concentric loop—gap resonator design has proven to be versatile, robust,
and sensitive in NMR experiments. It is very easy to construct, and its resonance
properties are quite tolerant of errors during fabrication. The chief disadvantage is the
longitudinal B, field geometry, which requires that the resonator be mounted trans-
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versely inside the superconducting magnet bore. However, in many applications the
inconvenience is slight, especially in view of the other attributes of the design. In our
laboratory, this is presently the coil of choice for '°F imaging in small animals at 188
MHz and for NMR experiments which require excellent RF field homogeneity.
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