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Figure 1.Schematic of experimental setup. The l&seflinesis directed to a DM before being focused by an OAP mirror. Screens
collect the reected light and transmitted light, which are imaged outside of the chamber. Extreme ult(@iMglight 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 di€ult to avoid in modern laser systems. The angdispontaneous emissiGhSHis a
nanosecond duration pulse that causes hydrodynamic expansion of the target, resulting in an exponential
preplasma density prde that typically extends many wavelengths into the vaga@hFor 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 knowrilaséneontrastatio. Since the laser focusis
typically Gaussian-like, the preplasma peads not spatially uniform across the focal diameter, which can cause
signi cantly higher laser absorptiph7, 1§.

Itis advantageous to develop scaling laws for laser absorption based on laser intansityeHowever, in
recent work distinct trends have begun to emerge that suggest that pulse duration is an important parameter that
cannot be decoupled from intensjfyo, Z%One reason for this disparity is that the well-established absorption
mechanisms such as Brunel or relatividtic B absorption do notaccount forion motid1, 27]. 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 signcant a dramatic increase in absorption occurs. 3D particle-ifRi€l) simulations performed
highlight the importance of ion motion in the absorption process, where deviations from 1D geometries cause
the RPAto 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(M 800 nm) producing laser pulses witt 40 & duration full-width at half-maximun{FWHM)

and aninherent ASE intensity contrast@f!1[23]. Prior to the experimental chamber, mirrorsin a secondary

chamber focus the ampkd pulse onto a pair of anti-rection coated BK7 glass substrates that act as plasma

mirrors[24,25. Each plasma mirror reects  0.15%of s polarized light at 810 nm at low intensities while

possessing a measuredeetivity of 65%70% at high intensity, producing a nanosecond-level ASE contrast of
10 '5[26]. This contrastimprovement prevents preplasma formation until 1 ps before the main pulse

interaction, so that the density pries remain extremely shafp M10). After the plasma mirrors, @nsitu

Mica half-waveplate enables changes to the polarization.

In this experiment, the laser delivered (9.2 joules to the target witB5% of the energy ina 1.2m
FWHM focal spot via aiii / 1 off-axis paraboli@OQAP) mirror, as shown in gurel. This results in an on-target
intensityof2 q 1* Wem 2(ag  30. Anear diffraction limited spot size with a Strehl ratio 0£0.89 was
attained by using a deformable mir(@M, Xinetic3.

The targets used in the experiment were free-standing silicon nitride mem{Badesith thicknesses of
30-100 nm, 1um Mylar (CoHgOy) foils, and polished silicon and fused silica wafers, which will be collectively
referred to athulk.’ 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) Re ectivity as a function of target thickness for multiple targets(fedssquaresand p polarizatiorgblue diamondgs
Targets with thicknessyim or larger are consideréoulk’ and are represented by thefh data point, since reectivity did not
change beyond this thickness. Lines are shown for visual aid@fgcal scan of bulk fused silica targets {oed squaresand p
polarization(blue diamondy Each data point represents a single shot.

02 Nn(half of the Rayleigh lengtht anincidence angle of 45 degrees. A P-I-N diode witha@PBe Filter

and dipole magnetin front measured x-ray emission above 2 keV from the interaction region on the front side of
the target. A sodiumiodide detector and a plastic scintil{@d203were used with 10 cm of lead shielding ata
position of 2.7 and 9.45 mrespectively, 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 reected from the target to a scattering screen positioned 10 cm from the interaction,
equivalentto afocal length. This screen was imaged onto a CCD with calibrated neutral tersépd an
interference band-pasker (100 nm %Mito examine the reected 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 spectromefigr]. The screen was positioned to collect all detectable specular light.
Atransmitted light screen was also present in a similargaration behind the target. An optical imaging
spectrometefHoriba MicroHR) was used to measure the spectrum of thecged 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 infriegdSchott Glass BG-3@as added to measure the
spectrum of the second harmonic signal.

3. Results

Re ectivity for targets-1 um were consistent across materials and are plotted as a single data pointin

gure2(a). Forthe bulk targets, s and p polarized lightaetings6 0 4%and20 o 2%ofthe fundamental,
respectively. P polarized light shows a higher absorption due to Brunel abs@zfifienmd increased second
harmonic generatiof2g. Re ectivity was found to be weakly dependent on intensity, witbatvity for both
polarizations increasing by rouglilic as the target was movéd Nm out of focus, corresponding to an
intensity of8 g 137 Wcm 2 The beam proles for s polarization were clear and sharp and closely resembled
the beam atlow intensity, as shown gure3(a). In the p polarization case, the cted beam prde showed
signi cant modulation in the amplitude and spatial shape that varied shot to shot. An exampésipstiown
in gure3(b). Afocal scan was performed with fused silica for both polarizations, and taixéties are shown
in gure2(b). This shows the general trend expected from varying the intensity, though defocusing the beam
produces afoci, which is highly structured and is shown for qualitative purposes only.

The re ectivity dropped substantially as the target thickness decreased below 100 nm, as siansh. i8

polarized reectivity droppedtdl o 2 for 30 nmtargets, while the rectivity droppedtd@ o 2%forp

3



10P Publishing

NewJ. Phys. 19(201% 063014 F Dollaretal

@ gpor-Bulk  ® P Pol-Bulk
R=56% r R:Q,O% '

g 2500
F=a

(d) P Pol-30 nm

R=7% * 500
B - g’x

iw .

Figure 3 Re ected beam prdes for Siwafer targets ggsand p(b) polarizations, and for 30 nm SiN targets @snd p(d)

polarizations. The color scales are the same for the bulk targets and are\setiteds higher for the SiN targets. Thereisalinch
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 prte for both polarizations presented with sigzant modulation that

varied shot to shot as shown igures3(c) and(d). Although modulated, the beam pres had a well-dened

diameter suggesting that the light is not simply being scattered into a larger cone. No transmitted laser energy
was observed within experimental uncertaint$%e). 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 sightimes 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 re ected beam prde screens, being the primary result, are shown again with a different color scale in

gured. The color scale is chosen such that the hard edge of the beam may be determined. This demonstrates
thatthe re ected lightis not simply being sentto a much larger solid angle thatilswie screen. The beams,
though clearly modulated, still appear entirely on the screen. Thus, the fundamental light is converted to another
form of energy. The unampléed beam is also shown for reference, though it should be noted that in this laser
system the unampled beam is slightly larger than the power amgals aperture and exhibits clipping and
diffraction rings that are not presentin the am@d beam.

The EUV spectrometer used in the experiments is a custom design that enables measurements across a wid
spectrumin asingle 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-régr; while simultaneously providing a calibration at
the aluminum edge. In atypical interaction, key pieces of information are obtained from the interaction. The hot
plasmawill 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 emissionlineat 17.2169 nmwas
observed to both broaden and reds(sie gure5). 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 greguses(b)).
Thintargets do not have the dense volume, which enables cold return currents or the interaction of hot plasma
inthe volume. The hot electrons that are generated at the focus are still produced, and acésoftsrfergy
suchthattheir effective stopping mechanism is the chamber wall, which will cause Bremsstrahlung radiation,
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Figure 4 Re ected beam prdes of the fundamental laser pulse for a variety of condit{e))¢b), (d), (€) The same images agure2,
with the same color scale. The color scale is taken such that any light above three standard deviations of the background noisg appears
black.(c) The re ectivity pro le from the low-power amplied 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
dueto the x-ray lter.(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 aniestl{ energetic such that

they do notinteract strongly with the target, whether itis 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, asghmén in

4. Relativistically intense absorption for thin foils

Atintensities exceedin@'® Wecm 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
tobe domir@nt. Ehe remaining high intensity absorption mechanisms include Brunel absorption and
relativisticj ¢ B absorption, as well as the zero vector potential mechdignThe former two mechanisms
describe the transfer of laser energy into electron energy via the electron crossing into a sharp density plasma,
Whereéhe dt'istinction arises from whether the electron is driven by the laser elelct(Brune) or the magnetic

eld(j g B).For xedions,these mechanisms can only exist with p polarized light, as there is no out-of-plane
electron motion for s polarized light. The rectivities for thicker targets are consistent with the lower-intensity
studies performed, such as the case for plasma mj&4r3(. Increasing the laser contrast minimizes
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