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he pursuit of higher sensitivity is an everlasting quest for any

analytical technique. It is essential when it comes to measuring
trace amounts of samples within reasonable time, especially for spe-
cies that evolve over time. For continuous wave electron paramagnetic
resonance (CW-EPR), the introduction of multi-harmonic detection
(MHD) broadens the horizon and brings new perspectives [1]. MHD
significantly boosts EPR sensitivity and not only improves the signal-
to-noise ratio of field-sweep experiments, but it also makes kinetic
studies possible for samples with a weak EPR signal.

CW-EPR is measured through lock-in detection by modulating the
external magnetic field. Conventional CW-EPR is done by measuring
the first harmonic of the modulation frequency. To avoid lineshape
distortion, the modulation amplitude must be smaller than the line-
width (typically <1/3 of the linewidth to minimize the lineshape dis-
tortion). Larger modulation amplitudes increase the signal intensity,
but also broaden the lineshape, an effect known as over-modulation.

MHD overcomes this limitation by measuring multiple harmon-
ics, allowing reconstruction of the intrinsic lineshape at an improved
signal-to-noise ratio. It is not science fiction, but it does require some
experimental considerations. This guide gives practical hints to get the
most out of this new technology.

1. Modulation Amplitude and Modulation Frequency

To benefit from MHD, higher harmonics must be detectable. The
intensity of the first harmonic increases with the modulation am-
plitude only up to a certain point; once the modulation amplitude
approaches the linewidth, the response becomes nonlinear and the
signal intensity eventually decreases. Each subsequent harmonic be-
haves differently with respect to the first harmonic. Simulations for
a single Lorentzian line (Figure 1) show that higher harmonics in-
crease in intensity more slowly with increasing modulation amplitude.
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In practice, larger modulation amplitudes push more harmonics above
the noise floor, and this trend is evident in simulations (Figure 2): at
1 G modulation amplitude, the 3rd harmonic is barely visible; at 10
G, harmonics up to the 15th emerge; and at 19 G, harmonics up to
the 30th can be observed — consistent with results by Z. Yu et al. [2].

Although this sounds like an invitation to simply increase the
modulation amplitude, the usefulness of those additional harmon-
ics depends on whether they can pass your detection chain without
excessive attenuation. This brings us to bandwidth considerations.

Before moving on, it’s worth mentioning that the modulation fre-
quency (fyoq) also plays a role. Together with the modulation am-
plitude (Bpjoq), it defines the scan rate fyjo¢Bpod- The scan rate can
have two impacts on the signal, namely the signal bandwidth and the
passage effect. For those eager to travel deeper into the Multi-Harmonic
Galaxy, the literature is rich with guidance [3-5].

The bandwidth of the signal is proportional to the scan rate, and
the higher scan rate (higher fyjoq and/or Byjog) produces larger signal
bandwidth. In fact, signal bandwidth and the number of generated
harmonics go hand in hand. The signal bandwidth is related to the
harmonics and the frequencies they carry. Meanwhile, the passage ef-
fect is a known phenomenon when the scan rate goes faster than the
relaxation rate. In such a case, transient oscillations are generated in
the time domain. This can be taken care of by adding a step of de-
convolution in the data processing. Figures and examples assume that
passage effects are not present.
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Figure 1: Simulations of the signal amplitude for each harmonic as a function of
the modulation amplitude for different harmonics of a 1 G linewidth signal.
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Figure 2: Simulations of the MHD spectra of a signal with 1 G linewidth modulated by 1, 10, and 19 G modulation amplitude (Mod. Amp.). Along the x-axis shows the
field sweep, the blue color indicates the peaks, and the red color indicates the trough. The y-axis marks the indices of the harmonics. The spectra show that with higher
modulation amplitude with respect to the non-modulated linewidth, more harmonics can be detected.
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2. Bandwidth

It is tempting to maximize the modulation amplitude to generate as
many harmonics as possible. However, the bandwidth of the resonator
and the detection chain must be considered: Harmonics are spaced by
multiples of the modulation frequency; with a 100 kHz modulation,
the 5th harmonic lands 500 kHz away from the microwave frequency.
The resonator bandwidth — primarily controlled by the Q-value -
determines which of those harmonics are transmitted with minimal
attenuation. The cavity bandwidth for the harmonics can be written
as BW = v,,,/2Q [6]. For example, a cavity with Q~9500 at micro-
wave frequency (V) ~ 9.5 GHz has bandwidth of 500 kHz, which
is representative of the Bruker SHQE resonator. Lower modulation
frequencies shift harmonics closer to the carrier, allowing more of them
to fall inside the cavity bandwidth; moving from 100 kHz to 30 kHz
can increase the number of usable harmonics from roughly 5 to 16.

Because the cavity profile gradually suppresses off-resonance compo-
nents (Figure 3a), the detected harmonics may not represent their true
relative intensities. If you reconstruct without considering this frequency
response, artificial broadening appears (Figure 3b). You can mitigate
this by using fewer harmonics for reconstruction which improves the
lineshape fidelity but sacrifices the signal-to-noise ratio (SNR) gain.

This is the same as looking at the signal bandwidth. The calculation
for the signal bandwidth differs between lineshapes [4]. One needs
to consider how much line broadening is acceptable and if that fits
the signal bandwidth into the bandwidth of the resonator and the
detection chain.

Pre-amplifiers in the detection path also have a limited bandwidth,
it’s between 400 kHz and 6.5 MHz for the Bruker microwave bridges.
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Figure 3: Simulations of signal detection and reconstruction of a Lorentzian

line of 1 G linewidth modulated by 10 G modulation amplitude and 100 kHz
modulation frequency, with and without considering the suppression of signal
intensity by the cavity profile (500 kHz bandwidth). a) Blue and orange dots
mark the signal intensities of harmonics. The red dashed line indicates the cavity
profile which suppresses higher harmonics. b) Results of reconstruction (blue
and orange spectra) and the spectrum of CW-EPR (black). The blue spectrumis a
reconstruction from the data not affected by the resonator bandwidth and shows
reconstruction of the correct lineshape. The orange spectrum is a reconstruction
taking the data affected by the resonator bandwidth and shows distortion
compared to the correct lineshape.
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For conventional CW-EPR, this is beneficial for filtering out high-
frequency noise. For MHD, they limit the highest usable harmonics.

Consequently, extremely large modulation amplitudes are not
universally beneficial: they only help when the resulting harmonic
frequency offset and amplitude align with the bandwidth of the cavity

and detection electronics.

3. Sample Dimensions

It is not only crucial to choose the appropriate modulation ampli-
tude but also important to know what field modulation the sample is
experiencing due to the field inhomogeneity generated by the modula-
tion coils. Different resonators produce different modulation profiles,
and the experienced field depends on the sample’s position relative
to the resonator center.

Under conventional CW-EPR conditions, this is rarely of con-
cern because the modulation amplitude is kept well below the line-
width, minimizing distortion even where modulation field is weaker.
Nevertheless, for spin quantification, the signal intensities as a function
of sample positions in the cavity are characterized for most Bruker
waveguide resonators.

In MHD, however, one intentionally overmodulates to record
higher harmonics; a long sample that fills the whole cavity experi-
ences a spread of modulation amplitudes across its height, and the
reconstruction becomes a composite of these distributed conditions,
leading to additional broadening. The practical fix is simple: shorten
the sample length so that it resides within the most homogeneous
portion of the modulation field. This is a trade-off between lineshape
fidelity and signal intensity.

Taking the cavity of ESR5000 for instance (Figure 4), conventional
practice might fill tubes to roughly 22 mm in height, i.c., the cavity
length. At high modulation amplitude, however, only the central
region of the sample experiences the intended field; sections above
and below can receive down to only half the strength of the set am-
plitude. By reducing the filling height to around 10 mm, the sample
is concentrated in the uniform zone, and the reconstruction fidelity
can be greatly improved.

4. Optimize Experimental Parameters
Parameter selection in MHD is best approached as a comprehensive
process where modulation amplitude, modulation frequency, Q-value,

and the number of harmonics used in reconstruction are balanced p
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Figure 4: Actual modulation field relative to the set value along the vertical axis of
the cavity with respect to the cavity center.



X-band with 30 kHz modulation frequency
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Figure 5: Simulations of SNR improvement for a single Lorentzian line under

different conditions of experiments and reconstructions. The improvement is
calculated by normalizing the SNR of the reconstructed signal to the SNR of a
measurement using modulation amplitude = 1/3 intrinsic linewidth. Shaded

regions indicate the confidence interval.

against cach other. Begin by deciding to overmodulate relative to
the expected linewidth of the species under study, since pushing the
modulation amplitude above the linewidth is the mechanism by which
higher harmonics are generated. Next, favor the lowest modulation
frequency permitted by your hardware to transmit more harmonics
into the cavity and pre-amplifier bandwidths. Then, avoid an unnec-
essarily large modulation amplitude that creates harmonics predomi-
nantly outside those limits. Finally, choose a reconstruction strategy
that includes as many harmonics as remain strong and well-passed,
optionally compensating for the cavity profile if Q-value is high and
the frequency response is steep.

The general concept can be demonstrated by simulations. Figure 5
shows simulations assuming a single Lorentzian signal measured at
X-band with 30 kHz modulation frequency, low and high Q-values,
and different overmodulation factors, defined as the ratio of modula-
tion amplitude and intrinsic linewidth. With overmodulation factor
of 1, the intensity of the first harmonic can already be around three
times stronger than the undermodulated signal. After reconstruc-
tion with a few more harmonics, the SNR improvement is about 3.5
in this case. We can see that at a low Q-value, which mimics a lossy
sample, overmodulation factors in the range of 3 to 5, combined with
reconstruction using 10 or more harmonics, yield the best SNR gains
because the broadened bandwidth admits more harmonics. Under
high Q conditions, the benefit saturates around an overmodulation
factor of 2 and adding harmonics beyond about 8 offers little improve-
ment; here, the narrower bandwidth and sharper frequency response
limit how much additional harmonic information can be retained
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usefully. When using an even higher overmodulation factor, as seen
in Figure 1 that the signal intensity of the first harmonic starts to
decrease while higher harmonics are strongly attenuated, the SNR
improvements decrease.

Note that these simulations are theoretical representations. In prac-
tice, some samples perform better than these simplified cases and some
perform worse. Nevertheless, they are consistent with experimental
results reported in the literature [2, 7, 8].

5. Before You Turn the Page: Take-Home Messages

Measure smart, not just “more.” Increasing the modulation am-
plitude helps only as long as the resulting harmonics remain inside
the cavity and pre-amplifier bandwidths; beyond that, gains stall and
reconstruction fidelity can suffer. Mind the bandwidths at all times.
Lower modulation frequency transmits more harmonics into the us-
able window, while high Q-value narrows that window and demands
either selective harmonic use or amplitude rescaling. Less is more.
Avoid tall samples; smaller filling heights maintain modulation ho-
mogeneity and protect reconstruction quality. Wazch out for the fast
passage. For most cases it’s not of concern. In case it appears, take the
step of deconvolution and you are back on track.

That’s it — your quick hop across the Multi-Harmonic Galaxy.
Start modestly, keep bandwidth in mind, shorten the sample when
you over-modulate, and let the harmonics do the heavy lifting. Happy
over-modulating!
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