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1. INTRODUCTION

Phenomena related to chemical transformations of
matter in the field of a powerful light wave occupy a
special place among phenomena that result from the in-
teraction of laser radiation with matter.

As is well known, laser radiation can induce chemical
reactions in various ways: due to purely thermal ac-
tion, with the help of resonance excitation of electronic
levels of atoms and molecules, as well as due to excita-
tion or breaking of molecular bonds weakened by reso-
nance pumping.’’ In addition, photochemical processes
induced by UV and VUV radiation as well as reactions
in chemically active laser plasma are being studied in-
tensively. Laser isotope separation should also be
mentioned as a special area of laser chemistry. Each
of the disciplines indicated solves its own special prob-
lems and has its own unigque research methods and way
of utilizing the unique combination of properties of laser
radiation.

DChemical reactions in whose kinetics the excitation of in-
ternal degrees of freedom of atoms and molecules by light
plays an important role, are called photochemical reactions.
They are further subdivided, depending on the magnitude of
the excitation energy (compared to the energy of thermal mo-
tion of the particles) and the type of excited states, into pho-
tochemical processes in the visible range (the term visible
range is often omitted), IR photochemical processes, in
which excitation of the vibrational levels of molecules is
important, etc.
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If we follow the history of the appearance of separate
areas of laser chemistry, then strange as it may seem
the last to appear is laser-induced, thermal initiation
of chemical reactions (so-called laser thermochemis-
try). The reason for this was the conviction of the re-
searchers: “, ..any application of a quantum generator
as a heat source is the most trivial of those possible in
chemistry....”" To some extent, the absence of inter-
est among physicists in the use of lasers for thermal
initiation of chemical reactions also led to the attitude
that such research does not require any record-setting
parameters of laser radiation. In addition, it was be-
lieved that such specific properties of laser radiation
as its monochromaticity and coherence do not play a
significant role in laser thermochemistry.

A certain amount of time was required to overcome
the inertia stemming from these attitudes and to under-
stand the organic connection between laser thermo-
chemistry and such intensively developing disciplines
as the theory of nonlinear oscillations and self-oscilla-
tory processes, nonequilibrium thermodynamics and
macroscopic kinetics of nonadiabatic reactions, etc.
As a result of specific research in recent years in la-
ser thermochemistry, new, nontrivial possibilities for
laser control of chemical reactions have been discov-
ered, the number of research papers published has no-
ticeably increased and, most importantly, a definite
idealogy for research in this area has appeared.

Since laser chemistry is in our opinion a complete
science in which the most diverse areas should be de-
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veloped equally, we want to draw attention of special-
ists to resent results obtained in laser thermochemis-
try, indicate the most interesting work, and describe
new phenomena that have been discovered and the level
of understanding of the physics of these phenomena that
has been achieved.

History of the problem

The history of laser chemistry, beginning soon after
the discovery of quantum generators, extends over a
period of more than 20 years." The last 15 years have
been dominated by research concerning selective photo-
chemical processes. The fundamental results obtained
in this area are reflected in the large number of review
papers and monographs (as an example, we refer the
reader to Refs. 2 and 3, which contain an extensive list
of references).

As far as papers on thermal stimulation of chemical
reactions using laser radiation are concerned, there
were relatively few such papers,?’ and not being drawn
together by a unified philosophy, they appeared as sep-
arate communications which did not add up to a coher-
ent whole. Apparently, for this reason the thermal ac-
tion of laser radiation was only mentioned in passing in
most early reviews. In this respect, several papers in
which the idea that such nonphotochemical processes
are interesting in themselves was clearly stated are an
exception.®*"® Great interest in thermochemical proc-
esses was also shown by researchers working on prob-
lems of laser technology.’*®

Since the most interesting papers on laser thermo-
chemistry published up to 1976 were to some extent
examined in Refs. 2,4-8, here we shall restrict our-
selves only to some general remarks. During this per-
iod, research on laser stimulation of a number of ho-
mogeneous combination and exchange reactions, laser
pyrolysis of a series of organic compounds, and stimu-
lation of polymerization processes were investigated.

A large number of heterogeneous decomposition reac-
tions of organic compounds in the condensed phase,
thermal dissociation reactions of a number of semicon-
ducting compounds of the type AM!BY  oxidation-reduc-
tion reactions on surfaces of solids were also investi-
gated. A number of papers concerned laser-induced
synthesis of surface compounds. The corresponding
references are contained in Refs. 2 and 4-8.

As a result of this research, the characteristics of
the thermochemical action of laser radiation were iden-
tified: in many cases, the process did not occur as ex-
pected under isothermal conditions at an appropriate
temperature. This was manifested both in the complex
dependence of the total yield of different reaction pro-
ducts on the laser radiation intensity and in the ob-
served deviation from the isothermal relation between
them. In a number of homogeneous reactions, in spite
of the high pressure (P~ 100-500 torr) of the gas mix-
ture, when the high VT relaxation rate excludes the

? According to Ref. 4, approximately 170 papers concerning
the thermal action of laser radiation on chemically active
media were published up to 1977.
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possibility of separating the vibrational temperature
from the translational temperature, phenomena that
are usually characteristic of IR photochemical proces-
ses were nevertheless observed (see Refs. 2, 9, and
10 and references cited therein), The experimental re-
sults clearly indicated that the chemical process oc-
curs in a nonequilibrium manner, but the fundamental
details of the formation of such a nonequilibrium state
remained unclear.

All this presented researchers with the problem of
analyzing in greater detail the dynamics of laser heat-
ing of chemically active media, stimulated new experi-
ments and the search for adequate theoretical models.
This review is concerned with the results of these in-
vestigations. We primarily examine work that was
completed in the period from 1976 to 1980. In Sec. 2
we discuss the thermal laser control of reactions. In
Sec. 3 we examine the basic forms of the dynamics of
laser-induced thermochemical processes in systems
with a finite number of degrees of freedom, which are
described by ordinary differential equations (so-called
point systems). Section 4 concerns the dynamics of
thermochemical processes in distributed systems de-
scribed by partial differential equations. Finally, we
examine some properties of the propagation of light in
homogeneous, chemically active media in Sec. 5.

2. MACROSCOPIC NON EQUILIBRIUM STATE OF
THE SYSTEM AND THERMAL FEEDBACK

As is well known,' a closed system in which chemi-
cal reactions occur under conditions of thermodynamic
equilibrium is described by a small number of thermo-
dynamic parameters: volume, pressure, temperature
and chemical equilibrium constant. However in prob-
lems of interest to us here, mass and energy exchange
between the systems being examined and the surround-
ing medium play an important role. Due to this ex-
change, a given system is not in a state of thermody-
namic equilibrium and in order to describe it in detail,
it is necessary to know the kinetic equations that deter-
mine the reaction rate in each of the reaction chan-
nels.®’

Establishing the form of such kinetic laws in chemical
processes induced by laser radiation represents an in-
dependent problem. Let us recall its basic points, K
we are talking about homogeneous reactions occurring
under the action of IR laser radiation, which is ab-
sorbed by the vibrational levels of molecules, then the
reaction kinetics depend strongly on the ratio of the
rates of energy redistribution relaxation processes be--
tween different degrees of freedom of the reacting mol-
ecules and the characteristic times of the chemical
transformations themselves. If the vibrational excita-
tion of molecules relaxes rapidly into translational en-
ergy (this process is described by the VT relaxation
time ry;), then the action of the laser radiation re-

3 The rate of homogeneous reactions is usually defined as the
change in the concentration of the substance per unit time,
while the rate of heterogeneous reactions is defined as the
amount of substance formed (or expended) as a result of
a reaction per unit surface per unit time, %13
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duces to equilibrium heating and the reaction occurs by
a thermal mechanism. The reaction rate under these
conditions depends on a single overall temperature T
for the entire system. Of course, this does not exclude
the situation when the temperature T can be distributed
in the reactor volume in a complicated manner.'* The
thermal and radiative population of states were ana-
lyzed in a number of papers'*® and the conditions un-
der which the vibrational temperature separates from
the translational temperature were determined. The
results of this analysis and the experimental data indi-
cate that for mixture pressures ~10 torr and higher the
reactions occur in a thermal manner,%!'%'* Here we
should note that there exists in principle a number of
possibilities®**'# for maintaining a nonequilibrium state
in the molecule over a time longer than the VT relaxa-
tion time of the excited vibrational modes, but, as
demonstrated in Refs. 2 and 10 at the present time there
is not one experimental situation (for mixture pres-
sures p= 10 torr) that could not be described by the
thermal excitation mechanism.

A somewhat different situation occurs in heterogen-
eous reactions. In this case, there is a basis for be-
lieving that the form of the kinetic law in the presence
of IR laser radiation can differ from the case of purely
thermal (nonlaser) action. This phenomenon occurs,
for example, in some reactions involving heterogeneous
oxidation of metals induced by radiation with quantum
energy exceeding the width of the forbidden band of the
oxide.?* The physical reason for this phenomenon is
quite clear. As is well known,'® heterogeneous oxida-
tion of metals is a complex process consisting of a ser-
ies of sequential stages. These include transport of
oxygen molecules from the gas volume to the interface
between the phases, adsorption of oxygen on the sur-
face, transport of reagents through the oxide layer that
separates the reaction products spatially and, finally,
the chemical reaction itself. Here, the total reaction
rate is limited by the slowest stage. In particular,
there exist stages of oxidation when the rate of the
process is limited by the electron current arising when
chemisorption of oxygen atoms on the oxide surface oc-
curs. By giving rise to electrons in the conduction band
of the oxide with the aid of laser radiation it is possible
to remove the limitation due to the electronic current.
In this case, the total reaction rate will be limited by
some other stage of the oxidation process, which
changes the form of the kinetic law itself. This area of
IR photochemistry of heterogeneous reactions has been
intensively developing in recent years.??

In what follows, we shall examine the thermal proc-
esses for which there is a single temperature for all
reaction components and we shall assume that the form
of the kinetic law and the temperature and pressure de-
pendences of the reaction constants are known. Under
these conditions, the nontrivial parts of the problem
can be related, in the final analysis, only to the laser
induced nonisothermality of the processes and to the
details of the formation of the spatial-temporal distri-
bution of the temperature field in the chemically active
medium, However such features are not as few in num-
ber as may appear at first glance. The nonisothermal-
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ity of the process and, more precisely, the complex,
programmed form of the temperature field make it pos-
sible to realize effective control of chemical proces-
ses, while the laser radiation, as will be evident from
what follows, is a unigue instrument for creating such
a temperature field.

a) Macroscopic nonequilibrium state of chemically
active media

A chemically active medium left to itself strives to
transform in time into some quasiequilibrium state.
For closed systems, this will be a thermodynamically
stable equilibrium state, characterized by minimum
isobaric potential of the system and equal forward and
backward reaction rates. For open systems such as
flow -through reactors with a constant mass transfer
rate, there can be several such stationary states and,
in addition, in open systems more complex states can
be established, for example, states in which the con-
centrations of the substances participating in the reac-
tion change in a periodic manner.?’ The state into
which the system will transform among those indicated
depends on the values of the reaction rate constants and
reactor parameters, as well as on the initial conditions
of the problem.

The dynamics of the behavior of a chemically active
medium can be represented graphically by constructing
the phase picture of the reaction, i.e., by finding the
special points, trajectories, etc., in the space defined
by the concentrations of the reacting substances.®’ As
an example, Fig. 1 presents the phase picture of one of
the models of the catalytic oxidation reaction of carbon
monoxide on platinum taken from Ref. 28. The concen-
trations of the intermediate reaction products PtO(x)
and PtCO(y) are shown along the axes of the graph. The
system indicated has three stationary states (of which
the middle state is unstable) and exhibits relatively
simple behavior: dependent on the initial conditions,
the system goes into one of two stable, stationary states
(catalytic trigger).

In the case of a nonisothermal process, a(n+1)-st de-
gree of freedom, namely, the temperature, is added to
the » chemical degrees of freedom of the system. This
increase in the number of degrees of freedom increases
not only quantitatively but also qualitatively the dynamic
possibilities of the system and makes it possible to
realize phase trajectories that cannot in principle be
attained under isothermal conditions. By varying the

9 As an example of chemical systems that exhibit self-oscilla-
tions, we mention the autocatalytic oxidation of higher hydro-
carbons,!? the Belousov-Zhabotinskil reactions,?? kinetic
oscillations in the cycle of dark photosynthesis reactions,!?
oxidation of CO on Pt,*®?27 etc.

9 The number and type of singular points and trajectories of
the system depend both on the specific form of the kinetic
laws and on the number of degrees of freedom of the system.
For point systems under isothermal conditions the number of
degrees of freedom is determined by the number of reaction
channels. In a system with a single degree of freedom, only
stationary states can be established, while in systems with
two and more degrees of freedom self-oscillations, etc. can
arise.

Bunkin et al. 664




I

92 34 26 28

x

FIG. 1. Phase diagram of oxidation reaction of CO on Pt.
T=500 K; poo=0.23+10" Torr; 1,3) stable stationary states:
¥, =0.4, y,=0.087, x,=0.2-107, y,=0.987; 2) unstable sta-
tionary state: x,=0.15+10", y,=0.675%,

temperature in a special manner, it is possible to con-
trol the chemical process, for example, to switch cata-
lytic trigger-type systems.

Here we have arrived at an important aspect of the
problem of controlling reactions, namely, the problem
of the limits to the response of the chemically active
medium to thermal action. Let us explain what we have
in mind. Assume that the temperature changes so
slowly that chemical relaxation has time to occur in the
system. In this case, the system, located, for exam-
ple, in a stable stationary state, will remain in this
state, i.e., its phase trajectory will coincide with the
trajectory of the stationary state. If with such motion
several stationary points coalesce, then the system can
exhibit hysteresis in the process of adiabatic heating
and cooling, i.e., it can return to the state from which
it started along a different phase trajectory.

Much greater possibilities for controlling the behav-
ior of the system appear in the case of rapid, nonadia-
batic heating. If the temperature in the system changes
more rapidly than chemical relaxation occurs in it,
then the phase trajectory of the system will move far-
ther away from the trajectory of the given stationary
state and macroscopic chemical nonequilibrium will
arise in the system.®’ The nonequilibrium phase tra-
jectory can enter a region of attraction of another sta-
tionary state or a limit cycle and so on. As a result,
it is possible to switch the regime in which the reaction
occurs, to freeze the macroscopic nonequilibrium state
with rapid cooling of the system, etc. In all these
cases new possibilities for displacing the reaction into
the desired direction appear.

As far as the chemical relaxation times are con-
cerned, it is usually not difficult to determine them

© IR photochemistry is based essentially on the same idea only
on the microsystem level: the energy is pumped into the
chosen mode more rapidly than VT relaxation occurs, as a
result of which the vibrational temperature differs from the
translational temperature, However, the characteristic re-
laxation times of micro- and macrosystems differ strongly
(the macrosystem can relax quite slowly). Due to this dif-
ference, it is much simpler to create a macroscopic non-
equilibrium state in the system than a microscopic nonequi-
librium state.
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when the system is not far from a quasiequilibrium
state. We shall demonstrate this for a system with two
degrees of freedom. Let the kinetics of the reaction be
determined by equations of the form

dz
=0 ), -g—;"=‘l'(z.y), zlmo=2, §lmo=yp (2.1)

where x and y are the concentrations of the reacting
substances.

K system (2.1) has the stationary solutions x=x",y
=y’ (there can be several of them), then there arises
the problem of investigating the singular points of the
system (2.1), which is a well-known problem in the the-
ory of nonlinear oscillations.?3° For small deviations
from the equilibrium position, the nature of the relaxa-
tion of the perturbation is determined by the roots of
the characteristic equation

u? — (@ + du+(ad — be) = 0, (2.2

where
a=wj (z*, y*), b= (*, y*), c=¥r(a* "), d=¥,(*, ). (2.9)

As is well known,***° depending on the signs and mag-
nitudes of the real and imaginary parts y, ,, four types
of singular points are distinguished: saddle, node,
focus, and center. There are two relaxation times 7, ,
=(Re y, ,)™" near the stable singular points.

Aside from the singular points, singular trajectories
of the system can also exist on the phase surface: limit
cycles (closed curves which the phase trajectories ap-
proach asymptotically). If the system contains a limit
cycle, then an additional characteristic time appears,
the period of self-oscillations.

In addition to relaxation into the stationary state,
another case is also of interest. Assume that the func-
tions &(x,y) and ¥(x,y) in (2.1) do not vanish simultan-
eously and the system (2.1) does not have a stationary
state.”” However, a definite relation is established in
time between the components x and y

z=1{(y) (2.4)

which “does not remember” the initial values x, and y,.
In such a system, relaxation to the quasiequilibrium
state (2.4) occurs. We shall find the corresponding re-
laxation time. Assume that at some time relation (2.4)
breaks down:

z=f@+8@) 18 I<f ). (2.5)
Substituting (2.5) into (2.1) yields an equation for 6(¢):
b= —8.1!, =YL (W) V) —DLE W), - (2.6)

The time 7, describes the corresponding relaxation. We
note the following circumstance. The time 7 depends
on the quantity y [or, according to (2.5), on x] and
therefore on the time ¢ as well. It is for this reason

DAs an example, we mention the heterogeneous oxidation re-
action of copper.’! This reaction occurs along two channels
with the formation of oxides of different stoichiometric com-
position, which form a two-layer oxide film CuO/Cu,0/Cu
on the copper surface. The kinetics of such oxidation (Eq.
(2.1)) is in this case given by the Wagner-Valensi equations,?!
which are examined below (see Sec. 3b).
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that the given nonstationary situation differs consider-
ably from the case of relaxation to a stationary state.

The second relaxation time can be obtained by de-
stroying the relation (2.4) as a result of a deviation of
the concentration of component y from the equilibrium
value y=¢l(x):

y=0e+EM IO I<0 @ (2.7)

In this case, instead of the time 7,, we obtain another
time 7, that does not coincide in general with 7,:

' = 9’0} (z, 9 (2) — ¥} (2, ¢ (). (2.8)

Sometimes, for example, in the case of two-layer
oxidation, where x =u.y,u,= const (see Sec. 3b), these
times can be reduced to a single time with a simple
transformation of variables.

Thus, if the characteristic times over which the tem-
perature changes with heating satisfy the condition At
< (Re u,,,)™ or at<(r,,,), then the process occurs
under conditions of strong macroscopic nonequilibrium
of the system. It is easy to see that a laser is a con-
venient means for creating a measured nonequilibrium
state in the system in order to realize a specific action
on the course of the chemical reaction.

b) Selective and nonselective thermal feedback

It is well known that the high heating rates necessary
for the appearance of macroscopic nonequilibrium state
may be created by means other than with the help of a
laser. They can be created with the aid of electron
beams, electric current, furnace walls, etc. In this
connection, it is interesting to elucidate the characteris-
tics of laser action in particular.

As shown in Ref. 32, the most important characteris-
tic is as follows. The change in the temperature of the
reagents during the course of a chemical reaction under
the action of laser radiation does not only indicate an
increase in the number of degrees of freedom of the
system, A very significant fact is that the thermal and
“chemical” degrees of freedom of the system are cou-
pled to one another. This coupling, on the one hand,
stems from the Arrhenius temperature dependence of
the reaction rate constants and on the other hand
on the change in the absorbing characteris-
tics of the system during the course of the chemical re-
action. We note that in addition to heat liberated in the
system as the result of the absorption of laser radiation
energy, during the course of the reaction purely chemi-
cal energy related to the heat of the reaction is also
liberated (or absorbed). We shall denote the intensity
of energy liberation by such chemical sources by P,
where i is the number of the reaction channel.

We shall now examine as an example the simplest
case when the laser radiation acts on a thermally small
volume. In this case, it may be assumed that the tem-
perature is the same at all points of the volume and
heat conduction effects can be neglected. The variation
of the temperature of such a system will be described
by the heat balance equation

Y N PRLP ) Az, - 22) —Pross (T),

megr

(2.9)
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where x,=x,(t) are the concentrations of the reacting
substances, m and ¢ are the mass and heat capacity of
the system, P(f) is the power of the laser radiation in-
cident on the system, P, (7) is the power of the
thermal losses, and A4 is the absorptivity of the system.

In the general case, the absorption of radiation is de-
scribed by a function that depends on the concentrations
of all the reacting substances. However, the mono-
chromaticity of the laser radiation permits with an ap-
propriate choice of wavelength (especially, in the IR
region of the spectrum) introducing thermal energy into
the system only through one of the components of the
reaction, for example, the j-th component. We shall
call thermal coupling of this kind, when the laser ra-
diation is introduced through a preselected reaction
channel, selective coupling.

The selectivity of thermal feedback leads to com-
pletely different forms of dynamic behavior of the sys-
tem as a result of laser action when the wavelength of
the radiation is tuned from one reaction component to
another. If the radiation is absorbed by the final reac-
tion product and the forward reaction is accelerated
under the action of heat, then positive feedback is real-
ized in the system: as the concentration of the product
increases, absorption increases, the temperature of
the system increases, and self-acceleration of the re-
action occurs (thermochemical instability). If, on the
other hand, radiation is absorbed by the starting sub-
stance, then negative feedback is established in the
system and the chemical process is self-stabilized. In
this case, when laser radiation is absorbed reasonantly
by some intermediate reaction product, the nature of
the feedback can change during the course of the chem-
ical process.

In this case, it is significant that the radiation power
P(T) plays the role of a transmission factor along the
feedback channel, which makes it possible to control
the behavior of the system by varying the power.

As an example of a system with selective thermal
feedback, we shall examine the model of a flow-
through, homogeneous, chemical reactor with ideal
mixing, in which an exothermal reaction occurs: X—- 2
+@ (X is the starting substance, Z is the reaction prod-
uct, and @ is the heat liberated). Such a model was ex-
amined in Refs. 33 and 30 in the absence of laser radia-
tion. We shall now examine the effect of the heat lib-
erated as a result of laser action on the dynamics of the
process occurring in the reactor.

The change in temperature y and concentration x as a
function of time 7 (all quantities are written in dimen-
sionless form) in the model being examined are de-
scribed by a system of two equations®%

dz

1y,
ﬁ?=—zexp(-—?)1—h(zﬂ——z), Z |t=0 = Zin»

; ) (2.10)
qe=zoxp(—3 ) +BG—1- ¥ (@), ¥lemo= Y

where the parameter X characterizes the flow-through
efflux velocity of the mixture of products and reagent
out of the system, 8 is the heat transfer coefficient, x,
is the concentration at the reactor inlet, y, is the ef-
fective temperature of the reactor walls, ¥ is a con-
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FIG. 2. The change in concentration of the reacting component

as a function of the time 7, obtained by numerical integration

of the system (2.10). Parameter values: A=0,01, 8=0.03,
=0.5, ¥9=0.125, v=1, x| 0=%¢ ¥ lgao=¥g. Curvesl, 2,

and 3 show the radiation absorbed by the buffer gas, the reac-

tion product, and the starting substance.?

stant proportional to the laser radiation power, and f(x)
is the normalized absorptivity of the substance.

The last term in (2.10) describes different cases of
action of laser radiation on the system: f(x)=1 corre-
sponds to resonant absorption of radiation by an added
buffer gas that does not participate directly in the re-
action; f(x)=x corresponds to absorption of radiation
by the starting substance (negative feedback); f(x)=
-~ x corresponds to absorption of radiation by the reac-
tion products (positive feedback). In all cases (even
with identical initial states of the system), the results
of laser action on the medium will differ when the ra-
diation wavelength is tuned from one reaction compo-
nent to another. Figure 2 shows an example of the nu-
merical integration of the system (2.10) when all three
cases examined are described by the constant y and
have the same initial concentration of starting sub-
stance x,.

The phase picture of the system examined (2.10) can
be analyzed in a standard manner (see Ref. 30) with the
help of bifurcation curves, i.e., curves along which the
critical values of some parameters are cofiserved; in’
regions separated by the bifurcation curve, the type (or
number) of singular points and trajectories of the sys-
tem differ. In this case, it is convenient to represent
the equations for these curves in parametric form in
the coordinates x, y, for fixed 8 and A.

One such bifurcation curve is the curve of saddle
boundaries which, as is easily verified (see Ref. 30),
coincides with the curve separating regions with one
and three stationary solutions. This curve is described

by the equation
A=ad—be=0, (2.11)

where the quantities a, b, ¢, and d are determined
from (2.10) by Eqgs. (2.3). In parametric form (y, is a
parameter), these equations appear as follows:

a) if radiation is absorbed by the starting substance,
then

o= PEZR [ oy (1)
Ctesp ()| [1vesn (5]

yi exp (—1iyy)
A—7 {

b) if radiation is absorbed by the reaction products,

then

(2.12a)
Yo=Yu—
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_ Bukexp(—=1lwy) I 4
n=—ay 11 LAexp( - )J ) 2120

_ yhexp(—1/v,) ‘ \- AR
vo=n =L [ hexn (o) [ [1—vewn (55) ] -1 .

The case when laser radiation acts on the buffer gas
is obtained from the case ¥ =0 (absence of laser action)
with the help of simple equations: x,=x¥=0),y,(y=0)
-y/B. This is easy to see directly from (2.10).

The second bifurcation curve, the boundary of stabil-
ity of nonsaddle type singular points, is given by the
equation

(2.13)

o=—(a+d =0

In parametric form, the equations for x, have an
identical form for all three cases examined:
l/, . 1
Iy = [ﬁ*%—ﬁ-}»(ﬁ«}—}»)e‘(p( )—exp(—I)J, (2.14)

while the equations for y, have the form:

a) if radiation is absorbed by the starting substance,

then
) I[1even (L))

b) if radiation is absorbed by the reaction product,

then
[ 1-vemn (£)]-3.

The case of laser action on the buffer gas is de-
scribed by the equation

Yo = Yo (v = 0) — y/B.

b me— 4| B htexp (- (2.14a)

Vo= ya— 4 [BA-exp ( — (2.14b)

These pairs of bifurcation curves are illustrated in
Fig. 3 for the case 8> 2% and y <. The wedge-shaped
curves correspond to the boundary of existence of sad-
dle points, while the loop-shaped curves correspond to
the boundary of stability of nonsaddle point singulari-
ties. In each of the regions 1-6 (for each pair of bifur-
cation curves), the phase pictures of the system differ
topologically (see Ref. 30 for more detail). For exam-
ple, in region 2, there exists a stable limit cycle
around a single unstable singular point, etc.

Different pairs of bifurcation curves can “creep” onto
one another depending on the relations between the pa-
rameters A, 8, and y (for example, with decreasing y).
as a result of which the same point in the space of the
parameters x,, y,, A, B, and y can correspond to dif-
ferent dynamics of the stationary motion for systems
with different forms of feedback. Thus, even under
identical conditions, the reaction can occur completely
differently depending on what is absorbing the radiation:

Zp)

FIG. 3. Typical form of the bifurcation curves (2.11), (2.13)
in the case 8> A, y< AM
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initial substance, reaction product, or buffer gas.®’

For this reason, the widely held opinion that only in the
case of photochemical processes can the reaction

yield change depending on which of the substances ab-
sorbs the IR laser radiation energy (tests for the laser-
chemical potential of the reaction’) is, strictly speaking,
incorrect. A difference in the reaction yield will also
be observed in the case of thermochemical action of la-
ser radiation in nonequilibrium systems with selective
thermal feedback.

It should be noted that selective feedback is charac-
teristic of processes other than thermochemical proc-
esses as well. It can also be observed in photochemi-
cal reactions. An example is photoaging of polyvinyl
chloride under the action of UV radiation.®® The prod-
ucts of the photodecomposition of the polymer forming
as a result of the reaction strongly absorb UV radiation
and screen the lower-lying layers of polymer from pen-
etration of UV quanta into them. As a result of this,
the photochemical reaction is localized on the surface
(“aging waves”).

Further, it is evident from (2,10) that laser radiation
power plays the role of a transfer coefficient along the
feedback chennel. For this reason, by changing the
power of the laser radiation, it is possible to control
the thermochemical process. It is easy to see that the
possibilities of laser control are not restricted, for ex-
ample, to control with the aid of characteristic param-
eters of the chemical reactor (x4, y,, A, and B), not to
mention the fact that it is much more complicated to
control heat transfer or concentration parameters at
the reactor inlet than the laser radiation power.

The possibilities of laser control can be broadened in
the case of complex reactions with a large number of
channels, Under such conditions, it is possible to use
the combined action of radiation at different frequen-
cies, thereby realizing different forms of selective
feedback along different reaction channels. Here we
are talking about creating conditions such that relative-
ly simple forms of laser action (for example, slowly
varying continuous radiation power plus pulsed actions,
switched on.at given times) permit thermal control of
processes for which a very complex time dependence of
the temperature field is required. We emphasize that
this is achieved due to the high self-adaptability of a
chemically active medium encompassed by feedback.®’

®We note that the different nature of thermal feedback in
thermochemical processes could be a result of not only
phenomena related to the change in the concentration of re-
acting substances but also to the temperature dependence of
the absorption coefficient. For homogeneous reactions, such
a dependence could result, for example, from the appearance
of “ hot absorption bands” in the IR region of the spectrum
for a number of molecules, such as SFg, freon C3F,Cy; and
others (see Refs. 2, 10, 14), as a result of which, the maxi-
mum in the absorption coefficient shifts into the long wave-
length region of the spectrum.

®We note at the same time that the use of the combined inter-
action regimes is of interest in itself for studying nonlinear
optical phenomena in semiconductors.’® Here ideas thatarein
many ways related to the ideas of laser thermochemistry are
used.
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c) Characteristics of thermochemical processes in
distributed systems

So far we have discussed laser control of point sys-
tems, i.e., systems with a finite number of degrees of
freedom. A number of new characteristics arises with
the action of laser radiation on distributed systems,
which already have an infinite number of degrees of
freedom and are described by partial differential equa-
tions. These new characteristics are related to the de-
tails of the spatial distribution of the temperature field,
established in the chemically active medium under the
action of laser radiation. We shall consider some of
them.

For definiteness, we shall primarily discuss homo-
geneous reactions. As noted in Refs. 2, 10, 14, and 37,
IR laser heating of reacting substances is distinguished
by a “high degree of homogeneity.” Here we have in
mind the fact that as a result of the volume absorption
of radiation energy in the laser interaction region, the
temperature at the center of the reactor can greatly ex-
ceed the temperature of its input and output windows.
For this reason, the effect of heterogeneous processes
on the course of the reaction is practically excluded,
which is difficult to achieve with the usual heating
methods, when heat is transferred to the gas by the re-
actor walls. In this respect, the experiments in Ref.

14 are most convincing in our opinion. In these experi-
ments it was shown that with the usual heating of a mix-
ture of C;F.H and Br, in a quartz reactor up to 900 K a
large number of products appeared with the participa-
tion of heterogeneous reactions (in particular, such
products as resin, soot, SiF, and others), while when
the same mixture was heated with a CO, laser up to 900
K and higher the only reaction products were C;F,Br
and HBr.

Further, the dielectric permittivity of the mixture of
starting substances and reaction products at the laser
wavelength usually changes during a chemical reaction.
This leads not only to a change in the absorbing charac-
teristics of the system, but also to special features in
the propagation of radiation through a medium with such
chemical inertial nonlinearity, for example, to self-
focusing or self-defocusing of radiation.*® These phe-
nomena, in their turn, affect the course of the chemical
reaction. Thus, in the case of self-focusing of radia-
tion, appreciably higher temperatures than in the rest
of the reactor volume can be attained in the caustic of
the “chemical lens.” At the same time additional reac-
tion channels can open up and so on.

As noted in Ref. 4, nonuniform heating of the reactor
volume also leads to the fact that the mass yield of re-
action products increases for products with higher ac-
tivation energy compared to the case of uniform heating
(with identical average temperature in both cases).

The kinetic phenomena examined above have so far
concerned only the temperature dependence of the reac-
tion rate constants. However, in connection with the
fact that the reaction rate depends not only on tempera-
ture but also on the concentrations of the reacting sub-
stances, distributed systems have additional peculiari-
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ties related to the details of the diffusion processes un-
der the action of laser radiation. Indeed, the concen-
trations of substances participating in the reaction vary
as a result of the chemical reaction itself and as a re-
sult of the diffusion of components. Which of these

" processes dominates depends on the relation between
the characteristic rates of these processes. We recall
that the diffusion coefficient itself often depends on the
temperature in an activation manner: D=D,exp(-T,/
T),D,=const, T,= const. Moreover, in laser thermo-
chemistry, in many cases thermal diffusion flow re-
sulting from a temperature gradient can play a role in
addition to the diffusion flow resulting f{rom a concen-
tration gradient. As a result, the general expression
for the total diffusion flux j has the form®

j=—=Dve— 2T v7,

where ¢ is the concentration and D, is the thermal dif-
fusion coefficient. For example, in the case of diffu-
sion of a light gas in a heavy gas, this leads to the fact
that in the process of establishing diffusion equilibrium
in a nonuniformly heated gas the light gas concentrates
in locations with the higher temperature.®®* We note that
under nonequilibrium conditions the concentration and
temperature gradients can be oriented arbitrarily rela-
tive to one another. Since large temperature gradients
can be formed in the process of laser heating of mat-
ter, thermodiffusion can have an appreciable effect on
the course of chemical reactions.* However, previ-
ously no attention was paid to the fact that positive
feedback can arise for thermodiffusion processes with
resonant absorption of energy by one of the components
of the mixture. Under these conditions, the thermodif-
fusion instability will develop and stratification of the
mixture will occur.'®’ This is an example of a process
when the entropy of the system decreases under the ac-
tion of laser radiation.

For sufficiently fast reactions, special features can
also appear in the scattering of laser radiation. In-
deed, let us consider a medium in which exothermal
reactions occur. Then, with a local increase in the ra-
diation intensity in some region, the temperature in
this region will increase and the reaction will be accel-
erated. This in turn will lead to a further increase in
temperature (due to liberation of energy by the reaction
itself) and a local increase in pressure. The nonuni-
form increase in temperature and pressure modulates
the index of refraction of the gas. This mechanism for
nonlinear self -action of light in the thermodynamically
nonequilibrium medium was first examined in Ref. 43,
where a chemically active medium was produced in
process of photodissociation of compounds of the type
CF,I under the action of UV radiation. However, it is
easy to see that the manner in which the active medium
is prepared does not play a fundamental role.

The main difference between such chemical scatter-

1O This process differs fram the process of light-induced dif-
fusion, examined in Refs. 41 and 42. For light-induced dif-
fusion, the Doppler broadening of the absorption line must
greatly exceed its collisional broadening, i.e., we are talk-
ing about quite low pressures of the mixture.
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ing and other well studied forms of scattering, for ex-
ample, stimulated Mandel’shtam-Brillouin scattering
(SMBS), as shown in Ref. 43, lies in the fact that the
energy causing the perturbation of the medium is taken
primarily from the chemical source {exothermal reac-
tion) and not from the light field itself. The light itself
is only a controlling element initiating the exothermal
reaction. In this case, the gain of such chemical scat-
tering exceeds by a factor of 102-10° the typical values
of the gain with SMBS in liquids and gases.*® A number
of new phenomena appears in the case of thermal initia-
tion of heterogeneous reactions by laser radiation. In
particular, new properties of the mechanism of forma-
tion of thermal feedback appear. For example, the po-
larization and angle of incidence of the radiation begin
to play an important role in a number of processes.**
New aspects also appear in the dynamics of diffusion
processes*®'*® and so on.

The set of phenomena indicated leads to the fact that
the dynamics of laser-driven thermochemical proces-
ses in distributed systems can be very complex. It is
enough to recall the possibility of a stochastic regime
for the course of a reaction (see Sec. 3f for more de-
tail).

Since the purpose of this section was to give only an
introductory view of laser thermochemistry, here we
did not describe in detail such thermochemical proc-
esses. This will be done in what follows. However,
even the general considerations presented above, in our
opinion, are sufficient to appreciate the uniqueness of
laser thermochemistry and to understand the types of
problems that we shall discuss.

3. DYNAMICS OF LASER-INDUCED
THERMOCHEMICAL PROCESSES IN POINT
SYSTEMS

In this section, we shall show with the aid of several
examples how the general ideas discussed above are
manifested in real situations, i.e., for a specific form
of the reaction Kinetics, specific mechanisms for
changing the absorption characteristics, etc.

It was already mentioned above that the rate of a
chemical reaction can be limited by a number of fac-
tors. Let us examine, for example, the oxidation of
metal in air. One of the most important limiting factors
for this process is diffusion of the starting substances
through the layer of reaction products (oxide). Since
oxygen and metal ions diffuse predominantly and not the
neutral atoms, for thin oxide layers electric fields,
arising with the separation of charges in the surface
layer, strongly affect the diffusion process. For thick
oxide layers, the nature of the process changes and the
reaction rate is primarily determined by diffusion re-
lated to the concentration gradient. This important
case is described by a parabolic law'3:

dz d(T)
dr z

d(T)=dy exp { — 22) (3.1

with a characteristic Arrhenius temperature depen-
dence of the constant d(T) (d,=const, T,=const), x is
the thickness of the oxide film.
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The rate of oxidation can also be limited by diffusion
of oxygen in the air toward the surface of the target. In
this case, instead of (3.1), more complex expressions
arise, For example, in the quasistationary approxima-
tion** we have

dz d(T)/z

@ = T1FIEIAmnE ! ’ (3.2)

i

R
=7

where R is the effective size of the target, D is the co-
efficient of diffusion of oxygen in air, pj and p, are the
densities of oxygen in the oxide and in air, respective-
ly. It is evident that for pd/x <1, (3.1) is valid, while
in the opposite case, dx/df=1/p=const, i.e., the rate
of the reaction is entirely determined by diffusion of
oxygen in air,

We shall not discuss further the different kinetic laws
and shall proceed to examine specific thermochemical
phenomena, introducing the kinetic equations as neces-
sary.

a) Thermochemical instability

In nonisothermal processes, which are of concern in
laser thermochemistry, as a result of the Arrhenius
temperature dependence of the reaction rate constants,
the so-called thermochemical instability, namely, ava-
lanche-like acceleration of the reaction after some
characteristic time £, after the beginning of the process
(¢, is the induction period or the reaction activation
time) is often observed. This phenomenon occurs both
for homogeneous® and heterogeneous reactions.*” It is
analogous to the inflammation process'? in combustion
physics.

We shall find this time for a simple homogeneous re-
action, during which the absorptivity increases linearly
with temperature. For a closed system this problem is
described by the following equations (in dimensionless
variables):
gz —2Z exp ( —i—) y Zlr=o=1,

de (3.3)

dy
===y, Ylemo =41 (41> yo);

where x is the concentration, y is the temperature, and
the quantity B is proportional to the incident laser ra-
diation power.

We shall define the activation time 7, as the time at
which the reaction rate is maximum: (d%/d%)|,.,,=0.
From (3.3) it is easy to find that the time 7, > 0 exists
only when

>z (—2p). i=2(w+) 6+3)>t (3.4)
I the typical small parameters of the problem are used
(x, "}’o)/}’o «1,exp(-1/y,) < 1,1 - x(r,) < 1, then inte-
grating (3.3) and substituting the corresponding depen-
dences x{7) and y(7) into the equation d%/dr?=0, we
find that

t,z—é—ln[% ylﬁyo e)(p( _%)]

In the problem examined, the reaction was activated
on a background of continuous, rapid increase in tem-
perature. We shall call this type of activation rapid ac-

(3.5)
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FIG. 4. Time dependence of the target temperature, obtained
by heating a steel target with thickness 0.25 mm with different
radiation flux densities.’

tivation, the time 7, is insensitive to the parameters of
the problem.

In contrast to this, in many problems activation oc-
curs under conditions of a slow change in temperature
(quasistationary process). This situation is often en-
countered, for example, in the case of exothermal re-
actions. In this case, the reaction can be activated also
in the absence of laser radiation (a typical case is
spontaneous inflammation'?).

As will be seen in what follows [Egs. (3.11) and
(3.14)], an exponential dependence of the activation time
on the inverse quasistationary temperature is charac-
teristic of quasistationary processes.

In laser thermochemistry, sitwations when the posi-
tive feedback is formed in a system as a result of a
variation in the concentration of the reaction products
are of special interest. An example is the heterogen-
eous oxidation reaction of metals in air under the action
of CO, laser radiation. This type of thermochemical
instability was first observed experimentally in Ref. 47
(Fig. 4) and was examined theoretically and experimen-
tally for different cases in Refs. 48 -55.

We shall examine the initial stage of heating of a
metallic target oxidizing in air. This problem is de-
scribed by the following system of equations®®%?

T=rer(=7),

4 .
me G- = PA@) —Proge(T), T fmi=Timy

A (z) = Ay + ba?,
Pross (T) = s (T — Tiph

z }1=0 =0,

(3.6)

where T is the temperature, x is the thickness of the
oxide film on the metal surface, A(x) is the absorptivity
of the layered metal + oxide system, A, is the absorp-
tivity of the metal, P, is the power of convective heat
losses, 7 is the convective heat transfer constant, s is
the surface area of the target, m is the mass, c is the
specific heat capacity of the target, P is the incident
laser radiation power, and d and T, are constants in
the parabolic oxidation law.

We introduce the following dimensionless variables:

ns T

T
y=’ﬁv t=-;‘—t, Yin Ta

__ 2bdPmc

(3.7)
= L4y
p= Tams? ' Yo= Ta (Tln+ s )

Typical small parameters of the problem are y,, <1,
¥o<<1, and p<<1, .

Using (3.7), it is easy to reduce problem (3.6) to a
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FIG. 5. Examples of numerical solution of Eq. (3.8). vy
=0.03. Values of parameters on curves: 1)u=1, y,=0.18,
2)p=1, y,=0.15, 3) p=0.1, y,=0.18, 4) p=1, y,=0.12,

single differential equation

a2y dy ~ 1
g e (=), (3.8)
N .
Y=o i |, = Yo— -

Examples of the numerical solution of Eq. (3.8) are
shown in Fig. 5. We shall define the activation time as
the time at which (d%/dr?) |, , =0.

Equation (3.8) can be solved approximately by itera-
tion:

Y= Yo - (Y1n — Yol exp (— 1),
o 1 (3.9)
Yy oyt \ [1 —exp (vy—1)] exp ( —m) dry,

and so on.

Considering only the first iteration, we obtain an
equation for determining the activation time

2
ypexp (— D) —Ei(—D) -1, o1 1 r0=i"—exp(%),(3.10)

[ Uy p
where Ei(-&) is the integral exponential function,

Substituting (3.9) into (3.10) it is easy to obtain equa-
tions for rapid (& > 1) activation and in the quasista-
tionary case (% <« 1):

[t (2 )=y ] for D(r) > 1,

Ty X

& Yo~y

e ()

Ty R —>~exp| — for
2 H P Yo

(3.11)
DIAT S

Equations (3.11) describe well a number of experi-
mental data (Fig. 6).

I 1 i
[ 4 4 &

; Aa!a/ﬂ
FIG.. 6. Theoretical and experimental dependences of the acti-
vation time ¢, of the oxidation reaction on the value of the ini-
tial absorptivity of the tartet A, for oxidation of copper in air
by continuous CO, laser radiation. Curve 1 was calculated
using Eq. (3.11) for &> 1 (fast activation) and curve 2 was
calculated using Eq. (3.11) for &< 1 (quasistationary heating).
The triangles show the experimental points.5?+5

671 Sov. Phys. Usp. 25(9), Sept. 1982

Concluding this subsection we shall present a general
equation obtained in Ref. 54 for the activation time of
the reaction with quasistationary laser heating of oxi-
dizing metals. It is assumed that the stationary tem-
perature T, is determined from the conditions

PAy = Pyogs (To):  Piross (T) = ~vT™

The oxidation kinetics are described by an arbitrary
exponential law

dz by

= (=), (3.12)

and the following expression is used for the absorptivity
(3.13)

In this case, we obtain the following equation for the
activation time {,:

A () = Ay + a's

L=tV E (1 oV 3)) e (S ) (5 e (£2),
_mit (3.14)

T

s

where &(x) is the probability integral. This equation is
obtained in calculating the integral using the saddle
point method and differs by a numerical factor of the
order of unity from equations of the type (3.11).

b) Interference phenomena

In 1977 it was discovered experimen‘_tally“'“ that the
absorptivity of many metals changes nonmonotonically
with laser heating in air (Fig. 7).

The reason for this phenomenon was first explained
in Refs. 58 and 59 and consists of the fact that during
the growth process interference variations in the ab-
sorptivity of the metal + oxide system (periodic trans-
mission of the coating) can be observed on the surface
of a target of a weakly absorbing oxide layer ( ax <<1),
This is evident from an analysis of the electrodynamic

equation for the absorptivity of a layered system®®%:
. oy 2 _ ryaeXpi—2ig)-ray _Tu—nhs
A@=1—4rp% r= exp(—=20F) 4 rysfas "3 rigfp—1" \‘
1—1"¢ - . 2ar | =
Fya == 1+:/5 , Ve=n—ivn, ¢§= ;I Ve, Ag=1—ry 12, ¢(3.15)
_A—Ve 4 4 . %o 4 T "
TS TIVER T —14 Tﬂ(i—ln_“)+2_n°.’ V g =nrqo+ixng,

where 7,, and 7, are the amplitude coefficients of re-
flection of radiation from the oxide and metal, respec-
tively; € and ¢, are the dielectric permittivities of the
oxide and metal, respectively; A, is the absorptivity of
the metal (4,<<1); x is the thickness of the oxide layer;
and A is the wavelength of the laser radiation,

800
()

400)

g

£
¢ 42

FIG. 7. Experimental dependence of the change in tempera-
ture with time 7' (¢) and absorptivity A (T) in heating a copper
target in air by continuous CO, laser radiation, %657
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For thin oxide layers (x <\/2n), only the first few
terms in the expansion of A(x) in a series in powers of
{x/1) need be considered in the expression for the ab-
sorptivity:

A@=dota(5)+o(F) +-- (3.16)

The coefficients a, b, etc., are determined from (3.15).
Thus, for example,

a=—8x(1~4)Im(2=}),

gg—1

(3.17)

in the particular case when VEg=ny(1+i),n,> 1, A, 2/n,
(these conditions are obviously satisfied for metals in
the far IR region) and » <1, we obtain from (3.17)

(3.18)

a ~ 1A} (n2—1).

In a case analogous to (3.18), the following expression
follows from (3.15) for the constant b in (3.16)%2
A 4mPAq (n® — 1), (3.19)

Since the quantity g is of the second order of small-
ness with respect to A,, the change in the absorptivity
is in many cases determined by the quadratic term in
the expansion of A(x). For very small A, the cubic
term in the expansion (3.16) is most important. Thus,
Eq. (3.13) for [=1,2, and 3 includes all the basic cases
of changes in absorption for a thin oxide layer.

For weakly absorbing oxides (ax «1, a=41%/}), in
the linear approximation with respect to A,<<1 with »
«1, there is a simple expression®®*® describing sev-
eral of the first interference oscillations:

_ n*4y-+2x (Br—sin fiz} __4n
A@ =g B~ he (3.20)

For the total number N of interference oscillations,
which can be observed in experiments on laser oxida-
tion of metals, the following simple estimate can be ob-
tained from the condition ax~1:

(3.21)

n
sz‘.

For example, for cuprous oxide Cu,O at the wave-
length A=10.6 um,n=2.45, n=0.027, we have N~ 14,

In a number of papers®#5%6%4583 the gystem of equations

describing laser-induced oxidation of metals in air was
solved numerically on a computer. Thus, in Refs. 52
and 53, the oxidation of copper under the action of con-
tinuous CO, laser radiation was examined and depen-
dences T(t#),A(T) and others agreeing well with experi-
ment were obtained. A more complex problem was
solved in Ref. 62, where heating of a copper target in
air under the action of continuous YAG laser radiation
(A=1.06 um) was examined. As it happened, in this
case the heating dynamics are affected not only by the
cuprous oxide layer Cu,O but also by the cupric oxide
layer CuO. In Ref. 62, an exact equation was used for
the absorptivity of the two-layer system CuQ/Cu,0/Cu:

R (z, y) = DaoXp{—2ib)Fr (3.22)

A, y)=1—1R(=z y) I3 oo p (=T

__ T2g €XP (~—20Wy) -t ryq

T exp (—2iP;) - raaTsa

27 _— —_ ;
‘1’1.2=—;Ii.zV€1.27 Ver=ny+ixy (k=0,1,2),

; 1=V 1—V5
Iy=2I, Iz3=VY, "iz:-l—:,-/e—-l‘ r“=—l__]_—‘/v87?‘
T 1 T 2

18 —T14
1
rigtig—1

Tis "8
rioh 1
12718 —

Taz = Ty =

,

4ng

4 . % A =200
ry = 'i+7(1_lﬁ)+ﬁ’ Ay = (- no)—x§ "
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FIG. 8. Theoretical dependence of the change in absorptivity
of a copper target with time when the target is heated in air
with continuous YAG laser radiation (\=1. 06 um).%

where x is the thickness of the CuO layer and y is the
thickness of the Cu,O layer.

The Wagner-Valensi®* equations were used to de-
scribe the kinetics of the two-layer oxidation:

d a, (T d, (T
=22 ) *u——’;, L, Zimo - Timy
d dy (T 1 4,(M
'_L[L: 2;) __u—_%_’ y[l=0=ylnv
T T,
d(Dy=dgoxp (—7), &) =dwesp(—7),  (3.23)
po= VIV,

where V,_ and V, are the specific volumes of the oxides
CuO and Cu,0, respectively.'!’

It was found that a two-fold interference pattern in
the variation of the absorptivity is manifested in the
heating dynamics of such systems: high-frequency in-
terference oscillations, due to the oxide Cu,0, modu-
lated by low-frequency oscillations, due to the increase
in the CuO oxide layer (Fig. 8). We also observed this
phenomenon experimentally.?

The dynamics of heating of a copper target by pulsed,
periodic CO, laser radiation was studied in Ref. 63.
Here, the one-dimensional heat conduction equation
was solved instead of the heat balance equation [of the
type (3.6)]. The results of the calculationg??33:5%63
showed that the theoretical models examined describe
quite accurately the real experiments over the entire
range of temperatures from room to melting tempera-
ture.

Interference phenomena are characteristic not only of
heterogeneous but also homogeneous reactions. We
shall examine the simplest system: laser radiation in-
cident normally on the surface of a homogeneous chem-
ically active medium bounded by parallel planes (for
example, a cell with thin transparent windows). The
concentrations of the starting substance and of the re-
action products change continuously during the chemical
reaction and as a result, the dielectric permittivity of
the mixture of reagents changes continuously as well.

In a number of cases, the dielectric permittivity of such

D Under isothermal conditions, the Valensi equation follows
from (3.23) (Ref. 31);

L=y [(%—M)%—]/(—g——u)z-i-sv }o v=amem.

The time for relaxation to the ratio x/y=u, is determined by
the equation®® (compare (2.6), (2.8))
)

d,R
e

2

:_=u0+6(n! j81<ug,  8lpg=05n 6=6,,exp(— y

5 l
ot
+|

R=y (v—p5)if8ulv.
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a mixture is determined by the Lorenz-Lorentz equa-
tion®:

e—1 eg,—1 €,—1
) ={—9 G2 e t0 !

(3.24)

where ¢, ¢,, and ¢, are the dielectric permittivities of
the mixture, the starting substance, and the reaction
products, respectively; c is the concentration of the re-
action product. If It:1 - 52| <«<1, then a linear relation
follows from (3.24)

(3.25)

£ = g +c(ey— g)

Substituting (3.24) or (3.25) into the equation for the
absorptivity of a plane parallel layer of the substance it
is easy to find the conditions under which interference
oscillations of the absorptivity will be observed during
the chemical reaction. Indeed, we can write the follow-
ing expression for A%

At

-ldiE =

g it ) 1--17¢

|
|

T =T i (3.26)
J

e

W T Ve, Ve=n+in,

where » and d are the amplitude coefficients of reflec-
tion and transmission of radiation and x is the thickness
of the medium.

For weakly absorbing systems (ax<1, ax <1, o
=47%/)) we obtain the following approximate equation
from (3.26)%°

o, (I=n®) Br--(n?—1) sin fz . han
ST ARt (L= sin (Paf2) p= [ (3‘27)

A

It is evident from (3.27) and (3.25) that interference os-
cillations of the absorptivity occur when

(3.28)

A
Ae [ na—n | > )

where Ac is the change in the concentration during the
chemical reaction, », and », are the indices of refrac-
tion of the starting substance and of the reaction prod-
uct, respectively.

Interference oscillations can also appear as a result
of thermooptical expansion of matter® % and so on. In
particular, interference-induced changes in the charac-
teristics of laser light scattering accompanying ther-
mooptical expansion of a weakly absorbing spherical re-
gion were observed in Ref. 67.

c) Self-stabilizing processes

In this subsection we shall examine a system with
negative feedback. This type of feedback is observed
in a number of reactions involving reduction of metal
from oxides,’® % nitrides, and other compounds in de-
composition reactions of copper formate’ and formates
of other metals and also in a number of reactions oc-
curing under the action of IR laser radiation. In all
these cases, there is an appreciable decrease in the
absorptivity of the system during the chemical reaction.
A distinguishing characteristic of systems with negative
feedback is their ability to self-stabilize the chemical
process.

We shall examine as an example the process of re-
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duction of a metal from an oxide under the action of CO,
laser radiation. If we are dealing with thin layers of
reduced metal, then the kinetic dependence can be as-
sumed to be linear to a good approximation,'® i.e., the
kinetics of growth of such layers is described by the
equation
%?:L'exp(—T—T“). (3.29)

The absorptivity of the layered oxide + metallic film
system is given by Eq. (3.15), in which r,, and r,,
should be interchanged. An expansion of the type (3.16)
for small thicknesses of the metallic film (in the case
n<1,4,«<1) yields :

641 a1
rAg (n4-133 ’

4n

(1= 2z’

A(r)=A, —bz, A, - b= (3.30)

where A, is the absorptivity of the pure oxide.

The dynamics of laser heating of such a target ina
hydrogen atmosphere are described by equations of the
type (3.6) with the corresponding expressions replaced
by (3.29) and (3.30). I in these equations we go over to
dimensionless variables of the type (3.7), where

Pimev
To(ne)?’

(3.31)

then for the dimensionless temperature y we obtain the
following differential equation

d2y dy . 1
b= e (=5,

dy
Yli=o =t G

(3.32)

=Yg lin-
—o0 Yo~ ¥in

This equation differs from (3.8) only by the sign in front
of u. Examples of 2 numerical solution of Eq. (3.32)
are shown in Fig. 9.

As can be seen from Fig. 9, after the reaction is ac-
tivated and a highly reflecting metallic layer appears
on the surface, the temperature of the target begins to
decrease rapidly. It is convenient to choose the time
at which (dy/dr) yma: 0 as the activation time of the re-
action in this case.

Retaining, as in (3.9), only the first iteration

Y = Yo+ (Yan—Yo) €XP (— 1),
T (3.33)

Y=y —u \ {t —exp (t,— 1)} exp ( —

1
| )i

we obtain an equation for determining + [compare

a5
4
]
a0

005+

9o

1 I
20 7T
FIG. 9. Examples of numerical solution of Eq. (3. 32).

Yu=0.03. Curve 1) p=0.1, y,=0.18; 2) p=1, y,=0.18; 3)
p=1, y,=0.15, 4) p=1, 3,=0.12,
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FIG. 10. Theoretical time dependence of the thickness of the
reduced copper layer on Cu,O in a hydrogen H, atmosphere

by continuous CO, laser radiation. The linear equations de-
scribing the kinetics of reduction and the equation of heat con~
duction were solved numerically using an exact equation for
the absorptivity A (x) and the following values of the parameters:
target mass m=50 mg, v=10 pm/s, T;=10* K. Laser radia-
tion power P(W): 1(1), 3(2), and 5(3).

(3.10)]

-0 2
-e—rb-—}—Ei(—(D):%e.\'p(;—o), a>==—;-— (3.34)

0
Yo '
We obtain equations for the cases of rapid activation
(&> 1) and for the quasistationary process ($ <« 1) as
in (3.11):

g [ () — ], 0>,
r,—.:ln[ y"_l‘y'" exp (—;n—)], o« 1.

We note that in going from the linear to the parabolic
law for reduction of the metal, i.e., for large thicknes-
ses of the metallic film, the quadratic term in the ex-
pansion of A(y) in powers of /A is more important than
the linear term. In this case, the form of Eq. (3.32)
and, correspondingly, Egs. (3.35) is retained and only
the expression for u [(3.31) of (3.7)] changes.

(3.35)

If we now consider how the thickness of the layer of
reduced metal changes with time (Fig. 10), then we can
see that beginning at some time after the reaction is
activated, this thickness varies very insignificantly,
i.e., the total yield of the reaction is determined pri-
marily by the power and not by the energy of the inci-
dent laser radiation. This is the circumstance that we
had in mind when we mentioned the self-stabilizing
capability of the system.

In concluding this subsection, we note that the proc-
esses indicated above can occur either in the activation
manner examined above (the temperature has a local
maximum) or in a nonactivation manner (the tempera-
ture increases monotonically to a stationary value y
=y,). The type of process realized depends in each
specific case on the ratio of the characteristic time for
establishing a steady state temperature in the target
(7~1) and the activation time of the chemical reaction
=7, Expressions (3.35) are valid only in cases when
7,>1 {(moderate and low laser power) and the process
proceeds in an activation manner.

d) Diffusion processes in heterogeneous reactions

As already mentioned above, heterogeneous reactions
are affected by a number of successive physicochemi-
cal processes, the slowest of which determines the to-
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tal rate of the reaction. For example, in heterogene-
ous oxidation reactions of metals, the reaction rate is
often limited by diffusion of reagents through the oxide
layer that separates the reaction components spatial-

ly.l.3,3l.

These processes have a nonchemical origin, They
can, on the one hand, strongly affect the dynamics of
the chemical reaction and, on the other hand, they can
have features similar to thermochemical processes.
The latter circumstance is related to the establishment
of feedback between the degrees of freedom character-
izing the kinetic process and the temperature.

In this section we shall examine two diffusion proc-
esses,”*"""»™ in which such feedback is established
due to the influence of the spatial concentration distri-
bution of some component on the absorbing character-
istics of the system and due to the temperature depen-
dence of the diffusion constant of this component

D(T)=Doexp(-——§,ﬂ-), (3.36)
We shall examine a system in which the change in
temperature is described by the ordinary differential

equation of heat balance [an equation of type (3.6)].

The theoretical description of such systems will be
based on the simultaneous solution of the following sys-
tem of equations: heat balance equations, diffusion
equations for finding the spatial distribution of the con-
centration of the diffusing substance, and Maxwell’s
equations for determining the impedance of the surface
with an inhomogeheous distribution of the diffusing
component as a function of depth in the substance.

Among problems of this kind that have been examined
in the literature we point out the problem of diffusion
laser polishing,’>**** dissolution of oxygen in a surface
metal layer,**+%%7° diffusion saturation of the surface
layer of a metal by doping impurities,*® as well as the
diffusion model of thermochemical decomposition of
semiconducting materials with a complex composition.™
Due to the similarity of these problems, we shall ex-
amine only two of them.

The first problem is related to the dissolution of oxy-
gen in the surface layer of titanium when the layer is
heated in air by continuous CO, laser radiation. It was
shown in Ref. 70, starting from an analysis of the ex-
perimental results and based on theoretical estimates,
that this process precedes the formation of the oxide
film. As a result of diffusion of oxygen in air into the
skin layer of the metal, impurity scattering of elec-
trons increases and the electron mobility decreases.
As a result, there may be an appreciable increase in
the absorptivity.

The distribution of the concentration of microimpuri-
ties is found by solving the diffusion equation

HobpmZL >0, N ho=0, N lico=Np, N [sew=0.
>0

(3.37)
The solution is

NG =N [1-0(2=)]

. .
i 9=D0§exp(——7%)dr. (3.38)
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FIG. 11, a) Theoretical dependence of the change in the ab-
sorptivity of a thermally thin titanium plate heated in air by
continuous CO, laser radiation (target mass m =50 mg, inci-
dent radiation power P=20 W; curve 1 describes the change
in A including the diffusive and oxidative mechanisms, the
dashed curve 2 shows only the diffusive mechanism®); b) ex-
perimental dependence of the change in the absorptivity A/ A,
at 10.6 um for a titanium foil with thickness 50 pm heated in
air by neodymium laser radiation (A=1.06 pm).”

where &(x) is the error integral.

Calculating the surface impedance of the metal using
the distribution (3.38) (this is done with the aid of the
technique presented in Ref. 72; see also Ref. 46). 1t is
then possible to determine the absorptivity of the metal
A, The following approximate expression was obtained
in Refs. 45 and 46 for a weakly anomalous skin effect:

[

-
Va

Apy -+ (Agz— Ay 1, Oy

| 9
y=§‘/7y (3-39)
. Agy — Aqg Va-1
A+ oy ——
2T Rl — VR Van Va

where §, is the thickness of the skin layer of the pure
metal, A, and A4,, are the absorptivities of pure titan-
ium and titanium saturated to the limit by dissolved
oxygen, respectively.

A numerical solution®® of the problem (3.6) using Egs.
(3.39) leads to the dependence A(f) shown in Fig. 11.
This behavior agrees well with the experimental curves
obtained in Refs. 70 and 73. The first rise in the ab-
sorption A(¢) in Fig. 11 is related to the process of dif-
fusion saturation of the metal surface by oxygen, while
the second is related to formation of a chemical com-
pound (oxidation of titanium).

The second problem which we shall consider is re-
lated to thermal decomposition of GaAs. In one model
of this process,” it is assumed that when the decompo-
sition temperature T, is attained, arsenic is evapor-
ated and the rate of evaporation is limited by the diffu-
sion of arsenic from the bulk of the medium along va-
cancies and interstices. It is also assumed that addi-
tional absorption proportional to the depletion of the vo-
latile component appears in the medium

o (z, t):ao[l—w],

a
N (2, 1) =0 = N (2, 1) |z000 = ¥,

N (2, 1) 1m0 =0, (3.40)

N(z,!) is the concentration of arsenic at depth z at time
t, and N, is the starting value of the arsenic concentra-
tion.

It is assumed in the problem that the thickness of the
diffusion layer is much smaller than the thickness of
the heated layer. For this reason, the diffusion equa-
tion is solved with boundary conditions (3.40) and the
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diffusion coefficient (3.36) D=ID(T,), T,=T(2=0,¢). We
have [compare (3.38)]

), OzDogexp(—%)dr.

(3.41)

AT (- — z

N, 1)7N0<D(2‘/.6
Next, the additional absorption is viewed as surface
absorption with absorptivity

A, 0= a0 dz=
¥

2

A4
vz (3.42)

%o l/ 8(Ty).

It is assumed that a layer of a seed inhomogeneity is
present on the material surface, giving rise to the
starting surface absorption of radiation with absorp-
tivity 4, <<1. Taking into account the initial and addi-
tional absorption, an integral equation can be obtained
for the surface temperature T, of the semiconductor:

To(t)=Tin+ (3.43)

— - 1
2odg V wt NV oaly \' A (D dr
Th ) J ?

Vak Vi—t

0

where k and a are the coefficients of thermal conduc-
tivity and diffusivity of the substance, respectively; I,
is the incident light flux density. Solving (3.43) and us-
ing the condition (d°T,/d¢?)|,,, =0, it is possible to de-
termine, making certain approximations,’ the activa-
tion time of the reaction ¢, and temperature 7, at which
the thermochemical instability develops T, =T (t=¢,):

]'*xj'o{g m[ VA V/.E/"L"T“_:I}_l, ty L T (3.44)

21 e a  Iid3 hal3d]

e) Reactions with continuous variation of the
stoichiometric composition

Two situations can arise during the course of thermo-
chemical reactions: 1) different reaction products form
layers with quite distinct boundaries and 2) the bound -
aries between the layers are very diffuse (or are absent
altogether as in homogeneous reactions). The first sit-
uation is characteristic in heterogeneous reactions, for
example, oxidation of copper with the formation of a
layered CuO/Cu,0/Cu structure,* while the second is
characteristic of the oxidation of titanium, when the di-
mensions of the transition regions between different
oxides and the metal (TiO,/T,0,/TiO/Ti) are of the or-
der of the thickness of the oxide layers themselves.™
The structure of such transition layers can affect the
absorption characteristics of the system and, corre-
spondingly, the dynamics of the thermochemical proc-
ess stimulated by the laser radiation,

In this section we shall examine the characteristics
of thermochemical reactions with a continuous variation
of the stoichiometric composition of the medium.

One such process is laser stimulated oxidation of al-
loys in air.” The distinguishing feature of the change
in the optical properties of this system stems from the
fact that the absorptivity of the alloy varies nonmono-
tonically with a change in the ratio of its components.
As a result of the different rates of oxidation of compo-
nents and corresponding depletion of the surface layer
of one of the elements, the absorptivity can increase or
decrease depending on the starting ratio between the
components.” The oxidation of X18H10T steel in air
stimulated by the free lasing pulse of a neodymium la-
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FIG. 12, Experimental dependence of the distribution of dif-
ferent compounds over the depth of the oxide film near the sur-
face of the alloy (X18H10T steel) with thickness 100 pm irradi-
ated by alr by a pulse of free generation of a neodymium laser.
Pulse duration=1.3 ps. Maximum target temperature
T~450°C.®

ser was investigated experimentally in Ref. 75. Then
the absorptivity of the alloy at 10.6 um was measured
and the composition of oxides and near-surface alloy
layers was analyzed using x-ray diffraction spectro-
scopy together with layer-by-layer etching. Figure 12
shows the distribution of the different compounds in the
surface layer obtained in this manner. Using these re-
sults and data on the specific electrical resistance of
the ternary Fe~Ni~Cr alloy, it is possible to estimate
the change in the absorptivity of the substance due to
chromium depletion of the surface layer (with simul-
taneous enrichment by nickel). It was shown in Ref. 75
that in this situation the absorptivity of steel decreases.
The mechanism examined in Ref. 75 can explain the de-
crease in the absorptivity of a number of metals at the
initial stage of their heating together with the diffusion
processes eliminating trace impurities from the sur-
face layer (laser cleaning effect®s*°),

Another important example of reactions with contin..
uous variation of the stoichiometric composition are
homogeneous processes such as polymerization, photo-
aging of polymers, polymidization, and others. Vari-
ous forms of thermal feedback can be established in
such processes. The sign of the feedback determines
whether a thermochemical instability develops in the
system or the process is self-stabilized or more com-
plicated dynamics are realized (self-oscillation, sto-
chastic reaction regime, etc.). Several forms of such
dynamics will be examined in what follows.

f) Dynamics of laser combustion processes

Positive thermal feedback of purely chemical origin
is necessarily present in systems in which exothermal
reactions occur. Such feedback can in itself lead to
thermal instability of the process, i.e., inflammation
of the substance. An example of such processes is the
problem of inflammation of metallic powders in a flow
of heated oxidizer.’® On the other hand, a feature of
laser inflammation of substances as indicated in Refs.
77-178 is the interaction of two types of thermal feed-
back in the system: chemical and laser,'?’ In addition,

12 The strong change in the absorptivity of metals during their
lager~induced inflammation was also noted in Refs. 51, 79
and 80.
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FIG. 13. Experimental oscillograms of the temperature T(t)
(1) and its derivative d7/dt (2), obtained during inflammation
of metals in air induced by continuous CO, laser radiation with
power P~20 W. a) Magnesium, target mass m=64.7 mg; b)
zinc, m=133.8 mg; c) tungsten, m=118 mg.™

laser inflammation is distinguished by the large variety
of accompanying phenomena. We note that the interest
in laser inflammation processes is related not only to
scientific, but also to the applied significance of such
research; we need only to mention the problems of gas-
laser working of materials.™®

The development of a thermochemical instability in
the systems examined proceeds more vigorously than
in thermally neutral reactions, it is accompanied by a
sharp increase in the brightness of the irradiation spot
(appearance of a flame), and it is distinctly observed
on oscillograms showing the heating rate (spike in the
derivative, Fig. 13).

An interesting manifestation of feedback due to a
change in the absorbed laser power is the dependence
of the inflammation time of the metal on the angle of in-
cidence and polarization of the radiation** (Fig. 14).
This effect is related to the strong absorption near the
Brewster angle of radiation polarized in the plane of in-
cidence. During the growth process of the oxide layer,
the position of the Brewster angle of the layers metal
+oxide system varies continuously from the Brewster

l‘m,s
12 30 A\e

! A
8 20
A
3
4 2 10
A 1 L L I 1
g 15° J0° 45° 60° 75° & 0 19° 30° s50° 07§

a) b)
FIG. 14, Theoretical (a) and experimental (b) dependence of
the characteristic heating time for metallic targets in air on
the angle of incidence of CO, laser radiation.** a) Heating of
copper target (»=0.7 g) to melting temperature (radiation
power P=1 kW), radiation is polarized perpendicular (1) and
parallel (2) to the plane of incidence, 3) unpolarized radiation;
b) heating of tungsten plate with thickness #=0.2 mm up to the
time of inflammation, unpolarized radiation P~ 700W (diameter
of the radiation beam under normal incidence constituted~5mm
and was much less than the characteristic transverse dimen-
sions of the plate L~ 5 cm).

Bunkin et a/. 676




angle for the metal

1 4
bum g (n—7%)

to the Brewster angle for the oxide
8, & arccos (n® + 1)-!/2

(the expression for 6, is presented for the case »=0),
where n is the index of refraction of the oxide and 4, is
the absorptivity of the metal (4,<<1). As a result,
there exists an optimum angle at which laser inflamma-
tion of the metal occurs with the lowest expenditure of
energy.

The activation time of the oxidation reaction with
oblique incidence of radiation was determined in Ref.
44, For radiation polarized in the plane of incidence
and a parabolic oxidation law, we have*

A} exp (A4, cos 6/4,) 4y A neh 2 nsTq
ta (0) =1, cos? O sint O v b d ( 165t A, ) » Ay P

(3.45)
Equation (3.45) is written for the case when convec-
tive heat losses are primarily important in the prob-
lem, while the angles of incidence of radiation 6 are not
too close to the values 0 and /2. It is easy to see that
the quantity ¢, has a minimum at an angle of incidence

#,, which is determined from the equation
coslny SIN2 0, __2PA
1—3cos20y  nsTq ° (3'46)

The position of the minimum depends on the power P
of the incident radiation and varies from angles close to
7/2 for low powers to 8, =cos™(1/V3)=55° for P—,
The decrease in energy expended on heating the metal
at the optimum angle of incidence can be very appre-
ciable (see Fig. 14). We note that in the experiments
described in Ref. 44, unpolarized radiation was used,
while energy decreased due to the fact that the increase
in the absorptivity for radiation polarized in the plane
of incidence exceeded the decrease in absorptivity for
radiation polarized perpendicular to the plane of inci-
dence. Following Ref. 73, experiments with polarized
CO, laser radiation were performed. These experi-
ments confirmed the physical reason for the decrease
in energy with oblique incidence of radiation.

In most problems of laser inflammation of metals
examined in the literature, development of the thermo-
chemical instability was complete either when the sys-
tem reached the stationary combustion regime or when
self-oscillations were established in it (Fig. 15). If we
take into account the fact that such systems usually
have two degrees of freedom (temperature and thick-
ness of the oxide layer), then according to the general
ideas of the theory of nonlinear oscillations, no other
forms of steady-state processes should exist.

As the number of degrees of freedom in nonlinear
systems increases, new types of system motion along
the phase surface can appear. In particular, if the
phase trajectory of a system falls in a region with si-
multaneous attraction of two unstable limit eycles, then
a stochastic dynamics of the system behavior, the so-
called strange attractor, is observed.?:8?

For this reason, the regimes of laser combustion of
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FIG. 15. Experimental dependence of the change in the tem-
perature T(f) and rate of heating dT/df of a tungsten target

(m =188.3 mg) in air under the action of continuous CO, laser
radiation (P=30 W). Damped self-oscillations can be seen in
the curve of dT/dt after inflammation of the target (¢="70 s).
The damping of the self-oscillations is related to the increase
in mass of the target during its oxidation.3*

metals with uniform illumination of the target surface
and with sharp focusing of radiation, when the spot ra-
dius is much less than the dimensions of the target, can
differ considerably. Indeed, in the last case, radial
heat conduction begins to play an important role. Then
the problem transforms into a distributed problem,
which indicates the appearance of more than two de-
grees of freedom in the starting system. These de-
grees of freedom can be clearly separated by approxi-
mately reducing the problem to a finite system of ordi-
nary differential equations and in the simplest case to
a system of equations for the temperature and thick-
nesses of oxide layers at the center and at the periph-
ery of the target.

This change in the dynamics of laser combustion was
investigated experimentally in Ref. 83. The stationary
combustion regime was observed with uniform illumi-
nation of the surface of a titanium target by continuous
CO, laser radiation, while the transition to the stochas-
tic combustion regime was observed with sharp focus-
ing: the rate of heating of the target varied randomly
(Fig. 16). The problem examined in Ref. 83 is an im-
portant example of a relatively simple physical system
in which stochastic oscillations appear. Analogous ef-
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FIG. 16. Experimental oscillogram of T(¢) and dT/d¢, ob-
tained with sharp focusing of continuous CO, laser radiation
(P=18 W) on a titanium target (m=50.5 mg) inair. After tar-
get inflammation (¢=17 s), the heating rate changed in a ran-
dom manner (the derivative dT/d¢ underwent chaotic oscilla~
tions). The laser was switched-off at ¢=24 5.3
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fects can also arise with laser stimulation of homogen-
eous reactions.

g} Optimal laser control of chemical reactions

The problem of control of chemical reactions belongs
to a set of physical problems that have a practical ori-
entation from the very beginning, since we are talking
about either reducing the cost of chemical production of
some substances or creating new substances with some
special properties (superpure metals, etc.) by solving
suchproblems. For thisreason,inlaser chemistry, be-
sides finding new physical mechanisms for the directed
action of laser radiation on the course of chemical re-
actions, it is also necessary to determine the limiting
possible boundaries of the response of a chemically ac-~
tive medium to such forms of interaction and to study
the problem of optimal control of reactions. Here we
have in mind the possibility of choosing the radiation
parameters in such a way that the process proceeds
along a trajectory lying as close as possible to the re-
quired trajectory. Another approach consists of deter-
mining the conditions under which a predetermined
quantity characterizing a given process reaches an ex-
tremum value, for example, maximum mass yield of
some component of the reaction products or minimum
energy expenditure per unit mass of the chemical com-
pound formed, etc.®

In our opinion, the main advantages of laser thermo-
chemistry must appear precisely in those cases when
the relatively expensive laser radiation is used not for
simply heating the substance, but for controlling the
reaction. In this connection, we recall that self-regu-
lating stable processes in chemical technology very
often turn out to be unfavorable for one reason or
another. In particular, we recall the example of soft
oxidation of organic substances given in Ref. 12: in the
lowest stable regime, the reaction rate is inadmissibly
small, while in the upper stable regime, the yield of
undesirable products of deep oxidation (carbon dioxide
and water) is too high. In order to obtain maximum
yield of valuable products from incomplete oxidation,
it is necessary to learn how to make these processes
proceed along the middle, unstable temperature re-
gime. This problém can be completely solved with the
help of laser control of the process.

Another example of a problem of optimum control of
thermochemical reactions is the problem of minimizing
the expenditure of energy on heating metals in an oxi-
dizing medium by laser radiation, which is important
for practical applications. Minimizing energy expendi-
tures is one of the most widely used formulations of
optimal problems in studying laser working of met-
als,®8 The optimal regime corresponds to the best,
with respect to energy expenditures, relation between
competing factors: increase in absorptivity of the tar-
get during growth of the oxide film and increase in heat
losses with an increase in the duration of heating.

Some aspects of this problem were examined in Refs.
44 63, and 84-87, where in the optimal wavelength,®®
optimal angle of incidence of the radiation [see (3.46)],
optimal power® of the continuous laser radiation were
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Pnl(t)

FIG. 17. Main part of the optimal regime for action of CO,
laser radiation on a copper target in air, obtained as a result
of a numerical solution of the problem in optimal control
theory®™ (4,=5.5 s, T;=1300 K).

found. The possibilities of optimization for the basic
interaction regimes of existing lasers (continuous,®
pulsed,® pulsed-periodic®®) were investigated for given
temporal shape of the pulse. However, the true mini-
mum in energy expenditures is realized for some com-
plex temporal shape of the laser pulse, which can be
found by solving a problem in optimal control theory.
Specifically, it is necessary to find the pulse shape
(optimal control) that minimizes the energy functional
in the presence of coupling®:

tf .

E:SP (t) dT = min, T(tf)=To
0

(3.47)

(T, is the final temperature attained at time t;). Here
it turns out that the optimal power P= P*(¢) [minimizing
the functional (3.47)] represents a combination of the
overall and special controls (Fig. 17), which is well ap-
proximated by the combined laser action regime (com-
bination of continuous and pulsed interactions).

Regimes involving combined action of radiation are
of special interest for exothermal reactions, where
large energy gains can be attained with their help. This
was first demonstrated in Ref. 88, wherein laser in-
flammation of metals with combined action of radiation
was investigated. It was shown in Ref. 88 that the addi-
tional action of a Nd-laser pulse sharply decreases en-
ergy expenditures on heating a titanium foil in air by
continuous CO, laser radiation. Combined action for
other irradiation regimes and another combination of
wavelengths was studied in Refs. 89 and 90. The “laser
match” effect in laser-stimulated combustion of metals
was also discussed in Ref, 78,

4. DYNAMICS OF LASER-STIMULATED
THERMOCHEMICAL PROCESSES IN DISTRIBUTED
SYSTEMS

Up to now we have been discussing the characteristics
of thermochemical processes in point systems, i.e., in
systems with a finite number of degrees of freedom,
described by ordinary differential equations. However,
in many cases, laser thermochemistry involves dis-
tributed, active, kinetic systems with an infinite num-
ber of degrees of freedom.

Two types of systems of this kind can be distin-
guished. The first type involves transport processes
such as diffusion, heat conduction, and so on and is de-
scribed by a system of parabolic equations with nonlin-
ear sources.
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where x; are the concentration of substances or the
temperature of the medium, £ are the spatial variables,
D, are the coefficients of diffusion or heat conduction,
and F; are nonlinear sources.

Another type of distributed system is described by
nonlinear hyperbolic equations and is encountered in
studying propagation of laser radiation in nonlinear me-
dia.

It is also possible to have situations when both para-
bolic and hyperbolic type equations must be used simul-
taneously in order to describe the process adequately.

The qualitative theory of such distributed systems is
much more complicated (and less well developed) than
for the corresponding point systems. Although distri-
buted problems in laser thermochemistry were first
investigated only very recently, here, as in the case of
point systems, the analogy to distributed problems in
nonlinear optics, plasma physics, hydrodynamics, bi-
ology, etc., to a certain extent helps to understand the
reason for a number of observed phenomena,® %

In this section, we shall examine processes that oc-
cur in systems of the type (4.1). Section 5 is concerned
with problems involving propagation of laser radiation
in media with an optical inhomogeneity arising as a re-
sult of the occurrence of chemical reactions.

a) Development of instabilities in distributed systems

Since the theory of self-oscillatory processes in dis-
tributed kinetic systems was examined in Ref. 96, we
shall restrict our attention here to certain ideas of an
introductory character, and we shall also refer to some
papers that were not included in Ref. 96, which could
be interesting for specialists working in laser thermo-
chemistry.

As is well known,”® the systems (4.1) exhibit a much
larger variety of different types of instabilities than the
corresponding point systems of the form

dry
de

(4.2)

=P (), i= e

Stationary solutions of the system (4.2) x;=x} are si-
multaneously homogeneous, stationary solutions of the
system (4.1) with zero boundary conditions of the sec-
ond kind at £=0 and £=L. The problem of the stability
of stationary solutions for point systems was already
examined above [see (2.1}—(2.4) and following]. In the
case of distributed systems, homogeneous stationary
states could be unstable relative to the spatial pertur-
bations of the form

). (4.3)

I;—af =a;exp ('y,.t—{-—-L—g
For a given wave number k/L and depending on the
number of unstable roots (i.e., roots for which y,>0),
the instabilities can be either self-oscillatory with an
even number of roots or so-called Tiiring instabilities,
which lead to the formation of stationary dissipative
structures with an odd number of roots (for more de-
tails see Ref. 96). Such dissipative structures in “non-
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laser” chemistry were investigated for a number of
autocatalytic reactions, in which hysteresis and quasi-
harmonic and contrast dissipative structures were ob-
served,®"%:%6"% Metastable dissipative structures were
observed in the course of studying nonlinear heat con-
duction equations, %%

The instability of homogeneous states is only one of
the diverse forms of reaction of distributed systems to
external actions (perturbation of initial conditions).
Even in the simplest case when the distributed system
is described by only a single equation of the type (4.1),
depending on the form of the function F{x) both thresh-
old and threshold-free self-excitation regimes of the
system and appearance of a stationary or a pulsating
reaction front can be realized. Systems of this type
have been studied in connection with numerous prob-
lems in combustion physics,?''? investigation of the
dynamics of activity zones of heterogeneous catalyz-
ers,10%10 etc,

A number of self-oscillatory processes (synchronous
oscillations and standing waves, generation of quasi-
stochastic waves and so on) was observed in the Be-
lousov -Zhabotinskii reactions. 2%

Certain types of distributed processes in problems
involving the physics of interaction of laser radiation
with matter were investigated in papers on the thermal
mechanism for breakdown of dielectrics,'®™% on the
investigation of the instability of a planar vaporization
front,'’° on instabilities of the interface in the growth of
a crystal from a supercooled fluid,''* and others. A
number of such problems were recently examined in
Ref. 112.

In this section we shall examine the characteristics
of some thermochemical processes in distributed sys-
tems: appearance of dissipative spatial structures in
problems of laser heating of decomposing substances,
the problem of a surface combustion wave (appearance
of surface thermochemical instability), and the problem
of the volume thermochemical decomposition of some
organic dielectrics.

b) Screening of the surface by the products of
thermal decomposition of materials

As is well known, the products of combustion of or-
ganic materials (soot particles, CO, molecules, etc.)
strongly absorb radiation with wavelength A=10.6 pm,
This increases the expenditure of energy on working
such materials, as wood, textolite, etc., with CO, la-
ser radiation. It is possible to lessen the screening
action of the combustion products by blowing gas over
the radiation interaction zone. This problem was ex-
amined theoretically in Ref. 113. In the simplest case,
it is described by a system of coupled equations, name-
ly, the equation of heat conduction and the diffusion
equation for the decomposition products in the gas flow:

(AT =0, <0,
| ki) 10 @ =nTs—Tx),  r<a,
| T E = T (T Ta), r>a, (4.4)
{ I =1 @—rexp{—o { n(r, o 2)ds},
n
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where T,=T{(r, ¢,z=0) is the surface temperature, D is
the coefficient of diffusion of a soot particle, T, is the
temperature of the gas flow, n is the concentration of
soot particles in the gas, v is the gas velocity, & is the
coefficient of thermal conductivity of the material, I , is
the initial radiation flux density (for z — +»), ¢ is the
cross section for absorption of radiation by a soot par-
ticle, and Q(r, ¢) is the flux density of soot particles
from the surface. In contrast to the coupling of differ-
ential equations via nonlinear sources [see (4.1)] that is
usually dealt with in the theory of self-oscillatory proc-
esses, in the present system Eqs. (4.4) and (4.5) are
coupled via the nonlinear boundary conditions.

It is convenient to go over to dimensionless variables
in the system (4.4), (4.5) and to transform it into a
system of integral equations for the quantities I(r, ¢)
and T,(r, ¢):

25

1
T(r, @) ==exp {— u(i;u‘l S rodry S d;n‘ exp
0 ?

X [%(rcos‘p—;g coscp,)]Ku (%;) o, ;p')} 0(1—r), (4.6)
T {0 | (- [ 29)
D —_N"(n_lfa)]}f(r_u ¢1);
where we have introduced the notation:

;=%, '.—.=T—ov T“=£}{‘L' 0=, Qo=0lr=rmi
L)

71 7 o -
I——I-o—, TQ—T—, u-a
u=Vr+r:—=2rr,cos (p —gy),

H, is the Struve function, N, is the Neumann function,
and K, is a zero order cylindrical function of imaginary
argument,

The system (4.6) was solved numerically on a com-
puter using the method of successive iterations. For
the total power of the radiation reaching the target sur-
face, the calculations gave the natural result (Fig. 18):
as the velocity of the gas flow past the surface in-

1£2/3/4,

g i i
! J 5

; tg(va/2n

FIG. 18, Theoretical dependence of the radiation power reach-
ing the surface through an absorbing layer of products formed
by thermal decomposition of the material. Parameter values:
T,/Ty=10, T,=0.1, na/k=0, 0Qu?/D=10% (1), 10¢ (2), 10° (3),
and 10'0 (4),113
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d)

FIG. 19. Distribution of the radiation flux density 1/1, over
the surface area of the irradiated zone as a function of the blow
rate. va/2D=10' @), 10 (b), 10% (c), 10! (d), 10° (e) 10° (f);
na/k=0, oQu®/D=1013

creased, the power increased. However, analysis of
the radiation flux density distribution over the target
surface showed that beginning with some gas flow ve-
locity, the topography of the function I{r, ¢) changes
considerably (Fig. 19) until the interaction region is no
longer screened.

The stability of such dissipative structures was ana-
lyzed on a computer using different variations of the
form of the zero-order iteration, while the convergence
of the iteration procedure was checked by increasing
the number of elements in the spatial grid {a7, a¢}, the
accuracy with which the integrals (4.6) are calculated,
and the number of iterations. In the range of variation
of the parameters studied, the dissipative structures
turned out to be stable, and the iteration procedure .
converged well.

c) Surface instabilities (surface combustion
wave)

When laser radiation interacts with a target whose
dimensions are greater than the diameter of the beam,
heat conduction effects begin to play an important role.
In this section, we shall examine a spatial instability in
the form of a traveling surface reaction front. This
situation is characteristic of heterogeneous exothermal
reactions in which a “seed” region of the reaction of
the order of the dimensions of the beam begins to spon-
taneously expand under the action of the laser radia-
tion, i.e., the reaction of a point located outside the
zone of direct action of laser radiation is activated by
the liberation of energy by the reaction at other points
and by the spatial redistribution of heat by heat conduc-
tion. Since this problem has not been examined previ-
ously in the literature, we shall consider it in greater
detail.

Let a laser beam with radius », be incident on a me-
tallic specimen occupying the half space » > 0. We shall
assume that an exothermal oxidizing reaction with lin-
ear kinetics (this is valid for metals whose oxides do
not form a compact coating) occurs on the surface of
this specimen, For simplicity we shall also assume
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that the absorptivity of the target during the growth of
the oxide layer rapidly reaches a stationary state A
=const. The change in the target temperature in this
case is described by the following nonlinear boundary
value problem:
19 ar o
77—7‘5 (’T) PO

—k —AI(r)J‘queXp(——Z‘i‘/‘

z2>0, rz=0,

(4.8)

az 7=0 2=0"

Tles=-0, T—>0 for ViZ-

22 —» 00

with the natural condition for smoothness at §=0: (87/
ar) |r=0= 0. Here k and q are coefficients of heat con-
duction and thermal diffusivity, p is the density of the
oxide, W is the specific reaction heat liberated by the
oxidizing reaction, and v and T, are constants in the
linear oxidation law. We shall assume that the intensity
distribution I(») is Gaussian

I(r)= Iae\p( 'r: ) (4.9)

As the analysis shows, the appearance of an instabil-
ity in (4.8) and (4.9) in the form of a surface combustion
wave has a threshold character. The stability boundary
of the localized combustion regime relative to the quan-
tities (I,,7,) can be found from the stationary solution
of the problem (4.8). Outside the region of stability,
the problem (4.8) does not have stationary solutions.

Taking into account the smoothness of T(r,z) at r=0,
we assume that at 2=0

(4.10)

T (r O)zr.(i—dT), rt g d?,

and we shall find a relation between the parameters of
the problem and the constants T, and 4 that have been
introduced. We first note that near the axis of the beam
the intensity of energy liberation can also be represen-
ted in Gaussian form:

1ex=vaexp(——7;.—) ~ quexp(—Td)

(4.11)
Taking (4.9) and (4.11) into account, the stationary so-
lution of (4.8) can be written in the form

T(r,z=0):To(r)+Te,(r), (4.12)

where T.(r) is the temperature field arising from ab-
sorption of laser radiation energy (4.9), while T, (v) is
the temperature field arising from the exothermal re-
action (4.11):

Ty (r)= '”ﬂ’" . (4.13)

VE pexp (2] 1y (L)
B ’l]d&\P( Z,Agjlo( i 17

Va T \- Wor,
Tex (r)=_z_1pTdbexp(—-%_ (T) _ P”z;r .

Expanding (4.13) near the beam axis in powers of »
and equating the coefficients with identical powers of »
in (4.10) and (4.11), we obtain a system of equations for
T, and d, which permits finding the functions 7 ,(q, u)
and d(q, 1). This system does not have real solutions
for all values of ¢ and u. Eliminating d from this sys-
tem of equations, taking into account the appearance of
a solution of the equation for 7,, we obtain an equation
in parametric form for the boundary of the region of
(g, 1) where the combustion front does not propagate:
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FIG. 20. Graph of the boundary of stability 7= (0wW/ kT r,,
I={(A/pvW)I}). The curve 7 ) has a self-intersection point;
the position of the ‘“loop” arising in this case is shown by the
dashed line (it is not distinguishable on the scale of the figure).
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If v, and I, fall in the instability region ¢>q,(x),
> u,(x), then stationary solutions of Eq. (4.8) do not ex-
ist and a combustion front propagates along the surface
of the specimen. In other words, Eq. (4.14) permits
determining the critical values of the beam radius 7,
and intensity I,

oW a1 (2

Iyoe =2 0 (4.15)

kT
Foer= —pﬁl‘x (%),

, the relation », (I, ) given in parametric form.

Figure 20 shows the stability boundary (in dimension-
less form) »,=f(I,). As an analysis of Eq. (4.8) shows,
a stationary temperature field is established below the
stability boundary or inflammation occurs in a region
of the order of the beam dimensions (localized combus-
tion). Above the boundary, the region where the reac-
tion occurs loses stability after a certain activation
time. At the same time, peaks can be observed in the
spatial temperature profile (analogous to those exam -
ined in Refs. 100 and 101).

We note that the appearance of a surface combustion
wave was observed experimentally in Ref. 80, where
laser combustion of tungsten in air stimulated by con-
tinuous CO, laser radiation was observed. Radiation
with power P=1 kW was focused onto a spot with dimen-
sions <1 mm on the face of a long tungsten rod with di-
ameter ~1 cm inclined at an angle of 45°,

At first, over a time ¢, <1,, the tungsten was ignited
in a region of the order of the dimensions of the beam,
and then after ¢,>>¢,, the combustion front propagated
almost in a jump-like manner over the entire end-face
of the rod and even onto its lateral surface.

d) Volume instabilities in distributed systems

Phenomena analogous to those examined in the pre-
ceding subsection can occur not only on the surface, but
also within the volume of a system. As an example, we
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F1G. 21. Profiles of the effective temperature T/ T, calculated
for ZhS-12 glass in Ref. 106 at different times {=nA¢t (the
number » is shown on the graphs) for the cases 7<I* (a) and
I>r ().

refer to Ref. 106, wherein a thermal model of optical
breakdown of a dielectric with absorbing microinhomo-
geneities is examined. Such a problem was described
in Ref. 106 by a nonlinear heat conduction equation (co-
efficient of thermal conductivity and coefficient of ab-
sorption of the laser radiation varied with temperature
as ~exp(-7,/7). In this form, the problem is very
similar to well-known problems of a thermal explosion,
At the same time, these problems also differ consid-
erably due to the fact that the problem examined is
formulated in an infinite space. Due to this formula-
tion, the traditional situation when the stationary equa-
tion for the temperature has three solutions T, <T,< T,
one of which is unstable, does not arise here. The
analysis performed in Ref. 106 shows that only two sta-
tionary solutions arise in the problem for the charac-
teristic heat localization radius R, <R,.'*’ As the laser
radiation intensity I increases, these radii converge
and become equal at some value of the intensity I=1I*.
For I>1I*, the problem does not have stationary solu-
tions, while for I <I*, the problem has solutions in the
form of a localized temperature field. Figure 21 shows
an example of the results of a calculation of the tem-
perature profile for the problem indicated in the case I
<I*and I>I*.

The case when nonlinear absorption of linear radia-
tion arises due to chemical reactions occuring in the
volume of a substance was investigated in Refs. 114
117. A rigorous analysis of the development of a vol-
ume thermochemical instability for such processes was
first performed in Ref. 115. In this paper, the problem
of the thermal decomposition of a transparent polymer
(polymethylmetacrylate) stimulated by laser radiation
was examined. The decomposition products (soot) gave
rise to increased absorption of radiation,

The change in the soot concentration was deséribed
by the equation of chemical kinetics

-‘;-:-—=v(i——c) exp( —%‘) , ¢ |tm0=0, v=const, T,=const.(4.16)

The coefficient of absorption of the radiation a was as-

13 For the case examined in the preceding subsection, these
two radii have a clear physical meaning: one of them (R,)
is the characteristic scale of localization of heat due to the
action of the laser source (R, ~ 7y while the other (R,) is the
characteristic scale of localization of heat due to the “chemi-
cal” source (exothermal reaction).
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FIG. 22, The growth of the effective inclusion size y=R/R,
with time x =t/ for different values of the parametery =T,/T,.
The quantity y is indicated by the number labeling each curve.!'®

sumed to depend on the soot concentration according to
the equation

o = OoC, @y = const.

(4.17)

The equations of heat conduction and light flux ab-
sorption were solved simultaneously with (4.16) and
(4.17) in the quasistationary approximation (soot forma-
tion process is slow compared to heat conduction). As
the analysis of this problem showed, the volume ther-
mochemical instability developed in the presence of a
“seed” inclusion, whose initial form was approximated
by a sphere with radius R,. The instability indicated
did not have a threshold and developed over a time

T, = doRe

oy (4.18)

~ . Ta Ta
ta & o F oXP (‘IT) ’

k is the coefficient of thermal conductivity and I, is the
laser radiation intensity.

The soot formation process in this problem effective~
ly increases the size of the inclusion R=R(#). The
graphs of the function R(t), obtained in Ref. 115 are
presented in Fig. 22. We note that Eq. (4.18) for the
activation time of the reaction, just as for other quasi-
stationary problems [see (3.14)] contains the character-
istic factor exp(T,/T,).

5. NONLINEAR OPTICAL PHENOMENA iN
CHEMICALLY ACTIVE MEDIA

As already noted above, one of the basic characteris-
tics of thermochemical processes stimulated by laser
radiation is the presence of feedback due, on the one
hand, to the temperature dependence of the reaction
rate and on the other hand to the variation of the optical
properties of the system during the course of the reac-
tion. This circumstance can lead to a number of inter-
esting characteristics in propagation of laser radiation
in the medium. We have in mind a new inertial nonlin-
earity of the medium, leading to self-action of light
beams and differing from the traditionally examined
mechanisms (see Refs. 91,118,119) and nonlinear ef -
fects accompanying resonance absorption of radiation
(for example, Ref. 120, etc.). The mechanism of the
nonlinearity related to laser-stimulated photochemical
reactions was discussed in Ref, 121, Here, we shall
examine the effect of the thermochemical nonlinearity
on the propagation of a laser beam in the medium.*®
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Depending on the nature of the reactions occuring, such
a nonlinearity can lead both to self -focusing and self -
defocusing of the beam.

During the course of a chemical reaction, the index
of refraction of the medium can vary due to the forma-
tion of substances with dielectric permittivity ¢,, dif-
fering from the dielectric permittivity ¢, of the starting
substance. Thus, if the concentration of the reaction
product is ¢ and |e, —&,| << |¢, |, then the dielectric
permittivity of the medium is given by relations follow -
ing from the Lorenz-Lorentz equation®® [see (3.24)]:

=t Fe(e, —egy) O<Le<, (5.1)

n=n ~cny,—n), %=1 1tcx —x),

where Ve, =n,+in, (k=1,2). In what follows, we shall
assume for simplicity that », = »,= n=const. I n,>n,,
then a factor leading to self-focusing of the radiation
appears in the medium. On the other hand, the condi-
tion n,<n, indicates the appearance of a factor leading
to defocusing.

However, such a chemical nonlinearity can rarely ex-
ist in pure form. More often it is accompanied by a
thermal nonlinearity, a number of properties of which
were examined previously (see, for example, Ref. 118).
Since the index of refraction depends on temperature,
together with the chemical nonlinearity there also ap-
pears a competing, thermal mechanism for the nonlin-
earity. The direction of action of this mechanism is
determined by the sign of the derivative an/6T. For
9n/8T >0, the thermal mechanism leads to self-focus -
ing, while in the opposite case, it leads to self-defoc-
using. In gaseous media, with which we shall be con-
cerned, usually 8x»/8T <0, where the derivative is cal-
culated at constant pressure,

The equations that describe the spatial distribution of
radiation have the following form in the geometric op-

tics approximation''®
al el du | u
G tug () 1+er=0,

du du N
=%

(5.2)
N— Re (e —n}) _ n?—nj—x?

2n} 2n} '

where I is the radiation intensity, « is the inclination
of the elementary ray to the beam axis, z is the longi-
tudinal coordinate and 7 is the transverse (radial) coor-
dinate, & is the coefficient of absorption of the radiation
in the medium [in what follows, we neglect the term 6]
in (5.2), assuming that the energy losses at the dis-
tances of interest are small], and n, is the value of »;
at the initial temperature of the medium.

Assuming that 8x,/8T = 3n,/8T = 8n/8T, the quantity
8N/ 8r can be rewritten approximately in the form ( |n,
- ' << nl):

O 1 9n of | ma—ng Oc

ar ny, 0T 3r ng or *

(5.3)

The change in the temperature of the medium is re-
lated to absorption of radiation and the heat liberated
by the reaction:

o _ W e, b

8t ~— cp Ot ' cpp

(5.4)

where W is the specific reaction heat, ¢, is the specific
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heat capacity, and p is the density of the medium (we
assume that p=const, c,=const). In (5.4), we neglected
heat conduction effects, assuming that the characteris-
tic times of the processes 7 are short compared to the
characteristic heat conduction time (1 <7r%/a, 7, is the
beam radius, and a is the thermal diffusivity of the me-
dium).

Finally, we shall include the kinetic equation of the
reaction itself:

%=ko(1—c)exp( —

) (5.5)

where k, and T, are constants for a given reaction and
T,, is the initial temperature of the medium.
We shall give the initial and boundary conditions for
Eqgs. (5.2)—(5.5) in the form
I|.=0 =1y (r),

¢ li=0=0,

U li=0=0,

T fizo==0. (5.6)

First of all, it is evident from the system of equations
(5.2)—(5.5) that if

_ 4 on W | ny—n =0, (5.7)

then the dynamics of the radiation beam are exactly the
same as in the absence of a chemical reaction, when
only the thermal nonlinearity is present. Indeed, intro-
ducing the quantity 6=7 —(W/c,)c, we obtain from
(5.2)~(5.5) a system of equations for u#, I, and 0, coin-
ciding exactly with the well-known equations describing
thermal defocusing.!t®*®

In the general case, the solution of the problem for-
mulated above presents great difficulties. For this rea-
son, we shall make some simplifying assumptions.
First, we shall assume that the changes in the temper-
ature of the medium during the process are small

r<r,="h, (5.8)

Ty

Further, we shall assume that ¢ <1 (i.e., we shall re-
strict our attention to stages of the process that are far
from saturation). Finally, we shall examine only one
important case, namely, the near-axial approxima-
tion''® (i,e., we shall examine the dynamics of the beam
only near the beam axis).

We shall give the radiation intensity distribution at

the entrance of the beam to the medium in the form
Lin=I(1—5), A< (5.9)
9

For what follows, it is convenient to introduce the fol-.
lowing notation:

_ T | _ 51y _r
= T, " d T pepTy = ro '
__ .z _ 1 _ pepTy __ I on
n=i, Q=te a=t2lg, = Diinog | (5.10)
oy RaT M __ oW _ Ty
Y=o ==, ﬂ—-—“mo dy, do—kaexP(———Tm)-

Then, using the assumptions adopted with a<«1, the
starting boundary value problem can be rewritten as
follows:

-t £ (Bus =0,  Inmo=1—E2,
Untuug= —v0:+9Q:, U |g=0=0, (5.11)
01:1+®v ®|1=0:01
=P (1+D)+7, Q=0 =0.
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In the near-axial approximation, the solution of this
system must be sought in the form

i€ =g (1~ Fos ) 46 n D=,
QE 3 V=D(n,7)—8F(n,7), OE nY=H( 1)-88(n, 7).
(5.12)
Substituting (5.12) into (5.11) and eliminating some
functions leads to a system of equations that is the bas-
ic system for further analysis of beam dynamics in a
chemically active medium:
¢ fan=(2vF.—2yF) {,
[ F11=BF1+ ‘;T ,

f'nﬂﬂ"‘ [} F'T=0=01'

5.13
foln=0=0, Fq;|e=p=0. ( )

It should be noted that the number of parameters can
be reduced from three to one, with the parameter being
€.=7/vB, by a scale transformation of the quantities
F,n, and 7 in (5.13). Depending on the signs and ratios
between the coefficients, the system of equations (5.13)
describes different cases of nonlinear beam dynamics
in the medium in which the chemical reactions occur.

First of all, for small 7 the solution of (5.13) is given
by the expression

R

(—e)+et |me+ ... (5.14)

It follows from here that for T <<1/f the beam defo-
cuses due to direct heating of the medium by the radia-
tion and formation of a thermal defocusing lens (fy|,.0
=2p7>0). Further, if the reaction is exothermal (8> 0)
and, in addition, £,=y/pB<1, then the thermal defocus-
ing lens is stronger than the focusing lens, which could
arise due to the formation of substances with a different
value of n. [We note that the quantity 1 —¢, coincides to
within the factor ~ - p8 with the quantity A introduced in
(5.'7_).] In the case of an endothermal reaction 8<0,¢,
<0 (as well as in the general case 1/g,<1, including 8
>0,&,<0, etc.), thermal defocusing is replaced by fo-
cusing due to the increase in the index of refraction.
This change in the nature of the process occurs over a
time 7, determined from the equation
e (5.15)
Over this time, the chemical lens reaches the point n
=0 and the beam begins to converge immediately after
it enters into the medium.

We note that for an endothermal reaction (8<0), when
v=0, iLe., the index of refraction does not change due
to the chemical reaction, a self-stabilizing process oc-
curs with a transition into the steady-state regime [ f
=VI+2y[BI"?F, = B|™; compare (5.14)]. This nature
of the process is a result of the competition of two
thermal mechanisms: heating of the medium due to
absorption of radiation energy and cooling of the medium
due to the endothermal nature of the reaction.

The case g,=1 [compare (5.7)] occupies an interme~
diate position: for ¥> B8, the chemical lens becomes
stronger than the thermal lens with time and, vice
versa, for y<pB, the defocusing factors are dominant
over the entire time of the process.

Without stopping to consider the particular solutions
and analyzing the system of equations (5.13) in greater
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detail, we shall briefly examine the influence of dif-
fraction effects on the beam propagation dynamics in a
medium with a chemical inertial nonlinearity. These
effects can be included using a technique analogous to
that used, for example, in Ref, 122 and reduces to ad-
ding to the right side of the first equation in (5,13) the
term p/f%, where p=(r,/R,)? R,=kr? is the diffraction
length of the beam (% =2my,/A). We shall examine the
particular case 8=p=0, when thermal effects can be
neglected. Then we have

fan =~ 2vF1,
1 (5.186)
Fo=—

[

At the point the beam enters the medium f |,_,= 1.
For this reason, the seli-focusing condition (when the
focusing action of the chemical lens turns out to be
stronger than diffraction divergence) f,,|,.,<0 assumes
the form

vi2

{fnn=l~"—2YF<0 or T>1-
Fop=1.

In dimensionless form, this condition appears as fol-
lows:

npepTt, no
*38T,

(Ec)> (Ec)er = (5.17)

ng—ng "
In other words, in contrast to Ref. 118, the product

of the total energy of the laser beam E=n7iI ¢t by the

concentration of the reaction product ¢ =d¢ is critical.

When condition (5.17) is satisfied, a constriction ap-
pears in the beam, which at first moves into the bulk
of the medium from the point 7=0 and then, as the re-
action continues, begins to move in the opposite direc-
tion. The spatial structure of the beam in this case as-
sumes a quite complex form, which changes strongly
with time.

Figure 23 shows the behavior of the beam profile f(n)
at different times 7, found on the basis of the numerical
solution of the system of equations (5.16). For suffi-
ciently large 7 (when ¢~ 1), the medium becomes opti-
cally homogeneous and the initial beam profile is re-
stored.

Experiments were performed on the pyrolysis of NH,
and CF,I (in a mixture with the buffer gas SF;) by CO,
laser radiation, The pressure of the gas mixture in the

2
z=0 1777
) ’ 25
4,
— e 4
- —i [
2 7 2 3 7

FIG. 23. Behavior of the laser beam profile at different times
(for y=p=1; the cases y=1 and p =1 reduce to the preceding
case by scale transformations of £ and 7).

Bunkin et a/. 684




cell varied from 10 to 100 torr and the radiation power

was 20 W, In passing through the cell, the beam exper-
ienced self-focussing several times. In addition, more
complicated processes were observed: random change

in the transmitted radiation power, division of the beam
into several components, etc.

We examined here the simplest example of a chemi-
cal nonlinearity. The beam dynamics become much
more complicated if more than one final product (with
different optical properties) can form in the reaction or
if the reaction can proceed via several channels with
the formation of different intermediate substances. Ad-
ditional special features in the propagation of radiation
in such media can also arise from the fact that in a
thermodynamically nonequilibrium system the relation
between the different reaction components depending on
the conditions can strongly differ from the thermody -
namically equilibrium relation.

6. CONCLUSION

The intense development of laser thermochemistry
presented us with a traditional problem: a number of
interesting works appeared while this review was being
written, in particular, the experimental papers Refs.
123 -126 on stimulation of a number of homogeneous re-
actions. These papers were not included in this review,
since in order to interpret them, a special theoretical
analysis is required. Nevertheless, on the whole, we
feel that the present review correctly reflects the fron-
tiers of research in laser thermochemistry at the mid-
dle of 1981.

We do not want the reader to form the opinion that
everything is now fundamentally clear in laser thermo-
chemistry and future research can only be concerned
with refining some details of specific processes. In our
opinion, this is a broad field for research for all spe-
cialists interested in the problems discussed here.
Problems that have not been researched include ther-
mochemical phenomena in external electric and mag-
netic fields, problems of kinetics of chemical processes
in systems located near a critical point, and many oth-
ers.

We would like to make a few remarks concerning a
class of problems that fell outside the scope of the
present review. These include inverse problems of la-
ser thermochemistry, i.e., the possibility of determin-
ing the kinetic and optical characteristics of the reac-
tion with the help of relatively simple measurements of
the thermodynamics of the processes (temperature,
heating rate). Some methods for solving such problems
were proposed in Refs. 127 and 128. In our opinion, for
heterogeneous processes, there is a possibility in a
number of cases to perform diagnostics of atomic char-
acteristics of a surface without using the fine methods
of microscopic investigations.

In conclusion, we emphasize once again that although
laser thermochemistry is based on thermal control of
chemical processes and in this sense we can conceive,
purely theoretically, a “nonlaser” method for creating
a programmed, optimal, dynamic temperature field,
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but there is hardly a way other than a laser for creat-
ing such a field. Only the presence of thermal feedback
and the high capability for self-organization of the sys-
tems involved permit creating in laser thermochemis-
try complex space-time distributions of such a temper-
ature field. In this sense, we can say that the unique
characteristics of laser radiation permit realizing
qualitatively new types of thermal control of chemical
processes.

We thank A. M. Prokhorov for his interest in the de-
velopment of research on laser thermochemictry and
his constant support.
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