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The role of different factors favorable for the arrival of the liquid-drop phase of the target material
at the erosion flame has been elucidated. The crushing of particles of the liquid-drop phase in the
process of their motion toward the laser beam has been revealed. The conditions under which the
liquid-drop phase influences a laser-radiation loss have been determined. The methods of control of
the parameters of the liquid-drop phase in erosion plasma flames have been found.

As is known, in the case of action of laser radiation of moderate power density (105–108 W/cm2) on
metals, the erosion products consist of a vapor, a plasma, and particles of the condensed phase of the target
material [1]. Initially, smaller particles of the liquid-drop phase, which are formed due to volumetric vapori-
zation, arrive at the erosion flame. By the end of the laser pulse, larger particles formed through the hydro-
dynamic mechanism appear in the erosion products. Particles moving toward the laser beam scatter and
absorb its energy. However, in all the experiments [1], different metals were exposed to the radiation of a
pulsed neodymium laser operating in the free-running mode. This lasing mode is characterized by the fact
that a radiation pulse consists of individual "spikes" of duration 1–3 µsec, which are separated by 1–6-µsec
intervals. These spikes are distributed rather randomly in the time of appearance and amplitude over the cross
section of the beam. Clearly, this space-time nonuniformity of laser radiation makes the interpretation of ex-
perimental results difficult. More accurate measurements are possible with laser pulses having a smooth
shape.

To perform experiments on the action of laser radiation of power density 105–108 W/cm2 on metals,
it is often necessary to irradiate laser targets in large spots; therefore, the energy of the laser pulses must be
fairly high. For this purpose, we designed a facility based on neodymium-doped glasses, which included a
master oscillator and several amplifiers. The general scheme of the experiment is shown in Fig. 1. A standard
GOS-1001M head with a confocal cavity was used as the master oscillator. The working body 6 of neodym-
ium-doped glass of the type GLS-6 has a length of 618 mm and a diameter of 30 mm. It was chosen from
the viewpoint of provision of the maximum pumping of the working medium with the use of standard IFP-
20000 illuminating lamps. The cavity formed by spherical mirrors with a radius of curvature of 2.5 m (totally
reflecting mirror 5 and semireflecting mirror 7) has a large positive feedback (the reflectance of the semire-
flecting mirror is D70%).

Using a high intensity of the pumping-radiation energy, a large positive feedback in the cavity, and a
negative feedback that is due to a change in the concentration of particles at the metastable level, it has been
possible to realize a quasistationary lasing mode [2]. In this mode, one can obtain a fairly smooth radiation
pulse, exclusive of the leading edge. Because of the transient processes, fairly intense oscillation processes
occur, as a rule, at the leading edge of a radiation pulse. A radiation pulse with uniform characteristics was
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obtained using a mechanical shutter that cut the initial and the end nonstationary parts of the quasistationary
pulse. As such, we used a system of confocal lenses 8 in the common focus of which a rotary metallic disk
9 with a slot was positioned. On the one hand, such a system allows one to make the edges of the cut radia-
tion pulse steeper, and on the other hand, it isolates the oscillator from the optical radiation reflected from
the object under study. On the modulator disk there is a hole between the incandescent lamp 11 and the
photodiode 12, which is meant for the formation of an electric signal that is transformed using delayed-pulse
generators 42–45 into pulses of triggering and synchronization of the devices involved in the experiment.

As a result, it has been possible to obtain a radiation pulse of duration 50–500 µsec, which has a
nearly rectangular shape with a fairly uniform flat top. The temporal shape of such a pulse is shown in Fig.
2a (1). Its energy must be fairly high; this being so, several amplifiers 13 and 14 are used after the oscillator
(see Fig. 1) — standard GOS-1001M heads with working bodies of diameter 45mm and length 618 mm. To
prevent undesirable feedback from the master oscillator, the ends of these working bodies were cut at an
angle of 85o to the optical axis. Since the radiation pulse of the master oscillator has a rather high energy
(D100 J), its amplification without special precautions distorts the temporal shape of the pulse because of a
decrease with time in the concentration of particles at the metastable level of the working medium of the
amplifier. The temporal shape of such a pulse is shown in Fig. 2a (2). Using the delay in the start of the
amplifier relative to the master oscillator, one can find such a moment when the nonstationarity of the gain
factor owing to an increase in the pumping intensity compensates for its decrease owing to the depletion of
the metastable level. In this case, it has been possible to obtain an amplified radiation pulse with minimum

Fig. 1. General scheme of the experiment: 1, 41) alignment lasers; 2, 32,
40) diaphragms; 3, 4) rotating mirrors; 5, 7) spherical mirrors; 6) work-
ing body of the master oscillator; 8) system of two confocal lenses; 9)
rotary diaphragm; 10) electric motor; 11) synchronizing lamp; 12) trig-
gering photodiode; 13, 14) amplifiers; 15, 17, 18, 30, 35) rotating plates;
19, 22, 29) lenses; 16, 28, 31) photodiodes; 20, 36) calorimeters; 21, 25,
27) light filters; 23) target; 24) integrating sphere; 26) photomultiplier;
33, 34) rotating prisms; 37–39) ruby laser; 42–45) pulse generators; 46)
multichannel automated recorder; 47) computer.
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distortions (see Fig. 2a (3)). As is known [3], in the case of generation of a quasistationary pulse by a gen-
erator with a confocal cavity, because of the high multimode property of the radiation with a sufficient uni-
formity in time, the laser beam has a good spatial uniformity. On the above-described facility it has been
possible to obtain at best rectangular radiation pulses with an energy of up to 500 J and a space-time nonuni-
formity of no worse than 3%.

The erosion laser flame formed by the action of laser radiation of moderate power density on metals
represents in essence a two-phase flow consisting of drops and a plasma. One method that allows one to
control the size of the condensed particles in plasma flows in the real time of their existence is laser probing.
By the ratio between the scattered and absorbed components of the probing radiation one can judge the size
of the particles of the liquid-drop phase. However, to do this it is necessary to divide the total loss of the
probing laser radiation into the loss by scattering and the loss by absorption. For this purpose, the laser target
23 (see Fig. 1) was positioned in the photometric sphere 24. As the probing radiation, the radiation of a ruby
laser 37–39 was used. In the experiment, we controlled simultaneously the power density of the probing ra-
diation incident perpendicularly to the axis of the erosion flame using the photodetector 31, the power density
of the radiation transmitted by the erosion flame (photodetector 28), and the power density of the ruby-laser
radiation scattered by the erosion flame (photodetector 26). The coefficients of scattering and absorption of
probing radiation by the erosion laser can be found from the balance of the probing-radiation energy. Com-
paring the experimentally obtained ratio of the absorbed component of the probing radiation to the scattered
component with the analogous ratio calculated according to the Love–Mie theory, one can determine the di-
ameters of the particles of the liquid-drop phase. This method of control of the size of the condensed-phase
particles in plasma flows in the real time of their existence is described in more detail in [4]. Experimentally
determining the dimensions of the flame in the probing zone, one can also find the concentration of the par-
ticles [5]. Collection, storage, and processing of experimental data were automated using a multiparameter
automated recorder 46 (see [6]) designed by us and a personal computer 47. The functions of the other ele-
ments of the general scheme of the experiment are listed in the caption to Fig. 1.

There is a theoretical work [7] in which the problem of the action of stationary laser radiation on
metals with an ideal structure is considered. It has been shown that in this case, volume vaporization that is
responsible for the formation of a finely dispersed liquid-drop phase cannot occur, because the liquid metal
layer formed under these conditions is too thin.

In [8–10], different factors that can be favorable to the appearance of volume vaporization are dis-
cussed: space-time nonuniformity of laser radiation, gases dissolved in the metal, different impurities, and
structural inhomogeneities.

To determine the degree of their influence on the volume vaporization, we have conducted experi-
ments [11] in lead targets.

Fig. 2. Temporal shape of laser pulses: a) neodymium laser [1) master
oscillator with a confocal cavity; 2) amplified pulse without a delay; 3)
the same with a delay]; b) neodymium laser operating in the free-running
mode; c) ruby laser operating in the regular lasing mode. I, rel. units; t,
µsec.
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The targets were produced by remelting the lead: in air in one case and in vacuum in the other case
with the aim of decreasing significantly the content of gases in the lead remelted in vacuum. 

Furthermore, the action was carried out by different pulses of a neodymium laser. In one case, a
rectangular pulse of duration 400–450 µsec was cut by a mechanical shutter from the millisecond pulse of a
laser operating in the free-running mode. Such a pulse had 100% amplitude modulation with spikes of micro-
second duration with a rather random space-time distribution. In the other case, a smooth rectangular pulse
was obtained using the mechanical shutter from the pulse of a neodymium laser with a confocal cavity. In
such a variant, the pulse has a space-time nonuniformity no worse than 3%. The shapes of these pulses are
shown in Fig. 2a and b. The probing ruby laser operated in the regular lasing mode (Fig. 2c) and had a
power density of no more than 104 W/cm2 in the probing zone so as not to disturb the medium probed. The
probing was carried out at a distance of 1.5 mm from the surface of the target perpendicularly to the axis of
the erosion flame.

The experiments were conducted for a power density of the neodymium laser of 6.5⋅105 W/cm2. The
diameter of the illuminated spot on the target was 0.9 cm. Under these experimental conditions, it has been
possible to separate in space and time the liquid-drop-phase particles formed owing to volume vaporization
and through the hydrodynamic mechanism. Results of the experiments are presented in Fig. 3.

It is seen from Fig. 3 that both the gas content in the target material and the space-time nonunifor-
mity of the acting laser radiation influence only slightly the diameters of the target-material particles. They
are determined by the thermophysical properties of lead. The increase in the particle size with time is appar-
ently due to the increase in the thickness of the melt owing to heat conduction [12]. However, the concentra-
tion of particles depends strongly on experimental conditions. Their minimum amount is formed when a
smooth laser pulse acts on a lead target remelted in vacuum. The maximum concentration of particles is ob-
served in the case where a laser pulse with 100% modulation (see Fig. 3c) acts on a lead target remelted in
air.

The concentration of particles formed as a result of the action of a smooth laser pulse on the lead
remelted in air is fairly close to the concentration of particles formed as a result of the action of a modulated
laser pulse on the lead remelted in vacuum, although, in the first case, the curve lies somewhat higher (see
Fig. 3b).

Analysis of the results presented in Fig. 3b and c allows the conclusion that the space-time nonuni-
formity and the gases dissolved in the metal facilitate significantly the process of volume vaporization owing
to which the finely dispersed liquid-drop phase is formed. The influence of these two factors is comparable.

In [9], where metals with a different content of gases were exposed to the radiation of a free-running
neodymium laser, it has been shown that the gas content influences significantly the formation of the liquid-
drop phase. In [10], it has been pointed out that in the case where metal targets are irradiated by a quasista-

Fig. 3. Time variation of the size (a) and concentrations (b) of particles
in the case of the action of a pulse with 100% modulation (1) and a
smooth pulse (2) on a lead target remelted in air and in the case of the
action of a pulse with 100% modulation (3) and a smooth pulse (4) on a
lead target remelted in vacuum. t, µsec; d, µm; N, cm−3.
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tionary laser pulse, the formation of the liquid-drop phase is dependent on both the gases dissolved in the
metals and the space-time nonuniformity of laser radiation. It should be noted that under the conditions of
these experiments, the liquid-drop phase of the target material is formed as a result of two processes simul-
taneously: the process of volume vaporization and the hydrodynamic process. The latter can turn out to be
more significant. However, the results of the present work show that the role of the hydrodynamic mechanism
in the formation of fairly large drops is minimum. In [8–10], it has been established that the volume vapori-
zation on different inclusions and artificial centers is also of importance in the dynamics of disintegration of
metals. In [1], experiments on the action of the pulsed radiation of a neodymium laser on molybdenum and
copper targets produced by the method of powder metallurgy have been carried out. It has been shown that
the inclusions of molybdenum grains in the copper act as artificial centers and facilitate the process of vol-
ume vaporization. However, noticeable results have been obtained when 20% of molybdenum was added to
the copper. In real metals (except for exotic alloys and composite materials) the amount of such inclusions is
rather low. Therefore, volume vaporization in these metals is facilitated mainly because of the gases con-
tained in them and owing to the space-time nonuniformity of laser radiation as the strongest factors.

Should the experimental conditions be such that the above-described factors favorable to volume va-
porization are absent or are reduced to a minimum, volume vaporization can be facilitated on inhomogeneities
that are related to the polycrystalline structure of the metal (structural inhomogeneities). Of interest are com-
parative experiments on the action of laser radiation on a polycrystal of metal and a single crystal. However
the author did not have single crystals of a metal at his disposal. Therefore, experiments were carried out
with targets of high-purity polycrystalline and single-crystalline silicon. It is known [3] that, as a result of the
action of a powerful laser radiation on semiconductor materials, they are metallized in times of 10−10–10−9

sec and then act as metals.
The action was performed by a nearly rectangular pulse of the neodymium-laser radiation. The ex-

periments were carried out at different power densities of the acting radiation, and they have shown that the
disintegration of both the polycrystalline and the single-crystalline silicon begins for a power density of
4⋅105 W/cm2. In this case, the disintegration products are transparent to probing radiation, i.e., liquid drops
are not formed. In the polycrystalline silicon, particles begin to appear in the erosion flame for an acting
radiation power density of 2.7⋅106 W/cm2 and in the single-crystalline silicon, they appear for 4.2⋅106 W/cm2.
It has been established that the finely dispersed liquid-drop phase is formed more rapidly and intensely in the

Fig. 4. Time variation of the absorption coefficient (solid lines) and the
scattering coefficients (dashed lines) of probing radiation for targets of
polycrystalline silicon (a), single-crystalline silicon (b, c), and single-
crystalline silicon with an abrasive-material inclusion (d); a, b, d) q =
4.3⋅106 W/cm2, c) 6.8⋅106 W/cm2. The rectangle shows the conditional
shape of the active laser pulse. t, µsec.
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single-crystalline silicon. This is easily seen from the time variation of the absorption and scattering coeffi-
cients of probing radiation (Fig. 4a and b) which have been obtained for the same power density (4.3⋅106

W/cm2) of the acting neodymium-laser radiation. In this case, the formation of the liquid-drop phase in the
single-crystalline silicon target begins much later.

It may be suggested that the main factor that brings about the formation of the liquid-drop phase in
the polysilicon is volume vaporization that is facilitated owing to structural inhomogeneities responsible for a
local superheating. In the target of single-crystalline silicon, there are no such structural inhomogeneities;
however, the liquid-drop phase arises, even though with a marked time delay, in this case, too. It can be
formed because of the instability of the vaporization front [14–16] or owing to the explosion of a metastable
liquid [16].

The behavior of the absorption and scattering coefficients in the case of probing of the erosion flame
of the target, of single-crystalline silicon points to a more rapid and intense ejection of the liquid-drop phase,
which makes the hypothesis of the explosion of a metastable liquid more attractive in this case. This is seen
especially clearly when the power density of the acting laser radiation increases (Fig. 4c).

For comparison of the influence of different conditions of formation of the liquid-drop phase of a
silicon target, we present results of experiments on the action of laser radiation on a target of single-crystal-
line silicon contaminated by relatively large particles of an abrasive material (Fig. 4d). In this case, it is seen
that different inclusions influence more significantly the process of volume vaporization than structural inho-
mogeneities.

Thus, the investigations carried out allow the conclusion that for real metals, the formation of an
erosion flame with a finely dispersed liquid-drop phase of the target material due to volume vaporization is
facilitated first of all owing to gases dissolved in the metal and to the space-time nonuniformity of laser
radiation. The action of these two factors is comparable. The next factor is the presence of different inclu-
sions and artificial centers in the metal. In the absence of these three conditions, the process of volume va-
porization is facilitated by structural inhomogeneities. Finally, in the absence of all these reasons, the
formation of the liquid-drop phase, though difficult, is also realized for an increased power density. This can
be both due to the instability of the vaporization front and owing to the explosion of the metastable liquid.

In the first experiments [1], to reveal liquid-drop particles of the target material in the erosion flame,
which are formed owing to volume vaporization, the conditions and the metals were taken such that the proc-
ess of volume vaporization is maximum. This is explained by the fact that the measuring devices used in
these experiments were not automated and did not possess a high sensitivity. At a later time, an automated
system of collection, storage, and processing of data was designed and the sensitivity of the scattering chan-
nel was significantly increased. Owing to this, it has been possible to perform experiments with a wide range
of metals [1] and establish that volume vaporization is characteristic of all the investigated metals for certain
power densities. Unfortunately, in these experiments, only the radiation of a free-running neodymium laser
was used as the acting radiation.

The above-described experiments on the action of laser-radiation pulses with a different space-time
structure on metal targets produced by different methods have shown that the formation of a finely dispersed
liquid-drop phase of the target material owing to volume vaporization is a common phenomenon for metals.
Different metals show only quantitative distinctions.

In all these experiments, the parameters were monitored at the same distance from the target surface
(1.5 mm). To reveal changes in the parameters of the liquid-drop phase in the process of motion along the
erosion flame, we performed probing at different distances h from the target surface under the same condi-
tions of the action [17]. It should be noted that the investigations of the liquid-drop phase by the method of
transverse laser probing near the surface meet with crucial difficulties, since a hollow is formed in the irra-
diated zone in the process of laser action and its edges shield the vaporizing surface. To eliminate the shield-
ing of probing radiation, the targets were made in the form of cylinders whose diameter was comparable with
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the diameter of the irradiation spot and the radiation acted on the end of the cylinder. In this case, a hollow
is not formed and the target surface disintegrates uniformly, which makes it possible to carry out investiga-
tions at distances from the target surface of up to 0.1 mm.

As the acting (plasma-forming) radiation, we used the radiation of a neodymium laser that generated
nearly rectangular pulses. The radiation was focused by a lens to a spot 0.9 cm in diameter on a target; the
diameter of the target end was also 0.9 cm.

As a result of these experiments, we were able to determine changes in the size of the liquid-drop-
phase particles and in their number concentration with distance from the target surface. Figure 5a and c
shows the curves of variation of the size of the particles of lead and nickel targets for different instants of
time for a power density of the acting neodymium-laser radiation of q = 2.4⋅105 W/cm2 (a) and q = 1.3⋅106

W/cm2 (c). It is seen that particles of maximum size are located near the target surface, while with distance
from the surface the particle size decreases.

Figure 5b and d shows the behavior of the number concentrations of liquid-drop-phase particles for a
lead target (b) and a nickel target (d) for different instants of time. For the power density of the neodymium-
laser radiation acting on the lead q = 2.4⋅105 W/cm2 (b), the concentration of the particles increases with
distance from the target surface up to 0.75 mm. As the distance increases further, the concentration of parti-
cles begins to decrease. Analysis of the curves (see Fig. 5) allows the suggestion that such behavior of the
concentration of particles is related to the competition of two processes: increase in the number of particles
owing to crushing and decrease in their number owing to complete vaporization.

As the power density of the neodymium-laser radiation acting on the lead target increases, the maxi-
mum of the particle concentration approaches the target surface (Fig. 5b, curve 5), which supports the sug-

Fig. 5. Dependence of the diameter and concentration of particles on the
distance from the surface of the lead (a, b) and nickel (c, d) targets at
the instants of time t = 100 (1), 200 (2), 300 (3), and 400 µsec (4) for a
power density of q = 2.4⋅105 W/cm2 [curves 1–4 (a, b)], q = 4.5⋅105

W/cm2 (curve 5), and q = 1.3⋅106 W/cm2 [curves 1–3 (c, d)]. d, µm; N,
cm−3; h, mm.
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gestion made above. This means that for a higher power density of the acting radiation the process of crush-
ing of particles in their motion along the flame begins earlier, and the concentration of the particles is much
higher because of the change in the conditions in the surface layer of the target.

The number concentrations of particles of the nickel-target material act qualitatively in a similar man-
ner. As the distance from the target surface increases, the concentration of particles increases up to 1.5 mm.
Then it decreases, but the scattered component of the probing radiation of the ruby laser decreases signifi-
cantly because of the decrease in the particle size and its recording becomes difficult under our conditions.
As a consequence of this, sufficiently exact quantitative measurements of the concentration of the particles
can be carried out only at an increased real sensitivity of the scattering channel of the measuring system.
However, the qualitative behavior of the scattering and absorption coefficients of the probing radiation points
to the fact that the size and concentrations of the particles decrease when the distance from the surface of the
nickel target increases by more than 1.5 mm. Consequently, with a power density of the acting radiation of
q = 1.3⋅106 W/cm2 (d), crushing of particles of the nickel target occurs at heights of the erosion flame of up
to h = 1.5 mm. The increase in the number concentration of the particles can occur not only owing to their
crushing because of the heating, but also owing to the appearance of particles as a result of condensation
[12]. To check this, we have measured the volume concentrations of the particles. Results of measurements
for the lead target exposed to radiation with a power density of q = 2.4⋅105 W/cm2 are presented in Fig. 6.
It is seen that when the distance from the target surface increases, the volume concentration decreases. This
points to the fact that under the conditions of real experiments, of the competing processes of condensation
and complete vaporization of particles, the latter is dominating. Consequently, the fact that the concentration
of particles increases with distance from the target surface can be explained by their crushing in the process
of motion owing to superheating.

Thus, the investigations carried out with targets of special shape made it possible to measure the
space-time distribution of the size and concentrations of the target-material particles near the surface of the
target by the method of transverse laser probing. It has been shown experimentally that there exist such con-
ditions of the action of laser radiation on metals under which the concentration of particles of the finely
dispersed liquid-drop phase, which enter the erosion flame from the target surface owing to volume vaporiza-
tion, increases with distance from the target. In this case, the diameters of the particles decrease — they
crush because of the superheating. On the other hand, particles are vaporized completely in the process of
motion, owing to which their size and concentrations decrease. Because of the competition of the processes
of crushing and vaporization of particles, a maximum of the particle concentration is observed at a certain

Fig. 6. Dependence of the volume concentration of liquid-drop-phase
particles on the distance from the surface of the lead target for a power
density of the neodymium laser of 2.4⋅105 W/cm2 for a time of measur-
ing after the beginning of the action of t = 100 (1), 200 (2), and 400
µsec (3). h, mm.
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distance from the target surface. The distance at which this occurs is determined by the target material and
the power density of the acting radiation.

Because of the fact that in the experiments we were able to perform measurements at a distance of
0.1 mm from the vaporizing surface of the target, it became possible to carry out investigations on the begin-
ning of formation of particles of the liquid-drop phase in the laser-erosion products, which are formed owing
to volume vaporization. To do this, it is desirable that the sensitivity of the measuring devices be maximum
in the process of monitoring of the concentration of particles. In this case, we were able to increase the mini-
mum recorded number concentration of the particles (liquid drops) to 108 cm−3.

In the work, we carried out investigations with erosion flames of targets of Zn, Sn, Pb, and Ni. The
experiments have shown that beginning with a certain power density of the acting radiation, particles of the
finely dispersed liquid-drop phase, which are formed owing to volume vaporization, enter the erosion flame
practically immediately after the beginning of the action. In our case, the temporal resolution of measure-
ments depends on the value of the interval between individual spikes of the probing ruby-laser radiation,
which is D10 µsec. Initially, the formation of particles owing to volume vaporization proceeds fairly in-
tensely and the determination of the time presents no problems, while the accuracy is determined by a time
of 10 µsec.

Of the metals investigated, lead was found to be the lowest threshold for the formation of volume
vaporization. For a power density of the acting neodymium-laser radiation of 4.6⋅105 W/cm2, volume vapori-
zation appears practically immediately after the beginning of the action (Fig. 7). As the power density of the
acting radiation decreases, volume vaporization appears with a delay whose value increases with decrease in
the power density. It should be noted that the time zero of the abscissa axis in the figures corresponds to the
beginning of lasing of the neodymium laser.

In recording the time of appearance of volume vaporization when its delay relative to the beginning
of the action occurs, it is necessary to determine the time of appearance of a plasma. For this purpose, the
plasma radiation in a wide spectral range was extracted from the zone under investigation using a quartz
capillary and recorded using an FE′U-68.

Using the lead target as an example, we can follow the dynamics of development of the erosion laser
flame of metals. The experiments have shown that for each metal there are such conditions of laser action
under which, after a certain time after the beginning of irradiation the disintegration products consist of a

Fig. 7. Variation of the concentration of liquid drops of the lead target
for a power density of 4.6⋅105 (1), 2.3⋅105 (2), and 1.5 ⋅105 W/cm2 (3).
t, µsec.

Fig. 8. Time variation of the luminescence intensity of an erosion laser
flame in arbitrary units (1), of the size of particles (2), and of their con-
centrations (3). t, µsec; d, µm; N, cm–3.
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luminous vapor practically transparent to radiation (Fig. 8, curve 1). After a time after the erosion flame is
formed from this vapor, small liquid drops of the target material, which are formed owing to volume vapori-
zation, begin to enter the flame. Approximately after 400 µsec, larger particles that have much lower concen-
trations are formed in the flame through the hydrodynamic mechanism (Fig. 8, curves 2 and 3). For the
remaining investigated metals, an analogous law is true, with the only difference that the power density of the
acting neodynium-laser radiation for which this occurs is characteristic of each metal. This is easily seen from
Fig. 9. Such behavior of the beginning of volume vaporization is explained by the dissimilar optical and
thermophysical characteristics of the metals.

Thus, the experiments with a cylindrical target made it possible to carry out transverse laser probing
near the surface and determine the beginning of volume vaporization in the laser metal targets by measuring
the concentration of small liquid drops of the target material. Initially, the erosion flame consists of the trans-
parent, in practice, luminous vapor of the target material. Then, owing to volume vaporization, small liquid
drops enter the erosion flame with a time delay. The delay in the appearance of volume vaporization depends
on the power density of the acting laser radiation and on the thermophysical characteristics of the target ma-
terial. When the first factor becomes strengthened, the delay in the appearance of volume vaporization de-
creases.

Based on the experiments carried out, the process of formation of a laser erosion flame produced
by the action of laser radiation of moderate intensity on metals can be represented as follows. For low
power densities, the target material is only heated. As the power density increases, the melting of the metal
in the irradiated zone and then vaporization occur. As this takes place, the erosion flame begins to form,
and initially it consists of a transparent vapor and a plasma. These processes have been considered in [12]
in detail. As the power density of the acting radiation increases further, volume vaporization appears and
the finely dispersed liquid-drop phase begins to enter the erosion flame, initially, with a marked time delay.
Then, as the intensity of irradiation increases, the delay decreases and becomes minimum. Liquid drops
formed owing to volume vaporization, moving toward the laser beam, absorb and scatter it. Near the surface
of the target, particles are crushed and vaporized completely as a consequence of superheating and form a
denser plasma medium around themselves [1] as compared to that formed as a result of adiabatic expansion
of the transparent vapor [12]. Such a medium causes a sharp, avalanche-like increase in the absorption co-
efficient of the plasma when the power density of the acting radiation reaches a certain value, and the
plasma parameters (concentration of charged particles and temperature) increase sharply [1]. In this case,
there occurs a plasma flash (plasma breakdown) in the erosion laser flame, which is initiated by completely
vaporized particles of the liquid-drop phase of the target material. The case of plasma flash, where the ra-
diation loss is determined by the mechanisms of absorption in the plasma, has been described theoretically
in sufficient detail in [18–23].

Fig. 9. Variation of the concentration of liquid drops with time for: a)
nickel target for a power density of acting radiation of 1.2⋅106 W/cm2

(1), 9⋅105 (2); b) zinc target for a power density of acting radiation of
6.3⋅105 (1), 5.2⋅105 (2), 2.7⋅105 (3); c) tin target for a power density of
acting radiation of 7.7⋅105 W/cm2 (1), 4.6⋅105 (2). t, µsec; N, cm−3.
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Thus, initially the erosion flame is practically transparent to radiation, and when a finely dispersed
liquid-drop phase of the target material is formed in it, the loss of radiation in the laser-erosion products
becomes marked. This loss is due to the absorption and scattering on liquid drops. After the plasma flash, the
main radiation loss is determined by the absorption mechanisms in the plasma.

The efforts to obtain erosion plasma flows of metal targets, which would be free of drops, by increas-
ing the power density of the acting radiation led to the fact that smaller particles began to enter the erosion
flame; however, the concentration of particles increased.

In this connection, it is very important to find methods that would allow one to control the parame-
ters of the liquid-drop phase of erosion laser flames of metals and to find methods of producing erosion
flames free of drops.

In this regard the action of external electric and electromagnetic fields on the erosion laser flame can
be promising.

In such experiments, the target was placed between two plates to which an external electric field per-
pendicular to the axis of the flame was applied. The action was performed by a rectangular pulse of the
neodymium laser radiation with a power density of 4.6⋅105 W/cm2. The size and concentrations of liquid
drops were monitored by the method of probing of the flame by the radiation of an auxiliary ruby laser. The
probing was performed at a height of 1 mm from the target surface. The electric field was changed from 0
to 4 kV/cm.

Figure 10a shows the time variation of the diameter of particles in the erosion flame of the lead
target. For a strength of the external electric field of 1 kV/cm, the curve of time variation of the diameter of
the particles 2 reaches the maximum after 400 µsec, while without an external electric field the maximum is
observed at the 200th µsec (curve 1) after the beginning of the action. At a strength of 4 kV/cm, the maxi-
mum of curve 3 corresponds to a time of 700 µsec. The number concentration of the particles increases with
increase in the strength of the external electric field (Fig. 10b). It may also be suggested that as the strength
of the external electric field increases further, the diameters of the liquid-drop-phase particles will decrease
and the number concentration will increase. Such a time behavior of the parameters of the liquid-drop-phase
particles can be explained by the spatial redistribution of electric charges on the surface of the particles,
which stimulates their crushing [24, 25].

The investigations have shown that in the case where neodymium-laser radiation acts on a lead target
exposed to the external electric field, the concentration of particles in the erosion laser flame is higher and
the particle size is smaller as compared to the case where the action is performed without an electric field.
This phenomenon can be used for control of the size and concentrations of particles in two-phase flows
formed as a result of the action of laser radiation on metals.

Fig. 10. Time variation of the diameters of particles (a) and their concen-
trations (b) in the erosion laser flame of the lead target for different val-
ues of the external electric field strength: 1) without an external field; 2)
1 kV/cm; 3) 4. t, µsec; d, µm; N, cm–3.
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We now consider the kinetics of particles of the condensed phase of the metal-target material in
crossed laser beams when the acting laser radiation is directed perpendicularly to the surface of the target and
the auxiliary laser radiation is directed parallel to the surface at a certain distance from it. The auxiliary laser
radiation interacts with the erosion products without changing the conditions on the target surface [26].

As the acting radiation, we used nearly rectangular pulses of a neodymium laser with a 400–500-µsec
duration. In all the experiments, the power density of the acting radiation was 1.4⋅106 W/cm2 for a diameter
of the irradiated spot of 0.6 cm. As the completely vaporizing radiation, we used the radiation of a pulsed
neodymium laser operating in the free-running mode. The pulse duration was D10−3 sec and the diameter of
the laser beam in the complete-vaporization zone was 0.8 cm. The axis of the completely vaporizing laser
beam was positioned at a distance of 2 mm from the target surface. The investigations were carried out for
different power densities of completely vaporizing radiation.

The general pattern of formation of the liquid-drop phase of the target material in the absence of
completely vaporizing laser radiation is presented in Fig. 11.

It should be noted that the size of large particles is somewhat understated in our measurements, since,
on the one hand, the procedure of monitoring of the particle size by the ratio between the scattered and the
absorbed components of the probing ruby-laser radiation (λ = 0.7 µm) is difficult to use for a lead target for
a particle size of more than 10 µm. In this case, monitoring of large particles was performed with a large
error, because of the ambiguity of the ratio between the scattered and the absorbed components for some
diameters and because of the weak dependence of the particle size on this ratio. On the other hand, because
of the insignificant amount of very large particles in the erosion flame, the probability exists that they fly
past the probing beam, whose diameter is 1 mm in our case. However, in the present work, most of the
attention is concentrated on monitoring the size of particles that become smaller in the process of their com-
plete vaporization. In this case, the use of the procedure proposed is quite justified.

The kinetics of the condensed phase in crossed laser beams can depend strongly on the particle size.
Therefore, it makes sense to consider the cases where the following particles are present in the erosion flame:
(1) small particles owing to volume vaporization (for the time of action of the plasma-forming pulse of a
neodymium laser); (2) mainly large particles formed through the hydrodynamic mechanism (as is seen from
Fig. 11, this occurs 650–700 µsec after the beginning of laser action on the target); (3) particles formed
through the two mechanisms (according to Fig. 11, this occurs 450–500 µsec after the beginning of laser
action).

The experiments have shown that complete vaporization of condensed-phase particles formed owing
to volume vaporization begins for a power density of the completely vaporizing laser of D105 W/cm2, while
for D5⋅105 W/cm2 particles become so small that the probing ruby-laser radiation scattered by them is beyond
the sensitivity limits of the measuring system.

Fig. 11. Time behavior of the laser radiation intensity (1) (arbitrary
units) and time variation of the size of liquid-drop-phase particles (2) in
the erosion flame of the lead target. t, µsec; d, µm.
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Figure 12 shows the results of experiments on the action of neodymium-laser radiation with a power
density 1.4⋅106 W/cm2 on a lead target in the absence of completely vaporizing laser radiation and in the
presence of such radiation of power density q = 2.3⋅105 W/cm2. It is seen that even for a low intensity of the
completely vaporizing laser radiation (as compared to the acting radiation) the size of the condensed-phase
particles and their concentration markedly decrease. For a higher power density of the completely vaporizing
laser radiation, particles of the liquid-drop phase of erosion laser flames are no longer detected.

Figure 13 (curves 1) shows results of experiments for an instant of time of 500 µsec after the begin-
ning of the action of a radiation pulse of a neodymium laser on a target, when condensed-phase particles
formed through the two mechanisms of formation are present in the erosion flame. In this case, the acting
radiation also had a power density of q = 1.4⋅106 W/cm2. The power density of the completely vaporizing
radiation changed from 0 to D106 W/cm2. The increase in the dependence d = f(q) to a certain maximum,
which is shown in Fig. 13a (curve 1), can be explained by the fact that the smallest particles formed owing
to the process of volume vaporization are completely vaporized and a larger fraction of large particles formed
through the hydrodynamic mechanism remains in the flame. As the power density of the completely vaporiz-
ing radiation increases further, the size of the large particles decreases. The foregoing is well illustrated by
Fig. 13b (1), where the behavior of the number concentration of particles as a function of the change in the
power density is shown. The decrease in the volume concentration, which is shown in Fig. 13c (1), is evi-
dence in favor of a fairly effective complete vaporization of the condensed phase of the target material for an
increased power density of the completely vaporizing radiation. If the energy of the completely vaporizing
laser increases further, the liquid-drop-phase particles are vaporized completely.

Fig. 12. Time variation of the diameters (a) and concentration (b) of par-
ticles of the liquid-drop phase of the lead erosion flame, which are
formed due to volume vaporization: 1) without completely vaporizing
laser radiation; 2) with this radiation. t, µsec; d, µsec; N, cm−3.

Fig. 13. Variation of the size (a) and the number (b) and volume con-
centrations (a) of particles of the liquid-drop phase of the erosion flame
of the lead target with increase in the power density of the completely
vaporizing laser. The moment of detection is 500 (1) and 700 (2) µsec
after the beginning of the action. q, W/cm2; d, µm; N, cm−3.
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At an instant of time of 700 µsec after the beginning of the action of laser radiation on the target,
when fairly large particles formed through the hydrodynamic mechanism are present in the erosion flame, the
particle size decreases with increase in the power density of the completely vaporizing radiation. However, in
this case, the number concentration increases initially (see Fig. 13b (2)), which can be explained by the
crushing of certain particles due to the superheating, and then, because of the competition of the processes of
crushing of particles and their vaporization, complete vaporization becomes predominant and the number of
particles decreases. The behavior of the volume concentration (see Fig. 13c (2)) points to the fact that the
mass of the material contained in the particles of the condensed phase decreases significantly with increase in
the power density of the completely vaporizing radiation, and particles can be vaporized completely for a
certain power density.

Thus, investigations of the kinetics of particles of the condensed phase of erosion flames in crossed
laser beams have shown that, using the action of auxiliary-laser radiation, one can exert efficient control of
the parameters of the liquid-drop-phase particles and in so doing of the parameters of the erosion laser flames
themselves. It is shown that to do this it is necessary that the power density of the completely vaporizing
laser radiation be lower than the power density of the acting radiation and much lower for particles formed
owing to volume vaporization. The power densities necessary for complete vaporization of particles formed
through the hydrodynamic mechanism can also be decreased if an erosion laser flame is exposed to an exter-
nal electric field: liquid-drop-phase particles crushed under the action of electric forces are easier to com-
pletely vaporize by auxiliary- laser radiation.

The results of the investigations carried out can be used to obtain controlled model two-phase flows
in which it would be possible to change the parameters of the liquid-drop phase (diameters of the particles
and their concentration) using an external electric field and an additional completely vaporizing laser radiation
and to obtain a "sterile" erosion plasma free of drops, which is necessary in solution of a number of technical
problems.
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