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Abstract. An efficient emission of picosecond bunches of
energetic protons and carbon ions from a thin layer spalled
from a organic solid by a laser prepulse is demonstrated
numerically. We combine the molecular dynamics technique
and multi-component collisional particle-in-cell method with
plasma ionization to simulate the laser spallation and ejec-
tion of a thin (~ 20-30 nm) solid layer from an organic target
and its further interaction with an intense femtosecond laser
pulse. In spite of its small thickness, a layer produced by laser
spallation efficiently absorbs ultrashort laser pulses with the
generation of hot electrons that convert their energy to ion en-
ergy. The efficiency of the conversion of the laser energy to
ions can be as high as 20%, and 10% to MeV ions. A transient
electrostatic field created between the layer and surface of the
target is up to 10 GV /cm.

PACS: 79.20.Ds; 61.80.Az; 52.40; 02.70.Ns

Thin foil targets irradiated by short intense laser pulses can be
efficient sources of energetic ions with a low emittance [1, 2].
Such sources may be adopted for ion accelerators or used di-
rectly in various applications ranging from materials physics
and chemistry to nuclear physics. In particular, experimental
studies of the excitation of low-lying (1-20 keV) isomeric nu-
clei levels [3,4] and stimulation of resonance reactions with
a few MeV threshold in a short-lived nucleus [5] can be re-
alized with the laser plasma ion source. The high-current
picosecond beam of MeV ions produced by a short laser pulse
near a target surface may be a good tool for the investigation
of physical and chemical processes in a transient medium,
such as short-living isotopes or rapidly modified solids.
Although energetic ions appear from a thin foil in both
directions, the use of the forward, as shown in Fig. 1, ion
acceleration is more practical allowing us to sustain a high
current on a target. Two mechanisms of the forward ion accel-
eration by a short laser pulse have been discussed [1, 2, 6—14].
The first mechanism is the ion acceleration from the front side
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Fig. 1a,b. Schematic sketch of the simulation setup

of an irradiated foil that is dominated by the charge separa-
tion due to the ponderomotive force [6, 13]. The second one is
the hot-electron-driven ion acceleration [1,2, 11, 14] from the
rear side of the foil. While the first mechanism is inefficient in
overdense plasmas because the potential difference produced
by the ponderomotive force rapidly decreases with the plasma
density [11], the second one needs a plasma boundary at the
rear side of a target with a thickness comparable to the excur-
sion length of hot electrons. Moreover, the ion source must
be near the target surface to shorten the duration of the high-
current ion beam. In particular, if the distance between the
source and the target is 1 m, the duration of the beam of ions
with energy over 100 keV can be shorter than 1 ps.

The ability to produce a layer of material or large clus-
ters in the vicinity of a target is, therefore, a critical step
in creation of an efficient source of energetic ions directed
toward the target surface. One can expect that much more
energetic ions can be produced from such a layer as com-
pared to an intact target with plasma corona [13]. The crucial
point is the layer thickness. The layer should be not trans-
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parent and not thick to let hot electrons to pass through. In
this work, we suggest the use of laser spallation of the tar-
get by a low intensity laser prepulse as a method for the
generation of a well-defined layer of solid or liquid material
above the target surface. The ejection of liquid and/or solid
particulates of different sizes has been observed in laser abla-
tion both experimentally [15—-19] and in molecular dynamics
simulations [20,21] for a variety of target materials. It has
been also discussed in a number of works [21-23] that the
ejection of a large and relatively intact layer of material can
be achieved under conditions of stress confinement [21-24],
when photomechanical effects driven by the relaxation of
the laser induced stresses contribute to the material ejec-
tion. In particular, observations from scattering experiments
for laser ablation of polymer targets by Hare et al. [22]
suggest that photomechanical effects can lead to the ejec-
tion of a relatively intact layer of material that maintains
its integrity at least on the timescale of tens of nanosec-
onds. Such a layer moving several micrometers apart from
the target and being irradiated further by a femtosecond laser
pulse could serve as an efficient contact source of energetic
ions.

The experimental setup proposed and explored computa-
tionally in this work involves two distinct stages with funda-
mentally different physics governing the laser-induced pro-
cesses. First, a prepulse with intensity that is above the thresh-
old for the collective material ejection (ablation) but sig-
nificantly lower than the intensities needed for ionization is
used to cause the ejection of large clusters or spallation of
a thin layer of target material. At this stage the processes
induced by laser irradiation have thermal and/or photome-
chanical character and ionization can be neglected (fraction
of ions in the plume has been estimated to be ~ 10~*in this
irradiation regime [25]). Second, the layer or the large clus-
ters are irradiated with an intense femtosecond laser pulse
producing hot electrons that dominate the emission of en-
ergetic ions. Clearly, the processes of thermal ablation or
photomechanical spallation and short-pulse-laser—plasma in-
teraction cannot be described within a single computational
approach. A hybrid computational technique that combines
the classical molecular dynamics (MD) method for simu-
lation of the ablation/spallation by the laser prepulse and
the multi-component collisional particle-in-cell (PIC) method
with plasma ionization to model the ion emission from the
layer irradiated by the second pulse is illustrated by Fig. 1.
Below we discuss the spallation regime only, although the
cluster ejection in the regime of thermal ablation [20, 23] may
give an advance in the laser absorption rate and hot electron
production as well [26].

1 Computational method
1.1 MD model for laser ablation

The simulation of laser ablation of an organic target is per-
formed using the breathing sphere model that has been de-
scribed in detail in [27]. Briefly, the model assumes that each
molecule (or an appropriate group of atoms) can be rep-
resented by a single particle that has the true translational
degrees of freedom but an approximate internal degree of

freedom. This internal (breathing) mode allows one to repro-
duce a realistic rate of the conversion of internal energy of
the molecules excited by the laser to the translational motion
of the other molecules. Since the molecules rather than the
atoms are the particles of interest in the model, the system
size can be large enough to model the collective dynamics
leading to laser ablation and damage. Moreover, since we are
not following high-frequency atomic vibrations, we can use
a much longer timestep in the numerical integration and keep
track of the processes in the simulated system for a longer
time.

The system chosen for modeling of laser ablation is a mo-
lecular solid. The parameters of the intermolecular potential
are chosen to represent the van der Waals interaction in a mo-
lecular solid with the cohesive energy of 0.6 eV, elastic bulk
modulus of ~ 5 GPa, and density of 1.2g/cm>. A mass of
100 Daltons is attributed to each molecule. A computational
cell of dimensions 40 x 10 x 90nm (253 808 molecules) is
used and periodic boundary conditions in the directions par-
allel to the surface are imposed, Fig. la. These conditions
simulate the situation in which the laser spot diameter is large
compared to the penetration depth so that the effects of the
edges of the laser beam are neglected. At the bottom of the
MD computational cell we apply the dynamic boundary con-
dition developed to avoid artifacts due to reflection of the
laser-induced pressure wave from the boundary of the com-
putational cell, Fig. 1a. The boundary condition accounts for
the laser-induced pressure-wave propagation as well as the
direct laser energy deposition in the boundary region and is
described in [28].

The laser irradiation is simulated by vibrational excita-
tion of molecules that are randomly chosen during the laser
pulse duration. The probability of a molecule to be excited is
modulated by Lambert—Beer’s law to reproduce the exponen-
tial attenuation of the laser light with depth, Fig. 1a, with an
absorption depth of 50 nm. The vibrational excitation is mod-
eled by depositing a quantum of energy equal to the photon
energy into the kinetic energy of internal motion of a given
molecule. Irradiation at a wavelength of 337 nm (3.68 eV) is
simulated in this study. The total number of photons entering
the model during the laser pulse is determined by the laser
fluence. The value of the laser pulse duration, 15 ps, is cho-
sen in order to make sure that the simulations are performed
in the regime of stress confinement for which spallation and
ejection of a layer of material can be expected [21-23].

1.2 Particle-in-cell method with plasma ionization

We apply a collisional particle-in-cell (PIC) method with
plasma ionization to simulate the interaction of a thin layer
produced as a result of the laser-induced spallation with an
intense femtosecond laser pulse. The method is based on the
collisional electromagnetic PIC and is appropriate for the an-
alysis of the dynamics of a solid density plasma created by
a femtosecond p-polarized, obliquely incident laser pulse.
The method employs the Langevin equation to account for
elastic collisions and non-local-thermodynamic-equilibrium
average ion model for plasma ionization including the ion-
ization due to the laser as well as plasma field. The method
conforms to a direct solution of the Fokker—Planck equa-
tion [29]. The details of the method can be found in [30]. To



solve the Maxwell equations for a p-polarized obliquely in-
cident laser pulse, we use the two-waves approximation [30].
We include ionization processes in the PIC simulation by al-
lowing the change of computational particle (CP) charges.
A change in the charge of CPs representing plasma electrons
is calculated by the standard electron balance equation in a
“kinetics” cell, which includes many PICs, usually ~ 20. To
calculate ionization process at high laser intensities, we con-
sider both impact and optical field ionization (OFI). The OFI
is included as a process of successive ionization whose proba-
bility depends on the electric field strength, E, and ionization
potential of the average ion in a “kinetics” cell according
to [11]. The average charge of every CP representing ions is
used in the equation of motion. Because an organic hydro-
carbon target is composed of two different mass components,
hydrogen and carbon, we develop a two-component model to
simulate distinct acceleration of hydrogen and carbon ions.
In this model hydrogen is fully ionized, whereas for carbon
we calculate ionization in the framework of the average ion
approximation.

The 1-2/2D relativistic electromagnetic, two-component
PIC code with the square current and charge weighting is
used to calculate the interaction of an intense obliquely in-
cident p-polarized pulse laser with an organic hydrocarbon
solid target. Collisions are computed as an effective force
after calculation of the velocity and position of CP. The cal-
culation with movable ions is carried out for a solid with
the initial density of 1 g/cm?®. The numbers of protons and
carbon ions are chosen to be equal, as in benzene. The ini-
tial charge of carbon ions z = 1. Simulations are performed
at wavelengths of 800 nm and 400 nm for two laser inten-
sities, 107 W/cm? and 10'® W/cm?. The laser intensity is
kept constant during the pulse duration of 100 fs. The inci-
dent angle of a p-polarized pulse is 45°. The time step is
set to 0.03/a)01, where a)ol is the initial plasma frequency.
The number of CPs is 5 x 10% per I um of the plasma. The
thickness of the thin layer is set to be 25 nm as suggested
by the results of MD simulations. The spalled layer is ir-
radiated by the femtosecond laser pulse at the time when
it reaches the distance of 1 um above the surface of the
target.

2 Results and discussion

At the first stage of the present computational study we
perform a series of large-scale MD simulations of laser ir-
radiation of an organic sample. The conditions and micro-
scopic mechanisms of laser-induced spallation and the flu-
ence dependence of the parameters of the ejected layer are
investigated.

We find that at low laser fluences the material ejection is
limited to thermal desorption of individual molecules from
the irradiated surface. For fluences higher than ~ 25 J/m? we
start to observe generation of small voids or microcracks at
a certain depth under the surface. At laser fluences below
a threshold fluence of 29 J/m? the initial void nucleation and
growth do not lead to the material ejection and are followed
by the collapse of the voids. Just below the threshold flu-
ence we observe the formation of bigger voids that do not
disappear with time leading to a permanent damage to the
irradiated sample. As the laser fluence exceeds the thresh-
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Fig. 2a—d. Density profiles near the surface of irradiated sample for simula-
tion with 15-ps laser pulse and fluence of 31 J/m?. Corresponding snapshots
from the simulation are shown in the background of the density plots

old fluence, the void nucleation and growth lead to the spal-
lation and ejection of a large and relatively intact layer of
material.

The dynamics of the layer spallation is illustrated by
Fig. 2, where snapshots from a simulation performed at laser
fluence of 31 J/m? are shown. In this simulation we observe
that shortly after the end of the laser pulse a few voids are
nucleated at a certain depth under the irradiated surface. The
snapshots taken at 100 ps, 200 ps, and 500 ps show a fast
growth of one of the voids that eventually leads to the sepa-
ration of a large surface layer from the bulk of the sample, as
shown by the snapshot at 1000 ps. The number of molecules
in the ejected layer corresponds to the 16-nm layer of the ori-
ginal sample. By the time of 1 ns the layer is located at 50 nm
above the original surface of the target and is moving from
the target with a velocity of 16 m/s. The density of the gas-
phase molecules between the layer and the remaining target
is ~ 1.5 x 10" molecules/cm? which is less than the dens-
ity of an ideal gas under normal conditions. The velocity of
the layer, therefore, will not be affected by the expansion of
the gas phase and will remain constant at later times. The
average temperature of the layer is 726 K, a value below the
melting temperature of the model material, 750 K. An appar-
ent viscous, liquid-like behavior observed in Fig. 2 can be
explained by the tensile stresses in the region of void forma-
tion that can locally reduce the melting temperature of the
material [31].
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Fig. 3. The spatial distribution of pressure in the MD computational cell at

different times following irradiation by 15-ps laser pulse at laser fluence of

31J/m?. Snapshots from the simulation are shown in Fig. 2. Non-reflecting

boundary condition is applied at the depth of —90 nm as shown in Fig. 1

It is evident from the low temperature of the ejected layer
and from the visual analysis of the snapshots given in Fig. 2
that the physical processes leading to the material ejection
have a mechanical rather than thermal character. We find that
the condition of stress confinement, realized in the present
simulations, results in the buildup of a high pressure within
the absorbing region during the laser pulse. The pressure
buildup can be seen in Fig. 3, where the spatial distribution
of the local hydrostatic pressure in the irradiated sample is
shown for different times. A maximum compressive pres-
sure as high as 470 MPa is reached in the absorption region
shortly after the end of the laser pulse. Interaction of the
laser-induced pressure with the free surface leads to the devel-
opment of the tensile component of the pressure wave prop-
agating from the absorption region deeper into the sample.
In the case of elastic material response the tensile component
would increase with depth and would reach a maximum value
equal to the compressive component at approximately one
penetration depth beneath the surface [24, 32]. In the simula-
tions performed at laser fluences above the threshold fluence,
however, the tensile pressure exceeds the dynamic tensile
strength of the material [33] and causes mechanical fracture
or spallation. The amplitude of the tensile component of the
pressure wave is defined in this case by the dynamic tensile
strength of the material and can be significantly lower than
the one of the compressive component. In particular, for the
simulation performed at laser fluence of 31 J/ m2, a maximum
tensile pressure of —150 MPa has been detected, Fig. 3. The
microscopic mechanism of spallation observed in the simu-
lations and consisting of nucleation, growth and coalescence
of voids is in a qualitative agreement with a recent theoret-
ical model proposed in [33] for the spallation at high strain
rates.

The depth of the void nucleation and spallation, marked
in Fig. 3, is significantly closer to the surface than the depth
at which the maximum tensile stresses are reached, ~ 50 nm
or approximately one penetration depth beneath the surface.
This observation can be explained by the strong tempera-
ture dependence of the ability of material to support ten-
sile stresses. The tensile strength of the material heated by
laser irradiation decreases significantly as the temperature ap-
proaches the melting temperature. The depth of the photome-
chanical damage, marked in Fig. 3, is determined therefore
by the balance between the tensile pressure that is increas-

ing with depth and reaches —90 MPa in the spallation region
and the decreasing thermal softening due to the laser heat-
ing. Although a significantly higher tensile pressure, up to
—150 MPa, is reached deeper in the sample, Fig. 3, it does
not cause mechanical fracture of the colder and stronger
material.

In simulations performed with higher laser fluences the
void nucleation is observed not only at the depth defined by
the balance between the increasing tensile stresses and the
thermal softening, but over a larger volume in the surface re-
gion. This can be illustrated by snapshots from the simulation
at laser fluence of 34J/m? shown in Fig. 4. In this simula-
tion short pulse laser irradiation leads to the void nucleation
within a wide surface region, Fig. 4a. At later times the deeper
voids continue to grow, coalesce, and, at 700 ps, a large sur-
face layer is separated from the sample, Fig. 4d. The number
of molecules in the ejected layer corresponds to the 23-nm
layer of the original sample, the average velocity of the layer
is 71 m/s, the density of the gas phase molecules between the
layer and the remaining target is ~ 2 x 10'” molecules/cm?,
and the average temperature of the layer is 757 K, close to the
melting temperature of the model material. Note that the me-
chanical stability of the surface region subjected to the void
nucleation is strongly affected by the laser heating and the
analytical prediction on the formation of multiple spallation
planes [32] in the absorption region cannot be directly applied
for the quantitative description of the simulation results.
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For simulations performed in the stress-confinement ir-
radiation regime the spallation of a surface layer of the sam-
ple is found to be the dominant process of laser ablation in
a relatively wide range of fluences, from ~ 29J/m? up to
~35J/m?. At higher laser fluences the ejected material de-
composes into liquid droplets and individual molecules with
the fraction and the average size of the droplets decreas-
ing with fluence [21,23]. In the simulations performed with
longer times, 150 ps, when the stress confinement condition is
not satisfied, the photomechanical effects do not play any sig-
nificant role in the material ejection and no layer spallation is
observed at any fluence [20].

The MD simulations described above and illustrated by
Figs. 2 and 4 have been performed for I ns starting from
the beginning of the laser pulses. By the end time of the
simulations the ejected layers are moving with constant vel-
ocities and their relatively low temperatures suggest that
the layers will maintain their integrity and temperature at
least on the timescale of tens of ns. This makes it straight-
forward to extrapolate the density plots shown in Figs. 2
and 4 to the times when the layers reach the position of
1 um above the remaining target. The extrapolation gives
the times of 62ns and 13 ns for the simulations shown
in Figs. 2 and 3, respectively. By that time we can esti-
mate the temperature of the surface of the remaining target
to be 550K and 580K, the thickness of the layers to be
20.5nm and 27.7 nm, and the density of both layers to be
1 g/cm?. The extrapolated density profiles and the parameters
of the layers are used as input data for the PIC simula-
tions of further interaction with an intense femtosecond laser
pulse.

In the second part of the present computational study we
simulate interaction of a short second-harmonic laser pulse
with the thin spalled layer. We choose the second-harmonic
light to avoid the effect of the amplified spontaneous emis-
sion (prepulse), the duration of which can exceed 1-2 ns [34].
Though having a low contrast ratio 1:10%77, such a pre-
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pulse might destroy the layer before the main short laser pulse
comes. In the case of the second harmonics, the contrast ratio
can be reduced to 1: 10°~1? with a negligible effect on the
layer dynamics.

The temporal evolution of the absorption rate of a laser
pulse at & =400 nm is shown in Fig. 5. The rate is consider-
ably high, about 30% for both laser intensities. Because the
layer thickness is initially comparable to the skin depth, the
transmittance of the layer is high, as seen in Fig. 6. A large
amount, about 10%, of the laser energy passes through the
layer. The transmitted light is absorbed at the surface of the
target and at the rear side of the layer. As the layer of mate-
rial getting fully ionized, the density of the plasma increases
by a factor of three and the skin depth, d ~ 7/wy, decreases.
This leads to a higher absorption rate and a weaker plasma
transmittance. At lower laser intensity, the absorption process
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Fig. 6a,b. Spatial distribution of the laser field in the layer—solid system
after 20fs, a / = 107 W/cm? and b I = 10'8 W/cm?. Here, and in the fol-
lowing figures, the surface of the solid is marked by the dashed line, the
spalled layer is originally located at 1 jum above the surface
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could be attributed to the resonance absorption [35], whereas
at the laser intensity of 10'® W/cm?, the resonance absorp-
tion hardly occurs. We believe that the high absorption rate
is sustained by the ion acceleration. An electrostatic field at
three cliff boundaries in this system dominates the conver-
sion efficiency to ions. Hot electrons produced by the laser
pulse create strong electrostatic field at the plasma bound-
aries. This field is dominant in the ion acceleration. In the
absence of the spalled layer, the absorption rate for a bulk
target irradiated by a 100-fs laser pulse with the intensity
of 10'® W/cm? would be about 2%—6% [36]. With the layer,
the conversion efficiency — the ratio of the ion energy to
the laser energy — weakly depends on the laser intensity
and exceeds 20% shortly after the end of the laser pulse,
Fig. 5.

The plasma electrostatic field averaged over the pulse du-
ration is shown in Fig. 7. The maximum strength of the field is
reached at the layer boundaries. Because the layer thickness is
much smaller than the hot electron excursion length, the elec-
tric field is high at the front surface of the layer and at the rear
surface. The electric field can exceed 10 GV /cm, which leads
to the appearance of energetic ions.

The spatial distribution of ion velocities is shown in
Fig. 8 for carbon ions and protons for different laser inten-
sities. The maximum energy of forwardly accelerated car-
bon ions reaches 5MeV at laser intensity of 10'® W/cm?,
whereas the maximum proton energy is only 0.8 MeV. The
maximum ion energy is determined by the potential differ-
ence, A®, which is restrained by the gap between the layer
and the surface of the solid, as the electrostatic field inside
the solid is zero. Because of rapid ionization, the carbon
ions are nearly fully ionized with charges z ~ 5—6 during the
first 30 fs of the laser pulse. Carbon ions acquire higher en-
ergy, ezA®, for two reasons: first, they have higher charges,
and second, having lower velocities than protons, they ex-
perience higher potential difference created by the end of
the pulse, when light protons are already gone. The spa-
tial velocity distribution is symmetric in contrast to results
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Fig.7. Spatial distribution of the temporary averaged electric field, (1) I =
10" W/cm? and (2) I = 10'® W/cm?

004 l‘ l T l T
2 H../
3 002} e -
[oR /s
Ee L ’:‘"C J
< )
D e
= 0.00 — -
.‘2, f
S i ; i
3 C.
2 v
- -0.02 - -~ -
o “H
i | ) | )
0.04 o ] >
a Distance [um]
006 T l T l T
3 0.04 —
(0]
Q. E
N
5, 002 -
=, ]
2
8 0.00 { -
S Lo 1
- .
S 002 ; =
s ) | )
0.04 0 1 2
b Distance [um]
006 ‘l l T l T
T 004 et Ho -
[0} ' K
2 t 1 -
n | /: C ‘H
£ 002 | ‘ o -
.-57 ‘ '//.':
= X = C
> Y Lo 2
‘S 0.00 —” .
3 N
= |
C L ' -t -
§ 002 s :/'
N e i
_004 1 l 1 l 1
0 1 2
c Distance [um]

Fig. 8a—c. Spatial distribution of the velocities of carbon ions (grey crosses)
and protons (black points) just after the end of the laser pulse. Data is given
for a A =400nm, I =107 W/cm?, b A =400nm, / = 10'® W/cm?, and
¢ A =800 nm and intensities (1) I = 10'® W/cm? and (2) I = 107 W/cm?



of [1,2,9], and maximum energies of backwardly acceler-
ated ions are close to those of forwardly accelerated ones.
This is also the effect of restriction of the potential differ-
ence by the finite gap. The maximum energy of hot electrons
producing the potential difference is limited by the gap. En-
ergetic electrons penetrate into the solid so that there are no
hot electrons with energy ¢ > A®. The transmitted portion
of the laser light creates plasma on the surface of the tar-
get. As a result, a certain number of ions are accelerated
backward, as seen in Fig. 8 at distances close to the sur-
face. In spite of the higher effective strength of the laser
field, E = eE/mwc, the velocity distributions obtained for
a laser pulse with wavelength A = 800nm are similar to
the ones observed in simulations with the second harmonics
due to the finite potential difference at the gap. This means
that the energy loss due to the use of the second harmon-
ics is determined by the conversion efficiency from w to
2w only.

3 Conclusion

The results of the present computational study demonstrate
the feasibility of the proposed method for an efficient gen-
eration of energetic ions near a target sample. We show that
a direct irradiation of a bulk organic sample by a laser pre-
pulse performed in the regime of stress confinement can
lead to the ejection of a layer of relatively intact material
with thickness determined by the laser penetration depth and
fluence. The further irradiation of the spalled layer by an
obliquely incident p-polarized, second-harmonic laser pulse
leads to an efficient emission of carbon ions with energies
over 1 MeV and protons with energy up to 1 MeV even at
a modest intensity of 10'7 W/cm?. The distance between the
spalled layer and the target is controlled by the delay be-
tween the first and the second pulses and can be optimized
for the maximum intensity of the ion beam. A transient elec-
trostatic field generated between the layer and the surface of
the target can be up to 10 GV /cm and the efficiency of the
conversion of the laser energy to the energy of the ions can
be as high as 20% for all ions and 10% for ions with energy
above 1 MeV.
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