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In rapid scan EPR the changing magnetic field creates a background signal with components at the scan
frequency and its harmonics. The amplitude of the background signal increases with scan width and is
more significant for weak EPR signals such as are obtained in the presence of magnetic field gradients.
A procedure for distinguishing this background from the EPR signal is proposed, mathematically
described, and tested for various experimental conditions.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Rapid scan EPR is being developed as an alternative to continu-
ous wave (CW) and pulse methods, with potential for applications
in EPR imaging [1-5]. Triangular magnetic field scans that are
wider than the spectral width excite all spins twice per scan cycle.
Direct detection permits digitization of both the real and imaginary
components of the EPR signal. Spectra in the presence of a mag-
netic field gradient can be obtained with better signal-to-noise ra-
tios (SNR) than by standard CW techniques, where signal
broadening limits the modulation amplitude that can be used
and where the amplitude of the gradient-broadened spectrum de-
creases quadratically with gradient [1,3]. The effectiveness of the
rapid scan method approaches that of pulse EPR, and can be ap-
plied to signals for which T3 is too short for electron spin echo
(ESE) detection. A limitation of rapid scan EPR for imaging experi-
ments or weak signals is the presence of a background (BG) signal
that is the result of interaction between the scanning field, the
external magnetic field, and the resonator. The background was
observed to consist of a sum of sinusoids with frequencies that
are multiples of the scan frequency, with various phases, and with
amplitudes that decrease with frequency. The background signal
increased with increasing scan width and magnetic field at the
center of the scan (the center field). Increased background was ob-
served for some frequencies, and mounting the coils more rigidly
decreased the background. Both of these observations are consis-
tent with mechanical interaction (microphonics) [6].
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In each type of EPR spectroscopy, background corrections are
specific to the experiment. In traditional CW EPR, baseline varia-
tion is minimized by using narrow band excitation and lock-in
phase sensitive detection at the modulation frequency. Back-
ground signals are subtracted as needed for weak and/or broad sig-
nals. Baseline effects may result from paramagnetic impurities in
the resonator and from mechanical instability of the modulation
coils and resonator. In pulse ESE, off-resonance signals are used
to correct for artifacts in the detection system, and phase cycling
is used to correct for imperfections in pulses or to select a desired
echo [7]. For rapid scan EPR a background correction method is
needed that is based on the source of the background signal and
ways in which it can be distinguished from the EPR signal. Since
post-processing phase corrections require accurate lineshapes for
both the absorption and dispersion signals, the background re-
moval method must work for both. If the background is indepen-
dent of the main magnetic field, the problem could be solved by
measuring the off-resonance signal and subtracting it from the
on-resonance one. However, this approach proved to be problem-
atic. Firstly, the background signal changes both in intensity and
shape with external magnetic field, which is attributed to changes
of forces on the resonator and/or variation of mechanical vibra-
tions of the scan coils caused by the scanning field. Secondly, the
background sometimes is time dependent. In studies at
1200 MHz of the radiation induced EPR signal in teeth, a micro-
phonic signal was observed that varied with experimental settings
[6]. This signal was removed by subtracting the average of spectra
of the empty cavity recorded before and after recording the spec-
trum of the sample. This approach has the disadvantage that it in-
creases the time for data acquisition. An alternative approach is
proposed: signals are recorded at two different center fields, with
scans that are wide enough to encompass the full spectrum. The
offset in center field is much less than the sweep width. Data
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acquisition is alternated between the two center fields. The result
is two signals with offset EPR lines and very similar background.
This approach solves three problems. (i) Since the signal is present
in both scans, no time is ‘lost’ acquiring background scans that con-
tain no signal. (ii) The time delay between the two “offset” spectra
is small enough to minimize the effects of time dependence. (iii)
The field offset is small enough that there is negligible impact on
the background. What is then needed is a method to separate the
background from the EPR signal. The proposed method, its imple-
mentation, and evaluation are described in this manuscript.

2. Samples

Powdered 1:1 complex of organic radical o,y-bisdiphenylene-p-
phenylallyl with benzene (BDPA, Aldrich Chemical Co.) (2.18 mg)
was mixed with 50 g finely ground KCl. A portion of the solid
was placed in a 1 mm ID capillary supported in a 4 mm OD quartz
tube. A second portion was placed directly in a 4 mm OD quartz
tube. The two tubes were supported in a 10 mm OD quartz tube.
The resulting space between the centers of the two samples is
4 mm. Measurement of the slow-scan spectrum on a narrow scan
showed that the full-width at half height of the EPR signal for this
sample was 1.07 G. This linewidth is large enough and T, short en-
ough that rapid scan oscillations were not observed under the con-
ditions of these experiments.

At 250 MHz the trityl-CD5 radical has T, =8 ps [2]. A 0.2 mM
aqueous solution of trityl in a 10 mm OD quartz tube was deoxy-
genated by purging with nitrogen gas and flame sealed. The full-
width at half height of the EPR signal for this sample was 31 mG.

3. Spectroscopy

Rapid scan EPR experiments were performed with a 250 MHz
EPR spectrometer that is built around a Bruker Elexsys console
and has locally designed and built bridge, magnet, and resonators
[8]. The triangular scans were generated with a locally designed
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driver and scan coils. The linearity of the scans is high. For exam-
ple, the deviation from linearity over the central 85% of a scan is
less than 0.04% for a scan width of 60 G at 10 kHz scan frequency
[9]. For the BDPA sample the scan widths were 20 G and the scan
frequency was 1 kHz. Signals were filtered by a 4th order digital
low-pass Krohn-Hite Model 3955 Butterworth filter with
300 kHz cutoff frequency. For the trityl sample the scan widths
were 2.0 G, the scan frequency was 2.12 kHz, and the cutoff fre-
quency was 500 kHz. The EPR spectrum of the BDPA sample with
good SNR and relatively insignificant background was measured
first. This accurate spectrum permits a comparison with the results
of the background-subtracted weaker signal. Then, to reduce the
signal intensity relative to the background, the sample tube was
positioned such that only a small part of the sample was in the res-
onator. Off-resonance signals were measured with the magnetic
center field decreased by 20 G. To permit determination of the im-
pact of the offset of the center fields between the two scans on the
effectiveness of the background correction algorithm, data were
recorded at 12 different fields between 89.4 and 93.8 G. Data
acquisition was alternated between center fields 40 times, with
1024 scans averaged each time. Thus data at each center field were
averaged 40,960 times. Data for BDPA also were acquired in the
presence of a magnetic field gradient of 7.2 G/cm.

Signals obtained were deconvolved with the function a(t)=
exp(ibt?/2) [1,10]. The parameter b is the scan rate in s~2, which
equals yb’ where 7 is the magnetogyric ratio and b’ is the scan rate
in G/s. For a 20 G scan at 1 kHz (BDPA) b’ =40 kG/s and for a 2 G
scan at 2.12 kHz (trityl) b’ = 8.48 kG/s [1]. The deconvolution does
not change the intensities of harmonics in the background
although it changes the phases. The results of the deconvolution
are shown in Fig. 1a for a sample in the presence of a gradient,
where the background is large relative to the EPR signal. Trace 1
(green) has the larger center field and trace 2 (blue) has the lower
center field. Time O is the center of the triangular scan. The time
interval between the resonances in the two traces is equal to
7 = field offset/b'. For the data in Fig. 1 the field offset was 2 G so
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Fig. 1. Demonstration of the background removal procedure. The data were obtained for 2 tubes containing BDPA in the presence of a magnetic field gradient, with scan
widths of 20 G. (a) Absorption signals recorded with center fields offset by 2.0 G; (b) symmetric parts of the two signal obtained by combining the up and down half cycles
(Eq. (3)); (c) interchange of the second half cycles for traces 1 and 2; (d) shift of the signal towards each other by half the center field offset. The red line, trace 3, is the
background signal calculated by subtracting the two shifted traces. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this paper.)
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7 =0.050 ms. Although the EPR signals are offset, the background is
similar in the two traces.

4. Background removal algorithm

The background removal algorithm is based on an understand-
ing of the differences between the EPR and background compo-
nents in the rapid scan signals, which are recorded at constant
RF frequency. (i) The positions of the EPR lines depend on the cen-
ter field. (ii) After deconvolution the EPR lines for the first half cycle
(up-scan) and the second half cycle (down-scan) have mirror sym-
metry relative to the mid-point in the scan (t=0) (Fig. 1a). (iii)
Changing the center field preserves mirror symmetry relative to
the mid-point between two half-cycles (Fig. 1a). (iv) The back-
ground is a superposition of a few harmonics of the scanning fre-
quency with unknown amplitudes and phases. For this method
to work, a small offset in external field must have negligible impact
on the background signal.

Rapid scan signals are averaged thousands of times, and the
acquisition of each new signal is synchronized with the scanning
field. Components, including random noise, that are not repeated
with each period of the scan, are reduced by the square root of
the number of scans relative to the EPR and background compo-
nents, which are reproduced in each cycle. Periodic signals can
be represented as a Fourier sum of sine and cosine functions with
unknown amplitudes a, and b, and frequencies that are integer
multiples of the scanning frequency, f. The goal of the removal
algorithm is to calculate these amplitudes for the experimental
background (BG).

t) = i {a cos(2mkft) + by sin(2mkft)}, (1)

k=1

where N is the number of harmonics.
The deconvolved rapid scan signal Y(t) consists of three
components:

Y(t) = BG(t) + EPR(t) + Noise(t). 2)

EPR spectra for up and down scans have mirror symmetry with re-
spect to the mid-point in the scan EPR(t) = EPR(—t). By combining
signal(t) and signal(—t) one can obtain the symmetrical part of
Y(t), which is Y5(t):

YS(t) = 0.5(Y(t) + Y(~t)). (3)

This procedure does not alter the EPR-related information, but elim-
inates the asymmetric part of the background (Fig. 1b), so Eq. (1)
simplifies to:

- i a, cos(2mkft). 4)
P

If the asymmetric part dominates, this procedure significantly im-
proves the appearance of EPR spectra, even at this first stage of
the algorithm. For the data shown in Fig. 1 application of Eq. (3) de-
creases the amplitude of the background signal by a factor of 3
(Fig. 1b) relative to the original data, Fig. 1a. Another advantage of
this procedure is that it reduces the random noise level relative to
the EPR signal by a factor of v/2.

To permit separation of the background from the EPR signal, the
data points at times 0 to T/2 (T is the period of the rapid scan cycle)
in trace 1 are swapped with the corresponding points in trace 2.
The result is shown in Fig. 1c. This procedure does not affect the
background, but changes the positions of EPR lines. The two signals
are then cyclically shifted toward each other by 7/2, so that the
positions of the EPR lines coincide (Fig. 1d). Data points removed
from one end of the signal are moved to the other end of the cycle,

so that the array remains the same length. This procedure is math-
ematically valid, because of the cyclic nature of the signal. The dif-
ference between the two traces contains only background
information that can be expressed as:

M
= Z ay{cos(2mkf (t + t/2)) — cos(2mkf (t — 7/2))}, (5)
where 2M is the number of points per cycle. Based on the trigono-
metric expression cos(x +y)= cos(x)cos(y) — sin(x)sin(y), one can
rewrite Eq. (5) as:

= XM:Ak sin(2mkft) (6)
k=1
where
Ar = —2ay sin(nkf 1) ()

The unknown amplitudes A can be found from x(t) (Fig. 1d, red
curve 3) using the following formula:

T/2
Ak T /T/Z
and the amplitudes of the components of the background signal, a,
can be calculated from Eq. (7).

Fig. 2 shows values of a, for the background signals in the
absorption (Fig. 1d) and dispersion signals for the BDPA samples
in the presence of a gradient. The figure demonstrates that the first
few harmonics dominate the background. For k > 5 the ampli-
tudes are reduced by about 4 orders of magnitude and are compa-
rable to the noise in the data. Including too many harmonics in the
background reconstruction increases noise. For noisier data, a
smaller number of harmonics may be distinguishable above the
noise level.

Amplitudes a, are substituted into Eq. (4) to obtain the calcu-
lated background signal that is used to find the EPR signal via Eq.
(2). The background obtained for the data shown in Figs. 1 and 2
is the solid noise-free (blue) line in Fig. 3a. An off-resonance back-
ground recorded with a 20 G offset of center field (Fig. 3a, red dot-
ted) was filtered to eliminate components with frequencies higher
than five times the scan frequency. In Fig. 3 the off-resonance back-

ground is compared with the reconstructed background signal
(noise-free blue line) and the experimental signal (green line). This

) sin(2mkft) dt (8)
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Fig. 2. Values of log(ay) (Eq. (7)) for the background in the absorption (red squares)
and dispersion (blue circles) signals. The lines connect the points for the discrete
values. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this paper.)
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Fig. 3. (a) Comparison of the experimental signal (green) with the reconstructed background (solid blue), and the off-resonance background (dotted red). (b) Spectra obtained
by subtraction of the reconstructed background (trace 1, blue) or the off-resonance background (trace 2, red) from the experimental signal (Fig. 1b, trace 1). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)

comparison demonstrates that changing the center field by 20 G
alters the amplitude, more than the shape of the background sig-
nal. The EPR signal obtained by subtracting the different estimates
of the background from trace 1 in Fig. 1b and converting the x-axis
from time to gauss is shown in Fig. 3b. The spectrum obtained by
subtraction of the off-resonance background (Fig. 3b, trace 2) has
a residual baseline slope that is not present when the recon-
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structed baseline is used in the subtraction (Fig. 3b, trace 1). For
this absorption spectrum the residual slope could be removed by
polynomial fit of the regions where intensities of EPR lines are
negligibly small, which are the beginning and the end of the curve.
However, if the magnetic field changed the background in a more
non-linear way, the fitting would fail to eliminate distortion. More-
over, the baseline correction for the dispersion component of the
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Fig. 4. Comparison of absorption (a and b) and dispersion (c and d) spectra of BDPA obtained by subtraction of the reconstructed background (blue curves) or off-resonance
background subtraction (red curves), with spectra of BDPA with negligible noise and background components (green curves). Data with a center field offset of 0.4 G were used
to calculate spectra in (a and c) and data with a center field offset of 2 G were used to spectra in (b and d). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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Fig. 5. Absorption and dispersion rapid-scan signals for trityl-CD5 (a and c), that show the deviation of the baseline from a constant (dashed) line. Deconvolution followed by
the background removal procedure gave the blue (solid) lines (b and d). Subtraction of an off-resonance background trace gave the red (dashed) lines (b and d), which is
nearly superimposable on the trace obtained by the background removal procedure. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this paper.)

EPR spectrum is a more challenging problem. At the edges of the
scan the signal often is not negligibly small, and one cannot use
polynomial fitting to subtract the residual background component.
Accurate background correction of both the absorption and disper-
sion components is needed for phase correction of the absorption
signal.

The effectiveness of the proposed background removal proce-
dure depends on the size of the magnetic field offset relative to
the scan widths. If the offset is too small, values of oy, also become
very small and the result obtained by the following equation:

Ay + Noisey
~ —2sin(mkf1)

is contaminated by the kth harmonic of the random noise. This is
especially true for the case k = 1, because the denominator has the
smallest magnitude.

Fig. 4 demonstrates the differences in the results of the back-
ground removal procedure for the BDPA sample for 0.4 and 2 G off-
sets in the center field. Dispersion and absorption spectra are
distorted when the center field offset is about 2% (0.4 G) of scan
width. Distortions become smaller as the offset increases and
essentially disappear when the offset is about 10%. Further increas-
ing the offset does not significantly improve baseline removal and
requires wider scans.

To test the impact of deconvolution on the background removal
procedure, data for trityl-CD; in water were acquired with 2 G
scans and a center field offset of 0.2 G (Fig. 5). The scans were fast
enough to cause rapid-scan oscillations on the narrow trityl line
(Fig. 5a and c). The background signals are very small for these nar-
row scans. Deconvolution followed by application of the back-
ground removal procedure gave well defined absorption and
dispersion spectra, including the weak '>C hyperfine lines
(Fig. 5b and d). For these relatively narrow scans subtraction of
an off-resonance scan has approximately the same impact as the

9)

Qg

background removal procedure (Fig. 5b and d), but unlike the pro-
posed algorithm requires acquisition of scans that do not improve
signal-to-noise.

5. Summary

Rapid scan EPR spectra have a background signal that is induced
by the scans and becomes significant in the case of broad scan
widths and weak signals. In principle, the background can be re-
moved by subtraction of an off-resonance signal. However, this sig-
nal depends on the magnitude of the main magnetic field. In
addition acquiring off-resonance signals reduces the time-effi-
ciency of the experiment and may increase noise if the off-reso-
nance signal is not smoothed. An alternate procedure was
developed that combines scans that are wide enough to encompass
the full spectrum, and are obtained with center fields that differ by
about 10% of the scan width. The difference between the two scans
is used to define a fit-function for the background signal that can
be subtracted from the experimental data without degrading the
signal-to-noise.
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