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Absorption of subpicosecond uv laser pulses during interaction with solid targets

M. Borghesi,* A. J. Mackinnon,† R. Gaillard, and O. Willi
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The absorption of subpicosecond uv laser pulses has been measured at intensities above 1017 W/cm2. High
levels of absorption were observed, up to 55% fors polarization and 65% forp 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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PACS number~s!: 52.40.Nk, 52.25.Nr
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I. INTRODUCTION

The main motivations leading to the study of the intera
tion of intense, short laser pulses with solid targets h
been, until recently, the possibility of studying high dens
and temperature laboratory plasmas, and their applicatio
a source of intense, ultrashort x-ray pulses@1#. The observa-
tion of x rays emitted from these plasma has led to a num
of important results~for example, the measurement of spo
taneously emitted x rays with energies exceeding 1 M
@2#!. X-ray emission measurements are closely related to
sorption mechanisms, since the emission properties of p
mas depend strongly upon the degree of coupling of the l
radiation with the target. The observation of the depende
of the x-ray yield on the angle of incidence has often be
related to resonance absorption processes~see, for example
Ref. @3#!.

The recently proposed fast-ignitor~FI! scheme for ICF
@4#, however, has introduced a new and possibly more c
pelling reason to study the absorption of a short pulse lase
high density plasmas. In principle, suprathermal electro
such as those required to start ignition in the FI scheme,
be generated and accelerated by an intense, short laser
interacting with a dense plasma@5#. In order to optimize and
control the burst of high energy electrons, the mechanis
through which the energy of the short pulse laser is tra
ferred to the plasma and into hot electrons have to be c
acterized and fully understood.

A number of measurements of laser energy absorp
have been performed in recent years with infrared hi
intensity subpicosecond laser pulses@6#. However, for appli-
cations in the fast-ignitor scheme, the use of shorter wa
length radiation~such as uv light! could be advantageous, fo
two reasons. First, the critical density is in this case close
the compressed fuel core, and this will simplify all issu
related to the energy transfer to the fuel. The seco
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reason arises fromIl2-scaling laws for the hot electron en
ergy @7#. At the ultrahigh laser intensities required for fa
ignition (1019– 1020W/cm2) the use of short wavelength ligh
may be advantageous in order to limit the energy of
electrons to the MeV range. As a matter of fact, electro
with higher energies could not efficiently couple to the co
pressed core@4,8#.

Several absorption measurements of short uv-laser pu
have been reported for intensities up to 1017W/cm2 @9–11#.
In all these experiments, high levels of absorption~up to
50–60 % of the incident energy! were detected, and when th
absorbed energy fraction was measured as a function of
larization and angle of incidence a different behavior fos
polarized andp polarized light was observed@10#. In experi-
ments performed at very low irradiances~for example forI
,531012W/cm2), the laser pulse effectively interacts wit
the dense cold matter~and the absorption is consistent wi
conventional skin depth effect! @12#. In experiments per-
formed at higher irradiance the interpretation of the data
somehow complicated by the fact that the presence of a
tain level of prepulse causes the plasma to interact wit
performed plasma rather than with a solid. However, even
presence of a preplasma, the density profile will be steepe
around critical by the ponderomotive pressure of the inte
laser radiation@7#. It also has to be noted that ponderomoti
modifications of the density profile generally produce ripp
and corrugations in the critical surface@13#. In two-
dimensional particle-in-cell simulations, this has been sho
to lead, in the limit of ultraintense laser pulses, to the seed
of a Rayleigh-Taylor-like instability, and ultimately to hol
boring @14#. The presence of such structures in the plas
can substantially affect the absorption dynamics@14–16#.

All the absorption data available at intensities of abo
1017W/cm2 appear to be consistent with absorption due t
combination of resonance and collisional absorption. In pr
ciple, the contribution of the two processes to the ove
absorption can—to an extent—be discriminated by vary
the polarization of the incident beam froms ~laser polariza-
tion perpendicular to the plane of incidence! to p ~laser po-
larization in the plane of incidence!, as resonance absorptio
is possible only forp polarized light@7#. In reality, things are
complicated by the fact that, due to the focusing optics, th
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PRE 60 7375ABSORPTION OF SUBPICOSECOND uv LASER PULSES . . .
will always be a certain degree ofp polarized interaction,
even ins polarization geometry or at normal incidence@17#.
Irregularities of the critical~or target! surface, by reducing
the distinction betweens andp polarized light and virtually
making impossible a well defined angle of incidence, a
allow resonance absorption to occur in conditions in wh
nominally it should not take place@16#. As a matter of fact,
at high irradiances~i.e., for Il2.1015W/cm22 mm2), clas-
sical collisional absorption is expected to become prog
sively less important~see, for example, Ref.@7#!, but the
absorption levels measured experimentally seem to be
tematically higher than expected from theoretical predictio
@10,18#. In the experiments in which a collisionless, res
nance behavior was isolated, the plasma density scale le
L could be estimated. The values of these estimates ran
from L/l510 @10# to L/l50.2 @11#. These results were ob
tained in experiments using 12-ps and a 400-fs laser pu
respectively.

However, at larger intensities, and in presence of str
density profile steepening, other absorption mechanis
such as the anomalous skin effect@19#, vacuum heating@20#
andJ3B heating@14,21#, are expected to become importan
An anomalous behavior of the absorption was recognize
an experiment performed by Teubneret al. @22# using the
Sprite laser at the Rutherford Appleton Laboratory, in wh
the absorption of a 400-fs UV laser pulse was measure
intensities exceeding 1018W/cm2. The higher absorption val
ues were obtained at very large angles~75°–80°!, and this
behavior was attributed to absorption through anomal
skin heating in a steplike density profile.

This paper reports on experimental measurements of
absorption of subpicosecond KrF laser pulses in plas
generated from solid targets. The absorption was meas
as a function of angle and polarization, at average intens
in the range (3 – 5)31017W/cm2.

II. EXPERIMENTAL ARRANGEMENT

The experiments were performed using the Sprite@23#
and the Titania@24# lasers at RAL in the chirped pulse am
plified ~CPA! configuration@25#. In both cases the pulse wa
recompressed in vacuum inside the interaction cham
where the compression gratings were located. The Sprite
ser produced KrF pulses of 500-fs duration at a wavelen
of 248 nm. The short pulse was superimposed on an am
fied spontaneous emission~ASE! pulse. The ASE intensity
for the Sprite laser was measured in different experime
and estimated as 531011W/cm2 @22#. In the conditions of
our experiment this corresponds to a contrast ratio of 16.
The duration of the pulses delivered by the Titania laser w
500 fs, superimposed on an ASE pulse with an estima
contrast ratio of 107– 108 @26#.

The experimental arrangement is depicted in Fig. 1.
both experiments the laser pulse was focused onto ta
with a f /3.5 off axis parabola. In the Sprite measureme
the targets consisted of 300-nm-thick Al layers overcoa
onto a glass slide, and in the Titania measurement 250-mm-
thick aluminum foils were used. In both experiments the
ergy on target was limited to 250 mJ by the damage thre
old of the compression gratings. An image of the focal s
taken during the experimental campaign on Sprite is sho
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in Fig. 2 ~the Titania focal spot presented similar charact
istics!. It was obtained by imaging the focal spot at th
chamber center with af /2.5 lens. The average intensity o
target was (3 – 5)31017W/cm2 in a focal spot with a 10–15-
mm-diameter FWHM~full width at half maximum!. Within
the focal spot diameter, hot spots were present, with num
and intensity distribution varying on a shot-to-shot basis. T
absorption was measured in an indirect way, by measu
the amount of energy scattered~i.e., not absorbed! by the
target. The target was placed at the center of an Ulbr
sphere@27# with a 5-cm radius. This is a plastic sphere wi
the inner surface painted with a diffusive, highly reflecti
paint ~barium sulphite!. Several holes are present on the s
face of the sphere, to permit the access of the laser beam
alignment of the target, and access for diagnostics. The l
radiation scattered by the target is diffusely reflected by
inner surface of the sphere. After a few reflections the la
energy is uniformly distributed over the volume of th
sphere. In this way the scattered energy fractionRS can be
measured~for any scattering direction! by a surface integrat-
ing calorimeter placed at a diagnostic hole on the surface
the sphere.

FIG. 1. Experimental setup.

FIG. 2. ~a! Image of the Sprite CPA focal spot at the chamb
center, taken during an high energy shot.~b! Horizontal lineout
through the center of the focal spot intensity distribution.~c! Ver-
tical lineout through the center of the focal spot intensity distrib
tion.
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7376 PRE 60BORGHESI, MACKINNON, GAILLARD, WILLI, AND RILEY
However, the radiation that is directly scattered ba
along the laser axis can escape from the sphere through
entrance hole, which has a 1-cm radius. The semiapertur
the acceptance cone of the entrance hole~seen from the
sphere center! is f0'10°. For small angles of incidence o
target, the fraction of scattered light escaping through
entrance hole may be significant. It was therefore neces
to measure the fractionRb of UV light backscattered into the
parabola. As shown in Fig. 1, this was done with a photo
ode placed outside the target chamber. The absorbed en
fraction f A was finally estimated asf A512(RS1Rb ).

The linearity of the sphere-calorimeter system and of
photodiode in the analyzed energy range was caref
checked. The Ulbricht sphere was calibrated in the follow
way: a large, diffusing target~coated with barium sulphite
paint! was placed at the center of the sphere, and the b
was defocused to a centimeter size, so that the energ
target was below the damage threshold and all the en
incident on target was scattered inside the sphere. The c
rimeter reading corresponding to 100% reflectivity~i.e., zero
absorption! was obtained in these conditions.

The targets, placed at the center of the Ulbricht sph
were mounted on a translatable rotating stage, driven b
calibrated stepper motor. The rotation angle could be de
mined with a precision of 2°. The laser pulse was linea
polarized in the vertical direction throughout all the measu
ments. However,s and p polarizations could be studied b
changing the target rotation axis from vertical to horizont
The position of the target was controlled within 10mm with
a telescope alignment system, observing the target thro
viewing holes on the sphere.

Since no filters were placed in front of the calorimeter a
the energy measurement was time integrated, energy em
from the plasma during and after the interaction was a
collected by the calorimeter. However, from simple cons
erations, it can be seen that this energy is negligible if co
pared with the energy directly scattered from the target
fact, an upper limit for the emission can be estimated
considering the radiation emitted by a blackbody at the te
peratureTe of the plasma in the range of wavelengths th
are efficiently diffused by the sphere. The intensity emit
in the range @l1 ,l2# is obtained by integration of the
Rayleigh-Jeans distribution@28#

MDl5U2 2

3
Kc

Te

l3U
l1

l2

,

where K is the Boltzmann constant. ForTe51 keV, l1
50.250mm, and l252.5mm, one obtains MD l'6
3108 W/cm2. Taking reasonable values as a plasma rad
r 550mm and an average emission durationDt5100 ps~the
emission from the plasma will last for much longer, but t
temperature of the plasma will quickly decrease as
plasma expands!, one can estimate the energy emitted in t
range@l1 ,l2# asEDl'MDlpr 2Dt'431026 J. This value
is much smaller than the typical scattered energies meas
during the experiments~in the range 2 – 2031022 J).
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III. MEASUREMENTS, ANALYSIS, AND DISCUSSION

In both experiments, two different sets of measureme
were performed, usings andp polarized light. The results o
these two series of measurements are shown in Figs. 3 a
Every point is the average of at least three different meas
ments.

The measurements show an absorption level for nor
incidence as high as 50–60%, and a different angular dep
dence of the absorption fors andp polarized light. While the
absorption fors polarized light decreases from the norm
incidence value as the angle of incidence increases, the
sorption level forp polarized light reaches a broad maximu
for u510°– 20° in the Sprite measurements, and abouu
'30° in the Titania measurements.

In a first approximation the data can be analyzed un
the assumption that all the absorption at normal incide
and for s polarized light is due to collisional absorption
while the absorption forp polarized light is due to a combi
nation of resonance and collisional absorption. However
pointed out earlier, the mixing of polarization due to focu
ing can result in a component of resonance absorption e
in thes polarized case and at normal incidence. For exam
in Ref. @11# this was shown to be a significant effect. Th

FIG. 3. Angular dependence of the absorbed energy frac
during the interaction of the 400-fs Sprite KrF pulse with Al targe
The lines are the best fits, using the functions described in the

FIG. 4. Angular dependence of the absorbed energy frac
during the interaction of the 500-fs Titania KrF pulse with Al ta
gets. The lines are the best fits, using the functions described in
text.
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was related to the fact that the effective angle of incide
due to focusing was a significant fraction of the angle
which maximum resonance absorption occurred. Also,
mentioned in Sec. I, laser-induced deformations of the c
cal surface can lead to some degree of resonance absor
even for light that is notp polarized. Thus some care must b
taken in assigning the absorption for normal incidence ans
polarization to collisional absorption only, and, while it w
be ignored in this first approximation, the importance of p
larization mixing due to focusing and critical surface defo
mations will be estimated later in the text.

The angular dependence fors polarization follows quali-
tatively the expected behavior for collisional absorption. T
laser intensity is reduced on the way up to critical, and on
way back after the reflection, by a factore2d, whered is a
decreasing function of the angle of incidenceu. An analyti-
cal solution can be obtained in the conditions to which
WKB approximation applies@7#.

The angular behavior of the absorption forp polarized
light is consistent with a combination of resonance and c
lisional absorption. In fact, at low angles, collisional abso
tion, which does not depend on polarization, contributes
keeping the absorption level high, while a resonance proc
peaking at larger incidence must be responsible for the
sorption at larger angles, when the collisional process
comes less important. In order to isolate the contribution
resonance absorption in the data forp polarized light, a de-
scription of the collisional absorption fraction is require
For this purpose, thes polarization data have been fitted wi
a function resembling the WKB expressions for collision
absorption, as given for example in Ref.@7#, i.e., f s(u)51
2exp@2Acosn(u)#, whereA andn are left as free parameter
The parametern depends, in the WKB theory treatment, o
the type of plasma density profile assumed in the calc
tions. A function of this kind was found to describe the da
reasonably well, as visible in Figs. 3 and 4, and the bes
was obtained forn'7. However this value does not corre
spond to any known density profile, and it is used only
describe empirically the data.

As mentioned above, fors polarized light the energy is
absorbed through bremsstrahlung absorption as the p
propagates up the density gradient to the turning point,
on the way back after reflection. If, as the fit suggests,
laser intensity fors polarized light is reduced by a facto
exp@2d(u)# after two-way propagation in the plasma, the r
duction in intensity forp polarized light incident at the angl
u can be estimated as@(12 f r(u)#3exp@2d(u)#, wheref r is
the function describing resonance absorption.

The absorbed energy fraction after two-way propagat
for p polarized light is therefore given byf p(u)512@1
2 f r(u)#@12 f s(u)#. Thep polarization data have been fitte
with the above function.f s(q) is the best fit for thes polar-
ization data, andf r(u) a polynomial function of the type
f r(u)5( i 51

n ciu
i , with ci a free parameter. The best fit ob

tained using the functionf p is also shown in Figs. 3 and 4
and describes reasonably well the experimental data. F
the fit, the functionsf r ~shown in Fig. 5!, describing reso-
nance absorption in the two experiments, are obtained.

The peak of the resonance profile is at about 27° for
Sprite measurements, and at about 35° for the Titania m
surements. From the angle of maximum absorption, an
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proximate value of the plasma scale lengthL close to the
critical density can be deduced. According to Deniso
theory @7#, the resonance absorption reaches a maxim
when t5(vL/c)1/3sin(u)'0.8. This gives, forumax527°,
L'0.9l'0.2mm, and, for umax535°, L'0.4l'0.1mm.
However, the use of the above formula, obtained in a W
treatment, is strictly valid only for density profiles wit
L/l@1.

An alternative procedure to infer the density scale len
was given in Ref.@29#. In this reference the Helmholtz wav
equation was numerically solved, and the difference betw
the absorbed energy fraction forp ands polarized light was
plotted as a function of the angle of incidence. The an
umax* at which the difference betweenp and s absorption
peaks depends unambiguously on the density scalelengL
for a wide range of scale lengths. Therefore, the plasma s
length can be deduced from the value ofumax* . In our case
~see Fig. 5! umax* '30° for the Sprite results andumax* '40°
for the Titania measurements. Following Fig. 1 of Ref.@29#,
one obtainsL'0.6l'0.15mm for umax* '30° andL'0.2l
'0.05mm for umax* '40°. From all these estimates the me
surements seem to indicate that the plasma scale length
of the order of a fraction of the wavelength. It was shorter
the Titania experiment, and this is consistent with a low
prepulse level.

Also, the scalelength seems to be short enough that r
nance absorption due to focusing is not very important
these experiments. This can be estimated, as in Ref.@10#, by
using the Denisov model of resonance absorption@7#, which
gives the absorbed energy fractionf A as f A5f2(t)/2, where
f(t)'2.3t exp(22t3 /3), and t is the parameter define
previously. The maximum value of absorption occurs fort
;0.8. From these formulas, a value oft can be estimated fo
values ofu away from peak absorption, and consequently
resonance absorption due to focusing for nominally norm
incidence can also be evaluated. With the focusing optic
the experiments, and by assuming a Gaussian profile in
near field, an average over the energy in the beam give
weighted average angle of incidence of;5° for nominally

FIG. 5. Solid line: resonance absorption profile inferred fro
the data of Figs. 3 and 4~following the method explained in the
text!. Dashed line: Simple difference between thep polarization and
s polarization absorption profiles.
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normal incidence. Using the model outlined above, it can
estimated that, for the Titania data, if the peak resona
absorption is at 40°, then, at normal incidence, the resona
absorption present is only;3%. As the peak absorption i
;55% at normal incidence, this effect does not seem to
too important. For the Sprite data, from a peak at 30°
resonance absorption at normal incidence can be determ
to be;5%, again much less than the actual observed abs
tion.

Another effect, thus far neglected, which can raise
absorption level at normal incidence or fors polarized light
is the onset of irregularities at the critical density surfa
The effect of these ripples or ‘‘bubbles’’ will be to reduc
the distinction betweens andp polarized light and to smooth
out the angular dependence of the absorption, as, on the
of the surface deformations, there will not be a well defin
angle of incidence or a well defined polarization. In the e
periments reported here such ripples could be seeded by
uniformities of the target surface, or, via the ponderomot
pressure of the hot spots present in the focal spot. A sim
estimate of the relative importance of ponderomotive a
thermal pressure can be obtained by considering the r
between the quiver velocityvos and the thermal velocityv th
@7#, i.e., vos/v th;(I /1017W/cm2)0.5/@Te (keV)#0.5 for l
50.25mm. As an example, according to this simple es
mate, for I 5531017W/cm2, ponderomotive and therma
pressure will be of the same order ifTe'5 keV. Indication
that ponderomotive effects play a role in compressing
plasma in the intensity and pulselength regimes of the
periment reported here has been obtained both experim
tally @30# and computationally@31#.

If, following Refs. @14# and @16#, one supposes the pon
deromotive pressure to be stronger than the thermal pres
the depth of the hole ponderomotively bored by the la
focal spot~or by hot spots in the laser intensity profile! into
an overdense plasma of densityne can be roughly estimated
as a'231029(ctL)@(nc/2ne)(Z/A)(Il2)#0.5 where tL is
the pulse duration,me the electron mass,mi the ion mass,Z
the charge state, and cgs units are used. For parameters
order of the experimental ones (tL5400 fs, I 55
31017W/cm2, and choosing, for example,ne510 nc), the
depth of such a hole would be of the order of 0.1mm. A
small change in the angle of incidence~about 2°! would be
introduced by such a deformation, if one takes the 10-mm
FWHM focal spot diameter as its transverse size. The ef
could be larger if the deformation is produced by a hot sp
as the local intensity could be higher and the radial exten
the deformation smaller.

This effect is expected to be more pronounced for an
cidence close to normal, as the laser pulse can propa
closer to the critical density and its ponderomotive force c
act more efficiently on the critical surface. It should
pointed out that, even supposing that no collisional abso
tion was present, some of the observed angular feat
could, in principle, be qualitatively explained by this effe
alone. If one assumes that the main absorption mechanis
resonance~peaking at an angleumax), deformations of the
critical surface, being stronger for angles near zero in
dence, would cause thep polarization absorption to stay hig
even for u,umax, since they would allow interaction a
angles close toumax to take place even for normal or nea
e
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normal incidence. The same effect would tend to elimin
the differences betweens andp polarization at small angles
allowing p polarized interaction even fors polarized light.
As the strength of the deformation decreases with the an
of incidence, the amount of resonance absorption tak
place fors polarized light would also decrease. As a mat
of fact, in the Titania data, it can be seen that for angles u
10–15° there is little difference between the absorption fos
andp polarized data, while in the Sprite data set, the diff
ence at 10° is already quite large. This could be explained
the fact that, due to the lower prepulse level and, con
quently, to the steeper density profile, the Titania puls
ponderomotive force interacted more efficiently with t
critical density, leading to more important deformations.

As previously observed, it is somehow difficult at prese
to estimate the real importance of this effect and to de
mine, for example, how much of the absorption at norm
incidence is due to collisional absorption or to resonan
absorption in a structured plasma. This has to be taken
present limit of these studies. However, some additional
dication can be inferred by observing the angular distribut
of the backscattered radiation.

The level of the radiation scattered from the target ba
through the entrance hole—b(u)—is shown in Fig. 6 as a
function of the angle of incidence. Only the results from t
Sprite campaign are shown here. The measurements obta
with Titania present similar characteristics, but with som
scatter of the backscattered level in the measurements t
at large angles, possibly due to roughness of the target
face.

As can be seen in Fig. 6, a considerable level of backs
tered radiation was measured only for incidence close to
The maximum level detected~at 0°! was 13% of the incident
energy. Since the amount of the total energy scattered f
the target was 55% of the incident radiation, only about 2
of the light diffused from the target is intercepted by t
entrance hole. This seems to imply that the radiation is s
tered into a relatively large cone. This could be due to
fractive effects in the focal region@10,18#, or to the onset of
deformations of the critical surface@16#.

If we assume for simplicity that, in a plane perpendicu
to the direction of specular reflection, the distribution of e

FIG. 6. Backscattered energy fraction measured as a functio
the angle of incidence using the Sprite laser.
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ergy is cylindrically symmetric and has a Gaussian rad
dependence of the typeI 5I 0 exp@22r2/r0

2#, wherer 0 is the
beam radius, a rough estimate of the width of the scatte
cone can be obtained. This approach would indicate, for
ample, that the energy is scattered by the target into af /1
cone (f /1 being the divergence of the 1/e2 surface!. This
corresponds to an half-aperture of about 27°, much lar
than the half aperture of the focusing cone, which is of
order of 8°. Due to the finite aperture of the scattered lig
the backscatter level falls as the incidence angle is increa
and the energy intercepted by the entrance hole beco
marginal. Further, if the angular spread is to some ex
caused by deformations of the critical density, the strengt
the deformations~and the angular aperture of the scatter
radiation! should decrease as the angle of incidence
creases. This would make the radiation intercepted by
entrance hole fall even more rapidly.

As an example, the effect of the angular spread introdu
by target deformations can be estimated following Ref.@16#.
By assuming a deformation deptha, treating the laser reflec
tion from the deformed critical surface as from a spheri
mirror, and taking the transverse size of the deformationr, it
can be shown that the additional angular spreadDa ~half-
aperture! introduced by the reflection is approximately give
~in radiants! by 4a/r . As an example one could get an a
gular spread as that observed in the experiment (Da
'19°), takinga50.13mm ~of the order of the deformation
calculated previously! and r 51.5mm ~of the order of the
radius of an hot spot!. Under these conditions, if one neglec
the focusing effects, radiation with nominal normal inc
dence would be incident with a range of angle varying fro
0 to 2a/r radiants. By assuming a Gaussian intensity dis
bution in the hot spot, an energy-weighted average angle
be evaluated, givinĝa&'a/r ('4° – 5°). Again, this indi-
cates that the change in angle of incidence is perhaps
small to have on its own an effect comparable to the abs
tion levels measured at normal incidence. However, it can
be excluded that the combined effect of focusing optics
target deformation could be responsible for a sizable frac
of the light absorbed at normal incidence.

Finally, the fact that the level of backscatter is very sm
~below 1%! for angles larger than 30° also indicates that
amount of backscattered light due to parametric instabili
is not significant. This seems to confirm that the scale len
of the preplasma was not long.

IV. COMPARISON WITH OTHER RESULTS

As is clear from Sec. III the measurements performed
Sprite can be, in principle, satisfactorily explained with
combination of collisional and resonance absorption, tak
place in a plasma with a scale length of the order of a fr
tion of the laser wavelength. This is consistent with oth
measurements previously performed at similar~or slightly
lower! irradiances, as for example those reported by Teub
and co-workers@11,18# using a 400-fs KrF laser.

However, measurements performed by Teubner and
workers using the Sprite laser at RAL,@22# in similar experi-
mental conditions, gave different results, as already m
tioned in Sec. I. The angular dependence was measuredp
polarized light at the highest irradiance available. A pe
l
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laser intensity of 2.531018W/cm2 was inferred in these con
ditions, and the absorption was seen to increase as the a
of incidence was increased, reaching the maximum~75%! at
80°. This behavior was explained as due to the anoma
skin effect@19#. The absorption was also measured as a fu
tion of the laser intensity at the fixed incidence angle of 6
In particular, an absorption of about 50% was measured
1017W/cm2 for p polarized light. No difference was observe
at this angle between the absorption measured fors and p
polarized light.

On the basis of the experimental data, it is difficult
explain the discrepancy between the measurements rep
here and the measurements reported in Ref.@22#. The peak
intensity inferred in Ref.@22# is considerably higher than th
one reported in the present paper, however this may dep
to some extent on the way the intensity on target is defin
As a matter of fact, Teubner and co-workers estimated
intensity considering that 30% of the energy is contained
an area with a diameter of 3mm, while the remaining 70% is
distributed within a 15–20-mm diameter. Nevertheless, pa
rameters as the focusability of the beam or the main
prepulse contrast ratio may have been optimized more
ciently in Ref.@22# than in the experiment here reported.
better quality focal spot~leading to a more effective pon
deromotive force! and the minimization of a preplasm
would both lead to interaction with a steeper density gra
ent, and the absorption mechanisms involved could cha
significantly.

Recently, results obtained at higher irradiance@16#
showed an angular behavior not dissimilar to the one
served in the Sprite and Titania experiments reported h
This experiment was performed at the Limeil P102 facili
France. In this case 15% of the 5-J energy on target
contained in a 5-mm central spot, giving an intensity of up t
1019W/cm2 locally, while the rest of the energy was distrib
uted over a 40-mm diameter focal spot, resulting in an ave
age intensity on target of about 1018W/cm2. However, since
the wavelength was 0.527mm, the effective average irradi
ance was higher than in the KrF experiments discus
above. The absorption fors polarized light was seen to de
crease monotonically as the angle increased, while the
sorption forp polarized light peaked at 25°, with a maximu
value of 45%. Due to the very high main-to-prepulse contr
ratio (1012), the absorption was expected to peak at la
angles, as observed in Ref.@22#. The behavior observed wa
in this case completely different. Although it seems difficu
to isolate the contribution of the various absorption mec
nisms, it was inferred that modifications in the surface m
phology played an important role in determining the abso
tion features. This assumption was correlated to the onse
high intensities of diffusion~rather than reflection! from the
target. Qualitatively~although not quantitatively! the angular
behavior observed in Ref.@16# is similar to the one observe
in the experiments reported in this paper. However, due
the higher irradiance and contrast ratio in Feureret al.’s ex-
periment, it is reasonable to assume that the effect of p
deromotive deformation was larger in their case.

Finally, harmonic emission efficiency measurements
cently performed on the Rutherford KrF laser system@32#
were consistent with the absorption behavior observed in
experiment. The efficiency of third harmonic emission w
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measured, as a function of the angle of incidence, during
interaction of 1-ps,p polarized KrF pulses, focused at a
intensity of about 1018W/cm2 on solid targets. An extremely
strong dependence of the emission on the angle of incide
was observed, with peak conversion occurring at about
In other words, the data indicate a more efficient coupling
the laser with the near-critical plasma around this angle
consistent with the resonance behavior inferred by the m
surements reported in this paper.

V. CONCLUSIONS

Absorption measurements were performed using the
lasers Sprite and Titania, that delivered pulses with dura
t'400– 500 fs and average intensities up
531017W/cm2, with a main to prepulse contrast ratio of 106

and 107– 108, respectively. The pulse was focused onto
targets, and the energy absorbed during the interaction
measured, varying incidence angles and polarization, by
ing an Ulbricht sphere and a calorimeter. As observed
other measurements performed in similar interaction con
tions, high levels of absorption were detected, both fors and
p polarized light. An energy fraction up to 65% of the inc
dent energy was absorbed~55% for normal incidence!. The
behavior with angle of incidence and polarization can
interpreted as due to a combination of collisional and re
nance absorption. By assuming that all the absorption at
mal incidence and fors polarized light is due to collisiona
processes, a plasma density scale length of the order
fraction of the laser wavelength is inferred from the res
nance peak. However, and although difficult to quantify,
contribution of residual resonance absorption processe
the laser absorption at normal incidence or fors polarized
light cannot be excluded. In fact, laser induced deformati
of the critical surface can make resonance absorption
sible even in conditions in which it should nominally n
take place. The fact that the cone of the light scattered fr
the target was larger than the cone of the focusing optic
indeed consistent with the
.
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presence of structures in the critical surface. Although e
mates based on the inferred backscatter cone seem to
cate that the residual resonance absorption due to this e
alone should not be too important, nevertheless the comb
effect of laser induced ripples and focusing effects co
cause a significant level of resonance absorption for no
nally non-p polarized light. The comparison of these resu
with other absorption measurements obtained in the s
regime of intensities shows that the mechanisms of the la
absorption in this regime are not still sufficiently clear. I
deed, a very different behavior has been observed in an
periment performed on the same laser system, in which
resonance, but an angular dependence of the absorption
sistent with anomalous skin effect was observed. One ha
conclude that the absorption features in these interaction
gimes depend strongly on parameters that may vary fr
experiment to experiment, as for example the prepulse le
or the beam quality. As a matter of fact, the variability of t
results is a general characteristic of the absorption exp
ments that have been performed at intensities excee
1017W/cm2. Indeed, theoretical and computational stud
have pointed out the absorption mechanisms that are
pected to be important in high intensity interactions. Ho
ever, it seems that a full understanding of the relative imp
tance of these mechanisms, and of the way they apply
realistic situations, can be achieved only at the cost of p
forming a large number of experiments, and of controlli
the experimental parameters as strictly as possible.
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