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NMR in solids.

A saddle coil manufactured by electric discharge machining (EDM) from a solid piece of copper has
recently been realized at EPFL for Dynamic Nuclear Polarization enhanced Nuclear Magnetic Resonance
experiments (DNP-NMR) at 9.4 T. The corresponding electromagnetic behavior of radio-frequency
(400 MHz) and THz (263 GHz) waves were studied by numerical simulation in various measurement con-
figurations. Moreover, we present an experimental method by which the results of the THz-wave numer-
ical modeling are validated. On the basis of the good agreement between numerical and experimental
results, we conducted by numerical simulation a systematic analysis on the influence of the coil geometry
and of the sample properties on the THz-wave field, which is crucial in view of the optimization of DNP-

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Transferring the high polarization of electron spins to the less
polarized nuclear spins is at the basis of DNP techniques, which
is emerging as an extremely powerful approach to increase the
sensitivity of NMR [1-9].

DNP can cover a broad range of applications, including NMR on
solids, liquids or surfaces, solely requiring the presence of a para-
magnetic species in the sample. DNP-NMR techniques have been
investigated since the 50s both theoretically and experimentally.
These studies were conducted mainly at low magnetic fields [10-
12], with notable exceptions [13-15]. It is only in the last two dec-
ades that these techniques have drawn important interest, owing
to the studies of the polarization mechanisms [16] and to new
instrumental achievements. The development of cyclotron reso-
nance masers (gyrotrons) as THz-wave sources with output power
and spectral purity suited for DNP NMR, lead to the seminal work
by Griffin and co-workers in the early 90s on DNP NMR of solids
with magic angle spinning. These results demonstrated about
two orders of magnitude signal enhancement, corresponding to a
reduction in the acquisition time of about four orders of magnitude
or, at a fixed acquisition time and signal-to-noise, to a reduction of
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two orders of magnitude in the size of sample [17,18] . Alterna-
tively, DNP enhancement can be used to reduce the acquisition
time of multi-dimensional spectra [19].

In parallel to the development of efficient THz-wave sources,
consistent efforts have been dedicated to the development of inno-
vative probe-heads, capable to establish the state-of-the-art in
their radio-frequency (RF) and microwave (THz) performances,
mainly in the current-to-magnetic field conversion factor for the
radio-frequency part [20], and power-to-magnetic field conversion
factor, for the microwave part [21]. Since an efficient DNP polariza-
tion is expected for an intense microwave irradiation of the sam-
ple, a typical problem related to this technique is given by the
possible microwave heating. This issue is of crucial importance in
the case of liquid-state NMR, where the DNP enhancement effect
is determined by the Overhauser effect [10,11]. According to the
common theoretical models [12], the liquid-state DNP enhance-
ment, €, is provided by

Je

n

€ =

s M

where y, = —28.02 GHz/T (resp. 7, = 42.6 MHz/T) is the free electron
gyromagnetic ratio (resp. nuclear), ¢ is the coupling factor that de-
scribes the magnetization transfer (cross relaxation) from the elec-
tron to the nuclear spin, f is the leakage factor representing the
paramagnetic enhancement to the nuclear relaxation rate over the
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total nuclear relaxation rate, and s the saturation factor that repre-
sents the saturation of the electron Zeeman transitions. Assuming
that the leakage factor and the saturation factor are relatively close
to unity, as typical in the most advances experimental conditions,
the efficiency of the nuclear polarization is related to the coupling
factor, which in turn is strongly dependent on the temperature of
the sample [22,23]. At high T, the DNP enhancement can deteriorate
[23]. Moreover, a significant increase in the sample temperature is
in any case detrimental for biological samples, where it induces
denaturation. The fact that biological samples are characterized
by high dielectric losses motivates the importance of a very well
controlled THz-field distribution in the sample region. Moreover,
the constraints related to DNP add to those typical of pulsed NMR
techniques. Among them, it is worthwhile to mention the homoge-
neity of the RF magnetic field, Bgr. The importance of this homoge-
neity can be understood considering the nutation angle, ®, imposed
by the RF on the nuclear magnetization, given by:

@:27Z-BRF-“/,,-‘C (2)

where y is the gyromagnetic ratio of the considered nucleus, and
is the pulse duration. An inhomogeneous magnetic field Bgr inside
the sample volume implies that not every spin gets the same tip an-
gle, which means that after few or long pulses, as those required in
the most advanced spin sequences or in 2D studies, the magnetiza-
tion is scrambled and consequently the signal-to-noise ratio
decreases.

When designing a general purpose DNP NMR probe, the above
technical constraints can be summarized in: high radio-frequency
current-to-magnetic field conversion factor, high THz-wave
power-to-magnetic field conversion factor, and high spatial homo-
geneity of radio-frequency magnetic fields inside the sample vol-
ume. Moreover, a high homogeneity is also desirable for the THz
magnetic field, Bry, since this ensures a homogeneous DNP
enhancement. Finally, the THz-wave propagation circuit should
have moderate propagation losses, in order to exploit the power
delivered by the source. Keeping this in mind, in this work we
investigated the performance of a in-house designed monolithic
saddle coil designed for a 400 MHz NMR spectrometer. The mag-
netic field of the NMR spectrometer being 9.4 T imposes the THz
frequency as 263 GHz. The geometry of the coil [24], shown in
Fig. 1a and b, seems suitable for the injection of the THZ-beam
coaxially into the sample, an option that was recently used [25].
In particular, here we study the details of the propagation of a
THz wave through the saddle coil for DNP-NMR purposes in solid

12.4 mm

samples. The simulations are compared with experimental data ta-
ken with a coil manufactured by electric discharge machining. The
simulations also provide the radio-frequency magnetic field pro-
duced by a current injected into the saddle coil. All the simulations
presented in this work have been run with Multiphysics 3.5a (Com-
sol, SE), which is a finite-element analysis software environment
for the modeling and simulation of coupled physical and chemical
problems. Since the simulated volume is strongly over-moded, i.e.
is significantly larger than the wavelength in free space (~1.14 mm
at 263 GHz), this implies a very large number of meshing points for
an accurate modeling. For this reason simulations have been run
on a work station equipped with 144 GByte of RAM. This paper is
organized as follows: Section 2 describes the numerical work done
to evaluate the homogeneity and the time RMS intensity of the
magnetic field at 400 MHz used for NMR. Section 3 introduces
the experimental framework we developed to validate the numer-
ical simulations at 263 GHz. The results are shown and commented
in Section 4. We conclude and suggest some perspective in the last
section.

2. Radio-frequency results

The saddle coil design proposed in this work, shown in Fig. 1a, is
inspired by previous self standing coils [26,27], while being adapted
to be compatible with standard liquid NMR test tubes and to our
9.4 T spectrometer. A high, continuous, and controlled electric con-
ductivity through the structure, as well as a good mechanical stabil-
ity, can be obtained by manufacturing the coil from a single solid
piece of conductor, for instance by wire Electrical Discharge
Machining (EDM). The obtained monolithic coil is not prone to the
imperfections due to the soldering in the sample region. As can be
seenin Fig. 1, the proposed Saddle coil has two connectors that point
out perpendicularly to the axis of its cylindrical geometry. These
connectors can be soldered to a standard NMR tuning and matching
circuit in order to adjust its impedance at 400 MHz to the one of the
NMR spectrometer. The impedance of the proposed saddle coil pro-
totype alone was measured to be 58 nH at 400 MHz by using a net-
work analyzer.

Saddle coils are widely used for NMR measurements and exten-
sive research has been performed in order to optimize the radio-
frequency magnetic field homogeneity over the sample region [27].

In particular, a possible, idealized monolithic saddle-coil geom-
etry consists of a tube from which two diametrically opposite win-
dows covering around 120° are removed. The proposed saddle coil

k263GHz

(b)

Fig. 1. (a) Picture of the saddle coil with superimposed geometry characteristics. (b) Relative directions of Bgr, and By with respect of the saddle coil geometry. Bry,, useful for
DNP purpose, is in the XY-plane. The Cartesian frame of reference is chosen with Z-axis along By = 9.4 T, the origin at mid height of the coil windows, and X-axis is taken along

the coil connection.
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geometry is a rescaled version of the one described in Ref. [26] to
fit standard NMR sample holders with 5 mm outer diameter.

The Bgr magnetic field homogeneity inside the sample volume
can be determined performing nutation experiments where the
NMR signal amplitude is compared after a £ and after a consider-
ably longer excitation pulse, usually a & pulse. On the other hand,
as for the present work, the homogeneity can be directly calculated
by means of numerical simulations of the RF field distribution over
the sample volume.

In order to simulate the current injection as it happens when
soldering coaxial cables in real experiments, the simulation im-
poses an oscillating surface current at 400 MHz in the first
0.5 mm of the coil’s connectors of the saddle coil. The latter was
created by a computer-aided design software and exported into
Multiphysics3.5a. Then, we let the current flow and distribute in
the coil geometry. A finite conductivity, ¢ = 5.998 x 107 Sm~, is
associated to the coil geometry corresponding to the copper elec-
tric conductivity. The volume where finite-element analysis is per-
formed is surrounded by a perfectly matched layer (PML) that acts
as an absorbing boundary for wave equations avoiding any
reflection.

In the proposed design, Bgr is perpendicular to the axis of sym-
metry of the tubular region, which is commonly oriented along the
direction of the spectrometer magnetic field By. The sample volume
corresponds to a cylinder of 28 pl with radius in the XY-plane of
1.5 mm and height along Z of 4 mm. With this choice, the variation
of the Bgr amplitude results to be less than 10%, implying a ratio
Agnj2/Ar;2 = 0.8 with A; the signal amplitude of a free induction
decay experiment after a pulse imposing a nutation angle i. This
value is common for commercial NMR probes for liquids [28]. Sim-
ulations related to the homogeneity and the intensity of the time
RMS magnetic flux density at 400 MHz corresponding to 1 A of ap-
plied current with an output impedance of the power supply of
50 Q are shown in Fig. 2 for the three main sections of the coil.
In particular for this simulation line plots along resp., X, Y, and Z
of the chosen Cartesian reference frame (see Fig. 1b) are plotted
in Fig. 3.

3. First THz-wave results and validation

In order to evaluate the reliability of simulations at 263 GHz, we
have done some tests comparing numerical results with measure-
ments performed on an optical table pictured in Fig. 4. The experi-
mental set-up is made up of the saddle coil shined upon by a
THz-wave linearly polarized Gaussian beam propagating along
Z-axis (see Fig. 1b).

In the proposed saddle coil, the THz-wave irradiation of the
sample can be obtained through a THz beam propagating along
the axis of the coil, as shown in Fig. 1b. As common for quasi-opti-
cal propagation at millimeter and sub-millimeter wavelengths, the
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incoming wave will be assumed as given by a TEMpo Gaussian
beam, which represents the lowest order mode of a free-space
propagation satisfying the paraxial approximation. The complex
electric field amplitude of the TEMp o mode is given by

E.,=Ey 20 —r Kz — ik 3
rz = OWQXP<W—(Z)>9XP<—HZ—1 @> (3)
where r is the radial distance from the center axis of the beam, z the
axial distance from the beam’s narrowest point called “waist”, k is
the wave number, w(z) is the radius at which the field amplitude
drop to 1/e of its axial value, wy=w(0) is the waist size, R(z) is
the radius of curvature of the beam wavefront. In the proposed con-
figuration, the roughly cylindrical geometry of the coil conforms to
the cylindrical symmetry of the incoming beam, whose propagation
direction is coaxial to the coil, as indicated in Fig. 1b. The distortion
of the free space THz-wave due to the finite size of the coil can be
limited by focusing the beam, at least in the cases in which the
diameter of the coil is considerably higher than the beam waist.
The THz-wave propagation along the saddle coil has been
experimentally investigated by means of the setup shown in
Fig. 4. Here, the linearly polarized radiation emitted by a solid state
source (Virginia Diodes Inc.) is focused with a plane phase front
onto the entrance of the coil by means of a dielectric lens, which
allows a control over the characteristics and the purity of the
mode. After the propagation in the coil region, a small portion of
the THz-wave with defined linear polarization is collected by
means of a fundamental mode TE;o rectangular waveguide with
cross-section of 0.8 mm x 0.4 mm, which propagates the radiation
to a Schottky diode detector. As response to the electromagnetic
excitation, the quadratic response of the diode gives a signal pro-
portional to the incident power in the whole range of the investi-
gated conditions. Taking into account the sensitivity of the diode
and the power emitted by the source, the THz-wave distribution
can be mapped with a dynamic range of about 30 dB and minimum
input level of 0.04 pW defined by a Tangential Signal Sensitivity of
—44 dBm. This entire receiver device is mounted on an automated
XYZ stage piloted by a computer to systematically scan the areas of
interest and map the field. The two-dimensional measurements
shown in this work represents scans with a sampling step of
0.5 mm on each axis. With respect to the Cartesian reference frame
of Fig. 1b, the 2D scans correspond to the XY-plane at a distance of
0.1 mm from the exit of the coil. In this investigated configuration,
the frequency of the Gaussian beam was fixed at 263 GHz and its
polarization orthogonal to the optical bench. The beam waist was
wp = 1.67 mm. Different angular orientations of the saddle coil
with respect to the beam polarization have been studied, in partic-
ular at 0°, 45°, and 90° with respect to a condition in which the coil
connectors are directed along the X-axis. Fig. 5a-c shows measure-
ments for these three different positions. The measured linear
polarization always coincided with the injected one. The observed
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Fig. 2. Saddle coil simulation results of the time RMS magnetic flux density in y-direction at 400 MHz. Cross-section plot of the magnetic field strength respectively in the (a)

XY plane, (b) XZ plane, and (c) YZ plane.
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Fig. 3. Line plot of the RMS magnetic flux density at 400 MHz along, respectively (a) X-axis, (b) Y-axis, and (c) Z-axis. In these plots, red dotted lines determine the region

where variation from the maximum strength of Bgr is less than 10%.

Fig. 4. Optical table set-up for comparison between measurements and simulations shown in this work. The numbering on the figure correspond to: (1) 14 mW, 250-
270 GHz, tunable solid state source, (2) dielectric lens for waist size control, (3) XYZ motorized stages, 5 cm excursion, 10 pm minimum step, +2 pm accuracy, superimposed
the wave-vector and the direction of the linearly polarized electric field, (4) electro machined saddle coil as represented in Fig. 1, (5) the three explored relative angular
orientations of the saddle coil with respect to the Gaussian beam axis of polarization, (6) rectangular waveguide (0.8 mm x 0.4 mm) used to sample the electric field at
263 GHz. With this section only the TEy; mode propagates along the 4 cm rectangular waveguide, (7) Schottky diode sensitives, with respect to the picture, to electric field
component along the x-axis (see Fig. 1b). Microwave absorber have been removed from mounts for illustration clarity.

patterns are very distinctive. Despite the inner diameter of the coil
being considerably larger than the beam waist, the initial Gaussian
phase front is strongly modified during the propagation along the
coil. This is mainly due to the diffraction of the THz-wave beam,
which leads to a spatial broadening of the beam, with a consequent
reflection on the inner walls of the coil. At the exit of the coil, in
particular in the plane on which the beam is mapped, the beam
shows pronounced lobes oriented along the direction of the incom-
ing E-field. The presence of characteristic side lobes with very low
intensity is a clear indication on the sensitivity of the employed
measurement technique. The differences among the power distri-
butions related to the three polarization of Fig. 5a-c evidence that
the imperfect cylindrical geometry of the coil, mainly due to its
side windows, has a relevant influence on the THz-wave propaga-
tion. In particular, it influences the distribution of the incoming
power between the main lobes and the secondary ones.

In parallel to the measurements, simulations have been run to
reproduce the same experimental conditions. The geometry of
the coil was directly imported in the simulation program from
computer assisted design software such as Solidworks (Dassault
Systémes Corp.), used both to design and control the EDM process.
The region of space involved in the simulation was delimited by a

cylinder surrounding the coil geometry. Moreover a perfectly
matched layer assures that no reflections arise from simulation
bounds. At the entrance of the coil, a Gaussian beam with the same
beam waist as the experimental configuration has been imposed.
The body of the coil was considered as a perfect conductor. Fig. 6
shows the typical field distributions in the investigated volume,
both in the case of empty volume (Fig. 6a) and in the case of the
coil (Fig. 6). With respect to the free-space propagation, the coil
introduces standing waves in the propagation patterns, due to
the sharp variations in the geometry of the coil along the propaga-
tion direction, as well as a kind of periodic refocusing of the wave,
generated by the conducting walls of the coil, as anticipated. The
calculated distribution of the electromagnetic wave in the XY plane
of scanning is reported in Fig. 5d-n for the various investigated
polarizations. In particular, Fig. 5d-f shows the total time averaged
z-component of the Poynting vector, as calculated by

(Ex H),), = 5% (EB, - EB),

o @)

where 9 indicates the real part of the variables and the star indi-
cates the complex conjugate. Since the setup employed to map
the electromagnetic field distribution is selective in the polarization
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Fig. 5. Comparison between measurements, (a—c), and simulations at 263 GHz for the experimental configuration shown in Fig. 4 with the injected E-field linearly polarized
resp., along X-axis, Y-axis and at 45°. From simulations, the z-component of the time averaged Poynting vector, ((E x H),), is shown in (d-f) resp., for the three different
polarizations. The part of the z-component of the Poynting vector related resp. to E,, ((E x H),)x, and E,, ((E x H),), are isolated in plots resp., (g-i) and (I-n). Measurements
are in correspondence with simulations, as highlighted by red continuos lines for each column.

of the wave, it probes separately the energy flux in the z direction
coming from fields having orthogonal polarization, as given for in-
stance by the pairs (Ex,By) and (Ey,Bx). Accordingly, for each of
the three investigated polarizations we plotted in Fig. 5g-i the com-
ponent of the calculated Pointing vector related to the fields polar-
ized along the x direction, given by:

(B x H)),, = 51 R(EB;) 5)

214

and in Fig. 51-n the component related to the y-direction:

1

((ExH),), = *2709*(%3;) (6)

Remembering that in the measurements, the polarization of the
mode propagating along the fundamental mode TE;q rectangular
waveguide was parallel to the polarization of the incoming wave,
the correspondence between measured and calculated electromag-
netic patterns can be established as shown by the red boxes in
Fig. 5. It has to be noticed how the orientation of the more intense
pattern, mainly depicted with hot colors, is in excellent agreement
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Fig. 6. XY-components of the time RMS magnetic field in the XZ-plane section for a gaussian beam at 263 GHz propagating along z-axis with wy = 1.67 mm at the coil entrance
in: (a) free-space, and (b) in presence of the proposed saddle coil geometry. The linear color scales have both been normalized and sample volume emphasized.

with simulations. Moreover for the case related to polarization at
45°, where the measurement picks the projection of both E, and
E,, the similarities between simulation and measurements are indu-
bitable. In addition less intense side lobes are in good correspon-
dence as for instance when looking at the lobes observed in the
corners in Fig. 5a and g. The main differences between measure-
ments and simulation probably come from the mismatch between
the free space mode and the TE;o mode at the entrance of the wave-
guide, which varies from point to point, due to the local direction of
propagation of the wave and the local ratio between the electric and
magnetic fields. Other differences can come from a possible imper-
fect alignment between the source and the coil and from its slight
deformation due to manipulation during the different tests. Another
source of differences is the finite resolution of the sensitive window
of the mapping system, although this is probably not relevant in our
case, due to the large size of the beam phase front with respect to
the wavelength. Despite these limitations, we can however con-
clude that the agreement between the measured and calculated
quantities is very satisfactory, reproducing the main characteristics
of the THz-wave beam at the exit of the coil.

4. THz-wave sample irradiation

The confirmation of the accuracy of the electromagnetic simula-
tions opens the way to a detailed numerical analysis of the electro-
magnetic field distribution in regions not accessible by the
experimental setup and in particular in the sample region inside
the saddle coil. To this aim, we have investigated the propagation
properties of the coil, considered as an element of the THz-wave
circuit as shown in Fig. 7, for configurations relevant for DNP-
NMR applications. First, we have considered the THz-wave energy
flux along the empty coil, for a variable incoming beam waist. Fig. 8
shows the outgoing power, calculated on the cross section s, at
the exit of the coil, over the ingoing power calculated on the cross
section s;, at the entrance of the coil, with respect to the beam
waist.

Since the gaussian beam model (Eq. (3)) uses the paraxial
approximation, it fails when wavefronts are tilted by more than
about 20° from the direction of propagation [29]. With

k263GHz
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Fig. 7. Pictorial view of a gaussian beam propagating in free-space along an axis
parallel to that of the coil (a), and in presence of the saddle coil (b). The two
schematic views represent simulated configurations to estimate the power flow
ratio passing through two surfaces, s, and s, corresponding resp., at the entrance
and the exit of the coil. s;;, has been chosen to be wide enough to numerically collect
mostly all the incident power. The integration surface, s, has been chosen to
quantify the power transmitted trough the coil.

J263cHz = 1.14 mm and waists typically on the order of wy =2 mm
the beam divergence defined as:

H:LzOJS rad (7)
TTWo

is relatively large. In fact, it turns out that the total angular spread of
the beam far from the wy position, given by 20, results to be more
than 20°. This becomes evident looking at Fig. 8 where the ratio
Pout/Pin in the simulated case of a gaussian beam in free space, blue'
line with dots, is compared with the approximated analytical solu-
tion shown by dashed line. This evidence stresses again the impor-
tance of presented simulations for waist values when analytical
approaches can no longer be used.

! For interpretation of color in Figs. 1-14, the reader is referred to the web version
of this article.
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Fig. 8. Results of simulation for the configuration schematized in Fig. 7. The
position of the minimum value of the gaussian beam waist, wy, is chosen to be at
the entrance of the saddle coil. By varying, wy, the ratio P,,/P;, is plotted in free-
space beam propagation and with the coil. For this last configuration two
orthogonal polarizations of the magnetic field are shown. Dashed line illustrates
the ratio Po/P;, in the paraxial approximation for a gaussian beam propagating in
free-space.

The ratio P,,/P;, for incoming waves polarized along X and Y-
axis is represented in Fig. 8 by open symbols. The curve referring
to the X polarization is quite close to the curve referring to the Y
polarization. A further analysis on the polarization of the waves
at the exit of the coil confirms, as anticipated by the results of
Fig. 5, that the polarization of the wave is preserved along the coil.
This property has been verified in the whole range of frequencies
accessible with the employed solid-state source, i.e. 250-270 GHz.

For a beam waist of 2.5 mm, P,,/P;, shows the same value for
the coil and the free-space propagation. At smaller waists, Pyy/P;,
is higher for the coil, since in this cases the guiding effect of the coil
overcompensates the diffraction of the beam.

Having established the general conditions in which the available
THz-wave power can be efficiently coupled and propagated along
the coil, it is necessary to determine the related power-to-magnetic
field conversion factor in the sample region, which represents in-
deed the key electromagnetic quantity in DNP-NMR experiments.
In particular, we considered the time root mean square (RMS) of
the components of the magnetic field Bry, perpendicular to the sta-
tic field By for unitary incident power averaged in the sample region,
V, illustrated in Fig. 9 defined as:

. 1
BTHz = <V / B%Hz,x + B%Hz.ydv> (8)
Vv t

A rigorous analysis of this quantity requires the inclusion of the ef-
fects of sample and sample holder, whose size is of the order of the
employed wavelength.

Figs. 9 and 10 show a possible arrangement for sample and
sample holder with respect to the proposed saddle coil. As an illus-
trative case, the dielectric properties of the sample were assumed
coincident with that of a 1M solution of *C-Urea dissolved in
dg — glycerol/[D,0/H,O (60/30/10% by volume) at 80K and
263 GHz, as mentioned in Nanni et al. [30]. The sample holder
was assumed made of Teflon. The corresponding dielectric proper-
ties are € =3.5, and tan 6 =0.009 for the sample and € =2, tan
5=2.8 x 10~ for the holder where € is the real part of the dielec-
tric constant and tan ¢ is the loss tangent.

The results of the electromagnetic simulations are shown in
Fig. 11, for the same electric field polarizations as Fig. 8. Without
any load in the coil, the average magnetic field strength, By,,, with
respect to the beam waist is basically the same for both injected
orthogonal polarizations. The obtained values almost correspond
to that for the gaussian beam propagating in free-space. From
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Fig. 9. Pictorial view of a gaussian beam propagating in free-space along an axis
parallel to that of the coil (a), and in presence of the saddle coil (b). The two
schematic views represent simulated configurations to estimate the RMS magnetic
flux density components useful for DNP technique B,,,. This volume corresponds to
the region where Bgr is considered homogeneous enough, i.e. variation of Bgr less
than 10% (see Fig. 3).
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Fig. 10. (a) A sample holder with the shape of a cylinder with diameter and height
corresponding to the internal dimension of the saddle coil has been chosen. The
sample volume corresponds to the integration region depicted in Fig. 3, i.e. variation
of Bgr less than 10%. Total sample volume corresponds to 28 pl. (b) Simulations have
been run on the system composed by the coil, the sample holder and the sample
shined upon by a gaussian beam at 263 GHz propagating along z-axis with wg at the
coil top entrance.

o

the point of view of the amplitude of B, the optimal beam waist
is 1.5 mm.

The electromagnetic response of the coil shows a considerably
different behavior when loaded by sample and sample holder.
For both the investigated E-field polarizations, as well as in the
case of incoming wave with circular polarization, By, increases
more than 25% with respect to the empty coil, the best results cor-
responding to smaller beam waists. This increase can be partially
explained by taking into account the focusing effect due to the real
parts of the dielectric constants chosen for >*C-Urea and teflon.

Moreover, the presence of sample and sample holder has a two-
fold effect on the electromagnetic propagation of the coil. On one
hand, it induces a partial reflection of the incoming wave, with a
consequent reduction of the irradiation efficiency of the sample.
On the other hand, the higher dielectric permittivity of the sample
with respect to the free space decreases the ratio between the elec-
tric field Ety, and the magnetic field Bry,. In the investigated case,
the latter dominates over the former.

The above results correspond to an experimental set-up that
can be defined as single-pass, in which the fields at 263 GHz re-
main of traveling-wave nature, considering the reflected wave typ-
ically as a minor fraction of the whole power.
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Fig. 11. RMS magnetic flux density in the XY-plane averaged in the sample volume
for the experimental set-up depicted in Fig. 10a and b. The w, of the applied
263.5 GHz gaussian beam at the coil top entrance is varied. In the case of gaussian
beam propagating in free-space, the results are represented by the blue line with
dots, while in presence of the coil wjo any load for two orthogonal linear
polarization along x-axis and y-axis, results are shown resp. with red line with
empty dots and green line with empty squares. In the case of loaded coil (see
Fig. 10a and b) dielectric proprieties at 80 K and 263 GHz of Teflon have been
chosen for the sample holder: € = 2, and loss tangent tan d = 2.8 x 10~ The sample
has dielectric proprieties of 1M of 1*C-Urea dissolved in ds — glycerol/D,0/H,0 (60/
30/10% by volume) at 80 K and 263 GHz as mentioned in Nanni et al. [30]: € = 3.5,
and loss tangent tan § = 0.009. In addition of the two orthogonal linear polarization
giving very similar results, circular polarization behavior has been checked. Results
shown by the dashed orange line confirm that the chosen geometry preserves the
incident polarization.

On the other hand, by working with a multiple pass propagation
circuit one can achieve stronger THz-wave magnetic fields. Fig. 12a
shows the simplest multiple pass circuit, where a metalized sur-
face has been put on the sample holder at the bottom exit of the
saddle coil. For the investigated cases, the double passage of the
radiation through the sample leads to an increase of almost 25%
in the magnetic field By,,,. In practical DNP-NMR applications, often
characterized by very intense THz-wave irradiations, another cru-
cial quantity is given by the electromagnetic energy dissipated in
the sample due to its dielectric absorption. For the cases treated
in Figs. 12 and 13, the fraction of total incoming power dissipated
in the sample is about 40% for the single pass configuration, and
about 60% in the double pass configuration, whereas the power
dissipated in the sample holder is about 3% in both cases.

Both for the single and double pass configuration, the dielectric
properties assumed for the sample lead to a consistent dielectric
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Fig. 13. Dielectric losses in the sample as a percentage of the injected power in the
case depicted in Fig. 10b and Fig. 12a for an incident electric field circularly
polarized at 263 GHz.

absorption, which can correspond to a relevant heating of the sam-
ple. This is a common problem in the irradiation of samples with
sizes comparable or larger than the employed wavelength; it re-
quires a careful control over the irradiation power, especially at
low temperatures, where the heat capacities and thermal conduc-
tivities usually decrease.

In order to provide a way to mitigate this problem, we numer-
ically explored the response of the DNP-NMR probe in terms of By,
and fraction of dissipated power, for different dielectric permittiv-
ities of the sample and the sample holder, in the experimental con-
figuration of Fig. 10b. The scanned permittivity range corresponds
to the dielectric characteristics of common materials at 263 GHz
and few tens of Kelvin, in particular to Sapphire and Zirconium
(€’ ~9) and Quartz (€ ~4.6) [31] approximately having the same
tan 6=2.8 - 10~ of teflon.

Results are summarized in Fig. 14. In particular, the behavior of
By, is shown in Fig. 14a, whereas the behavior of the fraction of
power dissipated in the sample in shown in Fig. 14b. By comparing
the two graphs it turns that when € = 6 for both sample and holder
we can maximize the ratio between magnetic field strength and
sample heating in the investigated range of conditions. With this
in mind, some possible experimental strategies are proposed in
the next section of the paper.

- E-field pol. 0, sample+holder
-=E-field pol. pi/2, sample+holder
---E-field circ. pol, sample+holder
—E-field circ. pol, sample+holder, metallic cup

05 1

15 2 25
waistO [mm]

(b)

35

3

Fig. 12. In presence of the saddle coil, (a) Comparison between the configuration depicted in Fig. 10b and in presence of a metallic surface put on the sample holder at the
bottom exit of the coil. (b) Time RMS magnetic flux density in the XY-plane averaged in the sample volume, By,,, for two orthogonal linear polarization and circular
polarization, resp., red, green and orange dashed line, and with metallic cup for circular polarization (orange continuos line).
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Fig. 14. (a) RMS magnetic flux density in the XY-plane averaged in the sample volume, By, for the experimental set-up depicted in Fig. 10a and b for different ¢’ values for
the holder and the sample. Conductivity, g, is unchanged with respect to the previous cases. (b) Sample resistive heating, as a percentage of the injected power, in the same €’

ranges.

5. Conclusions and perspectives

A monolithic saddle coil design for DNP-NMR experiments at
9.4 T has been proposed. A characterization of this structure is
shown through a finite-element numerical method, both in its
radio-frequency (400 MHz) and THz-wave (263 GHz) response.

The numerical results at the radio-frequency were used to
determine the relevant sample volume for NMR experiments, pre-
serving the homogeneity of the radio frequency magnetic flux den-
sity, leading to a sample volume of 28 pl.

The numerical method for THz simulations has been validated
through experiments reproducing the simulated conditions.

Once validated the numerical methods have been used to study
extensively the THz wave channeling through the structure, in-
jected into the system along the axis of the saddle coil. The detailed
analysis of the THZ wave behavior made it possible to determine
the beam parameters needed to optimize the time RMS magnetic
flux density useful for DNP experiments and averaged in the sam-
ple volume, Byy,. In parallel, the power dissipated through dielec-
tric losses in the system was estimated. The injected gaussian
beam showed optimal behavior when injected with a plane phase
front and a waist g = 1.5 mm onto the entrance of the saddle coil.

Two systems have been studied: the first one being composed
of the saddle coil, a simple cylindrical geometry for a teflon sample
holder as well as a '3C Urea sample, along with their dielectric
properties at 80 K and 263 GHz. It is shown that this configuration
gives rise to a single pass traveling wave situation, where the rel-
evant field can reach B}, = 0.021 mT/+/W and about 40% of the in-
jected power is found to be dissipated into the sample. The second
configuration is identical to the first one with an additional metal-
ized cup on the bottom exit of the sample holder. It is shown that
this configuration gives rise to a double pass situation, where the
relevant field can be raised to B}y, = 0.026 mT/+'W with the draw-
back that the fraction of injected power dissipated into the sample
reaches 60%.

It is shown that when channeling THz waves through the struc-
ture, the polarization state of the injected beam is conserved, thus
pointing to the possibility to channel linearly or circularly polar-
ized THz beams through the sample.

Finally a parametric study of the relevant THz magnetic flux
density By, as well as the dielectric sample heating is presented
as a function of the real part of the sample and the sample holder’s
dielectric constants, €. This analysis shows that to reach an opti-
mal By, and minimize the dielectric heating of the sample, for
both the sample and the sample holder the optimal choice is
€ = 6, suggesting the possible dielectric engineering of the system’s
materials to increase its performances. Such an engineering can for

instance be achieved by a wise choice of materials for the sample
holder possibly by introducing specific nano-particles to tune the
bulk dielectric properties of the sample.

Globally, a monolithic saddle coil for high-field DNP-NMR appli-
cations has been designed, built, and systematically characterized
by means of experimental and numerical techniques. These latter,
based on advanced numerical software and on large computational
resources were proven reliable also in very demanding applica-
tions involving over-moded structures. Thus, they represent an
ideal way for a systematic exploration, design, and optimization
of the many devices still needed in the rapidly growing world of
the high-field DNP-NMR.
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