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Abstract

This paper provides a summary of recent research connected with the shock ignition (SI) con-
cept of the inertial confinement fusion which was carried out at PALS. In the experiments, Cu
planar targets coated with a thin CH layer were used. Two-beam irradiation experiment was
applied to investigate the effect of preliminary produced plasma to shock-wave generation.
The 1ω or 3ω main beam with a high intensity >1015 W/cm2 generates shock wave, while the
other 1ω beam with the intensity below 1014 W/cm2 creates CH pre-plasma simulating the
pre-compressed plasma related to SI. Influence of laser wavelength on absorbed energy trans-
fer to shock wave was studied by means of femtosecond interferometry and measuring the
crater volume. To characterize the hot electron and ion emission, two-dimensional (2D)
Kα-imaging of Cu plasma and grid collector measurements were used. In single 1ω beam
experiments energy transport by fast electrons produced by resonant absorption made a sig-
nificant contribution to shock-wave pressure. However, two-beam experiments with 1ω main
beam show that the pre-plasma is strongly degrading the scalelength which leads to decreasing
the fast electron energy contribution to shock pressure. In both the single 3ω beam experi-
ments and the two-beam experiments with the 3ω main beam, do not show any clear influ-
ence of fast electron transport on shock-wave pressure. The non-monotonic behavior of the
scalelength at changing the laser beam focal radius in both presence and absence of pre-
plasma reflects the competition of plasma motion and electron heat conduction under the
conditions of one-dimensional and 2D plasma expansion at large and small focal radii,
respectively.

Introduction

Iodine laser PALS provides excellent opportunities for a comparative study of the interaction of
laser radiation with different wavelengths. These possibilities were used in experiments
(Gus’kov et al., 2004, 2006) to study the effect of laser-accelerated fast electrons on the effi-
ciency of energy transfer to a shock wave in a flat target. These investigations using Cu massive
planar targets irradiated by the laser beam with different wavelengths (first and third harmon-
ics of the iodine laser) and different intensities were carried out. As diagnostics the three-frame
interferometry, in combination with the diagnostics characterizing electrons, ion emission, and
the crater formation efficiency, was applied. These experiments as the very first ones have
shown increasing contribution of fast electrons to energy transfer to shock wave with growing
intensity and wavelength of laser radiation. To determine the role of the fast electrons in the
laser energy transport to shock wave next experiments were performed with the PALS iodine
laser, delivering a 300 ps duration pulse at intensities of 1–50 PW/cm2 using the first
(1315 nm) and third (438 nm) harmonics radiation (Kalinowska et al., 2012; Gus’kov et al.,
2014). In these experiments massive targets of Al and Cu have been irradiated at various focal
spot radii of the laser beam, RL, to identify the mechanisms of laser absorption and to deter-
mine their influence on the absorbed energy transfer to the target. The mass of the ablated
solid material as well as the fraction of the laser energy deposited in the plasma have been
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determined by using a three-frame interferometer and by measur-
ing the volume of the crater created on the solid surface. In order
to identify the absorption mechanisms, the Ne/Vcr parameter has
been introduced for the first time. This parameter shows how
many electrons participate in creation of the crater volume unit
(1 cm3). These experiments have shown a strong influence of the
wavelength and the intensity of the laser beam on the efficiency of
the laser energy transfer to a massive target, independent of its
material. Two-dimensional (2D) numerical simulations, including
fast electron transport (Gus’kov et al., 2004) as well as theoretical
analysis based on an analytical model (Pisarczyk et al., 2015), con-
firmed the experimental results and demonstrated conclusively
that in the case of 1ω beam, intensities of 10–50 PW/cm2, the
dominant ablation mechanism is the heating by fast electrons
generated at the resonant absorption. For the maximum laser
energy of 580 J and intensity of 50 PW/cm2, the ablative pressure
reaches about 180 Mbar in spite of 2D expansion of the target
corona. However, for 3ω, the ablation pressure originates from
thermal electron conductivity heating, and its value of about
50 Mbar is several times lower in comparison with the 1ω case.
To confirm these possibilities in the generation of the high-
ablative pressure in the case of the first harmonic as well as, to
identify other absorption mechanisms of the laser irradiation in
the case of the third harmonic which are responsible for the
laser energy transport with participation of fast electrons, the fur-
ther experiments at PALS for the conditions corresponding to the
shock ignition (SI) conception were carried out (Koester et al.,
2013; Batani et al., 2014; Pisarczyk et al., 2014).

In these experiments, the SI conditions were simulated by two-
beam irradiation of two-layer targets, consisting of massive Cu
and a 25 µm thick layer of light plastic (CH) material. The first
1ω beam with energy of 40–70 J produced pre-plasma imitating
the corona of the pre-compressed inertial confinement fusion
(ICF) target that is a spherical target designed for creation of iner-
tially confined thermonuclear plasma under action of pulsed
energy driver. The spike-driven shock wave was generated by the
main pulse (1ω or 3ω) with the intensity of radiation in the
range of 1–50 PW/cm2. In the paper of Pisarczyk et al. (2014),
the influence of pre-plasma on parameters of the shock wave was
determined from the crater volume measurements and from the
electron density distribution measured by three-frame interferom-
etry. The ignited shock wave was generated by the main pulse
with energy of 200 J (either at 1ω or 3ω). The 1ω pulse with the
energy of 50 J produced pre-plasma, imitating the corona of the
pre-compressed ICF target. Similarly in the paper of Pisarczyk
et al. (2015), experiments with a single 1ω beam confirmed the
enhanced efficiency of energy transfer to shock wave associated
with fast electrons transporting energy to the dense plasma region.
However, two-beam experiments have shown a significantly
decreasing efficiency of the 1ω radiation energy transmission to
the solid part of the target in comparison with the case without pre-
plasma. The presence of pre-plasma creates poor conditions for res-
onant absorption and, therefore, for the laser energy conversion to
fast electrons. The significantly smaller effectiveness of the energy
transfer to the shock wave is clearly seen on both the crater volumes
and the density gradient data. However, these experiments have not
provided data indicating alteration of the fast electron generation
due to resonant absorption by any other mechanism connected
with parametric plasma instabilities in the pre-plasma.

Investigations of the fast electron generation connected with
parametric plasma instabilities and their influence on the genera-
tion of a strong shock wave are presented in Koester et al. (2013).

Similarly in the previous PALS experiments (Pisarczyk et al.,
2014) pre-plasma was created by the 1ω auxiliary beam with an
intensity about 1013 W/cm2 which was achieved by enlarging
the focal spot diameter to 900 µm. A strong shock was generated
by the 3ω laser beam at intensities in the range of 1015–1016 W/
cm2 at various delays with respect to the first beam. As main diag-
nostics X-ray spectroscopy and calorimetry of the backscattered
radiation were applied. The fast electron production is character-
ized through 2D imaging of the Kα emission. Information on the
shock pressure is obtained using shock breakout chronometry and
measurements of the craters produced by the shock in a massive
target. The preliminary results show a low level of backscattered
radiation (<10%) mainly due to simulated Brillouin scattering.
The conversion efficiency into kinetic energy of suprathermal
electrons was inferred to be well below 1% and the experimental
results indicate that the suprathermal electrons are predominantly
generated through the simulated Raman scattering process. The
mean energy of the suprathermal electron population was esti-
mated to be ≈50 keV. The shock pressure inferred from our mea-
surements is in the range of 60–100 Mbar for the highest laser
intensities. To know better development of the parametric plasma
instabilities additional two-beam experiments were carried out at
PALS (Batani et al., 2014). In these experiments different kinds of
targets were used. To estimate the average energy of fast electrons,
Cu massive targets with plastic layers of different thicknesses in
front of the Cu layer were used. To allow X-ray spectroscopic
measurements, the parylene (C8H7Cl) plastic layer with Cl was
applied. To measure the velocity of shock wave by shock chro-
nometry, two-layer targets with 25 µm plastic (parylene-C) on
the laser side, and 25 µm Al (with an additional 10 µm Al step)
on the rear, were used. The targets were illuminated with the
1ω auxiliary beam delivering 30 J, and the 3ω main beam deliver-
ing up to 250 J, with a delay of up to 1.2 ns with respect to the
auxiliary beam. As in previous experiments, the auxiliary beam
was focused with an intensity of 1013 W/cm2 in an extended
focal spot diameter to create an approximately one-dimensional
(1D) plasma. To produce uniform irradiation the beam was
smoothed with a random phase plate. These investigations con-
firmed that using the third harmonic of the PALS laser as a
main beam, one can generate a strong shock with the ablative
pressure reaching 90 Mbar. It should be noted that it is indeed
the highest pressure measured so far in this kind of experiment,
showing a clear progress in approaching a SI relevant regime.
Higher pressures (up to 180 Mbar) are inferred when a much
larger focal spot is used.

In hitherto studies performed at PALS (described above) con-
nected with the SI concept, the three-frame interferometry was
applied. This diagnostic system worked with the second or third
harmonic of the iodine laser featuring approximately 350 ps pulse,
identical by its duration to the main plasma-generating laser pulse.
With such relation between the diagnostic and the main laser
pulse duration, this system could not allow for detailed-enough
plasma probing taking into account the expansion velocities of
the order of 108 cm/s corresponding to the fast component of the
ablation plasma generated in the initial stage of the plasma expan-
sion. Under such conditions blurring of interference fringes close
to the critical density region, caused by plasma movement and/or
oscillations, did not allow for measurement of the maximal reach-
able concentration given by the wavelength of the diagnostic laser.

From the point of view of the “shock ignition” research, par-
ticularly interesting is the initial phase of the expansion related
to the interaction of the laser pulse with plasma generated by
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the rising parts of the laser pulse itself. In this phase the above-
mentioned processes of anomalous absorption appear which are
responsible for the generation of fast electrons, and there are elec-
tric and magnetic fields created. They result both from the motion
of electrons and the effects of various phenomena and processes
occurring in the non-homogeneous plasma, such as spontaneous
magnetic fields associated with the effect of crossed gradients of
temperature and electron concentration. These fields can signifi-
cantly modify the plasma parameters and fast transport of elec-
trons from their source to the ablation zone (surface) and
influence the formation of the shock-wave ablation pressure.

It should be emphasized that the studies of the early phase of
the expansion of the ablation plasma (including the interaction of
the laser pulse with the plasma produced by it) have not been the
subject of detailed research so far, because it requires the use of
very high resolution time diagnostics. A multi-frame interfero-
metric system irradiated by the use of a Ti:Sa femtosecond laser
with a pulse duration of about 40 fs turned out to be particularly
useful diagnostics in these studies. Due to the application of the
femtosecond interferometry in the research on SI carried out on
PALS, for the first time information about the time changes of the
electron density distributions in ablative plasma during the laser
pulse interaction with plasma created by it was obtained. The
space–time electron density distributions allowed determining such
parameters of the ablation plasma as: the axial density profile, the
scalelength, the maximal density gradient, the linear density, and
the total electron number in different expansion times in the
ablative plasma. Information obtained from femtosecond interfer-
ometry in combination with parameters of the electron and ion
emission obtained by means of the spectroscopic measurements
in the X-ray range and the grid collectors, they proved to be
extremely useful from the point of view of identification of absorp-
tion mechanisms of the laser irradiation by the ablative plasma, and
which are responsible for the energy transport to the shock wave, in
particular of the energy carried by fast electrons.

This paper is summary of the last investigations performed in
experiments at PALS related to the SI concept of the ICF
(Pisarczyk et al., 2015, 2016) in which comprehensive measure-
ments involving the multi-frame femtosecond interferometry as
the main diagnostic were carried out.

This paper is structured as follows. In Section “Experimental
setup”, the experimental setup is presented which includes
description and operation of the three-frame interferometer as
well as the way of synchronization of the Ti:Sa diagnostic laser
with the PALS iodine laser. Results of the interferometric and
the crater volume measurements with use of both 1ω and 3ω of
the PALS laser to create the igniting shockwave are presented in
Section “Ablation and energy transfer to shock wave”. The N/
Vcr parameter (defined in Gus’kov et al., 2014; Pisarczyk et al.,
2014) was determined to identify of the possible absorption
mechanisms of the laser radiation for different wavelengths that
generate a shockwave and to assess their influence on the energy
transport to the shock wave under conditions without pre-plasma
as well as with pre-plasma simulating the SI concept. In Section
“Fast electron emission”, measurements characterizing the elec-
tron and ion emission are presented. Obtained quantitative infor-
mation about the population and the energy of the fast electrons
from the 2D imaging of the Kα emission, clearly demonstrate the
differences between 1ω and 3ω which were used for creation of a
shockwave, both without pre-plasma and with pre-plasma pres-
ence. The influence of pre-plasma for various irradiation condi-
tions is shown on the angular distributions of ions obtained

with the use of the grid collectors. Section “Ion emission measure-
ments” concerns the results of 2D numerical simulations (2DSs).
Summary of the obtained results is presented in Section “2D
numerical modeling of laser–plasma interaction in different wave-
length experiments”.

Experimental setup

The experiments were performed using the double planar targets,
Figure 1a, consisting of a massive Cu plate coated with a thin CH
layer, which was irradiated by the 1ω or 3ω PALS laser beam at
the energy of 250 J.

To imitate the SI conditions, the lower-intensity auxiliary 1ω
beam with the energy of 40 J and angle of incidence α = 25° cre-
ated CH-pre-plasma that was irradiated by the main beam with a
delay of 1.2 ns, thus generating the shock wave in the massive part
of the target. Both beams were equipped with phase plates to gen-
erate homogeneous irradiation of the target surface. As the funda-
mental option of measurements, two-beam experiments for
different irradiation conditions of the targets depending on the
focal spot radius were realized. The investigations were carried
out at different intensities of the main 1ω and 3ω beams con-
trolled by varying the focal spot radius in a range of 50–200 µm
and keeping the laser energy fixed. To better characterize of the
pre-plasma influence on the laser energy transport to the massive
part of the target and the fast electron emission parameters, the
results of two-beam experiments have been compared with the
single-beam experiments (without pre-plasma) for the same irra-
diation condition as in the case of two-beam experiments when
the pre-plasma was created.

The multiframe interferometric investigations of the ablative
plasma with the femtosecond resolution and the measurements of
the crater creation efficiency were the main source of information
about absorption mechanisms responsible for the laser energy
transport process to the shock wave generated in the solid target.

The optical scheme of the three-frame interferometric system
which was used in measurements is presented in Figure 2. The
optical delay line is an integral part of this system and it enables
space–time separation of the diagnostic beam into three indepen-
dent channels.

Transmission of mirrors in the delay line is selected in such a
way to ensure the same intensity for each channel of the interfer-
ometer. The construction of the delay line enables to change the
time distance between frames in the range of 0.3–3 ns. Moreover,
the diagnostic beam that irradiates this line is synchronized in
such a manner that the first frame is recorded in a required
moment of the plasma expansion (related to the maximum inten-
sity of the laser beam which creates the plasma). Each interfero-
metric channel is equipped with its own independent
interferometer of the folding-wave type (Kasperczuk et al., 1993;
Borodziuk et al., 2005) and with a charge-coupled device camera
(RM-4200GE) enabling registration of interferograms with the
high-spatial resolution (2048 × 2048 pixels with a size of
7.3 µm) and the 12-bit dynamics. Cameras are connected to a
computer through a Gigabit Ethernet interface and controlled
by a custom-build application PALS Vision GigEV, which is capa-
ble of pre-treatment of images (modification of the Fourier spec-
tra, correction of histograms, correction of colors, calibration,
etc.). In the case of high-quality interferograms, electron density
distribution may be obtained after the laser shot with on-the-fly
mode. For more detailed analysis of interferograms, specialized
software (created at IPPLM) is used.
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To implement this three-frame interferometric system for the
plasma investigation in the femtosecond regime, the method of
the electronic synchronization between the Ti:Sa and the PALS
laser described in Dostal et al. (2017) has been developed. This
method enables plasma probing in selected times of plasma
expansion (related to the maximum intensity of the main pulse)
with the accuracy of ±100 ps.

To characterize the fast electron and ion emission, measure-
ments were carried out using the following diagnostic sets:

• 2D imaging of the emission of Cu Kα line using spectrograph
with a spherical crystal type (211) to determine the distribution
of fast electron population and their energy; for this purpose
experiments with use of two-layer targets, covered by the poly-
ethylene layers of different thickness: Δpl = 15, 25, 50, and
100 µm were carried out and

• the grid collectors to measure the angular distributions of the
ion emission, as a source of information about the ablative
plasma electron temperature, the average energy of fast elec-
trons and the geometry of the ablative plasma expansion.

The location of the all diagnostics used in the PALS experiment is
shown in Figure 1b.

Ablation and energy transfer to shock wave

Interferometric measurements. 1ω-experiments

The main aim of the femtosecond interferometry was obtaining
interferograms with a high-time resolution, to observe temporal
changes of the electron density distributions during the laser
pulse interaction with a target. These electron density distribu-
tions are necessary to obtain information about the changes of

Fig. 1. Experimental set-up: (a) the construction and the geometry of irradiation of the two-layer target and (b) the location of the diagnostics on the PALS
experiment.

Fig. 2. Three-frame interferometric system.
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the maximal density gradient and the density scalelength which
are very important from the point of view of identification of
the absorption mechanism, because they are responsible for the
laser energy transport to the shock wave generated in the massive
part of the two-layer target.

Therefore, to know the electron density of the ablative plasma
in the period which included the main pulse interaction with a
target, three-frames were recorded successively with the time dis-
tance of 400 ps and the first frame was recorded before the main
laser pulse in the range of −400 to 200 ps relative to the maxi-
mum intensity of the main laser beam. Tens of interferograms
were obtained for different conditions of irradiation of two-layer
targets. Only interferograms obtained under the same conditions
were analyzed.

On the basis of electron density distributions, the maximum
density gradient and the density scalelength have been calculated.
To obtain the information about these parameters, an exponential
fitting of the experimental axial density profiles has been applied:
ne(z) = n0e

−z/L (Pisarczyk et al., 2014). The parameters of this
function determine the maximum electron density gradient in
the opacity zone: (dne/dz)z=0 = – n0/L, where L is the density sca-
lelength and n0 is the maximum electron density. The time
sequences of interferograms obtained for different expansion
times during the interaction of the main laser pulse with the dou-
ble target and at different irradiation conditions by changing the
dimensions of the focal spot radius on the target were analyzed.
The comparison of the electron density distributions of the abla-
tive plasma and axial density profiles and the scalelength corre-
sponding to these distributions obtained in the absence of the
pre-plasma at different focal spot radii and for different times
of the plasma stream expansion is presented in Figure 3. The
time delays of each individual frame relate to the maximal inten-
sity of the main pulse. As it results from Figure 3, the electron
density distributions demonstrate the quasi-spherical character
of the expansion for the small focal spot radius with the charac-
teristic minimum of the density on the axis. When increasing the
focal spot radius of the laser beam, the plasma stream expansion
becomes more axial. It is seen from both the time sequence of the
density distributions and the axial profiles related to larger focal
spot radii: RL = 150 and 200 µm. This change in the character
of the ablative plasma expansion (from spherical to axial) by
the relevant scalelengths is demonstrated.

The comparison of the electron density distributions of the
ablative plasma and axial density profiles as well as the scalelength
corresponding to these distributions obtained in the pre-plasma
presence at different focal spot radii and for different times of
the plasma stream expansion is presented in Figure 4.

The electron density distributions indicate that the light
plasma with a higher pressure, being generated from the thin plas-
tic layer by an auxiliary beam, limits the radial expansion of the
central plasma created by the main laser beam. The radial limita-
tion favors the axial character of the plasma expansion particu-
larly in the case of larger focal spot radii. The radial limitation
results in the growth of the electron density on the axis and in
the increase of the scalelength. This is clearly demonstrated by
the axial density profiles and the scalelength values in Figure 4.

In contrast, when the pre-plasma is not created, the density
scalelength of the ablative plasma is considerably greater. A
detailed comparison of the ablative plasma expansion in the
case of absence and presence of the pre-plasma is presented in
Figure 5. This figure shows the maximal density gradient, the sca-
lelength, and the maximal density for three characteristic times of

the expansion: 0, 300, and 600 ps related to the maximum inten-
sity of the main laser beam. Single values corresponding to the
chosen expansion times have been determined by approximating
the experimental data.

Figure 5a shows that in the case of without the pre-plasma, the
density gradient increases with the decreasing RL for the focal spot
radii smaller than 150 µm. The largest growth of the density gra-
dient corresponds to the maximum laser pulse intensity (t = 0).
The density gradient achieves a value of about 1 × 1022/cm4 for
the minimum focal spot radius (RL = 50 µm) and this gradient
corresponds to the minimal density scalelength L = 160 µm. It can
be explained by the fact that for the time of the ablative plasma
expansion t = 0, the favorable conditions for high energy fast elec-
tron generation due to resonant absorption occur. This effect is
responsible for the energy transfer to the shock wave generated in
a solid target. As follows from Figure 5a, the density gradient also
increases with increasing the focal spot radii above 150 µm.
However, this growth is connected with a transition to predominat-
ing 1D expansion of the ablative plasma at large focal spot radii
(Gus’kov et al., 2014).

In the case of pre-plasma presence (Fig. 5b), the density gradi-
ent falls in the whole range of the focal spot radii and the expan-
sion time includes the maximum intensity of the laser pulse and
ensuing 600 ps. The scalelength is increased by approximately two
times as compared with the case of with the pre-plasma absence.
At the maximum laser intensity t = 0 and the minimal focal spot
radius RL = 50 µm, the scalelength grows to a level of about L =
330 µm. This proves that in the presence of the pre-plasma, the
effect of energy transfer by fast electrons becomes smaller. The
presence of the extended pre-plasma leads to decreasing density
gradients of the plasma created by the action of the main beam.

Crater volume measurements. 1ω-experiments

The crater volume and the interferometric measurements are very
useful combination and they can provide essential information
about mechanisms of the laser radiation absorption using the
ratio N/Vcr, where N is the total electron number in the plasma
plume, and Vcr is the crater volume in cm3. This parameter
defines how many numbers of thermal electrons are participating
in the creation of a crater volume unit (1 cm3). To obtain infor-
mation about the N/Vcr parameter, the craters and interferograms
obtained for the same irradiation conditions of two-layer targets
were taken into account. Data about the total electron number
obtained from the interferometric measurements (presented in
the previous paragraph) in Figure 6 are shown. The time changes
of the total number of electrons for different focal spot radii in the
case of pre-plasma absence are shown in Figure 6a, while
Figure 6b shows the time changes in the case of the presence of
pre-plasma. As it results from the presented dependences in fig-
ures below, the total number of electrons increases during the
laser pulse interaction with target, both in the cases of the absence
and presence of the pre-plasma. As expected, in the case of two-
beam irradiation (with pre-plasma) the total number of electrons
is larger than the single-beam irradiation (without pre-plasma)
and it increases with increasing of the focal spot radius.

The examples of photographs of the crater replicas and their
shapes in mutually perpendicular cross-sections obtained in the
case of the absence and presence of the pre-plasma for the same
irradiation conditions as for the interferograms are presented in
Figure 7. For measuring the crater volume the method described
in the paper of Pisarczyk et al. (2014) was applied.
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Considering that the time of the crater formation is longer
than the duration of the laser pulse, the N/Vcr parameter was eval-
uated only for the expansion time t = 600 ps, that is after the end
of the main laser pulse, when both the ablation process and the
processes related to absorption of laser radiation have ended.
Figure 8 presents a comparison of N/Vcr parameter, the crater vol-
ume Vcr, total number of electrons N, and obtained for the target
irradiation without and with the pre-plasma.

As it results from Figure 8, in the case of pre-plasma absence,
the crater volumes and the N/Vcr parameter demonstrate the
increased efficiency of the crater creation with the decreasing
focal spot radius in the range of RL < 150 µm. According to
our previous papers (Gus’kov et al., 2014; Pisarczyk et al.,
2014), this corresponds directly to the energy transfer into the tar-
get by fast electrons generated due to resonant absorption.
However, the crater creation efficiency also grows in the range
of the focal spot radii larger than RL = 150 µm. When the beam
radius exceeds this value, the fast electron temperature decreases
(with decreasing the laser intensity) and the role of the fast elec-
tron energy transfer in the ablation process becomes smaller than
the role of thermal conductivity. In this case, the crater volume
growth is due to decreasing the transverse expansion of the laser-
produced plasma. This is confirmed by interferometric results,
which show an increasing density gradient (see Fig. 5a), that is

connected with the axial (1D) expansion of the ablative plasma,
which predominates in the case of the 1ω radiation and RL >
150 µm. Therefore, the transverse plasma expansion decreases,
the pressure increases and hence, the efficiency of the energy
transformation to the shock wave also increases. According to
Borodziuk et al. (2004a, b) the largest crater in the massive Cu tar-
get is created by means of the 1ω laser beam focused on the focal
spot radius about 300 µm.

At the pre-plasma presence, Figure 8b, the crater volume
decreases to the level about 3 × 10−5 cm3, and this value does
not depend on the focal spot radius of the main laser beam. A
comparison with Fig. 8a indicates that in the presence of pre-
plasma, the effect of the fast electron energy transfer on the
solid target is suppressed. The experimental data stating the rate
of the electron number growth in the presence of pre-plasma
(Fig. 8) are approximately by a factor of 1.5 larger in comparison
with the case of pre-plasma absence. It can be explained by the
fact that in this case the absorption coefficient (according to
results of numerical simulation presented below) is two times
higher than that in the case of pre-plasma absence. The rate of
8 × 1025 electrons per s can provide the number of electrons
equal to approximately 1.2 × 1016 and 3.6 × 1016. These values
are about two times smaller than the data of Fig. 8, which is
ascribed to the contribution of the electrons from the pre-plasma.

Fig. 3. Electron density distributions illustrating the time evolution of the ablative plasma expansion during the laser pulse interaction with the target at different
focal spot radii in the pre-plasma absence.
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To conclude, according to the temporary changes of the gradient
determined from interferometric measurements the temporal
changes of the N/Vcr parameter confirm that electrons produced

in time t = 0 provide the largest contribution to the creation of the
craters, corresponding to the maximum of the main laser pulse
intensity.

Fig. 4. Electron density distributions illustrating the time evolution of the ablative plasma expansion during the laser pulse interaction with the target at different
focal spot radii in the presence pre-plasma.

Fig. 5. Comparison of the maximal density gradient, the scalelength, and the maximal density obtained in the cases of absence and presence of the pre-plasma.
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Interferometric measurements. 3ω-experiments

To simulate the SI conditions the third harmonic (λ3 = 438 nm)
iodine laser beam with the intensity of radiation in the range of
1–20 PW/cm2 corresponding to changes of parameter Iλ3

2 of
2 × 1014–4 × 1015 Wm2/cm2. The desired intensity of the main
beam has been achieved at a constant laser energy at the level
of about 200 J by changing the focal spot radius of the laser
beam impinging the target in range of RL = 50–200 µm. As in
the experiments with the first harmonic of the iodine laser, to
simulate the SI conditions two-beam irradiation of two-layer tar-
gets (Fig. 1) consisting of a planar massive part with Cu, covered
by a 25 µm layer of polyethylene was applied. The pre-plasma,
which simulates the pre-compressed plasma in a real inertial
fusion experiment, was created by means of the first harmonic
laser beam with an energy of about 40 J, defocused to the focal
spot radius RL = 300 µm. Analogously as in the 1ω-experiment,
the main 3ω pulse was delayed by 1.2 ns relative to the pulse cre-
ating the pre-plasma. Obtaining information about the temporal
changes of the density scalelength (L) and the maximal density
gradient (dne/dz) on the basis of the space–time electron density
distributions was the main aim of investigations using the femto-
second interferometry.

The summary comparison of the electron density distributions
and the axial density profiles of the ablative plasma obtained in the
absence of pre-plasma at different focal spot radii and for different
times of the plasma stream expansion is presented in Figure 9. The
time delay of each individual frame relates to the maximal intensity
of the main pulse. On each individual frame the information about
the maximal electron density in near of the target and the scale-
length using by the exponential fitting the axial density profiles is
given.

As results from the temporal changes of the electron density
distributions and the axial density profiles, the axial expansion
increases with increasing the focal spot radius and leads to an
increase in the electron density on the axis at later times of the
laser pulse interaction with a target. It is in contrast to temporal
changes of electron density in the case of the 1ω-experiments,
where the electron density on the axis decreases with the expan-
sion time due to the spherical expansion. Consequently, a larger
electron density on the axis in the vicinity of the target for the
3ω case leads to a decrease of the scalelength due to the greater
axial expansion of the ablation plasma. This scalelength is on
the level of L = 200 µm and it is almost two times smaller com-
pared with the scalelength in the case of the 1ω-experiments.

The comparison of temporal sequences of electron density dis-
tributions of the ablative plasma obtained in the presence of pre-
plasma at different focal spot radii is presented in Figure 10. As it
results from Figure 10, both the equidensity lines of electron

density and the space density profiles demonstrate that the light
plasma with a higher pressure, being generated from a thin plastic
layer by the auxiliary beam, limits radial expansion of the central
plasma created by the main laser beam. The radial limitation
favors the axial character of the plasma expansion particularly
in the case of larger focal spot radii. These changes in the charac-
ter of the ablative plasma expansion, caused both by the increas-
ing focal spot radius and the radial expansion limitation by
pre-plasma, lead to an increase in the electron density on the
axis and to the elongation of the plasma stream at later times of
its expansion. However, despite the increase in the electron den-
sity on the axis, the strong elongation of the plasma stream causes
an increase of the scalelength. As it results from Figure 10, in the
case of pre-plasma presence the scalelength is about two times
larger than that when the pre-plasma is not created.

The detailed comparison of the ablative plasma expansion in
the cases of absence and presence of pre-plasma is presented in
Figure 11. This figure shows the maximal density gradient, the
scalelength, and the maximal density for three characteristic
times of expansion: 0, 300, and 600 ps in relation to the maximum
intensity of the main laser beam. Single values corresponding to
chosen expansion times have been determined by interpolation
of the experimental data.

From Figure 11a it results that in the case of without pre-
plasma the highest density gradient values correspond to the max-
imum laser pulse intensity (t = 0). Its maximum value is about
5 × 1022/cm4 for the focal spot radius RL equal to 100 µm and it
corresponds to the minimal scalelength L = 100 µm.

Such value of the scalelength is approximately the same in the
whole range of the changes of the focal spot radius. For later times
of plasma expansion, the density gradient decreases rapidly,
reaching a value five times smaller (at t = 600 ps) in comparison
with the maximum value, while the scalelength increases to a
value about 300 µm at the same expansion time of the ablative
plasma.

An increase of the focal spot radius above RL = 100 µm leads to
a decrease of the density gradient and to small changes in the sca-
lelength. Further increasing the focal spot radius (above RL =
150 µm) increases the density gradient, reducing the scalelength
a little, which is the result of the increasing role of 1D expansion
of the ablative plasma for larger focal spot radii (Gus’kov et al.,
2014; Pisarczyk et al., 2015).

However, the presence of pre-plasma, Figure 11b, degenerates
neither the maximal density gradient nor the scalelength of elec-
tron density, unlike the case of the first harmonics main beam
generating igniting shock wave (Pisarczyk et al., 2015). As it
results from Figure 11b, the strong limitation of the radial expan-
sion of the 3ω ablative plasma by the external light plastic pre-
plasma which is created by means of the 1ω auxiliary laser
beam, leads to an increase in the electron density on the axis,
and, consequently to an increase in the density gradient. The larg-
est density gradient occurs during the intensity peak of the main
laser beam (t = 0), for the smallest focal spot radius (RL = 50 µm)
and its value is about 7 × 1022/cm4, which is even a bit higher than
in the absence of pre-plasma. However, this gradient drops rap-
idly, both as a function of the expansion time and focal spot
radius. It should be noted also that the plasma stream formed
in the presence of pre-plasma is characterized by a greater scale-
length than in its absence. As it results from Fig. 11b, the smallest
density scalelength, L = 220 µm, corresponds to the maximum
laser pulse intensity (t = 0) and minimal focal spot radius. With
the increase in the focal spot radius, the scalelength increases

Fig. 6. Comparison of the changes of total number of electrons in the cases of
absence (a) and presence of the pre-plasma (b) for three characteristic times of
the expansion.
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monotonously, reaching a value of one and a half time greater
(about L = 340 µm) than in the case of without pre-plasma. For
later times of ablative plasma expansion the changes of scalelength
as a function of focal spot radius are very similar to those for the
initial phase of expansion. This proves the stabilizing influence of
the pre-plasma on the central plasma created by the main 3ω beam.

In previous experiments carried out with the first harmonic
main pulse (Pisarczyk et al., 2015), a significant effect of energy
transfer by fast electrons on the formation of plasma density
and temperature distributions was found and, as a result, also
on the formation of ablation pressure and laser energy transfer
to shock wave. In the absence of pre-plasma the fast electron
energy transport deep into the corona at a high-laser intensity
(at small radii of laser beam) was more effective than the electron
thermal conductivity and led to a significant increase in the abla-
tion density in comparison with the low critical plasma density
corresponding to the first harmonic radiation. This explains the
measured rather high values of electron density gradient of
about 1022/cm4 at the small beam radii. The generation of fast
electrons is due to a significant contribution of resonant mecha-
nism of laser light absorption. The presence of pre-plasma

significantly worsened both the conditions for generation of fast
electrons and the effectiveness of the energy transfer by them,
that was manifested by a significant decrease (two to four
times) of the density gradient.

The results of the experiments with the third harmonic main
pulse, presented here, do not reveal the influence of energy trans-
fer by fast electrons on the plasma formation. The non-
monotonic dependence of the density gradient on the laser
beam focal spot radius in both the presence and absence of pre-
plasma is determined by the competition of the processes of
plasma motion and electron heat conduction under the condi-
tions of 1D and 2D expansion at large and small values of the
focal spot radius, respectively. The significant increase in the den-
sity gradient in the case of the third harmonic main pulse in com-
parison with the first harmonic one is due to the ninefold excess
of the critical plasma density.

Crater volume measurements. 3ω-experiments

The N/Vcr parameter has been determined taking into account
the total electron number obtained from the interferometric

Fig. 7. The craters and their shapes in two cross-sections for different focal spot radii obtained in cases absence (a) and presence (b) of the pre-plasma.

Fig. 8. Comparison of: (a) N/Vcr parameter, (b) the
crater volumes, and (c) the total electron number
obtained in the case of absence (WP) and presence
(PP) of the pre-plasma.
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measurements and the crate volume values obtained for
the same experimental conditions for which interferograms
were registered. A comparison of temporal changes of the
total electron number in the case of absence and presence of
pre-plasma is presented in Figure 12. As it follows from
Figure 12, the total electron number in the plasma streams
increases both with the expansion time and the focal spot
radii. For measuring the volume of craters which were obtained
together with interferometry, a digital microscope (HIROX-
KH-8700 model) from the Institute of Optoelectronics of
Military University of Technology (MUT) was used. This
microscope enables determination of the crater parameters in
the selected cross-sections with micron accuracy and their
visualization.

The N/Vcr parameter was evaluated only for the expansion
time t = 600 ps, that is after the end of the main laser pulse,
when both the ablation process and processes related to absorp-
tion of laser radiation were completed. The results of calculations
of the N/Vcr parameter, the total electron number N, and the cra-
ter volumes Vcr, for the different options of irradiation of two-
layer targets are shown in Figure 13.

First of all, it should be noted that in comparison with the
results of 1ω main pulse experiments (Pisarczyk et al., 2015), in
the 3ω case the crater volume increases significantly less with
decreasing radius in the region of its low value, RL < 100 µm.
This indicates that in the case of the 3ω radiation the strong effect
of energy transfer by fast electrons deep into a dense plasma,
observed in the case of the 1ω case, is absent. As a result, at 3ω
only one transport mechanism works, namely that caused by
the electron thermal conductivity. This fact leads to just a weak
growth in the crater volume with increasing laser intensity with
decreasing beam radius. Furthermore, the crater volume in the
case of the third harmonic main pulse is six to eight times larger
in comparison with the case of the 1ω main pulse. This is due to a
more efficient energy transfer to shock waves due to a larger abla-
tion pressure associated with a significantly (ninefold) higher crit-
ical plasma density in the case of the third harmonic radiation.
The presence of pre-plasma, which increases the corona mass
and therefore the number of electrons N, slightly reduces the cra-
ter volume by reducing the efficiency of energy transfer by elec-
tron conductivity. At the same time, the decrease in the ratio
N/Vcr in the case of both the absence and presence of pre-plasma

Fig. 9. Electron density distributions illustrating the time evolution of the ablative plasma expansion during the laser pulse interaction with the target at different
focal spot radii in the pre-plasma absence.
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shows that in the absence of fast electron energy transfer, when
the electron conductivity is the dominant mechanism of energy
transfer, the most favorable conditions for the energy transfer to

shock wave correspond to the plane expansion of plasma at
large values of the beam radius (Gus’kov et al., 2014; Pisarczyk
et al., 2014).

Fig. 10. Electron density distributions illustrating the time evolution of the ablative plasma expansion during the laser pulse interaction with the target at different
focal spot radii in the pre-plasma presence.

Fig. 11. Comparison of the maximal density gradient,
the scalelength, and the maximal density obtained in
the cases of absence and presence of the pre-plasma.
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Fast electron emission

Kα-emission. 1ω-experiments

To characterize in more detail the impact of the pre-plasma on
the laser energy transport and the formation of ablation pressure,
the interferometry and crater volume measurements were com-
plemented by measurements of the fast electron emission. The
collected data were used to determine the population and energy of
hot electrons (HE), as well as the conversion efficiency of the laser
energy into HE for different irradiation conditions of the two-
layer target is shown in Figure 1. The X-ray images were recorded
using a spherically-bent crystal of quartz (422), Figure 14, which
was setup as an imaging mode monochromator (with the Bragg
angle θB = 88.2° and magnification of c/a = 1.73) to provide a dis-
tribution of the 2D-spatially resolved Cu Kα emission along the
target surface (Smid et al., 2013; Pisarczyk et al., 2015; Renner
et al., 2016).

The time-integrated Kα signals attenuated by transmission
through filters consisting of 10 µm of Cu, 20 µm of Al, and 40 µm
of mylar were obtained with the Kodak AA400 X-ray film. The
recorded images were digitized with a calibrated table-top scan-
ner, recalculated to optical densities and to intensities of the
impinging radiation by using the characteristic curve of the film.

The research was carried out using the 1ω main laser beam
with the energy at the level of 250 J. The intensities of the radia-
tion impinging onto the target were varied by changing the laser
energy or the focal spot radius in range of RL = 50–200 µm. To
determine the energy of the fast electrons, the two-layer targets with
different thicknesses of the plastic (Δpl = 15; 25; 50; and 100 µm)
have been used. Typical images obtained when focusing the vari-
able energy laser beam on focal spots with radii RL = 50 and
100 µm are presented in Figure 15. As is obvious from Figure 15,
the intensity of the Kα signal increases with the decreasing focal
spot size and with the increasing energy of the laser beam.

The 2D-resolved records contain information on the emitting
area and intensity of the Kα emission generated in cold copper
material by fast electrons. The quantitative evaluation of this
data was based on assumption of the Maxwellian energy distribu-
tion of supra-thermal electrons impacting on the double layer
target and an exponential decay of the photon emission I with
the increasing thickness x of the plastic layer I(x) = A × exp(−x/
L), where L is an attenuation coefficient. The experimental data
were interpreted by using Monte Carlo simulations of the electron
and photon transport performed with the PENELOPE code
(Salvat et al., 2009). Assuming characteristic temperature THE of
Maxwellian HE distribution, the trajectories of electrons propa-
gating into the target were calculated both in the plastic and Cu

layers, the generation of Kα emission inside the Cu layer and its
propagation and absorption in the target was taken into account.
A set of simulations was performed for different THE values and
various plastic thicknesses. Each simulation calculated the proba-
bility dp/dΩ(Ψ) that one electron produces a Kα photon escaping
the target in a unit solid angle at the given polar angle Ψ. These
probabilities were further used in interpretation of the experimen-
tal data and in derivation of the sought interaction characteristics,
for example, the exponential attenuation of the fast-electron-
generated photon emission due to different-thickness surface
plastic layers. The calculated dependence of the attenuation coef-
ficient L on the supra-thermal electron energy is shown in
Figure 16. The final experimental results were obtained via fitting
the photon fluxes spatially integrated over 2D-resolved images
with simulations. To determine the energy of fast electrons E,
the Cu Kα emission was measured at targets with different thick-
ness plastic layers. Results of these measurements are presented in
Figure 17 showing the dependence of the detected photon fluxes
on the thickness of the surface plastic layer Δpl in the absence and
presence of the pre-plasma.

All the data were taken when irradiating the target by the 1ω
beam focused on the focal spot with a radius of RL = 50 µm. In
addition to the useful Kα signal and the film noise, the recorded
images captured a non-negligible amount of the continuum radi-
ation emitted primarily by the plastic layer covering the Cu sub-
strate. This radiation has independently been measured using
self-supporting plastic foils and subtracted from the recorded
images, but the uncertainty estimate has significantly increased
due to the fluctuation of the background signal.

Consequently, the shown error bars indicate mainly uncertain-
ties in the background subtraction. The number of incident pho-
tons refers to photon fluxes impinging on the filmpack, that is,
when processing the recorded images, the signal attenuation in fil-
ters covering the film was taken into account. The dependences
plotted in Figure 17 demonstrate the decrease of the Cu Kα pho-
ton fluxes with the increasing thickness of plastic. The best-fit val-
ues of the attenuation coefficient L and the HE energy E are also
indicated in Figure 17. The fitted scalelength is about L = 30 µm
without the pre-pulse and L = 29 µm for the case of the plasma
presence. The simulations show that for scalelengths L < 50 µm,
the relation is very close to THE (keV)≈ L (μm). Thus we can
state that the energies of the fast electrons for 1ω for both cases
with and without pre-pulse are close each to other and about
THE = 29 keV.

The effect of the pre-plasma on the total number of detected
Cu Kα photons in dependence on the laser intensity, that is, on
the focal spot radius, is shown in Figure 18. All these data fitted
with the second degree polynomial were measured at Cu targets
coated with 25 µm of plastic. As it results from Figure 18 in the
case of the pre-plasma presence, theKα emission decreases strongly
with RL. The interferometric and spectroscopic measurements
seem to confirm that the presence of the pre-plasma reduces
the contribution of fast electrons in the energy transfer process
to the Cu massive target.

To estimate the conversion of the laser energy into fast elec-
trons, the number of detected photons NKa

was related to the
number of HEs NHE propagating through the target using the
expression:

NHE = NPH

(4prdp/dV) (1)

Fig. 12. Comparison of the changes of the total electron number in the cases of
absence and presence of pre-plasma for three characteristic times of plasma
expansion.
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where r = 8.3 × 10−7 is the ray tracing constant relating the
fraction of photons impinging on the detector to the number of
photons isotropically emitted from the cold copper into the full
solid angle 4π within the Cu Kα1,2 profile (Smid et al., 2013).
This assumption is well justified for copper targets coated with
25 µm of plastic where the frequency shifted satellite emission
generated by fast electrons in the heated copper can be neglected.
By taking into account the average energies E presented in
Figure 17, the found values of NHE were further related to the con-
version efficiency η of the laser energy into HEs. In the current
experiment, the typical numbers of fast electrons NHE propagating
through the target were within the range of 1–5 × 1012. The con-
version efficiencies calculated as the ratio of the total energy car-
ried by fast electrons entering the target to the energy of the main
1ω laser beam in the presence/absence of pre-plasma are shown in
Figure 19.

Kα-emission. 3ω-experiments

Analogously to experiments using the 1ω main laser beam, sim-
ilar studies were performed to determine the characteristics of
fast electrons under irradiation of two-layer targets by the 3ω
laser beam. The main aim of these measurements was to investi-
gate the influence of the plasma formation on the fast electron
generation in the presence and absence of the pre-plasma.

The experiment was carried out with the laser energy of about
200 J and various intensities resulting from changes of the focal
spot radius of laser beam on the target in the range of RL = 50–

200 µm. To determine the energy of fast electrons, two-layer tar-
gets with different thicknesses of the plastic (Δpl = 15, 25, 50, and
100 µm) were again used.

The imaging setup was the same as in the previous section
“Kα-emission. 1ω-experiments” (Fig. 14). The time-integrated
Kα signals attenuated by transmission through filters consisting
of 10 µm of Cu, 20 µm of Al, and 40 µm of mylar were obtained
with the Kodak AA400 X-ray film. The recorded images were dig-
itized with a calibrated table-top scanner. Then the experimental
data were interpreted by using the methodology presented in the
previous section.

The results of the measurements showing the effect of the pre-
plasma on the total number of photons detected as a function of
the thickness of the surface plastic layer Δpl in the absence and
presence of the pre-plasma are shown in Figure 20.

This figure demonstrates attenuation of the Cu Kα photon
fluxes with the increasing thickness of the plastic and a significant
increase of the emission in the presence of the pre-plasma. The
best-fit values of the attenuation coefficient L and the HE energy
E are also indicated in Figure 20. The characteristic energy of fast
electrons produced in the case of the single-beam irradiation of
the targets equals to 37 keV, while in the pre-plasma presence
the value of E is almost two times higher.

The effect of the pre-plasma on the total number of the
detected Cu Kα photons in dependence on the laser intensity,
that is, on the focal spot radius, is shown in Figure 21.

All these data fitted with the second degree polynomial were
measured using Cu targets coated with 25 µm of plastic. While
the number of detected Cu Kα photons (and consequently also
the production of HEs) increases only slightly with the focal spot
radius in the pre-plasma absence, the presence of the pre-plasma
results in a distinct growth of the fast electron population peaking
at RL≈ 150 µm. Obviously the increased scalelength of the abla-
tive plasma in the presence of the pre-plasma increases both the
production and the energy of fast electrons.

To estimate the conversion of the laser energy into fast elec-
trons, the number of detected Kα photons was related to the num-
ber of HEs NHE propagating through the target using expression
(1). By taking into account the average energies E presented in
Figure 20, the found values of NHE were further related to the con-
version efficiency η of the laser energy into HEs. As in the case of
the 1ω-experiments (see previous section), the typical numbers of
fast electrons NHE propagating through the target were within the
range of 1–5 × 1012.

The conversion efficiencies calculated as the ratio of the total
energy carried by fast electrons entering the target to the energy
of the main 3ω laser beam in the presence/absence of pre-plasma
are shown in Figure 22. The conversion efficiencies are grouped
near four laser intensities 1 × 1016, 2.5 × 1015, 1 × 1015, and 6 ×
1014 W/cm2 corresponding to focal spot radii of 50, 100, 150,
and 200 µm, respectively. The found values of η are considerably
scattered and do not display any distinct dependence on the laser

Fig. 13. Comparison of the crater volumes Vcr and
N/Vcr parameter obtained in the cases of absence
and presence of pre-plasma.

Fig. 14. The scheme of the measurement of Cu Kα emission.
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intensity. On the other hand, the presence of pre-plasma increases
their average values (1.2 × 10−4 in the pre-plasma absence and
3.5 × 10−4 in its presence) by a factor of approximately 2.9.

Under given conditions of the target irradiation, the observed
laser energy conversion to fast electrons is rather small in both
cases of the pre-plasma presence and absence. This conversion
efficiency is too small for fast electrons to provide major impact
on the laser-produced plasma evolution as well as on the pro-
cesses of the laser energy deposition and pressure formation in
experiments using the 3ω main pulse.

Ion emission measurements

Ion emission. 1ω-experiments

The ion diagnostics applied in the PALS experiment consisted of
the ion collectors which were installed at different angles (from 0

to 60°) at the distance of 40 cm from the target. The collected ion
current was emitted from the two-layer targets (see Fig. 1a). The
sorted oscillograms illustrating temporary changes of the ion-

Fig. 15. Images of the Kα obtained in the case of without pre-
plasma at the minimal focal spot radii for different laser ener-
gies: (a) 290 J and (b) 590 J.

Fig. 16. Dependences of the attenuation coefficient L as a function of fast electron
energy.

Fig. 17. Dependences of the Kα on thickness of plastic for the cases of absence and
presence of the pre-plasma.

Fig. 18. The influence of pre-plasma presence on the total population of photons
depending on the focal spot radius of the laser beam.
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collector signals provided by this diagnostic system are presented
in Figure 23a. In the left column there are results obtained with-
out the application of the pre-pulse and in the right column the
results obtained with the pre-pulse application. The basic differ-
ence in the subsequent experimental series is in the focal radius
which ranged from 50 to 200 µm. The parameters of the laser
beam were at the same level for all experimental series (about
250 J in the main beam and about 40 J in the pre-pulse). The dia-
grams show the time dependence of the ion-collector signals as a
function of time for different angles and focal diameters. The

main conclusions following from these results may be summa-
rized as below:

• The number of thermal ions (the second-delayed peak) in the
case of pre-plasma presence is two to three times larger than
that observed in the case of pre-plasma absence for all the
beam radii. It means that the absorption coefficient in the
case of pre-plasma presence is two to three times larger than
in the case of pre-plasma absence. This conclusion is confirmed
by the results of 2DSs presented in the next section.

• In the case of pre-plasma presence, fast ions (the first peak) are
generated at all radii of the laser beam. Since the fast ions are
generated in the field of fast electrons, this means that in the
presence of pre-plasma also the fast electrons are generated at
all laser beam radii. This conclusion agrees with the results of
2DSs predicting high efficiency of resonant absorption of
laser radiation for all the radii of laser beam in the presence
of pre-plasma.

• In the case of pre-plasma absence, fast ions are generated only
at the radii of 100 and 50 µm. It is in agreement with the results
on fast electrons generation from interferometric and X-ray
spectroscopic measurements presented above.

• The time of the second peak equals to about 0.7 µs; it is approx-
imately the same for the cases both with and without pre-
plasma and for all radii of the laser beam.

• The time of the first peak (0.15 µs) is significantly shorter than
that of the second peak which indicates that the energies of fast
ions are much higher than those of thermal ions.

The ion-collector data not sorted according to the ion types give a
possibility to determine only the scales of temperature of the
plasma plume and average energy of fast electrons. Taking the
time of the second peak as 0.7 µs, the average velocity of thermal
ions as (3T/2mp)

1/2 (in the A/Z = 2 approximation) and the dis-
tance between the target and collector equals to 40 cm, we obtain
that the value of plasma temperature, averaged over space and
time, is approximately equals to 2.1 keV.

This value is obviously larger than the time-averaged temper-
ature obtained from X-ray spectroscopy measurements, since the
latter corresponds to the relatively cold part of plasma torch near
the ablation surface. Now, taking the average velocity of fast ions
as (Eh =mp)

1/2 (where the energy of fast ions was, approximately,
expressed through the average energy of fast electrons Eh as ZEh)

Fig. 20. Results of the 2D fast electron emission imaging showing the influence of the
pre-plasma on the total population of photons, depending on the plastic layer thick-
ness in the two-layer target in the cases of absence and presence of pre-plasma.

Fig. 21. Results of 2D fast electron emission imaging, showing the influence of pre-
plasma on the total population of photons depending on the focal spot radius of
laser beam under the conditions of absence and presence of pre-plasma.

Fig. 19. Conversion efficiency of the energy of 1ω main laser beam into the total
energy carried by fast electrons as a function of the laser beam intensity.

Fig. 22. Conversion efficiency of the 3ω main laser beam energy in the total energy
carried by fast electrons as a function of laser beam intensity.
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and the time of the second peak as 0.15 µs, we obtain the average
energy of fast electrons approximately equal to 70 keV.

Figure 23b shows the plots of charge distributions for each
experimental series, calculated on the basis of integration of the
charge of both thermal ions (of time-of-flight ranging in 50–
500 ns).

When comparing the results from the two columns depicted in
Figure 23b, it can be seen that when increasing the focal diameter,
the ions are better collimated which is manifested in a distinct
plasma “jet”. When the pre-pulse configuration is applied together
with the 200 µm focus diameter, the jet is well visible and the whole
group of the pre-pulse series has considerably larger integrated
charges than those obtained without the pre-pulse.

Ion emission. 3ω-experiments

The ion diagnostics applied in the PALS experiment consisted of
several ion collectors installed at different angles (from 0 to 60°) at
the distance of 40 cm from the target. The collected ion current
was emitted from two-layer targets (see Fig. 1a). Some of the
selected results provided by this diagnostic system are presented
in Figure 24a and 24b.

In the left column there are the results obtained without appli-
cation of pre-pulse and in the right column – those obtained with
it. The parameters of the 3ω laser beam were at the same level for
all the presented measurements (about 200 J in the main beam

and about 40 J in the pre-pulse). Figure 24a shows the ion-
collector signals for different angles and focal spot radii. All the
signals for the case of both pre-plasma absence and presence cor-
respond to thermal ions only and do not contain any response
related to fast ions. It is in contrast to the results of our previous
experiments carried out with the 1ωmain beam, where strong sig-
nals related to fast ions were measured for the case of pre-plasma
absence at high main beam intensities of 0.5–2 × 1016 W/cm2

(Pisarczyk et al., 2015).
It should be also noted that in the case of the 1ω beam the col-

lector signals referring to thermal ions were more than two times
less compared with the 3ω-experiment for both the cases of pre-
plasma absence and presence. It means that in the case of 3ω
beam the absorption of laser light is significantly higher than
that for the 1ω beam. According to the results of numerical sim-
ulations presented in the next paragraph, the absorption efficiency
for 3ω is 0.7–0.8, while for 1ω (Pisarczyk et al., 2015) it was 0.4–
0.5. Other conclusions deduced from the ion-collector measure-
ments (Fig. 24a) may be summarized as below:

• The number of thermal ions in the case of pre-plasma presence
is approximately 1.2–1.5 times larger than that observed in the
case of pre-plasma absence for all the focal spot radii.

• The signal of fast ions is not measurable, which confirms the
results of previous paragraphs concerning the negligible effect
of fast electron generation.

Fig. 23. Influence of the pre-plasma on: (a) the ion-collector signals measured at different angles and (b) angle distributions of the ion charge density for different
focal spot radii.
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• Thermal ion signals peak practically at the same time for both
the cases of pre-plasma presence and absence, at about 0.5 µs,
which is smaller by a factor of 1.4–1.6 in comparison with
the case of 1ω main pulse (Pisarczyk et al., 2015). It means
that the temperature of plasma produced by 3ω beam is higher
than that generated by the 1ω beam. This correlates well with
the increase of absorption efficiency for the shorter wavelengths
revealed by numerical simulations.

• The ion-collector data, not separated with respect to the ion
type, give a possibility to determine only the scales of temper-
ature of the plasma plume and average energy of fast electrons.
Taking the time of the second peak as 0.5 µs, the average veloc-
ity of thermal ions as (3T/2mp)

1/2 (in the A/Z = 2 approxima-
tion) and the distance between target and collector equals to
40 cm, we obtain that the value of plasma temperature, averaged
in space and time, is approximately equal to 3–4 keV.

Figure 24b shows the plots of charge distributions for each exper-
imental series, calculated on the basis of integration of the charge
of thermal ions (for the time-of-flight ranging from 50 to 500 ns).
It can be seen that in the case of the pre-plasma presence, the ion
charge density on the axis is higher compared with the case when
the pre-plasma is absent.

2D numerical modeling of laser–plasma interaction in
different wavelength experiments

1ω laser beam interaction

To obtain more information about the ablative plasma expansion
and the fast electrons emission, the 2D-simulations were carried
out using the 2D hydrodynamic code ATLANT-HE (Lebo
et al., 2004) from Lebedev Physical Institute in Moscow. 2D
numerical code allows modeling of the following processes: the
laser radiation refraction in the plasma, inverse bremsstrahlung
and resonance absorption of laser radiation, generation of fast
electrons due to the resonance absorption, and the fast electron
energy transfer via Coulomb collisions. The aim of the numerical
calculations was to obtain information about:

• the temporal evolution of 2D spatial distributions of the electron
density as well as electron temperature of the ablation plasma;

• the fractions of the laser energy absorbed in the plasma by res-
onant and inverse bremsstrahlung mechanisms as well as

• the energy of fast electrons.

The calculation details are explained in our recent paper (Gus’kov
et al., 2014). To model the experimental conditions, the

Fig. 24. Influence of the pre-plasma on: (a) the ion-collector signals measured at different angles and (b) angle distributions of the ion charge density for different
focal spot radii.
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computations were performed for the 1ω radiation of the main
laser beam with the energy of 250 J and three values of the
focal spot radius: 50, 100, and 200 µm.

In the case of a two-beam experiment referring to the SI con-
cept, the pre-plasma was created by the auxiliary 1ω laser beam
with the energy of 40 J focused on the focal spot radius RL =
300 µm and preceding by 1.2 ns the main laser pulse. For the
case of pre-plasma absence, the 2D calculations of the density
and temperature corresponding to the maximum laser intensity
are presented in Figure 25. In contrast to the experimental results
shown in Figure 3, these density distributions do not show any
growth of the axial character of plasma expansion with the
increasing focal spot radii.

As demonstrated in Figure 25, the growth of the focal spot
radius leads to the increased transverse dimension of the ablative
plasma. The distribution of the electron density and temperature
of the pre-plasma produced by the auxiliary laser beam is shown
in Figure 26.

This distribution corresponds to time t = 400 ps, that is, to the
end of the pulse. 2D distributions of the density and temperature
characterizing the process of the interaction of the main beam
with the pre-plasma created by the auxiliary laser beam are pre-
sented in Figure 27.

Compared with the situation when the pre-plasma is not cre-
ated, the density scalelength of the ablative plasma is considerably
larger. Comparison of the experimental data with the 2DS is pre-
sented in Table 1. This comparison has been performed in the
range of the electron density smaller than 1020/cm3 as determined
from the femtosecond interferometry. Table 1 indicates that there
is a satisfactory agreement between experimental and numerical
data in the case of pre-plasma presence. In the case of pre-plasma
absence, the qualitative character is the same, but the observed
and simulate the scalelength values differ considerably. The
large values of experimental scalelengths result from the action
of the temporally extended beam profile which is characteristic
for the PALS laser and contributes to the creation of the low den-
sity plasma even in the case of pre-pulse absence.

A long pedestal (even about 1 ns long) of the pulse is not taken
into account in numerical simulations. In the case of pre-plasma

presence, the contribution of the pre-pulse is significantly smaller
compared with the pre-plasma itself. This is why the experimental
and numerical scalelengths agree well in the case of the pre-
plasma presence. In Table 2 the numerical simulations of the
total (δtotal), the resonant (δres) and the inverse bremsstrahlung
δib absorption coefficients are compared for the cases of the pre-
plasma absence and presence.

This comparison demonstrates the significantly larger total
absorption coefficient in the case of pre-plasma presence com-
pared with the case of the pre-plasma absence. The excess is,
approximately, of the factor of 3 for the beam radius of 50 µm
and the factor of 2 for the beam radius of 100 µm. This explains
the ion-collector measurements, where the number of thermal
ions in the case of pre-plasma presence is by a factor of 2–3 larger
in comparison with the case of pre-plasma absence. The maximal
temperature (occurring near the region of the plasma critical den-
sity) obtained by numerical simulations falls within the interval of
2–3 keV which agrees well with the evaluation based on ion-
collector data. The pre-plasma provides better conditions for res-
onant absorption of the laser energy. For the beam radius of 50–
100 µm, the resonant absorption coefficient is equal to δres = 0.32–
0.23 in the case of pre-plasma presence and to δres = 0.06–0.09 in
the case of pre-plasma absence. The maximal energies of fast elec-
trons are about 140–120 keV. This value relates to the electrons

Fig. 25. The density (a) and temperature (b) distributions in the
ablative plasma created by the main laser beam at the maximum
of the laser pulse intensity.

Fig. 26. Distributions of the density (a) and temperature (b) in pre-plasma for the
expansion moment of t = 400 ps.
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which two times crossed the region of plasma resonance after
their reflection from external plasma boundary.

These estimates are very close to the values evaluated from the
ion-collector data. This evaluation gives the value of 70 keV of the
average fast electron energy, that corresponds to the maximal
energy of 140 keV. According to the numerical modeling pre-
sented in Gus’kov et al. (2014), the increased efficiency of the res-
onance absorption in the case of pre-plasma results probably from
a better fitting of the angles between the individual laser beams
and the direction of the density gradient near the critical surface
(these angles are closer to optimum angles because of a smaller
scalelength).

3ω laser beam interaction

2DSs of the ablative plasma created by the 3ω main laser beam
were carried out using the 2D hydrodynamic code
ATLANT-HE, which was described in section “1ω laser beam
interaction”. Analogously as in the 1ω experiment to compare
the experimental results obtained by femtosecond interferometry
and fast electron measurements with 2DSs was the main task, in
order to formulate final conclusions about the laser energy trans-
port to the shock wave with the participation of fast electrons.

To model the experimental conditions, the computations were
performed for the 3ω radiation of the main laser beam with the
energy of 200 J and three values of the focal spot radius: 50,
100, and 200 µm. In the case of two-beam experiment, the pre-

plasma was created by an auxiliary 1ω laser beam of energy of
40 J, focused on a focal spot radius RL of 300 µm and preceding
the main laser pulse by 1.2 ns.

For the case of pre-plasma absence, the 2D calculations of the
density and temperature show that the increase of focal spot
radius leads to an increase of transverse size and a decrease of
axial size of expanding plasma. Due to that, the angles between
the directions of density gradient and the normal to the target
surface decrease and the geometry of expansion is close to a pla-
nar one. Similarly as for the 1ω-experiments (without pre-
plasma), the 2D calculations of the density and temperature do
not show any growth of the axial character of plasma expansion
with the increasing focal spot radii (Pisarczyk et al., 2015).

A satisfactory agreement of calculations with the experiment
was obtained in the case of laser beam interaction with a two-layer
target (Fig. 1) in the presence of pre-plasma. A comparison of the
axial density profiles and L in the ablative plasma, in the cases of
both pre-plasma absence and presence, is presented in Figure 28.
As it results from Figure 28, the scalelength of the ablative plasma
in the case of the pre-plasma presence is considerably larger in
comparison with the situation when the pre-plasma is not created.

A more detailed comparison of the experimental data with the
2DS is presented in Tables 3 and 4. As in the 1ω-experiments pre-
sented in the previous chapter, the comparison of the experimen-
tal and simulation data has been performed in the range of the
electron density smaller than 1020/cm3. Table 3 shows a satisfac-
tory agreement between experimental and numerical data in the
case of pre-plasma presence. In the case of pre-plasma absence,
the qualitative character is the same but the observed and simu-
lated L values differ considerably. The large values of experimen-
tal L result from the action of the temporarily extended beam
profile which is characteristic for the PALS laser and contributes
to creation of a low density plasma even in the case of pre-pulse
absence. It was explained in the previous section.

In Table 4 the numerical simulations of the total (δtotal), reso-
nant (δres), and inverse bremsstrahlung (δib) absorption coefficients
are compared for the cases of pre-plasma absence and presence.

From Table 4 it results that in the case of absence of pre-
plasma, the total absorption increases with the increasing focal
spot radius from 0.593 to 0.876. In contrast, the fraction of reso-
nant absorption decreases from 0.0883 to 0.0697 staying small.

Fig. 27. The density (a) and temperature (b) distributions after
the time delay of t = 1.2 ns relate to the auxiliary laser pulse, cre-
ated when affecting the main laser beam with a pre-plasma.

Table 1. Comparison of the experimental L with the 2DS in the cases of
presence and absence of pre-plasma

RL (μm) L (μm)

1ω 1ω + 1ω

Exp. 2D Exp. 2D

50 125 30 326 320

100 190 36 420 346

200 140 34 365 296
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The average energy of fast electrons Eh(max)/2 is about 30–35 keV
for both the cases with and without pre-plasma. The average fast
electron energy is close to the experimental values obtained from
Cu Kα line measurements in the experiment without a pre-
plasma. The pre-pulse has a small effect on these quantities and
does not alter their dependence on the radius of the main
beam. These results differ significantly from the case of the 1ω
main pulse which was presented in section “1ω laser beam inter-
action” [see Table 2 and the paper of Pisarczyk et al., (2015)].

Numerical simulations show that without pre-plasma, the total
absorption is considerably larger for 3ω than that of the 1ω main
pulse. This is confirmed by the data from ion-collector measure-
ments. The fraction of the resonance absorption is about the
same. The pre-plasma has a small effect on absorption in the

3ω case and strong effect in the case of 1ω. In the case with
pre-plasma, for the 3ω main pulse the fraction of resonance
absorption (and hence the energy contained in the fast electrons)
is several times smaller than that for the 1ω main pulse. This is
confirmed by ion-collector measurements, too. The average
energy of fast electrons generated by resonant absorption is
approximately two times smaller in the case of the 3ω main
pulse (30–35 keV) as compared with the 1ω main pulse (50–
70 keV) (Pisarczyk et al., 2015).

Conclusion

1ω-experiment

Summing up the comparison of the experimental and numerical
data we can claim that:

• Based on the interferometric results, measurements of the crater
volume, spectroscopic determination of the temperature, and
density near the ablation surface, and imaging via Kα emission,
there is a good reason to conclude that the presence of pre-
plasma leads to a decrease in the energy transfer efficiency of
the main 1ω laser beam to a solid target by means of fast elec-
trons. In the same time, 2DSs show that the presence of pre-
plasma makes the conditions of resonant absorption of the
laser radiation more favorable, increases the fraction of the
laser energy absorbed by resonant mechanism, and hence
increases the energy contained in the fast electron stream.

Fig. 28. Comparison of the axial density profiles and the
scale-length obtained in the cases of: (a) absence and
(b) presence of pre-plasma.

Table 3. Comparison of the experimental values L with the 2DS in the cases of
presence and absence of pre-plasma

RL (μm) L (μm)

3ω 1ω + 3ω

Exp. 2D Exp. 2D

50 125 39 220 298

100 115 34 290 307

200 100 29 340 283

Table 2. Comparison of numerical simulations of the total δtotal, resonant δres, and inverse bremsstrahlung δib absorption coefficients in the cases of pre-plasma
absence and presence

RL (μm) 50 1ω 1ω + 1ω 100 1ω 1ω + 1ω 200 1ω 1ω + 1ω

δtotal 0.21 0.64 0.29 0.57 0.42 0.59

δib 0.15 0.31 0.19 0.34 0.25 0.39

δres 0.06 0.32 0.09 0.23 0.17 0.21

Eh(max) (keV) 143 152.8 129 144 121 114

Temax (keV) 2.48 3.27 2.20 2.99 1.92 2.31
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• The results of the interferometric measurements, as well as the
results of 2DSs, show that the presence of pre-plasma decreases
the axial density gradient.

• The decrease of the contribution of the fast electron energy
transfer to a solid target when increasing the laser energy con-
verted to fast electrons can be explained by the deterioration of
the conditions of energy transfer by fast electrons in the pres-
ence of pre-plasma. There are two reasons for such a decline:
– a large divergence of streaming fast electrons which are

generated far from the target surface in the presence of pre-
plasma and

– the effect of plasma density gradient at the irradiated target
boundary on the efficiency of energy transfer from the stream-
ing fast electrons to the shock wave. Such an effect was pre-
dicted and numerically investigated in Nicolai et al. (2014).

3ω-experiment

The performed investigations show that by using the third-
harmonic main pulse the laser energy conversion into the energy
of fast electrons is very small – the fraction of fast electron energy
does not exceed a few tenths of a percent of laser energy both in
the absence and in the presence of pre-plasma. This conclusion
deduced from Kα-emission measurements and numerical simula-
tions is confirmed by the measurements of ion yield and volumes
of laser-produced craters, which characterizes the amount of
energy transferred to shock waves. The measurements of ion sig-
nals show virtually no contribution of the fast ion component.
The crater volume measurements, in combination with femtosec-
ond interferometry, both in the cases of pre-plasma presence and
absence, show that the target ablation and evolution of laser-
produced plasma are determined by energy transfer via electron
conductivity under conditions of 1D or 2D matter expansion
without any appreciable effect of energy transfer by fast electrons.
Both the maximal volume of the crater (the maximum energy of
the shock wave) and the minimal N/Vcr parameter corresponds to
the greatest radius of the focal spot at which the negative effect of
2D-expansion of plasma is minimal and, as a result, the ablation
pressure is maximal (Gus’kov et al., 2004, 2014). This result holds
for the experiments both in absence and presence of pre-plasma.
With the decrease of focal spot radius the negative effect of
2D-plasma expansion increases and the crater volume decreases.
This is in contrast with experiments with the first-harmonic
main pulse, in which increasing the intensity of long-wavelength
radiation leads to such a significant generation of fast electrons by
the resonance mechanism and to such a strong effect of the fast
electron energy transfer in the target depth that its contribution
to the shock generation is significant and the crater volume

strongly increases with decreasing the focal spot radius (Gus’kov
et al., 2004, 2006, 2014).
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