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We use simulations to investigate the interaction of ultra-intense laser pulses with a plasma. With an
intensity greater than 10'® W/cm?, these pulses have a pressure greater than 103 Mbar and drive the
plasma relativistically. Hole boring by the light beam is a key feature of the interaction. We find sub-
stantial absorption into heated electrons with a characteristic temperature of order the ponderomotive
potential. Other effects include a dependence on the polarization of the incident light, strong magnetic
field generation, and a period of intense instability generation in the underdense plasma.

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

The ongoing development of ultrabright, short pulse
lasers is allowing exploration of new regimes of laser-
matter interaction. Experiments are now being carried
out [1-3] in which plasmas are irradiated by laser light
with intensities up to /A2=10"® Wum?/cm? Here I is
the intensity and A, the wavelength in microns. At such
intensities, electrons oscillating in the field of the light
wave are strongly relativistic; i.e., pos/moc = 1, where pos
is the momentum of oscillation, mg the electron mass,
and ¢ the velocity of light. This is the first simulation
study to address an ultra-intense light wave with a finite
spot size normally incident onto an overdense plasma-
vacuum interface. Some of the key results are strong
hole punching and MeV ion generation inward due to the
large light pressure, MeV electron generation into the
overdense plasma by nonadiabatic heating at the sharp
light-plasma interface, and estimates for the absorption
of the incident light and characteristic temperature of
heated electrons for a range of laser intensities soon to be
experimentally accessible.

We use a 2D, electromagnetic, relativistic electron,
mobile ion, particle-in-cell code (ZOHAR [4]) to study
this relatively unexplored, highly nonlinear regime [5].
As with previous 1D studies at lower intensities [6], these
simulations model the interaction of laser light with a col-
lisionless plasma. For the intensities and time scales
studied here, inverse bremsstrahlung is weak since the
light-plasma interface is quite steep and the effective tem-
perature of the electrons interacting with the light wave is
large. We begin with a simulation which focuses on the
interaction of high-intensity laser light with a preformed,
overdense plasma. Laser light with a Gaussian intensity
profile (in the transverse or y dimension) is introduced at
the left boundary and propagates (in the x direction)
through a region of vacuum onto a slab of overdense plas-
ma. Particles escaping through the right boundary are
reemitted with their original temperature. In this exam-
ple, the system is 36c/wo long in the x direction and
40c/wo wide, where wy is the light-wave frequency. The
plasma is initially 22¢/w¢ long, preceded by 14c/wo of
vacuum. The electric field of the incident light wave is in
the y direction, and the dynamics are followed in the x-y
plane (the so-called p-polarized case). In complementary
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simulations, the electric field is in the z direction (the s-
polarized case). We consider both cases to provide in-
sight into the three-dimensional aspects of the problem,
which will be a mixture of the two cases. The initial den-
sity of the plasma slab is 4n, where n is the critical
density for the incident wave. The initial electron tem-
perature O, is 4 keV, and the electron-ion mass ratio is
1/1836. The incident wave is turned on over 72wq ! and
has a Gaussian transverse intensity profile with half-
width of 14c/wo, with a peak intensity of A2=1.2x10"
W um?/cm?. This intensity corresponds to poy/nioc =3.

The intense, linearly polarized light wave strikes the
overdense plasma and penetrates a thin layer somewhat
larger than ¢/, due to the relativistic mass change [7].
(Here w), is the electron plasma frequency.) Even for
normal incidence, there is a very strong, high-frequency
electrostatic field operating on the plasma in this inter-
face. This field is simply the oscillating component of the
ponderomotive force [8] f,; f,=V(y—1)moc?, where
y=U+p*md)"? and p is the electron oscillatory
momentum in the transverse and longitudinal fields of the
wave. Although generally nonresonant, this field can still
accelerate electrons [9] which interact nonadiabatically
with it in the steep interface. The frequency of the oscil-
lating ponderomotive force is 2wo. This means that twice
every cycle, a group of electrons will be accelerated into
the plasma by this ponderomotive force. This will show
up as a ‘“train” of high-energy electrons, separated by a
distance of half of a laser wavelength, or ~nc/wo. The
heating is apparent in Fig. 1(a), which is a snapshot of p,
vs x of the electrons at wor =180. Figure 1(b) shows the
energy spectrum of the heated electrons which have
transported through the right boundary by ot =400.
Note that these heated electrons have an effective tem-
perature of about 1.1 MeV. At this time about 26% of
the incident light-wave energy is being absorbed into
these electrons.

Boring of the light beam into the plasma is a very im-
portant feature of the interaction. The light pressure p,
is extremely high; i.e., pr =2I/c ~6x10> Mbar for, say,
I1=10" W/cm? The hole punching is apparent in Fig.
2(a), which is a snapshot of the ion charge density at
wot =183. As illustrated in Fig. 2(b), the depth of the

1383



VOLUME 69, NUMBER 9

PHYSICAL REVIEW LETTERS

31 AUGUST 1992

T T T T 1
12 -
(a)

4 ]

- sl N R SR R SR B

w0, ] T T ]

Fesc

10 |~ Tlfhl\.!'.;‘:&? LT

E/m,c?
FIG. 1. (a) A snapshot of electron phase space (px vs x) at
time wof =180 and (b) the cumulative energy distribution of

the electrons striking the right boundary up to time wot =400.
In this 2 ¥ D simulation, pes/moc =3.

hole increases with time. The depth increases with a ve-
locity of about 0.022¢ in this example. This velocity can
be estimated by balancing the momentum flux of the
mass flow with the light pressure. In a frame moving
with the velocity u of the reflection front, we use number
and momentum conservation to obtain [10]

niMu?=I/c. 1

Solving for the front velocity gives
1/2

U _ | e Zm I}\-;%

2
c 2n,e M 1.37x10'8 @

Here n,; (n,) is the ion (electron) plasma density, u the
ion velocity, M the ion mass, and Z the charge state. For
this example, Eq. (2) gives ©=0.025¢. More accurately,
the momentum fluxes need to be described as second mo-
ments of a distribution, extending to about ¢/30 in this
case. Note that this inward acceleration produces quite
energetic ions, i.e., with energies ~1073Mc? in this ex-
ample. This inward acceleration could be verified by ob-
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FIG. 2. Contours of the ion charge density at (a) wot =183
and (b) wot =343. The simulation parameters are the same as
for Fig. 1.

serving a redshifting in frequency of the reflected light
(31

As the hole forms, the electric field of the light wave
begins to directly drive the plasma electrons on the sides
of the hole. As expected, the absorption efficiency in-
creases. For example, at wot =600, the hole depth is
about 1.5%¢, and the absorption efficiency into heated
electrons has become about 50%. The energies of the
heated electrons also increase. At wot =600, the effective
temperature of the electrons transporting to the right is
about 1.6 MeV. Note that previous studies [6,11] have
concentrated on oblique incidence, whereas here we are
normally incident with a finite beam width.

In other simulations with s-polarized light, the absorp-
tion and heated electron temperature were both some-
what reduced. In particular, for IA3=].4X 10" Wymz/
cm?, the absorption at wor =500 was about 28% into
heated electrons with a temperature of about 850 keV.
Simulations were also carried out at a lower intensity of



VOLUME 69, NUMBER 9

PHYSICAL REVIEW LETTERS

31 AUGUST 1992

N2=13%x10'"" Wum?%*cm? The absorption for p-
polarized light was then about 20% into heated electrons
with a temperature of about 290 keV. For s polarization,
the absorption was about 10% into hot electrons with a
temperature of about 140 keV. In addition, simulations
with peak densities of 10n., gave no substantial change in
the results.

Figure 3 summarizes the heated electron temperatures
versus incident light intensity. The solid line is simply the
energy (¢,) of electrons oscillating in the transverse field
of the incident light wave; i.e., €, =(y, —1)moc 2 where
v =(+1}/1.37x10'%) 2. Note that €, is a simple
scaling estimate and does not include the energy of oscil-
lation in the longitudinal field, which would somewhat in-
crease but greatly complicate the estimate. At low inten-
sities, the hot electron temperature (say, due to resonance
absorption) is typically much greater than ¢,. However,
in this ultra-intense regime the absorption is occurring in
a sharp interface. Hence it is plausible that ¢, provides a
crude estimate for the characteristic heated energies.

Extremely intense self-generated magnetic fields are
observed to form in the overdense plasma. Figure 4
shows contours of B, at time wof =600 in the simulation
with p-polarized light at JA2=5.6x10'" Wum?/cm?
The periodic structure is associated with the incident and
partially reflected light wave. Note the contours of the
magnetic field inside the plasma. These contours repre-
sent a magnetic field around the heated spot in the center
of the plasma. This nonoscillatory magnetic field is gen-
erated by the electron heating at the light-plasma inter-
face. Here eB,/mwoc~1, which corresponds to a field
with magnitude ~250 MG.

In addition to the sharply ramped overdense plasma-
vacuum cases, we have carried out some 14D simula-
tions to allow the light to interact with a significant
reigon of underdense plasma. Let us consider an example
in which laser light with intensity /A2=1.2x10"
W um?/cm? is propagated into plasma with an initial
linear density profile rising from 0 to 4n, in a distance of
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FIG. 3. The heated electron temperature vs intensity found
in the 2 3 D simulations discussed in the text.

400c/wo. The initial electron temperature is 4 keV, and
the electron-ion mass ratio is 0.01. In this case, the laser
pulse is finite in length, and the plots we are about to de-
scribe are obtained after the laser has completely exited
the system.

Again there is significant hot-electron generation due
now to both the oscillating ponderomotive force heating
near the critical density and the strongly driven Raman
instability in the underdense plasma. This instability per-
sists mainly near the quarter-critical surface due to the
strong, self-consistent density modifications. In the elec-
tron phase space p, vs x we observe large oscillations due
to Raman scattered light at wo/2 trapped in a local densi-
ty modulation near n/4. Hot-electron generation is also
evident. In this 1+ D example, about 50% of the light
was absorbed into hot electrons with an effective temper-
ature of about 800 keV. The reflected light was dom-
inantly down-shifted to frequency wo/2 in this example.
At lower intensity (17»3=l.3>< 10'* Wum?/cm?), only
about several percent of the reflected light had frequency
wo/2.

In practice, lateral ejection of electrons from the laser
beam spot reduces the efficiency of the underdense plas-
ma instabilities. However, even for an expulsion velocity
of 3x10% cm/sec, it would take a significant fraction of a
picosecond to eject plasma from a 30-pm-diam spot.
(Unless the density is quite low [12], the space charge
prevents ejection of the electrons without the ions.)
Hence, we expect interesting instability signals from ex-
periments with ultra-intense, subpicosecond laser light.

Finally, we discuss the results obtained when a sizable
region of underdense plasma is placed in front of an over-
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FIG. 4. Spatial contours of the magnitude of the magnetic
field (B;) at time wor=600. In this 2+ D simulation, pos/
moc =2.
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FIG. 5. lon real space at wot =800 showing formation of

bubbles near the critical surface. The central bubble eventually
bores through the overdense plasma.

dense plasma slab in two dimensions. This is to illustrate
how the combined effects from the underdense and over-
dense regimes already discussed can modify one another.
These simulations begin with a plasma density that is
ramped from O to 4n, over a distance of 4A¢, with an ad-
ditional wavelength of plasma at 4n. behind the ramp.
The incident laser parameters are identical to those dis-
cussed above, with a peak intensity of A2=5x10'®
W um?/cm?, and is s polarized. As the laser light enters
the system from the left and begins to penetrate through
critical density, the surface of the plasma becomes corru-
gated (see Fig. 5). This behavior is related to the “bub-
ble” formation studied previously by Valeo and Esta-
brook [13], as well as Lindman and Kindel ez al. [14].
Our case differs in two respects: First, the pressure asso-
ciated with the laser light is so intense that these bubbles
are actually accelerated into the plasma; second, the per-
turbation on the critical surface is seeded by the electron
motion in the underdense plasma well before the ions
have a chance to move, in contrast to the previous work
that assumes the ions to be responsible for the perturba-
tions. This Rayleigh-Taylor-like instability is due to the
photons effectively accelerating the plasma interface. As
the pulse continues to propagate, the absorption increases
as a function of time as the hole depth increases as dis-
cussed above. Other simulations, with various scale
lengths of underdense plasma in front of supercritical
plasmas, show similar behavior.

In summary, we have used particle-in-cell simulations
to explore the interaction of ultra-intense laser light with
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plasmas. This has provided valuable insight into many
complex features of this interaction. Most notably is hole
boring, a crucial feature of the interaction, which leads to
a time-dependent absorption and generation of very ener-
getic electrons and ions directed into the overdense plas-
ma.
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