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It is often desirable to remove both wave front and polarization aberrations from an optical beam. Scalar phase
conjugation, such as ordinary stimulated Brillouin scattering, can correct only for wave-front aberrations. We
have developed a new geometry for Brillouin-enhanced four-wave mixing that performs vector phase conjugation
to correct for both wave-front and polarization distortions. Results show a reduction in the depolarization
losses from 50% to less than 2% of the total output energy. Coherent, variable, multiple-beam combination is
achieved without need of nonreciprocal devices such as Faraday rotators.  1997 Optical Society of America

Laser systems contain optical components that can
reduce the degree of polarization of the beam as
well as aberrate the optical wave front. Many of the
phase-conjugation techniques used, such as stimulated Brillouin scattering in a focused geometry, are
scalar by nature and cannot compensate for distortions in the polarization.1 – 3 Basov et al. were able
to achieve vector phase conjugation by making the
beam appear as one highly aberrated beam of one
linear polarization.4 Another method of achieving
vector phase conjugation is by using four-wave mixing
with counterrotating pump beams. This method
was first described theoretically by Zel’dovich et al.5
and was analyzed for the specific case of Brillouinenhanced four-wave mixing6 – 8 (BEFWM). It has
been found that at high power this method does not
produce the same ref lectivity for both polarizations
and that it exhibits an instability when one of the
polarizations is absent.8 Another method of compensating for polarization distortions is to rotate the
polarization between passes through similar laser
rods. This method is most useful when the depolarization is not too large and the other distortions are not
severe.9,10
BEFWM has been shown to achieve scalar phase
conjugation with high fidelity and ref lectivity.11 In
this Letter we focus on a BEFWM geometry in which
the pump and the probe beams are at the same
frequency and the conjugate of each is shifted by the
Brillouin resonance frequency. To begin our analysis
we def ine the electric f ield, Em , and field amplitudes,
Am , as
(1)
Em sz, td  Am sz, tdexpfiskm z 2 vm tdg 1 c.c.
We have def ined fields E1 and E2 as the pump and
its conjugate and the fields E3 and E4 as the probe
beam and its conjugate. The BEFWM interactions are
described to a good approximation by the following set
of coupled amplitude equations:
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Here g is the Brillouin intensity gain coefficient and c
is the speed of light. In deriving these equations, we
did not assume that any of the amplitudes were necessarily small compared with any other. We dropped
some terms that can have a measurable contribution
to the system under certain circumstances but have
a negligible contribution under our experimental conditions. We did assume that the angle between the
pump and the probe was suff iciently small and that
the interaction was essentially phase matched, that
is, Dk ; jk1 1 k2 2 k3 2 k4 j > 0. In Eqs. (2)– (5),
Am is allowed to be complex, so we can write Am 
jAmx jx̂ expsifmx d 1 jAmy jŷ expsifmy d. In our BEFWM
geometry shown in Fig. 1, the probe beam is divided
into two spatially separated beams with orthogonal polarizations. Since we are working in a domain where
g is real and the initial value of A4 is zero, we can see
that the initial phase of beam A4x will be given by
f4x  f1x 1 f2x 2 f3x ,
 1997 Optical Society of America
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Fig. 1. Brillouin-enhanced four-wave mixing geometry of
our experiments. The pump beams are A1 and A2 , and
the probe beams and their conjugates are A3 and A4 ,
respectively.

and likewise for A4y . Numerical simulations using
Eqs. (2)–(5) show that each of the phases f1 through
f4 is essentially constant through the interaction
region.
It has been shown12 that phase locking of this type
will occur when I1 I2 . I32 exps225d in the interaction
region. Of interest to us are the phases of the beams
when they are recombined after conjugation, as shown
in Fig. 2(a). Note that we can always choose a polarization basis that will achieve equal ref lectivity in
both polarizations. Basov et al.13 f irst showed that
the phase difference on recombination of the x̂ and
the ŷ components is Df  VDLyc, where V is the
Brillouin frequency shift and DL is the optical path
length difference between the two probe beam paths.
In our four-wave mixing geometry we f ind that we
will still have a phase shift even for DL  0. To
calculate this phase shift we need to find the phase
difference between the two output probe conjugate polarizations and the conjugate of the two input probe
polarizations. This phase shift will be def ined by
Db ; f4x 2 f4y 1 f3x 2 f3y . It can be determined
by substitution of Eq. (6) into Db for each of the polarization components to be
Db  f1x 2 f1y 1 f2x 2 f2y .
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amplifier chain and still be able to increase the beam
size before recombination to prevent optical damage to
the components.
Figure 3 displays an experimental realization of the
BEFWM vector phase conjugation with beam combining that we have studied extensively. The pump and
probe beams are 10 ns in duration and originate from
the same Nd:YAG single-longitudinal-mode oscillator.
In the BEFWM region the pump beam is circularly polarized and contains 100 mJ in a diameter of 5 mm,
and each of the four probe beams has 150 mJ in a diameter of 100 mm. The probe beam is split with either
a beam splitter or a combination consisting of a polarizer, a half-wave plate, and a second polarizer. The
polarizer combination is useful in separating the conjugated beams into a main output directed toward detector D1, a depolarized component toward detector D2,
and a residual component toward detector D3. The

(7)

The end result is a phase shift of
sDfdxy ; f4x 2 f4y 1 f3x 2 f3y 

VDL
1 Db . (8)
c

For the case in which the beam splitter in Fig. 2(a) is
a polarizing beam splitter (PBS), one finds that when
sDfdxy  2M p, where M is any integer, perfect vector
phase conjugation occurs. This condition is achieved
by variation of the optical path difference between
the probe beams, the polarization ellipticities of the
pump beams, or the Brillouin resonance frequency V.
In our system we use a combination of the f irst two
methods while maintaining constant temperature in
the Brillouin-active medium.
Variable output coupling can be achieved simultaneously with vector phase conjugation by using the slight
modif ications shown in Figs. 2(b) and 2(c). The fraction of the outcoupled energy to total conjugate energy
is given by12
(
)
p
2 I4a I4b
1
11
h
cosfsDfdab g .
(9)
2
I4a 1 I4b
A benef it of this type of output coupling in a vector
phase conjugation system is that there is no need
for additional active or passive unidirectional devices.
Here we can also have smaller amplif iers in our

Fig. 2. Several applications of this BEFWM phaseconjugate mirror. For simplicity the pump beams are not
explicitly shown. (a) Vector phase conjugation is obtained
through use of a polarizing beam splitter (PBS). ( b) Beam
combining can be implemented as shown, with an ordinary
beam splitter (BS). (c) Vector phase conjugation and beam
combining are simultaneously produced.

Fig. 3. Laser amplifier system based on the geometry
shown in Fig. 2(c). Detector D2 is used to measure the
amount of depolarized light, and detector D3 measures the
amount of light that is coupled back toward the oscillator.
The path lengths DL1 and DL2 can be adjusted to control
the degree of depolarization while DL3 is used to adjust the
fraction of the output coupled to detector D1.
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Fig. 4. Fractional depolarization versus the path length
difference DL1 (or DL2 ). The origin of DL3 is arbitrary.
Note that the amount of depolarization can be reduced to
acceptable levels with only centimeter tolerances on the
path length difference.

By adjustment of the path length difference between
the two amplif ier chains, DL3 , it is possible to adjust
the relative phase of the two probe beams. If this
phase shift is s2M 1 1dp rad, then the beam polarization is effectively rotated py2 rad compared with its input state as it passes back through the ly2-wave plate.
The beam is then coupled out toward detector D1 as
shown in Fig. 5.
In conclusion, we have demonstrated a high-power
vector phase-conjugate mirror system that can reduce
the fraction of depolarized light from 50% to less than
2%. The system can be used to combine multiple
output beams into one coherent beam without need of
any unidirectional device. We have also shown that
there are several different means by which one can
vary the fraction of return energy that is coupled out
of the system. We have run the system at more than
5 J of output energy at 10 Hz with better than 1.5
times diffraction-limited performance. The system is
inherently insensitive to small changes s,1 cmd in the
optical path lengths and has a shot-to-shot variation of
less than 5%.
A portion of this research was performed under
the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under contract W-7405-Eng-48.
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