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Abstract. The collisionless infrared multiphoton excitation of small molecules, OCS,
SO,, NO, and DN, is discussed. Despite the small absorbance,of IR photons by these
molecules, evidence for the population of highly excited vibronic levels below the
dissociation threshold is obtained. Multiphoton dissociation is observed, as well. The
average number of photons absorbed and dissociation yields depend predominately on
the laser intensity. High order multiphoton processes couple the ground vibrational
level with the quasicontinuum of excited levels below and above the dissociation

threshold.

1. INTRODUCTION

Since the first demonstration of collisionless multipho-
ton excitation in SF,,' an intensive study of this phenome-
non has been carried out. Today more than a hundred
molecular systems are reported to undergo infrared
multiphoton excitation or dissociation (IRMPE or
IRMPD) under the action of high fluence CO, laser
pulses.” The IRMPE of moderate and large sized
molecules (N Z 6) is fairly well understood.’ The molecu-
lar vibrational manifold is divided into three energy
regions. In the lowest energy region (Region I) the
density of molecular levels is very low, and the laser field
interacts coherently with isolated molecular levels.

As the vibrational energy increases, the density of
vibrational states grows. Due to anharmonic terms in the
vibrational Hamiltonian, the normal mode oscillator
strength is spread over many levels contained in a
frequency interval I'. At a certain level of vibrational
energy the field-molecular coherence is destroyed and
the dynamics of the excitation is described by a set of rate
equations:

dP,
dl = - [(Un.n—fl + a'mwl)Pn

)

where P, is the occupation probability of the nth energy
shell and o,.., is the one-photon cross section for the
n— n =1 transition and I the phton flux. This energy
region is referred to as Region II or the quasicontinuum.
From integration of Eq. (1) it follows that P, depends on
the laser fluence only. It has been demonstrated experi-
mentally that the IRMPE of SF; is indeed mainly deter-
mined by the laser fluence.’

When a molecule is pumped by an intense IR laser
pulse, the ground state may be directly coupled to
Region II by a coherent multiphoton process or through
a multistep absorption process involving population of
intermediate Region I levels. In the latter case the
energies of the intermediate levels i should exactly fulfill
the resonance condition, E; — E, = nhv,.

For a given molecular system the onset of Region II is
determined by several parameters: the density of vibra-
tional levels p(E), the Rabi frequency h'|u&]|, the
spread in the oscillator strength I and the laser frequency

- Un~l.nPn—1 - Unn,nPnH]Ia
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width Aw,. For a transform-limited pulse of duration ¢,,
one has Aw.= (2mt,)". For the weak coupling case
defined by #7'|u%|<Aw,<TI, the quasicontinuum is
established at a vibrational energy level where

p (E)<Aw,. (2)

For the dipole moment appearing in the Rabi frequency
term, one can take either the IR active normal mode
dipole strength or an effective dipole obtained by averag-
ing the transition dipole between the true nuclear
molecular eigenstates (NME)*® over a range I'. A differ-
ent characterization of the quasicontinuum for inter-
mediate or strong coupling cases is given elsewhere.’

The third energy region denoted by Region III lies
above the dissociation threshold. The energy levels in
this region are characterized by a dissociative width, and
an additional term, — k. P,, has to be added to the rate
equation (1), with kj the unimolecular dissociation rate
at energy E,.

In contrast with the case for larger molecules, the
IRMPE of small molecules is less well understood both
theoretically and experimentally. For diatomics IRMPE
has not been observed experimentally. Theoretical calcu-
lation for HF® indicate that intensities of 10" W/cm’
would be required to dissociate the molecule. At these
high fields ionization and electric breakdown cannot be
avoided. The vibrational densities of triatomic and four-
atom molecules are higher than in the diatomic case.
They are still too low, however, to satisfy quasicon-
tinuum conditions. The densities of the vibrational states
for some of the molecules studied in this work are plotted
in Fig. 1. It is seen that even close to the dissociation
threshold the densities are below 100 states per wave
number.

When small molecules are exposed to a strong IR field,
intermediate states can be populated provided n photon
resonances are met. However, direct coupling to the
dissociative continuum should also be considered. In
such a case near resonances of intermediate levels play a
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Fig. 1. Whitten—Rabinovitch calculation of the vibrational
density, as a function of vibrational encrgy. The curves corre-
spond to the following molecules: (A) DN;; (B) OCS; (C) NH;;

crucial role in determining the efficiency of the MPD
process. It should be emphasized that the near-resonant
intermediate levels have no final population. Although
the diagonal matrix elements of intermediate levels may
increase temporarily due to power broadening, they
adiabatically follow the laser pulse.’

IRMPD of SO,," OCS," NH;"” and HN," with long
(2,> 100 ns) CO, laser pulses has been reported. How-
ever, the excitation of SO, and NH; has been carried out
at high pressures (p >1 torr), so that the collisionless
character of the excitation may be questioned. Further-
more, for HN; no analysis has been carried out to
exclude the role of collisions during the IR excitation.
For OCS conflicting results have been obtained. A
dissociation yield of unity has been reported in a molecu-
lar beam experiment,' while no significant dissociation
has been observed by us for OCS in cells at low pressure.

The main objectives of this work are the establishment
and characterization of the collisionless MPE and MPD
process in OCS, SO,, NO,, and DN;. The IRMPD of NH,
will be reported elsewhere.

The results show that there is a gradual transition in
the MPE and MPD characteristics from diatomic to large
molecules.

II. EXPERIMENTAL

The experimental apparatus has been described in detail
previously.*'* A tunable CO, laser capable of generating pulses
of variable duration is used. IRMPE pumping has been carried
out using pulses of (.1, 0.5, 30, and 100 ns duration. The CO,
laser is focused into a cell. The degree of focusing depends upon
the desired fluences or peak intensities. Fluences up to 300 J
cm ? and peak intensities of 500 GW are required to detect
MPD in small molecules.

Diagnostics of the MPE or MPD process have been carried
out using the following methods:

(a) Visible and UV emission induced by the IR pulse has
been measured.

(b) A microphone has been used to detect IR photoacoustic
signals.

(c) Introduction of scavenger molecules into the absorption
cell has been used to detect specific atomic dissociation pro-
ducts.
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All signals are collected and stored in a home-built DEC LSI-11
based data acquisition system. Transient signals are digitized by
a Biomation 8100 wave form recorder.

II1. IRMPE OF OCS

Optoacoustic methods detect a measurable absorption
in the OCS at the P(24) line of the 9.4 pnm branch of the
CO, laser.” Yet the infrared absorption of OCS is too
small for absolute calibration into (n), the average
number of photons absorbed per molecule. Instead, the
calibration is achieved in the following way. Mixtures of
5 torr OCS and 0.1 torr of SF, are irradiated with 0.5 ns
CO, laser pulses. The system is first irradiated at the
P(20) 10.6 wm branch where SF, absorbs. The optoacous-
tic signals are calibrated to energy absorbed, using
known (n) values for SF,. The CO, laser is then tuned to
the P(24) 9.4 pm branch transition where SF, does not
absorb, and the optoacoustic signals are measured. The
(n) photon absorbance for OCS is shown in Fig. 2 as a
function of the intensity or fluence of the IR pulses of 0.5
ns duration. It is shown that the average number of
photons absorbed per molecule is less than unity, up to
fluences of 200 J cm™ and intensities of 300 GW cm™.
This measurement contradicts an earlier report' by
others, who claimed a complete dissociation at fluences
of 60 J cm™ and intensities of only 0.2 GW cm”’,
although no dissociation products were detected. Their
claim was based on a disappearance of the molecular
beam from a straight-throughput detector. A deflection
of the exposed molecular beam induced by the in-
homogeneous electric field of the crossed CO, laser beam
has been suggested to account for the discrepancy be-
tween the two experiments.” The small number of
photons absorbed by OCS does not imply the absence of
high excitation or dissociation. Only a small fraction of
the ground state population may interact with the CO,
radiation. Moreover, the MPD yield for this particular
rotational level may be exceedingly small. An attempt
has been made to detect sulphur and oxygen atomic
dissociation products. Nitric oxide has been mixed with
OCS. If dissociation into CS and O occurs, the oxygen
atoms should be scavenged by NO to produce fluorescing
NO; in a three-body recombination process. No such
emission has been observed. However, positive evidence
for the MPD of OCS into CO+S has been obtained.
When NO, is admixed with OCS, an increase of the
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Fig. 2. Log-log plot of the average number of photons ab-
sorbed per OCS molecule {n), as a function of the fluence or
intensity of the CO, laser pulse. The laser is tuned to P(24), 9.4
um branch. Laser pulse width is 0.5 ns.



optoacoustic signal is observed.” This is attributed to the
following rapid exothermic reactions':

S+NO;—»SO+NO+2eV, (3a)
SO+NO;—S0O,+NO+25eV. (3b)

The dissociation yields have been estimated from calcu-
lation of the additional energy detected by the micro-
phone when NO, is added, taking into account the
thermochemical data. For 0.5 ns CO, pulses of 200 J
cm™, a value of (6=4)x 107 is obtained. The pressures
of OCS and NO; in the measured sample are S torr and
0.5 torr, respectively. The MPE and MPD processes for
OCS show a strong dependence on intensity. Longer
pulses with the same total fluence give unobservably
small signals. Unfortunately, due to the small signal and
consequently the large scatter of the data, the pressure
dependence of the signals could not be measured. The
MPE process could have been assisted by the rare
collisions that occur during the short period of excitation.
A claim for the collisionless MPE process in the bulk
must be confirmed by appropriate scaling with the pres-
sure. This has been carried out successfully for the
IRMPE data of other molecules, as described in the next
sections.

IV. IRMPE OF SO,

The v, stretch mode of SO, is centered at 1150 cm™
and the anharmonicity is 5 cm™'. This is 70 cm™ higher
than the center of the R branch of the 9.4 um CO, laser
transition. Despite the energy mismatch, measurable
photoacoustic signals are recorded for SO, when ir-
radiated with intense 0.5 ns CO, laser pulses.”” The
calibrated absorbance of SO, as a function of the fluence
of the 0.5 ns laser pulse is shown in Fig. 3. Irradiation of
SO, with longer 30 ns pulses resulted in negligible
optoacoustic signals. The average number of photons
absorbed by the 0.5 ns pulse is far below unity. Still, the
observation of UV emission from the irradiated sample is
evidence for multiphoton excitation to highly excited
vibrational states. Due to the breakdown of the
Born-Oppenheimer approximation,'™ the highly excited
vibrational levels of SO, are slightly admixed with vib-
ronic levels of excited electronic states. As a result, the
vibronic manifold between 25,000 cm ' and the dissocia-
tion threshold is characterized by a broad band fluores-
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Fig. 3. Log-log plot of the average number of photons ab-
sorbed per SO, molecule as a function of CO, laser intensity.
Laser is tuned to R(22) 9.4 pm CQO, transition.
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cence" with radiative lifetimes of 20 ws-200 ps.”**' The
induced fluorescence signal extending from 300 nm to
500 nm, in agreement with the SO, fluorescence spec-
trum, is shown in Fig. 4. The observed rise time of two
points corresponds to the instrumental time resolution.
The decay time of the fluorescence scales inversely with
pressure, while the amplitudes exhibit a linear depen-
dence on the pressure, thus confirming the collisionless
character of the MPE process.

The fraction of molecules excited to the radiative
region, Y., is plotted as a function of intensity of 0.5 ns
pulses in Fig. 5. Calibration of the fluorescence am-
plitudes with the excitation yields, Y.., is achieved as
follows. The initial rate of photon emission from the
excitation region is estimated from the photomultiplier
signal gain and wavelength characteristics and the solid
angle viewed by the photomultiplier. The rate of photon
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Fig. 4. Transient fluorescence signal from a 90 mtorr SO,
sample induced by 0.5 ns CO, laser pulses. Points are digitized
averages of 50 laser pulses.
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Fig. 5. Log-log plot of the yield of SO, molecules excited to the
fluorescent region, as a function of the CO, laser intensity.
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emission is proportional to N.., the number of excited
SO, molecules and the average inverse radiative lifetime
s of SO,. A value of 100 us has been taken for 7.4, the
average radiative lifetime of SO,. The value Y., is finally
obtained from the ratio N.../N,, where N; is the number
of SO, molecules in the focused region. The volume V.4
of the latter is given by

Veﬂ =TwW 520/2, (4)

where w, is the beam waist and Z, is the confocal beam
parameter. No emission is observed when the system is
irradiated with CO, pulses of 30 ns duration or longer.

Multiphoton dissociation induced by high intensity
CO; pulses is also detected. When adding nitric oxide as
a scavenger to the system, the atomic oxygen dissociation
product reacts with NO in a three-body collision process
to form excited NO% in the reaction

O +2NO - NO* + NO.

NO? is a molecule formed in a highly excited vibronic
level of the ground electronic state. Those states are
slightly admixed with vibronic states of excited electronic
levels. They therefore possess oscillator strength for
optical emission in the visible. Since the emission of NO%
is shifted further to the red than the SO3 fluorescence,
the emissions from the two species are well separated.

The time evolution of the excited NO} molecules is
described by the following rate equations:

d[o

= ko[O][NOJ, )
4ol IZ?‘; = — kN%:[NO%] - k,[NOJ[NO,] + k{O][NOJ,
©)

where k.3 is the average radiative lifetime of excited

NO; and k, is the collisional quenching rate. Since the
chemiluminescence of NO3 has been studied in mixtures
involving a high [NOJ/[SO,] ratio, three-body recombi-
nation terms involving SO, have been neglected in Eq.
(6). For the same reason, collisional quenching of NO%
with SO, has also been disregarded. Integration of Egs.
(5) and (6) yields

[O] =[Oloexp(— ko NOJ’t). 7
Since ko< ky, k¥,

[NO$] = 2 [NO][Ohexp(~ k{NOFD). )

Here [O], is the initial concentration of oxygen atoms
following the short 0.5 ns laser pulse. The decay time of
the excited NO3 is found to be inversely proportional to
the square of the [NO] density, with a rate constant k, of
200 s™" torr. The number of dissociated SO, molecules
Ny, 1s found to be

Ny = [O]n Ve,
where V. is defined in Eq. (4). This number may be

estimated from the initial amplitude of the
chemiluminescence signal I.em,
Ichem = :gz % Ndiss[NO]. (9)
1

The value of Ny, has been obtained by estimating the
photon emission rates and the use of Eq. (8). A value of
50 ps has been used for the average radiative lifetime of
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NO,.” A value of 2 x 10° s™' torr™' has been used for k,.”
The absolute dissociation yield Yy, is obtained by divid-
ing N by the number of SO, molecules in the focused
volume. Values of Yy vs. the CO, intensity are shown in
Fig. 6. It is interesting to compare values of (n), Y., and
Yauss for the same fluence or peak intensity. When the
ground state is directly coupled to the dissociative region,
the number of photons absorbed per molecule (n) should
be 42 X Y4, photons, since 42 photons are required to
reach the dissociation threshold. For a direct coupling
between the ground state and fluorescent levels, (n)
should be about n'Y,, with 25 < n’'<42. In fact, (n) is
found to be 100 times greater than the sum Yy, + Ye..
This suggests a direct MP coupling of the ground state
levels of SO, with the denser fluorescent region or the
dissociative region. Moreover, by comparing Figs. 5 and
6, Ya,s grows somewhat more rapidly than Y,.. It
appears that once excitation to the fluorescent region is
achieved, further excitation to the dissociative region is
relatively more efficient.

Preparation of vibrationally excited SO, in the fluores-
cent region is possible through the absorption of one UV
photon. Indeed, it has been established” that SO,
molecules thus excited do interact with low fluence, long
(1, ~ 100 ns) CO, pulses. These experiments suggest that
the fluorescent region may act as the quasicontinuum
Region II for this triatomic molecule. Similar experi-
ments have been carried out on NO,,” and an extended
diagnosis of the IRMPE of optically prepared NO,
molecules has been published." These experiments are
briefly reviewed in the next section.

V. IRMPE OF OPTICALLY PREPARED NO, MOLECULES

Since the infrared active modes of NO, are too far
removed from CO, laser frequencies, no observable
excitation occurs for infrared excitation from the ground
state even at intensities of 300 GW cm™. As in SO, the
highly excited vibrational manifold of the electronic
ground state is slightly admixed with excited electronic
states. As a result, on absorbing a visible photon, the
molecule is prepared in an excited state which has the
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Fig. 6. Dissociation yield of SO, vs. CO, laser intensity.



dominant character of a highly excited vibronic level of
the electronic ground state. In our experiments NO, is
first pumped with a visible dye laser. An IR excitation
with a CO, laser then follows, and changes in the visible
fluorescence are observed. The IRMPE of the prepared
NO; is studied as a function of the optical excitation
energy in the following way. The vibrational energy
manifold of NO, is divided into subregions (see Fig. 7).
Subregion 1 consists of a vibrational level confined
between the dissociation threshold E, at 25,137 ¢cm™
and E — hveo, where hveo, is the CO, laser photon
energy. Subregion 2 is limited by Ey — hvco, and Egy —
thcol, etc.

When excited with a pulse of wavelength A.., the
excited NO, molecule fluoresces with a broad-band
spectrum extending from A.. far into the red. In the
absence of CO, radiation no anti-Stokes emission is
observed on the blue side. When the fluorescence is
observed with a narrow-band filter with A, close to A,
the observed fluorescence monitors the emission from
the particular energy levels prepared by the dye laser
pulse. It has been established” that the fluorescence
monitored by a long pass filter with a cut at 600 nm is
insensitive to the specific distribution over different
subregions. The broad-band fluorescence thus monitors
the total population of the excited NO,, as long as the
vibrational excitation remains above an energy corres-
ponding to the cutoff frequency.

Figure 8a shows the changes in the fluorescence signals
when NO,, initially prepared in subregion 1, is exposed
to 0.5 ns CO, pulses. At low CO, fluences two main
processes take place: upward excitation to the dissocia-
tive region and downward transition to subregion 2. The
decrease of the broad band red signal with increasing
CO,; fluence is proportional to dissociation yield of the
initially excited NO, molecules. In contrast, the drop of
the narrow-band fluorescence is due to upward dissocia-
tive pumping as well as to a downward transition from
subregion 1 to subregion 2. This explains why the upper
curve in Fig. 8a drops more slowly with CO; energy than
the lower curve does. Moreover, the initial slopes of the
upper and lower curves are proportional to the cross
sections oy and oy + 0s, respectively. Here oy and oy,
are the cross sections for upward and downward pump-
ing from subregion 1, respectively. Figure 8b shows the
induced changes in the fluorescence signals when the
system is initially prepared in subregion 2. The upper
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Fig. 7. Schematic diagram showing division of the vibrational
energy manifold into energy subregions.
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curve monitors the total population of excited NO,
molecules while the lower monitors the subregion 1
population. As the fluence is increased, further pumping
of the subregion 1 molecule leads to dissociation and
subsequent drop in the narrow-band anti-Stokes fluores-
cence.

Excitations to subregion 3 have also been carried out
and are described elsewhere." One should point out that
the fluences needed to dissociate the NO, via two-photon
transitions are about 1 J cm™. A fluence of 5 J cm™ is
required to dissociate a significant portion of NO, ini-
tially prepared in subregion 3. Those fluences should be
compared with the 300 J cm™ fluence required to observe
a small yield dissociation for other triatomic molecules in
the ground vibrational level.

Fluorescence curves corresponding to the preparation
of NO, in subregions 1, 2, 3, and IR excitation with 0.5 ns
CO, pulses have been fitted with a rate equation model
(see Eq. (1)). The cross sections o, 01, ..., 0 have
been determined. These cross sections remain the same
for 0.1 ns pulses. In contrast, a considerable change in
IRMPE dynamics is observed for longer 30 ns pulses.
The efficiency of the long pulses in promoting transitions
within the bound manifold of NO, is decreased by about
an order of magnitude when compared with short pulses
of the same fluence. Not unexpectedly the o, cross
sections for the upward pumping into the dissociative
region are independent of the pulse length. The dis-
sociative region is a true continuum and Fermi’s Golden
Rule should be obeyed.

It appears that the requirement for a quasicontinuum
(2) is satisfied for the short pulses only. This sets a lower
limit for the required density of states p ~ 10 per cm™.
However, even at the dissociation threshold, the vibra-
tional density of NO; is still too low (see Fig. 1) to satisfy
condition (2). A strong rotational-vibrational coupling
has been observed'* for highly excited vibrational levels
of NO,. This suggests that vibrational-rotational section
rules break down and the quasicontinuum consists of the
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Fig. 8. NO, fluorescence yields as a function of the fluence of
0.5 ns CO, laser pulse. O red fluorescence, @ narrow band
fluorescence. (a) NO, is first prepared in subregion 1. (b) NO, is
first prepared in subregion 2.
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denser vibrational-rotational manifold. Indeed, if NO, is
initially cooled by supersonic expansion to very low
rotational J values and then optically excited, no IRMPE
is observed.”

VI. IRMPE OF DN,

The P(18) line of the 10.6 um CO, laser at 946 cm ™' is
resonant with the v, mode of this molecule. If more than
18 IR quanta are absorbed, the molecules dissociate
according to

DN, + nhv,—>ND(A)+N;  (n=18).  (10)

The lowest dissociation channel involving the ground
state product ND(’Y) is forbidden by spin conservation.

IR irradiation of DN, induces a visible chemilumines-
cence signal. The transient behavior of the
chemiluminescence signal is determined by the following
secondary reactions”:

ND('A)+ DN, =5 ND,CA,)+ N,, (11
ND('A)+ DN, — ND,(B,) + Na, (12)
ND,CA,) -2 ND,CB,) + Mg (13)
ND,(A,)+ DN, = ND,(B,) + DN,, (14)
ND,(A,)+ DN, —% ND, + N,. (15)

The IRMPE of DN, has been studied” and is summar-
ized below.

(a) The chemiluminescence signals induced by 0.5 ns
CO, pulses have been measured as a function of the
pressure. The following analysis has been performed to
confirm that the dissociation of DN, is indeed collision
free. In a collisionless dissociation process the number
nwp of ND('A) products is given by

nnp = No Yo (D), (16)
where N, is the number of DN; molecules in the colli-
mated excitation zone and Yy (®) is the fluence-
dependent dissociation yield. The ND excited inter-
mediate is further scavenged to produce excited ND3
species and the number of ND% molecules produced is

Anp; = k,T]k; No Yo (@) = Y'(P)p,

where p is the pressure of the DN, sample. The fluores-
cence yield Yr depends on the DN, pressure. One has
K

Ko + (ks + ka)P ’

while the number of photons emitted following CO, laser
excitation is given by

Ye 17)

SZ"ND} Y. (18)
Thus
s = [—kfd"wp"] Y (@), (19)

For 0.5 ns pulses the pressure dependence of the ob-
served fluorescence is found to be consistent with Eq.

(19).
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(b) The induced chemiluminescence signals have been
calibrated to absolute dissociation yields. This has been
achieved by comparing the IR induced signals with the
chemiluminescence resulting from UV dissociation of
DN, by 266 nm quadrupled Nd:Yg pulses. The yields, as
a function of the CO, laser fluence, are shown in Fig. 9
for excitations by 0.5 ns and 30 ns CO, pulses. The
intensity dependence, or pulse duration dependence, is
quite pronounced, although not as strong as for SO..

(c) Optoacoustic measurements have also been per-
formed. The results are shown in Fig. 10. Once again the
crucial dependence on the intensity of the IR pulse is
demonstrated. Comparing the average number of
photons absorbed with the dissociation yields, one ob-
serves that (n) > 18 Y4, photons for the whole fluence
range. In contrast with the case of SO,, IR absorption by
DN, does result in the population of intermediate dis-
crete vibrational levels.

(d) When the chemiluminescence spectrum of ND, is
compared with the reported spectrum induced by UV
dissociation of HN,,” the IR induced spectrum is found
to be blue-shifted by 1 eV. Analysis of the UV dissocia-
tive process” shows that only vibrationless NH('A)
species are produced in the UV dissociation process. The
short wavelength cut at 600 nm of the UV induced
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Fig. 9. Average number of photons absorbed per DN,
molecules as a function of energy fluence for CO, laser pulses of
different duration.
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Fig. 10. Dissociation yield of DN; as a function of energy
fluence for CO, pulses of different duration.



chemiluminescence is consistent with the exothermicity
of the reaction

NH('A) + HN,— NH,(B,) + N..

On the other hand, the 8,000 cm™ shift observed for the
IRMPD process is attributed to the formation of vibra-
tionally excited ND('A). Since DN, has six vibrational
degrees of freedom, only a fraction of the excess energy
above the dissociation limit is expected to go into ND
vibrations. The presence of ND with 1 eV or more
vibrational excitation implies excitation of DN; far above
the dissociation limit. Furthermore, the spectral distribu-
tion is independent of the fluence of the CO, pulses and
of the pulse duration. This observation is hard to explain
on the basis of a competition between the up-pumping
rate and RRKM dissociation rate. Since the up-pumping
rate changes with intensity, one expects the ratio of the
shifted blue to red fluorescence to be intensity-
dependent.

An alternative speculation is that the RRKM model,
involving statistical distribution of the vibrational energy,
is not obeyed for hydrazoic acid. This is also indicated by
recent measurements™ of the overtone spectra of HN;,
which show that up to the dissociation limit very little
mixing of the overtone with the dense manifold occurs.

VII. CONCLUSION

These data on small molecules, with verified collision-
less excitation, show that there exists a gradual transition
from the regime of discrete states to the quasicontinuum
regime. In diatomic molecules one has a pure discrete
case. The power threshold required for dissociation is so
high that ionization would take place before dissociation.
Very large molecules with heavy atoms at or above room
temperature are always in the quasicontinuum regime
and exhibit a strict fluence dependence of excitation.
Black® has shown that intensity dependent effects be-
come gradually more pronounced as the size and weight
of the molecules becomes smaller. The excitation of
triatomic molecules is predominantly determined by the
intensity. Most molecules in the initial rotational mani-
fold remain unexcited. A small fraction may be excited in
a multiphoton process. The density of states in the
quasicontinuum is enhanced over that calculated from

Table 1. Trends in IR Multiphoton Excitation
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the Whitten-Rabinowitch formula, because of a break-
down of rotational selection rules in the highy excited
manifold. Once excited to such high levels, dissociation
of the small molecule can readily follow. The gradual
transition in the IRMPE behavior from diatomic
molecules to large polyatomic molecules is indicated in
Table 1. This table relates the present data to the
extensive earlier IRMPE work on large molecules. A
gradual transition occurs with the change in the degree of
vibrational excitation at which the inequalities men-
tioned in the introduction become satisfied. This defines
the diffuse boundary between the discrete level regime
(region one) and the quasicontinuum. For small
molecules the crossing of region one by an intensity-
dependent multiphoton process constitutes the rate-
determining step for IRMPE and IRMPD.

This work summarizes the results contained in the
Ph.D. thesis by one of us.” It was supported by the U.S.
Army Research Office under contract no. DAAG29-81-
K-0071.
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