
Abstract. The temporal dynamics and efficiency of phase-
conjugate reflection in the course of intracavity degenerate
four-wave mixing of radiation from a pulsed frequency-
selective electron-beam-sustained CO laser was investigated
experimentally and theoretically. The energy efficiency of
the phase-conjugate reflection in the experiments reached
1.5 ^ 2.5% for a CO laser emitting as a result of one vibro-
rotational transition, diminishing on expansion of the emis-
sion spectrum of the laser. Comparison of the experimental
and calculated data indicates the dominant role of the res-
onance amplitude phase-conjugation mechanism in the
active medium of a CO laser.

1. Introduction
Degenerate four-wave mixing (DFWM) in the active
medium of the laser itself is apparently (as for high-power
CO2 lasers [1 ^ 4]) the most promising method for the phase
conjugation of the radiation from high-power carbon mon-
oxide lasers. A signal with a scattering coefficient up to 0.1
was observed [5, 6] in the loop system for the DFWM of the
radiation from a pulsed nonselective gas-flow electron-beam-
sustained (EBS) laser when this radiation was backscattered
in the active medium of a laser amplifier. When an intra-
cavity DFWM system was used in the active medium of a
multifrequency pulsed EBS CO laser [7], the efficiency of the
phase-conjugate reflection was �0:2%.

The theory of DFWM processes in the radiation from a
multifrequency CO laser in the active medium of the ampli-
fier was developed in Refs [6, 8, 9], where it was shown that
the multifrequency character of the CO-laser radiation leads
to the appearance in the active medium of a set of amplitude
gratings of the gain, the diffraction properties of which
depend in a complex manner on the phase relations between
them. The emission of the CO-laser radiation as a result of a
large number (10 ^ 30) of vibrorotational transitions consid-
erably complicates the analysis of the phase-conjugation
process because in the active medium of this laser each
gain grating is formed not only under the influence of the

radiation emitted because of the transition in question, but
also (as a consequence of the cascade lasing mechanism)
under the influence of the radiation resulting from neigh-
bouring vibrational transitions.

The use of a frequency-selective CO laser emitting as a
result of selected vibrorotational transitions makes it possible
to simplify the comparison of experimental data with the
results of calculations and to estimate the mutual influence
of the emission of radiation in various vibrational bands
under the DFWM conditions.

This communication presents the results of an experi-
mental and theoretical study of phase conjugation in the
intracavity DFWM of the radiation from a pulsed fre-
quency-selective EBS CO laser in its active medium. The
energy and time characteristics of the phase-conjugate reflec-
tion process are compared with the results of theoretical
calculations carried out on the basis of a kinetic model of
the active medium of a CO laser [10].

2. Experimental set up and experimental
methods
The experiments were performed on a pulsed electron-beam
sustained laser system with cryogenic cooling of the CO ^
N2 ^He active gas mixture to �120 K. The optical system in
the experiments on the intracavity radiation from a fre-
quency-selective EBS CO laser in its active medium is
presented in Fig. 1. The active medium of laser ( 1 ) 1.2 m
long was placed at a distance of �6 m from the output
mirror ( 2 ). The laser cavity length was 17.7 m. The output
windows of the electron-beam-sustained discharge chamber
made of CaF2, were inclined at the Brewster angle relative to
the optical axis of the laser cavity. A plane interference
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Figure 1. Optical setup for intracavity DFWM in the active medium of a
frequency-selective EBS laser: ( 1 ) active medium of the laser; ( 2 ) output
mirror of the laser cavity; ( 3 ) diffraction grating; ( 4 ) spherical mirror;
( 5 ) plane mirror; ( 6 ) slit optical mask; ( 7 ) beam splitters (attenuators);
( 8 ) beam-limiting stop; ( 9 ) absorber.



mirror with a reflection coefficient of �40% in the wave-
length range 5.2 ^ 5.6 mm was used as the output mirror ( 2 )
of the cavity. The aperture of the output laser beam
(�15 mm in diameter) was limited by an intracavity stop
in front of the output mirror. The duration of an EBS CO
laser radiation pulse amounted to hundreds of microseconds
for a duration of the electron-beam-sustained discharge pulse
of �30 ms. The emission spectrum of the laser radiation in
the case of a nonselective cavity of a CO laser consisted of a
large number of lines (10 ^ 30), the most intense of which
were in the wavelength range 5.2 ^ 5.6 mm and corresponded
to vibrational transitions from 8! 7 to 12! 11 with an
energy maximum on the rotational transitions J ÿ 1! J
with J � 13 ^15. The small-signal gain in the active medium
of the laser reached 1.8 mÿ1 for an energy input of
�400 J litreÿ1 amagatÿ1.

An intracavity diffraction grating ( 3 ) (blaze angle �308,
100 grooves mmÿ1) was used for the selective regime in the
operation of the CO laser. The grating, operating in the
Littrow scheme in the second diffraction order, was used,
first, as the spectral selector (the polarisation plane and
the plane of the incidence of radiation on the grating surface
were almost perpendicular to the direction of grating lines)
and, second, as a deflecting mirror in the plane parallel to
the gratings grooves. The grating ( 3 ) was placed in the focal
plane of a spherical mirror ( 4 ) with a radius of curvature of
�3 m.

The spherical mirror directed the laser beam to a plane
rear mirror ( 5 ) placed beyond the focal plane. The position
of this mirror relative to the focal plane determined the effec-
tive radius of curvature (�40 m) of the equivalent selective
mirror [11], consisting of the diffraction grating ( 3 ), the
spherical mirror ( 4 ), and the plane mirror ( 5 ). A slit optical
mask ( 6 ), located ahead of the plane mirror ( 3 ), was used to
select the spectral lines corresponding to definite vibro-
rotational transitions of the CO molecule. The spectral
composition of the laser radiation as specified by the config-
uration of the optical mask ( 6 ), i.e. by the number,width, and
positions of the slits.

A probe wave k3 intersected the reference waves k1 and k2
at the centre of the inverted active medium at the angle
y � 10 mrad relative to the copropagating wave k1. For
the specified angle of convergence of the laser beam y, the
length of the interaction region of the radiation was virtually
identical with the length of the active medium of the laser. In
order to fulfil the condition of temporal matching between
the probe and copropagating reference waves, the optical
delay between them did not exceed 0.1 m. The energy (or
intensity) reflection coefficient of the phase-conjugation mir-
ror was measured by comparing the energies (intensities) of
the phase-conjugation and probe signals.

The channel for the measurement of the energy of the
phase-conjugation signal was calibrated by using the probe
signal backreflected either by a plane metal mirror (employ-
ing calibrated attenuators) or by one face of an optical
CaF2 wedge. In these calibrations, the backreflecting surface
was located directly beyond the beam-limiting stop 11 mm
in diameter placed in the path of the propagation of the probe
wave in order to reduce the background radiation from the
laser cavity. Experimental data, which make it possible to
judge the phase-conjugation quality in the course of the
intracavity DFWM and indicate that the backreflected signal
is indeed a phase-conjugation signal, were published previ-
ously [7].

A system of recording the parameters of the laser radia-
tion made it possible to measure the energy of the probe and
phase-conjugation signals and their temporal dynamics, to
determine the distribution of radiation in the near and far-
field zones, and to record the emission spectrum. The energy
of the radiation pulses was measured with thermocouple cal-
orimeters. The temporal profile of the radiation pulses was
recorded by a Ge :Au photodetector with a time resolution
of �10ÿ6 s. The emission spectrum of the CO laser was
recorded by a CO Laser Spectrum Analyser (Model 16-C).
The IR radiation was visualised by a thermovision system.

3. Energy characteristics of phase conjugation by
four-wave mixing
The influence of the specific input energy, the density of the
gas mixture, and the ratio of the intensities of the reference
and probe waves on the energy efficiency of the phase con-
jugation was investigated experimentally for various spectral
compositions of the laser radiation. The following standard
experimental conditions were chosen: composition of the
active mixture of gases CO :N2 :He � 1 : 4 : 5, gas-mixture
density 0.3 amagat, gas-mixture temperature 120 K.

The dependences of the efficiency of phase conjugation in
the course of four-wave mixing on the parameters of the
active medium and the optical cavity was investigated for
a selective CO laser operating as a result of one of the three
vibrational transitions of the CO molecule. The radiation
wavelengths at the centre of each spectral range were chosen
to be 5.23 mm (vibrational transition 8! 7), 5.39 mm (transi-
tion 10! 9), and 5.52 mm (transition 12! 11). The spectral
width of each range was specified by the slit width in the opti-
cal mask ( 6 ) and amounted to �15 cmÿ1. The laser emission
spectrum consisted of lines corresponding to several rota-
tional transitions of the CO molecule (from one ^ two in
the region of 5.23 and 5.52 mm to three ^ four in the region
of 5.39 mm). When the input energy was reduced, one most
intense line was selected in the emission spectrum. For
each of the spectral ranges, the radiation pulse energies of
the most intense 5.23, 5.39, 5.52 mm lines amounted respec-
tively to 0.42, 1.0, and 0.72 J for a specific input energy of
�300 J litreÿ1 amagatÿ1.

The specific input energy was varied in the experiments
from 100 to 400 J litreÿ1 amagatÿ1. In contrast to the CO2
laser [3], the energy efficiency of the phase-conjugate reflec-
tion in the active medium of an EBS CO laser was almost
independent of the specific input energy. It is noteworthy
that, with increase in the latter from 100 to 400 J lireÿ1

amagatÿ1, the laser-radiation pulse energy increased (for
example by a factor of 2.5 for the vibrational transition
8! 7) and its duration fell (from 350 to 150 ms for the same
transition) as a consequence of the heating of the gas. Thus
the intensity of the radiation within the cavity increased, but
the energy reflection coefficient of the phase-conjugatemirror
remained constant under these conditions.

The change in the ratio of the intensities of the reference
(I1) and probe (I3) waves, as the intensity of the probe wave
was varied with the aid of calibrated attenuators, exerted a
greater influence on the efficiency of the phase-conjugate
reflection (Fig. 2). With increase in the ratio I1=I3 from 1 to
8,the experimental reflection coefficientR (curve 1 ) increased
by a factor of 1.5. However, on further decrease in the probe-
wave intensity (the ratio I1=I3 increased to 18), it changed only
slightly. The calculated reflection coefficient (curve 2 )
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behaves similarly.The same type of dependence of R on I1=I3
was observed also in the case of the active medium of an EBS
CO2 laser [3], where a sharp increase in efficiency was also
noted with increase in the ratio I1=I3 from 1 to 4, while
with increase in I1=I3 from 4 to 21 the efficiency of phase con-
jugation hardly changed.

The influence of the density of the laser mixture on the
efficiency of phase conjugation was investigated for the
5.39 mm and 5.23 mm spectral regions with the same Q-factor
of the laser cavity. A monotonic increase in the reflection
coefficient with increase in the gas density from 0.1 to
0.5 amagat (Fig. 3), similar to its increase in the active
medium of an EBS CO2 laser [3], was observed in the region
of 5.39 mm.However, in the region of 5.23 mm, the increase in
the reflection coefficient with increase in density occurred
only for a gas density less than 0.2 ^ 0.3 amagat.

In the study of the influence of the spectral composition of
the laser radiation on the energy efficiency of phase conjuga-
tion, a combination of three cascade-coupled vibrorotational
transitions with approximately equal radiation-pulse energies
was selected: P8!7(17), P9!8(16), P10!9(15). In this case, the
width of each slit in the optical mask ( 6 ) (again Fig. 1) cor-
responded to the spectral interval between neighbouring

rotational lines of one vibrational band (�4 cmÿ1). Table 1
presents the total energies of the laser radiation and the
energy efficiencies of phase conjugation for each of the seven
combinations of the emission spectrum.

Themaximum efficiency of phase conjugation (R � 1:5%)
was observed in the emission of laser radiation as a result of
one vibrorotational transition P10!9(15), while the inclusion
of additional cascade-coupled transitions led to a decrease
in the efficiency of phase conjugation.The efficiency of phase
conjugation with DFWM in a selective cavity for emission
with an interrupted cascade (combination of the two lines
P10!9(15) and P8!7(17), R � 1:25%) was greater than in the
case of emission as a result of neighbouring cascade-coupled
transitions (R � 0:95% for the P10!9(15) and P9!8(16) transi-
tions, R � 0:77% for the P9!8(16) and P8!7(17) transitions,
and R � 0:7% for all three transitions), but smaller than in
the case of emission as a result of each individual P10!9(15)
and P8!7(17) (R � 1:3%) transition. We may note that, for
DFWM in the active medium of a multifrequency (nonselec-
tive) EBS CO laser, the efficiency of phase conjugation did
not exceed 0.2% [7].

Thus the efficiency of phase conjugation for the intracav-
ity DFWM of the radiation from a frequency-selective CO
laser reached a maximum only in those cases where lasing
occurred as a result of one vibrorotational transition for
the maximum emission energy.Under the same experimental
conditions and with the same selective laser cavity but with a
different diffraction grating (blaze angle �228, 150 grooves
mmÿ1), operating in the first diffraction order spectrum
with a large reflection coefficient in the Littrow scheme,
the energy reflection coefficient reached 2.5% for DFWM
in the active medium of an EBS CO laser operating as a result
of the P10!9(13) transition.

4. Dynamic properties of the phase-conjugate
reflection
Fig. 4 presents the time dependences of the envelope [12] of
the probe-signal pulse (curve 1 ) and the intensity reflection
coefficient R (curve 3 ) for one vibrational transition (5.39 mm
spectral region, specific input energy 300 J litreÿ1 amagatÿ1).
The maximum intensity reflection coefficient was observed
on the leading edge of the laser-radiation pulse (Fig. 4b) and
exceeded almost by a factor of two the average reflection
coefficient per pulse. Such behaviour of the reflection coef-
ficient was observed on the leading edge of the laser-
radiation pulse (Fig. 4b) and exceeded almost by a factor
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Figure 2. Experimental ( 1 ) and calculated ( 2 ) dependences of the reflec-
tion coefficient R of a phase-conjugate mirror on the intensity ratio I1=I3.
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Figure 3. Dependence of the reflection coefficient on the density N of the
active mixture for the two spectral regions 5.39 mm (1) and 5.23 mm ( 2 )
with a specific input energy of�300 J litreÿ1 amagatÿ1.

Table 1. Energy of the laser radiation E and the phase-conjugation effi-
ciency R in the operation of a selective EBS CO laser as a result of various
combinations of three cascade-coupled vibrorotational transitions.

P10!9(15) P9!8(16) P8!7(17) E
�
mJ R (%)

� ÿ ÿ 415 1.5

ÿ � ÿ 450 1.3

ÿ ÿ � 340 0.7

� � ÿ 675 0.95

� ÿ � 530 1.25

ÿ � � 610 0.77

� � � 975 0.7

Note: The specific input energy was �300 J litreÿ1 amagatÿ1 and the
gas density was 0.3 amagat; I1=I3 � 8. The `�' sign indicates the occur-
rence of lasing as a result of the relevant transition.
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of two the average reflection coefficient per pulse. Such
behaviour of the reflection coefficient is characteristic of
the fast-response resonance mechanism of phase conjugation
by four-wave mixing involving amplitude gain gratings. The
coefficient R increased on the leading edge of the radiation
pulse because the gain of the active medium exceeded its
threshold value [3, 4, 12 ^14]. For this reason, in calculations
based on the quasi-cw lasing model (curve 2 ), there is no
increase in R (curves 4 ^ 6 ).

In order to compare the temporal behaviour of the reflec-
tion coefficient in various parts of the vibrorotational
spectrum of the CO molecule, Fig. 5 presents the probe-
wave phase-conjugation signal, and reflection-coefficient
pulses for three vibrational bands of the laser radiation for
a specific input energy of 350 J litreÿ1 amagatÿ1. It is note-
worthy that the duration of the laser-radiation pulses
increased with increase in the wavelength (from �100 ms
for 5.23 mm to �500 ms for 5.52 mm). In all the diagrams
(Fig. 5), the temporal dynamics of the reflection coefficient
after the first spike of 1 ^ 2 ms duration at the leading edge
is characterised by a slow nonmonotonic fall towards the
end of the radiation pulse. A similar temporal behaviour
of the reflection coefficient was observed also in all the
remaining experiments.

Thus, analysis of the temporal dynamics of the phase-
conjugate reflection for intracavity DFWM in the active
medium of an EBS CO laser indicates that phase-conjugate
reflection takes place on the amplitude gratings of the reso-
nance nonlinearity of the active mixture of the laser and
has a quasi-cw character with a duration of the transient
process of 1 ^ 2 ms. For the theoretical justification of this
conclusion, calculations were performed of the reflection effi-
ciency of phase conjugation for the amplitude and phase
thermal mechanisms of the nonlinearity based on a kinetic

model of the CO laser and the results of these calculations
were compared with experimental data.

5. Description of the theoretical model
A numerical model, implemented in three stages, was devel-
oped for the description of the quasi-cw temporal dynamics
of phase conjugation by four-wave mixing in the active
medium of a pulsed EBS CO laser. Initially, a calculation
was performed for a laser-radiation pulse on a selected tran-
sition by using a detailed model of a pulsed CO laser
developed earlier [10, 15]. A system of kinetic equations was
then solved numerically for the distribution functions of the
electrons of the electron-beam-sustained discharge in terms
of the energies and populations of the vibrational levels
(v4 52) of CO and N2 molecules taking into account the
excitation of the molecular vibrations by the electrons of the
electron-beam-sustained discharge, the vibrational ^ vibra-
tional VV-exchange, the VT-relaxation, and the
spontaneous and stimulated emission. The threshold gain
for each spectral line was calculated from experimental
measurements of the radiation losses in the optical compo-
nents of the laser cavity.

The temporal dynamics of the radiation intensity I(t) in
the active medium of a CO laser, obtained as a result of pre-
ceding calculations, was used in the second stage to calculate
the dynamics of the gain and the refractive index gratings
arising in the active medium for the DFWM of the probe
radiation I3 and the copropagating reference wave I1 at
the angle y � 10ÿ2 rad. The radiation intensity in the active
medium of the laser was specified in the form
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Figure 4. Time dependences of the probe signal [experiment ( 1 ) and
theory ( 2 )]: (a) the intensity reflection coefficient [experiment ( 3 ) and
the results of the calculation allowing for the refractive index ( 4 ) and
gain (5 ) gratings and for both gratings ( 6 )]; (b) in the spectral region of
5.39 mm for a specific input energy of�300 J litreÿ1 amagatÿ1.
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Figure 5. Temporal dynamics of the probe (1 ) and phase-conjugation ( 2 )
signal pulses and of the intensity reflection coefficient ( 3 ) in the case of
lasing as a result of various vibrational transitions in the spectral regions
of 5.23 mm (a), 5.39 mm (b), and 5.52 mm (c).
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I�t� � I1�t� � I2�t� � I3�t� � 2�I1I3�1=2 cos�Kz� ,
where K � 2py=l is the wave number of the grating; l is the
wavelength of the emission from the vibrorotational transi-
tion; I1(t) � I2(t) are the intensities of the counterpropagating
reference waves in the cavity; all the waves were assumed to be
homogeneous in the region where the laser beams overlap. M
equidistant nodes along the transverse z coordinate (M4 1)
were selected on one half-period of the interference pattern.
Local gains on the selected transition and the translational
temperatures of the medium were in fact calculated for these
nodes by using the full kinetic model of the active medium of
an EBS CO laser [10].The calculation of the temporal dynam-
ics of the amplitude and phase gratings was carried out
starting from the instant of the appearance of lasing up to
t � 200 ms.

The temporal dynamics of the amplitude gain gratings
differs appreciably from the dynamics of the thermal phase
grating in the active medium of an EBS CO laser. The forma-
tion of the amplitude grating is determined by gain-saturation
processes and its relaxation is determined by theVV-exchange
processes between CO molecules, which corresponded to a
characteristic time of �0:10 ms for the radiative transition
P10!9(13) under the experimental conditions. The gas is
heated partly during the VV-exchange and mainly during
the VT-relaxation, which is quite fast for v5 30. The rate
of heating of the gas during VT-relaxation slows down
with increase in the resonance radiation intensity, while the
formation of the thermal phase grating in the active medium
of the CO laser is comparatively slow.The contribution of the
phase grating to the reflection coefficient under the experi-
mental conditions becomes appreciable, according to the
calculations, only 40 ^ 50 ms after the start of lasing. The
amplitude gain grating, tracking the changes in intensity
appreciably faster, ensures a dynamic range of the phase
conjugation up to characteristic times of �10ÿ7 s.

It has been shown [12, 13] that the radiation pulse from a
CO laser has a spiky temporal structure with a spike repeti-
tion frequency corresponding to several pulses in the time
needed for a round trip in the cavity. If the transverse struc-
ture of the radiation is retained from spike to spike, then
the model of dynamic gratings in the active medium of an
EBS CO laser considered here is applicable to the time-aver-
aged (during the time of the double trip in the cavity)
description of the phase-conjugate reflection for intracavity
DFWM. An approach formulated earlier [8], based on the
solution of coupled-wave equations with DFWM, was used
in the third stage to calculate the reflection coefficient.
Here, the phase-conjugation signal is the result of the scatter-
ing of the intracavity counterpropagating reference wave on
the dynamic amplitude and phase gratings.

6. Results of numerical calculations and their
comparison with experiment
Using the full kinetic model of the active medium of a CO
laser, we performed calculations for the dynamics of the
amplitude modulation of a spatially homogeneous gain
grating Ag and the power of the light-induced heat evolution
WT . The results of these numerical calculations showed that
the amplitude gain grating G can be accurately fitted by the
expression G � Gth �Ag cos (Kz), where Gth is the threshold
gain and Ag < 0 owing to the saturation of the gain.

Since the time required to establish the thermal grating
under the experimental conditions was estimated to be

�30 ms, the solution of the steady-state thermal conductivity
equation may be used to calculate the evolution of the
phase grating. The modulation amplitude of the translational
gas temperature was estimated from the formula AT �
WT (cpwK

2)ÿ1, where w is the thermal diffusivity; cp is the
heat capacity of the gas at constant pressure.The thermal gra-
ting was specified by the expression T � T0(t)� AT cos (Kz),
where T0(t) is the current temperature of the medium aver-
aged over the period of the spatial grating. The resonance
radiation in the active medium of a CO laser decreases the
rate of heating of the gas during VT relaxation, so that
AT < 0. Fig. 6 presents the calculated dynamics of the abso-
lute values of jAgj and jAT j under the conditions of the
experiment, the results of which are presented in Fig. 4.

The amplitude (gain) and thermal phase (refractive index)
gratings under the experimental conditions proved to be very
close to harmonic functions. The analytical solution of the
standard equations of coupled waves [16] in the case of
harmonic gain and refractive index gratings leads to the
expression

R � I1
I3

���� b tanh�gd�
gÿ a tanh�gd�

����2 , (1)

where a � Gth=y; b � (0:5Ag ÿ ikD)=y; g � (a2 ÿ b 2)1=2;
d � Ly is the transverse dimension of the grating; L is the
length of the interaction region; D � AT=A0 is the relative
modulation amplitude of the refractive index; k � 2p=l is the
wave number. Calculations by formula (1) on the assumption
that the gratings are harmonic yield reflection coefficients
which agree with those obtained by the numerical method
[8], which includes the calculation of the dynamics of the
gratings profiles.

Fig. 4a presents the calculated intensity of the quasi-cw
laser radiation generated as a result of theP10!9(13) transition
(curve 2 ) normalised with respect to the maximum value. Its
temporal behaviour is close to the experimental curve 1.
Fig. 4b presents the calculated dynamics of the normalised
reflection coefficients on the phase grating (curve 4 ), on the
refractive-index grating (curve 5 ), and when the amplitude
and phase gratings are taken into account simultaneously
(curve 6 ). Analysis of the experimental and calculated data
showed that the reflection coefficient in the active medium
of an EBS CO laser is determined mainly by the amplitude

0 50 100 150 t
�
ms

0.05

0.10

0.15

0.5

1.0

jATj
�
K 103jAgj

�
cmÿ1

0

Figure 6. Temporal dynamics of the amplitudes of spatial gain and
medium-temperature gratings calculated for the conditions in Fig. 4.
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gaingrating. It follows fromtheanalysis of thekineticmodelof
the DFWM in the active medium of an EBS CO laser that the
contributions of the amplitude andphasegratings to the reflec-
tion coefficient mutually intensify, so that the resulting effect
is appreciably greater than would follows from a simple sum-
mation.

On the other hand, if the interference pattern of the field
varies with time (for example, as the mode structure of the
radiation varies within the cavity), then the slower-respond-
ing thermal phase grating proves to be displaced in space
relative to the faster-responding amplitude grating. In order
to estimate the interaction between the gratings, a numerical
experiment was carried out in which the spatial shift of the
gratings by 0.2 of a period was specified initially. The calcu-
lations showed that, for this kind of shift, the reflection
coefficient diminishes appreciably (approximately by a factor
of 1.5).

The calculated integral energy efficiency of the phase-
conjugate reflection was 9.7% for the amplitude grating
and 10.8% for the total effect of the gratings, which exceeds
the measured value approximately by a factor of 6.The exper-
imental reflection coefficient is obtained for a twofold
decrease in the length of the radiation interaction region L
in expression (1) to �0:5 m. In subsequent calculations,
the effective length of the wave interaction region with
DFWM was accordingly specified as 0.53 m.

The calculated efficiency of phase conjugation, under the
conditions corresponding to Fig. 4, amounted to 1.66% when
account was taken only of the amplitude grating and to 1.9%
when the amplitude and phase gratings were taken into
account simultaneously. The decrease in the effective length
of the interaction of the laser beams may be accounted for by
the possible instability of the transverse mode structure of the
laser cavity and also by the fact that in this experiment
(Fig. 4) the emission spectrum consisted of several lines
corresponding to the rotational transitions of the CO
molecule in one vibrational band. Fig. 2 presents the calcu-
lated dependence of the normalised energy reflection
coefficient on the parameter I1=I3 (curve 2 ), which demon-
strates a quite satisfactory agreement with the experimental
curve 1.

The theoretical model was modified in order to analyse
the temporal dynamics of the reflection coefficients in the
emission of laser radiation simultaneously as a result of sev-
eral vibrorotational transitions. The calculation was
performed initially for the dynamics of lasing as a result of
three transitions: P8!7(17), P9!8(16), and P10!9(15)
(Fig. 7a).The temporal dynamics of the gain gratings was cal-
culated for the intensity ratio I3=I1 � 1=8 and then the
intensity reflection coefficient was evaluated (Fig. 7b) on
these transitions. The calculation of the energy reflection
coefficient on each of the three transitions yielded the follow-
ing values: 1.28% for the P10!9(15) transition, 0.91% for the
P9!8(16) transition, and 0.56% for the P8!7(17) transition.

The efficiency of phase conjugation on the amplitude gra-
tings for three-frequency emission, i.e. when the lasing takes
place as a result of all three transitions, was found to be 0.87%
in the calculations. It is noteworthy that the calculated ratio
of the lasing energies for the above transitions did not agree
with the experimental ratio, but the theoretical model
describes qualitatively correctly the decrease in the efficiency
of phase conjugation as the operating regime of a frequency-
selective EBSCO laser changes from lasing as a result of a sin-
gle vibrorotational transition to the simultaneous lasing as a

result of three cascade-coupled transitions. One may there-
fore speak of a qualitative agreement between the theory
and experiment for multifrequency emission.

7. Conclusions
The phase-conjugate reflection was investigated in the
present study by the DFWM method in the active medium
of a frequency-selective EBS CO laser. The maximum energy
efficiency of the phase-conjugate reflection reached 1.5 ^ 2.5%
for emission as a result of one vibrorotational transition,
whereas on expansion of the emission spectrum the efficiency
of phase conjugation diminished. The duration of a laser-
radiation pulse, its intensity within the cavity, and the specific
input energy hardly affect the energy efficiency of the phase-
conjugate reflection. The density of the gas mixture and the
ratio of the intensities of the probe and copropagating refer-
ence waves influence the energy reflection coefficient of a
phase-conjugate mirror to a greater extent.

Analysis of the temporal properties of phase conjugation
by four-wave mixing in the active medium of an EBS CO
laser, operating in the free-running regime, permits the con-
clusion that, under the conditions of the experiments carried
out, the phase conjugation is a quasi-cw process throughout
the radiation pulse (100 ^ 500 ms), whereas the duration of the
spiky transient process is 1 ^ 2 ms.

The experimental efficiency of the phase-conjugate reflec-
tion was appreciably less than the values predicted by the
theory which describes the interaction of the radiation in
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Figure 7. Calculated dynamics of the intensity of lasing (a) and of the
reflection coefficient (b) on the individual vibrorotational transitions
P8!7(17) ( 1 ), P9!8(16) ( 2 ), and P10!9(15) ( 3 ).
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an idealised DFWM configuration in the active medium of a
frequency-selective EBS CO laser. A quantitative agreement
with experimental data within the framework of the theoret-
ical model is attained with decrease in the effective
interaction length, which may be associated with the instabil-
ity of the structure of the cavity mode. The inhomogeneity of
the pump power and the variation of the gas temperature and
of the intensities of the interacting waves are manifested in a
real experiment andmay influence the agreement between the
theory and experiment.

Comparison of the experimental and calculated (theo-
retical) temporal dynamics of the reflection coefficient of
the phase-conjugate mirror indicates the dominant role
of the resonance amplitude phase-conjugation mechanism
on the gain gratings in the active medium of an EBS CO laser.
The theoretical model describes qualitatively correctly the
dependence of the efficiency of phase conjugation by four-
wave mixing in the cavity on the ratio of the intensities of
the interacting waves and the decrease in the energy reflection
coefficient as the operating regime of a frequency-selective
EBS CO laser changes from lasing as a result of one vibro-
rotational transition to simultaneous lasing as a result of
three cascade-coupled transitions.
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