
Abstract. As distinct from the classic Billings depolariser, a
simple time-domain polarisation scrambler can be made on
one crystal possessing a threefold axis among its symmetry
elements and displaying a linear electro-optical effect
(Pockels effect). We demonstrate a polarisation scrambler
on a LiNbO3 uniaxial crystal with two pairs of electrodes to
which two harmonic voltages identical in amplitude and
differing in phase by 908 are applied. The residual degree of
polarisation of the depolarised light, quantiéed by the
polarisation extinction ratio, is less than 0.1 dB. Tolerances
on the crystal orientation and the phase difference between
the control voltages are estimated. The quality of the crystal
is shown to be critical to the performance of the scrambler.

Keywords: polarisation scrambler, dual transverse Pockels effect,
LiNbO3.

1. Introduction

Among components of optical measurement systems are
laser light depolarisers, which average the polarisation
states of light over time (Billings depolarisers [1]), wave-
lengths (Lyot depolarisers [2]) or multiple zones of the beam
cross section (Cornu spatial depolarisers [3]). To depolarise
laser beams with small cross sections and narrow band-
widths, use is typically made of the érst type of depolariser,
which in some cases improves the performance of optical
devices. For example, the use of light unpolarised on a time
average at the input of a ébre ring interferometer or in its
loop ensures polarisation reciprocity of the interferometer
with no polarisation élter and reduces the noise arising
from polarisation êuctuations in isotropic single-mode
optical ébres in response to changes in environment
[4, 5]. The use of depolarisers in heterodyne (coherent)
lidar systems enables elimination of the signal fading due to
polarisation êuctuations of the backscattered radiation [6].

In this paper, we present the results of a study of a
simple-design time-domain collimated laser beam polar-
isation scrambler on one lithium niobate (LiNbO3) crystal.

The classic bulk time-domain depolariser design pro-
posed by Billings in 1951 includes at least two electro-optical
crystals as independent, ac electric éeld controlled wave-
plates with an angle of 458 between their phase axes. After
such a depolariser, the azimuthal angle of the beam polar-
isation ellipse varies in space, and its ellipticity changes
many times. This corresponds to a uniform coverage of the
entire Poincare sphere with polarisation states, with the
polarisation point being in each state for the same length of
time. This type of time-domain depolarisation can be
considered ideal because it ensures all possible polarisation
states. After such a depolariser, the power of the randomly
polarised input light signal will always be equally distributed
between signals with any orthogonal polarisation states. As
a result, the accumulated time-averaged signal of a polar-
isation-sensitive receiver placed behind the depolariser
becomes independent of the light polarisation at the
depolariser input. However, because the device has a rather
complex design and is difécult to control, ideal depolarisers
are used rather rarely and are essentially missing in the
market.

In practice, one typically uses `linearly polarised'
receivers, differing in their sensitivity to two orthogonal
linear (plane) beam polarisations, rather than receivers with
elliptical (or circular) eigenpolarisations. The power of a
randomly polarised input signal is then equally distributed
not between any orthogonal polarisation states but between
orthogonal plane-polarised states (like in heterodyne lidars).
A simpler depolarisation method can then be applied,
involving rapid uniform rotation of the polarisation ellipse
about the wave vector of the light, with no changes in
ellipticity. Such rotation corresponds to circular motion of
the polarisation point in a plane normal to the polar axis of
the Poincare sphere [7]. This type of depolarisation can be
considered pseudo-depolarisation. It should, however, be
kept in mind that in real measurements it can only be used
when there is no additional optically anisotropic component
between the pseudo-depolariser and receiver. One example
of such a component is isotropic, non-polarisation-main-
taining optical ébre as a means of delivering an optical
signal to a remote receiver.

Pseudo-depolarisation is easier to achieve than ideal,
Billings depolarisation. For example, polarised light can be
passed through a rapidly rotating half-wave (l/2) plate at
normal incidence. At the same time, using electro-optical
crystals having a threefold rotation axis, one can design a
substantially more convenient analogue of a rotating l=2
plate, controlled electrically rather than mechanically.
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2. Time-domain polarisation scrambler
on a crystal displaying a dual transverse
Pockels effect

The so-called dual transverse Pockels effect is displayed by
crystals that have a threefold axis and exhibit a linear
electro-optical effect [8, 9]. The effect occurs when light
travels along the threefold axis and an electric éeld is
applied to the crystal in an arbitrary direction normal to the
axis. Among the most widespread electro-optical materials
having this symmetry element (SiO2, LiNbO3, LiTaO3,
GaAs, CdTe, ZnSe and others), the one most frequently
used in the visible and near-IR is LiNbO3 (uniaxial crystals,
symmetry class 3m), which is transparent in these spectral
regions and exhibits the strongest electro-optical effect for
the above light and éeld directions. As a result of the
Pockels effect in this material [9], an initially circular cross
section of the optical indicatrix in the (001) plane, normal
to the optical axis (parallel to the threefold axis of LiNbO3,
[001], denoted as Z), becomes elliptical when an electric
éeld E is applied in an arbitrary direction in the (001) plane.
The axes of the ellipse make an angle a with the
crystallographic axes X and Y:

tan 2a � EX=EY; (1)

where EX and EY are the projections of E onto the X and Y
axes. Note that only in the conéguration in question is the
phase difference d between the orthogonally polarised
waves emerging from the crystal dependent only on the
magnitude of the éeld, jEj � E � (E 2

X� E 2
Y)

1=2:

d � �2p=l�n 3
o r22EL � �2p=l�n 3

o r22VL=d; (2)

where l is the incident wavelength; no is the ordinary
refractive index of the crystal; r22 is the active component of
the electro-optical tensor rik; L is the electrode length along
the light direction in the crystal; V is the voltage applied to
the electrodes; and d is the electrode separation (crystal of
square cross section).

It follows from (1) that, when EX and EY harmonic éelds
with the same amplitude and the same circular frequency o,
e.g. EX � E0 sinot and EY � E0 cosot, generated by two
independent ac sources, are applied with a phase shift
j � p=2, we have 2a � ot (equality of the two tangents).
The situation is equivalent to using a éxed, nonrotating
waveplate whose phase axis, however, steadily rotates about
the wave vector of the light at a rate da=dt � o=2. It follows
from (2) that, taking E0 � Ep, where Ep is the half-wave
voltage for the given electro-optical conéguration, we obtain
a complete electro-optical analogue of a rotating l=2 plate.
The polarisation ellipse of light passing through such a l=2
plate will steadily rotate about the wave vector of the light at
a rate o. If the rotation period will be far shorter than the
measurement time, any relatively slow varying polarisation
states of the beam entering the crystal will be time-averaged.

3. Experimental and results

To experimentally verify the above, we used the setup
shown schematically in Fig. 1. The light source ( 1 ) was a
single-mode He ëNe laser (l � 632:8 nm, Pout � 0:5 mW)
or a power-stabilised unpolarised superluminescent emitter:
a diode-pumped Yb3�-doped isotropic silica ébre. The

stable, unpolarised Gaussian beam from the latter source
(lmid � 1067 nm, Dl � 20 nm, Pout � 12 mW) was colli-
mated by a gradient-index lens to a diameter of 0.5 mm and
polarised by a Rochon prism ( 2 ) (certiéed polarisation
extinction ratio of at least 50 dB). The aperture ( 3 ) was
� 1:0 mm in diameter. It was used to select the most
uniform zone of the crystalline polarisation scrambler ( 4 ).
The scrambler had dimensions of 2.5, 2.5 and 34 mm along
the X, Y and Z axes, respectively, and was fabricated from
a congruent LiNbO3 crystal* (Fig. 2). Electrodes were made
on the lateral surfaces of the sample by evaporating gold on
top of a chromium underlayer (electrode dimensions, 2:0�
33 mm). To prevent surface interelectrode breakdown, the
electrodes were potted in epoxy.

Before epoxy potting, thin copper wires (voltage leads)
were attached to the electrodes with a conductive cement.

The polarisation of the beam passed through the
scrambler (Fig. 1) was analysed using an extinction meter
( 5 ) composed of a manually rotated Thompson prism ( 6 ),
lens ( 7 ) and photodetector ( 8 ), which had an active area of
� 3 mm diameter and a dynamic power measurement range
from picowatts to 10 mW (over 60 dB). The residual degree
of polarisation of the beam emerging from the scrambler
was evaluated from the polarisation extinction ratio

*The half-wave voltages of the LiNbO3 crystal were evaluated from the
following values [10]: r22 �1067 nm� � 5:6�10ÿ12 m Vÿ1, r22 �632:8 nm�
� 6:8� 10ÿ12 m Vÿ1 (the r22 values are given for the low frequencies used
in our experiments), no �1067nm� � 2:2323, no �632:8 nm� � 2:2866,
L=d � 13:2.
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Figure 1. Experimental conéguration: ( 1 ) He ëNe laser (l � 632:8 nm)
or superluminescent emitter: diode-pumped (lmid � 1067 nm,
Dl � 20 nm) Yb3�-doped silica ébre; ( 2 ) polariser (Rochon prism);
( 3 ) 1-mm-diameter aperture; ( 4 ) LiNbO3 crystal with quadrupole
electrodes; ( 5 ) extinction meter; ( 6 ) analyser (Thompson prism); ( 7 )
lens focusing the beam onto the active area of the photodetector; ( 8 )
Anritsu ML9001A photodetector.
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Figure 2. Geometry of the LiNbO3 crystal and electrodes. VX and VY are
harmonic voltages.
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e � 10 log�Imax=Imin�, (3)

where Imax and I are the maximum and minimum average
intensities of the orthogonally polarised beam components
at the photodetector ( 8 ).

The optical system was aligned by passing light beams
along the optical axis Z of the crystalline sample ( 4 ) so as
to minimise the inêuence of optical inhomogeneities and
stress-induced parasitic residual birefringence in the LiNbO3

crystal on the initial plane-polarised states of the beams [at
both wavelengths, the extinction ratios of the beams just in
front of the scrambler ( 4 ) were at least 50 dB].

The VX and VY harmonic control voltages were supplied
from 50-Hz mains (time constant in the extinction measure-
ments, � 1 s) through a variable transformer and an
additional, isolation transformer, whose output winding
was connected to a bridge circuit which ensured a phase
shift from 0 to 1808, with two output voltages identical in
amplitude [11]. The circuit and the corresponding vector
diagram of active voltages are shown in Fig. 3. The phase
shift j was varied using a dual potentiometer (R1 �
R2 � 51 kO), which simultaneously varied the two resistan-
ces (either reducing or increasing both) at éxed capacitances
C1 � C2 � 0:1 mF in the bridge. The phase j was deter-
mined as

j � 1808ÿ 2 arctan�VC=VR�; (4)

where VC and VR are the voltages measured by a high-
resistance digital voltmeter across either capacitance and
either resistance.

For comparison with experiment, we calculated the
polarisation extinction ratio as a function of harmonic
control voltages differing in phase by 908 for 1067-nm light

travelling along the optical axis of LiNbO3. We used the
classic formula for the intensity I of light transmitted by an
optical system comprising a source of monochromatic
plane-polarised light, a crystalline plate (LiNbO3 crystal)
ensuring a relative phase shift d given by (2) and an analyser
[12]:

I � I0�cos2�bÿ a� ÿ sin�2a� sin�2b� sin2�d=2��; (5)

where I0 is the intensity incident on the crystalline plate; a is
the angle between the plane of polarisation of the incident
beam and one of the axes of the elliptical section of the
indicatrix across the beam direction [formula (1)]; and b is
the angle between the direction of the output light's electric
éeld oscillation and the same axis of the ellipse. (Since the
polarisation analysis directions were orthogonal and, in our
experiments, were éxed relative to the plane of polarisation
of the incoming beam, b was taken to be equal to a and
a� 908.)

In the calculations, we assumed that the input beam with
l � 1067 nm was completely plane-polarised and that the
LiNbO3 crystal was optically perfect and did not reduce the
polarisation extinction ratio of light travelling along its
optical axis. The intensities of the light with orthogonal
polarisations at the analyser output were computed at 1-ms
intervals and were then summed up and averaged over a
time t � 1 s. Using the average intensities, the output
extinction ratio was determined by Eqn (3) for each total
control voltage value.

The measurement and calculation results are presented
in Figs 4 and 5. In particular, Fig. 4 demonstrates good
performance of the polarisation scrambler at both wave-
lengths. When the half-wave voltages and optimal crystal
orientation are reached, the residual degree of polarisation is
below 0.1 dB in both the IR [curve ( 1 )] and red [curve ( 3 )]
spectral regions. The measured effective control half-wave
voltages [Veff(1067 nm) � 550 and 250 V] are about 20%
higher than the calculated values [Veff(1067 nm) � 460 and
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Figure 3. Phase-shift bridge supplying VX and VY control voltages and
the corresponding voltage vector diagram.
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Figure 4. Polarisation extinction ratio of the output light as a function of
effective control voltages differing in phase by 908, VeffX � VeffY � Veff,
for two wavelengths and two LiNbO3 crystal orientations: ( 1 ) beam axis
almost parallel to the optical axis of the crystal, l � 1067 nm; (1 0)
calculation results corresponding to the experimental data ( 1 ); ( 2 ) beam
axis 25 0 off the optical axis of the crystal, l � 1067 nm; ( 3 ) beam axis
almost parallel to the optical axis of the crystal, l � 632:8 nm.
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210 V], which can be considered reasonable agreement given
the moderate quality of our congruent LiNbO3 crystal.

The deviation of curve ( 1 0 ) from the experimental data
is attributable to the imperfection of the crystal. In
particular, at zero control voltages the parasitic stress in
the crystal reduces the polarisation extinction ratio of the
beam from 50 to � 19 dB [see the initial, left portions of
curves ( 1 ) and ( 1 0 )], and the distinction between the
measured and calculated half-wave voltages is responsible
for the discrepancy between their énal, right-hand portions.
Given these circumstances, the theoretical and experimental
curves are qualitatively similar.

When the LiNbO3 crystal is 25
0 misoriented [curve ( 2 )],

the scrambler performance is, of course, lower, but not to an
extent that it would be considered unsatisfactory: the
residual degree of polarisation (� 1 dB) is quite sufécient
to solve many problems. Thus, we are led to conclude that
the scrambler has suféciently high performance and is not
very sensitive to misorientation.

The performance of this crystalline sample and two
others cut from the same large LiNbO3 boule was found to
be strongly inêuenced by local stress in the crystalline boule.
In particular, one of the samples, cut from a zone with a
fuzzy, distorted conoscopic image, proved unsuitable for
polarisation scrambling: when control half-wave voltages
were applied, the degree of polarisation decreased by just
3 dB relative to the initial one. This highlights that high-
quality crystals must be selected for the fabrication of such
polarisation scramblers. This can be done e.g. using a
conoscopic cross: by monitoring its sharpness and distortion
in various zones of a crystal with polished faces normal to its
optical axis.

In Fig. 5, the polarisation extinction ratio calculated by
Eqn (5) as a function of the missetting Dj of the phase
difference j � 908 between the VX and VY control voltages
is compared to experimental data obtained under the
following conditions: superluminescent source (lmid �
1067 nm), optimal crystal orientation (the crystal axis

parallel to the beam axis) and control voltages equal to
the half-wave voltage (V0 � Vp). The calculations and
experiments were performed for two schemes of polarisation
scrambling analysis: (i) the average extinction ratio was
measured and calculated for two orthogonal plane-polarised
components with their planes of polarisation éxed at angles
of 0 and 908 to those of the incoming beam; (ii) rotating the
Thompson prism ( 6 ) of the extinction meter ( 5 ) (Fig. 1),
we determined the largest extinction ratio, corresponding to
the maximum degree of polarisation of the output beam,
which occurred at analysis angles differing from 0 and 908
relative to the plane of polarisation of the incoming beam
(in the calculations, the same variable angle was added to
two b angles differing by 908). The former scheme, with a
éxed analyser angle, is used most frequently; the latter is of
interest because it demonstrates the rate of the increase in
the degree of polarisation with increasing phase difference
missetting Dj. The increase is due to the fact that, at
Dj 6� 0, the crystal does not act as a half-wave plate, and its
phase axis rotates unsteadily [see (1) and (2)]. As a result, the
trajectory of the polarisation point on the Poincare sphere
proves much more complex than a circle.

The data in Fig. 5 can be used to determine the phase
difference tolerance Dj at a phase setting j � 908. In
particular, even at arbitrary analyser angles and a rather
large tolerance Dj � �28, the scrambler ensures a residual
degree of polarisation of � 0:1 dB (!). If the analyser is éxed,
the phase difference tolerance is greater, especially at higher
crystal quality [see curves ( 1 ) and ( 2 ), corresponding to
ideal and imperfect crystals]. Moreover, our calculations
show that, at Dj � �908, where the rotation angle of the
phase axis is éxed at 22.58 and the phase delay d varies
according to a harmonic law, curve ( 1 ) tends to e � 3 dB.
This suggests that, even with such enormous phase errors,
the device can be used as a coarse polarisation scrambler.

4. Conclusions

The present results demonstrate good performance of a
simple time-domain polarisation scrambler made, as dis-
tinct from the classic Billings depolariser, on one LiNbO3

crystal, displaying a dual transverse Pockels effect.
When two harmonic control voltages differ in phase by

908 and are equal to the half-wave voltage, the residual
degree of polarisation of the light beam, quantiéed by the
extinction ratio e � 10 log (Imax=Imin), may be close to zero.

The performance of the scrambler is a relatively weak
function of angular misorientation and phase difference
missetting, which enables a simple design.

The quality of the crystalline boule has a strong effect on
the performance of the polarisation scrambler fabricated
from it.

Light propagation along the optical axis of the crystal
ensures high thermal stability of the device owing to the lack
of thermally induced birefringence. This implies that, at a
constant applied half-wave voltage, the scrambler acts as a
half-wave plate in a wide temperature range.
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