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CHEMICAL INTENSIFICATION OF NONLINEAR
MULTI-WAVE INTERACTIONS

M. G. GALUSHKIN, E. B. GORDON, M. S. DROZDOV
and K. A. SVIRIDOV
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Nonlinear interaction of laser emission with a chemically reactive medium, in which a branched chain
reaction may readily occur, has been analyzed aiming at essential intensification the contrast of
photochemically induced phase gratings. For the model system CS2/O2, the degenerated four-wave mixing
is theoretically studied under the assumption of CS2 photodissociation followed by subsequent secondary
reactions induced by reactive photodissociation products. For varied CS2 concentrations and incident
flux intensities, the dynamics of nonlinear reflection has been analyzed and same laser applications of
such systems are suggested.
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Nonlinear interaction of laser emission with chemically reactive media has been
widely discussed previously, x-6 Considerable attention was paid to the phenomena
of stimulated scattering3’5 and degenerated four-wave mixing (DFWM).4’6 For the
case of short-wavelength emission (e.g., of excimer lasers), photochemical
transformations induced by this emission (in particular, photodissociation) seem to
be of great significance for the problem under consideration. It may also be expected
that the contrast of primarily formed phase gratings would be intensified in subsequent
chemical reactions induced by photodissociation products. From this point of view,
photoinduced chain and branched chain reactions may turn out to be very promising.

In the first suggestion7 on utilization of photodissociation in nonlinear optics,
only the alterations in polarizability of starting molecules and dissociation products
were taken into account. However, as a matter offact, primary photochemical action

RA + hvR + A

may result in a number of alterations in the system which may eventually lead to
nonlinear interactions:
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where 6x are variations of:laser emission intensity I; concentrations of starting
molecules RA and decomposition products R and A; polarizability of medium p;
absorption fl; temperature T; density p; and refractive index n, respectively. The
next types of non-linearity may be outlined: polarizational (1), concentration-
amplitude (2), direct thermal (3) and chemically induced thermal (4) ones. The latter
one causes by heat release in chemical reactions of photodissociation products was
analyzed previously5 as applied to the case of stimulated scattering. It should be
noted that the several of the mentioned mechanisms of nonlinearity may provide a
contribution into self-influence processes. In the present communication, we report
on the data of theoretical study of DFWM upon photodissociation arising due to
all the four types of nonlinearity (1-4).
The nonlinear equation for electromagnetic field may be written as follows:

+ k2(1 + 26nE- ik(fl + 6fl)E 0 (5)VZE
\ no /

where E E1 + E2 + E3 + E4, E1 [1/2A exp(-ii?) + complex conjugate value]
and E2 [1/2A2exp(-il2?)+complex conjugate value] are the pump waves
(12 =-I); E [1/2a exp(-ikz)+ complex conjugate value] stands for signal
wave; E4 [1/2a, exp(ikz)+ complex conjugate value) is phase conjugated return
wave; and k 2rc/2 is wave number. Spatial gratings, initiated by optical waves and
intensificated by chemical reactions, dissipate as the result of diffusion and thermal
conductivity. For this reason equation (5) must be solved together with material
equations of chemical kinetics, diffusion and thermal conductivity.
As an example, in the further discussion we shall consider photodissociation of

carbon disulphide in the presence of oxygen and buffer gas Xe induced by emission
2 193.3 nm (emission from excimer ArF laser). Under appropriate conditions, the
branched chain oxidation of CSz may take place, according to the schemeS:

CS2 + hv-oCS + S + Q

S + Oz-o SO + O + Qz

O + CS2-oCS + SO + Q3 (6)

O + CS-oCO + S + Q4

so + o2-o SO2 + o + Q5

cs + o2-o OCS + O + Q6

Note that chemical branching takes place in the two latter reactions.
The equations of homogeneous chemical kinetics may be written in form:

d d
[CS2 --tI/1 tI/3,

dt
[CS] I/1 -- W3 W4
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d d
d- [S-I V V2 + q, ---[02] tI2 -[- 1"I/5 -[ tI6,

dt

d d d

d- [0] Ig2 I/3 IJ4 -- -t5 -- I/6, - [CO] J4, - [S02] kI/5,

d d
d- [OCS] ’6, - [SO] Id2 -- ’/3 11"/5, (7)

where kid ffI[CS2] I2 k[O2]-S], q3 k[O]l-CS2], q4 k[-O][CS],
q5 k[O2][SO], q6 k[O2][CS], a - 1 x 10x7 cm2,9 k 2.2 x 10-x2 cm3/s,
k 5 x 10-2 cma/s, k 2.9 x 10- cma/s, k 5.8 x 10-13 exp(-6500/RT)
cm3/s, k 1.7 x 10- tx exp( 15000/RT) cm3/s, Qx hv Dris 42.4 Cal/mol,
Q2 =6Cal/mol, Q3 =22Cal/mol, Q, =85Cal/mol, Q5 11Cal/mol, Q6
37 Cal/mol.8

For specific rate of heat release, we have
6

Q QitIi (8)
i=1

where Qi is thermal effect of the i-th reaction, including photodissociation. Heat
release results in temperature increase and subsequent density alterations. Upon
pressure levelling off, the equation of heat conduction

OT
pC --- pC)V2T Q (9)

holds true, where C is specific heat capacity of medium and :g is thermometric
conductivity.

In DFWM, the intensity of photon is represented as I Io + 6I, where 6I << Io;
the value of 6I is given by

6I -P lAx exp(-il) + Az exp(-ilzf)] x [a] exp(ikz) + a, exp(-ikz)]
2

+ complex conjugate value (10)

Variation 6I corresponds to variations of concentrations of all the components of
mixture (Ri CSz, 02, CS, S, SO, O, CO, SO2, OCS), as well as of heat release
6Q, temperature fiT and density 6p =-(6T/T)p. As a result, for variation of
absorption coefficient we obtain

6/3 r6[CSz], (11

for phase thermal nonlinearity

6n KG6p, (12)
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for polarizational nonlinearity
9 gi[Ri-

6n= E (n-1) (13)
i= NL

where Ne is Loschmidt’s number, n is refractive index for the i-th component at
normal conditions, K6 is the Gladstone-Dale constant.
The equations for variations of concentrations of all the components follow from

the equations of chemical kinetics (7), whereas for 6T from Eq. (9), diffusion of
species being taken into account.4 Separating high-frequency spatial oscillations of
variations of all the functions under consideration, we may obtain the equations for
slowly changing spatial amplitudes of interacting waves and the parameters of
medium’

3A1
?z 2

flAx ----7- [([CS2] + 1-C52],)1a31

+ k--C- [(bl + b2)la3l + (b2 -+- b3)lal-I x ei’;’

no
(14)

z
1
flA2

07/-- [(6[C82] 3 -I- gi[CS2]2)la3l

q- ([CS2] -[- di[CSz],)la4]] e iq2

+ k---" [(b2 + b3)la31 + (bl + b,)la,l-I x ei’p2

no

/3 lflt3 fib/- - [([CSz]x + giECS2-1,)lAl

+ ([C5212 + OI-CSz]3)IAzl] ek3

+ k-C- [(b -F b4)lAxl + (b2 + b3)lA21-1 x ek3
no

Oa,_ 1
fla, a#

Oz - - [(il-CS2-1z + 6[CS2-]3)lAxl

-{- (1-CS2] 2 "+" /-CS2-1,)IA2I-/ ei’p’

+ k--- [(bl + b,)lA21 + (b2 -F b3)lAll-I ei’p

no

(15)

(16)

(17)

Here

pC 63Tj Q
+ pCzqgiTj 6Qj bpj, bpj

8t P T
p (18)

9 i[Ri]
b Kbp + (ni- 1) 1,2, 3, 4,

i=l NL u c/8r;
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ql q, 2k sin(01/2),q2 q3 2k sin(02/2),01 + 02 n, 01 is the angle between
the wave vectors of the signal wave and one of the pump waves.

In the preset signal wave intensity approximation4 from Eq. (17) with boundary
condition a4 (L)= 0, where L is the range of interaction, we obtain

a,(z) -I- (6[CS2] IIA2I + 6[CS2] 3IAll)

1 -itp3 0.Sfl(L+ k# (bl Im21 + bzlmx I) e [ 1 e -")] (19)
2no fl

Reflectivity referred to square of length (R < 1 is then given by:

R
L2 aa(0

(di[-CS2] 1[A21-+- c5[C82-]31Al1) 2

k2#2

+
4n

(bllA2[ + balAll) 2] x [1 -e-’SflL]2/fl2L2 (20)

The first term in square brackets in (20) corresponds to reflection at amplitude
gratings, while the second term to reflection at phase gratings.
To elucidate the particular features of concentration-amplitude nonlinearity in

DFWM, let us assume that intensities of pump waves are independent of time and
that I1 I2 In. These simplifications are not of essential importance and are used
only for the sake of simplicity. Then by using the first of equations 18 in combination
with (19), we obtain:

t[CSz]I[Az[ o’[C82] 0 X In X exp(--2alnt)
(21)

O[CS]IAI [CSz]o I exp(-2aInt)

Reflection factor R/L2 is easily seen to attain its maximal value at (2 a I) 1,
its maximal value being independent of the intensity of pump waves and determined
only by the initial concentration of photodissociating component and absolute
absorption cross-section:

R/L2 (a[CS2]o/4e) 2 (22)

The result obtained has a clear physical meaning: maximal contrast of grafting is
attained when nearly half of initial CS2 is subjected to photodecomposition (of course,
under conditions when tl <( "lchem, where ZCnem is characteristic time of chain chemical
reaction), whereas maximal reflection factor is determined by the reciprocal
absorption pathlength (a[CS2]o).

If the absorption cross-section a is sufficiently large (as is for the case of CS2),
the abovementioned situation, when the concentration-amplitude nonlinearity is
prevailing over the direct-thermal and polarizational nonlinearities, will be realized
at relatively low intensities of laser emission I > (2az)-1. The reason for such a
behavior is almost entire photodecomposition of absorbing species within the time
interval z of laser pulse. The photodissociation-induced gratings proved to have a
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contrast sufficient to perform the optical phase conjugation of the ns laser pulses of
such low energy as 0.1 J/cm2.
The numerical simulation of the equations mentioned above was performed by

using the standard Kutta-Merson procedure.
Figures and 2 present reflection factor as function of time for varied intensities

of reference waves and initial CS2 concentrations. These data are in line with the
abovementioned qualitative considerations and illustrate high efficiency of the
concentration-amplitude mechanism of nonlinearity arising upon CS2 photodissocia-
tion by the emission from an excimer laser.

It seems natural that the nonlinearities associated with heat release in photoinduced
branched chain reactions should be expected to occur at the time scales characteristic
of the induction periods for these reactions, i.e. at large time delay.

0,8

0,6

0,4

0,2

0 0 20 50 h0 50 0 ?0 80

Figure 1 Dynamics of reflection from amplitude gratings upon photolysis of the CS2 + 302 mixture
(I-CS2] 2.68 x 1017 cm -3, T= 300K) for varied intensities of pumping beam In= 2 x 10SNL
photon/cm2.s (1); x l0 NL(2);8.5 x 104 NL(3);whereNL 2.68 x 1019 is the Loschmidt number.
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Figure 2 The time dependence of reflection factor R/L from amplitude gratings for two different
concentrations [CS2] 2.95 1017 cm-3 (1) and 8.88 101 cm -3 (2). The CS2 + 302 mixture,
To 300 K, In l0 NI photon/cm2.s.

Figure 3 presents the dynamics of reflection coefficient arising due to heat release.
As is seen, the peak related to heat release directly upon photodissociation, which
has a width of the order of time needed for pressure equalization in the system, is
followed by another peak induced by heat release in secondary reactions of radicals
CS and atoms S with O2 (CS2 is completely dissociated at the intensity of the incident
wave In 3 x 10’ NL photon/cm2 s in times of about 1/s). The last thermochemical
mechanism of nonlinearity should evidently be still more essential at much smaller
In, since contrary to the direct heating upon dissociation, proportional to In, heating
in secondary reactions due to chemical chain existence is practically independent ofIn.
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Figure 3 Dynamics of reflection from thermal gratings at large intensities ofpump waves. n 3 x 10’ NL

photon/cm2.s (1); 5 x 104 NL (2). The CS2 / 302 mixture, [CS2] 2.68 x 1017 cm -a, T 1500 K.

It means that by using branched chain chemical reactions, one can obtain the
contrast phase gratings and accordingly the efficient phase conjugation for extremely
low intensities of electromagnetic wave. Such intensities are small enough to be
expected from CW-lasers. The results of our numerical simulation drawn at Figure
4 demonstrate this effect rather brightly.
Combination of nonlinear nature of the DFWM effect with the nonlinear kinetics

of branched chain reactions may result in unusual dynamics of DFWM. In particular,
the oscillations in the temporal behavior of reflection factor, arising due to some
transient processes, become possible at small IH (Figure 5).
The results of the present work are as follows: (i) By using photodissociation

phenomena, the calculated value of DFWM phenomena reflectivity for the ns pulse
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Figure 4 Maximal reflection factor as a function of pump wave intensity for the case of thermal
nonlinearity. The CS2 + 302 mixture, [CS2-1 2.68 x 1017 cm -3, T 1500 K.

turns out to be close to those attained for/s pulses by the conventional non-chemical
methods. By using this phenomenon, the liquid solution of photobleaching dyes, as
well as colored gases, may also find their practical applications. In such a case, the
maximal value of reflectivity is determined by the reciprocal absorption pathlength.
(ii) When laser-induced photodissociation leading to the formation of reactive species
gives rise to branched side chain reactions in medium, the addition two-order increase
in reflectivity may be expected to occur at rather small intensities of pump wave.
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Figure 5 Dynamics of reflection from thermal gratings at low intensity of pumping (Irt 1.74 x 10z

photon/cm s). The CS2 + 302 mixture, [CS2] 2.68 x 1017 cm -3, TO 1500 K.

And accordingly, phase gratings formed due to heat release in chemical reaction may
be expected to exist for markedly long time intervals.
We have considered here the case of CS2/O2/Xe gas mixture irradiated with

ArF-laser beam (2193 nm); the similar results were obtained for the IBr/Xe mixture
irradiated with the second harmonic ofNd-laser (2530 nm) and for F2/H2/Xe mixture
irradiated with 22240-340 nm (XeF, KrF, XeC1, N2 and other UV lasers).
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