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Transparency/Opacity of a Solid Target Illuminated by an Ultrahigh-Intensity Laser Pulse
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By means of one-dimensional particle-in-cell simulations of an ultraintense electromagnetic wave
normally incident on an overdense plasma, the transition from a regime of wave reflection to one
of penetration is observed, when laser irradiance is increased. Both cases display Doppler-redshifted

backscattered light originating from a moving surface.

The irradiance threshold for the transition is

given as a function of electron density. The energy reflected and the kinetic energies in both electrons

and ions are provided.

PACS numbers: 52.40.Nk, 52.35.Nx, 52.60.+h

For the past several years, electromagnetic irradiances
above 10'® W/cm? have been achieved by focusing the
picosecond light pulses delivered by compact multitera-
watt lasers operating at micrometer wavelength [1]. The
associated electric field, which is higher than the elec-
tric field existing in the Bohr atom, can then instanta-
neously transform the matter into a plasma. Moreover,
it lets the free electrons quiver with relativistic momen-
tum; the latter, normalized to m.c, is indeed written as
ao = 0.85(IyA3/10'8)!/2 where m, is the electron mass, ¢
is the light velocity in vacuum, Aq is the laser wavelength
in units of wm, and I, is the laser irradiance in units of
W/cm? The irradiation of a solid target gives rise to
high-density free electrons that cannot thermally expand
because of the short duration of the laser pulse: The light
cannot then deeply penetrate the plasma and interacts only
with the sharply edged irradiated plasma surface, at least
in cases where ap < 1 (contrasting with the inertial con-
finement fusion context, where the laser beam propagates
in large plasma volumes). It has been predicted that high
irradiances, by increasing the inertial electron mass and
hence decreasing the effective plasma frequency, will al-
low a laser to penetrate a ‘“classically opaque” plasma
[2-6]: Evidence of this transformation from surface to
volume laser-plasma interaction is the present challenge.

In the standard view of laser-plasma interaction, a laser
wave with wavelength A that impinges on a plasma with
electron density above n, = 102'/A§ in units of cm™? is
partially reflected and partially absorbed by the so-called
normal skin effect, resulting from the electron-ion colli-
sions inside the wave penetration depth ¢ /v, — wg; @ e
and wq denote the electron plasma frequency and the inci-
dent radial frequency, respectively. High electron quiver
velocities result in reduced collisions and the anomalous
skin effect. Particle-in-cell (PIC) simulations have clearly
exhibited collisionless absorption via kinetic effects: reso-
nant absorption and vacuum screening effect for oblique
incidence [7], magnetic force j X B [8] for normal in-
cidence generates fast electron bursts entering the solid
target. More recent PIC simulations revealed hydrody-
namic scenarios, namely, plasma pushing, hole boring [9],

2002 0031-9007/95/74(11)/2002(4)$06.00

and electrostatic shock [10]. Nevertheless, these PIC re-
sults neither confirmed nor denied the speculations of the
nineteen-seventies, which were based on analytical work,
as to the capability of the laser wave to directly penetrate an
overdense plasma (n, > n.). The features of both propa-
gative and standing modes in an infinite-length uniform
plasma with fixed ions have been essentially described [2—
5] and a few papers have discussed the case of an inho-
mogeneous plasma [4,5]. Yet no one has considered the
unsteady and kinetic aspects of the interaction and the ion
mobility influence on the overcritical propagation.

This Letter reports results from I%D relativistic PIC
simulations that evidence a transition between an opacity
regime (OR) and a transparency regime (TR), respectively,
characterized by the absence or the propagation of the laser
wave inside the plasma. We simulated a linearly polarized
electromagnetic wave impinging, at normal incidence, on a
collisionless, slightly overdense plasma (1 < n,/n. < 10).
We essentially considered the academic case of a homo-
geneous plasma irradiated by a constant laser amplitude
with a sharp front edge, but also report on a linear density
ramp impinged on by either a sharp front or a more real-
istic bell-shaped laser pulse. The latter was modeled by
the energy time envelope f(0 < t < 7) = sin*(#r¢/7) and
f(t > 7) = 0with 7 = 377w, ', corresponding to a 100 fs
FWHM pulse for 1 um light. The simulations were per-
formed using the code EUTERPE, with singly ionized mobile
ions with mass m; = 1836m,, unless otherwise specified.
The plasma is assumed to be electrically neutral, with an
initial temperature of 1 keV. Throughout this letter, we
will use ¢ = 1.

The differences between OR and TR are best illustrated
by the electron trajectories displayed in Fig. 1 for (a) OR
and (b) TR at density n./n. = 2. In the first case, the
laser wave does not penetrate the plasma but pushes its
surface, resulting in a large density increase and a laser
reflectivity R = 1. In contrast, the plasma edge remains
nearly stationary in the second case, while the laser
propagates deeper and deeper in the target, setting the
electrons in violent motion. Both pictures show a surface
recoiling at steady velocity. When irradiance is increased,
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FIG. 1. Electron trajectories for n./n. = 2, m;/m, = 1836,

and ap = 2 (a) or ag = 4 (b).

this velocity B exhibits the following features [Fig. 2(a)]:
(1) a slow linear increase corresponding to OR, (2) a jump
for a critical laser strength ao. (that increases with n,),
and (3) a rapid increase in TR. The frequency w, of
the light reflected by the plasma displays opposite trends
[Fig. 2(b)].

The critical laser amplitude aq. at which the transition
between OR and TR occurs can be determined from
the B or w, plots, but more precisely from the electron
trajectories. Indeed, near ao., the transient penetration of
the laser wave can be observed, during which the ions
are nearly immobile. Then an ion shock forms, which
fully reflects the laser wave (OR). In such cases, two
values of B and w, are provided. We plot in Fig. 3 the
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FIG. 2. (a) Velocity of the interface (in units of ¢) and

(b) frequency of the reflected light (in units of wg) as a function
of the laser amplitude ao, for m;/m, = 1836 and n,/n. = 2 (@)
or 4 (A).

smallest laser irradiance (located with a 5% half-width
error for each density) that allows sustained propagation
of a square laser pulse within a uniform plasma (for
lOOwJ] at least). For fixed ions and fluid electrons, earlier
papers [3,4] estimated this critical strength to be agpn =
(7 /2)n,/n.. Our results for immobile ions (noted ag. and
depicted by stars on Fig. 3) are clearly lower, stressing the
importance of kinetic effects in that regime. On the other
hand, when ion motion is allowed (squares in Fig. 3),
the critical threshold is raised and varies approximately
as ap. = 1.65(n./n. — 0.5). At field strengths between
ap- and ag., the space charge potential causes the ion
density profile to steepen after some delay, preventing
deeper propagation of the laser wave.

For the sake of completeness, a few simulations were
performed with an inhomogeneous plasma consisting in a
long linear density ramp (n, = 0 to 4n. over a distance
of 240c/wy). For each simulated laser irradiance, we
measured the maximum initial density that the laser
wave could reach. The results are plotted in Fig. 3
with triangles and circles for sharp-edged and bell-like
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FIG. 3. Irradiance threshold for the penetration/reflection of
the laser wave as a function of electron density: continuous
wave with a sharp front on a homogenous plasma with
m;/m, = © (x) or m;/m, = 1836 (M), and continuous wave
with a sharp front (A) or bell-shaped pulse (@) on a linear
plasma density ramp with m;/m, = 1836. Analytical prediction
aogn (dotted line) and numerical fit (solid line).

laser pulses, respectively. We observe that “squares”
and triangles” lie very close together, proving that the
linear density ramp does not notably alter the penetration
process. The bell-shaped pulses give somewhat different
results, with maximum densities definitively smaller than
for continuous wave pulses. This is no surprise: Due to
the long density gradient and the moderate propagation
velocity, the pulse needs to be sustained to penetrate to
maximum depth. Finally, we note in these cases that the
transverse kinetic energy reaches a maximum and then
decreases as the pulse ebbs, while the longitudinal kinetic
energy keeps increasing until the end of the run.

So far, simulations had been limited to OR [8-10].
Wilks et al. [9] obtained the recession velocity of the
target by balancing the photon and ion pressure on
each side of its surface, assuming total reflection: By =
aol3(ne/ne) (m./m;)]'/2. This formula is usually an ac-
ceptable approximation; however, in simulations with
“light” ions (m;/m, = 100), we measure velocities much
lower than By. In this case, pressure arising from hot
electron generation at the interface can no longer be ne-
glected. By balancing the energy lost by the laser with
that carried away by suprathermal electrons, we can evalu-
ate their contribution to total pressure and deduce an
improved expression Bor = ao[R/2(n./ne) (m./m;)]"/2,
which is more in line with our simulation results. In OR,
the backscattered frequency is simply deduced from Bogr
by the usual Doppler formula
i - Bor )

Bor

In passing, we performed fluid simulations in the

same conditions, by means of a recently designed code

w, = Wy

2004

that solves the relativistic cold hydrodynamic equations
for electrons and ions, coupled to Maxwell equations.
These simulations always yielded a velocity close to By,
stressing again the importance of the kinetic effects in PIC
simulations (suprathermal electron generation).

Interpretation of the TR data is less straightforward.
Our basic hypothesis is that the wave is once again
reflected on a moving surface. This surface, which
propagates in the plasma at steady velocity Brgr, is
the place where the wave couples to cold electrons.
In the midst of the pulse, the plasma supports two
counterpropagating longitudinal-plus-transverse waves of
large amplitudes. Assuming that total reflection occurs in
the moving surface’s frame of reference leads to relations
between the incident and reflected wave vectors and
frequencies. Then, since the phase velocity vy of the
incident wave is no longer ¢, the analog to Eq. (1) is
derived in a way similar to that used in [11],

w, /vy — Brr
—=1-2 , (2
wo P 1 — Bix

in good agreement with our simulation results. This

attests that reflection does indeed originate from the
moving surface and is not a volume reflection, as would
take place in Raman scattering. Moreover, the incident
and reflected waves in the plasma are only slightly
superluminous; if we neglect the reflected wave, the
dispersion relation then reads [2]

2
w,z,/wo

el 3)
\J1 + a3/2

The measured phase velocities lie at maximum 10% be-
low those predicted by Eq. (3); this discrepancy probably
results from the enhanced lowering of the effective plasma
frequency caused by the reflected wave. In Eq. (3), we
used ag as the field amplitude in the plasma, since no no-
ticeable swelling of the wave was observed.

At the front edge of the pulse, an electron is violently
set in motion by the longitudinal ponderomotive force.
But the ambipolar field strongly limits its excursion
and gives rise to the oscillations depicted in Fig. 1(b),
hence, causing the oscillations of the reflecting surface;
indeed, its steady drift with velocity Brr results from a
succession of elementary recesses, each with amplitude
&x and duration 87 (in units of ¢/wy and wg ). Since the
ponderomotive force varies at twice the laser frequency,
two successive oscillations of the surface will be dephased
by the amount

8t — 6x/vy = 6x(1/Brr — 1/vy) = 7. 4)

Since the wave and longitudinal motion frequencies are
of the same order, an analytical description of these
phenomena is quite involved, hence requiring numerical
simulation. If we assume that the interface behavior
is reducible to that of a single electron, the maximum
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FIG. 4. Reflection rate ([J), electromagnetic energy (O),
kinetic energies of electrons (#), and ions (A), referred to
the laser power, as a function of the laser amplitude a,, for
n./n. = 2. The laser wave is continuous with a sharp front.

displacement 6x can then be calculated by solving the
Lorentz force equation for an electron under the action
of an electromagnetic wave of phase velocity v4 and
a harmonic longitudinal restoring field [12]. Under this
drastic assumption, the values of the reflected wave
frequency w, that are obtained when simultaneously
solving Egs. (2)—(4) for each TR simulation lie within
20% to those observed.

Our last point concerns how the incident energy is con-
verted into wave and kinetic energies. At the end of
each simulation, the average increase of the electromag-
netic and kinetic energies in the computational box, as
well as the electromagnetic energy leaving it, are com-
puted on several laser periods (Fig. 4). Low reflection
coefficients are obtained at high intensity (=25%). Elec-
tromagnetic energy is low in OR (since the wave does
not enter the plasma), but it becomes comparable to elec-
tron kinetic energy in TR. The electromagnetic energy
is essentially transverse, while the largest contribution to
electron energy stems from longitudinal motion. The ion
energy increases in OR and decreases in TR, peaking at
7% around ag.. In OR, however, energy is carried by a
few hot ions produced at the interface, while in TR it re-
sults from the slight momentum transferred to each ion as
the pulse passes by.

In conclusion, the light reflected by a plasma reveals
a transition between opacity and transparency when light
irradiance is increased. The threshold was clearly iden-
tified as a function of electron density and ion mass, and
a mechanism for the transparency regime was proposed.
This regime can be tested experimentally on solid targets
that have been slightly expanded by a laser prepulse in
order to work on small plasma volumes between O and a
few critical densities.
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