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Electrons have been accelerated from solid target surfaces by sub-10-fs laser pulses of 120 �J energy

which were focused to an intensity of 2� 1016 W=cm2. The electrons have a narrow angular distribution,

and their observed energies exceed 150 keV. We show that these energies are not to be attributed to

collective plasma effects but are mainly gained directly via repeated acceleration in the transient field

pattern created by incident and reflected laser, alternating with phase-shift-generating scattering events in

the solid.
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Laser-based electron acceleration has been a rapidly
evolving topic through the last decade. Well-directed
multi-100-MeV electron bunches can be generated indi-
rectly via excitation of longitudinal plasma waves in under-
dense plasmas with relativistic laser pulses [1]. With laser-
solid interaction, broad-cone emission beams moving into
the forward direction through the overdense target are
obtained, being heavily influenced by collisions [2]. This
is important in connection with proton and ion acceleration
[3] and fast ignition [4], for example. Sometimes, confined
electron beams have also been observed pointing away
from the target on the laser side [5–8], all of the latter
with laser pulse energies of a few to a few hundreds of mJ
showing a strong dependence on the properties of the
expanding plasma on the solid surface.

Another type of laser is used in many labs with much
lower pulse energies (�1 mJ), but durations less than 10 fs
and repetition rates around 1 kHz. When focused onto a
solid surface, such lasers can produce plasma of near-solid
density and peak temperatures above 100 eV, mainly due to
the absence of significant preplasma and the ultrashort
pulse duration [9]. In this Letter, we show that such laser
pulses with only 120 �J of energy can be used for directed
electron acceleration off solid surfaces with energies well
above 100 keV. The process is much more deterministic
compared to previous experiments, since it is dominated by
the interaction of the light fields with free electrons to-
gether with collisions in the solid, whereas the plasma
plays no significant role. The experimental results give
insight to the detailed field structure at the surface and to
absorption of the laser pulse.

A commercial Ti:Sa CPA laser system similar to that
described in [10] was used in the experiments. The ob-
tained 20-fs laser pulses were spectrally broadened in a Ne-
filled hollow fiber and compressed by a set of chirped
mirrors [11] to a final pulse length of 9 fs (FWHM).
Pulses were focused with an f=3 off-axis parabola to a
spot size of 3:5 �m (FWHM). With a pulse energy of
120 �J in the focal spot, the average intensity (within
the range where I � Imax=e

2 both temporally and spatially)

was 2� 1016 W=cm2. The intensity contrast was>105 up
to 1 ps before the pulse, which confined the preplasma to a
range smaller than the skin layer as confirmed by spectro-
scopic measurements with the same laser [9].
In the experiments, p-polarized pulses hit the target

under 45� in single shot mode. Isolators like glass and
boron nitride (BN) and different metals (Al, Ag, and Au;
Z ¼ 13, 47, 79) were used as targets, mostly with optical-
quality flat surfaces. The detection of fast electrons was
performed by imaging plates (IPs, type FUJI). IPs allow for
absolute measurements of the electron numbers, if the
energy distribution is known [12]. Two diagnostics were
employed (Fig. 1): First, the angular electron distribution
was recorded by placing an IP at a distance of �13 cm
from the target (see Fig. 2). Second, an electron spectrome-
ter was set up consisting of a metallic aperture (diameter
1 mm), two metallic plates (4� 9 cm2), of which one was
on positive voltage (up to 5 kV), and an IP. The E field and
Earth’s magnetic field created parabolic electron traces on

FIG. 1. Experimental setup for spectral measurements. Used
without aperture, E field and shielding for 2D survey images.
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the detector IP (see inset in Fig. 3). The electrons were
tracked using CST Particle Studio [13].

The first result was that electrons emitted from the
interaction region run to distinct directions (Fig. 2). They
formed one or several confined spots on the IP, typically
around the horizontal laser plane and at angles between
100 and 130�. This pattern was reproducible from shot to
shot and similar with all investigated metals. The use of
isolators as target material (e.g., glass substrates) strongly
reduced the amount of accelerated electrons, and unpol-
ished surfaces led to a reduction of directionality.

Electron spectra were measured at such angles where
strong emission was found. Maximum energies above
150 keV were detected (Fig. 3) with all metal targets. For
the purpose of comparison, Maxwellian distribution func-
tions were fitted to the data with temperature parameters in
the range of 20 keV. For isolators, these temperatures were
only slightly lower (e.g., 17 keV for BN), but the numbers
of detected particles per laser shot were much smaller
(ranging from above 6000 for Al to�2000 for Au as com-
pared to �200 for BN). Typically, energies were higher at

angles closer to the reflected laser direction (�105�) and
decreased towards the target normal direction. With the
spectral information and the angular distribution, the num-
ber of electrons detected in survey images was estimated to
3� 107 per shot.
The measured electron energies are far too high for pon-

deromotive acceleration in the laser focus, the ponderomo-
tive potential amounting to Up ¼ 4:7 keV, only. Further-

more, the very steep plasma gradient [9] rules out collec-
tive plasma effects like resonance absorption to be domi-
nant. To confirm this, a 3D simulation of the experiment
has been performed using the Virtual Laser Plasma Lab
(VLPL) PIC code [14]. A p-polarized laser pulse of wave-
length � ¼ 0:82 �m hit an overdense plasma layer under
45� with spot radius R ¼ 1:64 �m, duration T ¼ 9 fs, and
a dimensionless light amplitude a0 ¼ 0:2. The plasma
density rose sharply from 0 to 50 times critical within
0:1 �m, reflecting a scale length as seen in previous ex-
periments [9]. The simulation box of size 3�� 10�� 1�
was sampled with a grid of 120� 100� 2 cells with up to
1000 particles per cell.

VLPL has been equipped with binary collisions. The

energy dependent scattering cross section � for electrons
with atoms (in this case, aluminum) was taken from litera-
ture [15] to obtain the scattering probability. Figure 4
compares the energy spectrum and angular distribution of
the hot electrons leaving the front surface to the results
when collisions are switched off. Obviously, collisionless
plasma effects (grey curve in Fig. 4) are insufficient to
reproduce the experimental results, and an interplay of
particle acceleration in the laser field and collisions within
the dense plasma is required.
For a more detailed analysis, trajectories of single elec-

trons during acceleration were investigated by two separate
Monte Carlo simulations, namely, in the vacuum and
within solid-density matter. To begin with, we studied the
interaction of electrons with the dynamic interference
structure generated by the overlap of the incoming and
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FIG. 3. Electron spectrum obtained close to the direction of the
reflected laser for a single laser shot on a silver target. The inset
shows raw data as recorded on the IP.

FIG. 2 (color). Typical 2D survey image of electrons detected
with an IP for a single laser shot on an Al target. Emission is
predominantly at distinct angles (highlighted regions) between
target normal and the direction of the reflected laser.

FIG. 4. Electron spectra and angular distributions (inset) ob-
tained by PIC simulations with and without scattering. The
experimental energies �70 keV can only be reproduced with
scattering. Angles are defined as in Fig. 1.
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reflected light pulses in the focus. The electromagnetic
field of the laser was modeled analytically under the fol-
lowing assumptions: First, we did not take into account the
softening of the surface by creation and expansion of a
plasma because this effect is too slow to play a significant
role for light propagation as long as the 9-fs laser pulse is
on. This is justified by observations presented in [9] show-
ing that for very similar conditions, the plasma scale length
at the time of the pulse maximum is 2.9 nm. Second, the
surface was treated like a metal in the sense that a phase
jump of � was assumed for the reflected beam. Third, we
assumed laser absorption to take place within the skin layer
of the target such that the intensity of the reflected light
pulse in vacuum was a fraction rI0 of the incident inten-
sity I0.

Under these assumptions, infinite p-polarized plane
waves lead to an interference field which is linearly polar-
ized at the center of the target surface and points to the

direction ’ ¼ arctanð� ffiffiffiffiffiffiffiffi

1=r
p Þ. The polarization and direc-

tion characteristics in front of the surface vary spatially

with a periodicity of
ffiffiffi

2
p

�=2. The field amplitude is en-

hanced by a factor of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ r2
p

when compared to the
incoming field alone, being the well-known result of su-
perposition of two coherent light fields. The interesting
feature in the case of an ultrashort pulse is that the accel-
eration of electrons is determined by the temporal and
spatial details of these field oscillations, and not—as
usual—by an average over many oscillations.

We included longitudinal field components in addition
to the dominant transverse components [16–18] for a pre-
cise description of the tightly focused pulses. Constant
values of r � 55% and r � 25% were assumed in the
simulations shown in Figs. 5 and 6, respectively. This
brings out the important features of the experimental data
and is motivated by intensity-dependent reflectivities [19].

For the results shown in Fig. 5, single electrons were
emitted from the solid surface into the described field at
different times with random energies in the eV range, and
their trajectories were calculated by the relativistic equa-
tion of motion. Dependent on emission time, these elec-
trons are accelerated away from the target or back into it,
and they gain up to 23 keV [see Fig. 5(a)], which is of the
order of their maximum oscillation energy in the field. The
emission of electrons above 10 keV is well directed within
a cone of <5 msr to a direction close to that of the
interference field at the surface [a reflectivity of 55%
corresponds to angles of �� 55� into the target and
�125� off the target as shown in Fig. 5(b)], being in
good agreement with the measured collimated feature at
�127� in Fig. 2. This part of the acceleration process is
similar to Brunel heating [20], but here outgoing electrons
are considered and not those accelerated into the target.

With this model, the observed electron emission direc-
tions can be explained, the injection time and reflectivity
determining the direction of the outgoing electrons.
However, the maximum energies are an order of magnitude

higher than calculated, which demands an extension of the
model. From the variety of collisional absorption mecha-
nisms, it is well known that trajectories of electrons can be
substantially altered by collisions in the skin layer and
beyond, sometimes even accompanied with energy gain
as with inverse bremsstrahlung, for example. Apart from
energy shift, such (multiple) scattering events can lead to
reemission of preaccelerated electrons into the transient
laser field in the vacuum outside the solid surface, where
they can receive a further accelerating push under certain
circumstances. For example, our simulations show that
50 keV electrons can gain another 50 keV in the laser
interference field when leaving the target, for instance, or
up to 35 keV when driven back to the target. Note that the
whole acceleration in front of the target surface is not a
statistical process (in contrast to the scattering inside the
target) but collision-free and deterministic: The dynamics
of an electron is fully described by its momentum as well
as injection time and location when leaving the solid.
The paths of electrons in the solid were simulated with

the second MC code, which treats scattering at the bulk
atoms according to the cross sections of [15]. Bethe-Bloch-

FIG. 5 (color). Acceleration of electrons (initial energies �
20 eV) off a solid surface by a sub-10-fs laser pulse incident
under 45�. (a) The laser phase at the emission time determines
final energy as well as direction. Electrons are either reinjected
into the target within one laser cycle (red) or accelerated away
from it (green). (b) The direction is mainly determined by the
field direction at the target surface (here r ¼ 55%). Only the
particles emitted away from the surface are shown.
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type energy loss was included as well as the influence of
the laser field declining within the skin depth (�15 nm). It
was found that indeed a considerable fraction of the elec-
trons accelerated into the solid are scattered in such a way
that they move inside during the decelerating phase of the
laser field and are reemitted into the next accelerating
phase. In principle, this can happen several times during
the laser pulse interaction, albeit with decreasing probabil-
ity as scattering cross sections decrease with higher elec-
tron energies.

Figure 6 shows the total history of a test particle which
gains an energy of �100 keV. The interplay of scattering
inside the target (paths 1 and 3) and deterministic accel-
eration in the interference field in vacuum (paths 2 and 4)
leads to multiple harvesting of the optimum phase of
acceleration in the laser field, thus multiplying the final
energy by a factor of about 7 compared to the maximum
one-path acceleration (Fig. 5).

The absolute number of electrons measured in the hot
population is roughly matched when all the conduction
band electrons in the focal spot region are considered.
Ionization by the laser field and by collisions adds further
electrons, but only those set free early enough in the laser
pulse can be accelerated to high energies.

The conditions for absorption and specular reflection
varying on the fs scale lead to a changing interference field
and thus to different acceleration directions for the differ-
ent laser cycles. It is therefore probable that each of the
dominant emission directions contains electrons finally
ejected in a certain laser cycle, thus sampling the specular
reflectivity cycle by cycle. The less energetic electrons
emitted at larger angles (e.g., feature at 127� in Fig. 2)
have most likely been accelerated directly without addi-
tional scattering and reemission and are thus well colli-

mated. The faster electrons at smaller angles exhibit less
collimation (e.g., see feature at 103� in ’OP direction) due
to deleterious scattering effects.
The weak dependence of the electron energies on the

atomic number of the metal targets originates from a
balance of two effects. On the one hand, low-Z materials
allow efficient extraction of low-energy electrons from
within the skin layer due to small energy losses, leading
to higher starting populations, whereas on the other hand,
backscattering of high energy electrons works much better
with high-Z materials. In isolators, the lack of initially
quasifree electrons explains their strongly reduced effi-
ciency, and with rough surfaces, the spatial structure of
the interference field and thus the directionality of accel-
eration is disturbed. A highly nonlinear dependence on
laser intensity was found (i.e., at half intensity the inte-
grated electron signal dropped by more than a factor of 20),
which is another indication for the necessity of successive
acceleration stages.
In conclusion, directed electron ejection off solid sur-

faces was demonstrated using laser intensities of about 2�
1016 W=cm2 and few-cycle pulse durations below 10 fs. In
contrast to longer laser pulses, it is concluded that plasma
effects are of minor importance for the acceleration of
highest energy electrons. The interaction is governed by
the interaction of the light field with single electrons,
leading to distinct ejection angles. The unexpectedly high
energies observed are explained by a repeated interplay of
acceleration in vacuum and scattering inside the solid
which leads to phase-delayed reemission into the field.
This way, the kinetic energies are boosted by accelerating
an electron in subsequent laser pulse cycles.
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FIG. 6. Scalar product of momentum and electric field vector
vs kinetic energy along the path of a moving test particle typical
for the case of strong acceleration. The particle is extracted from
within the target (1), accelerated and driven back into it (2) and
scattered back into the vacuum (3). Finally, it receives a strong
boost of kinetic energy on its complex way out of the region of
the laser field (4).
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