MODEL OF THE NONLINEAR ABSORPTION OF LIGHT

Yu. I. Lysikov and O. A. Ponomarev UDC 535.341

The propagation of light in a polymer medium containing an admixture of different molecules
with large photoabsorption cross section is considered theoretically. The absorptivity of the
medium is assumed to depend strongly on the density of the internal energy. The solution
Yyields two absorption regimes: intense, determined by the host medium, and weak, due solely
to the impurity molecules.

1. The phenomena that result from the passage of resonantly absorbed monochromatic laser radia-
tion in gaseous and liquid media have been well studied (bleaching waves [1], photochemical waves in gases
[2]). The propagation and absorption of light in transparent polymer media have been considered less often.
The successes of polymer chemistry, the great variety of possible structures and properties, and also the
increasing number of studies of the migration of absorbed energy in an individual complex molecule and in
a molecule implanted in a medium make it possible to predict and realize a number of effects resulting
from the interaction of intense light beams with such substances.

In practical applications one has the problem of maintaining the intensity of a laser pulse that passes
through a layer of matter in definite limits when there are arbitrary fluctuations in the radiation intensity
on its entry into the medium. An interesting problem is the attentuation of an originally monochromatic
light beam that propagates in a given direction. The part of the light flux that is diffusely re-emitted during
the propagation process and also the radiation of the energy absorbed by the matter after the action of the
light pulse has ceased are of no particular interest. We consider intensities and durations of the light flux
that do not lead to optical breakdown in gases or mechanical destruction of a sample. Under such conditions
it is of interest to pose and solve a model problem.

We assume that, beginning with the time t =0, a plane-parallel monochromatic light flux of constant
intensity is incident from the left on the surface of a material that fills the right-hand half-space. We con-
sider a polymer material that is transparent at the initial time at the given frequency but contains an ad-
mixture of different molecules which have a large photon capture cross section. The transformation of the
light energy absorbed by the impurity molecules is determined by the ratio of the probabilities of nonradia-
tive processes and processes with the emission of a photon. Bearing in mind that for some organic com-
pounds in an appropriate environment the probability of nonradiative relaxation of an excitation in the me-
dium is large, we consider the case when this process is appreciably more probable than deactivation with
radiation.

The energy of the photon absorbed by the impurity molecule is redistributed in the molecule-medium
system and goes over into the internal degrees of freedom of the medium. The time of transition of the
excitation to the medium is appreciably shorter than the time between two successive absorptions of pho-~
tons by the molecule. As a result of the relaxation process, there is a rapid local heating of the medium
near the impurity molecule. The absorptivity of polymer media depends strongly on the "temperature” and
this process therefore raises the absorption in the considered region. As an example, we mention copoly-~
mers with groups of trans-3-thiabicyclo[3.3.0Joctane or 2-aminopyrene, which have a steep drop in the
absorption band in the region of 220 and 340 nm. We assume that adjustment to resonant n-photon absorp-
tion of light makes the main contribution to the temperature dependence of the absorption coefficient under
these conditions. For copolymers with groups of trans-3-thiabicyclo[3.3.0]Joctane n =3, while for the 2-
aminopyrene n=2 for a ruby laser photon. We consider also durations of the action of the light flux and
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concentrations of impurity molecules at which overlapping of the expanding heated zones does not occur be-
fore the end of the pulse and each impurity molecule can be treated separately.

The excitations of the medium resulting from the n-photen absorption need not make a gignificant con-
tribution to the further absorption of the original flux. We consider the two following possible channels for
the suppression of the resulting excitations: direct fast deactivation with emission at new frequency and
deactivation with emission after a possible fast escape of the excitation from the region in which it was
formed. Because of the adjustment, the photoabsorption cross section of the photon of the new frequency
is small and reabsorption in the considered layer of material can be ignored. We shall assume that these
two processes succeed in reducing the density of excitations so much that the saturation effect does not oc~
cur for the considered pulse durations. The higher lying levels are assumed to have a structure such that
the probability of occurrence of a higher excitation as a result of absorption of a photon of the original ra-
diation is negligibly small. Under these conditions, the energy absorbed in the n-photon processes leaves
the considered region and need not be considered further.

2. We consider the kinetics of the propagation and absorption of light in the medium on the basis of
the balance equations

oulot+ edu!dzx = —oeNu — bNgu*, 0N,/ 8t = —ocNu + Ny /1, Ny + Ny =N (2.1)

Here, u is the density of the photons of the radiation; Ny and N, are the densities of the unexcited and
excited impurity molecules; N is the total density of impurity molecules; N3 is the density of the "heated"
molecules of the medium capable of resonant n-photon absorption; ¢ is the cross section for the capture of
a photon by an impurity molecule; ¢ is the velocity of light in the medium; 7 is the characteristic time of
transfer of an excitation by an impurity molecule to the medium; and b is a constant that characterizes the
process of n-quantum absorption of light by the medium. '

We calculate N4 approximately; it includes the molecules of the sections of the medium in which the
density p of the internal cnergy is greater than a threshold value pg, i.e., the sufficiently "hot" molecules.

If the matter has an isotropic distribution, these sections are spherical volumes with an impurity
molecule at the center. If v is the velocity of propagation of an excitation in the medium, then at a time t
after the absorption of a photon by an impurity molecule the energy € of this photon has been dissipated in
the volume of a sphere of radius R = vt. After a time t > 7 the impurity molecule will have absorbed and
transmitted to the medium m = getn photons. Taking m to be large, we shall assume it is equal to the near-
est integer. The radius of the sphere in which the energy of the i-th photon absorbed since t =0 is distrib-
uted is

Ri=vtim+1—=0/m, 1<i<m
and the corresponding energy density is
pi=¢/Vy Vi=YaR?
The total energy density at a distance r(R;+( <r <Rj) from the impurity molecule is

pr) = 2y . 2.2)
j=1 7
Light will be absorbed by the medium in the regions in which p>p; and r <r; (r, is the threshold ra-
dius). The main contribution to the absorption comes from the region with large values of ry, and in (2.2)

we can therefore go over from summation to integration:

dr 3me /1 - 1

p(r) = 2_!S Anr? 73 7T 8awt T (vt)’-’) 2.3)

Since p; is appreciably higher than the initial energy density (originally there is no absorption) ry«vt,
it follows from (2.3) that

ro = (3eocu / 8npw): = (Au):

For the threshold volume V,, we obtain
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Vo = 4/sn (Au)™
The density of the absorbing molecules of the medium is
Ny = Y;Nn (Au)s Ny = (a / b) Nu'»

where Ny is the density of the molecules of the medium. Here we have remembered that the contribution
from each energy quantum & transmitted to the medium by the impurity molecule is small after mixing and
the absorbing volume around the molecules Ny and N, is approximately the same. Equations (2.1) take the
form

Gu !9t -t cdu! dx = —0eNu — aNuv', 0N,/ ot

= —ocNwu + Ny/t, Ny~ N, =N (2.4)

with the initial and boundary conditions

Nz, t=0)=N, u(@=0, 1) =wb(1)

1 for >0
0(”—{0 for <0

where w is the density of the photons in the incident flux at its point of entry into the medium.

3. With allowance for the initial conditions for Ny, we obtain from (2.4)

N, = N[i —i—Sexp {S {1+ sctu(ty, 2)] T2 dtz} —%‘—’—] exp {— 5 [1--3cru(ty, 2)] Tt dtz} (3.1)

In accordance with the adopted assumptions ocru<«1, and N;~N follows from (3.1). The first of Egs.
(2.4) takes the form

ou ! dt + cou/ 0r = —ocNu — aNu™+ (3.2)
Going over to the variables x; =x, t; = t—x/c, and making transformations, we obtain

¢ Juntth
—-— 4ty 2n+1
T om seNu Nau

This relation can be integrated:

Jl,(7l+‘.n) p_8lt—=/0 W L gefa

= -c—c ‘,r 'é_l '_—1 1
u [a {Bexp [oN (n -+ fp)z] — 1} 00—z g (3.3)

where the boundary conditions have been used.

For sufficiently large t, B = const and the coordinate dependence of the density of quanta is deter-
mined by (3.3). Let us consider a case of practical interest: oc/a «w"*1/2, Under these conditions the in-
tensity decreases for small x as

w=w | oc 1 Liasty) AT L1 (nt)
- law"+’1'! Ns (n 4+ ta)x’ J =w LI—'/

' =z4+ A, A =clNaw™' (n + )l

For large x, (3.3) yields
u = (oc / a)tir+'n exp (—z / A)
where A = 1/No. It can be seen from the relation
A"/ A = oclautr (n + 1)t £ 1

that in the considered case the fall-off of the intensity at the coordinate origin is more rapid than in the re-
maining part of the material. ' '

4. The region of a light flux whose intensity on entry into the medium is sufficiently high breaks up
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into two zones. In the first, which is comparatively thin {(characteristic distance —A'), there is intense ab-
sorption of light by the host medium. The major part of the light flux is absorbed here. The second region
is much thicker (characteristic distance 2). In it the absorption of light is determined by the impurity
molecules and is much weaker than in the first zone. If the intensity of the incident flux i8 increased, the
relative thickness of the first zone decreases. The photon density at a fixed x in the second zone depends
weakly on the intensity of the incident flux [see (3.3)]. If the intensity of light is increased, it remains al-
most constant.

The transition between the two absorption regimes is abrupt. This can be seen from (3.2). To the
former there corresponds a term linear in the density, to the latter, a term containing the photon density to
the power n + 3/2. The abruptness of the transition from one absorption regime to the other is due to the
large difference between these powers. The corresponding coefficients in (3.2) are determined by the phys-
ical properties of the medium and the impurity molecules and lie within ranges of practical interest for a
number of substances.
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