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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. © 2001 Academic Press

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

INTRODUCTION

coupling coil and the LGR. Automatic coupling control (ACC)
was electrically accomplished by using a varactor di&le( a
piezoelectric-controlled capacitd®)(in the first method. In the
second method, a mechanically driven ACC was also achiev
by using a coupling coil 0). However, electrical ACC by
using a coupling coil has not been attempted. In this study,
coupling coil was newly developed to permit electrical contrc
of the magnetic coupling to the LGR. By using this coil, it
became possible to employ ACC to make EPR measureme
of a phantom and a living rat or mouse.

RESULTS AND DISCUSSION

Coupling Caoil

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

A description of the coupling control circuit follows. A var-
actor diode (1SV153, Toshiba, Jap&nin Fig. 1) in series with
a fixed capacitor@; in Fig. 1) is connected to the single-turn
coilin parallel. This varactor diode, which has a capacitance th
varies from 16.25 pF atareverse voltaf2d wto 2.43 pFat25V,
is mainly used for the electric tuning in the VHF and UHF band
(12). The fixed capacitor prevents the DC current from flowin

A loop—gap resonator (LGR)I{3), one of the frequently into the single-turn coil when a DC reverse voltage is applie

used EPR resonators for vivo study @-6), is coupled to the to the varactor. When the capacitance of the fixed capacitor
external circuits by one of two methods: capacitive or magne@ignaller than that of the varactor, most of the RF voltage is a
coupling (7). To obtain EPR spectra with a good signal-to-noiselied to the fixed capacitor, which means that the varactor will k
ratio (SNR), it is necessary to control the coupling to minimizerotected from high RF power. Under this condition, the varac
reflections from the resonator. With the capacitive couplif§r contributes a smaller proportion of the total capacitance: th
technique, coupling of the LGR is controlled by electricallyjt is suitable as a means to provide fine control of the couplin
changing the capacitance between the RF transmission line g capacitance of the varactor diode was set around 10 pF
the LGR. With the magnetic coupling technique, coupling i8 3-PF ceramic capacitor was used as the fixed capacitor.
controlled by mechanically changing the distance between theA DC reverse voltage is applied to the varactor by a bias vol
age source, via an inductok (in Fig. 1) and a resisterR in

1To whom correspondence should be addressed. E-mail: yokohidd@d- 1). The inductor (air core coil, 70 nH) a_nd resister (X3 k_
fmu.ac.jp. prevent leakage of the RF current. The resistance of the resis
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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 varact@r)diode
series with a fixed capacito€{) is connected to the single-turn coil in parallel. A reverse voltage is applied to the varactor diode by a bias voltage source

inductor (L) and resistor R). This resisitor, together with a fixed capacit@>}, also serves as a@C circuit. The values o1, Cp, L, andR are 3 pF, 1Q«F,
70 nH, and 3.3 R, respectively.

is sufficiently large compared to the impedance of the varactieedback of the DC component of the radiowaves reflected fro
atthe resonant frequency of the LGR. This resister also servestas LGR to the coupling control circuit when the LGR was
anRCcircuit (time constant, 33 ms) with a fixed capacitor (tanifradiated at a precise resonant frequency. To do this, automa
talum electrolytic capacitor, 10F; C, in Fig. 1), which protects frequency control (AFC) is needed.
the varactor from the voltage disturbance at a field modulationA description of the AFC circuit follows (see Fig. 3). The
frequency of 100 kHz. rectified signals from the double balance mixer are amplifie
The magnetic coupling is roughly controlled by mechanicallgnd applied to the AFC input. The RF is modulated at an AF
changing the distance between the LGR and the single-turn ciéquency of 70 kHz. The AFC signal is detected by a lock
The fine control is achieved by changing the capacitance of timeamplifier (5210, PARC; frequency range, 0.5 Hz—120 kHz
varactor diode that is connected in parallel to the single-turn cat the AFC frequency. The output of the lock-in amplifier is
This capacitance is controlled by changing reverse voltage frammmed with the AC component, which is generated by an il
the variable bias voltage source. Figure 2 shows an examtdenal oscillator in the lock-in amplifier at the AFC frequency
of the fine control of the coupling of a phantom containing &he amplitude of the AC component regulates the FM depth
nitroxide radical solution in the LGR. Because the bias voltagkee RF source. The summing amplifier is implemented with
source can be located far from the resonator, remotely contrsable unity gain and high speed (LM 6361, National Semicol
ling the LGR coupling is possible. ductor, Santa Clara)l@). The output of the summing amplifier
(i.e., AFC output) is applied to the DC FM input of the RF sourc
to shift the RF. The DC potential of the AFC output produces a
offset that corrects for the frequency drift in the LGR. The AFC
Figure 3 shows a block diagram of the EPR spectromet®N/OFF switch is located between the output of the lock-in an
that was used in this study. ACC was accomplished by negatplifier and the summing amplifier. When the basic frequency c

Automatic Frequency Control and Automatic
Coupling Control Systems
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FIG. 2. An example of fine control of the coupling of a phantom containing 10fnal ® mM solution of carbamoyl-PROXYL that had been dissolved in &
physiological saline solution. The reflections from the LGR were measured by employing a network analyzer (8714C, Hewlett—Packard, Palo Adtb; bar
0.3-3000 MHz) when a reverse voltage of 8, 10, and 12 V was applied to the 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 w:
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 Bp SA:
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 inteatmalioscill
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 in|
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 an
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 rec
radiowave was obtained from a bias T-connector (A3N1003) and applied to the ACC input. The ACC signal was preamplified by OP-77, went througt
circuit, and was buffered (TL0O72). The buffer output was summed (LM 6361) with the DC offset from the various bias voltage source (including T&€072
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 AF Physiological saline solution
in the EPR measurement of the phantom, the summed basic : ‘& LGR
FM offset frequency are stable. This indicates that the feedba  Sample tube
loop of the AFC circuit is working with a sufficient loop gain. R
The ACC is described next (see Fig. 3). The DC compc \

nent of the rectified signals from the double balance mixer (i.€
ACC signal), which is obtained by employing a bias T-connectc
(A3N1003, Anritsu; frequency range, 100 kHz—20 GHz), is af
pliedto the input of the ACC circuit. The ACC signal is preampli-
fied by a high-precision operational amplifier (OP-77, Analo
Devices, Norwood) 14). The output of the preamplifier goes
through arRCcircuit (time constant, 10 ms), is buffered (TL072,
Texas Instruments, Dallas)%), and is summed (LM 6361) with y ‘
the DC offset from the various bias voltage source, which is co
structed by a stable bias voltage source, an operational amplif
(TLO72), and a variable resistor. The output of the summin
amplifier (i.e., ACC output) is applied to the coupling contro i
circuit. The ACC output produces an offset that corrects for tr -«
coupling drift in the LGR. The ACC ON/OFF switch is located '
between the output of the buffer and the summing amplifier.
When the voltage of the bias voltage source is changed (up to BIG.4. Schema of the phantom and two-turn coil-shaped polyethylene tut
5 v diference) under ACC and AFC in the EPR measuremalie, oo e o eaa
.Of the phant_om, t.he ACC output to the coupling Con_tmI Clrcu_ ROXYL. The ponF:atr):yleneg tube is placed outside the ?)hantom. When )t/t
is stable. This indicates that the ACC feedback loop is operatingonant natures are perturbed, the physiological saline solution is pushed |

with a sufficient loop gain. the tube in the LGR. When the perturbation ceases, the physiological sali
solution is drained from the tube.

30 mm

Carbamoyl-PROXYL solution Polyethylene tube

31 mm

EPR Measurements of a Phantom, Rat, and Mouse
However, the signal and noise intensities after perturbation a

The involvement of ACC and AFC against perturbation gbning were almost the same as those with ACC- and AFC-C
resonant natures was verified in a phantom study. The resongifout retuning after perturbation (within the margin of error)
natures were perturbed by the inflow of a physiological salifgese findings indicate that the drifts in the coupling and res
solution into a two-turn coil-shaped polyethylene tube placg frequency caused by the perturbation of the resonant nat
outside the phantom, which contained a nitroxide radical solyz ¢ adequately compensated by the ACC and AFC systems
tion in the LGR (Fig. 4). When ACC was turned off after perturbation, the signe

Figure 5 shows examples of EPR spectra before and aﬁermfensity was reduced by about 40% and the noise intens
perturbation. The loade@ values before and after the perturi,creased by about 40%, in comparison with those when AC
bation were 80 and 74, respectively. Under this condition, theq AFC-ON, indicating that sensitivity is impaired by perturba
resonant frequency was 651.6 or 651.0 MHz. Before pertyfsn without ACC. When AFC was turned off after perturbation

bation, both ACC and AFC were ON (Fig. 5a). After perturie signal intensity was reduced by about 30% and the noi
bation, EPR measurements were conducted without retuning

under the following four different conditions: ACC-ON and

AFC-ON (Fig. 5b); ACC-OFF and AFC-ON (Fig. 5c); ACC-ON TABLE 1

and AFC-OFF (Fig. 5d); and ACC-OFF and AFC-OFF (Fig. 5e). The Signal and Noise Intensities of the EPR Spectra of the
The measurements were also made after perturbation and retun- Phantom before and after Perturbation

ing (Fig. 5f). Signal Noise

Table 1 shows the signal and noise intensity for each condéerturbation  Retuning ACC  AFC intensity/mV  intensity/mV
tion before and after perturbation. The signal intensity is derivet
from peak-to-peak height of the lowest component in the triplet
spectrum. The noise intensity is represented by rms noise. Values _
are meang: standard deviation of output voltage of the lock-in  + - 6.212+ 0.073  0.148k 0.033
amplifier from five independent determinations. When the res- + - —  47474+0.093  0.064+ 0.005
onant natures were perturbed with ACC- and AFC-ON without * + + + 819540055 0.042-0.004

retuning, th? Signal in_tenSity was S“ghtl){ reduced (aPOUt by 5%)Note values are means: standard deviation of the output voltage of the
and the noise intensity remained (within the margin of errorihck-in amplifier from five independent determinations.

8.779+ 0.063  0.042+ 0.002
8.210+ 0.051  0.042t 0.004
5.178+ 0.160 0.058t 0.004

|
I+ 1+ +
I+ + +
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d FIG.6. Examplesof EPR spectraatthe head of an anesthetizedrat. The E

measurements were repeated under the following three conditions 15 min a
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 fre
guency was 647.5 (a and b) or 646.5 MHz (c). The other EPR conditions we
same as those noted in the legend to Fig. 5.

by about 20%. Thus it was presumed that the influence of tl

drift in the coupling caused by the perturbation on the resona
f nature is greater than that on the resonant frequency under
conditions in this study.

The influence of ACC and AFC in thia vivo studies at the
head of a rat and the chest of a mouse was estimated. Figur
shows examples of EPR spectra from the head of a living, an
thetized rat. The EPR measurements were repeated five tin
under the following three different conditions 15 min after the
Magnetic field/mT administration of a nitroxide radical solution: ACC-ON and

AFC-ON (Fig. 6a); ACC-OFF and AFC-ON (Fig. 6b); and ACC-

FIG.5. Examples of EPR spectra of the phantom before and after perturhg; ] .
tion. Before perturbation, both ACC and AFC were on (a). After perturbatiolrz?FF and AFC-OFF (Flg. GC)' The load€ivalue and resonant

EPR measurements were conducted without retuning under the following fctﬁ?quency were 46 an.d 647.5 MH?, r(.espect.ively.
conditions: ACC-ON and AFC-ON (b); ACC-OFF and AFC-ON (c); ACC-ON  Table 2 shows the signal and noise intensity under each con

and AFC-OFF (d); and ACC-OFF and AFC-OFF (e). The measurements wgjen. WWhen ACC was turned off, the signal intensity was slightl

also made after perturbation and retuning (f). The EPR conditions were REduced (by about 5%) but the noise intensity did not chan

power, 80 mW; resonant frequency, 651.6 (a, d, and e) or 651.0 MHz (b, c, ﬁithin the margin of error) in comparison with those Wher~

e); scan rate, 5 mT/s; accumulation number, 2; field modulation width 0.2

at 100 KHz: time constant, 1 ms. ACC and AFC were on. When both ACC and AFC were turne
off, the signal intensity was reduced by about 70% and tt

&Qise intensity increased by about 300%, in comparison wi

[ R R RS
18 20 22 24 26

intensity increased markedly (by about 250%), in comparis
with that at ACC- and AFC-ON. Because the irradiation to the

LGR at a precise resonant frequency is disabled in the absence TABLE 2

Of_ AFC, the A_CC_C”CUH gl\{es Incorrect feedback to the COU=rpq Signal and Noise Intensities of the EPR Spectra at the Head
pling control circuit. Thus it is thought that noise was markedly of a Rat Treated with Carbamoyl-PROXYL
augmented with ACC-ON and AFC-OFF. When both ACC and

AFC were turned off after perturbation, the signal intensity wefC AFC Signal intensity/mV Noise intensity/mV
reduced by about 50% and the noise intensity increased by about n 233304 0.170 0.050% 0.006
50%, in comparison with ACC- and AFC-ON. When ACC- and — + 21.886+ 0.504 0.045+ 0.004
AFC-ON were switched to ACC-OFF and AFC-ON, the SNR— - 6.828+ 1.089 0.177 0.004

was reduced by about 60%; and when ACC-OFF and AFC-ONypte values are means standard deviation of the output voltage of the
were switched to ACC- and AFC-OFF, the SNR was reducégtk-in amplifier from five determinations.
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motion at the chest of the mouse is greater than that at the he

of the rat. Thus it was presumed that the major benefit of
a ACC system is in countering the effect of physiological motion
in thein vivo experiment.

Because the time constant for the coupling control circuit |
30 ms, its cutoff frequency as a low-pass filter is estimated to |
b 4.8 Hz. The respiratory rate of an anesthetized mouse is abt
" 2-3 times/s, which is near the estimated cutoff frequency. Ho
ever, when ACC was turned on, the amplitude of the ACC sign
C oscillation caused by the respiratory motions of the mouse w

reduced by more than 80%, and so it appears that the ACC s
tem has a sufficient loop gain to compensate for the respiratc
motion.

1 L L . 1 L L L i L L L 1 L L L 1
18 20 22 24 26
Magnetic field/mT

EXPERIMENTAL

FIG. 7. Examples of EPR spectra at the chest of an anesthetized mods&R and EPR Spectrometer

The EPR measurements were repeated under the following three condition . ; . . .
15 min after administering the carbamoyl-PROXYL solution: ACC-ON and The LGR used in this study is a two-gap type, with elecri

AFC-ON (a); ACC-OFF and AFC-ON (b); ACC-OFF and AFC-OFF (c). TheShields located inside the resonator (Fig. 1), which measur
resonant frequency was 650.8 (a and b) or 651.0 MHz (c). The other EA® mm in inner diameter and 10 mm in axial length. This res

conditions were same as those noted in the legend to Fig. 5. onator was driven at a frequency of approximately 650 MH:
The unloaded) factor was 600.

those with ACC-OFF and AFC-ON. These findings suggest that0" the main magnet, a commercially available electroma
deviations in coupling are negligible for the head of a rat undBft (modified RE3X, JEOL, Japan) was used; and for the fie
the conditions of thign vivo experiment. scan coils, a supplementary Helmholtz coil (Yonezawa electr
Figure 7 shows examples of EPR spectra from the chest of§€: Japan) was employed. The magnetic field was scanned
living, anesthetized mouse. The EPR measurements were Gatrolling the current in the field scan coils at a maximum sce
peated five times under the following three different condf&t€ of 7.5 mT/s. A synthesized oscillator (MG3633A, Anritsu
tions 15 min after the administration of a nitroxide radical solu!aPan; frequency range, 10 kHz-2700 MHz; maximum widt
tion: ACC-ON and AFC-ON (Fig. 7a); ACC-OFF and AFc-onef FM, 1.6 MHz) was used as an RF source for EPR excit:
(Fig. 7b): and ACC-OFF and AFC-OFF (Fig. 7c). The loadd tion. The RF circuit for EPR detection was constructed with
value and resonant frequency were 80 and 650.8 MHz, respBgwer amplifier (ZHL-2-12, Mini Circuit, New York; frequency
tively. range, 10-1200 MHz; gain, 24 dB); a VSWR bridge (BR-1N
Table 3 shows the signal and noise intensity under each corfiranishi, Japan; frequency range, 10-1300 MHz; insertic
tion. When ACC was turned off, the signal intensity was reducéd®S 6-5 dB); a phase shifter (6602-3, Sage, Palo Alto; fr
by about 20% and the noise intensity increased by about 20¥4£NCY range, DC-2 GHz; minimum phase shift, 26Hz); a
in comparison with those with ACC- and AFC-ON. When botR"éamplifier (ZFL-1000LN, Mini Circuit, frequency range, 0.1-
ACC and AFC were turned off, the signal and noise intensitig9d00 MHZ; gain, 20 dB); and a double balance mixer (MAS
remained (within the margin of error), compared to those wifg&K. Japan; frequency range, 1-2000 MHz) for homodyn
ACC-OFF and AFC-ON. These findings suggest that deviatioflgtection. The rectified signals were amplified by a low-nois

in coupling are not without an effect at the mouse’s chest unddpPlifier (SA'Z?fOFS,' NF, Japan; gain 46 dB; frequency rang
the condition of thign vivo experiment. The extent of sample! kKHz=100 MHz; noise figure, 0.6 dB) and detected by a lock-i
amplifier (5202, PARC, Princeton; frequency range, 1 mHz

1 MHz) at the magnetic field modulation frequency. A pai

TABLE 3 of modulation coils (inner diameter, 46 mm; outer diamete
The Signal and Noise Intensities of the EPR Spectra at the Chest 68 mm; 40 turns; distance between coils, 66 mm) was drive
of a Mouse Treated with Carbamoyl-PROXYL by an internal oscillator in the lock-in amplifier and a powel
ACC AEC Signal intensity/mV Noise intensity/mV amplifier (4020, NF, Japan; gain, 46 dB) at 100 kHz (Fig. 3).
+ + 8.541+ 0.071 0.059+ 0.004 Phantom
- + 7.0154 0.139 0.072+ 0.008
- - 6.875+ 0.184 0.080+ 0.021 Ten milliliters o a 1 mM solution of a nitroxide radical, 3-

Note Values are means standard deviation of the output voltage of theCarbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yloxy (carbamoyl
lock-in amplifier from five determinations. PROXYL, Aldrich Chem. Co., Ltd., Milwaukee), which had
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been dissolved in a physiological saline solution (a 0.9% REFERENCES

sodium chloride aqueous solution), was placed in a sample
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shaped polyethylene tube (inner diameter, 0.75 mm; outer df: - Hirata and M. OnoRev. Sci. Instrun67, 73 (1996). _

ameter, 1.5 mm) was placed outside the phantom. When tffeS: 'shida, S. Matsumoto, H. Yokoyama, N. Mori, H. Kumashiro, N.
. . . Tsuchihashi, T. Ogata, M. Yamada, M. Ono, T. Kitajima, H. Kamada, an

r_eso_nant natur_es are pertu_rbed, the physiological saline s_olu-E' YoshidaMagn. Reson. Imaging0. 21 (1992).

tion is pushed into the tube in the LGR. When the perturbatiog H. Yokoyama, T. Ogata, N. Tsuchihashi, M. Hiramatsu, and N. Mdaign.

ceases, the physiological saline solution is drained from the tubeRreson. Imaging4, 559 (1996).

(Fig. 4)- 6. H. Yokoyama, T. Sato, T., Ogata, H. Ohya-Nishiguchi, and H. Kamadz
. J. Magn. Resoril29,201 (1997).
Animals 7. G. A. Rinard, R. W. Quine, S. S. Eaton, and G. R. EatbMagn. Resan

Carbamoyl-PROXYL was dissolved in a physiological saline8 ;0?1:1 (1993|)3' b s 3 Polen. M. K. B A C. Nelson E. \
. . . . . A.J. Halpern, D. P. 5pencer, J. Polen, M. K. bBowman, A. C. Nelson, E.
solution at 0.2 M. A male Wistar rat weighing 180 g or a Dowey, and B. A. TeicheRev. Sci. Instrur0, 1040 (1989).

d(()j{ mousle ?elghlgg 50 ?PreR(g)Izlﬁg 5 lml_ 1 mmﬁl) _Or 0.5 r_n|9. S. McCallum and F. ResmeRev. Sci. Instrum70,4706 (1999).

(0.1 mmol) of a car a,moy B ! solution via t _e,mtr_ape”_lo. J. A. Brivati, A. D. Stevens, and M. C. R. SymodsMagn. Resor92,480
toneal route, respectively. Ten minutes after the injection and (199,).

under pentobarbital anesthesia (37.5 mg/kg, injected iNtrap@f- y. Hirata, T. Walcak, and H. M. SwartRev. Sci. Instrum8, 3187 (1997).
toneally), the animal was inserted into the LGR. The head of th¢ «The piode Manual,” p. 192, CQ Shuppan, Tokyo (1995).

rat was located with its interaural line aligned 7 mm posterior & « inear Databook,” p. 2-492-503, National Semiconductor, Santa Clar
the center of the resonator. The chest of the mouse was located19ss).

with its xyphoid process aligned 10 mm posterior to the centes. “Linear Databook,” p. 4-654—665, Analog Devices, Norwood (1988).
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