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1. INTRODUCTION
Important experiments (see, e.g., [1–3]) on an

ultrashort laser optical action began in the 1990s after
the appearance of chirp laser sources in the 1980s (see
[4, 5] and review [6]). At the first stage in the 1990s,
attention was focused on a heat problem. The pump–
probe technique [7, 8], where a heating pulse is fol-
lowed by a probe pulse, was applied. Here, the ampli-
tude of the phase of a reflected probe pulse are deter-
mined to calculate refractive index n of the surface
heated by a pump pulse when the probe pulse is
reflected (thermal reflectance method). Delay τdelay
between the pump and probe pulses is known and con-
trolled. As a result, the evolution of the optical param-
eters of the irradiated target n(τdelay) is found after the
action of the pump pulse. As a result, the action-
induced processes in the target can be traced.

Thus, at he first stage, researchers detected (i)
transition into the two-temperature (2T) state [1–3]
predicted in pioneering work [9] and (ii) sharp
increase in the electron thermal conductivity in metals
at the 2T stage, which was called “ballistic transport.”
These are the main two achievements of the first stage.
The theoretical basis of the experiments in the 1990s
was the 2T approach with two thermal equations from
[9] for the energies of the electron (Ee) and ion (Ei)
subsystems,

(1)

(2)

(3)
The set of Eqs. (1) and (2) is written for an immobile
substance (density ρ = const), i.e., without hydrody-
namic terms. Here, Pe and Pi are the powers of chang-
ing the corresponding energies ρ∂Ee/∂t and ρ∂Ei/∂t
per unit volume, EHC is the energy Ee transport in
space via electron heat conduction, EXC = α(Te – Ti)

is the exchange term that connects the electron and
ion subsystems, and SL is the spatial distribution of the
laser heating power. As follows from Eq. (3), the set of
Eqs. (1) and (2) conserves total energy Pe + Pi)dx
after the end of laser pulse SL, and the integral is taken
over the space occupied by the substance.

It is the “ballistic” effect that is thought to exhibit
the two-temperature effect, which consists in splitting
into two subsystems ((1) and (2)). As a result, true
electron thermal diffusivity χe ≈ (1/3)le  (where le and

 are the free path and the characteristic velocity of
conduction electrons, respectively,  ~ , and  is
the Fermi velocity) comes into play, and the heat
absorbed by electrons propagates along the electron
subsystem [10] at coefficient χe. In the one-tempera-
ture (1T) situation (Te ≈ Ti = T), the rate of heat prop-
agation via electron heat conduction depends on the
effective electron thermal diffusivity [10],

that is, a rigid thermal relation between the e and i sub-
systems according to general heat conduction equa-
tion (3) takes place at stage 1T.

The energy in the experiments performed in the
1990s was low, the increase in temperature Te due to an
ultrashort action was small, and the electron subsys-
tem remained strongly degenerate after the action
(Te ≪ TF, where TF is the Fermi temperature). In
these experiments, the ratio of the heat capacities
ce/ci ~ Te/TF and the thermal diffusivities χ1T/χe were
small down to 1/100. In the experiments performed in
the 1990s, the back (with respect to the side facing
laser action) boundary of a thin (df = 50–100 nm) film
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Fig. 1. (Color online) Early (–∞ < t ≤ teq) and medium
(t ~ ts) stages. Three important points (from top to bot-
tom). (a) Absorption of a laser pulse and the formation of
HAZ of thickness dT, (1) metal boundary. (b) Acoustic or
medium stage t ~ ts. An acoustic wave, which consists of
compression segment 3 and tension segment 2 and goes to
the target volume (arrow down), forms on the acoustic
time scale. (c) Beginning of the first nucleation in
segment 2. 
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was rapidly heated (in several picoseconds). The 1T
estimation of the heat propagation time gives

at a usual value χ1T ~ 1 cm2/s. This difference in the
heating times of films of the given thickness led to the
term “ballistic” and suggested the two-temperature
concept.

At the first stage, researchers restricted themselves
to thermal analysis; at the second stage, they began to
study the complete problem. In the complete problem,
researchers cannot neglect the motion induced by an
ultrashort laser action. In the complete formulation of
the problem, the problem of creating surface nano-
structures and nanoparticle generation can be
resolved. Structures and particles appear when melt-
ing, tension, and the loss of continuity of condensed
matter are taken into account along with the recrystal-
lization and dynamics of solid, liquid, and vapor–gas
media.

The transition to the second stage was initiated by
works [11–13]. The authors of [11] observed Newton
rings, the appearance and the accumulation of which
in time could not be explained without dynamic con-
cepts [12, 13]. As a result, the concepts of thermome-
chanical, or spallative, ablation during a femtosecond
action appeared [12, 13]. Similar concepts of thermo-
or photomechanical failure were independently for-
mulated in the investigations of laser irradiation of
polymers and biomaterials [14]. The motion of a
medium becomes determining above the spallative
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ablation threshold, which depends on the type of sub-
stance. This threshold is about 50 mJ/cm2 for
absorbed energy Fabs (which is the threshold of bulk
targets, the thicknesses of which exceed the thickness
of the layer heated by an ultrashort pulse dT [15]) for
metals and the optical ultrashort action absorbed in a
skin layer [15–17].

The main principles of spallative ablation are illus-
trated in Figs. 1 and 2. Time is calculated from the
maximum of the laser pulse intensity at the boundary
of metal 1. The width of arrow “laser” corresponds to
the laser beam diameter on the absorbing surface. The
2T stage is characterized by the formation of heat-
affected zone (HAZ) of thickness dT at this stage (see
Fig. 1). The time of the 2T stage is teq. As noted above
(also see [10]), the heat-conducting ability of the elec-
tron subsystem increases due to the separation of the
electron subsystem, which has a low heat capacity,
from the ion subsystem with a high heat capacity
(independence of Eqs. (1) and (2)). Thermal conduc-
tivity κ at the 2T stage (κ2T) is much higher than at the
1T stage (κ1T; see, e.g., [18, 19]). Therefore, layer dT
forms at an ultrasound velocity. Indeed, in the diffu-
sion approximation [10], the HAZ thickness grows as
x ∝ ; then, we have

where τ is the electron travel time. Fermi velocity  is
much higher than velocity of sound cs ~ .
Therefore, many collisions are required for velocity
dx/dt to decrease to the velocity of sound. This condi-
tion is operative at the 2T stage, when Eqs. (1) and (2)
are split. The number of collisions in HAZ of thickness
x(t) is large; hence, the diffusion approximation is jus-
tified (non-Knudsen, i.e., nonballistic mode of heat
propagation).

Figure 1a illustrates the formation of a layer of
thickness dT. As noted above, this is a supersonic pro-
cess; after is completion, the HAZ layer expands and
resolidifies due to heat removal to the metal volume at
the rates that are well below the velocity of sound.
Thus, layer dT forms in time of the order of dT/(dx/dt)
before the end of formation of the acoustic wave that
goes into the metal volume (Fig. 1b, arrow down). The
characteristic thickness and the wave formation time
are dT and ts = dT/cs, respectively. Acoustic phenom-
ena will be described in detail in the next section.

Figure 2 shows the situation at moderate late times
at absorbed energy Fabs, which is higher than spallative
ablation threshold Fabl by several times in the presence
of environment Fabs|abl|wt (let water be the environment
for definiteness). Note that threshold Fabs|abl|wt is sig-
nificantly higher than the threshold of ablation into
vacuum Fabs|abl|vac, which will be discussed in the next
section. The times that exceed scale ts by several times
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Fig. 2. (Color online) Late stages, when foam forms from
cavitation bubbles in Fig. 1c. The volume fraction of liquid
in the vapor–liquid mixture decreases in time and foam is
broken along line I: (a) expansion into vacuum (weakly
qualitatively differs from the case of expansion into con-
densed matter) and (b) expansion into a medium with a
low (as compared to metal impedance ZAu) but finite
acoustic impedance Zwt. (1) CB, (2) SW in stopping
medium, (3) stopping medium near CB, (4) continuous
metal layer, and (5) boundary between layer 4 and foam.
SP is spallation plate. 
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are called moderate late times. Curve 1 in Fig. 2 out-
lines the metal boundary. The foam in Fig. 2a forms
from the nucleation bubbles shown in Fig. 1c.

At Fabs ≈ Fabs|abl|vac, the bubble layer is thin (“single”
nucleation) and foam is almost absent. When thresh-
old Fabs|abl|vac is exceeded severalfold, sequential multi-
ple nucleation takes place. Leaping ahead, we note
that the presence/absence of a transparent weakly
heat-conducting liquid at the contact with a target
does not affect nucleation. After the first nucleation,
the tensile stress in the nucleation layer becomes very
low (see Fig. 1c). A spallation pulse, which releases the
tensile stress, begins to move behind the acoustic wave
from the nucleation layer. However, the tensile stress
(behind a compression wave with a sufficiently high
amplitude) again begins to grow in absolute value after
the first nucleation. As a result, the second nucleation
occurs in the layer that is farther from the contact
boundary (CB) than the first nucleation layer. The
number of nucleation events is determined by over-
coming threshold Fabs|abl|wt. A thick foam layer forms
during multiple nucleation (see Fig. 2a).

The foaming of metals, semiconductors, and poly-
mers by an ultrashort laser action was considered
beginning from works [13, 14] (also see [20–32]). The
mechanical characteristics of foam (tension resis-
tance, cellular structure) were analyzed in [22, 27, 32].
A finite laser beam size was taken into account in [31].
The authors of [25] were the first to assume that the
freezing of a foamed substance causes the formation of
chaotic surface nanostructures observed in experi-
ments.

Plasmons are excited in illuminated nanostruc-
tures. Plasmon dissipation leads to a sharp decrease in
the reflection coefficient of a nanostructured surface
(blackening) as compared to an ideal f lat surface made
of the same metal.

The problems of the solidification of a melt in foam
were studied in [21, 23, 24, 28, 30–32]. The final fro-
zen nanostructures (i.e., those observed in a long time
after the end of all processes) on an irradiated surface
were experimentally analyzed in [33, 34]. The authors
of these works studied foaming during expansion into
vacuum. In this work, we investigate the formation of
extensive foam and the subsequent evolution in the
presence of material environment, which retards the
expansion of a foamed substance.

Curve I in Fig. 2 separates the foam into two parts.
The upper part sticks gradually onto CB (Fig. 2,
curve 1) and the lower part is still related to the crater
bottom and the retained bulk target. The solidification
of the lower part results in the formation of nanostruc-
tures on the crater surface. Below curve II in Fig. 2, the
foam made of Voronoi cells has time to decompose
into a vapor–liquid mixture consisting of droplets
[29]. A cellular structure forms gradually from vapor–
liquid mixture bubbles as the volume fraction of the
liquid phase in the mixture decreases. The foam
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
between curves II and 5 in Fig. 2 has no time to
decompose into droplets before it precipitates onto
boundary 5 of layer 4 of a continuous metal. Droplets
from the region between curves I and II in Fig. 2 then
precipitate onto this layer. The precipitation of foam
and droplets onto layer 4 is related to the deceleration
of layer 4, which is caused by the action of the liquid
from the outside. Layer 4 is decelerated, whereas the
droplets in foam fly under their own inertia, since the
foam outside layer 4 does not know about the exis-
tence of an external stopping medium. The foam
begins to slow down only when it penetrates into
layer 4. Note that pressure pI–5 in the foam is deter-
mined by the evaporation of the liquid metal.

In layer 4 at the moderate late stage, the pressure
drops from pressure pCB at CB to pressure pI–5 (see
Fig. 2). The situation depends on absorbed fluence
Fabs. Here, we restrict ourselves to the case where a
pulse is ultrashort and Fabs slightly (severalfold))
exceeds the nucleation threshold in the presence of an
external medium (Fabs|abl|wt). When threshold Fabs|abl|wt is
slightly overcome, the continuous metal layer at CB is
a spallation plate, or a spallation shell in the case of a
finite laser beam diameter (see Fig. 1a). When the
excess over the threshold increases, the spallation
plate becomes thinner, and it disappears at “evapora-
tion” threshold Fev [27, 35]. These considerations for
Fev are related to the case of ablation into vacuum.

In the case of vacuum, a vapor layer is located
above the boundary of the spallation shell in the f lu-
ence range Fabs|abl|vac < Fabs < Fabs|ev. This layer is formed
due to evaporation from the boundary of the spallation
YSICS  Vol. 127  No. 1  2018
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Fig. 3. (Color online) Atmosphere 4 in gravitational field
(free fall acceleration g) supported by water 3. The coordi-
nate system is related to CB. The digital designations are
identical to those in Fig. 2: (1) gold–water contact and (5)
upper atmosphere boundary. Two-phase medium 5–II–I
streams and droplets fall on this atmosphere at velocity Δu
(see Fig. 2).
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shell. The vapor layer mass can be estimated using the
Hertz–Knudsen formula and the saturated vapor den-
sity taken from the ion temperature [27, 36, 37]. The
influence of the electron temperature on the evapora-
tion energy is unknown (this effect is only substantial
in the short 2T stage). This vapor mass estimation
gives about one nanometer (3–4 monoatomic layers)
near threshold Fabs|abl|vac. The evaporated layer near this
threshold is geometrically thin, since the velocity of
sound in vapor is low. This behavior is seen from the
density profiles in [27, 36]. In comparison with the
foam thickness, the evaporated layer remains thin even
at f luences Fabs ≈ Fabs|ev, where the intersection of an
unloading adiabat with a binodal approaches the crit-
ical point in a boiling curve [27, 36]. Although the sub-
stance of the vapor layer belongs to the two-phase
region, no signs of vapor condensation into droplet
nucleation centers were detected at the molecular
dynamics simulation times [27, 36]. These times are
on the order of several sound scales ts. The vapor layer
without condensation exists in front of the two-phase
region and slightly above threshold Fabs|ev (see Figs. 12,
14, 15 in [27]).

Threshold Fabs|ev is likely to disappear in the case of
ablation into a stopping medium. A spallation plate
and a cavity under it appear above threshold Fabs|abl|wt.
As energy Fabs grows over threshold Fabs|abl|wt, the plate
becomes thinner, the cavity becomes thicker, and the
substance mass in foam increases (see Fig. 2a). When
Fabs increases, the spallation plate does not disappear:
the CB retardation “rakes” the metal to CB. The metal
transforms into a continuum until pressure pCB is
JOURNAL OF EXPERIMENTAL AN
higher than vapor pressure pI–5 at boundary 5 in
Fig. 2b. The condition pCB > pI–5 is necessary for both
Figs. 2a and 2b, otherwise no deceleration takes place.
Therefore, from a fundamental standpoint, both metal
layers at CB in Figs. 2a and 2b seem to be sufficiently
equivalent. However, on the other hand, the spallation
plate in Fig. 2a is retained when the environment den-
sity vanishes, and the layer in Fig. 2b disappears in this
case.

CB retardation g in the coordinate system related to
CB is equivalent to the effective gravitational field with
free fall acceleration g. The height of a uniform gold
atmosphere in this gravitational field is estimated
(using ideal gas formula) at

(4)

where TkK is the metal temperature near CB in kilokel-
vins and g = 1014g14 cm/s2. The maximum possible
pressure at CB is estimated by the ideal gas formula,

were ρ0 = 19.3 g/cm3 is the gold density under normal
conditions. The lower pressure pCB at CB as compared

to , the more condensed state of the metal.
From here on, we will consider the water–gold

pair. Atmosphere or the spallation layer is supported
by the underlying shock-compressed water (if the pic-
tures in Fig. 2 are turned over as is shown in Fig. 3).
Atmosphere is in quasi-hydrostatic equilibrium, since
it is a condensed phase with a high velocity of sound
(in contrast to the two-phase medium). Sound passes
through atmosphere in the vertical direction faster
than deceleration g(t) changes. The velocity of sound
in two-phase region 5–II–I in Fig. 2 (region above
curve 5 in Fig. 3) is very low. The liquid in this region
flies under its own inertia and effective deceleration g
does not affect it. As a result, excess velocity ΔV shown
in Fig. 3 appears. The precipitation of substance (foam
or droplets) 5–II–I from Fig. 2 onto layer 4 in Figs. 2
and 3 is similar to accretion of gas onto the atmoshpere
in astrophysics [38–42]. However, in contrast to
astrophysics, the accretion substance is in the two-
phase state (liquid–vapor). After foam precipitation
the vapor spaces in the two-phase medium close, and
the precipitated matter becomes a single-phase sub-
stance in the atmosphere or the spallation layer.

Astrophysics considers the accretion of a neutron
star surrounded by a magnetosphere [38, 39; 41, sec-
tion 8.3; 42, section 5]. First, an accretion f lux in the
state of free fall on the star exists instead of region 5–
II–I in Fig. 2. Second, a hydrostatic atmosphere,
which is analogous to layer 4, intercepts the accretion
flux. The atmosphere consists of diamagnetic plasma
rejecting a magnetic field. The atmosphere (hydro-
static shell of magnetosphere) rests on the star magne-
tosphere. Third, the magnetic field supporting the
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Fig. 4. (solid line) Saturated gold vapor pressure according
to the wide-range equation of state [46–48]. This curve is
roughly approximated by the formula psat [GPa] =
35exp(–39.95/T [kK] + T [kK]/9): (j) experimental
points. Critical point (s) has the coordinates Tcr = 7.8 kK,
pcr = 0.53 GPa, and ρcr = 5.3 g/cm3; d experimental sat-
urate vapor pressures.
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atmosphere is analogous to the low-density substance
in region 3 in Figs. 2 and 3. The contact between
plasma and magnetic field in the gravitational field of
the star (CB 1 in our case) is unstable with respect to
the development of a magnetic analog of the
Rayleigh–Taylor instability.

A similar situation with the atmosphere that forms
due to the interstellar medium drag appears during the
expansion of supernova remnant [41–43]. Another
example is the expansion of the products of detonation
of a condensed explosive into the ambient gas [44, 45].
In both cases, deceleration by an external substance
and the feed of the atmosphere–shell by an internal
flux take place, and the internal f lux is supersonic.
Therefore, the following two shock waves appear: an
external shock wave in the stopping medium and an
internal shock wave at the internal boundary of the
atmosphere.

Accretion is related to mass increment  [g s–1 cm–2]
and momentum increment Δu into layer 4 in Figs. 2
and 3. The mass increment gradually increases the
geometric thickness of the atmosphere and is one of
the causes of decreasing the rate of deceleration g. The
addition of momentum is equivalent to the pressure
applied to layer 4 from boundary 5 in Figs. 2 and 3.
This addition also increases the stopping time of the
spallation plate. Soon after f lux  is exhausted, the
plate stops.

Pressure pCB at the contact consists of the following
three components: first, the atmosphere weight

g dx (limits 1 and 5 mean layer 4 boundaries in
Figs. 2, 3); second, momentum flux ΔV; and third,
vapor pressure from two-phase region 5–II–I (see
Fig. 2). Figure 4 shows the saturated gold vapor pres-
sure according to the wide-range equation of state of
gold [46–48]. For comparison, Fig. 4 also presents six
points from Wikipedia [49] and the boiling point of
gold [49]. It is seen that the last point from [49] at a
pressure 1 bar = 100000 Pa and the boiling point at a
pressure 1 atm = 101325 Pa have slightly different
temperatures.

As is seen from Fig. 3, contact 1 is unstable with
respect to the Rayleigh–Taylor instability (RTI), since
the effective weight is directed from heavy gold
(layer 4) to light water (space 3) [39, 41, 42, 50, 51].
However, the conditions are far from standard ones
(stationary state, incompressible liquid, infinite layer
thickness). Of course, to make a conclusion regarding
the role of RTI, we have to comprehensively study the
one-dimensional f low against the background of
which perturbations grow. This is the aim of the next
section.

2. GENERAL PICTURE
Our analysis of the situation is based on numerical

simulation. It is important to begin with the discussion
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of the general picture for the rather complex details
revealed by simulation to be clear. We now consider
the post-2T stage, which begins after the equalization
of the electron (Te) and ion (Ti) temperatures. The
point is that the 2T stage is short and heat propagation
in it is supersonic. Therefore, to a first approximation,
we may neglect the time of the 2T stage (teq). Here, we
analyze acoustic phenomena at acoustic times ts =
dT/cs; that is, a high-pressure layer of thickness dT is
formed by fast heat conduction during the time inter-
val teq > τL. The pressure wave leaves the layer dT
during the acoustic stage lasting ts. This approximation
(with small parameter teq/ts) is worse for gold, where
time teq is rather long (5–7 ps). For other metals, we
have teq ~ 1 ps. In the case of gold, the heating thick-
ness is large, dT ~ 150 nm. Therefore, the acoustic
scale ts is 50 ps; we have cs ≈ 3 km/s = 3 nm/ps.

As the initial data at the post-2T stage, we have an
instantly created heating layer of thickness of thickness
dT, the layer substance is at rest, and the thin substance
layer at the periphery is neglected. (The thickness of
this thin layer is csteq and it is involved in motion by the
2T rarefaction wave.) Let we have dT = ∞ from the
very beginning. Then, the “compression” region
(high-pressure region created by instantaneous heat-
ing) is infinite and the rarefaction wave is self-similar.
This situation was studied in [52–56].

When comparing the rarefaction waves in a gas and
a condensed medium (solids, liquids), we note that the
YSICS  Vol. 127  No. 1  2018
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Fig. 5. (Color online) Expansion adiabats or isotherms
corresponding to increasing entropy s1 < s2 < s3 or tem-
perature T1 < T2 < T3. Digits number curves. Regions p <
0 from the point of intersection of axis p = 0 to the mini-
mum belong to metastable states.
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Fig. 6. (Color online) Rarefaction wave profiles in the
model with instantaneous heating (teq/ts ≪ 1) and a large
heating depth (dT = ∞). Numerals 1–3 belong to curves
1–3, respectively, in Fig. 5 with increasing values of Fabs.
Profiles consist of four segments (see text).
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cohesion of the condensed phase most strongly affects
the shape of a rarefaction wave. “Zero” pressure
appears in the adiabats and isotherms of condensed
matter because of interatomic attraction, and zero
pressure is reached at a finite density (see below; we
will explain why zero is put in quotes). Figure 5 shows
adiabats and isotherms. The gas adiabats and iso-
therms qualitatively resemble curve 3 in Fig. 5. The
pressure on them is determined by the kinetic energy
of atomic motion and is positive elsewhere.

It is important that pressure p(ρ) in Fig. 5 vanishes
at a finite substance density ρeq because of atomic
cohesion in condensed states. This density is called
equilibrium density, and the ρeq(T) dependence deter-
mines the thermal expansion of condensed matter
related to anharmonic terms. Densities ρeq(T > 0) are
lower but comparable with solid-state density ρeq(0).
The condition ρeq(T) = 0 plays a key role in the expan-
sion hydrodynamics in a laser rarefaction wave.
Indeed, the vacuum (medium into which expansion
takes place) pressure is zero. Thus, the curve segment
from initial point ρ0, p(T) (green circle) to the point of
intersection with axis p = 0 (blue circle ρ = ρeq, p = 0)
in Fig. 5 describes the self-similar rarefaction wave
during the expansion of an instantaneously heated
substance into vacuum [53–56]. The dependence on
x, t is reduced to the dependence on self-similar vari-
able x/t, where x is measured from the initial position
of CB and t is measured from the beginning of instan-
taneous heating [53–56].

At point ρeq, p = 0 (blue circle in Fig. 5), the
dynamic boundary condition that conjugates a sub-
stance to vacuum is met. “Instantaneous” heating
JOURNAL OF EXPERIMENTAL AN
(approximation teq/ts ≪ 1) throws a substance from
point ρ0, p = 0, which belongs to the state before an
ultrashort action, to state ρ0, p(T(Fabs)) in the initial
density ρ0 isochore in Fig. 5. The higher absorbed
energy Fabs, the higher the initial point (initial state)
from which a rarefaction wave starts in the ρ0 isochore.

The four segments that make up the profiles in
Fig. 6 are as follows.

First, it is the initial state with the same density ρ0
and different initial pressures 1, 2, and 3. These pres-
sures are given in Fig. 5. Profile 1 in Fig. 5 starts from
axis p = 0. The initial pressure in Fig. 5 should be
slightly lifted above zero to obtain density profile 1 in
Fig. 6. Profile 1 in Fig. 6 is described in the linear
acoustic approximation at a high accuracy, since the
pressures are low as compared to the bulk modulus of
the condensed matter, the velocities are low as com-
pared to the velocity of sound, and the decrease in
density decrement δρ in the rarefaction wave is small
as compared to ρ0. The profiles of type 1 correspond to
the rapidly heated states of a solid body or a melt
slightly above the melting curve. The substance is
assumed to be at rest under room conditions before the
action.

Second, it is a centered rarefaction wave with a fan
of characteristics [53–56]. The fan in Fig. 6 includes
the density decrease between the first and second uni-
form-flow regions. Numerals 1, 2, and 3 are over the
second uniform region in Fig. 6. This region is called a
step, or a plateau, and it corresponds to the point of
intersection with axis p = 0 in the phase plane (ρ, p) in
Fig. 5.

Third, it is the plateau in Fig. 6.
Fourth, it is the vapor “tail” connecting the plateau

with vacuum. The tail corresponds to a fan of other
characteristics, at which the velocity of expansion of a
flux into vacuum is higher than in the fan in the sec-
ond segment. If the Riemann method and equilibrium
adiabats and isotherms are used to solve the gas
dynamics equations, the tail passes only through the
two-phase region under the binodal in the (ρ, T) plane
in the case of adiabat and passes partly through the
D THEORETICAL PHYSICS  Vol. 127  No. 1  2018
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Fig. 7. (Color online) Phase diagrams in planes (ρ, T) and
(ρ, p). Comparison of the shapes of (i) adiabatic and (ii)
isothermal profile tails from Fig. 6. b stands for binodal; m,
for melting region. Vertical temperature or pressure jump
ρ0 corresponds to the rapid heating approximation teq ≪ ts.
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ρ

iii

iii

ii

ii

m

b

i

two-phase region and partly through the single-phase
gas region in the case of isotherm. The corresponding
adiabats and isotherms are shown in Fig. 7. In a vapor
layer (adiabat) or a vapor–gas layer (isotherm), the
pressure decreases from saturated vapor pressure
psat(T) to zero vacuum pressure (see Fig. 7). Note that
no condensate formation is detected in the vapor part
of the tail in the molecular dynamics simulations given
below on our space–time scales.

Binodal b in Fig. 7 bounds the region of equilib-
rium two-phase states. When the substance in an equi-
librium rarefaction wave expands to the binodal, the
pressure decreases to saturated vapor pressure psat(T)
(see Figs. 5, 7). The values of psat(T) < pcr are small as
compared to initial pressures p0(ρ0) > 7 GPa for the
heating under study above ablation threshold Fabs|abl
(see Fig. 4). The critical pressure is pcr = 0.53 GPa
according to the equation of state of gold [46–48]. The
kink point in the equilibrium profile in Fig. 5 is located
slightly above axis p = 0, at pressure psat(T), rather than
in this axis. Since psat(T) ≪ p0(Fabs), the kink point in
Fig. 5 is paced in axis p = 0. In all other features,
Figs. 5 and 7 are identical.

It is seen that, as Fabs increases (curves 1 → 2 → 3),
the negative pressure well in Fig. 5 becomes shallower
and the spatial profile of the rarefaction wave shown in
Fig. 6 (profiles 1 → 2 → 3) deforms simultaneously. As
noted above, the cases with relatively weak heating
(curve and profile 1) are described in the linear acous-
tic approximation. Here, the velocity of metal expan-
sion in the plateau is

where ZA = ρcs is the acoustic impedance of gold and
B is the bulk modulus. Correspondingly, the left edge
of the plateau in Fig. 6 travels distance ut from x = 0 at
time t measured from the maximum of the laser pulse.
The head characteristic of the fan of characteristics is
located at distance cst in Fig. 6. This characteristic in
Fig. 6 moves to the right, to the substance volume.

As Fabs increases, the pressure drop amplitude in
the expansion segment from the initial density to the
plateau density increases, the plateau density
decreases, the substance velocity in the plateau
increases, and the plateau length decreases (cf. pla-
teaus under numerals 1, 2, and 3 in Fig. 6). In addi-
tion, the tail length increases. The plateau becomes
small and disappears at high values of Fabs, when the
intersection with the binodal approaches the critical
point. The profile of the rarefaction wave resembles its
profile in the case of gas.

Here, we have dwelt on the solutions at teq ≪ ts and
dT ≫ csteq, since we need a qualitative understanding
before passing to numerical results. Figures 5–7,
which were plotted for expansion into vacuum, will
help us to describe the situation during expansion into

= =0 abs 0 abs( ) ( ) ,s
A

p F p Fu c
Z B
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an material environment. On a fundamental level,
these two cases are different because of the dynamic
boundary condition pCB = 0 (vacuum) against pCB > 0
(stopping environment); that is, we will simply
increase the external pressure from pCB = 0 to pCB > 0.
Self-similarity is retained if the external pressure is
constant in time and the instantaneously heated layer
thickness is infinite.

Let Tbin be the temperature at the point of intersec-
tion of an adiabat and a binodal at given Fabs. We
assume that the instantaneously heated substance in
the rarefaction wave expands with retained entropy
and that the binodal is the curve of coexistence of the
vapor and condensed phases. The following two
modes are possible.

In mode 1, external pressure pCB (which is taken to
be constant in time) is lower than saturated vapor pres-
sure psat(Tbin), and the pressure in the plateau is
psat(Tbin). A uniform flow layer is adjacent to the con-
tact, where pressure pCB is constant. The right edge of
this layer has the characteristic of the second fan of
characteristics, i.e., the tail (see Fig. 6). Then, the
remaining part of the two-phase tail, where the pres-
sure increases to the right (i.e., toward the target vol-
ume), is present. This increase begins with pCB and
continues to the point where the tail joins the plateau
with pressure psat(Tbin). Plateau psat(Tbin) then exists to
the right. The first fan of characteristics, which con-
nects plateau psat(Tbin) and the head characteristic that
runs on the unperturbed instantaneously heated sub-
YSICS  Vol. 127  No. 1  2018
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stance, is located farther to the right. As noted above,
the adiabat segment between the green and blue points
in Fig. 5 corresponds to the first fan in the phase ther-
modynamic plane. The heat characteristic corre-
sponds to the green point and the plateau with pres-
sure psat(Tbin) corresponds to the blue point. Thus, the
following two plateaus occur in the first mode: the pla-
teau at pressure pCB and the plateau at pressure
psat(Tbin).

In mode 2, external pressure pCB is higher than sat-
urated vapor pressure psat(T). Then, a uniform flow
layer (plateau) is adjacent to CB with external pressure
pCB region. The internal characteristic of the first fan
becomes the right boundary of this plateau, which
means that the expansion adiabat in Figs. 5 and 7 does
not reach the binodal.

It is this situation that takes place in a long initial
time interval in the interaction between gold and water
under study. Therefore, from here on we consider
mode 2. Of course, in real situation with finite depth
dT of a heated layer, pressure pCB(t) at CB decreases
strongly during long-term expansion into water. Con-
tact temperature TCB(t) on the side of gold remains
unchanged, and saturated vapor pressure psat(TCB)
eventually exceeds pCB(t). First, this situation takes
time; second, this situation does not occur if gold tem-
perature TCB(t) decreases sufficiently rapidly, so that
pressure psat(TCB(t)) decreases faster than pCB(T).
These problems will be considered after analyzing
numerical calculations.

The main point is that the uniform flow region
near CB on the side of metal is retained in mode 2.
This is again plateau, and the plateau pressure is deter-
mined by external pressure pCB, pCB > psat(Tbin), rather
than being psat(Tbin).

Plateau height psat(Tbin) is low as compared to the
pressure in the isochore for expansion into vacuum at
the high values of absorbed energy Fabs under study,

where p0(Fabs) is the pressure in the isochore ρ = ρ0
after instantaneous heating (see Figs. 5, 7). On the
other hand, the Hugoniot adiabats of water are such
that pressure pCB at the gold–water CB is rather high at
the initial stage at the given values of Fabs (see discus-
sion below). This pressure is higher than the critical
gold pressure by an order of magnitude, pCB ≫ . In
this case, the contact pressure is low as compared to
the pressure in the initial density isochore immediately
after heating, pCB ≪ p0(Fabs). Thus, we have  ≪
pCB ≪ p0(Fabs) in our situation at the initial stage. This
profile belongs to mode 2.

We analyze the cases at Fabs such that a plateau is
weakly pronounced during expansion into vacuum,

�sat bin 0 abs( ) ( ) ~ 100 GPa,p T p F

≤ =sat bin cr( ) 0.53 GPa,p T p

Au
crp

Au
crp
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the point of intersection of adiabat and binodal in
Fig. 7 is to the right or to the left of the critical point,
and the profile resembles gas expansion. However, a
near-contact plateau appears because of the counter-
action of water (mode 2), and such a plateau also
appears in the case of gas during the decay of pressure
discontinuity. Let us explain the decay of discontinuity
or jump in gas dynamics. At t < 0, we have two homo-
geneous half-spaces that are in contact through a rigid
wall. The right half-space has a high density and a high
pressure (gold), and the left half-space has a low den-
sity and pressure (water). At t = 0, the wall is simulta-
neously removed. As a result, a f low with a rarefaction
wave in gold, a near-contact plateau, and a shock wave
in water appears.

Obviously, the gold region affected by the differ-
ence between water and vacuum is bounded by the
plateau layer. Outside this layer, the expansion of gold
is identical to the case of vacuum.

We now estimate contact pressure pCB and velocity
uCB in terms of linear acoustics in both water and gold.
We put the pressure and the velocity in water equal to
the plateau pressure and velocity and obtain

(5)

where ξ = Zwt/ZA ≈ 0.03, Z = ρcs is the acoustic imped-
ance, ZAu is the impedance of gold, Zwt is the imped-
ance of water, and p is the pressure in gold outside the
rarefaction-wave-affected zone. At p = 100 GPa, we
have

(6)

Another estimate follows from the Hugoniot adia-
bat of water [57],

(7)

where D is the shock wave (SW) velocity in water and
c = 1.6 km/s is the velocity of sound in water under
normal conditions. Shock-compressed water is more
“rigid” than that in linear acoustics. Therefore, the
pressure at CB turns out to be higher than that calcu-
lated by Eq. (5) and the contact velocity is lower. We
search for pCB and uCB in the case where gold is
described in the linear acoustics approximation and
water is described by Hugoniot adiabat (7). Indeed,
the bulk modulus of water (Bwt = c2) is comparable
with the pressure estimated by Eq. (5) at p ~ 1 Mbar
(  is the water density under normal conditions).
Therefore, the nonlinear effects that occur in water
during the decay of discontinuity are substantial. We
write

(8)

(9)
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Fig. 8. (Color online) Hugoniot adiabat in the moderate
compression region: (symbols) data of various experiment
series taken from [48]; (1) calculation by Eq. (10); and (2)
approximation dependence (12), which is valid in the pres-
sure range from 0 to approximately 1 Mbar (see Fig. 9). 

5

10

15

0

p, GPa

1

2

1.0 1.2 1.4 1.6 1.8
ρ/ρ0

Fig. 9. (Color online) (symbols) Hugoniot adiabat of
water according to the available data [48]. (line) Approx-
imation (12) of these data. 

5

10

20
30
50

100

200

1

2
3

p, GPa

1.0 1.5 2.0 2.5 3.0
ρ/ρ0
(10)

where p is the still the pressure in gold outside the rar-
efaction-wave-affected zone and V/V0 is the degree of
water compression in SW. Equation (8) gives the gold
velocity during acceleration from an immobile state
under pressure drop from p to pCB. Equation (9) fol-
lows from the SW kinematics and the mass conserva-
tion condition. Equation (10) represents the law of
conservation of momentum in SW (pressure in front of
SW is neglected). Solving this system at p = 100 GPa,
we find

(11)

Pressure pCB (Eq. (11)) is seen to change twofold as
compared to pressure (6), whereas velocity uCB ≈ p/ZA
decreases insignificantly (provided p ≫ pCB). The con-
dition p ≫ pCB means that near-contact phenomena
occur at the foot of the high pressure “hill” (Fig. 6,
curve 3). Thus, the CB velocity (uCB) is mainly gener-
ated in relieving high pressure p along the first fan of
characteristics of the rarefaction wave in heated gold.

Figures 8 and 9 show the Hugoniot adiabats of
water plotted using the experimental data collected in
[48]. These data are approximated by the relationship

(12)

which is shown in Figs. 8 and 9. Pressure p in Eq. (12)
is given in GPa. Approximation (12) provides a veloc-
ity of sound of 1.5 km/s for small compression and is
valid at a pressure of about 100 GPa.
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Equation (12) is used to describe water during two-
temperature one-dimensional numerical hydrody-
namic simulation (2THD code). In the 2THD calcu-
lations, we neglect the heat-conduction heating of
water, since the thermal conductivity of water related
to molecule vibrations is low as compared to the ther-
mal conductivity of gold. This effect is taken into
account in molecular dynamics simulations. The irre-
versible heating of water associated with dissipation in
SW is weak at pressures (6) and (11). In the 2THD cal-
culations, we apply Eq. (12) as the Hugoniot adiabat of
water instead of the equation of state of water and take
into account the shock-compression-induced revers-
ible part of heating.

Gold is assumed to obey linear acoustics in esti-
mate (5) and Eqs. (8)–(10). Indeed, the bulk modulus
of gold (1.8 Mbar) is high even in comparison with the
pressure considered above (p ~ 1 Mbar). However, the
increase in the pressure during laser irradiation is
related to heating. The linearization of the gas dynam-
ics equations in small perturbations leads to acoustic
and entropy modes (entropy–vortex mode in a multi-
dimensional case). Acoustic modes run away from an
initiation layer at the velocity of sound, and the
entropy perturbation remains “frozen” in a substance;
that is, a hot surface layer is retained in the cooling
time due to heat conduction. It is this hot layer that is
the arena of the active hydrodynamic phenomena
(foaming, internal evaporation) to be studied below.
The nucleation of cavities with a vapor phase and
foaming appear when a finite heating layer thickness
dT is taken into account. No nucleation takes place
under the conditions considered above, where dT = ∞.

The condition of linearity (i.e., smallness) of an
entropy perturbation in condensed matter means that
the change from room temperature to a final tempera-
YSICS  Vol. 127  No. 1  2018
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ture is small as compared to the critical temperature.
Then, the decrease in the density δρ during thermal
expansion is small as compared to gold density ρ0
under normal conditions. However, this condition is
not met in the situations under study: overheating to
the temperatures comparable with the critical tem-
perature and high-amplitude gold expansion with δρ ~
ρ0 take place. A nonlinear hot layer (nonlinear entropy
perturbation) of thickness dT ~ 150 nm appears. An
analysis of this situation needs a numerical simulation.
It is interesting that the compression wave goes into
the volume from layer dT having generated it and
becomes quasi-linear, since the compression pres-
sures in this wave are comparable (slightly lower than)
with the bulk modulus at the values of Fabs under study.

3. TAKING INTO ACCOUNT
A FINITE HEATING DEPTH

In Section 2, we considered the case called the
decay of discontinuity in textbooks on the mechanics
of f luids. At time t = 0, the wall between two homoge-
neous half-spaces (in our case, gold/vacuum or
gold/water) having different pressures is removed. The
flow at t > 0 is self-similar. In our case, a rarefaction
wave runs in gold, which is under high pressure, at the
velocity of sound, and SW moves into water.

In Section 2, the heating layer thickness is dT = ∞;
therefore, the half-space occupied by gold is homoge-
neous (ρ, p, and T distributions are uniform at t < 0).
If thickness dT is limited (in our case, dT ≈ 150 nm), a
self-similar solution exists for t ≪ ts and ts = dT/cs. At
times t ~ ts, self-similarity ceases to be valid, and the
motion mode called the decay of an “instantaneously”
heated hot layer of finite thickness at CB with vacuum
or water begins to be operative.

In acoustic terms, the f low at 0 < t ≤ ts is repre-
sented as the sum of four acoustic (i, ii, iii, iv) and one
entropy mode. The entropy mode and three acoustic
modes (i, ii, iii) are in gold. Two acoustic modes (i, ii)
run from the hot layer inside gold. The first of them is
compression wave CW+ (i); superscript “+” means
that the wave propagates along axis x, which is directed
into the gold volume, as in Fig. 6. Wave CW+ (i) prop-
agates to the right, into the gold volume. Another
compression wave CW– (ii) runs to the left, to CB.
Wave CW– (ii) is ref lected from CB in the form of a
rarefaction wave in gold, RF+ (iii), and moves into
water in the form of SW in water SW (iv). The exis-
tence of wave CW– (ii) is bounded by time interval ts.
After this time interval, wave CW– (ii) is fully trans-
formed: (ii) → (iii) and (ii) → (iv). Waves (i), (iii), and
(iv) live for an infinite time.

At dT = ∞, pressure p in the first (head) character-
istic of wave RF+ (iii) remains constant, equal to p0 in
the uniform gold thickness. At finite dT, pressure p in
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this characteristic decreases in time ts. This pressure
halves as compared to p0 in time interval ts in linear
acoustics without regard for the 2T stage. The further
decrease in this pressure in times longer than ts
depends on the degree of wave nonlinearity. Here, we
speak about a slow decrease in p at t ≫ ts to the values
that are lower than half initial pressure p0. The degree
of nonlinearity is characterized by ratio p/B, where
B = 1.8 Mbar is the bulk modulus of gold. In the linear
limit during planar one-dimensional propagation, the
pressure in the first characteristic of wave RF+ (iii)
remains constant after the twofold decrease from p0 to
p0/2.

When nonlinearity is taken into account, compres-
sion wave CW+ (i) is broken after some time to form
SW in gold [15]. After wave breaking, rarefaction wave
RF+ (iii) gradually “sits down” on the SW front, since
the f low behind SW is subsonic. Compression wave
CW+ (i) at this stage degenerates into a so-called “tri-
angle” SW. Sound dispersion gradually increases the
length of the triangle occupied by wave CW+ (i). The
point is that the velocity of sound behind the SW front
near SW is higher than at a long distance from the SW
front. This is the case, since the pressure near SW in the
instantaneous profile is higher. The SW amplitude in
gold decreases in time because of sound dispersion and
the expansion of the compression layer behind SW.

The emission of a pair of successive waves, i.e.,
CW+ (i) and RF+ (iii), from hot layer dT occupied by
the entropy mode was described in [27, 58]. A pair of
high-pressure wave (i) and low-pressure wave (iii) is
clearly visible in x, t diagrams [59, 60]. The x, t show
how the spatial separation of waves (i) and (iii), on the
one hand, and the near-contact entropy mode “fro-
zen” in the substance, on the other, occurs in time ts.
Fast modes (i) and (iii) go to the volume and the hot
layer is retained at CB. Since we are interested in the
near-contact phenomena, we do not discus the fate of
waves (i) and (iii) and only note that the problem of
laser SW and its decay is interesting. There are import-
ant problems related to the splitting of SW into elastic
and plastic waves (see [60] and Refs. therein).

It is important that, at dT < ∞ during expansion
into rarefaction wave (iii), the pressure nonmonotoni-
cally decreases to the external pressure, as in the self-
similar situation. During expansion into vacuum, the
pressure at CB is zero, and a negative-pressure region
exists between CB and the head characteristic of the
rarefaction wave. In other words, nonmonotonic
behavior takes place: a minimum, where pressure is
negative, appears instead of a smooth change in pres-
sure from the maximum value to zero. This minimum
is caused by the fact that dT < ∞, which means that the
initial (after heating) high-pressure profile induced by
fast heating is limited in thickness. Therefore, the
velocity of expansion into vacuum u ≈ p/Z decreases
with decreasing pressure p along the profile. Hence,
D THEORETICAL PHYSICS  Vol. 127  No. 1  2018
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the material particles located closer to CB fly to vac-
uum faster than the particles that are farther from CB.
Thus, the condensed matter is extended and a gradient
appears; according to this gradient, the pressure near
CB increases when the distance to CB decreases.
Since the pressure on CB is zero, the pressure near CB
becomes negative [27, 58].

The instantaneous pressure profile (time t) has
minimum |pmin(t)|, where pressure is negative. The
point of the minimum moves into the gold volume in
time and |pmin(t)| increases from zero to maximum
|pmin|max [27, 58]. Then, |pmin(t)| does not change in the
linear acoustic approximation. In this approximation,
we have |pmin(t)| = p0/2. As noted above, p0 is the max-
imum pressure in the p(x, t) pressure profile for τL <
teq < t ≪ ts. |pmin|max is reached in a certain time on
acoustic time scale ts.

This near-contact pressure gradient retards expan-
sion velocity uCB(t). Therefore, the velocity of CB
motion toward vacuum uCB(t) decreases in time. The
deceleration of CB lasts for a time on the order of ts
until rarefaction wave (iii) of thickness dT leaves hot
layer dT. If velocity uCB(t) vanishes because of retarda-
tion, the continuity of the condensed phase is
retained, CB stops, and waves (i) and (iii) continue
their motion from CB. This is the end of retardation,
when tension stress |pmin|max(Fabs) is lower than the
strength of the condensed phase.

|pmin|max(Fabs) increases with absorbed energy Fabs.
The nucleation of cavitation bubbles begins when
stress |pmin|max(Fabs) exceeds the strength of the con-
densed matter. The corresponding value of Fabs is
called the ablation, cavitation, or spallation threshold
Fabs|abl. The ablation threshold is higher than the melt-
ing threshold. Therefore, nucleation occurs in a liquid
and cavitation is correspondingly discussed. The fron-
tal ablation and the back spallation in films were com-
pared in [15, 58], and the laser-irradiated film surface
is frontal.

Nucleation sharply changes the relation between
density and pressure, and a one-phase equation of
state changes into a two-phase vapor–liquid equation
of state. Moreover, the appearance of spallation pulses
moving to the right and left from a nucleation layer is
related to nucleation and a sharp decrease in the ten-
sile stress [15, 58]. As a result, the profile of rarefaction
wave RF+ (iii) changes strongly, whereas the profile of
compression wave CW+ (i) preceding this wave
remains unchanged. The change in the RF+ (iii) pro-
file consists in the fact that a low-stress (near-zero-
stress) region consisting of condensed fragments and
vapor appears instead of the negative pressure well
running along a continuous tensioned condensed
phase at the velocity of sound. The sharp deceleration
of the expansion velocity terminates in this fragmented
layer, and the mode that approximately corresponds to
the coasting f light of a substance appears.
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Our estimates and calculations from [61, 62]
demonstrate that the case near the ablation threshold
in vacuum is of no interest for the problem of fragmen-
tation into droplets or the droplet condensation of the
vapor–liquid or vapor laser ejection of gold into water:
nanoparticles are almost absent at F ≈ Fabs (this is the
threshold for ablation in vacuum) [63, 64]. The prob-
lem of the formation of gold nanoparticles in water
corresponds to the Fabs energies that are significantly
higher than the ablation threshold in the case with
vacuum. In this situation, the critical temperature is
approached, the fragmentation layer is thick, and it
includes the mass that is comparable with the layer dT
mass (which follows from the calculations given
below). However, at F ≈ Fabl, the mass of fragments is
small as compared to the layer dT mass. Thus, signifi-
cant part of the layer dT mass passes through rarefac-
tion wave RF+ (iii) and flies under its own inertia in
the conditions under study when absorbed energy is
significantly higher than ablation threshold in case
with vacuum.

Large mass ~dT separates from the bulk gold
because the temperatures in this mass are high and,
hence, the cohesion bonding is weak. Separation is
caused by fragmentation. Namely, the mass 5–I
accretes (fall down) onto the boundary 5 of  atmo-
sphere 4 in Figs. 2 and 3. Accretion occurs in the pres-
ence of water, which retards free expansion and,
hence, creates atmosphere 4. Because of water retar-
dation, CB and the atmosphere move more slowly
than fragmented substance 5–I. It is important that
the velocity of sound in the two-phase region is deter-
mined by the vapor pressure and is rather low. There-
fore, an effective accretion f lux is supersonic. When
reaching the atmosphere, the liquid elements of the
fragmented substance “does not know” about it.

Note that the nucleation (ablation) threshold
increases slightly in the presence of water, which is
associated with the increase in the pressure at the con-
tact (pCB ≈ 3–7 GPa (Eqs. (6), (11)) instead of zero in
the case of vacuum). The acoustic impedance of water
is low as compared to that of gold; therefore, the
change in the ablation threshold is small.

4. EQUATIONS OF ONE-DIMENSIONAL
TWO-TEMPERATURE HYDRODYNAMICS

We consider the action of an ultrashort laser pulse
on a f lat metallic surface submerged in a transparent
liquid. Light passes through the liquid and is absorbed
in the skin layer of the metal. No optical breakdown
takes place, since the radiation intensities are moder-
ate and the pulse durations are short (τL = 0.1–1 ps).
The absorbed energies are Fabs = 400–1000 mJ/cm2.
For definiteness, we analyze the gold–water pair. The
thermomechanical ablation threshold during an anal-
YSICS  Vol. 127  No. 1  2018
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ogous action on gold in a gas or vacuum is approxi-
mately Fabs|abl|vac = 100 mJ/cm2 [15, 27, 52].

To analyze the situation qualitatively described in
the previous sections, we now use one-dimensional
two-temperature (2T) hydrodynamic code 2THD
recorded for the Lagrangian coordinate. The corre-
sponding set of equations has the form

(13)

(14)

(15)

(16)

(17)

(18)

(19)

Here, Eq. (13) describes the law of conservation of
mass and the trajectory x(x0, t) of a material particle
with Lagrangian coordinate x0; x(x0, t = –∞) = x0 and
ρ0 is the initial density. Equation (14) represents the
law of conservation of momentum, where u(x0, t) is the
Lagrangian particle velocity. Equation (15) is the kine-
matic condition. The law of conservation of energy is
written separately for the electron and ion subsystems.
The energy balance in the electron subsystem is
described by Eq. (16) (see [9]). The power of the
energy exchange between the electron and ion subsys-
tems per unit volume and the electron heat f low are
given by Eqs. (17). The energy balance in the ion sub-
system is described by Eq. (18). The heating power per
unit volume due to the absorption of laser pulse radia-
tion is given by Eq. (19), where δ is the skin layer thick-
ness and τL is the laser pulse duration. Formula (19)
with function θ(x) = 1 at x > 0 and θ(x) = 0 at x < 0 is
valid for ultrashort moderate-intensity pulses, when
the displacement of CB during the pulse duration may
be neglected. At the initial time, CB is at point x = 0.
An absorbing substance is located to the right, at x > 0.

The solution of the set of equations is known to
need the data that describe the thermodynamics of the
system (equation of state), electronic thermal conduc-
tivity κ, and the electron–ion energy exchange
(knowledge of coefficient α) through, from 2T to 1T
states. We use modern data for the calculations given
below. The thermodynamics that describes both 2T
and 1T states is based on the rough representation of
the free energy of gold as a sum of the free energies of
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the ion and electron subsystems [65–67]. Here, the
ionic part is taken from the wide-range equation of
state [46–48]. In the 2THD calculations, water is
described using approximation (12). In the 2THD
code, the thermal conductivity of water is neglected.
An effective interatomic potential, in which water
molecules are represented as points, was developed for
a molecular dynamics (MD) simulation. In MD, the
thermal conductivity of water is low but finite and is
related to the vibrational motion of molecules.

The high thermal conductivity of gold plays an
important role, which is especially important at the 2T
stage. This thermal conductivity in the 2THD calcula-
tions was taken according to the models in [18, 19, 68–
70]. Coefficient α, which characterizes the rate of
electron–ion exchange, is also an important parame-
ter [18, 69–71]. In the calculations given below, we use
the approximation

(20)

Here, electron temperature TeV is given in electron
volts, and parameter Kα determines quantity (20) at
high Te temperatures.

At low Te, approximation (20) begins with an
experimental value of 0.2 × 1017 W K–1 m–3 [3]. The
authors of [71] considered the variation of parameter
Kα in Eq. (20) in the range from 1 to 6. The values of
Kα about 1 correspond to an α(ρ0, Te) relation close to
that given in [72]. At Kα ≈ 1, function (20) increases by
an order of magnitude with temperature Te. At Kα ≈ 4–
6, the increase in α(ρ0, Te) with Te above 10 kK is
much weaker (by a factor of 1.5–3) as compared to α
at room temperature. Ng [73] thinks that his experi-
mental data count in favor of a small increase in
parameter α with temperature Te. At Kα ≈ 1, the elec-
tron–ion relaxation in gold is faster than that at Kα ≈
4–6. Below, we will consider the version at Kα = 1.15.

5. RESULTS OF ONE-DIMENSIONAL 
CALCULATION AT Fabs = 400 mJ/cm2

5.1. Early Stage, 2T Relaxation
The two-temperature (2T) relaxation, which pro-

ceeds in the first several picoseconds after a subpico-
second action on gold, is identical to that in the case of
vacuum. Figure 10 shows how the electron (Te(x, t))
and ion (Ti(x, t)) temperatures move toward each
other. They move toward each other simultaneously
with heat propagation to the gold target volume. At a
time of about 10 ps, the melting zone motion is still
supersonic: in the time interval 2–15 ps, the melting
zone (m) travels from x ≈ 60 nm to x ≈ 160 nm (cf.
Figs. 10 and 11). At a time of 15 ps, the head character-
istic of the rarefaction wave is at a distance of 60 nm
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Fig. 10. (Color online) Electron–ion relaxation kinetics.
Early stage of expansion of gold heated by a laser pulse.
Here and in the next figure, the absorbed energy is Fabs =
400 mJ/cm2 and the duration is τL = 0.1 ps. The time is
measured from the maximum of the pulse intensity in the
form of a Gaussian function in time (Eq. (19)). Bracket m
indicates the position of the melting zone at a time of 2 ps. 
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Fig. 11. (Color online) Profiles of the electron (Te) and ion
(Ti) temperatures in an almost one-temperature (1/T)
stage, t = 15 ps. Nevertheless, the difference between the
local temperatures is noticeable (see text). 
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from the initial position of CB. At the 2T stage, the
velocity of sound increases slightly as compared to
3 km/s because of the additional electron-pressure-
induced elasticity. The melting zone (zone m) in
Figs. 10 and 11 consists of a mixture of solid and liquid
phases. The melting patterns in hydrodynamics and
molecular dynamics were compared in [74] (also see
[60]). These patters were shown to agree with each
other in integral parameters (temperature profile,
fraction of liquid phase). Below, we present the results
of MD simulation of gold ablation into water Note that
meting at the early stage occurs under compression
wave pressure. Therefore, the melting zone tempera-
ture is higher than the temperature of the triple point
[60].

The temperature in Figs. 10 and 11 and the density
in Fig. 11 undergo a sharp drop at the CB between gold
and water. As noted above, we neglect the low thermal
conductivity of water in the 2THD calculation. The
thermal conductivity of water at the thermal quasi-
vibrations of molecules is automatically taken into
account in the MD code.

The large difference between Te and Ti (several tens
of kilokelvins) at the first picoseconds (Fig. 10, pro-
files for 2 ps) levels off by 5–10 ps. By that time, the
heat energy transferred to ions is several times higher
than the heat energy retained in electrons. Neverthe-
less, the difference between local temperatures Te and
Ti remains noticeable even at 15–20 ps (see Fig. 11). In
the rarefaction wave region (to the left of the maxi-
mum density in Fig. 11), this difference is related to
very strong hydrodynamic expansion of the gold f low
to a high-amplitude rarefaction wave. In this wave, the
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
density drops to the values that are close to the critical
density of gold (5.3 g/cm3; see caption to Fig. 4). Ten-
sion causes the consumption of internal energy for
expansion. The influence of the expansion flux on the
temperature difference can be spoken about at the
stage t < ts ≈ 50 ps. At the stage t > ts, the rarefaction
wave gradually leaves heating layer dT. Temperatures
Te and Ti are low outside this layer.

Apart from the rarefaction wave zone, the differ-
ence between temperatures Te and Ti in Fig. 11 is
noticeable in the melting region, which is related to the
energy consumed for melting.

5.2. Formation of Atmosphere Because
of Water Drag and the Accretion-Induced Increase

in the Atmosphere Mass and Momentum
Figures 12–14 illustrate the essence of the dynamic

picture of gold expansion. The play of acoustic waves
and CB deceleration are visible in these figures. As in
the case of expansion into vacuum, a rarefaction wave
and a compression wave are present (see Section 3).
These waves are separated by the head characteristic of
the rarefaction wave, which is at the high pressure
maximum (another maximum of p exists at the SW
front). The instantaneous position of the pressure
maximum approximately coincides with the low max-
imum of density (compression in density is low). The
maximum of density is slightly to the right of the max-
imum of p because of a decrease in the temperature
into the gold volume.

The deceleration of CB also takes place during
expansion into vacuum. Therefore, according to the
principle of inert mass–gravitational mass equiva-
lence, there exists an effective gravitational field, the
free fall vector of which is directed from a high-density
YSICS  Vol. 127  No. 1  2018
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Fig. 12. (Color online) Profiles of density and the total
pressure, which enters into Eq. (14). SW in water, shock-
compressed water layer, water–gold contact (CB), and
atmosphere (atm) of gold heaped on stopping water are
shown. Numeral 4 in Fig. 2 corresponds to the atmo-
sphere. The rarefaction wave is to the left of the maximum
pressure, and the compression wave is to the right. 
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medium to a low-density one. This means the pres-
ence of Rayleigh–Taylor instability (RTI) of CB [39,
41, 42, 50, 51].

If a medium is solid, its strength hinders the devel-
opment of RTI (see Appendix A). If a medium is liq-
uid, the length of the modes that can grow in a rela-
tively short deceleration time (shorter or comparable
with ts) λRT is estimated to be small as compared to
heating layer thickness dT, λRT ≪ dT. This estimate
does not take into account surface tension σ and kine-
matic viscosity ν. When σ and ν are taken into
account, minimum scale λstab that is comparable with
thickness dT under our femtosecond-pulse conditions
appears. Thus, RTI may be neglected during expan-
sion into vacuum (see Appendix A). Indeed, on the
one hand, we have λRT ≪ dT; on the other, λRT >
λstab ~ dT.

In the case of vacuum, deceleration g(t) is operative
until a spallation plate is separated. For the expansion
of gold into water, the deceleration stage is longer; it is
not bounded by time interval tnucl; we have tnucl ~ ts near
nucleation threshold Fabs|nucl; and tnucl vanishes if
absorbed energy Fabs exceeds the nucleation threshold
by several times. The strength of gold is low under
strong heating. Heating is strong if energy Fabs is higher
than threshold Fabs|nucl by several times, and this is not
the case in the formulation of the problem under
study. Correspondingly, surface tension σ becomes
very low or zero, since we approach or even exceed the
temperature of the critical point at high Fabs energies.
The noticeable retardation of RTI is related to viscosity
ν (see Appendix B for viscosity under our conditions).
JOURNAL OF EXPERIMENTAL AN
Below, we will study this problem. Now, we return to an
analysis of the one-dimensional dynamics.

The expansion of rapidly heated gold creates SW in
water (Figs. 13, 14; point 2). SW runs into water and a
rarefaction wave runs into gold because of the decay of
the gold–water discontinuity with a high pressure in
gold (initial pressure in water is neglected). A shock-
compressed water layer is located between SW and CB
(Fig. 12, SW). The deceleration of CB becomes
noticeable as the thickness of the gold layer covered by
the rarefaction wave increases with respect to thick-
ness dT. The following pressure gradient appears
because of the deceleration of CB: the pressure first
decreases from the value at the SW front to pCB at CB.
The decelerating CB generates a decaying SW. The
pressure on SW, the compression in SW, and the SW
and water velocities behind SW decrease monotoni-
cally in time.

The pressure at the contact (pCB) is positive and
decreases gradually in time. The instantaneous coor-
dinate dependence of the pressure is continuous at
CB. CB deceleration g is the same in the vicinity of CB
for water and gold, since water is in close contact with
gold at CB. Therefore, a pressure gradient jump takes
place at CB because of a sharp density jump at CB (see
Figs. 12, 13). The ratio of the gradients dp/dx = –ρ|g| is
equal to the ratio of the densities at CB. Thus, the
pressure in the atmosphere–shell (Figs. 12–14, 1–4–
5) drops sharply. At upper atmosphere boundary 5,
pressure is maintained due to pressure in the rarefac-
tion wave tail and to the momentum that moves from
the wave to the atmosphere.

The substance in the rarefaction wave tail moves
faster than CB and the atmosphere because of the
D THEORETICAL PHYSICS  Vol. 127  No. 1  2018
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Fig. 14. (Color online) Jumplike drop Δu in the expansion
velocity at “upper” (with respect to free fall acceleration
vector g in Fig. 3) boundary 5 of atmosphere 4 (numerals
are explained in Fig. 2). The deceleration of high-density
gold atmosphere 1–4–5 is provided by the sharp pressure
drop in the atmosphere layer (see Figs. 12, 13). 
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Fig. 15. (Color online) Formation of extended nucleation
zone F (serrated segment of profile ρ) when nucleation
threshold Fabs is exceeded by several (approximately four)
times. Two-phase mixture segment F transforms gradually
into gold foam. The volume fraction of the liquid phase in
foam is low. The calculation at τL = 100 fs and Fabs =
400 mJ/cm2 (see Section 5). 
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deceleration of CB. The appearance of velocity jump
Δu at upper boundary 5 of atmosphere 4 is related to
this factor and the supersonic motion of the substance
in the rarefaction wave tail (see Fig. 14).

The pressure in water is well below the pressure in
the compression wave running to the right, into the
gold volume in Figs. 12–14, which is caused by the
large difference between the acoustic impedances of
water and gold (ZAu); we have ZAu/Zwt = 40 under nor-
mal conditions. The pressure in water was estimated in
Section 2 (see Eqs. (6), (11)), and these estimates
agree with the values presented in Figs. 12–14. The
influence of water on the rarefaction wave in gold is
restricted by the atmosphere. Behind atmosphere
boundary 5, gold does not know about water. Since
the impedance of water is low, the atmosphere is thin:
its thickness is much smaller than heating layer thick-
ness dT at the early and medium stages of expansion.

Part on the order of unity of the fragmented heating
layer accumulates gradually in the atmosphere, and
the atmosphere thickness becomes comparable with
dT. This situation occurs at the late stages of decelera-
tion. Here, the atmosphere thickness is substantially
smaller than the path traveled by the atmosphere
during deceleration.

5.3. Nucleation and Medium Stage
of Contact Deceleration

The beginning of nucleation is visible in Fig. 13: the
serrated segment at the end of the rarefaction wave in
the density profile. Nucleation begins in the rarefac-
tion wave tail at a certain distance from the thin atmo-
sphere. As the rarefaction wave moves, the nucleation
layer grows (see the density profiles in Figs. 13 and 15).
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
The nucleation layer thickness is 150 nm at a time of
70 ps (see Fig. 16). Then, the two-phase liquid–vapor
layer undergoes substantial expansion in time, which
is related to the coasting f light of the substance of the
two-phase layer and to velocity gradient du/dx in this
layer. Below, we will compare the results of the 2THD
and MD calculations and make conclusions regarding
the three-dimensional structure of the liquid–vapor
region.

Gold in the nucleation layer is strongly heated (see
Fig. 16), and the temperature in this layer increases
from 3 to 7 kK. At such temperatures, the strength
decreases to low values. Therefore, no substantial neg-
ative pressures appear in the melt before nucleation.
Negative pressures appear when the local temperature
decreases because of the gradual motion of the rar-
efaction wave from the heating layer of thickness dT.
The minimum in Fig. 16 (p < 0) is located at a depth of
112 nm, where the temperature decreases to 3 kK.

A two-phase vapor–liquid mixture forms as a result
of nucleation. The pressure in the mixture is low if it is
compared with the pressure in the compression wave
in gold (see Figs. 15, 16). The two-phase pressure is
determined by the saturated-vapor pressure in the hot
part of the mixture that is adjacent to the atmosphere.
As follows from Fig. 4, the gold vapor pressure is about
0.1 GPa at T = 6 kK. Small negative values of p are
retained in the cold part of the two-phase layer
because of the weak tension resistance of foam due to
surface tension (see Fig. 16) [22, 25]. The vapor–liq-
uid layer expands in the mode that is close to dust
expansion: the pressure, the pressure gradient, and the
velocity of sound gradient in this layer are low. Corre-
YSICS  Vol. 127  No. 1  2018
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Fig. 16. (Color online) Atmosphere and nucleation zone
taken from Fig. 15 are to the right of contact 1. The atmo-
sphere is heated to the near-critical temperature (see
Fig. 4). 
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Fig. 17. (Color online) Sharp decrease in the expansion
velocity during the collision of the vapor–melt mixture
substance with the upper atmosphere boundary. Δu =
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spondingly the velocity distribution over the Lagrang-
ian coordinate is retained during expansion: the veloc-
ity is “frozen” in the Lagrangian coordinate.

As noted above, the atmosphere moves more
slowly than the two-phase substance near the atmo-
sphere because of water deceleration. The velocity of
sound in the mixture is low; therefore, the mixture
flux onto the atmosphere is supersonic; that is, the
velocity of sound in the mixture is smaller than veloc-
ity difference Δu in Fig. 17. Hence, the two-phase sub-
stance does not know about the atmosphere. Thus,
upper atmosphere boundary 5 is represented by SW,
which separates the atmosphere from the accretion
flux to it (see Figs. 2, 3, 12–14). Figures 17 and 18
show the pressure and velocity profiles inside this SW.
The atmosphere thickness is 15–20 nm at a time t =
70 ps, and the SW width is approximately the same.

The difference between the pressure at contact 1 in
Fig. 18 and the pressure in the inflowing mixture is
approximately 1.8 GPa. Using the CB trajectory, we
determine the CB velocity and deceleration g(t). We
have g ≈ 4.3 × 1014 cm/s2 at t = 70 ps. The atmosphere
weight gives the pressure difference

between the boundaries 1 and 5 of atmosphere 4 (see
Figs. 2, 13). Substituting atmosphere density ρ ≈
10 g/cm3 and thickness h = 15–20 nm, we find Δp ≈
1 GPa.

We now estimate the pressure increment in SW
forming boundary 5 of atmosphere 4. To this end, we
write the law of conservation of mass

where Δu is the inflowing mixture velocity in the coor-
dinate system related to the atmosphere; D is the SW

Δ = ρatmp gh

Δ + = ,u D CD
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velocity in this coordinate system; C = ρ2/ρ1 is the
degree of compression in SW; and ρ2 and ρ1 are the
substance densities at upper boundary 5 of the atomic
transition and in the mixture in front of SW, respec-
tively. The law of conservation of momentum gives

where ΔpSW is the change in the pressure in SW. Sub-
stituting Δu = 150 m/s (see Fig. 17) and C ≈ 2, we find
ΔpSW ≈ 0.2 GPa. However, the sum Δpatm + ΔpSW ≈
1.2 GPa is smaller than 1.8 GPa, which is associated
with the estimation error. The pressure difference in
front of and under the atmosphere is seen to be mainly
related to the atmosphere weight.

Δ = ρ Δ Δ +1 ( ),SWp u u D
D THEORETICAL PHYSICS  Vol. 127  No. 1  2018
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Fig. 19. (Color online) Exclusion of the passive part of
foam and the gold volume to save computational
resources. (bottom) Density profile before exclusion and
(top) profile after exclusion. The decrease in the calcula-
tion segment weakly affects the atmosphere and SW
motion in water. 
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Cavities are closed in the SW, and the two-phase
vapor–melt mixture passes to the atmosphere and
returns to a single-phase liquid state. In Fig. 18, the
pressure in this state is higher than the critical pressure
of gold.

The volume fraction of the liquid phase in the mix-
ture decreases gradually due to expansion. The state of
liquid with bubbles transforms into the state of foam,
and a mixture of droplets in vapor then forms after
breaking membranes and filaments in the foam [22,
29]. Surface II in Fig. 2 separates foam region 5–II
from the droplet mixture region I–II. As noted above,
the two-phase mixture region can be approximately
described as the region in the coasting f light. How-
ever, the velocities of Lagrangian particles in the mix-
ture change slowly because of the weak interaction
caused by the surface tension of membranes and fila-
ments [22, 29]. Through this interaction, part of the
foam is mechanically related to the atmosphere and the
other part, to the bottom of the forming crater. As a
result, the zero of the velocity oriented along the main
motion (along x) turns out to be inside the mixture.

The atmosphere is gradually decelerated and stops
eventually. The foam in region 5–II and droplet sub-
stance II–I join the atmosphere layer at these times.
The foam of the layer from boundary I to the crater
bottom are retained on the target. Point I inside the
foamed layer is shown in Fig. 16. The zero of the foam
velocity is associated with boundary I in Fig. 2.

At longer times, SW is damped in water and its
velocity decreases to the velocity of sound in water
(1.5 km/s). Note that the average SW velocity in the
time interval 0 < t < 70 ps in water is 4 km/s and the
average Mach number is 2.7. The CB velocity
decreases to 1–10 m/s at times of several fractions of a
microsecond. The calculation described in this section
for Fabs = 400 mJ/cm2 was performed to a time of
200 ns. At t = 200 ns, CB travels 2.8 μm and SW in
water travels 340 μm.

To decrease the amount of calculations at such large
scales and times, we reject the part of gold belonging to
the substitution to the right of boundary I in Figs. 15
and 16 beginning from time t = 70 ps. An impermeable
fixed wall, which confines vapor inside the space
between the atmosphere and the crater bottom, is
placed at the cut of the calculation. The rejection of
the substance on the right of wall I in Figs. 15 and 16
weakly affects the motion dynamics of the atmosphere
and the adjacent two-phase mixture. We made the
same manipulations for the MD simulation presented
below.

Owing to cutting a chain of Lagrangian cells at
point I, we will not trace the compression wave that
moves deep into the gold volume (see Fig. 15). The
compression wave is broken soon after the time shown
in Fig. 15. A triangular SW forms in gold in a short
time and a rarefaction wave sits down on its front.
Thus, the pair of waves consisting of a rarefaction wave
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and a compression wave in Figs. 12–15 degenerates
into a pair consisting of a rarefaction wave and SW [15,
60]. Sound dispersion extends the fan of characteris-
tics of the rarefaction wave, which covers the shock-
compressed gold layer, and this wave smoothly
decreases the SW amplitude.

Figure 19 shows the density profiles before cutting
the right part of the calculation segment, at a time of
70 ps, and after cutting, at 80 ps. Our tests demonstrate
that the presence or absence of the right part only
weakly affect the dynamics of the left part, i.e., the SW
dynamics in water and the dynamics of CB, atmo-
sphere, and foam adjacent to atmosphere.

5.4. Late Stages of Contact Deceleration
Figure 20 illustrates how SW decays in water at the

beginning of the subnanosecond time interval. The
atmosphere expands due to, first, a decrease in the
rate of deceleration g of CB and, second, mass accu-
mulation from the two-phase mixture. In the time
interval 70–250 ps (see Fig. 20), SW (mark 2)
decreases its velocity from 3.55 to 3.0 km/s, the decel-
eration of CB decreases from 43 × 1013 to 8.8 ×
1013 cm/s2, the CB velocity decreases from 750 to
410 m/s, and the average gold density in the atmo-
sphere increases from 10.2 to 11.7 g/cm3. The increase
in the atmosphere density is caused by a decrease in
the pressure on CB and a decrease in the atmosphere
temperature from 7.60 to 6.44 kK. The cooling of the
atmosphere in the 2THD calculation is associated
with the attachment of cold foam to the atmosphere
due to the atmosphere accretion of foam (recall that
the thermal conductivity of water in the 2THD calcu-
YSICS  Vol. 127  No. 1  2018
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Fig. 20. (Color online) Middle stage of SW propagation
and decay (mark 2) in water. Decay is caused by gradual
deceleration of the “piston” pushing SW. The piston is
gold–water CB (mark 1). 
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Fig. 21. (Color online) Density profile evolution from the
state of atmosphere plus foamed mixture to the state with
exhausted reserve. 
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Fig. 22. (Color online) Decrease in the pressure of SW
during its 1D propagation. The heating spot diameter is
usually several hundred microns; therefore, the 1D
approximation is still applicable. 
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lation was neglected). In the MD calculations, we take
into account both the thermal conductivity of foam
(heat removal through membranes and filaments) and
the vibrational thermal conduction through water
molecules.

The change in the density distribution in the time
interval 0.25 ns < t < 1 ns is illustrated in Fig. 21. The
SW coordinate in water increases from 870 to 2850 nm
in this interval. The SW velocity decreases to 2.5 km/s
and the compression of water in SW is 20% at t = 1 ns.
SW is far to the left of the density profile in Fig. 21 and
the atmosphere thickness is h(t = 1 ns) = 65 nm.
Therefore, SW is not shown here. Note that the atmo-
sphere thickness increased by a factor of 2–3 in the
time interval from 70 ps to 1 ns (cf. Figs. 21 and 17–
19). In the time interval 0.25 ns < t < 1 ns, the atmo-
sphere accretion of the two-phase mixture ceases
gradually, since the major part of the mixture has pre-
cipitated in the atmosphere.

The pressures at SW and CB are pSW(t = 1 ns) =
1.1 GPa and pCB(t = 1 ns) = 0.22 GPa = 2200 bar,
respectively; that is, the pressure at a far SW is much
higher than the pressure at the contact. Temperature
T(t = 1 ns) = 5.93 kK is leveled through the atmo-
sphere thickness. The saturated gold vapor pressure at
this temperature is approximately 750 bar (see Fig. 4).

Figures 22 and 23 show the pressure profiles in
water at the late stage of CB expansion. Since SW is
far, the region with gold on this scale is seen as a weak
burst to the left of zero. This burst moves slowly (as
compared to the SW velocity) to the left. The f low pro-
files shown in Fig. 23 are not self-similar. In the rela-
tive coordinates, the layer of a sharp decrease in the
pressure behind SW becomes thinner as compared to
the distance traveled by SW. As is seen from Figs. 23
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and 24, the pressure at CB decreases in time faster
than the pressure at SW.

In Fig. 24, we compare the time evolution of the
pressures at SW and CB. After t ≈ 100 ps, SW in water
decays approximately as pSW ∝ t–1/2 [75, §102], which
is related to sound dispersion (it extends the rarefac-
tion wave located on SW in water). Here, we speak
about the approximately triangular part of the pressure
and velocity drop behind SW (see Figs. 22 and 23).
The water pressure and velocity behind SW are
approximately proportional to each other in weakly
linear SW. Therefore, the velocity behind the SW front
also decays as t–1/2. The law t–1/2 means that the push-
ing of SW by a piston (i.e., CB) ceases to play a signif-
icant role.
D THEORETICAL PHYSICS  Vol. 127  No. 1  2018
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Fig. 23. (Color online) Time evolution of the pressure pro-
file in the coordinates normalized by the current position
and the amplitude of SW. 
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Fig. 24. (Color online) Time dependences of the pressure
at SW in water (pSW), the CB pressure (pCB) and tempera-
ture (TCB), and the saturated gold vapor pressure at CB at
a given temperature (pvap(TCB)). 
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Fig. 25. (Color online) CB or SW displacement vs. time.
The CB velocity is high and the CB and SW displacements
are comparable in the first several tens of picoseconds.
Then, CB is far behind, since the CB velocity decreases
rapidly while the SW velocity cannot be lower than the
velocity of sound. At 200 ns, these displacements differ by
two orders of magnitude. The decrease of the rate of decel-
eration becomes slightly lower because of a change in the
law of decreasing pressure when the saturated vapor pres-
sure is reached (cf. with Fig. 24). 
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Pressures pSW and pCB are comparable in the sub-
nanosecond time interval, and the pressure at CB then
begins to drop, which is related to CB deceleration (see
Section 5.5). The situation changes when the decreas-
ing external pressure (water pressure) at CB lowers to
the saturated gold vapor pressure at the gold layer tem-
perature: see the motion of the pCB and pvap curves
toward each other in Fig. 24. The latter curve was cal-
culated at temperature TCB using the approximation
described in the caption to Fig. 4. Then (after reaching
pvap), evaporation (if water bounds the gold vapor vol-
ume) maintains the pressure at CB at the level of the
saturated vapor pressure. As a result, the rate of
decrease of the pressure at CB decreases (see Fig. 24).

5.5. Contact Instability

Figures 25 and 26 show the time dependences of
the coordinate and the velocity behind SW and CB,
respectively. The SW velocity decreases to the velocity
of sound in water (1.5 km/s) when the SW pressure
decreases well below the bulk modulus of water
(2.3 GPa; see Fig. 24). The expansion of SW is traced
in Fig. 25 to approximately 400 μm. Then, in experi-
ments with spot diameter 2RL of several hundred
microns, SW transforms from a one-dimensional
plane wave (dependence of parameters on x) into
spherical SW, were parameters depend on radius r
measured from the center of the laser heating spot. At
t = 200 ns, the ratio of the masses of water behind SW
and the spalled gold layer is very high, xSW/h ≈ 350 ×
103/50 = 7000.

The displacement of CB is L = 3 μm at a time of
200 ns in Fig. 25. By this time, the CB velocity
decreases to several m/s; that is, the layer is going to
stop (see Fig. 24). In the one-dimensional formulation
of the problem, the gold layer (atmosphere) of thick-
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
ness h = 50–100 nm travels a path L = 60–30 layer
thicknesses before stop. Since CB rapidly picks up
speed and then decelerates for a long time, we have

where  is the average deceleration and the integrals
are taken backward, from stop.

The Rayleigh–Taylor mixing at the boundary of
two media having strongly different densities (gold–
water) obeys the law h+ = α+gt2 (see Appendix A).

= ∫ ∫
2( ) ~ /2,L dt dt g t gt

g
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Fig. 26. (Color online) Current water velocity uSW behind
the SW front. As SW is damped, this velocity decreases
approximately in proportion to the pressure at the SW
front (see Fig. 24): uSW ≈ pSW/Zwt, where Zwt is the acous-
tic impedance of water. Curve uCB is the 2THD calculation
at Fabs = 400 mJ/cm2. Curve Fit is an analytical approxi-
mation (see text). 
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Here, h+ is the path traveled by water bubbles into the
gold atmosphere from the initial position of the CB
surface. The gold layer of thickness h+ is fragmented
into jets and droplets. At time t, the remaining atmo-
sphere h – h+ still retains its continuity and withstands
the pressure drop between its inner boundary and the
current boundary of bubble penetration h+. The inner
boundary separates the atmosphere and the two-phase
mixture (see Fig. 3).

The atmosphere is fully mixed with water when h+
is comparable with the atmosphere thickness, h+ ≈ h.
From whence, we can estimate the path Lmax traveled
by the atmosphere to full mixing, 2α+Lmax ≈ h, or
Lmax ≈ h/2α+. Since α+ = 0.03–0.05 (see Appendix A),
we have Lmax ≈ (10–15)h; that is, the atmosphere can
travel 10–15 thicknesses before its decomposition.
Since the one-dimensional calculation indicates the
deceleration of the atmosphere after 30–60 thick-
nesses, the problem of RTI is challenging. The layer
can be completely mixed out before it stops according
to the one-dimensional 2THD code simulation. We
first perform a semianalytical analysis of the linear
development of RTI against the background of the
flow presented in Figs. 25–27. We then perform a
complete analysis (without linear approximation)
using an MD simulation.

Figure 26 depicts an analytical approximation of
the CB velocity (curve Fit). This approximation has
the compact form

(21)

where uCB is the CB velocity in km/s and tps is the time
(ps) measured from the maximum of the laser pulse.

= − − 0.233024.0554 exp[ 0.631255( 1.10875) ],CB psu t
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The RTI increment in a viscous liquid with allow-
ance for surface tension (without regard for a finite
atmosphere thickness) has the form [51]

(22)

In Eq. (22), terms gk, At, k3σ/(…), and k2ν are related
to buoyancy, capillarity, and viscosity, respectively.
The density ratio is ρAu/ρwt ≈ 10; therefore, the
Atwood number is At ≈ 0.8 (see Appendix A). The
wavenumber is k = 2π/λ. For waves λ < h, the atmo-
sphere is considered to be thick, kh > 6 > 1.

Surface tension is approximated by the expression

(23)

Here, we used the following parameters: σ0 =
1150 dyn/cm, the critical temperature is Tcr = 7.8 kK
(see Fig. 4), the melting temperature of gold is Tm =
1.338 kK, and the surface tension of the gold melt at
the melting point was borrowed from [76]. At near-
critical temperatures, we have σ = 155, 84, and
25 dyn/cm at T = 6.5, 7.0, and 7.5 kK, respectively.
The MD calculations of σ were described in [77].
Formula (23) was borrowed from [78] (also see Fig. 15
in [79]).

In Eq. (22), kinematic viscosity ν is taken to be the
viscosity of gold (see Appendix B).

As is seen from Eq. (22), viscosity retards the
growth of RTI but cannot stabilize CB. At any viscos-
ity, the stabilization is determined by surface tension.
CB becomes unstable at long modes, which are longer
than the capillary scale

In estimation, we take σ = 100 dyn/cm, At = 0.8,
ρAu = 10 g/cm3, ρwt = 1 g/cm3, and g = 1014g14 cm/s2

(also see Appendix A). Scale λσ(g) is seen to increase
with decreasing rate of deceleration g(t) in time at
fixed surface tension and densities (see Fig. 27). Thus,
if wavelength λ is fixed, perturbation growth at this
wavelength continues in a finite time interval to time

, when g( ) decreases to g = 1014(21 nm/λ)2 (see
Figs. 28–30). In other words, the growth of modes of
larger scales continues for a longer time, and the incre-
ment of their growth is smaller.

Figures 28–30 show how RTI develops in terms of
a linear theory. The parameters used for the calcula-
tion were as follows: σ = 100 dyn/cm, ν = 0.002 cm2/s
(see Appendix B), ρAu = 10 g/cm3, and ρwt = 1 g/cm3.
The deceleration was found from the expression, g =
duCB/dt, where uCB(t) is determined by Eq. (21).
Figure 28 depicts the time dependence of instability
increment γ according to Eq. (22). Figure 29 displays

γ = ν + − σ ρ + ρ − ν2 2 3 2
Au wt(2 ) At /( ) 2 .k gk k k

⎛ ⎞−σ = σ ⎜ ⎟−⎝ ⎠

1.25
cr

0
cr

1 /( ) .
1 /m

T TT
T T

σ σ
ρ + ρ

= λ =
σ

Au wt

14

At ( ) 21, [nm] .
g

k
g

*t *t
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Fig. 27. (Color online) Deceleration of CB. It is brought
about by water deceleration and the acceleration of the
substance in the two-phase state by an accretion flux (see
Figs. 2, 3, 17). Function g(t) was obtained by the differen-
tiation of the analytical approximation of velocity (21).
Note that the accelerations of gold atoms under an inter-
atomic interaction depend on temperature. These acceler-
ations are about 1018 cm/s2 in the case of the hot melt
under study. 
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Fig. 28. (Color online) RTI increment (22). The ampli-
tude grows in the time interval 0 < t < . At , the mode
is stabilized by surface tension (see text). The calculation
parameters are σ = 100 dyn/cm and ν = 0.002 cm2/s. 
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Fig. 29. (Color online) Increase in number (t')dt' in
time. Here, this number is called logarithmic accumula-
tion. 
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how the value of g(t') is accumulated with time.
Figure 30 illustrates the exponential amplification in
the linear perturbation amplitude in the quasi-classi-

cal approximation, a(t)/a(t0) = exp( (t')dt'). The
amplification is seen to be significant, by 1.5–2 orders
of magnitude. Whether the perturbation extends to the
nonlinear stage depends on the spectrum of initial per-
turbation amplitudes a(t0, λ). The a(t0, λ) perturba-
tions are related to the initial target roughness, thermal
fluctuations, and the bombardment of the outer atmo-
sphere boundary by “nucleation products” (i.e., liquid
fragments of two-phase mixture; see Fig. 3). An MD
simulation is necessary to understand the develop-
ment of the situation near the gold–water CB.

6. MD SIMULATION

We performed series of MD calculations. They dif-
fered in the width and the length of calculation paral-
lelepiped Lx × Ly × Lz and in initial data (absorbed
energy Fabs). As above, axis x was directed along the
main motion. The direct calculation of gold ablation
to water requires huge computational resources. Even
if we restrict ourselves to times of about 3 ns (rather
than 200 ns, as in Section 5), the shock-compressed
water layer thickness is about 10 μm, and SW reaches
approximately the same depth in the gold volume in
3 ns. The transverse size should be at least several
atmosphere thicknesses, i.e., Ly = Lz > 100 nm. This

∫ '
t
dt

γ∫
t
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volume contains more than 10 billion atoms, and the
number of integration steps to 3 ns at a step of about
1 fs is three millions.

Therefore, instead of the direct calculation, we
developed a scheme with an equivalent physical
approach and substantially smaller resources, namely,
the number of atoms is smaller by two orders of mag-
nitude. First, we sacrificed hydrodynamic three-
dimensionality. The thickness of the calculation paral-
lelepiped is Lz = 8.2 nm. As is known from the RTI the-
ory, the two- and three-dimensional cases differ mod-
erately from a quantitative standpoint [41, 42, 80]. Mix-
YSICS  Vol. 127  No. 1  2018
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Fig. 30. (Color online) Amplification of perturbation

amplitude a(t) = a(t0)exp( (t')dt') by one–two orders of
magnitude at the typical problem parameters. 
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ing coefficients α+ are approximately the same and the
rates of floating of bubbles are comparable [81].

Second, width Ly was varied: to check initial condi-
tions, we first performed calculations at a relatively
small width of 25 nm; then, we performed calculations
at a width of 250 nm.

In addition, we used special-purpose techniques to
cut “excess” water and “excess” gold. The point is that
the length of the layer involved in motion, Ltotal =
LAu + Lwt (along x), is large because of the running of
a compression wave in gold and SW in water from the
initial CB plane. These waves move at the velocities
loops that are close to the velocity of sound or even
exceed it. The velocity of sound is very high as com-
pared to the velocities of motion in the much thinner
(as compared to Ltotal) contact layer near CB. CB
velocity uCB(t) is on the order of cs only at the acoustic
stage of time ts = dT/cs (see Fig. 26).

After the end of the stage of nucleation, the com-
pression wave in gold and the near-contact region are
separated by the two-phase layer, which is under near-
zero pressures and has a low velocity of sound. The
events that occur in the compression wave in gold (its
propagation, breaking, elastoplastic splitting [60]) do
not affect the near-contact layer. The nucleation time
is on the order of ts. Nucleation continues until the rar-
efaction wave leaves the laser heating layer of thickness
dT after the compression wave in gold. Therefore, we
chose time tcrop, when the thick two-phase layer is cut
by the plane, on the times of several scales of ts. The
gold atoms located at the depths behind this plane are
not involved in the simulation at t > tcrop. A similar
technique is used to decrease the number of Lagrang-
ian cells in the 2THD code. The clipping of excess
gold was illustrated in Fig. 19.
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As was noted in Section 3, a region at rest with a
zero pressure is retained behind the pair of waves com-
ing to the gold volume. Therefore, gold can easily be
cut off. The situation with clipping excess water is
more complex.

After choosing the required initial conditions (i.e.,
proper heating conditions), we performed calculation
to 400 ps at a narrow width (Ly = 25 nm). We sought
for the trajectory x140(t) of a Lagrangian particle
(material particle), which was located at a distance of
140 nm from CB before laser heating. After time t =
400 ps, function x140(t) was smoothly analytically con-
tinued to t = 1 ns. What is the Lagrangian particle in an
MD calculation? We chose a group of neighboring
water molecules at a distance of 140 nm from the ini-
tial position of CB and wrote the trajectory of their
center of mass. This trajectory was function x140(t).

Instead of the calculation with a thick water layer,
we perform an MD calculation with a thinner water
layer located in the gap between CB and boundary
x140(t). In the case of “thick” water, SW exists in water
up to t = 400 ps. A comparison of thick-water calcula-
tion A with a full layer of shock-compressed water and
calculation B limited by boundary x140(t) demonstrates
that they are almost equivalent. In calculation B, the
water layer boundary was subjected to forced motion
according to law x140(t).

The clipping of excess water was combined with a
tenfold increase in width Ly from 25 to 250 nm. Width
Ly is very important for a successful simulation of the
development of RTI, which is strongly retarded in nar-
row channels. The large-width calculation is called
B-multi.

The tenfold increase in width Ly from 25 to 250 nm
consists in the fact that calculation B at time tmulti is
multiplied into ten bands (or channels), which are
joined into one channel. At t > tmulti, the B-multi cal-
culation is performed in a calculation parallelepiped
with Ly = 250 nm. Calculations B and B-multi are
nonequivalent because of another arrangement of
Voronoi cells in calculation B-multi as compared to
calculation B. RTI rapidly enhances this nonequiva-
lence. As a result, the wide B-multi channel does
operates as a wide channel from the very beginning of
laser heating. Thus, we conduct a calculation with
large width Ly and a much smaller number of water
molecules as compared to direct simulation.

For the important stage of CB deceleration not to
be omitted, the B-multi calculation begins with time
tstart on the order of the time to the onset of nucleation.
All stages of CB deceleration are substantial for RTI
accumulation and amplification via the RTI mecha-
nism (see Figs. 28–30).

Figure 31 shows the results of calculations A, B,
and B-multi. The horizontal frame size is Ly =
249.2 nm, the pixel size is 0.623 nm, and the upper
boundary of the frames in Fig. 31 is Lagrangian parti-
D THEORETICAL PHYSICS  Vol. 127  No. 1  2018
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Fig. 31. (Color online) Amplification of Rayleigh–Taylor perturbations because of the deceleration of atmosphere by the water
pressure. Gold is yellow water is blue. Water changes its color from dark blue to light blue because of strong heating near the gold–
water boundary. A separated gold droplet is visible in the last frame. This is one of the mechanisms of nanoparticle formation
during ablation into liquid. 
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cle x140(t). After SW goes out of boundary x140(t) in
water, the water layer thickness increases slowly
because of a constant decrease in the pressure in the
near-contact layer (see the pCB(t) curve in Fig. 24). A
decrease in the pressure decreases the water density,
and this effect is numerically moderate. Correspond-
ingly, the thickness of the water layer shown in Fig. 31
(region occupied by water is blue) also increases. The
effect of decreasing the degree of water compression
and the expansion of the layer bounded by surface
x140(t) is combined with the strong deformation of the
water–gold CB because of the development of RTI
and with the strong heating of water near CB (hot
water expands additionally). The total number of
atoms in the calculation presented in Fig. 31 is about
50 millions.

The atmosphere boundary accretion of the two-
phase mixture of melt fragments and vapor-filled cav-
ities is clear in Fig. 31 (cf. with Figs. 2, 3, 15–18). The
atmosphere in Fig. 31 is represented by a continuous
single-phase gold layer. The pressure in it grows from
bottom to top. Because of accretion, the atmosphere
thickness in Fig. 31 increases in time despite the
increase in the gold density in the atmosphere due its
gradual cooling, which is caused by heating of water
and heat transfer through foam membranes and fila-
ments to the foam body (where the foamed gold tem-
perature is lower than in the hot atmosphere). In
water, it has low but substantial atomic heat conduc-
tion. The electronic heat conduction in gold is much
higher. It is simulated by the Monte Carlo unit embed-
ded into the MD algorithm with dynamic decomposi-
tion along Voronoi polyhedra [82].

It is now unclear how the noise of the splashes of
liquid-fragment impacts on the boundary between the
atmosphere and the two-phase mixture influences the
development of RTI. The influence of the impact of a
fragment of length λ along y decays exponentially
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across the atmosphere thickness at a depth 1/k =
λ/2π, or k = 2π/λ. First, impact velocity Δu is low (see
Figs. 17, 18); however, the rate of RTI development is
low. Second, depth λ/2π is smaller than the current
atmosphere thickness. λ(t), i.e., the foam cell size,
increases in time and the atmosphere thickness
increases.

Based on similar considerations (regarding decay
at depth λ/2π), we chose a water layer thickness of
140 nm, which determines function x140(t). The
growth of the RTI modes with the scale along axis y
shown in Fig. 31 does not affect surface x = x140(t).
Correspondingly, boundary x = x140(t) made of
Lagrangian water particles remains f lat (horizontal in
Fig. 31) despite the very strong deformation of CB.

Figures 32–34 show the profile evolution corre-
sponding to the calculation in Fig. 31.

7. CONCLUSIONS

We considered the ablation of the gold surface into
water under a femtosecond laser pulse, the energy of
which is absorbed in the skin layer of gold after passage
through transparent water. The results of two-tem-
perature one-dimensional hydrodynamic calculations
of the expansion of the strongly heated surface layer of
the gold melt into water were presented. The expan-
sion leads to the nucleation of vapor cavities in the
melt. As a result, the layer of a two-phase mixture of
the liquid and vapor phases of gold appears. The water
deceleration of the expansion of gold causes the for-
mation of a contact gold layer, where the two-phase
mixture returns to the single-phase state. The single-
phase contact layer of gold is in contact with water,
through which SW moves. The deceleration in the
noninertial coordinate system related to the contact is
equivalent to the action of gravitational field. Thus,
the high-density gold melt is in the state where the
YSICS  Vol. 127  No. 1  2018
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Fig. 32. (Color online) Pressure and density profiles in the
MD simulation of version A: narrow channel Ly = 25 nm
without cutting the part of foam adjacent to the crater bot-
tom and without boundary x140(t). The results are similar
to those presented in Section 5: (2) SW in water, (1) CB,
and (5) upper atmosphere boundary (cf. with Figs. 2, 3). 
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Fig. 33. (Color online) Near-contact region. Stage when a
compression wave went to the right. The pressure drop at
the atmosphere is related to the gold layer weight in the
water-decelerated atmosphere. 
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melt is supported in the gravitational field by the pres-
sure of the low-density liquid. Such states are known
to be unstable. The contact boundary between gold
and water is strongly deformed because of the develop-
ment of RTI. The results of a large-scale MD simula-
tion of gold ablation into water are presented, and they
fully support the possibility of RTI development. This
instability leads to the formation of capillary-scale
gold nanoparticles during the fragmentation of liquid
gold jets.

APPENDIX A
 BOUNDARY DECELERATION:

SPALLATION AND INSTABILITY
The decay of pressure discontinuity at the contact

of two homogeneous half-spaces differs qualitatively
from the decay in the presence of inhomogeneity. In the
former case, the flow is self-similar (see Section 2), the
self-similar coordinate is x/t, CB moves toward the
low-pressure medium at a constant velocity, and the
CB deceleration is zero (g = 0; see Fig. 6). In the cal-
culation of self-similar coordinate x/t, time t is mea-
sured from the decay of discontinuity. In the second
case, CB decelerates (g ≠ 0; see Section 3 about the
cause of deceleration). According to the Einstein
equivalence principle (lift effect), a gravitational field
appears in the noninertial coordinate system related to
CB. This is the qualitative difference between the for-
mer and latter cases.

Deceleration g consists of the tension resistance of
the condensed phase gintrn and the deceleration by an
external inertial medium gextrn. We now analyze expan-
sion into vacuum. In this case, the deceleration by
cohesion forces is only retained. In the simplest
JOURNAL OF EXPERIMENTAL AN
model, we have a horizontal liquid layer in the gravita-
tional field at the ceiling. Let liquid atoms be cohe-
sively strongly connected with fixed ceiling atoms. The
pressure is zero at CB with vacuum. In hydrostatic
equilibrium, we have p = –ρ|g|x; that is, the pressure
decreases linearly into the liquid volume. We assumed
x = 0 at CB, and the extension-induced decrease in the
density of the condensed phase can easily be intro-
duced into a hydrostatic equation (this change is
neglected here).

The increase in RTI is maximal in the absence of
stabilization by surface tension and viscosity. An
inverse scaling cascade creates an ensemble of bubbles
D THEORETICAL PHYSICS  Vol. 127  No. 1  2018
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moving up along the liquid layer [41, 42, 80, 83]. The
approximate layer thickness in which pressure
increases from negative to zero vacuum pressure due to
the lifting of bubbles is

where time t is measured from the creation of the ini-
tially immobile suspended layer, thickness h+ is mea-
sured from the initial CB plane (x = 0), and the
Atwood number is At = 1 in the case of vacuum.

The growth time of the fragmentation layer of con-
tinuous liquid h+ = α+gt2 is limited by the time of CB
deceleration. The deceleration time for f luences from
Fabs = 0 to the nucleation threshold is determined by the
time of reflection of the acoustic compression wave
moving to CB from CB (see Section 3). This time is on
the order of the acoustic time scale ts = dT/cs. Therefore,
the maximum fragmented liquid thickness is

where g ~ u/ts and u ≈ p/Z. Quantity α+ ≈ 0.03–0.05 is
well below unity [41, 42, 80, 83]. Note that this quan-
tity weakly depends on the variation of the Atwood
number (At ∈ [0, 1]) and the space dimension (2D–
3D) despite the fact that the cases with At = 1 or 2D
geometry differ radically from the situation 3D, At < 1
by the absence of the Kolmogorov dissipation in the
case with At = 0 or in the case with 2D geometry.

Velocity u and Mach number u/cs increase with
absorbed energy Fabs, since u ≈ p/Z and p ~ Fabs/dT.
This increase continues up to the nucleation thresh-
old. This threshold is slightly lower than the spallation
threshold: the difference is from several units to several
tens of percent [25, 26, 84]. We neglect this difference
in our estimation. At the nucleation threshold, p in the
acoustic estimation u ≈ p/Z is approximately equal to
the ultimate tensile strength of a substance pstrng. In
ultrashort pulse experiments, strength pstrng is substan-
tially higher (by an order of magnitude) than the
strength on large space–time scales. However, the
Mach number is small (several percent) even in the sit-
uation with ultrashort pulses, unucl/cs ≈ p/Z/cs ≈
pstrng/B, where B is the bulk modulus. In the case of
large scales (e.g., dT ~ 1 mm, ts ~ 10–6 s), ratio unucl/cs
is lower by another order of magnitude.

Thus, the ratio hmax/dT ~ α+(u/cs) ~ 10–4 is very low.
Moreover, for perturbations with harmonic sizes 〈λ〉 ~
h+ to appear, average length 〈λ〉 should exceed the cap-
illary and viscosity scales:
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where ν is the kinematic viscosity of gold (see Appen-
dix B), which is obtained from dynamic viscosity by
division by density ρ. In the estimates, we assumed
At = 1. Viscosity length λν is found from the condition

Re = /ν = 1, where Re is the Reynolds number,

 = , and λν = 2π/kν.
As is seen from these formulas, the RTI effects are

weak in the case of an ultrashort pulse and the expan-
sion of the surface nanolayer of a bulk target into vac-
uum. Indeed, we have a low ratio hmax/dT ~ 10–4; hmax
cannot be detected at dT ~ 100 nm. In addition, we
have capillarity and viscosity limitations.

To complete the picture, we analyze whether RTI
can be detected at very large thicknesses (dT ~ 100 cm).
Then, we have hmax ~ 100 μm, ts ~ 300 μs, and g ≈ 3 ×
107 cm/s2 if Δu ~ 100 m/s (here, Δu is the decrease in
the CB velocity in the temporal segment of CB decel-
eration by cohesion forces). An increase in dT is seen to
decrease deceleration g strongly. Correspondingly, the
capillary (up to 50 μm) and viscosity (up to 3 μm)
scales grow. The capillary scale is comparable with
hmax, so that RTI is low-scale and weak.

Note that, above the nucleation and spallation
thresholds, velocity Δu rather than CB velocity u at the
decay of discontinuity should be substituted into the
formulas given above. The point is that CB does not
stop under cohesion forces above the spallation
threshold. u increases and Δu decreases with increas-
ing ratio Fabs/Fabs|abl. The ratio Fabs/Fabs|abl characterizes
the superthreshold. In the “hot” situation with a high
superthreshold (ratio of 3–5), both the deceleration
and the decrease in the velocity become low.

In conclusion of this Appendix, we note that cohe-
sion forces cause both RTI and spallation effects.
Thus, these phenomena are related through decelera-
tion and noninertia. Both phenomena cause ruptures
and fragmentation. Spallation is caused by the limita-
tion of resistance to stretching by a finite strength.
Note that a similar situation (weak RTI) appears
during spallation when SW of thickness dT reaches the
free surface in liquid. In the case of an initially cold
solid metal, the spallation threshold is usually lower
than the melting threshold in SW. If the SW amplitude
reaches the melting threshold, the cohesion-induced
decrease in the velocity (Δu) is usually small.

In this Appendix, we consider the case where CB
deceleration is completely caused by the cohesion of
the condensed phase. In this article devoted to gold
ablation into water, we focus on the situation where,
first, cohesion is weak because of high superthreshold
Fabs/Fabs|abl. Correspondingly, gold is heated to near- or

νλ = π ν

⎛ ⎞ ⎛ ⎞ν= ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

2 1/3

2/3 1/3

2 13 2

2 ( /At/ )

40 / nm,
0.0015 cm /s 10 cm/s

g

g

−
ν νv

1k

νv
−
ν

1At g k
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Fig. 35. (Color online) Kinematic viscosity ν of gold over
a wide temperature range from the melting temperature to
the vicinity of the critical point. Curve ρ of the thermal
expansion of the gold melt was calculated using the data
from [46–48]. 
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supercritical temperatures and the surface tension
becomes very low or disappears. Second, deceleration
occurs due to the inertia of the environment, namely,
water. The deceleration layer (atmosphere) is fed by
the f lux of the nondecelerated substance f lying in a
rarefaction wave (see Figs. 2, 3). Feeding with mass
and momentum takes place.

In the text body, we noted the similarity between
this problem and the problems of astrophysics (mag-
netosphere instability, expansion of supernova rem-
nant) [38–43] and explosion physics (see Section 1)
[44, 45]. Note that the geometry of expansion sub-
stantially affects the mixing intensity. The develop-
ment of RTI is slowest in 1D geometry. Above, we
considered the problem of gold ablation into water in
the 1D case, where heating spot diameter 2RL is large
(several hundred microns). The dynamics of destruc-
tion of the atmospheric shell and the formation of
nanoparticles in water can be controlled by decreasing
diameter 2RL to several tens or several microns. This
problem needs a separate consideration. The problem
of substance expansion into vacuum from small heat-
ing spots has recently been comprehensively studied in
[85, 86].

APPENDIX B

VISCOSITY OF HOT GOLD

Figure 35 shows the experimental data on the vis-
cosity of gold in a binodal. The MD calculations of the
viscosity in the binodal and outside it (i.e., at high
pressure) needs a separate investigation. Curves 1 and
2 in Fig. 35 are the far extrapolation of the approxima-
tion formulas from [87], where the viscosities at the
first two points (T = 1.336 and 1.637 kK) on the left in
curves 1 and 2 were measured. We also used data for
JOURNAL OF EXPERIMENTAL AN
the density of the liquid phase in the binodal of gold
from [46–48].

We first calculate the dynamic viscosity in poise
using the formulas from [87],

The obtained values are divided by the gold density in
the binodal ρbin(T), and the kinematic viscosity ν =
η/ρ shown in curve 1 in Fig. 35 is obtained. In the case
of curve 2, the formula for η is

Curve 3 gives the viscosity estimated by a molecular–
kinetic theory,

where uT is the thermal velocity, M is the gold atom
mass, and n is the concentration of gold atoms in the
melt in the binodal.
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