
while this line becomes the asymptote of a given family for ~ = s0, which implies absorption 
of its energy as v e ~ 0. For ~ < ~0, there exist two singularities At, 2 = •163 * u - cos -2 
~)z/2, which for ~ + 0 (see above) merge with the parabolic boundaries. 

Therefore, the inhomogeneity of a medium has a substantial effect on the distribution 
of the quasi-steady-state field and the energy losses of a source in a magnetically active 
plasma. Of special importance is the structure of the hyperbolic (resonance) quasistatic 
region and the geometric factors characterizing the size and mutual orientation of the source 
and the resonanceregion. 
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SELF-OSCILLATION OF A DOUBLE-PASS AMPLIFIER WITH A PHASE 

CONJUGATE MIRROR 

A. A. Betin, N. ~. Miiovskii, 
N. Yu. Rusov, and N. F. Rul'kov 

UDC 621.373.826 

Self-oscillation of a double-pass amplifier having a phase-conjugate (PC) mirror 
is studied as a consequence of generation developing in a resonator formed by a 
PC-mirror and an amplifier, reflecting the radiation due to four-wave mixing in 
the gain medium. The parameters of the amplifier and of the signal being ampli- 
fied for which self-oscillation is possible are determined. 

The principle of operation of a double-pass amplifier with a PC-mirror, intended for 
improving the directional properties of laser radiation [i] or the pointing of a radiation 
onto a target [2], consists in the following (see Fig. I). The signal wave E I impinges on 
a layer of the gain medium, is amplified in it, and then is reflected in the opposite direc- 
tion by the PC-mirror that is located after the amplifier. With the reverse propagation of 
the reflected wave E 2, along with amplification, compensation of the distortions in the field 
struture that are introduced by inhomogeneities in the amplifying medium takes place. Thus, 
amplification of the signal wave is accomplished, while its structure is transformed within 
some accuracy [3, 4] into the conjugate. 

In the usual conditions, self-oscillation in a single-pass amplifier is caused by para- 
sitic rereflection of the radiation from the structural elements and from the optics, which 
limits the gain coefficient to a certain level (for example, for CO2-amplifiers it is about 
105-106). Placing the mirror behind the amplifier, in principle, only eases the conditions 
for the emergence or parasitic generation. Because of the PC-mirror, SBS-mirrors [Stimulated 
Brilliouin Scattering] (by virtue of the threshold behavior of their reflection) and mirrors 
that are based on nondegenerate four-wave mixing are combined with the amplifier better. For 
such PC-mirrors, the self-oscillation threshold of a double-pass amplifier can be almost the 
same as that for an amplifier without a PC-mirror. 
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fizika, Vol. 30, No. 9, pp. 1079-1084, September, 1987. Original article submitted November 
26, 1985. 

794 0033-8443/87/3009-0794512.50 �9 198.8 Plenum Publishing Corporation 



Amplifier PC-mirror 

-'--" [i ~3 

, , I 

0 L L,,~ I 

Fig. i 

This work examines the principle physical cause which can lead to self-oscillation of a 
double-pass amplifier with a PC-mirror even in that case when parasitic rereflection of waves 
and their scattering on inhomogeneities of the medium are arbitrarily small. This cause is 
the capability of the amplifier's gain medium, found in a field of colliding waves that are 
mutually conjugate EI,2, to reflect the radiation incident on it with phase conjugation. 

The nonlinear process, correspondingto reflection from the amplifier of some arbitrary 
perturbation waves, is four-wave mixj~FWM) in the gain medium due to the effect of gain 
saturation. Mutually conjugate waves EI,2, which are present in the gain medium simultan- 
eously, play the role of the pumping, if the duration of the radiation pulse exceeds twice 
time for light to transit the amplifier. In sum, a resonator is formed, consisting of two 
PC-mirrors, one of which is the active layer, and the other is a PC-mirror situated behind 
the amplifier. Generation of radiation in such a resonator will correspond to self-oscilla- 
tion of a double-pass amplifier with a PC-mirror. 

The spatial and temporal characteristics of the generated radiation are determined by 
the properties of the pulse-shaping resonator, and in the case of its self-oscillation in a 
light beam at the output of a double-pass amplifier, the share of radiation reversed in rela- 
tion to the input decreases sharply. Determining the form of the fields in the resonator 
with the PC-mirror, their types of oscillations, and their corresponding frequencies is an 
independent problem (see [5], for example], for the solution of which it is necessary to call 
attention the specific means of realizing the phase conjugation. In the case of phase conjuga- 
tion with a frequency shift, the very term "types of oscillations in the resonator" loses 
meaning, and one must speak of types of propagating fields with self-repeating structure, 
which do not have a single frequency [6]. In the resonator being examined, one PC-mirror 
is based on four-wave mixing (in the general case nondegenerate) in the active layer of the 
amplifier, while any PC-mirror can be placed behind the amplifier: a SBS-mirror, a FWM-mirror, 
or a three-wave parametric mirror. It is not difficult to be convinced that for any of the 
enumerated PC-mirrors, the perturbation wave E~ with arbitrary frequency incident on the 
amplifier, in principle, is transformed after reflection from the amplifier and then from the 
PC-mirror located behind it into a wave having the same frequency.* Here the colliding per- 
turbation waves E3, ~ have, in general, different frequencies and, consequently, different 
wave numbers. For generation to occur, it is necessary that the total phase advance of the 
radiation in making a circuit of the resonator be a multiple of 2~. The perturbation fre- 
quencies m3,4, the difference of which can be evaluated from the relation (~3 - m~) c-IAL + 
(~M - ~A) = 2~q (q = 0, • .... ), are selected in correspondence with this condition. In 
this relation, ~M and ~A are constant phase shifts, which are acquired on reflection of the 
perturbations from the PC-mirror, having a coefficient of reflection R M = IRAI exp (i~M), 
and from the amplifier, having a coefficient of reflection of R A = IRAI exp (i~A). The phase 
shifts ~M and ~A depend in a complex way on the parameters of the system, and the difference 
~M - ~A can assume any value from 0 to 2~. The generation of perturbations at one frequency 
(w 3 = m~) is possible only under the condition ~M - ~A = 0, 2~, and in the general case a 
frequency difference of the perturbations of Am = Iw3 - ~I ~ ~c/AL is unavoidable. Calcula- 
tions show that for reasonable values of the distance between the amplifier and PC-mirror 
AL ~ i m, the value of the frequency difference A~ is not so great that the frequency of the 
perturations departs from the boundaries of the gain width of the amplifier (for example, 
Av = A~/2~ ~ i0 8 Hz) is much less than the line width Avs ~ 5.10 9 Hz of a CO~ laser at 

*In the case of a SBS-mirror, this will take place with nonthreshold reflection of the per- 
turbations due to FWM in the field of the wave incident on the SBS-mirror and the Stokes wave 
propagating toward it [7]. 
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atmospheric pressure). Thus, for sufficiently large reflection coefficients of the perturba- 
tions from the amplifier and PC-mirror (IRMRAi > i), self-oscillation of a double-pass ampli- 
fier should be observed. 

Keeping in mind how small the frequency difference A~ is, to determine R A = E3(L)/EI*(L), 
we shall use the model of degenerate FWM in the gain medium of the amplifier. Since at the 
input of the amplifier, as a rule, a relatively weak beam is incident, and at the output in- 
tense radiation is formed, in calculating the FWM we shall allow for the change in the intens- 
ity of the pumping wave along the longitudinal coordinate. We shall characterize the posi- 
tioning of the PC-mirror behind the amplifier by the reflection coefficients R 0 = E2(LI)/ 
EI*(L l) for ther signal wave E l and R M = E~(Lz)/E3*(LI) for the perturbation wave E3, not 
going into the details of the PC-mirror's operation. 

Let the amplifier be a layer of a two-level homogeneously broadened medium with stationary 
saturation of the resonant transitions, the nonlinear susceptibility of which 

X(s = - - (g /k ) [  ( i+6) / ( l  + [E ID]  , (1  

where k = w/c, E is the complex field amplitude in units of the saturation of the transition 
allowing for the mismatch 6 = (w - ~0)T2 from the line center, and g = g0/(l + 62) is the 
gain coefficient with respect to the intensity of the weak signal at frequency w. We shall 
seek the solution for the f~ward and reflected waves (pumping) El,=, and also for the per- 
turbations Ea,4, in the-form 

E~ (r•  z) = A, (z) E0 (r~,  z) exp (-- ~z),  Ez(r i ,  z) = A~ (z)E~ (r~, z) exp (ikz) , 

E~(r~,z) = A3(z)eo(r~,z) exp (-- ikz), E~(r~,z) =,4~(z)e~(r~ ,z) exp (ikz) . (2  

where the structure of E 0 and e 0 satisfy the free space equation 

(O/Oz + iA• (E,,, eo) = 0 

and in general are orthogonal to each other: J f~eodr~O. At cross section z-= O, the 

structure of E 0 corresponds to the signal wave El(rl, 0) = A1(0)E0(r i, 0) incident on the 
amplifier, while the wave E3, formed as a result of F~-reflection of the E~ wave from the 
active layer, is absent: As(0) = 0. The equation for the amplitudes A i under the condition 
that IE3,~I 2 << i and the medium is saturated by waves El, 2 have the form 

dA,,....__,. = 5 g" (1 - - i6 )  F,.z (I,, 12)A,.z; (3 
dz 2 

dA:~4 = • (I--i6)[Fa,(1t,12)A~..~--[(I,,Iz)A,AzA~ ~], a~  2-  ' (4 

where Ii, 2 = IAi,212 In what follows, we shall use the weak input signal approximation, 
assuming that IEII 2 << i over the entire length of the amplifier. In doing so, in Eqs. (3) 

and (4), Fi(l l, 12), f(ll, i 2 ) + Fi(12) , f(12). 

The form of the functions Fi, f depend on the nature of the interference of waves EI-E,, 
i.e., on how the lattice of complex dielectric constant is described in the medium. Two 
cases are possible, the presence and absence of interference of the colloiding reference waves 
E I and E= (we shall introduce the notations E lil E 2 and E l i E 2 for these, respectively). 
In the E l Jl E 2 case, all four waves E I - E 4 interfere with each other, and long-wave lattice 
of dielectric susceptibility is registered in the medium (interference of waves E I and E3, E 2 
and E,), short-wave (interference of waves E I and E 4, E= and E3), and also "superfluous" 
lattice EIE2, which is not required for the FWM process and only degrades the quality of the 
phase conjugation. In the E l i E 2 case, only a long-wave or a short-wave lattice is regis- 
tered. 

If the signal wave E ! is a plane w~ve, than E0(r i, z) = i and for E i IIE 2 

FI.3.~-- ( l + I z )  -~, Fz'-~- (l+Iz) -1, f = 2 ( 1 + I 2 )  -:~, 

and f o r  E~ i E 2 (we a r e  e x a m i n i n g  t h e  c a s e  o f  t h e  l o n g - w a v e  l a t t i c e ,  
waves  E 1 and  E3, E 2 and E4 by p a i r s )  

FI.~.~ = (l@-lz)- ' ,  F~ = [ -- (1-+-lz) -z . 

(5a) 

i.e., interference of 

(5b) 
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The different gain increments F i have a clear physical meaning. The increment F 2 of wave E, 
and the increment F4 of the perturbation wave E~ interfering with it are identical for cases 
of Eqs. (So) and (Sb). The interference with the strong field leads to suppression of the 
amplification of the weak field [8] (F 4 < FI). Amplification of El, 3 in the case of Eq. (5b) 
is the same as for the strong wave El, while in the presence of interference with the strong 
wave (Eq. (So)), their amplification is suppressed. 

Along with a plane-wave signal, we shall examine the case when the input signal has ir- 
regular pseudorandom [9] transverse structure with a large number of field inhomogeneities 
of typical size r 0. If amplification over the length of spreading of an isolated inhomogene- 
ity is small (g0kr~ << I), then it can be shown [I0] that the solution for the field has the 
form of Eq. (2). For Gaussian statistics of the field E 0 having a null average <E0> = 0 and 
constant cross-sectional average intensity <EoE0*> = i, the averaged increments of F i and f 
have the form 

w e - "  d u  ~ ' w e - "  d u  / = 2  u e - " d u  FI . . . .  , P., a.4~ , ( 6a ) 
( l + l l u p  "" l + 4 u  ( l + / ~ u )  ~ 

~, 0 O 

for E z II E 2 and 

j; S e-. au i ue-" au F t . , 4  = lze - u  d u  Fa = �9 f = 
- '  1 + 12 u ' 1 + l . :u 11 + l l u )  ~ 

n 0 0 
(6b) 

for E I I E 2. The value of increments FI,3, ~ in the case of spatially modulated fields is 
determined by two effects. Interference with the strong field, as in the case of plane waves, 
leads to gain suppression. As a consequence of the orthogonality of the structures e 0 and E 0, 
the amplification of the perturbation waves E3, 4 is emphasized, which allows one to expect an 
increase in the coefficient of reflection of the perturbations R A from the active layer in 
comparison with the case of planewaves. 

From system of equations (3) and (4), an analytical expression can be found for RA, if 
the effect of the perturbation wave E 3 reflected from the amplifier on the amplifier of the 
seed perturbation wave E 4 is neglected (three present waves approximation). If the product 
Of the field intensities El, 2 is less than unity, the neglecting the second term in the equa- 
tion for A~ can also be justified for the coefficient of reflection from the amplifier that 
are greater than unity. In the case of plane reference waves Ez, 2, the coefficient R A can 
be expressed through the boundary values of the intensity of the weak field 12: 

2 1 - - i t  1 /2(L) (3+,0)/' 1 , EIIIE.,; 
RA= R; 3 + i ~  1 +1.2(L) +Iz (0 )  " (7a) 

R,= 1 1 - - i a  [(1 ~ I I ( L ) )  ('+'a)2- I], E t i E I .  (7b) 

In the case of spatially modulated reference waves Ei,2, the expression for R A can be suitably 
expressed in the form 

RA= ~-  1--exp --7--(M~--M,) , E ,  I IE I ;  (8a) 

R A = ~ I  {1--exp I ~ - - ~ ( M a - - M 1 ) ] } ,  E ,  ZE.,,_ (Sb) 

L 

where the in tegra ted  increments M i = g f F i d z  are determined using F i from Eqs. (6a) and 
(6b), respectively, u d 

Equations (7) and (8) permit finding the product RAR0*, if the values of the integrated 
increment of the linear gain g0L, the tuning 6, and the output intensity of the strong wave 
12(L) are known. To do this in the case of plane reference waves, it is sufficient to cal- 
culate 12(L) using the first integral of Eq. (3) (see [ii], for example). For spatially 
modulated reference waves, the integrated increments M i are determined by numerical integra- 
tion of Eq. (3) for the strong wave with simultaneous calculation of Fi(z). The variation of 
the value of [RAN01 with output intensity of the strong wave in the E~ I E 2 case is plotted 
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in Fig. 2 for plane (dashed lines) and for spatially modulated reference waves (solid lines).* 
The output intensity is plotted in units of J2(0) = (i + 62)12(0), corresponding to normaliz- 
ing at the saturation intensity in the center of the gain line. 

Before proceeding to discuss the results, we shall describe the numerical investigation 
of the initial system of Eqs. (3) and (4), which was conducted without the three preset waves 
approximation. Converting Al, 2 = /ll, 2 exp (--i~l,2) in Eqs. (3) to intensities 11, 2 and 
phases ~1,2 of the pumping waves and using instead of Eq. (4) an equation for the complex 
coefficient of reflection of the perturbations RA(Z) = A3(z)/A~*(z) from the active layer of 
thickness z, we obtain the system 

( 1/g) (dl ~,2/dz) -~- • F~,2 (12) t~,2 ; ( 9 ) 

2 dRh = [ ( 1 - - i 6 )  F 3 ( l z ) +  (1 + i 6 )  F~(12)]R A --[(12)~.l~l=[(1--i6)exp (--id))-k- ( l+i6)R~,exp (iO)] (10)  g dz 

where 

(I)(z) - -  q~l(z) + q~2(z) ----- @(L) -+- ~--In Ii (z)I,., (z) 
2 /; (z) 4 (Z) (ii) 

For precise phase conjugation of the pumping waves at the PC-mirror, located behind the ampli- 
fier, it is necessary to assume ~(L) = 0. The boundary conditions of Eqs. (9) are formulated 
in the form of a boundary problem: the value of I2(0) of the intensity of the strong wave on 
exiting the amplifier and the relation of the intensities of the pumping waves I2(L) = IR012- 
Iz(L) at the right boundary of the amplifier are known. Using the boundary value of I2(0), 
the parameters of the system gL, R0, and the integrated increments MI, 2 calculated earlier, 
it is possible to determine the value of I2(L) = 12(0) exp (-M2), and then It(L) = IR01 -a- 
I2(L) and Ii(0) = It(L) exp (--Ml). Thus, the boundary problem reduces to the problem for 
the value of If, 2 with conditions at one boundary (z = 0). Equation (i0) has the boundary 
condition RA(0) = 0, and the value of RA(L) corresponds to the desired coefficient of reflec- 
tion of the perturbations from the amplifier. Numerical integration of the system of Eqs. 
(9) and (i0) was done by the Runge-Kutta method with calculating the improper integrals Fi, 
f at each step of the integration. The following values of the parameters were used: g0L = 
i0, I61 = 0, 0.5, i, 2; 12(0) = 10-2-10, IR012 = 0.i, i, i0 (for plane wave pumping), and 
IR012 = 1 (for spatially modulated pumping waves). The results of the calculations for the 
E l • E 2 case and are also shown in Fig. 2 (curves with open circles). As is clear, the re- 
sults obtained with the use and without the use of the three present waves approximation are 
close to each other (in the case of plane pumping waves they coincide), which attests to the 
applicability of this approximation for practically interesting values of the gain parameters 
and output radiation intensities. 

The value of RSRMI, which enters into the condition of self-oscillation of a double- 
pass amplifier RARM| > I, differs from the value of IRAR01 plotted in Fig. 2 by a factor 
of I~/Rol. In what follows, we shall propose that the reflection coefficient of the perturba- 

*Calculations in the E I ;I E 2 case lead to insignificant quantitative changes in the results. 
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tion wave E 3 and the signal wave E I from the PC-mirror, located behind the amplifier, are 
identical (R M = R0). In this case, from Fig. 2 it'follows that for spatially modulated pump- 
ing waves, in some interval of output intensity values J2(0), the value of IRARMI > 1 and 
self-oscillation of the double-pass amplifier is possible. Using calculations from Eq. (8b), 
in Fig. 3 are plotted the ranges of the parameters g0L and J2(O) for which IRARMI > 1 (these 
areas are shaded). It is clear that self-oscillation is possible in amplifiers with suf- 
ficiently large gain g0L > 7. With an increase in g0L, the interval of output intensity ~ 
values, for which self-oscillation is possible, increases. For fixed g0L, the width of this 
interval depends on the absolute value of the tuning 161. With increasing 161, the interval 
narrows, and if the value of the tuning is great enough, the self-oscillation becomes impos- 
sible. In the case of plane pumping waves, self-oscillation of a double-pass amplifier does 
not occur (IRARMI < i) in a wide range of variation of the parameter g0 L, 161, and J=(O]. 
The threshold of self-oscillation in this case isreached only for unrealistically large gains 
g0L > 30 and tuning different from zero l~I ~ 0. 
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