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Abstract. Several monoatomic and homonuclear diatomic gases absorb energy from a 
focused CO2-1aser photon field. It has been established that the pressure threshold for the 
energy absorption correlates qualitatively with the known ionization potentials of those 
gases. The simplified phenomenological theory of the CO2-1aser-induced dielectric 
breakdown of gases is invoked to explain this phenomenon. In the H2-D 2 system, the 
formation of HD is observed under these conditions. The examination of the reaction yields 
for HD formation demonstrates that the system studied does not reach equilibrium under 
our experimental conditions. Considerations regarding kinetics of primary processes reveal 
that ionic species, created originally via an inverse bremsstrahlung mechanism, are 
converted into atomic transients in fast ionic association processes. The latter species 
initiate chain reactions with surrounding molecules of substrates leading to the formation of 
HD. Simple kinetic analysis based on a non-steady-state assumption permitted the 
derivation of an expression for the yield of HD formation. This equation was fitted to the 
experimental data assuming that the temperature of the reaction rises with an increase of the 
amount of D2 in the mixture. Some other aspects regarding the behavior of this system in a 
focused CO2 laser beam are also discussed. 

PACS: 82.50, 82.30, 42.60 

Mono- and homonuclear diatomic gases are transpar- 
ent to infrared radiation, in accord with single-photon 
selection rules. It has also been confirmed experimen- 
tally that such substances are transparent to parallel 
CO2-1aser beams of moderate fluences. In the early 70's 
several authors reported, however, that these gases 
absorb energy from a focused CO2-1aser photon field 
[1-6]. Despite numerous experimental [1-17] and 
theoretical [9, 14, 15, 17-26] works devoted to this 
problem, some aspects still remain unexplained. A 
number of the features observed have been elucidated 
in the past on the basis of various phenomenological 
theories of the laser-induced dielectric breakdown of 
gases. One of those theories, outlined by Hacker et al. 
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[8, 11, 14] has been invoked in this work to elucidate 
the correlation between the pressure threshold for the 
energy absorption and the ionization potential of an 
absorbing gas. Isotopic exchange processes in the 
H2-D ~ system have been very widely examined in the 
past [27-36]. In this work we have investigated some 
aspects of the chemistry of H2-D2 system in a focused 
CO2-1aser field. This paper is a report of our findings. 

1. Experimental 

The source of infrared radiation was a pulsed CO 2 
TEA laser (Lumonics, Model 103-2) tuned to the P(20) 
line (944.2 cm- 1). The laser beam was stopped down 
by a metal aperture to an area of 2 cm z and then 
focused into the center of the cells by a BaF2 lens (focal 
length: 10 cm) placed just at the entrance windows of 
the cell. The laser was operated at 0.5 Hz and three 
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different compositions of lasing gas, which allowed 
measurements to be performed at different beam 
temporal profdes [37]. The amounts of energy de- 
posited (Eabs) and/or incident pulse energy (Eo) were 
measured by a Gen-Tec (Model ED-500) joulemeter, 
placed beyond the exit windows of the cells. The 
breakdown-threshold experiments were conducted in 
a stainless steel cell (optical length: 15.5 cm) equipped 
with one pair of NaC1 windows, transparent to the ir 
radiation, and another pair of standard glass windows 
enabling visual observation of the luminescence at 
right angles to the beam axis. The cell was evacuated 
and filled with gas sample at pressures well above the 
appropriate threshold value, so that initially the gas 
would break down on every laser pulse. The pressure of 
the gas was then decreased in small steps until 
threshold was crossed and breakdown ceased. In 
another series of experiments we started from irradi- 
ation of an empty cell, gradually increasing the gas 
pressure until breakdown occurred. Higher pressure 
threshold values were always found in the latter case. 
We have taken the mean from both these series of 
experiments to be the true pressure threshold value for 
gas breakdown. 

In the pressure-threshold measurements, the laser 
was operated at two different compositions of lasing 
gas: He : CO2 : N2 of 10.0 : 5.0 : 0.0 ("short pulse") and 
10.0:3.0:0.6 ("long pulse") and at constant incident 
pulse energy equal to 0.85 J/pulse. To keep the incident 
pulse energy constant the laser beam, in the case of 
"long pulse", was attenuated by passing it through a 
cell filled with the appropriate pressure of PH 3 [37]. 

The irradiations of H2-D2 mixtures were per- 
formed in a 152 cm a (optical length: 15.5 cm) cylindri- 
cal stainless steel cell fitted with NaC1 windows and 
coupled via a pinhole leak to a Bendix Model 14-101 
time-of-flight mass spectrometer [37]. In these experi- 
ments the laser was operated at a constant compo- 
sition of a lasing gas, namely He :CO2:N2  
= 6.0 : 2.0 : 0.7, which assured a high-energy output per 
pulse (1.60_ 0.05 J). The changes in concentrations of 
H2, D2, and HD were followed by measurements of the 
intensities of the ion currents at m/z = 2, 4, and 3, 
respectively. The extent of reaction is reported in terms 
of reaction yields, Y(+_/), defined as in (1), i.e. 

as received. H 2 - D  2 mixtures were prepared using a 
Saunders-Taylor apparatus [38]. 

2. Results and Discussion 

2.1. Correlation Between the Pressure Threshold 
for Energy Absorption and the Ionization Potential 
of a Gas Sample 

Simple monoatomic and homonuclear diatomic gases 
can absorb energy from a focused CO2-1aser beam and 
this process occurs only at high density of electromag- 
netic radiation. The most characteristic feature of the 
process is that it exhibits a threshold nature in which 
the absorption cross section increases sharply when 
values of certain parameters characterizing the laser 
photon field and irradiated system attain appropriate 
threshold values. Furthermore, the energy absorption 
process is always accompanied by breakdown of the 
gas sample and strong emission of visible radiation. 
Similar phenomena have been observed during irradi- 
ation of numerous triatomic [39], tetraatomic [37, 40, 
41], and even more complex [42-45] molecules, that 
do not undergo decomposition in a parallel CO2-1aser 
beam. Ronn [46] states that the pressure threshold for 
the dielectric breakdown of gases can be related to 
their polarizabilities. We have noticed that the values 
of pressure threshold for the breakdown of gases can be 
also correlated with their ionization potentials (Fig. 1). 
To explain this dependency we invoked the phenome- 
nological model of the laser-induced dielectric break- 
down of gases outlined by Hacker et al. [8, 11, 14]. The 
authors assume that, under the influence of an intense 
CO2-1aser field, free electrons (or ions) present origi- 
nally in the focal volume can be accelerated, owing to 
the incoherent absorption of energy from the electro- 
magnetic field of radiation (inverse bremsstrahlung 
absorption). Energized electrons are capable of ioniz- 
ing neutral molecules in collisions and the newly 
formed electrons, in turn, absorb energy by an inverse 
bremsstrahlung mechanism. Multiplication of these 
processes can provide a large number of electrons for 
the breakdown avalanche. The threshold conditions 

number of moles of i formed (+)  or decomposed ( - )  
Y(-t- i) = number of pulses (1) 

As measured values of Y( -H2)  , Y ( -  D2) , and Y(HD) 
for a given reactant mixture differed somewhat, one 
from another, we assumed the mean to be a true 
reaction yield value of HD formation. 

He(99.995%), Ne(99.995%), Ar(99.998%), 
Kr(99.995%), H2(99.95% ), N2(99.99% ), PH3(99.999%) 
all from Matheson, and D2(99.5%, Linde), were used 

are attained if the electron gain rate becomes equal or 
higher than the electron loss rate. Further, Hacker et 
al. assumed that the latter effect results from elastic 
electron-molecule collisions and diffusion of electrons 
beyond the focal zone, The equation relating the pulse 
energy threshold (Eth) and pressure of absorbing gas 
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Fig. 1. Pressure threshold of the luminescence appearance for 
He( O ),Ne([~),Ar( A ),Kr(V),Hz ( ~ ),D2 (O ),N2 ( + ),and PH3 
((D) versus ionization potential of the absorbing gas sample (Po is 
the atmospheric pressure) 

(P) is given by (2) 

r176 2@)z 1 
Eth = ~ 13m-m~2 p2 

+ In i f +  ~ / /  j ,  (2) 

where e 0 is the permittivity of free space, c is velocity of 
the light, m and M are the electron and neutral- 
molecule masses, respectively, co denotes the laser 
frequency, S is the laser beam cross-section, Ui repre- 
sents the ionization potential of gas molecules, e is the 
electronic charge, (e)  is an average electron energy, A 
represents a diffusion length, z denotes the pulse 
duration, fl is a constant relating the electron-molecule 
collision frequency and pressure, and nb and no denote 
tile critical electron density and the initial electron 
density, respectively. At constant pulse energy the 
pressure threshold for breakdown of gases can be 
expressed by (3), viz. 

�9 Ptb = + + - ,  (3) a 

where 

Etlae 2 2m(e) z 

a -  gocmo)2SU i MUi ' 

b = lift In(rib/no), 

2(e)z 
c= 3mA 2 f12 . 

A crude estimation performed in our previous 
work revealed that the term c/a is much smaller than 
b/2a [-37]. Thus, neglecting this term, one notices that 
the pressure threshold for the breakdown should be 
directly proportional to the ionization potential of an 
absorbing gas. To check this hypothesis the Pth values 
were plotted against appropriate Ui values in Fig. 1, 
where points represent the experimental data and the 
solid lines are calculated on the basis of the least 
squares method. As may be noticed the agreement is 
rather poor. There are at least two reasons which can 
account for the observed discrepancies. Firstly, the 
applied theory is, undoubtedly, oversimplified as it 
does not consider all the parameters influencing the 
breakdown phenomenon, i.e., some other individual 
properties of molecules (e.g., polarizabilities), experi- 
mental setup, and so on. Secondly, the proportionality 
coefficient (p), in the relationship: Pth=pUf, depends 
on the individual properties of a given gas. Taking into 
account the above facts only a qualitative agreement 
can be expected between theory and experiment. 
Indeed, the solid lines in Fig. 1 show actually only the 
qualitative tendency of Pth as a function of the 
ionization potential of an irradiated system. It may 
perhaps be worthwhile to mention that the relation- 
ship given by (3) predicts also a decrease of the pressure 
threshold for the gas breakdown with a shortening of a 
laser pulse duration, this dependency being actually 

�9 observed experimentally (Fig. 1). 

2.2. The Behavior of H2-D 2 System 
in a Focused C02-Laser Photon Field 

The interaction of a focused CO2-1aser beam with 
H 2 - D  2 system at a total pressure exceeding the 
breakdown threshold causes depletion of both parent 
reactants and formation of HD. The yields of HD 
formation versus composition of irradiated H2-D 2 
mixture are shown in Fig. 2. The position of the 
experimental data points is Characteristic of reactions 
proceeding in two component systems when compo- 
sition changes cover the whole range of possible 
concentrations [30, 37, 47]. The first impression after 
reviewing these data is that an equilibrium is attained 
in the reaction volume. To verify this hypothesis we 
derived an expression relating the reaction yield 
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Fig. 2. Fraction of energy absorbed (lower graph) and yield of 
HD formation (upper graph) versus mole fraction of D 2 upon 
irradiation of Hz-D 2 mixtures at the total Pressure of 
9.3 • 104 N/m 2. Points in both graphs represent experimental 
data. Dashed line in the upper graph corresponds to equilibrium 
yields of reaction and solid line to the kinetic model prediction. 
Solid line in the lower graph represents empirical fit to the data 
with the equation: 

EabJEo=0.4(1 - -  7)1"6 + 0 . 5 4 y  0"76 

(Y(HD)e) to the initial number of molecules of both 
parent reactants in the reaction volume (Nr~ +No2), 
the equilibrium constant (K), and the composition of 
the reactant mixture (7), starting from the equation for 
the equilibrium constant, viz. 

Y(HD)e = (Nn2 + N o ~ )  K - ~ / N  2 - 4 K ( K  - 1) 7(1 - 7) 
2 ( K - i )  

(4) 

To make any use of (4) one has to know the value of K 
and the initial amounts of both reactants in the 
reaction volume. Unfortunately, none of these quanti- 
ties is known unambiguously. The equilibrium con- 
stant varies with temperature according to the equa- 
tion 1-32] 

K = 4.24 exp( -  78.8/T). (5) 

Using (5) we calculated values of the term in (4) that is 
dependent on K, and we noticed that they change 
insignificantly with temperature. For example, at 
7 = 0.5, where the changes are the most pronounced, we 
obtained values equal to 0.3218, 0.3278, 0.3322, and 
0.3344, corresponding to temperatures [K] equal to 
300, 500, 1000, and 2000, respectively. The actual 
temperature for the process occurring in our system is 
not known. To proceed further into this problem, 
however, we assumed the K value corresponding to 
298 K. The reaction volume can be expected to be 
constant, as the total pressure and the experimental 
setup have been always the same. Unfortunately, 
though, it can not be predicted with any degree of 
certainty. Therefore, the expression given by (4) can be 
used only for fitting the experimental data shown in 
Fig. 2. The Y(HD)e values were thus calculated vary- 
ing Nn2 + ND2 in such a way as to obtain the lowest 

y = 0 . 9  

value ofthefunction: ~ [Y~(HD) ... .  1- Yr(HD)~xp] 2- 
? = 0 . 1  

This procedure leads to NH2+ND2 equal to 
2.0x 10 5 mole, which corresponds to a reaction 
volume of 5.3 cm 3. The calculated equilibrium yields of 
HD formation are shown as a dotted line in Fig. 2. 
The derived curve is symmetrical around the 7 =0.5 
axis and its shape is not affected by the temperature. 
The increase of the latter parameter would cause only 
minor shifts of Y(HD)e toward higher values. All the 
above considerations demonstrate that the system 
studied apparently does not reach an equilibrium in 
our experimental conditions. Moreover, this infor- 
mation implies that kinetic phenomena must be re- 
sponsible for the asymmetrical shape of the reaction 
yield curve. 

Assuming that the major part of the laser-field 
energy is absorbed via the inverse bremsstrahlung 
mechanism, one can expect the primary reactive 
species to be free electrons. Secondary reactive species 
could be created upon the impact of energized 
electrons on neutral molecules and these would be 
positive 1,33, 48-52] or negative 1-53] molecular ions, 
atoms [33, 36, 50, 52, 54-56] and ionized atoms 1-32, 50, 
52, 55]. All the species, including parent molecules of 
both reactants, can be electronically, vibrationally, 
rotationally or translationally excited if a given form of 
excitation is accessible to the molecule [54-56]. These 
excited species can be formed either upon electron 
impact dissociation of parent molecules or as a result 
of inelastic collisions of electrons with any species 
present in the system. Another possible pathway for 
creation of reactive states would be via a direct or 
collisional interaction of the intense ir photon field 
with some species which could be present in the system 
studied, e.g., H +, H. . .  H2, H + ... H2, etc. Although the 
latter mechanism of energy absorption can be predict- 
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ed on the basis of recently reported theoretical 
considerations [20, 21, 23, 25, 57], and some experi- 
mental observations [58], it does not seem to be a 
major one by which the system absorbs energy from 
the focused COz-laser beam. 

To simplify the problem let us consider the follow- 
ing processes to be a consequence of the interaction of 
an intense COz-laser photon field with the system 
studied (H: hydrogen isotopes): 

H~ 
laser field 

> H~ + e - ,  (6) 

H § + H + e - ,  (7) 

2H,  (8) 

H + + H - .  (9) 

The electron impact [52] and proton impact (cosmic 
radiation) [59] studies reveal that dissociation accord- 
ing to (9) is of very low probability. Similarly, elec- 
tron attachment processes leading to the creation of 
negative molecular ions can be neglected [53]. The 
dissociation channel represented by (7) does not play 
a major role in the formation of primary reactive 
species. According to photoionization [60], electron 
impact [48, 49], and proton impact [59] investiga- 
tions, the ratio of [H+]/[Hz +] is usually lower than 
10% and does not depend notably on the amount 
of energy carried by interacting particles or electro- 
magnetic radiation. Nevertheless, species formed by 

(7) may contribute to further reaction owing to their 
high reactivity. 

Secondary processes in which the species formed 
via (6-9) participate, can be categorized by the follow- 
ing groups [61]: ion-molecule reactions, charge neu- 
tralization, atom-molecule reactions, and atom recom- 
bination. The overall mechanism may, thus, be ex- 
pected to be very complicated. In order to attempt to 
rationalize this subject, let us consider the rates of the 
secondary processes and subsequently the lifetimes of 
these transients with respect to the particular reaction 
pathways. This information is compiled in Table 1. All 
reactions in Table 1 are numbered from (10) to (21) and 
we will refer to these numbers subsequently in the text. 

In order to evaluate lifetimes of intermediate 
species towards various reaction pathways some as- 
sumptions regarding initial concentrations of reac- 
tants are necessary. If the entire energy absorbed (ca. 
0.72 J/pulse; lower half of Fig. 2) would be used only 
for the ionization of parent molecules one would 
expect the formation of 4.8 • 10- 7 mole of molecular 
ions and electrons per pulse via reaction (6) (the mean 
value of AH}o for Hf  and D + is equal ca. 1490 kJ/mole 
[71]). One may conclude that virtually each molecule 
in the focal volume is ionized during the pulse, so initial 
concentrations of both HI  and e-  would be the 
same as that of the parent molecules, i.e. 
3.75• 10-6mole/cm 3 (70Torr). To enable a com- 
parison of probabilities for various processes we 
assume the concentration of H + attains ultimately the 

Table 1. Reaction scheme 

Reaction Process a Rate Half- Ref. 
No. constant b lifetime [s] 

(10) H + + e -  ~ 2H 5.9x1015 4.5x10 - l l  [62] 
(11)  H + + H  2 ~ H~ + H  1.3x1015 1.4x10 -1~ [59] 
(12) H + + e -  ~ H + hv 2.1 x 1012 9.1 x 10 -8 [59] 
(13a) H + + D 2  --+ H D + D  + 2.2 x 1014 8.4x 10 -1~ [32] 
(13b) D + + H 2  ~ H D + H  + 1.0 x 1015 1.8 x 10 -1~ [32] 
(14) H + + H 2  ~ H i + h v  ~ 6  x 104 3.1 [63] 
(15) H + + H 2 ~ H~ <5  x 10 -11 [64] 
(16) H+ + H 2 + H 2  ~ H + + H 2  1.2 x 1019 4.1• -9 [65] 
(17) H ~ + e -  ~ H2(2H) + H 1.1;(1016 2.4 x 10 -11 [66] 
(18) H + + HD ~ H2 + HzD + 6.6 • 1014 2.8 x 10 -1~ [67] 
(19a) H + D 2 -~ HD + D 1.1 • 107 1.7 x 10 -2 [31] 
(19b) D + H 2  ~ H D + H  1.3 x 10 s 1.4• -3 [31] 
(20a) H + H + M  ~ H2 + M  3.3x1015 5.4x10 -6 [68] 
(20b) H + D + M  ~ H D + M  
(20c) D + D + M  ~ D z + M  4.0 x 10 is 4.4 x 10 -6 [69] c 
(21a) H w , n ,  1/2H/ 4.2 1.7 x 10 -1 [70] a 
(21b) D wall , 1/2Dz 3.3 2.1 • 10 -1 [70] a 

a Symbol M denotes ba th  molectfles 
bAll values correspond to the ambient temperature. Units: l/s, cm3/(moles), and 
cmr/(mole z s) for the first, second, and third order reactions, respectively 
c Value calculated from the dependency: k(T) =1.2 x 1018 T -1 (see text) 

For  information see text 
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same value as that of H +, whereas, concentrations of H 
and D are twice those corresponding to the originally 
produced ionic species. Lastly, the concentrations of 
H + and D + were assumed to be 1/10 of that for H f  on 
the basis of previous considerations. 

The above assumed values do not reflect real 
concentrations of reaction transients; nevertheless, 
they facilitate the drawing of some qualitative conclu- 
sions. The main reaction transients, i.e. positive molec- 
ular ions, disappear via the very fast process (10) or 
alternatively by reactions (11) and (17). Process (18), 
which could contribute to the hydrogen-deuterium 
exchange, can not compete with (17) owing to the 
relatively low rate and deficiency of parent molecules 
in the focal zone. For atomic ions several pathways are 
available. Some of these species may disappear via 
radiative association (12) and this process seems to be 
one which can account for the visible luminescence 
that always accompanied the absorption of energy 
from the laser beam. Reaction (14) is too slow to play 
any role in the decay of atomic ions. Both bimolecular 
(15) and trimolecular (16) channels followed by a very 
fast process (17) are the main pathways for the 
concumption of these species. The only processes 
which could compete with them would be reactions 
(13a) and (13b) and both processes can contribute to 
the formation of HD. Taking into account, however, 
that initial aboundances of atomic ions are much lower 
than these of molecular ions and that charge neutral- 
ization processes are very fast, one can expect this 
contribution to be minor. 

Some further consequences arise from the above 
considerations. Owing to the high density of positive 
ions and electrons in the focal volume and attractive 
interactions-between them,--the neutralization pro- 
cesses are so fast that any other processes involving 
ions can not compete. Combining this information 
with the fact that some transients are also created via 
(8), one comes to the conclusion that only atomic 
species are directly significant in causing the Hz-D z 
exchange reaction. 

The time in which primary intermediates are 
created [reactions (6-9)] is not known exactly, how- 
ever, it should be shorter than the pulse duration 
( ,,~ 10- 7 s) [56]. Since lifetimes for the decay of all ionic 
species are much shorter one may assume for chemical 
kinetic consideration that H and D atoms are instanta- 
neously created by the ir laser photon field in the focal 
zone. 

[HI = 

The experimental yields of HD formation are 
several times higher than the amounts of atoms 
estimated earlier to be originally produced by the 
pulse. Thus, chain reactions must play an important 
role in HD formation. The crude estimations of the 
lifetimes of atomic transients with respect to the 
various reaction pathways (Table 1) reveal that atom- 
atom combination processes can compete with chain 
propagation steps [reaction (19 a and 19b)] early in the 
pulse. On the other hand, the relatively slow diffusion 
processes of atoms to the walls are the only alternatives 
for termination steps (20a-c) and they must play a 
predominant role at the end of the process when 
atomic concentrations are low and the probabilities for 
encounter of two atoms become very low. 

The concentrations of the reaction transients 
change significantly with time and, therefore, the 
application of the steady-state approximation to the 
examination of kinetics does not seem to be adequate. 
The amounts of H and D do not change in the chain 
propagation steps but rather only in the depletion 
processes (20a-21 b). Thus, the rate equations for the 
decay of these species, according to the mechanism 
(Table 1), are 

diN] _= 2kzoa[H] 2 [M] 
dt 

+ k z o b [ H ]  [D] [M] + k 21,[H], (22) 

d[D] 
dt 

- - -  = 2kzoc[D] 2 [M] 

+ k2ob[H] [D] [M] + k2 lb[D] �9 (23) 

Since the amount of energy absorbed does not change 
markedly with ~ we assume that the sum of initial 
concentrations of H([H] 0) and D([D] 0) is independent 
of composition and that the initial concentrations of 
individual species are proportional to the amounts of 
their precursors in the mixture, i.e. [ H ] 0 = ( 1 - 7 )  
([H]o + [D]o ) and [D] o = ~([H]o + [D]o ). The func- 
tional dependence relating [H] and [D] is not known. 
To make the problem tractable we assume that the 
relative concentrations of intermediate species do not 
change during the course of the process, i.e. [H] 
=(1 -~)  ([HI + [D]) and [D] =7([HI + [D]). Substi- 
tuting appropriate relationships resulting from the 
above dependencies into (22 and 23) and integrating, 
one obtains expressions for the concentrations of the 
reaction transients as a function of time (t) after 
formation by the pulse, viz. 

(1 -- ~)k 21,([H] o + [D] o) exp ( - k 21.t) (24) 
[2(1 --  ~)k2oa[M ] + ~ k 2 o b [ M ] ]  ([H]o + [D]o) (1 - [1 - e x p ( -  k21at)]) + k21 a ' 

7k2 t b([H]o + [D]o) exp( -- k21b t) 
[D] = [27k2oc[M] + (1 - ;0k2ob[M]] ([H]o + [D]o)(1 - [1 - e x p ( -  kzlbt)]) + kzlb" (25) 



CO z-Laser-Induced Breakdown in Mono- and Diatomic Gases 115 

Following the reaction scheme the rate of HD formation is given by (26): 

d[HD] 
d ~  = k19a[H] [D2] + kx9b[D] [Hz] + k2ob[H] [D] [M]. (26) 

The term resulting from the process (20b) can be neglected owing to its minor contribution to the HD formation. If 
we now substitute (24 and 25) into (26) and integrate, we may obtain an equation for the yield of HD formation, 
Y(HD), by evaluation of the resulting expression as t ~  o% viz. 

{ [ 1 Y(HD) o o ?(1-y)k19a In 1 +[2(l-T)k2oa[M]-t-Yk2ob[M]]" 
= (Nn2 + ND2) 2(1 -- y)kzo,[M ] + yk2ob[M ] k21, 

7(1 --~)k19 b [ I  + [2~'k2ocEM] +(1 - 7)k2obEM]] [H]o_+ [D]o [~ (27) 
+ 27k20~EM] +(1-?)kzobEM] In k2,b J J '  

where N~ + N~ denotes the initial number of moles of H z and D 2 in the reaction cell. 
The expression given by (27) is not amenable to testing by plotting of some simple function of Y(HD) against ?. 

Therefore, let us consider features of this dependency under boundary conditions. As one may expect, Y(HD) 
becomes equal to 0 if ~ reaches 0 or 1. The differentiation of Y(HD) with respect to ~ leads to a rather cumbersome 
equation which admits, however, quite simple forms in boundary conditions, i.e. (28 and 29), viz. 

Lira d Y(HD) = (NO + NO) 
~-~o dy 

�9 k21, J + kz0bEM~ kzlb J l '  

Lim dY(HD) _ (N~ 

�9 ~- k l9b  ln(1 +2kzoo[M][H]~176 
L2kzoc[M] k21b J -~- - -  

All rate coefficients in the above relationships depend 
significantly on temperature which, unfortunately, can 
not be predicted with any degree of certainty. Also, the 
initial concentration of reaction transients is impos- 
sible to estimate directly. Therefore, (27) can be used 
only as an approximate formula to fit the experimental 
data shown in Fig. 2. For this purpose the knowledge 
of the temperature dependencies of all rate constants is 
required. Expressions for k 19,(T) and k 19b(T), derived 
on the basis of the work Garrett and Truhlar [31] who 
calculated rate coefficients in the region 2004000 K, 
are taken to be 

( [-lo+[D]o/1 
k2ob[M ] In 1 +kzob[M ] k21, ]J" 

k19a(T ) = 1.63 x 10 is exp( -  952.8/T 0"69) ~ in cm3/ 
k19b(T ) = 2.13 x 1015 exp( -  593.2/T ~ J (mole s). 

The above equations correspond to the values for the 
CVT/MCPVAG model which best correlates with the 
experimental data. The k2o,(T) functional dependence 
was taken directly from [68], whereas, k2oc(T ) has 
been established on the basis of the experimental data 
reviewed in [69] 

k2oa(T) = 1.0 • 1017 T -~ ~ in cm6/(mole 2 s) 
k2oc(T)=l.2 x 1018 T -1 J (300--5000 K). 

(29) 

Values of k2ob(T), representing the cross-combination 
rate constant, were evaluated from the expression: 
2[kzoa(T)+kzoe(Y)] 1/2 [72]. The crude estimation 
based on the kinetic theory of gases [73] and available 
data for the recombination coefficients of hydrogen 
atoms on metal surfaces [74, 75] suggests that diffu- 
sion of the atoms through the gas volume is the rate- 
controlling step in wall termination. The value of k21 a 
taken from the work of Lynch and Michael [70] is 
equal to 4.2 s-1 at ambient temperature. The corre- 
sponding rate constant for the diffusion of D atoms 
was estimated from k21,, assuming that the only 
difference between the diffusion rates of H and D atoms 
results from their masses. This leads to a value for kzlb 
of 3.3 s- 1. Study of the temperature dependence of the 
diffusion coefficient of H atoms in H 2 indicates that 
D,,~ T 3/2 [76] and, combining these facts, one may 
write 
k2x, = 4.2(T/300) 3/2 [s- 1], 

k21 b = 3.3(T/300) 3/2 [s- a]. 

Substituting now the appropriate k(T) dependencies 
0 0 4- into (27) and taking NH2 +No2 = 5.7 x 10- mole and 

[M] = 3.75 x 10 -6 mole/cm 3, we varied [H]o + [D]o 
and T in such a way as to obtain the best fit to the 
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experimental values. In the first approximation we 
assumed constant temperature for the process. Since 
k lgb>k19  a the second term of the right-hand side of 
(27) always contributes more to the Y(HD) than the 
first one. This implies that the asymmetry of the 
reaction yield curve, predicted with the above assump- 
tion, is such that the maximum occurs on the low side 
of 7=0.5 axis. It is worth noting that a similar 
dependency can be expected in the case of an ionic 
mechanism, since kinetic isotope effects for these 
processes would be in the same direction (Table 1). To 
find an explanation for the asymmetry of the experi- 
mental Y(HD) curve we assume that the temperature 
of the process changes with the composition of the 
reactant mixture. Actually one might expect such a 
phenomenon by examining the absorption curve seen 
in the lower half of Fig. 2. Assuming that the entire 
energy absorbed would be used for heating the gas 
sample, one would expect an increase of the macro- 
scopic temperature of the system by 39 K in the case of 
pure HE and ca. 52 K for D2. This difference is 
presumably higher around the focal zone. Assuming 
thus that temperature of the system varies linearly with 
~, we obtained the fit shown as a solid line in Fig. 2 if 
[ H ] o + [ D ] o = 3 . 6 x l 0  - l~  3 and T=335 
+35 7 [K]. 

The purely phenomenological approach to the 
problem presented in this work allows one to draw 
some further conclusions. Substitution of appropriate 
values of the derived parameters into the expressions 
for the limiting slopes obtained under the boundary 
conditions, leads to the values of 1.6x10 -5 and 
3.7 x 10 -~ mole/pulse for 7=0 and 1, respectively. 
Both (28 and 29) are two-term expressions. The first 
term of (28) and the second term of (29) represent 
contributions to the Y(HD) from the reactions initi- 
ated by H atoms (Y(HD)H), whereas, the remaining 
two terms of both these equations correspond to 
processes initiated by D atoms (Y(HD)D). The ratios of 
Y(HD)D/Y(HD)n, estimated on the basis of parameters 
derived earlier, are equal to 11.1 as 7~0 and 9.1 when 

~ 1. These ratios describe the kinetic isotope effect in 
the CO2 laser-induced exchange in the Hz-D2 system. 
It is worth mentioning that the ratios derived above are 
in satisfactory agreement with the ratios of rate 
constants for the atom molecule reaction [31], a fact 
tending to confirm the radical nature of secondary 
processes. 

Since much larger amounts of atoms than es- 
timated from the kinetic model may be expected to be 
produced by the pulse, there must exist some pathways 
for fast consumption of these species. It is likely that 
they disappear in termolecular combination processes. 
These processes should be favored owing to the high 
density of atoms in the focal region. 

The chain length can be defined as the number of 
HD molecules formed per atom produced by the pulse. 
If we assume that the sum of [H]o and [D]0 is related 
to the whole reaction cell then 5.5• -8 mole of 
atoms initiate chain processes. Combining this estima- 
tion with the reaction yield at 7 = 0.5 leads to a value 
for the chain length of ca. 110. Although this value can 
be considered only as a rough estimate, nevertheless, it 
is consistent with the assumption of the radical nature 
of the secondary processes [77]. 

The question remains of how to explain the 
differences in the energy absorption by Ha and Dz 
molecules. We have mentioned earlier in the text that 
some theoretical considerations predict the possibility 
of direct ir energy absorption by some species which 
can be present in the system studied, e.g.H.. .  Ha, H~', 
and so on. If this mechanism truly exists, the proba- 
bility for energy absorption would be higher in the case 
of deuterium species owing to the higher density of 
their vibrational states. The same feature of Dz mole- 
cules causes the increased vibrational heat capacity 
and thus the accumulation of energy increases with 
increasing amounts of Dz in the system. 
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