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A theoretical analysis is carried out for the problem of coherent

nonlinear backscattering of laser radiation by a high density

plasma. A number of effects of direct interest to the DT-pellet

fusion research is investigated. A simple physical description

is introduced, which relies on a nonlinear.potential formulation

of the scattering equations. The simplicity and the unified

nature of the approach enables us to evaluate and compare the

influence on the radiation reflectivity of different effects,

such as e.g. inhomogeneitles, blow-off velocities, temperature

gradients, laser band width and relativistic oscillatory

velocities. Our understanding of the role played by the various

phenomena has consequently improved and we think that our approach

should be useful for the interpretation of laser-plasma data

obtained by computer siirulation or laboratory experiments. The

results may also be utilized to estimate how and to what extent

one may avoid undesired anomalous reflection when planning new

laser-plasma devices.



Introduction

The possibility of achieving thermonuclear fusion by the

ignition of a pellet of deuterium - tritium by means of

focused laser radiation is indeed a challenging one. It is

at present seriously considered in the programs of several

of the leading big laboratories in the United States and in

the U.S.S.R. By the end of this decade it is expected that

the research efforta in the laser-plasma field in the U.S.A.

will amount to about the same level as those aiming at mag-

netic confinement of gaseous plasma. One crucial point for

the success of the laser-plasma program is the development

of high power lasers for inertial confinement and heating

of the fuel pellet. For the process of energy release con-

vergent compression of the pellet is essential. In fact, cal-
4

culations indicate that compressions of the order of 10 are

necessary. By carefully tailoring the evolution in time of

the laser pulse it seems that shock-wave implosion would

lead to ignition of the central region of the pellet. A re-

quirement thac the laser technology has to face is an energy

release in about a nanosecond of 10 kJ focused on pellets

of diameters of ~0.1 mm. The intensities in the focused ra-

diation can be estimated to amount to 10 - 10 Wcm~ which
19 —2

would lead to a power intensity of 10 Wcm in the center,
4

which is the value required to yield the compression of 10

needed for ignition, [1].

The high power laser radiation may excite instabilities in

the plasma corona surrounding the pellet. Two processes

which may yield appreciable anomalous backscattering are,

[2 - 6]

(i) Induced scattering by electron plasma waves {induced

Raman scattering)

(ii) Induced scattering by ion-acoustic waves (induced

Brillouin scattering)

A third interesting process in this connection is the induced

Compton scattering, [7, 8]
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It is indicative of the processes responsible for these

effects that they are governed entirely by nonlinear effects.

A theoretical investigation of those nonlinear effects could

be carried out either within the frame work of the random

phase approach, [9 - 113, or by utilizing a coherent wave

{or fixed phase) description [4, 5, 12 - 14]. Some recent

computer simulation studies, [4], indicate that features of

coherent dynamics remain during the evolution of nonlinear

interaction. It therefore seems justified to start an ana-

lysis from the point of view of the coherent wave descrip-

tion. As will be shown in the present investigation such

an analysis can in fact be made in closed analytical form.

The results including the main nonlinear effects may then be

formulated in terms of elliptic functions, which reveal the

dependence of observable quantities, such as the nonlinear

reflectivity, on the physical parameters. So, for example,

our result reproduce the trend of amplitude- as well as den-

sity- and frequency-dependence of the reflectivity obtained

by computer simulation studies. The results are furthermore

compared with those of a random phase approach. An advantage

of our analysis is that it allows for simple extentions to

include a number of effects of direct interest to the DT-

pellet fusion research. We analyse, in terms of direct physi-

cal pictures, some of the phenomena which influence the effi-

ciency of the nonlinear interaction. Furthermore, we estimate

the consequences of such phenomena for the penetration and

heating efficiencies. The present investigation includes the

following sections:

(i) Basic nonlinear scattering relations

(ii) Influence of dissipation

(iii) Effect of constant wave-number mismatch

(iv) Inhomogeneous media

(v) Blow-off velocities

Ik



Jvi) Temperature gradients

(vii) Numerical estimates

(viii) Reflectivity versus laser bandwidth

(ix) Penetration and heating efficiencies

(x) Relativistic saturation

(xi) Conclusions

The experiments reported in the literature on laser-plasma

interaction are often made under conditions which differ e.g.

with respect to choice of material and configuration and

furthermore do not easily allow for a precise specification

of the physical parameters. As an example, definite values

of the intensity of radiation in the interaction domain are

difficult to settle and figures given can as a rule only be

taken as estimates. Diagnostics of the laser-plasma interac-

tion region for the pellet problem is for obvious reasons

very intricate, and new diagnostic techniques are searched

for, 115]. The experimental results on the reflectivity of

laser produced plasmas also differ widely, [16 - 18]. De-

tailed comparisons of theory with experiments are therefore

complicated at present, though theory explains characteristic

trends and gives qualitative agreement.
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Concerning the present and future laser-plasma experiments

let us here only furthermore mention that the laser techno-

logy progresses along several lines including the' carbon

dioxide., neodymium, iodine and other types of lasers and

that by 1976 lasers producing 10 kJ within 100 ps are expected

to be available, [19].

The very-high-power laser technology needed for the laser-

plasma fusion program will certainly stimulate to a large

extent the basic studies of nonlinear plasma phenomena and

turbulence. Their role, under conditions never before experi-

mentally investigated, will be elucidated by new experiments

i
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and the results will be important to basic research as well

as for the evaluations concerning the feasibility of laser-

plasma fusion. Besides, it. should b'eemphasized that the fu-

ture very-high-power laser-plasma experiments will indeed

be of great interest by their implications for different

branches of physics. The problems of the interaction of such

very intense radiation fields with matter, e.g. metals or

other solid materials, are of vital importance in the field

of material science, [22]. Recent discoveries, [21], in the

field of astrophysics open up new domains of research where

problems of extreme states of matter and exceedingly high

radiation intensities are involved. Therefore, we consider

the questions of very-high-power radiation interaction with

plasma, which we will discuss in the following, to be not

only of specific interest for laser-fusion but of considerab-

ly wider scope.
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Preliminary analysis

Let us begin by treating a very simple model and then extend

it to include some more complicated effects. Since two pro-

minent features in the DT-pellet experiments are the cohe-

rence of the incident laser light and the small spatial ex-

tent of the interaction domain, we consider first a coherent

backscatter process occuring in a homogeneous plasma slab

(density n ) of finite length. We assume an incident laser

wave -, k.) to give rise to a reflected laser wave

and a longitudinal plasma wave (w^, k_). The frequencies, u•,

and wave numbers, k., of the waves satisfy the resonance con-

ditions

"0 = kQ = - (1)

Of special interest is the case when the longitudinal wave

is an ion-sound wave (stimulated Brillouin scattering). Then

we have

' kl •* k0 '" m2 = Vs k2 "• 2 ~
(2)

where V is the velocity of the ion-sound wave.
S

In a coherent wave description the equation system which

determines the steady state nonlinear evolution of the three

waves is

0 _
V0 3x ~ C12 Al A2

3A-

= C02 A0 A 2 *

= C10 A0

v. denotes groupvelocity, ĉ ^̂  nonlinear coupling coefficient,

and A. normal mode amplitude.

A very convenient method for analyzing eq. (3) is the poten-

tial function approach, cf [14, 22, 23]. We can show [14],

that eq. (3) can be rewritten in a form analogous to the equa-
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tion of motion of a particle under the influence of a non-

linear potential, viz.

i •

= 0 (4)

together with the relations (assuming small initial values

for the reflected and the longitudinal waves)

X_ - X. = constant = 1 - r

XQ + x 2 = constant = 1 (5)

where

lA^CÇ)|2/|A0C0)|
2

C n i C n, 1/2

j = 0, 1, 2

TT(X0) = 2 [X0
3 - (2 - r) X 0

2 + Xo (1 - r)]

and the quantity r has the significance of a reflection co-

efficient defined by

(6)
rl

intensity of reflected wave at x = 0
intensity of incident wave at x = 0

The general appearence of the potential function IT (X Q) is

depicted in fig. 1 and we infer that the "particle" will oscil-

late in the potential valley between X- = 1 - r and XQ = 1.

Fig. 1

1-r
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Fig. 1 Qualitative plot showing the potential function,

TT(X 0), which yields an oscillating motion in the po-

tential valley between the roots XQ = 1 - r and XQ = 1.

The complete analytical solution is

XQ = 1 - r sn (Ç, /r)

= r , Jr)

r sn2 (Ç, /r)

where sn and en denote elliptic sine and cosine functions

respectively.

From eq. (8) we obtain a relation between the normalized

period of the oscillations, P, and the reflection coefficient,

r, viz.

1

P/2 = KUr) = ƒ dx

/(I - x*) (1 - r x2)2)

where K is the complete elliptic integral. The period P can

also be written as

P/2

where

C01 C02

Vl V2 V
K CO)

(8)

(9)

(10)

(11)

and L is the geometrical length of a half period of oscilla-

tion.

Relation (9) can be inverted in order to express r as a func-

tion of P. The qualitative form of r = r(P) is given in fig. 2.

!'
!

1
jl

«" j s



JS?V

Fig. 2

! •

r(P)

r«-->"

Fig. 2 Plot showing the reflection coefficient as a func-

tion of the period of the solutions.

From the relation r = r(P) the reflection could be deter-

mined if only the period, P, was known. However, it turns

out, that it is not possible to determine P (or rather L)

uniquely. We accept this and reinterpret r = r (L, a) as a

distribution function or partial reflection function of the

geometrical period of the oscillations. Since all halfperiods

less than or equal to LQ, the geometrical length of the

plasma slab, are equally probable, we conclude that the total

reflection coefficient, R, should be given by the following

average

ƒ
0

r(L, a) dL

R =

dL

To a good approximation we can replace the function r = r(P)

with a step function, the step appearing at approximately

PP = P
p y

=* 4. Then we obtain the following simple expressionp p
for the reflection from a plasma slab of finite length

L C > L0

where we have introduced the nonlinear interaction length,
L_r given by

(12)

(13)
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7S
Y. is the growth rate of the parametric process.

Eq. (13) allows a suggestive physical interpretation: the

stimulated scattering process has a threshold at L = L ,

i.e. when the nonlinear interaction length equals the geo-

metrical length of the plasma. The rise of the reflexivity

above threshold is depicted in fig-. 3. We also note, that

the threshold condition L = LQ due to the boundedness of the

medium is in accordance with that recently given by other

authors [12]. •

Fig. 3

1-

4L,-2

10

(14)

Fig. 3 The reflection, R, as a function of the parameter

a, which is proportional to the intensity of the in-

cident radiation.

2. Influence of damping

We will now try to incorporate the effect of wave-damping

into our model. In the cases when the stimulated scattering

occur through interaction with electron plasma waves or ion-

acoustic waves, the transverse laser waves suffer negligible

damping, but the damping of the longitudinal waves may be

significant, due e.g. to Landau-damping. However, an analyti-

cal solution of eq. (3) including longitudinal damping has

not yet been found, but for the special case when the damping

rate is much greater than the growth rate, [24]. Other inves-

tigations, [25], suggest that for moderate damping, we may
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approximately consider the damping to be shared equally among

the interacting waves, resulting in a common effective damp-

ing rate y ~*JYT' where Y L is the amplitude damping decrement

of the longitudinal wave. This implies, that the previous

undamped reflection coefficient function r = r (L, a ) , when

averaged, must now be weighted by an ex onential factor ac-

counting for the damping over a distance L. In analogy with

eq. (12) we obtain for the total reflection in the damped

case, RD L

*» =

Jr(L,a) exp (~YL L) dL

ƒ exp (-YL L) dL

i -
- exp (-
- exp (-rL

L > L-
C 0

Lc < L Q

where we have once again used the step function approxima-

tion for r(L,a).

For optically thick plasmas, i.e. when Y. L- >> 1,

reduces to

L <

(15)

2/YT

(15)

(16)

where the previous threshold L = L Q due to the boundedness

of the medium must be replaced by the following threshold, viz.

" 2 2Ld

where I>a = 1/y is the characteristic damping length. Eq. (17)

is also in good agreement with recent results, [ 12 ] .

Finally we point out, that the longitudinal damping is effec-

tively distributed among the waves only if the nonlinear

interaction is sufficiently strong, i.e. the nonlinear growth

rate is larger than the longitudinal damping rate. This con-

dition <Y 0 > Y L ) is equivalent to eq. (17), which thus also

(17)

Us.'



provides "a limit of validity for the approximate analysis

used in thj.s paragraph. ,

3. Effect of a constant' mismatch

For later use we want to investigate how the presence of a

constant wave-number mismatch affects the reflection coeffi-

cient function. If we assume that, cf eq. (1)

12

V

kQ + = Ak f 0 (18)

then the corresponding nonlinear three-wave system becomes

3A
V0 -3T = C12 Al A2

3A

3A_
V2

= C02 A0 V

= C01 A0 Al* (~ i A k X )

Once again we make use of the potential function approach

and rewrite eq. (19) in the form of eqs. (4), (5). In this

case the potential function is given by, [23]

2 2
ir(X0, A K ) = 2 {XQ

3 - [2 - r - ̂ - ] X Q
2 + (1 - r - ̂ -) XQ +

(20)

where AK = Ak V 1 V 2 |C Q 1 C Q 2 A Q
2(0)| 1 / 2 and we have empha-

sized the fact that the potential function also depends upon

mismatch by writing IT (XQ, AK) .

A closer analysis of the behaviour of Tf(XQ, AK) for increasing

AK,yields 'the result given qualitatively in fig. 4.

I! .



Fig. 4 Qualitative plot of the potential function Tt(X0, AK)

for varying mismatch AK. ( — A K Q = 0 , AK^, — A K 2 , | A K 2 | > |

From fig. 4 we conclude, that for increasing |AK| the poten-

tial valley, in which the motion takes place, grows more

shallow, the amplitude of the oscillations, determined by the

diameter of the potential valley, becomes smaller, and ulti-

mately the process degenerates.

A careful analytical investigation, [23], of the dependence

of the reflection coefficient upon mismatch implies that we

can approximate as follows

r(L, a, 0) AK|AK|

IAKI > AK

cr

where the critical normalized mismatch, AKcr, is given by

|Ak
er'AKcr = 2 «

Eg. (21) means that a mismatch does not affect the interac-

tion process very severely as long as the mismatch is below

a certain critical value, but above this value the inter-

action degenerates.

We finally note, that the result of this paragraph can be

generalized to apply to general (not only backscatter) para-

metric interaction involving a mismatch.

4. Inhomogeneous media

We will now put together the results of the previous sec-

tions in order to give a simple analytical theory of the

stimulated backscattering of laser radiation from an inhomo-

geneous plasma. It is well known, [2, 5, 26], that the re-

sonance condition for the three-wave process can be fulfilled

at one point only in an inhomogeneous medium bacause of the

space-varying plasma frequency. The variation of the plasma

(21)

(22)

. >--ii.-i,_
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frequency around the point of exact resonance can be int'-r-

preted as an equivalent wave-number shift, Ak, or misma-i-

given by

11
i i'

2kg

dn Q
_, n. and -g^- denote plasma frequency, density, andwhere

density gradient respectively at the resonance point and AL

is the distance from this point.

(23)

From eqs. (21), (22), and (23) we infer, that the interaction

will take place over a distance, L., given by

2 2 . dn 4k

.•-i
16

"PO

(24)

where we have introduced the characteristic gradient length

LR, cf [26], g
J n by

Ln - ko (H^ (25)

U

Is
l i

Our next step will be to approximate the original density

profile around the resonant point with an equivalent one

having constant density nQ and width L., wee fig. 5.

Fig- 5 a n(x)

r

resonance point

-»-x

Fig. 5 Plot showing the original (-

(- - -) density profiles.

-) and the equivalent

LE--.
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But now we can use our theory for the homogeneous plasma

slab of finite length and obtain directly for the undamped

case

or using (24)

0 L > L
c o

(26)

R —

i -

L c > 4

a < 4
c up0

From eq. (27) we obtain the inhomogeneity threshold

L = 4 — - ._
c tu „ n

which is in good agreement with that obtained in [2]

5. Blow-off velocities

(27)

(28)

• I

..k
r.
i

• l
I
5

We now want to investigate the case when an inhomogeneous

Doppler shift causes parametric resonance frequency de-

tuning. This situation occurs e.g. in laser fusion experi-

ments, where the plasma corona of the DT-pellet expands with

a differential blow-off velocity. The wave-number shift, Ak,

resulting from the velocity gradient dV /dx at the resonance

point is, cf [6]

cv.

Introducing the notation, cf eq. (25)

=k (i dx

as a characteristic length scale for the velocity - gradient

we obtain the threshold due to the blow-off velocity, viz.

(29)

(30)
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0 0 c 0

Comparing (28) and (31), and assuming L b « LR, we see, that

the inhomogeneous Doppler effect will determine the thresh-

hold of the backscatter process if

2

V„ > •=• • " -, v_

• • I

16

(31)

(32)

i

6. Temperature gradients

Another effect which also causes a deviation from exact re-
sonance is the presence of a temperature gradient. In order
to be explicit we consider the case of stimulated Brillouin
scattering. The iispersion relation for the ion-acoustic
wave is

= Vs k2 vs ~

A varying electron temperature, T, gives rise to a mismatch,

Åk, given by

(33)

f
i

*0 S

where we have introduced the length scale of the temperature

variation at resonance as

0 lT Q dx

and the corresponding threshold reads

(34)

Li = 2 A Lcr = 2 LT ÎT = Lc * Lc
c

Comparing eqs. (31) and (36) we infer that the stimulated

(35)

(36)
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Brillouin scattering should be more sensitive to a tempera-

ture gradient than, a velocity gradient.

Finally we summarize the results for the various thresholds.

L. finite length

21^ damping

inhomogeneity

blow-off

V.
/5L^ temperature gradient (37)

7. Numerical estimates for the stimulated Brillouin scattering

In this section we will give some numerical estimates of the

reflectivity which istheoretically to be expected from the

stimulated Brillouin process in a laser fusion situation. The

dominant damping mechanism in this case is due to Landau damp-

ing which gives for YL» [21]

1 2 T.'J

I X 1

where Tg and T denote electron and ion temperatures respec-

tively. Consider the cases T. « T and T ~ 10T.. This yields
- 1 - 6 6 1

T » T.
e i

T ~ 10T.e i

Assuming a CO^-laser we have

14 -1a* 2 • 10 s critical density n ~ 1019 cm"3

14 —2
intensity output ~ 10 Wcm

Typical values for plasma density n and temperature T are

t r-r

i
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n ~ 1018 cm"3 T ~ 1O7 °K

This yields

and using eq. (16) we obtain for the reflectivity

18

Ii
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for T » T.

for 10Ti

(38)

These estimates indicate that the stimulated scattering pro-

cesses, theoretically at least, should be very efficient and

thus tend to isolate the core of the pellet from the incident

radiation. In later sections we will discuss some mechanisms

which may decrease and saturate the reflectivity.

8. Comparison with the random-phase approach

Î '-'

It is instructive to compare the analytic result for the re-

flection coefficient of SBS, as given by eq. (16), with that

obtained in [9] by numerical means, using the random phase app-

roximation. We have

• 2m
A

a = 4n T 77mT

where a ^ is the characteristic quantity used in [9]. In

terms of a D D, eq. (16) becomes (yT

S 1/16

> 1/16

A graphic comparison between the reflectivities predicted by

the coherent and random phase descriptions is given in fig. 6
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Fig. 6
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Fig. 6 Comparison between the reflectivity curves predicted

by the present analysis ( ), and the random phase

approach (-•-• ) taken from [9].

In connection with fig. 6 we point out that the coherent

wave analysis predicts a lower threshold value (*„_ ~ 0.1

as compared to that of the random phase analysis (aD_ ~ 2).
Kir

This is in accordance with the intuitive physical picture of

these processes. The fact that the reflectivity curves in-

tersect for large a_p is not significant, it is probably due

to the somewhat uncertain distribution factor, 0, for the

longitudinal damping, y = & Y L; 3 ~ 1. It is interesting to

note, that the highest values of the reflectivity (R > 0.90)

are obtained at approximately the same value of the parameter

oigp for both curves.

9. Reflectivity versus laser bandwidth

- 1

A possible way of avoiding the undesirable high reflection

obtained above is to use incident laser radiation with a

stochastically varying frequency, [29, 30],

Assume a probability distribution function, P(Aio), for the

variation of the laser frequency around its central frequency

<i)Q. P(Aw) can also be interpreted as the normalized bandwidth

curve of the wave.

The stochastic frequency variation will give rise to a vary-

ing mismatch, and since only those frequencies which corre-

Jl]
f



" )
( 20

sponds to a mismatch less than or equal to Auicr = AUcr L 2

is effective in the resonant interaction, it is convenient to

define the following efficiency measure, n, for the nonlinear

process
+ A wcr

n = ƒ P(Aiii) d(Auj)

In order to be explicit let us assume a Lorentzian profile

for P, i.e.

P(AID) = ^
D2 + Au)2

Note that the quantity 2D characterizes the halfwidth of

the incident spectrum.

We obtain

n(D) = — arctan cr

A natural interpretation of the efficiency measure is, that

it represents the ratio of an effective growth rate, y ^^,

to the undisturbed growth rate, yQt for the nonlinear pro-

cess. With this interpretation we can directly compare with

the result obtained by stringent analysis for the average

growth rate <Y> in [29]. The results are compared in fig. 7

and show good agreement.

Fig. 7 -

1

0.50

Teff

^0

% 's. v

1 2 3 ~**~
D/Aw

cr

(39)

(40)

Fig. 7 Comparison between the result of the present approxi-

mate theory ( ) and that given in [29] ( ).

i .-! •:•
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Consider now the expression for the reflection coefficient

in the presence of damping, e.g. (16). For a rioisy laser we

obtain the following effective reflection, Refl
1

R e f f
= exp(-2YLAeff) = exP(-2 ̂  • _9-> = R,

LA e f f e f f 0

Assume furthermore for simplicity a rectangular probability

profile P(Aio) of width 2D. Then we obtain for the efficiency

measure

1

n(D) =
AID

Aco > D
cr

Aucr < D 1

A qualitative plot of R as a function of D/Aü>cr is given

in fig. 8.

Fig. 8 "eff

D/Aw

(41)

(42)

1

I

'Å
îî-
a

Ï [
tl
ï;

[•
1. -.-

'Jfs'

I

0,
V

i'
*

1
•i

. ;!

1
; :..i•\:i

- - i

cr

Fig. 8 Effective reflection R _, as a function of normalized

laser bandwidth D/Aw
cr

0.50) .

The characteristic behaviour of the reflection for increasing

bandwidth is in good qualitative agreement with the result of

computer simulations obtained in [31].

t,

10." Penetration and heating efficiencies

We can also draw some qualitative conclusions about the in-

fluence of the stochastic frequency variation upon the penetra-

tion and heating efficiences. We consider a plasma consisting

of two parts; an outer region A where nonlinear scattering

processes take place and an inner region B where heating pro-

cesses occur. In the laser fusion situation ragion A corre-

sponds to the underdense outer parts of the plasma corona sur-
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rounding the DT-pellets and region B is the inner part near
the critical density

The undisturbed growth rates for the nonlinear processes in
regions A and B are given by, cf egs. (11) and (14).

,r~sYA,0

where I. A' B denotes the intensity of the radiation incident
in

on regions A and B respectively. However, we have, [2]

(43)

•ri

. -U--

- V
In the presence of finite laser band width we obtain

_ a_

- Reff} = t - Reff

and

B.eff

which results in the following efficiency measure, nABr for

the combined A-B process,

B,eff ' Reff

Taking the case when R is given by eq. (13) we have for R -,

off

which inserted into eq. (47) yields

Furthermore, assume a rectangular probability profile as in
eq. (42). Then we have

"A,B All)
A,B

c r

D

D

(44)

(45 )

( 4 6 )

(47)

(48)

(49)

f
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If Au « Aw the efficiency curves have the general

appearence given in fig. 9-

Fig. 9 tin ( ) ; nD( )

cr

Fig. 9 Efficiency curves in regions A and B assuming

= 10

The resulting total efficiency is given qualitatively in fig.

10

Fig. 10 n
AB

»-D/Aw

23
'}>••

\ X

cr

Fig. 10 Qualitative plot of the total efficiency nA_.

We notice from fig. 10, that the total efficiency of penetra-

tion and heating can be greatly enhanced as compared to the

monochromatic case by the introduction of a suitable amount

of noisiness in the laser radiation. The maximum of n is

given by

max
"AB

Adi

Am

B
cr » 1 at D = Aw

cr
cr

(50)



This conclusion about the heating efficiency is qualitatively

confirmed in recent experiments, [17], where "experimental

data on electron temperature, ion energy, reflectivity, and

neutron yield show that the broadband laser is much more ef-

fective in heating the plasma".

?4 I

11. Spectrum of reflected radiation

The problem of the behaviour of the spectrum of the reflected

radiation, when the incident laser radiation has a stochas-

tic frequency variation, can be given a simple treatment,

which yields results in qualitative agreement with simp!

physical arguments and also with previous results for n ^ -

lated problem.

The spectrum of the reflected wave is denoted P . (Au>) .

Since we know/ cf §3, that only a total mismatch less than

can be accepted without destroying the reflection pro-
C IT

cess, we infer that each frequency component in P (Aw)

is built up through the interaction of all frequencies in

the incident spectrum, P. (Aw1)» such that

I Aai — Aw " | < AID
c r

We then suggest that a qualitative measure of the reflection

spectrum is

(51)

out
I Au-Aü)' I1 '

in

cr
In order to see the consequences of this simple model, let us

take the Lorantzian probability distribution used in §9, eq.

(29). Then we obtain

o u t
A [ a r c t a n b (1 + x) + arctan b (1 - x)]

where A is a normalization constant and

Am,
b = cr x = AID

cr
?
o u t

 i s a decreasing function of Am and the halfwidth, D ,

M T I W g "•"M'"'* *--'A" , ?,,T»B

( 5 2 )

(53)

(54)
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of the reflectivity spectrum is

: i

it

5.-

-I:

D =
r cr

cr

Eq. (55) implies, that for weak interactions, i.e. Aw c r << D,

the width of the spectrum of the reflected radiation is equal

to that of the incident spectrum, whereas for. highly nonlinear

interactions we get a strong nonlinear broadening of the re-

flected spectrum. This result is what one would have expected

from simple physical considerations.

For nonlinear broadening to become important the interaction

strength should exceed a certain critical calue, ^cr <" D

cf eq. (55), a result which agrees equalitatively with the

resonance broadening obtained in [32] for the case of non-

linear interactions between a finite set of discrete oscilla-

tors.

We can also compare with the experimental result obtained

in [17], where "the spectrum of the reflected light was

shifted to the red from the incident light by 10 Â and be-

came broad", broad as compared to that of the incident radia-

tion. Taking the parameter values used previously we obtain

cr
AA

s
C

10
-3

cr
40 A

The spectral widths of the YAlG and glass laser systems used

in [17] were 6 and 60 Â respectively, and we obtain for the

width of the reflected light

YAlG-laser

glass-laser

A similar nonlinear broadening was also observed in Ï16, 18].

(55)

-̂"'---.' ̂ "



12. Relativistic saturation
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In 'this seetion we will discuss another effect which may

cause saturation of the stimulated scattering process. The

high radiation intensities obtained by the high-power lasers

used in laser-plasma interaction experiments drive the elec-

trons to velocities which almost necessitates a relativistic

treatment. The velocity, V, obtained by an electron, mass m,

under the influence of a laser field, E, with frequency wr

is approximately

,, -, 4Ir

"0

eE
mu>0

0

ncr m c

where In is the intensity of the laser radiation. Obviously
2

a relativistic treatment is needed for (V/c) ~ 0.1. For a

CO_-laser this condition corresponds to an intensity
14 —2

I- ~ 5»lo Wcm , which certainly is within the present

-working range in laser fusion. Since a resonant interaction

is a very sensitive process, it may be, that it is severely

affected already at lower values of V/c. We will here present

some rather crude'arguments, which seem to indicate, that

indeed relativistic effects may play a role for the satura-

tion of the stimulated scattering at comparatively low re-

flectivity values.

(56)

M

The relativistic transverse velocities cause a change of wave-

nuaber [33], amounting to

1 Åk

where «V > is an average constant value of the driven velocity.

From (56) we obtain

(57)

ncr me
(58)

This wave number shift implies a mismatch of the resonance

condition for thé nonlinear process and will ultimately de-

stroy the interaction. The intensity of saturation, I ,, is
Scl'C

determined by the condition, cf eq. (22)
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21
sat

ncr m c

,7 o,
Assuming an electron température T » 10 K, we obtain for

the case of stimulated Brillouin scattering

sat

14 -2
3 - 10 Wcm

3 • 10 1 6 Wcm 2

CO_-laser

Nd-laser

(59)

(60)

Above the saturation intensity the reflectivity should de-

crease, because then |Ak| > Ak implying that only part of

the incident radiation takes part in the interaction as in-

vestigated in §10, see especially fig. 9. The maximum value

of the reflectivity is the same in the CO-- and Nd-laser

cases and is given approximately by (T ~ 10 T. is assumed)

There are some recent experimental results for the reflecti-

vity due to stimulated Brillouin scattering. However, these

results are rather ambiguous, possibly due to variation of

other parameters not included in the present analysis, e.g.

target geometry, laser pulse width and prepulse configuration.

Nevertheless, it is interesting to consider two examples of

reflectivity curves (taken from [16, 17], Nd-laser), which

illustrates the results obtained above.

Fig. 11 R

0.20

0.10

0.01 •

(61)

1 0 " 1014 5-1014

Fig. 11 The reflectivity as a function of laser intensity,

from [17].
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0.2

0.1

0.02 •

1015 1016
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! ' i

Fig. 12 Measured reflectivity versus incident intensity,

from [16].

Conclusions

Our analysis has enabled us to survey and compare on a uni-

fied basis some of the basic physical phenomena of interest

to fusion by laser-plasma pellet interaction. The main non-

linear processes in the plasma corona surrounding the pellet

and their possible role for the penetration and heating pro-

blems are by now well established. However, the fundamental

questions related to the problem of turbulence, e.g. the role

played by solitons and other possible wave excitations and

their interrelations remain to be clarified. Also it should

be emphasized that the results of our theoretical investiga-

tion as well as of most computer simulation studies are re-

stricted by simplifications which may lead to deviations of

the results from those obtained by full scale laboratory

experiments. It remains to be seen by detailed comparison

to what extent such experiments will mirror the predictions

of the calculations and how serious possible deviations may

be for the feasibility of laser-plasma fusion energy produc-

tion.
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Figure captions

Fig. 1 Qualitative plot showing the potential function,

Tr(Xn), which yields an oscillatory motion in the po-

tential valley between the roots XQ = 1 - r and XQ = 1.

Fig. 2 Plot of the reflection coefficient, r, as a function

of the period, P," of the solutions.

Fig. 3 The total reflection, R, as a function of the para-

meter a, which is proportional to the intensity of the

incident radiation.

Fig. 4 Qualitative plot of the potential function ir(X ,AK)

for varying mismatch AK.(—Atco=O, -»-AK^, — A K _ , | AKJ| > | AK. | )

Fig. 5 Plot showing the original ( ) and the equivalent

(- - -) density profiles.

Fig. 6 Comparison between the reflectivity curves predicted

by the present coherent analysis ( ) and that of the

random phase approach ( ), taken from t9].

Fig. 7 Comparison between the result of the present approxi-

mate theory (-•-•-) and that given in [29]( )

Fig. 8 Effective reflection coefficient, » a s a function

of normalized laser bandwidth, D/Au) . (RQ = 0.50).

Fig. 9 Efficiency curves in regions A ( ) and B ( )

assuming Au « Au ; (Aai B = 10 Aw ,_ ) .

Fig. 10 Plot of the total efficiency, n ^ , as a function of

normalized laser* band width.

Fig. 11 The reflectivity as a function of laser intensity,

from [17].

Fig. 12 The reflectivity as a function of laser intensity,

from [16],

'r.
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