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ABSTRACT
The spatial and temporal interaction of two
_opposed, intense electromsgnetic waves, whose difference
bfrequency approximately equals the local plasma
frequency, is studied. The interaction resﬁlts in
plasms heating. 1In a uniform plasma, the leading

edge of the lower frequency wave steepens. For a
nonuniform plasma, such pulse modification and
concomitant heating occur only in a limited resonance

zone,

~ The nonlinear interaction of coherent electromaghétic waves
(lasers) in an underdense plasma (wp < w) is of interest-bécause of
the potential for heating when the difference frequency of the two
waves is near the local plasma f‘requency.l-6 When this is the case,
énergy is partially transferred fiom one transverse wave to the other
and is partially deposited in the plasma in the form of electrostatic
plasma oscillations. 1In the present note we extend the work of
Kaufman and Cohen6 by including the temporal evplution of the

interaction.

0.

We examine the transfer of energy between two tranéverse waves
of‘frequencies Wory s with @ > W . The transfer is driven at the
beat frequency Q = Wy = Wy and at the beat wave number K = ko + kl
(for oppoéed wave vectors). The plasma is considered to be infinite
in extent. We assume that the dissipation rate v of the plasma wave
and the:mismatch Mo(z) = Q - wp(z) are small, so the interaction is
néarly resonant. ' 7

| The analysis follows that of Ref.‘6,bemploying'the longitudinal
dielectric function and uéing the same notation. Boththe temporal and
the spatial evolution of the intensities of the electromagnetic waves
are studied. The electrostﬁtic potential in response to a.vector
potential A(z,t) is ¢(z,t) o [e-l - 1] Ae(z,t) + noise. The
behavior of the transverse waves will be analyzed over time scales long
compared to v-l; thus any potential ¢(z,t) present at either the
initiation or termination of the laser pulses can be ignored as a
transient whose decay occurs in a time of the order of v-l. The
genéralizatién of Kaufman and Cohen's6 nonlinear coupled mode equation
for the action fluxes in natural units is

-1
. = C 9 = =2r3gd, (1).

(az + c_lat)JO = ;(5

where [ = =lyg Im e-l(n,x) and J, = k£|A£|£ ee/(enmgch). The group

‘velocities of the two electromagnetic waves have been set equal to ¢,

since we assumé @ >> mp. Because [ > 0 the higher frequency Qave
loses action flux JO as it propagates to the right (increasing z).
The action flux Jl of the lower frequency wave increases as it
propagates to the left. The conservation law for actioﬁ flux, from

(1), is dt(JO + Jl) + az(cJO - CJl) = 0.
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_For & uniform plasme the solution of (1), subject to conditions
that the wy-wave is incident from the left and the w, -wave from the
right with step function profiles 6(ct - z) ﬁnd 8(ct + z)
respectively, is straightforward; The mismatch Aw and damping v
are constant. One transforms to new variables ¢t - z and ct + z,
ihe characteristies of the operafors of (1). The equations are then
solved using the method of Maier, Kaiser, énd Giordmaine.7 In terms
of the input action fluxes, Joinu and thin, let p = Jiin/Join,
3= (ct - z)rJoin and & = (ct + z)rJOin.' The solutions for the

rzlative action fluxes are

e Pre™™ + P - 1™

L1
[0}

EO(t,z) Jo(t:z)/Join

(2)

Ei(t,z) Jl(t,z)/JO1n = pepg[e-q +efb o1yt s
2 2 .
valid for n,6 > 0. For a cold plasma, € =1 - wy /(a" + iav ), so

that [ =~ hﬂ(vei/wp)[(vei/wp)2 + (2Am/wp)2]-l, . The energy density

éeposited in the longitudinal wave, 8ﬂ(mc2/e)2JoJl|e-l(n,n) - llz,
is ultimately available for plasma heating.

We consider the example of CO, 1lasers (wo ~2 x lOlh sec'l)

vith wp/wo = 0.1, vei/wp

PR Vei® Significant transfer of action occurs when the dimensionless

= 2v/wp = 0.01, pulse lengths  m 60v;i, and

space and time variables are of order unity:

n " -
ct = JJOV

2
appreciable interaction occurs for intensities PO >2 x lOlo W/em .

Gnf ~ FJoi lwpt(Po/E.B x 1016 w/cmg) = (J(1). Hence

Figure 1(a) shows the solutions (2) for. p = 1. Dimensionless

i in
+ime and space variables t' = FJoln ct and 2! = FJO

€m§loyed. The pulse shape of the ml-wave’peaks and sharpens as the .

Z are

;O-phbtons are turned around and converted to wl-photons. The

e
wl-photons "pile up" as the w, -wave propagates through the wy=wave.
Energy transferred to the plasma then grows as the w,-wave front

1
progresses to the left. Since the interaction rate depends upon the

p;oduct of the actions, we have chosen p =1 to maximize the action

transfer.

Analytic solutions to (1) for a uniform plasma but withxlinearly
varying leading edges for the two. pulses are obtained similarly; If

D ps in, .
we define = J, |az I, |, o

1
(Ct -,Z)(EJG)Z’ and

I}

T= (ct+ z)f3))%, the action transfer between the two transverse

waves is described by

ol

Ty(5,2)

;o(t,z)(r/Jé) =

= 0 exp(-0/2)[exp(-0°/2) + exp(pro/2) - 1]

(3)

31(t,z) = Jl(t,z)(F/Jé)% =

= ot exp(pi-/2)[exp(-/2) + exp(pro/2) - 117L

velid for o,7 > 0. Again marked amplification and "pile-up" of the
w) -Wave occurs Jjust behind its leading edge [Fig. 1(b)].
We next examine the case of a linear density inhomogeneity.

We define the density scale length L = |d 4n n/dzl-l. The frequency

- mismatch now depends upon position: Aw(z) = Q- wp(z) ~ QZ(ZL)'l.

It follows that I(z) ~ hnvein[veig + (Qz/L)g]-l. For a nonuniform

plasma, TI(z) 1is large (coupling is appreciable) only in a narrow

zone around z = 0 [Q wp(O)]. The width of this resonance zone
has been defined as h = 2n Lvei/ﬂ by Mostrom et al.8 We assume that

koh >>1 to permit a WKB analysis.



dimensionless parameter h' = h thoin
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Again we follow the evolution of ste?-fhnction énd linear

initial pulse profiles. Since T a v-l ‘at the exact resonance
position . = 0, while the resonance width h « v, the total action

transfer is only a weak function of the damping v. In absolute units
the faction‘ transfer is linear in both the scale length of the plasma

and the laser intensity (for p = i).6

Agein p =1 gives the

maximm transfer~efficiency. Figure 1(c) and Fig. 1(d) display the-

numerical solution of (1) for v/n = 0.01. Figure l(c)~1s the case

N -1
= 0.0025 (h«Jom) 1, while h = 0,005 (uﬂ%) 2 in Fig. 1(4).
Nearly all pulse profile modification ocecurs within the resonance zone.
For the step-function profiles a steady state for the conversion of the

wy-wave to the wl-wavebis achieved at times greater than 6h/c for the

state in the case of linear pulse profiles, because the unperturbed

‘wave intensities are linearly increasing functions of time.

These solutions to the coupled mode equations (1) are valid as
long as the transverse waves overlap within the plasma. For a finite

length plasma the interaction can be very different; for example, the

possibility of relaxation oscillatioﬁ\hrises.9. However, for a non-

uniform plasma, the interaction is appreciable only in the resonance
zone. In this case the solutions remain valid as long as the region
over which the transverse waves overlap contains the resonance region,

regardless of the finite extent of the plasma.

The author thanks A. N. Kaufman forhis assistance and criticism
and is indebted to D. Nicholson, C. Max, M. Mostrom, K. Watson, R. Pyle,
W. Kunkel, Y.-R. S8hen, and J. Dawson for their discussion and

encouragement,

chogen. There is no such steady
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FIGURE CAPTION

Fig. 1. Dimensionlesévaction fluxes Eb(t,z) , aﬁd‘ ji(t,z)----,
as fuﬁCtions of dimensionless time t' and position z'
defihed»below, for inﬁut ratio p = 1. Case (a) shows step-
functioh pulse profiles for & uniform plasma{ with

t' = PJéin ct and z' = FJOin z. Case (b) shows linear pulse
profiles for & uniform plasma, with t' = (FJb)%.ct, and

z' EV(FJB)% z. case (c) shows step-function.pulse profiles
for a liﬁear density veriation, with t' = by JOin ct and

2' = by Join z. Case (d) shows linear pulse prbfiles for a
linear density variation, with t' = (Lx Jb)% c£ ;and

z' a (Ux Jé)% Z. In (a) and (b) fof a uniform plasma,

L= uﬁyn[ve + (2Aw)2]-l. In (c) and (@) for a iinear
variation of the plasma density, h' = 0.0025 and 0.005

respectively in the dimensionless units of z'.
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