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A coupling coil was fabricated that can electrically change the
magnetic coupling with a loop–gap resonator (LGR) for EPR stud-
ies at 650 MHz. It is composed of a single-turn coil and a coupling
control circuit that includes a varactor diode. The coarse control
of the magnetic coupling is made by mechanically changing the
distance between the LGR and single-turn coil. The fine control
is obtained by changing the capacitance of the varactor diode that
is connected in parallel with the single-turn coil. This capacitance is
controlled by changing reverse voltage from a variable bias voltage
source. Because this can be located far from the resonator, remote
control of coupling of the LGR is possible. Automatic coupling con-
trol (ACC) was accomplished by negative feedback of the DC com-
ponent in the radiowaves reflected from the LGR to the coupling
control circuit when the LGR was irradiated precisely at its res-
onant frequency. To accomplish this, automatic frequency control
(AFC) is used. In EPR measurements of a phantom that included a
physiological saline solution containing a nitroxide radical, it was
confirmed that the drifts in the coupling and resonant frequency
caused by the perturbation of the resonant nature could be suffi-
ciently compensated by the ACC and AFC systems. In the in vivo
EPR studies, it was found that the deviation of coupling at the chest
of a mouse is greater than that at the head of a rat, but the ACC
system could compensate for the respiratory motions of a living
animal. C© 2001 Academic Press

Key Words: loop–gap resonator; coupling coil; automatic cou-
pling control; automatic frequency control; in vivo EPR.
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INTRODUCTION

A loop–gap resonator (LGR) (1–3), one of the frequently
used EPR resonators forin vivo study (4–6), is coupled to the
external circuits by one of two methods: capacitive or magn
coupling (7). To obtain EPR spectra with a good signal-to-no
ratio (SNR), it is necessary to control the coupling to minim
reflections from the resonator. With the capacitive coup
technique, coupling of the LGR is controlled by electrica
changing the capacitance between the RF transmission lin
the LGR. With the magnetic coupling technique, coupling
controlled by mechanically changing the distance between
1 To whom correspondence should be addressed. E-mail: yokohid
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coupling coil and the LGR. Automatic coupling control (ACC
was electrically accomplished by using a varactor diode (8) or a
piezoelectric-controlled capacitor (9) in the first method. In the
second method, a mechanically driven ACC was also achie
by using a coupling coil (10). However, electrical ACC by
using a coupling coil has not been attempted. In this stud
coupling coil was newly developed to permit electrical cont
of the magnetic coupling to the LGR. By using this coil,
became possible to employ ACC to make EPR measurem
of a phantom and a living rat or mouse.

RESULTS AND DISCUSSION

Coupling Coil

Our coupling coil was composed of a single-turn coil and c
pling control circuit (Fig. 1). The inner diameter of the sing
turn coil, which was constructed from copper wire measur
1 mm in diameter, was 40 mm. The coil was connected to
coupling control circuit via a quarter wavelength parallel tra
mission line (11).

A description of the coupling control circuit follows. A va
actor diode (1SV153, Toshiba, Japan;D in Fig. 1) in series with
a fixed capacitor (C1 in Fig. 1) is connected to the single-tu
coil in parallel. This varactor diode, which has a capacitance
varies from 16.25 pF at a reverse voltage of 2 V to 2.43 pF at 25 V,
is mainly used for the electric tuning in the VHF and UHF ban
(12). The fixed capacitor prevents the DC current from flow
into the single-turn coil when a DC reverse voltage is app
to the varactor. When the capacitance of the fixed capacit
smaller than that of the varactor, most of the RF voltage is
plied to the fixed capacitor, which means that the varactor wil
protected from high RF power. Under this condition, the var
tor contributes a smaller proportion of the total capacitance:
it is suitable as a means to provide fine control of the coupl
The capacitance of the varactor diode was set around 10 pF
a 3-pF ceramic capacitor was used as the fixed capacitor.

A DC reverse voltage is applied to the varactor by a bias v
age source, via an inductor (L in Fig. 1) and a resister (R in
Fig. 1). The inductor (air core coil, 70 nH) and resister (3.3 kÄ)
prevent leakage of the RF current. The resistance of the res
1090-7807/01 $35.00
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FIG. 1. Schematic diagram of the LGR and the coupling coil which is composed of a single-turn coil and a coupling control circuit. A varactor diodD) in

series with a fixed capacitor (C1) is connected to the single-turn coil in parallel. A reverse voltage is applied to the varactor diode by a bias voltage source via an
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inductor (L) and resistor (R). This resisitor, together with a fixed capacitorC2

70 nH, and 3.3 kÄ, respectively.

is sufficiently large compared to the impedance of the vara
at the resonant frequency of the LGR. This resister also serv
anRCcircuit (time constant, 33 ms) with a fixed capacitor (ta
talum electrolytic capacitor, 10µF;C2 in Fig. 1), which protects
the varactor from the voltage disturbance at a field modula
frequency of 100 kHz.

The magnetic coupling is roughly controlled by mechanica
changing the distance between the LGR and the single-turn
The fine control is achieved by changing the capacitance o
varactor diode that is connected in parallel to the single-turn
This capacitance is controlled by changing reverse voltage
the variable bias voltage source. Figure 2 shows an exa
of the fine control of the coupling of a phantom containin
nitroxide radical solution in the LGR. Because the bias volt
source can be located far from the resonator, remotely con
ling the LGR coupling is possible.

Automatic Frequency Control and Automatic
Coupling Control Systems
Figure 3 shows a block diagram of the EPR spectrometerON/OFF switch is located between the output of the lock-in am-
of
that was used in this study. ACC was accomplished by negativeplifier and the summing amplifier. When the basic frequency
FIG. 2. An example of fine control of the coupling of a phantom contain
physiological saline solution. The reflections from the LGR were measured
0.3–3000 MHz) when a reverse voltage of 8, 10, and 12 V was applied to th
also serves as anRCcircuit. The values ofC1,C2, L, andR are 3 pF, 10µF,
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feedback of the DC component of the radiowaves reflected f
the LGR to the coupling control circuit when the LGR w
irradiated at a precise resonant frequency. To do this, autom
frequency control (AFC) is needed.

A description of the AFC circuit follows (see Fig. 3). Th
rectified signals from the double balance mixer are ampli
and applied to the AFC input. The RF is modulated at an A
frequency of 70 kHz. The AFC signal is detected by a lo
in amplifier (5210, PARC; frequency range, 0.5 Hz–120 kH
at the AFC frequency. The output of the lock-in amplifier
summed with the AC component, which is generated by an
ternal oscillator in the lock-in amplifier at the AFC frequen
The amplitude of the AC component regulates the FM dept
the RF source. The summing amplifier is implemented wi
stable unity gain and high speed (LM 6361, National Semic
ductor, Santa Clara) (13). The output of the summing amplifie
(i.e., AFC output) is applied to the DC FM input of the RF sou
to shift the RF. The DC potential of the AFC output produces
offset that corrects for the frequency drift in the LGR. The A
ing 10 ml of a 1 mM solution of carbamoyl-PROXYL that had been dissolved in a
by employing a network analyzer (8714C, Hewlett–Packard, Palo Alto; bandwidth,

e varactor diode.
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FIG. 3. Block diagram of our EPR spectrometer, including AFC and ACC systems. For the main magnet, a modified RE3X was used. MG3633A
as an RF source for EPR excitation. The RF circuit for EPR detection was constructed with a power amplifier (ZHL-2-12), a VSWR bridge (BR-1N)
shifter (6602-3), a preamplifier (ZFL-1000LN), and a double balance mixer (M49) for homodyne detection. The rectified signals were amplified by SF5
and detected by a lock-in amplifier (5202) at a magnetic field modulation frequency of 100 kHz. A pair of modulation coils was driven by an internal osator in
5202 and a power amplifier (4020) at 100 kHz. The RF was modulated at an AFC frequency of 70 kHz. The rectified radiowave was applied to the AFC
AFC signal was detected by a lock-in amplifier (5210). The output of 5210 was summed (LM6361) with the AC component which was generated by a
oscillator in 5210 at 70 kHz. The output of LM6361 (AFC output) was applied to the DC FM input of MG3633A to shift the RF. The DC component in the r
radiowave was obtained from a bias T-connector (A3N1003) and applied to the ACC input. The ACC signal was preamplified by OP-77, went throu

circuit, and was buffered (TL072). The buffer output was summed (LM 6361) with the DC offset from the various bias voltage source (including TL072). The
output of LM6361(ACC output) was applied to the coupling control circuit.
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the RF source is changed (up to a 1-MHz difference) under A
in the EPR measurement of the phantom, the summed basi
FM offset frequency are stable. This indicates that the feedb
loop of the AFC circuit is working with a sufficient loop gain

The ACC is described next (see Fig. 3). The DC com
nent of the rectified signals from the double balance mixer (
ACC signal), which is obtained by employing a bias T-connec
(A3N1003, Anritsu; frequency range, 100 kHz–20 GHz), is
plied to the input of the ACC circuit. The ACC signal is preamp
fied by a high-precision operational amplifier (OP-77, Ana
Devices, Norwood) (14). The output of the preamplifier goe
through anRCcircuit (time constant, 10 ms), is buffered (TL07
Texas Instruments, Dallas) (15), and is summed (LM 6361) with
the DC offset from the various bias voltage source, which is c
structed by a stable bias voltage source, an operational amp
(TL072), and a variable resistor. The output of the summ
amplifier (i.e., ACC output) is applied to the coupling contr
circuit. The ACC output produces an offset that corrects for
coupling drift in the LGR. The ACC ON/OFF switch is locate
between the output of the buffer and the summing ampli
When the voltage of the bias voltage source is changed (up
5-V difference) under ACC and AFC in the EPR measurem
of the phantom, the ACC output to the coupling control circ
is stable. This indicates that the ACC feedback loop is opera
with a sufficient loop gain.

EPR Measurements of a Phantom, Rat, and Mouse

The involvement of ACC and AFC against perturbation
resonant natures was verified in a phantom study. The reso
natures were perturbed by the inflow of a physiological sa
solution into a two-turn coil-shaped polyethylene tube pla
outside the phantom, which contained a nitroxide radical s
tion in the LGR (Fig. 4).

Figure 5 shows examples of EPR spectra before and afte
perturbation. The loadedQ values before and after the pertu
bation were 80 and 74, respectively. Under this condition,
resonant frequency was 651.6 or 651.0 MHz. Before per
bation, both ACC and AFC were ON (Fig. 5a). After pertu
bation, EPR measurements were conducted without retu
under the following four different conditions: ACC-ON an
AFC-ON (Fig. 5b); ACC-OFF and AFC-ON (Fig. 5c); ACC-O
and AFC-OFF (Fig. 5d); and ACC-OFF and AFC-OFF (Fig. 5
The measurements were also made after perturbation and r
ing (Fig. 5f ).

Table 1 shows the signal and noise intensity for each co
tion before and after perturbation. The signal intensity is deri
from peak-to-peak height of the lowest component in the trip
spectrum. The noise intensity is represented by rms noise. Va
are means± standard deviation of output voltage of the lock-
amplifier from five independent determinations. When the
onant natures were perturbed with ACC- and AFC-ON with

retuning, the signal intensity was slightly reduced (about by 5
and the noise intensity remained (within the margin of erro
A ET AL.
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FIG. 4. Schema of the phantom and two-turn coil-shaped polyethylene t
in the LGR for perturbation of the resonant natures. The phantom is a sample
that holds 10 ml of physiological saline solution containing 1 mM carbamo
PROXYL. The polyethylene tube is placed outside the phantom. When
resonant natures are perturbed, the physiological saline solution is pushed
the tube in the LGR. When the perturbation ceases, the physiological sa
solution is drained from the tube.

However, the signal and noise intensities after perturbation
retuning were almost the same as those with ACC- and AFC-
without retuning after perturbation (within the margin of error
These findings indicate that the drifts in the coupling and re
nant frequency caused by the perturbation of the resonant na
was adequately compensated by the ACC and AFC system

When ACC was turned off after perturbation, the sign
intensity was reduced by about 40% and the noise inten
increased by about 40%, in comparison with those when AC
and AFC-ON, indicating that sensitivity is impaired by perturb
tion without ACC. When AFC was turned off after perturbatio
the signal intensity was reduced by about 30% and the no

TABLE 1
The Signal and Noise Intensities of the EPR Spectra of the

Phantom before and after Perturbation

Signal Noise
Perturbation Retuning ACC AFC intensity/mV intensity/mV

− − + + 8.779± 0.063 0.042± 0.002
+ − + + 8.210± 0.051 0.042± 0.004
+ − − + 5.178± 0.160 0.058± 0.004
+ − + − 6.212± 0.073 0.148± 0.033
+ − − − 4.747± 0.093 0.064± 0.005
+ + + + 8.195± 0.055 0.042± 0.004
%)
r).

Note.Values are means± standard deviation of the output voltage of the
lock-in amplifier from five independent determinations.
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FIG. 5. Examples of EPR spectra of the phantom before and after pertu
tion. Before perturbation, both ACC and AFC were on (a). After perturbati
EPR measurements were conducted without retuning under the following
conditions: ACC-ON and AFC-ON (b); ACC-OFF and AFC-ON (c); ACC-O
and AFC-OFF (d); and ACC-OFF and AFC-OFF (e). The measurements w
also made after perturbation and retuning (f ). The EPR conditions were
power, 80 mW; resonant frequency, 651.6 (a, d, and e) or 651.0 MHz (b, c
e); scan rate, 5 mT/s; accumulation number, 2; field modulation width 0.2
at 100 kHz; time constant, 1 ms.

intensity increased markedly (by about 250%), in compari
with that at ACC- and AFC-ON. Because the irradiation to t
LGR at a precise resonant frequency is disabled in the abs
of AFC, the ACC circuit gives incorrect feedback to the co
pling control circuit. Thus it is thought that noise was marked
augmented with ACC-ON and AFC-OFF. When both ACC a
AFC were turned off after perturbation, the signal intensity w
reduced by about 50% and the noise intensity increased by a
50%, in comparison with ACC- and AFC-ON. When ACC- an
AFC-ON were switched to ACC-OFF and AFC-ON, the SN

was reduced by about 60%; and when ACC-OFF and AFC-O
were switched to ACC- and AFC-OFF, the SNR was reduc
L OF A LOOP–GAP RESONATOR 33
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FIG. 6. Examples of EPR spectra at the head of an anesthetized rat. The
measurements were repeated under the following three conditions 15 min
administering the carbamoyl-PROXYL solution: ACC-ON and AFC-ON (a
ACC-OFF and AFC-ON (b); ACC-OFF and AFC-OFF (c). The resonant f
quency was 647.5 (a and b) or 646.5 MHz (c). The other EPR conditions w
same as those noted in the legend to Fig. 5.

by about 20%. Thus it was presumed that the influence of
drift in the coupling caused by the perturbation on the reson
nature is greater than that on the resonant frequency unde
conditions in this study.

The influence of ACC and AFC in thein vivo studies at the
head of a rat and the chest of a mouse was estimated. Figu
shows examples of EPR spectra from the head of a living, an
thetized rat. The EPR measurements were repeated five t
under the following three different conditions 15 min after t
administration of a nitroxide radical solution: ACC-ON an
AFC-ON (Fig. 6a); ACC-OFF and AFC-ON (Fig. 6b); and ACC
OFF and AFC-OFF (Fig. 6c). The loadedQ value and resonan
frequency were 46 and 647.5 MHz, respectively.

Table 2 shows the signal and noise intensity under each co
tion. When ACC was turned off, the signal intensity was sligh
reduced (by about 5%), but the noise intensity did not cha
(within the margin of error) in comparison with those whe
ACC and AFC were on. When both ACC and AFC were turn
off, the signal intensity was reduced by about 70% and
noise intensity increased by about 300%, in comparison w

TABLE 2
The Signal and Noise Intensities of the EPR Spectra at the Head

of a Rat Treated with Carbamoyl-PROXYL

ACC AFC Signal intensity/mV Noise intensity/mV

+ + 23.330± 0.170 0.050± 0.006
− + 21.886± 0.504 0.045± 0.004
− − 6.828± 1.089 0.177± 0.004
N
ed

Note. Values are means± standard deviation of the output voltage of the
lock-in amplifier from five determinations.
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FIG. 7. Examples of EPR spectra at the chest of an anesthetized m
The EPR measurements were repeated under the following three cond
15 min after administering the carbamoyl-PROXYL solution: ACC-ON a
AFC-ON (a); ACC-OFF and AFC-ON (b); ACC-OFF and AFC-OFF (c). T
resonant frequency was 650.8 (a and b) or 651.0 MHz (c). The other
conditions were same as those noted in the legend to Fig. 5.

those with ACC-OFF and AFC-ON. These findings suggest
deviations in coupling are negligible for the head of a rat un
the conditions of thisin vivoexperiment.

Figure 7 shows examples of EPR spectra from the chest
living, anesthetized mouse. The EPR measurements wer
peated five times under the following three different con
tions 15 min after the administration of a nitroxide radical so
tion: ACC-ON and AFC-ON (Fig. 7a); ACC-OFF and AFC-O
(Fig. 7b); and ACC-OFF and AFC-OFF (Fig. 7c). The loadedQ
value and resonant frequency were 80 and 650.8 MHz, res
tively.

Table 3 shows the signal and noise intensity under each co
tion. When ACC was turned off, the signal intensity was redu
by about 20% and the noise intensity increased by about
in comparison with those with ACC- and AFC-ON. When bo
ACC and AFC were turned off, the signal and noise intensi
remained (within the margin of error), compared to those w
ACC-OFF and AFC-ON. These findings suggest that deviat
in coupling are not without an effect at the mouse’s chest un
the condition of thisin vivo experiment. The extent of samp

TABLE 3
The Signal and Noise Intensities of the EPR Spectra at the Chest

of a Mouse Treated with Carbamoyl-PROXYL

ACC AFC Signal intensity/mV Noise intensity/mV

+ + 8.541± 0.071 0.059± 0.004
− + 7.015± 0.139 0.072± 0.008
− − 6.875± 0.184 0.080± 0.021
Note. Values are means± standard deviation of the output voltage of the
lock-in amplifier from five determinations.
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motion at the chest of the mouse is greater than that at the
of the rat. Thus it was presumed that the major benefit o
ACC system is in countering the effect of physiological motio
in the in vivoexperiment.

Because the time constant for the coupling control circu
30 ms, its cutoff frequency as a low-pass filter is estimated t
4.8 Hz. The respiratory rate of an anesthetized mouse is a
2–3 times/s, which is near the estimated cutoff frequency. H
ever, when ACC was turned on, the amplitude of the ACC sig
oscillation caused by the respiratory motions of the mouse
reduced by more than 80%, and so it appears that the ACC
tem has a sufficient loop gain to compensate for the respira
motion.

EXPERIMENTAL

LGR and EPR Spectrometer

The LGR used in this study is a two-gap type, with elec
shields located inside the resonator (Fig. 1), which meas
41 mm in inner diameter and 10 mm in axial length. This r
onator was driven at a frequency of approximately 650 M
The unloadedQ factor was 600.

For the main magnet, a commercially available electrom
net (modified RE3X, JEOL, Japan) was used; and for the fi
scan coils, a supplementary Helmholtz coil (Yonezawa elec
wire, Japan) was employed. The magnetic field was scanne
controlling the current in the field scan coils at a maximum s
rate of 7.5 mT/s. A synthesized oscillator (MG3633A, Anrits
Japan; frequency range, 10 kHz–2700 MHz; maximum wi
of FM, 1.6 MHz) was used as an RF source for EPR exc
tion. The RF circuit for EPR detection was constructed wit
power amplifier (ZHL-2-12, Mini Circuit, New York; frequenc
range, 10–1200 MHz; gain, 24 dB); a VSWR bridge (BR-1
Kuranishi, Japan; frequency range, 10–1300 MHz; inser
loss, 6.5 dB); a phase shifter (6602-3, Sage, Palo Alto;
quency range, DC-2 GHz; minimum phase shift, 290◦/GHz); a
preamplifier (ZFL-1000LN, Mini Circuit; frequency range, 0.1
1000 MHz; gain, 20 dB); and a double balance mixer (M
R&K, Japan; frequency range, 1–2000 MHz) for homody
detection. The rectified signals were amplified by a low-no
amplifier (SA-230F5, NF, Japan; gain 46 dB; frequency ran
1 kHz–100 MHz; noise figure, 0.6 dB) and detected by a lock
amplifier (5202, PARC, Princeton; frequency range, 1 mH
1 MHz) at the magnetic field modulation frequency. A p
of modulation coils (inner diameter, 46 mm; outer diame
68 mm; 40 turns; distance between coils, 66 mm) was dri
by an internal oscillator in the lock-in amplifier and a pow
amplifier (4020, NF, Japan; gain, 46 dB) at 100 kHz (Fig. 3)

Phantom

Ten milliliters of a 1 mM solution of a nitroxide radical, 3

carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yloxy (carbamoyl-
PROXYL, Aldrich Chem. Co., Ltd., Milwaukee), which had
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been dissolved in a physiological saline solution (a 0.
sodium chloride aqueous solution), was placed in a sam
tube (inner diameter, 20 mm; axial length, 31 mm) for use a
phantom.

For perturbation of the resonant natures, a two-turn c
shaped polyethylene tube (inner diameter, 0.75 mm; oute
ameter, 1.5 mm) was placed outside the phantom. When
resonant natures are perturbed, the physiological saline
tion is pushed into the tube in the LGR. When the perturba
ceases, the physiological saline solution is drained from the
(Fig. 4).

Animals

Carbamoyl-PROXYL was dissolved in a physiological sal
solution at 0.2 M. A male Wistar rat weighing 180 g or
ddy mouse weighing 50 g received 5 ml (1 mmol) or 0.5
(0.1 mmol) of a carbamoyl-PROXYL solution via the intrape
toneal route, respectively. Ten minutes after the injection
under pentobarbital anesthesia (37.5 mg/kg, injected intrap
toneally), the animal was inserted into the LGR. The head of
rat was located with its interaural line aligned 7 mm posterio
the center of the resonator. The chest of the mouse was loc

with its xyphoid process aligned 10 mm posterior to the cen
of the resonator.
L OF A LOOP–GAP RESONATOR 35
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