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A scheme using phase conjugation via stimulated Brillouin scattering in methane gas has been developed for the accu-
rate conjugation of both the polarisation state and the phase of a non-uniformly depolarised laser beam. It incorporates a
two-plate tapered light guide with metallic reflecting surfaces which has the property of preserving the linear polarisation
of the input light. This scheme has been successfully applied to a Nd:glass amplifier arrangement. The residual birefrin-
gence loss of 3% (after a double pass) was found to be independent of pump power to the amplifier even when this was in-
creased to a level sufficient to give a single-pass depolarisation loss of 20%.

1. Introduction

An important application of nonlinear optical
phase conjugation is in the correction of optical aber-
rations produced by laser amplifier stages (see ref.
{1] for extensive reviews). Many authors have re-
ported a considerable degree of success in compen-
sating for phase distortions in amplifiers by using
a double-pass configuration, but the performance of
such systems is often limited by depolarisation of
the laser beam whilst traversing a strongly pumped
amplifier rod or some other depolarising element
[2-5].

One drawback of stimulated Brillouin scattering
(SBS) as a means of phase<conjugation is that it does
not, in general, conjugate the polarisation state of
the incident laser beam [6,7]. For example, a right
circularly polarised beam is back scattered as a left
circularly polarised beam just as in an ordinary mir-
ror reflection whereas the conjugate polarisation
state in the reflected beam would be right circularly
polarised. There is one polarisation state, however,
which is correctly conjugated, this being the case of
a uniformly linearly polarised beam.

In some cases, where the depolarisation is not
excessive, the beam remains sufficiently close to
uniform linear polarisation that good conjugation
still occurs. Under these circumstances, a Faraday
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rotator, giving 45° of rotation per pass, placed be-
tween the depolarising elements and the SBS phase
conjugator, as in fig. 1, can provide sufficient can-
cellation of the depolarisation on the second pass
through those elements by effectively interchanging
the orthogonal polarisation components for the sec-
ond pass [8,9]. Belousov and Nizienko [9] have ar-
gued that this technique should be effective but in
discussing their experimental demonstrations gave
no quantitative measurements of depolarisation loss.
We have tested the configuration of fig. 1 with a
Nd:glass amplifier giving up to 20% depolarisation
per single pass and under these conditions we have
found that the double pass depolarisation loss of
the scheme exceeded 25%.

This result suggests that the configuration of fig. 1
may not be effective for situations involving signifi-
cant birefringence (or other forms of depolarisation)
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Fig. 1. A scheme for compensation of a moderately depolar-
ised beam using SBS.
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and that some more effective scheme is required.

As stated above, there is one polarisation state for
a laser beam which is correctly conjugated in the SBS
process, that is, a uniform linear polarisation. In prin-
ciple, therefore, one can accurately conjugate a laser
beam of arbitrary polarisation by converting it into a
beam of uniform linear polarisation before it enters
the SBS phase conjugator. An experiment based on
this idea was demonstrated by Basov et al. in 1978
[10]. The beam from a Nd:glass laser, having been
depolarised in passing through a ruby laser rod of
poor optical quality, was then converted to linear po-
larisation before being phase-conjugated via SBS in
liquid CS,. Further details of the experimental ar-
rangements involved in this scheme will emerge in the
discussion below, but the essential feature is that the
depolarised beam is split into two orthogonal linear-
ly polarised beams by a polariser, one of these beams
has its polarisation rotated to be parallel to that of
the other beam, and the two beams are then com-
bined in the SBS medium. The experimental results
of Basov et al. indicate that the demonstration was
successful, However, despite the potential importance
of this scheme, it appears that there has been no sub-
sequent work reported in the literature in which this
technique has been further investigated. Our own at-
tempts to exploit this scheme revealed some problems
and were of mixed success. Since it may be that others
have encountered similar problems, the purpose of
this paper is to describe the precautions that we have
found it necessary to introduce in order to obtain a
successful implementation of Basov’s original scheme.
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These precautions are outlined in the following sec-
tion in which the experimental arrangement is ex-
plained. In section 3 we describe a polarisation-pre-
serving waveguide configuration that has proved a ma-
jor factor contributing to the experiment’s success,
and the experimental results are given in section 4.

2. Experimental arrangements and precautions

Following Basov, our initial experiments made use
of CS, as the SBS medium. However, it was evident
that self-focussing effects were occurring which caused
severe fluctuating beam distortions and shot-to-shot
intensity variations both for a focussed and a guided
geometry. Under these conditions, no consistent cor-
rection of depolarisation was observed. CS, has the
further disadvantages of gradually photodissociating
and of reacting with many compounds or impurities
used in the construction of cells used to contain the
liquid, leading to significant absorption at the wave-
length of 1.06 um. Our previous experience with CH,
gas as a SBS medium for use at 1.06 um [8] has indi-
cated that it is free from the above problems and we
have, therefore, based our experimental evaluation of
the Basov scheme on CH, as the phase-conjugator.
The experimental arrangement is shown in fig. 2. The
laser system consisted of a Q-switched, TEM, single
longitudinal mode oscillator incorporating a telescopic
resonator and giving up to 100 mJ in a 30 ns pulse, as
described in ref. [8]. The horizontal linearly polarised
output from this oscillator was expanded to give a
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Fig. 2. The experimental arrangement for compensating of a severely depolarised beam.
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collimated beam with radial spot size (w) of ~2 mm
and passed through polariser P1 (see fig. 2), a Faraday
rotator giving 45° of rotation per pass, 2 Nd:YAG am-
plifier and a Nd:glass amplifier. Following these ele-
ments a calcite prism having an apex angle of 20° split
the beam cleanly into two orthogonal linearly polarised
beams, the angle between them being 3.3°. One of
these beams had its polarisation rotated by 90° by a
half wave plate. The two beams were then directed via
steering mirrors into the high pressure methane SBS
cell. One of these mirrors was mounted on a transla-
tion stage to facilitate equalisation of the path lengths.
After the mirrors a telescope reduced the spot size to

1 mm before the beams passed through the 50 c¢m fo-
cal length cylindrical lens into the cell containing the
guide.

There are five important points to note in the de-
sign of this experiment:

(A) The thermally induced birefringence in the
Nd:glass amplifier rod, which had dimensions of 75
X 6 mm, gave a polarisation state which was non-uni-
form over the beam cross section and the degree of
depolarisation was continuously variable up to 20%
per pass by controlling the mean pump power to the
rod up to 160 W. This did not alter the focal length
of the rod since it was of athermal glass (Kigre Q-100).
We emphasise that this rod was not incorporated to
amplify the beam (the gain wavelength differing
slightly from that of Nd:Y AG) but to serve as a pre-
cisely controllable depolarising element. It does,
however, test the scheme with respect to one of its
potential applications, that is, to corrections of dis-
tortions in a chain of Nd :glass amplifiers where bire-
fringence effects cause serious losses and beam dis-
tortions.

(B) The calcite prism gives very clean separation
of the polarisation components. In this respect it is
superior to thin-film dielectric polarisers, which we
used at first, but which we found gave a small amount
of the vertical polarisation component with the hori-
zontally polarised beam and vice versa,

(C) It is necessary to keep the path lengths equal
for the two separated beams. If the path lengths are
unequal by an amount A/ then a phase shift A¢
arises as the scattered beams retrace their paths from
the Brillouin cell to the calcite prism. This is due to
the frequency shift Avg that occurs in the Brillouin
scattering process. A¢ is given by
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Al
Ap=2m = Avy .

For methane, with a Brillouin shift of ~800 MHz, a
path length difference of 1 cm leads to a phase dif-
ference of 10°. For an initially plane polarised beam
this would lead to a loss at the output coupler of ap-
proximately 1%. We have therefore, kept path lengths
equal to within this tolerance.

(D) The losses in each path were kept equal to
within 1%.

Points C and D together ensure that the two beams
returning to the calcite prism after conjugation have
both the same phase and the same relative amplitude
that they had when they were separated on the out-
ward phase. This is necessary for accurate reconstruc-
tion of the polarisation state at the prism on the re-
turn pass.

(E) Perhaps most importantly: It is essential to
have good overlap of the two beams throughout the
SBS region. The use of a light guide can achieve this.
In addition, the overlapped beams must maintain their
linear polarisation. This is a feature which some guides
do not offer and we have found it necessary to con-
struct a special guide to ensure this.

We carried out a preliminary experiment [11] in
which no guide was used but the two beams were fo-
cussed into the SBS cell and overlapped in the focal
region. Two drawbacks with this arrangement were
apparent:

(a) If both beams were above SBS threshold the
SBS interaction could occur in each beam indepen-
dently in that part of the beam before the focus. In
this case the beams were not reflected in phase with
each other but their phase difference fluctuated
randomly from shot to shot. As a result, the original
polarisation state was not reconstructed at the polar-
ising beam splitter when the reflected beams recom-
bined at this element on the return pass.

(b) If one beam was above SBS threshold but the
other was not, the weaker beam was still reflected
from the focal region but the overlap was insufficient
to give complete phase locking between the beams.
Again, the correct polarisation state was not recon-
structed at the beam splitter on the return.

As stated above, having found methane gas to be
a good SBS medium and having found problems with
liquids such as CS, and CCl, where guidance might
have been obtained more straightforwardly, we elected
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to continue using methane and constructed a guide
compatible with this medium. We also made use of
the fact that to mix (or overlap) the two beams effec-
tively in the SBS cell the guide need only confine the
beams in one plane (horizontal) while focussing could
still serve to confine them in the vertical plane. The
object of focussing is to bring the threshold down to
a convenient value.

3. The light guide

It is well known that many metals give high reflec-
tivity for light at grazing incidence. The power reflec-
tion coefficient for light polarised perpendicular to
the plane of incidence (which is the polarisation hav-
ing the highest reflectivity) is

_(n—cos 8)? +k2
(n+cos)? +k2°
where @ is the angle of incidence and n and k are the
real and imaginary parts of the refractive index, n =
n — ik.

To obtain a high reflectivity and low scatter we
have used a metal evaporated onto a glass substrate
as the guide material. Aluminium was chosen for its
resistance to tarnishing despite having a lower reflec-
tivity than silver (for aluminiumn =175,k =8.5
while for silver n =0.11,k = 6.56 at a wavelength of
0.95 um [12]). These figures are not significantly
different at a wavelength of 1.06 um and the calcu-
lated reflectivity for aluminium increases from 99.2%
at an incident angle of 85° to 100% at an incident
angle of 90°. The substrates consisted of strips of
glass 2 mm thick with a working surface of 3 mm
wide and 500 mm long. These were cut from ordi-
nary sheets of 2 mm thick picture glass.

Metal mirrors are usually considered to be unsuit-
able for high power lasers because of their poor resis-
tance to optically induced damage, typical power
damage thresholds being ~50 MW cm~2. However,
at grazing incidence the power handling capability
increases for two reasons: (i) the laser beam is distri-
buted over a large area of the metal’s surface, reduc-
ing the power per unit area of surface and (ii) the re-
flectivity increases, and hence the absorbed energy
decreases, as the angle of incidence increases. Damage
occurs by absorption of radiation.
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Samples of these aluminium mirrors were tested
for reflectivity and damage resistance at A = 1.06 um
using a 30 ns pulse originating from the single-longi-
tudinal mode oscillator, the reflection occurring at
a beam waist having a spot size of 160 um. For angles
of incidence of 85°,86°,87°, 88° and 89° the mea-
sured reflectivities were 93%, 94%, 95%, 97% and
99% (+1%) respectively. Although slightly lower than
the theoretical values (99.2%, 99.4%, 99.5%, 99.7%
and 99 8% respectively) these reflectivities are per-
fectly adequate for the incident angles needed in our
experiment. The damage threshold power was found
to be 75 + 25 MW per cm? of surface with no obvious
dependence on the incident angle for the range of
angles stated above. Thus the beam intensity itself
was a factor (n/2 — 8)~! higher than this surface dam-
age threshold intensity where 8 is the (large) incident
angle in radians. This damage figure was high enough
for the experiment although it could probably be in-
creased with improved coatings.

To form the guide two of these reflective plates
were placed facing each other in the SBS cell. The
separation between the mirror faces was 3 mm at the
entrance to the guide, which was placed close to the
entrance window of the cell, reducing to 1 mm at the
exit. Plan and side views of the guide are shown sche-
matically in fig. 3.

The two beams entering the cell had a spot size of
(radius) ~1 mm and overlapped each other exactly at
the entrance to the guide, the angle between the
beams being 14 mrad. The walls of the guide confined
the beams in the horizontal plane and a cylindrical
lens of 50 cm focal length placed immediately in front
of the entrance window confined them in the vertical
plane by its focussing action. The spot size in the ver-
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Fig. 3. Schematic diagram of the guide.
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tical plane at the focus of this lens was 160 um. An
important point to note here is that this guide has the
major advantage over a cylindrical guide of preserving
the linear polarisation state of the input beams. By us-
ing only two guiding surfaces, the taper and separation
can be controlled easily. The absorption losses for the
guide can be calculated by considering the number of
reflections of the beam and the angle of incidence and
hence the absorption at each reflection. Measured
transmissions out of the tapered end were slightly
lower than values calculated in this way. For example,
for a beam incident at an angle of 7 mrad to the guide
axis (as in the actual experiment) only one reflection
occurs and the transmission was 95% compared to a
theoretical value of at least 99%. This measured figure
is quite adequate for the system and compares favour-
ably with guides utilizing total internal reflection.

The polarisation of the light transmitted by the
guide was checked and found to accurately maintain
its vertical linear polarisation as did the light reflected
via SBS, thus confirming the polarisation-preserving
property of the guide.

A parameter of importance when comparing guided
and unguided geometries is the threshold for the on-
set of SBS. An approximate prediction for the power
threshold is found as follows. Under steady state con-
ditions where the pump bandwidth Avp satisfies
(Aup)"1 > 7g, where 7y is the acoustic phonon damp-
ing time, the gain of the Stokes wave over a length /
of medium for a plane wave pump of intensity Ip is
exp(gBIpl). Defining threshold as the condition when
the gain reaches exp(30) gives a threshold pump power
of

Pth = 30Ap/gBl ’

where Ap is the area of the pump beam. In our ex-
periment the beam area is defined by the focussing
action of the cylindrical lens and by the guide walls.
Taking the focussed beam width as twice the gaus-
sian spot size, the mean intensity of the beam was cal-
culated numerically to be 1.2P Wm—2. At the meth-
ane gas pressure of 40 atmospheres used,gp = 1.45
X 10—4 m/W and the predicted steady state threshold
is therefore 350 kW. In fact, since the pump pulse
duration is of the order of 75, which is 12.5 ns at 40
atmospheres pressure, the effect of transience must
be taken into account.

Based on the analysis of Kaiser and Maier [13],
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the calculated threshold, including the effect of trans-
ience, is ~3 times greater, i.e. ~1 MW. For compari-
son, using a similar method for a beam tightly fo-
cussed to a waist of 160 um in a 1 m long cell at 40
atmospheres pressure by a spherical lens of 50 ¢cm
focal length, the predicted SBS treshold is 420 kW.

4. Experimental results

A measurement of SBS threshold using the guide
with the cylindrical lens of 50 cm focal length gave
an energy of 25 mJ in a 30 ns pulse, corresponding
to a power of 0.83 MW, i.e. slightly below the pre-
dicted value. Considering the approximations made
in the calculation regarding the beam intensity pro-
file and the temporal pulse shape, these two values
are in good agreement. For comparison, for a beam
tightly focussed by a spherical lens of 50 ¢m focal
length to a 160 um spot size at the centre of a 1 m
methane cell at the same pressure, threshold is mea-
sured as 9 mJ in 30 ns, or 300 kW.

As expected for a guide of this configuration, the
alignment of the two input beams relative to each
other was found to be much more critical in the ver-
tical direction than in the horizontal direction. At the
narrow end of the guide the width of each beam was
300 um in the vertical direction and 1000 um in the
horizontal direction. A movement of one beam of less
than one spot size (160 um) in the vertical direction
greatly increased the threshold power as the overlap
region decreased in size. However, in the horizontal
direction, the alignment of one beam relative to the
other was much less sensitive because of the guidance
given in this plane.

From past experience with SBS in methane we have
found that for high reflectivities of typically 60% it is
necessary to exceed threshold by a factor of approxi-
mately ten or more. To date, with this configuration,
we have used inputs of approximately 75 mJ, i.e. three
times threshold, and under these conditions the reflec-
tivity of the gas has been 30%.

In assessing the effectiveness of this plane conjuga-
tion scheme we have examined its performance in cor-
recting depolarisation and in correcting wavefront
phase distortions. To assess the latter we have com-
pared the beam obtained with a conventional arrange-
ment utilizing a plane mirror to double-pass the am-
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plifier with that obtained for the system of fig. 2. The
beam quality was assessed by observing the intensity
profile using a linear diode array. The divergence was
measured as in ref. [8] by focussing the output to a
waist and measuring the spot size w both at this waist
(wg) and at a position further down the beam. Assum-
ing a gaussian beam of waist spot size w one can cal-
culate an expected divergence. The ratio of calculated
to measured divergence gives the factor by which the
beam exceeds the diffraction limit.

In this way we found that for the version incorporat-
ing the plane mirror, the output beam divergence de-
graded to twice the diffraction limited at the maxi-
mum pumping rate to the Nd: glass amplifier (under
these conditions the oscillator output was diffraction
limited). The beam profile showed modulation of 50%
depth with structure of width of ~1/6 beam diameter,
and this is shown in fig. 4(a). With the phase conjugate
mirror, as in fig. 2, the system output was very close
to diffraction limited with a smooth intensity profile,

Fig. 4. (a) Beam intensity profile using a plane mirror to
double pass the Nd :glass amplifier. (b) Beam intensity pro-
file using phase conjugation.
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fig. 4(b). Furthermore, as the pump power to the
Nd: glass amplifier was varied from zero to the maxi-
mum, increasing the birefringence and distortion, the
output beam profile, checked at several locations,
was found to remain constant.

5. Depolarisation loss

To assess the degree of correction for depolarisa-
tion, the losses due to depolarisation were determined
by measuring the fraction of the return beam passing
back through the polariser P1 (fig. 2) rather than be-
ing reflected as output. This loss was recorded as a
function of the mean input pump power to the Nd:
glass amplifier. The thermally induced birefringence
of this amplifier was characterised by measuring the
depolarisation of the linearly polarised input beam
making a single pass through it. To do this a second
polariser, placed temporarily after the amplifier, sep-
arated the orthogonal polarisation components and
the energy ratio of these two was measured. This
single pass depolarisation is plotted on fig. 5 together
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Fig. 5. Single-pass depolarisation in the Nd :glass amplifier
rod, curve (A) and double-pass loss of the complete system,
curve (B).
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with the double pass loss of the complete system of
fig. 2.

The dramatic reduction in the depolarisation loss
shown in this figure, down to a level of 3% per double
pass under conditions where the Nd :glass amplifier
contributed a single-pass depolarisation of 20%, con-
firms the success of this scheme. In particular, it dem-
onstrates that effective mixing of the two beams can
be achieved using guidance in one dimension only.
The origin of the nearly-constant residual loss of
2—3% is not known but could be due to a number
of spurious effects such as depolarisation in lenses
or other glass optical elements or slightly non-uni-
form losses in the guide, for example. The results
shown in curves A and B were obtained by varying
the pump power to the Nd :glass amplifier only and
no beam realignments or other adjustments were ne-
cessary. The system was tested for non-equal path
lengths of the two beam paths by moving one of the
steering mirrors on its translation stage and realign-
ing the beams as necessary. It was found that a path
length change of up to 2 cm from zero length dif-
ference produced no observable change in the per-
formance of the system. (We note that this is a signif-
icantly greater optical path length difference than
the value of ~4.5 mm previously observed by
Rockwell and Giuliano [14] in an experiment where
separate beams were focussed together in an SBS cell
to produce phase locking between them). If the path
difference was increased further then the output pulse
fluctuated in amplitude from shot to shot and the de-
polarisation loss increased.

We anticipate that further improvements can be
made to this scheme to give even better performance.
For example, better quality substrates could be used
for the guide walls instead of ordinary picture glass
and possibly other coating materials could give higher
reflectivity and higher damage threshold than the
aluminium coatings we have used. Furthermore, the
precise geometry of the guide has not been optimised.
For example, a narrower separation at the guide exit
would reduce the SBS threshold and increase the re-
flectivity.

6. Conclusion
The use of a tapered metal guide giving guidance
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in one dimension with methane gas as the SBS medi-
um has allowed the efficient and accurate conjugation
of both the polarisation state and the wavefront phase
of a severely aberrated and depolarised laser beam. The
guide, which has the particularly desirable feature of
maintaining polarisation, can also be used over a wide
range of laser wavelengths and with either gas or lig- R
uid contained between the guide walls. The technique

is potentially important for the phase conjugation of
depolarised laser beams and is of particular significance

for application to large Nd:glass amplifier chains.
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