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The interaction of intense, p-polarized, femtosecond laser pulses with solid-density plasma tar-
gets is studied with particle-in-cell simulation. At large angles of incidence the density profile is

rapidly modified by a "push-pull" combination of ponderomotive force and the space-charge effect
of electrons held outside the solid, eventually leading to efficient absorption over a wide range of laser
irradiance. For IA ) 10 W cm pm, the final absorption rate peaks at 45' —50' and is largely in-

dependent of intensity; the average absorption fraction and the shape of the fast electron distribution
both depend on the ratio of the pulse length to the ion shelf expansion time t, Ix ~0 '(m, /Zm, )'i .

PACS numbers: 52.40.Nk, 52.50.Jm, 52.65.+z

The study of sub-ps laser interaction with solid targets
has entered a challenging phase now that laser irradiances
exceeding 1016 Wcm p,m can be achieved with table-
top systems [1]. These experiments could lead to a com-

pact, efficient source of incoherent x rays, and also pro-
vide a promising route to the production of coherent ex-
treme UV or x-ray radiation either from harmonics in the
light refiected from the surface [2] or via direct inversion

[3]. Incoherent radiation arises from electrons which are
accelerated to keV —MeV energies in the vacuum-plasma
interface layer created early on in the interaction. Fast
electron generation by fs pulses has also been proposed
as part of a novel fusion ignition scheme (4].

The problem of laser energy deposition has naturally
attracted a great deal of debate over the fs-solid inter-
action physics, particularly whether significant absorp-
tion is at all possible for intense, pedestal-free pulses
on high-density steplike profiles. At low irradiances,
say IA & 10 Wcm p,m, the experimental results
are broadly consistent with collisional absorption theory
[5]. At higher irradiances, however, it is now evident
that a number of collisionless processes come into play—particularly for obliquely incident, p-polarized light,
such as resonance absorption [6], vacuum heating [7—9],
and anomalous skin-layer heating [10]. In the limit v„,/c
)) 1, heating is also possible at normal incidence via the

(v A B) force at twice the laser frequency [11—13].
Limited time resolution of present experimental diag-

nostics on the sub-ps time scale means that information
can be obtained mainly about time-integrated quanti-
ties such as the global absorption rate, average plasma
temperature, fast electron/ion populations, and energies.
For p-polarized interactions, however, it is the instanta-
neous density profile which largely dictates the absorp-
tion physics. Assuming that the target gets sufficiently
ionized early on in the interaction to form a critical sur-

face, the ratio of the radiation and plasma pressures

P„,/P, = poB /n, kT, will determine whether the bulk

plasma n, ) n, expands or steepens during the interae-

tion (14]. On the other hand, electrons pulled out from
the surface [7] will tend to drag ions with them —an eKect
which was essentially excluded from recent simulations at
normal incidence [11,12]. In this Letter, a quantitative
model of fast electron absorption is developed —based on
a combination of particle-in-cell simulation and heuris-
tic arguments —which takes the oblique-incidence ion dy-
namics into account explicitly.

The essential findings of this study are the following:

(i) a kinetically driven "push-pull" modification of the
density profile leading to the rapid creation of an under-
dense shelf, and a shock propagating into the target; (ii)
a final quasi steady state characterized either by a tur-
bulent form of resonant absorption or by eKcient mode
vacuum heating [7,8], depending on the ultimate value of
v„,/~oL; (iii) a qualitative change in the fast electron
population from beamlike to bi-Maxwellian as the shelf
develops.

The starting point for these simulations is an over-

dense plasma step proFile, with density n, /n, = 2—10,
temperatures T, = 1—2.5 keV, T, /T, =3—5, and mass ra-

tio m, /Zm, = 1836. Typically 32x10s—64x10s electrons
and ions and 1000—4000 grid points were used, depend-

ing on the required resolution and system size [(3—6)Ao].
An electromagnetic wave is launched (in x) from the left-

hand boundary and ramped up to a constant amplitude
over several laser periods. Oblique iricidence is handled

by making a relativistic boost to a frame moving with

v„= csin I9 perpendicular to the density gradient, as de-

scribed in a previous work [8]. Let us first consider the
initial situation in which the ions are immobile and elec-

trons are pulled out into vacuum by the component of
E field normal to the target. Some of these return to
the solid and are absorbed as in Brunel's model [7], but
others are held outside by a time-averaged v h, 8 force

acting away from the target; the ensuing charge separa-
tion produces a strong dc E field which inhibits further

exits from the plasma; see Fig. 1. This is why the ab-

sorption fraction decreases with intensity if the density
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FIG. 1. Initial time-averaged (dc) fields (E ) (solid), (B,)
(dotted), and ponderomotive force (v A B) (dashed) for
8 = 45', IA = 10, n/n, = 2, and T, = 2.5 keV.

profile is held fixed [8].
This initial configuration should be contrasted with

that for normal incidence, where the electrons remain
essentially inside the solid, and the ponderomotive force
acts only into the target. The angular dependence of the
field amplitudes is shown in Fig. 2, which shows that the
outwardly directed dc E field peaks at 45', whereas the
inward component actually peaks around 25'. This im-

plies that the shock should be slightly enhanced at finite
angles of incidence.

The same dc field that holds electrons inside the target
also pulls ions out. An ion falling through the potential
eC = e E /m, up corresponding to the standing-wave
field in Fig. 1 will acquire a velocity v, (Zm, /m, ) ~v~«
away from the target. Meanwhile, the inwardly directed
ponderomotive force pushes on the overdense plasma:
Thermal expansion will be hindered for v~„/viz, & 2,
whereas for v „/v„& n, /n„a shock will develop
with front velocity v, (n, /n, )(Zm, /m, cos8)&v „
[11,12,15].

The push-pull dynamic experienced by the ions distin-
guishes oblique, p-polarized short-pulse interactions from
those with s-polarized or normally incident light, where
the profile is steepened, but the shelf forms much more
slowly, if at all, and creates the conditions for either res-
onance absorption or efficient vacuum heating depending
on the ultimate value of v„,/urpL. The final steepened
profiles found in early 2D simulations [16]on "long-pulse"
resonance absorption, starting with L/A & 1, also resem-
ble the step-shelf profiles considered here.

Two scenarios are demonstrated by mobile-ion simu-
lations with different laser irradiances, IA = 4 x 10
and 10 Wcm pm . In both cases the absorption
rate increases as the ion shelf develops, saturating af-
ter a well-defined period; see Fig. 3. This buildup time,
t„can be estimated from simple energetic arguments,
by assuming that the absorption efBciency is directly
correlated to the shelf expansion. For P „/P, (( 1,
the expansion would be driven by thermal pressure, in
which case the density scale length L c,t„where
c, = QZkT, /m, Resonance absorp. tion should there-
fore take place when the scale length L & 2v „/up, or

FIG. 2. Initial dc fields into the target (triangles, scaled
x2), away from the target (dots), and ponderomotive force
(squares, x2) as a function of 8. The upper dashed curve
(x2) is the analytical result for the ponderomotive force
v~„cos8; the lower one is an empirical fit of the form
E; = Eo+ Ei sin 8. The other parameters are as for Fig.
1.
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FIG. 3. Time evolution of absorption fraction for
IA = 4x10 (solid) and IA = 10 (dashed). Theothersim-
ulation parameters were 8 = 45', m, /Zm, = 1836, T, = 2.5
keV, T, /T, = 3, n, /n, = 5 (solid), and 10 (dashed)

after a time apt, 2v&», /c, 2(m, /Zm, ) v&», /vi, »i/a

practice, for IA & 10, we find a weaker scaling with

v„, than this because the ponderomotive force already
begins to impede the expansion at the critical surface for

v„,/vi, ~ 0.2, the lowest intensity considered.
In the opposite limit, P„,/P, » 1, the electrons pull

the ions out via the induced dc field, E„= (E~), of
Fig. 2 given by eC = e f E„dx eE„X~„, where

X„,= 2v„ /up is the effective excursion length of the
vacuum electrons and C is the ponderomotive potential
as defined earlier. Thus, E„Ep/2 ascaling —read-
ily confirmed by repeating the simulations of Fig. 2 for
different v „.The ion equation of motion can then be
integrated, following a fluid element pulled away from
the solid, to give an estimate for the expansion time
t, = 4(m, /Zm, )EX,/vpv, ~, where hX, is the shelf ex-
tension. As the expansion proceeds, the field E„ is car-
ried outwards into the shelf: The barrier which initially
prevents efficient vacuum heating will thus be removed
when AX, ~ 2v«, /ep. Hence we should have optimum
absorption after a time

~pt, = v8(m, /Zm, )'/,
independent of laser intensity. This result is verified in
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FIG. 4. Final absorption rates vs laser irradiance: total
(Q), fast electron component (squares), and fast ions (Z).
The filled symbols indicate simulations with n, /n, = 5; the
open symbols n, /n, = 10. Inset: final absorption vs angle of
incidence at 10' Wcm p,m .

simulations with IA & 10', though the coefficient (at
45') is about twice that in the above expression. It is in-

structive to compare this expression with the time scale
for "hole punching" due to a finite spot size [11],which is

roughly t~ 140/A/Z(v„, /c) [rp/(1 pm)] fs. Thus,

for spot sizes rp ) 6 p,m, this effect will not be too signifi-

cant for sub-ps pulses over the intensity range considered
here.

The asymptotic steady-state absorption rates are plot-
ted in Fig. 4. Note that the relative ion fraction in-

creases towards lower intensity, making up 15%—20% of
the total laser energy for IA & 10is. This additional
fast ion component and the dips in the solid curve in

Fig. 3 suggest that the resonant plasma wave is un-

stable, exhibiting periodic Langmuir collapse [17], and

thus bursts of ion heating. The growth rate for this in-

stability is p~,„w„gm,W/3m, [17,18], where W =
v„/(n, /n, v„) and v„ is the electron quiver velocity in

the plasma wave. For the simulation with IA = 4 x 10
we find v„0.1 2v „,which at n, = n, gives W = 2,
and thus ~pp „50,which is consistent with the typ-
ical "collapse" period ape., 70 seen in Fig. 3.

At the high-intensity end, the final absorption rate is

over 80%, despite the sharp gradient I/A & 0.05 main-

tained by the ponderomotive force, and the low shelf

density n, & n, /4. We find no evidence for surface-

wave heating —which would require a shelf of n, n,
extended over a region + A/2 [19],or of heating by para-
metric instabilities (e.g. , Raman scattering), in the un-

derdense region [18]. It should be noted that side- and

backscattered modes are excluded by the 1D boost tech-

nique, but these are unlikely to contribute much owing

to the low density and short length [(1—2)A] of the shelf.

The particle orbits are characteristic of vacuum heating,
and a dramatic increase in (p, x) phase-space density

in the vacuum-shelf region is observed between the ini-

tial step-profile configuration of Fig. I, and later times

t&t, .
Making use of the scaling law of Eq. (1) for the (ap-

proximately linear) buildup time, and the fact that the

10" 1()16 10 10

Ip (wcrn p,m )

FIG. 5. Temperature of absorbed fast electrons ( ), bulk

plasma electrons (Q), and ions (E).

(2)

where t, (45') = 130(A/Z)~ (A„) fs and rIp(45') = 80%;
A is the atomic mass number of the target. The angular
dependence is somewhat complicated because both the
buiMup time and the final absorption vary with 8. Fur-

ther simulations give absorption coefficients qp(30 ) =
25% and imp(60') = 60%, with corresponding buildup

times of 270 fs and 70 fs for A = Z = A„= 1. For
IAz & 10'" and pulse lengths r„& t„ the average ab-

sorption may well be higher than that given by Eq. (2)
because the buildup time for resonance absorption (esti-
mated earlier) is less than the value from Eq. (1).

The energies associated with the various plasma elec-
tron and ion populations are given in Fig. 5. The su-

prathermal plasma electron temperatures are generally

higher than those obtained for fixed profiles with simi-

lar scale lengths [8], presumably due to the presence of
the underdense shelf. This implies that the ion mobility

parameter (Z/A) /, or equivalently the ratio r„/t„also
affects the temperature of the suprathermals, as well as

their number. For intensities below 10 ", these temper-

atures are also consistent with those obtained in earlier
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FIG. 6. Time-integrated hot electron spectra for IA = 10
after t = 2t, : fixed ions, curve A; mobile ions with

m, /Zm, = 1836, curve B

0.5

asymptotic absorption rate qp in Fig. 4 is more or less

intensity independent, we obtain a handy formula for the
average absorption of a (square) pulse of finite duration
7.„ in the high-irradiance limit (IA2 ) 10'r):
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FIG. 7. Self-similar cumulative heat flow for IA = 10
(curve A) and IA = 4 x 10 (curve B). The quantities q,
qq, i, and U are defined in the text.

ergy is carried into the solid by fast electrons, though for
IA2& 10is a significant proportion (10%—20%) goes into
shelf ions accelerated away from the target. For Gaussian
pulses and higher densities (e.g. , n, /n, 100) the ab-
sorption scaling should still hold qualitatively, but may
differ numerically because P~„/P, will be time depen-
dent, resulting in a transition between absorption regimes
during the interaction.
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2D simulations starting from a step profile [16].
The distribution of the absorbed fast electrons also gets

hotter as the shelf forms, undergoing a transition from
a monoenergetic beamlike population (t (( t, ) to a bi-
Maxwellian (t & t, ) similar to that observed in long-
scale-length simulations. This efFect is illustrated in Fig.
6, which compares the mobile-ion result with the same
run for fixed ions at IAz= 10 s. The "temperatures" of
these spectra are 250 keV (curve A) and 360 keV (curve

B), respectively; the absorption for the fixed-ion run was
10%, as in Ref. [8].

For times t & t„ the cumulative heat flow, defined

as Q(U) = fa q(U')dU' = rn, cs fc U'f(U')dU', where

U = (1 + pz + pz)~ —1, assumes a self-similar form
when normalized to the total energy absorbed Qt, m

——

fa q(U')dU', and plotted against U/Th, t. This is shown
in Fig. 7 for the two simulations considered earlier
[IA = 10is (curve A) and IAz= 4 x 10is (curve B)], af-

ter a run time t 2t, . Though these curves are prone to
some uncertainty in defining Th & (typically 5%—10% for
the data in Fig. 5), there appears to be a clear qualita-
tive difFerence between the low- and high-intensity cases:
The other curves for IA & 10 lie more or less on top of
curve A; below this there is a smooth transition to curve
B. Thus, in the high-intensity limit, over 25% of the ab-
sorbed laser energy is carried by electrons with energies
U & 3Th i, for IA + 10 this fraction is only 10%.

In summary, a comprehensive model of fast electron
generation applicable to femtosecond laser-solid interac-
tions has been presented, in which the ion motion and
oblique-incidence efFects—resonance absorption and vac-
uum heating —have been taken into account explicitly.
For irradiances above IA & 10, the absorption rate
reaches an optimum final value + 80% for 0 = 45' —50',
after a buildup phase t, = 130(A/2) ~ A„ fs associated
with the formation of an underdense ion shelf. The over-
all absorption for a given pulse length thus depends on
the laser wavelength and the ionization state Z, which
may also vary during the interaction [20]. Most of the en-
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