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EPR spectroscopy has been applied to measure free radicals in
vivo; however, respiratory, cardiac, and other movements of liv-
ing animals are a major source of noise and spectral distortion.
Sample motions result in changes in resonator frequency, Q, and
coupling. These instabilities limit the applications that can be per-
formed and the quality of data that can be obtained. Therefore,
it is of great importance to develop resonators with automatic
tuning and automatic coupling capability. We report the develop-
ment of automatic tuning and automatic coupling provisions for a
750-MHz transversely oriented electric field reentrant resonator us-

AFC technique uses frequency modulation of the microwave
oscillator and associated AFC signal detection and processir
circuitry to automatically tune the frequency of the microwave
oscillator to the frequency of the resonator. If there is a living
animal in the resonator, the respiratory, cardiac, and muscul
movements of the animals can cause changes of the reson:
frequency of the resonator. The AFC circuit tracks this change
resulting in variation of the oscillator frequency, thus introduc-
ing distortion of the EPR spectrum with the magnitude of this

ing two electronically tunable high Q hyperabrupt varactor diodes
and feedback loops. In both moving phantoms and living mice,
these automatic coupling control and automatic tuning control
provisions resulted in an 8- to 10-fold increase in signal-to-noise
ratio.  © 2001 Academic Press
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distortion dependent on the amplitude of the frequency shift
The movements of the animal also change the impedance of tt
resonator, causing a mismatch of the resonator to the 66ax-

ial transmission line. This mismatch of the resonator results i
altered reflected power to the bridge detector, in turn produc
ing prominent noise spikes on the baseline of the spectrum. |

tomatic coupling; spin label. some cases with large movement and small EPR signals, th

motion-induced noise can be so large that the true EPR spe
trum is completely obscured by the baseline noise, making EP
measurements impossible.

To address these problems, electronic tuning techniques we

There has been a great need for the development of nistroduced for either automatic coupling control (ACCP{12)
resonators and techniques to enable the application of EPR spec-more recently, automatic frequency tuning control (ATC)
tro scopy for the measurement of free radicals and other paf@- 10 using either varactor diodes or piezoelectric actua-
magnetic centers in large biological samples and in living anirs. Each of these approaches has relative advantages and ¢
mals. A variety of lumped circuit devices have been developedvantages.
for these applications over the past decade including loop—gapA major difficulty of using a piezoelectric actuator to perform
and reentrant resonatots-g8). These resonators, at L-band freautomatic tuning and automatic coupling is the limited acoustic
guencies and below, along with a reflection bridge have maidelation of the mechanical mode from any background me
in vivo and ex vivoapplications possiblel{9). Recently, we chanical noise. Another limitation is the relatively slow time
have reported the development of a reentrant resonator desigponse of the mechanical adjustment, as well as the difficull
with transverse oriented capacitive gap (TERR) with hi@h of obtaining relatively large mechanical excursions of the actu
above 1500, wide frequency tuning range, and capacitive ca@ier necessary at low frequencies. However, there are also sor
pling (9). However, when measurements are performed on livirglvantages to using a piezoelectric actuator. The piezoelectt
animals, cardiac, respiratory, and other sample motions resulattuator method is free from maximum RF power limitations.
altered resonator frequency aQd giving rise to instability and The piezoelectric actuator itself is also not directly affected by
noise. field modulation.

The conventional reflection microwave bridge utilizes an au- Varactor diodes, being free from the problems associated wit
tomatic frequency control (AFC) loop whereby the microwavemechanical noise, time response, and complexity of mechanic
oscillator is locked to the frequency of the EPR resonator. Tlesign, may be a preferable method for resonator control at o\
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f_rquencies (RF_ thr_ough S-band). However, the mair_1 proplem S T T,
limiting the application of varactor diodes for automatic tuning COMPUTER
and automatic coupling is that the varactor diode placed within y v T ]
the modulated magnet!c field rectifies the modulation signal and R b rian ] LOCK-IN
picks up a modulation-induced voltage. This causes the reverse- 3 — 1
biasing voltage on the varactor to be altered by the modulation 750 MHz E am/ \Am
field. Thus, through this coupling a modulated signal will be BRIDGE 1™
added to the detection circuit, altering actual magnetic modu- e sl (5
lation amplitude and/or phase, finally resulting in EPR signal CoILS = i
distortion and baseline offset. This modulation signal can mix [_v_.‘
with the EPR signal, making accurate measurements of the EPR — puen
signal impossible. 5 & E

While successful approaches have beenreported ongivenres-  z > z
onators for either ACC or ATC, there have been no prior reports 9 % %
of combined use of both ACC and ATC resonator provisions in § 5 =
order to enablan vivowhole body measurements of free radicals : :
in small living animals such as mice or rats. L1

In order to solve these technical problems and implement au- P
tomatic tuning and automatic coupling provisions forvivo I £ am !
EPR measurements of small animals at 750 MHz, we devel- I i 1

oped a new TERR with a central solid brass stationary capac-
itive plate. To overcome the modulation pickup problem, two
miniature highQ microwave varactor diodes were placed di- FIG. 1. _Dialgfa;]m of tlhii;zo'c'\("):';o?;‘?clfzgstn‘:fbiﬁt‘;fgbT,\;‘Ezi”:]'ité‘r’s;;cee
rgctly into wells mac_h.med.m this brass plf.ite and capped Wlmggneeaﬁ)s,?:gdifciegr'll'nEeR;R resonator, an(’j the automatic tuning and automatic
circular metal capacitive discs to couple with the coupling angpiing ioops.
tuning plates of the resonator. Upon minimizing the physical
dimensions of the varactor arrangement and shielding of tleninate material. Figure 2 shows the structure of the resonatc
biasing leads inside the solid brass stationary capacitive plaiad the setup for the two varactor diodes. The dimensions ar
modulation pickup was virtually eliminated. Using appropriatehown in Table 1 and correspond to about a 10% reduction i
ATC and ACC feedback loops, the performance of the resonatize from the previously reported ceramic design By intro-
was tested on moving phantoms and living mice. The automadigcing the varactor diodes into a TERR resonator, the resonal
coupling and automatic tuning provisions reduced the motiofrequency will be shifted downward. In the worst case, the fre-
induced noise by 8- to10-fold. quency of the resonator can be out of the range of the microwav
bridge. We designed the new resonator with smaller size an
higher resonant frequency, so that even after introduction o
the varactor diodes and their downward shift of the resonan
frequency, the resonator will still be able to work within the
A diagram of the spectrometer system used is shown fidquency range of our narrow band bridge (750 to 780 MHz).
Fig. 1. It contains a 750-MHz microwave bridge, signal chan- The downward shift of the resonant frequency occurs due t

nel, the newly developed TERR resonator, the automatic tuniggpacitive loading by static capacitances of varactor diodes (se
and automatic coupling feedback circuits, and customized com-

puter software capable of performing spectral data acquisition
(13-16). The automatic tuning feedback circuit contains the
conventional AFC boosted by a voltage amplifier feeding the

HALL PROBE

EXPERIMENTAL DESIGN AND SPECTROMETER SETUP

A. EPR Spectrometer System

TABLE 1
Specifications of the TERR Resonator

reverse-biased varactor tuning circuit. The automatic tuning

Parameter

Value

feedback circuit contains the same phase detector as that useglall dimensions outside (mm) €W x H)
in the conventional AFC circuit, a voltage amplifier, and the rédimensions inside (mm) (k W x H)

162 x 54 x 140
135x 45 x 108

versely biased varactor tuning circuit. The automatic couplirfgghter orening (mm) 45
. . . . e . .. Center frequency (MHz) 800
circuit contains a lock-in amplifier, a mixer, a voltage amplifie
. . . . Center frequency (calculated) (MHz) 850
and the reversely biased varactor coupling circuit. Center frequency setting range (MHz) G900
. Center frequency tuning range (MHz) +50
B. The 750-MHz Resonator Design UnloadedQ without sample 2300
In order to accommodate the varactor diodes inside the ré&gloadedQ with 30-gmouse . 450
aximum agueous volume coupling capacity (ml) 50

onator, a new resonator was built using copper-clad epoxy—glass
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FIG. 2. Diagram and photograph showing the structure of the 750-MHz resonator with two varactor diode circuits inserted into the stationary capacitol
(A) In this diagram, the capacitance between the coupling disc and the stationary capacitor plate is labgleth@sapacitance between the tuning plate and
the stationary capacitor plate is labeledzas and the automatic coupling and automatic tuning varactor diodegaend\Vy, respectively. The two diodes were
mounted in two wells machined into the stationary capacitor plate to achieve direct coupling of the microwave power and better shielding frorfatiom mod
magnetic field. (B) Photograph of the 750-MHz resonator showing the resonator structure and the mounting of the 100-kHz field modulation coitewon th
surface of the sample holder.

detailed description in Section B}y is the mechanically ad- and mechanical modifications. This composite material pro
justable capacitance between the coupling disc and the stationadges good thermal stability and acoustic dampening. Coppe
capacitor plateCr is also the adjustable capacitance betweatad laminate board of 2-mm thickness was epoxy glued to
the tuning plate and the stationary capacitor plate,\dn@&nd supporting laminate board of 10-mm thickness and cured &
Vr are the tuning and coupling varactor diodes, respectively. Treom temperature for 24 h. The thickness of the clad coppe
resonant frequency of the resonator is 800 MHz and the mechamabout 50um. These boards were machined into six pieces tc
ical frequency tuning range is about 100 MHz (8080 MHz) form the resonator box of dimensions shown in Table 1. Then
without apparent degradation of the unloadgdalue of 2300. 5-mm width of silver strip foil (50xm thickness) was glued with
The unloaded) with a 30-g mouse is 450 and the maximunzonductive silver epoxy to cover each edge of the copper-cla
aqueous volume coupling capacity is 50 ml without droppingoards. The clad boards were then put into an oven &aQ70
the resonant frequency below 750 MHz, that is the low end fufr 6 h. In the final step, the clad boards were silver-plated an
our narrow band bridge (750 to 780 MHz). tightly assembled. In this way, the microwave leakage was min
The resonator was constructed from copper-clad epoxy—glasszed. This plus the precise mechanical machining and careft
laminate board (Copper-Clad G-10/FR4 Garolite from McMasdignment of the boards and the stationary capacitor plate (show
ter) instead of ceramic material to facilitate easy machining Fig. 2) were very crucial for obtaining the maximu@walue.
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Sample Holder

Modulation Coils

FIG. 2—Continued

Inview of this, to enhance the magnitude of the modulation fiettle tuning plate and the stationary capacitor plates, are show
in the sample area, a set of cylindrical saddle modulation coifsFig. 2A. A sample holder was placed into the lower loop and
mounted on the surface of a rexolyte tubular support were pladee coupling disc was placed in the upper loop, as shown i
inside the resonator (shown in Fig. 2B). The stationary plate Big. 2B. The plane of the capacitive gap is transverse to that i
the resonator capacitor element was machined out of solid bréss conventional reentrant resonator.
and silver-plated. Two cylindrical wells were machined in the A brief comparison of the new resonator with the previously
body of this plate to house the two varactor diodes and the biasported ceramic TERR resonat8) §hows that the dimension
ing circuits. These wells were positioned on the same axis as tfeghe new resonator is scaled down 10% and this resulted in
corresponding tuning and coupling capacitive plates. EfficieB®-MHz increase in the resonator frequency. Since the sampl
shielding of the varactor diodes and biasing leads from coupliagm is smaller and more compact, the filling factor is higher anc
to the magnetic field modulation was achieved by embeddititere is a greater effect of a given size lossy sampl@ dihalso
the varactor diodes into the wells of the solid brass capacifotlows that the maximum aqueous volume coupling capacity is
plate. The varactor diodes in the wells were capped by silvamaller.
plated brass discs (labeled varactor discs in Fig. 2) to enable
coupling to the corresponding tuning and coupling plates al . . . .
furtrrl)er gomplete the si?ieldinggfrom rgodulationppiciur:o. %d Mechanlgal Design for Automatic Coupling
S . Varactor Diode Placement

As shown in Fig. 2, the resonator structure contains two reen-
trant inductive loops of square cross section. The capacitive are&igure 3A shows the setup of the automatic coupling var-
ofthe resonator is formed by two plates protruding into the centaetor diode (highQ hyperabrupt tuning varactor, MA4ST553,
of the resonator from the opposing sidewalls. These two plat®4/A-COM Inc.) inside the brass stationary capacitor plate.
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D. Mechanical Design for the Automatic Tuning
Varactor Diode Placement

Figure 3B shows the placement of the automatic tuning var
actor diode inside the stationary capacitor plate, which is analc
gous to the coupling varactor placement. Underneath and on tt
axis of the tuning patedy), another well of 5-mm diameter was
machined and the tuning varactor diode was placed into it. O
top of the varactor a 5.5-mm-diameter brass disc was attache
with silver epoxy glue to form another small capacitor (the ca-
pacitance between this varactor disc and the tuning pl&gris
A small diameter well machined in the body of the plate housec
the biasing circuitry.

E. Equivalent Circuit of the Resonator with Automatic
Coupling and Automatic Tuning Varactor Diodes

Figure 4 shows the equivalent circuit of the resonator anc
the related circuits for the automatic tuning and automatic cou
pling varactor diodes. Capacito@, andCr, inductancel,
and sample loadR_ form the lumped circuit equivalent of the
resonator. Without the varactor circuit, the coupling and tun
ing capacitance ar€y andCr, respectively. With the varactor
circuit connected, the coupling capacitance of the resonator |

E’aracmr diode (V1) Changed td:, Wh|Ch iS giVen as

—_J

FIG.3. Mechanical layout of the stationary capacitor plate with the varactor
diode circuits for the automatic coupling (A) and automatic tuning (B) loops.

C=Cuy+

Rim is the Q depressing resistor for the coupling circuityy is the choke where
inductance. The varactor diode was capped with a small brass disc (varactor disc).

This metal disc formed a small capaci@jy between the disc and the coupling

Co

ComCum

Com + Cum’

¢”Co

disc, in series with the capacitance of the varactor, and its value served to adjust Cwm = (]_ + V/¢)y

the variable coupling range achieved on voltage biasing of the var&itpris

the Q depressing resistor for the tuning circuit.t is the choke inductance. The
tuning varactor diode was also capped with a small brass disc (varactor disc)
forming a capacito€qt between this disc and the tuning plate, in series with the
varactor. Its value served to adjust the variable tuning range achieved on volta

—=;

biasing of the varactor.

The total capacitance of the varactor-a¢ V is between 1.08
and 1.32 pF. When biased with a DC voltage frefd.7 to
—20 V, the capacitance of the varactor changes from 1.8 t:
0.45 pF with good linearity. According to manufacturer’s spec-
ifications, theQ value of the varactor at4 V bias voltage at
50 MHz is approximately 500. Underneath the coupling disc
(Cwm) and inside the metal stationary plate, a well of 5-mm di-
ameterwas machined. The coupling varactor diode was mountse
in the well and thus grounded. The varactor diode was cappe
with a brass disc of 5.5-mm diameter using conductive epox:

Cum ;5

TERR
Resonator

Conm

WM

RIM

(p+ V)’

Lim ACC bias

O

Ly CT;‘f'

el L

Vr

compound. This metal disc formed a small capacitor (the capac-

Rir

Lyt

4 F—HI—

ATC bias

itance between this varactor disc and the coupling di€ki8,
which is in series with the capacitance of the varactor. A smg\ﬂ

FIG.4. The equivalent circuit for the resonator with the automatic coupling
d tuning provisions. The input ports for the introduction of the ACC and
C bias potentials to the two diodes are shown on the righ{ andCj 1 are

diameter well was machined in the body of the stationary plaigunting capacitor€y, Cr, Lt, andR. are lumped circuit equivalents of the
to provide shielded housing for the biasing leads and circulitryesonatorRom and Rt are control circuit input resistors.
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Cvwm is the capacitance of the varactor with a reverse-biasing D€used to adjust the resonance frequency of the resonator to tl
potential across the diode junctioBy is the zero-bias capaci- frequency of the oscillator. If the phasing is correct, the feedbacl
tance of the varacto¥ is the voltage across the diode junctioncircuit will lock the frequency of the resonator to the frequency
¢ is the contact potential of the junction of the varactor diodef the oscillator automatically. Thus the resonance frequency o
and is equal to 0.5 \ is the power law of the junction and isthe resonator is fixed even in the presence of sample motion.
determined by the impurity gradient. For step junction includ-

ing hyperabrupt junction, it is equal to 0.5. The capacitance f6. Automatic Coupling Feedback Loop

the tuning circui_t i; described_ by a similar expression. The f?“' Figure 5B shows the automatic matching feedback loop fol
crowave power is introduced into the resonator by the coupli varactor dioda/,. The reference signal at a frequency of

capacitorCy and by changing this capacitance the resonatgp iy s supplied from an SRS-850 lock-in amplifier (Stanford

can be c.oupr)]led kt)o the SQ—ftra?smBE[orﬂ Ime Ielther Iln thBe pr(;;S'Research) to the mixer in order to modulate the incoming DC
ence orin the absence of a lossy biological sample. By N _ar\‘/%hage corresponding to the detector diode current. This volt
ing Cr, the frequency of the resonator can be tuned within

100-MH Bv chanai h bias DC vol e is obtained from the RF bridge preamplifier. The 20-kHz
-MHz range. By changing the reverse-bias voltage athjjated signal is fed back to the lock-in amplifier. The lock-

the_two varagtor diodebs, thedglapak::itancg céf the c?u”pling.am mplifier performs detection, filtering, phase adjustment, anc
.tunmhg cgpac::[orr]s can be readily Cd angeh. y.carehu é’.a Ju?’:ﬁ'ﬂplification of the feedback signal. After scaling in the voltage
ing the size of the capacitoGow andCor (changing the diam- , jigier. this conditioned signal is supplied to the coupling con-
eters of the discs capping the varactors), an adequate electr(t)m aractor diod&/ . A switch in the voltage amplifier provides

tuning and coupling range can be achieved. DC voltage biasath easv wav to change the phase of the outout sianal b 180
the varactor diodes is introduced throuBfy and R, respec- y way 9 P P 9 by

tively. L1y andL 17 are two choke inductor€;y andC,t form
low-pass filters with the above-mentioned chokes. It is practi-
cally important to connect these resistors directly to the varactor
diode leads. Otherwise the choke inductances may form rela-
tively high Q resonant modes with the varactor diodes, which
may compete with the main resonance. To suppress this self- g,
resonant mode, a relatively large resistor of Ibik connected
with very short leads to the varactors of both the tuning and the
coupling circuits. By carefully adjusting the value of tGgy

and Cyt (diameters of the discs), we were able to achieve the
required tuning and coupling ranges. The tuning range of the
tuning varactor diode circuit is abotit5 MHz with a DC poten-

tial swing of 15 V. The coupling varactor diode provided about 3

+15V

Oscillator

Ry AFC

Phase Detector

to tuning varactor Vp

dB of coupling adjustment with the resonator loaded by a lossy Amplifier |
sample. In order to verify the coupling and tuning capacity of the - - o
varactor diodes, we measured the coupling and tuning change Automatic tuning feedback circuit

caused by the movement of a 30-g anesthetized mouse inside
the resonator using a network analyzer (HP 8720). The range of
the change of the coupling was less than 1 dB. The range of the . . from RF bridge

; Mixer Preamplifier
change of the tuning was less than 1 MHz. These changes were

within the coupling and tuning capability of the varactor diode. ?,, [
F. Automatic Tuning Feedback Circuit f; T
g kS|
Figure 5A shows the feedback circuit for the automatic tuning. £ ‘g
When the switch K is in position 1, the circuit works as an g
AFC feedback circuit. The DC bias voltage from the AFC phase — Y to coupling varactor V
detector is connected to the oscillator and tunes the frequency of ;‘:l;']‘n;';r Amplifier > M

the oscillator to the frequency of the resonator. When the switch
is in position 2, the oscillator tuning port is maintained at a Automatic coupling feedback loop
constant DC voltage (7.8 V). The DC bias voltage is taken from - L .

... FIG.5. (A). ATC feedback circuit. The circuit maintains constant bias volt-
the AFC phase detector and connected to a voltage amp“%ﬁés to the oscillator and to the voltage amplifitrand R, are 13 and 15K,

and then from the output of the amplifier to the tuning varact@fspectivelyR; andR, are both 10 R. (B). ACC feedback loop. The reference
diode V. In this case, the signal from the AFC phase detectsignal from the lock-in amplifier is 20 kHz.
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This switch, together with the continuous phase adjustment ce
x50 pability of the lock-in amplifier, enables correct loop phasing.

AFC EXPERIMENTAL APPLICATIONS AND RESULTS

A. Application to a Moving Phantom

It was expected that some additional noise might be intro
duced into the signal with the incorporation of the two con-
trol loops into the system. In order to measure this factor, we
performed EPR measurements on a stationary phantom, co
ATC+ACC sisting of a bottle filled with 30 ml of aqueous 1 mM 2,2,6,6-
tetramethylpiperidinoxyl radical (TEMPO). The spectrafor both
the conventional configuration (with AFC) and with introduction
of ATC plus ACC are shown in Fig. 6. The two insets (noise sig-
nal shown scaled up by a factor of 50) illustrate that the noise il

238

the presence of the ATC and ACC loops is modestly increase
by less than a factor of 2 compared to that with the standar
bridge AFC.

268 283 298
Magnetic Field (Gauss)

FIG.6. The spectra of 30 ml of 1 mM TEMPO in water with AFC and with N order to test the dynamic performance of the ATC and ACC
ATC plus ACC. The EPR parameters for both spectra are as follows: microwssgStem with a moving sample, a special actuator was built. Th
frequency 750-MHz, microwave power 30 mW, time constant 40 ms, acquisitighantom with aqueous TEMPO solution was mounted to the en
time 15 s. The parameters for the ATC and ACC circuits are as follows: tlaﬁ aquartz rod, which provided the actuator movement from ai

voltage on the tuning varactor diode is 7.8 V, the voltage on the coupling varac;
diode is 11.0 V, the gain of the lock-in amplifier is 20 dB, the frequency of th

%j—rw audio speakerl§). Signals of variable frequency and am-

reference signal is 20 kHz, the amplitude of the reference signalis 0.5 v.  Plitude from afunction generator (Wavetek, Arbitrary Waveform

AFC ATC+ACC
5Hz,0.5V
N”‘M/AM/W M,J\/ﬁ{ios M
5Hz 0.1V

-

238 253 268 283 298 238 253 268 283 298

Magnetic Field (Gauss)

FIG. 7. Spectra of the moving 30 ml of 1 mM TEMPO sample with AFC (left scans) or ATARCC loops (right scans). The movement frequency is
5 Hz with each row showing variable excursion (0.1-V output from a function generator corresponds to 1-mm excursion and the response is linear up t
Acquisition parameters and parameters for the automatic tuning and automatic coupling circuits are the same as in Fig. 6.
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Before the mice were fed with charcoal, solid-food intake was
stopped for 12 h, after which the mice were fed a mixture of char:
coal and sugar for 24 h. The mice then were lightly anesthetize
AFC with 10 mg/kg pentobarbital by intraperitoneal injection. During
anesthesia the animals’ respiratory rate and heart rate remain
stable. The respiratory rate was about 80/min and the heart ra
was about 400/min. Figure 8 shows the spectra from a mous
using either AFC or ATC and ACC loops. At least 10-fold im-
provement in the signal-to-noise ratio is seen with the use o
the ATC/ACC system compared to that obtained with conven-
tional AFC.

DISCUSSION AND CONCLUSIONS

Sample motion-derived noise has been a major factor limit:
ing the extension of EPR spectroscopy for the measurement ar
imaging of free radicals in living animals. Sample motions in-
duce changes in resonator frequer@yand resultant coupling,
all of which greatly perturb the measured spectrum using con
. l . | , l . ventional CW EPR instrumentation. We recently reported the

259 264 269 274 279 development of a reentrant resonator design with a transvers
Magnetic Field (Gauss) oriented capacitive plate that enables wide-range frequency tur
ing and efficient capacitive couplin@)( This resonator has

FIG. 8. Spectra of charcoal in a living mouse with AFC (top) or with ATCenabled whole body EPR spectroscopy and |mag|ng of mic
plus ACC (bottom). The mouse was fed the charcoal spin probe_the'day prioip 750 MHz. While EPR measurements on living animals are
the measurements. Acquisition parameters are same as those in Fig. 6. . . . : .

possible with this and other resonators, the quality and signal
to-noise ratio in these measurements are greatly limited by re:

iratory motion and other animal movements.
Generator Model No. 75) were used to control the frequency a[% ith the varactor diode-based automatic tuning and automati

excursion magnitude of sample motion to simulate the motions' . : : ; .
. : coupling system described, we achieved a large improvement i
of a living object.

signal-to-noise ratio in the EPR spectra of both moving phan.
Before EPR measurement, we measured the frequenc s . .

. torms and living animals. In general, an 8- to 10-fold improve-

change, theQ value change, and the coupling change of the S . . .
. . ; ment in signal-to-noise ratio was seen compared to that witl
moving phantom with a network analyzer. With a movemen . : )
. andard AFC. Moving phantom experiments demonstrated th:
of 5-mm excursion, the frequency changed 1.5 MHz and the R . :
the feedback circuits compensate motional noise very well a

o j :
Q changed 1.3%; with a movement of 3-mm excursion, thaeHz or lower motional frequencies. As would be expected with

frequency changed 1 MHz and tlt¢ changed 0.67%; with a L .
) the fast response characteristics of varactor diodes, the respor
movement of 1-mm excursion, the frequency changed 0.5 MHz L -
Iime of the circuit is not limited by the varactor response. At

and theQ changed 0.59%. Within 5-mm excursion movement,. . ) |
. ; ; igher frequencies, above 10 Hz, the quenching of the nois
the coupling change is less than 2.5 dB. Figure 7 shows the spec- . L )
as less effective. This limitation is not due to the time responst

tra obtained in conventional AFC mode, as well as with the AT . . .
X of the varactor diode but arises from the time constant of the AFC
and ACC system using the TEMPO phantom at 5 Hz frequengy - : . . : .
. . .~ Circuit that is used in our automatic tuning loop. Since the rate:
of movement for different excursions controlled by the dnvmg

voltage to the speaker. Comparison of the spectra obtained Wl{ﬁ?e typical resp iratory and cardiac movgments are less than
. . : .. OF 7 Hz, respectively, the loop response time was adequate f
AFC and with ATC and ACC shows a signal-o-noise ratio imy, ., o ating the movements of small animals, including mic
provement of about 8 times. It was observed that the ATC anq P 9 ' 9
ACC loops could remarkably compensate for most of the noiggd rats.
introducgd by the movin r):antorre With the good shielding from the magnetic field modulation
y gp ' provided by the placement of the varactors inside the brass boc
of the stationary capacitor plate of the resonator, the observe
influence of the 100-kHz field modulation on the diodes was neg
After evaluation and validation on the moving phantom, wigible, and there was no apparent modulation pickup-inducec
applied the automatic tuning and automatic coupling techniguesrturbation on the EPR signal or the signal baseline level.
to the living mouse. C3H mice weighing 30 to 40 g were used One of the limitations for the use of varactor diodes, directly

(16). Commercially obtained charcoal was used as the spin labmupled to the microwave field of the resonator, is that they statr

ATC+ACC

B. Application to Living Mice
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working nonlinearly with respect to this field at high incident In conclusion, a highly effective automatic tuning and au-
power. In other words, at high power levels the varactor diodematic coupling system was developed for a 750-MHz trans
actually acts as a detector diode so that a microwave-induaetsely oriented electric field resonator using two electronically
DC voltage appears across the junction. In order to determitmable highQ hyperabrupt varactor diodes and feedback loops
the practical microwave power range for the application of vaFhis system enabled a 10-fold increase in signal-to-noise rati
actor diodes, an oscilloscope was connected across the juncfamEPR measurements in small living animals such as mice
of the varactor diodes. Then the microwave power was increasdus development should greatly facilitate the performance o
gradually. Up to 40 mW of microwave power there was no re@ vivo andex vivoEPR spectroscopy and imaging of free radi-
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