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We present a calculation of the microwave field distribution in a magic angle spinning (MAS) probe uti-
lized in dynamic nuclear polarization (DNP) experiments. The microwave magnetic field (B1S) profile was
obtained from simulations performed with the High Frequency Structure Simulator (HFSS) software
suite, using a model that includes the launching antenna, the outer Kel-F stator housing coated with
Ag, the RF coil, and the 4 mm diameter sapphire rotor containing the sample. The predicted average
B1S field is 13 lT/W1/2, where S denotes the electron spin. For a routinely achievable input power of
5 W the corresponding value is cSB1S = 0.84 MHz. The calculations provide insights into the coupling of
the microwave power to the sample, including reflections from the RF coil and diffraction of the power
transmitted through the coil. The variation of enhancement with rotor wall thickness was also success-
fully simulated. A second, simplified calculation was performed using a single pass model based on
Gaussian beam propagation and Fresnel diffraction. This model provided additional physical insight
and was in good agreement with the full HFSS simulation. These calculations indicate approaches to
increasing the coupling of the microwave power to the sample, including the use of a converging lens
and fine adjustment of the spacing of the windings of the RF coil. The present results should prove useful
in optimizing the coupling of microwave power to the sample in future DNP experiments. Finally, the
results of the simulation were used to predict the cross effect DNP enhancement (�) vs. x1S/(2p) for a
sample of 13C-urea dissolved in a 60:40 glycerol/water mixture containing the polarizing agent TOTAPOL;
very good agreement was obtained between theory and experiment.

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

Magic angle spinning (MAS) nuclear magnetic resonance (NMR)
is an effective method to extract biologically relevant structural con-
straints with sub-angstrom precision from a variety of different sys-
tems such as proteins embedded in native lipid bilayers [1–8],
antibiotics bound to bacterial cell walls in whole cells [9] and amy-
loid fibrils [10–14]. All three of these are examples of systems that
are not accessible by either X-ray crystallography or solution NMR
spectroscopy, the standard tools of structural biology. However,
NMR detection of biomolecules in the solid state is inherently insen-
sitive due to at least three factors. First, nuclear magnetic moments
are very small, a property that yields long lived relaxation times and
high-resolution spectra, but also results in weak Faraday induction
and thus poor coupling to the RF coil. Second, investigating large
ll rights reserved.
macromolecular complexes in biologically relevant environments
such as lipid bilayers or intact cells results in a low concentration
of sites. Finally, detection in MAS experiments is typically per-
formed on nuclei with a low gyromagnetic ratio (13C and 15N) rather
than the more sensitive 1H detection prevalent in solution NMR. Dy-
namic nuclear polarization (DNP) is a powerful technique used to
overcome these sensitivity issues in MAS experiments [15–19].

DNP dramatically improves the sensitivity of NMR experiments
by transferring the large polarization of electron spins to bulk nu-
clei, a process which requires excitation of electron paramagnetic
resonance (EPR) transitions with high-intensity millimeter wave
radiation [20,21]. Sensitivity enhancements of 50–300 on mem-
brane proteins, amyloid fibrils, and micro-crystalline peptides
[18,19,22] are routine and are having a profound impact on biomo-
lecular structural studies. Such results are due to the availability of
stable, high-power gyrotrons as microwave sources [15,23,24],
technical advances in cryogenic MAS [25–27] and the design of
more effective polarizing agents [28–30].

http://dx.doi.org/10.1016/j.jmr.2011.02.001
mailto:enanni@mit.edu
http://dx.doi.org/10.1016/j.jmr.2011.02.001
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr
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DNP enhancements are dependent on a number of factors, and
among the most important is the intensity of the microwave B1S

field throughout the sample, where B1S denotes the component
of the microwave magnetic field that is orthogonal to the Zeeman
field B0 and oscillating in resonance with the electron spins. In MAS
DNP experiments, the B1S field is generated by millimeter waves
produced from an external source coupled to the sample via wave-
guides and/or quasioptics. However, due to the physical con-
straints imposed by the MAS probe, the design of an efficient
mechanism for coupling the microwave power into the sample
has proved challenging. These challenges include a high dielectric
loss tangent of the sample, a cylindrical sapphire rotor, a large RF
coil, the highly overmoded nature of the sample and the surround-
ing Kel-F stator.

Furthermore, the rotor is often filled with sample extending the
entire length of the RF solenoid to increase the signal detected by
the RF coil. This situation is in contrast to EPR/ENDOR resonators in
which the sample occupies a small fraction of the volume where
the B1S field is both uniform and intense [31]. For MAS DNP it is
important to have a B1S field uniformly irradiating the sample in
order to optimize the signal enhancements. Thus, the design and
fabrication of a resonator with dimensions large compared to the
microwave wavelength and containing a lossy dielectric sample
is the paramount challenge in achieving large signal enhancements
at high frequencies in MAS DNP experiments.

This paper presents two models used to analyze and predict the
performance of microwave coupling to the sample in DNP experi-
ments. The first approach utilizes the High Frequency Structure
Simulator (HFSS) code [32] to model the electromagnetic fields
within the MAS stator. The distribution of the microwave field in
the sample is used to calculate the signal enhancement for a given
input power. The second and approximate method is a single pass
model based on Gaussian beam propagation and Fresnel diffraction
that allows for quick inspection of the B1S field throughout the
sample. Using this second method we are able to develop physical
intuition about the impact that different components have on
microwave coupling into the sample. However, the model includes
some approximations that simplify the probe geometry in order to
make an analytical solution possible. We also discuss implications
of the results of these models for the optimization of microwave
coupling and an understanding of the x1S = cSB1S dependence of
the DNP enhancement.

2. Physical structure and dielectric constant

We characterized the microwave power distribution within the
stator of a custom-built quadruple resonance (15N, 13C, 1H, e�)
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Fig. 1. Microwave irradiation into the stator housing (a) for an ideal Gaussian beam em
12 mm from the waveguide end, corresponding to the location of the sample, compared
showing the coil, sample, waveguide, and drive-cup and bearings of the spinning assem
cryogenic sample-exchange DNP probe recently developed in our
laboratory [25]. The microwave source for these experiments is a
250 GHz gyrotron oscillator developed at MIT [24,33], capable of
producing 15 W with a Gaussian beam output. The cross section
of a Gaussian beam is defined as having an intensity profile given
by e�2x2=w2

x e�2y2=w2
y , where wx and wy are the beam waists in the x

and y direction, respectively. The microwave power is coupled
from the gyrotron to the stator through corrugated waveguides
and quasioptics, as described previously [25,34]. After optimizing
the alignment of the system, the microwave beam entering the sta-
tor was imaged 12 mm from the waveguide aperture, correspond-
ing to the location of the sample, using a Spiricon Pyrocam III
pyroelectric detector to verify the Gaussian beam content. Fig. 1
shows excellent agreement between the pyroelectric camera im-
age and an ideal Gaussian beam being radiated from an 8 mm cor-
rugated waveguide into free space. The radiated beam is 93%
Gaussian with a waist of 3.1 mm in the rotor radial axis direction
and 3.4 mm in the rotor long axis direction, determined by finding
the best fit for a 2D Gaussian. The white box in Fig. 1a delineates
the sample region. The optimization of overlap between the sam-
ple and the Gaussian beam using a cylindrical converging lens is
discussed in Section 7.

The probe geometry as modeled in HFSS is shown in Fig. 2. The
MAS stator module houses a cylindrical sapphire rotor with an out-
side diameter of 4 mm and oriented at 54.7� with respect to B0.
Rotors with an inside diameter (ID) ranging from 2.1 to 2.8 mm
were tested, with the optimal results obtained for an ID of
2.4 mm. A rotor with this ID accommodates�56 ll of the cryo-pro-
tected sample of interest. A cylindrical Kel-F stator with a radius of
13.5 mm and a height of 12.45 mm encloses the entire RF coil and
sample assembly. The leads of the RF coil enter from the side of the
stator and form a 6.5 turn solenoid, wrapped from 0.8 mm diame-
ter (20 gauge) silver-plated copper wire. A corrugated 8 mm cylin-
drical waveguide launches microwave power into the stator
towards the sample (Figs. 1c and 2).

The dielectric constant of the sample must be known in order to
accurately model the microwave coupling. Our standard sample is
1 M 13C-urea and 10 mM TOTAPOL [28,29] dissolved in a cryo-pro-
tecting matrix consisting of d8-glycerol/D20/H20 (60/30/10)% by
volume. The dielectric constant of this matrix at 77 K was mea-
sured at 140 GHz using a vector network analyzer; the real part
was 3.5 ± 0.1 with a loss tangent of 0.005 ± 0.0005. The dielectric
constant was determined by measuring transmission through a
thin planar sample of the matrix from 90–147 GHz and fitting
the Fabry–Perot resonances to determine the real and imaginary
part of the dielectric constant; the loss tangent is defined as
tand = �i/�r. Based on typical properties of similar materials such
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Fig. 2. Cavity schematic as modeled in HFSS. The waveguide input is on the right.
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as ice at low temperatures, we estimate that the real part of the
dielectric constant will vary only slightly with frequency, while
the imaginary part will increase approximately linearly with fre-
quency [35,36]. To obtain the dielectric constant at 250 GHz, we
scaled the 140 GHz values, keeping the real part constant (3.5)
and scaling the loss tangent linearly with frequency (0.009). The
general conclusions of this study are not critically dependent on
the exact values of these parameters, which will likely vary with
sample content.

3. HFSS model

The precise B1S field distribution was obtained using a full 3D
HFSS model of the stator, as shown in Fig. 2. A cylindrical Kel-F
stator that is not fully illustrated in Fig. 2, but was included in
the model, encloses the RF coil and rotor. The inside wall of the
stator was partially coated with Ag [25] in order to increase the
(a)

(b)

Fig. 3. Normalized magnitude of B1S, the transverse component of the microwave magne
of the probe and (c) the rotor and sample cross section. The magnitude

ffiffiffiffiffiffiffiffiffiffiffiffiffi
B1SB�1S

p� �
prov

patterns present in the input and the horizontal direction of the sample, as well as the
confinement of the microwave radiation. The coating’s effective-
ness is limited because power escapes through holes required for
the rotor bearing and drive gas and the high voltage leads of the
RF coil. The magnitude of B1S, the transverse component of the
magnetic field, can be seen in Fig. 3. The microwave magnetic field
in the sample is linearly polarized. The linearly polarized micro-
wave field can be decomposed into two circularly polarized com-
ponents, only one of which contributes to the excitation of
electron spins. Fig. 3 plots the normalized magnitude of the mag-
netic field, therefore the distribution is the same regardless of
whether the field is linearly or circularly polarized. Fig. 3a is a cross
section of the center of the probe along the vertical axis of the sam-
ple, Fig. 3b is a cross section of the center of the probe perpendic-
ular to the vertical axis of the rotor, and Fig. 3c is an expanded
image of the sapphire rotor and sample region for the same cross
section shown in Fig. 3a. Several items of interest appear in the
HFSS model. First, a standing wave develops at the input port of
the probe, seen as peaks and nulls in the magnitude of B1S, due
to the large reflection from the RF coil. Second, the diffractive nat-
ure of the waves transmitted through the windings of the RF coil,
which have a wire diameter on the order of a wavelength, manifest
as local maxima and minima along the vertical axis of the rotor.
Third, reflections, especially in the silver coated Kel-F stator, create
some standing wave inference fringes in the radial direction of the
stator. Finally, the amplitude of the field decays towards the verti-
cal extremes of the sample attenuating the signal enhancements
produced in those regions.

The HFSS simulations provide the electric and magnetic field
throughout the stator. Using the known orientation of the sample,
it is straight-forward to calculate the B1S value from the magnetic
field. The software suite allows the user to perform simulations
with progressively smaller mesh sizes to confirm that the solution
becomes independent of grid size. The simulations and the B1S

value converged with a mesh element volume of �(100 lm)3

yielding the spatial, time average B1S field of 13 lT/W1/2. For a
routinely achievable input power of 5 W the corresponding
(c)

tic field, for the (a) vertical cross section of the probe, (b) the horizontal cross section
ides the maximum value of B1S allowing for the observation of the standing wave
interference fringes from the RF coil in the vertical direction of the sample.
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csB1S = 0.84 MHz. The same calculation repeated without the silver
coating of the stator yields 0.70 MHz for 5 W of input power. These
values of B1S are obtained by first averaging the physically impor-
tant quantity, which is B2

1S, over the volume of the sample and then
taking a square root.

Axial and radial distributions of csB1S for an input power of 5 W
can be seen in Fig. 4. Once again, the diffractive effect of the RF coil
is evident in the vertical direction, and standing wave inference
fringes are seen in the radial direction. Figs. 3 and 4 illustrate the
extremely inhomogenous irradiation that the sample receives from
the Gaussian beam launched by the overmoded corrugated wave-
guide. In the sample, the csB1S values range from 0.1 MHz to
4 MHz. This non-uniform distribution of csB1S impacts the effective-
ness of the probe, especially in the case of large volume samples.
Calculating enhancements for a given csB1S distribution in the sam-
ple taken from the HFSS model will be discussed in Section 4.

An additional advantage of the HFSS model is the ability to track
power flow through the stator. The thermal energy deposited in
the sample must be considered because of the inverse dependence
of enhancement on temperature [37]. The HFSS model indicates
that the incident power is distributed as 5% deposited into the
sample, 35% reflected back through the input port and 60% radiated
from the ends of the rotor or deposited ohmically in the stator and
RF coil.
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Fig. 4. Axial profile at (a) r = 0.6 mm and (b) radial profile at z = 0 mm.
4. Dependence of � on x1S

The HFSS simulation, together with a knowledge of the DNP
mechanism, permits us to examine the dependence of the DNP sig-
nal enhancement (�) on the microwave field strength, x1S = csB1S.
When TEMPO based radicals are used as polarizing agents, then
the primary high field DNP mechanism is the cross effect (CE)
which involves two electrons and a nuclear spin. Specifically, the
EPR spectrum of TEMPO is dominated by the g-anisotropy and sat-
isfies the inequality D > x0I > d, where D is the inhomogeneous
breadth of the spectrum, x0I is the nuclear Larmor frequency,
and d is the homogeneous EPR linewidth. Thus, at high fields the
Larmor frequency separation of two electrons S1 and S2 can be
matched to the nuclear Larmor frequency, x0S1 �x0S2 ¼ x0I .
Microwave irradiation flips S1 that is dipolar coupled to S2 and
the difference in energy goes into polarizing the nuclear reservoir.
Kessenikh et al. [38–40] first described the CE In the limit of infi-
nite x1S. Subsequently, Hwang and Hill [41,42] extended the the-
ory to account for finite B1S’s, but did not allow for leakage.
Leakage was introduced by Wollan [43,44] by modifying the rate
equations of Hwang and Hill to examine the case of a well-resolved
CE, two narrow EPR lines at x0S1 and x0S2 separated by exactly x0I.
These results were then extended to the case of an inhomoge-
neously broadened EPR spectrum with N unresolved spin packets
that leads to an expression for the steady state enhancement. This
treatment is applicable to the experimental situation presented by
biradical polarizing agents such as BTnE [28,45], TOTAPOL [29] and
bTbk [30] where the e�–e� dipole couplings are �20–30 MHz.
Recently, the CE has been treated quantum mechanically with a
particular emphasis on understanding and optimizing the
enhancements available with biradicals [46].

Using classical rate equations, Wollan derived the following
expression for the steady state enhancement, ESS, in a CE experiment

Ess ¼ 1þ Ei
S0

1þ S0

 !
SCE

1þ SCEX

� �

3½Gðx�x0SÞ�2

Gðx0SÞGðx0S �x0IÞ

 !
� n Gðx0S �x0IÞ � Gðx0S þx0IÞ½ � ð1Þ

Here the G(x)’s are the normalized EPR lineshape functions with
x0S the center of the lineshape, (x0S) denoting the frequency of
microwave irradiation, (x0S ± x0I) the solid effect frequencies, and
n is the width of the spin packet, assumed to be rectangular, in
the inhomogeneously broadened lineshape. The difference in the
last factor represents the difference between spin packet popula-
tions. SCE ¼WIHB

CE T 0n is the CE saturation parameter where WIHB
CE is

the transition probability for the inhomogeneously broadened
(IHB) line and T 0n accounts for all modes of spin lattice relaxation
other than that due to the CE. We take X ¼ WIHB

CE TCE
n

� ��1
� 1, and

refer the reader to Wollan’s paper [43] for a discussion of this point.
Thus, for a given irradiation frequency in the EPR spectrum, the last
three factors on the RHS of Eq. (1) are constant. Furthermore, we
identify ESS with �, assume that �	 1, and incorporate the constants
into �max to obtain the simplified expression

� ¼ �max
S0

1þ S0

 !
ð2Þ

Again following Wollan, S0 ¼W0T1S;W
0 ¼ p x1S

2p

� �2gðxÞ, and we
approximate g(x) = (T2s/p) which yields

� ¼ �max

x1S
2p

� �2T1ST2S

1þ x1S
2p

� �2T1ST2S

 !
ð3Þ

Since the microwave field, x1S, is inhomogeneous, as demon-
strated in Figs. 3 and 4, we integrate the expression over the field
dependence for the sample volume
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� ¼ 1
V
�max

Z
V

a x1S
2p

� �2

1þ a x1S
2p

� �2

 !
dV ð4Þ

where now a = (T1ST2S)/2. The factor of 1/2 converts from the time
averaged linearly polarized x2

1S to the time averaged circularly
polarized component that interacts with the electrons.

T1S for a Nitroxide radical is expected to range from 10–400 ls
in the 90 K temperature regime, and T2S is a strong function of rad-
ical concentration being in the range of 10–200 ns for the 20 mM
electron concentration in our sample. The magnitude of the prod-
uct T1ST2Sx2

1S 
1 to obtain the quadratic dependence observed at
low x2

1S. It then saturates at high x2
1S. Fig. 5 is a plot of the exper-

imental enhancement vs. x1S/2p at 250 GHz for the sample and
probe described in Figs. 1 and 2 and the field distribution shown
in Figs. 3 and 4. An excellent fit to the experimental data is ob-
tained for the parameters �max = 230, T1ST2S = 8 � 10�12 s2. We
emphasize that only by employing a volumetric integral that
explicitly accounts for the large cSB1S fluctuations were we able
to fit the enhancement curve with a T1ST2S factor that corresponds
to published experimental values [47]. Calculating the value of
cSB1S at the level of a mesh element volume defined by the HFSS
model is crucial to understanding the DNP enhancement data
and, indeed, to modeling the enhancement more generally ob-
tained from the cross effect [43].

5. Rotor wall thickness

Minor modifications to the geometry of the rotor and stator can
result in significant changes to the coupling of the microwave
beam into the sample. For example, to optimize the rotor wall
thickness, we have experimentally determined the DNP enhance-
ment using rotors of varying wall thickness, and performed HFSS
simulations in order to obtain an understanding of the influence
of the rotor geometry on the microwave field strength in the sam-
ple. The outer radius of the rotor is constrained to 4 mm by the
bearings that support the rotor during sample rotation, but the in-
ner radius can be varied to maximize the coupling of microwave
power to the sample. The sample diameter, equal to 4 mm minus
twice the rotor wall thickness, was varied from 2.1 to 2.8 mm.
Using Eq. (4), we determined the expected enhancement from
the cSB1S field distributions corresponding to wall thicknesses
ranging from 0.6 to 1 mm, with the results shown in Fig. 6. The
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predicted enhancements are in reasonable agreement with the
experimental values determined for the four wall-thicknesses
shown. This supports our approach to calculating the enhancement
for a given field distribution and concurrently sets a precedent for
further optimization of the DNP enhancement through geometrical
considerations. As shown in Fig. 6, a sample diameter of 2.4 mm
maximizes enhancement and minimizes data acquisition time.
Coincidently, this is the wall thickness used in commercial 4 mm
rotors (Revolution NMR Ft. Collins, CO).

Local maxima in the enhancement were observed near a rotor
wall thickness of 0.6, 0.8 and 1 mm corresponding to peaks in
transmission through the sapphire rotor wall. The general down-
ward trend with decreasing rotor thickness is due to the increased
sample volume with correspondingly lower overall average cSB1S

values for constant input power.
6. Single pass model

A single pass model was also used as a simple approximation
for microwave irradiation of the sample. The input corrugated
waveguide launches a Gaussian beam into the probe that propa-
gates through the RF coil and sapphire rotor to the sample
(Fig. 2). The metallic coil acts as a grating causing the incident
beam to be both transmitted, with diffraction into the sapphire ro-
tor, as well as reflected. The transmitted radiation then passes
through the sapphire rotor that acts as a cylindrical converging
lens and focuses the beam as it propagates into the sample.

Using Gaussian beam propagation and Fresnel diffraction one
can model this system with some approximations. The main
assumption is the absence of multiple reflections, i.e. a single pass
model. This assumption can be justified by the lack of coherence in
the reflections caused by the highly overmoded, lossy and complex
geometry of the sample region. A second approximation models
the RF coil as a parallel array of cylindrical wires, also called a wire
array or wire grating. The dominant feature of the present arrange-
ment of the RF coil is the spacing to wavelength ratio [48,49]. We
note that resonances that can occur for certain wire diameter to
spacing ratios require a 3D treatment as will be discussed in Sec-
tion 7.

The advantage of the single pass model is its reduced computa-
tional requirements and a physically intuitive understanding of
how components such as the RF coil and sapphire rotor behave.
Using this model, the highly overmoded volume can be analyzed
rapidly, and it is straight forward to add or modify simple dielectric
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or metallic structures to explore the change in behavior. The phys-
ical understanding of the role that the various components play in
the probe geometry is achieved by modeling the components
individually.

To calculate the average value of cSB1S in the sample a 5 W
Gaussian beam with an initial waist of 2.6 mm was propagated
from the corrugated waveguide to the surface of the RF coil. In
the paraxial limit, the propagation of the Gaussian beam through
vacuum is solely governed by initial beam waist. The power trans-
mission through the RF coil was determined using published data
[49]. Using Fresnel diffraction the beam is radiated past the coil.
The Gaussian beam incident on the RF coil provides the illumina-
tion pattern that is the source term in the Fresnel diffraction inte-
gral. The transmission through the sapphire-sample boundary is
calculated based on the incident angle. The microwave radiation
no longer has a Gaussian distribution along the rotor long axis
due to the diffractive effects of the wire array. However, in the
plane perpendicular to the rotor long axis, the distribution is still
Gaussian and this plane contains the curvature of the rotor that
will focus the beam.

After performing these calculations, the single pass model
yielded the highly non-uniform cSB1S distribution along the central
axis of the sample shown in Fig. 7. We calculated an average value
of cSB1S = 0.70 MHz for an input of 5 W in the sample, in good
agreement with the calculated value of 0.84 MHz from the more
rigorous HFSS simulations.

Considering these results, for a small sample volume located in
the center of the rotor the average cSB1S value would be much
higher than in a large sample volume that covers the full extent
of the rotor long axis. However, in order to maximize the signal
produced by the sample one would use a large sample volume. This
is of great concern because a sample under test sees a wide range
of cSB1S values leading to lower overall enhancements. Further-
more, this model indicates that only 77% of the radiated Gaussian
beam power impinges on the sample; the RF coil allows for only
60% transmission [49]; and the calculated reflection coefficient
for the sapphire-sample boundary averaged over the incident angle
produces only 63% power transmission. These effects result in a
large fraction of the power being wasted. Some possibilities to ad-
dress this will be mentioned below.
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cylindrical dielectric focusing lens.
7. Optimization of coupling

In order to optimize coupling of the microwave power to the
sample, we varied the rotor wall thickness and coated the inner
surface of the Kel-F stator with silver [50]. One further improve-
ment would be the use of a lens to focus the incident microwave
power, avoiding power lost around the sample. We present here
the design of a Teflon lens that is a step towards this goal.

In the first step of the analysis, we use the single pass model and
ignore the effect of the RF coil on the coupling of the microwaves to
the sample. The microwaves are launched from an antenna to-
wards the sample. In our present configuration, the antenna is
the end of an 8 mm diameter circular, corrugated waveguide. This
antenna forms a circular Gaussian beam with a beam waist of
2.6 mm at the launching position. The sample is located about
12 mm from the launching antenna. The microwave beam waist
increases slightly, from 2.6 mm to about 3.1 mm, in propagating
from the launching antenna to the sample. The sample length is
larger than the microwave beam size but the 2.4 mm sample diam-
eter is smaller than the beam size. Fortunately, the sapphire rotor
acts as a cylindrical converging lens that assists in coupling power
into the sample. Nevertheless, we find that the sample only inter-
cepts 77% of the microwave beam. This is largely because the
Gaussian beam launched from the circular waveguide does not
overlap optimally with the rectangular cross section of the sample.
Therefore, a first improvement in coupling is to devise a cylindri-
cally focusing lens that focuses the beam along the axis perpendic-
ular to the long-axis of the rotor (Fig. 8). This can be done with a
specially shaped launching antenna or with a lens coupled to the
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existing antenna. Since an inexpensive lens can be made of a low
loss, low dielectric constant material, it seems a simpler choice.
Teflon was chosen because it has negligible absorption of micro-
waves at 250 GHz and it is easy to manufacture. Based on the sin-
gle pass model the estimated increase in B1S, which goes as the
square root of power, is about 13%. A Teflon lens with a radius of
curvature of 5 mm was designed to maximize coupling by reducing
the horizontal waist of the beam as seen in Fig. 8a for the theoret-
ical case and Fig. 8b for the experimental case, as determined from
the pyroelectric camera image. The radiated beam in Fig. 8b is 90%
Gaussian with a beam waist of 3.1 mm along the rotor long axis
and 1.9 mm along the rotor diameter. HFSS simulations indicate
that the average value of cSB1S should increase to 0.91 MHz from
0.84 MHz for an input power of 5 W, an increase of 8.6% in good
agreement with the single pass model.

To further improve coupling, we consider the transmission
through the RF coil, which is located between the waveguide and
the sample. The transmission depends on the electric field polari-
zation, which, in our case, is perpendicular to the wires. Using HFSS
the transmission of a Gaussian beam through the coil was modeled
for three geometries: a set of parallel metallic circular wires, a wire
wrapped as a solenoid and the same solenoid wrapped around the
sample filled rotor. In all cases the wire had a diameter a and cen-
ter to center spacing d. The power transmission (t, where t = 1 de-
notes full power transmission) results are shown in Fig. 9. The
transmission through the wire array, for wires that have no ohmic
loss, is a function of the parameters (a,d) and the wavelength, k, as
shown in Fig. 9. Using d/k = 1.33 and a/d = 0.5 as in the current set-
up, HFSS simulations indicate the transmission, t, is 0.6. As shown
in Fig. 9, all three models produce similar results for d/k = 1.33. The
transmission can be improved, but we are limited by the curvature
of the solenoid and the presence of the rotor. If the RF coil were
optimally spaced at d/k � 1 a transmission value of 0.84 would
be possible. This would further increase the B1S value by about
21%. We should also note that decreasing the a/d ratio uniformly
improves the transmission of power through the RF coil [48,49].
This has important implications for successfully extending DNP
to higher fields and smaller rotor sizes, as it implies the microwave
power could diffract efficiently through a tightly wound solenoid
such as those currently used in high MAS frequency (>40 kHz)
stators.

Combining these two improvements, namely the use of a lens
and the proper spacing of the rotor windings, we can substantially
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Fig. 9. Power transmission for a Gaussian beam radiated onto three models of the
RF pickup coil with wire diameter a, spacing d and wavelength k. The current
spacing of d/k = 1.33 is marked with a dashed line. All simulations were performed
for an a/d = 0.5.
increase the average B1S value. HFSS simulations including the
cylindrically converging Teflon lens and improved wire spacing
of d/k = 1 and a/d = 0.5 showed an increase in the average value
of cSB1S to 1.03 MHz from 0.84 MHz for an input power of 5 W,
an increase of 23% in reasonable agreement with the single pass
model.

8. Discussion and conclusions

In the present experiments, the B1S value achieved in the sam-
ple is sufficient to reach satisfactory enhancement values with
the available input power of 5 W. However, a more uniform distri-
bution and improved coupling could produce greater enhance-
ments. The current stator/coil arrangement produces a B1S value
13 lT/W1/2. In comparison, EPR and ENDOR resonators are able
to achieve much higher average B1S values per W1/2 and improved
homogeneity. Specifically, by using low order metallic resonant
structures and sample volumes that occupy a small fraction of
the resonator, B1S values on the order of 1 mT/W1/2 have been re-
ported [51–53]. However, to optimize S/N in MAS DNP experi-
ments, large sample volumes are required. Furthermore, metallic
resonators or rotating metallic components are not permissible
in the stator as they would produce eddy currents and levitation
effects.

In addition to analyzing the current geometry of the probe,
other input configurations were considered. Some time ago the
use of axial coupling into the sample [15,54,55], whereby the
microwaves are launched along the axis was investigated. Besides
the added physical difficulty of coupling into the sample from
along the axis, the relatively high loss tangent will cause the
12.5 mm long sample to see a highly non-uniform illumination,
due to 67% of the power being absorbed as the wave propagates
down the axis of the sample. Furthermore, with such a large sam-
ple volume and high loss tangent, the Q-factor will remain low
even with the addition of reflective end caps. However, the utility
of axial coupling could be optimized by full electromagnetic simu-
lations to understand the determinants of the B1S value.

Using two methods we have analyzed the 250 GHz B1S field dis-
tribution throughout the sample in a 250 GHz/380 MHz NMR DNP
probe. The Gaussian beam propagation and Fresnel diffraction
model proved effective in describing the effect of the Gaussian
beam, RF coil, dielectric loss tangent and wall thickness on the cou-
pling of microwave power into the sample. Full 3D simulations
including reflections were performed using HFSS. For the Ag coated
stator the simulations yielded an average cSB1S in the sample of
0.84 MHz for 5 W of input power into the stator. HFSS simulations
were used to calculate the enhancement of the NMR signal as a
function of rotor wall thickness using the full distribution of the
B1S field in the sample. An optimized sample diameter of 2.4 mm
(wall thickness of 0.8 mm) was found to maximize the DNP
enhancement. Further improvements to the probe were character-
ized including silver coating the inside of the stator, adding a cylin-
drical lens and optimizing the RF coil spacing.
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