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IDEAL MATERIAL STRENGTH, NANOSPALLATION, AND MOLECULAR DYNAMICS
SIMULATION BY ADEQUATE EAM INTERATOMIC POTENTIAL

Zhakhovskii V.V.', Inogamov N.A.*2, Ashitkov S.I.', Petrov Yu.V.?, Komarov P.S.,
Nishihara K.3

YJIHT RAS, Moscow, Russia, 2ITP RAS, Chernogolovka, Russia, ILE, Osaka, Japan
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An irradiation of the condensed matter target by the
ultrashort laser pulse (UsLP) of duration 7, shorter
than the acoustic time t; = dp /¢, and shorter than the
electron-ion temperature equilibration time t., (usu-
ally toq < ts) creates the layer with thickness dr
near the target surface with increased temperature
and pressure. Subsequent D’Alembert acoustic release
of this pressure profile into two acoustic waves pene-
trating to the left and to the right generates the flow
expanding into vacuum and compression wave mov-
ing into the bulk from the layer dr at the irradiated
frontal surface. The compression wave appears due to
the recoil momentum. The spallation plate runs away
from the frontal side if absorbed fluence F' is above the
threshold for thermomechanical ablation F, [1-3].

In case of the film the compression wave moves in
the direction from the frontal to the rear side surface
of the film. If an amplitude of the wave is high enough
(this means that F' > Fy) then its arrival results in the
rear side spallation [4, 5]. To differ the frontal and the
rear side cases we will call -ablation- the phenomenon
of the run away of the plate in the first case. Therefore
there are two thresholds: F, and F, and Fs > Fj,.

The work is devoted to experiments and to hydrody-
namical and molecular dynamical simulations of such
flows. The UsLP is a generator of the compression
wave. We use the titanium-sapphire 7;, = 40 fs and
chromium-forsterite 7, = 100 fs lasers. The thick-
ness dr is very small ~ 10 — 100 nm. The smallest
thickness corresponds to Si. The thickness dp defines
the thickness of the pressure profile, thickness of the
compression wave, and near the thresholds it defines
thicknesses of the ablation and spallation plates be-
cause (a) the films are thin (the width of the wave is
proportional to the way passed by the wave) and (b)
the dispersion of the compression wave due to depen-
dence ¢;(p) is small since the compressions Ap/p are
weak at our fluences. This means that the UsLP causes
nanospallation. The goal of the paper is to achieve ex-
tremely high values of the strain rate V/V (the last
is inversely proportional to dr) and to come as close
as possible to the ideal, limiting, or theoretical tensile
strength ¢,,,4.. The last value is an important material
characteristics [6].

The thermomechanical ablation or the rear side spal-
lation begin with nucleation of voids in the stretched
melt at the frontal side (ablation) or with generation
and amplification of dislocations and after that with
appearance of the cracks inside the solid at the rear
side (spallation). To describe formation of these voids
and cracks we need to take into account the kinetics
of associated phase and structural transitions. The
most suitable method to calculate these phenomena is
the molecular dynamics (MD) simulation because it
doesn’t contain any phenomenological assumption of

phase transition kinetics. The realistic MD simulation
requires the adequate description of the interaction be-
tween particles forming the target material. For metals
we must take into account many-body interatomic in-
teraction due to the conduction electrons. In this work
the new many-body embedded-atom method (EAM)
potentials for aluminum and gold are proposed. They
adequately describe large uniaxial deformations of ma-
terials under the action of laser irradiation contrary to
other EAM potentials giving a good description of only
near-equilibrium states.

The total energy of particles interacting via the
EAM potentaial can be written in an ordinary form

Bt =Y _V(ri) + Y F(ni), (1)

1<j 7

where V(r;;) is a pair potential of atoms i and j,
F(n;) is the embedding energy of atom ¢ having the
7electron” density n; from its k—neighbors: n; =
> ki M(rik).  Since Daw and Baskes [7] proposed
EAM, many forms of its constituent functions were
suggested to better describe one or another property
of a material. Among the potentials often used re-
cently, the Mishin et al. [8] and the Ercolessi-Adams
[9] potentials should be mentioned (both use the cubic
spline fit of EAM functions). The ordinary parame-
ters of potentials [8, 9] are chosen to represent data on
condensed matter near the normal condition for the
equilibrium state. In the case of ablation of a metal
target under the action of USLP we are interested in de-
scription of a target matter subjected to considerable
deformations mainly in the direction of a laser pulse
and as was said the interaction potential should take
into account such large deformations. We have con-
structed the many-body potential for aluminum and
gold in the frame of embedded atom model which ade-
quately describes these deformations. For Al the EAM
potential functions are taken in the analytical form:

V(r) = (1/z = az)(z — xo) (2 — 2c)° + azz®] (2)
F(n) = bin(by + (b3 +n)*)/(1 + ban) (3)
n(r) = a(r® —r2)?/[L+ (cr®)’] (4)

with 7. = 0.6875 nm being the cutoff radius. Parame-
ters a, b, c were chosen to minimize difference between
the values of cold pressure tensor of strongly deformed
metal evaluated by the use of our EAM potential and
by ABINIT code [10] in addition to the agreement with
known experimental parameters of Al at low temper-
atures. Detailed comparisons of cold pressure com-
ponents obtained by our new Al EAM potential and
Mishin et al. potential will be published in [11].
Similar form of EAM potential was proposed for gold
with a small change of the pair interaction potential.
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Table 1. EAM potentials Egs.(2-5) for aluminum and
gold. Energy in kJ/mole units.

N any in V(r) for Al ay in V(r) for Au

1 2.9275228176598036 2.7471581015136728

2 5.1028014804162156 5.3593750000000000

3 111.37742236893590 3.2500000000000000

N by in F(n) for Al by in F(n) for Au

1 8.1106000931637006 8.2311259601633768

2 -334.57493744623503 -382.38931538388255

3 14.868297626731845 16.250071667347235

4 1.6080953931773090 1.4586663896542300

N ey in n(r) for Al

1 0.58002942432410864 3.0697898737897571

2 8.2981185422063639 20.750105835621902

en in n(r) for Au

It was chosen in the form
V(r) = (1/z —ag)(z — z.)"((=

Our new Au EAM potential shows a good agreement
with cold pressure evaluated by ABINIT for large
stretching (description of hydrodynamic rarefactions)
as well as for large compression ratio (description of
strong shocks).

New EAM potentials can be tested by the calcu-
lation of activation energy of diffusion. Vacancy mi-
gration energy F,.,, has different values for fixed po-
sitions of surrounding atoms (E,,,,) and for crystal
lattice relaxed to its energy minimum (F,,,). For
our Al EAM potential E,,, = 90.39 kJ/mole while
E,m= 56.01 kJ/mole. Together with the vacancy for-
mation energy E, ;,,=72.92 kJ/mole for the case of un-
relaxed lattice and E, y=72.01 kJ/mole when allowing
for relaxation it gives the activation energy of diffu-
sion Ep = E,; + E,,=128.02 kJ/mole. This value is
in a good agreement with the experimental one 128.3
kJ/mole [12].

The formation, propagation, and beginning of break-
ing of the compression wave is presented in Fig. 1. The
breaking results in formation of a shock marked by the
arrow Sy. After its formation the pressure jump in the
shock front increases as the shock moves faster rela-
tive to the precursor forward to the shock and moves
slower relative to the remnant of the smooth profile
of the compression wave. The traces of the smooth
compression wave profile almost disappear after pass-
ing the distance L = 700 nm. This distance is the
thickness of the film used in the simulation. The value
L influences the time dependences shown in Fig. 2 and
3, see discussion below. L = 300 nm in the experiment
presented in Fig. 4. The strength shown in Fig. 5 also
depend on the profile of the compression wave impact-
ing the rear side.

In our range of fluences for Al the heat penetration
dr varies weakly with absorbed fluence F. Therefore
F and T, defined in the capture to the Fig. 1 are ap-
proximately proportional (Ts o F') and the normal-
ized fluence and temperature are approximately equal
F/F, = T,/(Ts)a, where (T}), is the maximal electron-
ion equilibration temperature at the ablation thresh-
old. The proportionality Ty o F' is valid because at

—z.)"® +az) (5)
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Figure 1. Evolution of the compression wave and begin-
ning of its breaking. Al, F//F, = 2.2, T, = 5 kK, here F is
absorbed fluence, 75 is the maximum temperature at the in-
stant of the T. and T; equilibration after two-temperature
relaxation [1]. The compression wave is created by the
pump UsLP with maximum intensity achieved at the in-
stant ¢ = 0 (the origin of the time axis).
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Figure 2. The trajectory of the rear side surface of the film
resulting from an action of the compression wave shown in
previous Figure. This wave and therefore the rear side dis-
placement appear owing to the D’Alembert sonic decom-
position and the recoil momentum created at the frontal
side by the pump UsLP.

our fluences at the electron-ion thermal equilibration
stage the electron heat capacity is small and the ion
heat capacity is approximately constant (the Dulong-
Petit law).

Arrival of the compression wave (Fig. 1) at the rear
side causes displacement of the rear side illustrated in
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Figure 3. Velocity of the rear side. It is the time derivative
of the trajectory shown in previous Figure.
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Figure 4. Experimental displacement of rear surface of Al
film 300 nm thick. In this Figure the F' and F, in the nor-
malized ratio F'/F,, correspond to the incident fluence Fj,.
and to ablation threshold (Finc)apr taken for Fi,c. In other
cases F' means the absorbed fluence as it is stated above.
The important nonlinear absorption function F(Fjn.) for
the Al target and the pump UsLP used in our experimen-
tal setup with the chromium-forsterite laser (7 = 100 fs,
Apump = 1240 nm, the angle of incidence is 45°, and p-
polarization) is presented in [4].

Figs. 2 and 4. Corresponding velocities are shown in
Fig. 3. There is the velocity jump induced by arriv-
ing of the shock Sy in the last Figure. The value of
the jump depends on the amplitude of the compres-
sion wave growing with the absorbed fluence F. After
the jump up the velocity in Fig. 3 decreases down until
arriving of the shock S from the frontal ablation zone.
The velocity decreases Au ~ 1.1 km/s, defined as a
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Figure 5. Hardening of Al relative to the stretching rate
V/V [6]. The Al single crystal and AD1 dots correspond to
the explosive experiments. They are taken from [13]. The
two dotted curves present laser experiments with rather
long pulses [14]. The empty squares give the local values of
o and V/ V' at the instant just before beginning of the sub-
sequent fragmentation for Ts = 4 and 12 kK or F/F, = 1.7
and 5.2. This is the case of the UsLP creating extremely
high 1% /V. The corresponding acoustic approximations cal-
culated from the velocity decrease Au (see Fig. 3) in the lin-
ear expression (6) are indicated by the two diagonal crosses.
The filled square represents the local values for the poten-
tial [8] with T = 6 kK. The limiting strength oyma. marked
with the horizontal straight corresponds to the uniform 3D
expansion of Al crystal in the new EAM potential. In the
case of the uniaxial stretching the strength o, depends
on the direction of stretching.

difference between the maximum (just after arrival of
the shock S¢) and minimum (just before the arrival of
the shock S) velocities, can be used in linear acous-
tic approximation [13] to obtain the spall strength of
material from expression

o = pociAu/2, (6)

where pg is initial density and ¢; = 6.9km/s is sound
speed along (110) directions of the ideal fcc Al EAM
crystal. The velocity decrease Au takes place as a
result of resistance of condensed phase to stretching.
Expression (6) gives the spall strength of 10.3 GPa (the
upper diagonal cross in Fig. 5), which is significantly
higher than simulated one 7.4 GPa (the empty square
in Fig. 5). This is the result of significant decrease of
sound speed with stretching (because the larger stress
o is created by the larger deformation) in our case with
amplitude of deformation larger than in any other case
presented so far.

In the pump-probe experiments with microinterfero-
metric fringes [2] the displacements shown in Fig. 4 are
measured. These technique is equivalent to the mea-
surements done by the VISAR or ORVIS, see, e.g., [14],
at much larger space-time scales.

The experimental and simulated displacements
shown in Fig. 4 and 2 are similar in their integral char-
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acteristics (amplitude, duration). Though the experi-
mental and calculated conditions differ. The freestand-
ing Al film are considered in the simulation. It has two
boundaries with vacuum and its thickness L is 700 nm.
The experimental Al film is thinner (L = 300 nm). It
is deposited at the thick glass plate (thickness of the
plate is 150 um). The pump UsLP heats the film from
the glass plate side penetrating through glass. It initi-
ates compression wave propagating from the glass/Al
boundary. This boundary is the frontal side in the ex-
periment. As was said, the arrival of this wave at the
rear side causes the displacements illustrated in Fig. 4.
Hence there are two differences between the simulation
and the experiment: (i) the film is thinner (300 nm in-
stead of 700 nm). Therefore the shock Sy in Fig. 1 only
begins to form when it arrives at the experimental rear
side. This instant approximately corresponds to the
last profile presented in Fig. 1. (ii) In the simulation
the frontal side is free (the vacuum boundary), while in
the experiment it is closed by the glass plate. The glass
does not change the forward part of the profile from
beginning of the wave up to the maximum of pressure.
But the subsequent part of the profile is formed by the
D’Alembert wave reflected from the frontal boundary.
Therefore this part of the pressure profile is different
from shown in Fig. 1. The initial velocity rise in Fig. 3
does not depend on the mechanical frontal boundary
condition if the absorbed energies are equal. But the
subsequent velocity dependence and the rear side tra-
jectory are functions of the second part of the pressure
profile. In spite of these differences the dependences in
Figs. 2 and 4 are similar because the amplitudes and
durations are similar.

The calculated values for the material strength are
presented in Fig. 5. Our simulations and experiments
correspond to the record values of o and V/V. The
experimentally measured values calculated from data
shown in Fig. 4 will be added to Fig. 5 in near future.
To do this we have to estimate better the velocity de-
crease Au (it appears due to material resistance) from
the measured displacements. In MD simulation the
crystal without defects is used as initial state. The
MD points in Fig. 5 may be or continuation of the two

points for Al crystal, or the saturation level for the
polycrystalline case given by the dotted curve. The
MD results shown in Fig. 5 depend on the EAM po-
tential. This opens the way to the experimental check
of the EAM parameters.

The work is supported by the RFBR grant No. 07-
02-00764.
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Introduction. The optical and transport proper-
ties of strongly coupled plasma formed on the sur-
face of an aluminum target irradiated by femtosec-
ond laser pulses with the intensity I < 10'® W/cm?
have been studied both experimentally and theoreti-
cally. Such laser pulses produce a thin layer of the
solid-density plasma with an electron temperature up
to T, ~ 60 eV. We studied the initial stage (t < 1 ps)
of the heating and expansion of the plasma under the

conditions of the undeveloped hydrodynamic motion of
ions. The present work continues our previous exper-
imental and theoretical investigations of aluminum [1]
and silver [2] plasmas under the influence of femtosec-
ond laser pulses on solid targets in the range of inten-
sities up to I ~ 101* W /cm?.

Experiment. A source of radiation is a terawatt
chromium-doped forsterite laser system that generates
femtosecond pulses at the wavelength of 1.24 pm [3].
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