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Thermal effects on Raman amplification in plasma
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Introduction

Stimulated Raman backscattering in plasma has been suggested as a mecha-

nism for the amplification of short laser pulses to high powers without breakdown of the medium
[1]: a pump pulse is scattered by a longitudinal plasma wave and transfers energy to a counterpropagating probe pulse. The most suitable regime for amplification is reached when the probe
is sufficiently intense to deplete the pump, since in this case the energy transfer is efficient, and
the superradiant scaling results in short amplified pulses. This scaling, where the amplitude of
the probe grows linear with propagation distancewhile its width decreases, has been demonstrated in experiments [2]; however, a frequency chirp of the pump wave [3, 4], or a ramped
plasma density [5] lead to similar scaling.
Here, we investigate the effect of finite temperature and heating on the dispersion of the
plasma wave.
Raman scattering at finite temperature We describe the transverse pump and probe waves
by envelopes a0 and a1 , respectively, of the reduced vector potential e~A/mc, and the longitudinal plasma wave by the envelope f of the scaled longitudinal electric field eEz /(mω pc). The
corresponding phases are ϕ0 = ω0 (t + z/c) for the pump, ϕ1 = ω1 (t − z/c) for the probe, and

ϕk = ϕ1 − ϕ0 = −∆ω t − kk z for the plasma wave, where ∆ω = ω0 − ω1 , and kk = (ω0 + ω1 )/c;
the group velocities of the transverse waves are approximated by c, the vacuum speed of light.
The plasma wave is driven by the ponderomotive force associated with the beat of the transverse waves, and these are scattered by the density modulations of the plasma wave. Close to the
p
plasma resonance ∆ω = ω p ≡ e2 n0 /(ε0m) (where −e and m are the electron charge and mass,
respectively, n0 their number density, and ε0 is the permittivity of free space), the three-wave

interaction is described by the equations
[∂t − c∂z + (ω p /ω0 )2 ν⊥ /2]a0 = −ω p f ∗ a1 /2,

(1)

[∂t + c∂z + (ω p /ω0 )2 ν⊥ /2]a1 = ω p f a0 /2,

(2)

[∂t + (νk + νL )/2 + i(6θ ω02 /ω p − δ )] f = ω0 a∗0 a1 /2,

(3)

where ∂t and ∂z are partial time and z-derivatives, respectively.
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The last equation, for the longitudinal wave, takes into account the two effects of finite temperature: first, the electron pressure leading to a shift 6θ ω02 /ω p in the resonance frequency,
where θ = kB T /(mc2 ) is the scaled temperature; and second, Landau damping expressed by the
rate

−1/(2kk2 λD2 )
,
(4)
π /2 ω p /(kk3λD3 ) e
p
with λD = vth /ω p the Debye length, and in turn, vth = kB T /m the thermal velocity. The

νL =

p

frequency detuning from the plasma resonance is δ = ∆ω − ω p , |δ | ≪ ω p . Also, ω p ≪ ω0 , thus

ω1 ≈ ω0 (except in ∆ω ) and the slow propagation of the longitudinal wave (with group velocity
2 ω /(ω c)) has been neglected.
v = 6vth
p
0

Collisional damping is represented by the rates ν⊥ for the transverse waves, and νk for the
longitudinal wave. These can be found by substituting the laser and plasma frequency, respectively, into the expression [6]
 


Zre ω p2 −3/2
4θ mc2
ln
ν= √
θ
−γ ,
h̄ω
3 2π c

(5)

where re = e2 /(4πε0mc2 ) is the classical electron radius, and γ = 0.577 is Euler’s constant.
This is valid for ω ≪ kB T /h̄ (where h̄ is Planck’s constant), and velocity amplitude v0 ≪ vth .
For higher amplitudes the rates decrease, see [6].
The equations for the waves are supplemented by one for the evolution of the temperature:

∂t θ = ν⊥ (|a0|2 + |a1 |2 )/3 + (νk + νL )| f |2/3.
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Figure 1: Snapshots of probe amplitude - simulation.

(6)
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Figure 1 shows snapshots of the probe amplitude determined with equations (1) to (6), for
pump amplitude |a0 | = 4.4 · 10−3 , and initial temperature T0 = 5eV, with plasma frequency

ω p = 4.8 · 1013 s−1 , and laser frequency ω0 = 2.4 · 1015 s−1 . There is very little amplification of

the probe, due to the strong Landau damping, νL = 0.27ω p for these parameters. Varying the

initial temperature or detuning, or chirping the pump frequency hardly changes the evolution.
Weak and strong Landau damping

As mentioned above, the two effects of finite tem-

perature are a shift of the resonance frequency, and Landau damping. Absorption of laser energy in the plasma makes the frequency shift time-dependent, at a rate α = 6ω02 θ̇ /ω p . This is
similar to a position-dependent plasma frequency, or a chirped pump pulse, which lead to superradiant scaling [3, 4, 5]. If heating is only by the pump wave, α = 2ν⊥ ω02 |a0 |2 /ω p , which
√
can be compared with (the square of) the Raman growth rate, γ0 = ω0 ω p |a0 |/2. If the ratio

α /γ02 = 8ν⊥ ω0 /ω p2 is (at least) of order unity, the chirp should result in superradiant scaling of

the probe, provided that damping of the waves does not destroy the effect. The collisional damping rates are small, except for very low temperature, while Landau damping becomes important
at temperatures of about 3 eV (for ω0 ≈ 50ω p ). While this seems to indicate a temperature
range where damping is negligible, inevitable heating will often lead out of this range, towards
a regime where Landau damping is strong, as in the simulated case. To model this, we neglect
the collision rates, and also the shift of the resonance frequency. For small scattered field we
choose the constant pump amplitude a0 real, and obtain
(∂t + c∂z )a1 = ω p f a0 /2,

(∂t + νL /2) f = ω0 a0 a1 /2.

(7)

The damping can be taken into account by an exponential factor e−νL (t−z/c)/2 , which transforms
the equations to the form of those without damping; these have a self-similar solution depending
on the product ξ = z(t − z/c):
a1 = zA(ξ )e−νL(t−z/c)/2 ,

f = F(ξ )e−νL (t−z/c)/2 .

(8)

dF/d ξ = ω0 a0 A(ξ )/2.

(9)

Upon substitution into equation (7), we find
c(A + dA/d ξ ) = ω p Fa0 /2,

Eliminating A yields ξ d 2 F/d ξ 2 + dF/d ξ = γ02 F/c, with solution
F(ξ ) = F(0)I0 (2γ0

p

ξ /c) ⇒ A(ξ ) = A(0)I1 (2γ0

where I0,1 are modified Bessel functions.

p

ξ /c)/(γ0

p

ξ /c), A(0) = ω p a0 F(0)/2,
(10)
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Figure 2: Snapshots of probe amplitude - self-similar solution for (a) high and (b) low Landau
damping rate.
Figure 2(a) shows snapshots of the self-similar probe amplitude. Although the pulses look
quite different from the simulation results, they have to be understood as the response to a short
seed, whereas Fig. 1 shows the sum of both. Figure 2(b) shows similar snapshots, but for lower
Landau damping rate. It shows that after initially the damping dominates, later amplification
takes off.
Discussion We have developed the envelope equations for Raman backscattering in plasma
at finite temperature, and started to investigate the effects caused by the chirp of the resonance
frequency, and in particular strong Landau damping.
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