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We present a theoretical interpretation of the destructive effect of
a powerful pulse of radiation on a substance surface. We study the
specific features of both the dynamics of the surface destruction of
a material and the spatio-temporal dynamics of a gas phase. This
phase arises due to local phase transitions under the rapid heating
of the surface by a laser pulse, which induces the formation (the
burn-out) of a corrosion crater. The differential equation which
describes the burning dynamics of a plasma torch is formulated.
The general solution of the equations of the dynamics of a plasma-
gaseous phase is obtained, and its “behavior” is analyzed for
different levels of the interaction of radiation with gas.

1. Introduction

The creation of lasers at the beginning of the 1960s
defined the top position of superpowerful laser systems in
the investigations of a high-temperature plasma and the
matter behaviour under extreme conditions. By means
of short pulses, it became possible to investigate the
dynamics of the fast processes which occur in atoms,
molecules, and solids. Laser radiation (laser doping,
annealing, thermal treatment, plating, etc.) is used for
the material treatment (the surface modification) in
many up-to-date technologies.

The possibility of a local influence on small surfaces,
the high-speed heating, and the manoeuvrability in the
control over a laser beam make the laser-based methods
of modification of materials more and more attractive.

New generations of lasers and laser systems can
generate femtosecond pulses. Femtosecond laser systems

Fig. 1. 100-micron craters made in steel by a nanosecond pulse

(left) and a femtosecond pulse (right) [1]
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with a light pulse duration of 10—1000 fs allow one
to obtain, by focusing, the enormous light intensity in
the range 10'4-102'W/cm? [1, 4]. After falling on a
solid matter surface, such high-intensity pulses can lead,
under some conditions, to considerable damages of this
surface and are of special interest [1—7|. The examples
of such a treatment are shown in Figs. 1 and 2.

As one can see, the damages made by laser pulses
are different in their forms. Of importance is the fact
that the surface destruction can be accompanied by
fusing of the crater edges or occur without it (the latter
may be useful, e.g., in medicine). The results of these
experiments indicate that the fusing of the crater edges
depends essentially on the length and intensity of the
light pulse which falls to the surface.

A lot of experimental and theoretical investigations
are closely related to the problem of the destruction of
solid matter surfaces by short high-power laser pulses.
Recently, these investigations have moved to the domain
of very short pulses [1—7]. In this connection, there arises
the necessity to study the processes that run during the
interaction of very short laser pulses with plasma. In
turn, the plasma formation depends significantly on the
structure and properties of the surface layer of a target.

The “behaviour” of a condensed matter under
influence of a power laser pulse is ambiguous. In spite of
a large number of experimental works in this area, the
physics of processes that happen under irradiation of

60 fs 50 ps 10 ns

Fig. 2. Scanning electronic microscopic images of the craters

produced by 60-fs, 50-ps, and 10-ns pulses on aluminum samples
at 2.7 pJ/pulse [2]
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matter is clarified incompletely [1]. Very often, the
theoretical models used for the interpretation of these
processes are based on the assumption that, during
the whole process of laser treatment, the phase state
of an investigated object does not change, and the
possibility of fast qualitative changes is ignored. In our
opinion, the consideration of such changes, i.e. local
phase transformations, is essential and must underlie the
processes under investigation.

In other words, the development of the theory of the
interaction of intense pulse energy flows with a matter
surface which would take local phase transformations
during the surface destruction into account is, may be,
the most consecutive approach.

According to experimental estimations [8], the
characteristic level of energy, from which the active
destruction of the surface begins practically without
the formation of a liquid phase, exceeds 107 +
108 W/cm?, depending on a material. If the energy flow
is substantially higher than this value, its considerable
part is spent on the direct solid—gas phase transition. A
liquid phase is practically absent in the area of treatment
in this case.

Such flows represent the main interest for this work.
In order to define the boundary which separates a
treatment with the formation of the liquid state and
a treatment which is not accompanied by the surface
melting, we will consider the superficial layer of the
matter on an area with the size equal to the cross-section
of a laser pulse. To prevent the appearance of a liquid
phase on the solid surface, its temperature during the
pulse action has to amount, at least, to the critical value
T., without going out the borders of the phase surface of
state of the matter which corresponds exceptionally to
the solid phase. In this case, the pressure in this near-
surface area of the solid phase must also exceed some
critical value P.. Because a laser pulse is considered, the
necessary condition, under which the system gets in the
mentioned area is

P. < gs(1+ R)/c,

where ¢, is the power of an electromagnetic wave falling
on the matter surface, R is the light reflectivity, and ¢
is the light speed.

Taking into account that the equation of state PV =
v Ry T, holds on the critical isotherm of the gas phase
at an arbitrary pressure P in a volume V, where R,
is gas constant and v is the number of moles of a
gas, it is possible to estimate the pressure P. which
provides the implementation of the above condition.
This value can be estimated from the next consideration.
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In order that the liquid phase does not appear, the
solid phase after the phase transition must fall on an
isotherm which coincides with or lies above the critical
isotherm at the temperature T.. Examining just the
critical isotherm, we will get the sought threshold value
of P., for which the equation of state for a gas takes the
form P. V. = v R;T¢. In this equation, the volume V.
remains indefinite so far. For its estimation, it is possible
to take advantage of fact that, at the moment of the
phase state transition from solid to gas, the change of
the volume V*°! — V is not so substantial comparing to
a similar change for other points of isotherm T, (where
this change is large). That is why the volume V. can be
considered to be practically equal to the corrresponding
volume of the solid phase V°!. Since the volume of one
mole of a solid V,, is determined by the ratio V,, = p1/ p*°l,
where p is the molecular mass and p*°! is the density, the
volume of v moles is obviously equal to VE°! = vy /p*°L.
Substituting this value of the volume in the equation
of state P.V., = v R, T, for V., we get the estimation
P.=R,T, P! /p. In this case, the sufficient condition
for a flow g5 looks like

- RyT.p*c 1

s I 1+ R

In practice, such an estimation is interesting for the
initial flow ¢, which is related to the flow ¢, which
passed in a solid by the relation g; = (1 — R) ¢in. Then,
for the initial value of the flow, we get

R, T.p°¢ 1
m 1—-R*

Qin >

By this formula, we made some estimations for specific
materials. They show that, for example, the superficial
value of a stream must meet the condition g, > 6x107 x

~ 2 x 10® for aluminum, ¢, > 4 x 107 x

1
1—R?

for tungsten, g, >

1— R2
for copper, g, > 6 x 107 x :

R2

4-107 x . flRQ for chrome, and g, > 3 x 107 x 1 ij
for titanium. As seen, such estimations do not contradict
the experimental information [8]. Hence, we will name
flows intensive, if they meet the condition got earlier.

Here, the problem of the destruction of a solid surface
under the action of flows with just such intensities is
considered. In this case, the irradiated solid surface is
evaporating without melting. In the following section, we
consider a mathematical model of the processes running
during a destructive treatment.
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2. Formulation of the Dynamics of the Gas
Phase

Under certain conditions as for the light intensity and
the pulse duration, the destruction of the substance by
power laser pulses occurs by means of a spontaneous
phase transformation of the soild surface of this
substance into the gas phase considered by us as a
continuous gaseous medium. The system of equations
describing the dynamics of this phase is as follows:

ap

: _ 1
5t + div (pv) = R, (1)
dv 1

—_— —_— = 2
7 + pgradP fi (2)
p%—l—Pdiv v+ div@ =0. (3)

Here, U, p, v are, respectively, the intrinsic energy
of the continuous medium per unit mass, the density
of this medium, and the convection velocity vector, @
is the generalized energy flow in the medium, and P
is the pressure exerting on the system. System (1)—
(3) is essentially inhomogeneous. The reason for this
is the apperance of microclusters and microdrops in
the gas phase of sources-outflows, which can be taken
into account by introducing the bulk mass sources and
sinks R,, [9] into Eq. (1) and the mass force density
f into Eq. (2) accounting the radiation action on the
gas-like matter flow [10]. The function R,, and force f
are defined by the specific statement of the problem. In
particular, they can entirely or partially be defined by
the condition of the compatibility of the whole system
(1)—(3). Obviously, system (1)—(3) must be completed
by boundary conditions on the interface of the solid and
the gas [11]:
the mass flow balance condition responsible for the
configuration of a crater formed during the surface
destruction

Ps (vs X n) - pZOI (17201 X n) = 0; (4)

the pulse flow balance condition defining the corrosive
torch form (the gas phase) arising during the surface
destruction
1 . i
Pani + — (nx g) + py (mx v,) (vf = (%)) +
c

+(Py") nj = 0; (5)

and the condition of energy flow balance

2

(n x vy) (psHS + psv25> + Lo(nx qs)—

790

—Lh,(nx gradT), — (n x v,) ps U = 0. (6)

Here, H, is a heat Gibbs function (enthalpy) describing
the state of a macroscopic system in a thermodynamic
equilibrium, when entropy and pressure are the main
independent variables; v? (vs"l)i are, respectively, the
components of the speed vectors of the gaseous and
condensed media on the interface, U°! is the intrinsic
energy of the condensed medium per unit mass; (Pijl)s
is the surface value of the stress tensor, and L and Lg are,
respectively, the light and thermal loss factors for the
transition from the gas to the solid. The index “s” is for
the value of a quantity on the interface. The size of this
interface is substantially smaller than the wavelength
(4000 A).

Conditions (5) and (6) for the given problem were
made more precise in [12] with regard for the influence
of the radiation flow on a material of the surface.

The third equation of system (1)—(3) depends on
the intrinsic energy per unit mass of the condensed
continuous medium U. Since the gas is practically ideal
(low density and high temperature), we will use the
formula for the ideal gas energy U = P/(yp), where
v =k — 1, and k is the polytrope exponent. With such
a definition of intrinsic energy, Eq. (3) becomes

%+vgradP+fdeivv+'ydin:%, (7)
where dp/0t is taken from Eq. (1).

We will solve system (1), (2), (7) in the barotropic
approximation, by assuming that the density and the
velocity depend on the pressure: p = p(P) and v =
v (P). Using these relations in system (1), (2), (7), we
get

R
P+ |v+ p/'u’> grad P = —,
p

P
) grad P = M (8)

Fit{v+ (vxv’)’

(vxv')p
P, + (v+kPv') grad P = — — ~vdiv Q,
)

where v/ = dv/dP and P, = 0P/0t.
The compatibility condition for Egs. (1) and (3)
yields

adiv @

p=aP’, P20

R=— )

where a is the integration constant, n = 1/k, and
o = (k —1)/(2k). Further, taking account of (9) in (8)
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and the compatibility of both remaining equations, we
obtain

kaP?Pv’ (vx v')=v, f=—krov'divQ,

where = (k+1)/(2k).

Three boundary conditions (4)—(6) are formulated
for the local coordinate system connected with the
moving surface. Therefore, we represent the velocity in
the same system as

(10)

v = ¢ cos(y)v + e cos(B)v + ey cos(a)v, (11)

where e;, ef, e, are the local coordinate system
orts, e, coincides with the normal to the solid-gas
interface, the basis vectors e;, e are perpendicular
to the normal and are tangent to the interface, and
cos (a), cos(B), cos () are the direction cosines of the
projection angles on the system’s basis vectors.

The momentum balance condition (5) for
components and the condition for the direction cosines
cos? (o) + cos? (3) + cos? (y) = 1 were used for the
determination of cos(«a), cos(8), and cos(y) near
the surface. From this, it follows that cos(y) ~ O,
cos () ~ 0, cos (o) = +1. Taking into account that the
gas velocity vector is oppositely directed to the surface
normal, we have, in the chosen geometry, cos (a) = —1
or a = 7. In other words, the solutions to (10) are as
follows:

L
Kka

vy = — Vg = — (12)
The constant of integration in the velocity definition
is supposed to be zero because the gas velocity is zero
at P = 0, when there are no external pressure and
conditions for the surface destruction and the crater
formation.
If we take into account (12), system (8) is reduced

to one equation

P, — :\/jP" (en x grad P) = —xdiv Q¥ (1 — t.) (13)

Based on the fact that the energy influence has pulse
nature, we introduce the factor ¥ (1 — t) in Eq. (13) for
the flow @, where 7 is the effective pulse length, and
9 (7 —t) is the Heaviside step function. It is equal to
unity at t < 7 and to zero when ¢ > 7. This factor will
limit the light-gas interaction time.

Since the main accent of this paper consists in
the description of the kinetic characteristics of the gas
near the surface, the boundary condition (6) takes on
a special significance as the equation describing the

ISSN 0503-1265. Ukr. J. Phys. 2006. V. 51, N 8

processes under study. But, as one can see, this boundary

condition involves the temperature as a variable which

can be determined from the equation of state in terms

of pressure and density as
kgT

p=212

Mg

(14)

where m, is the mass of an atom of the evaporated
substance, and kg is the Boltzmann constant.

The thermal conductivity of the gas is a function of
temperature and can be presented as

_ 2Ryy/mak
3Ty pad?

where R, is the gas constant; j, is the gas molecular
weight; and d, is the effective diameter of a molecule.
Using definition (14), we represent the thermal
capacity A as a function of only the pressure and density
of the ambient medium. Taking into account (14) and
(15), the boundary condition (6) can be formulated as

(15)

pPo-n,
177'573/2 (en x grad P), — aP] (en X v5)X

ra

K/PQU ’U2
x TZ*ESJMOZO] — Lo(en x g5)9, = 0. (16)
Here, b = 2R, m?/(3my/T ypa dZ kp), o5 — specific

heat of the condensate-gas phase transformation. The
binding energy US®' of the system is determined by
the particle interaction and is negative by definition.
Therefore, we take the relation U = —¢3%°! into
account in (16). Here, as in Eq. (13), the duration of
the interaction of an energy pulse with the gas is limited
by the function 9 (7 — t) = 9.

To reduce the boundary condition (16) to the form,
when it depends only on the near-surface pressure Py and
does not depend on the space derivatives conditioned by
the factor (e, x grad P),, we determine this factor from
the boundary condition (16) and insert it in Eq. (13)
projected onto the substance surface. As a result, the
boundary condition takes the form

dP,  2a3?k?a o 2y/ar’a? p2i+o

__—P2n+a_

dt VoL ’ IR
3/2 . L

+U; eﬁq % Pl 4+, ¢4 ka®? Gin Pngﬁ h(w),

(17)

where the factor 1/N = (/1 + (05/9z)2 + (0S/0y)?)~!
appears from the definition of a normal to the surface,
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I

o

Fig. 3. Diagrammatic dependence II (6) during a pulse

in which the function S determines the crater surface
form. In the laboratory frame which is fixed relative to
the solid phase, a light flow spreads along the z axis, i.e.
Q = e.Q. As a result, div Q depends only on z on the
surface: (0Q/0z), = (Q.),. By the Bouguer—Lambert—
Beer law, we have Q. = —kq, where k = p+/p P h(w)
is the electromagnetic radiation absorption factor [13],
while h(w) is the constant part of the absorption
factor which does not depend on pressure. Consequently,
(Q2), = —kgs. The factor e, = ¢s/¢in determines the
radiation power loss and can be represented generally
as a product of some amplitude function f (z,y) and
the exponentially decaying factor which depends on
the absorption coefficient and the function S: e, =
f (ma y) exXp <_k S (.’17, y))

We reduce Eq. (17) to the dimensionless form using
the substitutions P = PyIl, t = tp0, S = SpX, xz =
So X, y=5yY:

11 1
%9 = (<14 Aegd) IPHT — TP 4 e 017 (18)
Here,
RO oo by i L
a=—g-t, to= 2.5/27
@y Gin @2 K5/2 Ly

b0 L /3!
Py =

2a8/2K7/2¢y’

_ P ()L

b LY’ gin
A= 220 Gin - .
Gin @ 3/2 K12 Ly

= h(w), S 19
oo h), S (19)

Equation (18) is a nonlinear partial differential
equation. In addition to the power function of the
pressure, the nonlinearity of the equation is conditioned
also by the parameter e,, which can be written in the

dimensionless form with regard for (19) as
eq = f(x,y)exp (—AH’HﬁE) . (20)

The presence of a partial derivative with respect to 6
is caused by that Eq. (18) depends on spatial variables
parametrically because of the factors 1/N and e,.
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3. Some Analytical Solutions and Their
Discussion

The powers of the pressure IT in (18) and (20) are
not integers and depend on the polytrope parameter s
which essentially differs from the ideal value due to the
presence of microclusters and microdrops. In this sense,
we consider the the limiting case k — 1 [14].

As one can see from Eq. (20), the dependence of
eq on A II, and ¥ is enough complicated. Moreover,
the normal N depends on ¥ too, which, like e, enters
Eq. (18). All this makes the analysis of this equation
to be very complicated. Therefore, we consider, as a
particular case, the process which can be described
by Eq. (18) under some assumptions. First of all,
we consider the situation where the incident beam
width is much more than the crater depth. This allows
us to neglect the coordinate dependence of a crater
form ¥ at least far from the crater edges. Moreover,
the quantity 1/N will be absent in the equation
for pressure. In this case, due to the absence of a
transverse pulse structure, the parameter e, loses the
dependence on the amplitude function f(z,y) (it
is equal to unity) and can be determined for k — 1
it as g4 = exp (—Aﬁzi), where &, II, and ¥ are the
average values of the corresponding functions. In other
words, for kK — 1, Eq. (18) can be approximately written
as

%{ = (=14 Aegd,) II* — II” + ¢,0, 1L (21)
Due to the properties of the Heaviside function, Eq.
(21) breaks out into two separate equations, each of
them is responsible for a part of the process depending
on time:
1) dII,/df = ((—2+ Ae,) 11 +¢,) Iy with the initial
condition II; (0) = Iy,
2) dll,/df = —2I13, at 6 > 6.
Correspondingly, we have two solutions in the case
€, = const:

I, = e, (Cyexp (—e,0) — Aey, +2)7 ",
Iy = [2(6+ Co)] . (22)
Here, C; and C3 are the integration constants. The
constant C; is defined by the condition II; (0) = Ty,
from which C; = équ:ll — 2+ Ae, follows. Then we get

Iy (0) = ((I1;," — 2e, ' + A) x
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x exp (—&g0) — A +2¢,1) 7. (23)

The obtained function II; (f) (23) describes the
process corresponding to the active ejection of the solid
substance into the gas phase until the action of a pulse
falling onto the surface stops. The rise of the pressure
with time is shown in Fig. 3.

We mention that the pressure behaviour doesn’t
depend, in a qualitative sense, on a falling flow value
€q. With decrease in €, (i.e. with decrease in the flow
reaching the surface), the maximum pressure value
decreases, which is a physically proper result. But the
curve character remains the same as that shown in Fig. 3
with the difference that the size of the transition region
from zero to the saturation level increases.

With the pulse action termination, the pressure
dynamics is determined by the solution of the second
equation in (22). After the finishing of the pulse action,
the essential changes take place. Namely the pressure
drops sharply by the value of the light pressure in the
pulse. That is, the initial value of the pressure on the
second stage is determined by the condition

Iy (0) = Iy (6-) — I1(y). (24)

The light pressure at the moment 6 = 6, can be
determined by the relation gs (1 + R)/c, where ¢ is the
light velocity, and R is the reflection coefficient of a light
flow. Then we get Il;) = €qqin (1 + R)/(cPo) = &4llg,
where, by estimations, IT, ~ 1072 + 1074, To determine
the constant Cy, we will use the solution from relations
(22) and (23). As a result of this procedure, we get

1—Il (07)
1— eI, 11, (6,)

Using the estimations made, one can see that the
denominator on the right-hand side of the expression for
C} is always positive and never becomes zero. It is easy
to see that, at e,—0, the denominator tends to 1 and,
when €,~1, to some finite value.

Obviously, the real solution for IT () is

1 (0) =

20, = —20, +

((Hi;;l _ 26;1 + A) exp (—e.0) — A+ 26;1)_1 7

0 <0,

1_[1 (97'> !
(2 (9 97) - 1- équHl (97)) 7
0>0,.

(25)

This dependence for various &, (various levels of the
interaction with radiation) is shown in Fig. 4. Here, we
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Fig. 4. Gas pressure II versus time near the surface for different
values €4: €4 = 0.6 (1); 0.2 (2), 0.15 (3), 0.012 (4) for 7 ~ 10 fs

considered the situation when the pulse lengths 6, are
identical.

4. Conclusion

We have considered the dynamics of a plasma torch
base under the destructive treatment of the surface
of a substance by the intense pulse of radiation.
This dynamics is determined, in the general case, by
the differential equation (17) or by its dimensionless
representation (18) with the boundary condition (6).
Our enhanced interest to Eq. (17) (or (18)) is caused
by the fact that it determines all the processes which
accompany the destruction. On the one hand, it is a
boundary condition for Eq. (13) which describes the
volume dynamics of the whole torch. On the other hand,
it determines the process of development of the so-called
corrosive crater, for which the dynamics of its form is
described by a differential equation following from the
boundary condition (4).

The substantial feature of the explored equation
(18) is that it describes the gas phase. That is,
the sublimation-type process is examined, when the
gas phase arises at once out of the solid phase
avoiding a liquid phase. This circumstance requires
at least a qualitative formulation of the criterion

of that the surface melting does not arise up:
Ry T.pc 1
Gin > —Z cf € . For flows which satisfy this
i 1— R?

inequality, the surface melting does not arise up.

In the technologically actual approximation, when
the polytrope exponent tends to unity (k — 1), Eq. (18)
is simplified to (21) and, due to the Heaviside function,
is divided into two separate equations, each of them
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describes the corresponding part of the process (before
the pulse completion and after it).

The general solution of Eq. (21) is found, and
its “behaviour” is analyzed (Fig. 4) when taking into
account the different levels of the interaction of radiation
with a gas-plasma environment which is determined by
the factor é;. As seen from Fig. 4, the dependence of the
near-surface pressure on time has a correct qualitative
behavior, growing to the saturation in the period of
action of a pulse and sharply diminishing upon the
termination of its action.
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JMHAMIKA JIOKAJIBHO-®A30BUX ITEPEXO/IB,
3YMOBJIEHX IHTEHCUBHUM JIASBEPHUM
BUITPOMIHIOBAHHAM

JI.B. IImenvosa, C.M. €oicos, A.Jl. Cynpyn, C.5A. Ilesuwenkro
Pezmowme

IIpoBesieHo TeopeTHyHe MOCIIJZKEHHS IIPOIECY PYHHYBaHHS I10-
BEPXHiI TBepOl PEYOBUHHU il €0 MOTY>KHOTO IMITYJIbCY BHUIIPO-
MiHIOBaHHS. I3 1i€f0 MeTor0 OyJi BUBYEHI OCOOJIMBOCTI JUHAMIKHA
[MOBEPXHEBOI'O PYHHYBaHHS MaTepiay # 0COOINBOCTI MPOCTOPOBO-
qacoBol auHaMmiku raszoBoi ¢dasu. lls dasa BuHHKAE B pe3yJib-
TaTi JIOKAJIBHUX (PA30BUX 3MIiH IpPH MIBUAKOMY HarpiBaHui IO-
BEPXHI MarTepiasly JIa3epHUM iMIIyJIbCOM, i 1€ MPUBOJAUTDL 10 POp-
MyBaHHs (BUTODSIHHS) KOposifiHoro kparepa. Orpumano aude-
peHIiaJbHe PiBHAHHSI, 1[0 ONKCY€E AMHAMIKy TOPiHHSI I1JIa3MOBO-
ro dakema. OTpuMaHO 3araJbHUN PO3B’A30K PIBHAHL JUHAMIKHA
IJ1a3MOBO-Ta30B01 (a3u i MPOaHaJII30BaHO WOro “moBeiiHky” IJist
pi3HMX PiBHIB B3a€MO/il BUIIPOMIHIOBAHHS 3 Ta30M.
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