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a b s t r a c t

Spherical rotors in magic angle spinning (MAS) experiments have significant advantages over traditional
cylindrical rotors including simplified spinning implementation, easy sample exchange, more efficient
microwave coupling for dynamic nuclear polarization (DNP), and feasibility of downscaling to access
higher spinning frequencies. Here, we implement spherical rotors with 4 mm outside diameter (o.d.)
and demonstrate spinning >28 kHz using a single aperture for spinning gas. We show a modified stator
geometry to improve fiber optic detection, increase NMR filling factor, and improve alignment for sample
exchange and microwave irradiation. Higher NMR Rabi frequencies were obtained using smaller radiofre-
quency (RF) coils on small-diameter spherical rotors, compared to our previous implementation of MAS
spheres with an o.d. of 9.5 mm. We report nutation fields of 110 kHz on 13C with 820 W of input power
and 100 kHz on 1H with 800 W of input power. Proton decoupling fields of 78 kHz were applied over
20 ms of signal acquisition without any sign of arcing. Compared to our initial demonstration of a split
coil for 9.5 mm spheres, this current implementation of a double-saddle coil inductor for 4 mm spheres
not only intensifies the RF fields, but also improves RF homogeneity. We achieve an 810�/90� nutation
intensity ratio of 0.84 at 300.197 MHz (1H). We also show electromagnetic simulations predicting a
nearly 3-fold improvement in electron Rabi frequency of 0.99 MHz (with 4 mm spheres) compared to
0.38 MHz (with 3.2 mm cylinders), with 5 W of incident microwave power. Further improvements in
magnetic resonance spin control are expected as RF inductors and microwave coupling are optimized
for spherical rotors and scaled down to the micron scale.

� 2019 Published by Elsevier Inc.
1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy is unique in
its ability to probe molecular structure and dynamics of liquids
and solids with atomic resolution, making it an important and ver-
satile analytical method. In solids, magic angle spinning (MAS) sig-
nificantly improves NMR resolution by partially averaging
anisotropic spin interactions [1–4]. MAS NMR experiments require
mechanical sample rotation along an axis of 54.7� with respect to
the static magnetic field [5,6]. MAS has enhanced the applicability
of solid-state NMR to a wide variety of chemical environments and
molecular architectures including crystalline proteins [7–11],
membrane proteins [12–22], amyloid fibrils [23–26], cell walls
[27–33], and materials [34–38].
Samples are usually packed into hollow cylindrical rotors in
conventional MAS. This geometry requires bearing gas to suspend
the rotor with minimal friction, and drive gas to generate spin
propulsion. However, wobbling of cylinders about the long axis
can cause collisions that destroy the sample and rotor. Further,
long, narrow cylindrical rotors make sample exchange difficult,
since the exchange tube must be fabricated in such a way to direct
the rotor from the magic angle through a bend up to a vertical tube
[39]. A solenoid coil commonly used to provide radiofrequency
(RF) power for the cylindrical rotor also has drawbacks with
regards to perpendicular microwave coupling for dynamic nuclear
polarization (DNP) [40–42].

We recently described a novel MAS apparatus utilizing a spher-
ical rotor instead of a cylindrical rotor [43]. In our first paper, we
showed that MAS spheres require only a single gas stream to pro-
vide friction-reducing bearing gas, drive propulsion to maintain
spinning, and variable temperature control. Further, we demon-
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strated that spherical rotors spin stably about the spinning axis.
Sample exchange was accomplished through direct access from
the top of the magnet. However, in our first implementation of
MAS spheres, a split solenoid coil was used to allow sample
exchange and microwave coupling, which presented substantial
disadvantages with regards to radio frequency performance.

Here we present a further development of MAS spheres. We
scale the spherical rotors down to 4 mm to attain higher spinning
frequencies and replace the split solenoid coil with a double-saddle
coil to enhance RF homogeneity and the filling factor [44,45]. We
report the first MAS cross polarization (CP) experiment on [U-13C,
15N] alanine spinning at 11.4 kHz using 4 mm spherical rotors.
Spinning with helium gas provides access to spinning frequencies
>28 kHz. Further, the stator design has been modified to fit a smal-
ler coil and improve fiber optic detection for MAS frequencies.
Lastly we examine the microwave coupling capability of 4 mm
spheres through simulations of the microwave field distribution.
2. Materials and methods

High precision spheres are readily accessed through industrial
sources (Ortech Advanced Ceramics, Sacramento, CA). In this cur-
rent study, we further develop the use of Yttria stabilized ZrO2

spheres for MAS, yet we emphasize that future studies will explore
the use of other materials for spherical rotors such as CVD-
diamond, Silicon Nitride, and polymers (plastics). A cylindrical
sample chamber and six longitudinal turbine grooves on spheres
(Fig. 1B and C) were machined by O’Keefe Ceramics (Woodland
Park, CO). Note, the cylindrical sample chamber can only hold
3–4 ll of sample in 4 mm spheres, thus leading to a lower filling
factor compared to the 4 mm cylindrical rotors. As we have
demonstrated previously [43], the sample chamber can be further
hollowed out to yield much improved filling factors and sensitivity.
Three timing marks were laser printed between turbine grooves to
measure the spinning frequency (Fig. 1C).

The spinning axis is first achieved using the turbine grooves of
the sphere. The grooves on the sphere catch the high-velocity gas
exiting the single aperture in the stator, leading to spinning along
an axis parallel to the grooves. The grooves establish a rotation axis
along the sample chamber, and the mass distribution of high-
density zirconia contributes to a stable spinning axis. Once the
spinning axis about the magic angle is established, conservation
of the considerable angular momentum locks the rotor into a stable
spinning axis. Due to the simultaneous bearing and turbine func-
tions of spherical stator design implemented herein, the minimum
stable spinning frequency of spherical rotors is higher than cylin-
drical rotors utilizing split drive and bearing pressures.

We machined 1.3 mm o.d. plug-cylinders (brown in Fig. 1C and
D) from Vespel to seal the sample chamber. A gradual slope to the
o.d. was machined to provide a very tight fit of the plug, and the
plugs were inserted using liquid nitrogen. After inserting the plugs,
the protruding surfaces were cut and sanded down to achieve a
smooth surface. In this way, the spheres are sealed tight enough
to prevent leakage of liquids, even at high spinning frequencies.
The plug-cylinders are one-use, and require machining to remove
the plugs and access the sample.

Stators housing the spherical rotor were 3D printed from
acrylonitrile-butadiene-styrene (Form2 SLA printer, Clear V4 Resin,
Formlabs, Somerville, MA). The double-saddle coil was wrapped,
by hand, around a 4.8 mm metal rod to set the inner diameter.
The coil wire was 24 AWG polyurethane/nylon-coated copper
magnet wire (Belden, St. Louis, MO), and Teflon tape was wrapped
around the wire before forming the double-saddle coil geometry.
Then coil leads were covered with corona dope (GC Electronics,
Rockford, IL; black in the right of Fig. 1D). Experiments without
Teflon tape and corona dope exhibited arcing with high-power
proton decoupling fields.

All experiments were performed at B0 = 7.05 T on a custom-
built, two-channel transmission line probe [46]. The Larmor fre-
quencies for 1H and 13C were 300.197 MHz and 75.491 MHz,
respectively. A spherical rotor packed with 80% H2O and 20% D2O
was used for shimming. Magic angle adjustment was carried out
using 79Br resonance of KBr powder within a spherical rotor. The
CP spectrum was recorded with a rotor-synchronized, echo-
detected CPMAS sequence. 896 scans were acquired and delay
between scans is 3 s. Linewidths were obtained with DMfit [47].
The nutation frequency of the 13C refocusing pulse during the echo
was 64 kHz, while a nutation frequency of 78 kHz was used for
both p/2 pulse and two-pulse phase modulation (TPPM) decou-
pling on 1H [48]. Spinning frequencies were measured either with
fiber optics and a MAS control unit (TecMag Inc., Houston, TX) for
experiments within the magnet, or with a TL-880 laser tachometer
(Terahertz Technologies Inc., Oriskany, NY) outside the magnet. In
the low temperature experiments, helium gas was cooled by flow-
ing it through a copper tube immersed in liquid nitrogen. Temper-
ature was measured with a fiber optic temperature sensor (Neoptix
Inc., Canada) placed adjacent to the spinning sphere.
3. Results and discussion

3.1. Stators and NMR probe

Four millimeter spherical rotors, and the supporting stators,
were designed based on our previously reported 9.5 mm sphere
apparatus [43]. Similar to stators for 9.5 mm spheres, the stators
supporting 4 mm spherical rotors introduce a single gas stream
35.3� off B0 to suspend the sphere and drive sample rotation at
the magic angle of 54.7� (Fig. 1G) [43]. We have improved on the
original stator design by including a tapered gas inlet in order to
release the back pressure generated by the 0.6 mm diameter spin-
ning gas aperture (Fig. 1A, E, F and G). In addition, the gas inlet to
the stator now takes a curved trajectory, in order to center the
sample with the magic angle adjust pivot. In this way, the sphere’s
position with respect to the static magnetic field, microwave irra-
diation, and sample exchange tube is impervious to magic angle
adjustment. We also substantially increased the filling factor of
the sample coil in this design by reducing the wall thickness
around the hemispherical cup of stator, to accommodate a much
smaller coil (Fig. 1B). Other aspects of this design are similiar to
the stators for 9.5 mm spheres. More detail can be found in our first
MAS sphere paper [43]. All together, we fabricated over 300 stators
to implement and test the improvements outlined above. A major
advantage of spherical rotors is the ability to quickly 3D print
many stator designs for rapid prototyping for a fraction of the cost
associated with stators that house cylindrical rotors.

For improved spinning frequency detection, two blind holes for
fiber optics were introduced into the bottom of the stator and ori-
ented towards the equator of the sphere (Fig. 1F and G). Note, the
blind holes permit optical penetration though the very thin ends of
the guide-holes, while also providing a stop to prevent the fiber
optics from touching the spherical rotor directly. These two holes
formed a 30� incident and reflected angle on the sphere surface
for red laser detection.

In a major improvement of the four-turn split solenoid coil pre-
viously used for MAS spheres [43], here we implement a double-
saddle coil for RF excitation and detection (Fig. 1A, B and D) [49].
This design still permits direct sample exchange through vertical
access to the sphere, and also substantially improves RF perfor-
mance. A two-channel transmission line probe provides a maxi-
mum nutation frequency of 110 kHz on 13C with 820 W input



Fig. 1. Probe head accommodating a 4 mm spherical rotor. (A) Engineering schematics of the probe head, including the 4 mm o.d. spherical rotor, stator housing, fiber optics
for spinning detection, double-saddle coil, magic angle adjustment assembly, waveguide and Teflon lens for DNP, tube for sample exchange, and 3D printed post for
connection of the stator to the gas supply. (B) Expansion view of the 4 mm sphere and stator with double-saddle coil and fiber optics. (C) 4 mm o.d. spherical rotors with
Vespel cylindrical plugs to seal the sample chamber. (D) Photographs of the probe head. The split in the double-saddle coil (shown on the left) serves as a window for
microwave transmission. The waveguide and sample exchange tube have been removed for clarity. The double-saddle coil is wrapped with Teflon tape to prevent arcing at
high decoupling power during TPPM. (E) Stator with spherical rotor oriented at the magic angle. Gas flow is indicated with a red dashed line. (F) A section view of E. Gas flow
is indicated with a red dashed line. Fiber optics form an angle of 60� and point toward the sphere’s equator. (G) A section view of E. The aperture for spinning gas at 35.3� off
the magnetic field yields a spinning axis of 54.7�. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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power and 100 kHz on 1H with 800W input power [46]. Isolation
was �42 dB from the 1H to 13C channel and �65 dB from the 13C
to 1H channel, achieved with current nodes, series RC filters, and
frequency selective RF traps [46]. Fig. 1D highlights the gap in
the double-saddle coil, which creates a window for microwave
transmission and additionally permits the optimal geometry for
RF homogeneity [44,45].
3.2. CPMAS experiment with [U-13C, 15N] alanine

To evaluate the performance of 4 mm MAS spheres with
double-saddle coil inductors, CPMAS experiments were conducted
on [U-13C, 15N] alanine at room temperature (Fig. 2A). The nonreg-
ulated spinning frequency of 11.4 kHz using nitrogen gas was
recorded with fiber optic detection (Fig. 2B). Maximum spinning
frequencies were observed around 13 kHz using air for 4 mm
spherical rotors. Although we have previously demonstrated regu-
lated spinning stability of ±1 Hz of spherical rotors, here we show
the unregulated spinning frequency as this data is a better indica-
tor of the spinning stability achieved with rotors of varying geom-
etry. Also, we note that the instability of the spinning frequency
shown in Fig. 2B is most likely dominated by noise related to detec-
tion of the spinning, rather than true spinning instability. Using
78 kHz 1H TPPM decoupling over 20 ms acquisition, linewidths of
152 Hz, 247 Hz, and 146 Hz were obtained for CO, Ca, and Cb,
Fig. 2. NMR performance of the 4 mm spherical rotor with double-saddle coil. (A) CPMAS
gas at �45 psi. Cb, Ca, and CO peaks are observed at 19.6, 50.1, and 176.6 ppm, respective
experiments recorded by fiber optic detection. (C) Nonregulated spinning frequency of
spinning frequency of >28 kHz was achieved with helium gas (�110 psi) at �60 �C.

Fig. 3. Electromagnetic simulation of microwave irradiation into a 4 mm spherical rotor
spherical rotor. (B) Microwave analysis with geometry shown in A. (C) Microwave analy
respectively. No obvious sidebands were observed due to the high
spinning frequency.

The RF homogeneity of the double-saddle coil was analyzed
through a 1H nutation experiment using a Bloch decay pulse
sequence on a sample of 80% H2O and 20% D2O within the 4 mm
sphere. The 1H RF homogeneity indicator calculated using the
intensity ratio for an 810� pulse compared to a 90� pulse was 0.84.

In preparation for DNP experiments at cryogenic temperatures
with high spinning frequencies, we examined spinning outside
the magnet using low-temperature helium gas. Helium gas was
cooled by flowing it through a copper tube immersed in liquid
nitrogen bath. Fig. 2C shows the initial result of nonregulated spin-
ning frequency >28 kHz at �60 �C.
3.3. Microwave simulations for DNP

We used High Frequency Structural Simulator (HFSS; Ansys,
Canonsburg, PA) to investigate the efficiency of microwave trans-
mission at 198 GHz into the 4 mm spherical rotors through the
double-saddle coil. HFSS solves the Maxwell equations and simu-
lates the propagation and focusing of millimeter waves in a time-
dependent fashion [40,41,50]. The time-independent csB1s of elec-
tron spins is then calculated using the same method as described
previously [40,41,50].

The microwave input in the simulation is modeled as a pure
Gaussian beam with a waist of 3.175 mm and a power of 5.0 W
spectrum of [U-13C, 15N] alanine with spinning frequency of 11.4 kHz using nitrogen
ly. (B) Nonregulated spinning frequency of the 4 mm spherical rotor during CPMAS
4 mm spherical rotor recorded with tachometer outside the magnet. A maximum

. (A) Schematics of the waveguide, Teflon lens, double saddle coil, stator, and 4 mm
sis of sample area in B.
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[41,51]. In the simulation, the geometry is included within an air
box with radiation boundary, assuming microwaves radiating out
of the geometry are lost to its surroundings. The sample in the sim-
ulation is a 3.32 lL frozen water-glycerol matrix with a dielectric
constant of 3.5 (er) and a loss tangent of 0.007 (tand = ei/er)
[41,50]. The simulation included a Teflon lens within the waveg-
uide to focus microwaves into the 4 mm spherical rotors (Fig. 3A
and B). The stator housing the sphere, copper double-saddle coil,
two Vespel plugs, and the water-glycerol sample were also
included in the simulation (Fig. 3A). Although the maximum inten-
sities appear within the zirconia sphere, the simulation shows an
average csB1s of 0.99 MHz over the sample area (Fig. 3C), which
is almost 3-fold higher than calculated previously with 3.2 mm
cylindrical rotors [40]. This is a promising result for implementa-
tion of DNP on 4 mm spherical rotors with a double-saddle coil.
4. Conclusions and outlook

With improvements to the apparatus for MAS spherical rotors,
we demonstrate the first CPMAS experiment on spheres. Imple-
mentation of a double-saddle coil resulted in acceptable RF homo-
geneity and NMR Rabi frequencies, while maintaining sample
exchange and improving microwave coupling capability. Scaling
the spherical rotors to 4 mm o.d., we achieved a spinning fre-
quency of >28 kHz at �60 �C using helium gas. Although 4 mm o.
d. cylindrical rotor assemblies which include two drive tips manu-
factured by Doty Scientific can spin up to 24 kHz, typical 4 mm
cylindrical rotors are limited to a maximum frequency of 15 kHz.
We note that this is the first demonstration of 4 mm spherical
rotors, and there are still considerable improvements to be made
with respect to the turbine surface and propulsion of spherical
rotors. Spherical rotors can be reinforced to be much thicker,
specifically at the apex of mechanical stress from centrifugal
forces. Therefore, they can access higher spinning frequencies than
their cylindrical counterparts. We expect to reach spinning fre-
quencies of >200 kHz with smaller spheres. Furthermore, our
demonstration of spinning spheres at �60 �C, as well as microwave
simulations, suggest a feasible path towards high performance
DNP employing spherical rotors.
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