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In those cases when a medium is heated by excitation and the molecules that absorb radiation resonantly are
subsequently deactivated, microscopic temperature fluctuations are produced in the medium as a result of
strong heating of small regions around the deactivated molecules. Notwithstanding the small volume and
short lifetime of these regions, it is they which decide the rates of the chemical reactions when the medium is

heated by UV radiation of sufficient intensity.

PACS numbers: 82.20.Rp

INTRODUCTION

The temperature T of a medium that absorbs laser
radiation depends on the time ¢ and on the spacial co-
ordinates r, particularly because the laser pulse is of
limited duration and irradiates a limited volume. This
dependence frequently influences substantially the
chemical reactions that take place in the medium as it
is heated (see, e.g., Ref. 1). The present paper deals
with a dependence of another type, microscopic, when
the temperature T changes substantially within a time
of the order of 107! sec and over a distance of the or-
der of 107 cm. We shall show that if the medium is
heated because it contains resonant molecules (or
atoms), temperature microfluctuations of the type indi-
cated must occur in it; they occur also when the laser
operates in a certain sense in a cw regime and irradi-
ates a large volume. We shall show that when the
medium is heated by sufficiently powerful ultraviolet
(UV) radiation the temperature microfluctuations in-
crease the rates of chemical reactions with activation
energy exceeding 10 kcal/mol, i.e., of practically all
reactions; this increase is larger the higher the acti-
vation energy of the reaction.

The action of low-power UV radiation reduces as a
rule to photochemical sensitization, meaning chemical
reactions with participation of resonant molecules or
with participation of other molecules to which a quan-
tum 7w, can be transfered by collision,’ where w, is
the radiation frequency. Processes that proceed with-
out the indicated molecules do not respond to low-power
UV radiation, since this radiation hardly changes the
average temperature of the medium. In view of the
progress made in UV laser technology, it is of interest
to investigated the purely thermal action of sufficiently
strong UV radiation that influences all the temperature-
dependent processes. It will be shown that this action
does not reduce to a thermodynamic -equilibrium heat-
ing of the medium.

MICROSCOPIC PICTURE OF HEATING OF THE
MEDIUM BY RADIATION

The nonresonant molecules and the nonresonant de-
grees of freedom (for the sake of argument, we shall
refer hereafter only to molecules) do not interact di-

637 Sov. Phys. JETP 55(4), April 1982

0038-5646/82/040637-03$04.00

rectly with the radiation. Resonant molecules absorb
photons of energy %w; and are then deactivated, inject-
ing this energy into the surrounding medium and heat-
ing it. We emphasize that the medium is heated only by de-
activation acts that are localized in time and in space.
Each deactivation of a resonant molecule is accompan-
ied by a rise in the temperature of its ambient. The
activated region (AR) so produced has a short lifetime,
since the size of the AR is rapidly increased by heat
conduction and the temperature in it is lowered. The
local temperature T'(¢,r) at an arbitrary point is there-
fore practically never much different from the average
temperature T. However, T(¢,r) can nevertheless ex-
ceed T substantially if deactivation took place recently
near the point r, i.e., if the point r is located in the AR.

Even though the total volume of all the AR at each
instant of time is much smaller than the volume of the
medium, the temperature excess in the AR can be
large enough for chemical reactions with sufficiently
high activation energy, as well as for all other pro-
cesses whose rate increases rapidly with temperature,
to proceed mainly in the AR.

EFFECT OF ACTIVATED REGIONS

Consider a medium consisting of passive molecule
(marked p), resonant molecules that absorb the laser
radiation (marked I), and reacting molecules that decay
with increase in temperature (marked ). We denote
their densities by

Ny, 1,r==Cp,1, 1N,

where n=n,+n,+n,; c,, ¢;, and ¢, are the correspond-
ing dimensionless densities. The rate v of decay of

the reacting molecules depends on the temperature of
the medium in accord with the Arrhenius law

v=K exp[—E./T],

where E, is the activation energy. In ordinary heating,
not more than

wr=vtnc,K exp[—E./Tn]

reacting molecules decay in a time £ and in a volume
v (T,, is the maximum temperature possible under the
experimental conditions).
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When heated by radiation, a volume v absorbs vinc,Jo
photons in a time ¢, where ¢ is the absorption cross
section and J is the photon flux density (we assume that
the radiation penetrates through the entire volume v and
little of it is absorbed). Each absorbed photon produces
after a certain time one AR. Let T(t) be the tempera-
ture at the center of the AR and N(¢) the characteristic
number of molecules in this region (see below). In each
AR there are decayed

ek [ @t Dyexp] _F%T 1)
L]

reacting molecules. Here ¢, is the lifetime of the AR;
we do not need an exact definition of ¢;, since it will be
found that all the quantities of interest to us are prac-
tically independent of #;,. Thus, heating by radiation
produces the decay of only

¢ E.
w=vtne,c.JoK | ditN (t)exp| — —— (2 )
;[ [ T(t)]

reacting molecules.

We calculate now the integral in (1) and (2). The
quantities T(¢) and N(¢) are connected by the relation

hoCN(8) Ta=CN ()T (2), (3)

which expresses the energy conservation law. Here C
is the characteristic dimensionless heat capacity per
molecule (usually C =5 to 10 for liquids). Assuming
that the spreading of the AR is due to thermal conduc-
tivity, we put

N(t)="finn(4xt)*, (4)
where yx is the thermal diffusivity coefficient.

We introduce the ratio R =w,/wr, which character-
izes the relative role of the temperature microfluctua-
tions. Using (3) and (4), we obtain

1 3\ *ctofho\" [ E.
R= —6—(4:) ny (CE. ) exp[ﬁ] S, (5)
where
s [_dzzte _ CEN
_I A—To/E)"" *~ hortCT.N' (6)

with ¥ +x, when N=N(¢t=0) and x =x, when N=N(t=¢,).
N(0) should be taken to mean the minimum number of
particles in the AR, starting with which, i.e., at N
= N(0), a macroscopic description of the AR is possible
[see Eq. (4)].

-, 2/3

In order of magnitude we have N(0)~o;n , where
0, is the transport cross section. In rarefied gases this
number can be very large, and in liquids and in other
dense media N(0)~1. We shall consider below only
dense media. Since the number N(T,) is very large,
we have x;=E,/T,. Inall cases of real interest

EdTn>1, ho/Ta>1. (7)

The integrand in (6) is always nonsingular. By virtue
of the second inequality in (7) we can assume the de-
nominator of (6) to be equal to unity and replace x; by
©, We confine ourselves first to the case of hard pho-
tons, when ‘
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CEJho<H, (8)

Since N(0)~1, we have x, < 1 [see (7) and (8)]. Putting
%y=0, wefindthat the integral (6) is equalto S = I(5/3),
where I is the gamma function.

In the case of soft photons, when an inequality inverse
to (8) holds, we have x,> 1. Hence

S=/sz,%e>, (9)

We note that expression (5) is valid for R only if it turns
out that R > 1,

DISCUSSION

When a medium is heated by radiation, it is precisely
the microfluctuations of the temperature which deter-
mine the rate of the chemical reaction if R > 1. The
quantity T, in (5) has then the meaning of the material
temperature averaged over the time and (or) space.
Let us make some numerical estimates. Let the medi-
um be water; it is then reasonable to assume that
T,=100°C =373 K; the density n=3.3X10% cm™, the
thermal diffusivity x =1.8X10 cm? sec™, and the heat
capacity C =8.3. Let fiw,=6°10* K (\ =27c/w,;~250
nm), the absorption cross section ¢ =107 ¢cm?, and the
irradiance I =fiwJ=3-10® W/cm?. So large in irradi-
ance is compatible with the low temperature T,=100C
because the laser pulse can have a short duration or,
for example, because water is rapidly cooled by the
walls of the capillary in which it is contained. UV ra-
diation with x =250 cm is well absorbed by the water
itself, so that we can put ¢;=1. The ratio R is then
noticeably larger than unit when E, > 10 kcal/mol. We
note that this estimate depends little on all parameters
except T,, since (5) contains a large exponential fac-
tor. The conditions considered correspond to the case
of hard photons. When the energy 7w, is decreased we
deal with soft photons. The energy E, is then increased,
since S < 1 [see (9)], but this increase is negligible be-
cause the conditions (7) are satisfied.

The exponential Arrhenius factor in the AR will be
noticeably larger than that for an average temperature
T, so long as the number N of particles in the AR is
not too large, so that NCT% <hwE,. It follows there-
fore that N =10° at E, = 30 kcal/mol. This number of
particles corresponds to a size 2X107 ¢m and a time
107" sec. These quantities can be regarded as the
characteristic size of the characteristic lifetime of the
AR velrhen the spreading of the AR is due to heat condi-
tion.!

The ratio R increases rapidly with increasing E,. In
other words, the action of the heating the medium by
UV radiation is selective in the sense that the relative
increase of the rate of the chemical reaction is strong-
er the higher its activation energy. (It is of interest to
note that such a phenomenon was deduced theoretically
in Refs. 3 and 4, but in a different physical situation,
when reactions with participation of resonant molecules
were stimulated.) Thus, by using UV to heat a dense
medium, and experimenter can observe, for example,
the onset of decay of even stable molecules that do not
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absorb the radiation, even though the average tempera-
tures of the medium is not greatly raised.

We point out in conclusion that chemical reactions can
be influenced by fluctuations not only when radiation is
absorbed. Thus, for example, a nontrivial influence of
thermodynamic fluctuations of the density on the kinet-
ics of the approachto equilibrium was observed in Refs.

5 and 6.

The author thanks the participants of the seminars
of A. M. Prckhorov and A. N. Oraevskii for a discus-
sion.

1) peactivation can lead in principle to an expanding shock
wave. In this case the AR is a spherical shell with increased
temperature and density against the background of the shock
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wave. The effect of the AR depends in this case strongly on
the deactivation conditions.
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