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Modeling of speckle metrology technique of detecting the medium
acoustic oscillations
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V.N. Karazin Kharkiv National University, Ukraine

To describe the speckle metrology technique of detecting the medium acoustic
oscillations, the acousto-optic modulator circuit was assembled. It is based on the
process of double laser beam propagation through a medium with regular phase
changes induced by the acoustic wave. Spectral analysis of photocurrent, obtained by
direct photodetection of the laser radiation, allows us to detect frequency of acoustic
oscillations in the medium. According to presented scheme the computer model is
developed. The simulation results, obtained for the various parameters of the acoustic
wave, are described. The case of excitation of two acoustic waves with different
frequencies is partially considered.
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J1s  omucy CHEKJIOMETPUYHOTO METOLY BHSBICHHS AKYCTHYHHX KOJIMBaHb
cepenoBuiIa OyiI0 3i0paHO CXeMy aKyCTOONITHYHOTO MOAyNsATOpa. BiH 3acHOBaHuUil Ha
MPOIIECi ABOPA30BOTO MOMIMPEHHS Ja3ePHOTO BHIIPOMIHIOBAHHS Kpi3b CEpEeOBHIIC 3
perymsipHuMH 3MiHamu (a3 mig Jiero akyctudHol xBwmii. CHeKTpaibHUH aHai3
¢doToCTpyMy, OTPHMAHOTO IUIIXOM TIPSIMOrO  (POTOJETEKTYBaHHS JIa3ePHOTO
BUIIPOMIHIOBAHHS, JO3BOJISIE BU3HAUYUTH YaCTOTY aKyCTHYHUX KOJHMBAHb CEPEIOBHUIIA.
3riJHO TNpeiCTaBIeHOI CXeMH pPO3pOOJIICHO KOMI'IOTepHY Mozenb. OnucaHo
pe3yNbTaTH MOJETIOBAaHHS, OTPUMAaHI IUIA PI3HUX IMapaMeTpiB aKyCTUYHOI XBHIIL.
YacTKOBO PO3MVISIHYTO BHMIANOK 30YyMKEHHS JABOX AaKYCTHYHUX XBHJIb 3 DPIi3HHMH
YaCTOTaMH.

Knrouosi  cnosa: cnexnomempis, axKyCcmuuyHi KOMUGAHHs, pempopeprexmop, pazoeull

mpancnapanm.

Jlnst onucaHus CIeKIOMETPUYECKOTr0 MeTo 1a OOHAPYKEHHS aKyCTHYECKHX KoJieOaHui
cpenpl OblIa coOpaHa cxeMa aKyCTOONTHYECKOrO MOAYJIATOpa. B ero ocHoBe nexut
HpOILleCC JIBYKPATHOTO IIPOXOXJICHHMS JIA3ePHOTO W3Iy4EeHHs Uepe3 cpemy ¢
peryJsipHBIMH M3MEHEHHSMH (a3, BBI3BAHHBIMH [EHCTBHEM aKyCTHYECKOH BOJIHBI
CrieKTpasbHBII aHam3 ¢dortoToka, MTOTY9€HHOTO myTeM MIPSIMOTO
(OTOETEKTUPOBAHUS  JIA3€PHOTO  M3JIYYCHHs, IO3BOJSET OMPEACIHTh YacTOTY
aKyCcTHUeCKHX KojeOaHuii cpenbl. COTacHO TPENCTaBICHHOH cxeme paspaboTaHa
KOMIBIOTepHast Mojeib. OnucaHbl pe3yJbTaThl MOJECIMPOBAHUS, IOJYYCHHBIE IUIS
pa3NUYHBIX IapaMeTPOB aKyCTHYECKOM BOJHBL. YacTHYHO pPacCMOTPEH Ciydai
BO30Y)KACHHS IByX aKyCTHUECKHUX BOJIH C Pa3HBIMH 4aCTOTaMHU.

Kniouesvie cnoea: cnexnomempus, axycmuueckue xonebanus, pempopegpiexmop, ¢hazoeblil
mpaucnapanm.

1. Introduction

Methods of studying medium acoustic oscillations by means of light beams were
widely used before the invention of lasers [1]. Acousto-optic interaction theory [2] and
its application in various fields of technology [3] relate to a situation where the
acoustic wavelength is much smaller than the diameter of the associated optical beam.
As a result, in that case, the light diffraction effect by ultrasonic waves arises. In the
opposite situation, when the diameter of light beam is less than the acoustic
wavelength, the diffraction effect does not occur. Therefore, it is necessary to use
other physical phenomenon to study the properties of acoustic waves (their amplitude,
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frequency, etc.). One of such approaches is based on analysis of the speckle image
resulting from the laser beam passing through the acoustic barrier and scattering on
the rough surface.

Speckle metrology, i.e. the spatial structure analysis of laser light scattered on the
rough surface and its time history, is currently commonly used tool for a wide range of
applications. For example, using this method is carried out measuring local
deformations and displacements of objects [4, 5]. Laser speckle velocimeters allow us
to measure the lateral objects velocity against the beam direction [6, 7]. By means of
analysis of the speckles change dynamics in space the vibration of local areas of
objects surface can be measured [8, 9].

One of the significant limitations when using the speckle measurement method is a
wide angular spectrum of the laser light scattered on the rough object surface. This
leads to a rapid decrease in power of the received radiation with an increase of
measurement range. By covering the object surface with retro-reflecting arrays (RRA)
a significant increase of spatial concentration of the scattered radiation can be
achieved. These coatings are currently widely used, for example, to enhance the
visibility of the road signs, clothing, vehicles, etc. They consist of a large number of
glass microspheres or microprisms [10] with characteristic dimensions ranging from
tens to hundreds of micrometers and disposed on a substrate in random manner
(microspheres) or relatively regular (microprisms). When the laser radiation falls on
such surface, the light field is transformed in accordance with the laws of beam pass in
each element of the RRA. The transformed radiation propagates in the direction of the
laser source within a small angle of a few degrees. That process creates the speckle
image within the receiving plane as a result of interference of waves re-emitted by
each element. Use of RRA significantly increases the laser radiation capacity observed
in a receiver plane. That allows us to increase observation distance and precision of
measurements. In some applications, such devices are called retro-reflective laser
sensors (RRLS) [11].

The possibility of using RRA in speckle metrology techniques are discussed, for
example, for vibrometry [12] and speckle velocimetry [13] issues solving. The
analysis of dynamics of the speckle pattern allows us not only to determine the
behavior of the object surface, but also to detect changes in the state of the
environment of the laser radiation between the laser and the object. For example, a
technology of detecting random phase distortions generated from the heat source using
the previously described method is discussed in [14]. The phase inhomogeneities of
medium may be a random, caused by atmospheric turbulence, and regular, caused by
acoustic oscillations of the acoustic generator. The paper [15] shows how random and
regular variations in density of air can be detected by direct detection of scattered laser
radiation. This spatial heterogeneity of the scattered laser light in the plane of
observation (speckle pattern) is a key factor. Devices built on this principle can be
called ARRLS (acoustic retro-reflective laser sensors).

Regular medium density fluctuations are created due to the excitation of a acoustic
wave in the direction perpendicular to the laser beam crossing it, together with an
acousto-optical interaction. The effectiveness of this interaction depends on several
factors: the radiation power, the aspect ratio of the beam and acoustic wavelength, the
location of the beam along its path, etc. The study of such characteristics of this
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acousto-optical interaction type is conveniently carried out using the method of
computer simulation.

2. Detector description
The simulation was performed for the conditions corresponding to the experimental
setup (fig. 1) as described in [15].

- I
1 “AZAZA7A
LASER . mvr‘x
I 4
v 1 . '\\/)‘,L N

PHOTODETECTOR ~~\/

Fig.1. Acousto-optic modulator diagram.

It consists of the laser, the beam splitter, the phase transparent created by the
travelling acoustic wave at a distance | from the laser. Laser beam diameter is d. The
acoustic wavelength is A .

The RRA is situated behind the phase transparent, created by acoustic wave. It
consists of tetrahedral retro-reflectors with characteristic dimension of element - o .
Photodetector with a square aperture of side D detects the scattered radiation.

3. Theoretical formulation
The initial structure of the beam was set in the form of a plane wave with a
Gaussian distribution of the amplitude (1)

E, (x,Y.0)= Ay, exp[—X =y J (1)

20°
It shall be noted that the approach to creating a computer model is described in
[14]. There the phase transparent is formed by turbulent layer with a random two-
dimensional phase distribution. In this paper, one-dimensional sinusoidal phase

grating with phase distribution described by equation (2) was used as a phase
transparent

wac(y)=A-sin[%—A¢j, @

where A is an amplitude of the acoustic wave, A¢ is a phase shift, which provides a

simulation of a change of a travelling acoustic wave.
Thus, the structure of the field of laser radiation passing through this transparent is
calculated by:

E, %y, D=E (XY )T (), ®)
where T,_(y)=e"=" is the transmission function of the phase transparent.
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Since conditions of modeling assumed that d >> A patterns of change in amplitude
and phase in the area from transparent to RRA determined by the laws of geometrical
optics, which do not change the phase ratio within the light beam.

The transformation behavior of the amplitude-phase distribution of the light wave
in the RRA is described by a function K., (x,y). Detailed description of the method

of its calculation can be found in [14]. In calculating this function we take into account
the reflection features from each of the three faces of the elementary retro-reflector,
which lead to a change in amplitude, phase, and direction of propagation of the beam.
The light wave with an amplitude-phase distribution described by (4), propagates
onto the opposite direction:
E;(X,y,L)=E,(X, ¥, L) Kgra (X, Y) - 4)
At the same time as a result of diffraction the light wave described by (5) is ensued
in the phase transparent plane:

k el IK[(x = X)? + (Y~ y)°]
E,(x,y,)=——— | E.(X,y)ex x'dy'. 5
(Y1) zﬂi(L_u)! LY p{ 21, y'. ()

Repeated passage of the light wave through a phase transparent with a transmission
function T, (y) changes its structure.

Further, the light wave propagates in the direction of the laser and forms a light
wave, defined by (6) in the receiving plane.
E(xy, 0)=E,(x,y, ) T.(y). (6)
There is carried out the photodetection of the obtained intensity distribution, and its
integration within the receiving aperture with dimensions D (fig. 2).
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Fig.2. Receiving aperture.

4. Simulation results and analysis

Simulation data represents that the travelling acoustic wave leads to the harmonic
displacement of the diffraction pattern formed in the receiving plane in accordance
with the laws of the changes of the acoustic wave. Since the diaphragm is fixed, at the
photodetector output harmonic oscillations of the photocurrent are generated.

Spectral analysis of these fluctuations shows the adequacy of the laws of changes
in air density in the acoustic wave.
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Fig.3. Photocurrent fluctuations.

Fig. 3(a) shows the trend in the photocurrent when the acoustic wave values A
equal to 24mm, 36mm and 56mm. Spectral analysis of these fluctuations is shown in
fig. 3(b). It illustrates the presence of monochromatic components, which corresponds
to changes in sound frequency. It also shows that the oscillation amplitude of the
photocurrent varies. It increases with decreasing the acoustic wavelength.
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Fig.4. Dependence of photocurrent amplitude on the acoustic wave amplitude.



BicHuk XapkiBcbkoro HawjoHanbHoro yHisepcuteTy iMeHi B. H. KapasiHa, 2016 43

Fig. 4 shows the trend of change in the amplitude of the photocurrent oscillations
when the amplitude of the acoustic wave A is changed. This dependence shows a
monotonic increase in the oscillation amplitude with increasing power of the sound.

; - 128 —+-256 ——512

0.8 N

0.6 - . >

04 - '~ AN

0.2 N

25 50 100

—+-128 —+ 256 ——512

0.8

0.6

0.4

0.2

25 50 100

Fig.5. Dependence of photocurrent oscillation amplitude on the acoustic wavelength for
different detection aperture.

Fig. 5(a) and 5(b) show the photocurrent oscillation amplitude changes depending
on the acoustic wavelength A and the detection area size of D. The dependencies are
shown for different phase transparent location on the propagation path of the beam.
Fig. 5(a) corresponds to | = 1m, fig. 5(b) - | = 2m.

These curves show that the effectiveness of this method of detecting acoustic
oscillations considerably depends on the ratio of the beam diameter d, and the acoustic
wavelength A . The greater acoustic wavelength is, the lower sensitivity of method is.

It can also be noted that the closer phase transparent is located to RRA (larger I),
the less difference between amplitudes of oscillations is expressed for all wavelengths
of acoustic waves and the integration area size D.

It may also be noted that a very important parameter in determining the efficiency
of detection of oscillations is the size of detection region defined by the value D (fig.
5(a) and 5(b)).
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From the analysis of dependencies in fig. 5, we can conclude that the value D is
more significant in the case where an acoustic wave is located close to the radiation
source. The value of D is less significant as approaching the acoustic transparent to the
RRA.

Results obtained with two excitation airborne acoustic waves at different
frequencies are also interesting. The simulation results showed that under the same
vibration amplitudes A;, =1 the superposition principle holds, i.e. there is no
interference of one wave to another and vibrations can be detected independently for
each frequency.

The photocurrent obtained by integrating the light power within the receiving
aperture (fig. 2) contains constant and variable components. The constant component
is not information, as opposed to the variable one, which is of interest to detect
vibrations in the medium.
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Fig.6. Dependence of variable and constant photocurrent components.

Fig. 6(a) and 6(b) show the ratio dependence of variable component to the constant
one for different acoustic wavelengths and sizes of the integration range for two cases,
the transparent location on the track: I = 1 m (fig. 6(a)) and | = 2 m (fig. 6(b)). These
diagrams determine the following: the relative value of a useful variable component
increases with decreasing the acoustic wavelength. This is obviously a result of a
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significant change in air density with changes in the acoustic wavelength, which leads
to considerable shifts of the diffraction pattern in the receiving plane. It may also be
noted that the ratio of the constant and variable components increases with decreasing
the detection area. This causes, apparently, a reduction in the constant component,
which is determined by the average power of laser radiation that is detected.

The simulation results for the case of detecting the amplitude of two acoustic
waves A; = A, = 1 at different frequencies f; and f, are also of interest. The results are
shown in fig. 7.
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Fig.7. Computer spectral analysis of two superimposed acoustic waves.

The figure, in addition to reference frequencies, clearly shows the detection results
of frequency components that are harmonics of the reference frequency 2f;, 2f,, and
combination frequencies (f, - f;) and (f, + f;). The presence of such spectral
components in the variable component of photocurrent is evident of the nonlinearity of
acousto-optical interaction of this mode. This non-linearity is the subject of further
research.

5. Conclusion

A computer simulation model of the speckle metrology method of detection of
medium acoustic oscillations was created. It is based on the propagation of the laser
beam through a medium with acoustic oscillations, on reflection from a RRA, on the
back-propagation and direct photodetection of the laser radiation. Spectral analysis of
photocurrent allows us to detect the frequency of acoustic oscillations in the medium.

The simulation shows that the effectiveness of this type of interaction rises with an
increase of the sound power, decreases depending on the wavelength and decreases
according to the detection area to a size comparable to speckle size. The amplitude
also increases as the phase transparent, generated by the acoustic wave, nearing the
receiving plane.

At large amplitudes of acoustic oscillations in the case of excitation of two acoustic
waves in the photocurrent spectrum the harmonics of the fundamental frequency and
combination frequencies appears.

The latter circumstance requires further additional research.
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