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ABSTRACT

Volume density gratings produced by degenerate, counterpropagating laser pulses in plasma have several useful
optical properties. Here we report on one of these in an investigation into creation of a transient plasma density
grating that functions as a waveplate.
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1. INTRODUCTION

Ultrashort pulse high-power lasers have advanced the understanding of fundamental physics, contributed to
many applications of industrial and societal importance, and enabled numerous technological advances. Next-
generation facilities, such as the Extreme Light Infrastructure (ELI),"* are based on 10s PW lasers that will
generate high-brightness gamma beams, accelerate electrons to many tens of GeV and provide tools for inves-
tigating processes on attosecond timescales, studying nuclear physics, imaging dense matter and supporting
research into new cancer therapy modalities etc.

Current high-power lasers are based on solid state optical media that have damage thresholds on the order of
1Jem™2, for ultrashort (~100 fs or shorter) pulses.® This results in large and expensive optical components; their
maintenance requires careful monitoring, and damage, when it occurs, can lead to costly delays and disruption
to facility access.

Plasma presents an attractive alternative optical medium for high power lasers. It is optically active, replen-
ishable and already ionised, which results in a significantly higher damage threshold than for solid state media.
Several plasma-based optical device schemes are under investigation. Plasma waveguides have been developed
to guide intense laser pulse over many Rayleigh lengths, which have been used in laser wakefield accelerators
to produce multi-GeV electron beams from centimetre-scale devices.® Raman™® and Brillouin® '© plasma based
amplifiers are being investigated as high-gain modules for chirped pulse amplification.!! Plasma mirrors'? are
routinely used to increase laser pulse contrast and generate high harmonic radiation.'?

Plasma has also been proposed as a medium in which to create volume diffraction gratings,'®'® which are

formed using degenerate counterpropagating laser pulses of moderate intensity (~1 x 10! W cm~2) in subcritical
density plasma, n < n. = egm.w}/e?, where w; is the angular frequency of the laser beams, and all other symbols
have their usual meaning. The ponderomotive force associated with the beat wave drives electrons away from
high intensity regions, while leaving higher mass ions behind. Ions gain momentum from the space-charge fields
of electrons, and bunch inertially; ions and electrons form a volume plasma density grating with a periodicity
equal to the beat wavelength of the “pump” laser pulses i.e. half the pump wavelength.

Figure 1 shows the temporal evolution of an ion density evolving into a volume plasma density grating,
simulated using the 1-dimensional version of the particle-in-cell code EPOCH.' The electron density distribution
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is nearly identical to that of the ions. The grating is formed in plasma with an initial density ng =5 x 10 cm =3

and initial electron and ion temperatures of T, = 0.5eV and T; = 0.1T, respectively. The plasma grating is
driven by pump pulses with wavelength \; = 800 nm, ag = eEy/(mew;c) =~ 0.022 (for peak laser electric field Ey)
and Gaussian temporal envelopes with full-width half-maximum of intensity, 7 = 140fs. The simulation uses a
cell size of 0.4nm and 512 macroparticles per cell.
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Figure 1. Evolution of a volume plasma density grating for parameters described in the text.

The timescale for creating the ion grating is estimated as'* T =~ (mi/me)l/2 (k?cza%)_l/z ~ 1ps, where
m;/m. (= 1836) is the ratio of the ion to electron mass. In our simulations we observe a grating formation time
of T ~ 2.5ps. A fully formed density grating has a peak density nearly four times the initial value, as shown in
figure 2, where ion synchrotron oscillations are evident in the phase-space plot.'”

2. VOLUME PLASMA DENSITY GRATING WAVEPLATE

The plasma and pump pulse parameters used to generate the plasma grating should be achievable in experiments.
To determine the optical properties of such a plasma grating, we employ the methods described in Ref. 18. The
plasma modulation observed in the PIC simulations can be approximated as a rectangular wave with a duty
cycle a/(a+b) and amplitude n, —ny (see Figure 3a). The dispersion relations for s- (TE) and p-polarised (TM)
waves in the structure are determined. The dispersion relations for a wave with k = ky (using the same geometry
as in Ref. 18) are shown in Figure 3b. The slight differences in the dispersion for TE and TM waves results in
birefringence. A probe laser pulse with k, = 0 will experience a relative phase difference, I', between the two
components. This can be evaluated as a function of distance through the structure, L, as shown in Figure 3c.

3. GRATINGS FORMED BY GAUSSIAN PUMP PULSES

The plasma gratings considered above are produced by plane-wave pump pulses, and are therefore 1-dimensional.
However, in practice, the far field spatial profiles of high-power lasers are peaked and usually assumed to be
Gaussian. As the dynamics of a volume plasma density grating depends strongly on the local intensity of the
pump pulses, the grating will also have a radial dependence at any given time, when created by intersecting
Gaussian pump laser beams.

We have performed 2-dimensional PIC simulations using EPOCH to investigate these transverse effects,
which have a bearing on the phase shift experienced by a probing laser pulse. An initially cold plasma slab
with ng = 6 x 10'? cm ™2 is considered to extend in the 2- and y-directions to a distance sufficient to encompass
both the probe and radial pump fields. The pump and probe laser parameters are summarised in Table 1. The
probe is centred on x = 0, and the pumps on y = 0. A cell size of )\;/60 is used in both directions with 16
macroparticles per cell.
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Figure 2. Phase-space distribution (top) and density (bottom) of the electrons (left, blue) and ions (right, red) in a volume
plasma density grating at saturation.

A series of simulations have been performed varying the arrival time of the probe at the centre of the plasma
slab, to investigate the evolution of the structure. The probe passes into vacuum where the fields can be
unambiguously determined after interacting with the plasma structure. Figure 4 shows the result of a Fourier
analysis of the fields to determine the relative phase changes (between the ordinary and extraordinary waves)
due to the plasma grating, and how I" depends on the probe delay. With early delays, the probe experiences
little relative phase shift because the pump fields are still ramping up and the grating is not fully formed. After
0.7 ps the phase shift increases rapidly as birefringence grows. A peak phase shift of 21° (7/8.6) occurs after
0.075ps , when the on-axis grating formation is complete, after which the structure fades and the phase shift
drops gradually. The rate of decrease in phase shift is not as rapid as the build-up because the pump intensity
spatial profile delays the formation times in its wings.

The time at which the peak electron density in the grating reaches a maximum coincides with the time where
the largest phase shift occurs, as shown in Figure 5. Two regions of interest have been selected to highlight the
radial dependence of the grating — one around y = 0, where the pump pulse intensity is maximal (Figure 5b),
and a second region further from the axis (Figure 5¢). Lineouts of the plasma density in these regions are shown



3.0
/4
2.5
TE ™
§ 2.0 L
3 n/8 -
1.5
1.0
T T T T T T 0 T T T
-0.2 0.0 0.2 1.0 0.5 0.0 0.5 1.0 0 100 200 300
a X/A1 b kx/k1 C L (um)

Figure 3. a Electron density of the grating at its peak value (blue solid) and the periodic density model used to calculate
the dispersion relations (red dashed). b Dispersion relations for a TE (left, red) and TM (right, blue) wave with k = kg
interacting with the model plasma density grating. Wavenumber is normalised by the laser wavenumber in the unperturbed
plasma, k1. ¢ Relative phase between TE and TM waves as they traverse the structure.

Table 1. Pump and probe parameters for the 2-dimensional PIC simulations.

Parameter Pumps | Probe

ag 0.0484 2.16 x 1073
Intensity FWHM, 7 1ps 100 fs
Wavelength, A 800nm | 800 nm
Field waist, w 16 pm 6.6 pm
Propagation direction | & 7

in Figs. 5d,e, indicated by the dashed and dot-dashed lines. At this time, the grating has peaked and is decaying
at y = 0, and formation is peaked at |y| &~ 6 pm. The relative phase differences between TE and TM components
is integrated across the grating.

4. CONCLUSIONS

Plasma optics could become important elements in next-generation high-power lasers as they push beyond 10 PW
powers. Here we have investigated how counterpropagating Gaussian laser pulses can be used to create a volume
plasma density grating for use as a waveplate. These considerations are necessary for planning experimental
investigations into the future use of volume plasma density gratings.
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Figure 4. 2-dimensional simulations showing the dependence of the probe phase shift on arrival time relative to the pump
pulses.
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Figure 5. Electron density of a plasma grating formed by Gaussian pump pulses. The regions of interested marked by the
red dashed and blue dot-dashed boxes in a are shown in b and c, respectively. The upper and lower limits of the colour
scale have been truncated to emphasise elements of the grating. The lineouts indicated in b and c are shown in d and e,
respectively.
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