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The emission of fundamental and harmonic radiation from the rear side of thin foils in the thickness range
50-460 nm irradiated by intense frequency doubled Ti:sapphire laser pulses of the duration of 150 fs and
intensities up to a few 10'8 W/cm? was investigated. Following up a previous study of the rear side harmonic
emission [Teubner ef al., Phys. Rev. Lett. 92, 185001 (2004)], we measured the emission efficiencies, polar-
ization properties, and the spectral shapes of the fundamental frequency and the second harmonic. Rear side
emission is only observed when the obliquely incident laser light is p-polarized. Particle-in-cell (PIC) simu-
lations indicate that the foils remain strongly overdense during the interaction with the laser pulse and that the
rear side emission is caused by energetic electron bunches which are generated at the front side by resonance
absorption. They are accelerated into the foil and drive strong plasma oscillations at the fundamental and

Fundamental and harmonic emission from the rear side of a thin overdense foil irradiated by an

higher harmonic frequencies.
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I. INTRODUCTION

The recent progress in generating intense ultrashort laser
pulses of sub-ps duration has lead to a plenty of nonlinear
effects in the laser plasma interaction at high intensities
[1-3]. One important process is the generation of optical
harmonics by irradiating solid targets with intense laser
pulses. Originally observed with long CO, laser pulses of ns
duration [4,5], this effect has recently been investigated in
many experiments with ultrashort laser pulses [6-13]. In ad-
dition, substantial theoretical work has been done, mainly on
the basis of particle in cell (PIC) calculations [14,15]. The
interest in this process is caused by the fact that it gives
insight into the complex processes occurring during the laser
plasma interaction at high intensities. Also, the application as
a bright coherent XUV light source is very promising, be-
cause with solid targets there are no principal intensity limi-
tations as it is the case in harmonic generation with gases
[16]. Presently, even the generation of sub-fs x-ray pulses is
under discussion [17].

Usually, harmonics from solid targets are studied in re-
flection from the sharply edged overdense plasma layer in
front of the target, which is set into an oscillatory motion
under the influence of the intense laser field. As a conse-
quence, the phase of the reflected light is modulated leading
to harmonics. This “oscillating mirror” model was quite suc-
cessful to explain the high order harmonic emission [14,18].
Recently, we investigated the emission of harmonics from
thin foils with the thickness of a laser wavelength A,
(=395 nm) and below [19], which were irradiated under ob-
lique incidence with p-polarized laser light. As shown sche-
matically in Fig. 1(a), we measured in addition to the re-
flected harmonics also the emission taking place at the rear
side of the foil in the direction of the incident laser light. One
motivation of this experiment was to look for transmitted
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harmonics, which are expected to appear at frequencies
above the plasma frequency w, of the solid foil, but should
be strongly suppressed below w,, [20-22]. It was proposed to
use this cutoff towards low frequencies as a diagnostic to
measure the electron density of the ionized foil. By using gas
harmonics as a probe the existence of such a low frequency
cutoff had been demonstrated [23].

The result of our experiment was quite surprising: Instead
of transmitted harmonics expected above the plasma fre-
quency o, of the dense foil, we observed just the opposite,
namely low order harmonics including the fundamental with
an intensity strongly increasing with decreasing order [Fig.
1(b)]. Because we used clean frequency doubled laser pulses
with a low prepulse level, we were sure, that the foil re-
mained overdense with a density close to solid density dur-
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FIG. 1. (a) Scheme of the experiment. (b) Measured reflected
and re-emitted harmonics [19].
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ing the interaction (the plasma frequency of the solid foil is
w,/ wy=9, where wj is the laser frequency). Thus we can
exclude the transmission of harmonics generated at the front
side (in the following we denote the rear side harmonics as
“re-emitted” harmonics). We explained the re-emission of
harmonics by energetic electron bunches which are created
in the interaction region and pass through the dense foil.
They excite plasma oscillations in the bulk plasma of the
dense foil at positions where the local plasma frequency is in
resonance with a multiple of w, (i.e., where w,~qw, ¢q
=1,2,...). Since this occurs in an inhomogeneous plasma,
reemission of harmonics can take place. As will be discussed
later on, this mechanism for harmonic production by reso-
nances in the bulk of the plasma is different from the mirror
model. The fact that we did not observe the cutoff to the low
frequency side as predicted in the references [20,21] is
caused by the different conditions used in the PIC calcula-
tions and the experiment. In particular, in the simulations
[20,21] the laser intensity I was larger (a,>1) than in our
experiment where ay=<0.5. Here a, is the normalized vector
potential given by

ad = INY[1.37 X 10'8(W/em?) wm?].

Because the re-emission of harmonics is an interesting
new phenomenon we have studied it further. In our previous
study [19] we used a transmission grating spectrograph,
which is appropriate for the higher order harmonics. The
presence of low order harmonics with ¢ =<2 was concluded
from the diffraction pattern caused by the support structure
[24]. In this paper we present in Sec. II more detailed mea-
surements of the re-emitted fundamental light at X\,
=396 nm and the second order harmonic at 198 nm by using
optical diagnostics. We measured the conversion efficiencies
and the spectra of these harmonics at different intensities and
Al foil thicknesses. We also determined the polarization
properties of the reemitted fundamental light. In addition to
the experimental results, we have performed extensive PIC
simulations, which help to understand the observed reemis-
sion from the rear side of overdense foils and are described
in Sec. III.

We finally note, that the observations reported here are
different from other effects leading to the emission of funda-
mental or harmonic light at the rear side of thin foils. Re-
cently several authors observed coherent transition radiation
at the fundamental frequency [25,26] and the harmonic fre-
quency [27]. Tt was attributed to energetic electrons, which
propagate from the interaction region to the rear side and
generate transition radiation when they traverse the rear foil-
vacuum interface. For the reemitted light observed in our
experiment we can exclude transition radiation, because it is
expected in the direction of the electrons driven by the elec-
tric field, which is along the normal of the foil as will be
discussed in Sec. III. In contrast, the re-emitted harmonics
are observed in the direction of the incident laser light [see
Fig. 1(a)]. Also we can exclude phenomena such as anoma-
lous transparency [28] or hole burning [29] which occur at
very high intensities in the relativistic regime (ay>1) and
which are much larger than the modest intensities of this
experiment (ay<0.5).
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FIG. 2. Experimental setup.

II. EXPERIMENT

A. Experimental setup

The setup of the experiment is shown in Fig. 2. The ex-
periment was performed with the 2-TW version of the AT-
LAS Ti:sapphire laser facility at the Max-Planck Institute for
Quantum Optics (MPQ) [30]. It delivers at a repetition rate
of 10 Hz pulses of a duration of 130 fs, an energy of up to
230 mJ, a central wavelength of 792 nm, and a beam diam-
eter of about 63 mm (at 86.5% level). The pulse-contrast
ratio was about 1:10% at r>2ns and 1:10* at 1 ps<t
<2 ns. We improved the pulse-contrast ratio by frequency
doubling using a 2 mm thick KDP crystal plate of 65 mm
diameter. To optimize the conversion efficiency by reducing
the group-velocity mismatch, we increased the pulse dura-
tion of ATLAS-2 to 180 fs by detuning the compressor. We
achieved a conversion efficiency of 45% at an intensity of
30 GW/cm? at 792 nm. From the pulse contrast ratio at
792 nm wavelength, the contrast ratio of the second har-
monic at 398 nm was estimated to be 1:10'° at #>2 ns, and
1:10% at 1 ps<<t<<2ns [31]. A high pulse contrast ratio is
important for avoiding early expansion of the thin foil target
by prepulses and for producing a steep density gradient,
which is necessary for efficient harmonic generation [9,13].
The frequency doubled light was separated from the uncon-
verted light by four dielectric mirrors, which reflect >99% at
396 nm and transmit >99% at 792 nm. Thus the 792 nm
light was suppressed by a factor of 108,

After separation the 396 nm laser light (in the following
text, we will denote the frequency doubled light at 396 nm as
“fundamental”) was directed into a vacuum chamber, where
it was reflected by a dielectric mirror, M1, with a reflection
coefficient of 99% and focused onto the target by a dielectric
off-axis parabolic mirror, OAP, with an f-number of F*
=f/2.5. Beam leaking through the mirror M1 was used for
monitoring the input laser energy with a calibrated PIN
photo-diode, PD1. The focus at the target position was
checked by a F#=f/2 lens which creates a 55 times magni-
fied image of the focal intensity distribution on a 14-bit CCD
camera. The focal spot was a single peak of 5 wm diameter
containing 50% of the energy. This yields a maximum aver-
age intensity of 1.5X 10'"® W/cm?, while the peak intensity
at the center was about 6 X 10! W/cm?.

The targets were free standing aluminum foils with a
thickness ranging from 50 nm to 460 nm. The foils were put
on a 50X 50 mm target holder plate with 60 holes of 1 mm
diameter on it. The angle of incidence of the laser was 45°
with respect to the surface normal. By means of a N/2-plate
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p- or s-polarized light could be used. The target holder was
mounted on an xyz translation unit and was moved between
consecutive shots to always present a fresh surface. In all
experiments the laser was operated under a single shot mode.
The best focus on the target was controlled by maximizing
the x-ray emission, which was measured by a scintillator
after filtering with a thin foil. The cut-off energy for this
filter set was about 40 keV. The shot-to-shot fluctuation of
the scintillator signal was less than 10%.

The emission from the rear side of the foil target was
collected and collimated by a lens, L1, and directed out of
the vacuum chamber. The diameter of the lens L1 was suffi-
ciently large to cover the full aperture of the incident laser
beam (F*=£/2.5). We checked that the reemitted fundamen-
tal light is emitted into a solid angle which is close to that of
the incident light. Thus, we are sure that the lens L1 collects
the entire reemitted fundamental light. The collimated light
was divided into two beams by a beam splitter. The reflected
beam was focused by the lens L2 onto the PIN photodiode
PD2, which measured the re-emitted pulse energy. The trans-
mitted beam was focused by a lens with a focal distance of
500 mm, L2, at the entrance slit of a spectrometer (ORIEL,
MS125) equipped with a 1200 grooves/mm grating. The in-
verse linear dispersion of this spectrometer was 0.7 nm/mm
at 400 nm, i.e., the spectral resolution AN/N was ~0.07 nm
for the 100 um-wide entrance slit. The wavelength of the
spectrometer was calibrated by means of a Hg and Ar stan-
dard lamp (UVP Inc. type 90-0012). The spectra were mea-
sured in a single shot together with the incident energy and
the re-emitted fundamental energy obtained from the signals
of the diodes PD1 and PD2.

B. Experimental results
1. Conversion efficiency

The conversion efficiency of the reemitted fundamental
and the second harmonic is defined as the output energy at
the corresponding wavelength divided by the input laser en-
ergy. To avoid saturation of the two PIN photodiodes during
the measurement of the fundamental light, calibrated neutral
density filters were used. Contributions from the second har-
monic were completely suppressed by these filters due to
their strong absorption around 200 nm. For the measurement
of the conversion efficiency of the second harmonic, we
eliminated the contribution from the fundamental by means
of two dielectric mirrors (not shown in Fig. 2), which were
installed between the lenses L1,2 and which have a peak
reflectivity at 197 nm and a high transmissivity at 396 nm. In
addition, an interference filter for the second harmonic
(bandwidth was about 10 nm) was placed in front of photo-
diode PD2. Its bandwidth was about 10 nm, which is large
enough for complete transmission of the second harmonic.
These measures result in a suppression ratio of about 10° for
the fundamental. Since all higher-order harmonics (g>2)
were in the vacuum ultraviolet region, the contribution from
these harmonics is negligibly small.

In Fig. 3(a) the conversion efficiency of the fundamental
light and the second harmonic is plotted as a function of the
target thickness at a fixed incident intensity of 8
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FIG. 3. Measured conversion efficiency of re-emitted light. (a)
Dependence of the re-emitted fundamental, second and seventh har-
monic on the foil thickness at the maximum intensity of the experi-
ment (1.5X 10" W/cm?). (b) Dependence of the fundamental con-
version on the incident laser pulse intensity for the three different
foil thicknesses.

% 10'7 W/cm?. We also included the results from our previ-
ous measurements of the conversion efficiency of the sev-
enth harmonic [19]. The conversion efficiencies of the fun-
damental and the second harmonic do not significantly
change up to a thickness of 200 nm, but above 200 nm they
decrease strongly with the foil thickness. In contrast, the de-
crease of the seventh harmonic sets in immediately at 50 nm
and drops above 100 nm below the detection limit.

Figure 3(b) shows the measured conversion efficiency of
the re-emitted fundamental as a function of the laser intensity
at a fixed foil thicknesses of 200 nm, 400 nm, and 460 nm.
The laser intensity was changed by reducing the incident
energy, while the foil was always kept in the focus. For all
foil thicknesses the conversion efficiency increases in the
intensity range under consideration. Note, that the smallest
measured conversion efficiency for the 200 nm thick alumi-
num foil at the fundamental wavelength was still more than
five orders of magnitude higher than classical transmission
of the light through the metal foil (see Sec. III).

The data points in Fig. 3 represent averages over a num-
ber of shots. The error bars are mainly caused by shot to shot
fluctuations of the output signal, which strongly depend on
surface conditions of the foil.

2. Spectra of re-emitted light

We have investigated spectra of the re-emitted fundamen-
tal light and second harmonic at different foil thicknesses
and irradiation intensities. Figure 4(a) shows the influence of
the incident laser intensity and Fig. 4(b) of the foil thickness
on the re-emitted fundamental light spectra. For comparison,
we have also plotted the spectrum of the incident laser light,
which has a full width at half maximum (FWHM) of
Aw/wy=0.0043 (or AN=1.7 nm). The re-emitted light spec-
tra are significantly broader than the incident light spectrum.
As will be discussed in Sec. 111, this indicates that the dura-
tion of the re-emitted pulse is shorter than the duration of the
incident laser pulse. In addition, the spectra of the re-emitted
light show a “red” wing on the low frequency side, which
becomes more and more pronounced, when the intensity is
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FIG. 4. Measured spectral line shapes of the re-emitted funda-
mental. (a) Spectra at three different incident laser intensities and
fixed foil thickness (=200 nm). (b) Spectra at two different foil
thicknesses and fixed incident intensity (=1.5X 10'® W/cm?). In
addition to the re-emitted spectra the incident spectrum is displayed.

reduced [Fig. 4(a)] or when the foil thickness is increased
[Fig. 4(b)].

We also measured spectra of the second harmonic. Be-
cause of its low conversion, the spectrometer signal was
close to the detection limit. Thus we could not systematically
study how the spectra depend on intensity and foil thickness.
For a 200 nm thick foil and the maximum incident intensity
(1.5% 10" W/cm?) the typical FWHM of the re-emitted har-
monic was 3—4 nm or Aw/2wy=1.5% —2%.

3. Polarization properties

The results presented so far in Figs. 3 and 4 have been
obtained with p-polarized incident laser light. In previous
experiments it was found that efficient harmonic production
in reflection was achieved only with p-polarized incident la-
ser light [9]. We have checked if the polarization of the in-
cident light is also important for the re-emitted light. For this
purpose we alternatively irradiated the foil target with p and
s-polarized light, and compared the two spectra of the re-
emitted fundamental light. The polarization of the incident
beam could easily be changed by rotating the \/2 plate (see
Fig. 2). The foil thickness was 400 nm and the laser intensity
was at the maximum (=10'"®* W/cm?). We found that for
s-polarized incident light the reemission signal was below
the detection limit, which means that it was at least 400
times smaller than for p-polarized incident light. This result
also indicates, that the foil remains overdense during irradia-
tion.

In addition, we checked the polarization of the reemitted
fundamental light, when the incident light was p-polarized.
To this end, a Wollaston prism with a separation angle of
0.2° was positioned between the lenses L1 and L2. In this
way one obtains two foci for the horizontally and vertically
polarized components at the entrance slit of the spectrometer.
They are separated in the direction perpendicular to the slit.
Therefore the entrance slit was removed to allow for the
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passage of both polarization components which are then im-
aged by the spectrometer separately on the detector plane.
The spectrometer sensitivity for different polarization com-
ponents was checked by means of a He-Ne laser at 633 nm
the polarization direction of which was 45°. Using this setup,
we measured the polarization of the reemitted fundamental
light in the case of a 400 nm thick foil at the maximum laser
intensity (=1.5X10'® W/cm?). The vertical polarization
component (s-polarized light) could not be seen, what means
that the p-polarization of the incident light is completely
conserved in the re-emitted light.

III. SIMULATION RESULTS AND DISCUSSION
A. State of the foil and classical transparency

For the interpretation of the experimental results it is im-
portant to know the state of the foil when the main pulse
arrives. Since the prepulse level of the frequency doubled
pulse is very low, it is expected that the foil targets remain
strongly overdense. To confirm this we have performed hy-
drodynamic calculations with the MULTI-fs code.*® As input
we used the temporal shape of the laser pulse including the
weak pedestal.9 We find only very little expansion. At the
time (r=t") when the main pulse starts (150 fs before the
main pulse) the foils are still at solid state density
(=2.7 g/cm? for Al) even for the smallest foil thickness
(50 nm) used in this experiment. The typical gradient length
(defined by L.=n,/Vn, taken at n,=n,, n,=7.3 X 10?! cm™)
at the front side is still very steep (typically L.=0.1\;). The
temperature in the foil is at r=¢" already quite high (close to
2 keV for the 50 nm foil) due to a heat wave propagating
quickly through the foil. Thus we can assume that the foil is
in a highly ionized state when the high intensity interaction
starts. As a result of the PIC calculations presented below,
the foil also remains during the short duration of the main
pulse still at a high density close to the solid state density.

Under these conditions the classical transparency of the
foil [T.=exp(-d;/d;) with d; and d; the foil thickness and
skin depth, respectively], is very low. For the thinnest foil
(df:50 nm), T, for the fundamental and the second har-
monic does not exceed values of a few times 10~7, which is
considerably less than the rear side emission observed ex-
perimentally. Considering that the foil may slightly expand
during the interaction, 7, gets even smaller, because d;
<cl/w,cl/ V’Z while dyoc1/n,. The latter proportionality
holds for a one-dimensional expansion which is a reasonable
assumption for the thin foils used by us with thicknesses
which are small compared to the laser spot size. From these
considerations we conclude that classically transmitted light
is a negligible contribution to the experimentally observed
re-emitted light.

B. PIC simulations

At the high intensities of this experiment kinetic effects
are very important. We have performed numerical simula-
tions with the collisionless one-dimensional LPIC code de-
veloped by Lichters er al. [14,33]. The code allows for ob-
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FIG. 5. (Color) Intensity of the calculated re-emitted spectra
(red lines) at different densities: n,/n.=84 in (a), =27 in (b), and
=4.2 in (c). Foil thicknesses are 0.2\ in (a), 0.6\ in (b), and 4\ in
(¢) corresponding to a fixed mass per area. The green line in (a) is
the calculated re-emitted spectrum for incident s-polarized light (the
dashed and solid green lines are the p- and s-polarized components,
respectively). To compare the shape of simulated spectra with the
experiment, we have added into each diagram (a, b, and c) the
measured conversion efficiencies at the different orders (the open
circles with error bars, allready shown in Fig. 1).

lique incidence in the standard way by a Lorentz
transformation into a moving frame [34].

The following simulations are done with a simulation box
of length 15\, with the foil in the middle of the box. The foil
had a sharp-edged gradient at the front and the rear side.
Corresponding to the experiment the angle of incidence is
45° at p-polarization. The field amplitude of the incident
pulse has a sin? shape with a duration from foot to foot of
100 laser periods. All calculations are done with mobile ions.

In our previous paper we had already shown that the main
trends of the measured re-emitted harmonic spectrum are
well reproduced by the PIC simulations. To explain the mea-
sured re-emitted spectra a sufficiently high electron density
is needed. This is demonstrated by Fig. 5, which displays the
measured reemitted spectrum (of Fig. 1) together with the
simulated spectrum for three different densities. In Fig. 5(a)
the initial electron density n,/n.=84, which corresponds to
solid Al assuming that the Al atoms are 10 times ionized. We
did also runs at reduced density, namely at n,/n.=27 [Fig.
5(b)] and n,/n.=4.2 [Fig. 5(c)]. The areal mass density was
kept constant, resulting in the different foil thicknesses given
in the caption of Fig. 5. With the decreasing density the
shape of the spectra changes in a characteristic way. The
most prominent feature is a cutoff occurring at the plasma
frequency of the dense foil, i.e., at

~ _ 172
wcutoff/w() - (1)1,/(1)0 = (ne/nc) .

This yields the values g/ wo=9, 5, and 2 for Figs.
5(a)-5(c), respectively. Above the cutoff transmitted harmon-
ics appear which are rather weak for the higher density [Figs.
5(a) and 5(b)], but are very strong for the lowest density
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FIG. 6. (Color) Electron and ion density (normalized to n,.) at
different times (r=0, 50, and 100, times are normalized to the pe-
riod of the incident light, =1.33 fs at Ag=400 nm). At the positions
labeled by 1-5 the Fourier spectra of the density are plotted in Fig.
7.

[Fig. 5(c)]. These harmonics at gw,> w),, are caused by har-
monics, which are generated at the front side of the foil
according to the oscillating mirror mechanism and propagate
through foil. The peak occurring at w/w, between 10 and 11
is attributed to emission at 2w), [35].

For comparison also the measured reemitted spectrum
(Fig. 1) is plotted (the comparison should be done only for
the shape of the spectra, but not the absolute values, because
the experimental data points represent the conversion effi-
ciency, while in the case of the simulated spectra the inten-
sity is plotted). It is evident, that the simulation at the highest
density [Fig. 5(a)] is most suitable to describe the trend of
the measurement. Thus we conclude, that during the time of
the rear side emission the foil density is close to solid den-
sity.

The temporal development of the foil density is given by
Fig. 6, which displays the electron and ion density at time
t=0, at the peak of the incident pulse (¢=50 periods) and at
the end (#=100 periods, one period corresponds to 1.33 fs at
No=395 nm). It is seen that the foil starts to expand. How-
ever, during the pulse, the density in the middle of the foil is
still high, well above n.. At the front and rear side a density
gradient builds up. At the end of the pulse (r=100) it is L,
~(0.4\. At the plasma front electrons and ions separate lead-
ing to the typical structure with a step in the ion density and
an electron cloud in front of the ion step (see, e.g., Ref. [36]).

The density shown in Fig. 6 undergoes in addition to the
slow expansion a well defined rapid temporal modulation.
This is demonstrated by Fig. 7. Here the Fourier spectrum of
the density (taken over the total duration of the incident
pulse) is plotted at 5 different positions in the foil plasma,
namely at x/\y=6.8, 7, 7.1, 7.2, and 7.4 as indicated in Fig.
6. The density spectrum shows harmonics at integer mul-
tiples of the laser frequency w, with a strong peak near the
local plasma frequency, i.e., at frequencies g=w/w,
~ (n,/n.)"". In the middle of the foil (n,/n.)""?~9, thus the
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FIG. 7. Fourier transform of the electron density at the positions
1-5 indicated in Fig. 6. n,/n, is the electron density (normalized to
the critical density) at these positions. Note the change in the scale
of the ordinate for the different positions. The plotted density am-
plitudes are normalized to the critical density.

ninth harmonic dominates. This oscillation leads to the emis-
sion of the ninth harmonic to the front and the rear side.
Since no higher densities exist in the plasma, plasma oscil-
lations w/wy>9 cannot be excited. This explains the cutoff
to the high frequency side observed in Fig. 5(a) at g=9. At
the front and the rear side of the foil (positions 1 and 5)
(n,/n.)">~1. Consequently the fundamental oscillation (g
=1) dominates.

This plasma oscillation at the rear side of the foil is re-
sponsible for the re-emitted fundamental light. The conver-
sion of the electrostatic oscillation into light (forbidden in a
homogeneous plasma) is attributed to the fact that the pro-
cess occurs in a strongly inhomogeneous plasma. (The pro-
cess may be considered as the reversal of the resonance ab-
sorption.) Our simulations show, that—associated with the
plasma oscillations—electrical currents are flowing in the
plane of the incident light. Both current components along
and perpendicular to the target normal have the same reso-
nant behavior as the electron density. An example was given
in our previous paper (see Fig. 4 in Ref. [19]). These currents
are the source of the harmonics emitted to the front and the
rear side. Because the currents are modulated in the direction
perpendicular to the normal of the foil by the same phase
factor as the incident light, the light is emitted from the rear
surface with the same direction and polarization as the inci-
dent light as is observed in the simulations and the experi-
ment.

From this discussion it follows that for the intensities per-
taining to this experiment different mechanisms for the har-
monic production below and above w, are involved. Below

w, the harmonics are generated by a resonant process,
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FIG. 8. (a) Intensity and (b) density scale length L (at n,=n,)
versus time for an incident pulse with constant intensity. In (b) the
optimum gradient for resonance absorption is indicated.

namely the excitation of plasma oscillations in the bulk of
the plasma. In contrast, harmonics above w), are generated by
the oscillating mirror mechanism, by which the plasma sur-
face is driven to strong oscillations resulting in the emission
of high order harmonics above w, [14]. At very high inten-
sities this mechanism totally dominates the harmonic produc-

tion and the apparent cutoff disappears.

C. Importance of resonance absorption

Re-emitted light could only be observed, when the ob-
liquely incident laser light was p-polarized. The same is
found in the simulations. An example is shown in Fig. 5(a),
where the rear side spectrum for s-polarized light is plotted,
too. In agreement with the experiment, the fundamental light
and the higher harmonics are suppressed by many orders of
magnitude.

This behavior implies that resonance absorption is essen-
tial for the mechanism of generating re-emitted light. Effi-
cient resonance absorption excited at a fixed angle of inci-
dence requires an optimum density gradient length L, at
n,=n, which is given by [37]

(27TL0pt/7\0) sin 6=k,

where k is a numerical constant with a value between 0.7 and
0.8 and @ the angle of incidence. For our conditions one
obtains Ly, =~0.2\. In the simulation it takes some time
until an optimum gradient has developed (compare Fig. 6).
As a consequence the re-emission from the rear side starts
after some delay. To make this more clear we have done a
simulation for a pulse with the intensity constant in time, see
Fig. 8. Indeed, the reemission sets in after some delay. It has
some spiky structure, and it decreases after a while [Fig.
8(a)]. As shown by Fig. 8(b), the main re-emission takes
place when the gradient length is close to its optimum value.
This occurs only during a time interval which is shorter than
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FIG. 9. (Color) The total electric field (in the direction of the
normal of the foil) as a function of space at r=50 (black line) and a
half period later (r=50.5, blue line). In addition the density is plot-
ted (red line, ordinate at the right side). The inset shows the electric
field as a function of time at the position x/Ay=7.2, corresponding
to n,=n,.

the total pulse length with the consequence that the re-
emitted pulse is shorter than the incident laser pulse.

It is of interest to look at the electric field at a time when
the optimum gradient length is reached. It is plotted in Fig. 9
at the time #=50 and a half laser period later at t=50.5. In
addition, also the electron density is plotted at this time,
showing that the position of the critical density is at x/\g
=7.2. As expected, in the vacuum the field behaves like a
standing wave and oscillates between a positive and negative
value. However, near the critical density it oscillates only
between zero and a negative value, as shown more clearly by
the inset, where the electric field is plotted as a function of
time (at the position of n.). The lowering of the electric field
to negative values is caused by the negative space charge of
the electrons at the plasma front (see Fig. 6). The negative
electric field periodically with the laser frequency accelerates
electron bunches into the foil. These bunches drive the
plasma oscillations at integer multiples of w, seen in Fig. 7.

D. Comparison with experimental results

Finally we present a more direct comparison with the ex-
perimental results of Sec. II for comparison with the experi-
mental results shown in Fig. 3. Figure 10 shows the calcu-
lated conversion efficiency of the re-emitted radiation.

In Fig. 10(a), where the conversion efficiency is plotted
versus the foil thickness, we find a plateau for the fundamen-
tal and the second harmonic which is followed by a decrease
at foil thicknesses above \y=0.5. For the seventh harmonic
the decrease already sets in for the thinnest foils. These
trends are similar to the the experimental results shown in
Fig. 3(a).

In Fig. 10(b) the intensity dependence is shown. We find
an increase of the conversion efficiency up to ag=1. This
corresponds to the experimental result [Fig. 3(b)], where we
also observe an increase in conversion efficiency in the in-
tensity range 5X10' to 10'® W/cm?, which range corre-
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FIG. 10. Calculated re-emitted conversion efficiencies for com-
parison with Fig. 3. (a) Efficiencies of the fundamental, the second
and seventh harmonics as a function of the foil thickness (aq
=0.5). (b) The re-emitted fundamental as a function of q at differ-
ent foil thicknesses.

sponds approximately to 0.1 <<ay,<<0.5. In the region above
ap=1, which was not studied experimentally by us, the
simulated conversion efficiency saturates at some value [Fig.
10(b)].

Although the simulations reproduce roughly the trend of
the experiment, there is a considerable discrepancy in the
absolute value. The measured values of the conversion effi-
ciency are by a factor 10-100 smaller than the calculated
values. One reason can be attributed to the fact that the re-
emission occurs only during a short time interval as demon-
strated by Fig. 8. Since the incident laser pulse is longer in
the experiment than in the simulations, the simulations may
overestimate the conversion efficiencies. Also, it may be that
the generation of re-emitted light takes place in a smaller
central spot, where the intensity is high but the energy con-
tent smaller than the total incident energy. Of course, this is
not considered by the one-dimensional simulation. Finally,
we mention that collisions, which are not taken into account
by the simulations, may dampen the plasma oscillations and
weaken the re-emitted radiation.

We have also calculated the spectra of the reemitted fun-
damental. Corresponding to Fig. 4 they are displayed in Fig.
11(a) for two different intensities, and in Fig. 11(b) for two
different foil thicknesses. Again we observe a similar trend
as in the experiment. The reemitted spectra are in general
broader than the incident spectra and their width increases
with decreasing intensity and increasing foil thickness. Fur-
thermore, the simulated spectra exhibit a “red” wing at the
low frequency side, which was also seen in the experiment.

The broadening of the re-emitted spectrum is related to
the fact that the re-emitted pulse is shorter than the incident
pulse as discussed in the previous section. The spiking of the
re-emitted pulse seen in Fig. 8 enhances the broadening fur-
ther. The shift and the formation of a red wing may be at-
tributed to phase modulation effects. They occur because the
transfer of the signal from the laser irradiated side to the rear
side of the foil occurs by electron bunches with velocities
smaller than the light velocity. Thus, there is a delay between
the excitation of the energetic electron bunches at the front
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FIG. 11. Calculated spectral line shapes of the re-emitted fun-
damental. (a) Spectra at two different incident laser intensities and
fixed foil thickness (200 nm). (b) Spectra at two different foil thick-
nesses and fixed incident intensity (a(=0.5). In addition to the re-
emitted spectra the incident spectra are displayed.

side and the excitation of the plasma oscillations at the rear
side of the foil. Because we consider a very dynamic process,
the delay may change because of the expansion of the foil
(Fig. 6) and the change of the electron velocity during the
re-emission.

IV. SUMMARY

We have experimentally proven that intense harmonics
including the fundamental are re-emitted from the rear side
of thin foils irradiated under oblique incidence by a
p-polarized high contrast ultrashort-pulse. In this paper we
have presented a detailed study of the re-emitted fundamen-
tal and the second harmonic. We find that re-emitted light is
observed already at low intensities corresponding to a(=0.1.
The conversion efficiency increases with the incident inten-
sity and decreases with the foil thickness, but was still ob-
served with foils of the thickness 1\. Efficient re-emission
occurs only when the incident laser light is p-polarized. The
spectrum of the re-emitted light is considerably broader than
the spectrum of the incident laser light, in particular, at low
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intensities and thick foils, in which case we observed an
enhanced wing on the red side.

The main trends of these results are in good agreement
with one-dimensional PIC calculations. It is important to as-
sume that the foil remains overdense during the interaction
with the laser pulse. This follows from hydrodynamic calcu-
lations as well as from the PIC simulations, which are per-
formed with immobile ions and do not show significant ex-
pansion of the foil below solid state density. Also, the shape
of the measured harmonic spectrum agrees with the simula-
tion only when the foil is close to solid state density. Thus
the re-emitted light cannot be explained by classical trans-
mission of the incident laser light and of the harmonics gen-
erated at the front side.

The fact that the reemission is observed only under
p-polarization indicates that resonance absorption is essen-
tial. In fact, in the simulations efficient re-emission occurs
only, if the gradient is optimal for resonance absorption
which is the case over a short period of time while the foil
expands. Thus the re-emitted pulse is shorter than the inci-
dent laser pulse resulting in a broader spectrum compared to
the spectrum of incident pulse as is observed in the experi-
ment.

The strong electric field associated with the resonance ab-
sorption accelerates energetic electrons into the foil which
excite plasma oscillations in the foil at multiples of the laser
frequency. Since the plasma oscillations take place in an in-
homogeneous plasma, radiation at the harmonic frequencies
is emitted to the front and the rear side. This resonant mecha-
nism of harmonic emission below the plasma frequency of
the dense foil is different from the moving mirror model,
which is important for harmonic emission above the plasma
frequency of the dense foil.
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