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Formation and persistence of ponderomotive plasma gratings created
by finite-duration laser pulses
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Prompted by early experimental realizations of plasma-optical components, we examine how finite formation
times affect the quality and scaling behavior of a plasma grating induced by the ponderomotive potential of two
counter-propagating pump laser beams. Ponderomotively driven gratings provide an alternative to ionization
gratings, which offer significant advantages in terms of stability and contrast, but exhibit notable drawbacks
regarding repetition rates and material modification. Here, in addition to parameters discussed in prior work, we
identify the pump pulse duration 7, as another factor for the dynamics and persistence of ponderomotively driven
plasma gratings. Based on full Vlasov simulations we predict the maximum density grating amplitude as well as
its lifetime as a function of electron temperature 7, and laser pulse duration ,. For interpretation and modeling,
we use a generalized form of a known one-frequency kinetic model to a finite-bandwidth scenario. Based on
these investigations we predict the influence of 7, and 7, on the maximum achievable grating performance,
providing a detailed explanation of the observed grating scaling. As a general result, we find that even gratings
generated by laser pulses of less than a few hundred femtoseconds duration 7, allow for very efficient utilization

up to picoseconds, provided that the plasma temperature is not too high (e.g., 7, < 100eV).

DOI: 10.1103/9237-5stj

I. INTRODUCTION

More than 180 years ago, Lord Kelvin (William Thomson)
was already discussing how electrically neutral particles can
be moved by electric fields. The history of the ponderomotive
force is told, for example, in the book by Heinrich Hora
[1], with the emphasis, of course, on the fact that it is a
nonlinear force. This is where the laser [2] and modern laser
physics come into play. Through discoveries honored with
Nobel Prizes in physics [3,4], it became possible to generate
very short pulses with extremely high fields. Laser-plasma
physics thus became one of the most innovative areas of mod-
ern physics. Indestructible plasma optics [5], manipulation of
light by light [6], and plasma photonics [7], to name just a
few, became the buzzwords used to characterize the ensuing
research aimed at exploiting ultra-high-power coherent light
sources.

Changes in the plasma density under the action of strong
laser fields were investigated at an early stage, e.g., in
Refs. [8-10]. Subsequently, numerous studies have outlined
potential routes toward highly specific practical applications.
These range from photonic crystals in general to laser com-
pressors in particular, although theoretical investigations still
considerably outnumber experimental demonstrations. The
Refs. [11-38] cited here are by no means exhaustive and,
inevitably, reflect a subjective snapshot of the field. It is clear
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hope that in the future plasma optical components can be
employed at high intensities, being as effective as classical
ones which can be used only at lower intensities [39].
Experimental verification of plasma Bragg gratings has
been clearly demonstrated in experiments, particularly in
gases. Plasma gratings are formed when two or more coherent,
high-intensity laser beams interfere in a gaseous medium,
producing a spatially periodic intensity pattern. When the
laser intensity exceeds the ionization threshold, this pattern
is transferred into a periodic modulation of free-electron
density, creating a plasma grating. The grating period is de-
termined by the laser wavelength and the crossing angle of
the beams. It should be emphasized that ionization gratings
differ from gratings being produced by the ponderomotive
force in already ionized media. Thus, in principle ionization
plasma gratings and ponderomotive plasma gratings originate
from distinct physical mechanisms of laser-medium interac-
tion. Ionization plasma gratings are formed through spatially
modulated ionization of a neutral medium, leading to plasma
density maxima that coincide with the maxima of the laser
intensity interference pattern. These gratings can persist be-
yond the laser pulse duration. In contrast, ponderomotive
plasma gratings arise from the redistribution of preexisting
free electrons driven by the ponderomotive force, resulting
in plasma density minima at the laser intensity maxima and
density maxima at the intensity minima. As a consequence,
ponderomotive plasma gratings are out of phase with the
driving intensity pattern. This opposite phase relationship
is a crucial experimental signature. The most direct exper-
imental evidence of plasma gratings is obtained using a
pump-probe configuration. Intersecting pump beams gener-
ate the plasma grating, while a time delayed, weak probe
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beam is diffracted by the periodic plasma structure. Obser-
vation of diffraction orders at angles consistent with Bragg
diffraction provides clear confirmation of the grating’s exis-
tence. Importantly, probe diffraction persists after the pump
pulses have ended, distinguishing plasma gratings from in-
stantaneous Kerr (optical) gratings. Additional verification is
achieved through interferometric and phase-contrast imag-
ing, which reveal periodic phase shifts associated with the
negative refractive index change induced by free electrons.
Time-resolved measurements of diffraction efficiency allow
determination of the plasma grating lifetime, typically ranging
from several picoseconds to nanoseconds, governed by elec-
tron recombination and diffusion. Polarization-independent
behavior further confirms the plasma origin of the grating.
Looking back over recent years [40—44], it is fair to con-
clude that the experimental development of plasma-optical
components has advanced substantially, and that a transition
to widespread adoption now appears realistically within reach.

Here we will concentrate on detailed numerical analy-
sis and theoretical interpretation of ponderomotively driven
plasma gratings (being produced by finite duration pumps),
with the aim of establishing criteria for their effective ap-
plicability as a function of the governing parameters. An
important issue, for instance, concerns the question of whether
ponderomotively driven plasma gratings exist only during the
laser plasma interaction time and how the phase relationship
develops during existence time. We will show here that even
for small pump duration (parameter 7,) the ponderomotively
driven initial phase of a grating will change into a pressure
balanced grating which shows similarity with an ionization
grating.

In a series of papers [22,23,26,45,46], Peng et al. in-
vestigated various aspects of ponderomotively driven plasma
gratings. This work led to a fairly comprehensive under-
standing of lattice formation as a function of key physical
parameters. A major breakthrough was the classification of
the different lattice structures in terms of two parameters v
and p. The parameter v is defined as

2
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where wpe is the electron plasma density evaluated at the
average electron particle density n., and Ag is the maximum
of the laser vector potential. The grating wave number is 2k,
(k is the wave number in plasma of the oppositeley propagat-
ing driving laser pulses). In our subsequent evaluations, we
assume v > 1. The trapping (superradiant) case v < 1 was
discussed in Ref. [21]. Variations in laser amplitudes can be
expressed in v.
The other fundamental parameter is

3T,

= . 2
u ool (2

It depends on the electron temperature 7,. Using macroscopic
(hydrodynamic) models and PIC simulations, supplemented
by kinetic calculations including finite ion temperature
effects, promising experimental parameter windows were
identified by Peng et al. [22,23] by varying u in the regime
v > 1. In the present paper, we consider both u > 1 as well

as i — 0. When pointing at the electron temperature (7,)
scaling, we might use u variation for fixed vy.

As already suggested, during grating formation another
parameter is significant:

7, = pulse duration of pump pulses. 3)

For definition see Appendix A. For simplicity, we assume two
counter-propagating pump pulses of same duration 1, in an
already existing plasma of electron density n.y and electron
temperature 7,. An alternative configuration is also feasible,
namely, a combination of long and short pump pulses. The
methods proposed here will apply also to that case

The starting point and primary focus of this work is a
series of Vlasov simulations carried out as a function of the
parameters v, u, and 7,. Expressed in physical variables, our
investigation concentrates mainly on the dependence of the
system behavior on pulse duration (7,) and electron tem-
perature (7;). We distinguish between short- and long-pulse
regimes, separated by the ion response time. Characteristic
trends are identified in both the grating amplitude and the
grating lifetime, together with distinct scaling behavior as a
function of electron temperature. A second focus of the work
is the interpretation and modeling of these findings. We build
on a model originally proposed by Michel et al. [47-49] for
the low-bandwidth regime, and extend it to a finite frequency
interval. Given the linearity of the model and the neglect
of dissipative effects, we obtain remarkably good agreement
with the observed behavior.

Accordingly, the paper is structured as follows. Section II
presents the Vlasov simulation results. Section III develops
the theoretical interpretation and finite-bandwidth model. Fi-
nally, Sec. IV summarizes the main findings.

II. VLASOV SIMULATION RESULTS

A. Typical temporal grating evolution as a function
of the parameter 7,

In this section we present Vlasov-Maxwell simulations for
the temporal evolution of ponderomotively driven gratings. To
this end, we use our semi-implicit Maxwell-Vlasov code [50].
The pump pulse duration T, is varied. First, we will discuss the
case of a grating driven by (“infinitely”’) long laser pulses with
pulse duration t, > T, where T); = 27 /w; is the typical
timescale for ion motion being determined by the ion plasma
frequency w,;. We then consider pump pulses with duration
shorter than 7. In all cases, we choose the laser wavelength
to be Ao = 800 nm and use linear polarization.

Apart from the laser pulse duration, all simulation pa-
rameters are identical in the following two subsections. We
consider an initially homogeneous underdense plasma slab of
plasma density ny = 0.05 n., bounded by regions of vacuum.
Here n, is the critical density following from wy = wpeo. The
slab has a length of 30 A, it is centered around x = 20 A.
We assume fully ionized hydrogen plasma, i.e., m; = 1836 m,,
Z =1, and initial charge neutrality, i.e., electron and ion
density, are the same (n; = n,). The laser propagates along
x, which is resolved with 50 grid points per Ay. The initial
plasma temperature is set to 7, = 50eV for electrons and
T; = 5eV for ions. The simulation resolution in v space is
such that we use Av = 0.02vy,, where vy, is the thermal veloc-
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FIG. 1. Simulation results for a grating driven by very long (“infinite”) laser pulses. (a) Temporal evolution of the longitudinal electric field
E, at the grating center. Shown are two spatial periods of the grating. The field dynamics is categorized in two phases I and II; see text. Arrows
indicate the direction of F = ¢;E,. (b) Electric field at position x = 19.6 A, [indicated by vertical line in (a)] during phase 1. The field oscillates
with the electron plasma frequency. (c) Normalized electron density modulation n, at times ¢ = 520 fs (dashed blue line) and ¢ = 1900 fs
(solid red line). The latter time corresponds to the maximum density variation.

ity for each species. The dimensionless laser pulse amplitude
ay = Ape/myc is ap = 0.01 (corresponding to an intensity of
approx. 2 x 10'* W/cm?). Electric fields obtained from sim-
ulations are normalized by Ey = m.cwp/e = 4 x 10'2 V/m,
and, unless otherwise stated, we use ng for density normal-
ization.

For the above parameters, the relevant timescale for elec-
trons is Tpe = 27 /wpe ~ 121s, whereas T,; ~ 520 fs. When-
ever finite pulse duration is specified, it is measured as the
FWHM duration of the electric field.

Summarizing in terms of the parameters v, u, and 7, we
assume

v=263, wu=0335 1,=100-2000fs. )
1. Phenomenology of a “long grating” from a Vlasov simulation
SJor t, > T,

In order to model very long laser pulses, we choose the
laser field envelope to be tanh-shaped with a rise time of
two field cycles. At ¢+ = 80fs the two pulses begin to over-
lap at the center of the plasma slab. Once the two pulses
interfere, they drive a ponderomotive grating with a period
A = 1ho//T=ng/n. = 1. Note that for ng = 0.05n, we
have A & Ag. The ponderomotive force then pushes electrons
into the potential troughs, leading to the formation of a space-
charge field E,, which then acts on the ions. The ions become

accelerated and begin streaming to the nodes of the standing
electric wave, i.e., the ponderomotive potential troughs. This
eventually leads to a plasma density modulation with period
A, which for the above parameters reaches its maximum at
t ~ 1900 fs.

Figure 1 summarizes results from this simulation. The
temporal evolution of the longitudinal electric field E, in a
region close to the center of the plasma grating, resulting from
the local imbalance of electron and ion density, is shown in
Fig. 1(a). At early times ¢ < T,; (phase I), the field is domi-
nated by the electron response to the ponderomotive potential.
We observe electrons oscillating about the ponderomotive po-
tential troughs at the electron plasma frequency. Figure 1(b)
shows the amplitude of E, along the vertical dashed line
of Fig. 1(a); oscillations with a period of T, ~ 12 fs are
apparent.

For times ¢ 2 T),; the electric field structure is first influ-
enced and then ultimately dominated by ion motion (phase II).
The influx of ions towards the electrons trapped in the laser
field is triggered early; the direction of the force F' = ¢;E,
is indicated by the arrows in Fig. 1(a). At t ~ 1000fs the
electrostatic field E, is no longer dominated by the electrons
under the influence of the ponderomotive potential, but by
the heavier ions now attenuating the electric field (e.g., x &
19.2 &) and eventually overshooting these positions. During
the later stage of phase II, we observe that the local electric
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FIG. 2. Temporal evolution of the electric field E, for the case of finite-duration pump pulse of duration 7, = 250fs < 7},;. The maximum
density variation is reached at # & 1300 fs. Simulation parameters are otherwise the same as for the results shown in Fig. 1(a). Temporal
evolution of the longitudinal electric field E, at the grating center. Phase I is limited by the laser pulse duration. Field reversal occurs
immediately after the laser pulse overlap ends. (b) Maximum (red) and minimum (blue) of n, in the grating center as a function of time.
(c) én, in the center of the grating at ¢ = 250 fs (blue dashed line) and # = 1300 fs (red solid line).

field reverses and that the field maximum moves outwards
with a characteristic velocity [visible as tilted blue and red
stripes in Fig. 1(a)].

Figure 1(c) shows the electron density modulation én, =
n. — ng at two times. The dashed blue line shows the modu-
lation at ¢ &~ 520 fs. The solid red line shows the maximum
density modulation at t &~ 1900 fs.

2. Phenomenology of a “short grating” from a Vlasov simulation
Jor v, < T,

Figure 2 shows a typical result for an (initially ponderomo-
tively driven) short grating generated by short pump pulses.
The only change with respect to the previous subsection is
that the laser pulses are now super-Gaussian in time with a
FWHM duration of 7, ~ 250fs. A super-Gaussian envelope
is used rather than a Gaussian envelope to define the pulse du-
ration more sharply. The main interaction between the pulses
takes place between t ~ 100 fs and ¢ ~ 300 fs, yet, the density
maximum appears at approximately ¢ ~ 1300 fs. Notably, the
electric field (as indicated by the color scale) changes its
sign after the ponderomotive potential has vanished, while the
grating is still (and remains) clearly structured. This phase
shift is clearly related to the absence of the ponderomotive
force during the later development.

For such short driving times, phase I is purely electron
dominated. Even though the force acting on the electrons
reverses direction during phase II, the density modulation
continues to grow because of ion inertia; see Figs. 2(b) and
2(c).

B. Scaling results from Vlasov simulation

1. Time for reaching maximum amplitude and performance
at maximum density

In the Vlasov simulations, we measured the time 7,5 that
elapses until the maximum of the grating density is reached.
We discuss how this time varies with pulse duration 7, and
electron temperature 7, (always keeping the initial ion tem-
perature 7; = T,/10). In Fig. 3 #,ax is shown as a function of
T, for different values of 7,,. For Fig. 1, #;n,, is 1900 fs, whereas
the simulation corresponding to Fig. 2 yields a value of 1300
fs. Note that in the latter case the time #,,x is much larger than
7,. We do not have pure electron gratings; ions take part in the
dynamics. Renormalizing the values by subtracting the initial
phase I, one obtains in both cases a value of approximately
900 fs up to the attainment of the density maximum during
phase II.

The times t4x scale approximately with 1/+/T,. This sug-
gests identifying the propagation velocity of the stripes in
phase II with the ion acoustic velocity c;.
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FIG. 3. Time #;,,x to reach the maximum amplitude é» as a func-
tion of electron temperature 7, for different pulse duration t,. The
broken line is the approximation #,,,, = exp[9 — 0.5 log(T,)].

At this point, however, we should clarify which tempera-
ture values we use in the analysis. In general, and unless stated
otherwise, we use the initial electron and ion temperatures.
Strictly speaking, this is not entirely correct, since the tem-
peratures change over the course of the temporal evolution.
However, the fact that our approach is not fundamentally in-
appropriate when determining scaling trends rather than exact
values is demonstrated, for the parameter ranges considered
here, by comparing the later electron and ion distribution
functions with the corresponding initial distributions. Figure 4
shows a typical example, from which we can see that although
the temperatures do change, the changes are not large enough
to significantly alter the scaling trends. The data shown in this
figure are taken from the simulation shown in Fig. 2 and shows
the electron and ion distribution function, respectively, as a
function of the flow-corrected velocity ¥ at different positions
x and times ¢. The velocities are normalized to the thermal
velocties vy . ; = +/Te.i/(m.,;). Specifically, the distributions
are shown at ¢ = 0, at t = 400fs (i.e., after the driver pulses
just left the plasma) and at ¢+ = 1300 fs (the time at which

V/vth,e

(a)

the maximum grating amplitude is achieved). For the two
latter times, we show data at xp,x = 19.2A¢ (the position at
which a density maximum is located) and xp,i, = 19.45X (the
location of the associated density minimum). It is apparent
that the temperature changes, but not significantly for any of
the distributions. The general trend is that the temperature
slightly increases at density maxima and slight decreased at
density minima.

As noted already by several authors (see, e.g., Ref. [23]), it
would be incorrect to claim that the ponderomotively driven
lattices exist only as long as the ponderomotive potential is
present. The reason for this behavior lies in the ions, which
move towards the electrons as long as the latter are confined.
Due to their large mass the ion inertia leads to a long-lasting
persistence.

Ion motion is such that, after a finite time, they either
overshoot the positions at which the electrons have formerly
been trapped (1 < 1) or become deflected from these posi-
tions (u = 2) [23]. Either way, the grating contrast (i.e., the
difference in maximum and minimum of §n, over a period)
first becomes maximum and then decreases; see Fig. 2(b).
However, as ions perform the same type of motion in every
grating period, the overshot or reflected ions, respectively, of
adjacent periods will bunch again and thus lead to a repetitive
reformation of the grating.

For the application of a plasma grating, its persistence is
of crucial importance. As a measure, we use the time inter-
val Atl,. during which the density modulation amplitude
max(dn,) — min(én,) does not change significantly (e.g., by
less than 10%) within the first temporal cycle of the grating. In
Fig. 5(a) we show the typical temporal evolution of a grating
modulation for a short and a long grating, respectively. For
the two examples, Ath,, is of the order of 700 to 1200 fs.
Figure 5(b) shows the long-term temporal evolution of the
grating modulation over multiple reformation cycles of the
grating driven by the 250 fs laser pulses. On this timescale,
the periodic nature of the grating becomes apparent. Subse-
quent iterations of the grating are less and less pronounced in
amplitude, damping is clearly observed. The time it takes for
the reoccurrence of the grating scales as 7,”'/2, hinting at a
relation to the ion sound speed.

0

-2 -1 0
V/Vth,i

(b)

FIG. 4. Distribution functions of (a) electrons and (b) ions as a function of the flow corrected velocity . The black dashed line shows the
initial distribution at t = 0. The distributions at # = 400 fs are shown as red solid (for x = x,;,) and blue solid line with circles (for x = x;ax)-
Distributions at# = 1300 fs are shown as orange (light gray) line with triangles (for x = x;,) and magenta (medium gray) solid line at x = Xyax.
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FIG. 5. (a) Temporal evolution of plasma density modulation
amplitude |max(§n,) — min(én, )| for long (orange dashed) and short
(black solid) gratings shown in Figs. 1 and 2, respectively. (b) Long-
time evolution of |max(én,) — min(én,.)| for two short gratings in
plasmas of different temperatures. The black solid line is the same
case as the black line in (a) (7, = 50eV). The magenta dashed
line is for a simulation identical to that of the black line, but with
T, =200eV.

2. Scaling of maximum grating amplitude with electron
temperature T, and pulse duration T,

We now examine in more detail the maximum grating
amplitude obtained from the Vlasov simulations. We address
the scaling differences between short and long gratings with
respect to the parameter 7,, in addition to the parameters u
and v discussed earlier [22,23]. We also focus on temperature
scaling.

Figure 6 shows the scaling of the maximum grating am-
plitude as functions of 7, and t,, as obtained from Vlasov
simulations. For pulse duration 7, < O(1000)fs, the maxi-
mum grating amplitude increases with t, at fixed 7,. For
pulse duration 7, > O(1000) fs, the amplitudes approach sat-
uration, i.e., they do not increase further for fixed 7, when
increasing 7,. The dependence of the amplitude at fixed T,
upon variation of 7, is more complex. For all pulse duration
a higher temperature is accompanied by a decrease in the
maximum amplitude. However, the dependence of max(én,)
on T, is different for “short” and “long” pulses. For “small”
7, < 250 fs, we find that max(dn,) ~ T,”". The exponent m
can be obtained by a linear fit to the corresponding line in
Fig. 6. For 7, < 250fs, we obtain m ~ —0.5, throughout the
whole tested temperature range. This is consistent with earlier
observations [51]. For “larger” , > 500 fs we observe again
a power-law dependence of max(én,.) with T,, however, now
the exponent is different in different temperature regimes. At

0.050

4 -0~ 1,=50"s
% 0.010 1,=100fs
‘g 7, =250fs
?é/ 0.005- | A 1,=500fs
E ) © W 1,=1000fs
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0.001 ‘
5 10 50 100 500
Te (eV)

FIG. 6. Results from Vlasov simulations for the scaling of the
maximum density amplitude with respect to electron temperature 7,
and T,,.

lower temperatures, |m| is always smaller than towards larger
temperatures. The crossover temperature where the transition
from one scaling exponent to another takes place depends on
the pulse duration 7,. Let us exemplify this for the data of
7, = 1000fs pulses. At temperatures 7, < 100eV we have
m =~ —0.5, for T, 2 200eV we find m ~ —0.9. With increas-
ing pulse length, the crossover temperature (from m ~ —0.5
to m &~ —1 scaling) decreases.

In Fig. 7 we show in more detail the variation of the
maximum density as a function of 7, for two values of 7.
The tendency to saturate in the limit of large duration 7, is
clearly visible.The relative magnitudes are smaller for larger
temperatures. Nevertheless, this evaluation shows that even
with short pump duration one might obtain sufficient grating
amplitudes provided the plasma temperature 7, is not too high.
The observed scaling behavior will be later explained by a
finite-bandwidth model.

III. INTERPRETATION AND MODELING
A. Theoretical classification of temporal dynamics

We first give a qualitative classification of the tempo-
ral evolution depending on pulse duration 7, and electron

0.035
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50025

$§ 0,020

=< 0.015

£ 0.010 !
0.005 i
o000 .

0 500 1000 1500 2000
Tp (fs)

FIG. 7. Maximum density amplitude max(én,) vs. 7, for T, =
25eV (blue solid line) and 7, = 100 eV (orange dashed line).
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FIG. 8. Sketch of the electron density distribution én, ~ —¢,
and the direction of the created electrostatic field E, in case of a
ponderomotively driven grating evolution. The initial reaction of the
ions is also shown.

temperature T,, i.e., we interpret the phenomena shown in
Figs. 1 and 2, respectively. At this stage, we refrain from a
quantitative analysis and instead focus on the key qualitative
differences between the phenomena of short and long grat-
ings.

1. Balance in the presence of a ponderomotive potential

An electron grating is established at very early times due
to the action of the ponderomotive potential ¢, (early during
phase I in Figs. 1 and 2). In Fig. 8 we sketch the situation in
which the electrons have been pushed by the ponderomotive
force and ions have just begun to move under the action of
the created electrostatic fields. The ions are not yet actively
involved for times ¢ < T),; (early part of phase I). Then the
electron density variation follows from

~ €0 32¢
e x2’
where ¢ is the electrostatic potential. In general, we estimate

the electric field strength E, = —% from the total force on
electrons

sn, ®)

d 1 0P 0
L2 LOP 09 oy, (©)

F, =
ox n, 0x 0x

—eE, Fp Fy

when we neglect the electron inertia [22]. We have contribu-
tions Fp from the pressure force, and F, = —ﬁxgop from the
ponderomotive force, in addition to the electric force due to
the space-charge field E,.

Two counter-propagating linearly polarized laser beams of
equal frequency and amplitude,

E, = Eycos(wt + kix), 7

interfere to form a standing wave E(x,t)=2
Ejcos(kyx)cos(wt). The cycle-averaged squared electric
field is given by (E*(x,1)); = 2E§ cos? (ki x), resulting in an
intensity distribution 7(x) = Iy cos®(k1x), with Iy = 2c&oE}.
The resulting light pressure can be expressed in terms of a

E, = Eycos(wt — kix),

ponderomotive potential ¢,,, which reads

22 22
€ (E ) 2 e EO
= = @, cos” (k1x), = —. 8
(ﬂp(X) Amy? ¥po (k1x) Ppo ) ¥
The ponderomotive force [52] is usually denoted as
2 2
F,= —%ﬂmz =Yg, ¢,= Mec aj cos(2k; x),
)
eA ~ eE

which agrees with the above formulation since a= e mca”

The periodic ponderomotive potential has a spatial period of

A/2 and expels electrons from the intensity maxima, leading

to the formation of a ponderomotively driven plasma grating.
When we ignore the pressure P, we find

€ 0%¢ e
Sn, ~ = axzp = —2k26—2a3 cos(2k;x) (10)
as well as
me® ,
E. ~k ag sin(2k;x). (11
e

This distribution is shown in Fig. 8. The interpretation is
consistent with the phenomena shown in Figs. 1 and 2 during
phase 1. Inserting numbers, we find

\%
E, ~4x10"a} —
cm

~ 0.0001 E,, (12)

which is in excellent agreement with the Vlasov results over
the duration for which the ponderomotive potential exists.

2. Transition to kinetic pressure dominance

Pressure P may dominate after the (more or less abrupt)
disappearance of the pump laser pulses in ponderomotively
driven short plasma gratings, or in ionization gratings once
the ionization process in the gas has ended. We have an intrin-
sic buildup of pressure gradients during the growth of local
density maxima and minima in long ponderomotively driven
gratings.

In addition to the intrinsic buildup of pressure gradients
during growth of local density maxima and minima (during
the final formation of the grating), local heating may further
reinforce the dominance of pressure. A scenario with domi-
nant pressure force is shown in Fig. 9.

In purely pressure-dominated gratings we approximate
Eq. (6) by
1 dP

en, 0x

(13)

~ —

X

The pressure can be treated either in the adiabatic or in the
isothermal approximation,

P~P.~nl. or P=nT.+T)~nT. (14

Since the adiabatic approximation is well justified [45], we
will employ it for some later estimates. Generally, when com-
paring ponderomotive potential contributions with pressure
contributions in (6), pressure becomes significant for u > 1;
see Appendix B

When comparing Fig. 9 with Fig. 8, we recognize that
relative to the density extrema the direction of the electric field
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region A region B
after "larg(er)"
- pressure P
vanishing
of pumps:

NN

e

vP vP

"small(er)"
pressure P

_ —

Ex Ex Ex Ex

-—

FIG. 9. Sketch of the initial electron density distribution én, ~
—¢, and the direction of the created electrostatic field E, in case
of kinetic pressure dominance after disappearance (or relative weak-
ness) of a ponderomotive potential.

reverses. Both Figs. 8 and 9 will now be used to discuss the
behaviors shown in Figs. 1 and 2, respectively.

3. Initial phase I of ponderomotively driven plasma gratings

In general, for phase I of both, long and short gratings as
shown in Figs. 1 and 2, the ponderomotive lattice scenario
depicted in Fig. 8 applies. Initially, the electrons are driven
into the wells of the ponderomotive potential, where they ac-
cumulate, while relative minima in the electron density form
at the maxima of the ponderomotive potential.

Then, during the initial phase I, the ions start moving in
the direction of the electric field E,, as indicated in Fig. 8.
Neutralization of the electron density humps begins. In other
words, during phase I, the electrons are confined by the pon-
deromotive potential and “pull” the ions. When the ions start
moving, after some time (because of their large mass) they
begin to dominate the dynamics, showing a pronounced iner-
tial effect. Later, they pull the much lighter and more mobile
electrons along with them.

As long as the electric field remains of the order E, &~
—0(5¢ dep =), ions are continuously accelerated. In linear approxi-
matlon the ion velocity u;, e.g., close to an electron maximum,
becomes

ou; e
mi— ~eE, ~ u~—E.t. (15)
ot m;
Then the ion density variation én; follows from
on; on; ou; 1 0dn; e 8
- Fuio— N —ni— ——
ot 0x ox ng 0t mi ox
Thus, during phase I, the density initially increases quadrati-
cally in time
1 0én;

——~2k1—t|E| ~
no ot

- (16)

M LB a7)
no m;
This behavior is observed in Vlasov simulations. The motion
is not straight, but oscillatory (on the ion timescale), as seen
in the simulations and suggested by the field structure as
sketched in Fig. 8.

The manifestation of phase I differs significantly between
long and short gratings. For long gratings, as in Fig. 1, the pon-

deromotive potential dominates over the entire time required
for the trailing ions to establish a quasineutral region in the
vicinity of the density maxima. This region is clearly visible
in Fig. 1 at¢ =~ 1000 fs.

For short gratings, by contrast, the ponderomotive potential
is switched off after a time ¢ ~ 7,. Beyond this point, the
electrons are no longer focused by the ponderomotive force
but instead follow the ions as the latter have gradually be-
gun to move. Only up to times ¢ ~ 7, does the evolution in
Figs. 2 and 1 coincide. Consequently, the density amplitudes
in Fig. 1 at¢ = 1000 fs are expected to be significantly larger
than those in Fig. 2 at t ~ 7,. The just mentioned density
amplitudes are the initial conditions for the next phase.

4. Ion-inertia-dominated evolution in phase I1

The ions start overshooting in phase II. This results in
an electric-field reversal. The density variation reaches its
maximum in phase II, when ion trajectories from neighboring
regions cross. In principle, for both long and short gratings,
similar but not identical forces determine the ion motion.

In long gratings, density inhomogeneities relax through
collective ion dynamics. The presence of a ponderomotive
force (as it occurs for long gratings) modifies this process
by introducing an additional pressure-like contribution, lead-
ing to a renormalized effective sound speed. The argument
proceeds as follows. Approximating the electron momentum
equation by

E +

1 - 1-
VP, + -V, ~0, (18)
e

en,

where ¢, is the ponderomotive potential for electrons, we
insert E into the ion equation of motion

mini% x eniE — %Pg, (19)
ot
to obtain after linearization
9°8n eff12 o2
e ~ [ ] V=én, (20)
with
T, 0
My 2 for T @1

m; n; on

This approximation applies to long gratings, whereas for
short gratings

T,

eff _ €
Neg=_y—
m;

= 12.64 x 10°\/T, [eV] x 10—8“f—m
S

for protons
(22)

holds. For long gratlngs
weakened.

Characteristic lifetimes are shown in Fig. 3. Theoretically,
we estimate lifetimes by

%~ (0, and the restoring velocity is
an

Tmax ~ Toff (23)
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Within a simple estimate for 7, ~ 50eV we getc, &~ 9 x 1072
nm/fs, leading to f,x ~ 0(10%) fs. This estimate is close to
the observed timescale. Motivated by this agreement we added
(for ¢, = 0) the curve

In(tmax [fs]) ~ 9 — 1 In(T, [eV]) (24)

to Fig. 3. The curve also reflects the statement by Peng
et al. [23], according to which the periodicity time should
be roughly inversely proportional to w, i.e., ~1/T,. Our ob-
servations, however, rather suggest a proportionality closer
to ~1/4/T,. Two reasons could be responsible for a slight
deviation from this proportionality which we supported by
the above argument based on ion sound speed. First, there
is the modified form of the effective sound speed ¢ being
modified by ponderomotive effects. Second, a change in the
electron temperature 7, relative to its initial value during the
nonlinear evolution of the grating does occur, as illustrated
by a typical example in Fig. 4. However, the change remains
within a range for which the use of the initial temperature can
still be considered a reasonable approximation.

Summarizing phase II for short pulses, after the pump
pulses vanish for ¢t > t,, the scenario sketched in Fig. 9
emerges. The electric fields are then governed by the pressure
gradient. The electric field distribution becomes opposite to
that in the initial phase ¢ < 7,. The electric-field strengths are
considerably smaller than in the case of long pump pulses
(Fig. 1). It is important to note that so-called short gratings
produced by short pulses of duration 7, persist much longer
than 7, and reach their maxima at much later times than
7,. The reason is that in the investigated parameter regime,
electron gratings evolve into quasineutral ion gratings.

B. Scaling forecast with a linear kinetic approach

We now interpret the observed Vlasov scaling in the light
of a simple model. We employ a linear kinetic model that is
largely based on a previous proposal by Michel et al. [47].
A generalization, which we refer to as the finite-bandwidth
model, will provide estimates regarding the scaling of the grat-
ing amplitude with electron temperature 7, and pulse duration
7,. However, it relies on a linearization and therefore does not
capture heating effects or nonlinear saturation.

1. Kinetic one-frequency model

Michel et al. [47] presented a kinetic model for the electron
density perturbations under ponderomotive action. The result,
obtained from a linearized calculation, is

Sne(w) ek’ 1+ xix(@)
neo e2n€0 I+ Xek(w) + X[k(w)
Fy(w)

Xek(@) @p,  (25)

where ¢ denotes the Fourier transform of the ponderomotive
potential

2
MeC
¢p = eTaé Eapap €08(2k1x),

An evaluation of the ponderomotive potential, generated by
pump pulses of finite duration, was given, e.g., in Ref. [32],

k = 2k;. (26)

-_—
n
o
o
—

-
o
o
o

wi(2k4cs)
FIG. 10. Real (black solid) and imaginary parts (red dashed) of
F, as functions of w for T, = 50eV, T; = 5eV, and k = 2k;.

together with the definition

2

=

2
o %0’

Eapay (X, 1) =€ e o = f(x,1), 27)

which also follows from the Gaussian-pulse discussion in
Appendix A. Here (x?) is the square of the spatial width, and
012 = (x%)/ véo the square of the temporal width.

It is interesting to examine the complex function F, as
a function of w for fixed k ~ 2k;. An example is shown in

Fig. 10.
Note that
1 1
RCFX(Q):O): W%E ~ i, ImFX(a)=O)=O (28)

2. A finite-bandwidth generalization

A finite (in time) laser pulse has a finite (temporal) width
7, as discussed in Appendix A. The same applies to the
ponderomotive potential. The ponderomotive potential ¢, of
two counter-propagating Gaussian laser pump pulses is pro-
portional to [32]

0p ~ Eagay (X, 1) cOS(2k1X). (29)

We compute the space-time Fourier transform of (27) in the
form

flk, w) = / / ” Fx, ) e &= gy dy

and leave the 277 factors for the back-transform. After separa-
tion, we find for the time integral

- 00 2\ .
[k, w) ~ / exp (—_2>elwtdt
—0o0 Gt

252 2952
=O’tﬁ€ “’Uf/4~ew/25w

with
2 23552 x 2 3.33
o; T, 7,

If we consider frequencies in the range

Q<0< (31)
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FIG. 11. Scaling predictions of a finite-bandwidth model. Shown are maximum values of én/n, as functions of electron temperature 7,.
(a) Result for a long pump pulse, 7, = 17 ps. The 1/T, dependence is expected for w = 0. (b) Same as in (a), but now for a much shorter pulse

length (7, = 170fs). Note the different scaling on the vertical axis.

W€ use
_FWHM _ 2355 3.92

Q: = O,
2 2 7,

(32)

Comparing with a rectangular box distribution of length 2 7,
in z-space, we would get the dominant spectral contribution
in the region |w| < rl,,’ which approximately agrees with the
above Gaussian estimate.

For “infinitely” long pumps of equal frequency, we would
have contributions only from w = 0. Then én.(¢) ~ én.(w).
However, for short pump pulses (with broader frequency
range) we should integrate over the given frequency region.

We generalize the kinetic calculation [47] by averaging
over a frequency domain, obtaining an effective F function.
The mathematically exact procedure is to perform the inverse
transform, starting from (25):

/ / K*Fy ¢, ¢ dw dk. (33)

In the frequency integral, the factors F, and ¢, contribute. The
factor ¢, approximately limits the integration range to —<2 to
4. Since all numerical simulation results exhibit a clearly
recognizable cos(2kx) spatial distribution, we focus here on
the temporal dependence. We should now also bear in mind
that the original expression was derived by linearization, and
that its validity at large times is therefore questionable. At
short times, the w dependence of F is therefore expected to
be of greatest importance. This, of course, constitutes an ap-
proximation that leads us to intrduce the effective F function

Snq(x,t) €

neo ezneO

+Q
Far = Fan(To T ) = 5 f Fi@e P do. (34)
2Q2 J_q

Compared to the original F,, this accounts for the finite time

duration of the pump lasers. A similar effect, caused by the

finite spatial extent, will cause a broadening of the wave

number 2k. That broadening, however, will be ignored here.
Under these conditions we end up with the prediction of

the electron density variations in the grating

on.(x) N €ok?

ne
For §p &~ zFeffagn— cos(2k;x). (35)
0

neo €ne)

We call it a finite-bandwidth generalization of the original
model of Michel et al. [47].

We are aware of the numerous assumptions involved in
this approximate approach. For example, the time range over
which the linear relationship between dn, and the pondero-
motive potential ¢, remains valid is uncertain. Moreover, the
approximation adopted here does not account for phase dif-
ferences between the density perturbation and the dynamics
of the ponderomotive pressure. All damping effects, which,
however, we do not observe on short timescales, are likewise
neglected. We therefore regard the finite-bandwidth general-
ization primarily as a prediction of trends rather than as a
quantitatively reliable long-term model.

We evaluate the finite-bandwidth model in two ways. First,
we investigate the temperature dependence of the maximum
achievable density variation. Figure 11 shows typical results
for long and short pumps, respectively. For long pump pulses
[see Fig. 11(a)], the temperature dependence is NTe_', as has
been predicted already by Michel et al. [47]. On the other
hand, as seen from Fig. 11(b), shorter pump duration leads
to two significant modifications. First, the amplitudes are sub-
stantially lower, and second, the temperature dependence is
significantly weaker.

The finite-bandwidth model further yields a prediction for
the dependence of the grating amplitude on pump duration.
The relative increase of maximum amplitude is illustrated in
Fig. 12. For a fixed temperature (e.g., 7, = 100eV) and fixed
pump amplitude ap, the density maxima increase with t,,.

We observe a fast increase of the grating amplitude with
increasing (still relatively small) pump width up to a certain
maximum. For longer pumps (7, > 2000 fs), the grating am-
plitudes approach a (relatively large) saturation amplitude.

Summarizing so far, the qualitative trends observed in
Vlasov simulations are well captured by a finite-bandwidth
model. Of particular interest is the prediction of the 7, depen-
dence of the amplitudes. For long pulses, we have én ~ T,7!.
Short pulses produce gratings of much lower amplitude with a
weak temperature dependence. As a function of 7, the maxi-
mum achievable density amplitude initially increases strongly,
but transitions into saturation at relatively large 7, values. At
least for long pulses, the kinetic model predicts the amplitude
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Te (eV) 400

(a)

500 1000 1500 2000
T, (fs)

(b)

FIG. 12. (a) Prediction of the finite-bandwidth model for maximum values of é7n/n, for a fixed electron temperature as a function of pump
duration 7. (b) Lineouts for 7, = const of the surface shown in (a) for 7, = 100eV (red solid) and 7, = 200 eV (blue dashed), respectively.

The lineout for 7, = const = 1000 fs (green solid) is shown in Fig. 13.

scaling 8n ~ a3. For shorter pulses a reduction of amplitudes
with decreasing 7, occurs.

However, in any case the kinetic model used here is
only approximately valid—in contrast to the full Vlasov
simulations. We should not expect that the model is fully
quantitatively reliable during the saturation process.

3. Crossover prediction of the finite-bandwidth model

For very long pump pulses, the Tl dependence is very

nicely reproduced. For shorter pump ppulses, the T, depen-
dence is much weaker than for long pump pulses. An algebraic
dependence of the fitting curve may not be the best choice. In
addition (as expected), short pulses generally result in signifi-
cantly smaller amplitudes.

However, the crossover in T, dependence from long to
short pump pulses is not as smooth as the two shown ex-
amples might suggest (see Fig. 13). The model indicates the
following. As long as the frequency domain lies within the
kcg borders of the Fy function, we get a smooth variation
of functional dependence ~7,”% with well-defined power «.
See Fig. 10 for the resonance at w = kc;. On the other hand,
when the frequency range extends significantly beyond kc;,
the 7, dependence of the maximum amplitude §n becomes
very weak.

200 400 600 800
Te (eV)

1000

FIG. 13. Maximum 4n as function of electron temperature 7, for
an intermediate pump pulse length 7, = 1000fs. The depicted 7,
values include 7,7V = 400eV.

This domain can be estimated with the help of (32),

3.92
392 e, (36)

Tp

which gives approximately

2 X 104 < [f ] T [ V] > 4 X 108 crossover
—— < fs] < T.[e —— =T,
NAD T ]

(37
Here T,;7°%°%" is the crossover temperature which depends
on 7.

Note that in Fig. 11(a) for a very long pulse all temperature
values satisfy 7, > T,7°%°"| while in Fig. 11(b) for a very
short pulse we are in the opposite limit 7, < T,°%°"", There-
fore, we pose the question whether we can see the crossover
when the crossover temperature 7,7°%°%" lies in the middle
of the investigated temperature range. The answer is yes. An
example is shown in Fig. 13 for 7, ~ 1000 fs. The above
formula leads to a crossover at 7,7°%°V" = 400 eV.

The following trend appears to be general in nature: For
T, < T™°"" a rather flat 7, dependence occurs [similar to
that in Fig. 11(b)], while for T, > T,;7°%°"" an algebraic de-
pendence [similar to that in Fig. 11(a)] is dominant.

It is now useful to identify a crossover in Fig. 12. Solving
the relation (37) for 7,, we can define a crossover via

2 x 10*
VT, [eVT

Evaluating for the parameters of Fig. 12 we find 770" ~
2000 fs for T, = 100 eV and 7, ~ 1400 fs for 7, =
200 eV, in agreement with the points at which the qualitative
behavior changes.

It should be emphasized that the different scaling behavior
on either side of the crossover values can be readily inferred
from the behavior of F x (see Fig. 10). If the finite-bandwidth
domain lies within kcy, any change in the boundaries induces
relatively large changes in the weighted integral contributions.
Conversely, if the boundaries lie far outside kc,, the dominant
contributions tend to cancel, and only minor changes occur
upon shifting the limits.

rCI’OSSOVCl’ [f ] —

¢ (38)
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IV. SUMMARY AND CONCLUSIONS

Various parameters govern the evolution of ponderomo-
tively driven plasma gratings. In addition to the obvious pump
pulse amplitude ag, the literature has mainly discussed the
parameters v and . The parameter v distinguishes between
operation in the collective regime (v 3> 1) and in the trapping
regime (v < 1). The parameter p includes, among others,
the electron temperature 7,, with p > 1 defining a high-
temperature regime.

In this paper, we investigate an additional parameter,
namely, the pump laser duration 7,,. Short pump duration gen-
erates short gratings, whereas larger 7, produce long and fairly
homogeneous gratings. A characteristic crossover occurs at
7 ~ O(7,/ %), where the latter depends on the typical ion
response time.

Using Vlasov simulations, we were able to identify a
fundamental difference between short and long gratings and
to determine the following characteristic behavior. For long
pulses, the Vlasov simulations predict the amplitude scaling
én ~ a(z,. However, for shorter pulses a further reduction of
amplitudes with decreasing 7, occurs. The predicted 7, depen-
dence of the amplitudes is particularly useful. For long pulses,
we have én ~ T,”'. However, depending on t,, a crossover
point 7 79%%°Vr exists. Short pulses exhibit, at most, a very
weak temperature dependence.

Using simple models, we clarified the fundamental behav-
ior and also quantified it to a large extent. We employed a
kinetic model based on Ref. [47], which was only slightly ex-
tended to account for a finite frequency spectrum. This model
provides clear predictions for temperature and pulse-duration
dependence. The kinetic finite-bandwidth model offers a solid
understanding of the observations obtained from the Vlasov
simulations. In practical applications, it is not always possible
to employ very long pump pulses for grating generation. In
such cases, the estimates obtained here indicate which strategy
is most suitable and which configurations can be expected.
In any case, ponderomotively driven gratings may last much
longer than 7).

The modeling focuses on interpreting and contextualizing
the results of complete Vlasov simulations. The aim is, above
all, to develop physical intuition for grating formation. In
this way, for specific cases, the most favorable situations for
applications can be selected. After this narrowing down, the
complete Vlasov simulation becomes the theoretical method
of choice—but ultimately, as is customary in physics, experi-
mental validation remains decisive.
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APPENDIX A: DURATION 7, FOR A GAUSSIAN
LASER PULSE

The electric field of a single laser pulse in vacuum propa-
gating in the x direction with a Gaussian envelope is assumed

as

(x — vgot)2

E(x,t) = Epexp (— 752

) cos(kox — wot),

where Ej is the peak electric field amplitude, v, is the group
velocity of the pulse in vacuum which becomes v, = cNy,

No = /1 — 2 in plasma, o, is the spatial width (standard

deviation), kg is the central wavenumber, and w is the central
angular frequency.

Following Ref. [32], we normalize ¢t by 27 /wy =~ 2.67
fs and x by X9 = 800 nm. Then we may write (normalized
quantities with tilde)

—2? N2 P
P\ 20 %Xp<2<x2>)ze"p <272)

=2
with 012 = Q
Ny

(AL)

We define the temporal width z, as its full width at half
maximum (FWHM) via

V()

7, =2+2In20, ~ 2.355 2.67 fs. (A2)
0
For ny/n. = 0.05 we obtain the relation
7, [fs] ~ 6.45/ (¥?). (A3)

It is also possible to measure 7, in w,' (introducing the
parameter // via 7, = Lf)—i ~ % [fs]).

For practical reasons, we sometimes approximate the laser
pulse as a rectangular distribution. Then we get for the
equivalent rectangular pulse with width 7, an amplitude en-

hancement factor §, via

+00
/ e 1% dt = V2mo, = 1,84, (A4)
ie.,
V2
8, = ——— — 1.0644. A5
2.355 (A5)

APPENDIX B: PRESSURE VERSUS
PONDEROMOTIVE FORCE

The (macroscopic) equation of motion for ions in the
presence of pressure and ponderomotive force reads (in di-
mensional form)

ov; n av; _ 1| 9¢, n 1 0P B1)
ot " ox m;| dx n, dx
1
11

There are two terms on the right-hand side which are often
discussed separately.

Following Peng et al. [22] one may scale the ion velocity
equation (B1) to a form that all coefficients are of order one.
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Then we obtain Eq. 2(c) of Ref. [22],

0 v; 0 v; . 81’15
— 4+ vi— =sinx —u , (B2)
ot ox \Iﬂ 0x
)ik
when the units
t, ® (kv )’1 v Lm. v
Xunit = =77 unit — ¥ s unit — P
t 2% t l 0 t ) m; 0
(B3)

are used. From here we estimate the normalizing ion velocity
in the hydrodynamic regime as

nm _,hm
v; & SaOE =5x10 T for ap = 0.01 and protons.

(B4)

The pressure contribution II dominates over the ponderomo-

tive field contribution I when the /J,fl—:: > 1,ie., T, [eV] 2 5’12/210 .
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