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Abstract

A novel coil, called Z coil, is presented. Its function is to reduce the strong thermal effects produced by rf heating at high frequencies.
The results obtained at 500 MHz in a 50 pl sample prove that the Z coil can cope with salt concentrations that are one order of mag-
nitude higher than in traditional solenoidal coils. The evaluation of the rf field is performed by numerical analysis based on first prin-
ciples and by carrying out rf field measurements. Reduction of rf heating is probed with a DMPC/DHPC membrane prepared in buffers
of increasing salt concentrations. The intricate correlation that exists between the magnetic and electric field is presented. It is demon-
strated that, in a multiply tuned traditional MAS coil, the rf electric field E; cannot be reduced without altering the rf magnetic field.
Since the detailed distribution differs when changing the coil geometry, a comparison involving the following three distinct designs is
discussed: (1) a regular coil of 5.5 turns, (2) a variable pitch coil with the same number of turns, (3) the new Z coil structure. For each
of these coils loaded with samples of different salt concentrations, the nutation fields obtained at a certain power level provide a basis to

discuss the impact of the dielectric and conductive losses on the rf efficiency.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The reduction of radiofrequency (rf) heating in biologi-
cally relevant NMR samples has become a major challenge
for the design of novel coils in NMR probes [1-4]. The
principal mechanisms that lead to rf heating in NMR sam-
ples have been known for decades [5,6]. In NMR the
impact on lossy samples of the rf electric field (E, field),
which is always present along with the rf magnetic field
(B, field), is particularly noticeable at high frequencies.
The dispersion of the NMR sample arises from two
sources: the most remarkable one is related to the imagi-
nary part of the dielectric permittivity for a certain fre-
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quency range and the second one is linked to the electric
conductivity [7-10]. A dispersive sample represents a lossy
element in the rf circuit of the NMR probe and leads to a
strong decrease of the resonance frequency of the tuned rf
circuit. Such phenomenon is caused by the increase of the
equivalent coil-to-sample capacitance [6]. This is particu-
larly noticeable for the high-frequency channel of the
probe, usually tuned to the 'H frequency. As a result the
tuning range has to be enlarged in order to compensate
for samples with a high dielectric dispersion.

If lossy samples are brought into a given electromag-
netic field, the latter is changed [9], i.e., the field distribu-
tion becomes different from the one in air or vacuum or
from the one in a low loss sample. Losses originating from
the dielectric or conductive properties of the sample lead
to energy dissipation. The effective current induced in
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conductive samples [8,9,11] couples with the E; field and
dissipation leads to heating. This may result in unwanted
phase transitions of the sample due to the internal temper-
ature change and, in some extreme cases, the degradation
or the destruction of the sample may happen. Finally, sam-
ple losses also change the impedance matching between the
input ports of the NMR probe and the preamplifiers con-
nected by 50 Q cables and they lower the Q factor of the
probe circuit hence they affect the signal-to-noise ratio of
the NMR experiment [6].

From the viewpoint of NMR probe engineering it is
highly desirable to design and construct NMR coils or reso-
nators that allow to minimize rf heating of lossy NMR sam-
ples like biological membranes or protein samples. The aim
of this work is to present a novel coil structure, called Z coil,
which is, as the regular coil, designed for multinuclear exper-
iments in a solid-state NMR probe. The novel Z coil is
characterized both electromagnetically as well as from the
NMR experiment point of view. In general, NMR coils need
to satisfy simultaneously the following requirements: (i) to
produce a maximum rf magnetic field at the coil and sample
center, (ii) to minimize the rf electric field components inside
the volume occupied by the sample, hence to minimize the
electric field energy and therefore dissipation inside the sam-
ple, (iii) to provide a high homogeneity of the rf magnetic
field over the sample volume. The rf electric and magnetic
field components are not independent of each other. They
are linked via Maxwell’s equations. The coil or resonator
geometry, the surrounding rf circuit, and the sample geome-
try (i.e., the sample location and distribution inside the coil),
represent boundary conditions, under which Maxwell’s
equations are to be solved. A detailed analysis shows, that
for many cases minimizing the £; field and homogenizing
the B; field by adapting the geometry of the coil comes at
the expense of Bj field amplitude in the center of the coil.
Based on the standard solenoidal or helix coil used in
solid-state NMR probes, described extensively in [10], seri-
ous attempts have been made to improve the homogeneity,
e.g. by varying the pitch [12], or using variable-width wire
[13]. On one side the novel Z coil structure to be introduced
in this paper is a continuation of this art of modifying sole-
noidal coils by introducing spiral coils to localize the E field
in a radial plane [3,14] outside the center of the sample and
coil. On the other side, the ‘E; field relocating’ spiral coils
are connected with a central loop that provide a homoge-
neous B field within the sample. In the present paper we will
show some of the interesting features of Z coils in compari-
son with the classical solenoidal coils by investigating in
more detail the electromagnetic field distribution of the Z
coil by calculation and by experiment. The rf heating effects
caused on bicelle samples will be measured as a function of
salt concentration in the sample.

2. Temperature monitoring in bicelle samples

Quantitation of sample heating in NMR experiments
requires measurement of the sample temperature in situ.

NMR thermometers based on temperature dependence of
the chemical shift are available to calibrate the temperature
inside the sample. For "H NMR spectroscopy one of the
most popular methods is to use methanol or ethylenglycol,
whose OH and CH, peaks [15] experience a well known
temperature dependence of the frequency shift. Com-
pounds containing lanthanides like TmDOTPS5 (thulium
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(methylene
phosphonate)) also have been successfully used to measure
temperature via the 'H chemical shift [3]. Other NMR
nuclei contained in temperature sensitive materials are
3¢, F, and *Co [16] for liquids, and 2°’Pb [17] for solids.
For lipid membranes the addition of reference compounds
may interact with the sample and in practice the best
method is to use the water [4] in most biological samples.

Bicelle samples like DMPC/DHPC assemblies are mem-
brane models which require a very careful temperature
handling [18,19]. H NMR allows us to investigate the
exchange of water from the bath to the bound state. The
splitting of deuterium (spin 1) resonance lines originating
from the coupling of the quadrupolar moment with the
local electric field gradient (arising from neighboring atoms
or molecules) has been investigated in the so called swelling
regime where the hydration plays a major role [20,21].
There exists a region of temperatures between 298 and
317 K, where the bicelles form a homogeneous phase,
and the quadrupolar splitting of *H in D,O is governed
by the order parameter of the system. In this temperature
range the quadrupolar splitting increases linearly with tem-
perature. The phase diagram is rather insensitive to varia-
tions of the salt concentration [22] and the same model
can be applied to monitor the temperature increase.

3. Z coil geometry

The main mechanical elements and the overall geometry
of the here presented Z coil are shown in Fig. 1. The Z coil
consists of a copper cylinder with a helical slit. The result-
ing 1.5 mm wide gap carries out a 180° turn from one end
to the other end of the resonator. We refer to the cylindri-
cal part as the core of the Z coil. At the two extremities,
two spirally wound and flattened wires are connected. On
the outer turns these spiral coils (Archimedes spirals, 3
turns, inner diameter 4.5 mm, outer diameter 9 mm) are

Spiral Inductors

Fig. 1. Z coil resonator with the two main construction elements: the
spiral coils at opposite ends of the resonator and the central loop.
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soldered to the coil leads at opposite corners of the ceramic
block that serves as the coil holder [23]. The Z coil resona-
tor is the central part of an rf circuit that provides an
electrically balanced voltage distribution between the two
coil leads for one, two, or even three different frequencies.
An example of such a circuit can be found in [24].

It is the complete structure, depicted in Fig. 1, including
the two spiral coils and the central core embedded in the
coil holder, that defines the self-resonance frequency. The
latter can be measured, for example, using a pickup coil
connected through a 50 Q cable to the network analyzer.
The geometric dimensions of the Z coil are chosen in such
a way that the self-resonance frequency stays above the
desired proton resonance frequency (here, 630 MHz to be
used in a 500 MHz rf circuit). Therefore the Z coil appears
as an inductive element in a multi-channel circuit, e.g., for
a probe tuned to 'H and to '*C, '°N or ?H. In contrast to a
loop-gap resonator [25,26] the Z coil is easily tunable to
multiple frequencies. As such, it is similar to a solenoid
coil, except that the self-resonant mode of the solenoid con-
tains much more electric field inside the coil than the Z coil.
Unfortunately, away from its self-resonance frequency the
Z coil will exhibit less magnetic field than a regular coil, as
is expected for such low-E structures [3,26,27]. However, as
shown further below in the present paper, for lossy samples
this apparent drawback will turn out as not significant: for
lossy samples the rf efficiency of the Z coil and the solenoi-
dal coil almost coincide.

4. Rf field mapping
4.1. Electromagnetic field simulation

We have applied computational techniques for electro-
magnetic fields based on first principles to evaluate the spa-
tial distribution of the high-frequency E; and B; field
characteristics for the Z coil. One goal was to prove by sim-
ulation that coil geometries can be found where the E| field
is distributed in such a way that it is minimum or negligibly
small within the sample volume. Since our problem at hand
has a fairly complex spatial arrangement, it was ruled out
from the beginning to attempt to solve Maxwell’s equa-
tions by analytical techniques. Therefore we decided to
employ numerical methods based on discrete models. The
Finite Integration Technique (FIT) proposed and devel-
oped by Weiland [28,29] and implemented in the software
program Microwave-Studio® (MWS 2006) by Computer
Simulation Technologies, Darmstadt (CST) has been
applied to find the electromagnetic field distribution of
the Z coil.

The relevance of this technique has already been demon-
strated in the literature for the study of NMR coils [9,27].
The numerical simulation was based on the Z coil structure
depicted in Fig. 1. A display of the magnetic vector field in
an axial plane OYZ is shown in Fig. 2. This magnetic field
distribution results from the analysis using the transient
solver module of MWS applied to a Z coil loaded with a

sample consisting of a 18 mm long tube made of ZrO,
ceramics (& =~ 30) of outer diameter 4 mm, inner diameter
3 mm, filled with a 5 mm long sample of salty water (con-
ductivity 2 S/m) at the center of the coil. The relative per-
mittivity ¢ of this solvent has a complex value whose real
part is equal to 81 and whose imaginary part is equal to
72 at a frequency of 500 MHz, leading to some energy dis-
sipation. The two excitation ports (in Fig. 2 surrounded by
red squares) are fed with excitation pulses, 180° out of
phase from each other to simulate external circuit balance.

It is interesting to note that the maximum of the mag-
netic field is located outside of the sample, close to the con-
ducting wall of the Z coil core. Nevertheless, the amplitude
value of the field in the center of the sample is relatively
high, although lower than the amplitude close to the core
walls. Moreover, its distribution inside the core is highly
homogeneous. Therefore it leads to the highest density that
would be encountered in the field histogram of the B, field
[30,31]. For the Z coil and for the variable pitch coil the
field profiles shown in Fig. 3a correspond to the vector
component of By along the coil axis, while the distributions
in Fig. 3b display the E; field magnitude. For both distribu-
tions shown in Fig. 3, a nonconductive sample has been
assumed where the losses originate from dielectric disper-
sion only. The dispersion behavior in the simulation was
based on a Debye model with a dielectric relaxation time
of 4.6x107'""s. According to Gimsa [8], this large value
is characteristic for bound water on lipid headgroups of
membranes. It is about 200 times larger than the relaxation
time constant for nonbound water molecules (ca.
9% 107 1?5s).
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Fig. 2. Axial plane cross section of the sample-loaded Z coil for rf field
simulations. The magnetic vector field distribution is indicated by small
triangles. All simulations were performed with the CST software Micro-
wave Studio (CST-MWS) transient solver. Gaussian shaped pulses were
applied at both terminal ports (red squares) of the coil with opposite
electric phase (to simulate a balanced circuit) at 500 MHz. A 5 mm long
conductive water sample was positioned in a dielectric cylinder of 18 mm
length to evaluate the impact of the complex permittivity of conductive
samples. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this paper.)
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Fig. 3. B; and E| field profiles along the axis of the loaded Z coil. The abscissa corresponds to a length of 18 mm. The vertical dotted lines indicate the
extension of the coil and of the water sample in the Z coil. The ordinate axis of (a) shows the rf magnetic field magnitude B; along the coil axis. The
horizontal line indicates the inhomogeneity in the maximum field region. The ordinate axis of (b) measures the electric field magnitude E;.

It is useful to consider the ratio E1/B; at a given point in
space for comparing simulated fields in different coils. For
the Z coil, E,/B, is computed to be approximately equal to
3.2 V/A in the center of the dispersive sample, while it
reaches 21.0 V/A in the center of a variable-pitch coil
(applying the same boundary conditions). The E; field
magnitude distribution in a plane containing the center of
the core is plotted in Fig. 4. The plane for this contour plot
coincides with the plane for the B; field distribution in
Fig. 2. We point out that the E; field is concentrated in
the spirals and decreases when coming closer to the core.
We found furthermore by additional simulations, that the
size of the gap has almost no influence on the self-reso-
nance frequency of this coil. In practice, most of the E;
field is stored in the spiral coils and not in the helical gap
of the core. The latter would be the case for the self-reso-
nant mode of the loop-gap resonator.

However, the gap width plays a role for the distribution
of the radial B, field component, as it does in a loop-gap
resonator [25] or in a scroll coil [27]. Recently, it has been

Type E-Field (peak)

Honitor e-field (f=500) [1[1.90
Component Abs

Plane at x e

Frequency 500

Phase @ degrees

Hax i mum=2d 2994.81 V/m at @ / 4.7516 /B

Fig. 4. Axial plane cross section representing the E; field magnitude in a
plane located in the same position as in Fig. 2. The maximum of the E;
field is located at the tip of the spiral coil leads. The minimum of E; is
located inside the core where the water sample is located. The contours are
at 17 levels spaced from 0 to 3000 V/m (logarithmic scale).

shown [32] for the case of solenoidal coils that the inhomo-
geneous distribution of the radial component of the B field
leads to modulation effects in experiments performed under
sample spinning conditions (e.g., MAS). In order to
estimate the amplitude of the radial component of the B;
field in the Z coil, we performed simulations to compare
the variation of the radial component of B; along a circular
path of 1 mm radius for a single-turn coil (loop of 4.2 mm
radius, wire thickness 0.5 mm) with the radial field
variation along the same path in a Z coil (4.2 mm radius,
gap width 0.5 mm). For the single-turn loop the variation
of the radial B; component amounts to about 10% of the
axial B; component value at the loop center, for the Z coil
this variation is only ca. 2%. A similar comparison has
been made for the E;/B; magnitude ratio. While for the
single-turn loop the value of the Ej/B; ratio at the center
is equal to 12.7 V/A, this ratio is as low as 1.9 V/A for
the Z coil (Supplementary material).

From the rf circuit perspective, the Z coil behaves very
similar to a regular solenoid. Thus, no additional means
were necessary to tune or match the rf circuit of the probe.
Regarding the By and E| field distributions the Z coil is dif-
ferent from the classical solenoidal coil. The spatial separa-
tion of the rf electric and magnetic fields in the Z coil is
much more pronounced than in a solenoidal coil [10].

4.2. Experimental determination of B field profiles for coils
of various geometries

In order to experimentally determine the B, field distri-
bution inside resonators or coils, small metallic (e.g., spher-
ical) bodies were positioned into the region of interest. The
presence of the metallic ball leads to a local perturbation of
the By field (the interior of the ball is field-free, at the sur-
face the external rf field induces currents that generate
additional fields superimposed to the external rf field). In
terms of circuit parameters like the inductance of the coil,
the positioning of the ball inside the coil results in a
decrease of the apparent inductance value and therefore
in an increase Afys of the resonance frequency of the tuned
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and matched circuit. Such so-called “ball shift” measure-
ments Afys provide a mapping [33,34] of the B distribu-
tion. In other words, the value of the frequency shift for
a given position of the metallic ball is a (monotonous) func-
tion of the B, field amplitude at the same location. We have
used a set of Kel-F inserts containing an embedded copper
ball (diameter 3 mm) to probe the field by positioning these
inserts along the main axis of the coils (of length 9 mm and
diameter 4.2 mm and for the solenoid with 5.5 turns and
the same length and diameter) with incremental steps of
0.5 mm. The three profiles measured at a frequency of
500 MHz shown in Fig. 5 were taken for a regular and var-
iable-pitch solenoidal coil as well as for the Z coil.

As it becomes clear from Fig. 5, the solenoidal coil with
a variable pitch has a higher B; homogeneity than the reg-
ular solenoid [12,35], but also a slightly decreased maxi-
mum value. The improved homogeneous plateau of the Z
coil exhibits simultaneously a slight decrease of the maxi-
mum value of the ball shift in the coil center when com-
pared to the regular solenoidal coil. The results of the
profile measurement obtained for the Z coil are in agree-
ment with the calculated magnetic field profile shown in
Fig. 3. The ball shift per se can be related only indirectly
to the B, field. The portion of the magnetic field energy
stored in the volume equal to the ball volume (when the
ball is absent) may serve to define the magnetic filling fac-
tor [33]:

(4}
b= 1 (MAfbs) (1)

where f; denotes the circuit resonance frequency measured
with an empty insert. If we want to compare different coils,
it is the magnetic filling factor that turns out to be relevant
to relate B, field magnitudes to each other at a given posi-
tion inside the respective coil. In our particular case the

5 51 . Regular coil
S 4 S <, | -~ Variable pitch coil
= N —Z-coil

= 3.5 /

< ;! S

k) H 5

£ 34 ! 3

g / 3

f;x 25 / 50 pl region it

> & 4

o p 5

= 2 1 F 4

B L5 £

& /

<

0.5 1

Axial position along OZ in mm

Fig. 5. Rf magnetic field profile at 500 MHz for various 4 mm inner
diameter coils (regular solenoid, variable-pitch solenoid, and Z coil)
obtained by ball-shift measurements. The frequency shift Afys caused by
the metal ball in the insert as measured by connecting an Agilent 8712ET
network analyzer to the matched probe and recording the frequency of the
wobble curve minimum. The frequency shift was taken relative to the
frequency of the wobble curve minimum of an insert without ball.

magnetic filling factor, measured by the ball shift at the
respective coil centers, is almost equal for the variable pitch
and the regular coil, &y = 0.0175. It is smaller for the Z
coil, where we obtain &,s~ 0.0056. From the fact that
the magnetic energy density B2 /2y, is equal to the rf power
P° supplied to the probe, multiplied by the magnetic filling
factor &, divided by the frequency bandwidth wy/Q, of the
probe and divided by the volume of the element referring to
Eps » the expression for the field magnitude B as a function
of the filling factor & is given by

24P s O,

B =k
C!)()V

2)
where Q) denotes the quality factor of the circuit with the
lossy sample inside the rf coil, and wy is equal to the angu-
lar rf frequency. The filling factor &, is measured relative
to the volume element V. The factor k takes into account
the orientation of the coil or resonator axis relative to the
external static field By . From this equation it is noticeable
that B| measured in an NMR nutation experiment will in-
crease linearly with the square root of the power supplied
to the probe as it will be shown below in Fig. 8 for 'H
and “H nuclei.

5. NMR experiments to measure rf heating in bicelle samples

In order to verify the practical consequences of the E
field distribution in the solenoidal coils and the Z coil,
we have performed NMR experiments on bicelle samples.
All experiments were performed on a Bruker AVANCE
spectrometer equipped with a 500 MHz widebore magnet.
The rf power at the probe input ports was measured with
an oscilloscope Agilent DS06102A using a 30 dB attenua-
tor. The NMR probe comprised a double resonance cir-
cuit with the "H channel tuned to 500 MHz and the low
frequency channel tunable from 50 to 205 MHz. The
probe was equipped with a 4 mm MAS system. The rf
heating experiments described below were performed
under static conditions. The assembly of the various coils
in the probe did not require any modifications of the
probe rf circuit—only the variable tuning and matching
capacitors had to be adjusted. The Q factor of the NMR
probe was measured from the reflection curve for a
matched channel by means of a vectorial network analyser
Agilent 8712ET.

5.1. NMR on bicelles

Bicelles from Avanti Polar Lipids were prepared as
described in the literature [20,21,36] at a concentration of
25% w/v (250 mg/ml). As proposed recently [37] the molar
ratio ¢ =3 has been chosen for the two lipids DMPC/
DHPC. The sample was prepared in a phosphate buffer
(pH 6), 10% D,0 was added for the study of *H exchange
NMR spectra. The sample conductivity was varied by add-
ing PBS (a mixture of K,HPO, and KH,PO,) to produce
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three different salt concentrations of 10, 50 and 100 mM. A
reference sample without salt was also investigated. All
samples were packed in a (non-spinning) 4 mm rotor and
all coils were consecutively assembled in the same double
resonance MAS probe. The variation of the NMR line fre-
quency vs. temperature change, Avy,;.//dT , measured prior
to the start of the following experiments, is equal to
1.2 Hz/K. This value is independent of the salt concentra-
tion [22,38]. In order to ensure thermal stability, the gas
flow around the sample was maintained (at a pressure of
770 mB, without spinning the sample) using a gas flow
cooling unit (BCU-05), while the temperature controller
(BVT-2000) was used to control the probe heater by mea-
suring the temperature directly in the gas flow at the
MAS stator close to the sample. Once the data were
recorded at variable temperatures, these values could be
used to monitor the increase in temperature, relative to
the value of 305 K, originating from the E) field of the rf
coil. The pulse sequence employed to monitor the heating
due to the rf electric field at the 'H frequency went as fol-
lows : 0.5 s 'H rf pulse prior to 2H 90° pulse followed by 1 s
pulse of "H CW irradiation during the ?H FID acquisition
to mimic a long decoupling pulse at different B, field ampli-
tudes in the range from 5 to 16 kHz. These B, field ampli-
tudes were measured by determining the length of the 360°
pulse for 'H at different rf power levels for each sample and
each coil. The same power level was applied 10 times before
the next increment to measure rf heating step by step. The
’H NMR spectra presented in Fig. 6 are plotted as a func-
tion of the 'H B, field amplitude. A phase transition occurs
in the bicelle sample placed in a regular coil, when the B,
amplitude becomes greater than 9.5 kHz. Temperature cal-
ibration measurements with the bicelle sample show that
the phase transition occurs at about 317 K. Additional
sample heating due to spinning [4,39] is avoided in our
experiments. Therefore the heating of the sample results
solely from the presence of the rf electric field inside the
sample. Measuring the temperature increase as a function
of the applied field amplitude B; allows to quantify the
impact of the electric field E; in the coil [4,27]. Such data
are shown in Fig. 7 for the three different coils whose B
field profiles were already compared in Fig. 5.

The data presented in Fig. 7 confirm in a quantitative
way that the greater the salt concentration, the higher
the rf heating. Furthermore it becomes evident that the
Z coil has a much lower E; field than the two other coils
as predicted from the computer simulation (Figs. 3 and
4). The temperature increase in the samples containing
up to 100mM PBS in the Z coil remains comparably
low when compared to a regular solenoidal coil with a
sample of 10 mM PBS. For the regular and the vari-
able-pitch coil, all salty samples exhibited the phase tran-
sition (Fig. 6). Thus, while the replacement of the regular
solenoidal coil by a variable-pitch coil is a reasonable
choice for the lower salt concentrations, the Z coil
appears superior when the sample exhibits higher salt
concentrations.
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Fig. 6. Series of 2H NMR spectra of deuterated water in the DMPC/
DHPC system. The quadrupolar splitting (in Hz) appears as a function of
the applied B, field magnitude. The measurements were done at 76.8 MHz
(*H), obtained with packed samples (ca. 50 pl) inserted into a regular
4 mm solenoidal coil. All experiments were conducted with non-spinning
samples. Alignment of bicelles was obtained after 30 min to 1 hour waiting
time, the overall series of experiments took 30-40 min. By increasing the
power level of the 'H channel, the increasing E; field leads to heating
which in turn modifies the dynamics of water in the samples. The phase
transition indicated by the vanishing splitting (upper spectrum) corre-
sponds to a equivalent temperature of 317 K. In an MAS stator whose
temperature was stabilized at 305 K, the heating produced by the rf pulse
in the "H channel on a 100 mM PBS salt amounts to a temperature
increase up to 12 K for B; field amplitudes in the range from 1 to 12 kHz.

5.2. Comparison of NMR nutation fields for regular
solenoids and Z coils

Apart from the detailed electromagnetic field distribu-
tion of the coils and the quantitative evaluation of rf heat-
ing effects, it is important to measure and compare the rf
efficiency of the Z coil with that one of a solenoidal coil.
For that purpose the NMR nutation field [31] was deter-
mined as a function of the rf power supplied at the input
port of the '"H and the H probe channels. The data
obtained from these experiments are shown in Fig. 8 for
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Fig. 7. Sample temperature increase induced by an increasing rf field at
500 MHz ('H resonance frequency) as function of the PBS concentration.
The temperature increase was inferred from the *H quadrupolar splitting
by using the same linear model for all samples.

the bicelle sample, spinning at the magic angle at a rate of
4 kHz. The abscissa in Fig. 8 represents the square root of
rf power, and because each curve passes through the origin
and exhibits a linear behavior, only relatively few points
are needed to predict the slope of each straight line. In
addition to the bicelle sample, nutation rate in deuterated
adamantane (same volume as the bicelle sample) spinning
at a rate of 4 kHz was measured. The results from the “H
probe channel are represented in Fig. 8a, while the data
for 'H are displayed in Fig. 8b. The slope of each particular
line defines the rf efficiency or power conversion factor n of
the respective channel for the given coil with the specific
sample in the coil, measured in units of nutation frequency
squared per unit of power (e.g., in kHz?/watt). Focusing
first on the data obtained for adamantane which represents
a sample with low dielectric and no conductive losses, it
becomes evident that in terms of rf efficiency (slope of
straight lines in Fig. 8) the solenoidal coil is superior to
the Z coil for the 'H as well as for the ?H channel. The sit-
uation becomes different for a bicelle sample which is
dielectrically lossy and conductive. The Z coil now meets
the solenoidal coil in rf performance. These findings also
confirm the results reported in [6,9,40]: at a given power
level the nutation frequency, hence the rf field amplitude,
depends on the dielectric and conduction properties of
the NMR sample inside the NMR coil.

A quantitative analysis of the power conversion factors

summarized in Table 1, in analogy of the discussion pre-
sented in [1], requires a more thorough definition of the
heat deposited in lossy samples. In addition to the defini-
tion of power conversion factors (with vy, and vy, denot-
ing the nutation frequencies),
M = V%m/Pnla Moo = v%bio/PbiO (3)
for nonlossy samples (e.g., adamantane) and biological
samples (e.g., bicelles) we define the power Py, lost in
the biological sample relative to a sample without losses:
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Fig. 8. Measure of the nutation frequency squared per unit of power (a)
for the H channel, (b) for the 'H channel. The nutation curves were
obtained with deuterated adamantane and bicelles. The quality factor of
the "H probe circuit in presence of the sample is indicated for the
solenoidal coil for the adamantane (high Q value) and the bicelle sample
(lower Q value). For the Z coil the Q factor did not differ for the two
samples. All data were taken under MAS at 4 kHz.

Table 1
Power conversion coefficients for the 'H channel as defined by the slopes
of straight lines in Fig. 8b and heat deposition as defined in Eq. (5)

n (Adamantane) n (Bicelle) Gheat
(kHZ*/W) (kHZ*/W) (mW/kHz?)
Z coil 27.0 24.0 4.7
Solenoid 449 30.2 10
Pheat = Pbio - Pnl (4)

at the same nutation frequency (vi, = vipio = v1). The heat

deposition of a biological sample,

Phea 1 1

T (5)
Vi Moio Ml

characterizes, for one given nutation field v, the power dis-

sipated in the biological sample. Hence, ¢pea 1S @ meaning-

ful measure to compare coils loaded with lossy samples.

From the values of Table 1 we infer that the Z coil deposits

two times less heat in the bicelle sample than the solenoidal

coil.

Theat =
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6. Conclusions

The physical mechanism of water heating by micro-
waves at a certain frequency is well known. In recent arti-
cles the impact of the electromagnetic field on water in lipid
bilayers has been addressed [7,8]. Water molecules in a
5 nm layer above the polar headgroups [8] reveal a dielec-
tric relaxation time which is two orders of magnitude
longer than the dielectric relaxation time found in free
water. This means that dielectric dispersion effects already
occur at frequencies as low as 500 MHz. The resulting heat
dissipation, leading to a temperature change of hydrated
bicelle samples, affects the D,O exchange on these bicelles
and, as demonstrated by the results in the present paper,
this D>O exchange process is a suitable means to monitor
the temperature increase of the sample.

In nondispersive samples, because the Z coil has an rf
efficiency lower than the regular solenoidal coil, the inten-
sity of the NMR signal for 'H as well as for ?H is smaller in
the Z coil as compared to the solenoid. On the other hand,
the experimental results of rf heating (Fig. 7) for lossy sam-
ples demonstrate that the ratio B,/E, for the interior of the
Z coil is significantly higher than for the solenoidal coil—
mainly because E is so small inside the Z coil. Therefore,
for samples with high dielectric dispersion and/or electric
conductivity we conclude from the data of Fig. 8 that the
Z coil will meet the solenoid in NMR performance and,
in addition, for the Z coil at the same time heating effects
are strongly reduced.

In summary, there are two good reasons to apply coils
that are characterized by a low E| field. Firstly, in the Z coil
rf heating of dielectrically dispersive and/or conductive
samples is strongly reduced and B; homogeneity is
improved. Secondly, although the Z coil as exemplified in
the present paper, has a lower rf efficiency than the solenoi-
dal coils for nonlossy samples, it breaks even with the rf
efficiency of the solenoid for lossy samples. This is particu-
larly true for the 'H frequency channel. Taken these two
features, rf efficiency and low E; in conjuction with high
B; homogeneity for lossy samples, the Z coil outperforms
the solenoidal coil. Knowing that heating of samples may
ruin the NMR experiment, we found that our coil is well
suited for HR-MAS applications with biological samples.
Z coils are compatible with the existing double or triple res-
onance circuits in Bruker MAS probes. They represent an
alternative to solenoidal coils because they reduce the ther-
mal load on sensitive samples with high dielectric disper-
sion or electric conductivity resulting from salt content as
in biomembrane samples.
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