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The incubation period revealed in the multiphoton dissociation of molecules by intense infrared lasers is
discussed. It is found experimentally that large excess of added foreign gas affects the incubation period
to a much smaller degree than the overall yield. A rate equations model is presented, including both the
laser intensity and collisional effects. Exact numerical solution is compared with a simple analytical

approximation, based on the passage time moments method. Agreement with experimental results is quite
satisfactory, indicating that the role of collisions in the case discussed (tetramethyldioxetane dissociation)

is primarily vibrational relaxation of excited molecules.

INTRODUCTION

A considerable amount of work has been carried out
in an effort to elucidate the microscopic mechanisms
which govern multiphoton excitation (MPE) and multi-
photon dissociation (MPD) of large molecules. The fact
that these multistep processes are affected by many mo-
lecular parameters, most of them unknown, while the
number of directly observable quantities is quite limited
has been the main source of difficulty in these attempts.
Another (closely related) problem lies in the fact that
most measurements made to date monitor time averaged
molecular properties (e.g., mean energy absorbed or
dissociated yield) following an IR pulse or a train of
pulses. In such experiments the instantaneous dynami-
cal evolution of the molecules is often obscured. It ap-
pears that more direct information is needed, particu-
larly that which can be obtained by real time measure-
ments. These measurements can be conveniently based
on monitoring electronically excited dissociation prod-
ucts by their fluorescence, or ground state products by
laser induced fluorescence as has recently been re-
ported by several laboratories. =3

The possibility to follow real time MPE dynamics im-
plies that transient phenomena associated with this pro-
cess can be observed. Such transients result (a) from
the nonstationary (pulsed) nature of the excitation source
and (b) from the inherent molecular evolution. The first
cause may be eliminated in cases where the molecular
evolution is determined solely by the field energy and not
by its intensity, simply by considering the molecular
evolution as a function of the “effective time” i,
=7, [§1(t")dt' /[ I(t")dt', where T, is a measure of the
pulse duration. The evolution dynamics as a function of
t, corresponds to excitation by a rectangular pulse with
duration 7, and intensity 7;! [7I()dt.

Turning now to the inherent molecular evolution, we
note that the transient behavior is associated with the
relaxation of the molecular distribution towards its
steady state in the presence of the radiation field. This
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relaxation period has been termed “incubation time” in
the literature on thermal reactions.®® From the practi-
cal point of view, however, the incubation time is ob-
served as the time elapsed between the onset of the ra-
diation field and the first observation of the monitored
species (e.g., dissociation product). Quack® has re-
cently shown that taking a proper account of incubation
times is essential in the analysis of intensity dependence
in MPD yield and that their presence may account for at
least part of the nonlinear dependence of yield on inten-
sity observed in many experiments and generally at-
tributed to lower discrete molecular spectrum.

Another aspect of real time measurements lies in the
ability to study collisional effects separately within and
after the laser pulse. It should be mentioned that some
pressure effects reported in the literature (in particular
those associated with self collisions of the excited mole-
cule) may have resulted from collisions occurring after
the pulse, ! and therefore may be irrelevant to the analy-
sis of collisional effects on the up-pumping process.

In this paper we use an approximate technique for cal-
culating incubation times associated with MPD assuming
that the latter is described by a simple master equation.
This analysis is compared to recent results obtained for
MPD of tetramethyldioxethane (TMD).! We also present
preliminary results showing the foreign gas pressure
effect on the transient MPD behavior and analyze the ob-
served behavior by a simple generalization of the kinetic
model. The main results of the present study are as
follows: (a) Incubation times are proportional to the in-
verse averaged intensity, corresponding to the existence
of an energy threshold in the MPD process. They are
also approximately proportional to the molecular disso-
ciation energy. (b) Incubation times are only weakly de-
pendent on foreign gas pressure (in the experiments re-
ported below no dependence is found for 0-200 torr added
N, within the experimental accuracy). (c) The dissocia-
tion rate (and thus the yield) decreases moderately with
increasing pressure.

EXPERIMENTAL RESULTS

The experimental setup was described in an earlier
paper1 where the inverse linear dependence of the incu-
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FIG. 1. The effect of added
nitrogen on TMD multiphoton
induced chemiluminescence.
TMD pressure is 30 mTorr in
all cases. The incubation
period, defined as the time
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pulse onset and the chemi-
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bation time on the averaged pulse intensity under colli-
sionless conditions and the existence of an energy
threshold of ~30-35 mJ per pulse (100 J/cm? in the
focused region) was also reported.

The effect of added inert gas on TMD multiphoton dis-
sociation is shown in Fig. 1. Molecular nitrogen, found
to be very effective in quenching the reaction occurring
after the termination of the laser pulse, ' was used. As
Fig. 1 shows, the intensity of luminescence due to reac-
tion occurring during the laser pulse is only moderately

affected. (In contrast, afterpulse chemiluminescence is
completely quenched with 25 Torr of N,). The incuba-
tion period is seen to be constant up to 160 Torr of added
N,, within experimental error.

Similar results to those reported here for TMD were
obtained also for the multiphoton dissociation of SiF,,
only there the product fluorescence yield is strongly re-
duced by increasing the N, pressure. It should be kept
in mind however that collisions may quench the fluores-
cence by inducing radiationless relaxation in the product.

THEORETICAL ANALYSIS AND DISCUSSION

The inverse linear dependence of the incubation time
on the averaged pulse intensity suggests that the bottom
discrete levels (region I)® of the molecular vibrational
manifold may be disregarded. This is indeed reasonable
as we are dealing with a molecule of 54 vibrational de-
grees of freedom at room temperature. The radiative
evolution and the consecutive dissociation may therefore
be described by the master equation

dP(1)

= =KP(?) , (1)

where P=(P;+++ P,+++), P, being the fraction of mole-
cules that has absorbed » IR photons; and where

Kym= rx-mlém,nﬂ
+ kn~n-16m.n-l - (kn+1~n + kn-i-n + yu)énn ’ (2)
in which & are the laser induced transition rate con-

nem
stants (linear in the laser intensity /) between molecular
energy regimes corresponding to n and m absorbed pho-
tons and where v, is the dissociation rate of a molecule
which has absorbed x photons. (y,=0 for n<N, and N
is determined by the dissociation threshold.) In the
presence of collisions Eq. (1) should be replaced by an
equation of the form

8P(E, t)

YA j; wdE’L(EE’)P(E't) s (3)

with

L(EE")=A(EE") + K(E,E + hw)5(E + hw ~E’) + k(E, E

—hw)o(E —hw ~E") - [fomA(E’E)dE' +R(E + hw, E)
+&(E - hw, E) +y(E)]6(E-E’), (4)

where A(EE’) is the (continuous) collisional rate matrix,®
while the 2 and y functions are extensions of the radia-
tive and dissociation rates of Eq. (2) in an obvious nota-
tion [note that k(E — hw, E)=0 for E<hw].

A major simplification of Eq. (3) may be achieved if
the average energy transferred per collision is much
smaller than the total energy interval of interest (e.g.,
the dissociation energy). In this case we can approxi-
mately represent the effect of collisions by discrete
jumps. This leads back to Egs. (1) and (2) with modi-
fied rates k,, replacing the pure radiative rates %,,, in
Eq. (2). It can be readily shown that the proper choice
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FIG. 2. Model calculation of the dissociation rate as a func-
tion of wg. Solid line: exact numerical solution of Eq. (1)
using the parameters of Table I. Dashed line: approximate
solution using the PTM method [Egs. (11) and (12)]. (a) wg
=0.25 cm™; (b) wgr=0.07 cm'l.

for the I-e,,,,, rates is

= MpB(niiw

kn4»1~n:kml-n+ _ﬁ_l'(Lw—)’ (53)
~ Ma(nfiw)

Bpaten =Racgen + o ’ (5b)

where w is the IR photon frequency, M is the number of
collisions per unit time inducing vibrational relaxation
in the excited molecule, and where B(E) and a(E) are,
respectively, the average vibrational energy transfer
per collision into and out of the vibrationally excited
molecule having energy E above the ground state. a(E)
and B(E) are related to A(E), the total average vibra-
tional energy loss per collision sufferred by a molecule
of energy E, by

A(E)=(AE)p=B(E) —a(E) (<0). (6)

Another relation between a(E) and 8(E) is obtained from
the detailed balance condition. In the exponential model
for the collisional rate matrix? one obtains

1 1 1

Em—a(‘ﬁ=m—uw), (M

where
(8)

o(E) being the vibrational density of states of the mole-
cule at energy E.

Equation (1) can now be solved for any given molecu-
lar model. Such a model is characterized by the radia-
tive absorption cross section o(E) and the density of
states p(E) for a molecule with vibrational energy E
above the ground state {so that k,,;., = o(whiw)l/Fw and
Byenat = Bnat cnP(iw)/pl(n + 1)hw]} by the dissociation rate
constants y(E) and by the average energy loss per colli-
sion A(E). The general case has to be computed numeri-
cally. However, approximate analytical results for the
incubation time and the dissociation rate may be obtained
for simplified models by the passage time moments
(PTM) method. !°

In the simplest version of this method we calculate the
iwo lowest moments 7y and 7, of the distribution of pas-
sage times 7 (t) [n(f)dt is the probability that the mole-
cule will dissociate in the time interval £... ¢+ dt]. !!
Denote

t
P(t)=1 —f w(t')dt’ ; (9)
0
then it is easily realized that
P()=3 P, . (10)

In terms of P(f) the passage time moments are given
byil

Tﬂ(t)sfom t"n(t)dt:njomt"'lP(t)dt . (11)

The calculated 7, and T, are used to fit the parameters
k and 6 of the function

1 i<6,

P,(H)= {exp[—k(t—e)] , t=8.

P,(f) is an approximation to P({). In this approximation
# and % are identified as the incubation time and as
steady state dissociation rate, respectively. 6 and &
are obtained in terms of 7; and 7, in the form

El=(r, - TH)Y?, (13)
0=y —(r=7P"% . (14)

Some results comparing the exact numerical solution
of the master equation and the approximation obtained by
this version of the PTM method are shown in Fig. 2.
Obviously, one can improve the PTM results by calcu-
lating higher moments of the passage time distribution
and fitting to a function P,(#) with more parameters.

The calculation of several such moments is considerably
easier than a full solution of the master equation.

(12)

Consider now a rate process governed by a master
equation of the form (1) and (2) and characterized by the
following features: (a) All forward rates are equal
Bpii-n =k, and all backward rates are equal k,.;.,=%_;
and (b) dissociation first occurs from the level n=N+1
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and its rate is so fast relative to %, that the levels n> N +1 are not populated. For this model P{y=3F, P,(#) and we

obtain!?

1N (N +1)n" +1
k. (,n _ l)an !

T1

(15

Ty

(n - )™

whére n=~k,/k.. The corresponding  and % are obtained
from Egs. (13} and (14).

When the rates &, and k. are determined mostly by the
collisional process we usually have (except for extremely
high temperatures) <1 and then for the usual case
where N> 1, Egs. (13)-(16) yield

N e 1
E(1-7n)"’ = k(1 -1)?

In the opposite case where the rates are determined
mostly by the radiative transitions, n > 1{~p(E + hw)p(E)]
and Eqs. (13)-(16) result in (for N> 1)

. N k-i,_\_,[n+1 ]1/2@
TR -1)’ n-131

Finally, it is interesting to note that for n=1 (¢, =F.
=k,) one obtains 6 ~[(3 - V8 )/6]N*/k, and ™' ~(1/
V& )N*/k,.

The time evolution according to Eq. (1) was calculated
using an exact (numerical) method and the PTM approxi-
mation. Input parameters to the master equation were
taken as follows: Ey,.,.q = Fpsion X {p(hw)/p[(n + 1)hw]};
Epu.n=wh/T,, where wy is the Rabi frequency (propor-
tional to the IR field strength) for the 0-1 transition and
where T, is a measure of the width associated with the
optically active mode in the quasicontinuum, and I', was
chosen to be 50 cm™! for all excitation energies; the
density of states function p(E) was calculated using the
Whitten-Rabinovitch!3 formula for the species R,(CO),
with frequencies appropriate for the TMD molecule with-
out however counting the methyl CH bonds. The disso-
ciation energy was taken to be ~ 10w (approximating the
known activation energy of TMD) and the dissociation
rates were calculated using a crude RRKM scheme for
TMD (again disregarding the CH bonds). A summary of
input parameters is given in Table I. The master equa-
tion was truncated after 27 photon absorption steps.

6 = 17

. (18}

Figures 2(a) and (2b) show the results of these calcu-
lations for w, =0.25 and 0. 07, respectively. Both exact
and PTM calculations are seen to reproduce the experi-
mental curve (Fig. 1) reasonably well. Obviously, the
definition of the incubation period is somewhat ambigu-
ous, as it depends on the sensitivity of the measure-
ment. !* However, as Figs. 2(a) and 2(b) show, a sharp
increase in dissociation rate is clearly obtained after a
finite period of time, strongly dependent on laser power
(here represented by wy). The duration of the delay in-
dicates a weak dipole moment of the 0— 1 transition (of
the order of 0.01 D). This is in agreement with the ob-
served infrared intensities of TMD at about 10.2 u.

1)2 NN+ 1)n2 2 _2(N? + N+ 221+ N(N + 1)n® + 23N +2)p"*! —2(3N +1)n" +2
s s
k.

(16)

The result of a similar calculation based on RRKM
dissociation rates smaller by a factor of 10 than those
in Table I are shown in Fig. 3. The numerical solu-
tion of the full master equation enables us to look also at
the yield of dissociation from different energy regions.
The result for this choice of parameters indicates that
the maximum dissociation yield corresponds to mole-
cules that have absorbed 16 photons. Also, in Fig. 3 we
display the result of a calculation done for a truncated
model. Only 16 photon absorption steps are considered;
v, is taken zero for n<16 and very large for n=18 so
that all dissociation occurs from this energy regime.
The close agreement between the results of the two cal-
culations (the somewhat shorter incubation time obtained
for the more realistic model reflects the fact that in

TABLE [, Parameters for IR dissociation of TMD.
Molecular frequencies were taken to be (cm‘l) 4 %980,
4 %700, 4x50, 3x450, and 3 x 880 (the vibrations as-
sociated with the CH bonds are not included). Dis-
sociation energy = 9500 cm™!, photon frequencies
=950 cm™!, and » is the number of photon absorbed
(corresponding to excess molecular vibrational en-
ergy nhw), kpy-p=6.2X 107 em™ for all n, W

=0.07 em™!,

N {nhw) (cm) Bpeet (em™) Y= vinkw) (cm™)

1 19.7 0.1x10™
2 889 0.4x10™
3 15.5x10° 0.3x107¢
4 16.1x104 0.8x107¢
5 11.9x10% 1.1x107¢
6 69.1x10° 1.3x10™¢
7 33.4x10° 1.5x10™
8 13.9x107 1.7x107
9 51.2x107 1.8%10"¢
10 17.1x10% 2.0x107 4.1%1078
11 52.3x10% 2.2x10™ 3.04x107°
12 14.9x10° 2.3%x10™ 1.43x107
13 39.7x10° 2.4x107 5.00x107
14 10.0x10%0 2.6x107* 1.38x107
15 24.0x10% 2.7x10™ 3.25x107
16 55.1x101 2.8x10™ 6.74%x 107
17 12.2x10l! 2.9%x107¢ 1.26 x107%
18 25.9x 101 3.0x10™ 2.18x10°2
19 53.2x10! 3.1x107 3.53x107¢
20 10,6 %10 3.2x107¢ 5.41x107?
21 20.6 %10 3.3x107 7.91x1072
22 39.1x10% 3.3x107¢ 1.11 x10°!
23 72.2 %101 3.4%107 1.51%107!
24 13.1x1013 3.5%x107¢ 2.00x107
25 23.2x108 3.5x107¢ 2,57x107!
26 40,3 %101 3.24x107}
27 68.8x 101 4.01x107?
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FIG. 3. Time evolution of TMD laser induced dissociation
using RRKM rate constants (dashed line) and a step function
distribution of rate constants, in which y(n)=0 for n< 16 and
¥(16) 3x10" sec™! (solid line).

reality dissociation starts before the molecule absorbs
19 photons) suggests that this truncation (which is the
essence of the approximate calculation described above)
is valid. (Similar agreement is obtained in a calculation
based on RRKM rates of Table I with a truncated model
using 14 photon absorption steps).

The approximate results (17) and (18) suggest that the
incubation time is linear in the ratio N/k. Table II
shows a test of this result using the exact numerical
solution for the model defined by Table I. We see that
the linear dependence of the incubation time on the in-
verse intengity is maintained only approximately; how-
ever, in the experimentally relevant domain (§ = 100-30
nsec) the product w36 changes only by 10% when w}
changes by a factor of 4,

TABLE II. Incubation time vs intensity. Molecular parameters
are given by Table I. The master equation was truncated after
27 photon absorption steps.?

wg (cm™) 0.05 0.07 0.10 0,25 0.375 0.50
Ozaot (nSEC) 116.7 63.7 31.8 6.8 3.0 1.75
Opry (nsec) 150.8 84.2  44.1 9.0 4.1 2.4
whX Bgraet 0.29 0.31  0.32 0.42 0.42  0.44
®8zact 1S determined from an exact numerical solution of the

master equation as the point where the P(f) curve (Fig. 2) visibly
starts to bend down. 6pqy is obtained from Eq. (14) using
numerically calculated 7 and 7.
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TABLE IIl. Effect of added inert gas.
1
P(Torr) 9 (nsec) -k_ (nsec)
0.0 33.4 15.6
20.0 34.3 19.5
40.0 35.2 24.5
60.0 36.0 30.8
80.0 36.5 39.1
100.0 36.8 49.9
120.0 36.7 64.0
140.0 36.3 82.0
160.0 35.5 105.3
180.0 34.6 134.3
200,0 33.0 169.8

Finally, we consider the effect of an added inert gas.
Table III shows the results of a calculation based on Egs.
(13)-(16) with N=19 and

-4
o= (kg + st

-4
k-=(k-)rad+ }O_.Q)T_Orrg. .

w
a and 8 [Eqs. {6) and (7)] were chosen to be 222.3 and
122.3 cm™, respectively. The factor 1074(P)q,,, repre-
sents an estimate of the number of collisions per unit
time. (%) and (k)4 were taken to be constants:
0.003 and 0,001 cm™!, respectively. We see that, for
these parameters, in the pressure range 0-200 Torr
the incubation time is predicted to change only slightly
while the steady state dissociation rate decreases by
about an order of magnitude. Similar results are ob-
tained from the exact numerical solution of Eq. (1) using
Eq. (5) as well as from the approximation (19). It is in-
teresting to note that the mean molecular energy at any
time is greatly reduced due to the collisions. The incu-
bation time 6 is not strongly affected because the mo-
lecular distribution broadens and because it is the tail
of the distribution which determines 6.!5 It should also
be noted that while the general feature of the incubation
time being considerably less sensitive to collisions than
the steady state dissociation rate appears to hold for a
broad range of parameters, the absolute dependence of
# and % on pressure varies with the choice of parame-
ters, For example, in the extremely pressure domi-
nated regime n becomes pressure independent and both
6 and %! are inversely proportional to the pressure [cf.
Eq. (1T)].

In the present analysis we have taken the primary ef-
fect of collisions to be the induction of vibrational re-
laxation in the molecular quasicontinuum. This leads to
a reduction in the dissociation yield in agreement with
the experimental observation here and in previous
works. 16

Collisions can also help in overcoming a bottleneck
effect in region I, by efficient rotational relaxation and,
at high enough pressures, also by pressure broadening.
These effects can lead to increased absorption efficiency
and higher dissociation yields, '" as well as to cancela-
tion of intensity effects on the yields.? They can also
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be easily incorporated into the model, as shown else-
where.'? The results of the present paper indicate that
guch bottleneck effects are probably less important in
TMD, as expected for a very large molecule.

CONCLUSION

The presence and behavior of incubation times in
multiphoton dissociation of molecules were analyzed
within the formalism of the Pauli master equation. Ap-
proximate quantitative results can be obtained for any
given molecular model (i.e., parameters) for an iso-
lated and collisionally perturbed molecule, It should be
realized that the definition and the calculation of incuba-
tion times are not limited to dissociation processes;
any molecular level whose population may be monitored
(e.g., by laser induced fluorescence) may constitute the
threshold which is used to define and calculate the incu-
bation time. Also, the method is not limited to the Pauli
master equation and can be used for processes governed
by the full Liouville equation (e.g., for evolution within
a discrete manifold of molecular states).
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