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We present here some results of our research related to the optoelectronics and photonics and show all the
experimental setups used. Starting with a discussion on the importance of the waves, we demonstrate our achieve-
ments based on employment of acoustic, optical, and microwaves and their technological use. The results con-
cern the acousto-optic and electro-optic effects. The generalized analysis of the electro-optic effect reveals a new

high induced birefringence in lithium niobate.

A patented optical fiber microphone is presented, and its ap-

plications to the measurements of acoustic wave velocity in gases and in the laser ultrasound non-destructive
evaluation system are discussed. Finally, the generation of microwaves by an optical method with substantial

cost reduction is presented.
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1. Introduction

The word “wave” is so meaningful for those tracking the
nature and related achievements from the scientific and
technological point of view. The wave comprehension,
theoretically and experimentally, changed so much along
the history. The acoustic and electromagnetic waves are
directly related to sensors, featuring mixing effects, mixer
devices, and modulations. In this paper, some results of
the research related to the acoustic waves, optical waves,
and microwaves are discussed, with a special emphasis on
the optically generated signals. All this work has been
done in Brazil. The topic of the research belonged to the
field of optoelectronics, and more recently, to the field
of photonics. The subjects of research presented here
can be summarized as follows: acousto-optic and electro-
optic effects, acousto-optical spectrometer, optical micro-
phone, laser ultrasound, optical microwave oscillator.

2. Acousto-optic and electro-optic effects

Starting with the acousto-optic and electro-optic ef-
fects, the characteristics of acoustic and optical waves are
related to the material properties of their propagation
media. In our laboratory, the bulk optical modulators
based on quartz, lithium niobate, and tellurium diox-
ide were constructed with an operation frequency from
20 MHz to 40 MHz.

The acousto-optic effect was considered in two aspects.
Initially, the basics of the acousto-optic interaction itself
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were the subject of analysis. With a better comprehen-
sion of the acousto-optic interaction acquired, the appli-
cations became the aim.

An extended work on the combination of acousto-optic
and electro-optic effects was conducted in order to over-
come the trade-off between the diffraction efficiency and
bandwidth [1]. The phase mismatching is a key param-
eter for the acousto-optic interaction. The control of
this important parameter by adjusting the refraction in-
dex via the electro-optic effect is the basic idea to com-
bine those two effects. To investigate the sensibility
of the refraction index to the direction of applied elec-
tric field F, a new generalized coordinate system was
used. The new system has three orthogonal axes Xi,
X5, and X3. The generalization of the electro-optic effect
analysis comes from an arbitrary orientation of X; X5 X3
system (to write the index ellipsoid) with respect to the
XYZ crystallographic axes. The applied electric field was
considered to be always directed along the X; axis, and
the set of the Euler angles [2] was used to point the elec-
tric field along an arbitrary direction.

Calculations of the natural and induced birefringence
were performed for different cases of the optical beam and
electric field directions: (1) the optical beam propagates
along X, the longitudinal electro-optic effect, (2) the op-
tical beam propagates along X, or X3, the transverse
electro-optic effect.

Lithium niobate was considered as the electro-optically
active medium, the optical wavelength was equal to
0.632 pum and the amplitude of the applied electric field
was equal to 5000 V/m. Figure 1 shows the orientation
of axes corresponding to the maximum induced birefrin-
gence, which is obtained at the angle ¥ equal to 41° for
the electric field applied along X; and optical propaga-
tion along X [3].
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Fig. 1. Orientation of applied electric field in the co-
ordinate system with axes X1, X2, X3 rotated with re-
spect to the crystallographic axes X, Y, Z. The Euler
angles: ¢ = 0°, 8 = 90°, ¢ from 0° to 90°; optical
propagation along Xo.

3. Acousto-optic spectrometer

In order to practically apply the acousto-optic ef-
fect, a set of acousto-optic spectrometers was imple-
mented. They were used at the Itapetinga Radio Ob-
servatory (ROI), where a radio astronomy spectrometers
development program was conducted.

Considering the applications of the acousto-optic effect
a set of acousto-optic spectrometers were constructed.
The main results were obtained at the Radio Astronomy
Observatory of the ITAPETINGA, ROI, where a radio
astronomy spectrometers development program was con-
duced. The main results were in the field of galactic as-
tronomical radio sub-millimeter sources observations [4]
with a great sensibility and wide instantaneous receiver
intermediate frequency bandwidth of 100 MHz [5].

4. Optical microphone

4.1. Implementation

The detection of acoustic waves is an intense field of
research with several different applications. We inves-
tigated the optical microphone based on optical fibers.
The interest in this device comes from the advantages it
offers as compared to conventional sensors, such as the
electrical and chemical passiveness and immunity to elec-
tromagnetic interference (EMI) [6-9].

The general scheme of the optical microphone is shown
in Fig. 2. The optical microphone we initially made
comprised a light source, two step-index optical fibers,
a lens, a membrane, and a photo-detector. The light
source was a He—Ne laser with the 633 nm wavelength
and 10 mW power. A dielectric mica film was used as
reflective membrane. The lens had a 5 mm focal dis-
tance, and a PIN photodiode OPF480 was employed as
photodetector. The entire optical system was mounted
on a trail over a granite table. The optical microphone
experimental setup is depicted in Fig. 3.
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Fig. 2. General scheme of optical microphone.
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Fig. 3. Optical microphone setup.

The output spectrum of the optical microphone was
analyzed with the input sinusoidal signal at frequencies
2, 4, and 6 kHz. The spectrum for each signal is shown
in Fig. 4. The dynamic range measured from these
spectra is better than 50 dB with a noise level around
—80 dB up to 12.5 kHz. In view of the results obtained,
in addition to the low cost and simplicity of the con-
figuration, this system becomes competitive compared
to more costly and complex systems, which use DFB
lasers, acousto-optical modulators and fiber optic direc-
tional coupler [6], fiber bundle [7], and interferometer
mounting [10].

Two important applications of the developed optical
microphone are presented in the present paper. The first
one is characterization of gases by measuring the speed
of sound, which is described below. Next, the laser ultra-
sound application for non-destructive evaluation (NDE)
is described.

4.2. Sound speed measurements

The optical microphone was used to examine the possi-
bility of measuring the speed of sound in gases [11]. This
work was stimulated by the research program for rocket
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Fig. 4. Frequency domain output at (a)
(b) 4 kHz, (c) 6 kHz.

2 kHz,

engine development. Measurements of the sound speed
in a gas flow obtained directly from a rocket engine test
(“bank shot”) are of great interest since they allow for
assessment of the actual performance of the engine.
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Fig. 5. Optical microphone setup for sound speed mea-
surements.

The setup for measuring the sound speed in gases is
shown in Fig. 5. It comprises the @Q-switched Nd:YAG
laser with the following characteristics: wavelength of
1064 nm, pulse width (FWHM) of 9 ns, maximum en-
ergy per pulse of 420 mJ, and maximum repetition rate
of 10 Hz. The laser beam focused by the positive lens

(focal length 100 mm) triggers an electrical breakdown
in the dielectric gas (air, in the case described here),
which in turn generates an acoustic pulse. That pulse
travels a distance, reaches the optical microphone and
the detected signal is registered by a digital oscilloscope.
The light emitted by the air breakdown acts as a trigger,
detected directly by the photodetector. From the time
difference between the trigger and the acoustic pulse, the
sound velocity in the air is calculated.

The mean value of the obtained speed of sound is
342.3 m/s with a standard deviation of 1.1 m/s, i.e., with
precision of 0.3%. These results agree very well with the-
oretical values [12].

4.8. Laser ultrasound for nondestructive evaluation

After the results with the optical microphone in gases
were obtained, the system shown in Fig. 3 was applied
for detection of laser generated acoustic waves in solids.
In this case, the reflective membrane was replaced by the
surface of a solid under test. The @Q-switched Nd:YAG
laser (the same as described above) was used to gener-
ate acoustic waves in solid samples as shown in Fig. 6.
In some cases, the generation of acoustic waves occurred
in the ablative regime [13]. A new sensor was constructed
specially for the purpose of the laser ultrasound tests.
It was initially used for characterization of a piezoelec-
tric transducer, and later served as a part of the laser
ultrasonic NDE setup.
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Fig. 6. Laser ultrasound setup for mnondestructive

evaluation.

The velocities of longitudinal, shear, and surface acous-
tic waves were measured in aluminum samples yielding
the values of 6.43, 3.17, and 2.96 mm/us, respectively,
with an error smaller than 1.3% [14]. Our sensor proved
to be a suitable alternative to piezoelectric or interfero-
metric detectors for detection of ultrasonic waves, time-
of-flight measurements, and nondestructive inspection.

5. Optical oscillator
for microwave signal generation

The optoelectronic generation of microwaves by an op-
tical oscillator was first reported during the 1990’s [15].
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The optoelectronic oscillator (OEO) is a ring optical cir-
cuit with a fiber-optic length closing the feedback path.
The feedback length determines the time delay that de-
fines the frequency step in the radio frequency output
spectrum. The OEO is a dual output generator. It has
one output in the optical domain, which can be used to
send a microwave signal along an optical fiber link, and
the other output in the radio frequency domain, which
releases locally an electrical high-frequency signal.

During the OEO development, we introduced small
but important changes as compared to the first OEO
reported before. The delay element we used was not an
optical fiber but a coaxial cable after the photodetector.
The delay occurred in the radio frequency domain and
not in the optical domain within the optical fiber. Evi-
dently, using an optical fiber the same delay time 7 can
be obtained with less weight and volume than using a
coaxial cable. However, replacing the optical fiber by the
coaxial cable as a delay element is based on the two im-
portant reasons. First, the optical fiber is very sensitive
to temperature, and the effects of radiation into a space
are not completely understood. A coaxial cable of com-
paratively small length (1 m) provides a cheap, stable and
reliable delay component that can be easily constructed.
Secondly, substitution of the dual-output modulator
by the single-output one leads to cost reduction.
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Fig. 7. Schematic of optoelectronic oscillator.
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Fig. 8. Spectrum of the optoelectronic oscillator radio-
frequency output signal.

The schematic of the optoelectronic oscillator con-
structed is shown in Fig. 7 with the optical and elec-
tric domains indicated. The amplification for the feed-
back loop gain (in the electrical domain) was 40 dB.
The light source was a distributed feedback (DFB) laser
pigtailed with an output power up to 20 mW and op-
erating at 1500 nm. Instead of a dual-output Mach—
Zehnder (MZ) optical modulator, a single-output modu-
lator followed by a directional coupler with output ratio
equal to 30/70 was used.

Figure 8 shows the 2.5 GHz spectral component at the
oscillator RF output [16]. The line width is less than
30 kHz and the output power is —27 dBm. Such a sig-
nal exists also in the optical domain. This allows for
transmission of the signal from the optical output of the
oscillator using an optical link. This is important, since
the distributed radar stations are the basic systems to be

connected to a remote OEOQO.

6. Final comments
A set of results dealing with acoustic waves, electro-

magnetic waves and microwave signals was presented.
The results are related to the laser modulation, spec-
tral analysis of microwave signals based on acousto-optic
spectrometers, acoustic wave detection, nondestructive
evaluation in laser ultrasound systems and the microwave
generation by optical methods.
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