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Radiofrequency continuous wave EPR spectrometers for de-
tecting and localizing free radicals in vivo in samples of 50—-100
g have been developed. The main limitation of these EPR instru-
ments is the slow acquisition time, and a sensible improvement is
expected by the adoption of pulsed EPR techniques. We present
here a Fourier transform EPR spectrometer operating at 220 MHz
suitable for large volume samples (up to 50 ml). A detailed de-
scription of the transmitter and receiver sections, including the
EPR resonator, is given. Representative free induction decay data
obtained from a sample with a relaxation time of about 900 ns
are reported.  © 1998 Academic Press

Key Words: EPR; spectrometer; resonator ; in vivo; nitroxide free
radicals.

INTRODUCTION

Radiofrequency (RF) continuous wave (CW) EPR spec-
trometers for detecting and localizing free radicals in vivo
have been developed in the past two decades (1-11). Many
studies have demonstrated that exogenous and endogenous
free radicals have amagjor rolein the study of severa physio-
pathological conditions (12—21). The main limitation of
CW EPR spectroscopy/imaging is the slow acquisition rate.
Image reconstruction requires the collection of one-dimen-
siona projections obtained by recording the EPR spectrum
in the presence of a magnetic field gradient. As each projec-
tion takes about 30—120 s to acquire, and in view of the
fact that the field sweep must extend considerably outside
the field region containing the sample to permit accurate
mathematical treatments, such as deconvolution and recon-
struction (22, 23), awhole three-dimensional reconstruction
requires a total acquisition time of about 30 min and is not
compatiblewith the biological half-life of the usual paramag-
netic probes studied. The need for pulsed Fourier transform
(FT) EPR techniques is essentially related to this problem,
and it is hoped that these techniques will also make possible
the observation of transient free radicals that cannot be ob-
served with CW EPR.

In contrast to NMR, the development of FT EPR has been
very slow. The main reason is that the most readily available
exogenous paramagnetic probes are nitroxide free radicals,
in either the protonated or perdeuterated form. Their relax-
ation times (T, T,) are between 300 nsand 1 us (24), and
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these give rise to difficulties in the development of an FT
EPR apparatus, particularly at low frequencies where the
resonator dead time is long. The main instrumental require-
ments are short receiver dead time, short pulse duration, high
pulse power, fast acquisition rate, and fast data transfer to
a computer. The first requirement is particularly difficult to
meet at low frequencies.

Despite these difficulties, afew homebuilt FT EPR instru-
ments operating in the RF range have been developed, and
the first EPR free induction decay (FID) at 17.4 MHz was
reported by Blume (25), four decades ago, using trapped
electrons in liquid ammonia. Sachs et al. (26) reported a
comparison of relaxation times at 192 MHz and 9 GHz using
crystals of conducting fluoranthenyl radical cation salt, but
no details were given of the EPR instrumentation. More
recently, RF FT EPR apparatuses, specifically developed for
imaging applications and operating at 300 MHz, have been
proposed (27-28). These apparatuses adopt a classical du-
plex configuration that comprises asingle TX/RX resonator
connected to either the TX or the RX by a duplexer. The
duplexer circuit usually necessitates a dummy circuit that
acts as an additional load to the transmitter and/or an addi-
tional source of noise to the receiver (29). Other disadvan-
tages of the previous RF FT EPR apparatuses (27, 28) are
the very long receiver dead time (Tp) (300 nsto 2 us) and
the very small sample volume (less that 2 ml).

In this paper we describe the overall design of an FT EPR
spectrometer operating at 220 MHz. A detailed description
of the transmitter (TX) and receiver (RX) sections, includ-
ing the EPR resonator, is given. We also show that this
spectrometer can be adapted for CW detection of EPR spec-
tra. Finally, we report representative FID data obtained from
a sample with submicrosecond relaxation times.

FT EPR SPECTROMETER DESIGN

The overal diagram of the RF FT EPR spectrometer is
shown in Fig. 1A. It consists of the following main sections:
(1) RF source and gating that generates the TX pulse of
suitable width and power and the auxiliary pulse for quench-
ing the TX resonator; (2) TX loop—gap resonator (LGR);
(3) RX resonator assembly consisting of two pairs of saddle-
shaped resonators perpendicular to each other; (4) RF signal
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FIG. 1. (A) Overal diagram of the radiofrequency FT EPR spectrometer operating at 220 MHz. (B) Timing diagram for the generation of the TX

composite pulse and for the synchronization of the receiver. The electric characteristics of the relevant component are as follows: ZMSC-2-1 (Mini-
Circuits, USA), frequency range 0.1-400 MHz, isolation 25 dB min, insertion loss 0.4 dB max, phase unbalance 3° max, amplitude unbalance 0.2 dB
max. ZY SW-2-50 DR (Mini-Circuits, USA), insertion loss 1.5 dB max, 1 dB compression point 20 dBm, in/out isolation 50 dB. MAN-1HLN (Mini-
Circuits, USA), frequency range 10—500 MHz, noise figure 3 dB max, gain 12 dB, 1 dB compression point 15 dBm. RC 9004 ( Research Communications,
UK), frequency range 200—240 MHz, noise figure 2 dB max, gain 57 dB, max. output 1 V rsm, settling time 60 ns.

conditioning section where the signals of the two orthogonal
channels are combined to reduce the dead time; and (5)
analog to digital converter (ADC) and data acquisition/dis-
play. In the following we descibe in detail the various sec-
tions of the apparatus.

Transmitter Design

The 220-MHz radiofrequency signal required for the
transmitter and the local oscillator (LO) reference of the
receiver is provided by an HP8640 signal generator. Its out-
put is split by a power divider (Mini-Circuits ZFSCJ-2-1):
one output is used to provide the LO, the other is further
split by a ZFSCJ-2-1 to provide two 180° out-of-phase sig-
nals. These are selected by atwo-way switch (Mini-Circuits
ZY SWA-2-50DA) controlled by the secondary output of a
TABOR 8600 twin pulse generator. The selected output is
connected to another switch, controlled by the main pulse
of the TABOR 8600 to provide the pulse ON/OFF function.
In this way the RF pulse consists of the main RF pulse (200
to 400 ns) plus a phase-reversed auxiliary pulse (30 to 60
ns). The starting time of the auxiliary pulse (and conse-
quently its duration) can be shifted with respect to the main
pulse, so as to optimize the dead time reduction of the TX
resonator (30). Thetrigger signal (TRIG) from the TABOR

8600 is used to synchronize a second pulse generator (TA-
BOR 8500) that controls the receiver section. The power
required to obtain a 90° flip angle depends on the sample
loading that modifies the resonator Q factor and, as a conse-
guence, the value of the efficiency factor A. For Q values
between 170 and 90 and using a pulse length of about 300
ns the required power to obtain a 90° flip angle varies from
1to5W. This power isprovided by aMini-Circuitsamplifier
(MAN-1HLN) and aclass-A power amplifier (Mini-Circuits
ZHL-5W-1) that delivers 5-W rms between 1 and 500 MHz.
Its output is connected to a back-to-back diode (Philips,
BAWG62) circuit (31) with a A/4 line tuned to 220 MHz
(Fig. 1). This provides a threshold barrier (minimum 70
dB) to remove the TX pulsefalling edge and power amplifier
noise during the detection phase. The power amplifier is
connected to the TX resonator, via a phase shifter and a
standard \/4 triaxid baun (31), so as to make the cable be-
tween the diodes and the TX resonator of length (2n-1)\/4
(Fig. 1). The N/4 shunt lines ensure that no transmitter noise
reaches the L GR during reception. Combined with the phase
shifter it results in a low impedance at the LGR so as to
dampen the ringing.

We have also tested a homebuilt class-C power amplifier
that delivers 30 W at a central frequency of 220 MHz with
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a bandwidth of 30 MHz. The use of the class-C amplifier
simplifies considerably the TX design and avoids the use of
the diode circuit.

TX and RX Resonators

We used separate TX and RX resonators (crossed-coil
configuration) to reduce Ty . The two separate resonators are
tuned to the same frequency, and the RF fields are geometri-
cally perpendicular. This gives a high isolation between TX
and RX, with a consequent reduction of T,. A similar design
was proposed in the early years of NMR spectroscopy (32)
and recently in CW NMR imaging of solids (33) and in
CW and pulsed L-band (1.2 GHz) EPR (34). With the
crossed-resonator configuration, the choice of the volumes
and Q of the TX and RX resonatorsis acompromise dictated
by the maximum TX power available, the dead time, and
the sensitivity of the apparatus. As is common practise in
pulsed NMR (29) and pulsed EPR (35), we positioned the
TX resonator externally with respect to the RX resonator.
This configuration requires the use of higher TX power
pulse, but optimizes the filling factor of the RX resonator.
At present we are using a TX resonator with high Q because
of the limited power provided by the TX power amplifier
(max 5W rms). The availability of an amplifier with higher
TX power would make it possible to decrease the Q of the
TX resonator, thus reducing the dead time of the pulsed EPR
instrument. With the present design the TX resonator has a
higher Q with respect to that of the two RX saddle-shaped
resonators when empty (TX Q = 170 and RX Q = 100) or
with 55 ml of physiological saline solution (TX Q = 90 and
RX Q = 35). The SNR would benefit from the use of RX
resonators with higher Q, but this is not easily achieved
with large conductive samples because of the electrical and
magnetic losses due to the sample. The TX resonator, see
Fig. 2, isaone-loop four-gap resonator (LGR) (36) (diame-
ter 59 mm and length 20 mm) made of adhesive copper strip
(RS components, UK). The LGR was laid on the internal
surface of a Teflon cylinder (external diameter 75 mm, inter-
nal diameter 59 mm, length 24 mm) that was inserted into
a brass shield (internal diameter 75 mm, length 90 mm). A
balanced capacitive network (31) was adopted to optimize
the LGR tuning/matching. The LGR has an unloaded quality
factor Q of about 170 when empty. The efficiency factor
A = 19 uT/VW of the empty LGR (A = B,/VP, where B,
is amplitude of the RF field and P the incident power) was
measured by the perturbing sphere method (37). From this
value the required peak power to obtain a 90° flip angle with
RF pulses of 300 ns was 2.4 W.

The RX resonator, see Fig. 2, is composed of two (identi-
cal) pairs of saddle-shaped resonators tuned to 220 MHz,
perpendicular to each other and perpendicular to the LGR.
In principle, the two receiving resonators (RXs and RXg)
have identical ringing times. The RX s resonator (perpendic-
ular to the main magnetic field) is used as the FID receiver,
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and the RXR resonator (parallel to the main field) is used
to reduce the dead time of the receiver, as reported in detail
elsewere (38) . Each saddle-shaped resonator was made from
adhesive copper strip 4 mm wide. The angular aperture of
the saddles is 82° and the length is 50 mm. Each saddle-
shaped resonator was laid on the external surface of a Teflon
cylinder (external diameter 36 mm, internal diameter 30
mm, length 100 mm) that was inserted coaxialy into the
brass shield. A balanced capacitive network (31), positioned
outside the brass shield, was adopted to optimize the tuning/
matching of each saddle-shaped resonator. The unloaded Q
factor of each RX resonator was about 100 when empty.

Receiver Design

The detailed diagram of the receiver is shown in Fig. 1.
It differs from standard designs because of the two channels
used to reduce the dead time (38). The output of the RXg
resonator is preamplified (Mini Circuits, MAN-1-HLN) and
connected to the power combiner (Mini Circuits, ZFSCJ-2-
1), while the RXy output is connected to a variable phase
shifter (Microlab-FRX Model ST-05), amplified by a low-
noise preamplifier (Mini Circuits, MAN-1-HLN), and fi-
nally connected to the other input of the power combiner.
Because of the finite isolation between the TX and the RX
resonators, the same ringing voltages (amplitude and phase)
are induced in the RXs and RXy resonators. Using the two-
channel receiver, when the phases of the two channels were

FIG. 2. The resonator assembly for FT EPR detection: (A) TX loop—
gap resonator; (B) saddle-shaped RXs resonator; (C) saddle-shaped RXg
resonator; (D) RF shield; (E) mechanical supports. When in operation the
two RX resonators are inserted coaxially within the TX loop—gap resonator.
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FIG. 3. Schematic design of the radiofrequency EPR spectrometer in
CW operation mode at 220 MHz.

exactly out-of-phase we observed a marked reduction of Ty
(about 300 ns) . For example, if the RXy isaong the station-
ary field it will not produce any FID and its addition will not
disturb the RXs FID. When RXr and RXs have an arbitrary
direction with respect to the stationary field, their contribu-
tion is aways in phase quadrature, the 180° change of phase
of one of them will leave them in phase quadrature, and no
cancellation of the FID will occur. The power combiner
output is connected, via a standard \/4 line and crossed-
diodes, to an RF switch (Mini-Circuits, ZY SWA-2-50DA)
whose function is to further protect the RX during the TX
pulse. The switch output is amplified by two cascaded ampli-
fiers (Research Communication Ltd 9004 and Mini-Circuits
Man-1HLN) for a total gain of 50 dB. A balanced mixer
(Mini-Circuits, ZAD-1) is used for the detection of the FID.
Thereference signal (+10 dBm) for thelocal oscillator input
of the mixer is obtained after amplification from the main
RF source (HP8640B) via a power splitter (Mini-Circuits,
ZFSC-2-2). The mixer output, after 20 dB of amplification
by a homebuilt video amplifier, is connected to a digital
storage oscilloscope (Tektronix, TDS 540) for ADC and
data storage/ display.

CW EPR Configuration

The FT EPR spectrometer, as described in the previous
sections, can be easly adapted for CW EPR measurements,
as shown in Fig. 3. This configuration is very useful during
tests of the apparatus and for searching for the resonance
so as to set the stationary magnetic field. The RF source
(HP8640B) output was amplified by a class-A power ampli-
fier (Mini-Circuits ZHL-5W-1) and applied to the TX LGR.
The RXs (or RXg) coil was used as the receiver channel
by connecting its output to a low-noise preamplifier (Mini
Circuits, MAN-1-HLN) and detecting the signal with an RF
diode. A lock-in amplifier (EG&G 5210) was used for
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phase-sensitive detection at 8.3 kHz. The thick brass screen
of the TX/RX (see Fig. 2) did not allow modulation of the
magnetic field at this frequency. For this reason the sinusoi-
dal reference output (8.3 kHz) of the lock-in amplifier was
connected to the frequency modulation input of the RF
source with a peak deviation of 320 kHz. This configuration
is equivalent to the standard use of modulation of the main
magnetic field with additional audiofrequency coils, and the
recorded spectra are in the first derivative form. The perfor-
mances of this kind of detection are limited by: (i) the
presence of a very high level of modulation offset at the
input of the lock-in amplifier that limits the dynamic range
of the receiving system; and (ii) the variations of the modu-
lation offset caused by changes in the isolation between the
TX and RX resonators. The first limits the dynamic range
of the measured signal and the second introduces fluctuations
that add to the noise. The use of field modulation is known
to give a signal-to-noise ratio (SNR = signal peak height/
standard deviation of the noise) better than that of other
kinds of modulation (39, p. 394), but it cannot be imple-
mented with the current design of the resonator because of
the RF shield. No attempt was made to build an automatic
frequency control circuit, and the spectra show a mixture of
absorption and dispersion components as a result (40).

EXPERIMENTAL RESULTS

Isolation and Dead Time Measurement

The isolation between the TX and the RX resonators was
measured with 55 ml of physiological saline solution (0.9%
weight/volume of NaCl in deionized water) inserted in the
resonator. This sample was chosen because it represents a
good simulation for in vivo experiments (16). Under this
condition, the quality factor of the TX resonator was about
90 and that of the two RX resonators was about 35. A
double-channel network analyzer (Hewlett—Packard, Model
HP8753A) and a reflection transmitter kit (Hewlett—Pack-
ard, Model HP85044A ) were used to measure the reflection
coefficient of the LGR and the isolation between TX and RX
resonators. The RF output of the network analyzer (acting as
the transmitter) was connected via the reflection transmitter
kit to the LGR. The reflected power from the LGR was
connected via the reflection transmitter kit to the first RF
input of the network analyzer for the measurement of the
reflection coefficient. The second RF input of the network
analyzer was connected to: (i) the RXg resonator only (or
equivalently to the RXg resonator only); (ii) the output of
the power combiner with the RXs and RX resonators in the
out-of-phase configurations; or (iii) the output of the power
combiner with the RXs and RXg resonators in the in-phase
configurations. Under these conditions the network analyzer
provides the simultaneous measurement of the reflection co-
efficient of the LGR (see Fig. 4a) and the isolation (see
Figs. 4b—4e). The reflection coefficient (S;;) is defined as



276

the ratio in decibels between the incident and the reflected
power at the input of the LGR. The isolation (1) between
the TX and RX resonators is defined as the ratio in decibels
between the incident power in the TX LGR and the power
at the output of the RX resonator. As expected, with the
out-of-phase condition we found a marked increase of the
isolation with a typical value of about 45 dB at the resonant
frequency within a bandwidth of a few megahertz, see Fig.
4d. Values of isolation up to 55 dB can be obtained with a
careful positioning of the TX resonator with respect to the
RX resonator and the tuning/matching of the resonators. We
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FIG. 4. (a) Measured reflection coefficient of the TX loop—gap resonator.

Mesasured isolation between the TX loop—gap resonator and (b) the RXg
resonator only; (c) the RXs resonator only; (d) the out-of-phase combination
of RXs and RXg; and (e) the in-phase combination of RXs and RXg.
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transitions and of the auxiliary pulse (width of 100 ns) for the quenching
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measured ringing voltage (bottom trace, vertical sensitivity 20 mV/div) of
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The time scale was 50 ns for large division and the measured dead time
was 4000 ns. (C) The measured ringing voltage (bottom trace, vertical
sensitivity 20 mV /div) of the TX loop—gap resonator after the application
of the main pulse (width of 350 ns) and the auxiliary pulse (100 ns). The
left arrow corresponds to the end of the main pulse and the right arrow
corresponds to the start of the auxiliary pulse. The time scale was 50 ns
for large division, and the measured dead time was 510 ns.

observed also that the isolation could be increased up to 80
dB if the TX LGR was dligthly detuned (=2 MHz) with
respect to the RX resonator frequency.

To measure Ty, of the receiver, a high power (4 W rms)
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FIG. 6. (A) The measured ringing voltage with the single-channel de-

tection (vertical sensitivity 1.5 V/div) using RXs only (or RXy only). The
dotted vertical line corresponds to the end of the TX composite pulse (see
Fig. 5A). The time scale was 100 ns for division and the measured dead
time was about 450 ns. (B) The measured ringing voltage with the double-
channel detection (vertical sensitivity 0.5 V/div) using RXs and RXy in
the out-of-phase configuration. The dashed vertical line corresponds to the
end of the TX composite pulse (see Fig. 5A). The time scale was 100 ns
for division and the measured dead time was 300 ns.

220-MHz pulse was applied to the TX LGR, see Fig 5A.
The duration of the TX pulse was 350 ns. To reduce the
dead time of the TX resonator a further pulse, 100 ns in
duration and 180° with respect to thefirst, was applied to the
TX resonator (30, 41) (see Fig. 5A). With this quenching
technique, we were able to minimize the Ty, of the TX reso-
nator, as reported in Figs. 5B and 5C. Because of the finite
isolation, afraction of the TX power leaksto the RX resona-
tor, producing an additional ringing voltage. This ringing of
the RX coils was measured with single-channel detection
using RXs only (or RXg only), as reported in Fig. 6A, and
with double-channel out-of-phase combination using RXs
and RXg, see Fig. 6B. We observed that under this last
condition T, was less than 300 ns, giving rise to a reduction
by about a factor of 10 with respect to the single-channel
detection mode. The definition of dead time T, requires some
caution. The amplification chain of the spectrometer has a
gain that makes it possible to bring the minimum detectable
signa (that in theory is equal to the thermal noise voltage
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present in the observed bandwidth) to the level of the voltage
step of the ADC. Idedlly, once this gain is fixed the dead
time of the instrument is the time required to reduce the
amplified ringing voltage to that value.

With the current spectrometer design the TX channel can
safely handle 80 W of power and the receive channel 800
W (with an isolation of 22 dB between the TX LGR and
each RX resonator). The diodes used for protection
(BAWB62) can each sustain a peak current pulse of 0.45 A
(with a duty factor of less then 0.35 and a pulse width of
less then 0.5 ms), giving a power rating of 5W at 50 (2. For
the TX section 24 diodes are used in total, arranged in three
sections of 8 diodes (4 forward, 4 backward); the peak
current is thus 1.8 A, giving a pulse power rating of 80 W
at 50 Q. The 5 W of protection at the preamplifier inputs
(MAN1-HLN) alows, with 22 dB of isolation, a possible
TX power of 800 W. Thus no problem is anticipated for 90°
pulses of 100 ns which require a TX power of about 50 W.
At the output of the power combiner (using the out-of-phase
configuration) the isolation increases to at least 45 dB. This,
when added to the switch isolation (50 dB), more then
protects the receiver from saturation at high power levels.

CW and FT EPR Detection

We used the CW EPR apparatus (Fig. 3) to demonstrate
the EPR signal equivalence of the RXs and RXy receiving
channels. A small sample (1.4 g) of DPPH («,a’-diphenyl-
B-picrylhydrazyl) was positioned at the center of the LGR,
and the spectra were acquired under the following condi-
tions: center field 8 mT, field span 1.5 mT, sweep time 50
s, time constant 300 ms. As shown in Fig. 7, the two spectra
show a mixture of absorption and dispersion components.
However, their signal amplitudes were similar, demonstra-
ting experimentally the equivalence of the two receiving
channels.

6000
5000
4000

5
53000

-1000F 1

78 79 80 81 82 83 84 85 86
Main Magnetic Field (mT)

2000 L
76 17

FIG. 7. CW EPR spectra of a DPPH sample obtained with the RXs
resonator only (&) or the RXg resonator only (b). The spectra are a mixture
of absorption and dispersion EPR components because no AFC was used.
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EPR free induction decay (FID) signal obtained at 220.00 MHz with deoxygenated lithium phthal ocyanine powder (1.5 g). The main field

was 8.18 mT (top trace, vertical sensitivity 10 mV/div) and 8.14 mT (bottom trace, vertical sensitivity 40 mV/div). Each spectrum is the average of

10,000 FIDs obtained in 50 s.

Another very useful function of the CW EPR configura-
tion is searching for the resonance when very-narrow-line
(less than 300 mG) paramagnetic probes are used. A sample
of 1.5 g of deoxygenated lithium phthalocyanine (LiPtc)
powder contained in a small cylinder was inserted into a
sample tube containing 50 ml of physiological solution
(0.9% weight/volume of NaCl in deionized water). This
sample was positioned in the center of the LGR and EPR
spectra acquired under the following conditions: RF power
400 mW, center field 8.12 mT, field span 0.2 mT, sweep
time 200 s, time constant 1 s. The approximate value of the
filling factor () in this experiment was n =~ 0.005, obtained
in a very crude approximation as Veampe/Vresonator, iN
which Vgesonator iStwice the internal resonator volume. We
were unable to determine the exact value of 7, as defined in
Ref. (39) because we do not know the field distribution with
enough accuracy. From the CW EPR spectra (results not
shown) we calculated (42) an SNR of about 30. The mea-
sured linewidth was about 0.02 mT, and thisvalue is consis-
tent with previous work at L-band (1.2 GHz) (43). Because
the CW EPR configuration was not optimized, the measured
spectra give only a qualitative indication on the SNR. How-
ever, they provide a good indication of the signal level that
should be expected with pulsed experiments.

For FT EPR spectroscopy 1.5 g of deoxygenated LiPtc
powder sealed in a smal cylinder (0.5 ml) was inserted
into a sample tube containing 50 ml of physiological saline
solution. The LiPtc was carefully positioned at the center of
the LGR and under this condition the Q of the RX resonator
was about 35. The duration of each 90° pulse was 360 ns
and the repetition rate of the pulses was about 200 Hz.
This long time was required by the refreshing rate of the
oscilloscope. The digital oscilloscope was used in the aver-
age mode to acquire 10* FIDs in 50 s (see Fig. 8). A maxi-

mum SNR of about 20 was measured. The spin—spin relax-
ation T was estimated from the logarithm of the FID peak
amplitude. A least-squares method to fit the datato a straight
line with correlation coefficient better than 0.989 was used.
For the deoxygenated LiPtc powder sample we obtained
T> = (930 + 60) ns.

Some factors concerning the SNR of this configuration
needs to be considered. The first is that there is not phase
correlation between the noise generated by the two RX reso-
nators. This means that theoretically the use of the double
RX resonator increases the noise of the receiver by 3 dB.
However, the dead time of the spectrometer is reduced, and
the signal amplitude increases by a factor that depends on
the particular experimental conditions. Of a different nature
is the effect of the ‘‘noise’”’ due to animal movement. Be-
cause of the geometry of the RX resonators the periodical
variations of the RF parameters (resonant frequency, quality
factor, and coupling coefficient) induced by animal motion
in the two RX resonators are in-phase. Thus with the use of
the double-channel receiver with out-of-phase combination
(see Fig. 1), we do expect a minimal effect due to animal
movements. However, we have not yet attempted in vivo
experiments, and no experimental data are available.

CONCLUSIONS

We have presented an FT EPR instrument operating at
220 MHz that is suitable for large samples (up to 50 ml),
uses separate high isolation (30 dB) TX and RX resonators,
implements a composite TX pulse for the minimization of
the TX ringing time, and uses two saddle-shaped resonators
and a two-channndl receiver that greatly reduces the dead
time (less than 300 ns). Examples of FID obtained with a
deoxygenated LiPtc powder (1.5 g) showed a maximum
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SNR of about 20 even with a low quality factor (Q = 35)
RX resonator. We have shown that this instrument can be
easly adapted for the CW detection of EPR spectra. The
speed limit of the FT EPR apparatus is caused by the low
repetition rate (200 Hz) of the digital oscilloscope used
for data acquisition and display. However, fast digitizer/
averager systems have been reported (44, 45), and we are
currently developing a fast data acquisition circuit with a
repetition rate of 200 kHz. This will allow our spectrometer
to acquire 10* FIDs in 50 ms, giving rise to a decrease in
the acquisition time of a factor of 1000, with respect to the
CW EPR detection. Work is in progress to acquire EPR
images using stationary field gradients and filtered back-
projection techniques. The sample size and the gradient in-
tensity determine the requirements for the bandwidth of the
TX and RX resonators. For example, with a sample of 3 cm
and a gradient intensity of 10 mT/m the required resonators
bandwidth is8.4 MHz. The TX and RX resonators presented
in this work can fulfill this bandwidth requirement. The spa-
tial resolution is determined by the linewidth of the paramag-
netic probe and the gradient intensity (1). In previous in
vivo CW EPR imaging studies with nitroxide free radicals
(typica linewidth of 150 u T and gradient of 12 mT/m) the
measured spatial resolution was 8 mm (16). Recently a
single-line spin label with a linewidth of 6 uT suitable for
in vivo applications has been reported (46, 47). The use of
this spin label and gradient of 10 mT/m should produce a
theoretical spatial resolution of 0.6 mm. The FT EPR appara-
tus was developed for very fast (less than 1min) detection
and imaging of free radicals in biological systems such as
whole rats and mice.
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