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Amplification of ultrashort pulses is limited by the damage threshold of optical elements used

in laser systems. For example, the gratings in the compressor have to be very large for multi-PW

laser system and they are difficult to produce and expensive. An alternative is to use the plasma

medium, where the energy from a longer higher-frequency pump pulse can be transferred to

a short lower-frequency seed pulse via stimulated Raman scattering [1]. The plasma medium

can support much stronger fields and the maximum intensity threshold is increased by several

orders of magnitude. On the other hand, the efficiency and stability of Raman amplification are

limited by the growth of unwanted instabilities.

The two common high-energy and high-power laser systems assumed here are the Nd:Glass

laser with the wavelength of about 1060 nm and the Ti:Sapphire laser with the wavelength of

about 820 nm. The laser pulses produced by the Nd:Glass laser are of longer duration, and

they may have typically much higher energy than the pulses generated by the Ti:Sapphire laser.

However, efficient Raman amplification requires that the Manley-Rowe relations between the

frequencies and the wavevectors of the light waves (ω1,2, k1,2) and the plasma wave (ωe, ke)

are satisfied

ω1 = ω2 +ωe , k1 = k2 +ke . (1)

For the above-mentioned laser systems, it is thus only possible to transfer energy from the

Ti:Sapphire laser pulse to the Nd:Glass laser pulse, which is not desired. The desired solution

is to use the high energy longer Nd:Glass laser (pump) pulse to boost the power of the short

Ti:Sapphire (seed) laser pulse. There are in general two solutions to this problem. The first

approach may be to convert the frequency of the seed laser pulse in the OPA process to the

one slightly lower than the frequency of the pump pulse. The second approach proposed in this

paper is to convert the pump pulse frequency to the second harmonic. In such case, however,

the difference between the light wave frequencies is relatively high which implies high plasma

density (ne ≈ 0.28ncs, where ncs is the critical plasma density associated with the seed pulse).

This means that seed pulse cannot induce stimulated Raman scattering in plasma by itself.

On the other hand, the stimulated Raman scattering in such high-density plasma can deplete

the pump pulse before the interaction with the seed pulse and make the amplification process
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inefficient.
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Figure 1: The growth factor of the wave re-

sulting from the stimulated Raman backscat-

tering of the pump wave with energy 1 kJ,

waist 0.4 cm and pulse duration τ1 in a

plasma with the density corresponding to the

resonance condition.

In stimulated Raman scattering, the amplitude of

the scattered wave depends exponentially on the

product γRt, where t is the duration of the inter-

action and the growth rate γR ∝
√

I (I - laser in-

tensity). We assume that the laser energy is fixed

by the given laser system and the waist size of the

laser beam is optimized to overlap with the waist

of the seed pulse. In this case, the laser pulse inten-

sity is proportional to the pulse duration (τ), which

we use as a free parameter. It results that the prod-

uct γRτ ∝
√

τ i.e. the stimulated Raman scattering

could be minimized by decreasing the laser pulse

duration and the interaction time with the plasma.

In the following, let us assume that the seed laser

pulse is much shorter than the pump pulse. Assum-

ing that both pulses travel with the speed of light against each other and that they have to overlap

only in the plasma target, the optimum size of the plasma target is cτ1, where τ1 is the pump

laser pulse duration. For example, the size of this target is only about 45 µm for a very short

150 fs pump pulse.

Figure 2: The pump (dark grey, coming from left) and the seed (black, coming from right) waves before

(left) and after (right) the interaction. Plasma density profile is shown in light grey color. The electro-

magnetic fields are in the dimensionless units a0 = eE/(cmeω).

We use kinetic Particle-in-Cell (PIC) simulations to demonstrate the above described Raman

amplification process with very short pump pulse, high plasma density and optimized size of
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the target. The simulations are performed using PIC code EPOCH [2] in 1D and 2D geometry

for the following laser and plasma parameters. The pump pulse wavelength is λ1 = 530 nm, the

duration is τ1 =150 fs FWHM, the energy is 1 kJ and the waist size of a high-order supergaussian

beam is 0.4 cm (the resulting intensity is 2.7×1016 W/cm2). The seed pulse wavelength is λ2

= 820 nm, the duration is τ2 =30 fs FWHM, the energy is 30 J and the waist is the same like for

the pump pulse (the resulting intensity is 4×1015 W/cm2). The plasma density corresponds to

the resonant condition (5×1020 cm−3) and the length of the constant part of the density profile

is 45 µm (= c× τ1). The plasma is initially cold with the temperature of 100 eV and it consists

of electrons and protons. The density plateau is terminated with a smoothly decreasing function

on both sides of the target to avoid spurious reflection on the sharp boundary of the target.

Both laser pulses and the plasma density profile are shown in Fig. 2. The figure on the left

side corresponds to the beginning of the interaction, the figure on the right side to the end of

the interaction. The field is plotted in the dimensionless units a0 = eE/(cmeω). As can be seen

on the right-hand side, the field of the seed pulse is strongly amplified and the pump pulse

is largely depleted. The amplitude of the field of the seed pulse is about 4.9 × higher after

the interaction which corresponds to the final intensity of almost 1017 W/cm2. The conversion

efficiency of the pump pulse energy into the seed pulse is about 61%. A small part of the pump

pulse energy (about 1%) is backscattered before the interaction with the seed pulse. The amount

of this energy can be decreased by lowering the intensity of the pump pulse (e.g. by increasing

the waist) while the efficiency does not change significantly.

Figure 3: The backscattered energy of the pump pulse without the presence of the seed pulse (left) and

the efficiency of energy transfer from the pump pulse to the seed pulse (right) from 1D PIC simulations

in dependance on the laser pulse duration (τ) and the laser pulse intensity. The plasma target has the

density corresponding to the resonance condition Eq. (1) and the target size is cτ .

To demonstrate the optimum pump pulse duration a set of 1D simulations was performed. The

parameters of these simulations are the same like before except for the pump pulse duration and
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intensity. In Fig. 3 on the left side, one can see the amount of backscattered pump pulse energy

before the interaction. It is clearly seen that this energy is reduced if the pump pulse intensity

and pulse duration are both decreased. On the right-hand side of Fig. 3, one can see the energy

transformation efficiency from the pump pulse to the seed pulse. This figure shows an opposite

trend as the final efficiency is largely dependent on the premature depletion of the pump pulse.

On the other hand, a very good efficiency ' 60% can be obtained also with 300 fs pump pulse

at the intensity of about 1016 W/cm2. This may be an important result as the conversion of very

short pulses to the second harmonic is not very efficient [3].

The 2D PIC simulation have confirmed our findings from 1D simulations as far as the energy

transformation efficiency is concerned for the optimum pump pulse duration of 150 fs. The time

of the interaction is too short for the 2D instabilities like filamentation and self-focusing to set

in.

In conclusion, we have studied Raman amplification with Ti:Sapphire seed pulse and a short

intense pump pulse obtained from the second harmonic of the Nd:Glass laser. The plasma den-

sity corresponding to the resonant condition for efficient amplification is very high in this case

due to large difference between the frequencies of the pulses. On the other hand, it turns out that

if the pump laser pulse is short enough and the amplification can take place in a small area then

the premature Raman back-scattering of the pump pulse is almost negligible and most of the

pump pulse energy is efficiently converted into an amplified seed pulse. We managed to achieve

roughly 60% efficiency with premature energy dissipation of a 150 fs long pump pulse of only

around 1%. These conclusions from 1D PIC simulations were subsequently confirmed in 2D

simulations, where it is confirmed that there is no filamentation or self-focusing of the laser

beam and the efficiency of the process corresponds to the value obtained from 1D simulations.

Let us put this into the context of the ELI Beamlines research center, which is currently being

developed in Czech Republic. If this Raman amplification process could be achieved with L3

and L4 lasers (the parameters are similar to the ones used in this paper with exception of the

second harmonic generation) at the ELI Beamlines research center and the efficiency would be

the same, the power of the resulting pulse could be approximately 20 PW. In principle, it might

be also possible to amplify shorter seed pulses, where the power achieved can be even higher.
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