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ABSTRACT

A study is made of the two-plasmon decay when the pump laser beam has a finite
bandwidth. Using the fluid theory, analytical expressions for the growth rates and threshold
powers for homogeneous plasma and inhomogeneous plasma with linear ramp density
were obtained; it has been shown that the bandwidth in the laser beam can significantly
affect the growth rates and threshold powers for the two-plasmon decay process.
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EFFECT OF FINITE BANDWIDTH ON THE TWO-PLASMON DECAY

1. INTRODUCTION

The decay of an electromagnetic wave into two electron plasma waves (plasmons) has been observed both
experimentally [1-3] and in simulations [4]. Recently this instability has been widely investigated theoretically
[5-8].

The two-plasmon decay (TPD) is a member of a family of parametric instabilities that occur in an undercritical
plasma. They all satisfy the frequency and wave number matching conditions:

wo=w1+ws, ko=k;+ky

where the incident electromagnetic wave (wg, ko) decays into two plasmons (wy, k; and (ws, ky). Since both
plasmons are generated at the same location, they are nearly equal in frequency [9] and wo = w1 + w2 = 2wy 3;
hence this process occurs at densities near quarter critical density (n./4), where n, = mwf/4we?, and it is
inherently a two (or three) dimensional process.

The TPD instability is absorptive in nature and therefore it is of great significance in high intensity laser-
pellet interaction because the electron plasma waves associated with this instability may have phase velocities
of the order of the speed of light and therefore produce very energetic electrons when they damp [3, 10, 11}.
These electrons cause preheating of the pellet core and thus prevent efficient compression which is necessary for
the production of useful amounts of fusion energy [12]. Thus it is natural to try to control or modify the TPD
instability. As the power of a laser with bandwidth Awg is dispersed, it is expected that the use of a laser with
finite bandwidth would lower the growth rates. Any laser has a finite natural bandwidth due to the finite time
of pulse duration, but this is usually neglected because the fractional frequency width is small compared to the
laser frequency. An increase in the frequency bandwidth can be achieved artificially by disturbing the coherence
of the driving laser [13,14].

Thomson [15] considered the effect of a finite bandwidth on the parametric instability in an inhomogeneous
plasma. He concluded that the bandwidth affects the threshold for convective instabilities. His results showed
that for large bandwidth, for which the interaction length is much greater than the correlation length for the
pump wave, the intensity threshold is proportional to (Awg)? .

Berger [16] solved the linearized coupled mode equations in two dimensions numerically. His results showed
that, for plasma lengths only a few times threshold, a surprisingly small temporal bandwidth that is substantially
less than the growth rate is effective in suppressing absolute growth. Only if the plasma length greatly exceeds
that threshold is the necessary temporal bandwidth the larger value obtained from homogeneous plasma theory.

Guzdar et al. [17] studied the effect of bandwidth on the convective amplification of Raman instability
in the underdense, inhomogeneous plasma. They concluded that for the case when the homogeneous growth
rate 9 € Awg there is no effect of bandwidth on the convective amplification. Their results showed that for
7o > Awyg there is a statistical enhancement in the amplification factor.

Recently, we investigated the effect of bandwidth on Raman backscattering and an expression for convective
amplification was derived, where the effects of collision and phase mismatch were taken into consideration [18].
We found that if we neglect the collision frequency, the dependence of the amplification factor on the bandwidth
disappears. The growth rate was also investigated and found to decrease with bandwidth while the threshold
increases with the bandwidth.
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In this paper we discuss in detail the effects of pump bandwidth on the TPD instability both in a homogeneous
plasma and in an inhomogeneous plasma. In Section 2, we obtain the slow coupling equations for the waves
involved in the TPD. In Section 3 we consider the effect of pump bandwidth on the homogeneous growth rate
and threshold intensity of the TPD. In Section 4 we consider the effect of pump bandwidth on the convective
TPD in an inhomogeneous plasma with linear density profile. Finally in Section 5 we present our conclusions.

2. THE SLOW COUPLING EQUATIONS
Let the electron total density n. be composed of two parts such that:
ne = ne(z)+ ne (z,1), (1)
where n.(z) is the slowly varying density due to the inhomogeneity and is given by:

ne(z) = no (1+ %) , (2)

where L is the inhomogeneity scale length and ;ie (z,t) is the fast harmonically varying density due to the
electrons’ fast response to the high frequency fields. Because of the ions’ inertia, they will be considered immobile
and their density is denoted by n;(z) = n.(z); the motion of the electrons is then governed by the following
equations:

(a) The electron equation of motion:

ov e e 3T
T (v.V)v= —EE ——vX B - — Vne — vv. (3)
(b) Poisson’s equation:
V.E = —4re ~ n.(z,1). (4)
(¢) Faraday’s law:
1 0B
VXE=- E -6-{ (5)
(d) Ampere’s law:
4r 1 JE
Vva——;neev-k-c-W, (6)

where v is the electron velocity, T" is the electron temperature in energy units, v 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.

Taking the curl of Equation (5), and using Equations (1), (4), and (5), we obtain the following equation:

2 1 O’E _ 4mn,(z) 4mne(z) 3T
VE- 5 57 = V(VE) - —5—E- —F—ecwv + ——V(V.E)
19 4drn.(z)e [1 eB
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This equation is the generalized inhomogeneous wave equation. From the linear theory of waves we have
V x v = eB/me, then Equation (7) transforms to:

1 O0’E 47n,.(z)e? 4mn.(z)e eT
VE- 5 57 - V(VE) - —5—E- ———w+—V(V.E)
190 4mn.(z)e
= & (VB + gy y) 0

We represent the total electric field as a superposition of the fields associated with the three interacting waves:
E(z,t) = yEo(z,t) exp {i(koz — wot)}
+(X+Y)Er(z,t) exp {i(krizz + k1yy — wit)}

+(X +¥)Ea(x,t) exp {i(kacz + koyy — wat)} + c.c. 9)

The indices 0, 1, 2 refer to the pump wave (usually laser) and the two plasmons respectively. We assume
that the variation in the amplitudes of the interacting waves is along the plasma density gradient (in the
z-direction), and that their variation is slow on the time scale w-l-j, 1 = 0, 1, 2. This approximation is known as
the weak coupling limit

62

2 (Eo,El,Eg) = 0 (10a)
82
577 (Eo, By, Ez) = 0. (108)

Inserting Equation (9) into Equation (8) and making use of Equations (10a, 105) then selecting terms of
equal exponentials on both sides, we obtain the slow coupling equations:

0 1 0 1
[at + 5 {3% (2k1z + ky) = kry e} 5 + 5o— i {kly (c? = 8vh) (kie — kny)-
202 19, (14 2V B — kw200 2 11
—wp(o)f +1 o1 v ( + z) 1=1 1xwp(0)”0 2 (11)
o 1 E 1
ot + {3”th (2kaz + kay) — kayc } 9z Ziwy kay (¢? = 3vf)) (k2o — kay) -
2(0) z kz w?(o)vg
" i 0
Z_ = — 1
»(0 ) wo (1 + L)} E; = 2wiws B, (12)

2T ek . . . .
where v3, = 1/ — and vg =| — | are the thermal and quiver velocities of the electron fluid, respectively.
m imwy
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3. HOMOGENEOUS PLASMA ANALYSIS

In the limit where the inhomogeneity scale length (L) —» oo, the slow coupling equations reduce to that of

homogeneous plasma:

ilclxwg’(o)vo

5? 2(4)1

2(.4)1(.4)2

0 ] iw?(o ]
—_— _l_ {kly (klz - kly) (62 —_ 3’1):%,) + :;E )l/} El et

r
0 i
5t o {kzm k) (¢ ) -

wy 2wiwg

2

*

w2 ] ; 2 *
wp(o)u} B = —zkgzwp(o)vo E

(13)

(14)

Defining E; = (/wp(0)ai(i = 1,2), and substituting for ki, = kyp = %ko, kiy = koy, w1 = wy = wy(0)
and using the abbreviation o = 2%)1 [kiy (c¢* — 3v3,) (kiy)], i = 1,2, Equations (13) and (14) transform into the

following forms:

[ 0 . ikovo

.6 v . *x _ ikovg
G+ (5 )] =2,

where we have made use of the fact that w) = wy = w,(0).

Integrating Equation (16), we obtain

aﬂ0:4jf7MﬁmWﬁm{—@+ﬂO@—ﬁ}W

oQ

Vo

kovo . . .
where v = 27 is the maximum growth rate for TPD in a homogeneous plasma.

Substituting Equation (17) into Equation (15), we have

[g (%- m)] w=[ ; T )ar (¢) exp {~ (5 +ia) (1 = ¢) b ar'

Using Equation (15) we obtain an equation for the intensity | a; |? :
o]t r= [ foms@naee{- (3 +ie) -0
ot o 0 ! 2

+r0(E)75 (Dar (Dai (@) exp { - (5 —ia) (¢ - ) }] at'.

(15)

(16)

(17)

(18)

(19)

Assuming that the growth time for the two plasmons to be much greater than the correlation time of the
pump wave, this assumption implies that the bandwidth Awg <« v9. The integrand on the right is finite only
over the correlation time, during this time the amplitude a;(¢') will not change much, so it can be set to a;()
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and taken outside the integral. Now, averaging Equation (19) over a period shorter than the growth time but
larger than the correlation time, we obtain:

[%+4umﬁw4mn%[;%@%‘kw{( +ia) - t)}dr

Hia ) [ ams@)exn {= (5+ i) -}, (20)

where the angular brackets denote the averaging process described. The procedure followed to arrive at Equation
(20) from Equation (19) is known as the Bourret approximation [19].

Choosing
(5 (¢ Yr0(t)) =l 70 [* exp {=Awo(t - t')},

Equation 20 becomes

g 2 Yo 2 Aw
I (21)
ot (Awp +v/2)° + a2
We can easily solve this equation to obtain the intensity as a function of time:
. 2 ! Yo |2 AWO
ai(t) |?) = (] a1{0) |?) ex —v|t. 22
(la1(t) P) = (| ax(o) ) pLA%+wﬂf+a2 @)
The effective growth rate (7o) is readily obtained from this equation:
2| 70 |> Awg
75.ff = 2 2 - (23)
(Awo +v/2) + &
For collisionless plasma (v — 0), the effective growth rate becomes:
2|7 |* Aw
“yeﬁ = 5 (2) (24)
(Awo)” + @

Furthermore, if we allow the y-components of the propagation vectors of the plasmons to approach zero, then
we have:

2|7 |2

v = 2L (25)

From this result, we conclude that the bandwidth has reduced the growth rate by a factor of )& o | provided
wo
that Awo > ¥0.
The collisional threshold is simply given [20, 21] by the condition v = g—, hence we obtain:
3v
Ko = 5 [(Awo + 2) ?] . (26)
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If we allow the y-components of the propagation vectors of the plasmons to approach zero and assume that
Awg > v, a condition which is readily met by hot plasmas or lasers with large bandwidth, we obtain the threshold
expression (kgvo)%, = 3vAwg, which when compared with the usual threshold condition (kovg)?, = v?, shows
that the bandwidth has increased the threshold by a factor of 3Awq/v.

4. CONVECTIVE TPD IN AN INHOMOGENEOUS PLASMA

In an inhomogeneous plasma the presence of density gradient significantly modifies the features of the TPD

instability and adds to the complexity of its analytical treatment. To investigate the effect of the pump wave
bandwidth on the TPD, we set kip & kop = —29, w1 R wy & wp(0), and kyy = kgy = ky, we also assume that

ko > ky, a situation which is typical in experiments of laser wavelength below 1um [22], hence Equations (11)
and (12) transform to:

0 0 v r iwp(0) z )] )
-1+ 2 )+ 222 E = ; 27
[m+va {2(+L)+ 2 L}_l ks @0
0 0 v T iwp(o) z | .
il {14+ =) - =LV B 2
[&+V6+{2O+L) 3 L[| F2=mb (28)
where
33, . .
V= k1 is the group velocity of the two plasmons.
wp(0)
Defining E; = \/wp(0)a;, i = 1,2, and normalizing space and time using the transformation
2=t
Ln = zo’ n = t
where
o Jwe o[ e
0~ wp(0)’ = Vwp(0)
Substituting into Equation (27) and (28) we obtain:
lij o} 2z
2,9 . . 2
[atn + Bz, + {2 (to + p(o)> + iz }] ay = iypteal (29)
i} i, v 2z
[t + 3+ {3 (10 gy ienf] 3 = it o

Since the amplitudes are slowly varying in space and time, then Equation (30) can be integrated to yield:

¢
as = —itO/ vg(t') exp [— { (to +

July 1997
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(31)
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Substituting into Equation (29) we obtain

5 e 5 (o ) o

=2 /_ too o(8)72 (¢)a} ()ay (t) exp [- {-’21 (to + Jj%)) - iz} (t— t’)] at'.

From this equation we can obtain for the intensity | a; |?, the following equation:

it gt (v o) 1P
3 [ @) e [~ {5 1+ 25) —ief - 0)
+t2/ dt'yg (t)yo(t)a} ()ay (t') exp {—{ (to f( )>+ix}(t—t’)].

Using Bourret approximation we obtain for the average intensity

[%+%+v(to+;%)} (| as I*)

[V (to + 2z/wy(0) + 2Awy)]

=t2(lal? ot 2 '
=15(] a [} (7o) (t)) [£ [to + 22 /wp(0) + 2Awp)]” + 22

Choosing;:

t2(vo(t)72 (")) =|70]? e=2«e(t=) then Equation (34) transforms to:

{gz—r%-w(to«r 2( )>] (| a1 |?)

|7012 [ (tO + 23"/“"?(0)) + 2Aw0] (l
[ (to + 2z/wp(0)) + 2Awo] + 22

%).

Now, let us use the variable y = tq + 22/w,(0), then Equation (35) becomes:

6 2 0

wp(o) dy + Vy] (<l a1 [?
2

= hTO [Vy+ gAwﬁ] ) '
[$y+ 2Aw0]2 + L (wp(o)y — o)’ (l a1 %)

Using the abbreviations:

_ 2 (VAW() — wp(o)tg/Q)
- v? + wl(o) ’

1(Awe)* +88
v?+wl(o)

g =
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(33)

(35)

(36)
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Equation (36) takes the form

o 2 0
[a*“ma—y”y] ()

415l vy + 28]
[+ wE @] [(y + @) + 7]

(lar %), (37)

This differential equation shows the variations of the intensity in space and time, but since we are interested

in the convective instability we set — = 0, and then integrating over a symmetric interaction region from y_(—y)

ot
to y4+(+y), we obtain:

(lar(y+) I*) _ 2wp(0) I70]® (24w — W) [an-—l y+ta oy +to
In (l al(y) |2) o2 +wg(o) ( 3 t —— —tan 3

Extending the region of interaction from —o0 to +o0c we obtain

(38)

(lase) ) _ FM(O) ol (20 - au)]
(| a1(—o0) [?) B (v* + w2(0)) '

Hence the convective amplification factor in the vicinity of z = 0, where the interaction is at resonance (i.e.
no phase mismatch) is given by:

L 17012 wp(0) (QAwg - au)

v? +wpy(0) B (39)

This equation gives the amplification factor as a function of the pump bandwidth and the electron-ion collision
frequency. It is interesting to note that in the limit when v — 0, the amplification factor reduces to 27t | 7o |*
i.e., independent of the bandwidth. Since the intensity of the decay mode can be written in the form I = Iye#,
thus A > 1 represents the growth in the mode under consideration and the threshold can be estimated [23, 24]
by setting A = m, so substituting for A = 7 in Equation (39) we obtain the threshold condition:

(-@-)2%[, _ 68 [wi(0) ++7]

Uth w2(0) [2Awo — av]’

(40)

It is interesting to note that in the limit of collisionless plasma (¥ — 0), the threshold dependence on the
bandwidth disappears and we obtain the following condition for the threshold:

Up

(-—)2 koL > 6. (41)

YUth

This is the same threshold condition for TPD instability that is given in the literature [20, 21]. To determine
the growth rate, we focus on the time variation in the vicinity of y = 0. At this point Equation (37) becomes:

12= 8 |7-'-0f2 Auwp

a1 %), 42
4(AWO)~,:,§(2)<I ) (42)

ETAL
hence

(43)

(| a0, t) 2y = (| a1(0,0) [*) exp [Mt} ,

4 (Awg)® + 2
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From this equation we obtain the effective growth rate:

8 |7o0|? Awg
= | =or 2% 44
el [4(Aw0)2+t§ (44)

5. CONCLUSIONS

The effect of bandwidth on the TPD instability has been investigated when (Awg > 70). Homogeneous plasma
270 Awg ..
. Convective TPD

v
instability in an inhomogeneous plasmawgf a linear ramp density was also investigated under the same condition
(Awg > 7o) and analytical expressions for the amplification factor and threshold were obtained. We noted that
when the electron—ion collision frequency approaches zero the dependence of the threshold and amplification
factor on the pump bandwidth disappears, and the usual threshold expression given in the literature is recovered.
We found that the effective growth rate does not depend on the electron—ion collision frequency but it is reduced
when the bandwidth of the pump wave is taken into consideration.

growth rate is reduced by a factor of

and the threshold is increased by a factor of
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