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A scientific session of the Division of General Physics
and Astronomy of the USSR Academy of Sciences was held
on 21 December 1988 at the S. I. Vavilov Institute of Physics
Problems of the Academy of Sciences of the USSR. The pa-
pers listed below were presented at this session.

Scientific session dedicated to the hundredth anniversary of
the experiments of H. Hertz

1. V. V. Migulin. Hundredth anniversary of the work of

H. Hertz on the experimental proof of the existence of elec-
tromagnetic waves.

2. G. I. Makarov, V. V. Novikov, and A. B. Orlov. On
the propagation of kilometer and longer radiowaves.

3. V. I. Baibakov, V. N. Datsko, and Yu. V. Kostovich.
Experimental discovery of Zenneck's surface electromag-
netic waves.

A brief summary of the papers is given below.

V. V. Migulin. Hundredth anniversary of the work of
H. Hertz on the experimental proof of the existence of the
electromagnetic waves. The year 1988 marks the hundredth
anniversary of the publication of the remarkable papers by
Heinrich Hertz in which he on the basis of brilliant experi-
ments proved the validity of the theory of electromagnetism
created by Maxwell and demonstrated the possibility of ex-
citing electromagnetic waves of the same physical nature as
light waves by electrical oscillations at radio frequencies.

Having initiated at the suggestion of Helmholtz a
search of experimental confirmation of the existence of dis-
placement currents introduced by Maxwell Hertz began his
research by developing devices capable of generating high
frequency electrical oscillations and exciting electromagnet-
ic waves. The vibrator constructed by him excited by a spark
discharge, which later acquired the name of a Hertz vibra-
tor, enabled him for the first time to obtain in laboratory
conditions electromagnetic waves in the meter and decime-
ter ranges. In his experiments H. Hertz demonstrated the
physical identity of electromagnetic waves obtained by him
and light waves by establishing their transverse nature, po-
larization, possibility of refraction and by determining their
speed of propagation equal to the velocity of light.

This incontrovertibly proved the validity of Maxwell's
theory and laid the foundation for practical means of excit-
ing electromagnetic waves at radio frequencies which sever-
al years later were utilized for transmitting information, i.e.,
for radio communication.

On the basis of Maxwell's theory H. Hertz developed a
method of making calculations concerning the process of
radiation of electromagnetic waves by means of a special
vector introduced by him into the theory which is now
known as the Hertz vector and which is used until the pres-
ent time in designing antennas and making calculations con-
cerning the propagation of radio waves.

H. Hertz was born in 1857, and his brilliant work which
has been acclaimed worldwide was carried out when he was
only 31 years old.

It should also be pointed out that Hertz in 1887 was the

first to discover the phenomenon of the photoeffect, but H.
Hertz having noted this phenomenon of the photoeffect, but
H. Hertz having noted this phenomenon could not under-
take its detailed study having devoted all his energies to the
investigation of the electromagnetic waves.

He died early-in 1894 at the age of 37 and in his untime-
ly death world science lost one of its most brilliant represen-
tatives. Hertz's name is now associated with the unit of fre-
quency.

G. I. Makarov, V. V. Novikov, and A. B. Orlov. On the
propagation of kilometer and longer radiowaves. The paper
presents a brief discussion of the problem of predicting the
propagation of radiowaves in the range of ultralong waves
(ULW). A large number of papers has been devoted to the
experimental and theoretical investigations of the laws of
propagation of radiowaves in the ULW-range. References to
them can be found in the review articles of Refs. 1-3 and the
papers of Refs. 4, 5.

In order to improve the reliability and accuracy of the
operation of radiotechnical systems in the frequency range
under consideration it is necessary to have a global forecast
of electromagnetic waves taking into account both the regu-
lar variations of the properties of the ionosphere (daily, sea-
sonal, latitudinal ones corresponding to cases of different
solar activity), and also the large-scale ionospheric distur-
bances of the VI V( SID) andPPSH(PCA) type.' Forecast-
ing of electromagnetic fields can be carried out on the basis
of a numerical solution of the direct problem of the field in a
waveguide channel of given properties.

By now there has been developed a theory of the propa-
gation of low-frequency radiowaves in a spherical waveguide
channel with an anisotropic ionosphere whose properties
vary both according to altitude and in the direction of propa-
gation (in the longitudinal direction), and also according to
the properties of the earth which is inhomogeneous both in
depth and in the longitudinal direction. For the analysis and
the numerical calculations of the electromagnetic field at
distances from the source greater than 500-1000 km a repre-
sentation of the solution is used in the form of a number of
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normal waves (NW), which is obtained as a result of apply-
ing to the solution of the Maxwell equations the method of
cross sections. The NW series is essentially an expansion of
the solution in eigenfunctions of the radial (altitude) opera-
tor of the problem whose coefficients (the complex ampli-
tudes of the NW) are governed by a system of waveguide
equations which consists of an infinite system of coupled
ordinary differential equations along the longitudinal coor-
dinate. In the case of a weakly irregular waveguide, the rela-
tive variation of the properties of which along a wavelength
is small, in the absence of the phenomenon of degeneracy
(the coincidence of the eigenvalues of the NW at a certain
point of the propagation trajectory) the local transforma-
tion coefficients of the NW due to the irregularity of the
waveguide turn out to be small, and one can restrict oneself
in solving the waveguide equations with sufficient accuracy
to the well-known WKB approximation which corresponds
to neglecting the transformation of the NW. However, in
some situations (at the day-night transition at frequencies of
the order of 5 kHz, in nighttime conditions of propagation
near the geomagnetic equator at frequencies close to 10 kHz,
etc.) the phenomenon of degeneracy arises which leads to a
strong transformation of the NW subject to degeneracy, and
the conditions for the applicability of the WKB approxima-
tion are violated. In the case of local degeneracy along the
trajectory of propagation taking into account the interaction
of the NW undergoing degeneracy a single approximate so-
lution of the waveguide equations has been constructed
which is valid in the neighborhood of the point of degeneracy
and which goes over into the WKB approximation outside it.
Transformation matrices for the NW have been found in the
case of passing through the degeneracy region, which dem-
onstrate that beyond the degeneracy region splitting of the
basic incident NW into two occurs which leads to appear-
ance of interference effects.

The main computational difficulty of the method of
cross sections is finding the eigenvalues of the radial opera-
tor. In this direction analytical investigations were carried
out of the dynamics of eigenvalues involving asymptotic and
direct variational methods and automated algorithms have
been developed for calculating the eigen-values, eigenfunc-
tions and electromagnetic fields which are relatively fast (5-
10s per eigenvalue, 4-8 min per typical inhomogeneous tra-
jectory by using a computer of EC-1060 type).

The theory that has been developed of waveguide prop-
agation of low-frequency radio waves does not take into ac-
count the variation of properties of the waveguide channel in
the direction transverse to the propagation trajectory. The
effect of this on the electromagnetic field can turn out to be
essential when the incidence of N W on an inhomogeneity of
the type of the day-night transition or the sea-land boundary
is close to being tangental. The problem of evaluating the
field in the presence of several degeneracy points also re-
quires further development and creation of appropriate al-
gorithms.

At small distances from the source it is convenient to
use for calculating the field the representation of the solution
in the form of a number of waves reflected from the earth and
the ionosphere. One should only note that this series requires
being augmented by waves of other types (in particular a
wave of the "whispering gallery" type) and further analyti-
cal and numerical investigations of the role played by these

waves at low frequencies are essential.
In solving the direct problem of the propagation of ra-

dio waves it is necessary to specify the properties of the wave-
guide channel, i.e., the map of geoelectric sections of the
earth and the altitude profiles of the electron concentration
and effective frequency of collisions of electrons in the lower
ionosphere. Maps of the electrical properties of the earth
based primarily on geophysical data are available for the
greater part of the regions of the USSR. The construction of
maps of the ionosphere presents a more complex matter. The
reflection of radio waves of the frequencies under considera-
tion is significantly influenced by regions of the ionosphere
with a low electron concentration of the order of 10-200
electrons/cm3, for measuring which the presently available
local radio physical methods are not very useful. The empiri-
cal models of electron concentration constructed using the
data of such methods as a rule do not determine the values of
the concentration at altitudes below 65-70 km and therefore
in fact cannot be used for forecasting the fields. Therefore a
hybrid model has been developed in which the electron con-
centration above 70-75 km in the daytime and 95-100 km at
night were obtained on the basis of the data of local methods
and models generalizing them, while below that (up to 50
km)—on the basis of solution of the inverse problem using
the data on electromagnetic fields measured at a number of
points.6 The model describes all the main regular spatial-
temporal variations including the sunrise-sunset asymmetry
in the regular daily variations at altitudes below 75 km, and
also the auroral effects for a certain fixed average perturba-
tion.

The comprehensive comparison that has been carried
out of the ULW calculated according to the field model with
the experimental data primarily for frequencies in the 10-30
kHz range for different geophysical conditions (solar activ-
ity, time of the year and day, geographical position and ex-
tent of the trajectories) showed that, as a rule, the discrepan-
cies did not exceed the accuracy of the experimental data
(0.3-0.5 rad in phase and 10-20% in amplitude).

In the case of large-scale ionospheric disturbances of
SID and PCA type one should regard as the simplest, effec-
tive and promising method of forecasting ULW-fields the
method based on the analysis of the current ULW-data, ob-
tained using signals of radio stations at a number of control
points and radiometric data. The basis for such a forecast is
provided by the spatial-temporal models of the lower per-
turbed ionosphere5 which enable one to recalculate the ef-
fects of perturbation in the ULW-field from one trajectory to
another and from one frequency to another. The current cor-
rection carried out by this procedure reduces the effects of
manifestation of perturbations by a factor of 3-5.

The materials of this report have been published in arti-
cles of Refs. 1, 4.

"Transl. note. The Russian acronyms VIV and PPSh presumably stand
for SID (Sudden Ionospheric Disturbances) and PCA (Polar Cap Ab-
sorption ).
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V. I. Baibakov, V. N. Datsko, and Yu. V. Kistovich. Experi-
mental discovery of Zenneck's surface electromagnetic
waves. In the classical experiments of H. Hertz the hun-
dredth anniversary of which is being celebrated now, elec-
tromagnetic waves were observed propagating in free space.
The results of these experiments soon won worldwide fame
and acceptance. The history of investigating surface electro-
magnetic waves (SEW) unfolded not in this straightfor-
ward, but in a truly dramatic manner.

1. In 1899, A. Sommerfeld examined the problem of an
axial current in a long straight wire and obtained solutions of
the Maxwell equations whose amplitude falls off rapidly
with distance from the surface of the wire. These solutions
were interpreted by him as SEW, possibly by analogy with
the surface acoustic waves of Reyleigh. In 1901, G. Marconi
realized radio transmission across the Atlantic Ocean at a
frequency of 30 kHz in connection with which it was sup-
posed that in his experiments a new type of radio wave — a
surface wave (SW) was excited. In 1907, J. Zenneck showed
thar Maxwell's equations with appropriate boundary condi-
tions admit a solution which can be termed a surface wave.
The disperion relation for SW propagating along the bound-
ary between media with dielectric permetivities e and EO is of
the form

where k0 — co/c, k and co are the propagation vector and the
frequency of the wave, and c is the velocity of light in vacu-
um.

The wave is "tied" to the surface, its phase velocity is
somewhat higher than the velocity of light in vacuum and
depends on the properties of the substrate. Zenneck consid-
ered that the field of a real radiator at great distances from it
will be of the form of the wave found by him. But from his
work it only follows that the SW can exist, but the field is not
in any way associated with the antenna, i.e., the principal
essence of the problem of the radiation has not been estab-
lished.

2. The problem of excitation of the electromagnetic
(EM) field by a vertical dipole situated above a flat conduct-
ing surface is the classical problem of radio physics. It was
first examined in 1909 by A. Sommerfeld who found that in
the radiation of the dipole both bulk EM waves and SW are
present. He considered that at great distances from the
source the Zenneck SW wave predominates, and thus he had
established the connection SW with the source of radiation.
The concept of the Zenneck SW supported by the authority
of Sommerfeld for a long time was almost generally accept-
ed. But beginning with 1919 in the papers by Wehl, Van der
Pol, V. A. Fock and others this conclusion was disputed and
acknowledged to be erroneous. Efforts to excite Zenneck's
SW under natural conditions above the surface of land, fresh
and sea water also ended unsuccessfully. One of such efforts

was the large-scale experiment carried out in 1934-1941 in
our country directed by Academicians L. I. MandeF shtam
and N. D. Papaleksi. Since then the opinion has become
firmly established in Soviet radio physics that excitation of
Zenneck's SW by real radiators is impossible and that the
very concept of a surface wave is erroneous. This opinion has
been included in textbooks on radio physics and is predomi-
nant today.

3. However, in recent years SEW have been observed
experimentally in different laboratories of the world. Ac-
cording to present-day theoretical concepts two cases are
possible:

a) £<0 is a real quantity, and then so-called Fano
waves exist at the boundary with a phase velocity v < c ob-
served in a gas-discharge plasma (surface plasmons) and in
semiconductors and metals. At the present time they are
being actively investigated and are used in the spectroscopy
of surfaces.

b) E = E' + IE" is a complex quantity, e" > 0. At the sep-
aration boundary a Zenneck wave arises with phase velocity
v > c. Prior to our work of 1980-1982 the Zenneck wave had
not been experimentally observed.

4. Any real source of an EM field situated at the separa-
tion boundary between two media excites both surface and
bulk waves and their separation turns out to be a complicat-
ed experimental problem. In our experiments the Zenneck
SW was observed under laboratory conditions on the surface
of water of different salinity (mostly of 35%) in the frequen-
cy of 0.7-6 GHz. Methods were developed of exciting and
investigating standing and traveling surface waves.

In the traveling wave regime using a radiator of special
construction we succeeded in "tearing away" the bulk radi-
ation from the surface and to direct it upwards at large an-
gles to the horizon, thereby freeing the SW from the admix-
ture of the bulk field. In the radiation from such a source
situated above the surface of water the presence of a wave
was recorded which propagated along the surface, whose
amplitude falls off with the distance to the radiator as 1 /p''2,
which corresponds to the divergence of the SW. Measure-
ments of the vertical structure of the field in this wave
showed that the field falls off exponentially with distance
from the surface. The measured dependence of the height of
localization on the frequency and on the salinity of the water
turned out to be in good agreement with theoretical calcula-
tions. Moreover transformation of the SW into bulk radi-
ation on inhomogeneities of the wave-guiding surface was
observed. In the standing wave regime the Zenneck SW was
excited in a rectangular resonator under the conditions of its
dimensional resonance. In the course of this an unambigu-
ous separation of the SW from the bulk waves was realized
and its vertical phase-amplitude structure was measured
which turned out to be in complete agreement with theory.
In addition the frequency dependence of the damping of the
S W was measured and also the dependence of the phase ve-
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