DISSOCIATION OF ANHARMONIC MOLECULES
BY MEANS OF HIGH-POWER INFRARED EMISSION
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The kinetics of nonequilibrium molecular dissociation when vibrations are excited by high-
power infrared emission is investigated for a model of anbarmonic oscillators. The case
when exchange of vibrational quanta during collision with molecules in the lower states
plays a fundamental role in the formation of the vibratory distributionfunction at the upper
level is analyzed. Dependences of the "vibration temperature" and the rate constant for
nonequilibrium dissociation, as a function of the optical pumping probability are obtained
for different pumping conditions. The results are compared with similar calculations for
a harmonic model.

1. Exposure of a molecule to laser emission is one of the most promising physical methods for
stimulating chemical processes. The possibility of such exposure can be demonstrated by one of the
simplest reactions, namely the dissociation reaction of diatomic or multiatomic molecules. A number
of interesting experimental and theoretical [1-11] results have been obtained in this field. In all cases
{except for [2]) a molecular model of a blocking harmonic oscillator was considered in theoretically
analyzing the kinetics of nonequilibrium dissociation of molecules exposed to infrared laser emission.
The rates of nonequilibrium dissociation of diatomic and multiatomic molecules under selective vibration
"run-up" condition, i.e., at low gas temperature and high vibratory energy margin, were calculated pre-
viously [2] for an anharmonic model of Morse oscillators, However, questions directly connected to
optical energy pumping at vibrational degrees of freedom were not dealt with in [2], and neither was the
dependence of dissociation rate on the power of the emission absorbed by the molecules investigated,

While preparing this article for printing an article [11] appeared which analyzed dissociation occur~
ring when diatomic anharmonic molecules were exposed to laser emission to a diffusion approximation,
The particular case when energy loss from the system is determined only by dissociation processes was
examined in this article.

The purpose of the current work was to analyze the behavior of the nonequilibrium distribution func-
tion of vibrational energy during dissociation and to find the dissociation rate under cascaded and multi-
guantum pumping of molecular vibrations by laser emission., Unlike our preceeding studies {7, 81 we will
consider there an anharmonic molecular model and clarify the role of anharominicity in the dissociation
process of molecules excited by emission,

To describe the kinetics of nonequilibrium dissociation, we take the following model:
1) The molecules are represented in the form of anharmonic Morse oscillators;

2) There can exist either vibrational transitions i—1 =i with probability Wj_jj = Wj j.1 = iWyg, i =
1,2,..., k {cascaded pumping of vibrations to level k) or the transition i = 0 =i =k with probability Wy, =
Wi (multistage pumping) in absorption of laser emission. Here, i is the vibrational gquantum number and
the value of k is determined by the pumping conditions and the ratios between the laser emission frequency
and the vibration frequency of the oscillator;
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3) The gas temperature T is assumed constant during dissociation, This assumption is justified
since we will consider below the possibility of carrying out nonequilibrium dissociation in less time when
that taken by energy transition from vibrational to translational degrees of freedom, i.e., during which the
gas is not heated;

4) Rotational relaxation is assumed to have been completed and is not treated;

5) Vibrational relaxation in the s¥stem is caused by single quantum vibrational = vibrational exchange
(v— v processes) with probability Qi 34'; and by single-quantum v1brat1ona1 transitional energy exchange
(v—t processes) with probability P1+1 is

) The molecular gas under 1nvest1gat10n is assumed to be weakly diluted with other gases so that
ﬁQfll 1> Py ,i-1always for the level i < i*. The level i* is determined from the condition ﬂQl* -1 ~P1* P
whe're the factor B approximately takes 1nto account the contribution of the level j > 1 in the probab1hty of
the transition i —i-1 in vibrational exchange [cf, [2] and Eq. (2.3)];

7) Molecular dissociation begins at some level m > k.

This model is similar to a previous model {7, 8], differing from it in taking into account the anhar-
monicity of the molecular vibrations. In the general case, anharmonicity substantially complicates the
physical picture of vibrational relaxation and nonequilibrium dissociation. Therefore, we take below the
additional condition m <1i* in order to obtain results in a graphically analytic form. Since, in accordance
with 6), ﬁQl i—t > Pj j-1, always when i <i¥ the condition m < i* means that v—t processes do not exert
any influence throughout the region i < m on the form of the vibrational distribution function and can only
determine the total vibrational energy margin in the system.

This model of nonequilibrium dissociation for a system of bloching anharmonic oscillators narrows
the class of systems to be treated and is not suitable for analyzing colhs1ona1 dissociation of diatomic
molecules with high boundary levels, since in this case P; j4 > QM i,i-1s always at the dissociation boundary
due to the low magnitude of the vibrational quanta, However, for the case of practical importance that shall
be analyzed below and which is typical of low (on the order of room) gas temperatures, such dissociation is
often not of interest since it proceeds at a low rate. Physically speaking, this is because this population in
spite of the possibility of selective oscillation run-up due to v—t processes, which are substantial at the
upper levels, will be primarily determined by the gas temperature, so that at low T it will sharply fall
upon transition to the boundary level. In the model we will take for blocking anharmonic oscillators with
the boundary level m < i*, the population of the upper states when running up the vibrations by means of
emission can be sufficiently great, which ensures a high dissociation rate.

Our model can describe dissociation of multiatomic molecules if their dissociation occurs from a
comparatively low level due to predissociation, as well as dissociation of diatomic and multiatomic mole-
cules when their transition in the continuous spectrum from a level m <i* occurs by an particular method
{for example, by photodissociation).

To determine the dependence of the nonequilibrium dissociaton rate on the power of absorbed emission
it is necessary to solve a system of gasokinetic equations for the population x; of the vibrational levels i.
Under assumptions 1, 2, 4-7 it can be written in the form
1 = Piiisn— (Piisa+ Piiaa) Vit Picy,iicrt+ Gi—PraZmim +
wE = Pl 1,041 1,4-1) Yi i~1,ilfi-1 i md¥mYim L.1)

+ (2 ity s — 3 (Ol + QL) v + (D Q)i i=00,20m
7 i 7

Here, y; = X1/N is the relative population of the i-th vibrational level of the gas molecules with total
concentration N, p,,q is the transition probability of the molecules in the continuous spectrum from the
level m, 0iy, is the Kroneker symbol, G; describes the change in population exposed to absorbed emission
in cascaded 1) and multiquantum 2) pumping, which respectively take the form

_ {[(1 = 8u) (04 1) Yira — (1 — Bup) ys — iy + iyja] Wi (1.2)
P Uk — 7o) O30 — (i — o) Bix] Wio

To solve Egs. (1.1) it is necessary to know the dependence of the probabilities QggPd and Pgt on the
number of the vibrational level. Anharmonicity is usually taken into account to find this dependence only
in calculating the exponential factors, which yield the most important dependence on the transition energy.

In this case we have
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= 0u G+ 1) +0efutD P =Py (1.3)
Here, Syy = 0.4271y (IJVV/T)VZAE—AE/T; P is the reduced mass of the colliding molecules in atomic
units; ! is the characteristic constant in the exponential in intermolecular interaction in A; and AE is
molecular anharmonicity expressed in degrees ( AE = weX o, where wg and Xe are the spectroscopic con-
stants of the molecule). The expression for 0y¢ is similar, however ¥ and I may be different if v—1t pro-
cesses are determined by collision with an impure gas. The probabilities of opposite transitions are
determined from the detailed-balance principle.

Multiplying Eq. (1.1) by i and adding over all i, we obtain an equation for the vibrational quantum
margin ¢ taken over one molecule, that is

da/dt =a —ar/1,>—(m—a) Ky + F (1.4)

Here aT is the equilibrium quantum margin at temperature T, Kq = Ty, dyp, is the rate constant of
nonequilibrium dissociation, Tyt? is the relaxation time of vibrational energy due to v— t processes for the
anharmonic model, and F is the quantum pumping rate due to absorption of emission in multiquantum 1)
and cascaded 2) pumping given, respectively, by

EW o (Yo — W)
k-1 (1.5)

Wi ("‘ Ry + 2 '%)

i=0

F =

The variable 7 vta depends in the general case on @ and can substantially differ from the correspond-
ing relaxation time for the harmonic model. The value of Ty? has been previously calculated {12] for an
arbitrary nonequilibrium margin @, It has the form for a comparatively small deviation from equilibrium
12, 13]

T = T [ —afe’ — P (1.6)

Below, we will use Eq. (1.6) everywhere as the definition of T2, It was obtained for small deviations
from equilibrium assuming a Boltzmann [13] or Trinorovskii [12] form of the vibrational distribution func-
tion. In the latter case,

T = Yoexp {—~ [%— - A—Tﬂ (t— 1)} i} (1.7)

where Ty = Ey/In(yo/y1) is the "vibrational temperature" of the first level, which can be determined by the
total nonequilibrium vibrational energy margin of the system. This function has a minimum depending on i
which taken over one level is given by

; T E 1

Lmin=ﬁﬁ+—f (1.8)

Under actual condition, the distribution function when highly deviating from equilibrium at levels i>

imin takes the form due to the effect of v—t processes of a flat plateau, whose presence can substantially in-
crease the energy relaxation rate and falisfy Eq. (1.6) [12]. This plateau will be absent in the model being
analyzed here only if

- (1.9)

Thus inequality (1.9) determines the maximum value of T; at a given boundary level m and, conse-
quently, the maximum @ at which Eq. (1.6) is still true. Moreover, condition (1.9) allows us to obtain a
simple dependence of the quantum margin @ and the value of y; on the vibrational temperature Ty for many
pumping conditions (under weak optical pumping when Wy; and Wy, <« Qyg, and for strong pumping when Wiy,
and Wiy > Q¢ and kE1/T; < 1), This dependence can be highly accurate, represented by formulas that
coincide with similar expressions for the model of a harmonic oscillator;

a = exp (— %) [1—exp (- —;’:1—) , Y= [1 —exp (_ ,%_‘)]“1 (1,10

An examination of the case of a weak deviation from equilibrium f{condition (1.9)] makes it possible
to obtain analytic expressions for the vibrational distribution function and the dissociation rate.
2, Let us consider a rectangular emission pulse of len 75 > T4 1/Kd. We assume, as in (7,8] that

To K Ty 2.1)
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for the characteristic time Ty~ @/ [de/dt | of the relaxation of the quantum margin e.

Since, in accordance with Eq. (1.4), T ™~ min [’R‘,ta; (a/m) 1/Kq], and, moreover, & >m usually, Eq,
2.1 holds1 for many cases of practical interest. The exception is only high-power (with probabilities Wy,
Wi >>Q10° ) pumping to the level k ~m and the case of small m. Under these conditions @/m ~1 and it may
turn out that T4 ~ T,

If Eq. (2.1) holds for an interval of time Typ< At < Ty, we may assume dg,/dt = 0, and the population
x1(t) is found in the form (cf. [7, 8])

) =N®Oy, Qu=1 - 2.2)
i=0
Exchange in collision with molecules at lower levels where the distribution (1.7) is valid plays the

greatest role for molecules at the i-th pumping level for a small deviation from equilibrium in v=1t pro-
cesses, Therefore, using Eq. (1.7) as the zero approximation, it is possible to linearize the nonlinear part
of Egs. (1.1) that describe the variation in the particle number at the i-th level due to v—t processes. An
approximation of the sums in this case yields [2]
. i epemm

L il _ — exp (— £y/Th
2 ir1ily = BQH—LH B= T —exp (va'—El/Tl)]z (2.3)

=0

The system of balanced equations thus linearized for the populations, which takes into account Eq. (2)
can be solved by the double~-summation method [2, 7, 8]. As a result, we obtain for the vibrational distri-
bution function the following expressions:

For multiquantum pumping

Yn = (— Kg— Wiol + Worlio) YnTfn BQ10) " + ¥a” O<n<k) (2.4)
Un = — KT (o — [)BQu™ + Wl ™ FE+H1<n<Sm)

For cascaded pumping

Un = — KayaT0n X [0, (BQroe 08 - Wi + 1,70, (0<<n<Ch)

fe=l

Un = — KayT (fu — T BQuI ™+ WlysT) 40T (k+1<nm 2.5)

Fo = D) lie @0y, T

o d=1

- . Y . _

o =1 [BOm exp (— j8,,) + Wio exp (7}— JT)] [BQ10exp (— j8u0) + Wiol™
J=1 .

As is evident from Eqs. (2.4) and (2.5) the vibrational distribution function in a gas dissociating due
to emission, differs from the Trinorovskii equation (1.7). Using Eqgs. (2.4) and (2.5) and taking into account
the fact that Ky = Tyyqym it is possible to find the dissociation rate constant Kq4. We have for the most
frequently encountered case Ppyg > Q%,m_i for multiquantum and cascaded pumping respectively,

10

K; =801 (1 + %V&fo [(1 + T?é’i—g .’/kak) fm]—l 2.6)
k

Ky = BQ1o9s [fm — Ix+ @ 1»2—1 iy P; (8-(1_1)5‘”’ + BKQ%):l

Equations (2.4)- (2.6) are close in form to the corresponding expressions for the harmonic-oscillator
model [7, 8]. However, the function (1.7) occurs as the undistorted optical pumping and dissociation dis-
tribtuion function in place of the Boltzmann equation, and, moreover, the influence of anharmonicity on the
vibrational exchange probability is taken into account by factors of the typeexp[—(@i—1) 6yyle Equations (2.6)
together with Eqs. (1.4) and (1.5), (1.6) and (2.3) determine the dependence of the constant K4 and temper-
ature T1 on the probability of optical molecular pumping. Dependences of Ty and K4 on the probability
Wy at k = 1 and on different values of the parameters Qy9 /T4y m, AE/T, and 0,y =0yt were calculated by
these equations, assuming that ar < e (i.e., the gas temperature T < Ty).

Results on the dependence of vibrational temperature T4/E; on the dimensionless probability of
optical pumping Wi/T1g are depicted in Figs. 1 and 2, which also present data of similar calculations
for the harmonic-oscillator model [7, 8] for comparison., Curves 1, 1', and 1" (Fig. 1a) characterize the
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Fig. 1

following values k=1,m =15 and Q10/P10 = 10 , while curves 2,2, and 2" characterize a value for 19
Qy0/Pyg of 10", The value of AE/T is 31072 for curves 1' and 2! and AE T has a value of 4-10~% for curves
1" and 2", We also have Oyy ™ Oyt = 2.7+ 10! for 1' and 2' and 2.6-107" for 1" and 2", Curve 1 and 2
correspond to the harmomc model. The values of the parameters for the curves in Fig, 1b are as follows
k=1, m=40, Qy/Py = 10% ,and AE/T = (4, 5, 7)* 10-° for curves 2, 3, and 4, respectively, curve 1 corre-
sponds to a harmonic model. The number of the curves in Fig. 2ab correspond to the same values of the
parameters as in Fig. 1a,b.

As is evident from these figures, the values of Ty/E;j and, in particular, Kq/Pyq for anharmonic
oscillators can significantly differ in a given range of probab111t1es of optical pumplng from the correspond-
ing values for a harmonic model. For example, Wyy/Pyg ~ ? (when Qqp/Pig~ 10%, and 2 - 10% (when Q1¢/Po~
10 are required for reaching the regime Kq/Pyy ~1 for BC13 molecules (k =1, m = 40, E1 ~1440"K,
AE/T~7.107% and Oqy™ Oyt 6.3+ 10-%), which amounts to respectively ~0.7 » 10% W/cm (mm Hg)*p? upon

conversion to the emission intensity I of a COy laer {81 at pressures p> 10 mm Hg,

In the harmonic model I ~4 W/cm?. (mm Hg)? - p* for the first case and when Q1y/Pyg = 10% this
regime is impossible. To obtain an explicit dependence of Ty and Kq on Wiy (or Wyg) and the parameters
Q1y/Pi1g, m, AE/T, byy, adn &yt we simplify Eqs. (1.4)-(1.6), (2.3), and (2.6), considering the different
regimes of weak (Wyg, Wi <<Q1g) and strong (Wyg, Wko <« Qy9) pumping,

3. Let us consider dissociation under weak optical pumping (Wi;, Wiko > Qyqg). In this case, Eqs, (2.6),
which determined the dependence of Kq on Ty, Q1g, m, and AE /T under multiquantum anc cascaded pumping
take the form

Ky = BQuo fn? (3.1)

The relationship between Ty and Wi, (Wyg) is determined by Eqs. (1.2)-(1.4) and (1.8), taking into
account the fact that @ << m and de/dt = 0. A further simplification of Egs. (1,2)-(1.4) becomes and the
derivation of dependence of K4 and Ty on Wy (Wk() become possible if, following [7, 8], we examine the
case of high and low Ty, Thus, for small Ty/E¢ < 1, by considering the quantum margin as independent
of the dissociation rate [i.e., ignoring the second term in the right side of Eq, (1.2)1, we find

Ky~ Qigm <—§1%) exp (M), % ~In ( 2:’) (3.2)
Here Ty = (AE/T)mZ— mbyy. and Ay = kW for multiquantum pumping and Ax = Wy, for cascaded
pumping. As is evident from Eq. (3.2) the temperature Ty and dissociation rate constant Kgq rapidly in-
crease with increasing pumping power. Beginning at some Wi (or W) the value of K3 can be such that
the loss of vibrational energy from the system will be basically caused by dissociation, i.e., by the second
term in the right side of Eq. (1.2), In this case, we have from Egs, (1.2)-(1.4) and (3.1),

~ A 1 ™
K = ','n_Akv BT, zﬁ-ln <m2 %lf-> = (3.3)
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The values of W¥gg (or W1¢*) and of T*; at which the regime (3.2) changes into (3,3) can be found by
using Eq. (3.1) and assuming that the first and second terms of the right side of Eq. (1. 2) are the same,
that is

B Q A E
T m+1 [nm +1n (ﬁ mZ)J Ape* = Pygexp [nm + 71‘;(1 - m)} (3.4)
Equations (3.2) and (3.3) at ", = 0 change into the corresponding expressions for the harmonic model

[7, 81. Since | m | > 1 often for anharmomc oscillators, the temperature Ty in the case (3.3) and the
dissociation rate in the case (3.2) can significantly differ from the expressions assumed for the harmonic
model (cf. also Figs. 1 and 2). Here and below, blocking anharmonic and harmonic oscillators with identical
Ejyand m are compared. Consequently, the dissociation energy in an anharmonic oscillator is always less
than that of the harmonic oscillator being compared,

Physically, the variation in exp(7y,) and of the dissociation rate constants in Eq‘. (3.2) due to anhar-
monicity is related to the variation in particle flow from level m—1 to the boundary level m, which is
caused by an increase 1n the population of level m — 1 by a factor exp(m 2AE/ T) and by the decrease in the
transition probability Qm -m,m by a factor exp(—o,,m). The gas temperature can affect the size of exp(im)
and consequently, the d15soc1at1on rate in the case (3 2). For example, we have exp(ny)= 40- 10° and 4-
10 respectively, for BCl molecules used in experiments into molecular dissociation in the emission field
of a COy laser at T = 500 and 300°K., As has been previously noted [2], it thus becomes possible additionally
to regulate the nonequilibrium dissociation rate by varying the gas temperature. The dependence of Kg on
AE/T when Wio/Pyy is held constant at 10 is illustrated in Fig, 3. The values of the parameters in Fig, 3
are as follows: Qio/Pyy = 10 Oyy Ok = 10 and m = =5, 15, and 40 for curves 1, 2, and 2', and 3 and 3',
respectively. The straight lines correSpond to the harmonic model.

As Wi > Wio* (Wyp > Wy, which is the case when Eq. (3.3) holds, anharmonicity does not vary
K(d and leads to values for Tj that somewhat differ from the vibration temperature of harmonic oscillators
(cr. Eq. (3.3) and Figs, la and 2a), This is because the dissociation rate is determined by the energy
pumping rate at a vibrational degree of freedom, and, consequently, is proportional to Wiy (Wyg) and
independent of the form of the vibrational distribution function.

At a high vibrational temperature T; > E; an explicit dependence of Kq on Wiy (or Wqg) cannot be
found. If in this case the dissipation of vibrational energy from the system is determined only by v-t
processes, it is suitable to use Eq. (3.1) for Kg and the dependence of Ty on Wi (or Wig) is found from the

relationships
= AE - E
By Pro (ByfTy — )[BTy — (b — OS], kg<t (3.5)
where By = kZWkO for multiquantum pumping and By =k(k + 1)Wy(/2 for cascaded pumping.

Whenever v— t processes are ignored and it is assumed that energy lost from the system is caused
solely by dissociation,
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When k(E;/T1) <1 the function f}, occurring in Egs. (3.1) and

I (3.6) has the form
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Fig. 3 Proceeding on the basis of Egs. (3.5)43.7) it is possible to

clarify the nature of the behavior of K3 as a function of Wy in Fig, 2
within the region T1/E; <1, For example, if for a regime (3.3), (3.6)
within the region Ty/E{ < 1 harmonic and anharmonic models yield identical values for Kq as a function of
Wy, lef. Eq. (3.3)], when Ty1/E; > 1, these values will begin to differ. This is caused by the appearance in
the expression for K of factors containing the parameter E;/T; and by the difference in Ty for the two
models.

4, We now consider dissociation of molecules at high optical pumping Wig, Wko > Qq¢). In this case,
a saturation regime is attained, and the values of K and T become independent of optical pumping intensity.
Physically, this is due to the presence of a "narrow site" for energy input to a vibrational degree of free-
dom. The maximum energy input rate is determined by its concentration rate at all vibrational levels, ie.,
by exchange probability. In the saturation regime, the limiting values KJ'?* and T{"#* for this anharmonic
model and the most often encountered case T{™MaX > E; can be found using the method similar to a previous
method [7, 8]. We present some final results, If dissociation does not affect the limiting margin of the

vibrational quanta, KJ'#¥ will be determined from Eq. (3.1) and T2X from the relationship

T;nax (C Qio 2 [ w] (4.1)

Er T\ MPu | myrm s

k
where Cj = &* /2 il for multiquantum pumping and Ck = k(k + 1)/2 for cascaded pumping. In the other
i=1

limiting case, namely when vibrational energy lost from the system is caused by dissociation, we have

(4.2)

nax c (E]/Tmax ) pmax c 1,
Km zolo—mi (El/Tina}l{—svv)z ? 1E1 ~<l—’f°fm)
It is of interest to analyze, besides the dissociation kinetics treated above for the model of blocking
anharmonic oscillators possessing a small deviation from equilibrium (condition (1.9)), the case of a strong
edviation from equilibrium, as well as to investigate nonequilibrium dissociation of diatomic molecules
when their transition in the continuous spectrum occurs from the boundary levels, i.e., from levels whose
population is substantially affected by v-t processes. In the latter case, the distribution function and the
dissociation rate can be found by the technique we have considered, If vibrational energy dissipation is
caused by dissociation, the constant K4 can be estimated to within a factor on the order of 2-3 from the
equations [including Eqs. (3.3), (3.6), and (4.2)] for any deviation from equilibrium and for any model when
k = 1, Inthe case of weak Wiy << Q1¢) and strong Wiy >> Q1) optical pumping, we find, respectively

Kd’%

Here, D is the dissociation energy of a molecule and v is the frequency of the emission absorbed,
Such a form for K is due to the fact that it weakly depends on the form of the vibratonal distribution func-
tion and, in actual practice, can be estimated by equating the energy flows, namely, the translational flow
as a function of emission and the dissociation flow [cf. Eq. (1.4)], under the indicated regime of the vibra-
tional energy balance. Such a regime of nonequilibrium dissociation of diatomic anharmonic molecules has
been previously analyzed {11},
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