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Abstract. In this contribution we propose and study numerically a new probe (radiofrequency coil) for magnetic resonance microscopy in the field of 17T. The probe is based on two coupled donut resonators made of a high-permittivity and low-loss ceramics
excited by a non-resonant inductively coupled loop attached to a coaxial cable. By full-wave numerical simulation it was shown
that the probe can be precisely tuned to the Larmor frequency of protons (723 MHz) by adjusting a gap between the two resonators.
Moreover, the impedance of the probe can be matched by varying the distance from one of the resonators to the loop. As a result,
a compact and mechanically tunable resonant probe was demonstrated for 17 Tesla applications using no lumped capacitors for
tuning and matching. The new probe was numerically compared to a conventional solenoidal probe showing better efficiency.

INTRODUCTION
Ultra-high-field preclinical magnetic resonance imaging (MRI) is currently one of the most powerful approaches for
biomedical studies. Special preclincal magnetic resonance (MR) machines operate with the permanent magnet fields
of 7T and higher, which corresponds to the nuclear magnetic resonance (NMR) frequencies (Larmor frequencies) of
protons more than 300 MHz. For small subjects even stronger magnets can be employed up to 17-21 Tesla [1] to
increase the reachable signal-to-noise ratio and, therefore, maximize resolution. This goal is especially important in
microscopy applications, where tiny biological samples must be scanned with highest available resolution. Among
recent significant advancements in MR microscopy there is a way of the direct observation with MRI of neuronal
activity at single-neuron resolution, which has been experimentally demonstrated using a preclinical 17T machine in
Aplysia californica [2]. A conventional solenoidal probe used in these microscopy studies [2] operating at the proton
Larmor frequency of 723 MHz and being an electrically small antenna has a relatively low efficiency due to internal
dissipation losses. These losses are due to a strong electric field concentration in lumped capacitors, which are required
for tuning the probe lo the resonance and matching its input impedance to 50 Ohm. As a result the intrinsic noise level
of the probe becomes comparable to the useful NMR signal, which limits attainable imaging resolution.
In order to reduce the intrinsic losses, in this work we propose to use in 17T MR-microscopy an alternative
probe design based on high-permittivity and low-loss ceramic donut-shaped resonators. High-permittivity dielectric
bodies are widely used as compact (electrically small) resonators with a high quality factor in various radiofrequency
devices, e.g. microwave cavities, antennas, narrowband filters etc. Recently ceramic resonators were shown to be an
interesting solution for low-loss probes for MR-spectroscopy due to a strong concentration of a magnetic field in a
sample with a homogeneously distributed electric field inside a dielectric material [3]. This provides a high Q value
at ultra-high frequencies [4, 5] for the given compact probe’s size. In this work electromagnetic properties of a new
probe for 17T microscopy based on two coupled donut-shaped ceramic resonators have been numerically calculated
using CST Microwave Studio in comparison to a conventional probe made as a thin-wire solenoid.
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CERAMIC PROBE DESIGN
The ceramic probe is composed of two identical coupled donut resonators arranged coaxially with respect to each
other, as shown in Figure 1(a). Each resonator is made of commercially available ceramics with the relative permittivity of εr = 500 and the loss tangent of tan δ = 0.001 at 1 GHz, which is a realistic estimation of the ceramic
compositions 50/50 BT O/S T O + (5 wt.%Mg2 T iO4 + 20 wt.%MgO) [6]. Each donut has the height of h = 10.0 mm,
the outer diameter of ro = 18.0 mm and the inner diameter of ri = 5.6mm. Inside both donuts there is a cylindrical
cavity where a plastic tube filled with water (εw = 81, σw = 1.59 S/m) is inserted. The water tube with the length 25
mm and the diameter 2.6 mm is required to host a scanned biological subject.
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FIGURE 1. Geometry of the ceramic probe based on two coaxial resonators fed by a small circular loop (a); comparison of
simulated reflection coefficient frequency curves of the ceramic and the conventional solenoidal probes (b).

The distance g between the donuts along the z-axis is variable. Each donut resonator supports the T E01 volumetric
eigenmode with a dominant axial magnetic field inside the internal cavity with axially independent distribution. When
two resonators are coupled the system resonates at two hybridized eigenmodes: the even and the odd modes. Their
resonant frequencies depend on the coupling coefficient between the resonators, which is determined by their geometry
and the distance g. In order to obtain a homogeneous magnetic field distribution along the common z-axis the even
mode was chosen, for which both the resonators are excited in phase.
On the top of the upper resonator a small copper loop was placed for feeding the probe, which is supposed to
be connected to the feeding 50-Ohm RF-cable. Therefore, tuning the ceramic probe to the Larmor frequency and its
matching to the 50 Ohm cable is achieved in the proposed design without lumped capacitors and additional metal parts
(as in the previous work [4, 5]). In contrast this is done just by varying the diameter and position of the feeding loop
and adjusting the gap g between the donuts. The absence of the lumped capacitors promises better probe efficiency for
the same sized of the probe and the scanned subject, which is confirmed by numerical simulations in the next section.

COMPARATIVE SIMULATIONS
Using CST Microwave Studio the probe design depicted in Figure 1(a) was numerically studied. The simulated reflection coefficient with respect to the 50-Ohm lumped port in the loop is given in Figure 1(b) as a function of frequency
from 700 to 750 MHz with the solid curve. As one can check, the probe is well matched at the Larmor frequency of
723 MHz. For the comparison to the conventional probe design widely used in MR-microscopy, we also simulated the
solenoidal probe made of 5 turns of a thin copper wire. The solenoid had the wire diameter of 0.2 mm, the winding
diameter of 6 mm and the height along the z-axis of 20 mm. Therefore, the solenoid had the same sizes of an internal
volume (5.6 mm diameter and 20 mm height) as the considered ceramic probe, and the sample tube had the same
parameters in the simulation as well. The solenoidal coil had inductive properties and two lumped capacitors (0.3 pF
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in series and 9 pF in parallel) were employed to tune and match the probe both having the state-of-art Q-factors of
2000. The resulting reflection coefficient curve for the conventional probe is shown in Figure 1(b) with the dashed
curve. As on can observe, the solenoidal probe has the quality factor Q ≈ 723/∆ f−3dB = 48, which is much smaller
than the same value for the ceramic probe (Q = 460). The reason for this difference in loading of the probes by the
water tube, which is much stronger in the solenoidal probe due to high electric fields in the sample volume.
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FIGURE 2. Numerically calculated RF-field distributions of the ceramic probe normalized by 1W of accepted power at 723 MHz:
magnetic field magnitude and directions (a); electric field magnitude (b).
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FIGURE 3. Numerically calculated RF-field distributions of the conventional solenoidal probe normalized by 1W of accepted
power at 723 MHz: magnetic field magnitude and directions (a); electric field magnitude (b).

The RF-field distributions were calculated at 723 MHz for both the probes and are depicted in Figure 2 for the
ceramic probe and in Figure 3 for the solenoidal probe. Black shapes in the figures represent the cross-sections of the
donut resonators and the water-filled tube in the middle. All the fields correspond to the impedance matching conditions for the probes. The presented field magnitudes were normalized by 1W of the accepted power in transmission.
The value of the H-field magnitude per unit accepted power due to reciprocity provides a good estimation for the
sensitivity of the same probe in reception. Comparing the plots presented in Figures 2 and 3 one can conclude that the
ceramic coil provides higher magnetic field per unit accepted power (efficiency) than the conventional probe (396 A/m
vs. 161 A/m for 1W at the input of the matched probes). Therefore, the simulation predicts better SNR of images using
the ceramic probes with the same internal volume as of the solenoid. As can be seen in Figure 2, the magnetic field of
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the even T E01 mode is distributed in the internal cavity of a ceramic probe similarly to the field inside a solenoid, i.e.
it is linearly polarized and concentrated inside the the volume of the sample. In contrast to the case of the solenoid,
the electric field of the ceramic probe is strongly localized within the ceramic donuts and weakly penetrates to the
volume of the sample, therefore leading to higher Q-factor.

CONCLUSION
The obtained results of numerical comparison confirm that self-resonant high-permittivity ceramic probes can be an
interesting solution for MR-microscopy at 17T. In comparison to the conventional thin-wire solenoidal probe of the
same internal volume, the ceramic probe demonstrates higher magnetic RF-field per unit accepted power (higher
efficiency in transmission and higher sensitivity in reception). Moreover, the design of the new probe avoids using expensive variable non-magnetic capacitors and allows tuning and matching to the Larmor frequency only by adjusting
mutual positions of the probe’s parts. In conclusion, ceramic probes based on 50/50 BT O/S T O + (5 wt.%Mg2 T iO4 +
20 wt.%MgO) composites are of a great interest to be tested experimentally in biomedical applications of MRmicroscopy possibly providing better image resolution.
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