Journal of Magnetic Resonance 211 (2011) 221-227

Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier.com/locate/jmr e

Use of polyphase continuous excitation based on the Frank sequence in EPR

Mark Tseitlin ?, Richard W. Quine®, Sandra S. Eaton?, Gareth R. Eaton **

2 Department of Chemistry and Biochemistry, University of Denver, Denver, CO 80208, United States
Y School of Engineering and Computer Science, University of Denver, Denver, CO 80208, United States

ARTICLE INFO ABSTRACT

Article history:

Received 8 March 2011
Revised 14 May 2011
Available online 12 June 2011

Keywords:

EPR

Frank sequence

Polyphase continuous excitation

Polyphase continuous excitation based on the Frank sequence is suggested as an alternative to single
pulse excitation in EPR. The method allows reduction of the source power, while preserving the excitation
bandwidth of a single pulse. For practical EPR implementation the use of a cross-loop resonator is essen-
tial to provide isolation between the spin system and the resonator responses to the excitation. Provided
that a line broadening of about 5% is acceptable, the cumulative turning angle of the magnetization vector
generated by the excitation sequence can be quite large and can produce signal amplitudes that are com-
parable to that achieved with a higher power 90° pulse.
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1. Introduction

In typical pulse NMR and EPR experiments the spins are excited
with short high-power pulses. High-power amplifiers are expen-
sive and for in vivo applications it is desirable to decrease power
deposition to meet restrictions on the specific absorption rate.
One approach that has been demonstrated to decrease power
requirements is stochastic excitation [1-4]. It has also been shown
that substitution of a short 90° pulse by a series of lower intensity
pulses with phases selected with the Frank sequence allowed sub-
stantial reduction in peak excitation power in NMR spectroscopy,
while maintaining the same excitation bandwidth [5].

In a magnetic resonance experiment with a single on-resonance
pulse of length ¢,, the rf (microwave) magnetic field B; turns the
net magnetization vector by an angle:

o = yBitp, (1)

where 7y is the electron or nuclear gyromagnetic ratio and o is in
radians. The power required to achieve turning angle « is given by:

power = Doi® /2, 2)

where D is a parameter that can be measured for a resonator/sample
combination with a particular coupling [6]. This expression shows
that the power requirement is proportional to 2, which makes the
small turning angles of the Frank sequence advantageous. Typical
electron spin relaxation times are orders of magnitude shorter than
proton NMR relaxation times, which requires that pulsed EPR
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experiments are performed with t, orders of magnitude shorter than
for NMR. Since power increases inversely proportional to t2, the peak
power required for EPR experiments is substantially greater than for
NMR, and reducing the required power is even more advantageous
than in NMR. Depending on the efficiency of the resonator, the cou-
pling of the resonator and the lengths of the pulses, the peak power
for pulse EPR experiments may be in the kilowatts.

To explore whether the Frank sequence of polyphase excitation
could be used in EPR, an experiment was conducted with 256 small
turning-angle pulses for an aqueous sample of a triarylmethyl rad-
ical [7]. The present paper reports calculations that were per-
formed to examine the following aspects of polyphase excitation
and detection: (i) optimization of excitation power; (ii) comparison
of (a) data analysis by cross-correlation with the Fourier transform
of the excitation phase sequence and (b) deconvolution with the
Fourier transform of the excitation waveform including the pulse
profile; (iii) spectral distortion due to deviation of the spin
response from linearity; and (iv) comparison with single-pulse
excitation. Experiments were done at 250 MHz for triarylmethyl
radicals and at 1 GHz for lithium phthalocyanine (LiPc) to test
the predictions concerning power and deviation from linearity. A
block diagram for the experiments and data analysis is shown in
Fig. 1. Details are provided in the following paragraphs.

2. Samples and spectroscopy

At 250 MHz the samples were 0.2 mM aqueous solutions of the
trityl radical OX63 (methyl tris(8-carboxy-2,2,6,6-tetra(hydroxy-
ethyl)-benzo[1,2-d:4,5-d’]bis(1,3)-dithiol-4-yl)-tripotassium salt)
[8] in a 16 mm o.d. tube or the deuterated analog 0X63-d,,4 in a
25 mm o.d. tube. Both samples were purged with N, and flame-
sealed. Lithium phthalocyanine (LiPc) prepared electrochemically
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Fig. 1. Block diagram of the polyphase continuous excitation data acquisition and analysis.

following procedures in the literature [9,10] was provided by Prof.
Swartz, Dartmouth University. For the 1 GHz experiments multiple
small crystals of LiPc were placed in a 3 mm o.d. tube. The tube was
extensively evacuated and then flame sealed.

CW experiments at 250 MHz were performed with a reflection
resonator that has been described previously [11]. To provide iso-
lation between the spin excitation and detected spin response
[2,12] in the polyphase continuous excitation experiments, cross-
loop resonators (CLR) were used. The 250 MHz resonator has been
described [13] and the 1 GHz resonator is analogous, but with
modified dimensions, to a previously described L-band resonator
[14]. For the 250 MHz CLR containing the 16 mm aqueous sample
the quality factor for the excitation resonator was Q; = 6, and for
the detection resonator Q, = 13. For the L-band experiments the
excitation resonator had Q; =250, and the detection resonator
had Q, =250. At both frequencies the isolation between the two
resonators was about 60 db.

To facilitate creation of the excitation waveforms, a Matlab pro-
gram was written to produce files in a format that could be read by
an arbitrary waveform generator (AWG). The 8-bit signal channel
of the AWG was used to create the waveform with constant fre-
quency and varying phase, determined using the Frank sequence.
The length of the excitation sequences were selected to be 5-6
T,. The spins are excited by a time-varying voltage from the
AWG. At 250 MHz a Tektronix AWG2041 with maximum clock fre-
quency of 1024 MHz gave four points per cycle. The excitation
waveform had 1024 rf phases during a time of 29 ps. The AWG
trigger synchronized the waveform with the Bruker Specjet II dig-
itizer that was run at the 1 GS/s sampling rate. The signal was
amplified by 44 dB prior to the digitizer. Data analysis used
29,000 points which encompassed one full Frank sequence. At
1 GHz a Tektronix AWG7122C operating with a clock frequency
10 times the resonance frequency, gave 10 points per cycle. The
excitation waveform had 256 rf phases during a time of 15 ps.
An Acqiris U1084A digitizer was used with a sampling rate of
4 GS/s. The excitation waveform was amplified by 20 dB prior to
the resonator and the signal was amplified by 30 dB prior to the

digitizer. At both frequencies the detected signals were processed
by digital phase sensitive detection [15-19]. Direct detection at
the carrier frequency followed by digital phase sensitive detection
has two major advantages: (i) the noise is defined by the thermal
noise and the first stage high frequency amplifier; and (ii) the
quadrature signals are perfectly orthogonal, which is important
for analysis of polyphase excitation data.

3. Optimization of polyphase excitation

Analysis of data obtained by polyphase excitation is based on
the assumption that the spin system is linear. A linear system is
characterized by its impulse response function h(t), which is called
the free induction decay (FID) in magnetic resonance. Excitation
with an arbitrary shape x(t) produces a response y(t) that is equal
to the convolution of x(t) and h(t). In the Fourier conjugate fre-
quency domain convolution becomes multiplication:

Y() = Ho)X(@),

(3)

where X(w), Y(w), and H(w) are Fourier transforms of x(t), y(t), and
h(t). For a perfect noise-free measurement, H(w) can be accurately
restored by Fourier deconvolution: H(w) = Y(w)/X(w). For data con-
taining noise it is important to select x(t) to avoid small values in
the denominator X(w) that would amplify noise. The best choice
would be a function x(t) for which

X(@)X () = C?, (4)

where C is an arbitrary real constant. The periodic polyphase se-
quences that satisfy this criterion are called ‘perfect’. The autocorre-
lation of a perfect polyphase sequence is a delta-function and the
absolute value of its Fourier transform is constant, |X(w)|=|C|.

3.1. Design of polyphase excitation sequence to optimize use of power

The first implementations of the Frank sequence for NMR [5]
and EPR [7] used the excitation waveform shown in Fig. 2. There
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were N pulses of equal duration t, separated by gaps of t; — t,.
Pulses had equal intensity and the same carrier frequency. The
average power for the sequence of pulses shown in Fig. 2 can be
found from Eq. (5), which differs from the expression for peak
power given in Eq. (2).

DNoi?
o7 (5)

(power) =

It follows from Eq. (5) that to minimize average power for a given
number of pulses N and sequence duration T, t, should be
maximized.

The minimum power requirement is achieved when there are
no gaps and t;=t, =T/N. The end of each pulse is the beginning
of the next pulse, so there are no longer discrete pulses, and the
waveform becomes polyphase continuous excitation. In this case
average power is equal to peak power. In the original NMR paper
[5] the gaps were needed to permit collection of data after the
so-called ‘dead time’, the time for the resonator to dissipate energy
from the excitation pulse. Since nuclear spin relaxation times are
much longer than the ring-down time of the resonator, data acqui-
sition after a dead time allows separation of the spin system
response from the resonator response. Electron spin relaxation
lasts for about the same time as the resonator ring-down, so data
are collected in the presence of the resonator ring-down. For EPR,
having gaps between pulses exacerbates the background problem,
because it requires more power for a similar turning angle, thus
producing a more intense resonator ring-down signal. Cross-loop
resonators isolate excitation from detection by 40-60 db [13,14],
which decreases the resonator background signal by the amount
of the isolation.

The power for Frank sequence EPR with ¢, = t, can be compared
with the power required for a single /2 pulse, based on Eqgs. (1),
(2), and (5). The reduction is [7/(2)]? or [7/(2a)]*/N for the peak
or average power, respectively.

3.2. Data analysis

In the first implementation of the Frank sequence for NMR [5],
one data point was acquired shortly before each successive pulse,
forming an array of data points with length N (Fig. 2). In the initial
EPR implementation [7] a few points were averaged between suc-
cessive pulses with the goal of improving the signal-to-noise ratio,
SNR. The number of data points in the resultant array again was
equal to N. Cross-correlation of the data arrays and the Frank se-
quence produced NMR and EPR FID with N elements. Although
the outcomes were demonstrated, the mathematical basis has
not been discussed. A fundamental issue is that the Frank sequence
is a discrete series of numbers, whereas the excitation waveform is
a continuous function in which the phase changes are encoded by
the sequence. The following derivation examines the implications
for data analysis.

An analytical expression for the Fourier transform of the peri-
odic continuous excitation function x(t) with t; = t,, is needed. Since
the function has period T, it can be represented as a Fourier series:

[
Pn |P1 I
.................. L _. time

+—4 i
t ts T

Fig. 2. Schematic of the polyphase excitation sequence. The duration of each pulse
is t,, and the entire sequence is repeated cyclically with period T. The time between
the start of two successive pulses is t;, so t;N = T. Phases py, ..., py are the elements
of the Frank sequence.

_ _ 27tfot [
x(t)=x(t+T) = k;ooXke]  Jo=7 (6)

where the discrete function X is defined for a set of angular
frequencies that are integer (k) multiples of 27fy:

T
Xk :%/0 X(t)efijTIfordt. (7)

Using the fact that the function x(t) is composed of N phases (Fig. 2),
Eq. (7) can be rewritten as a sum of N integrals corresponding to the
N phases:
ibo  [ts ) iP1
Xy = e / f(t)ek2motdr + i
T Jo T

2t )
f(t — ty)e kot 4 ...

ts

iy Nt _
M / F(t— (N — 1)t e 2mhndy
T Jn-ne

1 N2 pees "

=7 > / ePnf(t — nty)e 2ol dr, (8)
n=0 /nts

Here f(t) describes a square pulse with duration t;, and p, are the

phases defined by the elements of the Frank sequence. Eq. (8) can

be simplified by changing variables to 7=t — nt;, where n is the

number of the pulse:

1 ts . N-1 ) )
X, = — T e—]kZﬂfordT e)pne—)rﬁnfokts. 9
=7 | 1o 3 ©)
Eq. (9) can be represented as multiplication of two discrete
functions:

Xi = FiPy. (10)

The first term, F, is the Fourier series for a square pulse with dura-
tion t;. For a pulse with amplitude By, f(t) can be set equal to B; in
the interval O to t;, and the expression for F, can be found by
integration:

B] e*jkznfofs _

Fy = L ﬁe*f"‘“foff/zsinc(knfots), (11)

T —jk2nf, T

where sinc(x)=sin(x)/x. The complex coefficient of the sinc function
appears in Eq. (11) as a result of the asymmetry of the pulse with
respect to t = 0. The second term in Eq. (10) is Py,

N-1
P = ePre 2N, (12)

n=0
which is the discrete Fourier transform of the Frank sequence. It is
periodic in the frequency domain with period equal to 2nfoN (Eq.
(9)). Examination of Egs. (11) and (12) shows that function Xj is
the product of periodic function P, and function F,, which is not
periodic, where both of these are discrete. Substitution of Eq. (10)
into Eq. (3) gives:
Yk = FI<PkHl<7 (13)
where Y, and H;, are discrete functions that are defined for the same
angular frequencies as Py and Fy.

Eq. (13) provides a basis for comparison of single pulse FID and

multiphase Frank sequence experiments. For a single pulse exper-

iment the summation in Eq. (8) is reduced to only the first term,
which has pg =0, giving

ts )
X, (single pulse) = % /O f(HeFRemtdr — F, (14)
and Y (single pulse) becomes

Y, (single pulse) = FyH, (single pulse). (15)

As shown in Eq. (11), Fy is proportional to B;. Since |Py|=/N, compar-
ison of Eqs. (13) and (15) indicates that if the same B; (peak power)
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is used, the signal obtained by polyphase continuous excitation in
the linear response regime is /N times larger than that obtained
with a single pulse. The excitation bandwidth is the same for the
two experiments.

Eq. (13) also is the basis for the cross-correlation method that
was used in analyzing prior data (Fig. 1) [5,7]. In the frequency
domain cross-correlation is performed by multiplication of Y, by
Py, so Eq. (13) becomes Eq. (16) because PyP;, = N. The result
Hka :%7 (16)
is proportional to the product of EPR spectrum H; and the Fourier
transform of the excitation pulse profile (Fy). This spectrum is the
same as the Fourier transform of the FID that would have been ob-
tained with a single pulse of duration t;. A pulse provides an excita-
tion bandwidth of about 1.2/t (full width at half height) [20]. If the
spectral width is small with respect to that bandwidth, F; is flat in
the region of interest, and cross-correlation produces an undis-
torted spectrum. Otherwise, the excitation profile of the pulse has
to be taken into account to accurately restore the lineshape.

An alternate way to analyze the data (Fig. 1) is deconvolution
where H; = Y;/X, (Eq. (3) but now written for discrete functions),
and X; = F,P, (Eq. (10)) is the Fourier transform of the excitation
waveform (Eq. (7)). The resulting spectrum, Hy, is unaffected by
the shape of the pulse (Eq. (17)). Thus, if the excitation profile is
not uniform over the spectrum, the relative amplitudes and phases
of lines in the spectrum will be more accurate if data are analyzed
using Eq. (17) instead of Eq. (16).

Hy = Yy /(PiFy). (17)

3.3. Resonator Q, background signal, and spectral window

3.3.1. Resonator Q

In a pulse experiment the resonator acts as a band pass filter.
When a cross-loop resonator is used both the filtering of the exci-
tation by resonator 1 (Q;) and the filtering of the detected signal by
resonator 2 (Q,) must be considered. If Q for both resonators is suf-
ficiently low, the impact on the spectrum is negligible. However,
lowering Q decreases signal amplitude which decreases SNR, and
decreases the resonator efficiency, which requires higher power
to achieve the same turning angle (Eq. (2)). Thus the selection of
Q is a compromise between these factors.

3.3.2. Background signal

The dominant contribution to the background signal is direct
‘leakage’ from the excitation resonator to the detection resonator,
which has the shape AFiP, and is the same as Eq. (13) except for
the spin response. Here 1 is the voltage attenuation coefficient
describing isolation between the excitation and detection resona-
tors. Depending on the CLR design, 4 varies from 100 to 1000
[13,14]. The majority of this contribution is removed by subtrac-
tion of an off-resonance signal (Fig. 1), although this decreases
SNR by /2. For a weak EPR signal there often is a residual back-
ground contribution to Hy, which is difficult to separate from signal
in the frequency domain. In these cases H, was inverse Fourier
transformed to h(t). In the time domain the decay of the back-
ground signal depends on Q; and Q,, analogous to the ring-down
after a single pulse. If resonator Q is sufficiently low, the back-
ground signal decays faster than the spin response so it is greater
for the first few points of h(t). Elimination of these points, which
is similar to delaying data collection until after the ‘dead time’ in
a one-pulse FID experiment, decreases SNR but improves line-
shape. After elimination of the first few points, h(t) was Fourier
transformed to recover H, with improved lineshape (Fig. 1).

If isolation is not perfect, a weak EPR signal is superimposed on
a large background signal. This large signal may saturate the first
stage amplifier unless it has a very large dynamic range. If the
background saturates the amplifier it cannot be accurately sub-
tracted. In addition, when the background signal is very large,
the superimposed EPR signal may be less than one bit of the digi-
tizer. The effective number of bits in the digitizer can be increased
by signal averaging, but excessive averaging usually results in leak-
age of coherent clock signals into the digitized data. The con-
straints imposed by amplifier saturation and limited bits of the
digitizer make minimization of the background by maximizing
the isolation between resonators very important.

3.3.3. Spectral window

In previous implementations of the Frank sequence for NMR [5]
and EPR [7], signal sampled with the rate f;=1/t; was used for
cross-correlation. This limits the spectral window of Hy to the
interval [—fy, fn], Where fy = f5/2 is the Nyquist frequency. This sam-
pling could increase noise in the spectrum because of the aliasing
of frequencies higher than fy. Function X, in Eqs. (7) and (13) is de-
fined from —oo to +oco, so the sampling frequency can be selected,
independent of t;, to define a desired signal bandwidth and avoid
aliasing. There is still a limitation on the frequencies for which
the EPR spectrum can be restored, which comes from the multipli-
cation by the sinc function in Eq. (11) that has zeros at frequencies
f=mf; where m >0 is an arbitrary integer.

3.4. Linearity of the spin system

For a single pulse, the on-resonance magnetic field B; turns
magnetization by an angle defined in Eq. (1). The signal measured
in an experiment is proportional to the nonlinear function sin(a).
Increasing B; by a factor of two, increases the signal amplitude
by a factor of sin(2a)/sin(o), which is not a factor of 2. This shows
that the spin system is non-linear. However, for very small turning
angles sin(a) ~ «, and the spin system approximates linear behav-
ior. In this case Eq. (3) can be used to recover the EPR spectrum ob-
tained by polyphase excitation with either Egs. (16) or (17). For
practical application of polyphase excitation (Fig. 1) it is important
to estimate the threshold turning angle for which the deviation
from linearity is so large that the use of Eq. (3) results in significant
distortion of the lineshape. This limit was determined by numeri-
cal simulation with parameters based on the relaxation times for
LiPc which was used in the experiments, T, =T; =2.32 ps. LiPc
has a Lorentzian lineshape [21]. The sequence duration T was set
to ~6T, (T=15 pus). Six T, instead of the 5T, originally suggested
[5], was used to ensure decay to baseline, provide leeway if there
is a distribution of T, values, and provide opportunity for zero-
filling, which increases spectral resolution (Eq. (6)). If there is a dis-
tribution of T, values, T should be selected to be at least five times
the longest T,. N=256 was selected to ensure adequate signal
bandwidth. Simulations were performed with the same T and N
as the experiments. In the simulations it was assumed that resona-
tor Q was low enough that its impact on lineshape was negligible.

In the simulations the Bloch equations were solved numerically
for an EPR line on resonance at a series of B; amplitudes. Calculated
My and M, components of the magnetization for a full cycle were
combined to form a complex function y(t) that was Fourier trans-
formed and deconvolved using Eq. (17) to obtain the EPR spectrum.
In the linear response regime h(t) decays exponentially to approx-
imately baseline within the time 5T,. However, in the nonlinear re-
gime artifacts extend beyond 5T,. To minimize the impacts of the
artifacts, an apodization filter with cutoff at 5T, was applied to
both the simulated and experimental h(t). Multiplication by that
function does not noticeably broaden the signal, but reduces high
frequency oscillations. Calculated H, were fit with the Matlab
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Fig. 3. Relative amplitudes (blue) and linewidths (green) as a function of turning
angle o calculated for T =15 ps, N = 256, and T = Ty = 2.32 ps. Simulated amplitudes
(solid line) were normalized to 1.0 corresponding to amplitude at o =90°/N.
Simulated linewidths are represented by a dashed line. Experimental values for LiPc
are shown for relative amplitudes (blue diamonds) and FWHM linewidths (green

circles).

nonlinear least-squares fitting routine Isqnonlin to obtain three
characteristics: (i) amplitude, (ii) Lorentzian linewidth, and (iii)
position. For the x-axis of Fig. 3, « was calculated from B; using
Eq. (1) with t, =t; and converted to degrees. The vertical axis for
signal amplitude is scaled to that at o.=90°/N (Fig. 3, left-axis).
As By (and turning angle) increases, the signal amplitudes goes
through a maximum and the linewidth increases, as is typical for
power saturation [1]. The maximum signal amplitude occurs at
o =5.6° which is much larger than the o =90°/N = 0.35°, initially
proposed as optimum for the Frank sequence [5]. At the maximum
in the power saturation curve the line is broadened by about 5%
and the signal intensity is about 10 times greater than at
o =0.35° These calculations show that the amplitude of the EPR
signal can be increased by an order of magnitude, relative to that
observed with the small turning angle initially proposed for the
Frank sequence [5], if small lineshape distortion due to non-linear-
ity of the spin system is acceptable. For « greater than the peak in
the power saturation curve, the lineshapes were sufficiently dis-
torted that fitting to a Lorentzian was not meaningful.

To test the simulations, spectra of LiPc were obtained by poly-
phase excitation at vy = 1037.8 MHz. The maximum B; in the reso-
nator with this sample was measured at the full voltage output of
the AWG, amplified to 4.3 Vpp. The on-resonance nutation fre-
quency [22] gave B; = 0.40 = 0.05 G and the length of the pulse that
maximized the amplitude of an FID gave B; = 0.47 + 0.05 G. B; was
varied by using different combinations of 3, 6, or 10 db attenuators
along with changing the AWG output voltage. Comparison with the
calculated saturation curve (blue line,! Fig. 3) showed that maxi-
mum B; = 0.46 G gave the best match. This value was used to cal-
culate the turning angles in Fig. 3. Experimental points for relative
amplitudes are in a good agreement with the calculated curve. The
experimental linewidths are 2-3 mG larger than that expected
from the independently measured value of T,, which is attributed
to uncertainties in the measurements.

Fig. 4 shows experimental and simulated spectra corresponding
to o =5° which is near the peak of the power saturation curve.
Since phasing of the original experimental data is arbitrary, the
phase was adjusted to make the line symmetrical. The phase is
accurately defined by the simulations, but there are lineshape dis-

1 For interpretation of color in Figs. 1-7, the reader is referred to the web version of

this article.

tortions at larger values of o that contribute to the small difference
between the simulated and experimental lineshapes at o = 5°.

Parameter « is the angle by which spins at resonance are turned
in an individual segment of length ¢ in the polyphase sequence Eq.
(1). The spin system is excited continuously with B; of constant
amplitude, but varying phase. To show the time evolution of the
spin system the cumulative phase angle, ¢, was examined:

180, (VMM
T

Mo

: (18)

O =

where My, M, are the x, y components of the magnetization vector,
M is the magnetization at thermal equilibrium, and o, is in degrees.
Parameter o is the net result of many phase changes and the relax-
ation processes. It reflects the overall intensity of the recorded sig-
nal and provides a basis for comparison of polyphase excitation and
single pulse excitation with o = oo = 90°. Fig. 5 shows the time evo-
lution of a, calculated with the Bloch equations, for a polyphase cy-
cle after the spins have come to dynamic equilibrium in several
prior cycles. Calculations were performed for o =5° Note that at
t =0 for this cycle o, is not zero because of the cumulative effect
of the prior cycles.

For a sample with the relaxation times characteristic of LiPc, the
signal amplitude obtained with o = 5° is 10 times larger than with
o =90°/N = 0.35° (Fig. 3). Calculations were performed to compare
these amplitudes with the results expected for a single pulse with
three different turning angles (Table 1). As discussed above, at
o = 0.35° the single pulse gives a signal that is weaker by a factor
of 1//N. At or=5° the signal amplitude is less than 16 times the
amplitude at o =0.35° because of saturation. The amplitude ob-
tained with a single 90° pulse is about the same as for the poly-
phase continuous excitation at 5°. The ratios are theoretical
predictions. In practice the large background signal makes it diffi-
cult to achieve the theoretical advantages of polyphase excitation.

Table 2 highlights the decreased power requirements for poly-
phase continuous excitation. Relative to a power of 1.0 for a single
90° pulse the peak power required for o = 5° or o = 0.35° are only
0.003 and 1.5 x 107>, respectively. The reduction in the average
power over the time of the sequence is smaller, because the power
is on continuously.

The results shown in Figs. 4 and 5 and Tables 1 and 2 were cal-
culated for T; =T, =2.32 us, N=256, and T=15 ps. The same re-
sults would be obtained for other cases with T; =T, provided
that T and 1/B; are scaled proportionally.

= ra = Experiment ||
© ==== Simulation
= a=5°
&= 050 4
=
@
E
0 1 1 1 1 -l 1 1
08 -06 -04 -02 0 02 0.4 086 0.8
Magnetic field, G
. 1F b . = Experiment |
i H ==== Simulation
205 o=8.1°
7]
c
7]
=
- 0 1 1 1 1 1 1 1
-08 -06 -04 -02 0 02 0.4 06 08

Magnetic field, G

Fig. 4. Comparison of simulated (dashed green) and experimental (solid blue) LiPc
spectra for turning angle o = 5° which is near the peak of the power saturation curve

(a) and for o = 8.1° (b).
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Fig. 5. Time dependence of the cumulative turning angle . during an excitation

sequence of 256 phase changes and T = 15 ps, calculated using the Bloch equations
for o = 5° and relaxation times characteristic of LiPc.

Table 1

Calculated relative EPR amplitudes compared for constant t;.*
Turning angle, o 0.35° 5° 90°
Polyphase continuous 1.0 10 -
Single pulse 1/16 0.88 10

¢ Calculated for T; =T, =2.32 us, T=15 ps, N =256, assuming no dead time in
detection. Amplitudes were scaled to that obtained with polyphase excitation at
o =0.35°.

Table 2
Power® for polyphase continuous excitation relative to single pulse, constant t; and
N =256.

Turning angle, o 0.35° 5° 90°?
Peak power 1/(257) 1/(18)? 1.0
Average power 1/258 1/1.3 -

¢ Normalized to 1.0 for the peak power required for a 90° pulse.

4. Experimental results with trityl 0X63

To test the generality of the method, polyphase continuous
excitation was applied to deoxygenated aqueous solutions of the
0X63 trityl radical at 250 MHz. The lineshapes for these spectra,
which have substantial contributions from inhomogeneous broad-
ening and resolved '3C hyperfine lines, test the performance of the
sequence for multi-line spectra. The experiments were performed
with N = 1024, in the low-power linear regime.

Fig. 6 compares the spectra obtained with polyphase continu-
ous excitation with a CW spectrum acquired with phase sensitive
detection in a different resonator. The signal at 250 MHz obtained
by polyphase excitation was digitized with a sampling interval of
1 ns. The resulting EPR signal was differentiated for comparison
with the CW spectrum. The CW spectrum was recorded with
5 kHz modulation frequency at low modulation amplitude. The
peak-to-peak linewidths of 160 mG are in good agreement for
the spectra obtained by the two methods. The '3C hyperfine lines
with splittings of 2.44 and 1.27 G [23] are clearly observed in both
spectra.

The spectrum of 0X63-d,, measured with polyphase continu-
ous excitation in a homogeneous magnetic field (Fig. 7a) had
FWHM = 114 mG, which is in good agreement with the value
observed by CW EPR. To demonstrate the possibility of polyphase
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Fig. 6. Comparison of EPR spectra of 0X63 at 250 MHz obtained by CW (solid blue)
and by polyphase continuous excitation (red dashed) with 1024 pulses. The Q of the
CLR was lowered to 6 for the excitation resonator and to 10 for the detection
resonator to minimize spectral distortion and to provide large enough bandwidth to
observe the '>C-hyperfine lines that are marked with .

=N

S a
@©
= 05
‘@
$ O
S

05 L . . . . L L

84 86 88 90 92 94
Magnetic Field, G
1 . . —

5 b \
@ 1
2 05}
2
2 H
= ok N 'V'u'\"\-‘l\‘-“ ‘1\’

84 86 8.8 90 92 94
Magnetic Field, G

Fig. 7. EPR spectra of 0X63-d,4 at 250 MHz obtained with polyphase continuous
excitation with 1024 pulses. (a) Spectrum in homogeneous magnetic field, green
line corresponds to absorption and blue to dispersion signals; (b) spectrum
measured in magnetic field gradient of 0.44 G/cm. The green dashed line shows the
absorption spectrum, and the blue solid line is computed based on the known
sample geometry and homogeneous lineshape (a) profile.

continuous excitation for EPR imaging, a 1D projection was mea-
sured in the presence of a constant magnetic field gradient of
0.44 G/cm (Fig. 7b). The experimental spectrum was compared
with one that was calculated by convolution of the homogenous
spectrum Fig. 7a with a 1D projection of the 25 mm tube diameter.

5. Conclusions

The energy introduced into a resonator after a single 90° pulse
is many orders of magnitude larger than that absorbed by a spin
system, so the spin system response is weak with respect to the
resonator response. In a standard pulsed NMR or EPR experiment
data collection starts after a dead time during which the resonator
ring down decays to a level that is small enough to permit detec-
tion of the weak spin response. Substitution of the single 90° pulse
by polyphase continuous excitation significantly reduces the
amount of energy that is used for excitation. The background signal



M. Tseitlin et al. /Journal of Magnetic Resonance 211 (2011) 221-227 227

becomes much smaller, but is present all of the time. Separation of
the EPR and background signals based on the concept of ‘dead
time’ is now not applicable during data collection. Instead, the
dead time is taken into account by excluding the first few points
in the time-domain data array after deconvolution or cross-corre-
lation of the polyphase excitation data.

Mathematical analysis of the polyphase continuous excitation
shows that EPR spectra can be restored by two different but closely
related methods: by cross-correlation with the Fourier transform
of the excitation phase sequence (Eq. (16) or deconvolution with
the Fourier transform of the excitation waveform including the
pulse profile (Eq. (17)), (Fig. 1). In the case of deconvolution the
limitation of the sampling rate can be overcome. The deconvolu-
tion method might be more useful since it eliminates the effect
of the pulse shape on EPR amplitudes and phases, which is impor-
tant for EPR imaging.

If the pulse length for a single pulse is equal to t; for the poly-
phase continuous excitation, the excitation profiles are the same
for the two experiments. If B; is the same, the signal obtained with
a single pulse is weaker than with polyphase excitation. Numerical
solution of the Bloch equations followed by deconvolution and line
fitting demonstrated that the EPR lineshape obtained by polyphase
excitation is distorted and broadened as the excitation power in-
creases. However, the amplitude of the spectrum increases faster
than the linewidth in percentage terms. If a small (~5%) broaden-
ing is acceptable, the EPR signal amplitude can be increased by an
order of magnitude relative to what would be obtained at the small
turning angles initially proposed for Frank sequence excitation [5].

When available power is limited, as may occur when the reso-
nator efficiency is low, polyphase excitation based on the Frank se-
quence excitation may be favorable. The major problem with
continuous polyphase excitation is that, even with a cross loop res-
onator, the spin system response is still much weaker than the one
induced in the resonator by the excitation. The large background
signals are difficult to amplify and digitize within the linear region
of the equipment, and complicate detection of the weak spin sig-
nals in the presence of the large background.

For spectral fidelity the resonator and excitation bandwidth
should be large enough to encompass the entire spectrum. The
power should be optimized to ensure that the spin system approx-
imates a linear system. If additional power is available, B; can be
increased and t; decreased, producing a flatter profile over the re-
gion of interest. This would not contribute significantly to addi-
tional heating of the sample, because the bandwidth of resonator
1 limits the range of frequencies incident on the sample. Sequence
duration T should be chosen such that the FID with the longest
relaxation time decays to baseline. Since there is often some uncer-
tainty in estimation of the longest T, in the sample, T = 6T, is rec-
ommended. The T value can be corrected after performing the first
measurement. Increasing the sequence duration beyond 6T, does
not impact the lineshape but would decrease the excitation band-
width as a result of increased t;. Experimental testing of the poly-
phase continuous excitation method at 250 MHz and 1 GHz
showed that it is applicable to samples with inhomogeneous line
broadening and multi-line spectra. Measurement of a 1D projec-
tion with magnetic field gradient demonstrated that the method
can potentially be used for EPR imaging. The resonator Q limits
the excitation bandwidth. For the same Q the bandwidth increases
proportional to frequency so for the same Q wider spectra can be
excited at higher frequencies. However, implementation of contin-

uous polyphase excitation at higher frequencies puts additional
speed requirements on the AWG and the digitizer.
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