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The amplification of light retlected from a dense plasma as a result of stimulated scattering in the rarefied 
expanding plasma corona is considered. It is shown that the radiation intensity that reaches the dense layers 
of the plasma depends on the scale over which the rate of plasma flow changes, and does not depend on the 
incident radiation intensity if the latter exceeds a certain value. 

PACS numbers: 52.25.P~ 

When laser radiation acts on a target, the incident o N(z) m w O Z  4neZN 
k - )  N . = - ,  upA=-. 

light wave and that reflected from the dense plasma 4ne' m 

produce a standing electromagnetic wave in the ex- We seek the solution of (2) in the form 
panding rarefied plasma corona. The ponderomotive 
forces that act in this wave produce in the plasma den- 

dx1k0(x') ] +~.(z)erp[i dz'ko(xr) ] . 
sity perturbations that a r e  particularly pronounced in 
the resonance region, where the rate of plasma expan- where E, and El a re  the amplitudes of the waves inci- 
sion is of the order of the speed of sound, and the Mach dent on and scattered from the plasma. Using this ex- 
number is close to unity. Scattering by these pertur- pression and assuming that 
bations increases the reflection of the light from the - 
corona. This effect was first  discussed in the papers 
of Begg and Cairns' and of Randall et al. ,' who used 
for the plasma corona highly simplified models, in- 
capable of revealing the main laws that govern the 
phenomenon. 

The present paper the amplification of reflected light 
is analyzed using a more realistic model. The spatial 
variation of the density perturbations and of the inten- 
sities of the incident and reflected light a re  investiga- 
ted and the reflection coefficient is determined. It is 
shown that the characteristic scale of the change of the 
flow velocity is a most important factor in the effec- 
tiveness of the reflected-light amplification. 

1. The state, unperturbed by an electromagnetic 
field, of an inhomogeneous plasma corona will be 
characterized by the electron density N(x), by the 
plasma flow velocity U(x), and by a constant tempera- 
ture T. The time-independent small deviations from 
this state, which a re  connected with the action of the 
electromagnetic field, a re  determined by the equations3 

where n and v a re  the preturbations of the density and 
of the flow velocity, us= ( z ~ / r n , ) ' / ~  is the speed of 
sound; z and m, are  the charge number and the mass of 
the ions; v is the effective collision frequency; w, and 
E a re  the frequency and intensity of the electric field. 

we obtain from Eqs. (1) in the zeroth geometric-optics 
approximation 

where M(x) = U ( x ) / v ,  is the Mach number. 

In the first  geometric-optics approximation we then 
get from Eq. (2) two equations for the intensities of the 
incident and reflected (scattered) waves": 

where 

We assume that a t  5 = 5, the plasma density vanishes 
and in this case the intensity of the incident wave is 
known and equals I= go(&). We choose a s  the origin a 
point located close enough to the reflection point 
[where N(6) =IV,] ,  but in which the geometric optics 
approximation is still valid. The ratio (ql(0)/qo(O)) 
= r at  this point is assumed to be known. It follows 
then from the solution of Eqs. (3) that the total coeffi- 
cient of reflection from the plasma corona R =ql(fo)/I 
is given by 

At normal incidence of the radiation on the plasa, the ~=rex~[l(l-R)G(fo)], 

value of E is determined from the equation where 

where The functions q,,, then take the form 
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The density perturbations a r e  expressed interms of the 
functions ( 6 ) :  

2. The general properties of Eq. ( 5 )  and of the func- 
tions ( 6 )  do not depend on the concrete hydrodynamic 
characteristics of the corona. According to the defini- 
tion ( 4 )  we have ~ ( 5 )  >0 and the function G(5) ,  a s  well 
a s  the functions q, and q, ,  increase monotonically with 
increasing 5. Consequently a t  5=0  they have minimal 
values and equal, according to Eq. (6), 

If the reflection i s  weak (R  < 11, the formula ( 5 )  is 
simplified and R 5: rexp[I~(E, , ) ] .  This relation is valid 
only for the values 

If an inequality inverse to ( 8 )  i s  satisfied, then the re-  
flection coefficient is close to unity, R 2: 1 - I, /[ .  There- 
fore a t  I  - I ,  the exponential growth of the function R(I) 
slows down (Fig. 1 )  and saturation of the scattering 
se t s  in. It follows then from ( 7 )  that q,(O)=I,/(l - r )  
and the laser  radiation reaching the dense plasma layer 
has a constant intensity independent of the intensity of 
the incident radiation. A s imi lar  result i s  known for 
the SMBS in  liquid^,'^ and was obtained also in a cal- 
culation of the attenuation, on account of SMBS, of the 
pump wave in an inhomogeneous l a se r  plasma. 

If the point 5 ,  a t  which the equality M(5,) = 1 is satis-  
fied is located in the rarefied-plasma region ( 5 ,  >5, > 0 ) ,  
then the reflection coefficient and the functions ( 6 )  can 
be approximately expressed in te rms of the hydrody- 
namic characteristics of the corona. T o  this end it i s  
necessary to expand the function M(5) in ( 4 )  in a ser ies  
in the vicinity of the point 5 , .  As a result we get 

where a =  v ( ~ , ) / 4 k 0 ( ~ , ) v , M '  characteristics the width of 
the region of the resonant scattering, 

If a satisfies the conditions 5, ,  ( 5 ,  - 5 , )  >a, then 
G(5,) = aG,, and I, [see (8 ) ]  takes the form 

4 I 

FIG. 1. Reflection coefficient vs. intensity of incident radia- 
tion. 

It i s  seen from (10)  that the radiation intensity a t  which 
the growth of the reflection coefficient slows down does 
not depend on the width of the resonance region, but i s  
determined by the characteristic scale of the variation 
of the Mach number. If the reflection from the dense 
plasma i s  weak ( r  << 1 ) ,  then q,(O) 51, and expression 
(10)  determines the same limiting laser-radiation in- 
tensity that reaches the dense plasma layers. 

Figure 2  shows the functions q0, ,(5)  and (n(5)I a t  two 
different values of the parameter a. It i s  seen that 
with decreasing effective collision frequency v  the re-  
gion of resonant excitation of the density perturbations 
becomes narrower, and their  amplitude increases. 
Neither the total change of go,, nor the reflection coef- 
ficient R i s  then dependent on v ,  and both a r e  deter-  
mined by the characteristic scale of the change of the 
plasma flow velocity. 

4. We shall  now make a few remarks  concerning the 
conditions under which the results  a r e  valid. In the 
analysis of the amplification of the reflected light, no 
account was taken of i t s  absorption via collisions of the 
electrons with the ions (collision frequency v,,).  This 
assumption i s  justified if the nonlinear interaction be- 
tween the incident and reflected waves leads to a more 
rapid variation of their intensities than the collisions. 
This calls for satisfaction of the condition 

Both for the density perturbations and for the elec- 
tromagnetic field, we have confined ourselves to the 
f i r s t  harmonics. The condition that the higher har-  
monics of the density perturbations be small  a t  the 
point 5, is the most stringent one and is of the form 

In a rarefied plasma, the main mechanism of dissipa- 
tion of the density perturbations is Landau damping. 
If the plasma i s  non-isothermal, then the damping i s  by 
electrons (v/2kov,  - (m/mi)1'2  << 1) and the inequality (12) 
is satisfied only for relatively low intensities of the in- 
cident radiation (q , /q ,  < m / m i ) .  On the other hand if 
the temperatures of the electrons and ions a r e  close, 
then strong Landau damping by ions se t s  in,  and 
v/2k,v, 5 1. Under these conditions our analysis is 
valid for q,  2 q,  and in this case the inequality (11) i s  
reliably satisfied in a l a se r  plasma ( v e i / w o  << 1).  

A remark must be made also concerning the plasma 

FIG. 2. The intensities of the incident and reflected (91) 
light and the amplitude of the perturbed plasma density (In/) 
vs.  the coordinate for two values of the parameter a. The 
point i s  defined by the condition M(E1) = 1. 
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flow unperturbed by an electromagnetic wave. It is 
known that the one-dimensional isothermal plasma 
flow i s  not stationary. However, if the changes of the 
functions Nand U take place over a characteristic time 
7 longer than the settling time of the density perturba- 
tions in an electromagnetic field, then the nonstationary 
character of the flow can be disregarded. The density- 
perturbation settling time, for sufficiently strong dis- 
sipation, is v-' -(2kOv,)". The time of variation of the 
plasma parameters can be estimated, in order of mag- 
nitude, a t  r -L/v,, where L is the scale of variation of 
the functions N and U. It follows therefore that the 
plasma flow is quasistationary if koL > 1. Satisfaction 
of this inequality was already assumed in the geometric- 
optics method used by us. 

The question of the validity of the linear approxima- 
tion in stimulated scattering was discussed in Ref. 11, 
where stimulated scattering by electrons and ions 
in an isothermal plasma was considered and it was 
shown that under laser-plasma conditions appreciable 
scattering sets  in only a t  large density perturbations 
(n/N - 11, which cannot be described by the linear ap- 
proximation alone. In our case the principal scatter- 
ing is by acoustic waves. We use here the linear theory 
and assume by the same token that n/N << 1. From the 
expression obtained for this quantity in the resonance 
region (M = 1) and under conditions of considerable 
scattering (Z=Zo) i t  follows that the linear approxima- 
tion is valid if the following inequality holds: 

Under conditions when geometric optics is valid, this 
inequality is quite well satisfied. 

5. Resonant excitation connected with reflection of an 
electromagnetic wave from a dense plasma was ob- 
served in a numerical simulation of laser plasma. 
Attributed to the same effect are  the results of experi- 
ments on the interaction of microwave radiation with a 
rarefied plasma. 6'8 In particular, in the experiment of 

Akiyama et a1. the most intensive sources of density 
perturbation were observed in a region where the plas- 
ma flow velocity was close to that of sound. 

An indirect indication of the onset of this effect i s  the 
saturation, a t  1, - 1013 w/cm2, in the reflection of the 
radiation of a CO, laser from a rarefied plasma at  a 
level R - 1 (Ref. 9). If we use the plasma parameters 
indicated. in Ref. 9, ( N / N ,  = 0.18; L = 200 pm; T = 100 
eV), then we obtain from formula (10) Z 0 3  0.8 X 1013 
w/cm2, which agrees well with the experimental data. 

In conclusion, I wish to thank N. E. Andreev and 
V. P. Silin for a number of helpful remarks. 

For a homogeneous medium, a system of equation similar 
to (3) was f i r s t  considered by   an^." 
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