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Abstract

The reflectivity of a short-pulse laser at intensities of 2 x 10?! Wem ™2 with ultra-high contrast
(10~15) on sub-micrometer silicon nitride foils was studied experimentally using varying polarizations
and target thicknesses. The reflected intensity and beam quality were found to be relatively constant
with respect to intensity for bulk targets. For submicron targets, the measured reflectivity drops
substantially without a corresponding increase in transmission, indicating increased conversion of
fundamental to other wavelengths and particle heating. Experimental results and trends observed in
3D particle-in-cell simulations emphasize the critical role of ion motion due to radiation pressure on
the absorption process. lon motion during ultra-short pulses enhances the electron heating, which
subsequently transfers more energy to the ions.

1. Introduction

Recently, significant advances in peak power and repetition rate have been made in the technology of ultra-
short-pulse laser systems (pulse length <100 fs)[1, 2]. These lasers enable the investigation of the ‘ultra-
relativistic’ regime in plasma physics, in which the laser electric field is far beyond that necessary to accelerate an
electron to relativistic velocities (e.g. Iy > 10'® Wem™2). Laser-solid interactions at these intensities have many
interesting applications including laser-driven ion acceleration, extreme ultraviolet and x-ray generation, and
neutron generation [3-7].

Alaser transfers energy efficiently to electrons in a plasma at the reflection point or ‘critical density’, i.e. the
point where the laser frequency wy is equal to the plasma frequency w, = +/4me’n. /m. (where eis the electron
charge, . is the electron density, and . is the mass of the electron). At electron densities below the critical
density the plasma is transparent. At ultra-relativistic intensities, the laser imposes a substantial radiation
pressure on the plasma and may displace the electrons and ions in the plasma, resulting in ‘hole-boring’ [8]. The
electrons respond much faster than the relatively massive ions, so that a thermal or electrostatic restoring force
occurs if the electrons are displaced. However, during the laser pulse, energy can be transferred directly to the
ions due to the electrostatic restoring force. For sufficiently thin plasmas, the radiation pressure may begin to
accelerate the ions uniformly, commonly known as the laser piston or radiation pressure acceleration (RPA)
regime [9—12]. Furthermore, at such high intensities the critical density itself changes as the effective mass of the
electron increases. The relativistic critical density is simply the critical density multiplied by the Lorentz factor,

! . When alaser pulse is sufficiently intense such that the plasma is opaque for lower intensities, but

7= J1—=@w/c)?

underdense for this relativistic critical density the plasma is said to become relativistically transparent.

Despite advances in laser technology, there is still substantial difficulty in performing an experiment in this
regime. Critically, the density profile of a solid density target when the laser pulse arrives is rarely well
characterized or controlled, causing substantial variations in the amount of laser energy absorbed and the
number of suprathermal, or ‘hot’ electrons produced [13—15]. This preformed plasma is generated from laser
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Figure 1. Schematic of experimental setup. The laser (red lines) is directed to a DM before being focused by an OAP mirror. Screens
collect the reflected light and transmitted light, which are imaged outside of the chamber. Extreme ultraviolet (EUV) light is measured
with an EUV spectrometer, while x-rays are measured via a P-I-N diode and a Nal scintillator behind lead shielding.

prepulses that are difficult to avoid in modern laser systems. The amplified spontaneous emission (ASE) is a
nanosecond duration pulse that causes hydrodynamic expansion of the target, resulting in an exponential
preplasma density profile that typically extends many wavelengths into the vacuum [16]. For ultrathin targets,
this can lower the density substantially, even to the point of being below critical density. The ratio of laser
intensity between the main pulse and these prepulses is known as the ‘laser contrast’ ratio. Since the laser focus is
typically Gaussian-like, the preplasma profile is not spatially uniform across the focal diameter, which can cause
significantly higher laser absorption [17, 18].

Itis advantageous to develop scaling laws for laser absorption based on laser intensity or fluence. However, in
recent work distinct trends have begun to emerge that suggest that pulse duration is an important parameter that
cannot be decoupled from intensity [19, 20]. One reason for this disparity is that the well-established absorption
mechanisms such as Brunel or relativistic ] x B absorption do not account for ion motion [21, 22]. In this
article, we isolate dominant absorption mechanisms at ultra-high intensities by varying the incident polarization
and the target thickness. Conventional absorption mechanisms are present for thick targets and p polarized
incident light, whereas they are suppressed for s polarization. For thin targets where the radiation pressure
becomes significant a dramatic increase in absorption occurs. 3D particle-in-cell (PIC) simulations performed
highlight the importance of ion motion in the absorption process, where deviations from 1D geometries cause
the RPA to direct energy into thermal heating and electron and ion transverse momentum.

2. Experimental setup

The experiments were performed using the HERCULES laser facility at University of Michigan, a Ti:sapphire
system (A = 800 nm) producing laser pulses with 7 = 40 fs duration full-width at half-maximum (FWHM)
and an inherent ASE intensity contrast of 107! [23]. Prior to the experimental chamber, mirrors in a secondary
chamber focus the amplified pulse onto a pair of anti-reflection coated BK7 glass substrates that act as plasma
mirrors [24, 25]. Each plasma mirror reflects <0.15% of s polarized light at 810 nm at low intensities while
possessing a measured reflectivity of 65%—70% at high intensity, producing a nanosecond-level ASE contrast of
<107'>[26]. This contrast improvement prevents preplasma formation until 1 ps before the main pulse
interaction, so that the density profiles remain extremely sharp (~\/10). After the plasma mirrors, an in situ
Mica half-waveplate enables changes to the polarization.

In this experiment, the laser delivered 1.5 (£0.2) joules to the target with 55% of the energyina 1.2 ym
FWHM focal spotviaan f /1 off-axis parabolic (OAP) mirror, as shown in figure 1. This results in an on-target
intensityof 2 x 10! Wem™2 (ag = 30). A near diffraction limited spot size with a Strehl ratio of 0.6-0.99 was
attained by using a deformable mirror (DM, Xinetics).

The targets used in the experiment were free-standing silicon nitride membranes (SiN) with thicknesses of
30-100 nm, 1 pm Mylar (CyoHg Oy) foils, and polished silicon and fused silica wafers, which will be collectively
referred to as ‘bulk.” These targets possess higher damage threshold than metallic targets, which in turn will
further suppress the formation of preplasma. The targets were positioned at the laser focus with an accuracy of
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Figure 2. (a) Reflectivity as a function of target thickness for multiple targets for s (red squares) and p polarization (blue diamonds).
Targets with thickness 1 gm or larger are considered ‘bulk’ and are represented by the 1 1m data point, since reflectivity did not
change beyond this thickness. Lines are shown for visual aid only. (b) Focal scan of bulk fused silica targets for s (red squares) and p
polarization (blue diamonds). Each data point represents a single shot.

+2 pm (half of the Rayleigh length) at an incidence angle of 45 degrees. A P-I-N diode with a 25 ysm Be Filter
and dipole magnet in front measured x-ray emission above 2 keV from the interaction region on the front side of
the target. A sodium iodide detector and a plastic scintillator (EJ-204) were used with 10 cm of lead shielding ata
position of 2.7 and 9.45 m respectively, to measure high-energy bremsstrahlung radiation from the interaction
that arises from suprathermal electrons interacting with solid density material. The yield of both of these x-rays
are maximized at the optimal focal position.

Laser light was reflected from the target to a scattering screen positioned 10 cm from the interaction,
equivalent to a focal length. This screen was imaged onto a CCD with calibrated neutral density filters and an
interference band-pass filter (100 nm A \) to examine the reflected 800 nm light. The screen was calibrated with
low-energy laser pulses and a calorimeter. A small hole in the screen was present to enable measurement of the
EUV emission with an EUV spectrometer [27]. The screen was positioned to collect all detectable specular light.
A transmitted light screen was also present in a similar configuration behind the target. An optical imaging
spectrometer (Horiba MicroHR) was used to measure the spectrum of the reflected light. The spectrometer
shared the same beam path as the CCD to measure energy, using a wedged fused silica beamsplitter to enable
simultaneous measurements. For some shots, an infrared filter (Schott Glass BG-39) was added to measure the
spectrum of the second harmonic signal.

3. Results

Reflectivity for targets >1 jzm were consistent across materials and are plotted as a single data point in
figure 2(a). For the bulk targets, s and p polarized light reflecting 56 &+ 4% and 20 £ 2% of the fundamental,
respectively. P polarized light shows a higher absorption due to Brunel absorption [21] and increased second
harmonic generation [28]. Reflectivity was found to be weakly dependent on intensity, with reflectivity for both
polarizations increasing by roughly 10% as the target was moved 40 pm out of focus, corresponding to an
intensity of 8 X 107 Wcem™2. The beam profiles for s polarization were clear and sharp and closely resembled
the beam at low intensity, as shown in figure 3(a). In the p polarization case, the reflected beam profile showed
significant modulation in the amplitude and spatial shape that varied shot to shot. An example profile is shown
in figure 3(b). A focal scan was performed with fused silica for both polarizations, and the reflectivities are shown
in figure 2(b). This shows the general trend expected from varying the intensity, though defocusing the beam
produces a foci, which is highly structured and is shown for qualitative purposes only.

The reflectivity dropped substantially as the target thickness decreased below 100 nm, as shown in figure 2. S
polarized reflectivity dropped to 11 & 2% for 30 nm targets, while the reflectivity dropped to 7 & 2% for p

3



I0OP Publishing NewJ. Phys. 19 (2017) 063014 F Dollar et al

@ gpor-Bulk  ® P Pol-Bulk
R=56% R=20%., = 2500

Figure 3. Reflected beam profiles for Si wafer targets at s (a) and p (b) polarizations, and for 30 nm SiN targets at s (c) and p (d)
polarizations. The color scales are the same for the bulk targets and are scaled five times higher for the SiN targets. Thereisa 1 inch
spacing grid printed on the screen. The screen extends to the edge of the frame. Note that there is a small hole cut in the middle for
x-ray propagation, and that the bolt from the screen mount obstructs a small portion of the screen near the bottom.

polarization. In addition, the beam profile for both polarizations presented with significant modulation that
varied shot to shot as shown in figures 3(c) and (d). Although modulated, the beam profiles had a well-defined
diameter suggesting that the light is not simply being scattered into a larger cone. No transmitted laser energy
was observed within experimental uncertainty (<5%). On the EUV spectrometer, no high harmonic signal was
observed for either ultrathin targets or s polarization; and for the ultrathin targets negligible recombination or
blackbody continuum was observed. All targets showed comparable signals for the scintillator detectors, though
for the ultrathin targets both polarizations generated a signal /5 times weaker on the PIN diode than for the
thicker targets. The optical spectrum was relatively consistent between shots, with blueshifts of up to 7 nm being
present for the thin foils. The second harmonic signal was observed for some shots, but poor dynamic range and
low signal prevented more quantitative data being reported.

The reflected beam profile screens, being the primary result, are shown again with a different color scale in
figure 4. The color scale is chosen such that the hard edge of the beam may be determined. This demonstrates
that the reflected light is not simply being sent to a much larger solid angle that overfills the screen. The beams,
though clearly modulated, still appear entirely on the screen. Thus, the fundamental light is converted to another
form of energy. The unamplified beam is also shown for reference, though it should be noted that in this laser
system the unamplified beam is slightly larger than the power amplifier’s aperture and exhibits clipping and
diffraction rings that are not present in the amplified beam.

The EUV spectrometer used in the experiments is a custom design that enables measurements across a wide
spectrum in a single shot. To block lower frequencies from entering the spectrometer and saturating the x-ray
CCD (Andor), 800 nm of aluminum was used as an x-ray filter; while simultaneously providing a calibration at
the aluminum edge. In a typical interaction, key pieces of information are obtained from the interaction. The hot
plasma will emit spectral lines containing temperature and density information. There will be a broad
background spectrum that arises from the continuum radiation from the plasma. Finally, high harmonic
generation can occur if several conditions are met.

For this experiment, we observe several key features that provide insight into the interaction. Although the
blackbody spectrum was suppressed for the ultrathin targets, the Oxygen V emission line at 17.2169 nm was
observed to both broaden and redshift (see figure 5). Oxygen is present from hydrocarbons and water vapor that
adhere to the surface of any material exposed to air. The thin targets experience radiation pressure acceleration,
causing the redshift. There is a large reduction of continuum radiation when thin targets are used (figure 5(b)).
Thin targets do not have the dense volume, which enables cold return currents or the interaction of hot plasma
in the volume. The hot electrons that are generated at the focus are still produced, and are of sufficient energy
such that their effective stopping mechanism is the chamber wall, which will cause Bremsstrahlung radiation,
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Figure 4. Reflected beam profiles of the fundamental laser pulse for a variety of conditions. (a), (b), (d), (¢) The same images as figure 2,
with the same color scale. The color scale is taken such that any light above three standard deviations of the background noise appears
black. (¢) The reflectivity profile from the low-power amplified beam. (f) The background shot with no laser interaction.
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Figure 5. (a) Experimental lineouts of the Oxygen V emission line. The emission line is close to the aluminum edge, which is present
due to the x-ray filter. (b) Raw spectrometer images of the interactions, with increasing energy to the left.

which is detected by the Nal scintillating detector. Electrons of this energy are sufficiently energetic such that
they do not interact strongly with the target, whether it is microns thick or nanometers thick. However, lower-
energy electrons will cause x-rays of considerably lower energy, which will interact strongly with the target and
generate lower-energy x-rays. Both of these can be observed with the x-ray diagnostics, as shown in figure 6.

4. Relativistically intense absorption for thin foils

Atintensities exceeding 10'® Wcm ™2, the temperature of the plasma rapidly becomes high enough such that
collisions during the interaction can be neglected, and thus collisional absorption is neglected in these
interactions. In addition, the plasma mirrors prevent the long scale lengths necessary for resonance absorption
to be dominant. The remaining high intensity absorption mechanisms include Brunel absorption and
relativistic f x B absorption, as well as the zero vector potential mechanism [29]. The former two mechanisms
describe the transfer of laser energy into electron energy via the electron crossing into a sharp density plasma,
where the distinction arises from whether the electron is driven by the laser electric field (Brunel) or the magnetic
field (]_" x B). For fixed ions, these mechanisms can only exist with p polarized light, as there is no out-of-plane
electron motion for s polarized light. The reflectivities for thicker targets are consistent with the lower-intensity
studies performed, such as the case for plasma mirrors [24, 30]. Increasing the laser contrast minimizes
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Figure 6. (a) PIN x-ray diode signal and (b) Nal scintillator signal for s (blue diamonds) and p (red circles) polarizations as a function
of target density.

preplasma, and in turn minimizes the amount of plasma that exists below the critical density [31]. For very high
contrast, scale lengths on the order of tens of nm may be achieved, which is sufficiently thin to suppress high
harmonic generation [32—34]. For the bulk targets, the plasma pressure due to the high density is substantial
enough such that the ion motion is negligible. Then, the two polarizations of the bulk target represent a
comparison between having the absorption mechanisms present and not (p polarization and s polarization,
respectively).

In all shots, the reflected light came out in a well-defined profile, where the edge of the beam is well defined
(see figure 5). The entirety of the reflected beam lands on the screen, with the exception of the small hole for
x-ray transmission. If the reflected power of the s polarized beam on bulk targets is considered, a measurement
of the various non-dominant loss mechanisms is extracted. These loss mechanisms include upconversion of
laser light into harmonics, resonance absorption not occurring at resonance, and heating of fast electrons. The
enhancement of absorption due to the dominant Brunel and f x B mechanisms is then simply the difference
between the s and p polarizations reflected fundamental for bulk targets.

The reflectivity rapidly decreases with target thickness below 1 pzm. This cannot be due to relativistically-
induced transparency, since there is no detectable transmission of light. The lack of continuum emission, as well
as the weaker signal on the PIN diode clearly demonstrates the reduction of thermal electron bremsstrahlung
radiation and return currents in the thin targets (see figure 6). The consistent signal from the scintillator
detectors implies that high-energy electrons are still produced at the focus, and previous experiments with
similar geometry and targets demonstrated a rise in the maximum ion energy as a function of target thickness
[35]. Preplasma scale length does not vary with target thickness, so the same non-dominant mechanisms from
the bulk targets should have the same magnitude here. As described more in depth in the following section, the
thin targets necessarily include an additional means for laser energy to couple into the plasma, particularly for s
polarization. The change of surface reflectivity as a function of thickness requires the plasma conditions change
on the timescales of the laser pulse duration.

Oxygen originating from contaminants such as water that adhere to the surface of nearly every target provide
ameans of determining the motion of the target surface. The observed redshift implies ion motion occurring for
the thin targets that is not seen for thicker targets. Although the redshift does not correspond with the same shift
in the reflected spectrum, this is not an inherent contradiction as the timescale for plasma emission is on a
timescale much longer than that of the interaction. The targets, not being relativistically transparent, are unable
to balance the radiation pressure as the thickness decreases. 1D analytical models show that the optimal
thickness for RPA is obtained when the foil thickness is L = f: Peit X, where ™ is the ratio of critical density to
electron density. For ay = 30 at #1.5; = 500 the optimal thlckness is 15 nm [10] The result is that the
measurements of the thin targets show the enhancement of absorption due primarily to the presence of ion
motion. Four distinct regimes are present: (1) Dominant Brunel and f x B (p polarized bulk), (2) non-
dominant losses (s polarized bulk), (3) dominant ion motion (s polarized thin), and (4) Brunel and f x B with
ion motion (p polarized thin). The reflected beam profile also reveals the presence of low-frequency
modulations, indicating that the Rayleigh—Taylor-like mechanism is present in this interaction when ion
motion is significant. The instability has been inferred previously from the presence of filamentation in the ion
beam and subsequent PIC simulations [36, 37].
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When a relativistically intense laser pulse interacts with a solid density plasma, the plasma surface electrons
oscillate nonlinearly due to the Lorentz force. Since the motion is locked to the laser pulse, the resultant radiation
emission results in harmonic spectra. For higher intensities, the oscillations rapidly accelerate the electrons from
rest to the speed of light, and so the effective mass also changes, resulting in a ‘gamma spike’ when the Lorentz
factor peaks. The ‘relativistic oscillating mirror’ provides a strong Doppler shift to upconvert the radiation to
much higher photon energies. Alternatively, the rapid change in velocity for the electrons from the gamma
spikes also provides a model for describing x-ray generation [38]. In these models, the ion surface is assumed to
be constant, which provides a well-defined surface to reference for the generation of harmonics.

The influence of lower-order harmonics should be considered for this experiment, since the diagnostics are
unable to measure them directly. In recent experiments, it was shown that scaling the intensity for oblique
incidence p polarized short-pulse interactions at intensities up to 102! Wem 2 could produce a second
harmonic signal of ~22% of the main pulse [28]. For targets where the thickness can be considered semi-
infinite, even and odd harmonics can be generated from p polarized interactions, while only odd can be
generated from s due to the symmetry of the electron oscillations. As mentioned previously, the short-scale
length inhibits the generation of higher-order harmonics, but lower orders can still be generated and some
portion of the drop in reflectivity in p polarization is likely due to this production. However, these models
require an immobile ion population. In the event that the ion front is moving, the point of harmonic generation
moves as well, which disrupts the natural phase matching of harmonic production. This is further evidenced by
the lack of harmonics for both polarizations for the ultrathin targets, as they undergo ion motion.

4.1. 3D PIC simulations

3D3P PIC simulations were performed using the OSIRIS code [39], so that further validations can be made. 2D
simulations are inadequate for this geometry, as the electron motion due to the laser will be suppressed for s
polarization [8]. Due to finite computational resources, the pulse used was 22 fs FWHM, so that the entire pulse
could exist in a reasonably sized simulation box. Fully ionized carbon targets with thickness 30 nm and a
preplasma scale length of 50 nm were used. The constraints for the simulation box present an issue, as the target
thickness cannot be scaled without additional computational resources. To examine the influence of the ion
motion, we instead examine the scaling of intensity on a thin foil where low intensity represents the plasma
modeling infinitely thick and high intensity represents the regime where radiation pressure is dominant.
Because of this variation, the simulations can only provide qualitative results, though conditions have been
matched to experimental parameters where appropriate.

Laser intensities varied between ay = 10 and 120, and were at a 45 degree incidence angle to the targetina
1.2 pm diameter focal spot. The laser pulse shape is a fifth-order polynomial in time and a Gaussian in space, and
had both s and p polarization. The cell size was 31.8 nm in each axis, with 64 particles per cell for electrons and 8
particles per cell for ions, and the simulation ran for 65 fs. This is a 3D approach that is similar to the 2D Vlasov
simulations done to model deformation with regard to absorption and electron transport [40]. A set of
simulations for both polarizations where the ions were immobile was also performed with intensity of a; = 100.
The target was not observed to be underdense during the pulse, nor did the target exhibit relativistic
transparency. Keeping the thickness constant also means having a fixed electron areal density, and so the energy
imparted to theions is dependent primarily on intensity [41].

The radiation pressure imparted to the ion motion is a function of the intensity over pulse duration. Since
the pulse duration is fixed in these simulations, the intensity itself was scaled to observe the effects of ion motion.
Shown in figure 7 are the electron temperature and the reflectivity as a function of intensity. The rapid fall-off
with increasing intensity for either polarization demonstrates the enhanced absorption due to the ion motion.
For the case of fixed ions, the reflectivity at high intensity is similar to the case for low intensity, though the
electron temperature does not show the same relative drop, indicating that the ions themselves are absorbing the
laser energy in these intense cases. In addition, as intensity is increased in the simulation, density modulations of
the plasma become more extreme, such that at higher intensities the shapes of the surfaces are comparable for
both polarizations. The ion-density profile also shows modulation increasing with intensity, particularly with s
polarization (figure 8).

Indeed, there are strong modulations present in both polarizations at higher intensities, such that it is
difficult to distinguish the two polarizations. Exploring this parameter space will enable the study of very
interesting problems. For instance, as intensity increases further relativistic transparency will transfer energy to
the rear of the target and mechanisms such as the breakout afterburner can begin to take place [42]. However, the
onset of relativistic transparency will occur after considerable heating via radiation pressure, and so the two
mechanisms will be in competition. Alternatively, longer pulse durations will enable Rayleigh—Taylor and other
fluid instabilities to take place. The simulations presented here show the initial formation of the instability,
though both electrons and ions showed filamentation by the end of the pulse, highlighting the role of RPA.
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Figure 7. 3D PIC simulations for s (red squares) and p (blue diamonds) polarization. (a) Electron temperature and (c) reflectivity of
the fundamental as a function of normalized vector potential. The case with fixed ions is shown with crosses. The energy absorbed into
the particles as a function of intensity is shown for (b) electrons and (d) ions. Note that the lines are for visual aid only.

Figure 8. 3D PIC simulations of ion density for s (red) and p (blue) polarization at intensity of (a) ag = 10 and (b) ag = 100. The
target is in the y-z plane, and the spatial units are normalized. The isosurface is taken at a density of 1011, and the timestep is at 42.5 fs.

Furthermore, the simulations also show limited center of mass motion of the target at the central focus,
suggesting that the reflected beam should not change divergence significantly. Indeed, the Fourier transform of
the reflected pulse has a nearly identical divergence, with <2% laser energy in a small wing to one side. In
addition, the Fourier transform of the reflected fields at ay = 100 showed a reflectivity of second harmonic
signal of 14.3% and 0.65% for p and s polarizations, respectively, in good agreement with prior results [28].

5. Conclusions

Since s polarization inhibits the other absorption mechanisms, radiation pressure is the dominant force that
enables energy transfer to the plasma. The thickness dependence is analogous to plasma pressure balance, and
limits this absorption to plasmas in which the radiation pressure is comparable to plasma pressure. It is shown
that for varying target thickness and polarization, the various dominant absorption mechanisms can be isolated
and measured. The drastic change in reflectivity for s polarization shows how strongly the ion motion can affect
the interaction, and how much energy can be transferred in even the most ideal situations. We see a steady
decrease in the reflected light for s polarization as target thickness decreases, indicating the influence of ion
motion. Ultimately, there is little difference between the energy absorbed for ultrathin targets regardless of
polarization. This has implications for ion acceleration, where increased energy absorption into electrons forces
target normal sheath acceleration rather than RPA, but also for scaling high harmonic generation, since the
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surface dynamics and ion motion can alter the properties of the generated x-rays . Careful consideration needs to
be given when using fast focusing optics, otherwise the high intensities cannot be exploited in the manner
desired.
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