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a b s t r a c t

In rapid frequency scan EPR with triangular scans, sufficient time must be allowed to insure that the mag-
netization in the x, y plane decays to baseline at the end of the scan, which typically is about 5T2 after the
spins are excited. To permit relaxation of signals excited toward the extremes of the scan the total scan
time required may be much longer than 5T2. However, with periodic, saw-tooth excitation, the slow-scan
EPR spectrum can be recovered by Fourier deconvolution of data recorded with a total scan period of 5T2,
even if some spins are excited later in the scan. This scan time is similar to polyphase excitation methods.
The peak power required for either polyphase excitation or rapid frequency scans is substantially smaller
than for pulsed EPR. The use of an arbitrary waveform generator (AWG) and cross loop resonator facili-
tated implementation of the rapid frequency scan experiments reported here. The use of constant contin-
uous low B1, periodic excitation waveform, and constant external magnetic field is similar to polyphase
excitation, but could be implemented without the AWG that is required for polyphase excitation.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

In continuous wave (CW) EPR the magnetic field is scanned
slowly through resonance, and the field is modulated with an
amplitude that is less than spectral line widths at a frequency such
as 100 kHz. Phase sensitive detection at the modulation frequency
gives the first derivative of the EPR absorption. However, when no
field modulation is used, the magnetic field is scanned through res-
onance in a time that is short relative to relaxation times, and the
spin response is detected at the carrier frequency with a mixer, the
absorption signal (not its derivative) is detected and oscillations
occur on the trailing edge as the spins relax. This experiment is
called rapid scan EPR [1–7].

An alternative way of measuring rapid scan EPR signals is to
scan the frequency at constant external magnetic field. Two meth-
ods of performing EPR frequency scans have been reported. (i)
Hidemoto et al. simultaneously swept the source frequency and
adjusted the frequency of an X-band resonator with a varactor
diode to maintain a match with the source frequency [8,9]. The
width of the scan was limited by the adjustment range of the res-
onator. Scan rates were in the slow-scan regime. (ii) At W-band a
resonator quality factor, Q, of about 100 has a 3 dB bandwidth of
1 GHz, which permits relatively wide scans within the resonator
ll rights reserved.
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bandwidth [10]. Scanning a V-band YIG source, which was up-
mixed to generate 94 GHz, permitted scan widths up to 44 MHz
in the slow and fast scan regime. Subtraction of off-resonance sig-
nals was used to correct for changes in power reflected from the
resonator by the varying frequency.

In this paper we report rapid frequency scan EPR at 1 GHz using
a cross-loop resonator (CLR), an arbitrary waveform generator
(AWG) as a source, and direct detection at the carrier frequency.
A novel experiment is based on spin excitation with a periodic
waveform with period T equal to 5–6T2. Since the spin response
is periodic, the EPR slow scan spectrum can be restored from the
rapid scan signal by deconvolution using Fourier series or discrete
Fourier transform techniques. The experimental design was
adapted from polyphase excitation experiments using the Frank
sequence in NMR and EPR, in which the phase of the carrier fre-
quency is varied and magnetic field is constant [11–13]. EPR spec-
tra of lithium phthalocyanine (LiPc) obtained by frequency scan
and continuous polyphase excitation are compared.

In Section 2 the conceptual basis for rapid periodic frequency
excitation is developed and the importance of monotonic (rather
than triangular) excitation is explained. The rapid frequency scan
experiment is compared with polyphase continuous excitation.
Numerical solution of the Bloch equations is used to examine
the behavior of a spin system undergoing rapid frequency scans
with powers that are high enough that the response is non-linear.
The simulations are compared with experimental data described
in Section 3.

http://dx.doi.org/10.1016/j.jmr.2011.05.006
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2. Theoretical

2.1. Rapid frequency scan

Consider an EPR experiment in which the time-dependent exci-
tation is described by Eq. (1).

xðtÞ ¼ B1ejuðtÞ ð1Þ

where B1 is the amplitude of the oscillating magnetic field and u(t)
is the phase. Angular frequency is the derivative of phase with re-
spect to time, so for a frequency scan in the rotating frame with
constant rate b, u(t) = bt2/2 and

xðtÞ ¼ B1ejbt2=2 ð2Þ

For B1 small enough to avoid saturation, the spin system re-
sponse y(t) to the excitation x(t) can be expressed as:

yðtÞ ¼ hðtÞ � xðtÞ ð3Þ

where h(t) is the impulse response of the spin system (the free
induction decay), and the symbol � denotes the convolution opera-
tor. In the frequency domain convolution becomes multiplication:

YðxÞ ¼ HðxÞXðxÞ ð4Þ

where Y(x), H(x), and X(x) are the Fourier transforms of y(t), h(t),
and x(t), respectively. The EPR spectrum H(x) can be calculated as
Y(x)/X(x).

When the spin system is excited with a periodic waveform x(t),
it takes about 5 T1 for the system to come to dynamic equilibrium,
and thereafter y(t) is periodic with period T. The periodic functions
x(t) and y(t) can be represented by Fourier series:

xðtÞ ¼ xðt þ TÞ ¼
X1

k¼�1
Xkejxkt ð5Þ

yðtÞ ¼ yðt þ TÞ ¼
X1

k¼�1
Ykejxkt; where xk ¼

2pk
T

ð6Þ

The coefficients of the Fourier series, which are shown in Eq. (7)
and (8),

Xk ¼
1
T

Z T=2

�T=2
xðtÞe�jxkt dt ð7Þ

Yk ¼
1
T

Z T=2

�T=2
yðtÞe�jxkt dt ð8Þ

are related as shown in the following equation:

Yk ¼ XkHk ð9Þ

The subscript k designates discrete angular frequencies, xk. Thus for
periodic excitation, the general expression in Eq. (4) becomes the
discrete expression in Eq. (9). Division of Yk by Xk gives the spec-
trum, Hk, which is the Fourier transform of h(t).

Hk ¼ Yk=Xk ð10Þ

The function h(t) becomes periodic because of the periodic
excitation.

This Fourier series formulation points out an important charac-
teristic of periodic excitation. If the spins that are excited some-
where in the scan do not relax before the end of a scan, they
continue to relax in the beginning of the next scan as long as they
are not excited again before they are essentially completely re-
laxed. The sawtooth frequency sweep ensures that the spins are
excited only once for each scan, and periodically for each succeed-
ing scan. Thus, no matter where the spins are excited in the scan,
the entire period of the scan is available for those spins to relax
nearly completely. The entire slow scan spectra can be recovered
without the edge effects caused by the abrupt change in scan direc-
tion that occur in a triangular scan.

Eqs. (5)–(8) are valid for arbitrary periodic excitation of the spin
system. Since experimental signals contain noise, small values in
the divisor Xk of Eq. (10) are undesirable since this increases the
noise. Either triangular or saw-tooth waveforms can be used to
produce linear scans. Fig. 1 shows jXkj for triangular (Fig. 1a) and
saw-tooth (Fig. 1b) excitation. In the interval that corresponds to
the frequency scan, both functions are oscillatory. However the
variation, relative to the maximum value, is smaller for saw-tooth
(Fig. 1b) than for triangular (Fig. 1a) excitation, which makes it
preferable as the denominator in Eq. (10). The oscillations in
Fig. 1a result from passing through the same frequency twice dur-
ing the triangular scan, which results in the interference pattern in
Fig. 1a. To be suitable for the Fourier analysis the periodic function
must be monotonic and pass through each frequency only once per
cycle. In the following discussion, saw-tooth excitation is
discussed.

An expression for Xk can be found by substitution of Eq. (2) for
x(t) into Eq. (8):

Xk ¼
1
T

Z sw=ð2bÞ

�sw=ð2bÞ
B1ejbt2=2e�jxkt dt ð11Þ

where the scan is from –sw/2 to +sw/2. Integration of Eq. (11) gives
Eq. (12)

Xk ¼ �
B1

T

ffiffiffiffiffiffi
p
2b

r
e

j p
4�

x2
k

2b

� �
½erf ðpÞ � erf ðqÞ� ð12Þ

where p ¼ �ð2bÞ�0:5ej p
4ð Þ sw

2 �xk

� �
; q ¼ �ð2bÞ�0:5ej p

4ð Þ � sw
2 �xk

� �
and

erf(x) is the error function of a complex argument. The analytical
expression in Eq. (12) can be used to recover the absorption and dis-
persion components of the slow-scan EPR spectrum from jYkj for
the full period of the saw tooth scan, using Eq. (10).

2.2. Comparison of rapid frequency scans with polyphase continuous
excitation

The proposed method for rapid frequency scan EPR is similar to
polyphase continuous excitation with phases selected using the
Frank sequence [13]. For periodic polyphase excitation u(t) in Eq.
(1) is given by Eq. (13)

uðtÞ ¼ hðtÞ ð13Þ

where period T is divided into N intervals and function h(t) is de-
fined in Eq. (14):

hðtÞ ¼ pn for nts 6 t < ðnþ 1Þts; ts ¼
T
N

; n ¼ 0;N � 1: ð14Þ

Phases pn are elements of the Frank sequence with length N.
The formal definition of frequency is the time derivative of

phase. For the polyphase experiment, frequency at any time in
the experiment is formally either 0 or infinity because of the dis-
continuities in the phase. However, polyphase excitation produces
phase wave packets that are analogous to a frequency scan [11].
The abrupt phase alteration changes the position of the effective
magnetic field in the rotating frame and the magnetization vector
starts its precession around its new position. As a result, a fre-
quency scan can be achieved either by smooth phase changes as
in Eq. (2) or by a stepwise change as in Eq. (14). For the comparison
the scan periods T for the two experiments were chosen to be
equal. The scan rate was sw/T.

Substitution of Eq. (13) for periodic polyphase continuous exci-
tation with period T into Eq. (1) gives xp(t)

xpðtÞ ¼ B1ejhðtÞ ð15Þ



Fig. 1. Comparison of jXkj for triangular (a) and saw-tooth (b) excitation. The periods for the triangular and saw-tooth waveforms were 30 and 15 ls, respectively, and the
scan ranges were ±8.5 MHz.
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The Fourier transform of Eq. (15) has been shown [13] to be

Xp
k ¼ FkPk ð16Þ

where

Fk ¼
tsB1

T
e�

jxkts
2 sinc

xk

2
ts

� �
ð17Þ

Pk ¼
XN�1

n¼0

ejpn e�2pjnk=N ð18Þ

It follows from Eqs. (17) and (18) that the excitation bandwidth
is determined by the sinc function that would have been produced
by a square pulse with duration ts. Thus the excitation bandwidth
for the Frank sequence is the same as for a single pulse with dura-
tion ts [13].

For comparison of the two methods the scan width for the fast
frequency scan was set to 2pN/T for the polyphase experiment
with N = 256 and T = 15 ls, which is �8.5 to 8.5 MHz. jXp

k j for poly-
phase excitation and jXkj for rapid frequency scan are compared in
Fig. 2. When used as the divisor in Eq. (10) the oscillations in jXkj
for rapid frequency scan can impact noise non-uniformly. Although
jXp

k j for polyphase continuous excitation does not have oscillations,
it is not flat across the scan width, which amplifies noise in the ex-
tremes of the frequency range. The maximum value is given in Eq.
(19).

jXp
0j ¼

B1ffiffiffiffi
N
p ð19Þ
Fig. 2. Comparison of jXp
k j for polyphase excitation (green dashed line) with

N = 256, and jXkj for rapid frequency scan (blue solid line) of ±8.5 MHz. Calculations
were done with B1 = 1 and T = 15 ls. The y axis scales linearly with B1. The
parameters were selected to correspond with experiment. The red dotted line is the
limiting value for an infinitely wide scan. Resonator Q = 250 for the experiments
corresponds to a 3 dB bandwidth of ±2.5 MHz which limits the bandwidth of
frequencies that impact the spins. Since the signal bandwidth is much narrower
than the bandwidth of the resonator, the impact of resonator Q on the excitation
profile was not included in the calculation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
2.3. Comparison of periodic excitation with approximation of infinite
scan widths

In the limit of infinite scan width the term [erf(p) � erf(q)] (Eq.
(12)) becomes equal to two, and jX1k ¼

B1ffiffiffi
N
p j which is shown as the

red dotted line in Fig. 2. In a triangular scan if Mx and My have re-
turned to zero at the extremes of the scan, each half cycle of exci-
tation can be approximated as an infinitely wide scan and Xk can be
approximated by X1k . This approximation has been used in decon-
volution of rapid NMR field and frequency scans [14,15] and EPR
rapid magnetic field scans [2,5]. However, if the magnetization
has not fully returned to zero at the extremes of the scans, the infi-
nite scan approximation results in residual oscillations in the
deconvolved spectra.

3. Experimental

3.1. Sample

LiPc prepared electrochemically following procedures in the lit-
erature [16,17] was provided by Prof. Harold M. Swartz, Dartmouth
University. Multiple small crystals of LiPc were placed in a 3-mm
OD tube. The tube was extensively evacuated and then flame
sealed.
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3.2. Spectroscopy

The CLR with resonant frequency of about 1 GHz is identical in
construction, but with modified dimensions, to a previously de-
scribed L-band resonator with resonant frequency about 1.9 GHz
[18]. The CLR is key to the success of the experiment. When the
incident frequency is offset from the resonator frequency, the re-
flected power increases. This makes it more difficult to detect the
EPR signal, which is a change in the reflected power, with a con-
ventional reflection resonator. A CLR has two orthogonal resona-
tors, one for excitation and one for detection [18,19], so the
power reflected from the excitation resonator does not get into
the detection resonator. Both the excitation and detection resona-
tors had Q � 250, and the isolation between the two resonators
was about 60 dB.

To compare spectra obtained with polyphase continuous excita-
tion and rapid frequency scan a composite waveform consisting of
four cycles of polyphase excitation xp(t) followed by four frequency
scans x(t) was generated using a Matlab program. Each excitation
had T = 15 ls, so the total length of the waveform was 120 ls.
The polyphase excitation had N = 256 rf phases. The waveform
was downloaded to a Tektronix AWG7122C arbitrary waveform
generator (AWG). The AWG, operating with a clock frequency ten
times the resonance frequency, gave 10 points per rf cycle, which
is 1.2 � 106 points in the waveform. The excitation waveform
was amplified by 20 dB prior to the resonator and the signal was
amplified by 30 dB prior to the digitizer. An Acqiris U1084A digi-
tizer was used with a sampling rate of 4 GS/s. The spin response
produced by this composite waveform was averaged during a time
window of 120 ls. The signal obtained by subtraction of five off-
resonance averages from five on-resonance averages is shown in
Fig. 3a, along with the off-resonance average signal. Since signals
were detected with a constant carrier frequency, the output from
the digitizer was multiplied by e�jxcarrier t in software to obtain y(t)
in the rotating frame. A digital low-pass filter was used to select
the base-band component. This processing in software is equiva-
lent to hardware quadrature phase sensitive detection with a dou-
ble balanced mixer and low-pass filter and produces perfectly
orthogonal quadrature outputs.
Fig. 3. Polyphase and fast frequency scan EPR signals for LiPc (a) digitized after amplifi
excitation (0–60 ls) and four cycles of the saw-tooth frequency scan (60–120 ls). The EP
(b) Mx and My components of the frequency-scan EPR signal y(t) obtained by digital phase
frequency scan from 80 to 100 ls. (For interpretation of the references to colour in this
Data were collected for a series of B1 values to obtain lineshape
information in the region where the response of the spin system is
non-linear. Combinations of 3, 6, 10 or 12 dB attenuators were
used to change the AWG output voltage. Nutation frequency at res-
onance and the power required for a single pulse 90o FID were used
to calibrate B1. The maximum B1 achieved in the CLR with 1 Vpp
AWG output and 20 dB amplifier gain was about 0.45 G.
3.3. Simulations

The Bloch equations were solved numerically for an EPR line on
resonance at a series of B1 amplitudes using either frequency scan
or polyphase continuous excitation. Calculated Mx and My compo-
nents of the magnetization were combined to form a complex
function y(t) that was Fourier transformed and then deconvolved
using Eq. (10) to obtain the EPR spectrum. In the linear response
regime h(t) decays exponentially to baseline within the time 5T2.
However, in the nonlinear regime artifacts extend beyond 5T2. To
minimize the impacts of the artifacts, an apodization filter with
cutoff at 5T2 was applied to h(t). Multiplication by that function
does not noticeably broaden the spectrum obtained by Fourier
transformation, but reduces high frequency oscillations. Simulated
spectra were fit with a Matlab non-linear least-squares fitting rou-
tine (lsqnonlin) to obtain amplitude and Lorentzian linewidth.
4. Results

Rapid frequency scan and polyphase excitation experiments
were performed with a deoxygenated sample of LiPc, which had
T2 = T1 = 2.32 ls. The lineshape is Lorentzian so this T2 corresponds
to a full width at half height of 49 mG. The magnetic field was se-
lected to position the resonance close to the center of the fre-
quency scan. For polyphase excitation, resonance occurs at the
beginning of a cycle. The signals obtained by rapid frequency scans
and polyphase continuous excitation are shown in Fig. 3a. The di-
rectly digitized signal has a carrier frequency of 1.0378 GHz. Be-
cause of the relaxation times of the sample, the transverse
magnetization did not returned to zero by the end of a cycle. For
cation of the output of the detection resonator. There are four cycles of polyphase
R signal (blue) was obtained by subtraction of the off-resonance background (red).

-sensitive detection at the constant carrier (1.0378 GHz) for the time segment of the
figure legend, the reader is referred to the web version of this article.)
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each experiment type more than one excitation cycle is required
for the spins to come to a dynamic equilibrium, so the 3rd cycle
was used for data processing. If a single type of excitation had been
used, all subsequent cycles could have been co-added for data pro-
cessing. The data processing window was 30–45 ls for polyphase
excitation and 90–105 ls for frequency scans. For the data in
Fig. 3a there is a discontinuity at 60 ls due to the transition from
polyphase continuous excitation to frequency scan, which corre-
sponds to an abrupt step off resonance.

Digital phase sensitive detection at the carrier frequency con-
verts the signal shown in Fig. 3a to the rotating frame. A segment
of the rapid frequency scan signal is shown in Fig. 3b, and demon-
strates that Mx and My do not need to return to 0 at the end of a
scan, which is at 90 ls. There is a sharp change in frequency be-
tween the end of one scan and the start of the next scan. Since
the magnetization is not zero at the time of the transition, this
causes a sudden change in the time dependence of magnetization,
which appears at 90 ls in the example shown in Fig. 3b.

Full cycles of data were Fourier transformed to obtain Yp
k or Yk

for polyphase excitation or frequency scan, respectively. These re-
sults were then divided by Xp

k or Xk to obtain the EPR spectrum, Hk

(Eq. (10)).
4.1. Power saturation

The dependence on microwave power of absorption signal
amplitudes, line widths, and lineshapes is similar for fast frequency
scans and polyphase continuous excitation (Fig. 4). For both exper-
iments, signal amplitude increases approximately linearly with B1

up to about 0.05 G, which is in good agreement with simulations.
Since the source amplitude is the same for both types of excitation,
the input power and resultant B1 was essentially the same for poly-
phase and frequency sweep waveforms. The lineshapes obtained at
B1 = 0.085 G (Fig. 4b) are Lorentzian and the widths agree with
simulations based on the known T2. B1 = 0.17 G is well beyond
the peak of the power saturation curve, and the lineshapes ob-
tained by either method are substantially distorted (Fig. 4d).
Fig. 4. Comparison of signals for LiPc obtained by rapid frequency scan (green
points and dashed lines) and polyphase continuous excitation (blue points and solid
lines). (a) Relative signal amplitudes as a function of B1, (b) lineshape obtained at
B1 = 0.085 G, (c) FWHM line widths as a function of B1, and (d) lineshape obtained at
B1 = 0.17 G. The simulated dependence of signal amplitude and linewidths on B1 is
shown for polyphase excitation (solid blue line) and fast frequency scans (dashed
green line). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
5. Discussion

The experiments were performed with Q � 250 for both the
excitation and detection resonators, which correspond to 3 dB
bandwidths of about 4 MHz or 1.4 G. The frequency scans and
polyphase continuous excitation (Fig. 3) were substantially wider
than the bandwidth of the resonator. The signal of interest
(Fig. 4) extended over a much narrower bandwidth, which fell well
within the resonator bandwidth. To obtain wider spectra it would
be necessary either to use lower resonator Q or correct for the im-
pact of Q on the excitation profile.

The detected signals were processed by digital phase sensitive
detection [20–24]. Direct detection at the carrier frequency fol-
lowed by digital phase sensitive detection has two major advanta-
ges: (i) the noise is defined by the thermal noise and the first stage
high frequency amplifier; (ii) the quadrature signals are perfectly
orthogonal, which is important for analysis of the data.

5.1. Comparison of frequency scans with polyphase continuous
excitation

The excitation profile for a frequency scan is more uniform than
for polyphase excitation (Fig. 3). The polyphase excitation could be
made more uniform over a frequency range of interest by using
higher power. For example, to double the bandwidth and keep sig-
nal amplitude the same would require increasing N by a factor of 2,
B1 by

p
2, and power by a factor of 2. Polyphase continuous excita-

tion has been proposed as a low-power alternative to pulsed meth-
ods [11–13]. Even if the power is doubled to make the excitation
profile more uniform, the peak power is still much lower than
for pulsed experiments. If B1 is too large the signal is distorted as
shown in Fig. 4d and discussed previously for polyphase continu-
ous excitation [13].

The background signal (Fig. 3a) for both methods is the excita-
tion attenuated by the isolation between the excitation and detec-
tion resonators. The amplitude of the leakage signal is proportional
to B1. If it is too large, it may overwhelm the amplifier after the res-
onator or require a larger number of averages to compensate for
insufficient dynamic range [13]. Although the time dependence
of the background signals is different for the two excitation pro-
files, the amplitudes are similar. Even for these relatively strong
signals, subtraction of the off-resonance response is required,
which increases the noise in the spectrum.

Periodic frequency scans can be implemented without an AWG.
The frequency scan waveform can also be generated by mixing a
low-frequency scan function with a constant high frequency car-
rier. If an AWG is used the frequency scan waveform can be multi-
plied by a function that corrects for the Q effect of the excitation
resonator.

5.2. Periodic excitation

The analysis of the frequency scans was based on the periodic
saw-tooth excitation (Fig. 1b). Each frequency is traversed only
once during the excitation period, which results in jXkj with rela-
tively shallow oscillations (Fig. 1b). By contrast, if a triangle wave-
form is used, each frequency is traversed twice during the
excitation period and jXkj has very deep oscillations, which ampli-
fies noise in the deconvolved spectrum (Eq. (10)). If Mx and My have
decayed to zero by the end of a half cycle of triangular excitation,
then y(t) from each half cycle can be analyzed independently using
the assumption that the scan is infinitely wide [5,14,15]. The exci-
tation profile then becomes a straight line (Fig. 2). If the infinitely
wide scan approximation is used to analyze data for which Mx and
My have not decayed to zero by the end of the scan, oscillations are
introduced into the spectra.
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5.3. Advantages and disadvantages of rapid frequency and field scans

Rapid field scan experiments require magnetic field scan coils to
produce homogeneous fields over the sample region and circuitry
to drive the scans. This requires resonator designs that do not
attenuate the rapidly changing fields and are not susceptible to
generation of eddy currents that distort the waveform. The widths
of the scans that can be produced are limited by the scan coils and
driver circuitry. Since the field cannot be changed instantaneously,
triangular scanning is used and the scan period must be sufficient
for all lines in the spectra to relax to zero before the end of each
half scan, typically 5T2 after the last line for each half of the scan.
The resonator Q limits the rate at which the field be scanned with-
out damping signal oscillations. If Q is too high, the deconvolved
spectrum is broadened. Background signals arise primarily from
eddy currents induced in conducting components of the resonator
and from microphonics. Background correction can be performed
by subtraction of the off-resonance signal or by combining data ob-
tained with an offset in center field [3].

Frequency can be scanned more rapidly than magnetic field and
scanning frequency does not generate eddy currents [10], so it puts
less restrictions on resonator design. However, the resonator Q lim-
its the scan range. Since Q = t/Dt, this limitation is more severe at
lower microwave frequency. If the scan width is too large, the rel-
ative intensities of signals vary with position in the scan and the
background signal increases.

To increase the scan rate for a field scan, or increase the width of
a frequency scan, resonator Q should be lowered. Since absolute
signal intensity is proportional to Q, lowering Q to permit wider
scans lowers signal amplitude.

5.4. Comparison with CW EPR

CW EPR spectra are measured by scanning the external mag-
netic field in the presence of an oscillating magnetic field. Magnetic
field modulation is used to offset the EPR signal from the carrier
frequency by the amount of the modulation frequency, which de-
creases noise. The modulation frequency normally does not exceed
100 kHz and the external magnetic field is swept slowly to avoid
distortion of the spectrum. As a result, the CW EPR signal is nar-
row-banded and can be efficiently detected using a resonator with
high Q, which improves signal intensity. However, lossy samples
and living organisms reduce the resonator Q. As a result, the reso-
nator bandwidth may be much larger than the CW signal band-
width and the efficiency of the field-modulated EPR method is
reduced. Rapid scan EPR can be the method of choice in this situa-
tion. The scan rate can be optimize to match a given resonator
bandwidth, thus permitting a larger number of averages per unit
time and optimization of the excitation power.
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