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The Prague Asterix Laser System (PALS) is a terawatt iodine laser (1.2 kJ, 350 ps, 1315 nm), designed
to deliver irradiance on target of about 3× 1016 W/cm2. The PALS laser together with a Ti:sapphire
laser (1 J, 50 fs, 800 nm) is used for experiments allowing femtosecond probing of laser-produced plasma.
We present an experimental study of emission of hot electrons, fast ions and fusion neutrons generated
through the 2H(d;n)3He fusion reaction of deuterons. During the laser–plasma interaction and plasma
expansion, a multi-population of electrons appears. Non-isotropic emission of fast as well as thermal
electrons is typical for the interaction of nanosecond laser radiation with plasma. The production of
relativistic electrons makes it possible to accelerate protons to MeV energy and generate fusion neutrons
via fusion reactions. The DD-neutron yield is compared to yields obtained from other experiments.
Depending on the energy of the laser pulse, it is shown that the competition of laser contrast and
laser pulse intensity sets a fundamental constraint on the ion emission and the resultant neutron yield
performance of deuterated targets.
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1. Introduction

A number of laser facilities for laser fusion re-
search have been built around the world [1]. Apart
from the thermonuclear mechanism, DD or DT
fusion neutrons can be produced by beam–target
mechanism. In this case, the interaction of laser
pulses with deuterated targets at relativistic inten-
sities and below the relativistic threshold acceler-
ates ions to MeV energies [2–6]. Then, accelerated
ion beams may fuse with target ions.

In 1998, a significant number of non-thermal neu-
trons up to 7× 107 n/sr were produced with energy
of 20 J and intensity of 8× 1018 W/cm2 [7]. In 1999,
a deuterated polyethylene target exposed to inten-
sity of a few 1019 W/cm2 emitted 107 neutrons for
laser energy of 7 J at 529 nm [3].

A comparison of the number of fusion neutrons
generated in many laser-driven experiments showed
that the neutron yield under specific experimental

conditions was nearly three to four orders of
magnitude higher than under standard conditions
associated with nanosecond laser–plasma interac-
tion, as Fig. 3 in [5] shows. It was shown [8]
that the interaction area had a low temperature,
which indicated the non-local thermodynamic equi-
librium (non-LTE) conditions under which the nu-
clear fusion is driven by laser-accelerated ion beams
in the laser-produced plasma.

In this paper, we present the summary about
the approach that realizes a substantial increase in
the neutron yield of a laser-driven DD reaction. It is
based on the measured high acceleration of plasma
using not only the PALS iodine laser but also other
femto-, pico- and nanosecond lasers. In this work,
which is a review of important experimental results
obtained at the PALS facility, the partial results
will be presented regardless of the target material
but to highlight the observed phenomena. We note
that a review of other experiments performed at
the PALS facility is given in [9].
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2. Experimental arrangement

Experimental studies of intense laser interac-
tions with targets of different materials were carried
out at the PALS facility. The iodine high-power
laser system operated at fundamental wavelength
λ = 1.315 µm can deliver energy up to ≈ 800 J on
targets in a pulse duration of ≈ 350 ps. The tar-
gets were the deuterated polyethylene CD2 (PED)
flat slabs of 0.2–0.5 mm in thickness and Mo foils
of 6 µm in thickness. Perpendicular or oblique
(at 30◦) target irradiation was used in these ex-
periments. The minimum diameter of the fo-
cal spot of ≈ 70 µm provides a maximum value
Iλ2 ≈ 5× 1016 W cm−2 µm2.

Characteristics of emitted ions were measured
with the use of ion collectors, CR-39 solid-state nu-
clear track detectors and gafchromic films (RCF),
types HD-V2 and EBT3. Ion detectors were
wrapped with a 7 to 14 µm Al foil to prevent low-
energy X-ray radiation, scattered laser light and
to slow down ions in striking the foil detectors.
The yield of neutrons produced through the fusion
reaction 2H(d,n)3He was detected with the use of
an Ag activation counter and bubble detectors.

The electron energy distribution function
(EEDF) was measured with the use of magnetic
dipole spectrometers equipped with a pair of
magnets producing a uniform magnetic field equal
to 160 mT and electron sensitive image plate, type
Fuji BAS SR2040, calibrated for electrons in [10].
The spectrometers were designed to cover electron
energy in the range from 100 keV to 5 MeV.
Interferometric studies of plasma dynamic during
interaction and post-interaction phases are based
on the recently developed system of precise pulse
synchronization between the PALS single-shot
large-scale laser exploiting an acoustic-optical
modulator and a 45 fs, 25 TW Ti:sapphire
(Ti:Sa) [11]. The Ti:Sa beam was employed as
a probing beam of the plasma produced with

Fig. 1. View into the PALS interaction chamber.
The laser pulse coming from the right side is fo-
cused by an aspheric lens on the target surface (red
line). The minimum diameter of the focus spot is
70 µ m. There are 9 electron energy spectrometers
(white horns boxes) in the chamber for measuring
the angular distribution of the energy spectrum of
electrons. On the left are the holders with EMP
antennas.

the PALS laser. Sequences of three-frame interfero-
grams timed with respect to the intensity maximum
of the PALS laser enable us to observe the evolution
of subcritical corona and to determine the space
electron density distribution [12]. Refraction of the
probing beam in the strong density gradients lim-
ited the observation to regions with electron density
less than 1020 cm−3.

The target current, which substitutes hot elec-
trons which escaped the plasma and, thus, neu-
tralizes the positive charge created in the plasma
and target, was measured using an inductive
target probe [13].

Figure 1 shows a view into the PALS interaction
chamber equipped with electron spectrometers and
antennas detecting high frequency electromagnetic
pulses (EMP) emitted during the neutralization of
the target positive charge.

3. Experimental results

3.1. Emission of hot electrons

The expansion of the laser-generated plasma into
the interaction chamber is associated with the sep-
aration of charges. This space-charge effect self-
consistently produces an ambipolar electric field
whose amplitude is controlled by the energy and
number of electrons constituting the tail of EEDF.
These regions of positive and negative charges form
a double layer which continues to develop during
their expansion into the vacuum. Simultaneously
with the expanding plasma, formations of poten-
tial on the target and of the current flowing from
the ground to the target have been observed. It is
caused by electrons from the tail of EEDF that
overcome the plasma potential barrier and escape
the plasma [14]. Using a number of magnetic dipole
spectrometers surrounding the target in a distance
of about 30–40 cm we obtained an angular depen-
dence of EEDF of hot electrons. Figure 2 shows an
example of three EEDFs of hot electrons emitted
from the front surface of a Mo target in the direc-
tion of −39◦, −27◦ and 17◦ with respect to the laser
beam vector. The Mo foil of 6 µm in thickness was
exposed to 3× 1016 W/cm2 intensity. Although
the laser-produced plasma with two electron pop-
ulations is commonly presented in many papers as
a typical phenomenon [15], Fig. 2 shows experi-
mentally observed multi-peaked energy distribution
functions of electrons emitted anisotropically into
the vacuum.

Our experiments have also shown that the EEDFs
did not exhibit a shape which would have met a one-
temperature Maxwell–Jüttner distribution [16]:

f (γ) =
γ
√
γ2 − 1

θK2

(
1
θ

) exp
(
−γ
θ

)
, (1)

where θ = kBTh/mc
2 and K2 is the modified Bessel

function of the second kind. One of the reasons
of this discrepancy is the occurrence of multiple-
electron populations, as Fig. 3 shows.

580



The 100 years anniversary of the Polish Physical Society — the APPA Originators

Fig. 2. Energy distribution of hot electrons emit-
ted from the front target surface in the direction
of −39◦, −27◦, and −17◦ with respect to the laser
beam vector. Mo foil of 6 µ m in thickness was
irradiated to 3× 1016 W/cm2 laser intensity.

Fig. 3. Analysis of EEDF with the use of fitting of
the observed EEDF to the Maxwell–Jüttner func-
tion (7), exp(−Ee/T ), and to a set of 10 normal
distributions (8).

The fit of the experimentally obtained EEDF
to the single Maxwell–Jüttner distribution function
gives the electron temperature of 77 keV, but gives
no information about hot electrons for the Lorenz
factor γ ≥ 1.6. Hence, the EEDF was fitted to
the second distribution that gave the temperature
value of 201 keV. It is obvious that even the two-
temperature model does not give a satisfactory fit.
For this reason, the experimentally obtained EEDF
with a number of visible peaks should be analysed
in a different way.

In view of a balance between simplicity and ac-
curacy of the analysis and in accordance with re-
sults presented by Sherlock in [17], a few peaks
in the EEDF can be revealed by fitting a sum of
shifted-Gaussian functions

∑
fi (γ) to the observed

data, where

fi (γ) = Ci exp

(
−0.5

(
γ − γi−peak

∆γi

)2
)
gi (ϑ) ,

(2)
Ci is the normalisation constant, γi−peak is the i-
th peak centre, ∆γi is the standard deviation (en-
ergy spread) and gi(ϑ) is the angular component
of the EEDF.

Fig. 4. Axial dependence of electron density for
two times of 850 ps and 1250 ps related to the z-axis
of Fig. 5.

The interpolation of the observed EEDF as a sum
of ten normal distributions suggests that the multi-
peaked structure of the EEDF should encapsu-
late a number of processes which occurred during
the laser–plasma interaction. The sum of several
independent processes controlling the production of
hot electrons might lead to such a result that the ob-
served EEDF tends to be a normal (Gaussian) dis-
tribution [18], which is generally stated when one
is justified in expecting a Gaussian distribution.
Although the individual peaks constituting the ex-
perimentally obtained EEDF do not need to be
visibly separated, the multi-peaked structure of
the EEDF is the reason why the observed elec-
tron spectra do not only show a clear shape of
the Maxwell–Jüttner distribution but also indicate
a complex process of plasma formation.

It has been recognized that the laser–plasma in-
teraction is ruled by various self-focusing processes
and by other collective phenomena affecting the ab-
sorption of laser radiation using laser pulses of high
intensity [19, 20]. In this case, the energy distribu-
tion function might not take the form of a simple
shape of the Maxwell or Maxwell–Jüttner distribu-
tion. The multi-peak structure of the EEDF should
affect the characteristics of fast ions which can be
accelerated by different electric fields and emitted
in bursts, as reported in [21]. These bursts can be
caused by the presence of kinetic mechanisms satu-
rating the SRS growth in laser beam speckles with
high local intensity, particularly at higher laser in-
tensities [22]. The temporal evolution of SRS re-
flectivity exhibits a burst-like behaviour as the ion
emission does.

The hot electrons can be produced due to the fil-
amentation because the threshold intensity for
them is reachable during the laser–plasma inter-
action, as shown in [16]. The time evolution
of ne(r, z,∆t), which is computed from the fem-
tosecond interferograms obtained at different times
related to the laser intensity maximum, exhibits
a local peak in ne(0, z), i.e., a local plasma
bunch [12, 16]. Figure 4 shows visible peaks la-
belled as M2-2 and M2-3 in ne(0, z) at a dis-
tance of ≈ 250–550 µm from the front surface of
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Fig. 5. The upper diagram shows a time profile of
laser power reaching a maximum value of 1 TW
at time 0, obtained using a streak camera. The
plasma formation threshold in this experiment is
about 104 W. The bottom sketch shows the process
of self-focusing and defocusing of the laser beam in
the produced plasma.

Fig. 6. X-ray visualization of Mo plasma at 1 ns
after the impact of a 350 ps laser pulse. The 512-J
laser pulse is normally incident from the right on
the target foil of 6 µ m in thickness. The red arrows
indicate the main directions of plasma expansion in
the vacuum.

the Mo foil at times of 850 and 1250 ps, respec-
tively. The local bunches of electrons gradually dis-
appearing after the laser–plasma interaction can be
produced during the laser–plasma interaction when
the process of self-focusing–defocusing–self-focusing
of the laser beam in the expanding plasma occurs.
The process of self-focusing followed by defocusing
is sketched in Fig. 5.

A similar space distribution showing local max-
ima in soft X-ray radiation emitted by the plasma
expanding from the irradiated target surface into
the vacuum can be obtained using a gated pinhole
X-ray camera. Due to the fact that the X-ray pin-
hole camera used has a gate time of 3 ns, it is
not possible to identify local plasma bunches as

observed in the previous case, where the interfer-
ometry with the equivalent gate time of ≈ 50 fs
was used. Nevertheless, Fig. 6 shows an example
of X-ray image of the Mo plasma obtained at 1 ns
after the laser-target interaction. This X-ray image
clearly shows the complex radial emission profile,
which is fundamentally different from the point-like
source of radiation.

As Figs. 4 and 6 indicate, the different popu-
lations and different origins of the same species
should be taken into account. These different popu-
lations can be identified by partial peaks resolved in
the experimentally observed EEDF, as Fig. 3 shows,
or can be achieved by measuring the ionic emis-
sion temporal profiles, i.e., time of flight (TOF)
spectra indicating the bursts of ions, as has been
presented in [5]. These experimental results in-
dicate the formation of multi-electron tempera-
ture plasma. The observed anisotropic peaked
EEDFs indicate possible occurrence of bunches of
hot electrons which passed through the plasma
potential barrier.

3.2. Emission of fusion neutrons

The experimental observation of ion, as well as
deuteron bursts have shown that the centre-of-mass
energies decrease gradually with the increasing se-
quence number of the burst which is expressed in
terms of the n-th burst starting at the shortest
flight time (i.e., the highest centre-of-mass energy)
of a burst, as it was described in [21]. Since the av-
erage N-TOF signal of fusion neutrons observed on-
axis (i.e., in the laser vector direction) have FWHM
ranging from about 1.3 to about 2.7 MeV and max-
ima at a time corresponding to the neutron en-
ergy of ≈ 2.45 MeV, then the anticipated shift of
the n-th peak of N-TOF due to the Doppler ef-
fect reflecting the velocities of the reactants is in-
significant [5]. The observed N-TOF spectra al-
low to determine the equivalent temperature of fus-
ing deuterons by using the formula ∆EN−DD =

82.5
√
T [23, 24], where ∆EN−DD is the energy

spread of DD-neutrons determined from ∆τFWHM

of the N-TOF spectrum and T is the temperature of
fusing ions. The value of T estimated from the av-
erage broad N-TOF spectra was ≈ 100 keV. This
value can be overestimated because the neutrons
can also be generated by a burst emission mecha-
nism which was observed in the ion emission [5].
In this case, the temperature should decrease to a
few tens of keV because that the corresponding val-
ues ∆EN−j−burst of partial bursts are lower than
the “total” ∆EN−DD. As the emission of partial
bursts of ions has a cascading form with a delay be-
tween the bursts of ≈ 4 ps to ≈ 14 ps, a similar form
of the accompanying emission of fused neutrons can
be expected. Nevertheless, the full-time evolution
of the neutron bursts cascade including the par-
tial fusion burn times can be hardly uncovered
from the mean N-TOF signal due to the averag-
ing of shot-to-shot fluctuations, which are inherent
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to the burst emission mechanisms. Similar average
N-TOF signal and, thus, energy spectra of neutrons
were reported by Norreys et al. [25], namely for
the average intensity on target of 8× 1018 W/cm2.
This intensity allows generating neutrons having en-
ergy distribution with FWHM of 680 keV.

The average N-TOF signal observed in the on-
axis direction has FWHM ranging from ≈ 1.3 MeV
to ≈ 2.7 MeV. If the beam of deuterons hits nucle-
ons in the stationary target along the target surface
normal, then the energy of neutrons outgoing from
the 2H(d,n)3He reaction depends on the energy of
the collided deuterons. The neutrons emitted in
the forward direction with energy of 3.1 MeV were
generated by deuterons collided with ≈ 250 keV en-
ergy, as can be estimated from the numerical mod-
elling presented in [26]. These 250 keV deuterons
also cause the emission of neutrons in the back-
ward and radial directions with energies of ≈ 2 MeV
and ≈ 2.5 MeV, respectively. Regarding the ra-
dial spectrum, if the fusion neutrons are generated
only by deuterons hitting the target along its sur-
face normal (forward direction) with the 250 keV en-
ergy, then the neutrons emitted in the radial direc-
tion should have a very narrow spectrum of about
2.51 ± 0.01 MeV, as estimated from [26]. How-
ever, the neutrons we observed in the radial di-
rection have very broad spectrum, which is cen-
tred on the fusion energy fraction of 2.45 MeV car-
ried by DD-neutrons, as similar spectra obtained on
various other laser and plasma-focus devices show.
Such broad spectra can be explained only by con-
sidering the deuterons impacting at various angles
with respect to the laser-beam or plasma-focus axis,
because they should interact with each other via
“transverse” collisions of reacting nuclei that have
radial velocity components.

It is also evident from the observed slow de-
crease in the on-axis N-TOF spectrum towards
longer flight times that a significant number of for-
ward neutrons arriving at 140 ns (i.e., at a FWHM
level) and having the energy only of 1.3 MeV orig-
inated from another nuclear reaction, as D-12C
and 12C-D producing neutrons with lower energies
up to 2.4 MeV [5]. A smaller portion of these
slower neutrons was slowed down by collisions with
a “moderating’ medium”. However, the single-shot
N-TOF signals [4, 5] converted into the energy
spectra are very similar to the energy spectra pro-
duced from a CD2 target exposed to the intensity
of 3× 1018 W/cm2 as shown in [27].

It is remarkable that in these experiments we ob-
served neutrons that were generated by the impact
of deuterons on a borosilicate blast plate shielding
the focusing optics. The observed fastest neutrons
produced through the 11B(d,n)12C reaction with
the Q-value of 13.73 MeV had energy > 13 MeV [4].

Apart from the instabilities influencing the en-
ergy transfer from the laser beam to fusing ions
via generated hot electrons, the sharp focusing
of the laser radiation on the target is one of

Fig. 7. Laser energy dependence of yield of fu-
sion neutrons emitted from targets containing
deuterium irradiated by femto- to 350 ns laser
pulses. Data from: P98 [28], Ma04 [29], Iz02 [30],
Di99 [3], Be06 [31], N05 [25], N98 [7], PALS [4, 5],
ISKRA-5 [32].

the decisive factors affecting the neutron yield [5].
The maximum value of the neutron yield per laser
energy, Y/EL, was observed in the PALS facil-
ity to be Y/EL = 3.5 × 105 n/J, i.e., 2 × 108

neutrons for the average EL = 550 J. This value
falls between the higher efficiency values observed
at the laser solid interactions driven by high laser
intensities [4, 5].

Regardless of the number of nonlinear pro-
cesses occurring during laser plasma interaction,
such as self-focusing which can grow in plasma
through thermal, relativistic and ponderomotive
effects [16, 19], as well as parametric instabili-
ties [22, 33, 34], the main parameter quantifying
the laser system quality remains the neutron pro-
duction efficiency Y/EL. Figure 7 shows the laser
energy dependence of the neutron yield, where only
selected experiments giving the lowest and highest
neutron yield are presented. The lowest laser en-
ergy efficiencies into neutron production are found
to scale as YBL = 2000E1.65 [5]. The line repre-
senting the highest yield per laser energy (N98)
is Y2 ∼= 6× 106E1.65. This diagram does not show
other already published neutron gains, as other di-
agrams presented in [4, 5]. Here, we would like
to draw attention to the influence of the laser
beam contrast on the yield of fusion neutrons,
namely the experiments carried out in the Vulcan
laser facility [7, 25].

The most exceptional number of neutrons per
steradian of 7 × 107 n/sr was reached at an in-
tensity on target of 8× 1018 W/cm2 [7], see la-
bel N98 in Fig. 7. When the target was ex-
posed to 400 J instead of 20 J, as in the Vulcan
experiment N98 [7], and the focused inten-
sity increased to 4× 1020 W/cm2, the neutron
yields were going down to the values of around
2–40 × 106 neutrons per laser shot [25], see label
N05. In this experiment, the laser pulse intensity
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contrast ratio was ≈ 5× 10−8. It is therefore ev-
ident that a pre-pulse irradiating the target with
the intensity of 1013 W/cm2, which was higher than
the plasma formation threshold, produced a pre-
plasma with which the main 1 ps laser pulse inter-
acted. Although it is difficult to estimate the in-
fluence of an uncontrollable pre-plasma on the ion
acceleration and, thus, neutron yield, it can be as-
sumed that both temperature and number of hot
electrons are decreasing with the increasing level
of pre-plasma [35]. The comparison of the N05
and PALS values of Y/EL, which are ≈ 1× 105

and ≈ 4× 105, respectively, does not indicate any
significant difference, although the Vulcan laser
intensity was by a factor of ten thousand higher
than the PALS intensity. Regardless of the differ-
ences in the interaction of ps- and ns-lasers with
matter [25], one can deduce that it is just the in-
teraction of the main laser pulse with the uncon-
trollable pre-plasma which can decrease the effi-
ciency of ps- and sub-ps laser systems in generation
of fusion neutrons. The lines Y2 and YBL shown
in Fig. 7 also indicate that the non-thermal prop-
erties of the ultra-high picosecond acceleration of
plasma blocks by nonlinear-force acceleration could
result in ten-thousand times higher fusion neutron
production than when the laser volume interacts
with the plasma produced [8]. Of course, there are
other laser parameters and a number of processes
forming the plasma that affect the neutron produc-
tion efficiency Y/EL.

The value of Y/EL was increased by a factor
of about 7.5 on the PALS experiment when
a pitcher-catcher target configuration was ap-
plied [4]. In this experiment, the laser beam
struck the (CD2)n target at the angle of 30◦

and the plasma beam expanded from the front
side of the target along the target surface normal
into the vacuum to bombard catcher targets of
50–60 cm2 area.

The implemented beam-target fusion configu-
ration increased the resulted neutron yield to
the value of 2 × 109, as marked in Fig. 7 with
the label “PALS plasma beam”. This result reveals
that most of the deuterons, i.e., about 80%, having
enough kinetic energy to enter the 2H(d,n)3He fu-
sion reaction, are emitted from the primary target
into the vacuum. This value of neutron yield allows
us to calculate that the secondary target was bom-
barded by 2 × 1014 deuterons in the 0.5–2.0 MeV
energy range. Assuming the mean energy of fus-
ing deuterons of ≈ 1 MeV, the energy carried by
these deuterons implies 5% conversion efficiency of
the laser energy to fusing deuterons [4].

Although the beam-target fusion scheme on
the PALS experiment reached Y/EL = 3× 106 n/J,
this value is still less than the Vulcan yield
Y/EL = 4× 107 n/J [7], that was achieved under
conditions of sufficiently high contrast avoiding
nearly the interaction of the pulse with the pre-
plasma. We have to note that the value of the laser

pulse intensity contrast ratio in not given in this
work [7]. However, we can assume that the con-
trast of this 20-J Vulcan laser system [7] was bet-
ter than the above mentioned 5 × 10−8 contrast of
the 400-J Vulcan laser [26].

4. Conclusions

The use of various experimental techniques al-
lowed us to observe and characterize the emis-
sion of relativistic electrons, MeV protons and
deuterons from various targets exposed to inten-
sity of ≈ 3 × 1016 W/cm2 delivered by the iodine
laser PALS in pulses with the duration of 350 ps.
The observed values of ion energy and tempera-
ture of hot electrons do not correlate with any
of the temporally known corresponding models of
plasma produced at this intensity, which do not
account for possible nonlinear effects as the self-
focusing of the laser beam causing the increase in
the laser intensity. Nonlinear interaction of the laser
beam with the plasma can lead to the appear-
ance of plasma bunches that have been identified in
the thermal plasma generated on the target surface
by time-resolved femtosecond interferometry. In ad-
dition to these bunches of thermal plasma, a num-
ber of populations of hot electrons which passed
through the plasma barrier were observed using
electron spectrometers. The analysis of interfero-
grams has also shown that the threshold intensity
for both the thermal and relativistic filamentation is
reachable during the laser–plasma interaction [16].

The PALS laser makes it possible to acceler-
ate a large number of fast deuterons which can
generate neutrons through the 2H(d,n)3He fusion
reaction. The beam-target fusion experiment re-
vealed that a number of 1014 of > 500 keV
deuterons escaped from the laser-produced plasma
and carried out about 5% of laser energy deposited
on the target.

The comparison of neutron yields obtained in
PALS experiments with those achieved in other
laser facilities shows that the greatest possible re-
duction in neutron yield is due to the very insuf-
ficient contrast ratio, so that the relativistic self-
focusing cannot be prevented when ps and sub-ps
laser pulses interact with the target [8].
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