Quantum Electronics 39 (1) 73—78 (2009)

©2009 Kvantovaya Elektronika and Turpion Ltd

COMPONENTS OF LASER SYSTEMS

PACS numbers: 42.79.Ci; 42.25.Ja; 42.70.Ce
DOI:10.1070/ QE2009v039n01 ABEH013876

Characteristics of Cornu depolarisers made from quartz
and paratellurite optically active crystals

V.A. Bagan, B.L. Davydov, [.LE. Samartsev

Abstract.  Cornu depolarisers made from quartz and
paratellurite crystals have been studied. Numerical calcu-
lations and experimental data demonstrate that such depola-
risers make it possible to significantly alleviate the major
drawback to birefringent wedge depolarisers: the strong
dependence of the polarisation of the output beam on the
input polarisation orientation. We have examined the polar-
isation extinction ratio in the depolarisers as a function of the
rotatory power of the crystals, depolariser length, beam
diameter, and power distribution across the beam, and have
determined the angle between the circularly polarised output
beams in the far field. Data on the optical rotatory power of
quartz and paratellurite crystals have been systematized, and
the results have been used to derive dispersion formulas for
these materials in the visible and near-IR spectral regions.

Keywords: Cornu depolariser, optical activity of quartz, paratellu-
rite.

1. Introduction

Among components of laser systems are laser radiation
depolarisers, which ‘intermix’ polarisation states either in
time (Billings depolariser [1]), or by spectral components
(Lyot depolariser [2]) or by multiple zones in the cross
section of the beam (spatial depolarisers [3]). In this paper,
we present a study of spatial depolarisers consisting of
optically contacted identical wedges made from optically
active crystals, the so-called Cornu depolarises [3]. Such
studies are of high current interest not only because there is
little information about such depolarisers but also in the
context of elimination of polarisation fading in the
heterodyne receiver circuit of lidar systems, when the
arbitrary polarised backscattered radiation interacts with
the reference heterodyne signal to form an interference
pattern in the active area of the photodetector.
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Currently, use is mainly made of a simple, relatively
inexpensive depolariser consisting of a pair of thin wedges,
one made of an optically anisotropic crystal (as a rule,
quartz), and the other of glass [4]. In this design, the optical
axis of the crystalline wedge is normal to the wave vector of
the input beam, and the polarisation states in particular
zones in the cross section of the beam depend on the relative
phase shift between the ordinary and extraordinary waves.
This wave plate principle assumes that the degree of
depolarisation strongly depends on the polarisation state
of the light. In particular, if the input beam is polarised in a
plane parallel or normal to the optical axis of the crystal, no
spatial depolarisation occurs. It is for this reason that wedge
depolarisers are used mainly for spatial depolarisation of
light beams whose polarisation plane is at +45° to the
optical axis of the crystal. In addition, a birefringent
depolariser creates in the far field two non-parallel beams
with orthogonal linear polarisations, whose intensities vary
in antiphase from zero to maximum values at incoming
beam polarisations arbitrary in time. It is easy to calculate
that, for a depolariser consisting of two optically contacted
or cemented wedges identical in geometry, one from single-
crystal SiO, (ordinary and extraordinary refractive indices
n,(1060 nm) ~ 1.5341 and #.(1060 nm) = 1.5428) and the
other from BK-8 glass (n(1060 nm) =~ 1.536), with a wedge
angle from 10° to 45°, the angle between the output beams
in air will be 5’ to 30’. This implies that spatial depolarisa-
tion will be effective only in that part of the near field where
the separation between the beams is small.

The use of a more complicated depolariser design, e.g.,
consisting of two birefringent wedges with their optical axes
45° apart, might be expected to obviate the above problem
because a third, central output beam appears in which the
orthogonally polarised waves are parallel [5]. With this
design, however, the output beam intensity will also vary
from zero to a maximum value upon ’circular’ variation of
the polarisation direction of the input beam.

As distinct from birefringent depolarisers, the Cornu
depolariser takes advantage of the optical activity of the
crystals it consists of, which leads to rotation of the pola-
risation ellipse as the light passes through the optically
active material. The ellipse rotation angle ¢ is determined by
the phase retardations of left- and right-circularly polarised
light, i.e. by the corresponding refractive indices n; and ng

[6]:
¢ = pL, (1)

where p = (n/2¢)(n. —ng) is the optical rotatory power,
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np =ny+ Aop/(2m), ng =n, — Agp/(2mw), L is the crystal
length and 4, is the wavelength of the light in vacuum.”

The Cornu depolariser also consists of two identical
crystalline wedges.”™ The wedges should be cut from similar
crystals (e.g. those of quartz) opposite in the direction of
rotation and should be oriented so that the light prop-
agation direction is parallel to their optical axis (Fig. 1).
With this design, the angle of rotation ¢ varies across the
beam. In contrast to birefringent depolarisers, this device is
capable of depolarising the input beam at any orientation of
its polarisation ellipse.

Optical axes

Figure 1. Cornu depolariser consisting of two wedges identical in
chemical composition but opposite in the direction of optical rotation.
The angle between the output beams, Af, and their displacement are
grossly exaggerated for clarity. The depolariser height was H = 10 mm
in all experiments and calculations.

The far-field behaviour of the two output beams differs
markedly from that outlined above. Since n; # ng, there is
also some separation between the beams in the far field, but
they are left- and right-circularly polarised rather than
linearly polarised. Moreover, because of the small difference
between n; and ng {ip/2n) ~ 107> to 10~* in the IR
spectral region [6]}, the angle between the output beams
must be substantially smaller even at large wedge angles o
(Fig. 1), characteristic of this depolariser.

The objective of this work was to experimentally and
theoretically study the basic characteristics of the Cornu
depolariser, with particular attention to its performance at
arbitrary polarisation states of the input radiation, to the
optimisation of the material of the depolariser and its length
and to the polarisation states of the output radiation in
relation to the diameter of the input beam and the power
distribution in its cross section.

2. Optical rotatory dispersion in quartz
and paratellurite

Currently, the optically active materials most widely applied
in laser technology are SiO,, TeO, and LilO; (lithium
iodate) crystals. The first two materials were used in the
depolarisers described below. To provide reliable optical
rotatory dispersion data for our calculations, we performed
a search for relevant information in the literature and
Internet [7—16]. The reason for this was that even modern
handbooks on physical quantities provide limited, frag-

" Uniaxial crystals, including quartz (SiO),) and paratellurite (TeO,),
exhibit the highest optical activity along their optical axis [6].

**In contrast to birefringent depolarisers, the wedges of Cornu depo-
larisers made of uniaxial crystals can readily be brought into optical
contact, in particular because such crystals are uniform in thermal
expansion across their optical axis.

mentary optical rotation data, especially for the IR spectral
region. The main results of the literature search are
presented in Table 1. For quartz we obtained the following
best-fit relation:

A A
p=a +ayexp|—— | +asexp|——
as ds

A
—+ag exXp (— a_7> ) 2

where a; =1.65569432, a, =1104.28722386, a3 =0.09862624,
ay =181.71620197, a5 = 0.05857032, as = 88.56794745,
a; = 0.35912872, p is in deg mm~! and A is in microns.

Table 1.
p/deg mm™!

A/um SiO, TeO,

Experiment Fit Experiment Fit
0.408 48.1 47.9 - 368.7
0.4152 - 46.1 337.6 338.5
0.4382 - 40.9 271 272.6
0.463 - 36.2 221 222.7
0.48 33.7 335 - 196.7
0.4995 - 30.7 171.2 172.5
0.532 26.7 26.8 143.4 143.4
0.546 25.5 25.4 - 131.2
0.5893 21.7 21.6 104.9 105.5
0.6328 18.7 18.7 86.9 87.1
0.7 - 15.2 67.4 67.3
0.731 13.8 13.9 - 60.4
0.795 11.6 11.7 - 49.4
0.8 - 11.5 48.5 48.7
0.9 - 9 37.4 37.1
1 - 7.2 29.5 29.4
1.064 6.2" 6.3 26.0" 25.9
1.08 - 6.05 - 24.9
1.085 6.1 6 - 24.6
1.1 - 5.8 23.8 23.9
1.142 5.5 5.4 - 22
1.153 53 5.2 - 21.6
1.177 5.1 5 - 20.7
1.3 4.2 4 17 16.8
1.55 - 2.8 11.5 11.5
1.565 2.6 2.8 114 11.5
*This work

For TeO, we present an optimised, more accurate
relation, obtained from Eqn. (5) in Ref. [14] (that study
was concerned with best-fit expressions for the optical
rotatory dispersion in paratellurite) by averaging the dis-
crepancies between experimental and theoretical data:

1

p = [432(2% = 0.08099716) ' —17.7(2% — 0.04293184) ']

x(1.008 — 0.03727) " 3)

Table 1 gives also the results of the present p measure-
ments at the wavelengths of ytterbium- and erbium-doped
superluminescent optical fibre sources (Ayp, = 1.064 pum,
Agr = 1.565 pm, spectral width A4 ~ 24 and 30 nm, respec-
tively).

LilOj; crystals are very similar in optical activity to TeO,
crystals, at least in the near-IR. At 2 =0.63, 1.08, 1.1, 2.0
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and 3.7 um, the p of LilOsz is 80.0, 25.0, 23.8, 7.0 and
2.1 deg mm™', respectively [17]. These values almost coin-
cide with the p values calculated for TeO, at the above
wavelengths by Eqn (5) in Ref. [14]. Therefore, under
permissible service conditions paratellurite crystals can be
replaced by large, optically perfect and, nevertheless, rela-
tively cheap lithium iodate crystals.

3. Calculational approach
and experimental setup

The calculation procedure corresponded to the following
geometry: a collimated plane-polarised beam with an
arbitrary polarisation orientation and a Gaussian (diameter
2wy = 5 mm at a 1/e? level) or uniform power distribution
passes through interchangeable apertures 2, 3, or 5 mm in
diameter and enters the depolariser. The beam was divided
into multiple zones, and the angle of optical rotation was
computed for each zone. Next, we computed the projections
of the electric vectors onto the x and y axes of an analyser
placed behind the depolariser and the sums of the
corresponding intensities, /. and /,, in each zone. The
degree of polarisation of the output beam was evaluated
from the polarisation extinction ratio

21
2

The experimental setup is shown schematically in Fig. 2.
The power-stabilised unpolarised output of a superlumines-
cent source made from isotropic ytterbium-doped silica fibre
(A = 1064 nm, AA =24 nm, output power P, = 18 mW)
was collimated, apertured and then polarised by a Thomp-
son prism. A half-wave plate consisting of two quarter-wave
Fresnel rhombi rotatable about the beam axis was used to
rotate the polarisation plane of the input beam in the range
0—360° in order to vary the polarisation state of the light
entering the Cornu depolariser. We fabricated four depolar-
isers from SiO, and TeO, crystals. Each prism consisted of
crystalline wedges identical in chemical composition but
opposite in the direction of optical rotation. From either
material, we made two depolarisers in the shape of
parallelepipeds elongated along their optical axis, of dimen-
sions 10 x 10 x 22.3 (SiO,) and 10 x 10 x 20.7 mm (TeO,)
along the x, y and z axes, respectively (Fig. 1). The wedges
were bonded by optical contacting. The polarisation extinc-
tion ratio integrated over the cross section of the output
beam was analysed using two Anritsu ML9001A precision
power meters, which had a dynamic range over 10°.

Ext=101g 4)

Figure 2. Experimental setup for investigation of Cornu depolarisers:
(1) stabilised superluminescent source, (2) lens collimator, (3) interc-
hangeable apertures, (4) Thompson polariser, (5) half-wave plate
consisting of two Fresnel rhombi, (6) two depolarisers to be studied,
(7) calcite prism/analyser, (8) lenses for focusing the beams onto the
active area of power meters, (9, /0) Anritsu MLY9001A power meters for
p- and s-polarised beams, respectively.

Polarisation splitting of the beams by ~ 80° was achieved
using a calcite prism polarisation splitter with minimised
reflection losses for all light beams [18]. The prism had a
shape, utilised for the first time, such that the p-polarised
extraordinary wave left the crystal at Brewster’s angle,
whereas the unpolarised incident and ordinary waves
propagated normal to the bloomed faces of the prism.

4. Results

Figures 3—8 present our measurement and calculation
results on the polarisation extinction in the Cornu
depolarisers. The curves in Fig. 3 illustrate the depolarising
power of the quartz device as a function of the polarisation
orientation of a Gaussian input beam for two apertures and
two depolariser lengths (the length was doubled by placing
two samples in series, as shown in Fig. 2). In Fig. 3, zero
angle corresponds to the polarisation plane oriented
vertically; the transmission axes of the analysers were
oriented vertically and horizontally, and the depolarisers
were mounted so that the diagonal interfaces between the
crystals were vertical. Dashed curve (2) represents the
calculation results for a single depolariser of length L =
22.3 mm, with the reference value of the optical rotatory
power of quartz, p(1064 nm) = 6.2 deg mm~', and an
aperture diameter d=2 mm. As seen, there is good
agreement with measured curve (/). Clearly, lower
extinction values, e.g. Ext <1 dB, can only be achieved
with L > 44.6 mm and d > 5 mm [curve (5)].

Extinction / dB
L o & » B

|
o

|
—
o
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Angle of the polarisation plane of the input beam/deg

Figure 3. (I, 3—5) Measured and (2) calculated polarisation extinction
ratio as a function of the polarisation orientation of the input beam
(2 = 1064 nm) for Cornu depolarisers made from optically active SiO,
crystals: (/—3) one depolariser, L = 22.3 mm; (4, 5) two depolarisers,
L = 44.6 nm; aperture diameter of (/, 2, 4) 2 and (3, 5) 5 mm.

Notably better results (Fig. 4) were obtained with the
depolarisers made from TeO, crystals, which offer much
higher optical activity: p (1064 nm) = 26 deg mm~'. How-
ever, the calculation results for these depolarisers differ
considerably from the experimental data, in contrast to the
quartz depolarisers. For example, the y intercept of meas-
ured curve (/) was Ext ~ 2.2 dB, whereas the calculated
value was Ext = 0.45 dB. Good agreement between curves
(1) and (2) was only achieved with a lower optical rotatory
power, p(1064 nm) =21 deg mm~'. Therefore, the per-
formance of the depolariser was equivalent to that of a
less optically active material. We tentatively attribute this
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inconsistency to both the errors in the mutual orientation of
the crystalline samples and the possible optical inhomoge-
neity of the bulk TeO, crystals opposite in the direction of
rotation. The former assumption is based on the fact that, in
uniaxial crystals with a sufficiently large birefringence,
|ne — ny| = 0.01, the optical rotatory power drops sharply
just a few degrees off the optical axis of the crystal [6]. TeO,
has a high birefringence, n, —n, ~ 0.14, which by far
satisfies the above inequality. Therefore, in fabricating
TeO, prisms for a depolariser special attention should be
paid to crystallographic orientation accuracy and the optical
quality of the crystals. In this regard, large, more optically
perfect LilOj5 crystals grown from solution have a significant
advantage over melt-grown TeO, crystals.

8]

Extinction/dB

(=]

1 1 1 1 1 1 1 1 1 1 1 1
0 30 60 90 120 150 180
Angle of the polarisation plane of the input beam/deg

Figure 4. (1, 3—5) Measured and (2) calculated polarisation extinction
ratio as a function of the polarisation orientation of the input beam for
Cornu depolarisers made from optically active TeO, crystals: (/—3) one
depolariser, L = 20.7 mm; (4, 5) two depolarisers, L = 41.4 nm; aper-
ture diameter of (1, 2, 4) 2 and (3, 5) 5 mm.

It is worth noting that, in Figs 3 and 4, the extinction
ratio has maxima at 0, 90°, 180°, 270° and 360°. This was
taken into account in further calculations, which were all
made for zero angle.

Figures 5—8 show the calculated extinction ratio as a
function of rotatory power (material and wavelength),
depolariser length L and aperture diameter for Gaussian
and uniform beams. The diameter of the Gaussian beam
was taken to be constant (2w, = 5 mm), whereas that of the
uniform beam was determined by the aperture. An interest-
ing feature of the data in Figs 5-8 is that the curves
intersect the abscissa (/. =1,) in a systematic manner.
This suggests that, rather than choosing crystals with as
high an optical activity as possible, one can take advantage
of a material with an optical activity corresponding to the
first zero of extinction (Fig. 5). To this end, however, the
depolariser length L and aperture diameter must be properly
adjusted to the particular beam profile.

It follows from Figs 5—8 that, under comparable con-
ditions, low extinction values are easier to achieve for
uniform beams than for Gaussian ones. The reason for
this is that the periphery of a Gaussian beam contributes less
to the polarisation state of the output beam than does the
periphery of a uniform beam. Moreover, the intermixing of
polarisation states is more effective when the power dis-
tribution is broader (for an infinitely narrow beam, no
depolarisation occurs). Therefore, one must use as broad

1,2—L=40mm, d=5mm
3-L=20mm, d =5mm
4,5—- L =40 mm, d =2 mm
6—L=20mm, d=5mm
7,8 — L =20mm, d =2 mm

o

Extinction /dB
~

W

40 48
Rotatory power /deg mm ™'
Figure 5. Calculated polarisation extinction in Cornu depolarisers as a

function of optical rotatory power for Gaussian (2w, = 5 mm, solid
lines) and uniform (dashed lines) beams.
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Figure 6. Calculated polarisation extinction in quartz Cornu depolari-
sers as a function of depolariser length for Gaussian (solid lines) and
uniform (dashed lines) beams; 4 = 1.064 pm.
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Figure 7. Calculated polarisation extinction in paratellurite Cornu

depolarisers as a function of depolariser length for Gaussian (solid lines)
and uniform (dashed lines) beams; A = 1.064 pum.

beams as possible. The choice of the depolariser length L
depends on the ability to grow large, high-quality crystals
with both directions of optical rotation. Unfortunately,
manufactures typically provide only one enantiomorph.
This problem can be alleviated to some extent by placing
several short depolarisers in series, as shown in Fig. 2. It is
even possible to get by with crystals of the same enantio-
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Figure 8. Calculated polarisation extinction in Cornu depolarisers as a
function of input aperture diameter for Gaussian (solid lines) and
uniform (dashed lines) beams; 1 = 1.064 pm.

morph, using a compensating glass wedge instead of the
second crystal (drawback of large L).

In choosing the design and material of Cornu depolar-
isers, one must take into account that the circularly
polarised output beams are non-parallel. The angle between
the almost symmetrically deflected beams in air is given by

(Fig. 1)
AQ = arcsin[ng sin(a — f;)] — arcsin[ng sin(e — f,)],  (5)
where

o = arctan(L/H); f, = arcsin[(ny /ng) sina];

f, = arcsin[(ng /ny) sin ).

Figure 9 shows the calculated angle between the output
beams as a function of wavelength for SiO, (L = 44.6 mm,
H =10 mm) and TeO, (L =41.4 mm, H = 10 mm) Cornu
depolarisers. Also presented for comparison are the calcu-
lation results for birefringent depolarisers consisting of a
quartz wedge and BK-8 glass wedge with wedge angles of
10° and 20°. In those calculations, we used the p values
given in Table 1, the Sellmeyer formulas for the refractive
indices of quartz [19], standard dispersion formulas for glass
[20] and best-fit equations for the n,(4) and n.(1) of
paratellurite, which had been derived from reference refrac-
tive index data [21]:

0.008067
22 —0.0127493

1/2
) ; (6)

0.00844614
22 —0.0127493

1y(Si0,) = (3.53445 +

0.002682
2% —0.000974

127.2
22— 108

16(Si0;) = (3.5612557 +

0.00276113
2% —0.000974

127.2 \'/?
+;?—108) ’ ™

)
oe(TeOs) = by + by exp (— bi) T byexp (— b—)+
3

where / is in microns;

by =2.18684117, b, =0.58914524, b; = 0.27786593,

by =3.51109821, bs=0.10582791, by = 0.49931817,
by = 0.11062601

for the ordinary wave and

by =2.3327039, b, =1.08795949, b; =0.1328851,
by = 0.67839706, bs =0.21415973, be = 0.67353531,

b; = 0.20848677

for the extraordinary wave.

Angle /arcmin
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Figure 9. Calculated angle between the output beams as a function of
wavelength for (/) TeO, (H =10 mm, L =41.4 mm) and (2) SiO,
(H =10 mm, L = 44.6 mm) Cornu depolarisers and for (3, 4) birefrin-
gent depolarisers consisting of a quartz crystal wedge and BK-8 glass
wedge with wedge angles of 10° and 20°, respectively.

As expected, in the near-IR the angle between the
circularly polarised output beams is substantially smaller
than that at the output of birefringent depolarisers, in spite
of the large wedge angle in the Cornu depolariser. The use of
paratellurite Cornu depolarisers in the visible range may
seem questionable. This is however not so because in this
range the rotatory power rises quadratically with frequency
[6] and, hence, a smaller depolariser length is needed; so the
angle between the output beams will be smaller. Our
calculations indicate that, for Cornu depolarisers, this angle
is an almost linear function of L (H = const), in contrast to
that for birefringent depolarisers, which slightly deviates
from linearity, but not very much, at least for wedge angles
below 45°. To verify the calculation results, we measured the
angle between Gaussian beams from an He—Ne laser (1 =
0.6328 pm, collimated beam 3 mm in diameter, 35-m
spacing, ~ 10 % measurement accuracy) at the output of
a Cornu depolariser consisting of two rectangular quartz
prisms placed as shown in Fig. 2. The measured angle, 2, is
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in perfect agreement with the value obtained by Eqn (5),
namely, 2.02’. Using a thin film polariser, we found that
both beams were circularly polarised.

5. Conclusions

We investigated two Cornu depolarisers made from
materials differing markedly in optical rotatory power.
Experimental data and numerical calculations demonstrate
that this type of depolariser makes it possible to signifi-
cantly alleviate the drawback common to birefringent
wedge depolarisers: 100 % dependence of the polarisation
of the output beam on the input polarisation orientation.

In calculations of the depolariser design, one must take
into account not only properties of the material but also the
desired aperture size and the power distribution across the
input beam.

In preparing optically active crystals for cutting, partic-
ular attention should be paid to the maximum possible
accuracy in their orientation relative to the optical axis
(uniaxial crystals) or the crystallographic axis of the highest
optical activity (biaxial crystals and optically isotropic
crystals with cubic symmetry). According to our estimates,
the orientation must be accurate to within 15’
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