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Abstract: Two effects have been recently observed by the authors for the copper sample melted in a
rarefied argon atmosphere. The first of these effects is a strong decrease in the normal reflectance of a
copper sample with time just after the beginning of melting. A partially regular crystal structure was
also formed on the surface of the solid sample after the experiment. Both effects were explained by
generation of a cloud of levitating nanoparticles. Additional experiments reported in the present
paper show that the rate of decrease in reflectance increases with pressure of argon atmosphere and
the surface pattern on the solid sample after the experiment depends on the probe laser radiation.
It is theoretically shown for the first time that the dependent scattering effects in the cloud of
copper nanoparticles are responsible for the abnormal decrease in normal reflectance and also for
the observed significant role of light pressure in deposition of nanoparticles on the sample surface.
The predicted minimum of normal reflectance is in good agreement with the experimental value.

Keywords: copper melt; vapor condensation; levitating nanoparticles; rarefied argon atmosphere;
Rayleigh scattering; normal reflectance; dependent scattering; deposition of particles; light pressure

1. Introduction

The experimental and theoretical study presented here was started in connection with
the traditional task of determining the change in spectral optical properties of chemically
pure copper during its melting. Laboratory experiments in a vacuum chamber at a very
low pressure of argon showed that the specular reflection of the probe laser radiation
from the copper sample strongly decreases, almost immediately after the beginning of
copper melting. To the best of our knowledge, this effect was observed and published in
Reference [1] for the first time. The qualitative explanation of the observation, proposed
by the authors, was associated with the condensation of copper vapor with formation of
sub-micron particles of the melt above the sample surface. A qualitative analogy with the
formation of the so-called droplet cluster levitating over a locally heated water surface [2,3]
was used. This assumption was supported by the calculations based on the published data
for mass flow rate of copper vapor in vacuum at temperatures greater than the melting
point. A preliminary explanation of the decrease in normal reflectance of the copper
sample in Reference [1] was based on the Mie scattering of light by small copper particles.
The hypothesis of formation of a cloud of such particles was also supported by specific
patterns with numerous small crystals of copper on the surface of the solid sample after
the experiments.

The production of metal nanoparticles by vapor condensation has more than twenty
years of history and, along with other methods of nanoparticle production, uses contin-
uously developing advanced technologies [4–17]. Of course, the methods used in the
industrial production of metal nanoparticles differ significantly from the electrical heating
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of a metal sample in our laboratory study. At the same time, the effect of surrounding inert
gas on the formation of nanoparticles and their clusters, as well as the features of the optical
and mechanical interaction of laser radiation with nanoparticles, are still of theoretical
interest. The authors believe that understanding physical processes under consideration
may also be useful in some engineering or biomedical applications.

In contrast to Reference [1], a physically more sophisticated model for the effect of a
cloud of copper nanoparticles on a strong decrease in the reflection of probe laser radiation
is developed in the present paper. Special attention is also paid to the deposition of
particles on the sample surface at the end of the experiment. The experimentally observed
significant light-pressure effect on the deposition of copper nanoparticles on the sample
surface is explained for the first time. The dependent scattering of closely spaced particles
is a physical basis of the model developed.

2. Laboratory Set-Up and Experimental Procedure

The laboratory set-up is schematically presented in Figure 1. The bead of a high-
temperature thermocouple was separated from the lower surface of the sample by a
100 µm layer of nickel. The melting temperature of nickel is about 400 K higher than
that of copper, and the sufficiently high thermal conductivity of nickel makes it possible
to consider the measured temperature close to the temperature of the copper sample.
The probe laser with wavelength of λ = 660 nm, power of P = 40 mW, and average beam
radius of r = 3 mm was used. The incidence angle was about 5◦. The fluctuations of laser
power were measured by sensor 11, whereas sensor 12 was used to measure the radiative
power reflected from the sample in the specular direction. The corresponding relative
value is hereafter referred to as the normal reflectance.
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Figure 1. The schematic of the laboratory set-up: 1—vacuum chamber, 2—optical window, 3—
electric heater, 4—thermal insulation, 5—thermocouple, 6—copper sample, 7—nickel substrate, 
8—probe laser, 9 and 10—semi-transparent mirrors, 11 and 12—sensors, 13—interference filter, 
14—flat screen, 15—digital camcorder, and 16—electrical connector. Adopted from Reference [1]. 

Figure 1. The schematic of the laboratory set-up: 1—vacuum chamber, 2—optical window, 3—electric
heater, 4—thermal insulation, 5—thermocouple, 6—copper sample, 7—nickel substrate, 8—probe
laser, 9 and 10—semi-transparent mirrors, 11 and 12—sensors, 13—interference filter, 14—flat screen,
15—digital camcorder, and 16—electrical connector. Reprinted with permission from Reference [1].
Copyright 2020 Elsevier.
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Both the screen and camcorder were used to observe the patterns of the light scattered
by the sample. The thermo-emf of thermocouple, the data of sensors, and the scattering
patterns were registered by a computer with time interval of 1 s. Note that the error of the
normal reflectance measurements is explained mainly by fluctuations of the laser radiation
flux. The measured relative value of these fluctuations is from 0.13% to 0.2%.

The sample of 99.9% Cu (according to the local manufacturer’s certificate) was placed
in a vacuum chamber filled by argon at pressure of p = 10 kPa or p = 30 kPa. The upper
surface of a cylindrical copper sample of diameter 10 mm and height of H = 2.2 mm
was ground in one direction. The grooves of roughness of about 70 nm on the original
surface make evident the melting of a surface layer with the use of scattering patterns. At
low temperatures, the pattern looks like a bright central spot and the narrow strip in the
direction perpendicular to the grooves. Obviously, the melt surface is smooth, and the
copper melting can be well identified by disappearing the strip. This technique, proposed
in Reference [18], was also successfully used by the authors in Reference [1].

The position of the thermocouple is schematically presented in Figure 2, where r is the
radial coordinate measured from the axis of the thermocouple. The difference between the
temperature of the upper surface of the copper sample, T, and the measured temperature
of the thermocouple bed, Tm, can be estimated as follows:

∆T = T − Tm = εσT4H/kc , (1)

where ε is the integral emissivity of the sample surface, σ is the Stefan–Boltzmann constant,
and kc is the thermal conductivity of copper. Let us consider the most interesting case of
T = 1358 K (the melting temperature of copper). With the use of an average value of ε = 0.5
(taking into account a partial shielding of thermal radiation by a cloud of nanoparticles, see
below) and kc = 175 W/(m K) (for liquid copper), we obtain ∆T ≈ 1.2 K. This temperature
difference is sufficiently small to be neglected in further analysis.
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Figure 2. Schematic of the thermocouple design and position.

3. The Decrease in Reflectance of Molten Copper

Typical time variation of the thermo-emf of thermocouple, U, which is directly pro-
portional to the sample temperature, and the relative normal reflectance of the copper
sample, Rn = Rn/Rmax

n (Rmax
n ≈ 0.84 is the maximum normal reflectance in the beginning

of melting), are presented in Figure 3. The horizontal “plateau” in the dependence of
U(t) in Figure 3a is explained by the latent heat of copper melting. One can see that the
melting time of the sample depends on the argon pressure. This is explained by shielding
thermal radiation from the melt surface by the cloud of copper nanoparticles. The cloud of
particles is formed faster in the case of higher pressure of argon due to the larger number
of condensation nuclei. As a result, the time of melting at p = 30 kPa is several times less
than that at p = 10 kPa. This is another confirmation of the existence of a cloud of copper
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nanoparticles, which absorbs both visible laser radiation and infrared radiation from the
sample of molten copper.
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Figure 3. Time variation of (a) thermo-emf of thermocouple and (b) relative normal reflectance in 
the experiments with different pressures of argon. 
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Figure 3. Time variation of (a) thermo-emf of thermocouple and (b) relative normal reflectance in the
experiments with different pressures of argon.

One can see in Figure 3b that the normal reflectance of molten copper sample decreases
strongly with time. The experiments showed that the rate of the reflectance decrease is
greater in the case of a relatively large pressure of argon in the vacuum chamber. The results
obtained for the effect of argon pressure agree well with the data of Reference [19] on the
important role of argon atmosphere in the formation of condensation nuclei. Note that the
minimum value of relative reflectance observed at the final stage of copper melting is equal

to R
min
n ≈ 0.04 for both values of argon pressure. It means that the probe laser beam does

not reach the surface of the copper sample because the optically thick particle cloud totally
attenuates the probe laser beam at this period.

At the beginning of melting, the laser light is reflected from the absolutely smooth
surface of copper melt (the normal reflectance Rmax

n is very large), and after a while (the less
the higher argon pressure), the reflectance becomes extremely weak. The same value of Rmin

n
at various values of the argon pressure indicates that we are dealing with a very remarkable
situation when the optical properties of a cloud of copper nanoparticles levitating above
the sample surface are weakly sensitive to the conditions of the particle cloud formation.
The latter circumstance suggests a physical assumption that the nanoparticles satisfy the
conditions of the Rayleigh theory, when the radiation extinction does not depend on
the particle size distribution and the extinction value is determined only by the volume
fraction of particles and the cloud thickness. With a large optical thickness of the cloud of
nanoparticles, their volume fraction also ceases to be a parameter of the problem. As will
be shown in the theoretical part of the paper, it is under such conditions that the value of
Rmin

n is determined only by the spectral optical constants of copper at the wavelength of
laser radiation.

It should also be noted that the diameter of the bright spot on the screen increases
slightly during a strong decrease of the normal reflectance (only 20% during the melting
period). The increase in the corresponding scattering angle is a secondary effect that is not
considered in the developed model.

4. Surface Patterns on Samples of Solid Copper Samples after the Experiments

The photograph of the surface of the solid sample before the experiment with the
mentioned grooves is presented in Figure 4a. The grooves disappear just after the melting
of copper and the surface of the molten sample becomes perfectly smooth. However, the
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images of the sample surface after the experiment (Figure 4b–d) show that the surface is
covered by small crystals.
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Figure 4. Photographs of the surface of solid copper samples (a) before the experiments and (b–e)
after the experiments: (b,c)—p = 10 kPa, (d,e)—p = 30 kPa, (b,d)—the probe laser was on, (c,e)—the
probe laser was off during the experiment.

Most likely, these crystals are formed due to the deposition and subsequent growth of
copper particles [5,20,21]. It is interesting that the surface pattern depends considerably
on the probe laser radiation. In fact, the same experiments with the turned off laser
yield the other surface patterns (Figure 4c,e). The evident effect of a low-power laser
radiation on the surface pattern (compare Figure 4b,d and Figure 4c,e) is one of the main
motivations of the physical modeling considered below. Note that heating of the sample in
the experiment with the turned-off probe laser was almost the same as that in the main
experiment (Figure 5). In other words, the laser radiation does not affect the sample heating.
This experimental result is consistent with the obvious estimate, since the power of the
probe laser is much lower than the power of the electric heater.
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5. Theoretical Model for Interaction of Laser Radiation with a Cloud of Copper
Nanoparticles

As described in the experimental part of the paper, two main physical effects of
interaction of the probe laser radiation with copper nanoparticles condensed from the
copper vapor above the melt surface are observed. First, the growing cloud of nanoparticles
leads to a strong decrease in the normal reflectance of the laser beam. Secondly, the light of
a probe laser considerably affects the rough structure of the surface of the solid sample after
the experiment. Both observations should be taken into account in theoretical modeling.

5.1. Optical Properties of Single Nanoparticles of Copper

It is natural to begin from the calculations of interaction of the incident light by a
single spherical particle. This is described by the Mie theory [22–26] and depends on two
parameters: the diffraction parameter x = 2πa/λ (a is the particle radius) and the complex
index of refraction, m = n − iκ, where n and κ are the spectral indices of refraction and
absorption. We will consider the following resulting values of Mie calculations performed
using the computer code from early book [27]: Qa, Qtr

s , and Qtr = Qa + Qtr
s , which are the

efficiency factor of absorption, the transport efficiency factor of scattering, and the transport
efficiency factor of extinction, respectively. It should be recalled that with the use of trans-
port approximation, the scattering phase function in the radiative transfer equation [28–30]
is replaced by a sum of the isotropic component and the term describing the peak of for-
ward scattering [28,31,32]. This approach is widely used, and it is usually rather accurate
in solving the radiative transfer problems characterized by multiple scattering when the
details of angular pattern of single scattering are not important. However, for the particular
problem under investigation, it is also interesting to consider the scattering phase function
for the randomly polarized radiation, g(θ), where θ is the angle of scattering.

The spectral optical constants of copper have been studied in detail for solid copper [33,34].
Note that the measurements reported in References [35–37] showed a considerable increase
in normal emittance of copper at the melting, but there is no detailed spectral data for
optical properties of molten copper in the visible range [38]. Therefore, we used a linear
interpolation of tabulated optical constants of solid copper reported in Reference [33] with
the resulting values of indices of refraction and absorption n = 0.128 and κ = 3.754 at
λ = 660 nm.

Some results of calculations using the rigorous Mie theory and the Rayleigh theory
(when scattering is symmetric and Qtr

s = Qs) [28] are presented in Figure 6. One can see in
Figure 6a, that the absorption of radiation by copper particles is much less than scattering
and the maximum value of Qtr ≈ 4 is reached at a = 96 nm. The predominant scattering
(as compared to absorption) is not typical of the Rayleigh particles. The result obtained
for copper nanoparticles is explained by a very low index of refraction of copper in the
visible spectral range [28]. It is interesting that simple equations of the Rayleigh theory give
rather accurate results for Qtr when a < 100 nm. In this interval of particle radii, g(θ) is
also close to that for the Rayleigh scattering, whereas the larger particles are characterized
by a predominant forward scattering (Figure 6b). In further analysis, we will assume that
copper nanoparticles are sufficiently small to satisfy the conditions of the Rayleigh theory.

It should be noted that that there is a principal difference between the copper nanopar-
ticles under consideration and plasmonic nanoparticles widely used in biomedicine and
many other applications [39–42]. The Mie calculations do not show the plasmonic res-
onances of absorption for single copper nanoparticles in the visible spectral range. At
the same time, it was found in Reference [43] that regular hexagonal structures of copper
particles of size 20–40 nm with a “period” of 390 nm exhibit the plasmonic behavior and
absorption peaks in the visible range. Of course, we have no information about possible
regular structures in the cloud of particles above the sample of molten copper. However,
one cannot exclude that similar structures can be formed time by time in the particle cloud.
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Figure 6. Optical properties of spherical copper particles at wavelength 𝜆 = 660  nm: (a)—the 
efficiency factor of absorption and transport efficiency factor of scattering, (b)—the scattering phase 
function of single scattering. Solid lines—the Mie theory, dashed lines—the Rayleigh theory. The 
angle of scattering is measured from the direction of incident light. 

It should be noted that that there is a principal difference between the copper 
nanoparticles under consideration and plasmonic nanoparticles widely used in 
biomedicine and many other applications [39–42]. The Mie calculations do not show the 
plasmonic resonances of absorption for single copper nanoparticles in the visible spectral 
range. At the same time, it was found in Reference [43] that regular hexagonal structures 
of copper particles of size 20–40 nm with a “period” of 390 nm exhibit the plasmonic 
behavior and absorption peaks in the visible range. Of course, we have no information 
about possible regular structures in the cloud of particles above the sample of molten 

Figure 6. Optical properties of spherical copper particles at wavelength λ = 660 nm: (a)—the
efficiency factor of absorption and transport efficiency factor of scattering, (b)—the scattering phase
function of single scattering. Solid lines—the Mie theory, dashed lines—the Rayleigh theory. The
angle of scattering is measured from the direction of incident light.

5.2. Light Pressure of Probe Laser Beam on a Copper Nanoparticle

The force of light pressure of laboratory laser beam on a single spherical particle of
copper can be calculated as follows [22]:

Frad = πa2Qtrq/c0 , (2)

where q = P/
(
πr2) ≈ 1.4 kW/m2 is the average incident radiative flux and c0 = 3 × 108

m/s is the speed of light. As the above calculations for single particles in Section 5.1,
Equation (2) can be used only in the case of the so-called independent scattering when
each particle absorbs and scatters the light in exactly the same manner as if other particles
do not exist. In addition, this approach is applicable when there is no systematic phase
relation between partial waves scattered by individual particles during the observation
time interval, so that the intensities of the partial waves can be added without regard
to phase. In the case of independent scattering, each particle is in the far-field zones of
all other particles and scattering by individual particles is incoherent. The hypothesis of
independent scattering is usually true when the distance between randomly positioned
particles is greater than both the particle size and the wavelength [44–49]. It is highly likely
that the last of these conditions is not satisfied during the main part of the melting period
of copper samples.

Note that even with independent scattering, even a particle not shaded by other parti-
cles is illuminated not only directly by laser, but also by the light scattered by other particles



Thermo 2021, 1 8

of a cloud. Moreover, with a small optical thickness of the particle cloud, one should take
into account the light reflected from the surface of the copper sample. This means that
the complete solution to the problem should include the calculation of radiative transfer
in a cloud of particles, as was done, for example, in Reference [50]. At the same time,
the upper estimate of the light pressure force on an “independent” particle located near
the illuminated surface of the cloud can be made using Equation (2).

It is convenient to consider the force of light pressure related to the particle weight:

Frad =
Frad
mg

= 0.75
Qtr

α

q
ρgc0

, (3)

where ρ = 8000 kg/m3 is the density of copper melt, and g = 9.81 m/s2 is the acceleration
of gravity. The Mie theory calculations show the maximum value of the ratio of Qtr/a =

41.8 µm−1 at a = 97 nm (see Figure 7). The corresponding maximum value of Frad is
about 1.9 × 10−3. This result is in obvious contradiction with the laboratory observations
of the effect of laser light on deposition of particles on the sample surface. This is one
more argument to take into account the effect of dependent scattering which is expected to
be significant.
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5.3. The Model of Dependent Scattering and Explanation of the Observed Decrease in Reflectance 
With the dependent scattering, the laser radiation does not act on a single 

nanoparticle, but on some clusters of a large number of closely spaced nanoparticles. This 
problem is physically similar to that for water droplets in the microwave (radar) remote 
sensing of highly turbulent cumulus clouds in the atmosphere when the radiation 
wavelength is much greater than both the droplet size and the distances between the 
neighboring droplets [51]. However, in contrast to atmospheric clouds, the cloud of 
copper nanoparticles is not isotropic. It is expected that this cloud is almost flat like the 
droplet cluster over the locally heated water surface [52,53], but particles of copper are not 
regularly positioned and can form a multilayer optically thick structure. 

The main assumption of the suggested theoretical model of reflection of laser 
radiation from a cloud of copper nanoparticles is that the optical properties of individual 
nanoparticles, which are considered spherical, are well described by the Rayleigh theory. 
The above calculations based on the Mie theory showed that at the wavelength 𝜆 = 660 
nm, this assumption is valid even for rather large copper particles, which satisfy the 
condition of 𝑎 < 100  nm. In other words, the spectral optical properties of copper 
nanoparticles can be calculated using the dipole approximation. As a result, the effective 
optical properties of a conventionally uniform cloud of particles can be easily determined. 

To estimate the effective optical constants of a cloud of spherical copper 
nanoparticles, we assume that at each time moment, the nanoparticles have the same size 
and are uniformly distributed over the volume of a plane-parallel layer. Note that the 
assumption of monodisperse nanoparticles is not important in the Rayleigh theory. With 
a large number of Rayleigh particles, the Maxwell-Garnett theory can be used to 
determine the optical constants of a homogeneous layer [54,55]. This approach is widely 
used in quite different applications including the recent paper, Reference [56], for 
nanoparticles of soot in ice grains of the polluted snow. The complex permittivity of a 
cloud medium is calculated in terms of particle polarizability by applying the Lorentz–
Lorenz formula [57,58]. In our case, there is no refractive and absorbing host medium and 
the effective complex index of refraction, 𝑚eff = 𝑛eff − 𝑖𝜅eff, is expressed relatively simple: 𝑚eff
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where 𝑓v is the volume fraction of particles in the cloud. Having substituted the value of 𝑚 = 0.128 − 3.754𝑖 to the second of Equation (4), we obtain: 𝜓 = 1.247 − 0.0196𝑖. (5)

Figure 7. The calculated ratio of transport efficiency factor of extinction to the radius of copper
particle at wavelength λ = 660 nm.

5.3. The Model of Dependent Scattering and Explanation of the Observed Decrease in Reflectance

With the dependent scattering, the laser radiation does not act on a single nanoparticle,
but on some clusters of a large number of closely spaced nanoparticles. This problem is
physically similar to that for water droplets in the microwave (radar) remote sensing of
highly turbulent cumulus clouds in the atmosphere when the radiation wavelength is much
greater than both the droplet size and the distances between the neighboring droplets [51].
However, in contrast to atmospheric clouds, the cloud of copper nanoparticles is not
isotropic. It is expected that this cloud is almost flat like the droplet cluster over the locally
heated water surface [52,53], but particles of copper are not regularly positioned and can
form a multilayer optically thick structure.

The main assumption of the suggested theoretical model of reflection of laser radiation
from a cloud of copper nanoparticles is that the optical properties of individual nanoparti-
cles, which are considered spherical, are well described by the Rayleigh theory. The above
calculations based on the Mie theory showed that at the wavelength λ = 660 nm, this
assumption is valid even for rather large copper particles, which satisfy the condition of
a < 100 nm. In other words, the spectral optical properties of copper nanoparticles can be
calculated using the dipole approximation. As a result, the effective optical properties of a
conventionally uniform cloud of particles can be easily determined.
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To estimate the effective optical constants of a cloud of spherical copper nanoparticles,
we assume that at each time moment, the nanoparticles have the same size and are uni-
formly distributed over the volume of a plane-parallel layer. Note that the assumption of
monodisperse nanoparticles is not important in the Rayleigh theory. With a large number
of Rayleigh particles, the Maxwell-Garnett theory can be used to determine the optical
constants of a homogeneous layer [54,55]. This approach is widely used in quite different
applications including the recent paper, Reference [56], for nanoparticles of soot in ice
grains of the polluted snow. The complex permittivity of a cloud medium is calculated
in terms of particle polarizability by applying the Lorentz–Lorenz formula [57,58]. In our
case, there is no refractive and absorbing host medium and the effective complex index of
refraction, meff = neff − iκeff, is expressed relatively simple:

m2
eff =

1 + 2 fvψ

1 − fvψ
, ψ =

m2 − 1
m2 + 2

, (4)

where fv is the volume fraction of particles in the cloud. Having substituted the value of
m = 0.128 − 3.754i to the second of Equation (4), we obtain:

ψ = 1.247 − 0.0196i. (5)

The observed minimum value of normal reflectance, Rmin
n = R

min
n × Rmax

n ≈ 0.04 ×
0.84 = 0.336, at the final stage of melting of the copper sample (Figure 3b) indicates that the
optical thickness of a cloud of copper nanoparticles over the sample surface is sufficiently
large (τ > 1). On the other hand, the known equation can be used for the normal reflectance
of the optically thick cloud when κeff � neff (we will see that this condition is satisfied) is
as follows:

Rmin
n =

(
neff − 1
neff + 1

)2
, (6)

and one can easily obtain neff = 1.45. Substituting this value to the first of Equation (4)
yields fv ≈ 0.22 and κeff = 8.2 × 10−3 � neff. It is interesting that the calculated volume
fraction of copper nanoparticles in the cloud in a combination with any realistic cloud
thickness explains the decrease in the normal reflectance observed in the laboratory experi-
ments. In other words, the generated particle cloud with a thickness of a few micrometers

is sufficient to explain the observed value of R
min
n ≈ 0.04, which does not depend on the

particle size.
The spectral absorption coefficient of the cloud of copper nanoparticles is [59]:

αeff = 4πκeff/λ ≈ 0.156 µm−1 (7)

and the dimensionless optical thickness, τ, of the cloud of geometrical thickness, d, is equal
to τ = αeffd. In the particular case under consideration, the condition of τ > 1 yields the
following estimation for the cloud thickness:

d > 6.4 µm. (8)

The measured time variation of the normal reflectance of the molten copper sample
(Figure 3b) in the range from the maximum to the minimum value is almost monotonic
and can be well approximated by the following function:

Rn(t) = R
min
n + (1 − R

min
n ) exp

(
−
(

t − t0

t∗

)γ)
, γ = 1 + ξ(t − t0)/t∗, (9)

where t∗ is the characteristic time for the initial period of copper evaporation when the
optical thickness of the nanoparticle cloud increases linearly with time (following the
constant evaporation rate). Equation (9) takes into account an almost linear increase in
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the optical thickness of the nanoparticle cloud (τeff) with time just after the beginning of
melting (due to the constant flow rate of copper evaporation), and also the faster increase
in τeff up to the minimum reflectance when the number of levitating copper nanoparticles
becomes rather large. The values of t∗ = 120 s and ξ = 0.3 give good approximation of
the experimental data obtained at p = 10 kPa, whereas the values of t∗ = 53 s and ξ = 0.9
are appropriate in the case of 30 kPa pressure of argon. The resulting approximations are
shown in Figure 8.
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Figure 8. Time dependences of the normal reflectance of the molten copper sample. 

The monotonic decrease in the normal reflectance of the sample (see Equation (9)), 
corresponds to the formation of an optically thick cloud of copper nanoparticles above the 
sample. This process continues throughout the copper melting time. Heating of the 
sample continues after melting is complete, when the copper temperature rises rapidly 
(Figure 3a), and the experiments show more complex changes in reflectance with time 
(Figures 3b and 8). First of all, it is interesting that there is a strong peak of reflectance just 
after the end of the copper melting. Most likely, this peak observed at different pressures 
of argon is explained by the fast increase in the melt temperature shown in Figure 3a. A 
rapid increase in the rate of evaporation of copper with an increase in the melt 
temperature leads to the fact that the upward flow of copper vapor partially destroys the 
cloud of nanoparticles. In this case, the effective optical thickness of the cloud temporarily 
decreases. Note that this effect is very similar to a short-term increase in the intensity of 
water evaporation, which was used in Reference [60] to form the droplet clusters 
containing the given small number of almost identical large water droplets. In our case, 
the subsequent formation of new nanoparticles of copper leads to the restoration of an 
almost opaque layer of these particles. 

The second special feature of the experimental dependence of 𝑅ത௡ሺ𝑡ሻ at 𝑝 = 30 kPa 
is an increase in the reflectance just after the peak (Figure 8). This is explained by the 
increase in the melt temperature (Figure 3a), which apparently leads to an increase in 
volume fraction of nanoparticles and the resulting increase in the reflectance. The 
calculations for the value of 𝑅ത௡ = 0.16  observed at 𝑡 = 640 s  yield 𝑛eff = 2.16  and 𝜅eff = 0.03. Note that the corresponding high value of 𝑓v ≈ 0.44 indicates that copper 
nanoparticles are polydisperse. The calculated value of 𝑓v  confirms that there is an 
increase in the volume fraction of copper nanoparticles above the sample in the period of 570 < 𝑡 < 640 s in the experiment with 30 kPa argon pressure. 

5.4. Possible Explanation of Considerable Contribution of Light Pressue to the Deposition of 
Particles 

Let us estimate the light pressure from the probe laser beam on the cloud of 
nanoparticles for the conditions of the laboratory experiments. Of course, the pressure of 
light on the particles located in the lower part of the optically thick cloud is insignificant, 
since the laser light is almost completely absorbed by the nanoparticles located above, 
closer to the illuminated surface of the particle cloud. Therefore, it is interesting to 
evaluate the force of light pressure on the upper layer of nanoparticles. 

When calculating the reflectance of a cloud of copper nanoparticles, it was sufficient 
to use the monodisperse approximation. On the contrary, when determining the force of 
light pressure on the upper layer of particles, it should be taken into account that the size 

Figure 8. Time dependences of the normal reflectance of the molten copper sample.

The monotonic decrease in the normal reflectance of the sample (see Equation (9)),
corresponds to the formation of an optically thick cloud of copper nanoparticles above
the sample. This process continues throughout the copper melting time. Heating of the
sample continues after melting is complete, when the copper temperature rises rapidly
(Figure 3a), and the experiments show more complex changes in reflectance with time
(Figures 3b and 8). First of all, it is interesting that there is a strong peak of reflectance just
after the end of the copper melting. Most likely, this peak observed at different pressures of
argon is explained by the fast increase in the melt temperature shown in Figure 3a. A rapid
increase in the rate of evaporation of copper with an increase in the melt temperature
leads to the fact that the upward flow of copper vapor partially destroys the cloud of
nanoparticles. In this case, the effective optical thickness of the cloud temporarily decreases.
Note that this effect is very similar to a short-term increase in the intensity of water
evaporation, which was used in Reference [60] to form the droplet clusters containing the
given small number of almost identical large water droplets. In our case, the subsequent
formation of new nanoparticles of copper leads to the restoration of an almost opaque layer
of these particles.

The second special feature of the experimental dependence of Rn(t) at p = 30 kPa is
an increase in the reflectance just after the peak (Figure 8). This is explained by the increase
in the melt temperature (Figure 3a), which apparently leads to an increase in volume
fraction of nanoparticles and the resulting increase in the reflectance. The calculations for
the value of Rn = 0.16 observed at t = 640 s yield neff = 2.16 and κeff = 0.03. Note that the
corresponding high value of f v ≈ 0.44 indicates that copper nanoparticles are polydisperse.
The calculated value of f v confirms that there is an increase in the volume fraction of copper
nanoparticles above the sample in the period of 570 < t < 640 s in the experiment with
30 kPa argon pressure.

5.4. Possible Explanation of Considerable Contribution of Light Pressue to the Deposition of Particles

Let us estimate the light pressure from the probe laser beam on the cloud of nanopar-
ticles for the conditions of the laboratory experiments. Of course, the pressure of light on
the particles located in the lower part of the optically thick cloud is insignificant, since the



Thermo 2021, 1 11

laser light is almost completely absorbed by the nanoparticles located above, closer to the
illuminated surface of the particle cloud. Therefore, it is interesting to evaluate the force of
light pressure on the upper layer of nanoparticles.

When calculating the reflectance of a cloud of copper nanoparticles, it was sufficient
to use the monodisperse approximation. On the contrary, when determining the force of
light pressure on the upper layer of particles, it should be taken into account that the size
of nanoparticles in this layer is apparently much smaller than the average size of particles
in the cloud. The latter is explained by a decrease in the local flow rate of copper vapor
with the distance from the melt surface.

Of course, it would be incorrect to consider the pressure of light on single copper
nanoparticles, ignoring the significant effect of dependent scattering. For estimation, we
will assume that laser radiation is almost completely absorbed in the surface monolayer of
closely spaced identical spherical nanoparticles with radius amin. In this case, the ratio of
the light pressure force to the total weight of nanoparticles in the upper layer is as follows:

Frad =
q

2 fvaminρgc0
. (10)

It is assumed here that the monolayer thickness is equal to 2amin. It is also natural
to assume that volume fraction of nanoparticles in the upper layer is much smaller than
the average value. The use of fv = 0.01 and amin = 5 nm in Equation (10) yields the value
of Frad = 0.59. This result means that the radiation pressure of the probe laser can rather
strongly influence the upper layer of copper nanoparticles. These relatively small particles
move downward, colliding and probably coagulating with larger particles, which also
begin to move towards the sample surface. The emerging “avalanche” of nanoparticles is
apparently the physical reason for the effect of low-power laser radiation on the deposition
of particles and the experimentally observed change in the surface structure of a solidifying
copper sample.

6. Conclusions

It was shown that both the strong decrease in the normal reflectance of a molten
copper sample in a rarefied argon atmosphere and the formation of a specific pattern on
the surface of a solid sample after the experiment can be explained by generation of a cloud
of nanoparticles of copper levitating above the sample. A decrease in the melting time of
the sample with increasing argon pressure is also explained by the presence of a cloud
of nanoparticles, which reduces the heat losses by shielding the thermal radiation of the
copper sample.

The applicability of the Rayleigh theory for optical properties of single spherical
nanoparticles of copper with radius less than 100 nm was confirmed by comparison
with rigorous Mie theory calculations. A combination of the Rayleigh theory for single
particles of copper and the Maxwell-Garnett theory for the particle cloud enabled us to
obtain the minimum reflectance value, which is in good agreement with the laboratory
measurements. Moreover, the developed model yielded realistic approximate values for
the volume fraction of copper nanoparticles in the cloud.

As can be expected, the rate of condensation of nanoparticles from the copper vapor
increased with the argon pressure in ambient rarefied atmosphere. At the same time,
the argon pressure did not affect the minimum reflectance observed in the experiments.
The latter was explained by the suggested theoretical model as a transfer to the limit of
optically thick cloud containing the Rayleigh particles. The predicted minimum normal
reflectance is in good agreement with the value determined experimentally.

The special features of experimental time dependences of the sample reflectance at
the end of melting and also in the period of subsequent heating of copper melt were
also physically explained in terms of the developed model. The observed narrow peak
in the reflectance just after the end of melting was explained by the fast increase in the
melt temperature. The resulting rapid increase in the rate of evaporation of copper led
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to a partial destruction of the cloud of nanoparticles. The subsequent formation of new
nanoparticles of copper led to the restoration of an almost opaque layer of these particles.
A possible further increase in the reflectance is a result of an increase in the volume fraction
of particles with the copper melt temperature.

It was experimentally proven that the force of light pressure from the probe laser beam
on the cloud of copper nanoparticles significantly contributes to formation of a specific
pattern on the surface of the solid copper sample after the experiment. The calculations
based on the developed physical model confirmed that the force of light pressure on
the upper layer of relatively small nanoparticles is comparable with the total weight of
particles in this layer. These particles move downward, colliding and coagulating with
larger particles, which also begin to move towards the sample surface. According to the
model, the laser-induced “avalanche” of nanoparticles is a physical reason for the observed
effect of laser radiation on the deposition of particles and the resulting change in surface
structure of a solidifying copper sample. This can be treated as a qualitative validation of
the theoretical model.

The suggested model for optical and mechanical interaction of a low-power laser
beam and the cloud of levitating nanoparticles generated over the surface of molten metal
in a rarefied medium of inert gas is expected to be useful in the work with the condensed
metal nanoparticles in engineering applications.
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