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On the competition of laser acceleration mechanisms of electrons and ions in
steep density profiles at overdense plasmas interfaces

Stefan Hiiller,! Anna Porzio,®! and Anne Héron!

Y Centre de Physique Théorique(CPHT), CNRS, Ecole Polytechnique, IP Paris, 91128 Palaiseau,
France

DLAGA, Institut Galilée, Université Paris 13, Villetaneuse, France

The role of the density gradient in the electron acceleration process by intense laser pulses for a plasma profile
with a steep interface between vacuum and a strongly overdense plasma is investigated. In a recent article
(see Phys. Plasmas 26, 083107 (2019) ; see also Phys. Rev. E 84, 025401 (2011)) it has been shown that
the distribution function of electrons accelerated by intense laser pulses at abrupt vacuum-plasma interfaces
is of non-thermal nature in its high-energy tail due to stochastic electron acceleration. Here laser intensities
in the relativistic regime are considered. Ponderomotive steepening in plasma profiles with non-zero density
gradients leads to a steeper gradient in the overdense part of the interface and to the formation of an electron
cloud in front of it. The latter favours collective electron motion in the underdense plasma which alters
significantly the evolution of the distribution of electrons that are injected into the dense plasma. This leads
eventually to heating of the electrons inside the dense plasma without the generation of a pronounced high
energy tail as seen for abrupt interfaces. The different heating mechanisms have consequences on the onset
of the ion motion at the rear of the target. In particular the heating of the resulting hot electron population
predominant for the ion expansion evolves in time. For finite gradients the acceleration is dominated by
ponderomotive effects at the laser interface and the resulting electron kinetic energy is hence limited by the
oscillatory energy. For very steep interfaces an ultra-relativistic and non-thermal electron population exits
the rear of the target, its influence on the ion expansion is eventually masked by the heated electron bulk.
While time evolution of the hot electron population is not considered in the known analytic models, we show
here that the ion dynamics can still be quite well reproduced with this model provided that the hot electron

population be traced in determining its temperature and density.
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I. INTRODUCTION

Ultra-intense laser pulses that impinge on a dense
plasma target can accelerate electrons to highly relativis-
tic energies such that they can penetrate into a dense
target. When those electrons arrive at the rear face of
the dense target, rarefaction of the plasma profile"? and
strong charge separation effects®3 lead to the accelera-
tion of the plasma ions. The ion acceleration process
depends on the efficiency of the conversion of the laser
energy into electron heating, and, according to models?
on the temperature of the hot electron tail of the distribu-
tion. Imprint of micro structure and/or of the excitation
of surface modes on the dense target surface has been
investigated to improve the conversion efficiency in order
to inject electrons into the dense plasma. In recent work
by Héron et al.'® it was found that a density gradient
at the interface where the intense laser pulses impinges
on the dense target may act favourably for conversion in
electron energy. While today electron acceleration is con-
sidered in the relativistic laser intensity regime, the latter
process is well known already from the regime of non-
relativistic intensities, even related to wave conversion
processes, both in their linear and non linear stage''~'3.

Heating of electrons is known from the 1970’s via res-
onance absorption, mostly for the case of obliquely in-
cident and p-polarized laser light for the case of non-

relativistic intensities''''2. At higher intensity, and in

particular when profile steepening arises, other processes
come into play'3. For the case of relativistic laser intensi-
ties, with a pre-plasma in front of the critical density, the
electron acceleration has been revisited later by Kemp et
al.'4, taking into account ponderomotive profile steepen-
ing and ponderomotive heating of the electrons.

In this article we focus on the production of a hot elec-
tron population and the acceleration of ultra-relativistic
electrons in a steep laser-plasma interface. We further-
more examine the role of the plasma profile on the accel-
eration of ions at the rear of the target due to the modi-
fication electron distribution by those laser-induced elec-
tron heating. The results presented are based on particle-
in-cell (PIC) simulations with the code EM12D developed
by J. C. Adam and A. Héron at CPHT, in a version with
2 dimensions in the configuration- and 3 in momentum
space (2D3V). The simulation configurations are based
on target of thickness between 150k, ' and 300k, "' and
width of 27ky . The interactions in such configurations
in 2D geometry, with 3V in momentum space, are com-
plex, with respect to both the effects along the target
surface and the effects inside the dense target with re-
turn current effects and magnetic field generation!®, we
concentrate here on the electron and ion motion, as well
as of the fields in the direction of laser propagation, with
normally incident laser light. In the majority, the results
are presented in the spatial average over the dimension y
perpendicular to the laser axis.

Let us, first, summarize the results from our pre-



ceding publication'®, in which we have shown that the

multi-dimensional aspect is crucial for the production
of energetic electrons for intense laser pulses. In this
article we have shown that energetic electrons ejected
from the laser-dense plasma interface into the direction
of the incoming laser are subject to successive stochas-
tic acceleration'”'®. Stochastic acceleration is explained
by the non linear motion in the standing wave field'?:2°
formed by the incident and reflected light. In first ap-
proximation, this acceleration process can be simplified
to 1D geometry. However, the light fields do not have
a plane wave structure due to upcoming filamentation
which is eventually the reason why a certain population
of energetic electrons can be ejected into the vacuum re-
gion, otherwise impossible in 1D geometry?!.

While in this preceding work we have initially consid-
ered an abrupt density jump, we investigate here aspects
that appear when the plasma density gradient is finite.
The latter can be characterized by the electron density
gradient length Ly = (n./0zne)|n.=n. at critical density
n. where the plasma frequency, wp. equals the laser fre-
quency, i.e. wy = Wpe(ne = n.). Kemp et al. in Refs. 14
and 22 underline that the physics at the interface change
considerably in presence of a pre-plasma which appears
intrinsically with a finite density gradient. Although pon-
deromotive profile steepening will limit the gradient Lgl
at critical density, an underdense “foot” of electron pop-
ulation will form collective oscillations of those electrons
in the superposed (incident and reflected) light field. As
explained in what follows, only a small portion of the
electrons in such a pre-plasma are energetic, such that
the resulting heating process is different from stochastic
acceleration.

Our article is organized as follows: in the first section,
after defining the configurations of the plasma profiles
used, we illustrate via phase space snap shots from PIC
simulations and the resulting distribution functions the
essential features of acceleration processes in comparing
plasma profiles with an abrupt jump up to 100n. with
profile with a finite gradient koL, =1 or 3. In the sec-
tion on the ion acceleration at the rear of the target, we
elaborate the features of the electron and ion distribu-
tion functions essential for the rarefaction of the profile.
We compare furthermore the evolution ot the outgoing
ion front with theoretical models, before concluding with
discussions.

Il. EMI2D SIMULATIONS
A. Simulation set up

We have performed simulations with the PIC code
EMi12D with a laser pulse with a ramp in that reaches its
maximum intensity after wot = 100, keeping this maxi-
mum value until the end of the simulation. The intensity
values applied correspond to normalized vector poten-
tial amplitudes ag [= eEL/(mewp)] = 2.8 and = 8.8,
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FIG. 1. Density profiles n./n. as a function of x at the vac-
uum plasma interface for three different gradient lengths L
at the critical density following the profile shape following Eq.

(1).

as indicated in the text. The plasma interface situation
around 100k, ! reflects the incoming laser light such that
after wogt = 200 potentially a standing wave structure be-
tween incident and reflected light fields can form. The
thickness of the target was chosen such that only fast
particles can transverse the bulk, but no fields, namely
between 150k ! and 300k, ! Rarefaction on both sides
remains uncoupled over the simulation duration. The
width of the simulation box was chosen as 27ky 1 The
simulations were performed with mobile ions, without
applying collisions, in a hydrogen plasma with an initial
electron thermal speed of vy, . =0.03¢ (T, = 230eV) and
an ion/electron temperature ratio of T; /T, =0.1.

B. Pre-plasma formation: step profile vs. gradient

Figure 1 illustrates the front profiles of the plasma pro-
files chosen, with a step-like shape, up to 10n. and expo-
nentially increasing profiles between n. = n, and 100n.,
while a linear has been chosen for lower densities, as de-
fined by

0 for x < x. — Ly,
ne(gj) _ 1_'_% for QL‘C—Lg <x <,
Ne elv=ze)/Lg  for x. < x < x, +log 100,

100 for x > z.+ log 100 ,
(1)
with z. denoting the position of the critical density n..
The step-like profile corresponds hence to Ly —0.

The entire density profiles of electrons and ions (here
charge Z = 1) are illustrated in Figs. 2 and 3, respec-
tively, for three cases with initially different gradients,
namely, koL, = 0 (red lines), = 1 (black), and = 3
(green), for two time instants, wot =200 (early, dashed
lines) and =800. The values shown are averaged over the
whole width of the second dimension y in the 2D simu-
lation. While electron profiles are oscillatory (ondulated:
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FIG. 2. Electron density profiles n./n., averaged over y, as a
function of z, for two different time, wot =200 and 800, and
for all three cases koLgy =0,1, and 3 (red, black, and green
lines respectively).
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FIG. 3. Ion density profiles n./n., averaged over y, as a
function of z, for two different time, wot =200 and 800, and
for all three cases koL, =0,1, and 3 (red, black, and green
lines respectively).

front) or noisy (rear), the ion profiles show a clear front
of expansion on each side.

Figures 4 and 5 illustrate how an initially step-like pro-
file and how an exponential profile evolve with ongoing
time. While the step-like profile keeps a very steep gra-
dient around =z = z. = 10()I<:0_1 with n.(z.) = ne, a
low-density foot with n, < 0.1n. develops as pre-plasma
for x < z.. For the exponentially-shaped profile the
low-density foot occurs at quite earlier and at higher
densities. On the other hand, the initial gradient, here
Lg_1 = ko/3 steepens considerably and the position of the
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FIG. 4. Electron density profiles n./n., averaged over y, as
a function of x, at the vacuum plasma interface for three
different times and for the case of an abrupt density jump
(koLg =0) in the initial density profile. A non-negligible pre-
plasma at low density (< 0.03n.) forms lately

critical density is shifted towards higher values in x due
to the light pressure.
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FIG. 5. Electron density profiles n./n., averaged over y, as
a function of x, at the vacuum plasma interface for three
different times and for the case of an initial density gradient
koLgy = 3 (black line). Around the critical density, initially
at kox. = 103, the profiles are steepened with a typical scale
length koLsteep =~ 0.5. An extended pre-plasma with periodic
density ripples forms in front the steepened gradient.

C. Acceleration and heating in the steep front layer

As a consequence of the different profiles and absolute
electron densities in the “pre-plasma” , the electron dis-
tribution function evolves differently for the cases with
a step-like profile and profiles with a finite gradient at
n.. This can be best illustrated in inspecting phase space
snapshots of the electron momenta p, versus x, as shown,
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FIG. 6. Phase space contour snap shot, of the entire sim-
ulations box, taken at wot =560 for the case of an initially
step-like profile with ag = 2.8.
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respectively, in Figs. 6 and 7 for the cases of a step-
like profile and a profile with gradient, here even with a
steeper profile, namely L, = 1kg 1. The color bars for
the phase space contours are chosen with the purpose to
highlight the essential physics in the front of the high
density plasma bulk, the latter appearing in saturated
dark colour. For both cases one can observe an ondu-
lation in the electron phase space contours following the
standing wave pattern formed by the superposition of the
incident laser field and the reflected light. The number
of particles, consistent with the observation concerning
Figs. 4 and 5, is higher for the case with gradient.
It is remarkable that in the case of the step-like profile
the ondulated contours are less filled around smaller val-
ues of |p,| and electrons are concentrated around already
high (relativistic) peak values. This is a clear signature
of the stochastic acceleration mechanism, identified in
our previous work'® for this configuration, and in Refs.
17, 18, and 21, for which the momenta |p,| of energetic
electrons are gradually increased each time with a change
in sign of p,. For the cases with a finite density gradient,
stochastic acceleration is also present, but it is practi-
cally masked by the bulk of lower energetic electrons in
the pre-plasma for which the ondulation in the p,(x) con-
tours is almost “filled up”. Kemp et al.'*?? have studied
in detail the heating process for such profiles by showing
that a bulk heating occurs in the layer of the gradient,
attaining a width associated with ponderomotive effects.
This mechanisms is however different from the one de-
scribed for a thin layer?3.
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FIG. 7. Phase space contour snap shot, of the entire sim-
ulations box, taken at wot =614 for the case of an initially
exponential profile (koLy = 3) with ap = 2.8.

D. Electron distributions in the steep front layer

The acceleration mechanisms observed in the front
layer, depending on the profile gradient, have clear con-
sequences to the electron distribution functions. To il-
lustrate this, we have determined the distribution densi-
ties f(p.) For the case of an initially step-like profile, as
illustrates figure Fig. 8, the bulk of the electron distri-
bution widens slowly in p, up to times wgt ~500, after
which ultra-relativistic energy tails emerge, in particu-
lar for positive p,/mec values > 10, and later beyond
pz/mec = 20. This corresponds to what has been ob-
served for stochastic acceleration'®.

For the case of an initially exponential profile, see Fig.
9, the widening of the bulk of the electron distribution oc-
curs faster, while a ultra-relativistic energy tail emerges
to a considerable minor degree. On the other hand, for
similar times, the distributions of the case with an ex-
ponential profile produce systematically higher values in
the range |p,| < 10, resulting in a more efficient heating
of the electron bulk.

E. Evolution of the electron distribution at the rear layer

The figures illustrating the phase spaces, Figs. 10 and
11, show the arrival of heated electron at the rear of
the target, with respect to Figs. 6 and 7, respectively.
The gradual heating and the arrival of ultra-relativistic
particles at the rear is shown in Figs. 12-14, comparing
the distribution density of the electrons f(p,) for the
cases with the step-like,, Fig. 12, and exponential front
profile for different times, Figs. 13 and Fig. 14. Again,
as remarked in the previous section, the ultra-relativistic
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FIG. 8. Distribution density f(ps) of electrons, at different
time instants (times in wy '), taken in the bulk of the plasma
(100< kox <230), as a function of the electron momentum
pz/(mec) for a density profile with a jump between ne = 0
and ne = 100n. at x = z. (i.e. koLy =0).

electron tail is more prominent for the case with a step-
like front profile. Let us remark that the symmetry of
the distribution is essentially forced by the electrostatic
double layer recalling the not so energetic electrons after
their escape from the ion bulk. This is however not true
for the most energetic electrons, which could in principle
leave the simulation box (before being re-introduced in
order to conserve the charge). As in the situation of
the front layer, for the same times, the distributions for
the exponential front profile show systematically higher
values in the range |p,| < 10. It has the consequence
that the heating is faster for the exponential profile case.

From the distribution densities f(p,) obtained via the
PIC simulations, as shown in Figs. 12-14, we have de-
termined the electron temperature over the interval of
koAx ~ 20 at the rear of the bulk. The fact that not too
short laser pulses continue to heat the plasma from the
front side, the particle distribution evolves with a ten-
dency to reinforce the population of energetic electrons.
The quantities of interest related to momenta of the
electron momentum p,, as the relativistic kinetic energy
(7 — 1)mec?, could in principle be computed by integra-
tion of f(p,) via the second momentum in p = p,/(m.c),
namely (p — p)? or via the kinetic energy v(p) — 1 =
v/1+p? — 1, by taking into account p = ffooo f(p)p dp
reflecting the local return current, being small, but non-
negligible. We preferred to determine the hot electron
kinetic energy in fitting each f(p,t), for different times
and the three cases, to a Maxwell-Jiittner distribution in
the form f7(p) = fo exp(—v(p)mec?/er,). The values of
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FIG. 9. Distribution density f(ps) of electrons, at different
time instants (times in wy '), taken in the bulk of the plasma
(100< kox <230), as a function of the electron momentum
pz/(mec) for a density profile with a jump between n. = 0
and ne = 100n. at x = z. (i.e. koLy = 0).
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FIG. 10. Phase space contour snap shot, of the entire sim-
ulations box, taken at wot =1032 for the case of an initially
step-like profile with ap = 2.8.

fo and e, were determined for each case and the available
time instants.?* The results of e}, are reported in Tables I-
IIT and are shown, as a function of time, in Fig. 15 for the
principal hot electron population that arises besides the
cold electron population, initialized with vy, . = 0.03c
when starting the simulation. From the peak value, fj,
of each distribution, the density of the hot electron pop-
ulation can be obtained via integration of f;; over p, re-
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FIG. 11. Phase space contour snap shot, of the entire sim-
ulations box, taken at wot =1126 for the case of an initially
exponential profile (koLg = 3) with ag = 2.8.
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FIG. 12. Electron distribution densities f(p;) as a function
of the electron momentum p., taken at the rear of the target
for different time instants (indicated in units of wy '), showing
the case with an abrupt jump at the front, i.e. kgLy = 0.

sulting in nj, = foexp(mec?®/ep)Ki(mec?/ep). In Tabs.
I-TI1 these values are reported with respect to the plasma
bulk density (ng = 100n.). In particular for the case of a
step-like front profile, also a secondary ultra-relativistic
population comes up after a transient period, also listed
in the Table I. It should, however, be mentioned that the
distributions for the case with the step-like profile have
a clear cut-off at high p,(> 10m.c) values, see Figs. 8
and 12. For this case a fit to a thermal-type distribution,
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FIG. 13. As in Fig. 12, electron distribution densities f(pz)
as a function of the electron momentum p,, taken at the rear
of the target for different time instants, showing the case with
koLg = 1.
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FIG. 14. As in Fig. 12 and 13, electron distribution densities
f(pz) as a function of the electron momentum p,, taken at
the rear of the target for different time instants, showing the
case with koLg = 3.

to which Maxwell-Juttner belongs, is questionable. How-
ever, for a limited interval in p, a fit to Maxwell-Jiittner
can be found, and the corresponding ¢, values is reported
en,2. The extension (width in p,) of the distributions in
Py diminishes naturally from the front to the rear of the
plasma profile, due to multi-dimensional diffusion effects
in phase space.



time (wo_l) Eh/(mecz) nr/no Eh,g/(meCQ) Nh,2/No0
342 0.1 5.6 107*
567 0.25 3.7107*
801 0.7 1.81072 1.3 31075
1032 1.3 1.9 1072 7. 1.7 107°

TABLE I. Case with kgLg = 0: hot electron kinetic energy
and the corresponding hot electron density deduced from the
distributions at the rear of the plasma bulk, shown in Fig.12,
by fitting a Maxwell-Jiittner distribution. At later times an
ultra-relativistic hot electron component with €52 appears,
however with a cutoff at high p,/(mec) > 15 values.

time (wy') en/(mec®)  nn/no  enz2/(Mec?)  nn2/no
338 0.14 1.310°2
560 .35 4.6 1072
822 0.7 3.5 1072
1032 1.1 3.6 1072 2. 1.3107%

TABLE II. Case with koLgy = 1: hot electron kinetic energy
and the corresponding hot electron density deduced from the
distributions, shown in Fig. 13, by fitting a Maxwell-Jiittner
distribution. At later times an ultra-relativistic electron com-
ponent with e 2 appears, with, however with a cutoff at high
Dz /(mec) > 15 values.

In a general manner, the distributions, as shown in
Figs. 8-9 and Fig.12-14, show clearly that the electron
heating mechanisms for the step-like profile is different
from profiles with an already developed gradient. With
gradients, the electron ”"bulk” is heated with an increas-
ing effective temperature kgT} ~ ep, while for the step-
like case this type of heating occurs only after the re-
tarded formation of a pre-plasma. The latter depends
also on multi-dimensional effects. In the step-like profile
the acceleration of relativistic electrons, ejected due to
multi-dimensional effects from the vacuum-plasma inter-
face, and described in Refs.'618:21 ig clearly visible. The

time (wy') en/(mec®)  nn/no  enz2/(Mmec?) nn2/no
93 0.031 0.2
355 0.45 3.31073
615 1.1 6.0 1072
872 1.1 2.4 1072
1126 1.2 3.81073

TABLE III. Case with koLy = 3: hot electron kinetic energy
and the corresponding hot electron density deduced from the
distributions, shown in Fig. 14, by fitting a Maxwell-Jiittner
distribution. No significant ultra-relativistic electron compo-
nent appears in the considered time window.
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FIG. 15. Hot electron kinetic energy, e5,/(m.c?), as a func-
tion of time, deduced from the electron distribution densities
f(pz) at the rear of the plasma bulk (230 < koz < 270),
in time steps as indicated in the Tables LI, ITI. Values have
been obtained by fitting a Maxwell-Jiittner-type distribution
to the dominating hot electron component for the 3 cases with
different density gradients at the front, i.e. with a step-like
profile at the front (red lines), and gradients koLy, = 1 and
3 (black and green, respectively). The dashed line shows the
hot electron kinetic energy expected by ponderomotive heat-
ing according to Wilks'*?%, here ~ 1.2m.c?.

phase space plot in Fig. 10 also shows that the arrival
of ultra-relativistic electrons in bunches, which is there-
fore not necessarily continuous in time. The formation
process of ultra-relativistic electrons, due to stochastic
heating in the front part, may still be present with devel-
oped gradients but it is masked by the dominant heating
of the electron bulk.

Furthermore, from Fig. 15 there is strong evidence
of ponderomotive type heating, as developed in Ref. 14
and 25, for the case with the longest gradient, kgL, = 3,
for which the hot electron distribution tends to saturate
for kinetic energy values e, — (1 + a2/2)*/? — 1, here
1.2me.c?. In particular for the case with the step-like
profile, the distribution widens beyond this limit due to
the formation of an ultra-relativistic tail.

F. Expansion of the ion and electron profiles at the rear
layer

The values for the hot electron temperature are use-
ful for models that describe the hydrodynamic expansion
of the ion density profile at the rear of the plasma tar-
get. The ion front that forms and moves away from the
rear face of the plasma corresponds then to effective ion
acceleration, and is therefore of potential interest for ap-
plications (such as proton diagnostics).
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FIG. 16. The ion density profile at the rear of the target
for different time instants (from wot =200 to 1100 in steps
of wot =100), showing a comparison between the two cases
with an abrupt jump at the front (red lines), and a gradient
koLgy = 3ko (green lines).

Models have been developed for planar expansion, nor-
mal to the rear face in x direction. In the context of laser-
plasma interaction the assumption of an isothermal equa-
tion of state for the electrons is generally a good approxi-
mation, and for this reason most of the studies are based
on an isothermal law for the electron dynamics?326-28
on the slow, ionic time scale.

Those models assume the formation of ‘cold (co)’ and
‘hot (h)’ populations characterized by their tempera-
tures T,,, Ty and densities n.,,nn, respectively, fulfill-
ing n; = neoexp(ep/kpTeo) + npexplep/kpT)), with
kp denoting the Boltzmann constant. In a similar man-
ner, also the rarefaction for the adiabatic case has been
considered??30,

Of principal interest in the case of ongoing heating of
the plasma slab by the laser light at the front vacuum
(pre-plasma)- dense plasma interface, is the hot electron
population which develops an extended cloud at the rear,
and which governs the motion of an ion front*27:2%,

For the isothermal case in a semi-finite plasma slab the
rarefaction can be considered to follow a similarity law>!
such that the spatial coordinate = and time ¢ can be com-
bined to a single similarity variable x/(cst) — £ + const
in the set of hydro-dynamic equations for continuity and
momentum, with ¢, denoting the sound speed of the
plasma, ¢, = (ZkpT/m;)"/?, in which Z is the ion
charge. For the ion density with an exponential law, it
follows then for advanced times (cst >> vip e/Wpe,0)

ni(z,t) = ngexp{—(x — x,)/(cst) — 1} , (2)

with £ = (x — x,)/(¢st), and z, denoting the position of
the rear face of the plasma at t = 0. For what concerns
the ion front motion, the plasma temperature 7" is dom-
inated by the hot electron component kgTy ~ £,. The

resulting ion velocity is given by v(z,t) = (z —z,)/t +cs.
The balance between the electron pressure and the elec-
trostatic field, eE, = —(1/n¢)0;(nckpT), keeps quasi-
neutrality. From Eq. (2) it follows for an isothermal
plasma’

EI’S = k:BTh/(ecst) = E()/(wpit) s (3)

with wy; as the ion plasma frequency (in the unper-
turbed plasma) of the hot electron component, and
Ey = (nokpT/ep)'/?. For advanced expansion, quasi-
neutrality can no longer be maintained in the lower shelf.
This occurs when in the plasma profile ¢4t equals the lo-
cal Debye length.*3!

This process has been extensively studied, also with
better precision concerning the expression for the ion
front. These models assume the (hot) electron temper-
ature as an initial value, but do not consider that the
heating is maintained from the front side. A more pre-
cise expression of the evolution of the electric field at the
front, even for early times, has been given in Ref. 4,

2E,
2e + w2 (t —t,)?

E, ;= with ¢ > ¢, (4)

with a reference time t,, discussed later. From this ex-
pression follows also the ion front motion in time for
which v; and z; mark the front of the ion profile, be-
yond and electron cloud has formed. Both vy and xy
result by simple integration of the equation of motion

d’Uf Z dCEf
N 2 and B =,
at  omy A T T (5)

Figure 16 shows the profile of the ion density at the
rear of the plasma profile, situated at z, = 250/{0717 for
a series of time instants, and for both cases, step-like
(red lines) and exponential (green with koL, = 3). The
profiles exhibit a clear ion front that decreases in den-
sity. The electron profiles, not shown here follow essen-
tially the part almost up to the front, while their pro-
files are naturally extended to higher z-values without a
sharp front due to the large diffusion of electron ener-
gies. From the ion profiles one can deduce that there is a
temporal delay between both cases. This is confirmed in
the curves of Figure 18 for the time evolution of the ion
fronts, deduced from the values in Fig. 16 for all three
cases (again red for step-like, black and green for expo-
nential, kgL, = 1 and 3, respectively). In spite of the
difference of the distribution functions, apart from the
time delay, the behaviour are very similar, except that
the case with the weakest gradient, koLg = 3, the accel-
eration of the front is faster, apparently due to the faster
onset of the "bulk” hot electron population. From the
speed of the ion front evolution, shown in Fig. 19, one
can deduce the ion speed and the corresponding ion en-
ergy of the ions in the front. The values, for both cases,
reach eventually vy/c ~ 0.16...0.18 which corresponds
to ion (here proton) energies in the range of 12-15 MeV.



T T
ko Lg=0 ——
ko Lg=1 ——
09 ko Lg=3 ]
0.8 - ,
0.7 ,

0.6

Ex,f

0.5

0.4

0.3

0.2

0.1 - B

0 1 1 1 1 1 1 1
400 500 600 700 800 900 1000 1100 1200

wo t

FIG. 17. Time evolution of the (normalized) electric field
eFEq,r/(mewoc) at the ion front position behind the target as
a function of time (in steps of 100w0_1), showing a comparison
between the three cases with an abrupt jump at the front (red
lines), and gradients koL, =1 and 3 (black and green lines).

It is of interest to examine the validity of Mora’s
model?* for the case when the temperature and the den-
sity of the hot electron population evolve, as in the
case of not too short laser pulses, as in our simulations.
The expression for the electric field E, ; at the front in
Eq. (4) depends on the initial electric field value Ey
which itself is a function of the density and the temper-
ature of the electron population considered, ny and ey,
Ey = (nhgh/eo)l/Q; the ion plasma frequency depends on
nn/Z, ie. wy = [nne?/(Zeym;)]/?. From the values
of ny and €p in the Tables LII, and III we have com-
puted the time evolution of E, ¢ via Eq. (4) in assuming
each reference time as the time for which we knew the
distribution®*. The result of the comparison between the
simulation cases with different gradients, koL, =0, =1,
and = 3 with the model Eq. (4) is shown in Figs. 20, 21,
and 22, respectively. Several curves in blue colour corre-
spond to the the different values as listed in Tables I,II,
and III. For each case and curve, the values of the pa-
rameters Fy and wp; were kept constant. This method,
instead of considering a smooth evolution of both param-
eters (with fttT wp.; () dt’ instead of wy ; (t—t,)) seemed to
be more appropriate due to the relatively abrupt changes
of E, s seenin Fig. 17 for at least the cases with kgL, = 0
and = 1. Within the uncertainty of the values of ¢ and
np, determined from the distributions and listed in the Ta-
bles, the agreement of the temporal descent by comparing
the simulation results with the dependence o< 1/(t — t,.)
expected from Eqgs. (4) and (3) is satisfactory in the time
interval wot =400 ... 700 . The values of the reference
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FIG. 18. Time evolution of the ion front position = behind
the target as a function of time, showing a comparison be-
tween the three cases with an abrupt jump at the front (red
lines), and gradients koL, =1 and 3 (black and green lines).
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FIG. 19. Time evolution of the ion front velocity vy behind
the target as a function of time, showing a comparison be-
tween the three cases with an abrupt jump at the front (red
line), and gradients koL, =1 and 3 (black and green lines).

times ¢, had to be chosen with care (wot, >250) with
respect to the output?®* times of phase space values and
the resulting distribution densities f(p.,t). At advanced
times, say for wyt >600, the onset of hotter electron pop-
ulations seems to re-initialises both Ey and w,; which is
visible both in the simulations and in the model.
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case koLy = 0, showing a comparison between the simulation
result Fig. 17 and the analytical expression Eq. (3) starting
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(blue) lines.
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FIG. 21. Time evolution of electric field at the ion front,
case koLgy = 1, showing a comparison between the simulation
result Fig. 17 and the analytical expression Eq. (3) starting
with the FEo- and np- values listed in Table II with time delay
(blue) lines.

11l. DISCUSSION AND CONCLUSIONS

We have examined the acceleration of electrons and
ions by laser interaction with a dense plasma with steep
interfaces where the laser beam impinges on the plasma
target. In particular we have studied the sensibility of
electron acceleration and heating mechanisms on the gra-
dient of a pre-formed plasma, in focusing on the dynamics
normal to direction of incidence. Finite gradients may
originate from pre-formed plasma by a long time-scale
foot (’piedestal’) of a short laser pulse with insufficient
contrast, by a preceding heater beam, or by disintegra-
tion of a pre-imprinted surface structure of specially pre-
pared target plasmas, in spite of possible profile steepen-
ing.
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FIG. 22. Time evolution of electric field at the ion front,
case koLg4 = 3, showing a comparison between the simulation
result Fig. 17 and the analytical expression Eq. (3) starting
with the Eo- and np- values listed in Table III with time delay
(blue) lines. The value at early time, wot = 93 in Table III
corresponding to the lower line.

2D aspects in the simulations

Our simulations have been carried out with the
particle-in-cell code EMI2D in 2 spatial and 3 dimensions
in velocity. Most of our shown results focus on the motion
in the direction of the incoming laser light. It is however
important to mention that the motion across the laser
propagation is important. Simulations in only 1D cannot
show the essential mechanisms for acceleration because
the action of the laser ponderomotive potential blocks
the motion in this only direction. In 2D or 3D the shape
of the electromagnetic fields become modulated due to
self-focusing /filamentation. We have limited our study
to an initially plane wave field, ignoring the transversal
spatial shape of a focused beam, that eventually may lead
to hole boring. We believe, however, that focusing and
hole boring effects introduce additional parameters that
do not help to find a better interpretation at this stage.

Alternative choices of parameters

We have also carried out simulations at higher laser
intensity, and different sizes of the plasma. The cases
shown here for the reference parameters with ag = 2.8
and the chosen plasma size, are quite representative for
the obtained results. For the cases with ag = 2.8, the
resulting ion front motion attains eventually proton en-

ergies of 12-15MeV.

Finite shorter pulse duration

As mentioned above, the duration of our simulations
was up to 200-250 laser oscillation cycles, assuming con-
stant laser intensity after a ramp in time. It should be
remarked that the physics of the acceleration processes
is considerably different as long as the laser pulse dura-



tion does not allow, as e.g. in Ref. 8, the formation of a
sufficiently extended standing wave structure due to the
superposition of the incident and reflected light in front
of the plasma.

Concluding remarks

Although we have considered steep gradients from
koLg = 0 to = 3, the mechanisms in play prove to change
already in this range of L, with respect to the electron
dynamics in the incident and reflected laser-light fields
in front of the plasma. Ponderomotive profile steepening
stabilize the profiles, but only in the vicinity of the criti-
cal density. For those gradients, the motion of electrons,
once ejected from the steep gradient interface, is domi-
nated by the standing wave structure of the light fields
due to still strong reflection. For step-like profiles, the ac-
celeration of relativistic electrons by stochastic motion in
the standing wave structure is important. Such electrons
can then propagate through the dense plasma without
that their motion is too much affected (depending on the
target thickness). While this process may still be present
for finite gradients, the ponderomotive-type acceleration
of the bulk of electrons becomes predominant, leading to
a heating of the electron bulk, subsequently all over the
plasma. The fact that the distribution of those electrons
has a close-to-thermal shape, the "hot’ electron cloud ar-
riving at the rear of the plasma is predominant for the
expansion there. This leads also to the well-known ex-
pansion of ions, which occurs in the form of an ion front
and which can attain supra-thermal speeds that eventu-
ally offer interesting technological applications, such as
proton radiography and for medical therapies. The un-
derstanding of the dynamics of the ion front is therefore
an important goal.

We have therefore examined our simulations results
with respect to analytical models in which hot electron
populations with fixed density and temperature are
considered. In our simulations over time intervals of wqt
up 1300, hence roughly 200 oscillation cycles, i.e. up to
typically 500fs, both the temperature and the density
of hot electrons evolve, and mostly increase. Analytical
models for the ion front expansion may still be used to
model the resulting ion front motion and the resulting
energy, provided that the temperature and the relative
concentration of them in the rear of the plasma bulk
may be traced in their evolution.
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