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A new approximate method for predicting the resonant frequen- Generally, implementation of ceramic DRs results in a
cies and for solving the field distribution problem of a cylindrical substantial size reduction of microwave resonant structures.
dielectric resonator (DR) is developed. The model proposed in Since the high dielectric confines the electromagnetic fields
this paper bridges the gap between rigorous and accurate finite- to its own geometry rather than to the external metallic case,
element or Green function-based numerical methods on the one the size reduction is roughly proportional to the inverse
hand and on the other hand, simple approximate solutions in

square root of the dielectric constant ( i.e., 1/
√
er) . Miniaturewhich the field distribution can be described analytically, but the

resonant structures that contain DRs can also be an invalu-resulting frequency is accurate within a few percent only. In the
able tool for probing signals in electron paramagnetic reso-method described here, the approximate solution for the micro-
nance spectroscopy, where hollow metallic cavities are com-wave field distribution is modified by substituting different values

of the radial separation constants inside and outside of the disk- monly used to enhance the sensitivity of measurements. Due
shaped DR. The model is generalized for the double-stacked DR to their compactness, the DR systems exhibit much higher
structure and enables one to introduce corrections that take into density of the electromagnetic energy stored inside the reso-
account the presence of the shielding walls and of the cylindrical nator. Thus, for the appropriately chosen field pattern (the
sample hole. Good agreement is found between experimental and resonant mode), one can concentrate the magnetic-field
calculated results for both the single and double-stacked structures component (H1) at the sample position. This leads to a con-
that are designed around commercially available X-band DRs (9–

siderable improvement of the resonator filling factor h,10 GHz). For the resonant frequency of the lowest transverse-
which is an important design-related feature of the EPRelectric TE01d mode that is commonly used for EPR measurements,
probe head. Additionally, because of the low-dielectric lossthe accuracy of the method is better than 1%. Experimentally
of ceramics (tan d Ç 1005 at 10 GHz), the quality factormeasured resonator filling factors are also in good agreement with
Q of the free-running DR is high and comparable to that ofthose theoretically estimated. Both the theory and the experimen-

tal results suggest that the double-stacked DR structure with finite a conventional cavity resonator. This is in contrast to other
spacing between the ceramic cylinders is the most suitable for EPR microwave noncavity resonators, such as miniature coils (6)
measurements of long lossy samples. q 1997 Academic Press or loop–gap resonators (LGRs) that are known for concen-

trating the magnetic field at the sample space and for having
high filling factors h (7) . Since the overall signal-to-noise

INTRODUCTION
ratio (S /N) of an EPR system is proportional to the product
of h and Q (8) , sensitivity improvement of more than twoIt has been stated long ago by Richtmyer (1) that nonmet-
orders of magnitude compared to the standard TE102 cavityallized dielectric objects can function as resonators. The ac-
has already been reported while using the DR-based EPRtual technical applications of dielectric resonators (DRs)
probe for small, low-loss ‘‘point’’ samples (9) .started in the late 1970s when temperature-stable, low-loss,

The presence of high-loss (aqueous) samples distorts thehigh er dielectric ceramic materials, such as barium tetrati-
microwave field inside the EPR resonators (10) . The resultstanate, were becoming available (2, 3) . Since that time,
already published suggest that the impact of lossy samplesother composites with improved properties have been devel-
on the microwave characteristics of DR-type resonators isoped and the DR-related design is currently the basis of the
smaller than in the case of cavity resonators and LGRs.whole segment of microwave industry where typical applica-
When loaded with high-loss samples contained in thin capil-tions include microwave oscillators, narrowband microwave
laries, the DR-based structures exhibit a relatively small de-filters, radar detectors, speed guns, cellular telephones, and
crease of the resonator Q factor and only a negligible shiftspace telecommunication systems (4, 5) .
of the resonant frequency (9, 11) . This is because the high-
dielectric ceramic leads to an essential redistribution of the† Also: Chemistry Department, State University of New York at Albany,

1400 Washington Ave., Albany, New York 12222. magnetic and electric components of the microwave field.
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88 JAWORSKI, SIENKIEWICZ, AND SCHOLES

For the most commonly used disk-shaped DR with a vertical high-dielectric ceramic disks or cylinders. In the microwave
X band, which is typical for the great majority of EPR exper-hole up the middle and operating in the lowest transverse-

electric TE01d mode, the magnetic component H1 will be iments, this model yields an accuracy for f0 that is better
than 1%. The resonant-frequency problem is further devel-concentrated along the vertical axis where the sample is

located, whereas the electric component E1 will be mostly oped for the case of two stacked DRs with a finite separation
s between the ceramic disks, and the variation in f0 as aconfined within the dielectric disk. Therefore, these systems

effectively isolate the electric component from the sample function of s is discussed. A perturbation method enabling
one to determine the resonant-frequency shift due to thespace and can be used as alternatives to metallic hollow

resonators and LGRs for EPR studies of high-loss biological presence of a cylindrical hole (sample space) in such a
ceramic disk is also presented for both the single and double-materials, particularly when the samples are limited in sup-

ply and sensitivity problems require obtaining the best S /N stacked configurations. We also discuss the relative changes
in the resonator quality factor Q for DRs loaded with samplespossible.

Several different versions of DR-type EPR resonators having a high dielectric loss (aqueous samples) . Consider-
ing the theoretical and experimentally observed filling fac-have been reported so far. Dykstra and Markham presented

a DR for sensitive measurements of small point samples and tors, the advantageous properties of the double-stacked DR
configuration for measuring lossy liquid samples containedliquid samples where a single DR surrounded by a micro-

wave shield was movable in order to obtain precise matching in long capillaries are shown. The highest filling factor for
such samples can be obtained in the double-stacked DR withto the external microwave circuit (9) . Sienkiewicz et al.

described a double-stacked DR structure that in combination a finite spacing between the dielectric cylinders.
with the stopped-flow technique has proven its adequacy for
measurements of high-loss liquid samples where both a high EXPERIMENTAL
S /N ratio and independence of flow-induced transients were
the most critical points (11) . A sensitive DR-type resonator In this work we studied the single and double-stacked DR

configurations that were designed around the commerciallycontaining a single disk made of high-dielectric ceramics
and operating at cryogenic temperatures was designed by available X-band high-dielectric ceramics from two suppli-

ers: Trans-Tech, Inc., Adamstown, Maryland, and MuRata-Walsh and Rupp (12) . Bromberg and Chan took advantage
of the open structure of a double-stacked DR and combined Erie North America, Inc., R/F Microwave Products, State

College, Pennsylvania. Throughout this paper these ceramicsthe resonator with a diamond anvil cell (DAC) that was
located in the space between the ceramic disks for generating will be referred to as Type I and Type II, respectively. The

Type I ceramic (Trans-Tech Part No. C8733-0245-X-110-high hydrostatic pressures inside the resonant structure (13) .
An easy way of coupling the DR to the standard TE102 cavity B-040) had dimensions of 6.22 mm o.d., 1 mm i.d., and 2.8

mm thickness. The dielectric constant er of this materialhas recently been proposed by Del Monaco et al. (14) . The
estimated hQ product for this structure was found to be was 29.4. The Type II ceramic (MuRata-Erie Part No.

DRT065R020C029) had dimensions of 6.55 mm o.d., 2 mmessentially higher than that for standard metallic cavities.
These examples indicate that the resonant structures de- i.d., and 2.95 mm thickness. The corresponding dielectric

constant er was 29.2.signed around the DRs can find applications in different
types of EPR experiments. Moreover, by using either single We configured our DR structures using the microwave

heart of the system described in detail in Ref. (11) . Weor double-stacked DR configurations it is possible to design
resonant structures that exhibit slightly different microwave used a microwave shield that was cylinder-shaped and made

of a low-dielectric loss plastic, Rexolite (C-LEC Plastic,and geometric characteristics. This permits one to obtain an
easier and more versatile fit of the DR-type resonator to the Inc., Beverley, New Jersey, Rexolite 1422, tan d Å 6.6 1

1004 , er Å 2.53). The outer wall of the microwave shieldparticular EPR application.
The major objective of the present work was to character- was metallized with a few micrometers of silver plating. The

microwave shield easily accommodated either one or twoize the microwave parameters of the double-stacked DR
structure from the point of view of its applications for EPR. stacked DRs. In both cases, the DRs were centrally posi-

tioned with their axis aligned with the cylindrical axis of theIn this paper, in order to develop our theoretical approach,
we treat the single DR-based structure first. Then, we gener- microwave shield. The coupling to the external microwave

circuit was achieved using a laterally protruded loop-shapedalize the method to the double-stacked structure. In both
cases we take into account the experimental results of micro- antenna. Since the antenna was adjacent to the side wall of

the DR and its plane was perpendicular to the DR’s cylindri-wave and EPR measurements performed using the DR-type
resonators. As a result, we present a simple theoretical model cal axis, a symmetrical TE01d mode could be excited for

both the single and double-stacked structures. This type ofenabling one to estimate the resonant frequency f0 of the
fundamental TE01d mode of the single and double DR-based coupling arrangement also made it possible to orient the

plane of the antenna parallel to the cylindrical axis of thestructures that are designed around commercially available
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89DOUBLE-STACKED DIELECTRIC RESONATOR

microwave shield. In such orientation, the coupling loop
preferentially excited the TM modes. This configuration was
used while we checked our double structures for the presence
of the nearest spurious TM modes.

While using the same microwave shield, it was possible
to change the resonant frequency of the double-stacked struc-
ture by inserting spacers between the DRs. The spacers were
also made of low-loss Rexolite plastic. Their thickness was
carefully controlled in order to obtain the desired shift of
the resonant frequency. This simple arrangement revealed a
satisfactory reproducibility of setting the resonant frequency

FIG. 1. Outline of the DR-based resonant structures studied. (a) Singleand was used for tuning the DR-based structures resonating
DR-type resonator. (b) Double-stacked DR structure.in both the TE and TM modes.

The measurements of the resonance frequency and of the
loaded and unloaded quality factor Q of the resonant struc- field distribution is still described by approximate analytical
tures were performed using a HP 8690B sweep oscillator. formulae. From the other side, owing to important modifica-
Q factors were determined from f0 /D f , where D f is the 3 tions based on rigorous experimental results (11, 20) , it is
dB bandwidth. possible to calculate resonant frequencies within an accuracy

We compared the sensitivity of both the DR and the com- of better than 1%. The resonant structure that contains a
ercially available TE102 ST4102 resonator from Bruker. Both single dielectric resonator is discussed below in detail. Next,
resonators contained the same testing samples. The measure- the results are generalized for the double structure, which is
ments were performed on a Bruker ER 200D EPR spectrom- the central topic of this paper.
eter with a GaAsFET X-band amplifier before the crystal Let us first consider a dielectric disk of radius R and height
detector. h placed at the origin of the cylindrical coordinate system

We used two types of samples. The first was a point (r , f, z) . A schematic view of the corresponding resonant
2,2-diphenyl-1-picrylhydrazyl (DPPH) sample whose linear structure that is based on a single DR is shown in Fig. 1a.
dimension was less than 0.2 mm, and the second was a long The expressions describing the fields E1 and H1 inside the
liquid sample that was contained in a quartz capillary of dielectric disk follow directly from solution of the Maxwell
0.84 mm o.d. and 0.6 mm i.d. The latter sample was an equations in cylindrical coordinates. Outside of the dielec-
aqueous solution of 4-hydroxy-2,2,6,6-tetramethylpiperi- tric, we assume the fields to vanish rapidly, so that, to a first
dine-1-oxyl (TEMPO-OH). The total length of the aqueous approximation, the influence of the shielding walls can be
sample was 3 cm, so it could fill the total active volume neglected. The relevant parameters of the solution, i.e., prop-
available for both resonators. The length of that active vol- agation constants, dispersion parameters, follow from the
ume was 14 mm for the DR-based structures and 23 mm boundary conditions on the interface dielectric-surrounding
for the TE102 cavity, respectively. The point-DPPH sample medium. In the next step, we will also take into account
was also used to study the axial distribution of the magnetic the presence of the metallic shield by imposing additional
component Hz in the DR-based structures. boundary conditions on the fields outside the dielectric disk.

In particular, for the fundamental TE01d mode of axial
CALCULATION OF THE RESONANT FREQUENCY symmetry, within the dielectric medium (ÉzÉ õ h /2, r õ

FOR SINGLE AND DOUBLE-STACKED DRs R) , we have

E1 Å ifEf Å ifJ1(br)cos gz , [1a]For a disk-shaped dielectric resonator, commonly used in
microwave applications, a closed-form analytical solution H1 Å irHr / izHzfor the field distribution and the resonant frequency does not
exist. Instead, one must use approximate methods, which Å i

vm
[ irgJ1(br)sin gz / izbJ0(br)cos gz] , [1b]

can be roughly divided into two distinct groups: ( i) rigorous
and very accurate numerical procedures based on finite-ele-
ment (15) or Green function formalism (16) ; and (ii) simple and outside of the dielectric (ÉzÉ ú h /2, r õ R)
approximate models (2, 17–19) , in which the field distribu-

E1 Å ifEf Å AifJ1(br)e0az , [1c]tion can be described analytically, but the resulting resonant
frequency is accurate within only a few percent (correspond- H1 Å irHr / izHz
ing to hundreds of megahertz in the X band).

The model presented here has been developed to bridge Å i

vm
[AiraJ1(br)e0az / AizbJ0(br)e0az] , [1d]

the gap between these two approaches. From one side, the
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In the dielectric-waveguide model, the values of be re-where a Å
√
b 2 0 k 2 ; g Å

√
erk

2 0 b 2 ; k Å v /c ; v Å 2pf0 ;
sulting from Eq. [5] are slightly higher than b0 and thef0 denotes the resonant frequency; er is the dielectric per-
realistic range of beR can be estimated to be beR √ (2.5,mittivity; b is the radial separation constant; J0 and J1 are
2.8 ) . For this range of beR the linearization of Eq. [5 ]the zeroth- and first-order Bessel functions, respectively; and
yields numerical values C1 Å 0.35, C2 Å 4.21. In theA is an unknown amplitude of the electromagnetic field.
dielectric resonator, however, due to the finite height h ,Continuity conditions for the tangential components of
the field concentration within the dielectric will be depen-the E1 and H1 fields at ÉzÉ Å h /2 yield
dent on the resonator dimensions, giving rise to the depen-
dence of be on the ratio h /2R . Generally, this leads tocos gh /2 Å Ae0ah /2 , g sin gh /2 Å Aae0ah /2 . [2]
smaller values of be .

Taking into account a set of accurate experimental resultsHence, on eliminating the amplitude A we obtain the tran-
(20, 21) obtained for the DRs having erá 30 and for variousscendental equation determining the propagation constant k ,
ratios h /2R , one can introduce a ‘‘semiempirical’’ formulaand consequently the resonant frequency f0 :
in the form of Eq. [6] , but with C1 Å 0.145, C2 Å 5.93.
The smaller slope C1 of the semiempirical formula (as com-g tan gh /2 Å a. [3]
pared to that resulting from the dielectric-waveguide model)
reflects to some extent the dependence of be on the resonatorComparing various models discussed so far in the litera-
dimensions h /2R .ture (2, 17–19) one can find equations that are formally

So far we have considered the fields outside of the DRequivalent to Eq. [3] , but with different boundary conditions
disk to vanish exponentially for ÉzÉ ú h /2. If we take intofor the lateral interface r Å R . In particular, it turns out that
account the presence of the shielding walls, we should im-the radial separation constant b is dependent on the adopted
pose the boundary conditions at ÉzÉ Å h /2 / L , where Lmodel and its value strongly affects the calculated resonant
denotes the distance between the DR disk and the upper orfrequency. Thus, the proper choice of b is crucial for ob-
lower lid of the cylindrical shield (see Fig. 1a) . Conse-taining a satisfactory accuracy of the method.
quently, the exponential dependence on the distance alongAnalysis of the rigorous solution (16) shows that the field
the axial direction z in Eqs. [1c] and [1d] should be replaceddistribution for ÉzÉ ú h /2 is similar to that in the magnetic-
by hyperbolic functions: sinh[a(z 0 L)] for Ef , Hz , andwall model (17) , while the field distribution within the di-
cosh[a(z 0 L)] for Hr , respectively. Thus, for a single DRelectric is closer to the dielectric-waveguide model (18) .
structure, the equation determining the resonant frequencyTaking into account the above-mentioned arguments, one
f0 takes finally the formcan modify Eq. [3] by substituting different values of the

radial separation constants within the dielectric and outside
of it, g tan gh /2 Å a coth aL , [7]

g Å
√
erk

2 0 b 2
e , a Å

√
b 2

0 0 k 2 , [4]
where a and g are given by Eq. [4] .

The presence of a lateral shield can be implicitly included
where b0 Å k 0,1 /R and k 0,1 Å 2.4048 denotes the first root

in the semiempirical expression (Eq. [6]) . It turns out, how-
of the Bessel function J0(br) .

ever, that for the typical range of parameters the fields vanish
The radial separation constant within the dielectric be can

rapidly in the radial direction and the influence of the lateral
be determined from the dielectric-waveguide model (18) by

shield can be neglected. Equations [6] and [7] form a system
matching the fields Ef and Hz on the interface at r Å R .

of nonlinear equations, which for given dimensions of the
From the continuity condition we find

dielectric resonator and the permittivity of the dielectric me-
dium can be solved for k and consequently for the resonant
frequency f0 . One should stress, however, that the linearizedbe

J0(beR)
J1(beR)

Å 0m
K0(mR)
K1(mR)

, [5]
formula Eq. [6] is valid only in the restricted range of param-
eters, i.e., for er á 30, and 0.4 õ h /2R õ 1, and that this

where m Å
√
(er 0 1)k 2 0 b 2

e , J0 and J1 denote Bessel func- is the price we pay for accurate results while keeping the
tions, and K0 and K1 are modified Bessel functions of the calculations relatively simple. It should be noted here that
second kind. For small variations of b, the matching formula for b0 x be the Maxwell equations are satisfied rigorously
Eq. [5] can be linearized in the vicinity of b0 , yielding both in the dielectric region and in the surrounding medium.

However, the boundary conditions for z Å h /2 are satisfied
(beR)2 Å C1(er 0 1)(kR)2 / C2 , [6] only approximately.

The generalization of the calculation procedure for the
double-stacked DR structure is straightforward and followswhere C1 and C2 are constants.
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91DOUBLE-STACKED DIELECTRIC RESONATOR

TABLE 2closely the approach outlined above. The double structure
The Comparison of the Measured f0m and Calculated f0cof the dielectric resonator is shown schematically in Fig. 1b.

Resonant Frequencies at Various Separations s of the DRIn particular, the fields within the dielectric can be expressed
Cylindersa

as

Separation s (mm) f0m (GHz) f0c (GHz)
E1 Å ifJ1(br)(A sin gz / B cos gz) , [8a]

0.00 8.050 7.970
1.50 8.700 8.640H1 Å

i

vm
[ irgJ1(br)(A cos gz 0 B sin gz)

2.00 8.810 8.760
3.50 9.060 8.990

/ izbJ0(br)(A sin gz / B cos gz)] , [8b] 4.00 9.120 9.050
4.50 9.190 9.100

while outside of the dielectric we have for ÉzÉ ú h / s /2,
a Type II ceramic.r õ R ,

E1 Å C ifJ1(br)e0az , [8c]
which, with the help of Eq. [6] , can be solved for k , i.e.,
for the resonant frequency f0 .H1 Å

i

vm
[C iraJ1(br)e0az / C izbJ0(br)e0az] , [8d]

So far we have considered uniform dielectric disks of
radius R and height h . The real resonator used for EPR

and for ÉzÉ õ s /2, r õ R , measurements has a sample hole placed axially within the
dielectric. Since the E1 field on the interface between the

E1 Å DifJ1(br)cosh az , [8e] ceramic and the surrounding medium has only the tangential
component, we can neglect the field distortion within the

H1 Å
i

vm
[0DiraJ1(br)sinh az hole and evaluate its influence using the perturbation

method. Assuming the E1 field distribution as in the uniform
dielectric disk, we find/ DizbJ0(br)cosh az] , [8f]

where a and g are given by Eq. [4] . As before, the presence
of the shield can easily be included by replacing exponentials D f0

f0

Å S1 0 1
er
D *

Vh
ÉE1É

2d£

2 *
Vc
ÉE1É

2d£
, [10]

in Eqs. [8c] and [8d] by appropriate hyperbolic functions.
On matching the fields Ef and Hr across the interfaces

where Vh and Vc denote the hole and resonator volume,ÉzÉ Å s /2 and ÉzÉ Å h / s /2 and eliminating the amplitudes
respectively, and the field E1 is given by Eq. [8] . Thus, theA , B , C , D , we obtain the transcendental equation
procedure for finding the resonant frequency f0 consists of
two steps. First, the resonant frequency of the double dielec-(g / a coth aL tan gh /2)(a tanh as /2 0 g tan gh /2)
tric structure is computed using Eq. [9] . Next, the correction

Å (g / a tanh as /2 tan gh /2) following from the perturbation formula Eq. [10] is taken
into account.1 (g tan gh /2 0 a coth aL) , [9]

The comparison of the measured and calculated resonant
frequencies for various separations s is shown in Tables 1
and 2 for the two selected double-stacked DR structures.TABLE 1
The presence of the low-loss Rexolite plastic around the DRThe Comparison of the Measured f0m and Calculated f0c

disks has been included by taking er Å 2.53 instead of er ÅResonant Frequencies at Various Separations s of the DR
Cylindersa 1 for the surrounding medium, in order appropriately to

rescale Eqs. [4] , [7] , and [9]. The accuracy is better than
Separation s (mm) f0m (GHz) f0c (GHz) 1% (corresponding to 100 MHz in the X band) and is inde-

pendent of s , which indicates indirectly that Eqs. [8a] –0.00 8.256 8.265
[8f] approximate well the real field distribution. Figure 20.65 8.647 8.660

1.35 8.920 8.945 demonstrates the application of our method for predicting
1.60 8.994 9.020 the resonant frequency of the TE01d mode for the double-
2.00 9.080 9.118 stacked DR structure. Within the entire range of separations
2.50 9.200 9.211

s from 0 to 3 mm, the theoretical curve for the resonant3.00 9.260 9.282
frequency (solid line) nearly overlaps the results measured

a Type I ceramic. experimentally (dashed line) . The experimental data were
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scribe approximately the E1 and H1 distribution for the fun-
damental TE01d mode, both within the dielectric and in adja-
cent regions. Once the field distribution is known, one can
evaluate several parameters that are important for the EPR
measurements, such as the resonator filling factor h, total
energy accumulated in the resonant structure, dielectric
losses within a sample, and the resonator quality factor Q .
In this paper we concentrate our attention mainly on the
filling factor h and the quality factor Q .

According to Ref. (23) , the filling factor for the magnetic
field H1 is given by

h Å
*

Vs
ÉH1⊥É

2d£

*
Vc
ÉH1É

2d£
, [11]

FIG. 2. The measured and calculated dependencies of the resonant fre-
quency on the separation s for the double-stacked DR (Type I ceramic) .

where Vs and Vc denote the sample and resonator volume,
obtained for the resonant structures designed around the respectively, and the field H1 is given by Eq. [8] .
commercially available high-dielectric (Type I) ceramics. It should be stressed that only the field component that is

The method of analysis outlined above is applicable to the normal to the static magnetic field H0 will contribute to the
fundamental TE01d mode. Generalization to the higher TE integral in the numerator of Eq. [11]. However, for typical
modes of axial symmetry is straightforward, although the accu- sample dimensions (small point samples or thin capillaries)
racy of solution deteriorates as we increase the radial and longi- one can neglect the contribution from the radial component
tudinal indices. Unfortunately, the analysis of the TM modes

and integrate only H 2
z over the sample volume.

is much more difficult, mainly because of the discontinuity of
The highest filling factor for point samples can be obtained

the Ez component at the front wall of the dielectric resonator.
in a single structure, for which the energy is concentrated

For the same reason we cannot apply the perturbation formula
in a small volume, and consequently, the field amplitude

(Eq. [10]), since the electric field Ez in the sample hole differs
within a sample is higher. For a typical commercially avail-

considerably from that in the uniform dielectric cylinder.
able (Type I) ceramic with a loaded Q of Ç2000, the mag-For a single dielectric resonator, the nearest spurious mode
netic-field amplitude is estimated to be as high as 20 G foris of the TM type and its resonant frequency is above that
1 W of incident input power and the calculated filling factorof the TE01d mode as long as h /2R õ 1 (19) . However, for
isthe double-stacked configuration with no separation between

the DR cylinders we have h /2R Ç 0.9 and the system ap-
h á 0.036Vs , [12]proaches the situation where the EPR-active TE01d mode may

become degenerate with the TM mode.
where the sample volume Vs is given in cubic millimeters.In order to check the location of the spurious TM mode

for the double structure, we measured the resonant frequen-
cies of both the TE and TM modes at various separations s
of the DR cylinders. The experimental data shown in Fig.
3 indicate that the TE/TM offset isÇ400 MHz and is nearly
constant over the entire range of s (0 to 4.5 mm). In this
experiment, the resonant structures were designed around
the Type II ceramic. For the EPR-active TE01d mode, chang-
ing the spacing from 0 to 4.5 mm gave about 1 GHz variation
of f0 . It is important to note that, contrary to the other meth-
ods of tuning, such as inserting movable metallic or dielectric
plungers, tuning by separation does not affect microwave
characteristics of the DR-type resonator (22) . In particular,
the resonator quality factor Q remains practically constant.

EVALUATION OF THE FILLING FACTOR h

AND THE QUALITY FACTOR Q
FIG. 3. Measured dependence of the resonant frequency on the separa-

As mentioned above, the solution of Eq. [9] enables one tion s for the double-stacked DR. The EPR-active TE01d mode and the first
spurious TM mode are shown (Type II ceramic) .not only to evaluate the resonant frequency but also to de-
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93DOUBLE-STACKED DIELECTRIC RESONATOR

TABLE 3
The Calculated Relative Filling Factor h/Vs (mm03) as a

Function of Separation s for the Double-Stacked DR Structurea

Separation s Point sample in the Point sample
(mm) resonator center located at Hz,max Long sampleb

0.00 0.0248 0.0248 0.0074
0.50 0.0187 0.0208 0.0077
1.00 0.0136 0.0191 0.0078
1.50 0.0099 0.0185 0.0078
2.00 0.0071 0.0181 0.0077
2.50 0.0050 0.0179 0.0076
3.00 0.0036 0.0179 0.0075

a Type I ceramic.
FIG. 4. The comparison of the relative estimated and measured EPR b Sample in a long capillary (0.64 mm i.d.).

line intensities as a function of the point-DPPH sample position. (a) The
relative EPR signal intensity for the point sample probing H 2

z along the z
axis of the single DR. (b) The relative EPR signal intensity for the point
sample probing H 2

z along the z axis of the double-stacked DR. The solid ders for the double-stacked DR structure and for a point
squares represent the experimental results, and the solid line depicts the

sample positioned in two different locations: ( i) in the reso-estimated EPR signal intensity. Type I ceramic; for the double DR the
nator center and (ii) at the location where the Hz attains itsseparation s is 2.5 mm.
local maximum (Hz ,max ) .

The comparison of the EPR line intensities for the double-
stacked DR and for the rectangular TE102 cavity is shown inFor comparison, the corresponding filling factor h esti-
Fig. 5. The EPR line intensities were measured for a smallmated for the standard rectangular TE102 cavity is 0.0002Vs

point-DPPH sample positioned exactly in the middle of both(23) . Consequently, since the filling factor of the single DR
resonators. The line intensity observed for the double DR is(expressed by Eq. [12]) is roughly two orders of magnitude
roughly 30 times larger than that obtained in the TE102 cavity.greater than that for the standard cavities, the DR should
This result is somewhat lower than predicted theoretically.yield a much higher EPR signal intensity for small nonsatu-
However, the EPR spectrum presented in Fig. 5 was obtainedrable samples (9, 11) .
for the point-DPPH sample located exactly in the middle ofFor the double-stacked DR structure resonating at the
the double-stacked DR structure (z Å 0, separation s of 1.3same frequency, and for the same incident microwave power,
mm). It can be seen from Fig. 4 that such a structure yieldsthe energy is distributed over the larger volume, and the
a lower intensity of EPR signals for small samples than afilling factor for the point sample decreases. For the double-
single DR. The energy of the microwave field is spread overstacked DR without separation of the ceramic cylinders (s
a larger volume in the double-stacked DR structure and thisÅ 0), the resonator filling factor for point samples is

0.025Vs , i.e., roughly 30% lower than that for the single DR.
The comparison of the predicted and measured EPR signal
intensities for both the single and double DR-based struc-
tures is given in Fig. 4. The solid line depicts the estimated
relative signal intensity that is plotted as a function of axial
coordinate z (sample position). The solid squares represent
the relative experimental EPR signal intensities measured
for a point-DPPH sample that was moved along the length
of the resonant structure. Figure 4a shows the comparison
of the measured and estimated EPR signals for the single
DR structure, whereas Fig. 4b compares these two sets of
data for the double-stacked DR structure. For both types
of DR structures the estimated signal intensity is in good
agreement with the experimental results. The theoretical fit
(solid line in Figs. 4a and 4b) was obtained by taking the
appropriate values of ÉH1É

2 calculated from Eqs. [8b], [8d],
FIG. 5. EPR spectra of the point-DPPH sample measured in a double-

and [8f] . stacked DR structure and in a standard TE102 cavity. The spectra were
Table 3 summarizes the dependence of the filling factor recorded with the same incident microwave power (0.2 mW) and with the

same effective magnetic-field modulation (0.5 G).h as a function of separation s between the dielectric cylin-
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results in lower intensity of the magnetic component that is
sensed by a small DPPH sample. Actually, such a small
sample probes ÉH1É

2 at its location inside the resonator (13) .
Assuming the same incident power for both single and dou-
ble DR structures one should expect a lower signal intensity
for the double-stacked DR. Thus, for small samples mea-
sured under nonsaturating conditions, a single dielectric res-
onator exhibits the largest filling factor and consequently the
highest sensitivity among various structures studied in this
work.

Contrary to the point samples, long capillaries are small
in the radial direction but fill the entire distance between the
upper and lower lids of the microwave shield. As a result,
the field distribution along the symmetry axis strongly influ-

FIG. 6. EPR spectra for a long aqueous sample contained in a quartz
ences the filling factor h. Taking as an example the same capillary of 0.6 mm i.d., measured in a double-stacked DR structure and
(Type I) single dielectric resonator as before, we find in a TE102 cavity. The spectra were recorded for the water solution of the

nitroxide TEMPO-OH (300 mM) using the same experimental conditions:
microwave power of 2 mW and the 100 kHz magnetic-field modulation of

h á 0.0065Vs [13] 0.1 G.

for the cylindrical microwave shield with a distance between i.d. quartz capillary inserted along the active volume of both
the upper and lower lids of 14 mm and the sample volume resonators. For the same experimental conditions, the dou-
Vs given in cubic millimeters. In the double structure, owing ble-stacked DR yields an EPR signal intensity that is roughly
to the fact that the magnetic component Hz along the z axis 30 times larger than that in the TE102 cavity. This experimen-
is more evenly distributed, the resonator filling factors for tal result is in good agreement with the theoretical estimation
long capillaries are slightly higher (roughly by 10%). Actu- of the filling factors h for both resonators. Since the Q factor
ally, for the double DR structure, we observe a further in- of the DR-based resonator loaded with an aqueous sample
crease of h with increasing separation s . The calculated de- is lower than that of the TE102 resonator, the actual gain in
pendence of the relative filling factor on separation s for the EPR signal intensity is slightly lower than the ratio of
the double-stacked (Type I) DR and for a long capillary is the corresponding filling factors.
summarized in Table 3. As a function of spacing s , the The results indicate that for liquid samples measured in
relative filling factor h increases slowly and attains a rela- long capillaries, one should expect the best S /N for the
tively broad plateau around sopt of 1.1–1.5 mm. In particular, double-stacked structure with a finite separation s between
at s á 1.3 mm we have the DRs. The optimum separation sopt will depend on the

dielectric constant er , the dimensions of the DRs, and, to
h á 0.0078Vs [14] some extent, on the capillary inner diameter ds . In particular,

the double DR with a finite separation s of 1.1–1.5 mm
between the ceramic cylinders seems to be the most suitablewith Vs given in cubic millimeters, as before.
for EPR measurements of liquid samples since it has betterFor the double-stacked DR structure with separation s of
overall field uniformity. This may also be an important factor1.3 mm and for a typical sample capillary (i.d. of 0.64 mm)
while performing EPR measurements under saturating con-the sample volume is of 4.5 mm3. Hence, Eq. [14] yields h
ditions.á 0.035, while for the same kind of sample placed in the

For a lossy sample described by macroscopic parametersstandard TE102 cavity the estimated h is of 0.0007. Thus, for
e and s (where s denotes the conductivity of the material)a long capillary, the filling factor h is roughly 50 times larger
one can calculate the average dielectric losses Pd ,for the double-stacked DR-type resonator than for the TE102

cavity. While estimating h for the rectangular cavity, we
assumed that the total sample volume in the TE102 resonator Pd Å

1
2 *

Vs

sÉE1É
2d£, [15]

was 7 mm3, i.e., that the same long capillary (0.64 mm i.d.)
was entirely filled with liquid sample and positioned along

and the quality factor Qe ,the active region of the cavity.
Figure 6 compares the EPR spectra obtained for 300 mM

water solution of the nitroxide TEMPO-OH in the double-
Qe Å

vW

Pd

Å
v *

Vc
eÉE1É

2d£

*
Vs
sÉE1É

2d£
, [16]stacked DR and the TE102 cavity. The signal intensity was

measured for a 3 cm long sample contained in a 0.6 mm

AID JMR 1006 / 6j15h$$165 12-16-96 21:30:49 maga



95DOUBLE-STACKED DIELECTRIC RESONATOR

TABLE 4 quartz wall diminishes the E1 field amplitude within the
The Comparison of the Measured Qm and Calculated Qc Loaded sample while keeping the H1 field unchanged. As a result, the

Q Factors as a Function of the Capillary i.d. for the Double- dielectric losses are lower, and the quality factor is higher, in
Stacked DRa (Critically Coupled, the Capillary Filled with Water) agreement with experimental data (Table 4).

ds (mm) Qm Qc CONCLUSIONS

0.0 2400 2400 In conclusion, we report that the semiempirical method
0.6 1460 1060

presented in this paper provides a relatively simple and pre-0.7 1171 718
cise way for estimating the essential microwave characteris-0.8 742 480

1.0 291 223 tics of the DR type of resonator. Our theoretical model em-
ploys a combination of approximate analytical formulae with

a Type II ceramic. the rigorous experimental results obtained for a series of
different resonant structures that were designed around either
single or double DRs. This approach permits one to predict
the technical parameters of the real resonant structures, sincewhere W denotes the total energy in the resonant structure,
it takes into account the presence of a sample hole that oftenv Å 2pf is the angular frequency, and Qe is a hypothetical
must be drilled in the dielectric disk, as well as introducesquality factor related only to dielectric losses within the
corrections for the presence of the metallic walls ( the micro-sample. The total unloaded quality factor Q follows from
wave shield) . While estimating the resonance frequency ofthe standard expression
the lowest, EPR-active TE01d mode, this approach yields an
accuracy that is better than 1% for the typical commercially1

Q
Å 1

Qe

/ 1
Q0

, [17] available X-band DRs and for which er á 30. It seems that
this method gives a correct estimate for the distribution of
electric and magnetic components inside the DR-based struc-

where Q0 denotes the Q factor of the resonant structure ture, since a fairly good agreement for the resonant frequency
without a sample. is found for the double-stacked DR structures that had vari-

Table 4 shows the comparison of the calculated (Qc ) and ous spacings between the DR cylinders.
measured (Qm) quality factors as a function of the sample From the point of view of EPR applications, the double-
diameter ds . The corresponding double DR structure was stacked DR system that is discussed in this paper offers
designed around two ceramic (Type II) DRs with s Å 3.5 several interesting features. While for point samples a higher
mm and Q0 Å 2400. For the calculations we took the dielec- filling factor h can be obtained in a single DR structure, the
tric parameters of water from Ref. (24) . Contrary to the double-stacked DR with a finite separation between dielec-
results presented above for the resonant frequency and field tric disks yields the best S /N ratio for long aqueous samples.
distribution, the agreement between calculated and measured In the double DR, the magnetic field H1 is more evenly
Q factors is now much worse. On one hand, the measure- distributed than in the single DR structure, which may be
ments of Q are less precise than those of the resonant fre- of importance while measuring saturable samples. It is easily
quency. On the other, there are systematic errors following tunable, and an almost linear tuning range of 15–20% is
from the simplifications made while deriving Eqs. [15] and attainable without visible degradation of resonator character-
[16]. Therefore, the results concerning dielectric losses, Q istics. In a natural way, the double DR structure is also more
factors, etc., should be considered only as a rough estimate, transparent for photo-EPR experiments, making easier the
and the agreement between theory and measurements is qual- introduction of light to the sample space.
itative rather than quantitative.
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