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Continuous wave dynamic nuclear polarization (DNP) increases the sensitivity of NMR, yet intense micro-
wave fields are required to transition magic angle spinning (MAS) DNP to the time domain. Here we
describe and analyze Teflon lenses for cylindrical and spherical MAS rotors that focus microwave power
and increase the electron Rabi frequency, vqs. Using a commercial simulation package, we solve the
Maxwell equations and determine the propagation and focusing of millimeter waves (198 GHz). We then
calculate the microwave intensity in a time-independent fashion to compute the v;5. With a nominal
microwave power input of 5W, the average v;s is 0.38 MHz within a 22 pL sample volume in a
3.2 mm outer diameter (OD) cylindrical rotor without a Teflon lens. Decreasing the sample volume to
3 pL and focusing the microwave beam with a Teflon lens increases the v, to 1.5 MHz. Microwave polar-
ization and intensity perturbations associated with diffraction through the radiofrequency coil, losses
from penetration through the rotor wall, and mechanical limitations of the separation between the lens
and sample are significant challenges to improving microwave coupling in MAS DNP instrumentation. To
overcome these issues, we introduce a novel focusing strategy using dielectric microwave lenses installed
within spinning rotors. One such 9.5 mm OD cylindrical rotor assembly implements a Teflon focusing
lens to increase the vq5 to 2.7 MHz within a 2 pL sample. Further, to access high spinning frequencies
while also increasing v;s, we analyze microwave coupling into MAS spheres. For 9.5 mm OD spherical
rotors, we compute a v of 0.36 MHz within a sample volume of 161 pL, and 2.5 MHz within a 3 pL sam-
ple placed at the focal point of a novel double lens insert. We conclude with an analysis and discussion of
sub-millimeter diamond spherical rotors for time domain DNP at spinning frequencies >100 kHz. Sub-
millimeter spherical rotors better overlap a tightly focused microwave beam, resulting in a v;s of
2.2 MHz. Lastly, we propose that sub-millimeter dielectric spherical microwave resonators will provide
a means to substantially improve electron spin control in the future.
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1. Introduction

Magic angle spinning (MAS) nuclear magnetic resonance (NMR)
is a powerful technique to investigate molecular structure [1-8].
However, the low sensitivity of NMR spectroscopy hinders experi-
ments and can lead to long signal averaging times. Dynamic
nuclear polarization (DNP) increases MAS-NMR sensitivity by
orders of magnitude by transferring polarization from electron to
nuclear spins [9-14]. Common continuous-wave (CW) DNP mech-
anisms include the solid effect, the cross effect, and the Overhauser
effect [15]. However, CW-DNP does not perform as well at room
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temperature and high magnetic fields [16-22], and current limita-
tions in microwave intensity curtail the transition of DNP from CW
to pulsed regimes [23].

Time domain DNP with subsequent pulsed electron decoupling
is a promising route to DNP at room temperature [24]. The inte-
grated solid effect (ISE) [25-27], nuclear orientation via electron
spin locking (NOVEL) [28-30], electron-nuclear cross-polarization
(eNCP) [31,32], and time-optimized (TOP) DNP [33] are all promis-
ing time domain DNP approaches that can be implemented with
readily available frequency-tunable gyrotron oscillators [23,34],
and semiconductor microwave switches [35]. However, these time
domain DNP experiments require a high electron Rabi frequency,
v1s. For example, using the frequency-swept integrated solid effect,
an vys of 1.5 MHz yields sufficient electron spin control for time
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domain DNP [26]. We therefore set out to design and analyze
instrumentation to increase the electron Rabi frequency to greater
than 1.5 MHz.

Different methods to increase vis include high-power micro-
wave sources [36-42], and also improving microwave coupling
through the use of microwave resonators [43-45] and dielectric
lenses [46,47]. For instance, a cylindrical Teflon lens has been
shown to increase v;s from 0.84 MHz to 0.91 MHz [46].

In addition to achieving intense microwave fields, MAS DNP
instrumentation must also provide intense radiofrequency (RF)
fields to control and detect nuclear spins, cryogenic cooling of sam-
ples to extend spin relaxation, and sample rotation to partially
average anisotropic interactions within the spin Hamiltonian
[42,48,49]. Therefore, significant challenges associated with
increasing the vis in MAS DNP experiments by improving micro-
wave coupling to the sample include microwave diffraction
through the RF coil, losses from penetration through the rotor wall,
and mechanical limitations to the optimal distance between the
Teflon lens and sample.

To achieve higher spinning frequencies and better couple the
microwaves into the sample, we have developed spherical MAS
rotors for DNP-NMR [50]. For example, we have demonstrated
9.5 mm outside diameter (OD) spherical rotors can spin stably up
to 10.6 kHz at the magic angle [50]. Performing time domain
DNP with electron decoupling in MAS spherical rotors will be a
powerful technique to investigate biological and chemical struc-
tures [23].

High Frequency Structure Simulator (HFSS; Ansys, Canonsburg,
PA), a commercially available simulation package that solves Max-
well equations, determines the propagation and focusing of mil-
limeter waves in a time-independent fashion to compute the vy
of electron spins [24,46,51]|. We employ this microwave analysis
strategy to investigate Teflon lenses with different sizes and shapes
of rotors to improve vys.

2. Methods

HFSS requires incident microwave power, dielectric constants
(¢), and probe geometry to accurately model microwave coupling
to the sample. In our laboratory, 198 GHz microwaves are gener-
ated by custom-built gyrotrons [42] and transmitted to DNP-
NMR probes [52] with a corrugated waveguide. The output power
of our gyrotrons currently spans from 10 to 40 W, and transmission
losses are typically 3 dB, resulting in a consistent minimum power
delivery of 5 W to the probe [52].

Here we modeled the microwave input into the stator as a pure
Gaussian beam with a waist of 3.175 mm and a power of 5.0 W
[51]. The spinning apparatus, waveguide, and radiofrequency coil
for each simulation resides inside of an air box, and with exterior
interfaces defined as a radiation boundary. In other words, all of
the microwave power incident on the surface of the box is trans-
mitted to the surroundings, without any power reflecting back.
Meshing of the computation voxels varies depending on the size
of the structures in the simulation, with typical meshing density
totaling one million voxels.

The sample in the simulations is a cryoprotecting glycerol-water
frozen glass. The dielectric constant (€ = g + ig;) of this matrix at
77 K and 140 GHz is 3.5 (&;), with a loss tangent (tans = g;/€;) of
0.005[46]. To model the dielectric constant at 198 GHz, we retained
the real part (g;=3.5) and scaled the imaginary part (g; = 0.007),
because ¢, is expected to be mostly invariant to a frequency change
of 58 GHz, and ¢; scales linearly with frequency [53,54].

The pass number, how many times HFSS calculates the same
model, is typically between 15 and 25 before the calculation con-
verges and requires approximately one day of computation on a

desktop computer. We calculate the electron Rabi frequency vis
after the calculation converges.

The average vis is calculated using the same method as
described previously [46,51]. This calculation method includes
conversion of laboratory frame from HFSS coordinate and volume
average of the peak transverse magnetic field [51]. The following
equation is used to calculate vy:

1 uof 512 =12
vlszzxysxv/v\/|H~x| L H-gfav

where v is the gyromagnetic ratio of the electron spins, L is perme-
ability of free space, V is the sample volume, and H is the magnetic
field.

Importantly, all of these simulations have been benchmarked
with experimental data previously. For example, Nanni & Barnes
et al. determined a v¢s of 0.84 MHz with 5W of 250 GHz micro-
wave power incident on a 4 mm sapphire rotor [46]. Note, that
study included a Teflon lens and metallic coating on the interior
of the stator to increase microwave intensity in the sample. That
Nanni & Barnes et al. study also verified the value of 0.84 MHz
(with 5W of incident microwave power) using published values
of electron relaxation, and a theoretical treatment of cross effect
DNP performance involving Bloch equations and electron spin sat-
uration. In a subsequent study [51], we showed that our simula-
tions closely matched the results of Nanni & Barnes et al. for
4 mm sapphire rotors. We also have previously employed a micro-
wave analysis to 3.2 mm cylindrical zirconia rotors [24].

In the present study, the results shown in Fig. 1A closely match
the results of these previous studies, and therefore act as an exper-
imental verification and important benchmark for all other micro-
wave analysis presented herein. We emphasize that the goal of this
study is to improve microwave coupling to MAS samples. Even if
the absolute magnitude of the electron spin Rabi frequencies is
not precise, the relative improvement in microwave performance
is the salient aspect of the microwave analysis presented in the fol-
lowing sections.

3. Results & discussion
3.1. Cylindrical rotor with a 3.2 mm OD

Components were included sequentially into the simulation
geometry to analyze the effects of the RF coil and rotor on the
microwave beam (Fig. 1). Fig. 1A shows a Teflon lens (g, =2.1)
focusing the microwave beam into a cylindrical 22 pL sample
(& = 3.5). This model yields an average v;s of 0.67 MHz throughout
the sample. The Teflon lens is composed of a curvature end with a
radius of 5 mm to focus the microwaves [46] and a cylindrical stalk
to fit the lens with different geometries (waveguide, stator, 9.5 mm
cylindrical or spherical rotors). The focused beam results in high
microwave intensity in the middle of the sample and very low
power delivery at the ends. The simulation in Fig. 1B also includes
a four-turn spaced RF coil that diffracts and attenuates the micro-
wave beam, resulting in a reduction of the average v;s to 0.59 MHz.
Previously, it has been calculated that an RF coil of thin wire and a
tight pitch will pass microwave power without such losses [46].
However, we have not pursued this strategy because flow dynam-
ics from variable temperature fluid can result in mechanical insta-
bility of such weakly supported coils. Such mechanical instability
can have detrimental effects on RF performance, especially with
high variable temperature fluid streams required for cryogenic
MAS experiments below 6 Kelvin [48].

As demonstrated by Zilm and Carroll [55], the v;s can be
increased by focusing the microwave beam into small volume sam-
ples. Our microwave analysis (Fig. 1C) shows an average v;s of
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Fig. 1. HFSS results at 198 GHz with increasing system complexity. (A) Schematics and HFSS of a waveguide, Teflon focusing lens, and cryoprotected sample (~22 pL). (B)
Schematics and HFSS with the addition of an RF coil. (C) Schematics and HFSS with a sample size reduction (~3 pL). (D) Schematics and HFSS results with the addition of a

sapphire rotor.

1.0 MHz throughout a 3 pL sample employing this strategy. Includ-
ing a cylindrical sapphire rotor results in yet additional microwave
focusing into the sample, and a vy of 1.2 MHz throughout the 3 pL
sample volume (Fig. 1D).

To examine the ability of the lens to focus microwaves within
the context of the complex geometry of the stator, we also per-
formed simulations which include the Kel-F stator body and bear-
ings (Fig. 2). Fig. 2 compares the v;5 with and without the Teflon
lens. Based on HFSS, the average vy is 1.5 MHz with a Teflon lens
and a small volume of 3 pL, almost four-times greater than without
a Teflon lens (0.38 MHz) over a sample volume of 22 pL. We
emphasize that these results compare favorably to a previous
microwave analysis which has been confirmed experimentally,
providing an important benchmark for our study [46]. Also note
that more incident microwave power will increase v;s accordingly.
Gyrotron development to generate intense microwave and fre-
quencies suitable for high-resolution NMR is an active field of
research [16,34,38,42,56]. In addition to developing higher power
microwave sources (>100 kW) to perform time domain DNP on lar-
ger samples, we will also make the best use of currently available
power by implementing Teflon lenses and microwave resonators.

Implementing Teflon lenses to focus power into 3.2 mm cylin-
drical rotors is challenged by not only diffraction through the RF
coil, but also the steric hindrance of bringing the lens millimeters
away from the rotor in order to maximize focusing. Therefore,
we designed a 9.5 mm OD cylindrical rotor assembly that employs
a Teflon lens within the rotor at the optimal distance to the sample

(Fig. 3).
3.2. Cylindrical rotor with a 9.5 mm OD

Microwaves are introduced along the spinning axis in
simulations of a 9.5 mm OD cylindrical rotor (Fig. 3A) [20,56].

The simulation includes the entire 9.5 mm OD cylindrical rotor,
coil, waveguide, and also a thin copper disc between the drive tip
and the sample for microwave reflection, which has been shown
to improve DNP enhancements employing axial coupling [20,56].
Without a Teflon lens, the average simulated v,s of a 690 pL sam-
ple (&; = 3.5) is 0.34 MHz (Fig. 3B). Although this vy is sufficient to
generate large DNP enhancements with the cross effect, which
would result in very high signal-to-noise when combined with
the large sample volume, there are considerable experimental
challenges to spinning 9.5 mm cylindrical rotors for cryogenic
MAS DNP. For instance, spinning frequencies of 9.5 mm cylindrical
rotors are limited to roughly 4 kHz and it is difficult to generate the
required RF field, vy, for proton decoupling [52]. Cryogen con-
sumption levels for cryogenic MAS of 9.5 mm OD cylinders would
also be substantial.

However, we continued to explore microwave coupling into
9.5 mm rotors with the objective of performing pulsed DNP and
electron decoupling at room temperature, which would not require
cryogens for MAS. We decreased the sample volume in the 9.5 mm
OD cylindrical rotors (Fig. 3C), with the idea of surrounding the
sample with an inductively coupled magic angle spinning coil to
improve RF performance [44,57]. The spacer on the sample holder
was designed such that the sample could be placed at the optimal
distance for the Teflon lens to focus microwaves. We determined
the optimal distance by changing the distance between the Teflon
lens and the sample in HFSS (Fig. 3D-F). A lens-sample distance of
3.5 mm was found to be the optimal separation, which yields an
average vis over a 2 pL sample volume of 2.7 MHz (Fig. 3F). We
note this vis is almost eight-times greater than the v;s over
690 pL of sample in the 9.5 mm cylindrical rotor without a Teflon
lens (Fig. 3B). However, we do note that maximum spinning fre-
quency of this 9.5 mm OD cylindrical rotor apparatus is quite
limited.
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Fig. 2. Microwave analysis for 3.2 mm cylindrical rotor and stator housing. (A) Schematics for a 3.2 mm cylindrical rotor inside the MAS stator. (B) HFSS of the setup shown in
(A). (C) Expansion of the sample in (B). (D) Schematics showing the installation of the Teflon focusing lens. (E) HFSS of the setup in (D). (F) Expansion of the sample in (E).

3.3. Spherical rotor with a 9.5 mm OD

In order to access higher spinning frequencies and improve MAS
instrumentation, we have recently introduced MAS spherical
rotors [50]. Whereas 9.5 mm OD cylindrical rotors are typically
limited to 4 kHz spinning, we demonstrated 9.5 mm OD spherical
rotors spinning stably at 10.6 kHz [50]. We therefore performed
microwave analysis of spherical rotors. The analysis shown in
Fig. 4A includes a Teflon lens within the waveguide to focus micro-
waves into 9.5 mm OD spherical rotors [50]. The zirconia spherical
rotor (&, =20), two polyethylene plugs (g, =2.25), and a 161 pL
sample were also included in the simulation (Fig. 4A). We found
the average vy to be 0.36 MHz over the 161 pL sample (Fig. 4B).

To improve the vy, in large volume spherical rotors, we devised
a geometry which includes two Teflon lenses within the rotor
(Fig. 4C). This assembly, with lenses on both spinning poles, is
invariant to either orientation of the sphere with respect to the
waveguide. The opposing lens also acts as a reflector to further
increase the microwave intensity between the two lenses. The flat
feature of the lenses on the exterior of the rotor reduces reflectance
and increases microwave coupling into the spinning spheres. A
Teflon lens (g.=2.1), zirconia spherical rotor (g, =20), interior
polyethylene container (&, =2.25), and a 3 pL sample (g, =3.5)

were included in the simulation. The average v;s is 2.5 MHz
(Fig. 4D), almost seven-times greater than that in the 9.5 mm
spherical rotor without the double lens insert (Fig. 4B). Although
the v;s is improved to 2.5 MHz, and the filling factor of these
geometries could be optimized with inductively coupled micro-
coils, the spinning frequency of the large 9.5 mm spherical rotors
is currently limited to 10.6 kHz. Sub-millimeter spherical rotors
are expected to achieve much higher spinning frequencies, and
are also advantageous for microwave coupling.

3.4. Spherical rotor with a 0.5 mm OD

The focused microwave intensity in Fig. 3F shows a spherical,
not cylindrical distribution, of a tightly focused microwave beam.
Indeed, the cross section of tightly focused electromagnetic radia-
tion is a circle, not a rectangle. We therefore turned to spherical
samples and rotors to match the natural geometry of the micro-
wave intensity. The sub-millimeter length scale of the spherical
microwave intensity shown in Fig. 3F indicates an OD of 0.5 mm
would result in effective overlap of the sample with the focused
microwave beam.

We therefore turned to sub-millimeter spherical rotors to
optimize microwave performance. Additionally, sub-millimeter
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Fig. 3. Teflon lens inserted in 9.5 mm OD cylindrical rotor to focus microwave irradiation. (A) Schematics of a 9.5 OD mm cylindrical rotor inside the MAS stator. (B) HFSS of

setup in the box in (A). (C) Schematics of a 9.5 mm OD cylindrical rotor, MAS stator, and

Teflon focusing lens. HFSS results of the setup in the box in (C) at a distance of (D)

1.5 mm, (E) 2.5 mm, and (F) 3.5 mm. The expansions indicate the microwave intensity only of the sample.

cylindrical rotors enable spinning frequencies >110 kHz, which
results in significant averaging of homonuclear proton interactions
and pronounced improvements in NMR spectra [58]. The advantages
of spherical rotors for MAS DNP with sub-millimeter diameters is
therefore clear both in terms of electron paramagnetic resonance
(EPR) performance (microwave control of electron spins) and NMR
performance (spatial averaging of anisotropic interactions).

We also considered other materials for sub-millimeter spherical
rotors with improved microwave transmission, thermal conduc-
tion, and mechanical strength. Yitria stabilized zirconia, sapphire,
and silicon nitride are commonly employed in MAS rotors, but dia-
mond has far superior material properties. Diamond is commonly
employed in windows of megawatt gyrotrons due to both the extre-
mely small loss tangent (5 x 107> at 145 GHz [59]), and also very
high thermal conductivity (2400 W/m-K at 300 K, five-times higher
than that of copper [59,60]). In addition to minimizing microwave
losses and dissipating heat, the mechanical strength of diamond
also will enable thinner rotor walls to improve sample filling factors.

In this initial investigation into spherical diamond rotors for
MAS DNP, we simulate a solid 0.5mm OD diamond sphere

(&r=5.7) (Fig. 4E). Cylindrical rotors with an OD of 0.5 mm have
been successfully spun up to 126 kHz [61]. Applying MAS spheres
at micron scales has considerable promise to access even higher
spinning frequencies. The implementation of spherical diamond
rotors for MAS will require cylindrical holes or hollowed cavities
for sample loading. Due to the similar dielectric constants of dia-
mond and glycerol-water, we expect the results shown in Fig. 4F
will be generalizable to loaded spherical diamond rotors.

Microwave analysis shows an average v;s of 2.2 MHz with 5 W
of microwave power (Fig. 4F). The v is far more homogenous in
the sub-millimeter diamond sphere than larger geometries
explored previously. Although adiabatic passages achieved with
microwave chirped pulses are very robust to v;s; inhomogeneity
[46], we expect sub-millimeter sample geometries with improved
v1s homogeneity to play an important role in the implementation
of truly pulsed (i.e., hard pulses) EPR control with MAS. Finally,
we note that sub-millimeter spherical rotors are a promising
geometry for spherical dielectric microwave resonators, which
could combine the advantages of microwave focusing from lenses
with high quality factors.



6 P.-H. Chen et al./Journal of Magnetic Resonance 308 (2019) 106518

waveguide

copper
mirror

Teflon lens
sample

9.5 mm
spherical rotor

0.5 mm
spherical rotor

0 1.1

.(avg) =0.36 MHz
(max) = 1.8 MHz

Vv
\"

diameter=9.5mm

— eV, (MHZz)
2.8 55

[(avg) =2.5 MHz

0
V1
v, (max) = 5.5 MHz

diameter=9.5mm

0
v, (avg) = 2.2 MHz
v, (max) = 3.9 MHz

Fig. 4. Focusing microwave irradiation into spherical rotors. (A) Schematics of waveguide, Teflon lens, and 9.5 mm spherical rotor. (B) Microwave analysis of the geometry
shown in (A). (C) Schematics with the addition of the double lens insert. (D) Microwave analysis of the geometry shown in (C). The double lens insert helps further focus the
microwave on the sample. (E) Schematics of waveguide, Teflon lens, and 0.5 mm OD spherical rotor. (F) Microwave analysis of the geometry shown in (E).

4. Conclusions & outlook

We analyze geometries that include Teflon lenses to couple
microwave power into both cylindrical and spherical rotors for
MAS-DNP. HFSS was used to simulate the microwave distribution
and calculate the vy, Table 1 summarizes the vy of the simulated
geometries. The computed vys of a 3.2 mm OD cylindrical rotor
without and with a Teflon focusing lens was 0.38 MHz and
1.5 MHz, respectively. The computed v;s over 690 pL of sample
within a 9.5 mm OD cylindrical rotor is 0.34 MHz, while imple-

menting a Teflon lens increases the vqs to 2.7 MHz, albeit with a
reduced sample size of 2 pL. We also analyzed 9.5 mm OD spheri-
cal rotors. The computed vs is 0.36 MHz with a Teflon focusing
lens exterior to the rotor, and 2.5 MHz with a double lens insert.
A 0.5 mm OD diamond spherical rotor was also analyzed to com-
bine advantages of high electron Rabi frequencies with high spin-
ning frequencies. The computed vis of the 0.5 mm OD diamond
sphere was 2.2 MHz using a Teflon focusing lens.

DNP has already shown promise scaling to higher magnetic
fields. For example, in addition to DNP performed at 900 MHz
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Table 1

Summary of computed electron Rabi frequencies v;s with a nominal microwave power of 5 W within different MAS rotors.

3.2 mm cylindrical rotor

9.5 mm cylindrical rotor

9.5 mm spherical rotor 0.5 mm sphere

No Lens Lens No Lens Lens Lens Double lens Lens
Average v;s (MHz) 0.38 1.5 0.34 2.7 0.36 2.5 2.2
Maximum vqs (MHz) 0.70 34 14 5.8 1.8 5.5 39

[62], a gyrotron operating in the 2nd harmonic has already demon-
strated microwave power output of 5-10 W at a frequency of
0.8 THz, suitable for DNP at 28 Tesla (1.2 GHz 'H frequency) using
a novel double-electron beam magnetron injection gun [63]. The
microwave beam will be able to be focused to even smaller volume
at higher frequencies due to the inverse scaling of wavelength. All
of the microwave simulations in this study employed a nominal
input of 5 W of microwave power. However, these results are gen-
eral and scalable to higher microwave powers. For instance, we are
currently constructing a frequency-tunable gyrotron which is
modeled to produce 400 W of microwave power at 198 GHz.
Assuming 3 dB loss during transmission to the probe and 200 W
of incident microwave power, we expect the vis within 0.5 mm
OD diamond spheres to increase to vs = 14 MHz. Access to such
high electron Rabi frequencies is expected to play a pivotal role
in the implementation of time domain DNP, improved electron
decoupling, and a new suite of coherent EPR pulse sequences for
MAS NMR spectroscopy.
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