equal to the radius of the inner 3p shell of the ion in the
ground state (Ref. 14, p. 31). The 2 -3d transition
occurs practically within the cation (the ionic radii of

K*, Ca?*, and Sc* are respectively 1.3, 1.0, and 0.8 }).

Therefore for such transitions, the situation on the
crystal is not much different from the situation in the
free ion, and the effect of the environment may be
considered as a perturbation (for example, within the
framework of ligand field theory). This was confirmed
for the 3p spectra of K*and the 4p spectra of Rb* in
alkali halide compiunds.?®2* The situation is different
inthe case of s—p andp —stransitions;inK*, for example
the 1s-4p transition leads to almost a three-fold in-
crease in the ionic radius, and the radius of the excited
free ion already exceeds the radius of the cation sphere
inthe crystal. Solid-state effects are already significant
in the corresponding spectra.

The authors thank E. S. Gluskin and A. P. Zhurakovskii
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and A.M.-E. Saar for useful discussions.
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Laser interferometer with wavefront-reversing mirrors
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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 interference
pattern obtained when the length of one of the interferometer arms is varied represents the frequency shift due
to the stimulated scattering; the visibility curve tends to approach the limit 0.25 and represents a combination
of the correlation functions for radiations with different path lengths corresponding to single and double
transits across the difference between the interferometer arms. The interferometer can be used for any spatial
structure of the exciting radiation and it is insensitive to the optical quality of its components.

PACS numbers: 07.60.Ly, 42.78.Dg, 42.60.By
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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with the complex conjugate of the incident-wave field:
E, q(r.) = const Eq (r.).

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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a b

FIG. 1. a) Conventional Michelson interferometer with
Al =15-14. b) Interferometer with wavefront-reversing
Brillouin mirrors (Al=1e +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, etc.

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. la. 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

I«[1+cos (nt+Ag)].

Here, Ay 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° cm™! 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 7 ~T"/
2Avgps (Ref. 2), where Avgyps is the width of the spon-
taneous scattering line and TI" 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=21AgAl
(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. 1a 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. In the 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 StBS is small
(1072-10"! cm ™), 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-
quality 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 priovi that the laser and scattered radiations are
monochromatic. Solid-state lasers with passive @
switching and without additional mode selection emit
in practice lines of width Ay, =0.1-0.1 cm™, which is
considerably greater than the width of the spontaneous
scattering line of practically all the gases (Avgyps <1072
cm™*) and some liquids suchas CS, (A g, ~4X 10"%cm™!
at the neodymium laser wavelength). Therefore, rela-
tive to the active medium, we can regard laser radia-
tion as wide-band: Ay;>> Av gps. In a conventional
interferometer when the difference between the paths
of the two beams is 2Al—~ =, the feasibility of the in-
terference pattern becomes
-+ 0.

ez —Imin
A A,
The behavior of the visibility curve in the case of an

14
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interferometer with wavefront-reversing StBS mirrors
and a laser source emitting a line of width Ay, > Avgpps
will be predicted on the basis of an analysis of the
relevant dynamic equations and explicit expressions
will be obtained for the temporal structure of the re-
flected waves.

2. STIMULATED SCATTERING OF TWO SPATIALLY
INHOMOGENEOUS NONMONOCHROMATIC BEAMS

Wavefront reversal in the case of stimulated scatter-
ing of a spatially inhomogeneous nonmonochromatic
pump wave has already been considered before.*~® For
example, it is shown in Ref. 4 that in the case of “fac-
torized” pumping, i.e., when the pump wave obeys the
condition

ep(t, )=T(t)P(r), (1)

the scattered field has a reversal (relative to the pump
wave) spatial part and reproduces its temporal struc-
ture:

es(t, r) =T (t)P*(r). (2)

The case of “unfactorized” pumping consisting of N
beams uncorrelated with time is considered in Ref. 6.
In the case of an interferometer with wavefront-revers-
ing mirrors the above cases are obtained only for:

a) zero path difference between the two beams (“factor-
ized” pumping); b) a path difference exceeding the cor-
relation length Al> 1/Av, (“unfactorized” pumping). In
order to analyze the experimental situation we need to
know the solution of the problem of the scattering of
two spatially inhomogeneous light beams with an arbi-
trary time correlation.

We shall represent a laser wave in the form of a set
of plane waves:

e1(t,)= Y Anmn expli(o,+mQ)t—iknr]. 3)
Here, w, is the average frequency of the laser radiation;
Q is the separation between the neighboring spectral
lines satisfying the condition £ > Avg,gs, where Avgyps
is the width of the spontaneous scattering lines; m =0,
+1,...,M whereas n =0, 1,...,N. Then in the case of
the amplitudes a,, of the scattered-field waves of the

type

eyt r)= Zam expli(wytmQ) t+ik.r], (4)
maq
assuming that the scattering process has reached a
steady state and the number of spatial modes is N> 1,
we obtain the following system of equations*

dan, . .
dzq = % [;‘ Aquan Qaq +; Aﬂp Am}“ﬂr] . (5)

In the case of two beams converging at an angle which is
greater than their divergence, the amplitudes A,, can
be represented as follows:
Amn=TwnPn for n<N/2— first beam, } ()
Amn=Tm'P, for. n=>N/2 — second beam.
We shall continue the analysis under the assumption of
equality of the average intensities of both beams

Z [ Al = 2 [Amal?=1 (7

mn>N/2

m,n<N/2
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and an arbitrary correlation in time:
K=2T,,.' T, . (8)

Normalization of the spatial amplitudes of the waves to
unity

2 P,): = Z 1P, 1*=1 9)

n<N/2 n>N/2

and introduction of new variables

S§= Z Ty'Poap,, 8= Z Ty’ Pyag,,

Bo<N/2 B p>N/2

(10)
8 = Z ToPyasp, le=Z Ty’ Poays,

fp>N/2 £,p<N/2

allows us to derive from Egs. (5) and (6), allowing for
Egs. (7)-(10), the following system

das ds,
—_— 2£(21S+KS{+KS’), P %(K'S’+K‘S"+21S‘) s

d (11)
das’ ds,’
———=—£(IS'+'2KS,+IS,'), -—=i(2'K'S+IS('+IS').

dz 2 dz 2

The solutions of the characteristic equation for the in-
crements are

I“=g(1+]K]), rz=g(1_|Kl)y Is=gl, =0 (12)

and they correspond to the scattered field configuration
with the spatial part reversed a,, < P} (see Fig. 2).

In the case of the solutions which are not correlated
with the spatial structure of the pump wave, it follows
directly from Eq. (5)

P.—‘/ag(l+|K|), Fz=‘/=E(I_IKl)v Iy=gl, T.=0. (13)

The solution with a maximum increment corresponds
to the case when stimulated emission evolves from
spontaneous noise. For example, the maximum incre-
ment I'max=g(I + |K|) obtained from Egs. (5) and (11) is

amq®CP (Tt |K|Tw'/K) exp [g(I+]K]|)z],

amg=CP (T''+KTw/|K|) exp [g(I+]K])z],

q=>N/2.
We can see that the temporal structure of the reflected
waves is a superposition of the time dependence of both
pump beams. Here, it should be pointed out that
similar imposition of the temporal behavior of a
“foreign” pump wave on the deflected wave is discussed
by us also in Ref. 5 for the case of nonthreshold reflec-
tion of a weak prolonged signal in the field of a short
high-power pulse.

If we know the temporal structure of the reflected
waves given by Eq. (14), we can easily calculate the

T, rel. units

1
K/
FIG. 2. Dependence of the gain increments of the scattered

waves with a field configuration reversed relative to the
pump wave on the correlation between the pump beams.
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correlation function of the refilected waves which inter-
fere in the semitransparent beam-splitting mirror
(Fig. 1b), i.e., we can plot the visibility curve of the
interference pattern:

KA T
|K(Al1?
A characteristic feature of this curve is the fact that,
in contrast to an interferometer with conventional
mirrors, the interference pattern is not completely
“closed” for large path differences 2Al and the vis-
ibility curve reaches a constant level V(=) =0.25. It
should also be noted that when the path difference Al is
increased, there should be a reduction in the efficiency
of reflection from a Brillouin mirror, because it follows
from Eq. (12) that the scattering increment is .y
=g(I + K|), and we find that K- 0 in the limit Al— ., It
should be stressed that in the theoretical model em-
ployed the hypersonic vibrations of the active medium
are regarded as monochromatic. This assumption is
fully justified because the characteristic time for the
change in the phase associated with the nonmonochro-
maticity of these hypersonic vibrations is 7 ~T'/2Avgyps
nsec for the active medium used in our experiments,
which is considerably greater than the duration of the
laser pulses.

V=4—11— 21K (AN 1+ K(2AD) +1]. (15)

3. EXPERIMENTAL RESULTS AND DISCUSSION

The block diagram of the apparatus used in an ex-
perimental study of an interferometer with wavefront-
reversing mirrors is shown in Fig. 3. Multimode laser
radiation of the 1.06 u wavelength was applied through
a Polaroid 1 and a Fresnel rhomb 2 to a semitranspar-
ent mirror 3 with a reflection coefficient R =50%. The
radiation transmitted by the mirror 3 was directed to
a phase-distorting plate 5. The radiation reflected from
a mirror 4 was also directed to the same plate. Move-
ment of the position of the totally reflecting mirror 4
made it possible to vary the path traveled by the beams
reaching the phase-distorting plate 5. An image of a
part of this phase plate illuminated by both beams was
projected by a lens onto the end of a lightguide with an
active substance placed in a cell 6 in such a way as to
satisfy the conditions of Eq. (6). The active substance
was carbon disulfide and the lightguide was a glass tube
100 cm long with an internal diameter 3 mm. Calori-
meters C, and C, were used to measure the radiation
energy traveling in the direction opposite to the pump

T~

z 7 J
\3 ¢ c2
FIG. 3. Block diagram of the apparatus: 1) Glan— Thompson
prism; 2) Fresnel rhomb; 3) semitransparent mirror;

4) movable mirror with R=100%; 5) phase-distorting plate;
6) cell including a lightguide with an active substance.
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C1/C1+C2), %

100

It

5

25

FIG, 4. Interference pattern obtained as a result of
variation of the path difference between two pump beams,

(C,) and the energy at the exit from the interferometer
(C;). The width of the pump line was monitored using

a Fabry-Perot etalon with a gap of 3 cm: this width
remained constant during our experiments and it amoun-
ted to Av, =0.033 cm ™' > Ay gps =4%x107% em ™! for car-
bon disulfide (width of the SpBS line was measured by
the method of Ref. 5).

Figure 4 shows the experimentally determined depen-
dence of the normalized output energy on the path differ-
ence between the two light beams. The characteristic
period of this interference pattern was 8 cm. Hence, it
was easy to find the Brillouin frequency shift: AlAk
=27, AlAvg=1, and Avg=0.125 em™!, A recalculation
of the results obtained at the ruby laser frequency’
gave Avg =0.116 cm ™. This difference indicated a con-
siderable dispersion of the velocity of hypersound in
carbon disulfide. The results of Fig. 4 also indicated
that an increase in the path difference Al resulted in
damping of the interference pattern and a reduction in
its visibility.

The values of the visibility of the interference pattern
are plotted in Fig. 5. This figure includes also a
theoretical curve derived using Eq. (15) in the preced-
ing section on the assumption that the correlation func-
tion is Gaussian when the spectral width is 0.033 cm™,
We can see that the theoretical curve describes quite
satisfactorily the experimental situation.

The theoretical and experimental dependences of the
efficiency of reflection on the difference between the
beam paths are given in Fig. 6. The experimental points
were obtained for fixed values of the intensity of each of
the pump beams [ (the threshold intensity for one beam
was 0.9]) and the theoretical curve was plotted assum-
ing that the pump pulse had a triangular envelope and,
moreover, that the pump pulse had a triangular enve-
lope and, moreover, that the threshold pump intensity

7 7] ]
Al,em
FIG. 5. Visibility V of an interference pattern for
Agpl= 0,033 cmT!: experimental results are represented
by points (O) and the theoretical dependence is plotted on the
basis of Eq, (15).
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0.9

0 25 S0 % 0
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FIG. 6. Dependence of the reflected energy on the path differ-
ence between the two pump beams; the experimental results
are represented by points (O) and the continuous curve is
theoretical.,

was governed by the gain increment amounting to
T'=g(l +|K|)=10 [see Eq. (12)]. The assumptions on the
nature of the correlation function were the same as in
plotting of the theoretical curve in Fig. 5. The good
agreement between the experimental and theoretical
results in Fig. 6 is additional evidence of the correct-
ness of the adopted theoretical model.

An interferometer system with wavefront-reversing
mirrors can also be used to determine an important
characteristic of such mirrors, which is the reversal
parameter representing the fraction of the energy of
the reflected wave in the component relative to the pump
wave. The presence in the reflected signal of radiation
uncorrelated with the pump wave means that 100% modu-
lation of the interference pattern is not obtained even
when the path difference is Al«< 1/Av, (see Fig. 4 for Al
=0) since the waves uncorrelated with the pump radia-
tion arrive at the semitransparent mirror 3 (Fig. 3) with
an arbitrary phase structure. These conclusions were
checked for zero path difference between the two beams
by measuring the ratio of the calorimeter readings
C,/(C, +C,) for different phase-distorting plates. The
depth of modulation varied from 97% for a plate which
increased the divergence of a single-mode helium-neon
laser beam from 5x107* to 1072 rad, to 75% in the ab-
sence of a plate of this kind. Hence, in the former
case the reversal parameter was 94%, whereas in the
latter case it was 50%. The apertures of the beams
which could be recorded by these calorimeters were
1072 rad. The precision of this determination of the
reversal parameter was considerably greater than the
precision of the conventional calorimetric measure-
ments.

4. CONCLUSIONS

We have thus proposed and investigated theoretically
and experimentally a two-beam interferometer with
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wavefront-reversing StBS mirrors. An important ad-
vantage of this interferometer over conventional in-
struments was its insensitivity to the quality of the
optical components of the system and to the spatial
structure of the exciting (pump)radiation, as well as
the magnification of the interference pattern scale by a
factor Aky/k. Therefore, an interferometer of this
kind could be used in accurate determination of the
frequency shift resulting from the Brillouin scattering
and in investigations of the structure of laser lines.
Moreover, a two-beam interferometer system could be
used to carry out direct measurements of the quality of
the wavefront-reversal process, which is an important
task in the optimization of the parameters of wavefront-
reversing mirrors and in verifying the theory of wave-
front reversal in StBS.

A system similar to that described above can also be
used in practice as a device for effective coupling of
radiation out of a system of laser amplifiers because it
can act also as an element for decoupling from the
reverse pulse. This can be done simply by selecting the
difference between the paths of the two beams Al=1/2Ak
(Fig. 1). It is clear that it is also necessary to equalize
with sufficient precision the optical paths of the signals
in different channels when constructing multichannel
laser wavefront-reversing systems in order to ensure
that they are in phase at the exit from the system.
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