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The effect of two successive laser pulses on silicon placed in glycerol has been studied experimentally and
numerically with electromagnetic, hydrodynamic, and atomistic simulation programs. It has been shown that
a microbubble in the liquid is formed on the surface after the first pulse; then, the second pulse whose width
is comparable with the diameter of the microbubble is diffracted on this microbubble. The calculated diffrac-
tion pattern and light intensity distribution on the silicon surface indicate that the maximum intensity at the
diffraction peaks can be noticeably higher than the intensity on the axis of the incident Gaussian beam. An
increase in the intensity concentrated in one bright narrow ring around the microbubble results in the forma-
tion of a characteristic groove surrounded by ridges on silicon. The molecular dynamics simulation has shown
that intense heating at the diffraction peak is responsible for the melting and displacement of the melt from
the center of heating. This leads to the formation of grooves with ridges having a profile similar to that mea-
sured in the experiment.
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1. INTRODUCTION

Fundamental problems of the physics of interac-
tion of radiation with matter are directly connected
with modern technologies of electronics, optoelec-
tronics, photonics, plasmonics, etc. (photons as a tool
of processing and creation at a nanometer level). The
solution of a fundamental problem further certainly
increases the level of technological development. Our
work (optical nanolithography in a liquid) concerns,
on one hand, laser ablation in a liquid [1–4] and, on
the other hand, the nanostructuring of the surface
under tightly focused radiation [5–11]. The results of
the work are presented in Figs. 1 and 2. The method
allows processing the surface at scales much smaller
than the wavelength in vacuum. Details of the calcula-
tions whose results are shown in Figs. 1 and 2 are
described in Sections 3–5.

In this work, we consider features of the interaction
of two femtosecond laser pulses with the surface of a
material (silicon) immersed in a viscous liquid (glyc-
erol). In contrast to irradiation in a gas medium or vac-
uum, the action of one pulse heats not only the surface

layer of the material in the liquid but also a thin adja-
cent layer of the liquid, which finally leads to the for-
mation of a bubble. This phenomenon is well known
in studies of laser ablation in the liquid, which is
actively used to obtain chemically pure nanoparticles
[1–4]. On one hand, the hot layer of the liquid (dif-
fusely mixed with the material of the target) is a spe-
cific “reactor,” where nanoparticles are formed [12,
13]; the bubble is formed from the hot layer. On the
other hand, this bubble is a negative factor (for the
production of nanoparticles) because it screens the
surface of the material from the action of subsequent
pulses.

On the contrary, we analyze here the spatial mod-
ulation of the intensity distribution for the second
femtosecond laser pulse on an obstacle in the form of
a microbubble (see Figs. 1 and 2). Thus, the bubble in
this case is a positive factor. The bubble is formed in
the liquid near the surface of the material irradiated by
the first pulse [14, 15]. Modulation results in the for-
mation of circular structures on the surface of the
material. They are projections (stamps in the target) of
the ring diffraction pattern caused by the scattering of
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Fig. 1. (Color online) Distribution of the electric field
intensity  (in arbitrary units) at the diffraction of a
linearly polarized Gaussian beam on the bubble with a
radius of 1.2 μm in glycerol. The bubble in the form of a
spherical segment lies on the planar surface of silicon so
that the distance from the center of the sphere to the sur-
face is 0.8 μm. The Gaussian beam is incident from above
(from glycerol) and its radius at the 1/e intensity level is
3 μm. The wavelength of light in glycerol is 704 nm. The
distribution  is given in the plane that passes through
the center of the sphere, is normal to the surface of silicon,
and is parallel to the polarization of the beam.
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Fig. 2. (Color online) (A) Transmission electron micros-
copy image (see Section 2) of the cross section of the cir-
cular groove surrounded by asymmetric inner and outer
ridges. The structure is formed after the action of the sec-
ond femtosecond laser pulse diffracted on the microbub-
ble. (B) (Red line) Distribution of the normalized intensity

 nm) at a depth of 20 nm under the surface of
silicon. The distribution  in glycerol and silicon is
shown in Fig. 1. The maximum of the red line corresponds
to the bright diffraction fringe in silicon in Fig. 1. The
intensity I is given in units of the value 
‒20 nm) corresponding to the Gaussian beam IG in the
case without the bubble. The profile of the surface shown
in Fig. 2A is presented by the blue line (measured by an
atomic force microscope). The maximum depth of the cir-
cular groove is 50 nm and the height of the ridges is 80–
140 nm. (C) Molecular dynamics density distribution in
gray tones in the plane intersecting the groove transversely
(the curvature of the groove is disregarded); consequently,
ridges are symmetric in the molecular dynamics simula-
tion (Section 5). The dashed vertical straight line indicates
the rightmost point of the contact of the bubble (truncated
sphere) with silicon (see Fig. 1).
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the second femtosecond laser pulse on the bubble.
Only the brightest ring strongly changes the profile of
the surface (see Fig. 2).

It is important that radiation passes through the
liquid (otherwise, the microbubble would not be
formed). Thus, our problem refers to ablation in the
liquid with the inevitable formation of the bubble.
However, the parameters of the problem formulated in
Figs. 1 and 2 are strongly different from the usual
parameters of ablation in the liquid [1–4]. The differ-
ences are as follows: (i) tight focusing: the radius of the
focal spot by the Gaussian beam is 3 μm, whereas it is
usually from 100 μm to 1 mm, and (ii) the ultrasmall
and long-lived bubble: the radius of the bubble under
the weakest external action is an order of magnitude
smaller than the radius of the focal spot.

The existence of the bubble and diffraction on it
were supposed for the first time in experimental work
[14]; see also Section 2. This hypothesis is theoreti-
cally proved in this work. In Section 3, we reveal why
the bubble appears and why it is so small. The diffrac-
tion of the incident electromagnetic wave of the
Gaussian beam on the microbubble is analyzed in
Section 4. Section 5 describes the simulation of the
manifestation of the bright diffraction ring on the sur-
face of the target.
2. EXPERIMENT

The source of radiation was an ytterbium fiber laser
generating linearly polarized pulses with the duration
τL = 270 fs at a wavelength of 1028 nm with the repeti-
tion frequency up to 5 kHz. The radiation intensity
distribution in the cross section of the beam is Gauss-
ian. The laser beam was focused by a micro-objective
(×20/0.5) into a spot 6 μm in diameter at the 1/e level
on the surface of the sample along the normal to it.
The target was a polished n-type silicon plate with the
[111] crystallographic orientation and roughness Ra =
0.1 nm (arithmetic average deviation of the profile).
The sample was placed in a Petri dish filled with glyc-
erol. The thickness of the glycerol through which laser
radiation passes is 0.9 mm. The experimental scheme
was reported in [14].

The surface of silicon immersed in glycerol was
irradiated by two identical pulses separated by a time
delay of 200 μs. The energy in both pulses was varied
by means of a half-wave plate and a polarizer. The
energy density (f luence F) on the surface of the sample
JETP LETTERS  Vol. 113  No. 2  2021



DIFFRACTION ON A MICROBUBBLE AND THE MORPHOLOGY 77
in the Gaussian spot was varied from F0 = 0.6Fa to
1.7Fa, where F0 is the incident energy density in the
center of the spot and Fa = 0.44 J/cm2 is the ablation
threshold of silicon for a single action in glycerol at the
wavelength  nm in vacuum, which is deter-
mined using the method from [16].

To study the topography of the modified surface,
we used an atomic force microscope with the radius of
the scanning probe <10 nm in the semicontact mode.
The vertical resolution is 0.05 nm. An example of
application of the atomic force microscope is shown
by the blue line in Fig. 2B. To analyze the near-surface
layers and subsurface structure changes, we used
transmission electron microscopy (see Fig. 2A). To
this end, a 100-nm-thick lamel was cut by a focused
ion beam.

Figure 2 shows the structure obtained after the
action of two femtosecond laser pulses with F0 =
1.02Fa. After the action of the first femtosecond laser
pulse on the surface, a parabolic microdimple with a
diameter of 4 μm is formed [15]. The depth of the
microdimple (6 nm) and the height of the ridge
around it (7 nm) are much smaller than its diameter.
For this reason, the existence of this small relief was
neglected in the electrodynamic calculation. As men-
tioned above, the first femtosecond laser pulse forms
the bubble. Because of the action of the second femto-
second laser pulse on the same region, a much deeper
(compared to the relief after the first femtosecond
laser pulse) circular dimple surrounded by high ridges
is formed on the surface as a result of the diffraction on
the bubble (Fig. 2). The sharp deepening of the relief
at a quite small increase in the f luence compared to 
(by a factor of 1.6, the red line in Fig. 2B) is due pri-
marily to a change in the geometry and a decrease in
the size: a diffraction ring with a width of 0.6 μm (the
FWHM of the peak in the red line) is formed instead
of the focal spot 6 μm in diameter.

3. SIZES OF THE MICROBUBBLE

The bubble is not yet formed during irradiation by
the first femtosecond laser pulse (it is formed later,
after the end of the first pulse), and the problem of the
interaction of the first femtosecond laser pulse with
matter is standard. The depth D of radiation absorp-
tion in silicon at room temperature is large (microns).
The rate of ionization of valence electrons through the
gap to the conduction band and, correspondingly, the
rate of increase dn/dt of the electron–hole plasma
density n increases with the intensity of the laser pulse.
The depth  decreases with time. The refractive
index varies with the plasma density  which
depends on the time and the depth z measured from
the interface with glycerol z = 0. The density is maxi-
mal at the interface z = 0. The density 
increases during the action of the pulse.

λ = 1028
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At the intensities used in this work, the density
 exceeds the critical density at the time 

during the action of the pulse: . The critical
density ncr is the density at which the plasma frequency

 exceeds the frequency of laser
radiation. In this case, the thickness D decreases from
several thousand nanometers to several tens of nano-
meters, and the situation becomes similar to the situ-
ation in metals with the absorption of radiation in the
skin layer.

We performed series of hydrodynamic and molec-
ular dynamics simulations where the stage of an
increase in the density n to the critical value ncr was
omitted. This stage is insignificant for the description
of heating and subsequent hydrodynamic motion
because the heating of the thin (tens of nanometers)
surface layer occurs in the time  during the action
of femtosecond laser pulses. Meanwhile, the hydrody-
namic motion begins much later after the end of fem-
tosecond laser pulses: ,  ps and

 ps. Our hydrodynamic and molecular
dynamics simulations describe the situation after the
metallization of the surface layer of silicon at ,

. For the simulation, we used the aluminum–
water pair that we previously studied for other applica-
tions. The ratio of acoustic impedances for this pair is

, which is close to the ratio for the sili-
con-glycerol pair . The characteristics of
motion will be similar for these two pairs.

The main question is: How can we obtain such a
small bubble with a radius of several hundred nanome-
ters? We detected a new nontrivial effect: the liquid is
mechanically separated from the target at absorbed
fluences Fabs below the ablation threshold Fa. This
occurs because the boundary of the target stops and
returns back owing to cohesion in the condensed
material of the target at Fabs < Fnucl (or owing to the
combined action of cohesion and surface tension at
Fnucl < Fabs < Fa, where Fnucl is the nucleation threshold
above which vital nuclei of the vapor phase appear in
the melt), whereas the liquid continues to move by
inertia. The indicated breakdown of the junction
occurs in times about several acoustic time scales in
the target  where  is the thickness of the
heated layer (20–40 nm) and cs is the speed of sound
in the target. Here, ts ~ 10 ps; i.e., the separation
(breakdown of the liquid–target junction) occurs at an
early stage. As a result, the thermal f lux from the hot
target to the liquid decreases sharply. The thickness of
the heated layer of the liquid zT decreases correspond-
ingly. Consequently, the radius R of the bubble, which
is later formed from the liquid of this layer, decreases.

Such worsening of heat transfer is impossible under
usual conditions of femtosecond ablation in the liquid
[13] because irradiation is performed much above the
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Fig. 3. (Color online) (Black line) Density and (red line)
temperature profiles after the separation of the liquid from
the target obtained in the hydrodynamic calculation:
(1) the shock wave in water; (2) the H2O–Al interface with
the initial position z = 0; (3–4) the Al melting region with
the liquid and solid phases to the left and right of it, respec-
tively; and (5) the shock wave in the target. The interface is
split with the formation of two shores 2w and 2a on the
sides of water and aluminum, respectively. A uniform flow
layer in water appears, which is adjacent to the interface 2w
and is expanded behind the shock wave in water at the
speed of sound.

Fig. 4. (Color online) (Red line) Density and (blue line)
velocity profiles after the formation of the 2w–2a gap
between H2O and Al in the hydrodynamic calculation. The
pressure in the empty gap (evaporation is small) and in
water and aluminum regions adjacent to the gap is zero.
The zero pressure segment in water is located between the
left arrow and point 2w. The double arrow indicates the
velocity  of the leftward displacement of the water
boundary 2w; see the main text.

Δu
ablation threshold Fa. At Fabs > Fa, thermal contact is
not lost and heating continues for a long time; there-
fore, the radius of the bubble R is larger. In the case of
nanosecond ablation in the liquid, pressures are
always positive (regions of negative or zero pressures
are absent, Lagrange particles in a chain are always
attached to each other), and mechanical breakdowns
(separation) are absent. The separation of H2O from
Al is illustrated in Figs. 3 and 4. The edge of water
moves to the left at the velocity  = 30 m/s. The for-
mation time R/Δu of the bubble with the radius
R ~ 1 μm is roughly estimated as 30 ns.

The calculations whose results are shown in Figs. 3
and 4 were performed using the hydrocode from [13].
Details are beyond the scope of this work and require
additional presentation. The parameters of the prob-
lem are described in Section 2. Aluminum is described
using a broadband equation of state [17–21]. Water is
simulated using a Mie–Grüneisen-type equation (see
[13, 22]), which approximates well the mechanical
properties of water.

In our case, the hydrocode ignores the thermal
conductivity of water (although the temperature of the
target surface is high, see Fig. 3). Consequently, the
heating of water is due only to dissipation in a shock
wave. This heating is small at our amplitude of the
shock wave. Correspondingly, the 2w–2a gap in Figs. 3
and 4 is not filled with water vapor and separation
results in the vanishing of the pressure.

Another series of simulations was performed using
the molecular dynamics code (see Section 5). Here,

Δu
the atomic thermal conductivity of the liquid is taken
into account. We note that the parameters of water and
glycerol are close: the speeds of sound differ by one-
third, the densities differ by one-fourth, the surface
tensions are approximately the same, and the critical
parameters of glycerol/water are Tc = 850/647 K and
pc = 75/220 atm. The viscosities are strongly different,
but this circumstance becomes significant only after
the formation of the bubble. The molecular dynamics
description of water [23, 24] gives the mechanical
characteristics (density and speed of sound) close to
the real values and the melting temperature and Tc
slightly below than the values in natural water. The
molecular dynamics thermal conductivity is the same
in order of magnitude as in natural water in wide den-
sity and temperature ranges.

Because of a finite thermal conductivity, the
molecular dynamics simulation allows the heating of
the liquid from the hot target. The typical situation is
demonstrated in Figs. 5–7. The ultrashort heating
generates two shock waves (cf. Figs. 3, 4). We consider
phenomena in near-interface region 2. At the time
shown in Figs. 5–7, the pressure in this region is
4 kbar, which is an order of magnitude higher than the
critical pressure pc. A small increase in the pressure on
the left edge of the 2–N plate is due to an acoustic
wave traveling inside the plate [25–28]. Spatial beat-
ings of the profile in the crystal phase (to the right of
the melting region 3–4 in Figs. 5 and 6) are due to the
smallness of the grid step, which is comparable with
the period of the crystal lattice.

Because of the heating of water in view of heat con-
duction, the breakdown of the junction as in the
JETP LETTERS  Vol. 113  No. 2  2021
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Fig. 5. (Color online) Density and pressure profiles in the
molecular dynamics simulation. The meaning of marks 1–
5 is the same as in Fig. 3; N is the nucleation region; and
2a–N is the separating plate, which would be separated at
Fabs > Fa. In this calculation, Fnucl < Fabs < Fa; i.e., nucle-
ation occurs, but the plate is not separated.

Fig. 6. (Color online) Pressure of heated water in region 2
promotes the expansion of this region in the molecular
dynamics simulation. The double red arrow gives an
expansion rate of 200 m/s.

Fig. 7. (Color online) Molecular dynamics distribution of
the temperature in hot near-interface layer 2 (see also
Fig. 6). The width of the separation region indicated for

 kK is 3 nm.> 3T
hydrocode is absent (cf. Figs. 3 and 4). Correspond-
ingly, the pressure in region 2 does not vanish, but the
density in it decreases significantly (see Fig. 5–7) for
two reasons. The first reason is the expansion of gap 2
because of mechanical extension caused by the inertia
of water and by the deceleration of the boundary of the
target (as in the hydrocode). The second reason is the
characteristic pressure of hot water in region 2. It is
seen that the first reason is more important because
the gradient of the pressure in Fig. 5 is opposite to the
expansion.

The size of the microbubble can be estimated from
the mass balance (this is the main aim of this section).
The mass balance has the form .
The left-hand side is the mass of the disk with the
radius  μm (radius of the Gaussian beam) and
thickness  This thickness is indicated in Fig. 7 by
red arrows at a temperature of 4 kK. The disk is filled
with hot water with the density  g/cm3 (see
Fig. 7). The right-hand side of the mass balance is the
mass of the bubble with the radius R, where the gas has
the density ρg. Therefore,

The ratio of the radii  is determined by the ratio
of two large parameters (both about 103): the ratio A of
the density about the density of the condensed phase
to the density of the gas at a pressure of about 1 atm)
and the geometric factor Γ. The pressure in the bubble
with a radius of 500 nm in glycerol is 3.4 atm (1 atm is
the ambient pressure and 2.4 atm is the pressure

).
At the first oscillation of millimeter-size bubbles

[29, 30], they primarily contain evaporated liquid. The
volume is calculated using the adiabats of the liquid,

ρ π = ρ π2 3
hw (4/3)L T gR z R

= 3LR
.Tz
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/= . Γ , = ρ ρ , Γ =1 3
hw g/ 0 9( / ) / / .L L TR R A A R z

/ LR R

σ2 /R
JETP LETTERS  Vol. 113  No. 2  2021
which are continued to a pressure of 1 atm (see Fig. 11
in [13]). In our situation with microbubbles with the
radius  μm, the mean free path of a vapor mole-
cule is about R, which corresponds to the Knudsen
regime: the molecule passes through the bubble in a
time of about 10 ns. The vapor bubble obviously can-
not exist for 200 μs because both the liquid and the tar-
get are cooled to room temperature in this time and
vapor is condensed. Thus, the bubble should be filled
with gaseous products of the decomposition of
glycerol.

The decomposition of glycerol apparently occurs
in a nanolayer near the hot wall (see red arrows in
Fig. 7). The authors of [31] studied the formation of
gas (not vapor) bubbles at ablation in the liquid. It is
currently unclear what mass fraction of this hot layer
will remain in the gas state for times of hundreds of
microseconds in our experiments. A decrease in this
fraction below unity in the above mass balance relation
(left-hand side) reduces the radius of the bubble R.

∼ 1R
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4. ELECTRODYNAMIC SIMULATION
The simulation was performed by the finite ele-

ment method with Comsol Multiphysics software.
The problem of the incidence of the Gaussian beam
with the radius  μm on silicon was solved in
axisymmetric geometry for right and left circularly
polarized Gaussian beams. Then, using two solutions
for circularly polarized Gaussian beams, we con-
structed a solution for a linearly polarized Gaussian
beam (implemented in the experiment).

The numerical simulation was performed for two
cases. The first case corresponds to the irradiation of
the surface of silicon by the first femtosecond laser
pulse. In this case, the light pulse is incident on the
surface of silicon from the homogeneous glycerol
layer. The second case corresponds to the irradiation
of the surface of silicon by the second femtosecond
laser pulse. In this case, the gas bubble (with the center
on the axis of incidence of the pulse) in the form of a
sphere or truncated sphere with the radius R and dis-
tance d from the surface of silicon to the center of the
sphere is located above the surface of silicon (see
Fig. 1). The refractive indices of silicon, glycerol, and
gas at  nm are  1.46, and 1,
respectively.

The spatial distribution of the power absorbed in
silicon was calculated in the problem for the first fem-
tosecond laser pulse. The maximum (on the beam
axis) intensity IG of the electric field in silicon at a
depth of 20 nm and at a given energy of the pulse was
found. Further, this parameter was used to normalize
the spatial redistribution of the intensity of the second
pulse in silicon.

The simulation of the incidence of the second pulse
on the surface of silicon in the presence of the gas bub-
ble in glycerol gave the three-dimensional intensity
distribution  for the electric field of the second
pulse in silicon, where  is the radius measured from
the axis and z is the distance to the surface of silicon
along the normal to it. Thus, neglecting nonlinear
optical effects, the normalized distribution 
is independent of the energy of the pulse (the energies
of the first and second pulses are the same). An exam-
ple of the calculation is demonstrated by the red line in
Figs. 1 and 2.

5. MOLECULAR DYNAMICS
The direct atomistic simulation of glycerol and sil-

icon is strongly complicated because the interatomic
interaction in these materials, as well as the interaction
between a Si atom and a glycerol molecule, is complex.
For this reason, the molecular dynamics simulation
was performed for a pair of materials with close
mechanical parameters: the density and speed of
sound. Glycerol was described by the atomic model of
water (molecule as a point particle) with the potential

= 3LR

λ = 1028 −. + ×. ,43 566 2 6 10 i

,( )I r z
r

, G( )/I r z I
from [24], whereas silicon was simulated by the model
of aluminum with the ЕАМ potential [32]. The inter-
atomic interaction between the water “atom” and sili-
con atom was described by the Lennard-Jones poten-
tial with the minimum located at the position equal to
the sum of van der Waals radii of silicon (0.21 nm) and
oxygen (0.152 nm) atoms and with the small depth

 K, as between oxygen molecules.
In the vertical (z axis) direction, the 200-nm-thick

water layer covered the 200-nm-thick aluminum layer.
The vertical dimension of the computation region was

 nm; the upper boundary of water and the
lower boundary of silicon were free with an insignifi-
cant density of water vapor above them. The horizon-
tal dimension of the computation region was Lx =
400 nm and was completely filled with the materials.
Since the problem is planar, the y dimension of the
region was small,  nm. Periodic boundary con-
ditions were imposed in all three directions. The sys-
tem contained approximately 48 × 106 aluminum
atoms and 26 × 106 water “atoms.”

Before the laser heating of aluminum, the Langevin
thermostat transferred the system to mechanical and
thermodynamic equilibrium at  and T ≈ 300 K.
Then, this thermostat rapidly heated the central spot
on the surface of aluminum with the strip width

 nm, which is about a factor of 
smaller than that in the experiment shown in Fig. 2. To
establish similarity between the simulation and exper-
iment, the scaling factor M is used to determine the
heating depth in the molecular dynamics simulation
and to compare the calculated and experimental pro-
files of the aluminum/silicon surface (see Fig. 2).

The distributions of the target temperature in depth
and width were chosen Gaussian and nearly Gaussian

 K, respectively. As a
result, the temperature field has the form  =

 K, where h = 20 nm
is the heating depth and . Aluminum atoms
were heated for 1 ps, which is typical of the time of
energy transfer from the electron to ion subsystem in
aluminum. To exclude the thermostat-induced decel-
eration of the material in the xz plane, heating was per-
formed only in the y velocity component. The transfer
of the thermal energy to other translational degrees of
freedom was due to interatomic collisions.

6. CONCLUSIONS
The features of the effect of two femtosecond laser

pulses separated by a submillisecond time delay on the
surface of silicon immersed in a liquid have been stud-
ied experimentally and theoretically. The specificity of
such effect is that the first pulse results in the forma-
tion of a gas microbubble and the second pulse is scat-
tered on it with the formation of a ring diffraction pat-

ε =B/ 113k
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≈ 0p

= 160xl = .6 4M

= π +2
0( ) cos ( / ) 300xT x T x l

,( )T x z
π − +2 2

0 cos ( / )exp[ ( / ) ] 300xT x l z h
<| | /2xx l
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tern, leading to an extraordinarily deep modulation of
the surface relief.

The height of structures on silicon that are formed
by this method is hundreds of nanometers at low and
moderate energies of the action, which are not accom-
panied by a significant loss of the mass of the target. In
the absence of the bubble, reliefs are much less pro-
nounced: their height is one or two orders of magni-
tude lower. For applications, we note that a technically
more complex alternative for the production of submi-
cron structures is the use of ultraviolet radiation in the
diffraction limit.

Using the developed theoretical and numerical
model, we have obtained and explained quantitative
data on the features of the formation and sizes of the
gas bubble, the “weak heat conduction” mechanism,
the diffraction of radiation, and the formation of the
nanorelief. To solve the problem, we have developed a
hybrid computational approach based on the physical
specificity of the laser action in the liquid. The
approach involves mutually supplementing numerical
codes: hydrodynamics with real equations of state and
inclusion of phase transitions, electrodynamics, and
molecular dynamics of the model system.
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