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It is suggested that with increasing vibrational energy of a polyatomic molecule the rate of the V-T relaxation 
increases to a lesser degree than the rate of excitation of the molecule by laser radiation. As a result, the 
molecules located on the tail of the Gibbs vibrational-energy distribution, despite the collisions, are excited 
even more strongly and acquire enough activation energy to enter into a reaction. It is stated that recent 
experimental data on the absorption of radiation by strongly excited molecules do not contradict this 
assumption. Possible experiments aimed at verifying the proposed mechanism are indicated. 

PACS numbers: 82.50. - m, 33.80. - b 

1. INTRODUCTION parameter 

A chemical reaction can be called laser-chemical 8 = p e z c / p l b  

when it takes place in a medium in which laser radia- 
According to the foregoing, tion produces a kinetically nonequilibrium state. For 

example, when the laser radiation, acting on poly- 
atomic resonant molecules in a gas mixture, excites a e=Jor,r. 
definite vibrational degree of freedom in these mole- 
cules above the thermal level, while the remaining 
degrees of freedom retain the Gibbs distribution. Since E =0.01<< 1, the laser radiation cannot alter the 

equilibrium population significantly. Its action reduces 
Experiments, (see, e.g., Refs. 1-6; a more de- 

tailed bibliography i s  contained in Ref. 7) have shown 
that pulsed and cw IR laser radiation induce in a gas 
mixture chemical reactions, some of which a r e  non- 
trivial because they cannot be obtained by heating the 
mixture in the usual manner (with a gas burner etc.). 
The laser-chemical nature of these reactions is  still 
considered to be d o ~ b t f u l . ~  It is proposed to explain 
the nontrivial results within the framework of a thermal 
mechanism of the reaction, with account taken of the 
large temperature difference between the irradiated 
and shaded parts of the reactor, of the rapid heating 
and cooling of the gas when the laser is  turned on and 
off, etc. On the other hand, the existence of a kinetical- 
ly nonequilibrium state is denied in this case on the 
basis of the following arguments. 

mainly to thermal heating of the gas. 

This reasoning is correct in the sense that in the 
majority of cases the onset of a laser-chemical reaction 
actually calls for satisfaction of the condition a 2  1.'' 
In that case, however, the general meaning of 2 should 
be taken in accord with Eq. (1). Expression (2) and the 
estimate a  =0.01, a s  will be shown below, a r e  valid 
only for low-lying levels, where the vibrational quan- 
tum number is n =1 o r  2. In the region n 5 3, Eq. (2) 
i s  not valid. We shall show that in the region n 3 5-7, 
under the conditions indicated above, the parameter & 

can readily reach unity o r  more, The main cause2) 
of the increase of is  the abrupt increase of the level 
density in the upper quasi-continuous section of the en- 
ergy spectrum of a polyatomic molecule (see Sec. 3 
below). 

Consider the excitation of a resonant molecule by The kinetic mechanism of laser-chemical reactions 
laser radiation. Let the energy of the laser photon can be, in our opinion, of the following form. Let the 
be Ew,, the cross section for the absorption of the parameter a  < 1 if the energy E of the excited mode is 
photon o, and the photon flux density J ,  Then the ex- less than the critical energy E,,, and let &' 1 if E >Eat. 
citation power is equal to Laser excitation results in resonant molecules with 

P, ,=f i~ ,o l .  E<Eac.  In this case, however, & < I ;  the result is 
mainly heating of the gas. In addition, the laser radia- 

Taking typical values Kw, =0.12 eV (CO, laser), J =lo2' tion interacts with a small number of strongly excited 
phot/cm2 sec (corresponding to an energy flux resonant molecules, whose number a t  the initial in- 
I =Rw, J =20 W/cm2), and a=10-l8 cm2, we obtain stant of time is determined by the Gibbs distribution. 
P,,, =I20 eV/sec. For  these molecules E > E,, and E > 1; a s  a result, they 

To describe the action of the radiation, this quantity 
must be compared with the thermalization power 

P , , , = f i ~ ~ r ~ ~ - ' ,  

where TvT is the characteristic time of conversion of 
the vibrational energy (V) into translational energy 
(T). At a mixture pressure 300 Tor r  and a temperature 
T = 500 K, the time T v T  is  usually of the order of 
sec. Hence P,, =l.2x104 eV/sec. We introduce the 

a r e  excited even more strongly and acquire an activa- 
tion energy sufficient to enter into the reaction. This 
process violates the Gibbs distribution, and the popula- 
tion of the levels with E 2 E,, decreases while that of 
the levels with E >> E,, increases. The resultant 
shortage of molecules in the region E 2 E,, is offset 
all  the time by pumping of molecules from the region 
E <E,,. This pumping is due to  the collisions that re- 
store the Gibbs distribution. 
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The calculations that follow show that the proposed 
mechanism i s  realistic. The possibility of its experi- 
mental verification is considered. 

2. THERMALIZATION OF STRONGLY EXCITED 
MOLECULES 

There a r e  no experimental data on the thermalization 
of vibrational mode of polyatomic molecules excited to 
n = 3 and above, and an exact theory is extremely dif- 
ficult to con~t ruc t .~ '  We a r e  forced therefore to con- 
fine ourselves here to qualitative arguments and order- 
of-magnitude estimates. 

According to the Landau-Zener theory the time rvT 
for the transfer of an energy E' from the vibrational 
into the translational degrees of freedom i s  equal to 

TVT=T,, exp (E'IE.)", (3) 

where T,, is  the elastic-collision time, and the energy 
E, of most pairs of colliding molecules is of the order 
of 2.5 x ~ O - ~  eV =30 K . ~ '  In thermalization of the low- 
lying levels, when the level density is sti l l  not too high, 
the energy E '  cannot differ noticeably from the energy 
h-w, of the vibrational quantum. In this case the ther- 
malization power is equal to 

P,h=trolz.l-' exp {- (AolIE.) "I. 

Putting T,, =lo-' sec we obtain the already cited value 
l.2x104 eV/sec. 

In the case of low-lying levels, the energy E' can be 
much less than fiw,, owing to the high level density and 
to the fact that with increasing n the anharmonicity of 
the oscillations makes possible transitions between dif- 
ferent vibrational modes. Since the energy E'  de- 
creases, the time rV,  also decreases rapidly with in- 
creasing n. However, ryT ceases decrease when the 
characteristic spacing of the levels between which a 
transition is possible decreases to the characteristic 
energy of the translational motion, i.e., to  the gas tem- 
perature T. In this situation, not only the energy trans- 
fer  V-T is possible, but a lso  the transfer T - V. Let 
g(E) be the level density in the energy region E. A sim- 
ple calculation yields in the case g(E)T >> 1 the following 
expression for the thermalization power: 

Hence P,, =7.8x103 eV/sec, which is even somewhat 
less than the value 1.2 X lo4 eV typical of lower levels. 

The foregoing considerations and estimates make it 
possible to suggest that the thermalization power 
reaches its maximum value P, ,  ,, in the energy region 
where g(E)T - 1. We then have in order of magnitude 

3. ABSORPTION OF RADIATION BY STRONGLY 
EXCITED MOLECULES 

The dipole absorption cross  section, a s  is well 
known, is equal to 

where K i s  the number of final states; A o ,  is the width 
of the spectrum of the incident radiation and is assumed 
to be larger than the emission line width; d is the 
dipole moment of the transition, expressed in units of 
1 D =lo-'' cgs. Substituting in (6) the typical value 
=0.1 D for  the vibrational-translational transition, 
W,/AW, =lo5, and K =1, we obtain a, = 4 ~ 1 0 - ' ~  cm2. 
It is known a t  the same time that for polyatomic mole- 
cules the experimental cross  sections for the excitation 
of the vibrational transitions 0-1 lie in the range 
u =10-7-10-20 cm2. The cause of the discrepancy is the 
following. The molecule energy-spectrum sections 
that correspond to a definite vibrational state consist 
of a large number of levels because of rotation and 
other reasons. In the vibrational transition 0-1, the 
level density is  not yet very large, and the resonance 
relation 

is satisfied for only a small fraction of the levels. In 
addition, not a l l  pairs of resonant levels have nonzero 
transition dipole moments. For  these reasons, the 
fraction q of the molecules participating in the radia- 
tion absorption is of the order of q =10-2-10-4. It can 
be stated that q is the probability that radiation ab- 
sorption is possible from a given level. Since u =aoq, 
the observed i s  much less than a,,. 

Assume that the radiation is absorbed by a highly 
excited molecule. In the upper section of the spectrum 
the absorption cross section is influenced by the fol- 
lowing factors. 1 )  Owing to  the high state density, 
the number of levels a t  resonance increases. 2) Owing 
to the vibration anharmonicity, which increases with 
n, the modes become intermixed in the sense that each 
stationary state of the molecule corresponds not to 
some particular mode, but contains an admixture of 
other modes. As a result, the number of level pairs 
having a nonzero dipole moment dm, increases. 3) By 
virtue of factors 1) and 2), a transition to a larger 
number of final levels is possible from a given initial 
level. 4) The dipole moment dm,, depending on the 
concrete properties of the molecule, can either in- 
crease (we recall that in the case of a linear oscillator 
we have dn+,n=n'hd,o), or  decrease if the degree of 
mode mixing is small. 

Factors 1 )  and 2) lead to an increase of the proba- 
bility q, which in principle can become of the order of 
unity. Factor 3) increases the cross  section a, because 
of the increase in the number K of final states. This 
number is equal to 

and can be quite large. For e~arnple, '~ for the SF, 
molecule the density is g(E)=1.2 x106 eV" a t  E =0.48 
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eV (n =4) and g(E) =9.30 lo7 eV-' a t  E =0.84 eV (n =7). 
In the case tihw, =lo-' cm-' =1.2xlO" eV we obtain 
K = 1 . 4 a t n = 4 a n d K = 1 0 0  a t n = 7 .  As to the  factor 4), 
it is very difficult to estimate its influence. We as -  
sume that dm, does not decrease too strongly, if a t  all, 
inasmuch a s  a t  large n the modes should be strongly 
intermixed. 

According to the data on multiphoton collisionless 
dissociation in a field with 1=108 W/cm2, for mole- 
cules with four and more atoms, the increase in the 
level density exerts a decisive influence on the dy- 
namics of the excitation, starting with n =2  o r  3. In 
fields with I =1-100 W/cm2 the value of n can increase 
to  5-7. Taking a l l  the foregoing into account, we as -  
sume q =0.1, K =loo,  and d =0.01 D. Then o =quo 
= 4 0  10-l7 cm2 and the excitation power is  P,,,=5x103 
eV/sec. In the region where g(E)T>> 1 this value 
yields & =0.5. At the highest levels one can expect a s  
before d =0.01 D, but q =1 and K =lo3 o r  more. Then 
a = 4 ~ 1 0 - l 5  cm2 and P,,,=5 x105 eV/sec, which coin- 
cides with the maximum value of Pth. At a very high 
level density, the restriction imposed by the sum rule 
may become significant. In our case this rule takes the 
form 

2 Id,,,,lZ= <nldZIn) = dnn2. 

It is obvious that in any case we should have 

Let us estimate the right-hand side. We have 
d& =e*%,2,, where e* is a certain effective charge. In 
heteropolar-mode excitation, e* can reach the value of 
the elementary charge e. At high levels r,2, =lo-'' cm2. 
This yields d,Z, =20 D2. In the calculations above the 
value of Kd2 did not exceed 0.1 D2, which is still fully 
compatible with the sum rule. We note that in our 
model the cross section a =quo increases not only be- 
cause of increase of Kd2 and a,, but principally because 
of the increase of q, i,e., because of the increase of the 
fraction of molecules participating in absorption of the 
radiation. The same factors increase the parameter E ,  

which can reach values of unity and more for strongly 
excited molecules. 

4. DISCUSSION 

An increase of the level density affects differently 
the excitation by radiation and thermalization; it in- 
creases strongly the rate of excitation and not very 
strongly the rate of thermalization. The difference is  
due to the fact that thermalization takes place in col- 
lisions, i.e., under the influence of short-range inter- 
molecular forces. When a molecule is  excited by 
radiation, the characteristic interaction length should 
probably be taken to be the coherence length ~ ~ c / A w ,  
=I00 cm, which is a tremendous amount on a molecular 
scale. We assume therefore that a t  high levels the ab- 
sorption cross  section increases by a factor 10'-10' 
and reaches values of the order of 

and more. This assumption is basic in the present 
paper. 

At f irst  glance the assumption (7) contradicts di- 
rectly numerous experimental papers (see, e.g., Refs. 
13-16), in which measurement of a i s  reported for 
strongly excited polyatomic molecules, with a = 10'18- 

cm2. In a l l  papers of this type, however, the 
quantity of interest to us-the cross  section of single- 
photon absorption at intensity 1 =1-100 W/cm2 and 
pressure 100-500 Torr  for strongly excited polyatomic 
molecules-was not measured directly. In some stud- 
ies the measurements were made a t  1)- lo5  W/cm2, 
which leads to a bleaching of the gas and to a decrease 
of the effective cross  section. In other studies the in- 
tensity had the required values I =1-100 W/cm2, but 
the gas temperature was 1000-1500 K, insufficient to 
excite levels with n =5-7, o r  else the pressure was too 
low, of the order of 0.1-1 Torr. Yet it is known that 
for polyatomic molecules with a dense spectrum, in- 
creasing the concentration of the gas increases not only 
in the absorption coefficient, which is proportional to 
the concentration, but a lso  the absorption cross section 
(see, e.g., Ref. 17). The increase of the cross  section 
is due, in particular, to the fact that the resonant 
frequency w,  is  blanketed by a large number of wings 
of impact-broadened lines, and the absorption in such 
a wing increases with concentration. Therefore, when 
the pressure is increased to 100-500 Torr ,  the cross 
section a should increase strongly, especially a t  high 
levels. 

All this allows us to regard the assumption (7) a s  a 
speculative hypothesis, but compatible with the availa- 
ble experimental data. In those cases when the cross 
section i s  not a suitable concept for the description of 
the interaction of the radiation with the molecule, the 
assumption made, is equivalent to postulating an in- 
crease of the excitation rate and of the parameter 
a =P,,,/P,, on the upper levels. Generally speaking, 
an  increase of & to unity is obtained also when Pth is 
decreased to about 100 eV/sec; the decrease of the 
thermalization on the high levels, however, seems to 
us less probable than the increase of the excitation. 

Tsay et a1.18 measured the absorption of C02 laser 
radiation by an SF, molecule a s  the function of the 
radiation frequency (radiation intensity I - lo4-10' 
W/cm2, pressure 0.5 Torr,  temperature interval 
199-500 K). It turned out that the maximum value of 
the absorption coefficient increases rapidly with in- 
creasing temperatureO5) This interesting phenomenon, 
which, a s  noted in Ref. 8, has s o  far  not been theo- 
retically explained, becomes in principle understand- 
able if assumption (7) is accepted. In fact, if & > 1 at 
E >E,,, then the absorption is  proportional to the popu- 
lation of the levels with energy E -E,,. Since E,,> T, 
this population increases with temperature. A quan- 
titative analysis of the dependence of the absorption on 
the temperature will be the subject of further research. 

We discuss now the possibility of experimentally 
verifying the proposed mechanism. Assume that the re- 
actor contains reagents A and B, one o r  both of which 
absorb the laser  radiation, a s  well a s  a buffer gas C, 
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the activation energy of the react ion A +B - (AB) being 
s e v e r a l  t i m e s  larger than T. We represent the ex- 
press ion  f o r  the react ion yield 77 following the laser- 
radiation pulse in the f o r m  

q = w  exp (-Eqc(I)IT), 

where  w is a p a r a m e t e r  proportional to the rate of 
pumping of the molecules f r o m  the region E<E,, t o  the 
exci ted region E > E,, on account of the collisions. 
Since E,,(I) d e c r e a s e s  with increasing I and  
E,,(I) >> T, the value of 77 will  increase v e r y  rapidly 
with increasing I. This cor responds  to the well known 
singular i ty  of l ase r -chemica l  reactions-the presence 
of a n  intensity threshold I.' 

Assume that the mixture A + B  is under  moderate  
p r e s s u r e  (of the o r d e r  of 100 T o r r  or l e s s )  and is ir- 
radiated by  laser pulses  of s h o r t  duration (on the o r d e r  
of s e v e r a l  msec). Then the bottleneck of the p r o c e s s  
is the pumping of the molecules  into the excited region. 
We add to the mixture a heat-conducting buffer g a s  C 
(e.g., hydrogen or helium). The  tempera ture  T is then 
decreased,  but the pumping of the molecules is in- 
c r e a s e d  as a resu l t  of the collisions of the reagents  
with the g a s  C, i.e., the fac tor  w is increased.  As a 
resul t ,  the react ion yield 77 c a n  increase  a f t e r  the ad-  
dition of C, and the threshold value of I c a n  decrease.  
Of course ,  this  occurs  only if the d e c r e a s e  of T e x e r t s  
a s m a l l e r  influence on 77 than the increase  of w. There-  
f o r e  the discussed effect becomes mos t  probable if the 
p r e s s u r e  of the buffer g a s  C does not exceed the pres -  
s u r e  of the reagent mixture A +B. 

According t o  Ref. 1, when the reagent p r e s s u r e  in the 
mixtures  N,F, +NO and N,F, +CO is increased,  a con- 
s iderable  decrease  of the threshold intensity is ob- 
served.  It would be of in te res t  to observe a decrease  
of the threshold intensity following the addition of the 
buffer g a s  t o  the mixture. I t  mus t  be emphasized that 
this  effect is absolutely incompatible with the t h e r m a l  
mechanism of the reaction. I t  is part icular ly f o r  this 
reason  that a n  experimental  verification of the p re -  
dictions made s e e m s  to us  highly desirable .  

The authors  thank L. V. Keldysh, M. V. Kuz'min, 
A, N, Oraevskii,  and A. V. Pankratov f o r  a discus-  
sion. 

l ) ~ h e  feasibility of a laser-chemical reaction at &<< 1 is dis- 
cussed in Ref. 9. 

2 ) ~ e r e  and elsewhere & is taken to have only the meaning (1). 
) ~ o t h  the theory and experimental data a re  available for dia- 

tomic molecules (see the reviewf0). 
Osee Ref. 14 concerning the violation of relation (3) in the case 

of several molecule pairs. 
5 ) ~ t  is known that at low intensity (I < 1 ~ / c m ~ )  the absorption 

decreases with increasing temperature. 
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