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The frequency, field distributions and filling factors of a DR/TE102 probe, consisting of two cylindrical
dielectric resonators (DR1 and DR2) in a rectangular TE102 cavity, are simulated and analyzed by finite
element methods. The TE+++ mode formed by the in-phase coupling of the TE01d(DR1), TE01d(DR2) and
TE102 basic modes, is the most appropriate mode for X-band EPR experiments. The corresponding simu-
lated B+++ fields of the TE+++ mode have significant amplitudes at DR1, DR2 and the cavity’s iris resulting
in efficient coupling between the DR/TE102 probe and the microwave bridge. At the experimental config-
uration, B+++ in the vicinity of DR2 is much larger than that around DR1 indicating that DR1 mainly acts as
a frequency tuner. In contrast to a simple microwave shield, the resonant cavity is an essential compo-
nent of the probe that affects its frequency. The two dielectric resonators are always coupled and this
is enhanced by the cavity. When DR1 and DR2 are close to the cavity walls, the TE+++ frequency and
B+++ distribution are very similar to that of the empty TE102 cavity. When all the experimental details
are taken into account, the agreement between the experimental and simulated TE+++ frequencies is
excellent. This confirms that the resonating mode of the spectrometer’s DR/TE102 probe is the TE+++ mode.
Additional proof is obtained from B1x, which is the calculated maximum x component of B+++. It is pre-
dominantly due to DR2 and is approximately 4.4G. The B1x maximum value of the DR/TE102 probe is found
to be slightly larger than that for a single resonator in a cavity because DR1 further concentrates the cav-
ity’s magnetic field along its x axis. Even though DR1 slightly enhances the performance of the DR/TE102

probe its main benefit is to act as a frequency tuner. A waveguide iris can be used to over-couple the DR/
TE102 probe and lower its Q to �150. Under these conditions, the probe has a short dead time and a large
bandwidth. The DR/TE102 probe’s calculated conversion factor is approximately three times that of a reg-
ular cavity making it a good candidate for pulsed EPR experiments.

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

Pulsed and continuous-wave (CW) electron resonance tech-
niques, such as electron paramagnetic resonance (EPR) [1–6], elec-
tron–nuclear double resonance (ENDOR) [4,7–9], electron–electron
double resonance (ELDOR) [4,6,10,11], electron spin echo envelope
modulation (ESEEM) [9,12,13], double quantum coherence (DQC)
[14–16] and double electron–electron resonance (DEER) [12,17–
21], are powerful spectroscopic methods for studying the mag-
neto-structural properties of molecules containing unpaired elec-
trons. They are becoming the experimental methods of choice to
determine spin–spin distances, geometry, structures and gyromag-
netic, fine, and hyperfine tensors of paramagnetic molecules of
biological and medicinal significance. The paramagnetic centers
in these large biological molecules are usually dilute and the
sample size is mostly small and limited. Consequently, consider-
ll rights reserved.
able research is spent on increasing spectrometer sensitivity to
facilitate their detection.

One of the ways to increase a spectrometer’s sensitivity and sig-
nal-to-noise ratio (SNR) is by substituting its resonant cavities by
miniature loop-gap (LGR) [22–28] and dielectric (DR) resonators
[29–41]. These resonators have several advantages over metal-
walled cavities such as small size, low cost, high energy density
in the sample vicinity, large magnetic fields (B1) and filling factors
[22–36].

The use of loop-gap resonators is more widespread than DRs
and they are now commonly used in EPR spectrometers. They have
been reviewed, on more than one occasion, by Hyde et al. [42,43].

As early as 1964 Rosenbaum [29], followed by Walsh and Rupp
[37], were the first to employ a DR instead of a cavity in an EPR
spectrometer. While DRs have comparable performance to LGRs,
some have background signals due to paramagnetic impurities
[40]. These may become apparent at low temperatures. Their con-
tribution to the overall spectra is eliminated by subtracting the
spectrum of the empty resonator from that containing the sample.

http://dx.doi.org/10.1016/j.jmr.2011.01.004
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The coupling and tuning of a LGR or DR to an EPR spectrometer’s
microwave bridge is not an easy task [44]. A theoretical account of
this subject has recently been given by Mett et al. [45]. For LGRs
and DRs coupling is typically carried out by means of a wire
loop of appropriate diameter and critical coupling is achieved by
varying the distance between the resonator and the loop
[22,24,30,35,46]. Waveguide irises [25], Gordon couplers [47] and
other antennae [48] have also been used to critically couple LGRs
to the spectrometer’s microwave bridge.

Usually a shield is used to house LGRs and confine the
microwave radiation. Dielectric resonators have been housed in
microwave shields as well [32–36]. For example, DRs placed a
microwave shield have been used for high pressure [30], stopped
flow and rapid scan [33] EPR. The theory of doubly stacked resona-
tors in a microwave shield has been discussed by Jaworski et al.
[32].

In addition to the convenient coupling via a waveguide iris, cav-
ities serve the same purpose as a microwave shield and have also
been used to house LGRs [49,50] and DRs. A single resonator placed
in a TE102 cavity was studied by different groups [31,38,40,41].
Nesmalov et al. studied a single ferroelectric resonator in a TM110

Cavity [40], while and Golovina et al. employed a cylindrical
TE011 cavity [38].

The DR/TE102 probe used in our laboratory consists of a pair of
dielectric resonators, with er = 29.2, in an unmodified TE102 rectan-
gular cavity. Thus a regular EPR cavity is converted into a dielectric
probe with higher SNRs that are at least 24 times larger than the
TE102 cavity alone [39]. In addition, the frequency of the resonator
can be tuned over an extended range. The frequency of the DR/
TE102 probe is coarsely tuned by varying the distance between
the two dielectric resonators. Once the appropriate frequency
range is determined, it is then fine tuned by keeping that distance
constant and changing resonators’ positions along the cavity x axis
where the sample tube resides. As a result, the two dielectric
resonators are asymmetrically positioned in the TE102 cavity.

In this article one attempts to numerically assess by simulation
[51], using the finite integration methods [52], the microwave
electric and magnetic field distributions, sensitivity, filling factors
and frequency behavior of the DR/TE102 probe used in our EPR
spectrometers.

The paper is partitioned as follows. In Section 1 the problem and
the goals of the work are presented. Section 2 provides a theoreti-
cal background on the linear combination of the electromagnetic
fields for two dielectric resonators in a rectangular cavity. In Sec-
tion 3 a description of the numerical and experimental methods
is given while Section 4 is divided into three subsections that pres-
ent and discuss the results. The first subsection deals with the
properties of two identical dielectric resonators symmetrically
placed in a TE102 cavity while the next section discusses the results
of positioning them asymmetrically in the cavity. Section 4.3 com-
pares the magnetic field distributions of one and two resonators in
a TE102 cavity. Section 5 summarizes the results and conclusions of
the work.
2. Theoretical background

In the previous analyses of an EPR probe formed by stacking
two dielectric resonators the shield was not considered to be a res-
onator with distinct resonant modes but simply imposed boundary
conditions due to its electrical conducting walls [32,53]. Mett et al.
were the first to simulate the effect of a cylindrical cavity as a res-
onating entity on a single dielectric resonator [54].

In general, two dielectric resonators, DR1 and DR2, in a conduct-
ing cavity can be regarded as a combined system of three coupled
structures. Consequently, the coupling of any three basic modes
arising from DR1, DR2 and the cavity results in three new modes
that are approximated as a linear combination of the basic ones.
These new coupled modes will differ from one another according
to the relative phases and coupling coefficients of their basic
modes. Here, the individual DR1, DR2 and cavity basic modes are
TE01d, TE01d and TE102 respectively. They give rise to the three cou-
pled modes, TE+++, TE++� and TE+��.

Their corresponding spatial electric and magnetic field compo-
nents, E and B, are

Eþþþ ¼ aþþþ1 E01dðDR1Þ þ aþþþ2 E01dðDR2Þ þ aþþþ3 E102; ð1Þ
Eþþ� ¼ aþþ�1 E01dðDR1Þ þ aþþ�2 E01dðDR2Þ � aþþ�3 E102; ð2Þ
Eþ�� ¼ aþ��1 E01dðDR1Þ � aþ��2 E01dðDR2Þ � aþ��3 E102; ð3Þ
Bþþþ ¼ bþþþ1 B01dðDR1Þ þ bþþþ2 B01dðDR2Þ þ bþþþ3 B102; ð4Þ
Bþþ� ¼ bþþ�1 B01dðDR1Þ þ bþþ�2 B01dðDR2Þ � bþþ�2 B102; ð5Þ

and

Bþ�� ¼ bþ��1 B01dðDR1Þ � bþ��2 B01dðDR2Þ � bþ��3 B102: ð6Þ

Here a���i and b���i are the coupling coefficients where the
±superscripts indicate the relative phase between the modes,
which can be either 0� or 180�. The frequency, composition and
electromagnetic fields of the new modes will depend on their
dimensions and relative positions. As an example, the simulated
magnetic field modes, B+++, B++� and B+��, are schematically drawn
in Fig. 1a–c.

The comparison of Fig. 1a–c shows that the modes in Fig. 1a and
b have a larger TE102 component than that in Fig. 1c. The small
TE102 component of TE+��, causes its B+�� fields, shown in
Fig. 1c, to be very small near the cavity walls. Therefore this mode
is not suitable for the exciting the DR1 and DR2 resonators via the
cavity iris.

The further comparison of Fig. 1a and b in the vicinity of DR1
and DR2 shows that B+++ is larger than B++�.

Consequently, using the TE+++ mode should result in a spec-
trometer with a relatively higher SNR and sensitivity.

In general, linear combinations of other TEmnp, TMmnp and hy-
brid modes may also exist. For example the DR1 and DR2 TE01d

modes may form linear combinations with the cavity’s TE101 mode,
as will be shown later.

3. Computational and experimental details

A computer employing two Quad-Core Opteron 2350 Proces-
sors, with 3 GB of RAM and running Windows XP was used for
the simulations. The DR/TE102 properties were calculated using
the Computer Simulation Technology (CST), suite of programs
[51]. The dimensions, relative positions in space and dielectric con-
stants of DR1, DR2 and cavity are used as inputs. The program
solves Maxwell’s equations, using an eigenvalue formalism, from
which the frequencies, filling factors, electric and magnetic field
distributions are calculated. The program can use two methods
for solving the eigenvalue problem. The first is the Jacobi–Davidson
(JD) method [55], while the second is the Advanced Krylov Sub-
space (AKS) method [56]. The JD method is computationally expen-
sive and time consuming but is robust when solving degenerate
modes. Since, due to its low symmetry, the system under consider-
ation has no degeneracies, the faster AKS method was used. During
the solution, the system’s geometry is spatially partitioned into a
mesh of grid elements. The equations are then solved using these
grid elements by the finite integration technique (FIT) [52].

The EPR spectrum of the Mn2+/CaO sample, used as a reference
standard, was recorded with a modified Varian E104 spectrometer
[39]. The frequency of the DR/TE102 resonator was measured with a
Hewlet-Packard model HP5340A frequency counter and the



Fig. 2. Two identical dielectric resonators, DR1 and DR2 in a TE102 cavity.
The distance between DR1 and DR2 is d12 and the distance of DR1 from the cavity
wall is s. The dimensions of the two resonators and the cavity are also shown.

Fig. 1. Simulated resonant magnetic field modes of two identical dielectric
resonators in a cavity. (a) Magnetic field, B+++ where all three basic modes are in-
phase. The individual characteristics of the basic TE01d and TE102 modes are evident.
Also shown are the regions of the coupling iris and chimneys (R) where the sample
enters the cavity. (b) Both resonators are out of phase with the cavity. (c) Only one
resonator is in-phase with the cavity. DR1 and DR2 are out of phase.
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microwave power was measured with an HP432C digital power
meter equipped with an HP478A thermistor power head. The me-
ter’s output was digitized via a National Instruments ATMIO16E10
data acquisition board. No signals due to paramagnetic impurities
from DR1 and DR2 were apparent.

4. Results and discussion

4.1. Resonators symmetrically placed within a cavity

In our previous work, the frequency of the DR/TE102 probe was
coarsely adjusted by changing the distance between DR1 and DR2.
In this way, the frequency of the DR/TE102 probe could be varied by
approximately 2.0 GHz [39]. However it was not known if the fre-
quencies spanning that range were due to one or more resonant
modes. To resolve this point, two dielectric resonators placed in a
cavity are modeled using the CST program. The dimensions of
the resonators correspond to those obtained from Murata (Model
DRT060R020C0227B, er = 29.2). The cavity dimensions were taken
from the X-band E-231 Varian TE102 cavity. The cylindrical axes
of DR1 and DR2 were aligned with the cavity’s x-direction, as
shown in the Fig. 2.

The frequencies of the simulated lowest five modes are shown
in Fig. 3. They were calculated as d12 was increased by symmetri-
cally shifting DR1 and DR2 from the center of the cavity. The
inspection of the magnetic field distribution of these modes indi-
cates that the lowest mode, TE0, is a result of the in-phase interac-
tion of the TE01d modes of the dielectric resonators and the TE101

mode of the cavity. Its magnetic field takes the form

B0 ¼ cþ��1 B01dðDR1Þ � cþ��2 B01dðDR2Þ � cþ��3 B101: ð7Þ

The frequency of the TE0 mode changes from 6.55 to 7.25 GHz as
d12 spans the range of 17 mm. It is out of the range of interest (8–
10 GHz) and will not be considered further.

At any given distance the TE+++ frequency is always the lowest
of the three remaining TE+++, TE++� and TE+�� modes. One of the
reasons for coarse tuning the DR/TE102 probe by changing the dis-
tance between DR1 and DR2 was the linear response of the fre-
quency with d12 [39]. The TE+++ in Fig. 3 also displays this
desirable feature and changes almost linearly by 850 MHz as d12

is varied from 1 to 17 mm. Therefore the lower end of the fre-
quency range obtained experimentally by coarse tuning most
probably corresponds to the lowest TE+++ mode. In contrast,
Fig. 3 indicates that the frequency change of the TE++� and TE+��

modes is complicated and nonlinear.
When comparing previous results, it is important to differenti-

ate between a stacked resonator pair in a cavity and those placed in
a shield. If the small cylindrical ‘‘tight’’ shield has a radius compa-
rable to those of DR1 and DR2 [32,35], then it acts only as a micro-
wave shield with very little interaction with the dielectrics.
However in the case of a cavity whose internal dimensions exceed
k/4 and its frequency is comparable to that of the two combined
resonators, then significant interactions will occur between DR1,
DR2 and the cavity. A similar reasoning was proposed by Mett et
al. in the case of one dielectric resonator in a cavity. They found
that the interaction was maximum when the frequencies of the
dielectric resonator and the cavity were the same [54]. If the shield
is considered to be a cylindrical cavity, the frequency of its TE011

mode can be calculated using



Fig. 3. Frequencies of the TE0 , TE+++, TE++�, TE+�� and TM0 modes as a function of the
separation between the dielectric resonators, d12.
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Here x001 is the first root of J00ðxÞ Bessel function [54], rc the ra-
dius and ‘c the length of the cylindrical shield. If the shield is en-
tirely filled with Delrin� (er = 2.53) and has the dimensions given
by Sienkiewicz et al. [35] its frequency is approximately
19.8 GHz. On the other hand if the shield is empty (er = 1.0) its fre-
quency jumps to 31.4 GHz. Therefore in the case where the shield
is partially filled with Delrin�, [32,35] its actual frequency is ex-
pected to lie between these two frequencies. Any frequency in that
range would be too high for the shield to significantly interact with
DR1 and DR2. Thus the TE+++ mode has no counterpart in the case
of doubly stacked dielectric resonators in a tight shield [32].

To better understand the differences between the frequencies
and modes of two DRs in a cavity and a tight shield, the frequency
of the symmetric mode resulting from the coupling of two dielectric
resonators in free space was calculated [53]. The calculated fre-
quencies were compared to experimental measurements in Table
2 of Jaworski et al. [32]. The results gave an excellent correlation
provided that the calculated values were scaled up by a factor of
1.09. This is within the known 10% accuracy of the magnetic wall
model used [57]. These results corroborate that the lowest reso-
nant mode of two dielectric resonators in a tight shield are indeed
due to the symmetric mode of the doubly stacked resonators [32].
It also indicates that both methods of frequency calculation yield
comparable results [32,53].

In summary, the TE+++ mode is due to the resonant interaction
of the in-phase interaction of the DR1, DR2 and the rectangular
TE102 cavity. On the other hand, the mode observed by Jaworski
et al. [32] is due to the in-phase interaction of the two dielectrics
with insignificant interactions with the cylindrical shield.

Fig. 3 indicates that as d12 gets larger DR1 and DR2 approach the
cavity walls and the TE+++ frequency approaches the resonant fre-
quency of an empty TE102 cavity. The regions shown as rectangles,
R, in Fig. 1 have very small magnetic fields, B102. This leaves the
contributions from B01d(DR1) and B01d(DR2).

These are also negligible in the R regions due to the following
reasons. The surfaces of DR1 and DR2 may be approximated as
magnetic walls due to the large difference between their er = 29.2
and that of the cavity interior (er = 1). Hence, the tangential compo-
nents of B01d(DR1) and B01d(DR2) in the yz planes are approxi-
mately zero. Assuming that the cavity has perfectly conducting
walls, then the normal component of B+++ vanishes at its surface.
To maintain the continuity of B+++ in space then the normal compo-
nents of B01d(DR1) and B01d(DR2) facing the cavity walls in the R
regions must also be very small. Only minor perturbations due to
B01d(DR1) and B01d(DR2) in the parts that face the interior of the
cavity will exist. The net result is that in these two R regions
B+++ � 0. Consequently when the two DRs are very far apart, the
overall B+++ distribution in the entire DR/TE102 probe is approxi-
mately equal to that of an empty TE102 cavity. The same reasoning
also applies to E+++ and as a result, the frequency of the DR/TE102

probe will also be close to that of a rectangular TE102 cavity.
Jaworski et al. have also determined that, in the case of two res-

onators placed in a tight shield, the nearest spurious mode to the
EPR active mode is approximately 400 MHz higher and is TM in
character. They also found that this frequency difference is almost
constant over the entire range studied (0 to 4.5 mm) [32]. In the
present case of DR1, DR2 in a cavity, the first TM mode encoun-
tered is labeled as TM0 and shown in Fig. 3. Its frequency also in-
creases almost linearly and is approximately 2.1–2.5 GHz higher
in frequency than the TE+++ mode. This relatively large frequency
gap is attributed to the additional interaction of the DR1, DR2 with
the cavity as compared to the tight microwave shield.

The magnitude of B+++ in the vicinity of the sample is an impor-
tant parameter since it directly affects the filling factor, sensitivity
and the SNR of the spectrometer [22,32,54]. For an allowed transi-
tion, where DMS = ±1, the effective component of B+++ must be per-
pendicular to the external homogenous static magnetic field, B0.
Consequently, the x component of B+++ (hereafter referred to as
B1x) was calculated along the cavity x axis, where the sample re-
sides, as a function of d12. Again, d12 was increased by symmetri-
cally shifting DR1 and DR2 from the center of the cavity. Fig. 4a
shows the results of these calculations where the two B1x maxima,
corresponding to the positions of DR1 and DR2, move away as the
d12 increases. However between the two maxima is a valley that is
always nonzero. This implies that in the DR/TE102 probe, the DR1
and DR2 are never fully decoupled. According to Eq. (4), B1x is
due to the two dielectric resonators and the cavity. To separate
the contributions from the three components, the calculated B1x

for the empty cavity was also drawn in Fig. 4a. From this figure,
it is obvious that for d12 = 16.0 mm, where DR1 and DR2 are
farthest from one another, the calculated B1x is predominantly
due to the cavity around its center (7–15 mm) as indicated by
the vertical dashed lines.

To further emphasize this point, the difference between the B1x

fields of the DR/TE102 probe and the empty cavity were plotted in
Fig. 4b. It shows that when d12 = 16.0 mm and the two resonators
are far apart B1x is very close to zero in the center of the cavity.
The minute positive values around x = 11–12 mm are due to the
dielectric resonators’ tails, which fall off exponentially with dis-
tance. Thus, one may conclude that even at d12 = 16.0 mm there
is still some small coupling between the two resonators and is
accentuated by the presence of the cavity.

It is worth noting from Fig. 4a that the values of the B1x maxima
when d12 = 2.0 mm is around 4.0 Gauss (G) while at d12 = 8.0 mm it
is approximately 3.4 G. Therefore one estimates that at d12 =
4.0 mm it is �3.7 G. This is comparable to the B1x of commercial
resonators, such as the Bruker� ER4118X-MD5 dielectric Flexline
probe. It is also comparable to our previous experimental calcula-
tions of B1x which is 4.4 G [39]. However, one must note that in our
experimental setup the two dielectric resonators were not sym-
metrically placed in the TE102 cavity [39]. As will be shown later,
this has the effect of further increasing the magnitude of the B1x

maximum.

4.2. Resonators asymmetrically placed within the cavity

As mentioned previously, the main aim of this paper is to
understand theoretically and analyze numerically the design,
microwave characteristics and sensitivity of the DR/TE102 probe
[39]. The frequency of the probe was fine tuned by keeping the



Fig. 4. (a). Magnetic field, B1x, calculated along the cavity x axis at selected d12

distances. Also included is B1x due to the empty TE102 cavity. (b) Magnetic field, B1x,
after subtraction of the empty cavity contribution.
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d12 distance constant and varying the distance along the cavity x
axis, s, shown in Fig. 2. This causes the DR1 and DR2 to be inequiv-
alent and asymmetrically positioned in the cavity. To simulate the
fine tuning process, d12 was fixed at 4.0 mm and the two resona-
tors were moved along the cavity x axis by varying s from
0.5 mm to 6.85 mm. At the end of the range when s = 6.85 mm,
DR1 and DR2 are symmetric and equivalent.

The frequency of the TE+++ mode, calculated by the CST pro-
gram, as a function of s is depicted in Fig. 5. It shows that as s is var-
ied by 6.35 mm, the corresponding frequency change is almost
213 MHz. This is approximately one quarter of the frequency range
spanned in Fig. 3 as a result of changing d12 from 1.0 mm to 17 mm.
Fig. 5. Frequency change as a function of the distance, s, for the asymmetric TE+++

mode.
The frequency change per mm in the former case is 50 MHz/mm
while that of the latter is 33.5 MHz/mm. Although these tuning
rates are comparable, it is easier to fine tune the resonator by mov-
ing DR1 and DR2 in tandem.

The simulated B+++ fields of this mode are depicted in Fig. 6. The
comparison of B+++ in this figure and Fig. 1a indicates that the
asymmetric TE+++ mode still has a considerable TE102 component.
In addition the B+++ vectors have significant amplitudes at the cav-
ity’s iris, DR1 and DR2. Therefore efficient coupling between the
microwave bridge and the dielectric resonators is achieved. The
figure also indicates that magnetic field density in the vicinity of
DR2 is higher than that near DR1.

The same boundary condition arguments put forward for the
symmetric case when both resonators were close to the cavity
walls in the R regions also apply in the asymmetric case for DR1
only. Thus in this case DR1 only acts as a tuner with little influence
on B+++ and E+++.

When d12 = 4.0 mm and s = 0.5 mm, which corresponds to the
original experimental setup, the calculated frequency of the TE+++

mode is very close to the experimental frequency [39]. Therefore,
it is highly likely that the experimental operating mode of the
DR/TE102 probe is actually the TE+++ mode.

To prove that the asymmetric TE+++ mode is the experimental
mode in question, a series of additional experiments were per-
formed. The exact experimental conditions were simulated. This
involved including a Teflon holder for DR1 and DR2. In addition,
a quartz tube with an inner diameter of 0.6 mm was used as a sam-
ple holder. Finally, CaO with a very small amount of Mn2+, as a sub-
stitutional impurity, was also included. The complete structure, its
dimensions and relative dielectric constants of the materials used
in the calculations are shown in Fig. 7 and Table 1. The top of
DR2 was maintained at the center of the cavity and DR1 was al-
lowed to move along the cavity x axis. The distance from the bot-
tom of the cavity to the bottom of DR1, s, was varied from 2.0 mm
to the limit of 5.0 mm. In this limit DR1 and DR2 almost touch one
another.

As s was varied, the spectrometer’s frequencies were measured
and compared to those calculated, by the CST program.

Fig. 8 shows that the agreement between the experimental and
computed values is excellent. The maximum deviation between
them is approximately 0.22%. Since by taking into consideration
all the experimental details the simulator reproduces the experi-
mental frequencies, then this indicates that the method is accurate
and reliable. It also proves that the resonating mode used in the
spectrometer is indeed the TE+++ mode. This gives us confidence
to use these types of simulations to design and verify similar
dielectric resonator probes and understand how some of the
Fig. 6. Simulated B+++ mode at d12 = 4.0 mm and s = 0.5 mm showing the in-phase
relation between the three basic modes. Note the larger B+++ values within the
central resonator, DR2.



Fig. 7. Schematic diagram of the DR/TE102 probe used in the recording the CaO/
Mn2+ spectra.

Table 1
Dimensions and relative dielectric constants of materials used in the simulations.

Material ID (mm) OD (mm) Relative dielectric constant, er

Cavity 1.0
DR1, DR2 2.0 6.0 29.2
Teflon 6.0 8.2 2.1
Quartz 0.6 1.8 3.75
CaO/Mn2+ 0.6 11.8

Fig. 8. Frequency change as a function of the distance, s, for the calculated and
experimental asymmetric TE+++ mode.

Fig. 9. (a) Magnetic field B1x for s = 6.85, 5.0 and 3.0 mm. (b) B1x for s = 3.0, 1.0, 0.5
and 0.1 mm.
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existing ones function. Further confidence in the method arises
from the calculation of B1x and filling factors discussed below.

One is now in a position to investigate the behavior of B1x when
DR1 and DR2 are moved in space to go from the symmetric config-
uration to the experimental asymmetric one. The B1x fields for the
experimental configuration can also be calculated as was done pre-
viously for the symmetric case. In this case d12 was fixed at 4.0 mm
and both resonators were moved as a single unit along the cavity x
axis. Thus s was changed from 0.1 to 6.85 mm. Seven selected s val-
ues were chosen and the simulations repeated. For clarity these re-
sults are broken up into two Fig. 9a and b.

Fig. 9a shows that when s = 6.85 mm, which corresponds to the
symmetric positioning of DR1 and DR2, the maximum of B1x �
3.77 G. This value is very close to the interpolated value predicted
in the previous section. When s is decreased, DR1 and DR2 move
towards the bottom wall; become asymmetrically positioned with-
in the cavity and the two maxima of B1x around DR1 and DR2 be-
come different. While B1x of DR1 decreases that of DR2 increases.
Fig. 9b indicates that at the extreme position when s = 0.1 mm
and DR1 is very close to the cavity wall, its B1x maximum is a
shoulder that is barely resolved under that of the DR2 wing.

It is important to note from Fig. 9b, that at the experimental
configuration (s = 0.5 mm) B1x maximum at DR2 is calculated to
be �4.4 G. This is almost identical to the experimental B1x value
measured previously [39]. This is further proof of the accuracy of
the simulations and that the resonating mode of the DR/TE102

probe is the TE+++ mode. Consequently to get the maximum spec-
tral intensity and filling factors, a small sample should be placed
in the DR2 resonator and fill its inner hole.

The next step is to calculate the asymmetric filling factor. It is
defined as [32,58]

g ¼

R
VSample

H1xj j2dvR
Vcav ity

H1j j2dv
�

R
VSample

B1xj j2dvR
Vcavity

B1j j2dv
; ð9Þ

where

B1x ¼ l0H1x; ð10Þ

and l0 is magnetic permeability in free space. However the time
averaged magnetic energy stored in the entire DR/TE102 probe vol-
ume, VCavity, is [59]



Fig. 11. Filling factor of a long sample tube as a function of the distance s.

Fig. 12. Plot of |B1x|2 as a function of the cavity x axis for s = 0.1 and 6.85 mm.
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WM ¼
1

4l0

Z
VCavity

B1j j2dv : ð11Þ

Therefore

g ¼

R
VSample

B1xj j2dv
4l0WM

: ð12Þ

The CST program normalizes, the total energy to 1.0 J. Thus Eq.
(12) becomes

g � 1
2l0

Z
VSample

B1xj j2dv ; ð13Þ

or

g � pr2

2l0

Z ‘

0
B1xj j2dx: ð14Þ

Here ‘ is the length of the sample and r is the radius of the DR2
inner hole. It is equal to 1.0 mm. In the case of a sample inside the
hole of DR2, hereafter referred to as the ‘‘small sample’’, with
s = 6.85 mm the calculated g is relatively small. As s decreases, g
increases and starts to saturate at s = 0.8 mm, as shown in
Fig. 10. The relatively large filling factor at the experimental set-
ting, corresponding to s = 0.5 mm in Fig. 10, results in the largest
SNR because it is directly proportional to g,

SNR / gQ
ffiffiffi
P
p

: ð15Þ

The g values when the sample fills the entire tube are also cal-
culated and drawn in Fig. 11. In this case, the integral limits in Eq.
(14) span the whole cavity x axis in contrast to the small sample in
Fig. 10 where one only integrates over the height of DR2. Thus it is
not surprising that the comparison of Figs. 10 and 11 indicates that
g is smaller for the small sample. This simply implies that the lar-
ger sample results in a stronger signal albeit inhomogeneous.

One should warn that for large aqueous samples dissipative
losses will decrease the sensitivity by degrading the quality factor.

Fig. 11 also indicates that g increases as s increases and eventu-
ally saturates at s = 6.85 mm. According to Eq. (14) g is propor-
tional to the area under the curve in Fig. 12. It shows that the
area under the curve for s = 0.1 mm is slightly less than that for
s = 6.85 mm and explains the �21% increase in g as s increases in
Fig. 11. Beyond s = 6.85 mm the curve becomes its mirror image.
As s increases further the DR2 resonator face ultimately reaches
a distance of 0.5 mm from the opposite wall. This is the mirror im-
age of the original experimental setting.

One may estimate the EPR signal enhancement (SE) due to the
different filling factors of the DR/TE102 probe and the TE102 empty
cavity and compare it with our previous experimental results [39].
According to Nesmelov et al. [40], if one assumes that the quality
Fig. 10. Filling factor of the small sample as a function of the distance s.
factor does not change appreciably by the insertion of DR1 and
DR2, then the SE (ratio of signal intensities SDR=TE102 and STE102 ) is re-
lated to their corresponding filling factors, gDR=TE102

and gTE102
, by

SE ¼ SDR=TE102

STE102

/
gDR=TE102

gTE102

: ð16Þ

In reality the EPR signal intensity depends on many parameters
besides the filling factor such as temperature, relaxations times,
nature of the host lattice, concentration of the paramagnetic spe-
cies and the degree of its saturation. Consequently, in our previous
work [39] the SE of the various samples tested varied from 24 to
35. The calculated SE in this study is approximately 32.5 which is
in good agreement with those determined experimentally [39].
4.3. Comparison with a single resonator in a TE102 cavity

The DR/TE102 probe is compared to the case when only one res-
onator is in the cavity. To make the comparison meaningful the
single resonator was placed in the exact same position of DR2 of
the DR/TE102 probe. This was followed by simulating and plotting
its B1x in Fig. 13. It shows that the B1x maximum value due to
DR1 and DR2 is slightly larger than the corresponding one for a sin-
gle resonator. This is because the high dielectric constant of the
second resonator (DR1) collimates the magnetic field of the TE102

cavity mode along its x axis. This also explains why the calculated
filling factor for the doubly stacked resonator at the experimental
position (s = 0.5 mm, g = 0.057) is slightly higher than that for a



Fig. 13. Comparison of B1x for one and two dielectric resonators in a cavity.
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single resonator calculated to be 0.048. Therefore although the two
curves are different, their B1x maxima, shown in Fig. 13, are close to
one another and DR1 mainly acts as a frequency tuner.

Since the second resonator mainly functions as a tuner, it is not
necessary to have a hole in it. Recalculating the frequency with
DR1 as a solid cylindrical pill caused the probe frequency to de-
crease by approximately 60 MHz.

From the above arguments, Figs. 6 and 13, one may conclude
that the DR/TE102 probe is very similar to a single resonator in a
cavity. This is in agreement with the experimental results of Nes-
melov et al. [40] where the DR simply redistributes the microwave
fields within the cavity, and focuses B1x inside the its hole leading
to an increase in g.

Finally a rough estimate of the DR/TE102 conversion factor, Cp, is
made. According to Blank et al. [41]

Cp ¼
B1ffiffiffi

P
p ; ð17Þ

where P is the incident power. From this Cp is estimated to be
�4:4 G=

ffiffiffiffiffiffi
W
p

. It is in the same range of loop-gap resonators [24]
and other commercial probes, such as the Bruker� ESP380-1052-
DLQ-R/N/H. On the other hand, Cp for a rectangular TE102 cavity
alone ranges from 1.1 to 1:4 G=

ffiffiffiffiffiffi
W
p

[40,41,48]. Thus the DR/TE102

probe has a Cp that is approximately three times that of a regular
cavity and makes it a viable resonator for a pulsed EPR spectrome-
ter. In addition, the simplicity of over-coupling the DR/TE102 probe,
using its regular cavity iris [39], allows one to easily lower its Q to
�150. Under these conditions, it has a large bandwidth and a rela-
tively short dead time. It is currently being tested in our laboratory
for use in pulsed EPR experiments.
5. Summary and conclusions

The frequency, filling factors and field distributions of the DR/
TE102 probe, made up of two dielectric resonators in a rectangular
cavity, are assessed by simulation using the finite integration
technique.

The TE+++ mode of the DR/TE102 probe, formed by the in-phase
coupling of the TE01d, TE01d and TE102 basic modes, is found to be
the most suitable mode for X-band EPR experiments. It resonates
in the right frequency range and can be conveniently coarse tuned
because its frequency changes almost linearly by 850 MHz as the
distance between DR1 and DR2, d12, changes from 1 to 17 mm. It
can be further fine tuned by moving DR1 and DR2 in tandem along
the cavity x axis. The frequency change per mm in the coarse tun-
ing process is 50 MHz/mm while for fine tuning it is 33.5 MHz/mm.
However, it is more convenient to fine tune the DR/TE102 probe fre-
quency by changing s asymmetrically instead of changing d12.
For the probe to be efficient, its B fields should be significantly
large at DR1, DR2 and the cavity’s coupling iris. The simulated B+++

fields of the fine-tuned asymmetric TE+++ mode fulfill this condi-
tion. Therefore efficient coupling between the microwave bridge
and the dielectric resonators is still maintained. It is also found that
B+++ in the vicinity of DR2 is larger than that near DR1 indicating
that DR1 merely acts as a tuner with little influence on B+++.

In addition to DR1 and DR2, the cavity is found to be an essen-
tial component of the probe and plays an important role in affect-
ing its frequency and properties. For example when d12 is large and
the dielectric resonators are close to the cavity walls, the TE+++ fre-
quency and B+++ distribution are very close to that of an empty
TE102 cavity. The plot of B1x versus d12 along the cavity x axis shows
that DR1 and DR2 are never fully decoupled. Even at d12 = 16.0 mm
some coupling still exists and is accentuated by the presence of the
cavity.

On the other hand, for a tight shield the EPR active mode is only
due to the in-phase interaction of DR1 and DR2 with insignificant
interactions with the shield. There is no counterpart for the TE+++

mode of the DR/TE102 probe in this case. In addition, the frequency
of the nearest spurious TM mode in the case of a tight shield is
approximately 400 MHz higher than the EPR active mode. How-
ever, for a DR1, DR2 and a cavity, the first TM mode is approxi-
mately 2.1–2.5 GHz higher in frequency than the TE+++ mode.
This larger frequency gap is ascribed to the additional interaction
of the cavity with DR1 and DR2 in comparison to the tight micro-
wave shield.

If all the experimental details are taken into consideration, the
agreement between the experimental and simulated TE+++ fre-
quencies confirms that the resonating mode of the DR/TE102 probe
used in the spectrometer is the TE+++ mode.

At the experimental configuration DR1 is very close to the cav-
ity wall and its B1x is small compared to that of DR2. The calculated
B1x maximum due to DR2 is 4.4 G and is almost identical to the
measured experimental value. This is additional proof that the
DR/TE102 mode is TE+++ and that the simulations are accurate.

The filling factors, g, for a small sample and when the sample
fills the entire tube are calculated. For the experimental configura-
tion, the small sample g = 0.057 while for the entire sample tube it
is larger (0.094) and indicates that a larger sample gives a stronger
signal. However the B1x across the sample length is not
homogenous.

When the B1x of the DR/TE102 probe is compared to that of only
one resonator in the cavity, its B1x maximum value is found to be
slightly larger than that for a single resonator. This is because the
second resonator (DR1) further concentrates the cavity B102 along
its x axis. Accordingly the filling factor, g, for the doubly stacked
resonator is 0.057and is somewhat higher than 0.048 for a single
resonator. Although DR1 only slightly increases the performance
of the DR/TE102 probe its main advantage, as mentioned previously,
is to act as a frequency tuner.

The DR/TE102 probe has a Cp that is approximately three times
that of a regular cavity and can be easily over-coupled, using its
regular waveguide iris, to lower its Q to �150. Under these condi-
tions, it has a relatively short dead time and a large bandwidth.
Therefore it is possible to use it for pulsed EPR experiments.

This work gives us confidence in the finite integration simula-
tions. They can be used in the future to design and verify the prop-
erties of LGR and DR probes housed in cavities or microwave
shields.
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