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The influence of a destructive laser pulse on the surface of a solid
substance has been considered. The partial differential equation,
which describes the formation of a corrosion crater on the surface
of a hard target, has been derived. The dynamics of the pressure
in the plasma-gas torch stimulated by the pulse laser radiation
has been shown to affect the formation of a crater substantially.
The asymptotic analysis of the “crater” equation gave reasons to
assert that the adopted model of surface destruction is adequate
to the actual dynamics of the formation of a crater.

1. Introduction

The mechanisms of corrosive destruction stimulated by
the action of the laser radiation on the surface of a solid
substance have not been completely elucidated til now.

The main characteristics of the pulse laser radiation
that are important for the procedure of determining
the stability of materials under the action of pulses
are the intensity, the period, the pulse shape, and the
radiation frequency. Pulses of high intensity and proper
duration, when striking the surface of a solid substance,
induce substantial damages to this surface. Therefore,
they attract a special interest [1-5]. The “behavior” of
condensed media subjected to high-power laser pulses
is ambiguous. The formation of a corrosion crater on
the surface of such a medium depends on both the
power flow parameters and the properties of the specific
substance.

This work is aimed at studying theoretically
the dynamics of the crater formation and all the
accompanying processes. In the case of destruction under
real conditions, the removal of a substance from the solid
phase and its transfer into the gaseous one can occur not
only directly from the surface in the form of individual
atoms, but also through microclusters and microdrops
which cannot but be formed in the gaseous phase.
Therefore, our model of this destructive process was
developed on the basis of the system of inhomogeneous
equations of the mechanics of continuum media [6].
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2. System of equations for the crater
formation dynamics

In work [8], in view of [7] and with regard for the
influence of the radiation flow, the boundary conditions
at the interface of two phases — the solid phase which
is designated by the superscript soland the gaseous one
without any index — were obtained in the following
form:

— the mass flow balance equation

Ps (Us : n) - pZOI (Uz(ﬂ : n) =0, (1)

— the momentum flow balance equation

1
Pt (n-q,)+

s (- w,) (v = (0%)?) + (P) my =0, 2)

— and the energy flow balance equation

v?
(n . 'Us) <psHs + 1052) + LO (’I’L . qs) -

—LAs(n - gradT)s + (n - vs) pspo = 0. (3)

In the boundary conditions (1)—(3), Us is the specific
internal energy of the continuous medium, p its density,
v the vector of convective velocity, n the vector normal

to the phase interface, (Pffl)s components of the stress

tensor at the surface; v! and (USOI)Z are the i-th
components of the velocity vectors of the gaseous and
condensed media, respectively, at the surface; qs is a
portion of the flow that reaches the surface, the quantity
—Xs(grad T')s determines the surface portion of the
thermal flux in the gaseous phase; Ly and L are the
generalized loss factors at the passage of the light and
thermal fluxes, respectively, through the medium-gas
interface; H is the Gibbs function (enthalpy), ¢ is
the specific heat of the condensate—gas phase transition,
and P; the near-surface pressure. The subscript s marks
quantities which are evaluated at the phase interface,
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where the width of the near-surface layer in each medium
is substantially narrower than the radiation wavelength
(of about 4000 A).

All the boundary conditions were written down
in the local coordinate frame located at the interface
between the condensed medium and the gaseous phase
in the region of pulse action. It is clear that, if the
solid surface is not being destroyed, the reference frame
remains fixed with respect to an observer. Otherwise,
the reference frame becomes rigidly fixed to some point
in the destruction region on the solid surface and moves
together with it. That is, such a system describes events
occurring immediately at every point of the surface.
Hence, there appears a necessity to establish relations
between the local and laboratory coordinate systems.
The latter is fixed with respect to both the surface before
its destruction and the central point of the transverse
cross-section of a stimulating radiation beam.

The crater shape at every fixed time moment ¢
is determined as z(t) = S(¢, z(t), y(t)) [9]. Here,
S (t, z(t), y (t)) is the function describing the surface of
the crater formed (at every moment, it corresponds to a
certain dependence of z on z and y). Below, this function
will be referred to as the “crater shape function”.

Converting the coordinates from one reference frame
to another, we obtain the following relations for the
velocity components in them:

() (2)
p® = LT+ S
T
_SzSy'U(I) + T2v(y) + Syv(z)

(n) —
v NT ’

_ g 0@ _ g ) 4
U(C) = z? ]\;JU T ) (4)

where the notations S, = 05/0z, S, = 05/0y, N =
\/1+ 82482, and T = /1 + 52 are used, and v are
the components of the velocity vector in the laboratory
(i = x,y, 2) or the local (i =&, 1, () reference system.
Relations (4) allow one to change from the reference
frame, in which conditions (1)—(3) were written down,
to the laboratory one, in which the processes occurring
at a destructive treatment are monitored. Owing to
those transformations, the dynamic equation of crater
formation in the latter reference frame can be derived.
For this purpose, let us take advantage of the mass flow
balance equation (1). In the local reference frame, this
condition can be written down immediately in the form

poo® = pipoe). 5)
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As concerns the near-surface values of the velocity vgo

and the density pg, they can be determined from the
system of equations, which describes a continuous gas
medium, if the density p and the convective velocity are
considered to be the functions of the pressure P:

17

R
P+ 'v—&-plv') -grad P = —
P

P+ v —2 - grad P =
(v-v')p

P
P+ (v+xPv') - grad P = PR _ (k —1)div Q.
p

Here, @ is the generalized energy flow in the medium,
P the pressure that acts upon the system, P, =
OP/0t its partial derivative with respect to time, R
the mass source-drain function related to the presence
of mass sources and drains in the bulk of the gaseous
phase (microclusters and microdrops that emerge at
the evaporation of the solid substance into the gaseous
phase [6]), f the specific density of the force exerting by
radiation on the gaseous substance flow [10], and  the
polytrope index.
System (6) is compatible if

PO’
0@ — s

b
s ov/Ka

ps = abP] (7)
and reduces in this case to the single equation

B-j¢2ﬁuygmp)__MMQﬂﬁ_w (8)

In Eq. (7), we used the notations 0 = (k — 1) /(2k) =
v/(2k) and n = 1/k (7), and a is an integration constant.
In this sense, the left-hand side of Eq. (5) may by
regarded as a definite function of time and coordinates.
As to the right-hand side, since z(t) = S(¢, x(¢), y(¢)),
the velocity component viOl(z) is evidently equal to
dz/dt = viOI(z) =S, + Sm’ui(ﬂ(m) + Syv§°1(y). Substituting
the obtained relations into Eq. (4) and projecting
the resulting equation onto the surface, we find the

component o)

vl = G, /N. (9)

Now, substituting Eq. (9) into the right-hand side
of Eq. (5) and Egs. (7) into its left-hand side and
performing some transformations, we obtain

0S __2/ar

in the form

ot (k—1)pe" "

where 8 = (k+1)/(2k) = a/(2k). It is Eq. (10)
that describes the dynamics of the corrosion crater

1+ 52452, (10)
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formation. The near-surface pressure, which enters into
the equation obtained, is not constant. To find it, one
should use the boundary condition (3) together with
Eq. (8) projected onto the surface [11],

j 72&3/2;201900 pnto _ 2\/{2“3@2 p2ito
~v3bL s ~50L ¢
1 aak gL
+Neq19T72TPg + ka2 gy P PR(w)e, 0. (11)

Equations (10) and (11) can be expressed in terms
of the dimensionless pressure II, time 6, crater shape
function X, and coordinates X and Y by substituting

P=PF]I, t=t,0 S=52 z=5X, y=S5Y,
(12)

where P,, t,, and S, are the corresponding scale factors.
Three of four coefficients of the powers of II in Eq. (11)
can be put to unity at the expense of three indefinite
parameters t,, P,, and a. Again, the single coefficient
of the power of II in Eq. (10) can also be put to unity
owing to the indefinite parameter S,. Therefore, after all
transformations, we obtain the system of dimensionless
coupled partial differential equations, which can be
named, conventionally, the equation of crater dynamics,

Yo =1°/1+3% + 5%,

and the equation of near-surface-pressure dynamics,
HG = (—1 + AeqﬁT) Hﬁ+7}_

(13)

—IIP* 4 9117, (14)

1
where the notations IIy = 0I1/00, ¥y = 05/00, Ex =
0%¥/0X, and Yy = 9%/JY are used.

In Eq. (14), the parameter e, determines the ratio
of the flux ¢s; that reaches the substance surface
and the initial flux ¢,; i.e., in dimensionless units,
eq = qs/qm = f(X,Y)exp (—AMII"™PY), where the
function f (X,Y") determines the transverse profile of the
stimulating pulse and inserts the additional dependence

bL 3 in
on X and Y into Eq. (14), A = Lh(w) is the
2Kkaupg

parameter that governs the intensity of the interaction
between the evaporated substance and the incident
radiation, the dimensionless parameter M is determined

. qin"y2 L2 .

by the equahty M = W’ and 197— is the
Heaviside step function. It is clear that, if the surface is
being destroyed, the formation of a corrosion torch near
the surface of the substance would substantially affect

the factor e, towards its reduction (0 < e, < 1).
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3. Asymptotic “Behavior” of the Crater Shape
Function

Generally speaking, Eq. (14) should be split into two
others, which describe the processes essentially different
from each other. The first one describes the dynamics of
the pressure in the course of the pulse action onto the
surface ¥, = 1:

1
Iy = (Ae, — 1) TP — TP+ 1 eIl (15)

The second one traces the behavior of the near-surface
pressure after the pulse action terminates:

Iy = —T18+n — 11P+! , (16)

where N = /14 Y% + ¥3%.. Since Eq. (13) includes the
pressure, it is clear that the crater formation consists of

two stages. The function II in Eq. (13) is given by the
solution of Eq. (15) on the first stage and by the solution
of Eq. (16) on the second.

In order to analyze the asymptotic time “behavior”
of the crater formation dynamics, which is the main
purpose of this work, it is convenient to consider the
phase curves of the dependence IIy(IT) making use
of Egs. (15) and (16) (see Fig. 1,a). The quantities
eq and N depend on both the time and the crater
shape; therefore, in order to study the phase curves
(trajectories), we will examine the situation when the
width of the incident beam is much greater than the
crater’s depth and the beam intensity is distributed
uniformly over its transverse cross-section. This enables
us to assume N = 1 both in Eq. (15) and in crater
equation (13). As was mentioned above, the value of ¢,
varies in time within the interval from 0 to 1. Therefore,
consider some characteristic values. The value e; = 0
means that, owing to absorption, the flux ¢, = 0, i.e.
the initial flow does not reach the surface. In this case,
the pulse ceases to influence this surface even if it still
continues. Mathematics also verifies this to be true:
Eq. (15) automatically acquires the form of Eq. (16)
(Fig. 1,b; curve e, = 0). From this viewpoint, consider
the limiting case e; = 1 (no absorption) and one of the
intermediate cases for Eq. (15). All the above-indicated
restrictions by no means concern Eq. (16), because the
parameters N and e, are absent from it.

Arrows in Fig. 1 denote directions of the pressure
development in time: the first stage (I) starts from point
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Fig. 1. Phase trajectories of two stages described by Eq. (15): (a) curves I corresponds to Eq. (15) at N =1 and ¥ & 1, and curve ]

to Eq. (16); (b) curves for Eq. (15) at various eq and A

A, which is unstable on this stage (the derivative IIy
is positive); therefore, the dependence IIy(II) changes
along curve I up to the moment of pulse termination
(designated by point D in Fig. 1,a) or to the moment,
when pressure becomes maximal (points B or C in
Fig. 1,a). Those points are stable: as soon as the curve
crosses the II axis, the condition IIy < 0 becomes
satisfied. This forces the process to return back to point
B (or C). At those points, the gas pressure remains
finite until the pulse terminates. As soon as the pulse
terminates, the transition onto curve Il occurs, and
the phase point of the process moves along the curve
until the pressure reaches zero. Figure 1,a also displays
the dashed curve which conventionally describes the
dynamics of the process in the case of large A (the growth
of this parameter physically means an enhancement of
the interaction between radiation and the plasma-gas
torch formed near the surface of the substance). It is
evident from Fig. 1,b, that, if e, ~ 1, there exist such
values of A that values of the pressure II are larger than
unity at point B. Moreover, if e, is constant, the growth
of A is accompanied by the growth of the maximal value
of ITy (cf. two curves in Fig. 1,b which correspond to the
eq = 1 case).

As was noted, the zero point is stable at the second
stage of the process (see Fig. 1,a). Therefore, in order to
estimate the asymptotic behavior of the crater formation
dynamics after the pulse terminates, it is sufficient to
study the behavior of ¥, taking into account only the
term with the lowest power of II in Eq. (16), i.e. to

consider the equation ITy = —II?*"7. Then, we obtain
1

Im = (6+n—1)6)" 7m-1. The integration constant
in the expression for II was put equal to zero, because
IT — 0 both at large times and at the initial moment of
the pulse action. As far as we work in the approximation
N =1, Eq. (13) reduces to the form Xy = II°. Therefore,
the asymptote of the function ¥ can be determined by
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solving the equations

E:DQ(X,Y)+ﬁ((5+n71)o)a1%L:

_ 2
i1
0> ,

where Do(X,Y) is the quantity independent of time;
j the number of degrees of freedom in the gas,
which is coupled with the polytrope index « by the
relation k = (j+2)/j (for ideal gas, j = 3). In
dimensional units, the crater shape function S ~
Da(a,y) — 1/(p2Y) (@o/tgm) 77 [12], where Do(z,y) =
SoDs (2/S0,y/S0) is the integration constant.

The determination of the asymptotes of ¥ in terms
of the number of degrees of freedom j explicitly
demonstrates the strict negativity of the power of 6,
which testifies for the slowing down of the crater growth
and, in due course, the total termination of its formation.
Thus, after the pulse action terminates, the crater shape
function ¥ will fall down following the power law, which
is the asymptotically correct behavior. The dynamics of
the crater formation rate, which decreases after the pulse
action terminates, is depicted in Fig. 2 for various values
of j.

For the time interval, which does not exceed the
period of the radiation pulse (Eq. (15)), the dynamics of
crater formation at the initial moment is also determined
by the term with the lowest power 7 (i.e. Il =
I17), which actually dominates either within the whole
interval or till the moment when the phase trajectory
(Fig. 1,a) arrives at point B. Thus, the asymptotic
“behavior” of the crater formation at the beginning of
the destructive process is governed by the power law

— Dy(x,v) - 2EI) (Jl

1
2 2+ (7

14

20 (20 \ 7
r=_""(== . 18
347 (2+J’> (e
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Fig. 2. Dynamics of the crater growth slowing down after the pulse

N

action terminates

In the dimensional form, the crater shape function S is
proportional to (qint/goo)l's'%.

The case where the pressure acquires its maximal
value (points B and C' in Fig. 1) should be studied
separately. At these points, the derivative Iy = 0, which
corresponds to the pressure that is fixed in time. Then,
the equation for the crater shape function, or the rate of

crater formation, is determined as follows:

Yo =117, (19)

Whence, it follows that the crater shape function is
described by the linear dependence ¥ = D(X,Y) +1190,
where D(X,Y) is the integration constant. That is,
the growth of ¥ in time is slower in comparison with
dependence (18).

As is seen from Fig. 1,a, if the factor e, is taken
into account consistently, the maximal value of the
dimensionless pressure most likely does not exceed unity.
But a possibility for the situation IT > 1 (the upper
curve in Fig. 1,b) to be realized cannot be excluded
absolutely. Then, the dynamics of crater formation
changes, because, at IT > 1, the term with the highest
power of II, rather than that with the lowest one,
dominates in Eq. (15). In this case, the equation for the
pressure looks like ITg = —II°*! and the corresponding
asymptotic dependence of ¥ on time is determined by
the logarithmic dependence

(2+7)
1+
i.e. becomes even slower.

In Fig. 3,a, the asymptotes are shown for the X (6)
dependence given by Eq. (18); they evidence for the
explosive character of the crater formation. At the same

time, Fig. 3,b illustrates the dynamics of solution (20)
which demonstrates a slower growth of the crater. In the

S =D, (X,Y)+ In (6) , (20)
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case of dependence (18), the response of the quantity
3 to the external laser action at the beginning of the
destructive process is faster for larger numbers of degrees
of freedom j. For dependence (20), on the contrary, the
crater is formed more slowly at higher j’s.

The displayed figures give reason to assert that the
process under consideration has an explosive, power-like
in 0, character at the start of the crater formation, and
that the dynamics changes linearly after the pressure
having achieved its maximal possible value (point B in
Fig. 1,a). As soon as the laser pulse terminates, the
process of crater formation stops very quickly (Fig. 4).

Figure 4 illustrates the crater formation dynamics
using its asymptotes. The first section (I) reproduces the
crater formation process at the beginning of the surface
destruction (Eq. (18)). The second one (II) shows the
dynamics, when the pressure approaches its maximum.
The last section (III) illustrates the variation of the
crater shape after the pulse terminates.

In the case A > 1, the explosive process (Fig. 3,a)
gradually transforms first into logarithmic one and then
becomes linear.

In order to analyze how rapidly the rate of the crater
formation changes if the radiation absorption by the
gaseous medium is taken into account, we averaged the
pressure over the pulse action period in the case where
k — 1 during the pulse. Since the equation for the crater
formation dynamics looks like
Yo =1 (21)
in this approximation (x — 1), the changes of the crater
formation rate on the surface of the solid substance
during the action of the laser pulse can be illustrated
graphically (Fig. 5). It is evident that, owing to the
absorption of radiation by the plasma-gas medium,
the crater formation rate reaches its maximum rather
quickly and, afterwards, starts to fall down, even before
the action of this pulse terminates. In this case, the
value A = 107!0 corresponds to the magnitude of the
absorption factor k of the order of 102 cm™!, and the
value A = 107! to k of the order of 1073 cm™!.
The plots in Fig. 5 and equality (21) testify that the
maximal value of the dimensionless pressure is about 0.5.
Therefore, its dimensional value, according to Eq. (21)
is P = 0.5F,. The parameter Py can be evaluated by
the data of work [12]. The magnitude of the pressure
P is proportional to the radiation intensity; therefore,
we estimate it for fluxes gy ~ 10™ VV/cm2 and the
sapphire surface as P ~ 10 TPa, which is in agreement
with experimental data.
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Fig. 4. Schematic time dependence of the crater formation

dynamics under the influence of laser radiation

4. Conclusions

The dynamics of the formation of a corrosion crater
on the surface of a solid material at the destructive
treatment of the latter with pulse laser irradiation
has been considered. This dynamics, being the main
object of our researches, is determined by condition
(1) which reduces to the differential equation (10)
or its dimensionless counterpart (13). Since the latter
equation depends on the pressure, Eq. (14) is analyzed
simultaneously.

The phase diagrams of this equation (Fig. 1)
have been analyzed. The parameters A and e,, which
determine the interaction between the incident radiation
and the plasma-gas torch, have been demonstrated
to affect the crater formation dynamics substantially.
In particular, a decrease of the pressure, owing to
that interaction, is accompanied by a decrease of the
crater formation rate (Eq. (19)). This slowing down is
proportional to the pressure to some power [
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Fig. 5. Changes of the crater formation rate in the course of
the laser pulse action for various parameters of the interaction

A between radiation and a plasma-gap medium

(0.8 < 8 < 1). Since the parameter e, decreases in time,
there is a probability for the crater formation process to
stop even before the laser pulse terminates if this pulse
is long enough.

The asymptotic estimations of the crater
development dynamics have been carried out. The
function of the crater’s surface shape has been shown
to stabilize in time for an arbitrary polytrope index
after the pulse action terminates. This evidences for the
internal consistency of the model.
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JMHAMIKA YTBOPEHHS KOPO3IHOI'O KPATEPA
HA IIOBEPXHI TBEP/JO PEUOBUHU I11J] JIIEIO
OTY>KHOI'O IMITYJILCHOT'O
BUITPOMIHIOBAHHSI

JI.B. IlImenvosa, A.Z. Cynpyn, C.M. Eoxcos

Peszowme

Posrnanyro 3amady py#HIBHOrO IMIIyJIbCHOTO BIIMBY Ha IIO-
BEPXHIO pedyoBUHU. Dyisio orpumanHo mudepeHIjiagbHe pPiBHSH-
H B YACTUHHUX [OXiJHUX, IO OIHUCY€E JIUHAMIKY yTBOPEHHS
KOpO3ifiHOro Kparepa Ha NHOBepxXHI TBepmol Mimeni. [lokasano,
mo Ha (opMyBaHHS KpaTepa iCTOTHO BILJIMBAE JUHAMIKA THCKY
[J1a3MOBO-Ta30BOro (bakesa, iHinmifoBaHa IMITyJIBCHUM JIA3€PHUM
BILIMBOM. AcuMuTOoTMYHMI aHaji3 “KpaTepHoro’ pIBHSHHS A€
MiICTaBU CTBEPKyBaTH, IO NPHUIHSATa MOIEIb NPOIECY PYHHY-
BaHHS IIOBEPXHI Bi/IOBi/la€ peasibHIll JUHAMIN yTBOPEHHS KpaTe-
pa.
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