Laser interferometer with wa Jcir :nt-reversing wiirrors

1. INTRODUCTION

Reversal of laser radiation wavefront by nonlinear
Optics methods is attracting considerable attention.
This is primarily due to the unique properties of the
radiation reflected from wavefront-reversing mirrors,
whose field is identical (apart from the phase factor)
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A theoretical and experimental investigation was made of a Michelson interferometer with wavefront-

reversing mirrors based on stimulated Brillouin scattering. It is shown that the period of the intceference

pattern obtained when the length of one of the interferometer arms is varied represents the frequency s&:ift due
to the stimulated scattering; the visibility curve tends to approack the limit 0.25 and represents a combination
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transits across the difference between the interferomets - arms. The interferomeier can be used for any spatial
structure of the exciting radiation and it is insensitive to th.: optical quality of its components,
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with the complex conjugate of the incident-wave field:

The operation of complex conjugacy is equivalent to
reversal of the direction of time in the Maxwell equa-
tions and the reflected wave traveling in the opposite
direction passes consecutively through all the states
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FIG. 1. a) Conventional Michelson interferometer with
« & =1,~14. b) Interferometer with wavefront-reversing
Brillouin mirrors (AlI=be +1 — 1),

of the incident radiation returning to the initial state.
This is why wavefront reversal has been regarded so
far mainly as a means for compensating phase distor-
tions suffered by light waves in active elements of
laser amplifiers, imperfect optical components, tur-
bulent atmosphere, ete.

We shall show theoretically and experimentally that
the use of wavefront-reversing mirrors based on
stimulated Brillouin scattering (StBS mirrors) in con-
ventional two-beam interferometers makes it possible
to construct systems with new physical properties.

By way of example, we shall consider the Michelson
(or more exactly, the Twyman—Green) interferometer
with plane-parallel light beams in Fig. 1a. In a clas-
sical version of this interferometer the waves reflec-
ted from the mirrors interfere in a semitransparent
mirror and the intensity of the output radiation is
given by

Ta[i+cos (nt+Ag)].

Here, Ag is the phase difference between two light
beams acquired in the forward and reverse transits,
amounting to A¢ =2kAl, where k is the wave vector
amounting to ~10° em ™" in the optical range and Al is
the path difference between the interferometer arms.

We can easily see that the direct replacement of the
conventional with the wavefront-reversing mirrors in
interferometers of this type makes it possible to deal
with spatially inhomogeneous instead of plane waves.
The profiles of the amplitude of the reflected waves
interfering in the semitransparent mirror are now iden-
tical and, in view of the relative nature of the field con-
jugacy on reflection, only the zeroth points may be dis-
placed but the scale of the interference pattern remains
the same. The use of two wavefront-reversing StBS
mirrors has the effect that even in the case of mono-
chromatic beams the phases of the reflected waves
vary in an arbitrary manner from one laser shot to
another! and, moreover, there may be fluctuations
during a laser pulse with a characteristic time r~T"/
28vgys (Ref. 2), where Avgyps is the width of the spons
taneous scaftering line and T is the gain increment of the
scattered wave. This makes it more difficult to observe
the interference pattern but also facilitates studies of
fluctuations of the phase of the wave scattered in the
stimulated Brillouin effect.®

Accidental variations of the phases can be elimina-
ted by directing beams produced by division in a semi-
transparent mirror so they are reflected simultaneous-
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ly by the same StBS mirror (Fig. 1b). An interfero-
meter of this kind has fundamentally different char-
acteristics from those discussed above. In fact, as
pointed out before, a wavefront-reversing mirror per-
forms an operation on the incident beams which is
equivalent to time reversal. Therefore, a beam which
has traversed a shorter path before reaching the re-
versing mirror is reflected with a phase lag amounting
to kAl compared with the second beam. This delay
would have been compensated in the reverse path had
the frequency of light been unaffected by the reversing
mirror and then the reflected beams would have arrived
at the semitransparent mirror in phase for any value of
Al. However, since the Brillouin scattering produces
a frequency shift of the Stokes component Avg, the re-
flected waves reach the semitransparent mirror with
some phase difference amounting to Ag=AkAl=2TAgAlL
(the frequency shift is measured in reciprocal centi-
meters).

We can thus see that there is a fundamental difference
between systems with independent mirrors and the sys-
tem discussed above (Figs. l1a and 1b). In the former
case a displacement of one of the mirrors by even a
fraction of the wavelength alters considerably the dif-
ference between the phases of the light beams reaching
the transparent mirror (A =2kAl) because the absolute
value of the wave vector is large. Inthe case of an
interferometer with conventional mirrors it is also
found that stringent requirements have to be satisfied
in respect of the orientation of the mirror when it is
displaced (scanned), in respect of its optical quality,
and also in respect of the plane-parallel nature of the
light beam. In the latter case of reflection of two light
beams from the same wavefront-reversing mirror a
change in the phase difference at the output of the inter-
ferometer with scanning of one of the arms is only due
to a change in the frequency of light as a result of re-
flection. Since the frequency shift in 5tBS is small
(1072107 em ™), the spatial period of the interference
pattern amounts to centimeters. Moreover, in the
case of reflection with wavefront reversal we can use
light beams with any spatial structure and also low-
guality beam splitters and mirrors.

Measurements of the interference pattern period can
be used to determine the frequency shift in StBS. It
should be pointed out that in this analysis it is assumed
a priori that the laser and scattered radiations are
monochromatie, Solid-state lasers with passive @
switching and without additional mode selection emit
in practice lines of width Av, =0.1-0.1 em™, which is
considerably greater than the width of the spontaneous
scattering line of practically all the gases (Avgus <1078
cm™') and some liquids suchas CS; (Av , ~4X 10" em™
at the neodymium laser wavelength). Therefore, rela-
tive to the active medium, we can regard laser radia-
tion as wide-band: Ap; > Av g, Ina conventional
interferometer when the difference between the paths
of the two beams is 2Al— =, the feasibility of the in-
terference pattern becomes

T oz = Lonin
V:—_—I..“‘Flmm - 0.
The behavior of the vigibility curve in the case of an
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duce a spherical wave front with a radius of curvature
as short as ~40 m. In any case, the phase offset is
constant and reproducible from shot to shot; more-
over, any dynamic changes in the individual optical
path lengths are compensated for, as was seen by com-
paring Figs. 2(c) and 2(d).

In summary, we have demonstrated a practical tech-
nique for achieving laser energy scaling beyond tradi-
tional limits imposed by the maximum available vol-
ume of an actiye medium. This demonstrated energy-
scaling technique, based on a phase-conjugate MOPA
configuration, permits the coupling of several parallel
amplifiers to form a single coherent output beam.
The coherence is achieved despite dramatic differ-
ences in the individual amplifier energies and optical
path lengths. Although the present work involves
Nd:YAG as the active medium, the technique is quite
general and can be applied to a variety of laser media.
Moreover, the basic demonstration involving two par-
allel amplifiers can be readily scaled to much larger
numbers.
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distributions; they also acknowledge helpful technical
discussions with H. W. Bruesselbach, R. C. Lind, T. R.
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We have experimentally demonstrated a laser energy-scaling technique, based on a phase-conjugate oscillator/am-
plifier scheme, that permits the coupling of several parallel amplifiers to form a single coherent output beam. This
coherence is achieved despite dramatic differences in the individual amplifier energies and optical path lengths.
When many amplifiers are coupled together, energy can be scaled significantly beyond the limit imposed by the
maximum available volume of a single active medium. Although the present demonstration utilized Nd:YAG, this
technique is quite general and can be applied to a variety of laser media.

We report the demonstration of a practical technique
for achieving laser energy scaling beyond traditional
limits imposed by the maximum available volume of a
single active medium. These limits can arise from
fundamental laser characteristics, such as the occur-
rence of amplified spontaneous emission or parasitic
oscillations, or they can arise from practical con-
straints of supporting technologies. Specific limita-
tions of the latter type can be readily identified: (1)
crystal growth technology sets a limit on the maximum
boule size that can be achieved for any specific solid-
state laser material, (2) practical constraints on any
one of several technologies involved in electric dis-
charge or electron-beam pumping limit the volume of
large gas lasers, and (3) dissipating thermal loads be-
comes increasingly difficult as the volume of any laser
medium grows.

The demonstrated energy-scaling technique report-
ed here is based on a phase-conjugate master oscilla-
tor/power amplifier (MOPA) configuration. Previous
work with such a configuration has established that
phase distortions introduced by an optically distorted
amplifier can be compensated for by using nonlinear-
optical phase conjugation (NOPC).! The present
work takes advantage of the fact that NOPC will also
compensate for any phase distortions arising from op-
tical-path-length differences among an array of paral-
lel amplifiers. Hence several parallel amplifiers driv-
en by a single oscillator can be coupled to form a single
coherent output beam. This coherence is achieved
despite dramatic differences in the individual amplifi-
er energies and optical path lengths. The concept of
using phase conjugation to achieve such coherent cou-
pling has been mentioned?*; however, the present
work represents the first reported successful experi-
mental demonstration. Although Nd:YAG was used
as the active medium, the technique is quite general
and can be applied to a variety of laser media.

The experimental arrangement is shown schemati-
cally in Fig. 1. The 9-mJ output of a single-mode
Nd:YAG oscillator passes through a beam-expansion
telescope and is directed into the amplifier leg by a
thin-film polarizer. Because the beam is vertically
polarized (i.e., normal to the plane of the figure), all
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the oscillator energy enters the amplifier leg. Follow-
ing a quarter-wave plate is a 2X cylindrical telescope
that produces an elliptical spot having major and mi-
nor diameters of 16 and 8 mm, respectively, with the
major axis parallel to the plane of the experimental
table. Through the use of several prisms, this ellipti-
cal spot is divided into two D-shaped spots, each of
which passes through a different 7-mm-diameter
Nd:YAG amplifier rod. Each rod is contained in its
respective pump head. Following the amplifiers, the
two beams (which are of circular cross section at this
point) are aligned to be parallel and are focused into
the same region of a phase-conjugate mirror (PCM).
In this experiment the PCM is a cell containing 1500
psig of methane, and phase conjugation arises through
the process of stimulated Brillouin scattering (SBS).
The phase-conjugated beams retrace their respective
paths through the amplifiers, where they are amplified
a second time.

The two parallel round spots are converted into two
elliptical spots as they pass back through the cylindri-
cal telescope. Following a second pass through the
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Fig.1. Experimental arrangement used to demonstrate co-
herent coupling of parallel gain media using phase conjuga-
tion. Inserting mirror and tilted apertures as indicated pro-
vides a reference beam for comparison purposes.
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