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2. STATISTICS OF RESONANCES AND TIME
REVERSAL RECONSTRUCTION IN ALUMINUM

ACOUSTIC CHAOTIC CAVITIES WITH TIME REVERSAL
INVARIANCE

2.1 Introduction

As pointed out in Chapter 1, statistical and time dependent (time reversal)
properties are closely related. The statistical properties of the eigenfrequen-
cies in wave systems such as the NNSD and SR are different for a system
with and without time reversal invariance. The difference in time reversal
invariance shows up in the time domain by e.g. performing Time Rever-
sal reconstruction experiments. In systems without time reversal invariance
the TR reconstruction should fail. In this chapter we investigate the spectral
statistics (NNSD and SR) based on experiment and analyze the time reversal
experiments for the same unperturbed cavity with time reversal invariance.
The experiments were performed with elastic waves in solid aluminum cav-
ities with low absorption properties. In later chapters we will extend this
approach using the same cavity when attempting to break the reversal in-
variance by introducing a feedback loop.

The main goal of this chapter is to prove that the sample(s) behave ac-
cording to the GOE model corresponding to a system with time reversal
invariance. One may also expect that the statistics is influenced by the fact
that in the experiments not all resonant modes are detected (i.e. lost reso-
nances). This will be taken into account in detail in the current chapter. A
comparison of the experimental and model distributions is carried out also
using moments of NNSD. The moments, central moments, skewness and kur-
tosis will be evaluated as well for both the GOE (GUE, Poisson) cases and
the experimentally determined distributions to obtain a full comparison of
the RMT statistics obtained from experimental data to the random matrix
models.

Two different kinds of experiments will be discussed. In the first kind
the responses of the samples (elastic waves in aluminum blocks) to a short
excitation pulse is measured. The statistical properties (such as intensity dis-
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tribution, NNSD and SR as well as moments, central moments, skewness and
kurtosis of the NNSD) will be determined from the analysis of the spectral
density of the time dependent responses by Fourier analysis. The NNSD and
SR will be compared to the GOE model accounting for the fraction of lost
levels in the detection. In the second kind of experiment - the time reversal
experiment - different parts of the cavity response will be recorded and sent
back through the system reversed in time to test the time reversal invariance.

The experimental setup is described in Sec. 2.2. Sec. 2.2 includes discus-
sion of material properties, design of the samples, sample support, transducer
holders and measurement instruments. The efficiency of the reconstruction of
the excitation pulse in the time reversal experiments is discussed in Sec. 2.3.
The statistical properties obtained from experimental data are considered in
Sec. 2.4. In particular the statistics of the division of the excitation pulse
energy between the cavity modes and the associated RMT statistics will be
studied in Sec. 2.4. Conclusions on experiments without breaking of the time
reversal invariance are given in the summary section (Sec. 2.5).

2.2 Experimental setup

2.2.1 Material properties and design of samples

A set of identical aluminum cubes with a side length of 20 mm were used
to construct different chaotic cavities. The cubes were further machined to
lower the symmetry and to make them more chaotic [3]. An asymmetrically
placed well was drilled in cavities Nr. 1 and Nr. 2 to remove the cubic
symmetry. An extra side corner was removed from cavity Nr. 2 (see Fig. 2.2
and Fig. 2.3) to lower the symmetry even further. Cavity Nr. 1 has one
symmetry plane. Cavity Nr. 2 does not have any symmetry properties like
rotation axes or reflection planes. So it is not expected to have independent
GOE sequences of resonances in RMT sense. Hopefully it will only have
chaotic sets of geometric ray trajectories due to its chaotic shape and will
turn out to be a suitable sample to study the statistics of resonances.

The longitudinal wave velocity was determined for the aluminum used by
detecting the first arrival of the acoustic pulse through the stack of plates
(cubes) of different width (Fig. 2.1). There is also an agreement between the
five lowest resonances of the symmetric cubic resonator (without the drilled
well or the removed side corner) of the same aluminum and calculations
[46]. These give values for the longitudinal and transverse sound velocities
of 6410 m/s and 3200 m/s respectively.
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Fig. 2.1: Determination of the longitudinal (fast) wave speed by fitting the first
arrival time through the aluminum sample of given width.
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Fig. 2.2: The cavities used in the experiment are made out of aluminum cubes
with a cube side size of d=20 mm. The symmetry of the cubes is broken
by additional features such as an asymmetrically placed cylindrical well
(both cavities Nr. 1 and Nr. 2) and a removed side corner (cavity Nr. 2).
The radius of the well is 5 mm and its depth is 18 mm. The center of the
well divides two orthogonal sides of the square face of the cube as 0.5:0.5
and approximately 0.6206:0.3794. The removed side corner reduces each
of two adjacent sides of the square face of the cube by 5 mm.

2.2.2 Sample support and transducer holders

To reduce the losses in the system a very light low mass support is used for
the cubes. A slab of low mass density packing material supports three small
polystyrene pieces which touch the cavity (one of two aluminum blocks shown
in Fig. 2.2) only in three points from the bottom (Fig. 2.3). Small changes
in the position of the support did not influence the transmission spectrum
and the measurements are as close as possible to the aluminum cavity with
free boundary conditions.

To satisfy the best possible alignment of the piezoelectric transducers
that are used for signal generation and detection, the optical mirror holders
with regulating screws are used as shown in the Fig. 2.3. Slight tuning of
the alignment of the transducer holder with the regulating screws enables to
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Fig. 2.3: Picture of the sample, transducers connected to it and transducer holders.
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reach the highest possible output signal.

2.2.3 Measurement instruments and procedures

The schematics of the experimental setup are shown in Fig. 2.4. An Agilent
33220A 20 MHz Function/Arbitrary Waveform Generator (AWG) generates
signals driving the piezoelectric source transducer connected to the cavity
using oil as coupling agent. AWG generates a voltage pulse of one period
of 400 kHz sine shape (Fig. 2.5) to excite the sample. A Thurlby Thandar
Instruments WA 301 Wideband Amplifier is used as the driver amplifier.
By changing the excitation pulse amplitude we can discriminate between
detection noise and resonant response peaks in the spectrum. The long cavity
responses (with reverberation time of about 5 ms) are received by the 2-nd
piezoelectric transducer. The second piezoelectric transducer is also coupled
to the cavity using oil. Its signal is amplified by an EG&G Princeton Applied
Research 5113 model pre-amplifier and recorded by a LeCroy Wave Surfer
424 model 200 MHz digitizing oscilloscope with time step of 0.1 μs. PICO-HF
1.2 piezoelectric transducers were used. They were manufactured by Physical
Acoustics Corporation (MISTRAS Group Holding Company).

The computer connected to the oscilloscope saves the recorded signals
by means of Lab View Software (National Instruments Corp., Austin, TX,
USA). A 65 536 point Fast Fourier transform of the reverberation response
is calculated by Matlab routines (The Mathworks, Natick, MA, USA). Fur-
ther calculations involve identification of resonances and give the statistical
properties discussed before in RMT overview in the Introduction chapter and
further in Sec. 2.4.

Fig. 2.5 shows examples of the short excitation pulse driving the source
transducer and the corresponding 5 ms long response recorded by the dig-
itizing oscilloscope. The spectral densities calculated from such signals are
shown in Fig. 2.6. The spectral density of the excitation pulse recorded by
the digitizing oscilloscope is shown in Fig. 2.6 together with the spectral
density of the elastic cavity oscillations detected at the receiving piezoelec-
tric transducer, amplified by the preamplifier and recorded by the digitizing
oscilloscope.

Both the radius of the well and the width of the aluminum prism removed
from the corner of cavity Nr.2, as well as the diameters of the transducers
that are attached to the samples are very close to 5 mm. This is approxi-
mately half the wavelength of the transverse plane wave in aluminum at 200-
450 kHz. The spectral density of the excitation pulse is peaked in this band
(Fig. 2.6). The wavelength range of the 200...450 kHz band used is approx-
imately 1.6d...0.7d for the fast (longitudinal) wave and 0.8d...0.35d for the
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Fig. 2.4: Schematics of the experimental setup.
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Fig. 2.5: The excitation pulse driving the source transducer (Fig. 2.4), one period
of 400 kHz sine shape (left), and the cavity response (right) received
by the receiving transducer (Fig. 2.4), amplified by the preamplifier and
recorded by the digitizing oscilloscope.
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Fig. 2.6: Spectral densities of the short 2.5 μs pulse (one period of 400 kHz sine
shape) used to excite the cavity oscillations (curve 1) and the 5 ms long
response (curve 2) plotted over a broad frequency range. From the mea-
surement on cavity Nr. 2.

slow (transversal) wave. Here d is the size of aluminum cavities (see Fig. 2.2).
Therefore, the main contribution to the detected density of resonances may
come from ”transverse-like” cavity oscillations. The ”transverse-like” cavity
modes should have a displacement component normal to the surface that
can be detected by compressional piezoelectric transducers. They are also
the most likely to be excited by the source and received by the receiver which
both have the diameter of approximately 0.25d, which matches half the wave-
length of the transverse wave inside the used frequency band. Resonances
and corresponding wavefunctions of the complex metallic 3D block can in
general not be divided strictly into ”transverse-like” and ”longitudinal-like”
ones e.g. due to transverse-longitudinal wave coupling (transformation) at
the complex cavity boundary. But transducers due to their size are more
efficient in detecting displacement variations within the wavelength range
corresponding to transverse waves at given frequencies. Even if so, this does
not mean that ”longitudinal-like” resonances are not detected.

In the band above 0.45 MHz (Fig. 2.6) a more dense structure of reso-
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nances arises and unavoidably there is a situation reached when the resonance
line width is of the order of the average resonance spacing, so that individual
cavity modes can not be resolved any more.

2.3 Efficiency of excitation pulse reconstruction in time

reversal experiments without breaking of time reversal

invariance

There is a natural decay of acoustic energy density in the cavities due to
absorption in the aluminum, the loss to the piezoelectric transducers, and
some coupling to the support and surrounding air that causes departure from
time reversal invariance. We will see that in the experiments the oscillations
can be observed for a time considerably longer than the Heisenberg time.
The Heisenberg time is defined as the inverse of the average nearest neighbor
resonance spacing, 1/savg. It is a measure of the total recording time of the
elastic oscillations required in order to resolve the average spacing between
the neighboring resonances in the frequency domain. Both time-reversal
experiment and the extraction of statistical properties can be performed using
the time scale well beyond the Heisenberg time and thus will provide a basis
to characterize these properties in one system.

The time reversal experiment, as e.g. described in [14] in general and
worked out for a closed chaotic system in [15] can be a clear measure of
time reversal invariance for acoustic waves in a chaotic cavity. As outlined in
[15], a single transmitter-receiver pair is sufficient to perform a time-reversal
experiment in a closed space (cavity). In this experiment each part of the
cavity response shown in Fig. 2.7 is recorded separately. Then each track
has been scaled to appropriate integer numbers, which were downloaded into
the memory of the AWG. So the AWG could replay the recorded oscillation
track in the reversed time direction (oscillations that arrived first are being
released last). Each of the responses to the 300 μs long reversed tracks
(Fig. 2.7) give a clear reconstruction of the original short pulse (Fig. 2.8).
The arrows in Figs 2.7 and 2.8 demonstrate that after the generation of
the particular reversed oscillation track (track 4) one has to wait a time
t1 until the refocused image of the excitation pulse. This time t1 is equal
exactly to the time elapsed from the original excitation pulse until the end
of track 4 (Fig. 2.7). Thus we explicitly see time reversed wave propagation
in our aluminum cavities. The oscillation track that has been reversed and
corresponding reconstruction of the excitation pulse are marked with the
same number in Figs 2.7 and 2.8. We observe the reconstruction peak on
the background of noisy decaying signal (Fig. 2.8) due to the fact that only
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Fig. 2.7: Cavity response upon the exciting pulse at t=0, for cavity Nr. 2. Time
delay t1 between the original excitation pulse and the end of the recorded
oscillation track 4 is shown by the dashed arrow.

short finite part of the response is being time reversed.
Fig. 2.9 shows the amplitude of the reconstructed pulse, normalized to

σi, the mean square average of the signal amplitude in the reversed 300 μs
long oscillation track used for excitation. σi is proportional to the square
root of the energy contained in 300 μs signal section driving the exciting
transducer. Such normalization is necessary because the recorded 300 μs
tracks shown in Fig. 2.7 have different average amplitude. σmax in Fig. 2.9
is the maximum of all thirteen σi related to thirteen points in Fig. 2.9. The
normalized amplitude characterizes the efficiency of energy focusing in the
time reversal experiment with a given time delay t1 of the end of the recorded
oscillation track with respect to the excitation pulse. We can expect from
Fig. 2.9 that the amplitude of the reconstructed pulse decays exponentially
with delay time. This can be explained simply as absorption of acoustic
energy during the time it is stored in the cavity, before the energy is refocused
into a reconstructed pulse. However, for the normalized amplitude of the
reconstructed pulse shown in Fig. 2.9 this behavior does not extend down to
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Fig. 2.8: The reconstruction of the dispersed input pulse by time reversal of the
recorded signal for cavity Nr. 2. The experiment shows to be working for
time delays much longer than the Heisenberg time determined further in
Sec. 2.4. Dashed arrow shows delay time t1 of the reconstructed pulse 4
relative to the start of the replay of track 4 in reverse order of time.
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Fig. 2.9: Normalized amplitude of the refocused excitation pulse depending on the
time delay of the reversed oscillation track. Closed circles show result
of the experiment on cavity Nr. 2. Solid lines show linear least square
fits using the first five and the last five points. Dotted lines are simply
extensions of the solid lines.
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smaller delay times (at least does not extend with the same decay constant).
The small delay times correspond to shorter and therefore may be less chaotic
trajectories. The estimate of the Heisenberg time is marked with an arrow
in Fig. 2.9.

Change in the slope shown in Fig. 2.9 can be related to the fact that
longer scattering times correspond to better approach to equilibrium energy
distribution between cavity modes. This can influence the reversibility of the
wave dynamics. Similar phenomena were considered in work [47].

The length of the reversed tracks was made as short as possible (300 μs),
just enough to insure good detection of the maximum of the reconstruction
peak. This enables to judge the efficiency (per input energy) of the refocused
pulse as a function of the time delay.

2.4 Statistical properties obtained from experiments without

breaking time reversal invariance

2.4.1 Division of energy between cavity waves: distributions of intensity

transmission coefficients and resonance line widths

If a finite amount of energy in each excitation pulse in the chosen frequency
band is shared randomly between the cavity waves at different frequencies,
then the distribution of the intensity transmission coefficient in the appropri-
ately small frequency band is expected to be exponential. The transmission
coefficient at a certain frequency is calculated as a ratio of the spectral den-
sity of the output signal to the spectral density of the input pulse at this
frequency (see spectral densities of the input and output signals shown in
Fig. 2.6).

We performed the statistical analysis using responses of the same sam-
ples used in previous section in time reversal experiment. The normalized
intensity distribution (NID) obtained for cavity Nr. 1 is shown in Fig. 2.10.
The results agree with an exponential dependence if the distribution is eval-
uated in a small enough frequency band (60 kHz wide, contains about 30
resonances). For broader frequency bands the distribution is a mixture of
exponentially distributed intensities with different average values, resulting
in an overall non-exponential intensity distribution. Different average in-
tensity values in the broader frequency bands are caused by e.g. different
amplification of the amplifier and slightly different sensitivity of the piezo-
electric transducers at different frequencies.

The distribution of the intensity transmission coefficients and resonance
widths are related to each other and overall related to the distribution of
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Fig. 2.10: Typical normalized intensity distribution for 60 kHz wide frequency
band. The cross and round symbols give distributions for different sig-
nal amplitudes. From the measurement on cavity Nr. 1 in 0.27...0.33
MHz band. Iavg is the average intensity in the band. The dashed curve
shows exponential distribution.
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Fig. 2.11: Resonance line width distributions for measurements at different po-
sitions of source and receiver for cavity Nr. 2. wavg is the average
resonance line width.

pulse intensity between different kinds of cavity waves. In case the detected
resonances form a single GOE sequence of resonances or are a major part
of it, the resonance width distribution is expected to be peaked around a
single average value. This is more or less in agreement with the distributions
obtained for cavity Nr. 2 at different locations of source and receiver. They
are shown in Fig. 2.11.

The value of the average resonance width wavg is about 300-400 Hz. So
the ratio of the average resonance width to the average nearest neighbor
resonance spacing determined from experimental data is approximately 0.2.

2.4.2 Random matrix statistics of resonance sequences obtained from

experiments

The statistics mentioned in the previous paragraph describes how the finite
pulse intensity is shared among the cavity modes. Now we proceed to calcu-
lating the RMT statistics from the measured cavity responses. As mentioned
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in the introduction, it involves studying how the values of resonant frequen-
cies are distributed themselves or more precise how do they divide fixed finite
frequency band into intervals. We take a broad frequency band of 200..250
kHz with an almost constant resonance density and calculate the NNSD. The
result calculated from the experimental time traces for cavity Nr. 2 is shown
in Fig. 2.12. We see that the results do not agree with the pure model of
the GOE, but do agree much better with the distribution where a loss of 25
% of the resonances is accounted for. The error bars in Fig. 2.12 are based
on measurements performed for different positions of receiver and source on
the surface of the sample. From the NNSD we obtain an average nearest
neighbor spacing for both cavities of about 1.8 kHz. This gives an estimate
for Heisenberg time: tH ≈ 556 μs. However, there can be more resonances
missing, or independent sequences of resonances present in the case of cavity
Nr. 1. Lost resonances can lead to a smaller value of the average nearest
neighbor spacing and a larger apparent Heisenberg time.

Figure 1.2 shows the experimentally determined staircase function N(f)
for different alignment of the transducers (from experiment on cavity Nr. 2)
at certain fixed positions of source and receiver. The best alignment enables
the best coupling of the transducers to the sample. Therefore, it allows one
to observe the largest amount of resonances. Thus the resulting staircase
function is used in the determination of NNSD and SR.

The density of elastic resonances increases as a polynomial function of
frequency. It is essential [19] to have the same density of elastic resonances
and the same savg at low and high frequencies for calculation of NNSD and
SR. To compensate for slow increase of density of resonances with frequency
an unfolding procedure [19] has been applied to the staircase functions. The
unfolding procedure involves fitting of the staircase function with a smooth
cubic polynomial (Fig. 1.2). Top curves in Fig. 1.2 show the staircase function
and smooth cubic polynomial fitting it.

Unfolding of the staircase function N(f) has been performed in this thesis
by the following steps:

1. Fitting N(f) in the studied frequency range with a smooth polynomial
function:

N∗(f) = p1f
3 + p2f

2 + p3f + p4 (2.1)

2. Given n − k spacings sj = fj − fj−1 , j = k + 1..n between neighboring
resonances at n− k + 1 frequencies fi , i = k..n are scaled as

s∗j ∼ sj
dN∗

df
|f=(fj+fj−1)/2 (2.2)
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Fig. 2.12: The nearest neighbor resonance spacing distribution (NNSD) for cavity
Nr. 2. The distribution obtained from experimental data is shown as
points with error bars. Curve 1 shows the distribution expected due
to GOE model. Curve 2 accounts for 25% of eigenvalues lost in GOE
model distribution. The Poisson distribution is shown by curve 3.
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Fig. 2.13: The spectral rigidity for cavity Nr. 1 (circles with error bars, marked
as ”1”) and cavity Nr. 2 (triangles with error bars, marked as ”2”) as
functions of 2L, the frequency band used in Eqn. 1.3 or Eqn. 1.4. The
GOE model that involves logarithmic saturation of SR and the case of
random division of the frequency band into intervals by resonances are
shown as dashed curve and dashed line respectively. Solid curve shows
the case of GOE with 25% of eigenvalues lost.
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Using Eq. 2.1 the expression for the rescaled spacings may be rewritten as:

s∗j = sj
3p1(fj + fj−1)

2/4 + p2(fj + fj−1) + p3

3p1(fn + fn−1)2/4 + p2(fn + fn−1) + p3
(2.3)

3. The new sequence of frequencies used to determine SR is calculated as

f ∗
k = fk (2.4)

f ∗
i = fk +

i∑
j=k+1

s∗j , i = k + 1..n (2.5)

The new staircase function obtained from the new sequence of frequencies f ∗
i

is used in the determination of NNSD and SR.
From the Fig. 2.13 we see that the SR agrees satisfactorily with a GOE

model [17] for averaging over the frequency bands 2L of 2..10 average spac-
ings in case of cavity Nr. 2. It is, however, slightly larger than predicted
by the model probably due to a fraction of lost resonances. The spectral
rigidity calculated from the data of the same experiment for cavity Nr. 1 is
systematically larger than in case of cavity Nr. 2. Both values agree better
with the GOE model (that involves logarithmic saturation of SR) than with
the case of random division of the frequency band into intervals (straight
dashed line in Fig. 2.13). The solid curve in Fig. 2.13 shows the case of the
GOE model with 25% of eigenvalues lost. This curve has been calculated as
the SR for sequence of eigenvalues of a large (5000x5000) random symmetric
matrix where 25% of the eigenvalues have been randomly removed from the
sequence. This curve offers a reasonably good fit to the spectral rigidities
determined from the experiment. The error bars in Fig. 2.13 (the same as
in Fig. 2.12) are based on measurements performed for different positions of
receiver and source on the surface of the sample. It is possible to see from
Fig. 2.13 that triangles mainly fall below the solid curve (representing the SR
accounting for lost resonances). This implies that 25% is a bit exaggerated
estimation. The real fraction of the lost resonances can be lower.

Now moments and central moments, skewness and kurtosis of the NNSD
(as mentioned in Chapter 1) will be considered. These quantities can be used
to characterize the NNSD quantitatively. They will be used in discussions
of the experimental data in the coming chapters as well ( Chapters 4, 5 and
6).

Moments and central moments of different order, skewness and kurtosis
for NNSD corresponding to the three most common RMT models (Poisson,
GOE and GUE) mentioned in Chapter 1 are summarized in Appendix A
(Chapter A). So we can compare the moments, central moments, skewness
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and kurtosis of the three model distributions to the same values calculated
from the NNSD discussed in present chapter.

In the figures discussed further in the present section the moments are
shown for spacing distributions (NNSD) from each experiment on cavity#2
separately (not averaged over different positions of source and receiver on
the surface of the sample). Moments of the distributions corresponding to
different positions of source and receiver on the surface of the sample are
shown in Figures 2.14 and 2.15 with different signs. So each sign (e.g.
triangle or circle) in Figures 2.14 and 2.15 corresponds to a distribution
calculated from a certain experiment characterized by certain positions of
source and receiver on the surface of the sample.

Figure 2.14 shows the moments for the three models for the NNSD (Ex-
ponential or Poisson, GOE and GUE) together with the moments calculated
from experimental data (green signs). The red, green and blue curves in
Figure 2.14 are calculated using formulas from the last column of Table A.1.

Figure 2.15 shows the central moments for the three models for NNSD
(Exponential or Poisson, GOE and GUE) together with central moments
calculated from experimental data (green signs). The red, green and blue
curves in Figure 2.15 are plotted using values from Table A.2.

Skewness and Kurtosis are summarized in Figures 2.16 and 2.17. The
red, green and blue lines in Figures 2.16 and 2.17 are plotted using values
from Table A.3.

It is visible from Figures 2.14, 2.15, 2.16 and 2.17 that values obtained
from experimental data fall in between values due to GOE model and values
for random arrangement of resonance frequencies (Poisson or Exponential
model). This may be explained as a consequence of the fraction of the lost
resonances (apparent from NNSD and SR discussed before in this chapter).
The theoretical models are based on all existing modes.

The measurements use a limited number of transducer positions to obtain
the experimental distributions. This is by itself an interesting issue. When
using a limited number of probing positions it is possible to observe some
noticeable errors in average NNSD and SR (given in Fig. 2.12 and Fig. 2.13).
This makes analysis (e.g. determination of the fraction of lost resonances)
less precise.

We dealt with a considerable amount of lost resonances in our exper-
iments. This amount is higher than found in earlier reports like [24] by
Nogueira et al. However, these experiments [24] were performed under ide-
alized circumstances. Firstly, aluminum plate resonators were used instead
of the volume ones in present work. Secondly, a vacuum chamber enclosing
the sample was used to increase the isolation and therefore increase quality
factors of the resonances. Thirdly, probably better support mechanism was
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Fig. 2.14: Red, green and blue curves show the moments for the three models
for the NNSD (Exponential or Poisson, GOE and GUE respectively).
Green signs show values of the same moments calculated from experi-
mental data for cavity#2. Different signs refer to different experiments
corresponding to different positions of source and receiver on the surface
of the sample.



2. Statistics of resonances with time-reversal invariance 58

0 1 2 3 4 5

0

1

2

3

4

5

6

central moment order

ce
nt

ra
l m

om
en

t v
al

ue

Central Moments

GOE
GUE

moments of the
experimental
distributions

Fig. 2.15: Red, green and blue curves show central moments for the three models
for NNSD (Exponential or Poisson, GOE and GUE respectively). Green
signs show values of the same central moments calculated from experi-
mental data for cavity#2. Different signs refer to different experiments
corresponding to different positions of source and receiver on the surface
of the sample.
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Fig. 2.16: Skewness for the NNSD models (Exponential or Poisson, GOE and
GUE) is shown with red, green and blue lines respectively. Skewness
of distributions obtained from experiments on cavity#2 is shown with
green triangle signs. Different values of ”experiment#” on the x axis
(from 1 to 7) refer to different experiments corresponding to different
positions of source and receiver on the surface of the sample.
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Fig. 2.17: Kurtosis for the NNSD models (Exponential or Poisson, GOE and GUE)
is shown with red, green and blue lines respectively. Kurtosis of distri-
butions obtained from experiments on cavity#2 is shown with green
triangle signs. Different values of ”experiment#” on the x axis (from 1
to 7) refer to different experiments corresponding to different positions
of source and receiver on the surface of the sample.
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used as well.
We report experiments that have been done at normal room conditions in

air with support of the sample not entirely optimized. Therefore, a bit worse
resonance detection conditions are indeed in place. However, our approach
opens the possibility to explore experiments making use of RMT statistics
on arbitrary samples under non-optimized conditions. This is important for
validating the RMT statistical approach for probable future applications in
mechanical engineering.

2.5 Summary of experiments without breaking time reversal

invariance

The distributions of the intensity transmission coefficients studied in the
narrow frequency bands confirm random division of pulse intensity between
the cavity waves for both studied cavities. Division of the frequency band
into intervals by cavity resonances for cavity Nr. 2, characterized by the
NNSD, is found in agreement with the prediction of RMT for GOE. Perfect
agreement, however, is achieved when accounting for a fraction of the lost
resonances (about 25%). The corresponding SR shows behavior close to
the GOE model that involves logarithmic saturation of the SR. The curve
that shows SR in case of GOE model with 25% of eigenvalues lost offers
even better fit to the spectral rigidities determined from the experiment. So
both NNSD and SR can be identified as predicted by the GOE statistics,
however a relatively large fraction of the lost resonances (25%) has to be
assumed to achieve such an agreement. The SR calculated from the data of
the experiment for a symmetric cavity (cavity #1) is systematically larger
than in the comparable case of an asymmetric cavity (cavity #2). This agrees
with the concept of coexistence of odd and even independent sequences of
resonances.

The normalized amplitude of the reconstructed pulse in the time reversal
experiment deviates from exponential dependence on the time delay if the
last one is getting smaller and approaches the Heisenberg time (inverse of
the average nearest neighbor resonance spacing).

The two aluminum samples can be used further to study random matrix
statistical properties and time reversal experiment efficiency for the case of
broken time reversal invariance which will be studied in Chapters 4 and
Chapter 5 in detail.

We also found that moments and central moments of different order,
skewness and kurtosis for the NNSD determined from experiment fall close
to the values corresponding to the GOE model. These values actually fall
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in between the GOE values and values corresponding to random arrange-
ments of resonance frequencies, Poisson model. This may be considered as a
consequence of the lost resonances.

Before using the samples in experiments where time reversal invariance
is actively broken, we would like to have further evidence to support that
the aluminum cavities are indeed following GOE statistics, despite the fact
that the lost resonances modify the statistics calculated from the observed
experimental data. Therefore we performed numerical simulations on an
ideal representation of the cavities. These simulations are presented in the
next chapter.


