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Abstract. The impact of thermal effects on Raman amplification in plassrinvestigated theoret-
ically. It is shown that damping and the shift in plasma resme at finite temperature can alter the
evolution of an amplified pulse. It is shown that pulse coragi@n can occur which is not predicted
by the cold plasma model. Although thermal effects can leaalreduction in the efficiency of the
interaction, this can be avoided by using a chirped pumphighdase these effects can be beneficial,
suppressing the development of a train of pulses behindntipdified seed, as observed in the cold
plasma model.
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INTRODUCTION

Raman amplification in plasma is a potential method for that@e of intense, ultra-
short laser pulses [1]. Two laser pulses of different freqies are coupled by the motion
of the plasma electrons, allowing energy transfer betwkeriwo. A counterpropagat-
ing geometry allows a short seed pulse to be amplified by apomgp beam, allowing
the seed to grow to intensities greater than that of the p@hp [

Raman amplification is an attractive prospect as it couldrpiatiy lead to significant
reductions in both the size and cost of high power laser Bysté&nlike conventional
optical media, plasma has no damage threshold, thus reméhvéneed for chirped
pulse amplification and so avoiding the need for compresgiatings, which become
large and expensive at high powers. Further, plasma hasoteatfl of offering high
efficiencies over shorter distances than conventionatalpamplifiers.

Although such sources will have uses across a wide rangeasfcand technology
applications, it is of particular interest to the laserspie accelerator community, who
already have much of the skills and equipment necessaryploiethis technique.

THEORY

When two counterpropagating laser pulses of different feegies collide in plasma, the
resulting beat wave will act upon the plasma electrons tjindbe ponderomotive force,
driving electrons toward areas of lower intensity. If thedes are detuned by the plasma
frequency a plasma wave will be excited. The resulting dgms&rturbation will act as

a moving Bragg grating which scatters photons from the hidfegjuency laser pulse



to the lower, amplifying the latter. In this way, a short, lowensity seed pulse can be
amplified using a long counterpropagating pump beam.

In the linear regime [1] the amplification bandwidth is vermow, due to the har-
monic motion of the plasma electrons. Pump depletion isigieig and seed growth
exponential. However, the density perturbation that iste®@ continues to scatter the
pump after the probe has passed, leading to an increase dguthton of the amplified
seed proportional to the propagation distance.

In the pump-depletion regime [3] depletion of the pump idisigntly high as to
suppress amplification towards the rear of the seed, leddipglse compression and
spectral broadening. The amplified seed develops as a frahod pulses of decreasing
intensity, due to Burnham-Chiao ringing [5], which occurs whemergy is transferred
from the probe back in to the pump.

It has been shown [4] that using a chirped pump allows a polbe amplified in the
linear regime without the increase in duration observednumang a monochromatic
pump. The amplification bandwidth is increased due to thgingrfrequency of the
pump. The different frequency components will be in phagseecto the head of the seed,
but further behind they will destructively interfere, peeting pulse lengthening. The
peak intensity grows linear with distance: while each feagry component is amplified
exponentially, they will only interact for a finite time be#&falling out of resonance.
The same effect can be achieved using a plasma density gtadie

Impact of thermal effects

Damping and the plasma response at finite temperature haseakenplications for
Raman amplification in plasma.

At finite temperature, contributions from the electron ptes lead to an increase in
the resonant frequency of the plasma. This Bohm-Gross shiifalter the resonance
conditions of the Raman process.

In addition, the plasma wave will be subject to Landau damgpilectrons with
thermal velocities close to the phase velocity of the plasrage will exchange energy
with the wave. Those with velocities just below the phasedig) of the plasma wave
will be accelerated, while those just above will be deceédéstaAnalogues can be drawn
with plasma wakefield acceleration. For a Maxwellian dittion, the net effect is for
the plasma wave to lose energy.

Collisional damping of the laser pulses will not have a sigatiiit direct impact on
their intensities for the parameters used in current erparts (e.g. [2]). However, it
will lead to an increase in the plasma temperature. The @agave, on the other hand,
may be significantly damped, due to a combination of collialalamping and Landau
damping, which will also contribute to an increase in terapae.



SIMULATION MODEL

Simulations have been carried out using a 1-dimensional fiubdel, based on the
slowly varying envelope approximation for Raman amplificat[1], modified to take
into account thermal effects.

The resonant frequency of the plasma at finite temperatsigigen by

Wy =/ WE+ 3602kﬁ (1)

where wp = /Nne€?/gom is the plasma frequency, corresponding to the cold plasma
resonancek the wavenumber of the Langmuir wave afd= el the normalised
temperaturee andm are, respectively, the electron charge and mgsthe permittivity
of free spacegc the vacuum speed of lighkg the Boltzmann constant antl the
temperature.

The plasma will be heated according to
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whereag ; = % are the reduced vector potentials of the pump and probescegely,

Eo1 and ap; are the associated transverse electric field and frequénﬁym%ic is

a normalised form of the longitudinal electric fiel§,. v, | are the transverse and
longitudinal collisional damping rates, amd the Landau damping rate.

The transverse and longitudinal collisional damping raesgiven by substituting
the laser and plasma frequencies, respectively, into theesgion

Zefw? 40mc2
V= 6(2m)3 /26ome3 [In( hw > B y} (3)

where h is Planck’s constant divided byr2and y is Euler’'s constant. The Landau
damping rate is approximated by

VL~ \/gk'(:—fg 9‘3/2exp<—% — g) (4)

The modified envelope equations for the Raman process are then
(5o (5) % )m-
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These modified equations include damping of the plasma waléwe laser fields, while
Eq. (7) also incorporates the shift in plasma resonancedlteriperature.



RESULTS

The simulation parameters were chosen to be similar to these in recent experimen-
tal works [2]: Gaussian profile seed of FWHM 0.5ps, peak iritgrisx 1012 W cm 2,
w1 = 10 wy; flat top pump pulse, length 10ps, intensity 1014 W cm 2, wp = 11 wy;
plasma length 2mm, of densihg = 1 x 10'° cm~2 and initial temperature 5 eV.

Figs. 1.a,b show the simulation results for these paramétdrermal effects are not
included. The pump depletion regime is accessed and thexjppulse compression
and pi-pulse [3] profile are observed, with a peak intensiB000 times that of the input
seed.

The inclusion of thermal effects, as shown in Figs. 1.c,dasha reduction in the
peak intensity, achieving an amplification9f500 times. However, compression of the
amplified pulse is still observed, and the profile is qualidy similar to the pi-pulse.
However, pump depletion reaches30%, and is seen to decrease after this point. This
suggests that pump depletion is not the primary source semompression.

This was verified by arbitrarily excluding pump depletioarfr the simulation model.
Although this is clearly nonphysical, it serves as a usefy of examining the processes
that contribute to the observed behaviour. Fig. 1.e shoesdsult of this modification:
there is an increase in seed amplification, which is to bearpebut pulse compression
still occurs. This behaviour cannot be accounted for ushey dold plasma model.
However, it can be explained simply by considering the BohrasG frequency shift,
as shown in Fig. 1.f. The plasma resonance varies with time sa will have a similar
effect to using a chirped pump or a plasma density gradiéatyiag pulse compression.

It is important to note that thermal effects do not guaramglse compression. For
example, at high initial temperatures, the shift in plasesonance is smaller, allowing
pulse lengthening as observed in the cold plasma model.

While the reduction in pulse length observed in Fig. 1.c isw@resting effect, the low
efficiency probably makes this scenario unsuitable fortprakcapplications. However,
itis possible to compensate for the shift in plasma resom#imough the use of a chirped
pump pulse. Considering Eq. (7), it is clear thatuy increases with time to match the
Bohm-Gross shift due to heating by the pump (as shown in Fig the two effects will
cancel.

Fig. 2 shows the effect of using a pump with a linear chirpiraryfrom 11 cwj to
11.075wy, over its 10ps duration. Although this is a rather rough matcthe shift in
resonance shown in Fig. 1.f, it can be seen that it is suffi¢eesignificantly increase
the efficiency of the interaction, giving an amplified puldepeak intensity similar to
that observed in the cold plasma model (Fig. 1.a).

While the peak efficiency is matched, the train of pulses ke seed head is
suppressed. This is due to imperfect matching of the shggtaeama resonance: although
the shift due to heating by the unperturbed pump could betlgxaatched, additional
contributions due to damping of the plasma wave and seedtahms will lead to an
increased shift in resonance behind the head of the seechwiil suppress Burnham-
Chiao ringing, both directly, through the shift in resonarened indirectly, through the
reduction in pump depletion.
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Simulation results illustrating the impact of thermal effeon Raman amplification.

(a) Seed evolutioft and (b) pump depletioPl using the cold plasma model.

(c) Seed evolution and (d) pump depletion using the therffedts model.

(e) Seed evolution using the thermal effects model modifie@iove the effects of pump depletion.
(f) Shift in plasma resonance due to heating of the plasmaéptmp beam.

4 The seed intensity observed at different positions in tlasmh is plotted against time. For a given

position, the head of the pulse will appear leftmost.
b Temporal profile of the pump intensity as it leaves the plasma
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FIGURE 2. Effect of using a chirped pump to match the shift in resonah@eto pump heating on
(a) seed evolution and (b) pump depletion. Other paramateras in Fig. 1.c.

CONCLUSION

The impact of thermal effects on Raman amplification has beestigated. The shift
in plasma resonance over time due to heating by the pump acts chirp. For a
monochromatic pump, this chirp leads to a reduction in tfieiehcy of the interaction
and, in some cases, allows pulse compression without the loegoump depletion, a
marked departure from the behaviour observed in the cokhpamodel.

In order to avoid these effects, an up-chirp may be added @opthmp beam to
compensate for the shift in plasma resonance. The two chapsel, increasing the
interaction efficiency. It is shown that this allows for an@ifired pulse with peak
intensity similar to that observed in the cold plasma modelvever, additional heating
due to damping of the plasma wave leads to a further shift somance behind the
head of the seed. This limits pump depletion and suppresses&m-Chiao ringing,
allowing a single intense pulse, rather than the series tHepuwbserved in the cold
plasma model.

These results show that thermal effects can have a sigrifiogract on Raman
amplification, affecting not only the efficiency of the irdetion, but altering the length
and profile of the amplified pulse. For this reason thermaot$f should be taken in to
account both when planning experiments and analysingtsesul
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