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A new method of investigation of the parameters of aqueous
binary solutions is proposed. It is applicable for small amounts
((4+8) x 1073 ml) of a solution. The method uses quasioptical
dielectric resonators, in which “whispering-gallery” modes are
excited. The frequency shift and Q-factor of the HE mode of a
resonator depend on the complex dielectric permittivity of the
sample under study.

1. Introduction

On the study of various substances, including
complicated biological structures, microwave methods
are widely used [1, 2]. Mostly used as the objects under
investigation are biological tissues, biopolymers, and
others. The aim of such studies is to get the information
about intermolecular interactions and to determine the
parameters and characteristics related to them [3].

The majority of biomaterials is liquids (blood,
physiological solutions, etc.) characterized by high
values of the dielectric permittivity and great losses
in the microwave range, including the millimeter one.
Moreover, their properties are very sensitive to changes
in temperature [3]. Therefore, it is necessary to develop
the reliable methods of measurement that would allow
one to identify the properties of the studied objects.
They include the methods aimed at the measurement
of the complex dielectric permittivity e* = & — ie” =
e’(1 —itand) of liquids with great losses (tand =~ 1),
where ¢’ and ¢” are the real and imaginary parts [2]. In
this case, the question of the study of liquids in small
volumes, especially biological liquids, gains importance.
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The existence of a great number of the methods of
measurement of € and tand in the microwave range is
defined by the availability of various transmission lines,
the possibility to choose different parameters convenient
for the measurement, and the possibility to use the
samples of different forms and to choose their position
in the system [2, 4—10]. We can divide these methods
into three groups:

— methods, in which guided waves are used;
— methods, in which waves in the free space are used;
— resonance methods.

Most widespread are the resonance methods which
differ from one another by the resonance system type
and the type of excited modes in it. The popularity
of the resonance methods is explained by their higher
sensibility which is ensured by the “many-run” character
of the interaction of a microwave field with the
substance under study during resonance measurements.
The possibility to measure samples of sufficiently small
volumes is also of importance [6—S8, 10]. However, the
application of such structures leads to some difficulties
[3, 7] during the measurement of dielectric materials
made of substances with great losses, which is related,
first of all, to a reduction of the Q-factor of resonators.

Recently, the great interest has been paid to
open dielectric resonators [11] and, in particular, to
quasioptical dielectric resonators (QDRs) with waves
of the whispering-gallery type [12—14]. The results of
studies of such resonators, which were obtained up to
now, indicate the possibility of their application in the
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Fig. 1. Structural scheme of the measuring cell: 1 — disk-shaped
dielectric resonator; 2 — dielectric waveguides with matched load;
3 — capillary; 4 — matched load; 5 — resonator field caustic (its

boundaries are marked by a dashed line)

investigation of liquids with any values of losses. The
authors of works [14, 15] showed that, while using a
disk-shaped QDR with a capillary positioned in the field
caustic region, pure liquids with great losses could be
examined.

Many solutions under study are two-component
(binary) water compounds, whose radiophysical
parameters (dielectric permittivity and absorption
coefficient) depend on the concentration of a solution
and can be used as a concentration index [2, 3]. The
strong dependence of the dielectric permittivity € on
the concentration of such a solution is caused by
a high value of e of water, as compared with the
permittivity of the substances dissolved in it, and by
the dependence of ¢ of a solution in the millimeter
range of wavelengths on the structure of a solution and
intermolecular bonds [1].

Taking into account all the above-said and the
results obtained in the investigations of pure liquids,
including liquids with great losses, with the use of
disk-shaped QDRs [14, 15|, we investigated a resonator
with a two-component solution on the basis of water
as a strongly absorbing liquid with the purpose to
clarify the possibility to use a resonator of this type to
determine the dielectric parameters of solutions (¢ and
tand) in a wide range of the quantities under study.
Ethyl alcohol was chosen as the second component of a
solution.
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2. Experimental Technique

The investigation of the concentration dependence was
conducted in a frequency range of 37—40 GHz with
the use of an oscillator with the subsequent computer
analysis of the results obtained. The structural scheme
of a measuring cell is presented in Fig. 1. A disk-
shaped QDR of the radius R=39.0 mm and the height
h=7.2 mm is made of teflon (¢=2.04). Through the
region of distributed coupling in resonator (1), the
dielectric waveguides (2) made of the same material as
the resonator excite a traveling wave of the HE ,,,s-type
at a frequency of 38.34 GHz, where m, n, and s are
the azimuth, radial, and axial indices, respectively (m =
35+38, n=1, and s ~0), in which the E' component of the
field was mainly directed along the capillary axis (the z
axis). Small levels of the coupling between a waveguide
and a resonator (8 < 0.1) were obtained at distances
between them, being close to A. The difference of the
frequencies between neighbouring oscillations, whose Q-
factor was about 1600—1800, in the measurement range
was equal to 0.89 GHz. One of the ends of a dielectric
waveguide was matched with a metallic waveguide, and
the matched load 4 was positioned at the second end (the
matching coefficient k,,=1.17). In the measurement, we
used the transmission scheme. The solution under study
filled capillary 3 that was located in a hole with diameter
D< X (\is a wavelength in the resonator) parallel to the
resonator axis in the maximum of the traveling wave
field limited by the resonator field caustic 5. During the
experiment, the capillary diameter (d< D) was changed
within the limits 0—1.85 mm. Moreover, we registered
a shift of the resonance frequencies Af = fiiq — fair
and the quantity AQ™! = ngl — Q! of the resonator
(Q = fo/AF, where fo and AF are, respectively, the
resonance frequency and the width of the resonance
line of oscillations in the resonator) on the filling of
the capillary with air and a solution, respectively. The
solution concentration was expressed in volume percents
X of the alcohol content in water. The measurement
errors of the frequency and, respectively, the Q-factor
depended on the metrological characteristics of the setup
and did not exceed 10%. The measurement was realized
at a temperature of the environment and the water-
alcohol solution of 20 (£0.1) °C.

3. Results of Experimental Studies and Their
Analysis

The dielectric properties of liquids are sensitive to their
molecular structure and thus can be used to verify the
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Fig. 2. Frequency shift Af(a) and inverse quality-factor AQ~! (b) in the resonator with a capillary filled by a water-alcohol solution

versus the concentration X (%) of ethyl alcohol at various values of the capillary diameter d (in mm)

models of the structure and to get information about
the processes of molecular reorientation. The dielectric
properties of water were and are rather widely examined
up to now [16, 17], as well as the properties of
alcohol. However, alcohol and water are the liquids
with hydrogen bonds, and their structure is not studied
sufficiently well. The measurement of the dielectric
permittivity of this solution can be a good indicator of
the alcohol concentration. For example, an increase of
the alcohol concentration in water leads to a reduction
of the dielectric permittivity of the solution, which is
caused, first of all, by the reduction of the number
of water molecules in the unit volume and, secondly,
by the union of some part of water molecules with
dissolved molecules of the solute. Therefore, a rather
simple and convenient method of measurement of the
properties of the substances characterized by great losses
and their solutions could consist in the measurement of
a frequency mainly determined by & and of losses at
the resonance frequency which is mainly defined by &”.
Such an approach is not strict, because the resonance
frequency and the intrinsic quality of a resonator depend
in general case on both parts of a complex permittivity,
i.e. on ¢’ and &”. Therefore, it is important to determine
the conditions, under which the indicated influence of
the solution permittivity on the resonator properties
remains analogous to that of a solution with small
losses.

The results of measurements of the frequency shift
Af and the quantity AQ~' as functions of the
volume concentration X of a water-alcohol solution
are presented in Fig. 2(a, b). As seen, an increase
in the alcohol concentration leads to both a shift of
the resonance frequency and a change of the quantity
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AQ~! which are characterized by different steepnesses
of their concentration dependence on different sections.
Moreover, we observe the specific features at the points
X ~20% and X ~ 40 = 50% characteristic of the given
solution. In the first case, tand reaches the maximal
value. In the second case, we have ¢’=¢". What is more,
the behavior of the concentration dependence varies
depending on the capillary diameter (the volume of the
solution under study), which can be defined by the depth
of penetration of a field into the liquid, as was shown in
work [15]. For example, the concentration dependence
is close to a linear one at a certain value d (d=1.2
mm for Af, and d=1.0 mm for AQ™!), though the
steepness of curves is somewhat greater in the region
of concentrations up to 20%. That is why, we may
suppose that there exist such values of the capillary
diameter d, at which the dependences of Af and AQ~!
on X have linear character. In the authors’ opinion, this
circumstance is important for the determination of the
parameters of a resonator meant for the monitoring of
the solution concentration by its dielectric properties.
The change of the sign of the frequency shift Af
correlates with the dependence given in work [14] for
pure liquids.

Using the formulas describing the dependence of ¢,
¢”, and tand on the solution concentration and their
frequency dependence in the measurement range given
in works [18,19], we carried out the calculations of their
concentration dependence for the frequency, on which
a measuring resonator was excited (see the insert in
Fig. 3,a), and performed the comparative analysis of the
concentration dependence for a water-alcohol solution
with the obtained experimental results for Af (Fig. 3,a)
and AQ~! (Fig. 3,b).
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Fig. 3. Frequency shift Af (a) and inverse quality-factor AQ ™! (b) in the resonator with a capillary filled with a water-alcohol solution

versus the concentration X (%) of ethyl alcohol (points are experimental data; a continuous line is calculated for ¢/, according to the

data in [19]. The insert gives the concentration dependences of the dielectric parameters of a water-alcohol solution calculated on the

basis of the data in [18, 19]

As was mentioned above, the dependence of tand
on X has a characteristic point in the region of
concentrations close to 20%. The behaviors of the curves
in the regions X <20% and X >20% are different, which
is related to the domination of different mechanisms of
the relaxation [18—20].

The comparison and comparative analysis showed
that the concentration dependences of Af and AQ~!
for a capillary with the diameter d=1.1 mm are the
closest to the calculated ones. This fact can be used
in the determination of the dielectric parameters of
a given solution with regard for the calculated data.
The degree of the agreement of the experimental
and calculated dependences will be influenced by the
measurement accuracy of the frequency (Q-factor) of
the resonance, the solution concentration, and the
temperature nonstability of the resonator cell filled with
a liquid, which affects both the resonator parameters
and the properties of the solution under study. In order
to determine the characteristics of solutions on the use
of capillaries with different values of d, it is convenient
to use the method of comparison, by calibrating the
measuring system by standard solutions. In this case,
we can use such parameters as the resonance frequency
and losses defined by values of & and €”, respectively.

Thus, on the basis of the results which are
obtained during the investigation of a water-alcohol
solution concerning the concentration dependence of
the frequency shift and the reciprocal @-factor of
a resonator, we can draw the following conclusion.
By using the capillary diameter d~1.1 mm for the
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given QDR and the calculated dependence, we can
determine the dielectric parameters, whose accuracy will
depend mainly on the frequency measurement accuracy.
Moreover, we can also use the calibrating curves of water
solutions with the known dielectric characteristics.

4. Conclusions

The results presented in this work testify that the use
of disk-shaped QDRs can be successfully applied to
the investigation of both the dielectric properties of
pure liquids with an arbitrary value of dielectric losses
(tand) [14] and the concentration dependence of the
properties of two-component solutions on the basis of
such strongly absorbing liquid as water. It is worth
noting that the obtained results well correlate with the
results of investigations of the molecular structure of
water-alcohol solutions [18—20] and with the specific
features of dielectric characteristics observed in the
present work.

The determination of the concentration dependence
of the dielectric parameters can be performed with help
of the method of comparison of experimental data with
calculated ones, those obtained on the basis of the known
formulas or with the use of calibrating curves of the
known solutions. The construction of the given resonator
is such that it allows one to measure the parameters of
a solution both in a stationary mode and the pumping
mode.

The measurement of water-based strongly absorbing
substances by the resonance method with help of a disk-
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shaped QDR allows one to enhance the sensitivity and
efficiency of the investigation of objects in the microwave
range, which is important for biology, medicine, and
other branches of science. The possibilities of measuring
the properties of solutions in very small volumes
((4+8) x 1073 ml) with the use of a QDR and the
continuous monitoring of their dielectric parameters as
functions of the concentration are of practical interest
for solutions characterized by the strong absorption of a
microwave energy.
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of the Scientific-Technological Center of Ukraine
(project 2051).

1. Devyatkov N.D. // Radiotekh. Elektr. — 1978.— 23, N9. —
P.1882—1890.

2. DBrandt A.A. Investigation of Dielectrics on Super-High
Frequencies. — Moscow: Fizmatgiz, 1963 (in Russian).

3. Akhadov Ya.Yu. Dielectric Properties of Binary Solutions. —
Moscow: Nauka, 1977 (in Russian).

4. Afsar M.N., Button K.J. // Proc. IEEE. — 1985. 73, N1. —
P.131—153.

5. Berube D., Ghannouchi F.M., Savard P. // IEEE Trans. on
MTT. — 1996. — 44, N10. — P.1928—1934.

6. LiS., Akyel C., Bosisio R.G. // Ibid. — 1981. — 29, N10. —
P.1041-1048.

7. Meng B., Booske J., Cooper R. // Ibid. — 1995. — 43, N11.
— P.2633-2635.

8. Van Loon R., Finsy R. // Rev. Sci. Instrum. — 1973. — 44,
N9. — P.1204—1208.

9. Abbas, Z., Pollard R.D., Kelsall R.W. // IEEE Trans.
Instrum. Measur. — 2001. — 50, N5. — P.1334—1342.

10. Kapilevich B.Yu., Ogourtsov S.G., Belenky V.G. et al. //
IEEE Trans. on MTT. — 2000. — 48, N11. — P.2159—2164.

11. Ilchenko M.E., Vzyatyshev V.F., Gassanov L.G. et al. //
Dielectric Resonators / Ed. by M.E. Ilchenko. — Moscow:
Radio i Svyaz, 1989 (in Russian).

ISSN 0503-1265. Ukr. J. Phys. 2006. V. 51, N 7

12. G. Annino G., Cassettari M., Fittipaldi M. et al. // J. Magn.
Reson. — 2000. -143. — P.88—94.

13. Cherpak N.T., Barannik A.A., Prokopenko Yu.V. et al. //
Nonlinear Dielectric Phenomena in Complex Liquids / Ed. by
S.J. Rzoska, V.P. Zhelezny. — Dordrecht: Kluwer, 2003. —
P.63—67.

14. Lavrinovich A.A., Philippov Yu.F., Cherpak N.T. //
Radiofiz. Elektr. — 2004. — 8, Ne3. — P.496—502.

15. Lavrinovich A.A. // Ibid. — 2005.—9, N1.—P.164—168.

16. Antonchenko V.Ya., Davidov A.S., Il’in V.V. Foundations
of the Physics of Water. — Kyiv: Naukova Dumka, 1991 (in
Russian).

17. Ellison W.J., Lamkaouchi K., Moreau J.-M. // J. Molec. Liq.
— 1996. -68. — P.171—279.

18. Mashimo S., Umehara T. // J. Chem.Phys.— 1991. —95, N9.
— P.6257—6260.

19. Bao J.-Z., Swicord M.L., Davis C.C. // J. Chem.Phys. —
1996. 104, N12. — P.4441—-4450.

20. Atamas O.0., Atamas N.O., Bulavin L.A. // Ukr. Fiz. Zh.
— 2003. — 48, N10. — P.1068—1071.

Received 18.08.05.
Translated from Ukrainian by V.V. Kukhtin

JIEJIEKTPUYHI PE3OHATOPU 3 XBUJIAMU
“IIIEIIOYYYOI TAJIEPED B JOCJILIXKEHHSIX
BIHAPHUX PO3YMHIB MAJINX OB’€MIB

O.1. I'y6in, O.A. Jlaspunosuu, M.T. Yepnax
Pezmowme

SamponoHoOBaHO HOBHI Hifxim Ajs HOCHiAKeHHsT mapaMerpiB 6i-
HapHUX PO3YMHIB Ha OCHOBI BOAM B Majmx o0’emax ((4+8) x
10_31\/IJ'I). B ocHOBI niixomy Jie2KuTh 3aCTOCYBAHHSI JIUCKOBOI'O KBa~
3lONTUYIHOTO Mi€JIEKTPUIHOIO PE30HATOPA, B SIKOMY 30Y/12KYIOTHCSI
xBuili “menouyqol rajepei”. 3cyB wacroru Ta pobporsicrs HE-
MO PE30HATOPA 3aJIEXKATh BiJ] KOMILJIEKCHOI 1eJIEKTPUYIHOI IIPO-
HHUKHOCTI JOCTiJ?KyBaHOI PEYOBUHU.
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