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Abstract

An optimized geometry for a rectangular ferroelectric resonator (FR) is proposed to increase signal-to-noise ratio in EPR spec-
troscopy. To develop optimization criteria, the distribution of the microwave electromagnetic field in the FR is computed and ana-
lyzed. The computations, based on solution of Maxwell�s field equations, were made for two types of rectangular FRs—a FR with a
hollow sample hole and a FR with a blind sample hole. To introduce the samples, a hole was drilled through the resonator with its
axis aligned to the axis of the FR. We computed and studied the spatial distributions of H- and E-components of the microwave
electromagnetic field for two rectangular FRs, made of single-crystal potassium tantalate, with the following sizes:
1.9 · 1.9 · 1.4 mm3 and 1.7 · 1.7 · 3.1 mm3. As analysis of the obtained data indicated, in both resonators, the lowest mode was
TE11d. By analyzing the distribution of the microwave field in the FR and comparing it with the experimental result, we developed
optimization criteria for the geometry of a rectangular FR.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Applications of the EPR method in medicine and re-
search of biological objects demand increased sensitivity
in EPR spectrometers [1]. A method of increasing sensi-
tivity is the use of dielectric resonators (DRs) [2–9]. FRs
are a subclass of DRs, which have recently attracted the
attention of researchers [10–14]. FRs possess a number
of advantages and have a potentially higher efficiency
in comparison with other DRs due to a high dielectric
constant and the opportunity to control it.

Recently, single-crystal FRs of cylindrical [13,14] and
rectangular [10–12] forms were developed and tested,
working in TE01d mode. Furthermore, it is possible to
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have a TE11d oscillation as the lowest type of electro-
magnetic oscillations in rectangular dielectric resona-
tors. This type of oscillations is the most widely used
and is suitable for EPR measurements, since the mag-
netic field has a maximum along the longitudinal axis
of the resonator; thus, a DR can be considered equiva-
lent to a magnetic dipole [15].

The full characteristic of any resonator includes the
image of intensity distribution of the electromagnetic
field. This information can be used in the optimization
of the form and dimensions of the resonator, as well
as of the location of the sample. In some cases, it is even
possible to have the sample outside of the resonator,
thus creating conditions for studies in vivo.

The purpose of the present work is to obtain a de-
tailed picture of the spatial distribution of the micro-
wave (MW) electromagnetic field in the rectangular
FRs during excitation (such as oscillations of type
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TE11d), to carry out an analysis of the calculated depen-
dencies, and to compare the computed and experimental
results. The ultimate goal is to optimize the dimensions
and geometry of a rectangular FR for the achievement
of the highest EPR spectrometer sensitivity.
2. Methods

2.1. Material and experimental details

We designed six rectangular resonators made of sin-
gle-crystal potassium tantalate (KTaO3). This material
has a cubic structure and remains paraelectric up to
4.2 K, and is usually called a virtual ferroelectric. For
KTaO3, the dielectric constant, e, at T > 30 K obeys
the relation: e = B + C/(T � Tc), where B = 45,
C = 64,000 K, Tc = 4 K [16]. In other articles B = 48,
C = 57,000 K, Tc = 4 K [17]; B = 48, C = 59,900 K,
Tc = 4 K [18] or B = 48, C = 50,000 K, Tc = 13 K [19].
At temperature T < 30 K, e = B + C/(0.5 · T1 · cth(T1/
2T) � To), where B = 48, C = 50,000 K, Tc = 13 K,
T1 = 55 K [19]. In our crystals, e = 261 at 300 K,
e = 840 at T = 77 K, and e = 4000 at T = 4.2 K. Nor-
mally, dielectrics have a significantly smaller dielectric
constant. Generally, the form of the temperature depen-
dence of dielectric constant of KTaO3 is similar to that
of ferroelectrics in their paraelectric phase. In these tem-
perature dependences there is a part that obeys the Curie
law. Therefore, we consider a resonator made of KTaO3

as a ferroelectric one. There are some unique properties
of potassium tantalate that make it attractive. The
dielectric constant of KTaO3 can be changed and con-
trolled by external conditions. For instance, by applying
an external electric field, as shown in Fig. 1, the temper-
ature dependence of e becomes smoother. This flexible
behavior of e is convenient and applicable in the design
of resonators, depending on their particular usage.
Fig. 1. Dielectric constant, e, of KTaO3 versus temperature in external
electric field, E, kV/cm: 1, 0; 2, 1.25; 3, 3; 4, 4.25; 5, 6; 6, 10; and 7, 15.
Moreover, its exceptionally low dielectric losses
tgd = 3.6 · 10�5 that correspond to high quality
Q @ 2.8 · 104 were recorded at 4.2 K and 13.6 GHz
[20]. Dielectric losses decrease as its dielectric suscepti-
bility increases with decreasing temperature [16].

The growth of KTaO3 was carried out in an atmo-
sphere of H2, O2, or a vacuum using the Czochralski
method [21]. A detailed description can be found else-
where [12].

The crystals used for the resonators were tested with
an X-band CW EPR spectrometer at room and liquid
nitrogen temperatures. No background signals were
observed.

The EPR experiments were performed with a CW
RE-1307 spectrometer, in the temperature range of 77–
400 K, at X-band. The FR was placed either inside a
short-circuited waveguide section or a standard TE011

metal cavity, at the maximum magnetic field. In the case
of a waveguide, critical coupling was achieved by a mov-
ing short. When using a cavity, the axes of the sample
holder and of the FR (in vertical or horizontal position)
were parallel to the microwave magnetic field and per-
pendicular to the DC magnetic field, as is shown in
Fig. 2.

Temperatures within the range 77–300 K were at-
tained by blowing nitrogen vapor (liquid nitrogen was
heated by an electric heater, which was controlled by a
temperature stabilizer) and controlled by a resistor ther-
mometer. A thermometer was fixed to the sample holder
at 2 mm above the resonator and the gradient in temper-
ature was taken into account.

To obtain the effect of the FR, G, we recorded S/N in
the FR-TE011 resonant structure and in the cylindrical
TE011 cavity alone at same incident power, modulation
amplitude, and temperature. The gain (G) is the ratio be-
tween the first and the second S/N ratio. In all experi-
ments is used non-saturable sample. The sample used
was a single-crystal plate of ZnS:Mn2+ with dimensions
0.9 · 2.0 · 0.28 mm3.
Fig. 2. Location of the FR-TE011 resonant structure relative to the DC
magnetic field direction: 1, a ferroelectric resonator; 2, microwave
magnetic field H1; and 3, standard TE011 cavity. (Inset) Representation
of coordinate system and a FR in horizontal position (in this case axis
x is parallel to DC magnetic field).
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The gain, G, of the FR is caused by increased power
conversion factor Cp, which is given by Cp = B1/

p
P,

where B1 is a MW magnetic flux density in the resona-
tor, and P is an incident MW power. As incident power
was the same in both TE011-FR resonant structure and
cylindrical TE011 cavity alone, the efficiency of the FR
is mostly defined by the MW magnetic field on the
sample.

2.2. Theoretical

The expressions for E and H fields are derived within
the following assumptions: (1)Hz = 0 at all surfaces par-
allel to the z axis (perfect open-circuit boundary condi-
tions); (2) the tangential E and H fields are continuous
across surfaces perpendicular to the z axis, and the fields
outside the resonator decay exponentially from its value
at the boundary to zero at infinity (Fig. 3); and (3) the
resonators are dielectrically isotropic.

Obtained characteristic equations define the reso-
nance frequencies of FR and take into account the
dependence of the transverse wave numbers on the res-
onator parameters.

Below are the final formulas for H- and E-compo-
nents of TE11d mode (in this case Ez = 0) used in the
computations [15].

Inside the resonator (|z| 6 L/2):
Fig. 3. Model of the MW H-field configuration along axis z of a FR
shows how electromagnetic wave penetrates upper and lower bound-
aries of the resonator under the assumption that MW field changes by
sinusoidal low inside and decays exponentially outside resonator.

Fig. 4. Schematic pictures of a FR with notations used in Table 1 and Eqs. (
FR (upper view) with dimensions Height and Width reduced to A and B.
Hz ¼ H 0 cosðbxxÞ cosðbyyÞ cosðbzzÞ;
Hx ¼ �ðbxbz=b

2ÞH 0 sinðbxxÞ cosðbyyÞ sinðbzzÞ;
Hy ¼ �ðbybz=b

2ÞH 0 cosðbxxÞ sinðbyyÞ sinðbzzÞ;
Ex ¼ jð2pml0by=b

2ÞH 0 cosðbxxÞ sinðbyyÞ cosðbzzÞ;
Ey ¼ �jð2pml0bx=b

2ÞH 0 sinðbxxÞ cosðbyyÞ cosðbzzÞ:

ð1Þ

Outside the resonator (|z| P L/2):

H 0z ¼ H 0 cosðbxxÞ cosðbyyÞ cosðLbz=2Þ expðb0zðL=2� zÞÞ;

H 0x ¼�ðbxbz=b
2ÞH 0 sinðbxxÞ cosðbyyÞ sinðLbz=2Þ expðb0zðL=2� zÞÞ;

H 0y ¼�ðbybz=b
2ÞH 0 cosðbxxÞ sinðbyyÞ sinðLbz=2Þexpðb0zðL=2� zÞÞ;

E0x ¼ jð2pml0by=b
2ÞH 0 cosðbxxÞ sinðbyyÞ cosðLbz=2Þexpðb0zðL=2� zÞÞ;

E0y ¼�jð2pml0bx=b
2ÞH 0 sinðbxxÞ cosðbyyÞ cosðLbz=2Þexpðb0zðL=2� zÞÞ:

ð2Þ

Here the x, y, z coordinate system has the origin located
at the geometrical center of the resonator (Fig. 2); L is
the length of the resonator; and H0 denotes magnetic
field amplitude (we assume H0 = 1). The longitudinal
and transverse wave numbers are defined as follows:

bx ¼ mp=A; by ¼ np=B; bz ¼ pd=L; b0 ¼ 2pmðe0l0Þ
1=2;

b2 ¼ b2
x þ b2

y ;

b2
z ¼ �ðb2

x þ b2
yÞ þ b2

0e;

b2
0z ¼ ðb2

x þ b2
yÞ � b2

0;

b0z ¼ bz tanðLbz=2Þ:

Here A and B are the width and height of the resonator,
respectively;m, n are the integers; d is a wave attenuation
length; and e is a dielectric constant of the resonator.

The resonant frequency, m, of the dominant mode for
a rectangular (TE11d) resonator can be defined from the
expressions [15]:

m ¼ ðb2
x þ b2

y þ b2
z Þ

1=2
=ð2pðee0l0Þ

1=2Þ ð3Þ

taking into account that bz tanðLbz=2Þ ¼ ðb2
xþ b2

y �
b2
0Þ

1=2.
1)–(3): (A) real FR with hole for introduction of the sample; (B) model



Table 1
Characteristics of rectangular ferroelectric resonators used for increasing the sensitivity of the EPR method

Line No. Resonator Width (mm) A (mm) Height (mm) B (mm) Length (mm) L (mm) D (mm) h (mm) m (MHz) T (�C) e G m n d

1. #1exp 1.9 1.72 1.9 1.72 1.4 1.4 0.9 1.4 9321 300 — 27 — — —
2. #1calc 1.8 1.61 1.8 1.61 1.4 1.4 0.9 1.4 9298 300 261 — 1 1 0.68
3. #2exp 1.7 1.5 1.7 1.5 3.1 3.1 0.9 3.1 9174 285 — 44 — — —
4. #2calc 1.66 1.45 1.66 1.45 3.1 3.1 0.9 3.1 9182 285 272 — 1 1 0.83
5. #2exp 1.7 1.5 1.7 1.5 3.1 3.1 0.9 3.1 9174 142 — 29.6 — — —
6. #2calc 1.66 1.45 1.66 1.45 3.1 3.1 0.9 3.1 9352 142 508 2 0 0.872
7. #3exp 1.8 1.61 1.8 1.61 1.4 1.4 0.9 1.4 9143 165 — 28.5 — — —
8. #3calc 1.8 1.61 1.8 1.61 1.4 1.4 0.9 1.4 9143 148 489 — 2 0 0.744
9. #3exp 1.8 1.61 1.8 1.61 1.4 1.4 0.9 1.4 9143 267 — 12 — — —
10. #3calc 1.8 1.61 1.8 1.61 1.4 1.4 0.9 1.4 9141 288 270 — 1 1 0.68
11. #4exp 2.8 2.21 2.6 2.01 3.4 3.4 1.9 2.0 9242 331 — 16 — — —
12. #4calc 2.76 2.16 2.6 2.01 3.4 3.4 1.9 2.0 9269 331 241 — 2 0 0.835
13. #4exp 2.8 2.8 2.6 2.6 3.4 1.4 0 0 9152 331 — 16 — — —
14. #4calc 2.8 2.8 2.6 2.6 3.4 1.4 0 0 9242 331 241 — 2 1 0.667
15. #5exp 1.5 1.27 1.5 1.27 3.1 3.1 0.9 1.5 9250 215 — 37 — — —
16. #5calc 1.5 1.27 1.5 1.27 3.1 3.1 0.9 3.1 9250 217 345 — 1 1 0.847
17. #5exp 1.5 1.27 1.5 1.27 3.1 3.1 0.9 1.5 9129 120 — 35 — — —
18. #5calc 1.5 1.27 1.5 1.27 3.1 3.1 0.9 3.1 9128 105 679 — 2 0 0.885
19. #5exp 1.5 1.5 1.5 1.5 3.1 1.6 0 0 9279 150 — 31 — — —
20. #5calc 1.5 1.5 1.5 1.5 3.1 1.6 0 0 9279 137 526 — 2 0 0.777
21. #6exp 2.75 2.26 3.5 3.01 4.6 4.6 1.9 3.0 9124 295 — 10 — — —
22. #6calc 2.73 2.23 3.48 2.98 4.6 4.6 1.9 4.6 9123 295 265 — 2 1 0.877
23. #6exp 2.75 2.75 3.5 3.5 4.6 1.6 0 0 9124 267 — 4 — — —
24. #6calc 2.75 2.75 3.5 3.5 4.6 1.6 0 0 9124 267 288 — 1 3 0.718
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Fig. 6. Gain (G) as a function of temperature for FR #3.
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To account for the sample hole in computing the fre-
quency, we subtracted the volume of the hole from the
volume of the whole resonator, as follows. The cross-
section of a rectangular FR is S = Width Æ Height, and
the cross-section of the hole is s = pD2/4 (see Fig. 4
for notations). By subtracting the area of the cross-
section of the hole, we have DS = S � s. DS is an
area of the cross-section of the solid resonator when
the hole was subtracted. On the other hand, DS = A Æ B,
where A =Width � x, B = Height � x. Hence, S � s =
(Width � x) Æ (Height � x). Thus, after calculating x,
we have A and B, which are used in Eqs. (1)–(3). For
example, for FR #1 (see Table 1), which has
Width = 1.9 mm, Height = 1.9 mm, Length = 1.4 mm,
and hole of D = 0.9 mm, the following values were used
in the calculations: A = 1.72 mm, B = 1.72 mm, and
L = 1.4 mm. As seen below, such an approach allowed
us to obtain resonator parameters reasonable for EPR
applications.
Fig. 7. Gain (G) as a function of temperature for FR #5.
3. Results

In Table 1 the calculated and experimental parame-
ters for six rectangular FRs, with hollow sample holes
(FRs #1, 2, 3) and with blind sample holes (FRs #4,
5, 6), are presented. Note that in the FR (for example,
#2) several TEmnd modes (m = 1, n = 1; m = 2, n = 0;
and m = 3, n = 0) can be excited due to the temperature
dependence of the dielectric constant, e, of the resona-
tor. Subsequently, as shown in Figs. 5–7, correspondent
maximum values of gain, G, in EPR signal intensity are
observed. The points when G = 0 in the dependence
G (T) indicate off-resonant conditions.

Sometimes it is convenient (in particular, for powder
or liquid samples) to use in EPR experiments an FR
with a blind hole. In our experiments examples of such
types of resonators were #4, #5, and #6. For instance,
in FR #5, the full length of which is 3.1 mm, there is a
hole of depth h = 1.5 mm and diameter D = 0.9 mm.
As shown in Fig. 8, we consider an FR with a blind hole
as a complex resonator, consisting of two parts (simple
resonators): a lower part I (without hole) has length
Fig. 8. Structure (A) and substructures (B) of a complex resonator
with notations. A FR with a blind hole is considered as a complex
resonator (A), consisting of two simple resonators (B): the first simple
resonator has dimensions Width · L1; the second simple resonator has
dimensions A · L2.

Fig. 5. The effect G of the FR #2 as a function of temperature. Peaks
of G correspond to different TEmnd modes (see Table 1).
L1 = L � h and an upper part II (with hole) has length
L2 = L. For FR #5 the upper part II has length
L = 3.1 mm, but the width (A) and height (B) must be
obtained by taking the hole into account. For this rea-
son, the area of cross-section is reduced by the area of
the cross-section of the hole s = pD2/4. Therefore, the
square root from the result gives A = B = 1.27 mm.



Fig. 9. Hz-field versus distance from the center (z = 0) of the resonator
along z axis at x = 0 (inside and outside the FR #1). See coordinate
system representation in Fig. 2.
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3.1. Field computation and comparison with experiment

The results of the field computations are presented for
two FRs, #1 and #2, because the general tendency for the
other resonators is similar to these two.Also presented are
the results of the calculationsmade for FR#2while it is in
a horizontal position inside a metal cavity and its longest
side is parallel to static magnetic field, as is shown in the
inset of Fig. 2. All H- and E- components in graphs and
tables are presented in relative units.

FR #1: 1.9 · 1.9 · 1.4 mm3, hole diameter D = 0.9
mm, e = 261. Calculated dimensions and parameters:
A = B = 1.61 mm, L = h = 1.4 mm, m = 9298 MHz, d =
0.6785, m = n = 1.

In Tables 2–4 selected values of H- and E-fields are
presented. More detailed dependences of the Hz and
Table 4
E-component of MW field versus distance in z direction of FR #1

x = 0 mm
z (mm) 0 0.3 0.5 0.7
Ex = Ey 0 0 0 0

z (mm) 0.9 1.1 1.3
E0x = E0y 0 0 0

x = 0.8 mm
Ex 0 0 0 0
Ey �18.9 �16.9 �13.7 �9.1

E0x 0 0 0
E0y �5.3 �3 �1.8

Ex, Ey denote the electric field inside the FR; E0x, E0y denote the
electric field outside the FR.

Table 2
Hz-component of MW field versus distance in z direction (at
x = 0 mm) of FR #1

z (mm) 0 0.1 0.3 0.5 0.7
Hz 1 0.98844 0.89758 0.72422 0.48429

z (mm) 0.8 0.9 1.1 1.2 1.3
H0z 0.36788 0.27945 0.16125 0.12249 0.09305

Hz denotes the magnetic field inside the FR; H0z denotes the magnetic
field outside the FR.

Table 3
Hz-component of MW field versus distance in x and z directions of
FR #1

z = 0 mm
x (mm) 0 0.1 0.2 0.3 0.4 0.6 0.8
Hz 1 0.98 0.92 0.83 0.71 0.39 0.01

x (mm) 1 1.3 1.61
H0z �0.37 �0.82 �1

x = 0.8 mm
z (mm) 0 0.1 0.3 0.5 0.7
Hz 0.0105 0.0104 0.0094 0.0076 0.0051

z (mm) 0.9 1.1 1.3
H0z 0.0030 0.0017 0.0009
Ey components in z and x directions can be seen in Figs.
9 and 10. Fig. 9 shows the decrease of Hz versus distance
from the center of the resonator along the z axis, i.e.,
when a sample is being elevated. Fig. 10A represents
the 3D pattern of the changing Hz-field versus distance
along z and x axes simultaneously. It was observed that
at the lateral wall of the FR (at x = 0.8 mm) the Hz-field
is very low. The H-field plays an integral role in EPR
experiments. However, in order to view a whole picture,
the dependence of the E-field is also calculated and pre-
sented in Fig. 10B. The E-field can be useful in experi-
ments on paraelectric resonance (PER) and is also
important for determining the size of lossy sample, such
as aqueous. Note that H- and E-fields in Figs. 9–12 are
presented in relative units.

FR #2: 1.7 · 1.7 · 3.1 mm3, hole diameter D =
0.9 mm, e = 272. Calculated dimensions and parame-
ters: A = B = 1.45 mm, L = h = 3.1 mm, m = 9182
MHz; d = 0.8296, m = n = 1.

In Table 5, selected values of H-fields for FR #2 are
presented. More detailed dependences of H- and E-fields
in z and x directions can be seen in Fig. 11.

FR #2 is in horizontal position. Calculated dimen-
sions and parameters: A = 3.1 mm, B = L = 1.45 mm,
m = 9626.9 MHz; d = 0.6992, m = 2, n = 1.

Fig. 12 illustrates the changes of the Hz-field in (zx)
and (zy) planes when FR #2 is in horizontal position.
Comparing Fig. 12A with Fig. 12B, it was observed that
magnetic field (Hz) contains two half-waves along longer
side A, and one half-wave along shorter side B of the
FR. Selected computed and experimental values are pre-
sented in Table 6.
4. Discussion

We measured the intensities of the EPR signal after
changing the location of the sample inside and outside
the FR #2. Several experimental values are presented
in Table 5. Note that the maximum magnetic field is
at the center of the FR. We measured intensity of



Fig. 10. Distribution ofH-fields (A) and E-fields (B) in FR #2. H-field (A) and E-field (B) versus distances along z and x axes for FR #1. Coordinate
system is represented in Fig. 2.

Fig. 11. Distribution of H-fields (A) and E-fields (B) along z and x axes of the FR #2. Coordinate system is represented in Fig. 2.

Fig. 12. H-field versus distances in (zx) and (zy) planes for FR #2 in horizontal position. See coordinate system and horizontal position of the
resonator in inset of Fig. 2.
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EPR line at the center of the FR, and then we measured
intensity of EPR line in the location of the sample under
the same conditions (MW power, modulation ampli-
tude, temperature). For comparison to calculated value,
experimental values are represented as a ratio of signal
intensity in the center of the FR (at x = 0, y = 0,



Table 5
Selected computed and experimental values in z and x directions of FR #2

x = 0 mm
z (mm) 0 0.3 0.7 1.1 1.55
Hz

Comp 1 0.97 0.83 0.6 0.265
Exper 1 0.33

z (mm) 1.75 2.1 2.55 3.2
H0z

Comp 0.14 0.05 0.012 0.0015
Exper 0.12 0.05 0.033

x = 0.725 mm
z (mm) 0 0.1 0.3 0.5 0.7 0.8 1 1.2 1.4 1.55
Hz

Comp 8e�4 8e�4 8e�4 7e�4 7e�4 6e�4 5e�4 4e�4 3e�4 2e�4

z = 0 mm
x (mm) 0 0.2 0.3 0.4 0.5 0.6 0.725 0.734
Hz

Comp 1 0.908 0.796 0.648 0.469 0.268 0.0008 �0.03

Table 6
Selected computed and experimental values in (zx) and (zy) planes for
FR #2 in horizontal position

x = 0, y = 0 mm
z (mm) 0 0.3 0.5 0.7
Hz

Computed 1 0.90 0.73 0.49
Experimental 1

Z (mm) 0.85 0.95 1.25 1.4
H0z

Computed 0.32 0.24 0.09 0.06
Experimental 0.33

z = 0, y = 0 mm
x (mm) 0 0.5 0.7 1.55
Hz

Computed 1 0.53 0.15 �1
Experimental 1 8e�3

X (mm) 1.7 1.9 2.1 2.3
H0z

Computed �0.95 �0.76 �0.4 �0.05
Experimental

z = 0, x = 0 mm
y (mm) 0 0.3 0.5 0.72
Hz

Computed 1 0.79 0.46 8e�4
Experimental 1

Y (mm) 0.85 0.9 1.25 1.4
H0z

Computed �0.27 �0.4 �0.9 �1
Experimental 0.04
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z = 0) to that in the sample location. It should also be
noted that experimental values presented in Table 5 cor-
respond to the location of the mid-point of the sample.
Taking into account the length of the sample is 2.0 mm,
the experimental value should be compared with both,
the computed value at relevant coordinate of z, and
computed values in the interval z � 1 < z < z + 1 mm.
In other words, when the location of the sample changes
along z axis, experimental values should be compared
with averaged Hz values within the z � 1 < z < z+ 1mm
interval. According to Table 5, the experimental and
computed values are in a qualitative agreement. When
a comparison is made in the (xy) plane, it should also
be taken into account that the sample is not a point.
In this case, the width of the sample performs the main
role. For example, at z = 0 and x = 0.72 mm (on the
border of the FR) the experimental value is 0.04. It is
larger, than the calculated one, because the width of
the sample constitutes 0.28 mm, and the greater part
of the sample is located at some distance (up to
0.28 mm) from the border of the FR. As our calcula-
tions demonstrate, the computed value of the Hz-field
at z = 0 and x = 0.734 mm is �0.03. Thus, in the (xy)
plane the field is larger at the location of the sample than
on the border of the FR.

When FR #2 was in a horizontal position in the
center of metal cavity (see inset in Fig. 2), we measured
the EPR signal on the upper surface (at x = 0, y = 0,
z = 0.85 mm), lateral surface (at z = 0, x = 0 mm,
y = 0.85 mm), and at the end of the longest dimension
(at z = 0, y = 0 mm, x = 1.55 mm) of the resonator. In
all cases of the horizontally positioned FR, the width
of the sample must be taken into account for compar-
ison between computed and experimental values. As
indicated in Table 6, the signal intensity on the upper
surface of the FR amounts to 0.33. When the sample
is located at the longest end of the FR, the signal
intensity becomes 0.008, while the intensity of the sig-
nal at the lateral surface constitutes 0.04. Compared
to the computed values presented in Table 6, there is
good agreement between computed and experimental
data.
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Note that in both cases, when FR was in vertical or
horizontal positions, on the upper surface (along axis
z) EPR signal becomes three times smaller (0.33 com-
pared to 1) than that in the center (at z = 0). Thus,
accounting the effectiveness of this resonator (G = 44),
it is possible to place the sample outside resonator, if
necessary. For example, it becomes possible to apply a
FR to investigate large samples or in vivo.
5. Conclusions

1. The calculated parameters, such as resonant fre-
quency and dimensions of tested rectangular FRs,
are in good agreement with correspondent experimen-
tal parameters. As for the computed magnetic field
distribution, the comparisons within the experiment
confirm the assumption that along the z axis, the
magnetic field outside the resonator decays exponen-
tially from its value at the boundary to zero at infin-
ity. Another assumption that Hz = 0 at all surfaces
parallel to the z axis (perfect open-circuit boundary
conditions) is supported by the experiment only inside
the FR. As the experiment demonstrates, the mag-
netic field exist and, evidently, decays exponentially
outside lateral surfaces of the FR.

2. The dimensions (diameter and depth) of the sample
hole play an important role in the efficiency of the
FR. The greater the diameter of the hole (d) the smaller
the magnetic field, (H) at the center of an FR. For FRs
made of KTaO3, the most significant improvement in
signal intensity was achieved at D = 0.9 mm. At
D = 1.9 mm the gain becomes more than twice as
small.

3. Rectangular FRs are more effective than cylindrical
ones. According to the results presented in [13], cylin-
drical FRs improved the sensitivity up to 10 times,
while rectangular FRs achieved 44-fold improvement
and even more for optimized geometry.

4. The optimized geometry of the FR is a hollow parallel-
epiped with L/A(B) ratio around 2. It should be noted
that an FR with the optimized dimensions, which was
in the process of being tested at the time of this writing,
improved the EPR signal by a factor of 100.

5. The results show the possibility of using an FR in
EPR in vivo experiments, i.e., when sample is located
outside the resonator.
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