
Journal of Magnetic Resonance 302 (2019) 43–49
Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/locate / jmr
Improved waveguide coupling for 1.3 mm MAS DNP probes at 263 GHz
https://doi.org/10.1016/j.jmr.2019.03.009
1090-7807/� 2019 Elsevier Inc. All rights reserved.

⇑ Corresponding author.
E-mail address: frank.engelke@bruker.com (F. Engelke).
Armin Purea a, Christian Reiter a, Alexandros I. Dimitriadis b, Emile de Rijk b, Fabien Aussenac c,
Ivan Sergeyev d, Melanie Rosay d, Frank Engelke a,⇑
aBruker Biospin GmbH, Rheinstetten, Germany
b Swissto12, Renens, Switzerland
cBruker France S.A.S., Wissembourg, France
dBruker Biospin, Billerica, USA
a r t i c l e i n f o

Article history:
Received 19 February 2019
Revised 26 March 2019
Accepted 27 March 2019
Available online 28 March 2019

Keywords:
Dynamic nuclear polarization
DNP
Sub-THz microwave fields
Simulation of electromagnetic fields
Nuclear magnetic resonance
Solid-state NMR instrumentation
Magic angle spinning
a b s t r a c t

We consider the geometry of a radially irradiated microwave beam in MAS DNP NMR probes and its
impact on DNP enhancement. Two related characteristic features are found to be relevant: (i) the focus
of the microwave beam on the DNP MAS sample and (ii) the microwave magnetic field magnitude in the
sample. We present a waveguide coupler setup that enables us to significantly improve beam focus and
field magnitude in 1.3 mm MAS DNP probes at a microwave frequency of 263 GHz, which results in an
increase of the DNP enhancement by a factor of 2 compared to previous standard hardware setups.
We discuss the implications of improved coupling and its potential to enable cutting-edge applications,
such as pulsed high-field DNP and the use of low-power solid-state microwave sources.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

The increasing popularity of DNP MAS NMR of solids samples
during the past decade has much benefitted from theoretical pro-
gress (DNP under MAS [1–9], DNP without MAS [10–18]), optimiz-
ing biradicals for MAS DNP [19–33], and continuous advances of
the hardware elements in MAS DNP probes [34–74]. Part of these
improvements concentrate on a detailed understanding, optimiza-
tion, and better control of how a polarized microwave beam exit-
ing a waveguide with its aperture close to the DNP MAS sample
propagates through the NMR rf coil, the MAS rotor walls and the
sample [34–37,46–71] – in short, how the microwave beam
couples to the sample. This is not only reflected in the abundant
scientific literature, but also in the patent literature [51,54,
56–60,64,65,70], and is an indicator for the active research and
development in the field of microwave instrumentation for MAS
DNP NMR. Specifically for the MAS geometry the microwave beam
coupling has been studied for the case of axial irradiation (i.e.,
along the rotor axis or cylindrical sample axis, [52,56,61,63–66])
and for the case of radial irradiation (i.e., perpendicular to the
MAS rotor axis, [34,46,48,49,59,62,69–71]). In the present paper
we introduce a novel microwave beam coupler design [70,71] for
radially irradiating the DNP sample in 1.3 mm MAS DNP probes,
which enables us to increase the continuous wave (CW) micro-
wave magnetic field magnitudes in the sample volume by about
a factor 3, with the result that the DNP enhancement factor (ratio
of signal amplitudes with microwave on and off) also increases by
a factor of approximately 2.
2. Simulation and experimental results

Fig. 1 sketches the geometry of the waveguide coupler and the
magnetic field magnitudes of the transmitted beam. In Fig. 1a and
b the microwave magnetic fields are shown in the central radial
and axial planes for the standard design of Bruker 1.3 mm MAS
DNP probes. Fig. 1c and d refer to these microwave fields in our
novel improved design, whose geometric layout is shown in
Fig. 1e. The incident microwave beam at 263 GHz enters from
the right side through a planar/convex lens with focus on the right
entrance of the small, smooth-wall waveguide. The waveguide
aperture on the left end is in close proximity (1 mm) to the solenoi-
dal rf coil (tuned to 400 MHz and to X nucleus frequencies). On the
back-end a mirror made of gold foil is placed to reflect the beam
after it has passed through the coil, the rotor and the sample.
The 2 mm id. waveguide, the rf coil leads, the rf coil itself and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2019.03.009&domain=pdf
https://doi.org/10.1016/j.jmr.2019.03.009
mailto:frank.engelke@bruker.com
https://doi.org/10.1016/j.jmr.2019.03.009
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


Fig. 1. Simulated microwave magnetic field magnitudes |B1| (snapshots) of the microwave beam propagating through the 1.3 mm MAS DNP system. (a) Radial and (b) axial
cross section of the system with teflon lens only (‘‘standard system”). (c) Radial and (d) axial cross section of the system with lens and short 2 mm inner diameter waveguide
section (‘‘optimized system”). (e) Geometry of the optimized design. Color coding: red – high amplitude, yellow and green – medium amplitudes, blue – low amplitude of the
microwave magnetic field. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the mirror are mounted into a monolithic block made of dielectric
material, e.g., of Shapal M (FiberOptic P. + P. AG, Spreitenbach,
Switzerland) or quartz glass (LightFab GmbH, Aachen, Germany).
The monolithic block contains one axial bore to house the rf coil
and the MAS rotor, and one radial bore for the 2 mm id. waveguide.
The gold-plated mirror is on the rear outer surface.

The numerical field simulations were conducted using CST
Microwave Studio 2017 (CST, Darmstadt, Germany). The simula-
tions of all microwave field components (electric and magnetic)
at 263 GHz were performed using the time-domain solver with a
spatial resolution (mesh cell size) between 22 mm and 126 mm.
The mesh was varied to account for the slower wave propagation
in dielectric material, which leads to shorter wavelengths. The total
number of hexagonal mesh cells in 3D space amounted to
45 � 106. A broadband excitation pulse of approximately 10 ps
length with Gaussian profile in both time and space was emitted
from a waveguide port at the end of the waveguide stub. The sim-
ulation was run until the energy within the boundaries has
decayed to �30 dB. A frequency field monitor at 263 GHz was used
to evaluate the B1 field profile.

In Fig. 1c and d magnetic field amplitudes of the incident micro-
wave beam are shown in the central radial and axial planes of the
MAS rotor and rf coil. At the exit of the corrugated waveguide
(right side of Fig. 1c and d) the HE11 beam (linearly polarized with
Gaussian intensity profile) propagates through a convex-planar
lens made of PTFE, which focuses the beam onto the 2 mm id.
waveguide entrance side. Simulation of this coupling scheme
showed that 76% of the input power is coupled into the small
waveguide. Inside the small waveguide the beam is primarily
propagating as TE11 (93%) and TM11(4%). The remaining 3% can
be attributed to higher-order modes and ohmic loss in the metal
(see Supplementary Information). On the left side the compressed
beam leaving the small waveguide further propagates through the
NMR rf solenoidal coil (id. ca. 1.6 mm, wire diameter 0.13 mm,
pitch 0.3 mm), through the rotor wall (zirconia, real part of dielec-
tric constant 33, determined experimentally at 140–220 GHz and
500–750 GHz using the Material Characterization Kit by Swis-
sto12), through the DNP sample (dielectric constant assumed to
be 3.5 [34]) inside the rotor (id. 0.9 mm), through the rear rotor
wall, the material of the block assembly (Shapal M, dielectric con-
stant equal to 7 [72]) to finally get reflected at the mirror, generat-
ing a scattered beam propagating backwards through the whole
setup again. The presence of the mirror accounts for about 10%
field amplitude increase. As the color scale of Fig. 1a–d shows (blue
color: low field amplitudes, red color: high field amplitudes), the
waveguide coupler leads to a significantly higher magnetic field
amplitude inside the rotor in the sample volume. We also recog-
nize that the beam focus caused by the small waveguide leads to
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higher microwave field amplitudes close to the rf coil and inside
the rotor wall.

Experimentally, the close proximity of the small-diameter
waveguide or the mirror relative to the sample do not cause any
noticable acoustic ringing. As far as shimming is concerned, an
FWHM of 6 Hz for the 13C NMR lines of adamantane at room tem-
perature could be achieved.

In order to quantify the microwave magnetic field magnitudes,
a spatial average over the whole sample volume inside the 1.3 mm
MAS rotor was calculated. Since the power of the simulated inci-
dent microwave beam is known (it has been set to P = 0.5 W) the
averaged microwave magnetic field magnitudes B1 can be normal-
ized to the input power. This way, the (average) microwave mag-
netic field efficiency B1/P1/2 can be determined.

The microwave field efficiencies thus obtained are listed in
Table 1 for comparison, given in B1/P1/2 (in mT/W1/2), or equiva-
lently in frequency units, ceB1/(2pP1/2) (in MHz/W1/2). The quan-
tity ce denotes the gyromagnetic ratio for the electron spin. The
listed configurations include a standard Bruker 3.2 mm MAS DNP
probe at 400 MHz/263 GHz, a standard Bruker 1.3 mm MAS DNP
probe (i.e., without the 2 mm id. waveguide coupler), and our pre-
sent novel design (1.3 mm MAS DNP probe with 2 mm id. waveg-
uide coupler, Fig. 1). With the latter an average microwave field
efficiency of 1.8 MHz/W1/2 was achieved, about a factor of ca. 3
higher than the other DNP NMR probe designs. The peak field value
in the sample was 5.9 MHz/W1/2 (see Supplementary Information).
It is interesting to compare the efficiency values achieved for MAS
DNP probes with typical efficiency values as known from EPR
probes – two examples are given in Table 1 For a Bruker EPR probe
at 263 GHz with a Fabry-Perot type cavity for 5 mm EPR samples,
one achieves a microwave field efficiency of ca. 6 MHz/W1/2, while
for a fundamental mode (TE011) cavity, which has a higher Q factor
and a much smaller sample volume (0.3 mm capillary samples),
one achieves 36 MHz/W1/2.

In order to confirm the improvement of the microwave mag-
netic field magnitude in our proposed design, we performed
1H–13C CPMAS DNP experiments measuring 1H DNP enhancement
factors of a sample of frozen (ca. 100 K) water/glycerol/proline/
AMUPol spinning at an MAS rates of 10 and 40 kHz with the opti-
mized 1.3 mm MAS DNP probe and MAS 10 kHz with the previous
standard probe. All experiments were performed on a
400 MHz/263 GHz DNP NMR system with a Bruker/CPI gyrotron
as microwave source, except one single measurement at an inci-
dent microwave power of 0.25 W, where a solid-state source
(VDI) has been used [73]. The incident microwave power has been
calibrated and varied by changing the gyrotron collector beam cur-
rent between 0 and 150 mA (corresponding to power levels
between 0 and 8.2 W at the DNP sample). The experimental 1H
DNP enhancement results are shown in Fig. 2a. For an MAS fre-
quency of 10 kHz at low microwave power levels of 2 W we find
a factor of about 2 of improved DNP enhancement, at higher power
levels (8 W) the improvement is less, but still 15%. This finding
Table 1
Microwave field efficiencies (magnetic field amplitude B1 divided by the square root
of incident power) for a variety of MAS DNP configurations and compared to typical
EPR probe configurations at 263 GHz.

Configuration B1/P1/2

(mT/W1/2)
ceB1/(2pP1/2)
(MHz/W1/2)

3.2 mm MAS DNP standard 20 0.56
1.3 mm MAS DNP standard 19 0.53
1.3 mm MAS DNP optimized 66 1.8
EPR 263 GHz, Fabry-Perot TEM10 0 0.6 cavity

for 5 mm EPR samples
213 6

EPR 263 GHz TE011 cavity for 0.3 mm
capillary EPR samples

1270 36
clearly correlates with the magnetic microwave field magnitudes
obtained by simulations. When spinning at 40 kHz the DNP
enhancements with the optimized probe are about 20% lower as
compared to spinning at 10 kHz with the same probe. It is also vis-
ible that with the optimized probe the saturation is achieved at
lower power levels as compared to the nonoptimized one. The
temperature of the sample has been measured using the tempera-
ture dependence of 79Br T1 in a separate KBr sample [74]. In Fig. 2b
the dependence of the sample temperature on microwave power
and MAS rate is plotted. For MAS 10 kHz (two lower curves) the
temperature increase can be mainly attributed to the incident
microwave power. At MAS rates of 40 kHz (upper curve) a second
mechanism comes into play – the frictional heating of the rotor
and sample when spinning fast – thus the temperatures for that
case are higher by about 15 K.

The simulation results introduced so far leave one question
open: does the increase of B1 field magnitudes as suggested by
Fig. 1c and d originate from the much improved focusing of the
microwave beam through the small waveguide being better
adapted to the small sample region in 1.3 mm MAS rotors or is it
caused by some specific resonant features provided by the rf coil,
the 1.3 mm MAS rotor made of zirconia, the frozen DNP NMR sam-
ple, and the block assembly made of dielectric material (Shapal M).
At 263 GHz microwave frequency the free-space wavelength is
about 1.1 mm; inside zirconia (dielectric constant 33) the wave-
length is compressed to ca. 0.2 mm, while in the sample (dielectric
constant 3.5) it is 0.6 mm. The wave magnitude maxima (maxima
and minima in amplitude) can be clearly seen in Fig. 1d inside the
MAS rotor. Principally, there is evidence that, for example, the MAS
rotor and the sample introduce features of a dielectric resonator,
albeit not perfectly tuned to the specific frequency of 263 GHz.
The question is whether the improvement of B1/P1/2 (from
0.5 MHz/W1/2 to 1.8 MHz/W1/2 in Table 1) is dominated by such
resonant features or rather alone by the improved focus of the
microwave field.

Extending our previous simulation methodology of monitoring
electromagnetic fields at a certain frequency, the resonant behav-
ior of a certain design can be studied by monitoring the field at suc-
cessive points in time. Thus, the propagation of the same short,
broadband microwave pulse through the structure of interest is
obtained. Such time domain monitoring was carried out for the
3.2 mm standard configuration as well as the 1.3 mm optimized
configuration with small waveguide coupler.

The same simulation parameters as described above were used,
with the only exception that frequency monitoring was replaced
by time monitoring. Time sampling was chosen at time steps of
0.5 ps for the time between 60 ps and 500 ps. At 263 GHz this cor-
responds to about 7.6 points per cycle and an acquisition window
of 115 cycles. For each point in time, the simulated electric field
magnitude was averaged over the sample volume. The resulting
decay pattern over time, normalized to its respective maximum
during the pulse, is illustrated in Fig. 3 for the standard 3.2 mm
MAS DNP probe (red curve) and the 1.3 mm MAS DNP probe with
small waveguide coupler (blue curve). The irregular features of
both decay curves originate from multiple scattering (diffractions
and reflections) of the initially confined beam by the metallic
and dielectric structures (rf coil, mirror, rotor walls, stator walls,
the structure of the coil block assembly). The overall behavior,
however, is clearly visible: the field magnitudes decay on the order
of 0.15 ns.

More importantly, the decays of both field curves – for the stan-
dard setup and for the setup with the small waveguide coupler –
are very similar as far as the characteristic decay time constants
(ca. 0.15 ns) are concerned. From the decay time sE of ca. 0.15 ns
we may conclude an ‘‘apparent or phenomenological Q factor” on
the order of



Fig. 2. (a) 1H MAS DNP enhancement factor vs. incident microwave power of 0.25 M 13C-15N proline with 10 mM AMUPol in glycerol-d8/D2O/H2O (60/30/10 vol ratio) for
MAS frequencies of 10 and 40 kHz for the optimized design and MAS 10 kHz for the previous standard design. The data point at 0.25 W power has been taken with a solid-
state microwave source [73], see the Discussion section, while all other data points at higher power levels were obtained with a gyrotron source. The full curves were
obtained by fitting an exponential function to the data and only serve to guide the eye. (b) Sample temperature vs. incident microwave power for MAS frequencies of 10 and
40 kHz for the optimized design and 10 kHz for the previous standard design.

Fig. 3. Simulated electric microwave field magnitude over time during a short
beam pulse propagating through the DNP MAS sample volume. Red curve – 3.2 mm
MAS DNP probe with lens and mirror (blue curve – 1.3 mm MAS DNP setup with
lens, mirror and short 2 mm waveguide. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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QE2 ¼ 1
2
pf 0sE ð1Þ

which for f0 = 263 GHz and sE � 0.15 ns yield the value QE2 � 60.
The value of sE (or of QE2) is about the same for both cases, hence
the resonant features are not affected by adding the small waveg-
uide coupler. More details on phenomenological Q factors in DNP
MAS microwave field irradiation will be published elsewhere [75].
With the findings reported in this paper we have to conclude that
the higher magnetic field magnitudes are not caused by any change
of the apparent Q factor, but it is rather the improvement in beam
focusing that yields higher microwave fields.

3. Discussion

The results obtained with the new design at 263 GHz are bene-
ficial for current CW DNP experiments. We have shown that the
increased efficiency leads to higher DNP enhancements compared
to previous existing designs when abundant power is available.
When power is limited and the DNP enhancement vs. B1

2 is in the
linear regime, the relative increase is even more important. The
proposed setup therefore paves the way to the use of lower-
power microwave sources like klystrons or even solid-state
sources [76] while still obtaining reasonable DNP enhancements
that are sufficient for certain DNP applications. Since the propor-
tionality P / B1

2 holds between the power P and the magnetic field
B1, an improvement by a factor of 3 for B1 efficiency translates in
almost a factor of 10 in savings of microwave power P for the same
DNP enhancement – a worthwhile goal to follow for solid-state
NMR DNP systems operating at 263 GHz.

A brief instructive example is shown in Fig. 4. The improved
1.3 mm MAS DNP probe described above was used with a 250
mW VDI source and a DNP enhancement of more than 100 was
obtained in that low power range. More details will be described
in a publication elsewhere [73].

The prospect to use lower-power microwave sources, e.g., pro-
posed for low-temperature (25 K) DNP at 9.4 T by Thurber et al.
[76] now appears to be feasible also at higher cryogenic tempera-
ture (e.g., 100 K) including small-diameter MAS. Besides of the
technical aspect, the resulting possibilities also encompass the eco-
nomic aspects (price and footprint) of lower-power microwave
sources, notably klystrons and solid-state sources.

Considering the achievable microwave B1 amplitude values
from our simulations, especially electron Rabi (nutation) frequen-
cies in the MHz range attainable at 263 GHz/9.4 T (corresponding
to 400 MHz proton frequency), another aspect worth discussing
is to what extent such a design may be useful for pulsed, swept or
time-domain DNP NMR experiments [46,77–88], for instance, to
decouple the hyperfine interaction [46] or to perform NOVEL-
type experiments [77–81]. From the values given in Table 1 it
becomes clear that the microwave magnetic field amplitudes,
although reasonably high for electron decoupling [46], are still
far below the values that would allow NOVEL-type experiments
at 9.4 T.

Among the various mechanisms for DNP MAS in solids – DNP
based on the cross effect (CE), the solid effect (SE) or the



Fig. 4. 13C CP-MAS spectra of 0.25 M 13C-15N proline with 10 mM AMUPol in
glycerol-d8/D2O/H2O (60/30/10 vol ratio) with microwave irradiation (top spec-
trum, 8 scans) and without microwave irradiation (bottom spectrum, 64 scans).
Sample volume inside NMR coil 1.7 ml. Spinning frequency: 10 kHz, sample
temperature: 98 K, 2 dummy scans, 10 s recycle delay. Spectra were obtained at a
power level of 250 mW with solid-state source (VDI, Charlottesville, Virginia)
operating at 263 GHz (upper spectrum), leading to a DNP enhancement of
approximately 120 with the 1.3 mm MAS DNP optimized probe relative to the
microwaves off (lower spectrum).
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solids-Overhauser effect [21,89–91] – SE DNP needs more micro-
wave power as compared to CE DNP and Overhauser DNP [89].
Thus the improvement of the microwave efficiency of our
1.3 mm MAS DNP probe may well turn out as beneficial for DNP
applications utilizing SE DNP.

The DNP enhancements reported in the present paper are by far
not the highest enhancements achieved. For example, Kubicki et al.
[92] measured 1H enhancement factors as high as 515 for TCE/TEK-
Pol samples with small sub-mm sapphire particles embedded in
the sample, where the volume filling factor of the sapphire parti-
cles amounted to 65%, leaving 35% for the DNP active sample. This
effect of enlarging the DNP enhancement factor was attributed to a
redistribution and increase of the local magnetic microwave fields
originating from multiple near-field scattering caused by the
dielectric sapphire particles. To our best knowledge, the details
of this effect are not yet well enough understood but certainly
deserve further studies. Although the DNP enhancement factor
achievable is impressive, one loses active sample volume by the
presence of the particles, in the above example it is 65%.

Finally, all results reported here so far were obtained for
263 GHz. Since there is a lot of ongoing DNP activity at higher elec-
tron Larmor frequencies such as 395, 527 and even 593 GHz, it is
worth considering to what extent the encouraging results intro-
duced in the present paper for MAS 1.3 mm probes may benefit
higher microwave frequencies by redesigning the small waveguide
coupler. On somewhat related terms, the question might be asked,
whether the technology presented here can also be applied to lar-
ger MAS diameters, e.g., MAS 1.9 mm. A preliminary simulation
study revealed the following principal behavior for microwave
magnetic field magnitudes B1: with increasing MAS diameter (from
1.3 to 1.9 mm) at 263 GHz the improvement in B1 drops from a fac-
tor �3 to �2. At 1.3 mm and 527 GHz, the B1 field magnitude
improvement is equal to ca. 1.5, while for 1.9 mm and 527 GHz,
it is about 1.2. Thus with the current waveguide coupler geometry,
the larger the MAS diameter and the higher the microwave fre-
quency, the lower the gain in B1 magnitude. We are currently
working on a systematic assessment of the relation between MAS
diameter, microwave frequency, and B1 field.
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