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Chaotic spectrum of a cavity resonator filled with randomly located sapphire particles

E. M. Ganapolski* and Z. E. Eremenko
Institute for Radiophysics and Electronics of Ukrainian NAS, 12 Proskura Street, 61085 Kharkov, Ukraine

~Received 1 November 2001; published 20 May 2002!

We propose a new approach to the study of correlation properties of electromagnetic waves of a millimeter
wave band after multiple passage through a random medium. The approach consists of an investigation of a
spectrum of a cavity resonator, filled with randomly located dielectric inhomogeneities. As an object for the
approach implementation, the spherical cavity resonator filled with sapphire particles, whose sizes are compa-
rable to a wavelength, was chosen. It is revealed that the spectrum of this resonator in the frequency range 26
GHz–38 GHz is chaotic. A number of correlation effects, such as the effect of ‘‘repulsion’’ of frequencies, the
shape of the nearest-neighbor frequency spacing distribution close to the Wigner distribution, the characteristic
curve of spectral rigidity, and the correlation of resonance lines on intensity and frequency were found in this
spectrum. A superwide frequency band effect of the long retention of an energy of a short microwave impulse
in a resonator is exposed and studied. We analyze features of the investigated chaotic spectrum on the basis of
the conception of a spatial dispersion of effective dielectric permeability for a medial field in a medium filling
the resonator. It is shown that this conception allows us to explain the complete elimination of the degeneration
of a spectrum and its chaotization, and also the essential broadening of the resonance lines at the expense of the
transfer of energy of dominant transverse modes to strongly damping longitudinal oscillations.

DOI: 10.1103/PhysRevE.65.056218 PACS number~s!: 05.45.Mt, 42.25.Dd, 42.60.Da, 32.30.Bv
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I. INTRODUCTION

The problem of the scattering of electromagnetic wave
media with strongly developed inhomogeneities, as kno
has a common character. It is necessary to understan
through the study of different physical phenomena, bou
with the propagation of a wave in solid, gaseous, and fl
nonhomogeneous media. Owing to fundamental and pra
cal significance, this problem has a long attracted atten
and the numerous investigations that have been carried o
the last few decades are devoted to it. Results of these w
are summed up in a number of papers and monographs~see,
for example,@1–3#!. The effects in which the coherence of
wave after a scattering has manifested itself, are of g
interest. The study of these effects is stimulated by the
covery of the quantum mechanical phenomena of weak
calization in an electron conduction of disordered metals@4#.
The coherent effect of backscattering is the most remark
effect. Its nature consists of the following. A spatially cohe
ent electromagnetic wave being scattered in a medium w
random inhomogeneities, generally speaking, should lose
coherent~correlation! properties. However, if this wave tran
sits through a layer of random medium twice in direct a
strictly opposite directions, its correlation properties are
hibited, and as a result the essential increase of the ave
intensity is observed.

The coherent effect of backscattering was studied in v
ous mediums in a wide frequency range, including opti
frequencies and microwave, at different arrangements
scatters: in volume and on a surface and in cases of sem
ited mediums and waveguides. It has been established
except for coherent backscattering, other coherent effe
such as the effect of storage, also take place. Two wa
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after passage through a nonuniform medium with the sa
difference of wave vectors as on input after a scattering,
correlated@5,6#. Spatial, angular, frequency, and polarizati
correlations of the intensity of a wave, which has passe
nonuniform medium, are settled also. On the basis of
these phenomena, the coherent properties of one or se
electromagnetic waves with different wave vectors, wh
twice have passed through the same inhomogeneities
scattering medium, can be found.

The aim of this paper is the experimental investigation
the correlation properties of a wave of millimeter wa
bands upon multiple passage through an area occupie
strongly developed inhomogeneities. Toward this end,
quasioptical cavity resonator~QCR!, filled with randomly
located sapphire particles, was chosen. A characteristic
rameter for this resonator,z, satisfies a condition of a qua
sioptical approximation,

z5k0LmA«m@1, ~1!

wherek0 is a wave number,k052p/l0 , l0 is the medial
value of a wavelength in a measured band,Lm is the lowest
reference size of the resonator, and« andm are the dielectric
and magnetic permeability of the medium filling the reson
tor.

The forming of an oscillation field in such a resonator,
is known, can be presented as a periodic passage of ele
magnetic beams on the selected self-contained trajecto
which correspond to its eigenfrequencies@7#. From here it
follows that the oscillation electromagnetic field in a stea
state in the resonator can be considered a result of the
tiple ~with a multiplicity aboutQ/k0AemLt , whereQ is a
quality factor of the resonator,Lt the length of a trajectory!
passage of a wave through the same inhomogeneities o
medium filling the resonator. Therefore it is possible to e
pect, and it is the motivation for this paper, that the corre
©2002 The American Physical Society18-1
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tion properties of these oscillations, similar to the effect
coherent backscattering, should be exhibited in a QCR c
otic spectrum.

Thus the study of correlation properties of a scatte
electromagnetic wave is transferred to a spectral area, w
instead of a spatial angular distribution of the intensity o
wave in the case of an unlimited medium, properties o
chaotic spectrum of a QCR are studied. It is necessar
note that the study of the spectrum of a cavity filled w
randomly located dielectric inhomogeneities can be m
easier than the study of electromagnetic wave scatterin
an unlimited medium with strongly developed dielectric i
homogeneities. In this case a number of problems conne
with the identification of a wave field structure are elim
nated.

It is set in our paper that the correlation properties sti
lated by a wave multiple passage and scattering on inho
geneities are exhibited in a number of effects of a rand
spectrum, such as the ‘‘repulsion’’ of frequencies, the sh
of the nearest-neighbor frequency~NNF! spacing distribu-
tion close to the Wigner distribution, the characteristic sp
tral rigidity, and the correlation of spectral lines on frequen
and intensity which are similar to effects incipiented
implementation of quantum chaos in two-dimensional~2D!
quasioptical electromagnetic billiard systems.

Other motivations of operation consists of the followin
A medium, filling the QCR, has strongly developed inhom
geneities, whose sizes are comparable to a wavelength
this case the problem of the influence of an effect of a spa
dispersion of a dielectric permeability on qualitative featu
of its spectrum is actual. This effect is stipulated by the f
that in forming the oscillation of an electromagnetic field, t
collective properties of a nonuniform medium filling th
QCR are exhibited. Earlier, the effect of the spatial disp
sion was studied in optics of dielectric crystals. The spa
dispersion results were set in a number of physical phen
ena, such as the rotation of the plane of polarization,
appearance of an electromagnetic anisotropy of cubic c
tals, and the origin of exciton states in crystals in the form
additional waves@8,9#. In our paper it is shown that the con
cept based on the effect of a spatial dispersion of an effec
dielectric permeability allows us to explain the complete
moval of degeneration and chaotization of a QCR spectr
and also the essential broadening of spectral lines.

The action on the QCR of a short intensive microwa
impulse was investigated. The superwide frequency band
fect of the long retention of the energy of an impulse in t
QCR was revealed. The unusual properties of this reson
bound with randomly located dielectric inhomogeneities,
explained.

II. OBJECT OF INVESTIGATION

One object of the study is a spherical QCR of a millime
wave band completely filled with particles of a sapph
monocrystal~Fig. 1!. The spherical shape of a QCR wa
chosen to ensure the greatest sensitivity of the structu
degenerative spectrum to the presence in the cavity of die
tric inhomogeneities destroying the symmetry. The diame
05621
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of the cavity~3.4 cm! and the medial wavelength~0.9 cm! in
the frequency range used~26–38 GHz! were those for which
the value of the quasioptical parameterz satisfies condition
~1!. The metal walls of the cavity resonator, which was ma
of copper, were covered with a layer of silver, the thickne
of which considerably exceeded the depth of a skin laye
an operating range of frequencies. This ensured a high q
ity of oscillations excited in the empty resonator.

A sapphire monocrystal as a material for particles w
used because of the rather great value of dielectric per
ability, «'10, and extremely low dielectric losses in a m
limeter wave band@10#. To ensure a multiple scattering o
electromagnetic waves in the QCR, the average size of
sapphire particles~3 mm! was chosen about a mean wav
length in this material. The filling factor of the resonator b
sapphire particles by weight was 0.54. Special attention
given to the removal from the surface of a sapphire part
substances that absorbed an electromagnetic field of a m
meter wave band. With this goal, the particles were subjec
to a thorough cleaning by prolonged~3 h! boiling in a chro-
mium mixture~comminuted potassium dichromate dissolv
in sulfuric acid! and then washed in an ammonia soluti
with subsequent heating in a vacuum up to a temperatur
400°C @11#.

III. SPECTRAL MEASURING

The measuring of the QCR spectrum was carried ou
the above-mentioned interval of frequencies in the mode
operation ‘‘on pass.’’ For the excitation and reception
eigenoscillations, two identical dipole antennas, which w
placed in holes with a 3-mm diameter in opposite are
of the spherical cavity, were used. Each antenna represe
the short segment of a coaxial line in which an inter
conductor with a 0.5-mm diameter and 3-mm leng
was placed inside this cavity. The antenna was supplied
means of the rectangular wave guide with a cross sectio
7.233.4 mm2 and a loop coupler located in it. It had a wid
directional pattern in the operating frequency range and
sured the uniform excitation~reception! of microwave oscil-
lations both in frequency and with respect to their polariz
tion. The automatic recording of a spectrum was carried
by means of a panoramic standing-wave ratio meter. T
resonant oscillations in the QCR were excited and recei
with its help.

In the empty QCR, in the frequency band 26–38 GHz,
spectrum in the form of 12 solitary narrow resonance lin

FIG. 1. Quasioptical cavity resonator.~1! Metal cavity;~2! sap-
phire particles;~3! antenna;~4! wave guide;~5! loop coupler.
8-2
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CHAOTIC SPECTRUM OF A CAVITY RESONATOR . . . PHYSICAL REVIEW E 65 056218
approximately identical in intensity is observed. Upon fillin
the cavity with sapphire particles, the spectrum is qual
tively changed and acquires the chaotic character exhib
in the set of randomly located resonance lines. And a
quency width of resonance lines also is a random quan
which is changed in the limits from several MHz to seve
tens of MHz. The average~on various realization and fre
quencies! line width ^D f & l522.6 MHz. This width consid-
erably exceeds the linewidth of an empty QCR whose qua
factor, due to the low losses in copper walls, achieves a v
of the order of 104. An intensity of resonance lines is chaot
also. The average~on realization! number of registered reso
nance lines in the spectrum̂N&5354. The average fre
quency interval between lines iŝD f &sp534.8 MHz. The
chaotic spectrum was recorded in the measured freque
range ~26–38 GHz! by the step-by-step passage of rath
narrow sections of the spectrum of 1 GHz width. It allow
us to avoid the loss of many narrow resonances at the
pense of inertia of the recording device. Figure 2~a! demon-
strates the total character of the chaotic spectrum obtaine
the one-time passage of all frequency bands used. The s
trum at the passage of a narrow site of a measured ban
the frequency interval 35–36 GHz obtained at one of
realizations was shown in Fig. 2~b!.

A statistical method, which is usually used for the mod

FIG. 2. ~a! Total character of the QCR chaotic spectrum in
measured frequency bands 26–38 GHz.~b! The QCR chaotic spec
trum in the narrow frequency range 35–36 GHz~one of realiza-
tions!.
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ing of quantum chaos in 2D quasioptical electromagne
resonator systems, similarly to unstable billiards@12–15#,
was applied for the study of correlation properties of t
chaotic spectrum of the QCR filled with sapphire particle
With its help, the distribution of normalized NNF spacing
Sn5(vn2vn21)r(vn) was studied, wherer(vn) is an av-
erage density function of eigenfrequenciesvn . It was as-
sumed thus thatr(vn) varied a little with distance of NNF
spacingvn2vn21.

For an analysis of the sequence of normalized eigen
quencies of cavity resonatornn , (nn5nn211Sn), the step
function n(n), which is equal to the number of frequencie
with nn<n, is introduced. A density is determined as the fi
derivative of a polynomial regression function forn(n),

n~n!5(
i 51

N

F~n2r i !, ~2!

r i5 (
k52

i

~nk2nk21!, ~3!

whereF(x) is a step function that equals unity atx>0 and
zero atx ,0. In our case it appears that for a buildup of
regression function it is enough to use a fitted polynomial
the third degree.

At the buildup of the NNF spacing distribution histogra
according to conventional procedure, we did not use the
erage on many realization values of NNF spacing and d
about an arrangement of resonances on a frequency sca
each concrete realization. Thus NNF spacings that w
much less than the average value were taken into acco
120 realizations of the spectrum at various arrangement
sapphire particles in the resonator were carried out. For
these realizations the NNF spacing distribution was m
sured.

Results of the analysis are given in Fig. 3, where we sh
P(S), the distribution of NNF spacings forS in an interval
~0,3! with a dissection of this interval into 30 identical se
ments. From the given data it is seen that the NNF spac

l

FIG. 3. Nearest-neighbor frequency spacing distribution. T
histogram corresponds to the experimental data and the solid
shows the best fit with the Brody distribution. The short dotted l
is the Wigner distribution and the dashed line is the Poisson di
bution.
8-3
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distribution functionP(S) is essentially different from the
Poisson distribution for randomly located uncorrelated N
spacings:P(S)5exp(2S). At the same time it is close
enough to the Wigner distribution typical of the spectrum
the Gaussian orthogonal ensemble~GOE! of chaotic ma-
trixes, which is usually used to model quantum cha
P(S)5(p/2)Sexp@2(p/4)S2#. From the viewpoint ofP(S)
one can conclude that in the QCR the conditions at which
chaotic state is intermediate between the Wigner correla
state and the state with Poisson distribution is implemen
This case was studied in@16#, where it was established tha
the distribution of NNF spacings in a spectrum can be
scribed by the expression

P~S!5c1Sa exp~2c2Sa11!, ~4!

wherec1 andc2 are the constants of normalization;a is the
Brody parameter@16#. The equalitya51 corresponds to the
Wigner distribution. The approximation for a distributio
function in our case serves the Brody distribution functi
with parametera50.85. As is apparent from the given dat
the effect of ‘‘repulsion’’ of frequencies, which is characte
istic for systems with quantum chaos, is visibly displayed
the spectrum.

Correlation factorsC(k) for Sn and Sn1k ~where k
51,2, . . .,10) were determined and the curve of spectral
gidity was constructed. The functionC(k) describing the
correlation properties of NNF spacings is given in Fig. 4.
contrast to the Poisson case, NNF spacings in the given s
trum are well enough correlated. It is necessary to note
C(1), both in quantity and in sign, is close to one for th
GOE spectrum for whichC(1)520.271. The correlation
functionR(k) for the intensity of resonance lines in the spe
trum for Sn andSn1k at the same number intervalk was also
measured also~Fig. 4!. As is visible from the given curves
the correlation properties both in the NNF spacing distrib
tion and in the intensity of near by resonance lines are
hibited in the spectrum. It is necessary to note that the
pendenceC(k) has nonmonotonic character. At the sam
time, R(k) is nearly exponential. For the analysis of spect

FIG. 4. Correlation properties of the quasioptical resona
spectrum. Nearest-neighbor frequency spacing correlationsC(k).
The correlation of resonance line intensity on frequencyR(k). The
scale on theX axis is as follows:Dk51 corresponds toD f
534.8TMHz.
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rigidity which is directly coupled with correlation propertie
the functionD3(x,L) as a minimum of a square-law devia
tion of the distributionn(n) from a straight line on an inter
val (x,x1L) was also constructed,

D3~x,L !5
1

L
min
A,B

E
x

x1L

@n~n!2An2B#2dn, ~5!

where A,B are coefficients minimizing this deviation. Th
function D3(x,L) averaged overx from the area of an ana
lyzable spectrum is usually considered, depending onL only,
and is designated asD3(L). Sincen(n) is a sectional con-
tinuous function having disrupters on the border of NN
spacingsdi , for finding D3(x,L) it was represented in the
following way:

D3~di ,L !5
1

L
min
A,B

(
j 51

L E
di 1 j 21

di 1 j
@n~n!2An2B#2dn, ~6!

di5 (
k51

i

Sk . ~7!

The averaging was yielded on valuesdi in the limits of a
given number of NNF spacings. The curve of the spec
rigidity obtained as a result of the processing of the rand
spectrum with the use of the above described averaging
cedure is shown in Fig. 5.

From the given data it is obvious that this curve for t
considered spectrum is essentially different from the relev
curve for the spectrum with Poisson distribution, whe
D3(L)5L/15. It is also different from the curve of spectr
rigidity, given in this figure, for a spectrum GOED3(L)
5(1/p2)ln L. At the same time, this curve, as well as th
curve for GOE, leaves on saturation but takes up the posi
in the sector between the Poisson and GOE curves. Th
fore, it is possible to assume that the state of an electrom
netic field in the QCR is intermediate and represents a su
position of correlated and uncorrelated random motions,
that the first is dominant. This agrees with the abov
mentioned distribution function for NNF spacings, whic
can be approximated by the Brody distribution with gre
enough value of parametera.

FIG. 5. Spectral rigidity.r
8-4
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It is important to note that at each realization of the sp
trum, at which the spatial distribution of inhomogeneities
the QCR is changed by the removal from it of sapphire p
ticles and the filling of them again, the arrangement of re
nance lines in the spectrum is essentially changed als
correspondence with its chaotic character. At the same t
the basic random properties of the spectrum of the ca
resonator—the distribution of NNF spacings, the curve
spectral rigidityD3(L) , and the correlation factor depende
cies C(k) and R(k)—remain sufficiently stable~reproduc-
ible!.

IV. ACTION OF A SHORT MICROWAVE IMPULSE
ON A QCR

The action on a QCR of a short microwave impulse w
investigated. For this purpose, an impulse with a microw
filling at a frequency of 36 GHz, a power of 1 kW, a duratio
of 0.05 ms, and a repetition frequency of 1 kHz was give
on an input of a QCR. By means of a receiver equipped w
a time selection device, the change of power of this impu
relative to time was registered in a operation mode ‘‘on
flection.’’ It appears that the energy of an impulse is kep
comparatively long time in the QCR. At the ratio of impuls
input power to output powerP0 /P151010, this time t
achieves a value of about 2ms ~Fig. 6!. As t
5(Qe/v)ln(P0 /P1), it follows that the effective values of a
QCR quality factor~which is necessary for the retention
impulse energy during this time! Qeg23104. The obtained
effective quality factorQe is equal to the ratio 2V/Ad of
energy accumulated in the QCR to the energy loss in m
walls for a period of oscillations, whereV is the volume of
the resonator,A is the surface area of the walls, andd is the
depth of the skin layer. It is important to note that the effe
of long energy retention of an electromagnetic field is imp
mented in a superwide frequency band of about, 12 GHz
this frequency range the retention time is maintained~with a
precision of 20%! invariance~Fig. 7!. In that way, QCR,
filled with randomly located dielectric inhomogeneities,
different from the ordinary microwave cavity resonato
where the energy of an impulse is kept in a rather narr
relative frequency band equal to the inverse quality fac
Q21. The presence in the resonator of randomly located s

FIG. 6. Oscillogram of a microwave impulse retained in a qu
sioptical resonator. The sweep duration is 10ms.
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phire particles gives the essential expansion of its freque
width on several orders of magnitude for the action of a sh
microwave impulse.

V. DISCUSSION

The study of spectral properties of QCR is directly as
ciated with the problem of electromagnetic wave propagat
in mediums with strongly developed dielectric inhomogen
ities. To solve this problem, the Dyson equation method fo
medial electromagnetic field~see, for example,@3#! is used.
Thus the bond of a medial dielectric induction with the i
tensity of a medial electric field is given by a tensor of
effective dielectric permeability« ik

e f(v,k…. The use of such a
tensor allows us to solve a problem for a randomly nonu
form medium, reducing it to the solution of a relevant pro
lem in a homogeneous absorbing medium. The reference
ture of this tensor is the spatial dispersion, which expres
the dependence of the tensor on a wave vectork. And this
dependence is prescribed by the character of distribution
random inhomogeneities. The medium of sapphire partic
filling the QCR has the strongly expressed inhomogeneit
whose reference size is comparable to a wavelength. Th
fore, the microwave electromagnetic field on small distan
between the next randomly located particles essentially
ies. For this reason, the coupling between a medial elec
induction and media microwave electric intensity is spatia
nonlocal. The electric induction in a given pointr depends
on the intensity of the microwave electric field not only
this point, but also at points in its nearest neighborhood
scale of the area, in which the limits of an average of a fi
necessary for deriving of a tensor« ik

e f(v,k… is yielded, is
determined in a length of a correlationl of inhomogeneities.
The dependence of this tensor on a wave vector feature
anisotropy of medium, a bound that the length of a corre
tion in various directions is unequal.

The natural assumption of differentl in various directions
of medium-filling QCR allows us to explain the appearan
of microwave electrical anisotropy in medium-filling QC
and the complete removal, at the expense of it, of a spect
degeneration. As the components of« ik

e f(v,k… depend onl

-

FIG. 7. Frequency dependence of keeping time of a microw
impulse in the QCR.
8-5



iou
s

va
th
io
r

o
t

h
ve
de

y
f
to

is

th

se
,
ss

-

e

ty,
ns
-
d,
to

er-

fol-
on
-

uc-
t the

r,
ho-
the

tor

f a

o-
e to
al

sis
im,
he

en

e
to

age

line
the

a
of

E. M. GANAPOLSKI AND Z. E. EREMENKO PHYSICAL REVIEW E65 056218
and at each realization the value of this parameter in var
directions is changed by a random fashion, the position
lines in a QCR spectrum is chaotic also.

It is necessary to note that the situation with the remo
of the degeneration of a QCR spectrum is similar to
origin of an optical anisotropy due to the spatial dispers
of dielectric permeability in cubic crystals in the area nea
line of absorption@8#.

Let us consider further the problem on a broadening
resonance lines. This broadening is bound to losses in
nonuniform dielectric medium. Imaginary components of t
tensor« ik

e f(v,k) at real frequency determine nondissipati
losses of a microwave field energy of the determined mo
at a scattering on inhomogeneities. And, as shown in@3#,
such losses are not directly associated with an anisotrop
medium. Therefore, for an estimation of a broadening o
resonance line it is possible to simplify a problem and
consider the medium-filling QCR as homogeneous and
tropic with an average length of the correlations^ l &. In this
case, for medium-filling QCR, it is possible to represent
effective tensor« ik

e f(v,k) as

« ik
e f(v,k)5S d ik2

kikj

k2 D « tr~v,k!1
kikj

k2
« l~v,k!, ~8!

whereki is the component of the wave vector. In this ca
only two components of tensor« ik

e f(v,k) are independent
and, consequently, all tensor components are expre
through two scalar functions« tr(v,k) and « l(v,k), which
depend on a module of a vectork and correspond to trans
verse and longitudinal oscillations of a medial field.

In @17# it is shown that in the simplest case of a homog
neous isotropic medium, these functions are determined
expressions

« l~v,k!5^«&2
^~D«!2&

^«& F1

3
22q~p,p0!G , ~9!

« tr~v,k!5^«&2
^~D«!2&

^«& F1

3
2

p0
2

p2
R2q~p,p0!G , ~10!

R5E
0

`

G«~x/p!exp~ ip0x/p!sin~x!dx, ~11!

where ^«& is an average value of dielectric permeabili
^(D«)2& is the square of an average value of fluctuatio
p05k0A^«&^ l &, p5ke^ l &, andke is an effective wave num
ber. The functionq(p,p0) can be calculated up to the en
for example, for an exponential form of a correlation fac
G«(x)5exp(2x),

q~p,p0!5
11 ip01~2/3!p2

2p2

2
11p0

21p2

2p3
arctanS p

12 ip D . ~12!
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In the case of small-scale fluctuations of an dielectric p
meability (p0!1), from Eqs.~9! and ~10! we obtain atp
5p0

« l~v,k!5^«&F12
^~D«!2&

^«&2 S 12
i

2p0
D G , ~13!

« tr~v,k!5^«&F12
^~D«!2&

6^«&2
~124ip0

3!G . ~14!

In the QCR, which satisfied the quasioptical conditionz
@1, the transverse oscillations dominate. They have, as
lows from Eq.~13!, essentially less absorption in comparis
with the longitudinal oscillations. The longitudinal oscilla
tions, which are excited due to the inhomogeneity of str
ture, have a local character and damp on distances abou
length of a correlation~local oscillations!.

For an estimation of an effective QCR quality facto
coupled with nondissipative losses at the scattering on in
mogeneities, we assume that in a spherical resonator
wave number accepts discrete valueskn which are roots of
the dispersion equation for the spherical resona
Jn11/2(xA^«&a)50. Thus, on the basis of Eq.~14! we obtain
the simple expression for the relative frequency width o
resonance line of transverse oscillations~the effective in-
verse quality factorQe f

21)

Qe f
215

2^~D«!2&

3^«&2
p0

3 , ~15!

wherep05knA^«&^ l &. As follows from Eqs.~13! and ~14!,
the main contribution in the frequency width of the res
nance line is the attenuation of transverse oscillations du
the pumping over their energy to the energy of longitudin
oscillations@3#.

Let us estimate the width of a resonance line on a ba
~15! using the realistic values of parameters. With this a
let us find the average value of dielectric permeability for t
medium filling the cavity resonator. For the estimation of^«&
we use the Weyl expression@18# for a number of cavity
resonator modes in the given frequency range,

^N&5
Vv2Dv^«&3/2

c3p2
, ~16!

where Dv is the frequency band. Using the above-giv
experimental data about^N&, we obtain̂ «&51.8. Character-
istic scale of inhomogeneitieŝl & is determined by averag
distance between sapphire particles, which is possible
set equal to the value on the smaller order of an aver
particle size,^ l &50.3 mm. If we set^«&51.8, p050.3,
^(D«)&2/^«&250.1, we obtainQe f

21'1023. It shows that the
experimental data at the average width of a resonance
are in agreement with the theoretical data in the limits of
single order.

Long retention of an electromagnetic field energy in
superwide frequency band directly testifies that the nature
8-6
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a broadening of a resonance line is coupled with losses
scribed by the transition of energy of the determined mo
of the resonator at a scattering into the energy of longitud
chaotic modes. The spectrum of the QCR consists of the
of the close resonances enveloping a wide frequency b
From the point of view of the response of the system in
short time external periodic action, one can consider
spectrum as quasi-continuous. This is connected with the
that the losses of electromagnetic modes of the QCR, at
expense of a scattering on inhomogeneities, are those
which the broadening of resonance lines caused by the
about of an order of average NNF spacing. On the ot
hand, the spectrum width of a short impulse used in exp
ment is about one NNF spacing also. Therefore, for such
impulse the spectrum of the cavity resonator is practica
continuous.

The physical sense of a realization in the QCR of a c
tinuous spectrum at the action of a short impulse can
explained as follows. The impulse, excited by means o
dipole antenna, is propagated in the cavity resonator
multiply scattered on inhomogeneities created by sapp
particles. At this, the spatial coherence is partially destroy
And this destruction happens during the time of passage
the impulse of a reference length of inhomogeneityT2

5^ l &A^«&/c, wherec is the light velocity. As a result the
interval of time during which the microwave impulse, aft
long-lived propagation in the cavity resonator, maintains
ability to interfere with a similar coherent impulse on a
input of this cavity resonator is essentially reduced. T
QCR in this respect becomes similar to ‘‘an absolutely bla
body.’’ In that way one can explain a sharp weakening
frequency-selection properties of the cavity resonator at
interaction with the short microwave impulse. The weake
ing of these properties is equivalent to the essential incr
ing of a frequency bandwidth in which the limits of a lon
retention of microwave impulse energy is realized.

As a result of a scattering on inhomogeneities, the mic
wave field uniformly fills the QCR completely. Owing to th
nondissipative character of this scattering, the source of
sipation of electromagnetic energy is reflecting metal wa
only. Due to the great ratio of the volume of the cavity to t
surface area of the walls with high conductivity, the impu
of the electromagnetic field is kept in it for a long time. F
processes bound with an electromagnetic field in the QC
is possible to enter two reference relaxation times:T1
5Q0 /v is the characteristic time of a dissipative absorpt
of oscillations in the cavity resonator or the relaxation tim
on energy, whereQ0 is the quality factor of the cavity which
is determined by losses in metal walls, andT2 is the time of
destruction of a spatial coherence or relaxation time on
pulse. At thatT1@T2, which is contrary to the usual cavit
resonator, whereT15T2. The essential distinction ofT1 and
T2 allows us to explain the unusual properties of QCR fill
with randomly located dielectric inhomogeneities.

VI. CONCLUSION

The new approach to the study of correlation properties
electromagnetic waves of millimeter wave bands at multi
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passing through a random medium is proposed. It is imp
mented in the experimental study of a chaotic spectrum
spherical QCR, filled with randomly located sapphire p
ticles having a great value of dielectric permeability a
sizes comparable to a wavelength.

Such an approach is proved to be productive enough,
has allowed observation of a number of effects that were
found earlier during the study of electromagnetic wa
propagation in an unlimited nonuniform medium. It appea
that in mediums filling the resonator with the randomly l
cated inhomogeneities, the effect of a spatial dispersion
dielectric permeability is exhibited. Owing to this effect, th
medium acquires an anisotropy in relation to an average
crowave electric field. As a result, the degeneration of a sp
trum is completely eliminated and its structure obtains
random character. On the basis of the spatial dispersio
dielectric permeability for medial elecric fields, it appea
that it is possible to explain the essential broadening of re
nance lines. This broadening arises due to nondissipative
sorption of an electromagnetic field in the QCR coupled w
a scattering of transverse modes on inhomogeneities and
transition of their energy in the energy of longitudinal dam
ing modes.

The existence of the superwidth frequency band effec
long retention of energy of a short microwave impulse in t
QCR directly confirms the nondissipative character of los
that causes the resonance line broadening.

The detected effects—the ‘‘repulsion’’ of frequencies
the QCR chaotic spectrum, the affinity of the NNF spaci
distribution to the Wigner distribution, the character of
curve of spectral rigidity, and the correlation properties
NNF spacings—correspond to the GOE properties. These
fects are similar to the effects observed at the modeling
quantum chaos in 2D quasioptical resonators, both em
@13–15# and filled with dielectric permeability@19#. The ba-
sis for such modeling is the circumstance that an electrom
netic field in these systems is described by the 2D Helmh
equation which is equivalent to the Schro¨dinger equation. At
the same time, the field in the QCR filled with sapphire p
ticles can be described by the three-dimensional~3D! Helm-
holtz equation only. Therefore, the 3D QCR filled with sa
phire particles cannot serve as a model object for quan
chaos.

From here it follows that the usually used criterion of
effect belonging to quantum chaos on the basis of affinity
its properties to GOE properties@12# is necessary but it is no
enough. There can be effects, in particular, investigated
this paper, which are obviously not a concern to quant
chaos, but, nevertheless, their properties correspond to
GOE. It is also possible to tell whether the 3D electroma
netic billard systems, in which the chaotic spectrum h
similar effects~the shape of the NNF spacing distributio
close to the Wigner distribution and others!, were observed
earlier @20–22#.

Such inference is in agreement with@23,24#, where it be-
came firmly established that the local statistical properties
eigenvalues in GOE which are independent of a global d
tribution of eigenvalues are universal. In particular, it is po
sible to explain the effect of frequency ‘‘repulsion’’ on th
8-7
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basis of the interaction of modes in QCR due to the scat
ing on inhomogeneities. This interaction has a random c
acter. The testimony to the benefit of such a interaction is
correlation of oscillation modes, in both frequency and inte
m

et
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sity. The discovered correlation properties of a QCR chao
spectrum, as one can suppose, are the manifestation
coherent backscattering of an electromagnetic wave in a
dium with randomly located inhomogeneities.
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