
Abstract. The nonreciprocal effect is studied theoretically
and experimentally by the example of collinear acousto-optic
interaction in a birefringent crystal. It is shown that this
effect at ultrasonic frequencies �1 GHz and above consid-
erably inêuences the parameters of modern acousto-optic
devices, in particular, tunable acousto-optic élters. The
nonreciprocal effect is estimated for different acousto-optic
materials.
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1. Introduction

The interaction of electromagnetic and acoustic waves is
widely used in modulators, deêectors, and élters to control
the temporal and spatial parameters of optical radiation.
Acousto-optic (AO) interaction can be also used in
optoelectronic devices operating in optical communication
and data processing systems [1 ë 7]. In particular, AO élters
are widely used in optics, quantum electronics, and laser
techniques to separate one or several narrowband compo-
nents from an optical signal with an intricate spectrum. It is
known that one of the interaction regimes actively used in
AO élters is collinear Bragg diffraction at which the wave
and ray vectors of light and ultrasound are collinear. In this
geometry, the largest interaction length of optical and
acoustic waves can be realised, which corresponds to the
diffraction grating with a large number of lines. It is known
that the transmission band of a élter narrows down with
increasing the number of grating lines and, therefore, the
spectral resolution R � l=Dl of the élter increases, where l
is the light wavelength and Dl is the transmission
bandwidth [1 ë 4]. At present the best collinear AO élters
applied, for example, in ébreoptic communication lines
have the spectral resolution of 103 ÿ 104 [5 ë 8].

The development of acousto-optics involves the master-
ing of progressively higher frequencies, and now AO devices

are fabricated in which a sound wave can be excited at
frequencies up to a few gigahertz [9, 10]. At such high
frequencies, effects become noticeable which have been
neglected earlier. Among these effects is the AO interaction
nonreciprocity, which consists in the difference of AO
diffraction parameters during the propagation of light in
opposite directions.

It is known that due to the Doppler effect during AO
interaction, the frequency of diffracted light shifts with
respect to that of the incident light wave [1 ë 4]. If the
propagation direction of light is changed to the opposite, the
propagation direction of ultrasound remaining the same,
this shift changes its sign. It follows from vector diagrams
[1 ë 4] that the ultrasonic frequency F corresponding to the
Bragg matching condition also proves to be different for
these two cases, the frequency shift dF taking place for any
AO interaction geometry, its value being proportional to the
acoustic wave frequency. The calculation shows that at
frequencies F � 1 GHz and radiation wavelengths in the
visible spectral region, the relative change in the acoustic
frequency of the Bragg synchronism is dF=F � 10ÿ4. On the
other hand, the reciprocal spectral resolution 1=R � Dl=l of
AO élters is of the same order of magnitude. Because
Dl=l � DF=F in AO cells [1], where DF is the acoustic
frequency bandwidth, the Doppler frequency shift proves to
be comparable with the transmission bandwidth of the AO
élter. This indicates that the nonreciprocal effect should be
taken into account in the design of high-frequency AO
devices, for example, high-resolution élters.

Although the nonreciprocal effect in the AO interaction
was investigated in a number of papers [11 ë 17], its role
remains inadequately studied, especially in the case of the
anisotropic diffraction of light. This paper is devoted to the
theoretical and experimental study of the nonreciprocal
effect by the example of collinear diffraction. This geometry
was chosen because in this case the transmission bandwidth
of the device is smallest and, hence, the nonreciprocal effect
is strongest. It is known that the collinear interaction regime
can be obtained in crystals of lithium niobate, quartz,
calcium molybdate, tellurium, and Tl3AsSe3 (TAS) [1].
We studied experimentally a LiNbO3 crystal for
l � 632:8 nm and F � 883 MHz.

2. Nonreciprocal effect upon AO interaction

It is known that in the absence of the phase mismatch the
wave vectors of the incident light (ki), diffracted light (kd),
and ultrasound (K ) form a closed set of three vectors.
Upon diffraction to the �1st order, the condition kd �
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ki � K is fulélled, and upon diffraction to the ÿ1st order ë
the condition kd � kiÿ K. The vector diagrams are usually
constructed so that the vectors ki and kd end on the same
wave surface (in the case of isotropic diffraction) i.e. they
have the same length. In reality, as mentioned in
Introduction, the frequencies of incident and diffracted
light slightly differ from each other. Therefore, the lengths
of their wave vectors ki;d are also slightly different because
the wave number k and the refractive index n are related by
the expression k � (o=c)n, where o is the circular
frequency, c is the velocity of light in vacuum, and the
direction of the vector k coincides with that of the wave
normal. In particular, upon diffraction to the �1st order,
od > oi (where oi and od are the frequencies of incident
and diffracted light, respectively) and jkdj > jkij. Upon
diffraction to the ÿ1st order, we have od < oi and
jkdj < jkij. It follows from this that in these cases the
wave vector K and the acoustic frequency of the Bragg
synchronism are also different.

The nonreciprocal effect upon isotropic AO interaction
was studied in [13], where the expression

dF � 4n 2V 2

lc
(1)

was obtained for the Doppler frequency shift of ultrasound
in the case of phase matching (V is the sound speed in a
crystal). It follows from (1) that the nonreciprocal effect is
stronger in material with a high sound speed and a large
refractive index. In addition, because the frequency F is
proportional to the ratio V=l, we have dF � F, i.e. the
frequency shift is proportional to the frequency itself.

Consider now the case of collinear AO diffraction. It is
known that in practice only anisotropic (low-frequency)
collinear geometry is used [1]. The vector diagram in this
case, corresponding to diffraction to the �1st order, is
shown in Fig. 1 by solid curves. It follows from consid-
erations similar to those presented above that, taking into
account the corrections described above, the diagram should
be modiéed and vectors kd and K should be replaced by
vectors k 0d Ë K 0 shown by dashed curves in Fig. 1. Taking
this into account, the moduli of the wave vectors of the
interacting waves (hereafter, primes are omitted) are deter-
mined by the expressions

ki �
oi

c
ni, kd �

od

c
nd, K � O

V
. (2)

Here, ni and nd are the refractive indices at frequencies oi

and od, which are different due to the anisotropic nature of

diffraction, and O is the ultrasonic frequency. Due to the
Doppler effect, od � oi � O, and therefore, we can write

kd �
oi � O

c
nd. (3)

The nonreciprocal effect introduces the correction not only
to the diffracted light frequency od but also to the
refractive index nd (due to dispersion). Let us denote the
addition to the refractive index as

dnd � nd ÿ nd0, (4)

where nd0 is the refractive index nd at the frequency oi.
Then, the change in the wave number of diffracted light can
be written in the form

dkd �
oi � O

c
�nd0 � dnd� ÿ

oi

c
nd0. (5)

By removing the parentheses in (5), we obtain

dkd �
Ond � oidnd

c
. (6)

On the other hand, it follows from expression (2) that the
change in the length of the wave vector of ultrasound is
dK � dO=V. Because dkd � dK (phase matching condition),
the change dO in the ultrasonic frequency is described by
the expression

dO � �Ond � oidnd�V
c

, (7)

or

dF � �Fnd � fidnd�V
c

, (8)

where fi is the incident light frequency.
It is known that the frequency F in the collinear

interaction geometry is determined by the expression [1]

F � DnV
li

, (9)

where Dn � jno ÿ nej � jnd ÿ nij is the birefringence of a
material; no and ne are the ordinary and extraordinary
refractive indices, respectively; and li is the incident light
wavelength. By substituting (9) into (8) and taking into
account that c � li fi, we obtain

dF � DnndV
2

lic
� dndV

li
. (10)

At the same time, the change dnd in the refractive index
can be written in the form

dnd �
dnd
dl

dl. (11)

Here, dnd=dl characterises the dispersion of the refractive
index and dl is the wavelength difference of diffracted and
incident light. It is obvious that dl=li � ÿdo=oi � ÿO=oi,
and therefore, the relation

ki

kd
k 0d

K K 0

Figure 1. Vector diagram of collinear AO interaction.
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dl � ÿli
O
oi

� ÿli
F

fi
(12)

is valid, which, taking (9) into account, can be written in the
form

dl � ÿ liDnV
c

. (13)

By substituting (13) into (11) and the obtained result to
(10), we have

dF � ndDnV
2

lic

�
1ÿ li

nd

dnd
dl

�
. (14)

One can easily see that in the case of normal dispersion
(dn=dl < 0), the nonreciprocal effect is ampliéed. However,
calculations show that the second term in (14) for most of
the AO materials is approximately an order of magnitude
smaller than the érst term.

As pointed out above, when the incident light propa-
gated in the opposite direction, diffraction occurs to the
order with the opposite sign (the ÿ1st order in the given
case). It is obvious that in this case the acoustic frequency
shift will have the same value but the opposite sign (the
nonlinearity of the function dn=dl at a small wavelength
interval can be neglected). Thus, the difference of ultrasonic
frequencies corresponding to a strict phase matching con-
dition during the propagation of light in opposite directions
is equal to doubled expression (14)

dF � 2ndDnV
2

lic

�
1ÿ li

nd

dnd
dl

�
. (15)

The analysis of vector diagrams shows that, although the
frequency of light diffracted to the �1st order is always
higher than that of light diffracted to the ÿ1st order, the
mutual arrangement of the wave vectors ki, kd, and K can be
chosen so that the acoustic diffraction frequency will be
lower in the érst case than in the second one. However, in
this situation the ultrasonic frequency shift also has opposite
signs for incident light propagating in opposite directions
and relation (15) remains valid. Moreover, when the
propagation direction of light is changed to the opposite
and the optical mode of incident radiation is simultaneously
changed, diffraction will occur to the same order, but the
nonreciprocal effect will take place in this case as well. If the
diffraction order is changed only by changing the optical
mode, the addition to the ultrasonic frequency will have the
same sign and the nonreciprocal effect will be absent. Thus,
the necessary and sufécient condition for the manifestation
of the nonreciprocal effect is the change in the propagation
direction of light rather than the change in the diffraction
order.

Note that the AO interaction exists not at a certain
frequency but within some frequency band. Upon collinear
diffraction, the width of this band (the transmission band of
a collinear AO élter), deéned as the full width at half-
maximum (FWHM) of the diffraction eféciency, is
described by the expression [1]

DF � 0:8liF
DnL

� 0:8V

L
, (16)

where L is the interaction length.

It is obvious that for dF5DF, the nonreciprocal effect
does not inêuence signiécantly the operation of an AO élter.
If, however, dF � DF or dF > DF, the acoustic frequency
shift caused by the nonreciprocal effect proves to be
comparable with the élter transmission bandwidth or
even exceeds it. Therefore, in practice the ratio dF=DF is
important rather than the value of dF. According to (15)
and (16), this ratio is

dF
DF
� 2:5ndDnVL

lic

�
1ÿ li

nd

dnd
dl

�
. (17)

Table 1 presents the values of dF=DF calculated for some
widespread AO materials. The interaction length L
corresponds approximately to real AO devices (for exam-
ple, L � 7:5 and 4 cm for quartz and lithium niobate,
respectively).

Note that all AO crystals have directions along which
the collinear interaction geometry is impossible due to the
absence of the photoelastic effect (the so-called forbidden
directions). For example, one of these directions is the [110]
direction in a TeO2 crystal presented in Table 1. However, it
was shown in papers [18, 19] that such interaction geometry
also can be used in practice for diverging light beams.

The data presented in Table 1 conérm that the inêuence
of the nonreciprocal effect begins when acoustic frequencies
approach the gigahertz range. According to Table 1, the
maximum value of dF=DF is achieved in lithium niobate.
Because of this, we studied experimentally the nonreciprocal
effect in this crystal.

3. Experimental study of the nonreciprocal effect

We studied the nonreciprocal effect in an AO lithium
niobate crystal cell, designed and fabricated at the Saratov
State Technical University under supervision of one of the
authors of this paper (Yu.A. Zyuryukin). Figure 2 shows
the scheme of the cell.

A zinc oxide élm piezoelectric transducer (PZT) is
mounted on the cell end-face cut at 58 to the YZ plane
of the crystal. A longitudinal acoustic wave excited by the
transducer propagated through the crystal and having
reêected from its opposite face, propagated in the opposite
direction at a small angle to the incident wave. The
propagation direction of the reêected wave coincided
with the X axis of the crystal. A light wave propagated
in the same (or opposite) direction. The possible orienta-
tions of its wave vector are shown by the heavy arrows in
Fig. 2. Thus, we realised in the cell the collinear geometry of
AO interaction on a longitudinal acoustic mode in the [100]
direction with the interaction length of about 4 cm.

Table 1. Calculated values of dF=DF for collinear AO diffraction in
various materials.

Crystal Direction
Acoustic
mode

l
�
mm V

�
km sÿ1 F

�
MHz

dF=DF
(%)

SiO2 [100] L 0.63 5.72 80 8

CaMoO4 [100] S 0.63 2.95 50 4

Tl3AsSe3 [100] L 10.6 2.05 10 2

LiNbO3 [100] L 0.63 6.60 890 70

Te [100] L 10.6 2.45 320 17

TeO2 [110] S 0.63 0.616 150 8

Note: L is the longitudinal acoustic mode; S is the transverse acoustic
mode.
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By studying the parameters of the cell by the method of
laser probing of a sound column, we determined the velocity
V � 6:6� 0:1 km sÿ1 of the ultrasonic wave and its decay
coefécient b � 0:9� 0:1 dB cmÿ1 at the frequency F �
900 MHz. These values are consistent with the data [20]
obtained for a longitudinal acoustic mode propagating in
the [100] direction. The diffraction eféciency Id=Ii (where Id
and Ii are the intensities of the diffracted and incident light,
respectively) for the electric signal power P � 500 mW
supplied to the PZT was �7% in the collinear regime
and �1:5% in the orthogonal regime, which is typical for
this material.

The effective length of the ultrasonic column estimated
from the decay coefécient was 3.4 cm. Thus, due to the
decay of ultrasound, the effective collinear interaction
length obtained in experiments was Leff � 3:4 cm, which
increased the transmission bandwidth of the élter. In
addition, it is known [1] that in the case of low diffraction
eféciency, the transmission bandwidth of the élter increases
by �12% compared to the bandwidth determined by
expression (16). Finally, the divergence of acoustic and
light waves and their spatial inhomogeneity also cause the
broadening of the transmission band. By neglecting the role
of the latter factor, the calculated transmission bandwidth
DF of the cell used in experiments was 175 kHz. Because the
nonreciprocal ultrasonic frequency shift for lithium niobate
calculated from (15) is about 100 kHz, the ratio dF=DF for
this cell is �60%.

Figure 3 shows the scheme of the experimental setup for
studying the nonreciprocal effect. A radiation source was
632.8-nm He ëNe laser (1 ). The laser beam reêected from
mirrors ( 2 ) and ( 3 ) was incident on polariser ( 4 ) producing
the required polarisation. The beam passed through aper-
ture ( 5 ) and was incident on AO cell ( 6 ). To reduce crystal
heating, ultrasound was excited in it in a pulsed regime by
using a system consisting of pulse generator ( 7 ) and high-
frequency generator ( 8 ). A signal was fed to the PZT from
power ampliéer ( 9 ). The diffracted wave propagated in the
same direction as the incident wave; however, due to the
anisotropic nature of diffraction, the polarisation planes of
the incident and diffracted waves were mutually orthogonal.
Radiation transmitted through the cell propagated then
through apertures ( 10 ) and ( 11 ), which provided the
propagation of light in the opposite direction strictly along
the same path as in the forward direction. The separated
diffracted wave behind analyser ( 12 ) was detected with
photomultiplier ( 13 ), from which the signal was fed to
oscilloscope ( 14 ) and was observed visually.

It is obvious that the width of the interaction band in the
collinear geometry is minimal. Therefore, after the adjust-
ment of the system to the maximum diffraction eféciency,
the ultrasonic wave frequency was detected and the width of
the interaction band was measured. Then, the laser and
photodetector were interchanged and the experiment was
repeated. By comparing the data obtained, we determined
the magnitude of the nonreciprocal effect.

Our experiments showed that the acoustic wave fre-
quency F corresponding to the maximum diffraction
eféciency was �883 MHz for the transmission bandwidth
DF � 210� 10 kHz (Dl � 1:5

�
A). This gives the spectral

resolution of the élter R � F=DF � l=Dl � 4200.
The polarisation of the light wave was chosen so that the

incident wave was an extraordinary wave and the diffracted
wave ë an ordinary wave. Because ne < no for lithium
niobate (negative crystal), radiation propagating in the
setup in Fig. 3 diffracted to the ÿ1st order. The radiation
propagating in the opposite direction diffracted to the �1st
order. According to the vector diagrams, the frequency F in
the érst case should be lower than in the second case. The
calculation of dF by expression (15) gives the value �103
kHz, the contribution caused by dispersion being only 8
kHz.

The experiment conérmed the existence of the non-
reciprocal effect. Figure 4 presents the dependences of the
normalised intensity of diffracted light on the acoustic

High-frequency connector

Matching circuit Transducer

Housing Crystal

1.2 cm
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Figure 2. Scheme of a lithium niobate crystal AO cell.
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Figure 3. Scheme of the experimental setup: ( 1 ) He ëNe laser; ( 2, 3 )
mirrors; ( 4 ) polariser; ( 5, 10, 11 ) apertures; ( 6 ) AO cell; ( 7 ) pulse
generator; ( 8 ) high-frequency generator; ( 9 ) power ampliéer; ( 12 )
analyser; ( 13 ) photomultiplier; ( 14 ) oscilloscope.
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Figure 4. Dependences of the normalised intensity of diffracted light on
the acoustic wave frequency F for counterpropagating light beams upon
diffraction to the ÿ1st ( 1 ) and �1st ( 2 ) orders.
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frequency F. Curves ( 1 ) and ( 2 ) correspond to diffraction
to the ÿ1st and �1st orders, respectively. As follows from
the analysis presented above, the maximum of curve ( 2 ) is
located at a higher frequency than that of curve ( 1 ). The
frequency shift due to the nonreciprocal effect was 104� 10
kHz, coinciding with the calculated value. Thus, the ratio
dF=DF was �50%. It is obvious that this effect will be even
more pronounced in the shorter-wavelength region.

Note that the ultrasonic frequency corresponding to the
Bragg synchronism condition and, therefore, to the max-
imum effective diffraction proved to be strongly dependent
on the crystal temperature. The corresponding experimental
dependence is presented in Fig. 5 (measurements were
performed for the ÿ1st diffraction order). One can see
that this dependence is linear and the heating of the crystal
by 18C leads to the decrease in the ultrasonic frequency by
�500 kHz. Therefore, to reduce the experimental error,
ultrasound was excited in a pulsed regime with a large off-
duty ratio.

Because, according to Fig. 5, the relative change in the
resonance ultrasonic frequency due to crystal heating is
�0:1%, the product DnV changes by the same magnitude.
It is known [20] that the relative change in birefringence for
lithium niobate in this case is �10ÿ3%. Therefore, the
resonance frequency decreases mainly due to a decrease in
the sound speed V, whose relative change should be �0:1%.
According to (15), the frequency shift due to the non-
reciprocal effect is determined by the product ndDnV

2. The
estimate shows that this product also changes approximately
by 0.1% in this temperature interval, which is two orders of
magnitude smaller than the experimental error. Therefore,
the nonreciprocal effect can be considered independent of
temperature within the experimental error.

4. Conclusions

We have studied the nonreciprocal properties of AO
interaction in the collinear diffraction regime. It has been
shown that the nonreciprocal frequency shift becomes
comparable to the transmission bandwidth of a collinear
AO élter when the frequency of acoustic wave approaches
the gigahertz range. We have found experimentally that,
when the light wave propagates in the opposite direction,
the shift of the transmission band of the lithium niobate
crystal AO cell achieves �50% of the bandwidth.

The results obtained in the paper prove the necessity of
taking into account the nonreciprocal effect in the design of

high-resolution AO devices operating with ultrasonic waves
of super high frequency. Corrections to the resonance
ultrasonic frequency caused by the Doppler effect are quite
substantial and they should be taken into account especially
in the cases when the multiple propagation of a light wave
through an acoustic column is used in an AO élter [8] or
successive diffraction to the �1st and ÿ1st orders is realised
[6, 7]. The nonreciprocal effect should inevitably affect the
operation of intracavity AO devices [14 ë 17]. However, it is
also possible to develop elements of another type, for
example, unidirectional couplers operating directly based
on the nonreciprocal effect.
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Figure 5. Temperature dependence of the ultrasonic frequency corres-
ponding to the phase-matching condition.
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