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Abstract

An improved external loop resonator (ELR) used for L-band electron paramagnetic resonance (EPR) spectroscopy is reported.
This improvement is achieved by shortening the parallel coaxial line. The resonant structure is formed by two single turn coils
(10mm in diameter) that are connected to a parallel coaxial line. A resonance frequency of 1197 MHz and a quality factor of 466
were obtained in the absence of biological tissue and ~1130 MHz and ~50 with a living animal, respectively. The sensitivity of the
new ELR was compared to the previously developed ELR using three types of EPR samples: (1) paramagnetic material with no
biological tissue, (2) paramagnetic material in a leg and in the peritoneal cavity of a dead rat, and (3) paramagnetic material in the
back of an anesthetized rat. The sensitivity was 1.2-1.6 times greater in the rat and 4.2 times without tissue.

© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The sensitivity of an electron paramagnetic resonance
(EPR) spectrometer is one of the most important aspects
for productive biomedical EPR studies. The microwave
resonator is a key element for achieving high sensitivity
with EPR in living subjects. Surface-coil-type resonators
have been especially productive, facilitating localized
measurements without acute invasion. We especially
have used external loop resonators (ELR) to measure
oxygen-sensitive paramagnetic samples such as micro-
crystals of lithium phthalocyanine (LiPc) implanted at
the site of interest [1-16]. This can provide very useful
information on oxygen-dependent physiological and
pathological processes [17-19].

The previously developed ELR [9] had a resonance
frequency of ~1200 MHz. It consisted of a single-turn
external coil, 10 mm in diameter, connected to an ap-
proximately half-wavelength (84 mm) parallel transmis-
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sion line connected to the gap of a coupled two-loop-
one-gap resonator with 10 mm diameter loops. One of
these loops was inductively coupled to a 50-Q line by a
coupling loop of the same diameter, connected to the
line by a twisted pair cable. To further improve the
sensitivity of the ELR, we tested a resonator of similar
design with the same diameter external loop, but with a
decreased length of the parallel line and with a single
turn loop instead of a loop-gap resonator. This paper
reports a design of the modified ELR, the calculation of
the resonance frequency, the comparison of the sensi-
tivity of the previously developed and modified ELRs,
and a discussion of results.

2. Method
2.1. Construction and characterization of resonator

Fig. 1 is a schematic diagram of the newly developed
ELR. It consists of a segment of a 29-mm long trans-
mission line, formed by two parallel 50-Q coaxial lines
and two 10mm diameter single-turn coils made from
0.8 mm silver plated wire and connected by ~4 mm and
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Fig. 1. Schematic diagram of the newly developed external loop res-
onator (ELR). The parallel coaxial line is formed with 50-Q com-
mercially available semi-ridged coaxial lines. The outer diameter of the
coaxial line was 6.2 mm. The diameter of the external and internal coils
was 10 mm, both loops had ~3 mm gap and the thickness of the wire
was 0.8 mm. The length of the wires connecting the external and in-
ternal loops to the parallel line was ~4 and ~6 mm, respectively. The
length of the parallel line was 29 mm. The length of the twisted pair
cable was adjusted to reduce shifts in the resonance frequency due to
changes of the coupling [20].

~6mm long wires to both ends of the line. Both coils
had a ~3mm gap. One single-turn coil called the ex-
ternal loop (‘a’ in Fig. 1) is used to deliver the RF
magnetic field to the sample, and the other coil called the
internal loop (‘b’ in Fig. 1) is inductively coupled with a
coupling loop (‘¢’ in Fig. 1) to transmit the microwave
power from the bridge to the resonator. The impedance
matching between the resonator and the 50-Q coaxial
line is adjusted by changing the distance between coils
(b) and (c) as in a standard inductive coupling. The
coupling coil (c) is connected to the coaxial line by a
twisted pair cable, and the length of this twisted pair
cable is adjusted to reduce the shift in the resonance
frequency [20]. Varactors connected to the parallel line
through capacitors are used for automatic tuning con-
trol (ATC) and choke coils are used for decoupling the
voltage-control circuits of the varactors. A gold-plated
brass shielding case isolates the coupling and tuning
circuits of the resonator from magnetic field modula-
tion.

The resonance frequencies and quality factors of the
critically coupled ELRs were measured with a network
analyzer (Hewlett Packard, Palo Alto, CA, 8753A).
Measurements were done in parallel with recording of
EPR spectra keeping the same distance between the loop
and tissue.

2.2. Resonance frequency estimation

Designing resonators is facilitated by having knowl-
edge of the resonance frequency. Fig. 2 shows an
equivalent electrical circuit for the new ELR, and this
allowed us to calculate the resonance frequency. The
imaginary part of the input impedance Z; of the parallel

To EPR
bridge
+
L O
Transmission 7, Twisted pair 50-Q
line < cable coaxial
Z:=100 Q line
. O

La Ly

Fig. 2. Equivalent circuit of the main resonant circuit in the newly
developed ELR. The impedances of the external loop Zy, and the in-
ternal loop are connected to the parallel transmission line (the char-
acteristic impedance was 100 Q).

line connected to the external loop with inductance L,
depends on the inductance of the coil and the length of
the line. When the input impedance is capacitive, it can
be a part of the resonant circuit by connecting an in-
ductive element—internal loop with inductance L to
parallel line. The resonance condition of this system is
given by

Im[Zi] + CULb = 07 (1)
The input impedance Z; is calculated by

7 + jZ.tan Bl
7 = 7, /L Tz an Bl 2)
Z. + jZy tan Sl

where Z. is the characteristic impedance of the parallel
line (100 Q), w is the angular frequency, Z; = jwL, is the
impedance of the load of the line (the impedance of
the external loop), / is the length of the line, f = 2n/1 is
the phase constant of the line (4 is the wavelength in the
line, § = 36.4rad/m at 1.2 GHz), and j is the imaginary
number unit. While the external loop has radiation,
ohmic, and dielectric losses in biological tissues, those
losses can be ignored when estimating the resonance
frequency. Attenuation of the parallel transmission line
also was neglected. These factors for energy dissipation
are, however, important in estimating the quality factor
and the efficiency for generating the RF magnetic field.

To determine the frequency satisfying the resonance
condition given in Eq. (1), we used the Newton method
in numerical computations. While the coupling loop
affects the resonance frequency of the resonator, we
neglected the influence of the mutual coupling between
two coils since this influence was relatively small (in the
range of few MHz). If a more precise estimate of the
resonance frequency were necessary, the neglected fac-
tors would need to be considered. Since external/internal
coil is not a complete circle and the coil has connecting
wires with additional inductance, we estimated induc-
tance of such a coil with connecting wires as inductance
of complete circle coil with length of circumference
equal to length of wire of loop with diameter d and with
gap g plus lengths [, of two connecting wires. The di-
ameter D and the inductance of such a coil made from
wire with diameter « is given by (nd — g + 2/y,) /% and
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0.5Dpyu[In(8D/a) — 2], respectively, where u, and u are
the absolute permeability and relative permeability of
media, respectively.

2.3. Comparison of sensitivities

Sensitivities of the ELRs were compared with our L-
band spectrometer, using the same paramagnetic sam-
ples and the same settings of the EPR spectrometer.
There was no saturation of the EPR signal in all mea-
surements. The RF power applied to the resonator, the
scan width, the amplitude of magnetic field modulation,
and the time constant of a lock-in amplifier were 20 mW,
1.5-3.0mT (scan width was same for each pair of
spectra obtained from same sample with old and new
resonators), 0.04 mT and 30 ms, respectively. The root-
mean-square (RMS) value of the noise amplitude was
measured with a computer program incorporated into
the main control program of the EPR spectrometer. All
EPR spectra were recorded with an ATC system that
adjusted the resonance frequency of a resonator to the
frequency of the microwave oscillator.

To compare sensitivities of the resonators we used
three types of samples: (1) a small amount of 1,1-
diphenyl-2-picrylhydrazyl (DPPH) powder in a plastic
holder, (2) a point sample of DPPH in tissues with three
different levels of loss: (2a) the leg of a dead male
Sprague-Dawley rat weighting ~250¢g, (2b) a cylindri-
cally cut piece of bovine skeletal muscle (50 mm in di-
ameter and 40 mm in length) in a plastic holder, (2c) the
peritoneal cavity of the dead rat with DPPH injected in
the center of the abdomen, and (3) a char in the middle
of the surface of the back of an a live ~250¢g male
Sprague-Dawley rat anesthetized with 1.25% isoflurane.
The measurements without tissue gives the sensitivity of
the ERL without the significant electromagnetic loss
that can occur with biological tissue. EPR measure-
ments of an extracted tooth are close to this model. The
second and third models are more typical for most
biomedical applications, testing the sensitivity of the
ELR with lossy biological tissues. The measurements
with the third model includes both perturbations due to
the motions of an animal and eddy current losses in
biological tissue; this is a reasonable experimental model
for biomedical applications. The resonator was posi-
tioned so that the EPR sample was located on the axis of
the external loop for all of the EPR measurements.

To compare the sensitivities of the resonators, it was
necessary to control the position of the surface loop with
respect to the position of the EPR signal source and also
to the tissue when switching between resonators. The
comparisons of the sensitivities without tissue and with
bovine skeletal muscle were carried out with a low-loss
plastic holder for the paramagnetic materials. The
holder provided a precise positioning of the DPPH in
the center of the loop and a constant distance of 0.5 mm

between the loop and the sample. In the absence of bi-
ological tissue, the holder with DPPH was secured to the
loop. For the measurements of bovine skeletal muscle,
the DPPH was positioned on the surface of the tissue,
concentrically with the axis of the surface loop and the
cylindrical holder of tissue. For the measurements in
rats, similar amounts of DPPH were injected at a depth
of 2-3mm for the leg and 3-5mm for the peritoneal
cavity.

The effect of the motions of an animal in both reso-
nators was compared by recording EPR spectra from a
small piece of char that was glued to the surface of the
back of a living rat, over the region of the moving lungs.
Experiments were done with an ATC in which the res-
onance frequency of the resonator was locked by var-
actors to the frequency of the oscillator of the bridge;
consequently the frequency of the oscillator was not
affected by the motion of the animal and therefore there
was no change in the resonance position of the EPR line,
which could have resulted in a distorted lineshape of the
narrow line. On the other hand, a high modulation level
can shift the base line due to microphonics; the ampli-
tude of this shift depends on the occurrence of mis-
matching of the resonator due to motion of the animal.
Such mismatches can cause spikes in both the baseline
and EPR signal. Those spikes would be additional to
spikes in the EPR line caused by changes of the ampli-
tude of the EPR line amplitude due to changes in the
distance between the loop and the paramagnetic sample.
Since using a broader EPR line makes it feasible to use a
higher amplitude of modulation, we used a char with a
linewidth 0.5 mT instead of DPPH to test the impact of
animal motion on EPR spectra, employing experimental
conditions that were especially sensitive to the motions
of an animal. Therefore the applied RF power and
modulation amplitude were increased to 80 mW and
0.2mT, respectively. The scan width and the time con-
stant of the lock-in amplifier were 4.0mT and 30 ms,
respectively.

3. Results and discussion
3.1. Resonance frequencies and quality factors

The resonance frequency of a critically coupled res-
onator without varactors was 1274 MHz. Addition of a
tuning circuit with varactors decreased the resonance
frequency to 1197 MHz. When the external loop was
adjacent to the peritoneal cavity of the rat, the reso-
nance frequency was decreased to 1130 MHz.

Fig. 3 shows the results of the numerical computa-
tions for the resonance frequency as a function of the
length of the parallel transmission line and diameter of
the external loop (7, 10, and 15 mm) for the loop with a
10-mm internal diameter loop. When the length of the
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Fig. 3. Calculated resonance frequency of new ELR as a function of
the length of the parallel line and the diameter of the external loop,
with an internal loop of 10 mm in diameter (solid lines). The numerical
calculations were carried out with the Newton method to find the
resonance condition given in Eq. (1). The closed circle shows the
measured resonance frequency of a prototype ELR with a 29-mm long
line: 1262 MHz in the absence of tuning capacitors and tissue.

transmission line was 29 mm and the estimated induc-
tance of the 10 mm in diameter loop with 3 mm gap and
with 4 and 6mm long connecting wires is 20.0 and
23.1nH, respectively, the calculated resonance fre-
quency of the prototype ELR was 1216 MHz, which is
close to the experimentally obtained resonance fre-
quency of 1274 MHz for the case of no varactors and
biological tissue. This indicates the validity of the
equivalent circuit in Fig. 2 and the formulas used to
estimate the resonance frequency.

In the models with biological tissue, the quality fac-
tors of the new ELR were in the range 50-60 (see Table
1). The resultant quality factors are less than a half of
those of the previously developed ELRs quality factors.

3.2. Amplitudes of EPR signals and noise

The experimental data on amplitudes of EPR spec-
tra indicate that the new resonator provides up to a

Table 1

4.2-fold improvement of sensitivity in the absence of
tissue adjacent to the external loop, as shown in Fig. 4.
This is a remarkable improvement for the signal-to-
noise ratio with significant impact on EPR instrumen-
tation. However, the improvement in sensitivity is
smaller when there are tissues adjacent to the loop of
the resonator.

When the paramagnetic material was in the leg or in
peritoneal cavity of the rat the lineshapes of the first
derivative EPR absorption curves were asymmetric,
due to phase shift in the conducting media. The phase
shift for the spectra from the material in the peritoneal
cavity was larger than that for bovine skeletal muscle,
due to the deeper location of the paramagnetic material.
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Fig. 4. EPR spectra of 1,1-diphenyl-2-picrylhydrazyl (DPPH) mea-
sured with the new and conventional ELRs in air and in tissues.
Spectra (a) and (a’) were measured with a point sample of DPPH in
plastic holder without biological tissue. Spectra (c) and (c’) also were
measured with the DPPH in same plastic holder, which was placed on
a cylindrically cut piece of bovine skeletal muscle (50 mm in diameter
and 40 mm in length). A point sample of DPPH was implanted in a leg,
(b) and (b'), and the peritoneal cavity of a dead male Sprague-Dawley
rat weighting 240 g, (d) and (d’). The spectra on the left were obtained
with the conventional ELR, and those on the right were made with the
new ELR. Each pair of spectra was measured at the same settings of
the EPR spectrometer: the scan width was 1.5-3.0mT, the field mod-
ulation was 0.04mT, the scan time was 10s, the time constant was
30ms, and the applied RF power was 20 mW.

Quality factors and the ratios of peak-to-peak amplitudes of EPR signals of 1,1-diphenyl-2-picrylhydrazyl (DPPH) obtained with the new and

conventional external loop resonators with and without biological tissues

Tissue adjacent to loop of resonator

Quality factor of the resonator

Ratio of EPR signal amplitudes with

new and conventional resonators

New Conventional
No tissue 466 500 4.2
Rat-leg 60 162 1.6
Isolated bovine muscle 62 157 1.4
Rat-peritoneal cavity 49 95 1.2
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While bovine skeletal muscle is also a conductive me-
dium, there was no significant phase shift in the spec-
trum, because the paramagnetic material was on the
surface of the tissue. The amplitude of the noise for
each pair of measurements with the two resonators was
the same, within 15% of RMS noise amplitude.

Table 1 summarizes the quality (Q) factors and the
ratios of the EPR signal amplitudes in four models with
the new and conventional ELR. The higher amplitude
of the EPR signal of the new resonator at the same level
of applied RF power suggests that the new resonator
has a better efficiency for generating the RF magnetic
field [21]. In addition, the experimental data of Fig. 4
and Table 1 suggest that a higher amplitude of the
signal has been achieved with a similar (no tissue) or
even lower (with tissue adjacent to loop) Q-factor of the
new resonator. Since the amplitude of the signal is
proportional to the product nQ (see e.g., [22]), where 7 is
the filling factor of the resonator, the experimental data
suggest that the filling factor for the new resonator is
higher, compared to the previous resonator. Indeed,
since the external loops of both resonators had the same
diameter, the shorter parallel transmission line and
simple 1-turn internal loop of the new resonator should
store relatively less of the total energy of the resonator
than the longer parallel transmission line and the in-
ternal 2-loop-one-gap coupling structure of the old
resonator. Therefore, the external loop of the new res-
onator should have a relatively larger part of the total
energy stored in resonator. Also, the losses apparently
were smaller in the shorter parallel line. The higher
energy in the loop of with the same diameter results in a
higher H; in sample. That should result both in better
efficiency and a better filling factor in the new resonator.
The improvement of signal intensity is greatest in the
case of no tissue. However, if there is material with a
high dielectric constant such as tissues adjacent to the
loop, the increased efficiency increases the dissipation of
the energy due to radiation of the electromagnetic en-
ergy to free space [16] and losses in tissue. Therefore the
quality factor of the new resonator is smaller and the
increase of the sensitivity due to the higher filling factor
is partially offset by this drop of the quality factor (see
b, b, ¢, ¢, d, and d’ on Fig. 4). Using such a resonator
in biological samples that are less lossy, such as teeth for
dosimetry [23], could result in a larger increase in sen-
sitivity.

Since the newly developed resonator with lossy tissue
provides slightly better EPR signal amplitude at lower
QO-factor, the resonator has the additional potential for
improvement of sensitivity of EPR spectrometer as the
broader bandwidth of the new resonator decreases the
conversion of the phase noise of the microwave oscil-
lator (better than —120 dBc/Hz @ 100 kHz in our case)
in the EPR spectrometer into amplitude noise. That
should result in a better signal-to-noise ratio at a high

5Gs

(@)

(b) MWW

Fig. 5. EPR spectra of a char on the surface of the back of a live male
250 g Sprague-Dawley rat anesthetized with 1.25% isoflurane and
measured with the newly developed ELR (a), and with the conven-
tional ELR (b). For both measurements, the parameters in the EPR
spectrometer were the same: the applied RF power was 80 mW, the
amplitude of field modulation was 0.2mT, the scan width was 4.0 mT,
and the time constant of the lock-in amplifier was 30 ms.

level of RF power, where the phase noise of the oscil-
lator usually makes the main contribution to total noise.
In our experiments RF power level was not high enough
to see a difference in noise level with new and old res-
onators.

Even in the situation with the presence of tissues and
hence higher losses, the improvement of sensitivity of
20-60% could be very useful, especially because some
biomedical measurements need to be carried out in a
short time due to physiological changes that occur fairly
rapidly.

EPR spectra measured from a char in an anesthetized
rat showed similar amplitudes of spikes due to the mo-
tions of an animal (Fig. 5). That indicates the ATC
system is still able to compensate for shifts in the reso-
nance frequency due to the motions of an animal, while
the new ELR is more sensitive to the perturbation. Since
suppression of spikes due to motion depends on both
the resonator and the characteristics of the ATC system,
the issue of the robustness for the motions of an animal
requires further considerations.

4. Conclusions

The sensitivity of a newly developed ELR was com-
pared with that of the previously developed ELR, and
an improvement up to 4.2 times of the sensitivity has
been achieved. A comparison of the sensitivities of the
resonators in biological samples (isolated bovine muscle,
rat’s peritoneal cavity and leg) with significant electro-
magnetic losses showed a smaller but still significant
improvement of the signal-to-noise ratio, of 1.2-1.6
times. These results indicate that a decrease of the length
of the parallel line of these resonators increases the
magnetic energy stored in the external loop and im-
proves sensitivity.
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