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ABSTRACT

In this work we derive analytically a set of equations that describe the slow
coupling process of Raman backscattering in an inhomogeneous medium in which
the plasma density is a linear ramp. Then we consider the convective amplification
of the Raman instability in the underdense inhomogeneous plasma taking into
consideration the collision damping in addition to the background inhomogeneity.

*To whom correspondence should be addressed.
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1. INTRODUCTION

The complex problem of laser—plasma interaction
has attracted a great deal of attention. This is due to
interest in laser pellet fusion, as a possible source of
energy with no external confinement apart from the
inertia of the plasma itself (inertial confinement) [1].
This approach is completely different from the rela-
tively old magnetic field confinement approach.

Since energy absorption is necessary for the opera-
tion of laser pellet fusion [1-3], it is necessary to
know the amount of incident laser energy scattered
and the conditions governing this scattering. Forslund
et al. [4] addressed this question and showed that for
large systems, i.e. a long region of underdense plasma,
the ratio of backscattered to incident laser energy flux
can be the ratio of their frequency.

Guzdar et al. [5] investigated the effect of band-
width on convective amplification of the Raman
instability in an underdense inhomogeneous plasma
and showed that there is no effect of bandwidth on the
convective amplification when the growth rate
Yo << A®, where A is the bandwidth. Also they
concluded that for y,2 Aw there is a statistical

enhancement in the amplification factor,

In this paper we consider convective amplification
of the Raman instability in the underdense inhomoge-
neous plasma where we examine the effect of colli-
sion damping on the growth rate, the amplification
factor, and the instability threshold.

Consider an electromagnetic wave normally inci-
dent onto an inhomogeneous plasma slab with linearly
increasing density, i.e. n(x)=n;(x)=ny(1+x/L),
where n_ is the electron density, n; is the ion density,
L is the inhomogeneity scale length of the plasma and
x is the distance along the density gradient, so that the
electromagnetic wave propagates in the underdense
region, where the local plasma frequency is less than
the incident electromagnetic wave frequency. At the
critical density (mw3 / 4me? ), the incident electro-
magnetic wave is reflected. In the overdense region,
the incident wave will be exponentially attenuated.
This picture is essentially correct for a low intensity
electromagnetic wave. However, when the incident
radiation exceeds a certain intensity level, it becomes
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capable of exciting collective modes parametrically
inside the plasma.

Near the critical density a strong external electro-
magnetic field, such as a laser, can decay into a
plasma wave (plasmon) and an ion wave (phonon) [6]
leading to the anomalous absorption of the incident
radiation instead of reflection. In the underdense
region the incident laser can decay into a plasmon or a
phonon and a scattered electromagnetic wave, where
the former case is called the stimulated Raman scatter-
ing (SRS) and the latter is called the stimulated
Brillouin scattering (SBS) [7]. Since the growth rates
for these scattering processes are maximum for
backscattering, the incident wave is primarily
backscattered once its intensity exceeds a certain
threshold value. Sidescattering is also possible and
usually has a lower threshold than that of backscatter-
ing [8]. Thus the underdense region is a scatterer
rather than transparent.

SRS is basically a high-frequency nonlinear
phenomenon that can lead to anomalous reflection of
the incident laser light. However, the most important
feature of SRS is its ability to generate high energy
electrons causing preheating of the pellet core and
thus preventing the efficient compression which is
necessary for the production of a useful amount of
fusion energy [9].

SRS has been observed experimentally [10] and
predicted theoretically as well as in computer simula-
tion [11].

In Section 2 of this paper we derive analytically the
slow coupling equations in an inhomogeneous plasma.
In Section 3 we investigate the convective amplifica-
tion in such plasmas and derive an expression to
determine its value. Finally in Section 4 we present
our conclusions.

2. THE SLOW COUPLING EQUATIONS

We start our analysis by the definition of electron

and ion densities in an inhomogeneous plasma, the
total electron density n, is:

ne = ne(x) + ne(x,t), ¢))
where n (x) is the slowly varying density due to

inhomogeneity and is given by
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and 7. (x, t) is the fast, harmonically varying, density
due to the electrons’ fast response to the high fre-
quency fields.

The fundamental set of equations for the study of

SRS in the underdense plasma are the momentum
equation:

3—v+(v-V)v=—£E——e—va

t m mc
__ 3T Vn, - vv; ?3)
mne(x)
the continuity equation
Me L V. (av) = 0; @)
ot
Poisson’s equation
V. E = —4ne n.(x,1t); &)
Faraday’s law
1 0B
VXE=--—; ©
c ot
and Ampere’s law
4
VxB:——nenev+1a—E, Q)
c c ot

where v is the electron velocity, T is the electron tem-
perature in energy units, Vv is the electron ion collision
frequency, and E and B are the electric and magnetic
fields of the waves involved in the three wave process.

As usual, the pump wave (laser) and the two
daughter waves must satisfy the frequency and wave-
vector matching conditions

W = ®; + 0, ko =k; +Kky, ®)

where ®,, ®,, ®, are the frequencies of the laser
wave, the scattered electromagnetic wave, and the
plasma wave respectively, and k, k,, k, are the
propagation vectors of the laser wave, the scattered
electromagnetic wave, and the plasma wave
respectively.

Each wave of the three interacting waves satisfies

its own dispersion relation
0§ = 02 +c?kj pump wave (laser) )

scattered electromagnetic

o= 02 + c? k}
wave (10)
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0w} =0 +% v} k? Plasma wave (11)

2T
where c is the speed of light, v,;, = ,|— is the elec-
m

. 4nnge A .
tron thermal velocity, W, = is the
m

plasma frequency, n = n (x) is the electron density,
and e, m, and T are the electron charge, mass, and
temperature respectively.

* To obtain the generalized wave equation, we take
the curl of Equation (6); thus we get

2
ve-L2E_gw. g
c? or?
=_M3_V_mi(ﬁev) (12)

Using Equations (3) and (§5), this equation can be
written in the form

, 2
VZE_La_E—V(V E)—ME
c? or? mc?
Amene () yy + 3T gy E)—%i(vV'm
¢ mc a
+M[/2V(v v)—vx[va—QH
3 mc
(13)

where we have made use of the identity
vx(Vxv)=KBV(v-v)-(v: V).

Equation (13) is the generalized inhomogeneous,
nonlinear wave equation, where the R.H.S. represents
the coupling terms.

For our present purpose it is enough to expand the
coupling terms about the linear values of v, B, and E,
so using the linear value of the electron velocity

. ; e ;
(known as the quiver velocity) v = —— ., It is easy to
imw

B
show that V x v = hid and Equation (13) becomes:

me
2 2
VzE_ia_E_V(V E)—ME
c? or? mc?
B 4men.(x) 3T V(V-E)
c? mc?
- izai( R L COR v
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Taking the x-component of this equation and ignor-

ing the nonresonant term - 5— (v,V - E), since its
c® ot
frequency response (2m,) does not conform with the

matching conditions, we easily get:

3T 9%E, _ iazEx _ 4me?n, (x) E
mc? 9x?  c? or? mc? *
_v4nene(x) = 2nen, (x) V(v v). (5)
c? c?

Taking the y-component of Equations (14), we get

1 0’E, 4me’n.(x)
= - = E,

V2E, -
Yoo o mc

vdren, (x) 19
SRy, = S S V) 16)

where V in the above equations is given by the rela-

tionV = % _8_
ox
Noting that:

E,(x,t) = XEy(x,t)expi(kyx — @yt) + C.C.
amn
E,(x,t) = J[Ey(x,t)exp —i(k1x + 1)
+Ey(x,t)expi(kox — wpt) + c.c.]

(18)
E.

v; = 1 where j =0, 1, 2 (19)
lm(&)]‘

V, = XUy expi(kyx — Wyt) + C.c. (20)

v, = ylv exp —i(kx + 04)
+vg expi(kox + Wot) + c.c.]
(21)
and using the slow coupling limit
32
<5 (Eo, B, E3) =0 (22)
ox
FY

67(EO»E1,E2) =0

we get by comparing phases on both sides of
Equations (15) and (16), the following set of equations
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fen?
_a_ + Ve i N o, (0)x
ot ox 2mqL

®2 (0 ik

2 o}
(23)
3y, 0, 0RO
ot ox 2w,L
vmz(O)( xj ikavo . .
to— 1+ 2 = E} exp(-i¥
2 o? L) =y Beeti)
(24)
.2
£+V2_§_+M
ot 0x 20,L
2(0
+Em”( )[1+-{HE2
2 o} L

ikyvp ©3,(0)
2 00,

Elexp(-i¥),  (25)

where

ko C2

V() =
®o

is the group velocity of the pump wave,
_ k] C 2

(O]

Vi

is the group velocity of the scattered electromag-
netic wave,

2
_ 3U,h kz
, =

20,
is the group velocity of the electron plasma wave,

and ¥ = (@9 — ©1— W)t — (ko + k1 —ky)x is a
phase mismatch introduced for generality purposes.
Equations (23), (24), (25) and their complex conju-

gates are the slow coupled equations for Raman
Backscattering.

3. CONVECTIVE AMPLIFICATION IN AN
INHOMOGENEOUS PLASMA

In an inhomogeneous plasma an absolute
(temporally growing) instability occurs near n /4.
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Below n /4 the instability is known to be convective
(spatially growing) [12].

Assuming that there is perfect matching (¥ =0),
o, (0) = ®,, and defining:
E.
= I _j=0,1,2, (26)

@ 1[871:(0]'

we can write Equations (24) and (25) as

02 (0
+2 "()[1+£) a,
2 L

ikzvo (OP(O) *
=—— 2 —a

d 9 0} (0)x
_— - j == <+
ot ox 2(!)1L

27
2 (0T 2
[3+v2i+w+g(l+£J}a2
ot ox 2L 2 L
= Tt \/—“”’(0) a. (28)
2 ®;
Noting that the homogeneous growth rate is
kavy |®,(0)
Yo = =2 =, 29)
2 (o

and normalizing the spatial displacement and time by
the transformation,

Xp = —, Ip = —, (30)
Xo to

where we have chosen

k 2
V= %= S 31)
to ®,
and
20,L
Xoly = " (32)
w; (0)
we get

[i L z(l 4 Dt ]:Ia = iya;
ot, ox, ! : 2

|:i+[3i+iocx,, +ﬂ[l+ﬂxn”az
ot, ox, 2 L

where
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®; Vz _
o = ,B=-—",% = Yoto, and
(DP(O) Vl
v 0 (0)
= — to.
2 o?

Equations (33) and (34) are the fundamental equations
that describe the slow coupling Raman backscattering

instability in the underdense plasma. These equations
are valid when the growth rate 7y, and the bandwidth

A® are much smaller than o, (0) and also if the inter-
V
action length x,, and coherence length L, = A—O are
®

less than the plasma size [5]. These conditions are
readily met for recent experiments with bandwidth
[13, 14].

It is known [15, 16] that such equations give only
convective amplifications (spatially growing) and no
absolute instability (temporally growing).

Since we are interested in the convective instability,

0
i.e. the spatial variation, we can put a— = 0, and
In
assuming B = 0 (V, << V;), Equation (34) gives
iYa]
a, = . 35)
17 Vit
Y% (1 + —”’ﬁ] + ioux,
2 L

Taking the complex conjugate of this equation and
substituting for a; in Equation (33), we obtain

l:i - ix, — z(l + —Vltox" )]al
ox, L

~¥|* a;
- .36
Delo [1 + —Vltox") —iox,
2 L

Again, taking the complex conjugate of this equation,
we get

i +ix, - z[l + —Vltoxnj a;
ox, L

-|7|* o}
= . 37N
o [1 4 ——v‘tox”] + iax,
2 L

Since, we are interested in the intensity amplification
we obtain from Equations (36) and (37), the equation
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V
o w1 D)
o . ga
9% ng (1 4 Dt H + o2x?
2 L
Vit
_22[ ‘”""J @[> =0. (38
Vit
Defining Yo =1+ —IL—O Xn
Ut%Vl _2
fi = ——1l
a“L
da2L?
and = ;
f2 4021 + YV}
we get
2
d[al: _ 2Lz o ]2 fif2yalai|
bl it NI 2 - )
dyn Vlto )’,,2 =2fayn + f2

(39

Assuming that interaction region is symmetric and
extends from -y, to y,, then, by integration, we
obtain:

lal(_”— )|2
flfz [ -1(7;_) - tan'l(%ﬂ, (40)

— f2)and B = +/f2(1 = f3).

Extending the interaction region from —oo to +oo,
we get

where uy = t(y,

fax(°°)l -f1 fzz"w__
lal(-m)f \/fz(l - f2)
hence
101(—"")%2
2 | 2nff)’ 1

= oo . (41

a1 ()" exp o xl+v213V12 “h
4a2L?

From this equation we conclude that there is an
increase in the scattering as the density scale length
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increases and collisional suppression of the instability,
a result that agrees with recent experiments [10, 17].

As v — 0, we get
i (==)|®

which is the same result obtained by Guzdar et al. [S].

= |a; (=)|* exp(2n[7|*/at),

The amplification factor A can be obtained from
Equation (41), where

2nfy[’ 1
o [, UaVE)
40212
So, in order to have a growth rate, we must have

A>1,then A = 1 effectively represents a threshold for
this instability, then |7|* given by

_ o vigV?
I = ——[1 + w-i—] (44)
2%

40%L?
is proportional to the pump wave intensity.

A= 43)

4. CONCLUSIONS

We have investigated analytically the Raman
backscattering instability in an inhomogeneous
medium, and obtained a set of equations that describe
this instability in the slow-coupling limit. We derived
an expression for the scattered density which shows
that there is an increase in the scattering as the density
scale length increases, and collisional suppression of
the instability. We find from theory that taking the
collision damping into consideration reduces the
growth rate of the instability and increases the
threshold intensity, a result can be explained on the
basis that collision provides another mechanism of
energy absorption.
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