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Abstract—An acousto-optic (AO) modulator that converts a frequency shift of optical radiation into the
amplitude modulation of light at the double acoustic frequency is proposed and described. A ТеО2 single-
crystal modulator mockup that was developed and tested provides the amplitude modulation of linearly
polarized optical radiation at a wavelength of 0.63 μm at the double acoustic frequency, which is equal to
~82 MHz.
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INTRODUCTION

One of the specific features of Bragg acousto-optic
(AO) diffraction is a shift of the frequency of diffracted
optical radiation by the sound frequency. This shift
occurs due to the fact that light is reflected from a trav-
eling acoustic lattice [1, 2]. This phenomenon has
found its application in optical-heterodyning systems
[3], laser Doppler anemometry systems [4], optical
gyroscopes [5], etc. As will be shown below, the fre-
quency shift can be also used for the amplitude mod-
ulation of optical signals. Such modulators are neces-
sary, for example, for laser Doppler anemometers.

SCHEMATIC OF THE DEVICE

Figure 1а shows the optical diagram of the device
that performs the function of converting a frequency
shift into amplitude modulation, while Fig. 1b is a vec-
tor diagram of the AO interaction in the modulator
crystal. The operating principle of the device is as fol-
lows. Linearly polarized radiation, I0, is incident on
the optical face of the modulator, АОМ, at the angle
Θ1 to the wave front of an acoustic wave, whose wave
vector is q. The wave is generated by a piezoelectric
transducer (PET), to which a high-frequency (HF)
signal at the frequency f is fed.

The modulator is manufactured from a gyrotropic
material. Optical radiation that is incident on such a
material splits in it into two proper waves with right-
and left-hand (RH and LH) circular polarizations.
A wave of only one polarization participates in the AO

diffraction. Suppose, for definitiveness, that only the
left-hand circular wave (LCW) diffracts.

The conditions of the AO interaction are selected
so that when an LCW diffracts into a right-hand circu-
lar wave (RCW) and vice versa, anisotropic diffraction
occurs. As a result of the AO interaction, two beams
form at the АОМ output: the beam I1 with the RH cir-
cular polarization that did not diffract and the dif-
fracted beam I2, whose polarization after the AO dif-
fraction also became RH circular.

It should be added that during anisotropic AO dif-
fraction, the angle of incidence Θ1 does not generally
coincide with the reflection angle Θ2 [1, 2]. This is
explained by the vector diagram that is shown in Fig.
1b. Here, the incident radiation that is represented by
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Fig. 1. The optical scheme of the device: (АОМ) face of the
acousto-optic modulator; (PET) piezoelectric transducer;
and (М1, М2) reflecting mirrors.
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the wave vector k1 interacts with the acoustic wave q
and is reflected in the direction of the vector k2. The
angles of incidence, Θ1, and reflection, Θ2, are not
equal to each other. The inequality of the angles Θ1
and Θ2, for example, serves as the basis of cascade dif-
fraction [6].

Reflecting mirrors M1 and M2 are installed on the
paths of the rays I1 and I2 (Fig. 1a). After the reflec-
tions from the mirrors, the RH circular beams I1 and
I2 become LH circular ones [7]. The mirror M2 is ori-
ented so as to direct the reflected ray I3 at the angle Θ1
to the AO modulator АОМ.

The ray I3 after the repeated diffraction in the АОМ
at the same acoustic wave propagates in the direction
of the ray I4. Because the repeated diffraction is also
anisotropic, the ray I4 polarization becomes RH circu-
lar. The mirror М1 reflects the ray I1 in the direction of
the ray I5, which is collinear to I4.

Thus, the output radiation Iout consists of two rays,
I4 and I5, with RH and LH circular polarizations,
respectively. After such polarizations are added
together, linearly polarized radiation is formed [8].
However, since the frequencies of the ray I4 after the
double AO diffraction and the ray I5 are ω + 2Ω and ω,
respectively, where ω and Ω are the frequencies of light
and sound, respectively, the linear-polarization vector
of the ray Iout rotates at the difference frequency, which
is equal to Ω [8, 9]. If a polarizer is installed on the
path of the ray Iout, an amplitude-modulated ray at the
modulation frequency Ω is formed after the polarizer.
Thus, the radiation frequency shift is transformed into
the amplitude modulation of light. The photodetector
on which such radiation is incident generates an elec-
tric signal at the frequency 2Ω because it operates in a
quadratic mode. Note that in any case, the character-

istics of optical radiation are measured with photode-
tectors. As is known, the latter measures the light
intensity but not its amplitude.

THE EXPERIMENT AND DISCUSSION 
OF THE RESULTS

The operation of the modulator was tested in an
experiment. Its optical scheme is shown in Fig. 2. Lin-
early polarized radiation, 1, with a wavelength of
0.63 μm, which is generated by a He–Ne laser, 2, was
directed to an AO modulator, 3. The modulator is
manufactured from a TeO2 uniaxial gyrotropic crystal,
which was cut orthogonally with respect to the ,

,  directions. The optical faces of the crystal
are oriented orthogonally to its  optical axis.

The piezoelectric transducer, 4, which is manufac-
tured from X-cut crystal quartz, is pasted to the {110}
face. The quartz-plate thickness is ~120 μm. The plate
excited a transverse acoustic wave at a frequency of
~41 MHz (third harmonic of the PET). The velocity
of sound in the ТеО2 crystal is 617 m/s. Strictly speak-
ing, proper waves in ТеО2 are circular only when light
propagates along the optical axis of the crystal. How-
ever, in our case, the angles Θ1 and Θ2 are small; inside
the crystal, they are equal to 0.3° and 1.2°, respec-
tively. Therefore, the ellipticity of proper waves is dis-
regarded: they are assumed to be circularly polarized.

Two rays are formed at the crystal output: dif-
fracted, 5, and nondiffracted, 6, rays. Both rays are
again reflected by the external mirrors М1 and М2 into
AO modulator, 3. However, ray 5 undergoes a
repeated diffraction, being transformed into ray 7,
while after being reflected, ray 6 propagates in the
direction that coincides with ray 7. Thus, the output
beam is formed from two rays with different polariza-
tions and frequencies. On the path of output radiation,
a polarizer, 8, is installed, after which radiation is
detected with the photodetector, 9, and the electric
signal is guided to an oscilloscope, 10. The maximum
modulation depth is attained via selection of the
acoustic power that is fed to the transducer, 4.

Figure 3 shows a typical photograph of an alternat-
ing signal from the oscilloscope screen. It is seen that
the modulation frequency on the screen is ~ 82 MHz,
which corresponds to the double acoustic frequency.
The time sweep of the oscilloscope in Fig. 3 is 5
ns/division, while the signal sensitivity is 20 mV/divi-
sion.

CONCLUSIONS
On the basis of the above, the following conclu-

sions can drawn
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Fig. 2. The optical diagram of the experimental device:
(1) incident radiation; (2) laser; (3) AO modulator;
(4) PET; (5, 6) diffracted and nondiffracted rays, respec-
tively; (7) ray after the repeated diffraction; (8) polarizer;
(9) photodetector; (10) oscilloscope; and (М1, М2) exter-
nal mirrors.
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1. A quite simple scheme of an AO modulator is
proposed. It allows the conversion of a radiation fre-
quency shift, which is induced by the reflection of
light from a traveling acoustic lattice, into an ampli-
tude modulation of light at the acoustic frequency.
The scheme is based on the use of a gyrotropic mate-
rial as the AO medium and two reflecting mirrors.

2. An AO modulator prototype on the basis of a
uniaxial gyrotropic ТеО2 crystal was developed. The
photodetector that detects modulated radiation at a
wavelength of 0.63 μm generates an electric signal at
the double acoustic frequency equal to 82 MHz.

The described modulator can be used in various
systems for controlling optical radiation, e.g., in laser
Doppler anemometers.

ACKNOWLEDGMENTS

This study was supported by the Russian Founda-
tion for Basic Research (projects nos. 15-07-02312 and
16-07-00064) and the Council for Grants of the Pres-
ident of the Russian Federation (Program for the State
Support of Leading Scientific Schools of the Russian
Federation, project no. NSh-3317.2010.9).

REFERENCES
1. Xu, J. and Stroud, R., Acousto-optic Devices: Principles,

Design, and Applications, New York: Wiley, 1992.
2. Balakshii, V.I., Parygin, V.N., and Chirkov, L.E.,

Fizicheskie osnovy akustooptiki (Physical Foundation of
Acousto-Optics), Moscow: Radio i Svyaz’, 1985.

3. Korpel, A., Acousto-Optics, New York: Dekker, 1988.
4. Rinkevichus, V.S., Lazernaya anemometriya (Laser

Anemometry), Moscow: Energiya, 1978.
5. Optical Fiber Rotation Sensing, Burns, W.K., Ed., New

York: Acad. Press, 1994.
6. Kotov, V.M., Quantum Electron., 2000, vol. 30, no. 4,

p. 373.
7. Born, M. and Wolf, E., Principles of Optics, Cambridge:

Cambridge Univ., 1999, 7th ed.; Moscow: Nauka,
1973.

8. Nye, J.F., Physical Properties of Crystals, Oxford: Clar-
endon, 1967; Moscow: Mir, 1967.

9. Kotov, V.M., Akustooptika. Breggovskaya difraktsiya
mnogotsvetnogo izlucheniya (Acousto-Optics. Bragg Dif-
fraction of Multicolor Radiation), Moscow: Yanus-K,
2016.

Translated by A. Seferov

Fig. 3. A photograph of an electric signal on the oscillo-
scope screen. The time sweep is 5 ns/division, the signal
level is 20 mV/division.

SPELL: OK



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /RUS ()
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




