
Abstract. The scattering and absorption of a high-power
picosecond laser pulse by a solid target were investigated
experimentally making use of the `Progress-P' Nd : glass
laser facility (ll � 1053 nm, tt � 1.4 ps) at radiation inten-
sities I � 1016 ^ 1019 W cmÿ2 on the target surface. It was
found that, for I 4 1017 W cmÿ2, more than 30% of the
intensity of the scattered light was contained in the spec-
ularly reflected component. The absorption coefficient of
the laser radiation with intensities ranging from 1018 to
1019 W cmÿ2 was higher for targets made of materials
with higher atomic numbers.

1. Introduction
A laser-produced plasma excited by a picosecond laser pulse
with the intensity I 4 1016 ÿ 1019 W cmÿ2 is a unique source
of x rays and charged particles, whose parameters depend
directly on the absorption of laser pulses in a target. The
absorption of picosecond pulses is the central issue in the
theory of interaction of ultrashort light pulses with solid
targets [1 ^ 9]. The experimentally determined absorption
(reflection) coefficients [10 ^14] are usually interpreted either
in terms of a resonant mechanism, implying linear trans-
formation of a pump light wave polarised in the plane of
incidence (p-polarisation) into plasma waves [3] (this mech-
anism is well known from experiments on nano- and
subnanosecond pulses), or in terms of new absorption
mechanisms, such as the vacuum heating (Brunel absorp-
tion) [4], anomalous skin effect [5], and j ÿ B heating [6].
These new mechanisms are used in theoretical models
because, at the laser radiation intensities on a target surface
I 5 1017 W cmÿ2, a strong optical pressure of the laser
pulses gives rise to major changes in the plasma density
profile. Under these conditions the resonant absorption
becomes ineffective.

An analysis of the data [10 ^14] obtained for different
laser systems in experiments that were mainly performed
within comparatively narrow intensity ranges (see also
the review in Ref. [15]) shows that, even for similar values

of the parameter Il2 (l is the wavelength of a laser pulse),
the absorption coefficients measured in experiments carried
out on different lasers differ considerably (by a factor of 2 ^ 3)
from each other. In such situations a determination of the
energy balance components within a broad range of the laser
radiation intensities with fixed parameters of the laser pulses
(including the laser wavelength, polarisation, power and
energy contrast, and pulse duration) reaching a target would
provide a more correct description of the absorption energy
laser mechanisms.

2. Experimental setup and procedures
Our experiments were performed making use of the `Prog-
ress-P' Nd:glass picosecond laser (l � 1053 nm) [16, 17]. The
laser radiation energy in the interaction chamber was as high
as 16 J and the pulse duration was �1:4 ps. An axial para-
bolic mirror with an aperture ratio of 1 :1.1 focused the laser
beam (with a diameter of 190 mm), forming a focal spot
(containing 50% of the laser energy) on the surface of a
target with a diameter no larger than 7 mm. Laser beams
with energies up to 1 J and a beam diameter of 35 mm
were focused by a lens with an aperture ratio of 1 : 4 and
with a dispersion circle (containing at least 50% of the pulse
energy) no more than 15 mm in diameter. An amplified lumi-
nescence prepulse, which preceded the main pulse, had a
duration of �5 ns and an intensity no higher than 10ÿ8I.
The intensity of the prepulse during 10 ^100 ps before the
appearance of the main pulse did not exceed 10ÿ3I, which
was the upper limit of our experimental technique. We per-
formed experiments (Fig. 1) on both p- and s-polarised
radiation and on targets made of different materials. The
incident laser beam made an angle of 338 or 458 with the
normal to the surface of the target.

The energy balance in the interaction accompanying the
irradiation of plane targets by laser pulses is governed by the
relation

E � Es � Ed � Eap � Eab ,

where E, Es, Ed and Eap are the energies incident on the
target, specularly and diffusely reflected from the target,
and reflected within the aperture of the focusing system;
Eab is the energy absorbed by the target.

At radiation intensities up to 1017 W cmÿ2 on the target,
we measured the absorption coefficient in an Ulbricht
sphere which collected the radiation scattered by the target
and we determined the energy of this radiation. We sepa-
rately collected and detected the specularly scattered light
and the radiation backscattered within the aperture of the
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focusing lens. The incident and backreflected components of
the laser radiation were determined behind a rotating mirror.
The focusing lens was also used as the input window of the
vacuum chamber.

The specularly reflected radiation component was
coupled out of the sphere through a hole with an aperture
ratio (1 : 4) equal to the aperture ratio of the input hole
intended for the incident focused laser beam. To prevent
the appearance of nonlinear distortions with increase in
the laser beam power,we employed the axial parabolic mirror
with an aperture of 1 :1.1 instead of the focusing lens. In the
investigation of the energy balance, we used a set of calori-
metric sensors. One of these sensors recorded the entire
radiation flux reflected specularly from the target, while
the other sensors were placed around the target both in
the plane of incidence and in a plane perpendicular to the
incidence plane (Fig. 1). We measured separately the energy
of the radiation backscattered within the aperture of the
focusing mirror (lens). All the components of the scattered
and incident radiationwere recorded by a multichannel meas-
uring system based on an analogue-to-digital converter built
into a computer [18].

3. Experimental results and discussion
Fig. 2 presents the measured reflection coefficients for the
specularly reflected component (Rs) and for the radiation
component scattered within the aperture of the focusing
system (Rap), as well as the total reflection coefficient R
for targets made of different materials (Al, Sn, and Au)
exposed to laser radiation of the intensity I � 1016 ^
1019 W cmÿ2.

The absorbed energy was determined from the difference
between the radiation energy reaching a target and the total
energy of all the radiation components scattered by the tar-
get. The dependence of the resulting absorption coefficient
A � 1ÿ R on the radiation intensity on the target is shown
in Fig. 3.

It can be seen from Fig. 2b that the energy of the radiation
backreflected within the aperture of the focusing optical ele-
ment does not exceed 1% of the total energy. Thus, this
radiation component does not play a significant role in the
energy balance. However, Rs (Fig. 2a) decreases rapidly
from 30% ^35% at I � 2� 1016 W cmÿ2 down to 10% ^
12% at I � 1017 W cmÿ2, and then remains virtually
unchanged up to I � 1018 W cm ë 2. The coefficient Rs for
the p-polarised light is somewhat lower than that for the
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Figure 1. Set used in determination of the energy balance components:
(1 ) vacuum chamber; (2 ) input window; (3 ) focusing mirror. Calori-
meters were used in measuring the energy incident on the target (D0), the
energy of diffuse-scattered radiation (D1, . . . , Dn), the energy of the specu-
larly reflected radiation component (Ds), and the radiation backreflected
within the aperture of the focusing mirror (Dap).
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Figure 2. Reflection coefficients of laser pulses measured for the specular
reflection direction (Rs) (a) and for the direction of backward reflection
within the aperture of the focusing system (Rap) (b), and the total reflec-
tion coefficient R (c), all plotted as functions of the radiation intensity on
the target surface.
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s-polarised light. An increase in the radiation intensity to
�1018 W cmÿ2 increases Rs, which reaches the level of
18%^ 25% and then remains virtually constant on further
increase in I :

A quantitative explanation of the nature of the dependen-
ces presented in Figs. 2 and 3 requires a detailed numerical
simulation including all the energy absorption mechanisms
and taking into account the spatial and temporal parameters
of the laser radiation on the target, which is a quite difficult
task. However, the observed dependences can be understood
qualitatively in terms of the following simple considerations.
As shown in Refs [1, 2], an increase in the electron tem-
perature in the absorption area at the intensities
1015 < I 4 1017W cmÿ2 lowers the efficiency of the colli-
sional absorption. The resonant mechanism then becomes
the main mechanism responsible for the absorption of light
in a plasma [3].

Although the difference between the reflection coeffi-
cients of the s- and p-polarised light for I 4 1017 W cmÿ2

is noticeable (Figs. 2a and 2c), it is not as high as that pre-
dicted by calculations [1, 2]. Keeping in mind the results of
[12], obtained under similar experimental conditions
(I 4 1017 W cmÿ2, t � 1:5 ps, and l � 1053 nm), we may
infer that this discrepancy between the theoretical predictions
and the experimental data may be attributed to a nonuniform
spatial distribution of the laser energy within the focal spot,
which distorts the target surface (`riffling') [9] near the
absorption area because of the exerted optical pressure.
This effect reveals a significant s-component in an initially
p-polarised laser beam (and, vice versa, a p-component
can be detected in an initially s-polarised laser beam).
Depending on the initial polarisation of the laser radiation,
this phenomenon either increases or reduces the absorption
of light. Such an approach allowed Andreev et al. [12] to
achieve a reasonable agreement between the results of calcu-
lations and the experimental data.

At the laser intensities I 5 1017 W cmÿ2 the nonuniform-
ity of the target irradiation clearly has an even stronger
influence on the distribution of the optical pressure over
the plasma surface, reducing the difference between the
reflection coefficients for light beams with different polarisa-
tions. Furthermore, strong distortions of the reflecting
surface may also account for the drastic reduction in Rs
with virtually constant R.

In contrast to Klem et al. [19], we detected a fairly larger
(at least 30%) specularly reflected component in the reflected
radiation for I 4 1017 W cmÿ2. In the experiments reported
in Ref. [19], the contribution of this component did not
exceed 10% (for I � 1016 ÿ 1018 W cmÿ2) and varied only
slightly, possibly due to the initial nonuniformity (roughness)
of the target surface (this was pointed out in Ref. [19]).

An analysis of the dependences A�I� presented in Fig. 3
shows that, while the difference between the absorption coef-
ficients for the s- and p-polarised light is still noticeable for
I 4 1018 W cm ë 2, this difference vanishes on further increase
in the radiation intensity, and the value ofA becomes less sen-
sitive to I. Similar results for I 4 1018 W cmÿ2 were also
obtained earlier [14] (l � 1053 nm): the absorption coeffi-
cient was about 40% for both polarisations.

Targets with higher atomic numbers (Sn, Au) had higher
absorption coefficients than Al. Qualitatively, this can be
interpreted in the following way. At the intensities
I 5 1018 W cmÿ2 , we can assume that nonlinear collisionless
mechanisms allow the energy of a laser pump wave to be
transferred directly to plasma electrons [15, 20]. Therefore,
under these conditions the electron flux accelerated by the
light wave should be proportional to the electron density in
the absorption area, which in its turn is determined, by the
degree of ionisation z of the target material. According to
the estimates presented in Ref. [21]. The temperature Te of
the plasma electrons in the target may reach 1 keV for I �
5� 1018 W cmÿ2. Taking into account the relationships
z � (2=3)(ATe)

1=3, derived in [22]. We find that this temper-
ature is sufficient for the complete ionisation of an Al atom
and ensures an effective ionisation degree z � 25 ^ 35 for Sn
and Au. In our experiments (Fig. 3), the absorption coeffi-
cients of Sn and Au were 1.5 ^ 2 times higher than the
absorption coefficient of Al, which agrees well with the ion-
isation degrees of Al, Sn and Au.

4. Conclusions
We investigated the energy balance components in the inter-
action of picosecond laser pulses with solid targets made of
materials with different atomic numbers. This was done at
radiation intensities I � 1016ÿ 1018 W cmÿ2 on the surface
of a target. It was found that, for I 4 1017 W cmÿ2, about
30% of the incident radiation energy reaching the target was
contained in the specularly reflected component. In the range
I � 1018 ÿ 1019 W cmÿ2 the absorption coefficients of tar-
gets made of heavy elements (Sn, Au) were 1.5 ^ 2 times
higher than the absorption coefficient of an Al target.
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