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Abstract. Investigations into laser beam spraying, deflection, and induced 

scattering in plasmas are presented. Recent calculations and experiments on beam 

spraying due to filamentation are discussed. A simple model is presented for an 

enhanced beam deflection associated with nearly sonic plasma flow transverse to 

the beam. This model provides useful insights on the laser beam deflection, ifs 

scaling and the importance of self-consistent profile modifications. Finally, some 

discussion is given of recent experiments demonstrating the interplay between 

stimulated,Raman and Brillouin scattering. 

1. Introduction 

An improved understanding of laser plasma interactions is important for 

inertial fusion as well as for numerous advanced applications such as laser plasma 

accelerators. Laser plasma interactions are also a challenging test bed for the 

understanding of many basic plasma phenomena. An intense light wave in a 

plasma can drive a number of instabilitiesl, such as stimulated Raman and 

Brillouin scattering as well as ponderomotive or thermal filamentation. The 

stimulated scattering instabilities can be most simply characterized as the resonant 

decay of the intense lightwave into a scattered light wave plus either an ion 



acoustic wave (SBS) or an electron plasma wave (SRS). Filamentation represents 

the growth of intensity modulations in a laser beam associated with either 

ponderomotively or themallydriven density modulations transverse to the beam. 

In the conventional approach2 to inertial fusion, it is desirable to maximize 

collisional absorption (inverse bremsstrahlung) and minimize instabilities and 

other plasma effects which can reduce the absorption, change its location, or 

produce energetic electrons which preheat the capsule. 

Here we discuss some recent research directed to understanding and 

controlling laser beam filamentation, laser beam deflection due to plasma flow 

transverse to the beam, and the cross talk between sfimulated Raman and Brillouin 

scattering. 

2 Angular divergence and filamentation 

Progress has been made in understanding and controlling laser beam 

filamentation. This filamentation ocms because a region of increased laser 

intensity locally depresses the plasma dekity Wher via the ponderomotive force 

or the thermal force (i.e., the pressure increase associated with thehigher 

temperature). The depression in plasma density acts to focus the light, thereby 

inueasing the intensity fluctuation. Filamentation descriis the unstable growth 

of infinitsimal modulations. In pradice, there are significant hot spots in the laser 

beam, and the physical process is more appropriately characterized as hot spot 

self-focusing. 

Filamentation and hot spot self-focusing of laser light can be suppressed by 

introduction of spatial incoherence, say, by use of a random plate plate.3 An 

angular spread in wave vectors is thereby created. The wave vectors are spread 

into a cone with a characteristic half-angle AO about the original wave vector of 
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. 
the light wave. This angular divergend-7 clearly acts to counter nonlinear 

focusing. A crude estimate4 is that the instability is suppressed when the 

correlation length in the transverse directions ( 11 z - k::e)is less than the 

wavelength of the most unstable filaments. If we consider ponderomotive 

filamentation, this condition becomes 
. 

where a, is the electron plasma frequency, a, the laser light frequency, vos, the 

oscillation veloaty of an electron in the laser field and Ve the electron thermal 

veloaty. The same scaling can be obtained in other ways, such as requiring that 

the coherence length in the direction of propagation be less than either a 

filamentation growth length or the self-focusing length of a hot spot. It should be 

noted that temporal incoherence’ also helps to suppress filamentation. A small 

bandwidth smooths the spatial interference patterns on a time scale less than the 

filament growth time. 

Beam divergence can also be introduced by the interaction of a laser beam 

with density fluctuations in the plasma. Indeed, small amplitude density 

modulations in the transverse direction with wavelength h, cc h- (the 

wavelength of the most unstable mode) can suppress filamentation.4 A density 

fluctuation with amplitude 6n couples an incident wave into a light wave at an 

2 

growth length when 5 2 A[ L) , which for typical parameters corresponds to a 
n 4 v, 

small amplitude. This suppression has been observed in simulations of 

ponderomotive filmentation using9 3D model for light wave propagation. 



These results suggest the possibility of plasma-induced beam smoothing. 

One scheme is to send along a low intensity seed beam which has an angular 

spread and a small bandwidth (of order 0.1 %). The aim is to induce Brillouin near 

forward scattering of the main beam, which is thereby smoothed. 

In turn, filamentation can induce angular divergence in a laser beam. This 

spraying of a laser beam as it strongly filaments has been illustrated in computer 

simulations8 of ponderomotive filamenatation by S. Wilks using the F3D code.5 

Figure 1 shows calculated intensity contours of the electric field of the 1.06p.m 

.. 

Gaussiam beam with an initial peak intensity of 2x10 15 - Inthissimulationthe 
an2 

beam is inadent onto a plasma with a parabolic density profile and a peak density 

of 0.211~ (the critical density), an electron temperature of IkeV, and an ion 

temperature of 0.5keV. As the laser beam filaments, it sprays out in Gge. The 
1 0  v 

characteristic spread is A@ E -2s. The scaling can again be motivated in 
2 0, v e  

various ways. Note the angular divergence nonlinearly-induced is that which 

would have suppressed filamentation of the inadent beam, as estimated in 

Equation 1. 

The spraying of the laser beam correlated with the onset of filamentation 

has been shown in experimenb.8-9 In these experiments with the 2 beam 1 . 0 6 ~  

Janus laser, a plasma was preformed by using one beam to irradiate a thin foil. A 

second 1OOps interaction beam was delayed so that it interacts with an underdense, 

preformed plasma with various peak densities. By the use of film around an f/2 

collecting lens, the angular spraying of the interaction beam was directly 

monitored. As the peak plasma de&ity was increased from 0.06ncr to 0.1&, 

(lowering the threshold for filamentation), light was indeed observed to spread to 

larger angles, consistent with the predictions. It should be noted that near forward 

r 



Brillouin scattering can also contributelo to angular spraying, depending on the 

efficiency of this process and its sensitivity to velocity gradients. 

3. Laser beam deflection in nonlinearly generated flow profiles 

An improved understanding of how intense laser beams are deflected in 
\ 

plasmas is important for many applications. For example, in hohlraums filled with 

low density plasma, laser beams are observed11 to be deflected in angle. Beam 

pointing must then be changed to recover symmetric implosions. In addition, an 

intensity-dependent deflection has been observed in recent experiment$% 13 with 

preformed plasmas. 

A recently proposed 15 for the beam bending invokes 

filamentation in a plasma with a flow transverse to the beam. As just discussed, 

filamentation can induce an angular spread in a laser beam. If the symmetry is 

broken by, say, a transverse plasma flow, this spreading can become asymmetrical; 

i.e., a mean deflection can occur. 

The linear theory of ponderomotive filamentation in a flowing plasma has 

been discussed by Short et al.18 The usual dispersion relation now becomes 

Here K is the spatial gain rate, k, the transverse wave number, v, the transverse 

flow, the ion sound speed, ko the wave number of the laser light, vos the 

oscillation veloaty of an electron in the electric field, ve the electron thermal 

veloaty, n the plasma density, and n, the critical density. Equation (I) assumes 

that K << k,. It is apparent that the growth rate increases (threshold decreases) as 

v, approaches cs. For v, s c,, K - k, and one must solve the full dispersion 

relation, finding that maximum growth o c m  for filaments which grow at an 

angle to the direction of light propagation. 



In general, deflection of a laser beam only depends on there Wig induced 

changes in the plasma density profile. Useful insights can be obtained by 

considering a simple model of a laser beam propagating transverse to a freely- 

expanding plasma nearits sonic p0ht.17 We first estimate the nonlinearly 

steepened profile and then calculate the laser beam deflection in this profile. 

Filamentation can modify the profile changes and be& deflection, although it 

should be emphasized that the "zero order" profile changes help stabilize 

filamentation. 

-. 

As a simple modelf let's consider a one-dimensional expanding plasma 

traversed by a laser beam with its propagation vector orthogonal to the gradient of 

the plasma density and expansion velocity. The beam radius is assumed to be 

much less than the plasma scale lengths, which are in turn sufficiently long to 

allow neglect of refraction in the unperturbed profiles. The beam traverses a 

region of plasma which includes the sonic point. We anticipate that the plasma 

profile will be locally steepened in the neighborhood of the sonic density 

(q, where u = c.> from a density n2 > n, to a density n, e 11,. If we use the 2-fluid 

model in a frame moving with the critical surface>8 
a 

-nu=O 
ax 

Here n is the plasma density, u the flow velocity, cs the ion sound speed, Z the ion 

charge state, m (M) the electron (ion) mass, and vw the oscillation velocity of an 

electron in the electric field of the laser light. For <e l,we find that the profile is 
v e  

/ \  

steepened over a density An r n, - in a distance of about 2rOf where ro is the K: J. 



. .  
beam radius. Note that An is proportional to the square root of the laser intensity, 

since the plasma is resonantly perturbed near the sonic point 

The deflection of the laser beam by refraction in the locally steepened profile 

is now readily estimated. The equation for a light ray is - 

where 5 is the ray displacement, c the velocity of light, n the plasma density, and 

n, the critical density. Approximately Vn E nLe4-= / 2r0, we estimate the 
- v e  

deflection angle is 

(6) 

where t = ct is approximately the distance traveled by the laser beam. 

e=--- n v,e-o.;)5 

4ro na v e  
, 

In general, tcan be determined by plasma inhomogeneity. One ideal 

example is a shear15 in the transverse flow velocity along the beam path. As is 

apparent from Equations 7 and 8, the flow is only resonantly perturbed over a 

distance ts t ,  L, where t, is the shear velocity gradient length. For a laser beam 
v e  

(or hot spot) with half-width r,, we then estimate 8 r 2- e ( - v;2). Note that in 
4r0 *a v e  

this limit, one should probably also consider the net contribution of the plasma 

which is non-resonantly perturbed (i.e., where the induced profile changes scales 

as - ). For a 0 . 3 5 ~  laser beam with a half-width of 20ho and an intensity of . (::J 
4x10 15 - w in the plasma considered above and for t, z 1500ho,8 9". 

an2 

Some estimates are enlightening. As shown by Equation I, the threshold for 

filamentation can be greatly reduced near the sonic point. However, the self- 

consistent profile changes prevent large reductions unless 5 is quite small. A 
v e  

simple physical estimate is illustrative. Since the velocity jumps by 



. .  
modified zeroth-order state, min 1 - - min-2L. Hence, the threshold is ( 3 v, 

reduced for inertial fusion parameters by about JT - - z: 0.5, only a modest 

reduction. Strong ion wave damping can also prevent strong reductions in 

threshold. .. 

4. The competition between SRS and SBS 

Finally, therecan be a rich interplay between the stimulated Raman and 

Brillouin instabilities. For example, what is done to minimize SBS can lead to an 

increase in SRS.19-21 As an example of the rich interplay, let's first consider some 

recent work on reducing SBS by enhancing the ion wave damping and then 

discuss how enhanced ion wave damping can increase SRS. 

In large, nearly homogeneous plasmas, SBS can be reduced by adding 

hydrogen to the plasma. Linear theoryz predicts that the light protons enhance 

the Landau damping of the ion waves associated with SBS. Simulations23,24 

confirm this enhanced damping and show a reduction of SBS reflectivity even in 

the nonlinear state. This reduction of reflectivity by addition of protons has been 

demonstrated in experiments~~ 26 using the Nova laser with both gas bag and 

hohlraum targets. In the experiments, plasmas with a size of about 2mm, an 

electron plasma density of about lG1 ur3, and an electron temperature about 

3keV are formed by irradiating gas bag targets with nine Nova beams. Figure 2a 

shows the measured SBS back reflection of a tenth, interaction beam as a function 

of plasma composition (the percentage of protons). This beam was focused with 

an f/4.3 lens to an intensity of about 2x10'';. Note the strong decrease in 
cm 

reflectivity as the proton percentage (by number) increases. Figure 2b shows the 

similar trend found in some representative simulations using a particle ion, fluid 

, 



electron code. Similar results were found in early experiments in which low 

temperature and density discharge plasmas were irradiated with C@ laser light.27 

However, there are regimes in which increased ion wave damping can lead 

to more SRS. This behavior has been shown in recent experimentslg-21 using both 

gas bag and hohlraum targets. As an example, consider experiments19 using the 

Nova Laser and gas bag targets. In Figure 3, the peak SRS, back reflection is 

plotted versus the ion wave damping. This damping was varied by changing the 

- 
.. 

concentration of a C5H12 impurity in a Xe plasma. The electron plasma density 

was about 9x1020 an-3, and the SSD-smoothed 0 . 3 5 ~  interaction beam (f /4.3) 

In the early time results, the heater beams had an intensity of about 7x10''- 
cm2 a 
W 

which formed the plasma are still on, leading to a hotter plasma (-3keV) than in 

the so-called late time results. Note that there is a regime in which the SRS 

reflectivity increases as  the nominal ion wave damping increases, Note also that 

with the higher temperature plasma most relevant to inertial fusion, the SRS 

reflectivity does flatten at -5%. 

This behavior has been predicted by models28-31 which invoke saturation of 

SRS by parametric decay of the Raman-ciriven plasma wave into ion waves and 

other electron plasma waves. This subsequent decay has a threshold 

where 6n is the fluctuation plasma density associated with the Raman-driven 

plasma wave, k its wavenumber and De the electron Debye length. Here vi (ai) is 

the ion wave energy damping rate (frequency) and ve(aF) is the electron plasma 

wave damping rate (frequency). As the ion wave damping rate increases, the 

Raman-generated plasma wave can grow to higher levels, giving larger scattering. 

A similar scaling might be obtained fr6m saturation via a decay of the Raman 

plasma wave into a scattered light wave31 plus an ion wave. 

. -- I 



In summary, some recent investigations of the spraying, deflection and 

induced scattering of an intense laser beam have been discussed. Angular 

divergence both suppresses and nonlinearly results from laser beam filamentation. 

Near sonic plasma flow transverse to the beam leads to an enhanced deflection. 

Finally, a rich interplay can take place between stimulated Raman and Billouin 

scattering, as illustrated by their nonlinear behavior when the ion wave damping is 

varied. Laser plasma interactions clearly continue to be a challenging test bed for 

understanding plasma behavior. 
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Figure captions: . 

Figure 1. A plot of calculated intensity contour of the elecb5c field of a 1.06p 
laser beam propagating through a plasma with a parabolic density profile. 

Figure 2a. The SBS reflecti~ty measured with gas bag targets versus the 
percentage of protons in the plasma. 

Figure 2b. The drop-off in SBS reflectivity as a percentage of protons in the plasma 
as calculated with a hybrid pkcle-ion fluid-electron code. 

Figure 3. The SRS reflectivity measured with gas bag targets'versus the impurity 
fraction and normalized ion wave damping. 
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(a) SBS reflectivity measured 
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(b) PIC-caIculated reflectivity 
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