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Abstract. Based on the analysis of influence of a natural optical activity on the
efficiency of isotropic acousto-optic (AO) diffraction, it has been found that
accounting for the optical activity and a nonzero ellipticity of optical eigenwaves in
quartz crystals leads to a peak-like increase in the effective elasto-optic coefficients
and the acousto-optic figure of merit. We have shown that the AO figure of merit for
the type I of AO interactions increases by 54%, reaching the value 1.58x10"°s*/kg. In
case of AO interactions of the type II, it increases by more than three times and
achieves nearly the same value. A similar situation also occurs for the types III and IV
of AO interactions with the acoustic wave QT;. In particular, the peak value of the AO
figure of merit for the type III of AO interactions increases by 19% and reaches
1.22x107"s’/kg, while the AO figure of merit for the type IV of AO interactions
increases more than order of magnitude (from 9.6x10" to 1.22x10"s’/kg). The
results of our study can be useful for developing the AO devices based on crystalline
quartz and minimizing their energy consumption.
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1. Introduction
The influence of a natural optical activity on the conditions of acousto-optic (AO) diffraction has
been noted in the works [1, 2]. It has been shown that the optical activity affects the phase-
matching conditions at the Brillouin scattering and the polarization of diffracted optical wave,
provided that the incident light propagates along the directions close to the optic axis. It has been
demonstrated in our recent work [3] that the ellipticity of optical eigenwaves can enhance
essentially the efficiency of AO diffraction whenever the AO interaction takes place between the
optical waves which correspond to the eigenwave polarizations in optically active crystals.

One of the examples of such enhancement is a case of TeO, crystals [4] where the AO figure

of merit M, =n’n} péff / pv® (with n; and n, being the refractive indices of respectively the
incident and diffracted optical waves, v the velocity of an acoustic wave (AW), p, the effective

elasto-optic (EO) coefficient and p the crystal density) increases from (600-800)x10"" s*/kg for

linearly polarized optical waves up to 1200x10™"° s*/kg for circularly polarized optical waves. This
occurs when the incident and diffracted optical beams propagate in the vicinity of the optic axis.
Another example is optically active a-HIO; crystals. Here the AO efficiency also increases
significantly when the incident and diffracted optical waves propagate along the directions close to
the optic axis [5]. In the work [3], we have considered theoretically and experimentally a further
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example of PbsGe;Oy; crystals. It has been demonstrated that the AO efficiency can be enhanced
for all the types of AO interactions. Finally, the study [6] has proved that the AO efficiency can be
increased not only in naturally gyrotropic crystals but also in optically non-active crystalline
materials due to a magnetically induced Faraday rotation. In the present work we will concentrate
on commonly known optically active a-SiO, crystals.

Crystalline quartz is a well known material which is used in optics and optoelectronics due to
its wide range of optical transparency, high optical homogeneity, high optical-damage threshold
and low thermal expansion [7]. Different optical elements such as wedges, prisms, optical
windows and lenses are produced from fused silica. Moreover, quartz is one of the most efficient
piezoelectric crystalline materials that finds its applications in many devices such as piezoelectric
resonators, oscillators, quartz clocks, etc. [8—10]. The AO devices fabricated on the basis of quartz
crystals include, e.g., bulk and integrated optical modulators [11, 12] and tunable filters [13]. The
AO modulators on a-SiO, can be operated at the optical wavelengths ranging from ultraviolet to
near-infrared light (250-2500 nm), with the central AW frequency belonging to range 40—
500 MHz [14]. However, the AW power required for the quartz-based AO devices is high enough
and varies from 1 to 20 W [14]. This is due to a low AO figure of merit ((1.48-2.38)x107" s*/kg
[15]) peculiar for the case of AO interactions with longitudinal AWs, which follows from high
enough AW velocities (~ 6x10° m/s). On the other hand, high AW velocities imply a kind of
advantage of the AO devices. This provides a high repetition rate which is one of the most
important parameters for Q-switched lasers [16].

The aim of the present work is to show how one can enlarge the AO figure of merit of the
Si0, crystals due to its natural optical activity.

2. Method of analysis

a-Si0, crystals belong to the point symmetry group 32. They can exist in two enantiomorphous
modifications that differ by their signs of optical rotation. The crystals are optically active, with
the specific rotation equal to p =18.8 deg/ mm at the optical wavelength A =632.8 nm [17]. The

gyration tensor components at this wavelength are equal to g3 =10.06+0.07x107 and

g1 =—4.8£0.5x% 107 fora dextrorotary modification of the crystals [18]. The refractive indices
amount to n,=1.543 and n,= 1.552 [15]. The components p;;; of the EO tensor at 4 =538 nm
are as follows: Pu= 016, Pi3= 027, Pi2= 027, P1a= *0030, pP3= 029, P33z = 010, Pa= -0.047

and p44=-0.079 (it is supposed that the dispersion of EO coefficients in the region 538—632.8 nm
is week enough). The elastic stiffnesses C,,,;, are given by C,;=87.486, C53=107.2, C\,= 6.244,

Ci3=1191, Cu=57.98, Ces=40.626 and C,,=-18.09 GPa [19, 20]. All of these coefficients
have been measured under the condition of constant electric induction. Finally, the density of o-
SiO, amounts to p = 2649 kg/m3 .

The Z and X axes of the optical indicatrix for a-SiO, are parallel respectively to the three-fold
and two-fold symmetry axes. In our analysis, we will consider AO interactions between the optical
waves and the quasi-longitudinal (QL) or quasi-transverse (QT) AWs in the YZ plane. Let us
notice that the eigenvectors of the Christoffel tensor in the YZ plane are rotated only about the X
axis so that the solutions for the eigenvalues of this tensor can be obtained analytically. It is not so
for the XZ plane. We do not consider the interaction plane XY since the ellipticity of optical
eigenwaves in this plane is negligibly small, even though the AO figure of merit for the isotropic
AO interactions of the QL AW with the n.-polarized optical waves in this plane acquires a
maximum value, 2.38x107" s*/kg [15].
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The ellipticity of the optical eigenwaves is given by the relation [21]

__ 1 2 2v_ [o2_ 0 2\ . 6@
2= sa | -l ndracer )=, n

where G is the scalar gyration parameter and ¢ the angle between the Z axis and the propagation
direction of the incident optical wave. Note that the parameter

.2 2
G(¢) = gz3sin” ¢+ gy cos” ¢ (2)
and the refractive index
2.2
n|2 _ n() ne (3)
e™ 2 2 2 .2
n, cos” ¢+n, sin” ¢

depend on the propagation direction of the incident optical wave. The angle between the incident
and diffracted optical waves has been taken to be small enough (0.2 deg) and the Bragg angle is
equal to 0.1 deg. Then we have ¢ =0+0p, where O is the angle between the Y axis and the

wavevector of the AW in the YZ plane, while 6 denotes the Bragg angle. The frequency and the

velocity of the QL AW are equal respectively to f,=49.8 MHz and v,,=6022 m/s at
0p =0.1deg , where the v; indices indicate the directions of AW propagation (i) and polarization
(). If we consider the QT AWs with the velocities v,3 and v, the AW frequencies should be equal
respectively to 35.7 and 32.7 MHz at the same condition.

The AW velocities can be obtained on the basis of a Christoffel equation:

Ch + C44)cos2 0+ (Cyy +C33) sin” @ —sin 20C, N
2p

. . 2
vk = {(C“ —Cyq)c05° 0 +(Cyy — Cs3)sin* O —sin 29C14} , 4)

2
+4{0.5 $in 20(Cy3 + Cyy) — Cp4 c08> 9}

—

2p
W% \/C66 cos 0+ Cyy sin® 0 +sin 20C, )
21 - ,
(Cy1 +Cyq)c08” @ +(Cyy + Cs3)s5in” 0 —sin 20C;, ~
2p
OT] _ 2 B 2 2
V' = (Cy; —Cyq)co8” O +(Cyy —Cy3)sin” 6 —sin 29C14} . (6)

\ +4{o.5 §in 20(Cy3 + Cyy) — Cp4 c08> 9}2
2p
The angle of deviation from the purely longitudinal polarization state for the QL AW reads as
(Ci3+Cyy)sin20-2Cyy cos? 0
(Cyy —Cyy) €082 0 +(Cyy —Cy3)sin® 0 —Cpy sin20
Note that this angle defines the rotation of the coordinate eigensystem of the Christoffel

¢; =6 —0.5arctan @)

tensor around the X axis. The QT, AW is a purely transverse wave. The effective EO coefficients
for the types I and II of AO interactions (i.e., the isotropic AO interactions of the n,- and n,-
polarized optical waves with the QL AW) are as follows:
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21 2
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The relations for the types III and IV of isotropic AO diffraction of the n,- and n.-polarized
optical waves by the QT; AW are given by
pzﬁ({m) =(pi3sin@coss| — py, cosOsin g + pyy cos($) + 9))2
(p13sin@cos &) — pyycosOsing| — pyy cos(S; +6?))2 cos* 6
+(p33sin@cos{ — ps cosOsin g, )2 sin® 0

+0.5( pa; SinOcos ¢, + paq cos(&; +6)) sin’ 20 (10)
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Ukr. J. Phys. Opt. 2023, Volume 24, Issue 2 127



Mys O. et al

Finally, the isotropic types V and VI of AO diffraction of the n,- and n.-polarized optical
waves by the QT, AW can be described by the relations

Pt = plysin? 0+0.25, (( p3,sin® 0 — p? cos? 0)sin® 20 — py, py4 sin’ 29) . (12)
PV = ( Ppigsin® 0-0.25pf, sin’ 29)cos2(93 +0)+0.25p2, sin* (0 +0)sin* 20 13
—0.25p14 Pag SN 2(0p +0)sin’ 20 + y* p, sin? 6.

3. Results and their discussion

Cross-sections of the AW-velocity surfaces by the principal planes of the principal coordinate
system XYZ are shown in Fig. 1. As seen from Fig. la, b, the acoustic axis is parallel to the Z
direction. The transverse AWs with orthogonal polarizations propagate with the same velocity
along the acoustic axis. It is known that the orientation of this axis is determined by the crystal
symmetry [22]. The velocities of the QT waves with orthogonal polarizations, which propagate at
the angles 33 and 147 deg with respect to the X axis, differ by about 156 m/s (Fig. 1a). Hence, the
above directions cannot be classified as the acoustic axes. The direction in the YZ plane (see
Fig. 1b), which is given by the angle 157 deg with respect to the Y axis, does not represent the
acoustic axis since the difference in the velocities of the QT AWs is nonzero (~ 20 m/s). Finally,
there are no acoustic axes in the XY plane (see Fig. 1c).

Fig. 2 shows a dependence of the angle of deviation of the QL and QT; AW-polarizations
from the purely longitudinal or transverse states on the wavevector direction in the YZ plane. This
angle is equal to zero for the directions defined by 8 =40.5,90.0,107.5 and 162 deg and reaches

its maximal values, 20.0 and —26.3 deg, respectively at & =150 and 175 deg.
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v, m/s 90 o
7500 Z 4 QT, 750 v,m/s 907 QT,
aL
6000 600
4500 450
3000 300
1500 150
1500 150
3000 300
4500 450
6000 600
7500 750
(a) (b)
90 QT.
7500 ¥ m/s Y QTj
6000 QL
4500 150
3000
1500
0180
1500
3000
210 . .
4500 Fig. 1. Cross-sections of the surfaces of AW
6000 velocities by the principal XZ (a), YZ (b) and XY (c)
7500 planes in SiO; crystals.
270 (C)
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Fig. 2. Dependence of the angle of deviation from the purely longitudinal (or purely transverse) polarization
states on the wavevector direction in the YZ plane, as calculated for the QL AW.
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Fig. 3. Dependences of squared effective EO coefficient (a, ¢) and AO figure of merit (b, d) on the angle 6 for
AO interactions of the type | (a, b) and type Il (c, d): full circles correspond to disregard of the eigenwave

ellipticity and open circles to consideration of this ellipticity.

As seen from Fig. 3, the effective EO coefficient and the AO figure of merit for the type I of AO
interactions increases when the incident and diffracted optical waves propagate in a narrow vicinity of
the optic axis. This is due to accounting for the ellipticity of optical eigenwaves, which is caused by the
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natural optical activity. These directions correspond to AW propagation nearly parallel to the Y axis
(60 ~0). At the type I of AO interactions of the n,-polarized optical waves with the QL AW, the
effective EO coefficient increases from 0.23 up to the value 0.28 (see Fig. 3a). This increases the AO
figure of merit from 1.08x10"°s*/kg to 1.58x107"°s*/kg (see Fig. 3b). The full width at half maximum
(FWHM) of the peak of AO figure of merit is equal to ~4 deg. Note that the FWHM parameter
indicates the angular region 6 in which a peak-like increment of the AO figure of merit is not less than
a half of its maximal value. At the type Il of AO interactions of the n-polarized optical waves with the
QL AW, the effective EO coefficient increases from 0.16 up to 0.28, while the AO figure of merit
increases from 0.50x107" to 1.58x10™" s*/kg. Here the FWHM of peak of the AO figure of merit is also
equal to ~ 4 deg.
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0.03 7 18 120
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150, s /AN 150
0.01 ) 0.6
0.001180 0.0180
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0.02 1.0
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0.01 0.5
0.00180 0.0
0.01 0.5
210
0.02 1.0
0.03 1.5
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Fig. 4. Dependences of squared effective EO coefficient (a, ¢) and AO figure of merit (b, d) on the angle 6 for
AO interactions of the type lll (a, b) and type IV (c, d) with the QT AW: full circles correspond to disregard of the
eigenwave ellipticity and open circles to consideration of this ellipticity.

The increase in the effective EO coefficient and the AO figure of merit, which is associated
with a nonzero ellipticity of optical eigenwaves, is also observed for the types III and IV of AO
interactions with the QT; AW (see Fig. 4). In case of the type III of AO interactions, the AO figure
of merit increases from 1.12x10™" up to 1.22x10 " s*/kg (see Fig. 4b). The FWHM of the peak of
the AO figure of merit is equal to ~ 4 deg. Consideration of the type IV of AO interactions of the
n.-polarized optical waves with the QT; AW testifies that the peaks of the effective EO coefficient
and the AO figure of merit are significant (see Fig. 4c, d). The AO figure of merit increases by
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more than order of magnitude, from 9.6x10"7 to 1.22x10 " s*kg and the appropriate FWHM
amounts to ~ 4 deg (see Fig. 4d).
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Fig. 5. Dependences of squared effective EO coefficient (a, ¢) and AO figure of merit (b, d) on the angle 6 for
AO interactions of the type V (a, b) and type VI (c, d) with the QT, AW: full circles correspond to disregard of the
eigenwave ellipticity and open circles to consideration of this ellipticity.

For the types V and VI of AO interactions with the QT, AW, no increase in the effective EO
coefficients and the AO figure of merit is observed due to accounting for the ellipticity of optical
eigenwaves (see Fig.5). Indeed, it is seen from Egs. (12) and (13) that the effective EO
coefficients for these types of interactions are equal to zero at 6 =0 .

Using the type II of AO interactions as an example, we have studied the dependence of the
increment of the AO figure of merit on the AW frequency. It is seen from Fig. 6 that the increase in
the AW frequency from 49.8 MHz to 1 GHz shifts the increment peak by ~ 3 deg. At the same time,
the height of the peak increases slightly (from 1.08x10"° to 1.13x10™"° s*/kg). The above angular
shift is explained by a dependence of the Bragg angle on the AW frequency, as well as dependences
of the extraordinary refractive index, the ellipticity of optical eigenwaves and the effective EO
coefficient on the Bragg angle (see Egs. (1)~(3) and (9)). Note that we have the angle ¢ <1.9 deg at
half of the FWHM angle (~2 deg) and the Bragg angle larger than 0.1 deg. With such a small
incidence angle with respect to the Z axis, the ellipticity of optical eigenwave is higher than 0.96. In
other terms, it is not necessary to align the polarization of the incident optical wave with that of the
elliptically polarized eigenwave. One can use the incident circular polarized wave instead.
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Fig. 6. Dependences of increments of the AO figure of merit for the type Il of AO interactions, as found for
different AW frequencies.

Finally, let us consider the efficiency of AO diffraction, which is given by the relation
n=1,/1j~= (ﬁzL/2H12 cos” O )MZPa , where /, and I, are the intensities of respectively the

incident and diffracted optical waves, A denotes the wavelength of optical radiation in vacuum,
L the AO-interaction length, A the height of the acoustic beam, and P, the AW power. Our

results demonstrate that the efficiency of AO diffraction can be increased when the AWs interact
with elliptically (or circularly) polarized optical waves in the quartz crystals. For example, the AW
power needed for reaching a given AO diffraction efficiency can be reduced by three times in case
of the type II of AO interactions. Moreover, the peak value of the AO figure of merit can be
enhanced by ~ 19% (i.e., up to 1.22x107"° s*/kg) at the III type of AO interactions.

Besides, we have revealed a new promising geometry of AO interactions in the quartz
crystals, which is due to accounting for the ellipticity of optical eigenwaves. It is the isotropic
interaction of the n.-polarized optical wave with the QT; AW propagating in the vicinity of the ¥
axis (i.e., the type IV of AO interactions). Thanks to a nonzero optical-eigenwave ellipticity, the
AO figure of merit then increases from nearly zero value to 1.22x107"°s*/kg. Although the AO
figure of merit at the types II, III and IV of AO interactions increases notably in the case when the
ellipticity of eigenwaves is taken into account, it is still less than the value 2.38x107" s*/kg
achieved for the case of AW propagation along the X axis and the AO interaction in the XY plane.
The latter value is due to high enough EO coefficient, p3; = 0.29 [15].

4. Conclusion

In the present work, we have analyzed the influence of the natural optical activity on the efficiency
of the isotropic AO diffraction in the quartz crystals. It has been found that, for the types I and II
of AO interactions with the QL AW, the natural optical activity imposes a peak-like increase in the
effective EO coefficients and the OA figure of merit. This occurs for the case of AO interactions
with the optical eigenwaves. For the type I of AO interactions, the AO figure of merit increases by
54% up to the value 1.58x10 "’s’/kg, while for the type II of interactions it increases more than
three times and achieves the same value. A similar situation is typical for the types III and IV of
AO interactions with the QT; AW. At the III type of AO interactions, the peak value of the AO
figure of merit can be enhanced by 19% up to 1.22x10 " s*/kg, while the AO figure of merit for

132 Ukr. J. Phys. Opt. 2023, Volume 24, Issue 2



Enhancement of acousto-optic diffraction

the type IV of AO interactions increases by more than order of magnitude (from 9.6x10™" up to
1.22x107"° s’/kg).
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Anomayia. Ha ocnogi ananizy eniugy npupooHoi onmuuHOi aKmueHOCMi HA egeKmusHicmb
izsomponnoi  akycmoonmuunoi (AO) oOugpaxyii ecmanoeneno, WO 6pAXY8AHHA ONMUYHOL
AKMUEHOCMI Ma HEHYAbOBOI eNNMUYHOCMI 6IACHUX ONMUYHUX X6UTb YV Kpucmaiax Keapyy
npueooums 00 NiKONOOIOHO20 3POCMANHA eheKMUBHUX npydHCHoOnNMuYHUX Koeiyicnmis i AO-
oobopomuocmi. Ilokazano, wo AO-0obpommuicme ons muny I e3aemooiti 3pocmac na 54%,
docseaiouu snauennsn 1,58x107° ¢/ke. 3a muny II 63aemodiii, AO-0oGpomuicmey 3pocmae Ginviu
HidIC Yy mpuui ma oocsaeae npudbIuU3HO makozo i 3HavenHsA. 1100ibHa cumyayis mae micye i 014
munig IIl i IV AO-63acmodiu i3 axycmuunoro xeunero QT;. 3oxpema, nixkose 3nauenns AO-
dobpomnocmi ons muny I e3aemoditi spocmae na 19% i docazae 1,22x107" /e, mooi ax AO-
dobpommuicme ons muny IV e3aemoditi 3pocmae Ginbut Hixe Ha nopadok eenuuunu (8i0 9,6 <1077
0o 1,22x107° ¢*/ke). Pesynomamu nawiozo 00cniovcenns Moxicymo Oymu KOPUCHUMU OIS
po3pooku  AO-npunadie Ha OCHOBI KpUCMANIYHO20 Keapyy ma Oas MIHIMIzayii IXHb02o
€HepeOCNONCUBAHHSL.

Kntouosi cnosa: axycmoonmuyna Ou@pakyis, ONMUYHA AKMUGHICMb, KPUCMALU KEaApYy,
ougpaxyitina eghpekmusHicms, eLINMUYHICMbG ONMUYHUX B1ACHUX XBUTb

134 Ukr. J. Phys. Opt. 2023, Volume 24, Issue 2



