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We present a very simple theoretical model aimed at the analysis of non-linear
relaxation processes in molecular gases in the presence of partial molecular dissociation
induced by vibrational-vibrational exchange between highly excited molecules. The
model has a phenomenological character, since it analyzes the behavior of a system of
anharmonic diatomic molecules, which is a very rough approximation of a polyatomic
molecule such as SF¢. Nonetheless, it provides an interesting key for the interpretation
of a number of peculiar features characterizing our experimental observation, with
which a comparison is made. In particular, the model takes realistic account of the
influence of dissociation processes on the relaxation time.
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I. INTRODUCTION

Collisional relaxation from vibrationally excited states of molecules
plays an important role in many physical phenomena, including isoto-
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pically selective dissociation, lasing in gases, chemical kinetics and
transport properties (see, for example Refs. 1-3, and papers cited
therein).

Thus, it is of importance to study vibrational relaxation processes
and to have knowledge of the relaxation times of molecular systems, in
particular of those far from the equilibrium.

One of the interesting aspects of the research on the vibrational
relaxation is the investigation of the decay of strongly excited states.
The relaxation time, Ty, of a simple harmonic oscillator depends on
the kinetic temperature, T, according to the Landau-Teller law? 7y «
exp (T~?). For strong excitations the temperature T can change
notably during the relaxation process, producing a corresponding
variation of tyr. This effect was predicted and verified experimen-
tally. 2!

When the excitation energy is increased, moreover, dissociation of
the molecules can occur,' thus making the dependence of 7y on the
energy more intricate than that predicted by the simple Landau-Teller
law. Thus, in the case of very strong excitation, non-linear relaxation
depends on the rate of excitation. Consequently, in highly excited
systems one can expect a change in the effective relaxation time with
the laser flux and a deviation of the vibrational temperature law from
the simple exponential decay.

The dependence of the rate of vibrational relaxation on the excita-
tion intensity can have considerable influence on many photophysical
and photochemical processes. A typical example is the process of
multiphoton dissociation of molecules in the presence of collision.*
Moreover, it is possible to use non-linear processes in vibrational
relaxation to increase the selectivity of optical excitation.

For the above reasons it is of great interest to investigate in detail
various non-linear relaxation mechanisms.

In a number of previous papers>® we have reported studies of the
non-linear behavior of the VT relaxation time of pure SF¢ and of SF,
and a buffer gas in a regime of strong laser excitation (up to 1.5 J/cm?).
In particular, we have observed a strong time dependence of Tyt
during the relaxation process, and its noticeable decrease in corre-
spondence of laser energy fluxes (=1 J/cm?) at which multiphoton
dissociation (MPD) processes have been observed.” Thus, our results
have confirmed in a very clear way the strong dependence of Ty on the
energy flux.
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A particularly interesting feature of our result is that the non-linear
relaxation process that we have observed occurs with a time-
dependent relaxation time, which shows a clear stepwise behavior: it is
characterized by a fast initial rate followed by a slower second rate.
This stepwise behavior of ty1(¢) and other characteristic features of
our results described in Ref. 6 confirmed the relaxation law in the
presence of dissociation processes predicted previously.5-

In Ref. 6 we also presented the outline of a very simple, phenome-
nological model aimed at the analysis of non-linear relaxation in gases
in the presence of partial molecular dissociation induced by
vibrational-vibrational (VV) exchange between vibrationally highly
excited molecules. We present here the complete, and greatly
improved version of the above model. In particular, in its final version
our model is now capable of numerically integrating the rate equations
for the various molecular vibrational levels taken into account, by
using non-approximate expressions for the transition probabilities of
VV exchange. Moreover, we take full account of the gas temperature
variations during the relaxation process, thus obtaining a direct esti-
mate for the time dependence of the physical quantity which is directly
linked to what we actually measure during the experiments, as will be
described in Section II where we briefly discuss the experimental
method, apparatus and results.

Although our simple theoretical model, which is fully discussed in
the third section, represents a very rough approximation of a polyato-
mic molecule such as SFs, and is still phenomenological in its char-
acter, it offers, nonetheless, an interesting key for the interpretation of
our experimental observations, and explains their most important
features. In particular, it has the merit of taking realistically into
account the influence of the dissociation processes on the VT relax-
ation time, a feature which we were the first to observe and report in
the literature (see Ref. 6 and references quoted therein).

The comparison between experimental and theoretical results and
our conclusions are given in Section IV.

ll. EXPERIMENTAL TECHNIQUE AND RESULTS

In the experiments we have used a very sensitive technique originally
developed for studying the absorption of small amounts of energy by
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gases and liquids.® In this technique, named phase fluctuation optical
heterodine (PFLOH) spectroscopy, the small phase change of a single
frequency laser, which results when it passes through a transparent
medium whose density and, consequently, refractive index have been
changed by energy absorption, is detected.

The experimental apparatus has been fully described in previous
works>® and, thus, we shall only report here its main features.

A gas cell, containing the sample under investigation, is placed in
one arm of a Mach-Zehnder interferometer, illuminated by a linearly
polarized, single mode HeNe laser. The excitation laser is a line-
tunable TEA CO, laser delivering up to 5 J per pulse (~100 ns
FWHM) on each line. Both CO, (directed and focused by a set of
gold-coated mirrors) and HeNe overlap in the sample zone, with the
CO,, laser inducing the refractive index change and HeNe laser beam
probing it. A photodiode detects the heterodyned signal, which is then
fed into a storage oscilloscope for the final analysis.

The interferometer is mounted on a honeycomb table provided with
a pneumatic isolation system for guaranteeing vibration isolation and
improving its stability.

A more thorough discussion of the PFLOH technique and of a
number of conditions which have to be satisfied in order to apply it to
VT relaxation studies can be found in Ref. 6. We limit ourselves to
report that in this method the measured quantity is the phase change
difference A®(f) between the laser beams in the two arms of the
interferometer:

2-7-1 AT
(=1 (1)

AD(r) =

where /is the cell length, A the HeNe laser wavelength, AT the induced
temperature variation, 7o and ng the initial gas temperature and
refractive index at T = T, (room temperature), respectively.

Tyt can, then, be directly inferred from the oscillograms of A®(z)
(see Ref. 6).

By using the experimental setup and technique just described, we
have studied the temporal evolution of the VT relaxation during the
relaxation process, its frequency and flux dependence in the regime of
strong laser excitation, and the influence of a buffer gas on the
process.5 In the following we shall briefly report the main features of
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this experimental analysis in order to carry out a clear comparison with
the predictions of the numerical model presented in the next section.

In the SF¢ molecule (a spherical top) the absorption of IR laser
photons around 10.6 «m takes place through the IR active, v3 = 948
cm~! Fy, vibrational mode. Experimental results suggest that in a
regime of low excitation the relaxation process is characterized by a
single, constant relaxation time!® which is given by Tyt = 100/p
(us/torr), where p is the SFg pressure.?

At higher excitation energies (=50 mJ/cm?), the anharmonicity of
individual modes and gas heating can cause non-linearities in the
thermalization of excited molecular gases, as firstly observed in the
pioneering work by Akhmanov et al.!! The anharmonicity of molecu-
lar vibrations has the effect that even in the case of diatomic molecules
the thermalization of a gas as a result of the VT relaxation is non-
exponential: the characteristic relaxation time strongly depends on the
energy absorbed by the gas. The resulting heating of the gas acceler-
ates the VT relaxation process in accordance with the Landau-Teller
law.* In what follows we shall indicate this non-linear, time-dependent
relaxation time with 7y (¢).

Since 7y (¢) shows a strong time dependence,® in order to char-
acterize the relaxation process at high laser fluxes we introduce an
effective relaxation time 7.¢, Which is defined as the time in which the
initial deviation of the gas temperature from the equilibrium value
changes by a factor of 1/e.

Firstly, we have carefully analyzed the oscillograms of A®(#) under
multiline and single-line excitation conditions for pure SF¢ and SFs-
buffer gas mixtures, on a very broad range of laser fluxes (from 10
mJ/cm? to 1.5 J/em?). In the case of low flux (up to ~50 mJ/cm?) the
relaxation process is still linear, i.e., it is characterized by a fairly
constant relaxation time. At higher flux the features of our experimen-
tal results change completely. Figure 1 shows two typical oscillograms
of Ad(¢) for 2 torr of pure SF¢ excited by the CO; laser tuned on the
10P16line (947.7 cm™1). In case (a), with a flux of about 0.25 J/cm?, the
relaxation process is strongly non-linear, and the relative 7.s is about
50 us. In case (b), with a higher flux of ~1 J/cm?, the process is
characterized by a shorter 7es (~40 us), and a new feature is observed.
In fact, the non-linear relaxation process occurs with a time dependent
relaxation time which shows a stepwise behavior: the oscilloscope
signal is clearly characterized by a initial faster rate, which has an
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Figure 1 Oscillograms of A®(¢) for 2 torr of pure SFs excited by the 10P16 line of the
CO; laser for two different fluxes: 0.25 J/cm? (case a) and 1.0 J/cm? (case b). The base
line passes through the maximum on the left (20 usec/div).

important effect in determining 7.¢, and a second slower rate. The
change in the slope takes place, as indicated in Figure 1b, after atime t,
= 20 us. This effect will be discussed in Section IV. We would like to
mention here, however, that the signal of Figure 2 have been observed
many times and in different experimental conditions. In particular, the
stepwise behavior of case (b) has always, and only, been observed in
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Figure 2 Flux dependence of 7. for three different laser lines (2 torr of pure SF).
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correspondence of very high fluences and correspondingly very short
relaxation times.

It is worth noticing that in the oscillograms of Figure 1 the CO, laser
pulse is right at the beginning (left part) of the photograph, i.e. att =0,
while the time required for the signal to recover back to baseline is of
several ms.

In Figure 2 the effective relaxation time is reported as a function of
the laser flux, F, for different laser lines. The points of Figure 2 are only
a fraction of a large number of measurements carried out at different
pressures and laser lines, but all showing the same trend: the relaxation
time is a decreasing function of the laser flux. It is worth noting at this
point that for energy fluxes higher than ~1.5 J/cm? the interferometric
technique cannot give anymore correct result with the path length
used. In fact, because of the high excitation energy AT = T(¢t) — To
assumes very large values and, consequently, the condition A®(#) << 1,
which is one of the conditions to be satisfied in the PFLOH technique,
is not met. The corresponding oscillograms show the expected oscillat-
ing behavior.

As aresult Figure 2 shows the strong dependence on the laser flux of
the relaxation time: 7. is a decreasing function of the laser flux.

ill. THEORETICAL ANALYSIS

As already reported in the introduction, in the simple model of Ref. 6
we obtained an analytical expression for the effective relaxation time,
Tesf, in SFe in the presence of partial molecular dissociation induced by
VV exchange between vibrationally highly excited molecules. In fact
the final expression of 7.s Was arrived at without solving explicitly the
system of rate equations for the various molecular vibrational levels,
and by using approximate expressions for the transition probabilities
of VV and VT exchange.

In what follows we describe a model that starting from the same
simple and restrictive assumptions of the analysis of Ref. 6, obtains
numerical values for 7.¢, as a function of the time and of the vibrational
energy initially stored into the molecules, by direct integration of the
appropriate vibrational rate equations for the system. Moreover, the
approximation in calculating the transition probabilities for VV and
VT energy exchange is also removed.
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i. Main assumptions

We analyze a system of one-dimensional truncated anharmonic oscil-
lators vibrationally excited by intense laser radiation that is almost
resonant with the first vibrational level of the IR active mode of the
molecules (the mode v; for SFg).

Since in a highly excited SF¢ molecule independent modes are
strongly coupled, the energy accumulated in the v; mode will be
rapidly distributed amongst the other modes without the need for
collisions.'? This fast intramolecular VV exchange takes place on a
time scale, of the order of the picoseconds, which is much shorter than
the time characterizing the collision-induced intermolecular VV ther-
malization at 1 torr (~1 us).*'? The subsequent VT process couples
the vibrational modes to the translations in about 100 us at the same
pressure. Thus, since the v vibrational mode has the lowest quantum
energy (363 cm™!) and, consequently, the highest transition probabi-
lity, it is reasonable to assume that the VT relaxation process proceeds
mainly through the vs mode.

The above considerations justify our drastic approximation of
assimilating the relaxation of SF¢ molecules to the relaxation of
anharmonic oscillators with a 0 — 1 transition frequency of 363 cm™ !,
i.e., coincident with that of the v mode. The anharmonicity is
accounted for by the use of a Morse potential for the oscillators.'?

In order to take collision-induced dissociation processes into
account, the anharmonic oscillator energy is truncated to the n'® level,
i.e., we assume that X, = 0, where X, is the population of the n™
vibrational level. Thus, a fraction of the molecules will spend its energy
for dissociating. Itis assumed in the following that only a small fraction
of the molecules undergoes dissociation. Furthermore, given the laser
fluxes we are experimentally interested in (<1.5 J/cm?), laser-induced
unimolecular dissociation processes are disregarded in our model.

The dissociation of a vibrationally excited anharmonic oscillator
(AB)* induced by a collision with another vibrationally excited oscilla-
tor (A’'B’)* can be described by the following equation:

(AB)* + (A'B')* — (A'B')* + A + B + AH )

where AH is the enthalpy variation of the system, and (4’B’)* denotes
the ground state or a state characterized by a lower (vibrational)
energy content. For the dissociation process described by Eq. (2) AH
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is generally positive. The absolute value of AH depends, mainly, on
the vibrational state in which (A'B’) is left after the collision. At any
rate, the dissociation process” beyond opening up a new channel to the
relaxation process, can cause a faster heating of the molecular gas
because of the instantaneous release of the energy AH in a collision.
This will be taken into account in our model.

Finally, we shall only consider one-quantum transitions, thus
assuming vanishingly small the probability of collisional multi-
quantum transitions.

ii. Rate equations

In analyzing vibrational excitation in molecular collisions the region of
interest is that of small energies of translational motion (<1 eV). In
this case, the condition of the adiabatic approximation is usually
satisfied (with respect to electronic and translational motion). This
condition can be written as®

Teoll > Tel = AIAEg (3)

Moreover, most molecules satisfy the adiabaticity condition with
respect to electronic and vibrational motion:?

Tyib = A/AEip > Tel 4)

In Egs. (3) and (4), Tcon = a/v is the characteristic collision time, where
a is the effective radius of action of the intermolecular forces, and v is
the molecular mean velocity; 7. and 7., are the characteristic times for
electronic and vibrational motion; AE, and AE,;, are the energies of
the electronic and vibrational transitions; and, finally, 7 is the Plank
constant divided by 27.

In the adiabatic approximation of Eqs. (3) and (4) we need not to
account explicitly for electronic motion (it is always taken into account
implicitly in the intermolecular interaction potential). We need to
treat only the translational, rotational, and vibrational degrees of
freedom. Here molecular collisions are represented by collisions
between rotating anharmonic oscillators, which usually satisfy well the
following conditions:

Teoll > Tvibs  Teoll < Trot ~ ﬁ/AErot (5)



324 L. CARLOMUSTO et al.

where 7,0 is the characteristic time for rotational motion, and AE ., the
corresponding transition energy. Simultaneous fulfillment of these
conditions implies that the probability of exciting rotational levels is
considerably greater than the probability of vibrational excitation.
Hence, in studying vibrational relaxation we can assume that equili-
brium between translational and rotational degrees of freedom has
already been established. In what follows we shall, thus, neglect any
other process but vibrational relaxation.

In order to know the temperature variation as a function of time we
have to solve the rate equations for N + 1 levels (0 being the ground
state, and N the dissociation level) of an anharmonic oscillator. We
shall, thus, be able to calculate the temporal evolution of the popula-
tion distribution in the different vibrational levels and, as a conse-
quence, the quantity of vibrational energy transformed in translational
temperature (gas heating).

We have considered in the rate equations system the following
processes: (a) intermolecular VV exchange (characterized by the time
tvv); (b) VT exchange (with characteristic time 7vyT); and (c) dissoci-
ation processes.

Since the VV and VT relaxation processes are temporally well
separated, i.e., Tyy < Ty we can assume that as a consequence of the
fast VV exchange (process a) a “quasi-equilibrium” takes place. We
shall discuss the problem of this initial population distribution in the
following paragraph of this section.

As far as process (c) is concerned, we notice that since we are
considering only one-quantum transitions, only molecules in the vib-
rational level N will undergo dissociation processes.

By defining with Ny and Z, the total number of molecules and the
rate of collisions between molecules respectively, we can write the
rate equations for the population of the ground level (0), the n'" vibra-
tional level (n = 1, 2, ..., N — 1), and the dissociation level N as
follows,

d Z
EXO = Z(P1,0X1 - Po,lXO) + Jvo

N—-1
: [ ZO(errf'omHXle - 81,-1|—1’me+1)(0)]; (6a)
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"% Xn = Z(Pn+l.an+l - Pn,n+1Xn - Pn.n—an + Pn—l,an—l)

N() l: z (QT+T;1Xan+1 - Qnm,:-el—’lme+1Xn

m=0

O XXy + QU X X | (6b)

d
T Xn = Z(Pn—1 NXN - 1—Pnv—1XN)

+ N [2 (QRE X1 X
0 m=0

— QRN X XN)] ~Py-Z- Xy (6¢)

P, n+1 is the probability of transition from the level n to n + 1; Qf,’fk

(withj =i+ 1 and kK = n — 1) is the probability per collision of the

transition of the interacting molecules from the levels i and n to the

levels j and k respectively; P, finally, is the dissociation probability.

All these three quantities will be discussed in the next paragraphs.
From the principle of detailed balancing we have:

Pn,n+1 = Pn+1,n © €Xp [_(En+l - En)/T],
nm:t_-fl-lm = nm-i—'il;l - exp [~(En+1 — En + Ep — Em+l)/T]; )

where the energy E,, of the n'® vibrational level is expressed in Kelvin
(°K). Since we are considering Morse oscillators we have:

=+ E —(n+¥%)? AE ®)

with E; = hve (for SFg), AE = yEq, and y = E1/(4 - D), where D is
amplitude characterizing the Morse potential.
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By using Eq. (8) we can recast Egs. (6a-c) as:

d .
E X() =27 Pl,O{Xl - XO © €Xp ["‘(El - ZAE)/T]}
7z N—-1
+ ﬁ { Z Q'{:’Om-'-l[Xle - Xm+1XO
0 Y\'m=0
- exp (—-2mAE/T)]} (9a)
& Xy = Z {PasralXusr = X - exp (<[Ex — Z(n + DAEYT)]

- n,n—l(Xn - Xn—l €xXp [_(El - ZnAE)/T])

7z N-1
+ N : { 20[ TiT;IXan+1 - Xm+1Xn

- exp {—[2(m—n)AE]/T}) - Q'rrtz,r:n—-'il(Xan — Xm+1Xn-1

cexp {—[Z(m — n + 1)AE]/T})]} (9b)

% XN = -7 PN,N—I(XN - XN—-I exXp [—(E() - ZNAE)/T])

7 Mol
— ]vo . l: %OQﬂjﬁjll(XmXN - Xm+1XN_1
-exp [2(m — N + 1)AE/T])] — PsZXN (9¢)
This is the set of equations to be solved numerically in order to obtain

the time evolution of the gas temperature variation, as we shall show in
the last paragraph of this section.

iii. Initial population distribution and transition probabilities

Let us consider a system of Ny molecules at the temperature T, excited
by intense laser radiation almost resonant with the first vibrational
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level of the IR active mode of the molecules (e.g., v3 for SFg). Because
of the vibrational excitation of the molecules the system will be in an
unstable state. In this condition the fast VV exchange process estab-
lishes a “quasi steady-state” vibrational distribution? in a very short
time (~1 us at 1torr), and before the actual relaxation takes place (tyv
< ‘L'VT).

This distribution was derived by Treanor et al.'* and has the follow-
ing expression:

N, = No - exp [-nEy/T,; + (nE1 — E,)/T] (10)

where N, is the number of molecules with energy E,, (n'® vibrational
level), and T, the vibrational temperature of the first vibrational level
(energy E,).

As we can see from Eq. (10) in a system of anharmonic oscillators
the “quasi steady-state” distribution established by the fast VV
exchange is no longer a Boltzmann distribution, as in the case of
harmonic oscillators (where E, = n - E).

An important condition which has to be met in order Eq. (10) to
hold true is that the total number of vibrational quanta of the system is
conserved during the VV processes. This is true as long as Tyy < 7y, a
condition surely met for the lower vibrational levels.

As for the use of a Treanor distribution, for the vibrational energy
stored into the molecules we would like to stress here that we are
referring to a situation where collisions play a fundamental role: in our
model we suppose that a Treanor-type distribution is established after
the fast (<1 us), intermolecular (i.e., collisionally induced) VV
exchange between the anharmonic oscillators has taken place. Con-
trary to this, in the analysis of collisionless multiphoton energy deposi-
tion and dissociation processes, a Boltzmann-type energy distribution
has been suggested.'>1%17 This refers to the distribution of the vib-
rational energy in SF¢ molecules arising from IR irradiation in experi-
mental conditions where, because of the use of molecular beams'*:16 or
of very dilute (<1073 torr) gas pressures,!” the collisional relaxation
rates measured for SFe are unimportant, as clearly stated in Ref. 17.
This is a condition, obviously, very different from the one we are
analyzing.

A point which is worth commenting upon at this stage is that the
Treanor distribution of Eq. (10), that we have used as initial vib-
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rational distribution for the population of the /V + 1 levels, is a function
not only of T, but also of Ty, i.€., of the vibrational temperature of the
first level. The value of Ty, is linked to the amount of energy absorbed
by the system. The higher Ty;,, the higher the energy stored in the
molecules as vibrational energy, as can be easily seen by calculating the
average energy per molecule as a function of T8 On the other hand,
at least in the laser energy range we have investigated, the energy
absorbed per molecule is an increasing function of the laser flux. As a
consequence, by solving the system of Egs. (9a—c) with initial Treanor
distributions characterized by different values of T\;, we shall be able
to calculate s as a function of the vibrational energy initially stored
into the molecules, namely, as a function of the laser flux. It will, thus,
be possible to make a comparison with the experimental data reported
in Figure 2, at least on a qualitative base.

We close this paragraph with a short discussion of the vibrational
transition probabilities appearing in the Eqgs. (9a—c).

For the probabilities of a transition from level nto n + 1 (Pu+1.0),
and of a transition of two colliding molecules from levelsm and n + 1to
the levels m + 1 and n respectively (Q":7%)), we have used the
following expression (see Ref. 2 and references quoted therein):

L 0.163 - uT

Pn+1,n = Va+in Zy "_—?——f()/n) exp (6/7) exp (AE,,/ZT)
(11)
0.163 - T
21-3-"11,;1 = V%n,m+1 n+l,n —72—L
« Z5Y + f(ymn) exp (€/T) exp (AE.,/2T) (12)

where u is the reduced mass of the colliding particles (in atomic units),
« the constant in the exponential intermolecular interaction potential
~ e e*" (in A‘l), AE, and AE,,, are the changes in the vibrational
energy in the transitions (in °K), Z, is an orientation factor which for
polyatomic molecules takes a value between 1.5 and 10 (see Ref. 2),
f(v») and f(ym,) are adiabatic factors whose full expressions can be
found in Ref. 2, and V2, is the mean square value of the matrix
element for the transition n — m, for a full discussion of which the
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reader is again referred to Ref. 2. The factor exp (e/T), where € (in °K)
is the depth of the well in the intermolecular potential, takes approxi-
mate account of the attraction between the colliding particles, while
the factor exp (—AE,,,,/2T) accounts for the change in relative velocity
of the particles upon collision.

With reference to these vibrational probabilities a point which is
worth commenting upon is their dependence on the translational gas
temperature 7. We have taken full account of this temperature
dependence in the numerical solution of Egs. (9a—c) by calculating at
each integration step the new translational temperature 7 and using
this new value for updating the transition probabilities to be used in the
next integration step.

iv. Numerical results

By numerically solving the set of Egs. (9a—c) we have calculated, as a
function of the time, the gas temperature in the interaction volume
during the relaxation process. The value of the temperature variation
at the n™ integration step AT(n) is given by:

AT(n) = T(n) — To = —Af%'@ (13)

where C,, is the gas thermal capacity at constant pressure and AE,(n)

the amount of vibrational energy transformed into gas heating in the
th

n'* step:

N
AEcal(n) = Evib(n - 1) - Evib(n) + {mzo [Xm(n - 1)

- X)) - AH (14)

InEq. (14) Eyib = Z,=0En X is the total amount of vibrational energy
stored into the gas system at each step, and the quantity into square
brackets gives the number of molecules that have undergone dissoci-
ation during the n™ integration step, thus contributing to the gas
heating (AH different from 0).
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Since, as already discussed in Section II, the relaxation process we
are interested in is strongly non-linear, we shall define the effective
relaxation time, 7es, of our system as the time in which the gas
temperature variation reaches the value:

AT(Tegr) = AT()(1 — 1/e) = (To — To)(1 — 1le) (15)

where T is the maximum temperature reached by the gas in the
excitation region after the VT relaxation process has taken place (¢ >>
TVT).

We have particularly investigated the effect of a partial dissociation
of the molecules (P;), of the amount of energy released in each
dissociation process (AH), and of the initial vibrational temperature
T.i, Which appears in the Treanor distribution (see Eq. (10)).

A first important result of our model is that without introducing a
certain degree, even small (~5 + 10%), of dissociation, corresponding
to values of P, ranging between 0.05 and 0.1, we have been unable to
obtain for the time dependence of AT, anything that might resemble
what we observed in our experiments (see Figure 1b), whatever high
the value given to Ty, i.€. to the initial degree of vibrational excitation
of the molecules. Moreover, also the value taken on by AH plays an
important role. The combined effect of these two key parameters is
well illustrated by the results of Figure 3, where we report AT as a
function of time, with a fixed value of T;, (800°K), for P, = 0, i.e. no
dissociation, in case (a), and P, = 0.1 (10% dissociation) with AH =
1000°K case (b) and AH = 1500°K case (c). The difference between the
calculated T.g’s (through Eq. (15)) in case (b) and (c) is more than
20%, thus showing the influence of AH on 7.

The plots of Figure 3 have again to be compatred to the oscillogram
of Figure 1b, namely a relaxation process at high laser flux. As seen,
only in cases (b) and (c) our model is able to predict a behavior that is
qualitatively similar to the stepwise behavior of Figure 1b.

Our model has also allowed us to make another interesting compari-
son with experimental results. As already mentioned in the previous
paragraph of this section it is possible to choose different values for the
vibrational temperature T, of the “quasi-steady” initial vibrational
population distribution. On the other hand, the energy absorbed per
molecule is an increasing function of the laser flux. In particular, in
Ref. 19 it has been shown that

Tvib < F2/3
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Figure3 Gastemperature change, AT, as a function of time for P, = 0 case (a), and P,
=0.1case (band c), for 2 torr of SFs. AH = 1000°K in case (b), and AH = 1500°K in case
(c). Tviv = 800°K in all curves.

over a large range of laser fluxes (up to the dissociation threshold).
Thus, although the relationship is not linear, we can safely assume that
the higher the laser flux the higher Ty;,. As a consequence, by solving
the system of Eqgs. (9a—c) with different values of T3, we have
calculated ¢ as a function of the vibrational energy initially stored
into the molecules. The results are shown in the curve of Figure 4, in
the case of P; = 0.01 and AH = 1000°K, for 2 torr of pure SFs. This
curve can be compared to the plots of Figure 2, where 7 is reported as
a function of F. As seen, the agreement, at least on a qualitative base,
is very good, and ¢ shows to be a strongly decreasing function of Ty,
a characteristic which is always present in our experimental results.
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Figure 4 7. as a function of the initial (just after laser irradiation) vibrational
temperature Ty;,. This simulation is relative to P, = 0.1 and AH = 1000°K, for 2 torr of
pure SFs.

IV. DISCUSSION AND CONCLUSIONS

Before briefly discussing the numerical results presented in the pre-
vious section we think that it is necessary to stress the following. The
model we have developed is, obviously, an oversimplified schemati-
zation of the process of vibrational relaxation of a polyatomic mole-
cule. We have actually analyzed the behavior of a system of
anharmonic diatomic molecules (just a one-dimensional vibrational
mode), which is a very rough approximation of a complex molecule
such as SF¢. Thus, the aim of our analysis is not so much to obtain a
complete simulation of the relaxation process, a pretty difficult task,
but, rather, to test numerically the effect on the relaxation of a small
number of key parameters which are showed to be of importance in
our previous measurements. In particular, we have tried to assess the
influence of the relaxation of (a) the degree of initial vibrational
excitation of molecules; (b) the occurrence of collisionally induced
dissociation processes during the relaxation; (c) the amount of heat
released by a molecule in a dissociation process, if any.

In particular, as for point (b) we would like to stress that we do not
have direct experimental evidence of the fact that dissociation pro-
cesses do take place (because of our limited experimental facilities).
However, the laser flux and intensity of our experiments (~1.5 J/cm?,
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with ~100 ns pulse duration) are higher than the threshold power at
which induced photofragmentation of SF¢ has been observed (see
Refs. 17 and 20). Finally, we repeat again that we are hypothesizing a
dissociation process which is the result of a collision between vib-
rationally highly excited molecules, and not the result of a unimolecu-
lar process.

Bearing in mind what above specified, we can say that the results of
our numerical study provide strong support for the main conclusions of
our experimental analysis of non-linear relaxation of SF¢ molecules
strongly excited by laser radiation,>®i.e., the fact that 7. is a strongly
decreasing function of the laser flux, and the stepwise behavior of 7.¢in
experimental conditions where dissociation processes might be
present. In particular, our numerical results have clearly shown that it
is impossible to obtain for the calculated value of AT as a function of
time (see Figure 3) anything which is comparable to our experimental
observations (at high laser flux (Figure 1b)), if one does not introduce
in the model the possibility of molecular dissociation (P,) induced by
collisions between vibrationally highly excited molecules. In fact, the
stepwise behavior of Figure 3b and 3c qualitatively very similar to that
observed on the oscilloscope, is clearly not observed in Figure 3a,
where P; = 0, i.e., dissociation processes are forbidden. Also the
amount of energy released in each dissociation process is of impor-
tance. This is clearly observed in Figure 3b and 3c, where a change in
AH (~30%) causes a correspondent and relevant (~20%) change in
the inferred value of 7.¢s. We like to underline that the possibility of
dissociation and the value of AH particularly influence the initial
behavior of AT(#), because they allow a faster heating of the system via
the instantaneous (through a single collision) release of an amount of
energy equal to AH.

As for the actual, numerically calculated, values of 7.¢, we have
again to stress that we did not aim to predict precise values of
relaxation times, but rather to check in what conditions we were able
to observe behaviors qualitatively in good agreement with our experi-
mental results. Thus, the values of 7. reported in Figure 4 (ranging
between 220 us and 120 us) are about twice the values measured (see
Figure 2) in correspondence of laser fluxes that can produce initial
vibrational temperatures comparable to those of Figure 4.

In conclusion, we can safely say that although the model presented
here is phenomenological in character and, thus, essentially able to
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allow only a qualitative comparison with experimental results, it has
the merit of taking into realistic account the influence of dissociation
processes on the VT relaxation process. Moreover, it is able to confirm
the strong dependence of the relaxation time of pure SFs molecules on
the laser flux, and to give numerical values for 7.¢ which are not too far
from the ones actually measured (within a factor two, which is not too
bad if one takes into account its drastic simplifications). The numerical
results we have presented, thus, provide a strong support for the
analysis, we have recently reported,5 6 of vibrational-translational
relaxation processes of polyatomic molecules in gas form strongly
excited by intense, pulsed, laser radiation, namely, of vibrational
relaxation in a regime of strong excitation and in presence of dissoci-
ation processes.
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