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Order-of-magnitude SNR improvement for high-field
EPR spectrometers via 3D printed quasi-optical

sample holders
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Here, we present a rapidly prototyped, cost-efficient, and 3D printed quasi-optical sample holder for improving
the signal-to-noise ratio (SNR) in modern, resonator-free, and high-field electron paramagnetic resonance
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(HFEPR) spectrometers. Such spectrometers typically operate in induction mode: The detected EPR (‘“cross-
polar”) signal is polarized orthogonal to the incident (“co-polar”) radiation. The sample holder makes use of
an adjustable sample positioner that allows for optimizing the sample position to maximize the 240-gigahertz
magnetic field B, and a rooftop mirror that allows for small rotations of the microwave polarization to maximize
the cross-polar signal and minimize the co-polar background. When optimally tuned, the sample holder was
able to improve co-polar isolation by >20 decibels, which is proven beneficial for maximizing the SNR in
rapid-scan, pulsed, and continuous-wave EPR experiments. In rapid-scan mode, the improved SNR enabled
the recording of entire EPR spectra of a narrow-line radical in millisecond time scales, which, in turn, enabled

real-time monitoring of a sample’s evolving line shape.

INTRODUCTION

Electron paramagnetic resonance (EPR) is a spectroscopic tech-
nique based on the Zeeman effect. An unpaired electron spin in
the presence of external magnet field has two eigenstates: “spin-
up” and “spin-down"”; irradiating a spin-up electron with a
photon of energy equal to the difference between these two states
leads to photon absorption and spin excitation (I). EPR spectrom-
eters make use of this effect to probe the local environments of elec-
tron spins and can be found in a large fraction of chemistry and
materials science laboratories, often to study radical species under
a variety of conditions (solution, powder, crystal, in cell, etc.) or to
characterize electronic materials (2—12). Nowadays, EPR is also used
in the development of novel materials, such as single-molecule
magnets (13-17), single-ion magnets (18-22), and quantum bits
(23), and is thus increasing in popularity.

EPR spectrometers most often operate between 10 and 100 GHz
(with magnetic fields between 0.35 and 3.5 T for g-factor g < 2 ),
with samples in resonant cavities to enhance signal-to-noise ratio
(SNR). High-frequency EPR (frequencies above 100 GHz, fields
above 3.5 T, "HFEPR"), however, is advantageous for increased res-
olution and is especially informative for systems that have gaps in
their excitation spectra at zero magnetic field, including molecules
with spin > '/, and large zero-field splitting (17, 24-26), collective
spin excitations in antiferromagnets (27, 28), and frustrated spin
systems (29, 30). HFEPR spectrometers are also invaluable for mea-
suring the spin dynamics of radicals used as polarizing agents in
dynamic nuclear polarization—enhanced nuclear magnetic reso-
nance spectrometers, which operate above 7 T (31, 32).

Motivated by the tremendous scientific opportunities at high
field, the development of HFEPR spectrometers is an active field
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of research (33-38). The well-known challenges of generating pow-
erful electromagnetic radiation in the 100- to 1000-GHz band have
resulted in delayed development of HFEPR when compared to low-
field EPR. Furthermore, higher frequencies bring additional chal-
lenges: Resonant cavities get smaller (39-41), and, above 200
GHz, most systems do not use a cavity at all, which forfeits the
large signal-to-noise improvement that they often provide (42—
44). To achieve sufficient sensitivity without a cavity, HFEPR spec-
trometers typically operate in induction mode; this means that a
wire grid polarizer above the sample ideally only reflects radiation
into the detector that is perpendicular to the input polarization. The
perpendicular radiation (called “cross-polar”) is made of informa-
tion about the sample, whereas the incident polarization (“co-
polar”) is made up of almost entirely background. Therefore, max-
imizing the cross-polar-to—co-polar contrast also means maximiz-
ing the spectrometer’s sensitivity. While typically capable of
isolating the excitation polarization by about 30 dB (45, 46), induc-
tion mode architectures still impart an undesirable background to
EPR experiments, as the excitation power is typically much larger
than the orthogonal induction-mode signal; as a result, improving
induction-mode isolation for high-field and high-frequency
experiments presents a potential avenue for improving HFEPR res-
olution and is a topic of interest for many researchers (37, 47-52).

Most EPR systems operate in one (or more) of three modes: con-
tinuous-wave (cw), where the field is slowly swept through the res-
onance, either by frequency or field; pulsed, with a fixed field and
frequency that can obtain electron spin-lattice (T;) or spin-spin (T5)
relaxation times as well as small hyperfine and dipolar couplings; or
rapid-scan, where a rapid, continuously averaged sweep of field or
frequency through the resonance distorts the spectrum and pro-
vides the slow-scan line shape with higher-than-cw SNR (53) as
well as T, relaxation time through postprocessing (see Fig. 1).
Rapid-scan EPR can also be used to monitor the kinetics of molec-
ular processes by recording entire spectra as a function of time. Such
kinetic studies have been recently implemented at 9.5 GHz to study,
for example, intracellular protein-lipid interactions (54, 55) and the
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Fig. 1. Simulated signals for cw, pulsed, and rapid-scan EPR. (A) In cwEPR, the
external magnetic field is modulated (B,,,oq) by a coil, and the EPR signal is detected
by a lock-in amplifier (resulting modulated signal is V,,,0q). The resulting EPR signal
(green) is the derivative of the imaginary part of the complex magnetic suscepti-
bility (x”, blue). (B) Pulsed EPR uses short driving pulses (blue) to excite spins out of
equilibrium and probe their dynamics; in the Hahn echo experiment shown here,
the first pulse rotates the net magnetization of the spins, and a second pulse re-
focuses their precession in the rotating frame, resulting in a spin echo (green). (C)
Rapid-scan EPR uses fast, large-amplitude modulation (black dashed line) through
the resonance and direct-detection of the induction mode signal to record the re-
sponse of the spins (blue solid line). Fast repetition and continuous signal averag-
ing can allow for better SNR after shorter acquisition time than conventional
cwWEPR (52). arb. u., arbitrary units.

aggregation of intrinsically disordered proteins. To our knowledge,
no kinetic studies using rapid-scan EPR have been performed in a
very high-field EPR spectrometer (above 100 GHz). However,
recent studies using cwEPR at 8.6 T (240 GHz) to detect motion
between residues in a photosensitive protein (52) motivated the
authors of this work to develop high-sensitivity, high-field, and
rapid-scan EPR to observe entire dipolar-broadened line shapes
during their evolution in time.

Here, we report a frequency-independent high-field sample
holder that enables an important improvement in SNR for
HFEPR spectrometers that is easy to design, prototype, and imple-
ment. The quasi-optical sample holder (QSH) presented here, de-
signed to operate in all three modes (cw, pulsed, and rapid-scan),
was fitted to attach to the EPR probe used in EPR spectrometer at
the Institute for Terahertz Science and Technology (ITST). Minor
adjustments to the 3D printed model (.stp files included in the Sup-
plementary Materials) would allow for simple incorporation into
other probe designs. The QSH was entirely 3D printed for rapid
prototyping, except for the 12.7 mm diameter parabolic mirror
(focal length of 25.4 mm), which was purchased from Thorlabs
Inc., and the rooftop mirror, which was end-milled from a 7-mm-
diameter aluminum rod (see fig. S1). Using the QSH, we demon-
strate an enhanced SNR in three EPR modes. For cwEPR, the en-
hanced SNR provides equal sensitivity with fewer spins. For
pulsed EPR, it reduces undesirable co-polar power enough that
direct measurements of cross-polar power can immediately return
a field-swept EPR spectrum without requiring an engineered pulse
sequence. For rapid-scan EPR, the SNR enhancement enables time-
resolved kinetic studies with tunable time resolution (currently
down to 15 ms).

Sojka et al., Sci. Adv. 9, eadi7412 (2023) 20 September 2023

RESULTS

Design of sample holder

We discuss two types of sample holders throughout this manu-
script: the “simple” sample holder (SSH) and our QSH. A body
similar to the SSH can be found in almost any HFEPR lab and is,
therefore, a useful comparison to the QSH. The SSH typically con-
sists of two parts that are machined from plastic: One is permanent-
ly attached to the corugated waveguide and supports the modulation
coil, and the other is a detachable insert on which the sample sits. By
varying the insert’s length, the sample can be placed close to the
corrugated waveguide output at the top of the modulation coil
(Fig. 2, “SSH-T") or in the center of the modulation coil (Fig. 2,
“SSH-M"). In both SSH configurations, the sample sits directly on
a planar mirror that reflects incident radiation back into a corrugat-
ed waveguide. For pulsed EPR, the SSH-T position is used to min-
imize microwave loss due to divergence of the propagating Gaussian
beam. For rapid-scan EPR and cwEPR, the SSH-M position is used
to obtain the largest and maximally homogeneous modulation field
at the sample space.

The QSH was designed with a broad range of applications and
user-friendliness in mind. Our frequency-independent design for
the QSH uses focusing quasi-optics to ensure that the beam waist
is kept within the sample holder’s specified optical path, reducing
microwave beam clipping due to the waveguide aperture. The quasi-
optical design does not require a waveguide or end mirror within its
modulation coil, which eliminates eddy currents inside the coil, and
results in an improvement of field modulation amplitude and ho-
mogeneity. The quasi-optics consist of a 25.4 mm focusing parabol-
ic mirror (MPD019-MO03, Thorlabs Inc., USA) mounted along the
axis of the corrugated waveguide and a rooftop mirror machined
using an end mill. A simulation of quasi-optical fundamental
mode Gaussian beam propagation is shown in Fig. 3 (56). These
simulations show the beam waist compared to the quasi-optical el-
ements and highlight that clipping loss is reduced due to the focus-
ing quasi-optics.

The QSH was designed for 3D printing (printer details in Mate-
rials and Methods) and room temperature operation and works well
in these conditions. With a different printing substrate (e.g., nylon-
based filament), liquid nitrogen temperatures should be easily
achievable (57). If higher precision or durability is required, then
a QSH could be made using subtractive machining after a design
has been prototyped and finalized via 3D printing.

Mechanical transmission systems to increase cross-polar
isolation and maximize desired EPR signal

To motivate the design of the QSH, it is instructive to first review the
design of the ITST 240-GHz EPR spectrometer, which is typical of
quasi-optical HFEPR spectrometers. A wire grid polarizer at the end
of the quasi-optical bridge reflects the polarized 240-GHz radiation
into a 1.2-m gold-plated corrugated waveguide that is coupled to the
sample space. On resonance, the radiation that is reflected by the
sample acquires a small, orthogonally polarized component
(cross-polar) that is the EPR signal of interest. This signal is reflect-
ed by a wire grid at the end of the bridge, received by a WR3.4
Schottky diode-based subharmonic mixer (Virginia Diodes Inc.),
and subsequently mixed down to 10 GHz (see Fig. 4). The 10-
GHz signal must be limited to no more than —35 dBm to avoid sat-
urating intermediate frequency (IF) stage mixers and distorting the
resulting EPR signal. Ideally, all the co-polar radiation is directed
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Fig. 2. Schematic drawing of QSH and SSH. The SSH has been used at ITST previously with two sample positions: the middle of the coil to maximize modulation
amplitude (SSH-M) and the top of the coil to minimize losses due to divergence of the 240-GHz Gaussian beam (SSH-T). The QSH uses one of two end mirrors: a
rooftop mirror (RM) or a flat mirror (FM) and uses two mechanical adjustment knobs: one to optimize sample position along the optical axis (green) and one to
rotate the rooftop mirror to optimize cross-polar isolation (blue). The sample is positioned using a spur gear assembly with a 5:1 gear ration. The rooftop mirror is

rotated by a worm gear assembly with a 30:1 gear ratio.
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Fig. 3. Simulation of Gaussian beam propagation through both sample
holders. The black lines denote a circle that encloses 99% of the energy in the
beam (56). The thin dotted blue lines represent the diameter of the input wave-
guide. The beams are reflected by a mirror at the middle of each propagation path.
(Top) In the SSH-M, after reflection from a flat mirror at x = 10 mm (FM; dashed
purple line), the beam expands to a size larger than waveguide (WG; dashed
blue line) that results in microwave losses. (Bottom) In the QSH, the beam
expands after leaving the end of the waveguide (dashed blue lines) at millimeters
and is focused by parabolic mirror of 12.7-mm diameter (PM; solid yellow lines)
onto the roof mirror at x = 51.8 mm (RM; solid red line) and then back the wave-
guide along the same path. Because the sample dimensions are small compared to
the beam, we neglect a small shift of beam waist position at the output of the
corrugated taper as well as any higher order Gaussian beam modes that are pro-
duced as a result of parabolic mirror aberrations (56).
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back toward the source and does not reach the receiver. However,
without the rooftop mirror, enough co-polar radiation reaches the
receiver that both the signal and co-polar leakage must be attenuat-
ed by a variable attenuator (the details about the roof mirror physics
are in section S1). This attenuation degrades the SNR, especially if
the noise from subsequent IF amplifiers is greater than the noise of
the attenuated IF signal (further discussion in section S2). Although
it depends largely on the absorptive properties, size, and thickness
of a given sample, most SSH experiments require the attenuator to
be set between 15 and 25 dB.

If a sample is thin compared to the wavelength, then the EPR
signal is maximized by placing it at an antinode of the microwave's
magnetic field (B;). Thus, two independent adjustments are neces-
sary: one to rotate the roof mirror to minimize co-polar leakage and
one to translate the sample to a maximum of B;.

Roof mirror rotation and sample translation are implemented
with two mechanical transmission systems (see fig. S2). The first
system rotates the rooftop mirror about an axis perpendicular to
the magnetic field; as reported by previous work, subdegree rotation
of a rooftop end mirror can result in approximately 30 dB of addi-
tional cross-polar isolation (46, 47). To achieve subdegree precision,
a 30:1 worm gear assembly was used. The worm gear pinion is con-
nected to a lead that ends outside of the magnet and can be rotated
by hand or a connected stepper driver. The co-polar and cross-polar
signal amplitudes as a function of roof-mirror angle are shown in
fig. S4. When using the rooftop end mirror (47), the cross-polar iso-
lation is greatly improved, and the variable attenuator can be adjust-
ed to attenuate much less IF power down to 0 dB while still limiting
power to the IF stage to —35 dBm.
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Fig. 4. Schematic drawing demonstrating ITST's heterodyne detection
scheme for induction mode EPR. Co-polar, y-polarized 240-GHz microwaves
(red line) enter the waveguide through a wire grid polarizer with wires oriented
along the x axis and propagate along the waveguide polarized in the y direction
(red line). Reflected microwaves are slightly elliptically polarized in the xy plane
(green line). The cross-polar, x-polarized microwaves (yellow line) are reflected
by the wire grid polarizer and received by the WR3.4 Schottky diode—based sub-
harmonic mixer (Virginia Diodes Inc.), while the co-polar microwaves (blue line) are
transmitted back through the wire grid into an absorber. Cross-polar microwaves
are mixed down to 10 GHz (blue line) by a 115-GHz local oscillator (purple rectan-
gle and line). A variable attenuator limits the intermediate frequency (IF) power so
that approximately —35 dBm of 10 GHz signal is transferred to the IF stage for
filtering, amplification, additional mixing, and digitization. The polarization state
of the beam in each path is depicted by small arrows.

The second transmission system positions the sample at a
maximum of By using a 5:1 spur gear assembly rotating about an
axis parallel to the magnetic field. The sample rests on 12.7-um-
thick Mylar film that is glued to a slot-guided, threaded shaft. Ro-
tation of the spur gear is translated into linear motion of the
M10x0.5 threaded shaft along the applied microwave axis (see fig.
S$3). Translation along the microwave axis is not necessary in the
case of the SSH, as the standing-wave condition ensures that an elec-
tric field node (and, hence, a magnetic field antinode) appears on
the surface of the mirror.

Experimental results

The QSH was tested with three different samples and EPR modes
(see Table 1): a solution of 100 uM gadolinium chloride in D,O
by cwEPR as a proxy for Gd spin labels used for distance measure-
ments in spin-labeled proteins (58), a diamond crystal with nitrogen
substitutional defects (P1 centers) by pulsed EPR as a proxy for
solid-state spin qubit candidates, and a single crystal of lithium
phthalocyanine (LiPc) by rapid-scan EPR as a narrow-line radical
that is sensitive the local oxygen concentration (59). The measure-
ments were compared with those done with the SSH, in both the
SSH-M and SSH-T positions. The QSH experiments were done
with a flat (QSH-FM) and rooftop end mirror (QSH-RM) for com-
parison. Optimization procedure for each experiment using the
QSH-RM is described in detail in section S3.

Sojka et al., Sci. Adv. 9, eadi7412 (2023) 20 September 2023

cwEPR

cwEPR was performed on 100 uM GdCl; dissolved in D,0O. The
GdCl; solution was inserted into a 100-pm-thick, 2 mm-by-5
mm borosilicate glass capillary (VitroCom, Mountain Lakes, NJ,
USA) to maximize the ratio of surface area to thickness and
sealed with wax (60). The modulated signal was amplified using a
lock-in detector (SR830, Stanford Research Systems) and is shown
in Fig. 5. The SNR was best in the case of QSH-RM (SNR = 292)
because of our ability to minimize the co-polar baseline while
also maximizing the spin response by optimizing the sample posi-
tion. Next best was SSH-T (SNR = 53), due to the near-zero micro-
wave losses as a result of the mirror being placed directly at the end
of the waveguide. SSH-M had the lowest SNR (SNR = 14): This is
due to microwave losses as a result of divergence of the Gaussian
beam. QSH-FM (SNR = 37) had an SNR greater than that of
SSH-M because it was able to reduce divergence loss with focusing
quasi-optics but, as expected, still had more divergence loss than
SSH-T, which had no free-space propagation.
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2 | )
3 m.ma/\/ (37)
=]
E1f
n [
of SH- (292) ]
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Fig. 5. cwEPR of 100 pM GdCI3. EPR signal as a function of field, as detected by a
lock-in amplifier (100-ms lock-in time constant). The applied magnetic field was
modulated at the resonant frequency of the modulation coil and an accompanying
10-nF capacitor (Byoq = 14.8 G at 33 kHz in the case of the SSH and B,,oq = 7.9 G at
23 kHz in the case of the QSH). The SNR was best in the case of the QSH-RM (blue)
because of the ability to reduce co-polar noise, as well as to position the thin
GdClz-filled capillary at a maximum of the irradiated B, field. The baseline was
removed by subtracting the mean of points within the vertical gray column. SNR
(in parentheses) was calculated by dividing peak baseline-corrected signal by the
SD of baseline-corrected points within the vertical gray column.

Table 1. SNR and insertion loss for each sample holder configuration.
SH config., sample holder configuration; CW, continuous wave; RS, rapid
scan; Ins. loss, insertion loss; P1 dia., P1 diamond.

SH config. cw Pulsed RS Ins. loss (dB)
Sample Gd(I) P1 dia. LiPc -
55HMM173 ............... 278 ............... 418i02
SSHT ...................... 53 ................. 472 ................. _267i04
QSHFM ................... 37 ................. 219788 ................ 1844;05
QSHRM .................. 292 ................ 524 ............... : 620 ............... 153i04
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Pulsed EPR

Pulsed EPR was performed at 240 GHz on P1 nitrogen vacancy
centers in a diamond crystal using a cw 60-mW source Virginia
Diodes, Inc. that was pulsed using a fast PIN (p-type, intrinsic, n-
type) diode switch (SWM-0JV-1DT-2ATT, American Microwave
Corporation, USA). A Hahn echo pulse sequence, consisting of a
600-ns excitation pulse, 1.2-ps delay time, and 800-ns refocusing
pulse, was used to create a spin echo. The pulse sequence was repeat-
ed at 1 kHz and averaged over 512 repetitions per field position. In-
tegrated echo intensity was recorded as a function of field and
plotted in Fig. 6. The results from each sample holder were quite
similar. The SSH-M performed the worst (SNR = 178) because its
long optical path length and beam divergence cause clipping at the
waveguide aperture (see Fig. 3). The SSH-T did not suffer from this
clipping and, therefore, performed second best (SNR = 472). The
QSH-FM (SNR = 219) and the QSH-RM (SNR = 524) should
have performed similarly, as the co-polar background cannot
obscure the cross-polar signal after the pulse sequence has occurred.
However, optimizing the roof mirror angle for the maximum Hahn
echo did improve SNR and allowed the QSH-RM to perform the
best overall.

Rapid-scan EPR

Rapid-scan EPR was performed on a needle of LiPc at 240 GHz in
three sample holders (SSH-M, QSH-FM, and QSH-RM). Rapid-
scan SSH-T experiments were not performed because the modula-
tion field strength (approximately 16-gauge tip to trough; see
section S4) was insufficient to entirely sweep the LiPc resonance.
The rooftop mirror increased the cross-polar isolation by ~20 dB.
As shown in Table 1 and Fig. 7, the SNR of the QSH represented an
improvement over the SSH. In the QSH-FM, the SNR improved by
approximately 3x over the SSH-M (278 — 788). After replacing the
end mirror with a rooftop mirror (QSH-RM), the SNR was im-
proved by an additional 2x (788 — 1620), for a total improvement
of 6x (278 — 1620).

DISCUSSION

Here, we demonstrated a rapidly prototyped, cost-efficient 3D
printed sample holder that is capable of greatly improving the
SNR of cwEPR and rapid-scan EPR by reducing co-polar leakage
and optimizing B; field strength at the sample position. The
sample holder presented here represents an easy-to-implement sol-
ution for improving the SNR of a variety of homebuilt EPR spec-
trometer designs through custom-fit modifications of the .stp files
included in the Supplementary Materials. 3D printed components
enable simple incorporation into a variety of induction mode
HFEPR spectrometers and provide a method to improve SNR
while still allowing further customization for possible additional
functionality. The three main benefits of our design can be summa-
rized as follows.

1) Better SNR and sensitivity improvement: The QSH showed
SNR improvements for all three EPR experimental techniques:
cw, rapid-scan, and pulsed (see Table 1). In the case of cwEPR
and rapid-scan EPR, reducing the baseline is critical for improving
the SNR. In this case, the rooftop mirror provides a substantial
benefit. It can improve co-polar isolation by 220 dB and SNR by
around 6, when compared to the best possible configuration
using the SSH. In addition, the QSH benefited from ¢cwEPR and
rapid-scan EPR by allowing the sample to be placed in the middle

Sojka et al., Sci. Adv. 9, eadi7412 (2023) 20 September 2023
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Fig. 6. Field-swept echo of P1 centers in diamond. Integrated echo magnitudes
plotted as a function of field for each sample holder configuration (1 kHz repetition
rate with 512 averages at each field position). SSH-M (red) performed the worst
(SNR = 178). SSH-T (orange) performed as the second best; the optical path
length was minimal and, therefore, so were losses due to propagation (SNR =
472). QSH-FM (green) performed second worst (SNR = 219). QSH-RM (blue) per-
formed the best as a result of focusing optics and the ability to maximize desirable
cross-polar signal (SNR = 524). SNR (in parentheses) was calculated by dividing
peak signal by the SD of points within the vertical gray column.
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Fig. 7. Rapid-scan EPR of LiPc needle, directly detected and averaged. (A)
Time-resolved rapid-scan EPR spectra of LiPc with 10,000 averages. SSH-M is
shown in red (Boq = 144 G at 33 kHz, variable IF attenuator setting Ao, = 25.5
dB, SNR = 278); QSH-FM is shown in green, and sample position was adjusted
using the optical axis positioning thread to maximize signal amplitude (Bynod =
75 G at 23 kHz, A5, = 20.5 dB, SNR = 788); QSH-RM is shown in blue, sample po-
sition was adjusted using the optical axis positioning thread to maximize signal
amplitude, and the rooftop mirror was adjusted to minimize co-polar baseline
(Bmod = 75 G at 23 kHz, A,,, = 5.75 dB, SNR = 1620). SNR (in parentheses) was cal-
culated by dividing peak amplitude by the root mean square deviation of points
within the vertical gray bar. (B) Deconvolved LiPc spectra after application of the
driving-function Fourier deconvolution algorithm found in (64).

of the modulation coil where the best possible performance could be
achieved. Note that the results presented here were established using
an imperfect rooftop mirror end-milled from an aluminum rod.
2) Reduction of co-polar intensity during pulsed EPR measure-
ments: In pulsed EPR, the signal is usually detected after the exci-
tation is turned off, which makes co-polar leakage a smaller concern
than in the other two modes. Therefore, in this mode, the sample is
typically placed as close as possible to the waveguide to limit losses
due to Gaussian beam propagation. Such losses cannot be avoided
in the QSH-FM/RM, but they can be partially mitigated by the par-
abolic focusing mirrors. Nevertheless, even for the Hahn echo
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experiment presented here, the QSH-RM was able to improve SNR
by ~11%. To achieve this improvement, the polarization of the echo
was slightly rotated to better couple with the induction mode quasi-
optics, and the sample was positioned at a magnetic field antinode.

For high-power pulsed HFEPR measurements, in which the mi-
crowave pulse is generated by a gyrotron or free-electron laser, im-
proved cross-polar isolation should greatly reduce the time between
the end of the pulse sequence and the time at which detection of an
echo or free-induction decay begins (often called the “dead time").
As an illustration, Fig. 8 shows experiments in which a pulsed EPR
signal from P1 centers in diamond is recorded during a 240-GHz
microwave pulse from our amplifier-multiplier chain—a so-called
“zero—dead time" experiment (47). With the SSH, which has no roof
mirror, the co-polar signal dominates, resulting in a large baseline,
and the features associated with P1 centers show up as a decrease in
the signal. When using the QSH with the roof mirror properly ad-
justed, the baseline associated with co-polar leakage is reduced
enough that the cross-polar EPR signal dominates and sample ab-
sorption is directly observed as an enhancement of detected pulse
power, returning the expected EPR spectrum.

3) Enables real-time rapid-scan EPR of transient phenomena:
The QSH improved co-polar isolation by a factor of 220 dB and
SNR by approximately 6, corresponding to a 36x reduction in
signal acquisition time for comparable SNR. For rapid-scan exper-
iments, a reduction in requisite acquisition time increases the time
resolution, enabling capture of more rapid transient phenomena. As
a proof of concept, we “filmed” the well-known line broadening of
the EPR spectrum of a LiPc needle under oxygenic conditions (59,
61). The sample space was pressurized (<4 psi) by a continuous flow
of nitrogen gas for 5 min and then quickly switched to a continuous
flow of air (<4 psi). A set of spectra recorded at different times, in
the left panel of Fig. 9, shows the expected broadening. The right
panel shows the linewidth as a function of time, extracted from Lor-
entzian fits to a set of ~400 sequentially acquired spectra, showing
the onset of broadening when oxygen reaches the crystal. In this
case, we achieved the sensitivity required to observe the broadening
due to oxygenation with time steps as low as 15 ms, although each
point plotted here was averaged over 300 ms.

Future work for the QSH-RM includes incorporating a fast-
loading sample design and identifying and optimizing a 3D printing
substrate that is capable of handling liquid nitrogen temperatures
for cryogenic experiments (57, 62). It may also be beneficial to im-
plement a piezo-electric rotator in place of the manual rotation
knob to optimize sample position and rooftop mirror angle auto-
matically and repeatably. Furthermore, the QSH may provide an
avenue to greatly reduce dead time of pulsed EPR using high-
power microwave sources such as ITST's free electron laser (35).
Last, rapid-scan EPR of proteins doubly labeled with Gd spin tags
offers the possibility of “filming” proteins in action by measuring
dipolar-broadened EPR spectra as a function of time (58). Although
experiments performed here were done without a cavity, the QSH-
RM sample holder should be compatible with a Fabry-Pérot type
cavity, which would further enhance SNR and time resolution.

MATERIALS AND METHODS

Fabrication of QSH

The prototype and gears were 3D printed from polylactic acid by an
Original Prusa i3 MK3S+ (Prusa Research s.r.o., Czech Republic).
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Fig. 8. Integrated intensity of a long (~1 ps) microwave pulse during a reso-
nant field sweep. In the case of the SSH-T, the resonant signal is a result of a de-
crease of the detected co-polar power due to substantial leakage. After
optimization, the QSH-RM signal is primarily cross-polar and thus results in a
signal increase while on resonance.

|

Signal (arb. u.)

t=0—120s

—2.5 U.I 2.5 0 5I0
Field (G) Time (s)

100

Fig. 9. Line shape broadening of a LiPc needle due to oxygenation. (A) Indi-
vidual “frames” of the time-resolved rapid-scan line shape. The time elapsed
between each frame shown was ~15 s, although a similar frame was recorded
every ~300 ms. Frames of ~15 ms (250 scans) provided sufficient SNR for
filming, but frames of ~300 ms (5000 scans) were more than fast enough to
resolve this minute-long process. Raw data are shown in black, and a Lorentzian
best fit is show in dashed red. (B) Lorentzian linewidth as a function of time as
returned by least-squares best fit [fit shown in red in (A)]. Nitrogen atmosphere
is represented by the gray background; air atmosphere is represented by the
white background. Infrequent outlier points may be due to turbulent air within
the sample space or imperfect programmatic signal phasing in postprocessing.

We used a Helmholtz modulation coil wound from Cu 32 American
Wire Gauge wire to get direct access to the sample space. Sample
space access is necessary for fiber optical excitation in experiments
similar to those presented in (58) and may also allow for fast sample
loading in future designs. The coil was calibrated using a reference
sample of LiPc (see fig. S6).

Measurement of insertion losses

The insertion losses mentioned in Table 1 were measured with a
quasi-optical THz detector (3DL 12C LS2500 A2, ACST GmbH,
Germany). The detector was set up to measure the returned co-
polar intensity (y axis polarized blue signal in Fig. 7) that should
represent the entirety of the source power (except insertion loss)
after reflection from an empty sample holder. The QSH was
tuned to maximize the amount of co-polar power detected in this
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configuration. The control experiment for normalization was done
with a planar mirror placed directly before the EPR probe input.

Samples

P1 diamond

The diamond sample was a 5 mm-by-5 mm-by—1 mm type 1b
diamond crystal with substitutional nitrogen (“P1") defects. Esti-
mated P1 concentration is approximately 62 + 5 parts per million
(58). The crystal was adhered to its mount using Apiezon
vacuum grease.

Gadolinium(lll) chloride

Gadolinium chloride was bought from Sigma-Aldrich and dissolved
in D,0O with a concentration of 1 mM and then diluted to 100 puM.
The spectra shown in Fig. 4 were recorded without sample degas-
sing. The capillary rested on its mount and stayed in position due
to gravity.

Lithium phthalocyanine

LiPc in microcrystalline form was prepared electrochemically fol-
lowing a procedure described in the literature (59, 63). A crystal
sample was obtained from Mark Tseytlin (West Virginia Universi-
ty). A sharp single needle was adhered to its mount using Apiezon
vacuum grease.

Statistical analysis
SNR was calculated for all spectra by dividing the peak amplitude of
each signal by the SD of points within the gray vertical bars.
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