A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 4.1
HayuHo-TexHuyeckne sBegomoctu CM6IMY. ®dusnko-matematmyeckme Hayku. 18 (4.1) 2025

Conference materials
UDC 535.512
DOI: https://doi.org/10.18721/IJPM.184.120

Model of orthogonal two-wave mixing in photorefractive
crystal of cubic symmetry with optical activity

M.N. Bezruk ', R.V. Romashko', T.A. Efimov ', D.V. Storozhenko'

! Institute of Automation and Control Processes FEB RAS, Vladivostok, Russia
B hezmisha@list.ru

Abstract. We developed a physical model describing the process of two-wave vectorial mix-
ing in optically active photorefractive crystal of cubic symmetry for an orthogonal scheme of
interaction. Using the model, we calculated the two-wave interaction in a photorefractive crys-
tal of bismuth silicate Bi ,SiO,, having optical activity. We have determined conditions at that
polarization changes don’t influence two-wave mixing. It was found that it is possible to define
the parameters of the crystal and interacting waves for the quasi-polarization independence
mode, when changes of interferometer output signal caused by polarization instability of the
signal wave is reduced to a minimum (no more than 3%). We developed a physical model de-
scribing vectorial two-wave mixing in optically active, cubic-symmetry photorefractive crystals
for an orthogonal interaction geometry. We apply the model to bismuth silicate (Bi,,SiO,), an
optically active photorefractive crystal. We further show that by appropriately selecting crystal
and wave parameters, a quasi-polarization-independent regime can be achieved, in which in-
terferometer output fluctuations caused by signal-wave polarization instability are minimized
to no more than 3%.

Keywords: photorefractive crystal, adaptive interferometer, dynamic hologram, polarization,
optical activity

Funding: The study was supported by the Russian Science Foundation (project No. 24-22-
00413).

Citation: Bezruk M.N., Romashko R.V., Efimov T.A., Storozhenko D.V., Model of
orthogonal two-wave mixing in photorefractive crystal of cubic symmetry with optical activity,
St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 18 (4.1) (2025)
123—127. DOI: https://doi.org/10.18721/JPM.184.120

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

MaTepwuanbl KoHbepeHunn
YOK 535.512
DOI: https://doi.org/10.18721/IPM.184.120

Mopenb opTOroHasibHOro ABYXBOJIHOBOro B3aMMO4eMCTBUSA
B choTtopechpaKTMBHOM KpHUCTasi/ie Kyonueckomn
CMMMETPUMU C ONTUUECKON aKTUBHOCTbIO

M.H. be3pyk'®, P.B. Pomawko ', T.A. Edoumos ', [1.B. Ctopo>keHKo'
YMIHCTMTYT aBTOMaTMKK 1 npoueccos ynpasnenus ABO PAH, r. Bnaamsoctok, Poccusi
= bezmisha@list.ru

AnHoramusa. PazpaboraHa ¢Gu3nKo-MateMaTuieckass MOJENb, OIMCHIBAIONIAs TIPOIIECC
JIIBYXBOJTHOBOTO BEKTOPHOT'O B3aMMOIEHCTBUS B OINTHYCCKU aKTUBHOM (hOTOpepaKTUBHOM
KpucCTajie KyOMYeCKOil CUMMETPUM [Jid OPTOrOHaJbHOI TI'€OMETPUU B3aUMOACHCTBUS
BoJH. C WCIIOJb30BaHMEM MOJEAM BBIMOJHEH pacyeT JIBYXBOJHOBOTO B3aMMOAEHCTBUS
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B (oTopeppakTMBHOM  KpUCTajile cwimkara Bucmyra  Bi,SiO,, oGmamaromem
ONTHUYECKON aKTUBHOCTBIO. OmpenesieHbl IapaMeTpbl (oTopedpakTUBHOIO KpHUCTalJla U
B3aMMOJICICTBYIOIIMX BOJH JUISI peXMMa KBa3U-IOJIPU3ALMOHHONW HE3aBUCUMOCTH, IIpU
KOTOPOM M3MEHEHMSI BBIXOIHOTO CUTHaja MHTepdepoMeTpa, BbI3BAHHBIE MOJISIPU3ALMOHHOMN
HECTAOMILHOCTBIO CUTHAJIBHONM BOJIHBI, MUHUMAaJIbHEI (He 0ojiee 3%).

KmoueBbie cioBa: ¢oTopedpakTUBHBINA  KpUCTadia, aJalTUBHBIA UHTEpPEPOMETDP,
JMHAMMYecKasl rojorpaMma, Iojsipu3anus, ONTU4YecKass akTUBHOCTh
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Introduction

Adaptive holographic interferometers based on dynamic holographic gratings recorded in
photorefractive crystals (PRCs) are effective tools for phase demodulation [1—10]. Continuous
re-recording of the hologram in the PRC stabilizes the interferometer’s operating point, while
preserving high sensitivity and providing strong immunity to external noise |2, 4, 6]. However, as in
traditional interferometers, the sensitivity of adaptive interferometers depends on the polarization
of the light beams. Polarization fluctuations can significantly reduce, or even eliminate the signal,
underscoring the need for an interferometer design whose output is insensitive to polarization.

This problem can be addressed by dependencies in combination with an orthogonal wave-
mixing geometry. The authors previously developed a physical and mathematical model of
vectorial two-wave mixing in photorefractive crystals with optical gyrotropy [11]. The model
captures polarization evolution arising not only from the PRC’s gyrotropy but also from the two-
wave mixing process within the crystal. It enables more precise selection of the interacting waves’
polarization parameters and the PRC dimensions, accounting for the crystal’s material properties
and the light’s wavelength, which can yield polarization-independent operation of the adaptive
interferometer. This paper presents calculations of two-wave vector interaction in the optically
active PRC bismuth silicate Bi,,SiO,, and identifies parameter regimes in which polarization
fluctuations of the interacting waves do not degrade the stability of the adaptive holographic
interferometer’s output signal.

Model Overview

The developed physical and mathematical model builds on the theory of vectorial wave mixing
in cubic photorefractive crystals for transmission geometry described by Sturman et al. [12]. A
more detailed description of the model is provided in [11]. Its key elements are summarized
here. Unlike collinear wave interaction, the orthogonal geometry has signal and reference waves
propagating at right angles, producing spatially varying polarization states throughout the PRC.
To address this, the model divides the intersection region of the signal wave As and the reference
wave Ar within the PRC into an M x N grid of cells. The grid size was selected to ensure grid
independence; 100 x 100 cells were sufficient. Further refinement did not change the results
within numerical tolerance but significantly increased computation time. The signal and reference
waves entering the cells of the first layer are defined as follows:

As! = As/ N, Arl = As/ M. (1)

© Be3pyk M.H., Pomaniko P.B., Edpumos T.A., Cropoxenko /1. B., 2025. Uznatens: Cankr-I[letepOyprekuii moJuTeXHUUECKUi
yHuBepcuret I[lerpa Benaukoro.

124



Physical opti
4 ysical optics >

Consider a cell (m, n), where m ranges from 0 to M and n from 0 to N (see Fig. 1). The
amplitudes of the interacting waves entering this cell are equal to the amplitudes of the waves
exiting the preceding cell:

Ash = As Arlh = Art . ()

Within each cell, vector two-wave mixing is computed. The polarization states of the waves As
and Ar change due to both the crystal’s optical gyrotropy and the mixing interaction. The waves
then propagate to the next cells, (m+1, n) and (m, n+1), respectively, where the procedure is
repeated. Because the measured information is encoded in the phase modulation ¢ of the signal
wave As, its complex amplitude is written as As-e’?. The amplitude of the signal wave at the
output of cell (m, n) is then obtained from the two-wave mixing relations given by [11, 12]:

As? (@) = (T () As2, e +e ™ T_(y)Ar’ e ™", 3)
where y denotes the propagation direction of the signal wave As, AL is the cell size, and a denotes
the optical absorption coefficient of the PRC. The terms 7, and T are transformation matrices
that account for the diffraction of wave As in the direction of M (zero-order diffraction) and the
diffraction of reference wave Ar in the direction of M, respectively. The interferometer's output

signal S'is defined as the change in the intensity of the signal wave As at the exit of the “final cell
layer” (where m = M), summed along the N direction:

=2, (4s2 (@) — (A5 “)
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Fig. 1. Scheme of propagation of signal and reference waves in a photorefractive crystal

Results and Discussion

A physical and mathematical model was investigated using a gyrotropic photorefractive crystal
of bismuth silicate Bi,,SiO,, (BSO) of cubic symmetry. Numerical simulations were performed
to study vectorial two-wave mixing in the PRC at wavelengths of 532 and 633 nm, for which the
optical activity of BSO is 350 and 220 deg/cm, respectively. A linearly polarized signal wave As
and a circularly polarized reference wave Ar were launched into the PRC. The developed model
allowed for the investigation of the polarization independence of the BSO crystal.

Fig. 2 shows the dependence of the interferometer output signal on the azimuthal angle y of
the signal wave As for BSO crystal of varying lengths (1—30 mm), computed using the developed
model Results are given for wavelengths of 532 and 633 nm. The simulations indicate that at certain
crystal lengths Lp, the influence of polarization changes of As on the output signal is minimized.
Thus, for wavelength 532 nm (Fig. 2, a), L occurs at 5.4, 10.7, 16.1 mm, etc. (i.e., multiples of
5.4 mm). For wavelength 633 nm (Fig. 2, bﬁ, Lp occurs at 8.7, 17.4, 26.0 mm, etc. (i.e., multiples
of 8.7 mm). At these lengths, the variation of the output signal with vy is, on average, about 3% of
its maximum possible modulation. Thus, a regime close to polarization independence (PI-mode)
is achieved at a crystal length of Lp. However, complete polarization independence — where the

125



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 4.1 >

a) Biy,Si0y b) Bi;,Si0y
T T T T  —— T T T
34 532 nm h 633nm
; — 3

>

3 W ; S yé_,%

T 2 ©

c “ ] - L

B g 2 —L=2mm

@ ) —— L=4mm

5 ®

=2 ——L=4 mm =

3 1 ——L,=54 mm | o

O ——L=7 mm S 14
——L,=10,7mm O —L,~174mm
——L=12mm L=20mm
— Lp=1 6,1mm —Lp=26mm

oA —tom R
0 30 60 920 120 150 180 0 30 60 90 120 150 180
Y, deg

Y. deg
Fig. 2. Dependences of the output signal on the azimuthal angle of the signal wave, obtained for the
BSO crystal at wavelength A = 532 nm (@) and X = 633 nm (b)

output signal is fully independent of the wave and crystal parameters — is not attainable, likely
due to the nonlinear nature of light interaction within the PRC.

Fig. 3 shows the dependence of the interferometer output signal on the length of PRC BSO,
at various azimuthal angles y of the signal wave As, at wavelengths of 532 and 633 nm. The
maximum and minimum achievable signal levels are indicated by red and blue lines, respectively.
The plot shows that increasing the crystal length raises both the minimum and maximum signal
levels. Thus, the output signal peaks when the crystal length is L = 13.2 mm for wavelength
532 nm (Fig. 3, a) and Lop[ = 13 mm for wavelength 633 nm (Fig. §, b), achieved with a linearly
polarized signal wave As oriented at y = 140°. At crystal lengths of Lp = 5.4 mm and 10.7 mm
for 532 nm, and L. = 8.7 mm and 17.4 mm for 633 nm, the difference AS between the maximum
and minimum achievable output signals is minimized to about 3% of the maximum possible
signal. This implies that, regardless of the input polarization state of As, the output signal varies

only within this narrow range.
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Fig. 3. Dependences of the interferometer output signal on the crystal length, obtained at different
azimuthal angles of the signal wave A = 532 nm (a), A = 633 nm (b)

Conclusion

This paper presents a physical model for vectorial two-wave mixing in optically active
photorefractive crystals with cubic symmetry, applied to an orthogonal interferometer configuration.
Using this model, we analyzed two-wave mixing in a gyrotropic bismuth silicate (Bi,,SiO,,, BSO)
photorefractive crystal at wavelengths of 532 nm and 633 nm. The results show that complete
polarization independence is not achievable; however, by appropriate choice of crystal and wave
parameters, signal variations due to polarization instability of the signal wave can be reduced to
below 3%. We identify a quasi-polarization-independent operating regime at crystal lengths of
5.4 mm for 532 nm and 8.7 mm for 633 nm. In addition, the optimal crystal length was found to
be approximately 13 mm, which maximizes the two-wave mixing efficiency.
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