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Abstract. We report on polarimetric studies for the diffracted light originated from
acousto-optic (AO) diffraction at a longitudinal acoustic wave. A particular case of
intermediate Bragg—Raman—Nath diffraction regime in fused silica is considered.
We find that for the incident circularly polarized optical waves the ellipticity of the
diffracted wave is determined by the ratio of elasto-optic coefficients p;; and pi,,
while for the incident linearly polarized waves this ratio is determined by the
azimuth of diffracted wave. The ratio of coefficients determined in this way agrees
well with the literature data. We detect a small deviation from linear polarization for
the diffracted optical waves under condition when the incident waves are linearly
polarized. This deviation can be caused by changing phase difference of the
diffracted eigenmodes.
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1. Introduction

Acousto-optic (AO) diffraction is a well-known phenomenon that consists in diffraction of optical
waves on the phase grating caused by an acoustic wave (AW) via elasto-optic (EO) effect (see,
e.g., Refs. [1-3]). The characteristics of diffracted wave depend on many parameters. So, the
efficiency of AO diffraction is given by the formula
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is the AO figure of merit, p the material density, p, the effective EO coefficient, A the

wavelength of optical radiation, 6, the Bragg angle,v and P, denote respectively the velocity and
the power of the AW, and / and b the interaction length and the height of acoustic beam,
respectively. In the case of n « 1, Eq. (1) can be simplifies to
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Eq. (3) demonstrates that the efficiency of AO diffraction depends on the AO figure of merit
and a number of geometric parameters. In its turn, the AO figure of merit given by Eq. (2) depends
on the constitutive parameters of a medium such as refractive indices, EO coefficients, material
density and elastic-stiffness coefficients determining the velocity of AWs. Then the intensity / of
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the diffracted optical wave is determined by the efficiency of AO diffraction as / =n/,, where I,
is the incident light intensity.

The diffracted optical wave is also characterized by its polarization and phase. The
polarization of the diffracted wave depends on the type of diffraction. When the optical
eigenwaves are linearly polarized, the diffracted-wave polarization can be parallel (in case of
isotropic type of diffraction) or perpendicular (in case of anisotropic diffraction) to the polarization
of incident optical wave, while the latter polarization is parallel to one of the eigenvectors of
optical-impermeability tensor B, . Let us consider the isotropic diffraction type. In general, the

diffracted wave has to be elliptically polarized when the incident optical wave is linearly polarized
at some nonzero angle with respect to the eigenvectors of the impermeability tensor. Then the
elliptical polarization is in fact caused by different EO coefficients (or refractive indices) that
correspond to different orthogonal eigenvectors of the B, cross-section, which is perpendicular to

the diffracted wave vector. This follows from the relation written for the electric field of the
diffracted wave:

E =B,D; = pyej » 3)

where D, is the electrical induction of the incident optical wave, Pi the EO coefficients,

Q
€ the strain caused by the AW with the frequency €. The ellipticity of the diffracted optical
wave is defined solely by the ratio of EO coefficients only in the case when the phase difference

between the diffracted eigenwaves with mutually perpendicular polarizations is not changed. Of

course, the phase of the diffracted wave is changed due to Doppler effect (0, £Q) whenever the

diffraction occurs on running AW. This additional phase shift is equal to 6 =+ , where @

denotes the frequency of the incident optical wave and ! the time. However, this shift remains the
same for the both diffracted waves with orthogonal polarizations. As a consequence, it makes no
impact on the polarization of diffracted waves.

It is worthwhile that possible changes in the phases of diffracted optical waves, which can
occur in the course of AO diffraction, have been rarely examined by researchers. One of examples
is the work [4] where it has been shown that, at the Bragg AO diffraction, the domains with higher
spatial coherence diffract with substantially higher efficiency than the domains with lower spatial
coherence. It is also known [5] that, in the course of the Bragg interaction, the degrees of spatial
coherence of the diffracted light beams can be controlled by either intensity or frequency of the
AW. Moreover, it has been demonstrated that the zero-order wave is less coherent than the
incident optical wave, whereas the diffracted wave of the order —1 is more coherent than the
incident light. Here the incident wave is partially coherent spatially. At the same time, the degree
of coherence of the diffracted optical wave is the same as that of the incident wave, whenever the
incident wave is highly coherent. Moreover, when the incident wave is highly incoherent, the
degree of coherence of the zero-order diffracted wave is the same as that of the incident optical
wave, whereas the wave of the order —1 becomes more coherent than the incident one.

All of these results imply that the phase of the diffracted optical wave undergoes some
change in the course of AO diffraction or, at least, the degree of coherence for the diffracted wave
can increase. The authors [6] have found that the optical phase of each order of the Raman—Nath
diffracted light fluctuate with the AW. As a result, the wavefront of each order of the diffracted
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light is modulated. It has been shown in our recent work [7] that the phase structure of the optical
vortex is preserved at the AO diffraction. However, this conclusion has been confirmed only
qualitatively, following from observations of spiral-like interference patterns which occur under
interference of the diffracted vortex beam with the reference Gaussian beam. Notice that the
change in the phase of the diffracted beam cannot be revealed when the phase depends nonlinearly
on the tracing angle, which changes by 27 around the vortex core. All of the facts discussed
above indicate that the problem of optical phase changes in the course of AO diffraction has not
yet been studied in sufficient detail.

The present work is devoted to the polarization of AO-diffracted wave in the simplest case of
AO diffraction at the longitudinal AW in isotropic media.

2. Experimental procedures and results
We studied the behaviour of light polarization using the AO diffraction of polarized light in
fused silica. A longitudinal AW propagated along ‘horizontal’ direction, which coincided with the
X axis of laboratory coordinate system. Lithium niobate transducer with the dimensions 5x3 mm?2
and the resonant frequency 50 MHz was used to excite the AW. The incident light was directed
normally to the AW in the horizontal plane, i.e. along the Z axis. The AO diffraction was studied
in the intermediate (Bragg—Raman—Nath) regime. The Klein—Cook parameter Q was close to the
unity (Q = 0.98). The probing light had both linear and circular polarizations. Polarization states of
the diffracted beams of the orders 0, +1 and —1 were analyzed by means of a rotating-analyzer
technique. To determine the parameters of polarization ellipse (the ellipticity angle € and the
azimuthal angle 0 of the major axis being counted counter-clockwise from the X axis), we used
experimental dependences of the intensity I recorded by a photodetector on the analyzers’ azimuth
@&  They were fitted with a standard function
_7 1+ cos2¢ cos[2(a —0)]

I=1 3

(4)

Here [, denotes the intensity of the light incident at the analyzer. Examples of the experimental

data and the fitting results are displayed in Fig. 1.
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Fig. 1. Dependence of intensity of diffraction order transmitted through analyzer on analyzer’s azimuth. Circles
correspond to experimental data and smooth line to fitting.
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The orientation and the ellipticity of the polarization ellipse were determined in the following
way. Two kinds of the probing light waves were used in our experiments. First, we utilized a
linearly polarized light. Four azimuthal positions of the input polarizer were chosen: 0, 45, 90 and
135 deg. The parameters of polarization ellipse of the light emergent from a sample (i.e., the
azimuth 6, the ellipticity angle & and the ellipticity itself, e= tang) were determined
experimentally for the following experimental conditions: (a) no ultrasound signal applied (i.e., a
case of no diffraction occurring), (b) a zero-order optical beam under condition when an
ultrasound signal is applied, and (c) the orders +1 and —1 of the diffracted optical beams under
condition when an ultrasound signal is applied. The results obtained for the linearly polarized
incident light are collected in Table 1.

Table 1. Polarization parameters of diffracted optical beams, as obtained for the linearly polarized
input light.

Output polarization
Ne  Polarizer’s azimuth p, deg . Mean ellipticity .
Azimuth 6, deg Ellipticity e
angle &, deg
p=0
no diffraction —0.002+0.042 0.136 0.0024
1 zero order 0.005+0.073 1.334 0.0233
—1 order 2.096+0.557 6.587 0.1155
+1 order 2.036+0.566 7.033 0.1234
p=90
no diffraction 90.062+0.028 0.00036 0.0000062
2 zero order 90.225+0.148 1.410 0.0246
—1 order 89.072+0.135 2.832 0.0495
+1 order 89.146+0.074 2.024 0.0353
p=45
no diffraction 45.020+0.037 0.000008 0.00000014
3 zero order 44.344+0.056 0.925 0.0161
—1 order 65.145+£0.175 3.118 0.0545
+1 order 65.133+£0.214 2.461 0.0430
p=135
no diffraction 135.008+0.078 0.00013 0.0000023
4 zero order 136.042+0.258 0.416 0.0073
—1 order 114.809+0.312 3.336 0.0583
+1 order 115.023+0.272 4.147 0.0725

After that, we used a circularly polarized probing light. To provide the circular polarization, a
quarter-wave plate was inserted behind the polarizer and in front of the sample. The fast axis of
the quarter-wave plate was oriented at the azimuthal position ¢= 0°. The circularly polarized
probing light waves of two alternative (‘left’ or ‘right”) handednesses were prepared via setting the
polarizer into the azimuthal positions p =45 or p =135 deg. The parameters 6, ¢ and e of the
polarization ellipse were determined experimentally under the same experimental conditions. The
results obtained for the circularly polarized incident light are gathered in Table 2.
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Table 2. Polarization parameters of diffracted optical beams, as obtained for the circularly
polarized input light.

Output polarization
Ne Input polarization Mean azimuth §, Mean ellipticity angle e,
Ellipticity e
deg &, deg

Left-handed circular

no diffraction — 44410 0.9796

1 zero order 17.679 43.862 0.9610

—1 order 87.538 24.335 0.4523

+1 order 87.638 24.479 0.4553
Right-handed circular

no diffraction - 44.068 0.9680

2 zero order 161.540 43.589 0.9519

—1 order 89.459 24.343 0.4524

+1 order 89.449 24.504 0.4558

3. Discussion

After analysis of the data presented in Table 1, one can assert that the linearly polarized light
oriented ‘horizontally’ or ‘vertically’ hardly changes the polarization under AO interaction. This
fact means that the above polarizations represent the eigenmodes for the experimental geometry
under test. When the input linear polarization is set at the ‘diagonal’ angular positions (45 or
135 deg), the outgoing light polarization is rotated towards the ‘vertical’ Y axis approximately by
the angle A8 ~ 20 deg (see Fig. 2).

Fig. 2. Schematic representation of changes in the
linear polarization azimuth occurring in the course of
AOQ diffraction in fused silica. Solid lines correspond to
input polarizations and dashed lines to polarizations of
diffracted light. 6;, and 6,, denote the azimuths of
input and output polarizations.

Xy

Let us remind the classification of AO interactions in isotropic solids suggested in Ref. [8].
When the incident light has the ‘horizontal’ polarization, we deal with the Type II of AO
diffraction, which is governed by the EO coefficient p;;. In case of the ‘vertical’ polarization we
arrive at the Type I of AO interactions, with the EO coefficient p;, being of interest. Finally, when
the incident light is linearly polarized at the azimuths 45 or 135 deg, both of the above types of AO
diffraction occur simultaneously. Due to different diffraction efficiencies for the ‘horizontally’ and
‘vertically’ polarized optical modes, the amplitudes of the output-field components are
proportional to the EO coefficients p;; and pj,. Then it is evident that the azimuth 6,,, of the
resulting linear polarization is given by the relations
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tand,,, =p,, / p, (0 =45 deg), (5)

tand,, =—p,, / p;, (0 = 135 deg). (6)

Following from the output polarization azimuths collected in Table 1, which are concerned
with the input azimuths 45 and 135 deg, one can calculate the four p,/p;; ratios: 2.159; 2.158;
2.163 and 2.142, with the mean value amounting to {p,/p1) = 2.155. According to the handbook
[9], the EO coefficients of fused silica are equal to p;; = 0.121 and p;, = 0.270. This gives the ratio
p1o/p1 = 2.231, which is very close to the mean value obtained from our experiments.

Now we proceed to the analysis of transformation of circularly polarized incident light at the
AO diffraction in fused silica. The results of Table 2 lead to conclusion that the polarizations of
the diffracted beams (the orders +1) are elliptical, with the major axes of ellipses being oriented
close to the Y axis and the ellipticities e being close to 0.45. This is illustrated schematically in
Fig. 3.

Xy

Fig. 3. Schematic representation of changes in the circular polarization occurring in the course of AO diffraction
in fused silica. Solid line corresponds to input polarization and dashed line to polarization of diffracted light.

The explanation of transformations of the circular polarization is very similar to that
occurring in the case of linear polarization. The only difference is as follows: now the ‘horizontal’
and ‘vertical’ eigenmodes in the sample are shifted by the angle £90 deg. After AO interactions,
the amplitudes of the output-field components differ due to different effective EO coefficients py;
and pj,. A superposition of these orthogonal components gives the polarization ellipse, with the
ellipticity e equal to the ratio pyi/p12:

€ou = tan(&ou) = pri/pia. (7

Using the reference EO coefficients p;; and p, specified above, one can calculate their ratio
as p11/p1o =0.4481. The ellipticities obtained experimentally (see Table 2) are equal to 0.4523,
0.4553, 0.4524 and 0.4558, whereas the mean value amounts to {e) = 0.4539. Therefore, the
measurements of the polarization state for the light diffracted from the AO cell allow one to
determine the ratio of EO coefficients p;; and p, in the case of vitreous solids.

Another interesting fact can be extracted when analysing thoroughly the data of Table 1.
When the linearly polarized probing light is used, the diffracted beams become slightly elliptically
polarized, with the ellipticity angle having the order of magnitude ¢ ~ 3 deg. This could indicate
that some phase retardation between the ‘horizontal’ and ‘vertical’ eigenmodes arises in the course
of AO interaction, of which value can be estimated as ¢ = 2¢ ~ 6 deg. Clarification of this effect
needs further studies based upon high-accuracy polarimetric techniques.
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4. Conclusion

In the present work we have studied the polarization of light diffracted at the longitudinal AW.
The intermediate Bragg—Raman—Nath regime of diffraction in fused silica has been examined. The
diffracted waves of the orders =1 become elliptically polarized when the incident optical waves are
linearly polarized with different azimuthal orientations or have left- or right-handed circular
polarizations. For incident circularly (linearly) polarized waves the ellipticities (azimuths) of the
diffracted waves are determined by the ratio of EO coefficients p;; and p;,. The appropriate ratios
determined from our polarization measurements are in good agreement with the data known from
the open literature. Finally, a small deviation from the linear polarization state of the diffracted
waves is detected when the linearly polarized light is incident on a sample. This deviation can be
caused by changes in the phase difference of the diffracted eigenmodes.
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Anomauin. Bukonano nonspumempuyni 00CiONCeHHs: OUPpaco8ano2o ceimid, wo 3 s6Isemoesl
sHacnioox axycmoonmuunoi (AO) ougpaxyii Ha no3006dxcHill akycmuuniu xeuni. Pozensnymo
BUNAOOK  NPOMIdCHO20 pedcumy ougparyii bpecea—Pamana—Hama 6 nnaeirenomy keapyi.
Tokazano, wo eninmuunicme i asumym Ou@pazo8anoi Xeuil SUSHAYAEMbCS BIOHOULEHHIM
NPYACHOONMUYHUX Koeiyienmis p;; i pir. Busnauene y makuii cnoci6 sionoutenns Koe@iyichmis
000pe Y320001cyembCsl 3 JimepamypHumu OaHumu. Busieneno nesnaume 6iOXunenHst 6i0 NiHIUHOL
noaspuszayii 0 OUPPa208anUXx ONMUYHUX XEUTb 3d YMOGU, KOJIU NAOAIOYL X6UNi MAIOMb JIIHIUHY
nonspuzayiro. Lle eioxunents moice Oymu UKIUKAHe 3MIHOI0 pisHuyi (a3 Oudpazo8anux e1acHux
X6Ub.
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