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Abstract
The process of destruction of sulphidic polymers is investigated and mechanism of formation of laser

erosive plasma is offered. The using of modulator of good quality allows obtaining of ordered structure of
laser plasma, which is formed as a toroid and kept by own magnetic field. The process of plasma formation
and movement over the surface of the sample proceeds in three stages.

At the first stage the dense hot nucleus of a torch absorbing laser radiation is formed. At the second
stage there is a transition of thermal energy of plasma into kinetic energy of the directed dynamic move-
ment. At the third stage – the plasmoid, having reached the maximum value of rate, is sharply hindered
owing to interaction with the air medium, reorganization of the plasma dynamic movement itself takes
place. Processes of plasma states under different conditions are separated both in space and in time.

Introduction

In the past few years, a new tooling - light im-
pulses with duration of nano, pico and femto sec-
onds – has appeared in the laser technique [1]. Fea-
tures of light pulses of so small duration determined
new experimental possibilities. Alongside with small
duration, narrow spectral width and coherency of a
light pulse a special attention should be paid to peak
power of laser impulses (high intensity at insignifi-
cant energy of the impulse). It means that it is easy
to bring about multiquantum processes of absorption,
i.e. form highly excited molecular systems and use
numerous nonlinear methods of spectroscopy with-
out heating a sample.

Specified features of a new tooling determined a
new area of research in chemical kinetics, which was
called "femtochemistry". The problems of femto-
chemistry are the research of dynamics of the in-
tramolecular processes and a transition state, study
of kinetics of ultrarate processes and regulation of
chemical transformation. It is necessary to note the
possibility to investigate the dynamics of the transi-
tion state in a real time. The transition state is under-
stood as a set of configurations that are acquired by
the reacting chemical system when passing from re-
agents to products.

The process of dissociation can be presented as
follows:

BC + hv → [B…C]e → B + C
where [B…C] is a transition state, and [B…C]e is a
transition state on an electron-excited surface of po-
tential energy.

Results and Discussion

One of the most interesting effects of interaction
of laser radiation with a chemical compound is ap-
pearance of laser erosion plasma (LEP) over the sur-
face of target materials [2]. The most important prop-
erty of plasma is that it is the motion of collective
particles. There are various ways of plasma retain-
ing with the help of magnetic field: retentive mag-
netic field may be either external or internal, gener-
ated by its own magnetic field in plasma itself.

Under the conditions when the longitudinal cur-
rent is formed by a closed circle in plasma, it is simi-
lar to a toroidal magnetic trap, for which the condi-
tions when magnetic lines are closed and parallel to
the torus axis are necessary. In this case, plasma par-
ticles should be retained inside the torus and move
in a closed ring.

A plasma flow in the magnetic field may be ei-
ther laminar, i.e. a jet flow (Figs. 1 a, b), or turbu-
lent, i.e. a vortex flow (Fig. 1 a).

(1)
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As the results of optical-spectral investigations
showed, three characteristic zones differing in den-
sity of particles, their temperature and character of
gas-dynamic motion, may be marked out at different
distances from the surface of inorganic polymers
being irradiated at flux density of laser radiation in
the range of 103÷1010 W/cm2 [2].

Zone 1 – a solid hot nucleus of a torch absorbing
laser radiation.

Zone 2 – an acceleration zone, where the transi-
tion of plasma thermal energy to the kinetic energy
of directed gas-dynamic motion takes place.

Zone 3 – a zone, where a plasmoid after reaching
the maximum value of velocity is sharply hindered
due to interaction with air medium. In this zone reor-
ganization of the plasma gas-dynamic motion itself
takes place.

General shape and sizes of a torch in axial and
cross-section to a great extent depend on the value
of flux density of laser radiation qu. Apart from qu,
another important factor influencing the LEP heat-
ing and scattering in air atmosphere is the relation
between time of operation of laser impulse τu and
time of gas-dynamic scattering of plasma τp, which
is determined by plasma lifetime in the field of a hot
nucleus of a clot, i.e. value r0 /cs, where r0 is the ini-
tial size of plasmoid, approximately equal to the ra-
dius of a focusing spot of laser radiation, and cs is
sound velocity in plasma. In the course of interac-
tion of laser radiation impulses of nano-second du-
ration with a substance, a gas-dynamic flow is estab-
lished, when τu > τp.

Laser plasma leaves a hot field in time τp, much
less than duration of the impulse acting upon a tar-
get. Indeed, as the rate of plasma movement at the

surface of target material being irradiated υ = 107

cm/sec (a mode of rapidly modulated quality factor),
and values of plasma radius r0 = 10-2 cm, the charac-
teristic time of scattering will be equal to τp = r0 /υ =
10-9 s, while τu = 3 . 10-8 s, that is τp < τu [3].

When plasma leaves the field r  < r0 (Zone 1), it is
accelerated and its further motion is determined by
the conditions of the medium. Expansion of a
plasmoid in air medium occurs due to of pressure
gradient (Zone 2) and is consequently characterized
by a greater velocity in the direction, perpendicu-
larly to the surface being irradiated, than in the di-
rection parallel to it. Thus, in the first approxima-
tion, a quazi-one-dimensional model of plasma ex-
pansion with a density gradient may be used.

The transition of the absorbed energy of a laser
impulse into kinetic energy of an ordered motion of
particles takes place at adiabatic plasma expansion
due to pressure gradient. For nano-second impulses
at the flux density of radiation qu ≈ 109÷1010 W/cm2,
velocity of expansion reaches the asymptotical value
in time approximately equal to a half of laser im-
pulse duration, and at distances from the place of
plasma formation of about 10r0, where r0 is the ra-
dius of a focal spot of laser radiation.

Processes of plasma states under different condi-
tions are separated both as in space, and in time.
Plasma that left the area of a hot dense nucleus, in no
way influences the area of subsonic flow.

After having reached the maximum value of ve-
locity due to acceleration the plasmoid is sharply hin-
dered by the interaction with the atmosphere of air
medium. That accounts for the appearance of a sec-
ondary zone of intensive luminescence of a torch. In
this zone a gas-dynamic motion of a plasma cloud is
reorganized (Zone 3).

Practically, at all stages of its scattering, laser
plasma is always electricaly neutral. The motion of
particles in it occurs so that electrons cannot break
off from ions. Therefore, the motion of a plasmoid is
a collective one.

Figure 2 shows the results, verifying the forma-
tion and reorganization of a gas-dynamic motion of
a plasma torch. The pictures were taken at different
distances from the target surface, which correspond
to zones 1, 2, 3.

Figure 3 shows the picture of plasma formation
taken at the distance > 30-40 rk. The plasmoid is de-
structed and the temperature decreases up to the tem-
perature of air medium.

It becomes difficult to retain plasma in a toroidal

Fig. 1. Profile of a torch of a substance emission: a) Loose
oscillation of radiation, τu = 4 ms; b) Passive modulation
of quality factor, τu = 0.05 ms; c) Electrooptical modu-
lation, τu = 30 ns

a cb
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trap because the magnetic field in it cannot be uni-
form. Magnetic lines of force get thickened to the
interior side of a torus. Thickness of force lines de-
termines magnetic density and, hence, magnetic pres-
sure, which is greater from the interior side of a torus
than from the external one. This magnetic pressure
gradient presses plasma out to the external side of a
torus that further leads to plasma scattering (Fig. 3).

fume rings (Reynolds number Re >> 103) may serve
as one of the most simple dynamic models to account
for the peculiarities of the formation and behavior of
coherent gas-plasma formation.

The velocity of a general translational motion of
a ring vortex in the air atmosphere is less than that of
a plasma jet one (Fig. 1 a), which is characteristic of
the effect of millisecond laser impulses with irregu-
lar spikes, when destruction of samples is accompa-
nied by formation and interaction of a series of sepa-
rate plasmoids with each other and the environment.
That is why in the formation of separate erosive
plasmoids in the air environment with the help of
pulsing-periodic lasers it is necessary to take into
account the frequency of recurrence of impulses. The
results showed that the frequency of sequences of
nanosecond impulses being equal to 2 Hz, provides
a good reproducibility of dynamic and spectral char-
acteristics of plasma torches.

Optimum value of flux density of laser radiation
is qu  ≈ 1010 W/cm2. This mode provides a stable char-
acter of gas-dynamic movement of LEP torch in the
air atmosphere and the best reproducibility of plasma
spectral characteristics.

The process of destruction of inorganic polymers
under the influence of laser radiation is very com-
plex and multistage. However, the study of kinetics
of laser destruction process of sulfide polymers and
LEP occurrence, LEP structure and parameters are
of a great scientific-practical interest for development
of new technological schemes of mineral raw mate-
rial processing.

As all major natural polymers are obtained by
polycondensation, destruction being an inverse pro-
cess takes place due to pyrolysis of these polymers.
The process of laser destruction takes place in an open
system at atmospheric pressure in the air and is as
follows:
• for chalcopyrite monomineral:

Fig. 2. Formation and restructuring of a torch above the surface of a sample: a – at a distance of ≈ 10rk , b – at a
distance of ≈ 15rk , c – at a distance of ≈ 25rk

a b c

Fig. 3. Structure of a torch above the surface of a target at
a distance of > 40.

The possibility of gas-plasma cloud formation in
the form of a toroidal vortical ring, which moves in
the air medium according to the laws of quasi-elastic
body, experimentally determined by us, is of consid-
erable interest for controlling the behavior of a gas-
plasma cloud motion in the air medium (Figs. 1 c, 2
b, c and 3) [2].

The obtained result is in a good agreement with
the data of the work [4], obtained at erosion of met-
als by a high-frequency spark: in 25 µs after chop-
ping of a spark discharge, metal fmes form a toroidal
cloud.

Mathematical description of ordered motion of
gas-plasma formations in the air may be made by
analogy with the models of vortical rings formed with
the help of impulse generators of vortexes [5]. The
method of obtaining and development of ordinary
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2CuFeS2 → Cu2S + Fe2S3 →2Cu + 2Fe+4S
• or in the presence of impurities in chalcopyrite:

 CuFeS2 + O2 + Me → Cu2S +…+ Fe2S3 + … +
+ SO2 +…+ Me →

→  Cu +…+Fe +…+ Me +…+ O2 +…+ S
where Me - different impurities in a sample of mine-
ral raw material.

In a real situation, the process is much more com-
plex. Destruction in a plasma-chemical process goes
on until the matrix of chalcopyrite breaks up com-
pletely to neutral atoms and ions.

Atoms, molecules, or ions can take part in elemen-
tary acts of reactions depending on the nature of re-
acting systems and conditions of their interaction.
According to this, there are simple, ionic and radical
reactions.

Probability of simple (between molecules) reac-
tions is very small, high energy of activation (150-
450 kJ/mol) is required. Reactions with participation
of charged particles (ions, electrons) or those pro-
ceeding with intermediate formation of free radicals
are more probable. Activation energy of ion-ion or
ion-molecular interactions is very low (80 kJ/mol).
Free radicals, atoms being among them, are extremely
reactive, and activation energy of radical reactions is
even lower, than that of ionic ones – 0-40 kJ/mol [1].

One more feature of radical reactions is that it is a
chain reaction. One primary act of activation results
in disintegration of a great number of molecules of
initial substances. This or that way, molecules ac-
quire excess energy and undergo deformation (va-
lence angles, interatomic distances change) and dis-
integrate to ions and radicals (atoms). In the latter
case, the reaction is of a chainomatic character and
is frequently accompanied by an explosion, i.e. oc-
curs instantly.

Conclusions

The problem of obtaining steady gas-plasma for-
mations in the air atmosphere under the influence of
single impulses of laser radiation on a sample is stud-
ied little at present.

It represents a great interest of fundamental char-
acter for the processes of LEP formation and needs
additional special researches.
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