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Abstract

A digital EPR spectrometer was constructed by replacing the traditional bridge with an arbitrary
waveform generator (AWG) to produce excitation patterns and a high-speed digitizer for direct
detection of the spin system response at the carrier frequency. Digital down-conversion produced
baseband signals in quadrature with very precise orthogonality. Real-time resonator tuning was
performed by monitoring the Fourier transforms of signals reflected from the resonator during
frequency sweeps generated by the AWG. The capabilities of the system were demonstrated by
rapid magnetic field scans at 256 MHz carrier frequency, and FID and spin echo experiments at 1
and 10 GHz carrier frequencies. For the rapid scan experiments the leakage through a cross-loop
resonator was compensated by adjusting the amplitude and phase of a sinusoid at the carrier
frequency that was generated with another AWG channel.

1. Introduction

Exponential growth in processing power and memory capacity of modern digital electronics
facilitates transition from the homodyne detection that is commonly used in EPR
spectrometers to digital detection either at an intermediate frequency, IF [1-6], or directly at
the carrier frequency [7-10]. Digital detection has several advantages. (i) Absorption and
dispersion components of the EPR signal can be numerically produced with very precise
orthogonality, which is difficult to achieve in hardware [11]. (ii) If the orthogonality of the
two channels is precise, combining the two quadrature components improves the rapid-scan
signal to noise ratio, SNR, by a factor of v2 [11] relative to a single component. (iii) For
sinusoidal deconvolution of rapid scan signals both channels are used and orthogonality is
required, (iv) For pulse EPR, precise orthogonality of the two quadrature channels reduces
the number of required phase cycles and increases the SNR [2]. (v) Direct detection enables
numerical evaluation of multiple harmonics of the continuous wave (CW) modulation
frequency [4,6,10,12] which is important for saturation transfer EPR spectroscopy [13,14],
and allows reconstruction of the true EPR lineshape from over-modulated EPR signals with
improved SNR [10,12,15-18].

Direct detection at 2.5 GHz has been demonstrated for the free induction decay (FID), echo-
detected field-swept EPR, and electron spin echo envelope modulation [9]. Digital detection
at the carrier frequency produces a large amount of data to be transferred and processed. The
amount of data can be reduced by using an IF and/or by sub-sampling at frequency fg below
the Nyquist rate [4,6]. At 300 MHz an IF of 50 MHz was used for FID spectroscopy and
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imaging [1-3]. An IF and sub-sampling have been used for CW, saturation recovery,
ELDOR, and FID detection at X-band [4-6]. Direct detection with sub-sampling was used
for FID imaging at 300 MHz [7,8] and for CW with multiple harmonics at L-band [19].

The disadvantage of an IF is the increased complexity of the spectrometer design: an
additional frequency generator time-locked to the master source is needed to produce the IF,
an additional mixer is needed for down-conversion, and an image-rejection filter is required.
If sub-sampling to very low frequencies is used, a bandpass filter with demanding
characteristics (narrow bandwidth, sharp roll-off, and low insertion loss) is needed to reject
noise outside the narrow signal bandwidth. These additional components introduce
additional noise and increase the cost of the spectrometer [6,7,9,10].

This paper describes a versatile direct-detection digital EPR spectrometer (Fig.1) that can
operate at a wide range of frequencies. The traditional bridge is replaced by an arbitrary
waveform generator (AWG), high-speed digitizer, and computer. The AWG can produce
excitation patterns for CW, pulse, and rapid scan EPR. The signal is detected at the carrier
frequency, and quadrature down-conversion is done in software. For pulse and rapid scan
EPR [20,21], where coherent averaging within a relatively short time window is used, the
data sets are relatively small and manageable with currently available digital technologies.
Rapid scan experiments are demonstrated at 256 MHz carrier frequency, and FID and spin
echo experiments are demonstrated at 1 and 10 GHz carrier frequencies. Resonator tuning,
suppression of leakage at the carrier frequency, and reduction of the data size for faster
transfer and processing of spin echo experiments are discussed.

2. Spectrometer design

The block diagram of the digital spectrometer is shown in Fig 1. A bimodal cross loop
resonator (CLR) separates excitation from detection, which facilitates direct detection. The
two modes of the CLR are designated as CLR#1 and CLR#2. AWG ch1 generates the
excitation pattern that goes to CLR#1 through an optional low noise power amplifier
(LNAZI). The signal from CLR#2 goes through LNAZ2 to ADC ch2. The AWG and digitizer
must be time-locked. If the signal is amplified and digitized directly after the resonator with
a sampling rate greater than the Nyquist rate, only a low-pass filter is needed to avoid noise
aliasing. The analog bandwidth of the digitizer limits the signal bandwidth, but if this
filtering is not enough, a low-pass filter that often is built into digitizers can be used. In tune
mode, frequency sweeps for simultaneously monitoring CLR#1 and CLR#2 are generated
by AWG chl and ch2. Reflected signals are detected through couplers 1 and 2 to ADC chl
and ch2. Background compensation from AWG ch2 can be input through coupler 2.
Magnetic field modulation for CW or rapid scan is generated with AWG ch3 via a locally-
designed coil driver [22]. Since the frequencies required for magnetic field modulation are
lower than for the carrier frequency for spin excitation, a lower-frequency AWG or function
generator can be used in place of AWG ch3. Synchronization with data acquisition is
controlled by a trigger from a Tektronix AWG7122C marker channel.

If a reflection resonator is used instead of the CLR, coupler 1 is replaced by a circulator,
LNAZ2 is connected to port 2 of the circulator, and only one ADC channel is required. The
disadvantages of this simplification of the spectrometer are that the circulator needs to be
changed for operation in different frequency bands and the reflected signal at the carrier
frequency, which is large relative to the EPR signal, makes digital detection more difficult
as discussed in section 2.3.
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Tuning the CLR requires adjustment of the frequency and coupling for both CLR#1 and
CLR#2, which is facilitated by simultaneous real-time sweeps. In the tune mode, AWG chl
and ch2 generate frequency sweeps that encompass the bandwidths of the resonators.
Signals digitized by ADC ch1 and ch2 are Fourier transformed and the absolute values of
the result are displayed on the monitor of a computer or digital scope as shown in Fig 2.
Representing tuning patterns in the frequency domain rather than in the traditional time
domain has three major advantages: (i) The resonance frequencies can be measured and used
to set the carrier frequencies for the excitation waveforms, (ii) the pattern is independent of
possible time delays in the excitation and detection paths, and (iii) Fourier transformation
rejects noise outside the bandwidth of interest.

2.2. Data processing

2.3 Leakage

To satisfy the Nyquist criterion, the EPR signal was digitized with sampling rate fg that was
more than twice the carrier frequency. This produced a discrete signal s(t) with t, = k/fs,
k=1: N, where N is the number of data points transferred to a computer. Digital down-
conversion to baseband was performed in three steps. (i) The signal s(t,) was multiplied by
the reference signal exp(jocarriertk, Which gives baseband plus the signal at the second
harmonic of the carrier. (ii) The data size was reduced by averaging groups of d consecutive
points, with d selected based on the bandwidth required to define the signal. For the data
reported in this paper d = 8 or 16. The data size reduction decreases the effective sampling
rate below Nyquist for the upper sideband and removes the signal at the second harmonic.
(iii) A 4™ order Butterworth filter was applied. At that point results obtained by digital
detection are similar to those that would have been obtained by homodyne detection, so
subsequent data analysis is the same as would be the case for a standard bridge-based
spectrometer.

compensation

For experiments that use continuous excitation and data acquisition such as CW, rapid scan,
and saturation recovery, replacing homodyne detection by heterodyne or direct detection
requires digitization of a weak EPR signal superimposed on a relatively large-amplitude
signal at the carrier frequency. If a reflection resonator is used, this strong carrier frequency
signal occurs as a result of deviation from critical coupling between the transmission line
and the resonator. The amplitude at the carrier frequency is decreased if a bimodal resonator
is used to isolate excitation from detection [23] by 40-60 db. In both cases the presence of
intensity at the carrier frequency reduces the efficiency of digital detection due to three
major factors. First, high speed digitizers typically have vertical resolution of only 8-10 bits.
Thus, if the carrier is much stronger than the EPR signal, the effective vertical resolution for
the EPR signal could be less than one bit. Averaging and/or over-sampling [24] in
combination with dithering can be used to increase effective resolution, but may be limited
by coherent clutter in the digitizer. This problem will be solved when inexpensive high
resolution, high speed digitizers become available. Secondly, phase noise of the sampling
clock modulates the strong background signal producing additional noise. Thirdly, having a
weak EPR signal on top of a strong CW carrier limits the first stage amplification gain. It is
therefore useful to examine ways to compensate the leakage.

For the rapid scan experiments the leakage was compensated by introducing a sinusoidal
waveform at the carrier frequency, generated by AWG ch2 through coupler 2. The
amplitude and phase of the compensation signal were adjusted to minimize the contribution
to the digitized signal from leakage at the carrier frequency, which can be done
automatically in real time. For a coarse phase adjustment a phase shifter can be used as
shown in Fig.1.
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3. Experimental

3.1 Samples

LiPc prepared electrochemically following procedures in the literature [25,26] was provided
by Prof. Harold M. Swartz, Dartmouth University. Multiple small crystals of LiPc were
placed in a 3-mm OD tube. The tubes were extensively evacuated and then flame sealed.
Solutions of 0.2 mM Nycomed trityl-CD3 (methyl tris(8-carboxy-2,2,6,6-tetramethyl (d3)-
benzo[1,2-d:4,5-d’]bis(1,3)dithiol-4-yl)- tri sodium salt) in water in a 16-mm O.D. quartz
tube, 0.2 mM trityl OX63 (methyl tris(8-carboxy-2,2,6,6-tetra(2-hydroxyethyl)-benzo[1,2-d:
4,5-d’]bis(1,3)dithiol-4-yl)- tri sodium salt) in water in 4-mm OD quartz tubes or 0.25

mM 15N-mHCTPO-d;, (1°N-4-hydro-3-carbamoyl-2,2,5,5-tetramethylpyrrolin-1-yloxy-dy,
CDN Isotopes) in water in an 16-mm OD quartz tube were purged extensively with gaseous
nitrogen and then flame sealed.

3.2 Rapid field-scan EPR with CLR at 256 MHz

To compare rapid scan EPR spectra obtained using digital detection (Fig.1) and analog
homodyne detection with a quadrature mixer, our locally-designed 250 MHz spectrometer
[27], coil driver [22], and wire CLR [28] were used. A Tektronix AWG7122C (2.56 GS/s, 8
bit resolution) was used to generate waveforms at the ca. 256 MHz carrier (AWG chl and
ch2 in Fig.1) and a Tektronix AWG2041 (1 GS/s, 8 bit resolution) was used to generate the
triangular waveform for the rapid scans. The EPR signals were digitized with a Tektronix
DPO7254 with a sampling rate of 1 GS/s. The following parameters were the same for the
digital and analog experiments: excitation power, low-pass filters, number of averages,
triangular field scan width of 4.8 G, and scan frequency of 4 kHz. The signal from the
detection resonator CLR#2 was amplified by 22 db for homodyne detection and by 44 db for
digital detection. The increased gain for direct detection was possible because of the
compensation of the leakage. The amplitude and phase of the compensating waveform were
manually adjusted to zero the leakage. Rapid scan spectra were deconvolved to obtain the
slow scan absorption and dispersion signals [20]. The resulting absorption spectra are shown
in Fig. 3 for two samples: 0.2 mM trityl-CD3 (Fig. 3a) and 0. 25 mM mHCTPO (Fig. 3b).
The excitation power for the trityl-CD3 sample was 800 uW and the number of averages was
1024. For the mHCTPO sample the power was 2.5 mW and the number of averages was
4096. The powers are in the linear response regime. Butterworth 41 order low pass filters
were used with cut-off frequencies of 800 kHz for trityl-CD3 and 500 kHz for mHCTPO.
For both samples there is excellent agreement between the lineshapes and relative intensities
obtained by the two methods.

In addition to the data shown in Fig. 3, multiple comparison data sets were collected for
several samples with different sampling rates, first stage amplifier gains, and selection of
low-pass filters in the digitizer. The SNR was about the same for digital and analog data
acquisition. For some analog data sets, including the one used in Fig. 3b, systematic noise is
observed and attributed to an unidentified pickup signal detected in the analog experiment
(Fig. 3b). This pickup signal is not correlated with the carrier frequency and partially
disappears with averaging. This signal was not observed with digital detection, so it is
attributed to pickup in the bridge.

3.3 FID with CLR at L-band

The spin response for LiPc was recorded using direct digital detection at L-band (1037.8
MHz). A Tektronix AWG7122C (chl and ch2 in Fig.1) generated excitation waveforms that
were amplified by 20 dB prior to the resonator (LNAL in Fig. 1). EPR signals were
amplified by 30 dB before digitization at 4 GS/s rate with an Acqiris U1084A 8-bit digitizer.
The cross-loop resonator was analogous, but with modified dimensions, to a previously
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described L-band resonator [29]. The isolation of about 60 db facilitated digital experiments
by significantly reducing the ring-down after the pulse and avoiding saturation of the
preamplifier. With a 200 ns 90° pulse, it was possible to subtract the off-resonance
background signal, and the evolution of the spin response during the pulse could be
characterized (Fig 4) i.e., there was no spectrometer dead time as is normally characteristic
of FID measurements. The observation of the EPR signal during a pulse has some precedent
in pulsed saturation recovery [30] and observations of Torry oscillations [31], but the signal
shown here is the first published example of the full dynamics of the EPR signal during a
pulse. The transverse magnetization started rising during the excitation, reached a maximum
at about 500 ns and decayed freely thereafter. The observed magnetization profile reflects
the time response of By in CLR#1, which is determined by quality factor Q1 and the
response of the spins in CLR#2, which is determined by quality factor Q2. This profile is
consistent with a simulation of the time evolution of the magnetization based on Q1 = Q2 =
250. The ability to measure the entire EPR response to the excitation, even during the time
of the pulse, may help in evaluating the resonator Q. Fourier transformation of the FID
(starting after the peak of the curve in Fig. 4) gave the absorption and dispersion
components of the signal. The FWHM linewidth was 55 mG, which is consistent with
measurements of CW lineshape and of Ty, by spin echo [32].

3.4 Spin-echo with phase cycling at L-band with CLR

The spin echo experiments were performed with the same resonator, AWG, and digitizer as
for the FID. The sample was an aqueous solution of the OX63 trityl radical.

In homodyne detection for pulse EPR, the signal is amplified at the carrier frequency.
Quadrature detection involves splitting the signal and reference into two channels that are
down-converted with two mixers, and then amplified. The reference channel is shifted by
90°. Imperfection in the phase shifter and differences in amplifier gain between the two
channels cause the two components to have different amplitudes and not be orthogonal.
Additional phase cycles are used to eliminate the distortion [33], at the cost of partial
cancellation of the useful EPR signal due to the degree of nonorthogonality. If digital down-
conversation is implemented in software, quadrature channels are 90° apart to within
detectable error and have equal weightings, which means that the additional phase cycles are
not needed [2]. Thus, digital detection has two advantages: significant reduction of the
number of cycles and SNR improvement. For example, for a two pulse spin echo experiment
(n/2-t-m-1-€Ch0), the 16-step Cyclops sequence can be reduced to four steps. For sequences
with three or more pulses the reduction in the number of steps is even larger. Table 1
describes the four-step phase cycling that was used in the spin-echo experiment. The
notation +x and —x denotes pulses along the positive and negative x-axes in the rotating
frame. Quadrature signals are summed (+a, +b) or subtracted (—a, —b) to cancel unwanted
FID signals.

Use of an AWG7122C with large memory (up to 128 megasamples) permitted performance
of an experiment with spin echoes at six t values and 4-step phase cycling using a single
composite excitation pattern. The pattern consisted of 24 consecutive waveforms, each
having an/2 and a 7 pulse (360 and 720 ns) separated by different T values (Fig. 5). The
duration of each segment of the waveform (Table 2) was 32.5 ps, which was about 5.4 times
the relaxation time for the radical. The total duration of the excitation waveform produced
by the AWG was 780 ps. The entire pattern was repeated 327680 times to measure on-
resonance signals and 327680 times to measure off-resonance signals for background
subtraction. The total acquisition time was about 9 minutes. The marker channel produced a
trigger for the digitizer (Acqiris U1084A) after every fourth segment, for a total of 6
triggers. Signals between the triggers were summed in the digitizer forming an array of four
segments with 130 ps duration (Table 2), and reducing the size of the data set by a factor of
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6. In the first segment were echoes with positive amplitudes and T = 1, 5, and 9 ps. In the
second segment were echoes with negative amplitudes and the same delays. The third and
fourth segments had echoes with positive and negative amplitudes and T = 3, 7, and 11 ps.
The time delays in the waveform should be chosen so that successive echoes do not overlap
(Fig. 5). The digitized signal was transferred to the computer for down-conversion to
baseband. The second segment was then subtracted from the first and the fourth from the
third, completing the phase cycling. This is equivalent to performing the cycles in Table 1
for each of the 6 echoes. The result is shown in Fig. 5.

Peak-picking or integration of the spin echoes produces an echo-decay curve. Because of the
excellent SNR for the data shown in Fig. 5, the peaks of the echoes were fitted with an
exponential (dash-dot red line in Fig. 5). The measured relaxation time of 6 us was in the
good agreement with the literature value [34]. To increase the number of data points in the
echo decay curve the number of segments could be increased, the increments in time delays
could be decreased, or the excitation could be repeated with different values of .
Measurement of the entire echo signal has the advantage that the integration window can be
selected in post-processing to optimize resolution and SNR.

3.5 FID and spin-echo with reflection resonator at X-band

Direct digital detection of the FID (Fig. 6a, b) and spin echoes for LiPc was done at X-band
(Fig. 6¢). The resonator was a Varian TEjq, rectangular cavity. Excitation waveforms were
generated using a Tektronix AWG7122C at 9.23 GHz carrier frequency with a sampling
clock of 22.16 GS/s, which gave about 2.4 points per microwave cycle. The excitation
waveform was amplified by 30 db before the resonator and the signal was amplified by 30
db after the resonator. Data acquisition was done with a Tektronix MSO72004C digital
scope with an analog bandwidth of 20 GHz. For FID detection the pulse length was 500 ns,
and the sampling rate was 50 GS/s. Fig. 6a shows the result of digital down-conversion of
the digitized FID signal to baseband. Since a reflection resonator was used, the reflected
ring-down was much more intense than the EPR signal. With the vertical resolution of the
digitizer used it was not possible to record the spin evolution during the pulse, as was done
when a CLR was used at L-band (Fig. 4). Fourier transformation of the FID produces the
absorption and dispersion spectra as shown in Fig. 6b.

For spin-echo measurement four-step phase cycling was implemented (Table 1) with ©/2 and
= pulse lengths of 600 and 1200 ns, and the signal was digitized at 25 GS/s. The echo signals
for t =1.5, 2 and 3pus were measured. The lineshape for LiPc is T, determined, so
inhomogeneity must be added to permit detection of a spin echo. This was done by 35 Hz
sinusoidal field modulation with 2 G amplitude, generated by the spectrometer console. This
modulation was not sufficient to completely cancel FID components that overlap the echoes
so FID contamination is significant for the echo at T =1.5. Echoes were averaged 5000 times.
Three spin-echo signals (Fig. 6¢) were obtained by digital down-conversion to baseband.
Absolute values are shown in the figure. .

4. Discussion

The experiments reported in this paper and in our recent papers describing the Frank
sequence [35,36] and rapid frequency scans [37] demonstrate the feasibility of digital
excitation and detection at the carrier frequency for rapid scan and pulse EPR. The
traditional bridge is replaced by an AWG, high-speed digitizer, and computer. The same
components can be used over a wide range of frequencies, with the upper limit determined
by the sampling rates of the AWG and digitizer. The resonator is the component with the
narrowest bandwidth. Low noise amplifiers and directional couplers also have limited
operating frequency ranges. In some cases amplifiers and couplers may cover both the 250
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MHz band (VHF) and L-band in a single unit, but X-band will generally require separate
devices. These are small components that conceptually may be combined with the resonator
as a frequency specific module. Tuning of the resonator can be done in real-time. Rapid scan
and pulse EPR experiment have short excitation periods, and data sizes are manageable with
modern digitizers. Composite excitation waveforms can be used to collect multiple echoes
within a single acquisition window. Since a large number of averages must be done, it is
more practical to use a real time averager rather than a digital scope that typically has a long
re-arm time between averages. Scopes also are more expensive, although they provide
useful features such as Fourier transform and filtering, so that some preprocessing can be
done before data transfer to the host computer.

Direct digital detection at the carrier frequency reduces the number of hardware components
in an EPR spectrometer, but increases the amount of data to be transferred to the host
computer and processed. The problem with large amounts of data is more acute for standard
field-modulated CW EPR with long data acquisition times (tens of seconds or more) than for
pulse or rapid-scan experiments (10-100 ps). In the long-term the larger data sizes will be
managed with less processing time as computer capability increases. A short-term solution
might be step-wise scanning of the external magnetic field and collection of a few
modulation cycles at each field position. The signal at each position could be averaged using
a real-time digitizer (Acqiris U1084A), thus increasing SNR without loss of experiment
time. The data set could then be transferred to a computer for postprocessing and the size
significantly reduced by digital down-conversion.

For experiments with continuous excitation, the problem created by the background signal
needs to be addressed. Digitization of a weak signal in the presence of a strong background
component reduces the effective vertical resolution and limits the gain of the first amplifier.
The problem can be partially solved by using high resolution digitizers and by over-
sampling. However, it may be more efficient to use the background compensation methods
described is this paper. A potential problem with the proposed compensation method might
be instability of amplitude and phase of the leakage or reflected signal. Real-time automated
adjustment of the amplitude and phase of AWG (ch2) would provide more effective
compensation.
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Coupler2

Fig. 1.

Block diagram of digital spectrometer. AWG chl generates the excitation pattern that goes
to CLR#1 through optional low noise amplifier (LNAZ1). The signal from CLR#2 goes
through LNA2 to ADC ch2. In tune mode, frequency sweeps for tuning CLR #1 and CLR#2
are generated by AWG chl and ch2. Reflected signals for tuning go through couplers 1 and
2 to ADC chl and ch2. Background compensation from AWG ch2 can be input through
coupler 2. Magnetic field modulation can be generated with AWG ch3 via the coil driver.
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Fig. 2.

Screen capture of oscilloscope display used for resonator tuning. The Fourier transforms of
the responses of CLR#1 (trace 1) and CLR#2 (trace 2) to the frequency sweeps generated by
AWG chl and ch2 are shown.
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Rapid scan EPR spectra at 256 MHz. a) 0.2 mM aqueous trityl-CD3; b) low-field nitrogen
hyperfine line of 0.25 mM aqueous 1°N-mHCTPO. The doublet splitting is due to the single
proton at position 4 of the ring.
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Fig. 4.

Digitally recorded spin response for LiPc at L-band obtained with a 200 ns 90° pulse and the
spectrum obtained by Fourier transformation. The | and Q channels for the spin response
and the absorption (blue solid line) and dispersion (green dashed lines) signals are shown.
The square pulse produced by the AWG (dashed blue line) is plotted to demonstrate the
effect of resonator Q on the spin response. Time zero is the beginning of the pulse.
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Fig. 5.

Two-pulse spin echo data for OX63 at L-band, obtained with 4-step phase cycling and the
single composite excitation pattern described in Table 2. Time zero is the nominal beginning
of the first pulse, uncorrected for time delays in the system.
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Fig. 6.

Diggitally detected signals for LiPc at X-band. (a) FID, (b) Fourier transform of the FID, and
(c) three spin echoes obtained with 4-step phase cycling and 0.2 G 35 Hz field modulation to
cancel the FID. Time zero is the nominal beginning of the first pulse, without correction for
time delays in the system.
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Table 1

Phase cycling and signal summation for 2-pulse spin echo

Cycle number

Excitation phase

Detection channel

Real part | Imaginary part
1 +X +X +a +b
2 —X +X —a -b
3 +X -X +a +b
4 -X -X -a -b
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