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Absorption of subpicosecond uv laser pulses during interaction with solid targets
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The absorption of subpicosecond uv laser pulses has been measured at intensities dbienfOHigh
levels of absorption were observed, up to 55%sfpplarization and 65% fgp polarization. The behavior with
angle of incidence and polarization can be interpreted as due to a combination of resonance and collisional
absorption, taking place in a plasma with a scale length of the order of a fraction of the laser wavelength.
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[. INTRODUCTION reason arises frorm\?-scaling laws for the hot electron en-
ergy [7]. At the ultrahigh laser intensities required for fast
The main motivations leading to the study of the interac-ignition (10— 1F°W/cn?) the use of short wavelength light
tion of intense, short laser pulses with solid targets havenay be advantageous in order to limit the energy of the
been, until recently, the possibility of studying high densityelectrons to the MeV range. As a matter of fact, electrons
and temperature laboratory plasmas, and their application agith higher energies could not efficiently couple to the com-
a source of intense, ultrashort x-ray pul§gk The observa- pressed corg4,8].
tion of x rays emitted from these plasma has led to a number Several absorption measurements of short uv-laser pulses
of important resultgfor example, the measurement of spon-have been reported for intensities up td-"My/cn? [9-11].
taneously emitted x rays with energies exceeding 1 MeMn all these experiments, high levels of absorptiap to
[2]). X-ray emission measurements are closely related to atb0—60 % of the incident energwere detected, and when the
sorption mechanisms, since the emission properties of plaghsorbed energy fraction was measured as a function of po-
mas depend strongly upon the degree of coupling of the laséarization and angle of incidence a different behavior or
radiation with the target. The observation of the dependencpolarized ang polarized light was observedO]. In experi-
of the x-ray yield on the angle of incidence has often beemments performed at very low irradiancéer example forl
related to resonance absorption procegses, for example, <5x10"2W/cnr), the laser pulse effectively interacts with
Ref. [3]). the dense cold mattéand the absorption is consistent with
The recently proposed fast-ignit¢Fl) scheme for ICF conventional skin depth effec{12]. In experiments per-
[4], however, has introduced a new and possibly more comformed at higher irradiance the interpretation of the data is
pelling reason to study the absorption of a short pulse laser isomehow complicated by the fact that the presence of a cer-
high density plasmas. In principle, suprathermal electronstain level of prepulse causes the plasma to interact with a
such as those required to start ignition in the FI scheme, caperformed plasma rather than with a solid. However, even in
be generated and accelerated by an intense, short laser pufg@sence of a preplasma, the density profile will be steepened
interacting with a dense plasni]. In order to optimize and around critical by the ponderomotive pressure of the intense
control the burst of high energy electrons, the mechanismkaser radiatiorf7]. It also has to be noted that ponderomotive
through which the energy of the short pulse laser is transmodifications of the density profile generally produce ripples
ferred to the plasma and into hot electrons have to be chaand corrugations in the critical surfacgl3]. In two-
acterized and fully understood. dimensional particle-in-cell simulations, this has been shown
A number of measurements of laser energy absorptioto lead, in the limit of ultraintense laser pulses, to the seeding
have been performed in recent years with infrared highof a Rayleigh-Taylor-like instability, and ultimately to hole
intensity subpicosecond laser pul$é$ However, for appli-  boring [14]. The presence of such structures in the plasma
cations in the fast-ignitor scheme, the use of shorter waveean substantially affect the absorption dynanjit4—16.
length radiatior{such as uv lightcould be advantageous, for  All the absorption data available at intensities of about
two reasons. First, the critical density is in this case closer td 0" W/cn? appear to be consistent with absorption due to a
the compressed fuel core, and this will simplify all issuescombination of resonance and collisional absorption. In prin-
related to the energy transfer to the fuel. The secongiple, the contribution of the two processes to the overall
absorption can—to an extent—be discriminated by varying
the polarization of the incident beam frosr(laser polariza-
*Present address: Department of Pure and Applied Physic¢ion perpendicular to the plane of incidende p (laser po-

Queen’s University, Belfast BT7 1NN, United Kingdom. larization in the plane of incidengeas resonance absorption
"Present address: Lawrence Livermore National Laboratory, Livis possible only fop polarized light{7]. In reality, things are
ermore, CA. complicated by the fact that, due to the focusing optics, there
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will always be a certain degree @f polarized interaction,

even ins polarization geometry or at normal incidende].

Irregularities of the criticalor targe} surface, by reducing .
the distinction betwees andp polarized light and virtually Laser
making impossible a well defined angle of incidence, also

allow resonance absorption to occur in conditions in which
nominally it should not take pladd6]. As a matter of fact,

at high irradiancegi.e., for IN2>10"W/cm ™2 um?), clas-

Backscatter
(to diode)

Off axis
parabola

Calorimeter —»

s?cal collisio_nal absorption is expected to become progres- Ulbricht sphere
sively less importan{see, for example, Ref7]), but the
absorption levels measured experimentally seem to be sys- FIG. 1. Experimental setup.

tematically higher than expected from theoretical predictions o o
[10,18. In the experiments in which a collisionless, reso-iN Fig. 2 (the Titania focal spot p(esented similar character-
nance behavior was isolated, the plasma density scale lengf#ficS- It was obtained by imaging the focal spot at the
L could be estimated. The values of these estimates rangéflamber center with &2.5 lens. The average intensity on
from L/\=10[10] to L/A =0.2[11]. These results were ob- targetwas (3—5% 10'"W/cn? in a focal spot with a 10-15-
tained in experiments using 12-ps and a 400-fs laser pulsggM-diameter FWHM(full width at half maximum. Within
respectively. the focal spot diameter, hot spots were present, with number
However, at larger intensities, and in presence of strongnd intensity distribution varying on a shot-to-shot basis. The
density profile steepening, other absorption mechanism&Psorption was measured in an indirect way, by measuring
such as the anomalous skin eff€&®], vacuum heatingj20] the amount of energy scatteréde., not absorbedby the _
andJx B heating[14,21], are expected to become important. target. The target was placed at the center of an Ulbricht
An anomalous behavior of the absorption was recognized i§Pherel27] with a 5-cm radius. This is a plastic sphere with
an experiment performed by Teubnetral. [22] using the thg mnerlsurface pamted with a diffusive, highly reflective
Sprite laser at the Rutherford Appleton Laboratory, in whichPaint (barium sulphitg. Several holes are present on the sur-
the absorption of a 400-fs UV laser pulse was measured 48ce Of the sphere, to permit the access of the laser beam, the
intensities exceeding #Wi/cm?. The higher absorption val- allg_nment of the target, and access fpr diagnostics. The laser
ues were obtained at very large angi@s°—809, and this _radlatlon scattered by the target is diffusely reﬂected by the
behavior was attributed to absorption through anomalou¥ner surface of the sphere. After a few reflections the laser
skin heating in a steplike density profile. energy is umformly distributed over the volume of the
This paper reports on experimental measurements of thgPhere. In this way the scattered energy fractycan be
absorption of subpicosecond KrF laser pulses in plasma@€asuredfor any scattering directigrby a surface integrat-
generated from solid targets. The absorption was measurd@d calorimeter placed at a diagnostic hole on the surface of
as a function of angle and polarization, at average intensitie§'€ sphere.
in the range (3—5% 10" W/cn?.

Il. EXPERIMENTAL ARRANGEMENT 50 ym

The experiments were performed using the Spfi8]
and the Titanid24] lasers at RAL in the chirped pulse am-
plified (CPA) configuration25]. In both cases the pulse was
recompressed in vacuum inside the interaction chamber,

where the compression gratings were located. The Sprite la- 7

ser produced KrF pulses of 500-fs duration at a wavelength E 200 (b)
of 248 nm. The short pulse was superimposed on an ampli- 5 004

fied spontaneous emissidASE) pulse. The ASE intensity £

for the Sprite laser was measured in different experiments é 0 T

and estimated as>510"W/cn? [22]. In the conditions of 0 50 100

our experiment this corresponds to a contrast ratio &f 10 & X [pm]
The duration of the pulses delivered by the Titania laser was ’§ 200 ©
500 fs, superimposed on an ASE pulse with an estimated £
contrast ratio of 10-10° [26]. z 100

The experimental arrangement is depicted in Fig. 1. In § -
both experiments the laser pulse was focused onto target = 0 5'0 100
with a /3.5 off axis parabola. In the Sprite measurements ¥ [um]

the targets consisted of 300-nm-thick Al layers overcoated
onto a glass slide, and in the Titania measurement250- FIG. 2. (a) Image of the Sprite CPA focal spot at the chamber
thick aluminum foils were used. In both experiments the encenter, taken during an high energy sh@f) Horizontal lineout
ergy on target was limited to 250 mJ by the damage threshhrough the center of the focal spot intensity distributits). Ver-

old of the compression gratings. An image of the focal spotical lineout through the center of the focal spot intensity distribu-
taken during the experimental campaign on Sprite is showtion.
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However, the radiation that is directly scattered back 07 prrrprr T e
along the laser axis can escape from the sphere through the 06 : HIH—— e :2:;’32.'2{52}:32 E
entrance hole, which has a 1-cm radius. The semiaperture of ¢ E 1 'S
the acceptance cone of the entrance h@leen from the g 05 pere ~f
sphere centeris ¢y~ 10°. For small angles of incidence on “; 04 ‘!N\ N
target, the fraction of scattered light escaping through the & ¢ K »—<'>:\
entrance hole may be significant. It was therefore necessary o 03 N ST
to measure the fractioR,, of UV light backscattered into the :’g’ : H;‘\ : e
parabola. As shown in Fig. 1, this was done with a photodi- § 02 : TN
ode placed outside the target chamber. The absorbed energy 01 E .
fraction f , was finally estimated a,=1—(Rgs+Ry). o Ny T ‘;

The linearity of the sphere-calorimeter system and of the
photodiode in the analyzed energy range was carefully
checked. The Ulbricht sphere was calibrated in the following Angle [Degrees]

way: a large, diffusing targefcoated with barium sulphite FIG. 3. Angular dependence of the absorbed energy fraction
painh was placed at the center of the sphere, and the beaging the interaction of the 400-fs Sprite KrF pulse with Al targets.

was defocused to a centimeter size, so that the energy Ofhe lines are the best fits, using the functions described in the text.
target was below the damage threshold and all the energy

incident on target was scattered inside the sphere. The calo-
rimeter reading corresponding to 100% reflectiitg., zero I1l. MEASUREMENTS, ANALYSIS, AND DISCUSSION
absorption was obtained in these conditions.

The targets, placed at the center of the Ulbricht sphere, . : )
were mounted on a translatable rotating stage, driven by ere performed, usingandp polarized light. The results of

. . ese two series of measurements are shown in Figs. 3 and 4.
calibrated stepper motor. The rotation angle could be deter: L .
. . I o . Every point is the average of at least three different measure-
mined with a precision of 2°. The laser pulse was Imearlyments

polarized in the vertical direction throughout all the measure- The measurements show an absorption level for normal

ments. Howevers andp polarizations could be studied by i, cjqence as high as 50-60%, and a different angular depen-
changing the target rotation axis from vertical to horizontal.jence of the absorption ferandp polarized light. While the
The position of the target was controlled within &n with  apsorption fors polarized light decreases from the normal

a telescope alignment system, observing the target througRcidence value as the angle of incidence increases, the ab-

viewing holes on the sphere. _ sorption level fop polarized light reaches a broad maximum
Since no filters were placed in front of the calorimeter andfor 9=10°-20° in the Sprite measurements, and ab®ut

the energy measurement was time integrated, energy emitted30° in the Titania measurements.

from the plasma during and after the interaction was also In a first approximation the data can be analyzed under
collected by the calorimeter. However, from simple consid-the assumption that all the absorption at normal incidence
erations, it can be seen that this energy is negligible if comand for s polarized light is due to collisional absorption,
pared with the energy directly scattered from the target. Irwhile the absorption fop polarized light is due to a combi-
fact, an upper limit for the emission can be estimated byhation of resonance and collisional absorption. However, as
considering the radiation emitted by a blackbody at the tempointed out earlier, the mixing of polarization due to focus-
peratureT, of the plasma in the range of wavelengths thating can result in a component of resonance absorption even
are efficiently diffused by the sphere. The intensity emittedin the s polarized case and at normal incidence. For example,
in the range[\;,\,] is obtained by integration of the in Ref.[11] this was shown to be a significant effect. This
Rayleigh-Jeans distributioi28]
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where K is the Boltzmann constant. Fof,=1keV, \;
=0.250um, and A,=2.5um, one obtains M, ~6

X 10° W/cn?. Taking reasonable values as a plasma radius
r=50um and an average emission duratidt= 100 ps(the
emission from the plasma will last for much longer, but the
temperature of the plasma will quickly decrease as the
plasma expandsone can estimate the energy emitted in the  F|G. 4. Angular dependence of the absorbed energy fraction
range[\;,\,] asEy~M, 7r?At~4x 10 °J. This value  during the interaction of the 500-fs Titania KrF pulse with Al tar-

is much smaller than the typical scattered energies measure@ts. The lines are the best fits, using the functions described in the
during the experimentgn the range 2—2810 2 J). text.
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was related to the fact that the effective angle of incidence Resonant
due to focusing was a significant fraction of the ange at | ----- p-s
which maximum resonance absorption occurred. Also, as 05 errr e e
mentioned in Sec. |, laser-induced deformations of the criti- 04 E i \\ Sprite [
cal surface can lead to some degree of resonance absorption § 03 E ,/ o IR :
even for light that is nop polarized. Thus some care must be B 02 /ot
taken in assigning the absorption for normal incidence &and i 0.1 E / .
polarization to collisional absorption only, and, while it will 2 ok P P P TS B AP
be ignored in this first approximation, the importance of po- 5 T S S AR
larization mixing due to focusing and critical surface defor- 2 0.4 3 2t N E
mations will be estimated later in the text. g 08¢ // s WG
The angular dependence feipolarization follows quali- 2 02¢ 7 - 3
tatively the expected behavior for collisional absorption. The < 01 E VZi ' Titaniaj-3
laser intensity is reduced on the way up to critical, and on the 0 Bradtibinwsde s bon o, e d
way back after the reflection, by a facter °, whereésis a 0 10 20 30 40 50 60 70
decreasing function of the angle of incidengzeAn analyti- Angle [Degrees]
cal solution can be obtained in the conditions to which the o _ o
WKB approximation applie§7]. FIG. 5. Solid line: resonance absorption profile inferred from

the data of Figs. 3 and #ollowing the method explained in the
text). Dashed line: Simple difference between gheolarization and
s polarization absorption profiles.

The angular behavior of the absorption forpolarized
light is consistent with a combination of resonance and col
lisional absorption. In fact, at low angles, collisional absorp-
tion, which does not depend on polarization, contributes in
keeping the absorption level high, while a resonance proced¥oximate value of the plasma scale lengttrlose to the ,
peaking at larger incidence must be responsible for the athitical density can be deduced. According to Denisov's
sorption at larger angles, when the collisional process beheory [7], the resonance absorption reaches a maximum
comes less important. In order to isolate the contribution ovhen 7=(wl/c)*"sin(¢)~0.8. This gives, forfy,=27°,
resonance absorption in the data fopolarized light, a de- L~0.9\~0.2um, and, for fps=35°, L~0.4~0.1um.
scription of the collisional absorption fraction is required. However, the use of the above formula, obtained in a WKB
For this purpose, thepolarization data have been fitted with fréatment, is strictly valid only for density profiles with
a function resembling the WKB expressions for collisionalL/A>1. _ _ _
absorption, as given for example in RET], i.e., f(6)=1 An .alternauve procedur_e to infer the density scale length
—exf] —Acod()], whereA andn are left as free parameters. Was given in Ref{29]. In this reference the Helmholtz wave
The parameten depends, in the WKB theory treatment, on €guation was numerically solved, and the difference between
the type of plasma density profile assumed in the calculaln® absorbed energy fraction fprands polarized light was
tions. A function of this kind was found to describe the dataP!otted as a function of the angle of incidence. The angle
reasonably well, as visible in Figs. 3 and 4, and the best fiffmax & Which the difference betweem and s absorption
was obtained fon~7. However this value does not corre- Pe€aks depends unambiguously on the density scaleléngth
spond to any known density profile, and it is used only tofor & wide range of scale lengths. Therefore, the plasma scale

describe empirically the data. length can be deduced from the value &f,,. In our case

As mentioned above, fos polarized light the energy is (see Fig. 5 6y,,,~30° for the Sprite results and,, ~40°

absorbed through bremsstrahlung absorption as the pulder the Titania measurements. Following Fig. 1 of &),
propagates up the density gradient to the turning point, andne obtaind ~0.6\~0.15um for 6},,~30° andL~0.2x
on the way back after reflection. If, as the fit suggests, the<0.05um for 6,.,,~40°. From all these estimates the mea-
laser intensity fors polarized light is reduced by a factor surements seem to indicate that the plasma scale length was
exd —o(6)] after two-way propagation in the plasma, the re-of the order of a fraction of the wavelength. It was shorter for
duction in intensity forp polarized light incident at the angle the Titania experiment, and this is consistent with a lower
6 can be estimated 4$1—f (6)]<Xexd —&6)], wheref, is  prepulse level.
the function describing resonance absorption. Also, the scalelength seems to be short enough that reso-
The absorbed energy fraction after two-way propagatiomance absorption due to focusing is not very important in
for p polarized light is therefore given by,(#)=1—[1  these experiments. This can be estimated, as in[Ref. by
—f,(0)][1—14(6)]. Thep polarization data have been fitted using the Denisov model of resonance absorpfi@nwhich
with the above functionf(q) is the best fit for thes polar-  gives the absorbed energy fractibnasf = ¢3(7)/2, where
ization data, and,(#) a polynomial function of the type ¢(7)~2.3rexp(~27°/3), and 7 is the parameter defined
f.(0)==_,c;#', with c; a free parameter. The best fit ob- previously. The maximum value of absorption occurs for
tained using the functiof, is also shown in Figs. 3 and 4, ~0.8. From these formulas, a valueofan be estimated for
and describes reasonably well the experimental data. Fromalues of6 away from peak absorption, and consequently the
the fit, the functionsf, (shown in Fig. 9, describing reso- resonance absorption due to focusing for nominally normal
nance absorption in the two experiments, are obtained.  incidence can also be evaluated. With the focusing optics of
The peak of the resonance profile is at about 27° for thehe experiments, and by assuming a Gaussian profile in the
Sprite measurements, and at about 35° for the Titania meanear field, an average over the energy in the beam gives a
surements. From the angle of maximum absorption, an apveighted average angle of incidence -66° for nominally
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normal incidence. Using the model outlined above, it can be  0.14 u T Y v
estimated that, for the Titania data, if the peak resonancg o p polarization
absorption is at 40°, then, at normal incidence, the resonang 0.12 ® s polarization J

absorption present is only3%. As the peak absorption is £ 0.1
~55% at normal incidence, this effect does not seem to bl§;

too important. For the Sprite data, from a peak at 30° the@ 0.08
resonance absorption at normal incidence can be determin¢®

to be~5%, again much less than the actual observed absor@ 0.06

i

tion. £ 0.04 o

Another effect, thus far neglected, which can raise theg
absorption level at normal incidence or fepolarized light & 0.02 i
is the onset of irregularities at the critical density surfacem e . TP s S A S 1
The effect of these ripples or “bubbles” will be to reduce 0 i i o l‘.. '.m? h?"‘
the distinction betweesandp polarized light and to smooth 0 10 20 30 40 50 60 70
out the angular dependence of the absorption, as, on the sc: Angle [degrees]

of the surface deformations, there will not be a well defined
angle of incidence or a well defined polarization. In the ex- FIG. 6. Backscattered energy fraction measured as a function of
periments reported here such ripples could be seeded by nothe angle of incidence using the Sprite laser.
uniformities of the target surface, or, via the ponderomotive
pressure of the hot spots present in the focal spot. A simplformal incidence. The same effect would tend to eliminate
estimate of the relative importance of ponderomotive andhe differences betweenandp polarization at small angles,
thermal pressure can be obtained by considering the ratigllowing p polarized interaction even fas polarized light.
between the quiver velocity,s and the thermal velocityy,  As the strength of the deformation decreases with the angle
[7], Q... Vos/Vin~(1710"" W/iem?)®%[ T, (keV)]®® for N of incidence, the amount of resonance absorption taking
=0.25um. As an example, according to this simple esti-place fors polarized light would also decrease. As a matter
mate, for | =5x10""W/cn?, ponderomotive and thermal of fact, in the Titania data, it can be seen that for angles up to
pressure will be of the same orderTif~5 keV. Indication  10-15° there is little difference between the absorptiorsfor
that ponderomotive effects play a role in compressing theandp polarized data, while in the Sprite data set, the differ-
plasma in the intensity and pulselength regimes of the exence at 10° is already quite large. This could be explained by
periment reported here has been obtained both experimethe fact that, due to the lower prepulse level and, conse-
tally [30] and computationally31]. quently, to the steeper density profile, the Titania pulse’s
If, following Refs. [14] and[16], one supposes the pon- ponderomotive force interacted more efficiently with the
deromotive pressure to be stronger than the thermal pressurgitical density, leading to more important deformations.
the depth of the hole ponderomotively bored by the laser As previously observed, it is somehow difficult at present
focal spot(or by hot spots in the laser intensity profilato to estimate the real importance of this effect and to deter-
an overdense plasma of densitycan be roughly estimated, mine, for example, how much of the absorption at normal
as a~2x10 °(cr)[(n/2ne)(Z/A)(IN?)]%° where 7, is  incidence is due to collisional absorption or to resonance
the pulse durationn, the electron massy; the ion massZ  absorption in a structured plasma. This has to be taken as a
the charge state, and cgs units are used. For parameters of hesent limit of these studies. However, some additional in-

order of the experimental ones r(=400fs, 1=5 dication can be inferred by observing the angular distribution
x 10 W/cn?, and choosing, for exampl&,=10nc), the of the backscattered radiation.
depth of such a hole would be of the order of Quin. A The level of the radiation scattered from the target back

small change in the angle of inciden@bout 2j would be  through the entrance holeb{#)—is shown in Fig. 6 as a
introduced by such a deformation, if one takes theui®- function of the angle of incidence. Only the results from the
FWHM focal spot diameter as its transverse size. The effecgprite campaign are shown here. The measurements obtained
could be larger if the deformation is produced by a hot spotwith Titania present similar characteristics, but with some
as the local intensity could be higher and the radial extent ofcatter of the backscattered level in the measurements taken
the deformation smaller. at large angles, possibly due to roughness of the target sur-
This effect is expected to be more pronounced for an inface.
cidence close to normal, as the laser pulse can propagate As can be seen in Fig. 6, a considerable level of backscat-
closer to the critical density and its ponderomotive force canered radiation was measured only for incidence close to 0°.
act more efficiently on the critical surface. It should be The maximum level detecte@t 09 was 13% of the incident
pointed out that, even supposing that no collisional absorpenergy. Since the amount of the total energy scattered from
tion was present, some of the observed angular featurahe target was 55% of the incident radiation, only about 25%
could, in principle, be qualitatively explained by this effect of the light diffused from the target is intercepted by the
alone. If one assumes that the main absorption mechanism éntrance hole. This seems to imply that the radiation is scat-
resonancepeaking at an anglé,,,,), deformations of the tered into a relatively large cone. This could be due to re-
critical surface, being stronger for angles near zero incifractive effects in the focal regidfi0,18, or to the onset of
dence, would cause thpepolarization absorption to stay high deformations of the critical surfadés].
even for #<6,ax Since they would allow interaction at If we assume for simplicity that, in a plane perpendicular
angles close t@,,, to take place even for normal or near- to the direction of specular reflection, the distribution of en-
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ergy is cylindrically symmetric and has a Gaussian radialaser intensity of 2.% 10'®W/cn? was inferred in these con-
dependence of the type=1,exy —2r%r§], wherer is the  ditions, and the absorption was seen to increase as the angle
beam radius, a rough estimate of the width of the scatteringf incidence was increased, reaching the maxintd&% at
cone can be obtained. This approach would indicate, for exsp°. This behavior was explained as due to the anomalous
ample, that the energy is scattered by the target inféla gkin effect[19]. The absorption was also measured as a func-
cone (/1 being the divergence of theef/surface. This tion of the laser intensity at the fixed incidence angle of 67°.
corresponds to an half-aperture of about 27°, much largefy particular, an absorption of about 50% was measured at
than the half aperture of the focusing cone, which is of theygl7\w/cn? for p polarized light. No difference was observed
order of 8°. Due to the finite aperture of the scattered lightgt this angle between the absorption measuredsfand p
the backscatter level falls as the incidence angle is increas%wized light.
and the energy intercepted by the entrance hole becomes on the basis of the experimental data, it is difficult to
marginal. Further, if the angular spread is to some extengxplain the discrepancy between the measurements reported
caused by deformations of the critical density, the strength ofere and the measurements reported in R&d]. The peak
the deformationgand the angular aperture of the scatteredintensity inferred in Ref{22] is considerably higher than the
radiation sh.ould decrease as the. angle_ of incidence ingpe reported in the present paper, however this may depend
creases. This would make the radiation intercepted by thgy some extent on the way the intensity on target is defined.
entrance hole fall even more rapidly. _ As a matter of fact, Teubner and co-workers estimated the
As an example, the effect of the angular spread introduceghtensity considering that 30% of the energy is contained in
by target deformations can be estimated following RE8]. 5 area with a diameter of @m, while the remaining 70% is
By assuming a deformation depdhtreating the laser reflec- gjstributed within a 15-2Qém diameter. Nevertheless, pa-
tion from the deformed critical surface as from a sphericalgmeters as the focusability of the beam or the main-to-
mirror, and taking the transverse size of the deformatjah prepulse contrast ratio may have been optimized more effi-
can be shown that the additional angular spréad(half-  ¢jently in Ref.[22] than in the experiment here reported. A
aperturg introduced by the reflection is approximately given petter quality focal spotleading to a more effective pon-
(in radiant$ by 4a/r. As an example one could get an an- geromotive forcg and the minimization of a preplasma
gular spread as that observed in the experimefir ( \would both lead to interaction with a steeper density gradi-
~19°), takinga=0.13um (of the order of the deformation ent, and the absorption mechanisms involved could change
calculated previouslyand r=1.5um (of the order of the significantly.
radius of an hot spatUnder these conditions, if one neglects Recently, results obtained at higher irradianfts]
the fOCUSing eﬁeCtS, radiation with nominal normal inci- showed an angu|ar behavior not dissimilar to the one ob-
dence would be incident with a range of angle varying fromseryed in the Sprite and Titania experiments reported here.
0 to 2a/r radiants. By assuming a Gaussian intensity distri-This experiment was performed at the Limeil P102 facility,
bution in the hot spot, an energy-weighted average angle catyance. In this case 15% of the 5-J energy on target was
be evaluated, givinga)~alr(~4°-5°). Again, this indi-  contained in a 5zm central spot, giving an intensity of up to
cates that the change in angle of incidence is perhaps topp'®w/cn? locally, while the rest of the energy was distrib-
small to have on its own an effect Comparable to the absorn]ted over a 4sz diameter focal Spot' resumng in an aver-
tion levels measured at normal incidence. However, it cannojge intensity on target of about*£@V/cn?. However, since
be excluded that the combined effect of focusing optics anghe wavelength was 0.52Zm, the effective average irradi-
target deformation could be responsible for a sizable fractiomnce was higher than in the KrF experiments discussed
of the light absorbed at normal incidence. above. The absorption far polarized light was seen to de-
Fina”y, the fact that the level of backscatter is very Smallcrease monotonica”y as the ang]e increased, while the ab-
(below 1% for angles larger than 30° also indicates that thesorption forp polarized light peaked at 25°, with a maximum
amount of backscattered light due to parametric instabilitiegalue of 45%. Due to the very high main-to-prepulse contrast
is not Significant. This seems to confirm that the scale Iengﬂﬂatio (1012)' the absorption was expected to peak at |arge
of the preplasma was not long. angles, as observed in R¢R2]. The behavior observed was
in this case completely different. Although it seems difficult
to isolate the contribution of the various absorption mecha-
nisms, it was inferred that modifications in the surface mor-
As is clear from Sec. Il the measurements performed ormphology played an important role in determining the absorp-
Sprite can be, in principle, satisfactorily explained with ation features. This assumption was correlated to the onset at
combination of collisional and resonance absorption, takindnigh intensities of diffusiorirather than reflectionfrom the
place in a plasma with a scale length of the order of a fractarget. Qualitativelyalthough not quantitativejythe angular
tion of the laser wavelength. This is consistent with otherbehavior observed in Ref16] is similar to the one observed
measurements previously performed at similar slightly  in the experiments reported in this paper. However, due to
lower) irradiances, as for example those reported by Teubnehe higher irradiance and contrast ratio in Fewaeal's ex-

IV. COMPARISON WITH OTHER RESULTS

and co-worker$11,18 using a 400-fs KrF laser. periment, it is reasonable to assume that the effect of pon-
However, measurements performed by Teubner and caleromotive deformation was larger in their case.
workers using the Sprite laser at RAI22] in similar experi- Finally, harmonic emission efficiency measurements re-

mental conditions, gave different results, as already meneently performed on the Rutherford KrF laser systE3g]
tioned in Sec. I. The angular dependence was measurgd forwere consistent with the absorption behavior observed in our
polarized light at the highest irradiance available. A peakexperiment. The efficiency of third harmonic emission was
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measured, as a function of the angle of incidence, during thpresence of structures in the critical surface. Although esti-
interaction of 1-psp polarized KrF pulses, focused at an mates based on the inferred backscatter cone seem to indi-
intensity of about 18 Wi/cn? on solid targets. An extremely cate that the residual resonance absorption due to this effect
strong dependence of the emission on the angle of incidencgione should not be too important, nevertheless the combined
was observed, with peak conversion occurring at about 30%ffect of laser induced ripples and focusing effects could
In other words, the data indicate a more efficient coupling ofcause a significant level of resonance absorption for nomi-
the laser with the near-critical plasma around this angle, agajly nonp polarized light. The comparison of these results
consistent with the resonance behavior inferred by the meagiih other absorption measurements obtained in the same
surements reported in this paper. regime of intensities shows that the mechanisms of the laser
absorption in this regime are not still sufficiently clear. In-
deed, a very different behavior has been observed in an ex-
Absorption measurements were performed using the Kriperiment performed on the same laser system, in which no
lasers Sprite and Titania, that delivered pulses with duratiomesonance, but an angular dependence of the absorption con-
7~400-500fs and average intensites up tosistent with anomalous skin effect was observed. One has to
5x 10" W/cn?, with a main to prepulse contrast ratio 0f®10 conclude that the absorption features in these interaction re-
and 10-10, respectively. The pulse was focused onto Algimes depend strongly on parameters that may vary from
targets, and the energy absorbed during the interaction wasperiment to experiment, as for example the prepulse level
measured, varying incidence angles and polarization, by usr the beam quality. As a matter of fact, the variability of the
ing an Ulbricht sphere and a calorimeter. As observed inesults is a general characteristic of the absorption experi-
other measurements performed in similar interaction condiments that have been performed at intensities exceeding
tions, high levels of absorption were detected, bothsfand  10'7w/cn. Indeed, theoretical and computational studies
p polarized light. An energy fraction up to 65% of the inci- have pointed out the absorption mechanisms that are ex-
dent energy was absorb€85% for normal incidenge The  pected to be important in high intensity interactions. How-
behavior with angle of incidence and polarization can begyer, it seems that a full understanding of the relative impor-
interpreted as due to a combination of collisional and resotance of these mechanisms, and of the way they apply to
nance absorption. By assuming that all the absorption at nogeajistic situations, can be achieved only at the cost of per-
mal incidence and fos polal’ized I|ght is due to collisional forming a |arge number of experimentsy and of Contro”ing

processes, a plasma density scale length of the order of he experimental parameters as strictly as possible.
fraction of the laser wavelength is inferred from the reso-

nance peak. However, and although difficult to quantify, the
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