
Abstract. We present the results of experiments on the short-
term irradiation of a solid material by a laser beam. The data
testify to a rise in eféciency of the energy transfer from the
laser pulse to a shock wave due to the fast-electron energy
transfer. The experiments were performed with massive
aluminium targets on the PALS iodine laser, whose pulse
duration (0.4 ns) was much shorter than the time of shock
decay and crater formation in the target (50 ë 200 ns). The
irradiation experiments were carried out using the funda-
mental laser harmonic (1.315 lm) with an energy of 360 J.
The greater part of the experiments were performed for the
radiation intensity exceeding 1015 W cmÿ2, which corre-
sponded to the efécient generation of fast electrons under
the conditions where the relatively long-wavelength iodine-
laser radiation was employed. The irradiation intensity was
varied by varying the laser beam radius for a speciéed pulse
energy.
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1. Introduction

The aim of our work was to investigate the eféciency of
energy transfer from the plasma-producing laser beam to a
solid target under the conditions where the absorbed laser
energy is converted to the energy of fast electrons. These
investigations are a direct continuation of Ref. [1], where,
apart from other results, a relation was established between
the eféciency of laser-driven material loading (the fraction
of laser pulse energy transferred to the shock wave
propagating through a massive target) and the wavelength

of laser radiation and its intensity in a wide range of these
parameters.

The experimental conditions in Ref. [1] and the obtained
data were as follows. The experiments were performed on
the PALS iodine laser [2] and involved irradiation of
massive aluminium targets by a laser pulse with an energy
of 100 J and a FWHM duration of 0.4 ns. The targets
thicknesses were much greater than the shock attenuation
length. The laser radiation was focused onto the target with
the aid of an aspheric lens with a focal distance of 593 mm.
The targets were exposed to the érst and third harmonics
with the wavelengths l1 � 1:315 mm and l3 � 0:438 mm for
the same energy of the laser pulse (100 J) for different
irradiation intensities. The radiation intensity I at the target
surface was varied in the range between 2� 1013 and
7� 1015 W cmÿ2 by varying the laser-beam radius upon
changing the position of the focusing lens. The experiments
were carried out for the beam radii RL � 35, 100, 300, and
600 mm. The parameter Il 2 was varied in the 4�1012 ÿ 1:3�
1015 W mm2 cmÿ2 range for the third harmonic radiation
and in the 3:8� 1013 ÿ 1:2� 1016 W mm2 cmÿ2 range for the
érst harmonic radiation.

The energy of the shock wave was determined by
measuring the volume O of the crater produced on the
target surface due to the action of a laser beam. The
dependence of the eféciency of laser loading on the laser
beam radius was determined. When the target was irradiated
by the third harmonic, this dependence was rather smooth,
while nonmonotonic, and was close to a parabolic depend-
ence with a clearly deéned maximum in the neighbourhood
of the radius RL � 300 mm. The eféciency of laser loading
was 1:2� 10ÿ2 for RL � 600 mm (I � 2:2� 1013 W cmÿ2),
increased to 1:6� 10ÿ2 for RL � 300 mm (I � 8:8�
1013 W cmÿ2), and then lowered to 1:1� 10ÿ2 for RL �
100 mm (I � 8:3� 1014 W cmÿ2) and further to 0:65� 10ÿ2

for RL � 35 mm (I � 7:1� 1015 W cmÿ2).
When the irradiation was performed by the érst har-

monic, the dependence of laser loading on the beam radius
repeated the dependence for the third harmonic up to the
radius RL � 100 mm, although its maximum was less
pronounced and its position was shifted towards longer
radii. However, as the beam radius was further decreased
(with increase in laser radiation intensity), the form of the
dependence reversed in comparison with the dependence for
the third harmonic; speciécally, the fraction of transferred
energy increased with decreasing the radius. The eféciency
of laser loading for the érst harmonic was equal to
0:5� 10ÿ2 for a radius RL � 600 mm, rose to 0:58� 10ÿ2

for RL � 300 mm, then decreased to 0:23� 10ÿ2 for
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RL � 100 mm and then increased again to 0:45� 10ÿ2 for
RL � 35 mm.

For equal radii of the laser beam (in the 600 ë 100 mm
range), the eféciency of laser loading for the third harmonic
was 3 ë 4 times higher than for the érst one. However, for a
radius RL � 35 mm the eféciencies turned out to be approxi-
mately the same for both harmonics.

The experimental results described above were inter-
preted (including the numerical values of the parameters
measured) on the basis of the analytical model, which was
proposed in Ref. [1], describing the production and two-
dimensional expansion of the plasma plume with the
inclusion of two mechanisms for the absorption of laser
radiation: 1) the inverse bremsstrahlung by thermal elec-
trons ë throughout the beam radius range in the case of
experiments involving the third harmonic radiation as well
as for long beam radii (RL � 600 and 300 mm) in the case of
experiments involving the érst harmonic radiation, which
correspond to moderate intensities; and 2) the resonance
absorption for a total conversion of absorbed laser energy to
the energy of fast electrons ë in the case of experiments
involving the érst harmonic for small beam radii
(RL < 100 mm), which correspond to high intensities.

The laser loading eféciency of a target made of a
material comprising light elements, in which it is possible
to neglect the intrinsic radiative energy losses, is determined
by the eféciency of two processes: the absorption of laser
radiation in the vaporised part of the target (the plasma
plume) and the transfer of energy from the plasma plume to
the shock wave propagating through the non-vaporised part
of the target. That is why the eféciency of laser loading is the
product of two quantities: Z � Kabs, where Kab � Eab=EL is
the laser radiation absorption coefécient (EL and Eab are the
energy of a laser pulse and its portion absorbed in the
plasma plume) and s � Esw=Eab is the eféciency of ablative
loading (Esw is the energy of the shock wave).

The eféciency of ablative loading depends only on ratio
between the plume density ra at the ablation surface (the
evaporation surface) and the density r0 of the solid part of
the target, with s / (ra=r0)

1=2 under the conditions of laser
ablation (when ra 5 r0) [3]. This general result follows
directly from the condition for energy êux continuity at
the ablation surface. Indeed, the êux of absorbed laser
energy is proportional to the êux of thermal and kinetic
energy at the ablation surface of the plume, Ia / Pa

� (Pa=ra)
1=2 (Pa is the pressure at the ablation surface).

The energy êux at the shock front in the solid part of the
target is deéned in terms of the pressure Pc at its front:
Isw / Pc(Pc=r0�1=2. Bearing in mind that Pc � Pa, correct to
a constant factor which depends only on the adiabatic
exponents in both parts of the target, we obtain s �
Isw=Ia / (ra=r0�1=2.

For Il 2 parameter values not exceeding 1015 W mm2 cmÿ2,
i.e. throughout the intensity range in the experiments
involving the third harmonic, the dominant part is played
by the inverse bremsstrahlung. In this case, the characteristic
density of the radiation absorption region is the critical
plasma density, which determines the value of ablation
density. The critical density and hence the ablation density
in the case of the inverse bremsstrahlung mechanism rise
with decreasing the wavelength of laser radiation as
rcr � ra / lÿ2. This circumstance is the main reason
why the eféciency of laser loading for the third harmonic
is far greater than for the érst harmonic throughout the

600 ë 100 mm laser beam radius range, which corresponds to
the inverse bremsstrahlung absorption mechanism for the
radiation of both harmonics. The dependences exhibit a
maximum, which is caused by the transition from a one-
dimensional expansion of the plasma plume to the two-
dimensional one with a decrease of laser beam radius and its
associated effects of the lowering of ablation density and
radiation absorption coefécient.

For the érst harmonic radiation, the parameter Il 2

increased to 1015 W mm2 cmÿ2 when the laser beam radius
was shortened to RL � 100 mm. This signiées that the
further shortening of the beam radius in the case of érst-
harmonic experiments had the effect that the inverse
bremsstrahlung mechanism was replaced with the resonance
mechanism of radiation absorption. In the case of resonance
absorption mechanism, the state of the plasma plume is
determined by the fast-electron energy transfer from the
region of plasma resonance (the critical-density plasma
region), where they are produced, to higher-density material
layers. Calculations have shown that the factor of ablation
density increase turns out to be stronger than the factor of
density lowering that arises from the two-dimensional
material expansion. Moreover, the former factor turns
out to be so strong that in going over to the resonance
absorption mechanism the ablation density begins to
increase with shortening the laser beam radius instead of
lowering due to the progressively strengthening effect of
two-dimensional expansion, as would be the case under the
inverse bremsstrahlung mechanism in the absence of fast-
electron generation. This rise of ablation density completely
accounted for the experimentally measured fraction of the
érst-harmonic radiation energy transferred to the target as a
function of laser beam radius for its small values
(RL < 100 mm).

Nevertheless, the results of Ref. [1] had to be regarded
merely as an evidence for the manifestation of the effect of
fast-electron energy transfer in the ablation rather than a
comprehensive investigation of this effect. The point is that
the conditions of only one experiment in Ref. [1] (for the
beam radius of the érst harmonic radiation RL � 35 mm)
corresponded completely to the conditions of resonance
absorption of laser radiation.

In this connection in the present work we carried out
additional experiments under specially selected conditions
which correspond to the conversion of absorbed laser energy
to the energy of fast electrons.

2. Experimental results

The experiments were performed on the same PALS laser
[2] as in Ref. [1], for the same pulse duration and radiation
focusing system as well as with the use of similar massive
aluminium targets. The following changes were introduced
into experimental conditions in comparison with Ref. [1]:
only the fundamental harmonic of the iodine laser was used
(as a longer-wavelength radiation), the laser pulse energy
was substantially increased (up to 360 J), experiments were
carried out for a larger set of laser beam radii at the target
surface in the range of their relatively small values:
RL � 35, 100, 200, 300, 400, and 500 mm. Table 1 presents
the calculated values of the radiation intensity I averaged
over the pulse duration (assuming the intensity to be
uniformly distributed over the beam cross section) and of
the parameter Il2 for every shot. These data indicate that
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the condition Il2 > 1015 W mm2 cmÿ2 for the resonance
absorption of laser radiation in the new series of experi-
ments was fulélled in three experiments: for RL � 35, 100,
and 200 mm.

Like in Ref. [1], investigations were performed with the
use of two diagnostic techniques. One technique consisted in
the measurement of the dimensions of a crater produced on
the target surface and the determination of crater shape. The
longitudinal and transverse crater dimensions were mea-
sured by optical microscopy techniques. To determine the
shape and measure the volume of the crater, target imprints
on parafén were used. The other technique was employed to
study the plasma of the vaporised part of the target and
involved multiframe interferometric measurements in the
plasma of the target material expanding towards the laser
beam. In what follows we discuss the crater volume
measuring data, which are directly related to the subject
of the present work. The shapes of the craters produced in
our experiments are depicted in Fig. 1. The crater volumes
are given in Table 1, and their dependence on the laser beam
radius is plotted in Fig. 2.

The crater is produced due to the phase transition in the
target material behind the front of the shock wave generated
under the pressure action of the plasma plume, and there-
fore the crater volume is directly related to the eféciency of
laser loading [1, 3]:

O � ZEL

aer0
: (1)

Here, e is the speciéc energy required to vaporise a unit
mass of material; a is the ratio between the thermal and
kinetic energies in the Hugoniot adiabat of the material
involved. We resort, like in Ref. [1], to the strong shock
wave approximation throughout the course of shock pro-
pagation and assume that a � 2. The value of e is taken to
be equal to 103 J gÿ1, which furnishes good agreement with
the experiment according to the numerical calculations of
Ref. [4].

The laser loading eféciencies calculated by formula (1)
from the experimentally measured crater volumes with the
use of the above values of the constants a and e are collected
in Table 1 and shown in Fig. 2. Also shown for comparison
in Fig. 2 are the values of the crater volume and the
eféciencies of laser loading determined using the funda-
mental harmonic radiation in the experiments of Ref. [1].
Naturally, the dependences of the laser loading eféciency on
the radius reproduce the corresponding dependences for the
crater volume.

First of all it is pertinent to note that all the data
obtained in the present work belong to that part of the
Z(RL) dependence which is characterised by the increase in
laser loading eféciency with shortening of the laser beam
radius after this dependence passes through a minimum.
This dependence owes its form to the most interesting
processes investigated in the present work: the change of
the mechanisms of laser radiation absorption and the two-

Table 1.

Experimental conditions
(EL � 360 J, l � 1:315 mm, t � 0:4 ns)

Experimental data Calculated values

RL

�
mm I

�
1014 W cmÿ2 Il2

�
1014 W mm2 cmÿ2 O

�
10ÿ4 cm3 Z

�
10ÿ3 s

�
10ÿ2 Kb

�
10ÿ2 Kf

�
10ÿ2 Ef

�
keV x

�
mm ra

�
g cmÿ3Pa

�
Mbar

35 260 450 4.5 6.8 19 ë 3.5 25.5 100 0.21 21

100 30 52 2.4 3.6 5.5 ë 6.5 8.7 200 0.012 4.8

200 7.5 13 1.7 2.6 2.2 ë 12 4.3 330 0.0018 2

300 3.3 5.7 1.6 2.4 ë ë ë ë ë ë ë

400 1.9 3.3 1.8 2.7 1.0 27 ë ë 316 0.00061 2.4

500 1.2 2.1 2.2 3.5 1.03 33 ë ë 284 0.00076 2.5

No t e s : RL is the radius of a laser focal spot on the target;EL, I, and l are the radiation energy, intensity, andwavelength, respectively;O is the crater volume; Z is
the eféciency of laser loading; s is the eféciency of ablative loading; Kb is the absorption coefécient due to the inverse bremsstrahlung; Kf is the laser-to-fast
electron energy conversion coefécient; Ef is the energy of a fast electron; x is the dimension of a plasma plume; ra is the ablation density; and Pa is the ablative
pressure.
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Figure 1. Crater shapes (the depth Hcrat and the radius Rcrat) in
experiments with different radii of the laser beam RL.
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Figure 2. Dependences of the crater volume O ( 1 ) and the eféciency Z
( 2 ) of laser-induced target loading on the laser beam radius RL obtained
experimentally in the present work (solid curves) and in Ref. [1] (dashed
curves).
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dimensional expansion of the plasma plume. As a result of
selection of experimental conditions, this part of the Z(RL)
dependence turned out to be as if `extended' in comparison
with the data of Ref. [1]: it embraces all values of the radius
from 35 to 500 mm, while in Ref. [1] only from 35 to
300 mm. Furthermore, only one experimental point (for
RL � 100 mm) in Ref. [1] falls in the valley region of the
dependence Z(RL), to say nothing of its boundaries.

A reliable proof of the growth of laser loading eféciency
with decreasing radius of the laser beam in the domain of
high Il2 values is the main experimental result of the present
work. It is signiécant that the eféciency growth of laser
loading in both series of experiments begins for Il2 >
1015 W mm2 cmÿ2 (see Fig. 2). In the present work, this
value is reached for RL � 200 mm (Il2 � 1:3�
1015 W mm2 cmÿ2); in Ref. [1] it is reached for RL �
100 mm (Il2 � 1:4� 1015 W mm2 cmÿ2). Moreover, this
growth begins for almost equal values of the parameter
Il2, to which there correspond close eféciency values of laser
loading: 0.0025 in the experiments of the present work and
0.0023 in Ref. [1]. For equal radii of the laser beam, the
values of the laser radiation intensity at the target surface
and of the parameter Il2 (for the same wavelength) were
signiécantly greater in the present work (by a factor of 3.6).
To these higher Il2 values there correspond higher efécien-
cies of laser loading: for RL � 100 mm, Z � 0:0036
(Il2 � 5:2� 1015 W mm2 cmÿ2) in comparison with
Z � 0:0023 (Il2 � 1:4� 1015 W mm2 cmÿ2); for RL �
35 mm, Z � 0:0068 (Il2 � 4:5� 1016 W mm2 cmÿ2) in com-
parison with Z � 0:0045 (Il2 � 1:2� 1016 W mm2 cmÿ2).

As shown below, the main cause of all above-listed
features of the Z(RL) dependence at high laser radiation
intensities is the energy transfer by fast electrons.

3. Analysis and interpretation of results

To interpret the experimental data we take advantage of the
two-dimensional model of the plasma plume from Ref. [1].
The model was constructed on the basis of approximative
matching of the self-similar solutions of the problems on
the plane and spherical isothermal expansion of a given
material mass [5] involving the introduction of a non-one-
dimensionality parameter equal to the ratio between the
plume dimension x and the laser beam radius RL. The
solutions were obtained for two mechanisms of laser
radiation absorption: the inverse bremsstrahlung and the
resonance absorption assuming complete conversion of the
absorbed energy to the energy of fast electrons. Mathemati-
cally, the formulations of the problems for the two
absorption mechanisms differed only in the calculation of
the plume mass. In the case of inverse bremsstrahlung, the
plume mass is deéned by the mass êow of the vaporised
material with the critical density

rcr � 1:83� 10ÿ3
A

Zl2
(g cmÿ3), (2)

and in the case of resonance absorption by the surface mass
(the column density) of fast-electron deceleration region.
Under the assumption of a monoenergetic spectrum of fast
electrons employed in Ref. [1], the deceleration column
density is [6]

l0 � 1:3� 10ÿ6
�
A

Z

�2
E 2
f

�2� Z�1=2
(g cmÿ2). (3)

In these expressions, Ef is the fast-electron energy in keV; A
and Z are the atomic weight of the plasma ions and their
average charge.

Given below are the formulas of the model for the
calculation of the plasma plume dimension x, the plasma
plume density ra and pressure Pa at the ablation surface as
well as the eféciency of ablative loading of an aluminium
target for both absorption mechanisms, which were derived
in Ref. [1] with the use of the following constants: the initial
target density r0 � 2:7 g cmÿ3, A � 26, Z � 13 (the sub-
stance of the plume was assumed to be completely ionised);
the adiabatic exponent of the vaporised part of the target is
g � 5=3, and the adiabatic exponent for solid aluminium is
gs � 5=2. The scaling from Ref. [7]

Ef � 1:2�Il2�1=2 (keV) (4)

was employed as the formula for the fast-electron energy, in
which Il2 is measured in units of 1014 W mm2 cmÿ2.

1. Inverse bremsstrahlung:

x � 8:2� 10ÿ2K 1=3
b I 1=3l2=3t (cm), (5)

ra � 2:5�10ÿ3lÿ2
�
1� 5:85�10ÿ2

�K 1=3
b I 1=3l2=3t

RL

�ÿ2
(g cmÿ3), (6)

Pa � 1:35� 1013K 2=3
ab I 2=3lÿ2=3

�
�
1� 7:4� 10ÿ2

K 1=3
b I 1=3l2=3t

RL

�ÿ2
(erg cmÿ3), (7)

s � 1:9� 10ÿ2lÿ1
�
1� 5:23� 10ÿ2

K 1=3
b I 1=3l2=3t

RL

�ÿ1
: (8)

2. Resonance absorption:

x � 0:86K 1=2
f t 3=2lÿ1

�
1� 0:8

K
1=2
f t 3=2

lRL

�ÿ1=2
(cm), (9)

ra � 1:9� 10ÿ6Il3Kÿ1=2f tÿ3=2
�
1� 6:5

K 1=2
f t 3=2

lRL

�1=2
(g cmÿ3)

(10)

Pa � 5:4�1011IlK 1=2
f tÿ1=2

�
�
1� 0:47

K 1=2
f t3=2

lRL

�ÿ1=2
(erg cmÿ3), (11)

s � 6:5�10ÿ4I 1=2l3=2K ÿ1=4f tÿ3=4
�
1� 9:8

K 1=2
f t 3=2

lRL

�1=4
: (12)

Here, Kb is the absorption coefécient in the case of inverse
bremsstrahlung; Kf is the laser-to-fast electron energy
conversion coefécient (the ratio between the energy of
fast electrons and the laser energy) in the case of resonance
absorption.

The second terms in the parentheses in expressions
(5) ë (12) represent the expansion non-one-dimensionality
parameter x=RL; multiplied by the matching constant. In the
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limiting cases of small and large values of the parameter
x=RL; the formulas correspond to the exact self-similar
solutions respectively for the plane (x=RL 5 1) and spherical
(x=RL 4 1) expansion of the plasma plume. The ablation
density and therefore the eféciency of the ablative loading of
a one-dimensional plume are determined only by the ratio
between the surface mass of the plume and the plume
dimension: ra / s 2 / l=x. In the case of inverse brems-
strahlung, the ablation density is deéned only by the critical
plasma density and therefore depends only on the wave-
length of laser radiation (as lÿ2), in its turn s / lÿ1. In the
case of resonance absorption mechanism, the surface mass
of a one-dimensional plume is a surface mass of the fast-
electron deceleration region l0; furthermore, the dimension
of the one-dimensional plume of the self-similar solution
depends on l0 [1]:

x �
�
KfIt

3

l0

�1=2

: (13)

In this connection, in view of expression (3), ra /
s 2 / l0=x / Il3=t 3=2:

In going over to the spherical expansion in the case of
inverse bremsstrahlung, the ablation density and the
eféciency of ablative loading decrease in relation to the
increase of the plume volume ra / (x=RL)

ÿ2 and s / r1=2a /
(x/RL)

ÿ1, while in the case of resonance absorption they
decrease much slower: ra / xÿ1=2 and s / r1=2a / xÿ1=4. The
signiécant effect of the relatively weak effect of two-dimen-
sional expansion on the eféciency of ablative loading in the
case of fast-electron energy transfer is attributable to the
following fact: with increase in plume surface due to the
lateral expansion, the constraint that the surface mass of the
plume be constant results in an increase in its total mass
and, as a consequence, in a slower density decrease with
increase in the plume volume.

The plasma plume parameters and the eféciency of
ablative loading were calculated by formulas (9) ë (12),
which correspond to the resonance absorption mechanism,
for the experiments with RL � 35, 100, and 200 mm and by
formulas (5) ë (8), which correspond to the inverse brems-
strahlung mechanism, for the experiments with RL � 400
and 500 mm. Calculations for the experiment with
RL � 300 mm were not performed, because neither of the
absorption mechanisms was dominant in the conditions of
this experiment. The absorption coefécient Kb and the laser-
to-fast electron energy conversion coefécient Kf were
determined with the use of formulas (8) and (12) for the
eféciency of ablative loading and the use of experimentally
determined data for the laser loading eféciency (Kb;f �
Z=sb;f). The calculated data are collected in Table 1. In
addition, Fig. 3 shows the calculated dependences of the
ablative pressure, the ablative loading eféciency, and the
laser-to-fast electron energy conversion coefécient on the
laser beam radius in the 35 ë 200 mm beam radius range,
which corresponds to the resonance absorption of laser
radiation. Figure 3 also presents the similar dependences
from Ref. [1] in the laser beam radius range from 35 to
100 mm.

In the domain of inverse bremsstrahlung, the two-
dimensional character of plume expansion is rather strongly
manifested even for RL � 400 and 500 mm: the plume
dimension x is comparable with the laser beam radius
(see Table 1). As a result, the ablation density is substan-

tially (by a factor of 2.4 ë 2.6) lower than the critical density
(rcr � 2� 10ÿ3 g cmÿ3), the ablative pressure is equal to
2.4 ë 2.5 Mbar, and the eféciency of ablative loading is 0.01.
For an insigniécant shortening of the laser beam radius
(from 500 to 400 mm), the absorption coefécient changes
only slightly, from 0.33 to 0.27. However, it is precisely this
circumstance that is the main factor responsible for the
lowering of laser loading eféciency from 3:5� 10ÿ3 to
2:7� 10ÿ3.

In the resonance absorption domain in the range
RL � 200ÿ 35 mm, the two-dimensional character of plume
expansion becomes much more pronounced. For RL �
200 mm the plume dimension exceeds the radius of the
laser spot by a factor of 1.65, for RL � 35 mm almost by a
factor of 3 (see Table 1). However, the energy transfer by
fast electrons exerts a substantially stronger effect on the
state of the plasma plume than the two-dimensional
expansion. As a result, the ablation density, the ablative
pressure, and the ablative loading eféciency increase rapidly
in this domain with a decrease in laser beam radius and the
corresponding increase in the radiation intensity (see
Table 1 and Fig. 3), because this leads to a growth of
the fast-electron energy [Ef / I 1=2 / Rÿ1L , see formula (4)]
and the consequential increase in their penetration depth in
the plasma [l0 / E 2

f / I / Rÿ2L , see formula (3)].
The ablative pressure increases from 2 Mbar for

RL � 200 mm, when the fast-electron energy is Ef �
4:3 keV, to 21 Mbar for RL � 35 mm, when the fast-electron
energy amounts to 25.5 keV. In this case, the eféciency of
ablative loading rises from 0.022 to 0.19 and the laser-to-fast
electron energy conversion coefécient decreases from 0.12 to
0.035. As a result, the rise in laser loading eféciency with
decreasing the laser beam radius turns out to be weaker than
the growth of ablative loading eféciency and nevertheless
signiécant: from 2:6� 10ÿ3 for RL � 200 mm to 6:8� 10ÿ3

for RL � 35 mm.
A comparison with the data of Ref. [1] (see Fig. 3) shows

that a 3.6-fold rise in the laser beam intensity, all other
factors being the same, results in an almost two-fold
increase in the ablative pressure, a three-four-fold rise in
the ablative loading eféciency, a 1.5-fold rise in the eféciency
of laser loading, and a two-fold decrease in the laser-to-fast
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Figure 3. Dependences of the laser-to-fast electron energy conversion
coefécient Kf ( 1 ), the eféciency of ablative loading s ( 2 ), and the
ablative pressure Pa ( 3 ) on the laser beam radius RL calculated assuming
the experimental conditions of the present work (solid curves) and
Ref. [1] (dashed curves).
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electron energy conversion coefécient. In the context of the
present work we can do no more than hypothesise about the
cause of this decrease, because the conversion coefécient is
the only unknown in our problem which was not measured
in the experiment and not calculated within the framework
of our theoretical model. Instead, this unknown was deéned
as a coefécient from the comparison of experimental and
theoretical data. This decrease is supposedly due to the
properties of the resonance absorption of laser radiation,
speciécally, to the dependence of the eféciency of resonance
absorption on the angle between the direction of laser
radiation propagation and the direction of plasma density
gradient. For the same radius of the laser beam, the higher
radiation intensity under the experimental conditions of the
present work results in the stronger effects of ponder-
omotive pressure and two-dimensional material expansion
than in Ref. [1]. This in its turn may be responsible for the
formation of a spatial plasma density distribution near the
critical-density region such that the set of angles of laser
radiation incidence on the plasma corresponds to a smaller
coefécient of resonance absorption and, as a consequence,
to a smaller laser-to-fast electron energy conversion coefé-
cient.

4. Conclusions

The results of experimental and theoretical investigations
outlined in this work allow the conclusion about the
decisive role of fast-electron energy transfer during energy
transfer from the laser pulse to the non-vaporised part of
the target under the resonance mechanism of radiation
absorption. The heating of dense material layers by fast
electrons is responsible for the production of a plasma
plume with an ablation density which far exceeds the
critical density, resulting in an efécient energy transfer from
the laser plume to the shock wave propagating through the
solid part of the target. As the laser pulse intensity
increases, the fraction of laser plume energy transferred
to the shock wave increases, because increasing the intensity
increases the energy of fast electrons and, as a consequence,
their penetration depth in the target material. As a result,
despite the decrease in the laser-to-fast electron energy
conversion coefécient and the strongly pronounced two-
dimensional character of the expansion of the plasma
plume, in experiments involving aluminium target irradi-
ation by the érst harmonic of iodine laser radiation we
recorded a signiécant (by more than a factor of 2.5)
increase in the energy fraction of the laser pulse transferred
to the shock wave with increasing the intensity from
7:5� 1014 to 2:6� 1016 W cmÿ2.

Therefore, the results of the present work supplement
those of Ref. [1] and bear out the theoretical conclusions
[6, 7] about the feasibility of producing high ablative
pressure and transferring a signiécant energy fraction of
the laser pulse to the non-vaporised part of the target due to
the energy transfer by fast electrons in the target irradiation
by relatively long-wavelength laser radiation
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