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Multiphoton excitation and dissociation of DN, by short CO, laser pulses is shown to be a collisionless
process. The characteristic features of this multiphoton process are systematically studied. The average
number of photons absorbed per DN, molecule and the absolute dissociation yield show a strong dependence
on the peak laser intensity. Resonantly enhanced coherent multiphoton excitation, rather than stepwise
incoherent excitation, is suggested. The primary dissociation products of DN; are ND['4] and N,. Formation
of vibrationally excited ND['A] intermediates is suggested. The reactions of ND['4] with DN, lead to
chemiluminescent signals originating from the formation of electronically excited ND,[’4,] and ND[*/7].
Formation of the ND[*/7] intermediate is attributed to a reaction of ND['4] and vibrationally excited DN}

molecules: ND['4] + DN;—-ND[* /7] + ND[*Z -] + N,.

I. INTRODUCTION

Since the first demonstration of collisionless in-
frared multiphoton excitation IRMPE) of SF, in 1973
more than 100 molecular systems have been reported
to undergo IRMPE or multiphoton dissociation (IRMPD)
under the action of intense infrared laser radiation,!
The generally accepted quasicontinuum model? of
IRMPE requires a high density of vibrational states,

In small polyatomics, the density of vibrational states
grows so slowly with vibrational energy that the vi-
brational quasicontinuum can only be reached after sig-
nificant excitation. Observation of IRMPE in triatomic
or four atom molecules could therefore imply that a
different mechanism is important.

IRMPE and IRMPD of three and four atom molecules
have been reported by many authors, Some of the mea-
surements were done at gas pressures of 1 Torr or
higher using 100 ns laser pulses so that the excitation
cannot be considered strictly collisionless. Several
other experiments, *~3® including work on deuterated
hydrogen azide DN were done at lower pressures
but did not conclusively show that dissociation resulted
from collisionless excitation. No estimates of disso-
ciation yield were made. The reported dissociation
of carbonyl sulfide OCS, * done under collisionless
conditions, is inconsistent with more recent results,3®
Finally, the interestingobservationthat in thiophosgene,
CL,CS, the efficiency of IRMPE decreases with increas-
ing pressure, ** has not been shown to occur in other
molecules,

3(a)

In this paper a detailed and systematic study of the
IRMPE and IRMPD of DN; is presented. The main ob-
jectives of the experiment were, first, to gain insight
into the IRMPE process of DN; and second, to obtain
information about the IR induced photochemistry of DN,
and compare it with the UV induced photochemistry,
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Before proceeding to the present experiment, a
short recapitulation of the published analysis of the UV
photochemistry of HN,*® is instructive as background
to our analysis. After excitation at 266 nm, HN; was
found to yield NH in the vibrationless A electronic
state as a primary dissociation product. The resulting
photochemistry is described* by the following primary
(1) and secondary (2)-(8) reactions:

HN,2-NH['a] +N['Z}] , @
NH['A) + HN; 24 NH,[24,] +N; , 2)
NH[A] + HN, % NH[*2"] +HN, , 3)
NHa[zAl]bo"NHZ[zBl] +hV @)
NH,[24,] +HN3i3~NH3 +N;, 5)
NH,[?A, ] + HN; < NH,[?B, ] +HN, . ®)

The energy level diagram of the various states of NH is
shown in Fig. 1. In process (2) the metastable NH[!A]
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FIG. 1. Electronic energy level diagram of the dissociation
products ND+N, of DN,
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reacts with HNg to produce electronically excited NH,,
which in turn radiatively relaxes producing a chemi-
luminescent signal. It was found that the quenching rate
k, is small compared to the reactive rate k,. According
to the kinetic scheme presented above, the transient
behavior of this chemiluminescent signal should be
characterized by exponential rise and fall times.

The vapors of DNy and HN; exhibit, respectively, a
strong and a weak absorption band coinciding with the
10.6 pm radiation of the CO, laser. The strong absorp-
tion band of DN,, centered at 954 cm™, is associated
with the DN bending fundamental v,.® The HN, absorp-
tion band centered at 950 cm™ is a (v, — »,) hot band.®
Hartford*® has reported the observation of a chemilu-
minescent emission from DN, and HN; vapors irradiated
by intense CO, laser pulses. Most of his work focused
on the kinetics of the DNy chemiluminescence. The re-
sults were analyzed in terms of a modified primary
reaction (1):

mhvco,

DN, ND['A] +N, , (1a)

and the secondary reactions (2)-(6) in which H is re-
placed by D. The rise and fall rates of the chemilu-
minescent signal can be expressed in terms of the rate
constants in Egs. (2)-(6) as

Qpige = (k3 +k4)p +Arad ’ (7)
Oy = By +R2)P . 8)

Here, o4, and ag; are the reciprocal exponential rise
and fall times of the chemiluminescent signal, respec-~
tively, and p is the pressure. The rise and fall times
are determined by the rates of depletion of ND,[?4,] and
ND[!a], respectively, see Egs. (2), (3), (5), and (6).

I1. EXPERIMENTAL TECHNIQUE

The CO, laser used to pump the DN, has been de-
scribed in detail in Refs, 7 and 8. Single mode 100 ns
pulses are obtained from a hybrid TEA oscillator con-
sisting of a Tachisto model 215 discharge head and a
low pressure (4.5 Torr) discharge tube. Shorter, 30 ns
pulses are produced by truncating the 100 ns pulses in a
plasma shutter. Finally, 0.5 ns pulses are obtained
through optical free induction decay of the truncated
pulses. All of the pulses, 100,30,0r 0.5 ns are am-
plified by a series of Lumonics 103 and 280 TEA dis-
charge units. Unless stated otherwise the oscillator
was tuned to the P(18) line of the 10,6 um branch.

Samples of DN, are produced by mixing dried DyPO,
with an excess of NaN,. Mass spectra showed that
the gas produced contained no molecules of mass greater
than 44 and that at least 70% was DN;. The CO, laser
was focused into a cell containing the DNy by different
combinations of mirrors and lenses to produce various
beam waists., Beam sizes are measured by a scanning
50 um pinhole and pyroelectric detector. The CO, laser
pulse energy is monitored by a second pyroelectric de-
tector calibrated with a Scientech Joulemeter.

Optoacoustic measurements were carried out fol-
lowing the procedure described in Ref, 8. Brass baffles
are placed in the cell in order to isolate the region
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FIG. 2. The average number of photons absorbed per molecule
{n) as a function of the CO, laser fluence & for DN, at a pressure
of 100 mTorr and room temperature. Each curve represents

a smooth curve through approximately 100 data points with the
scatter about the curves indicated by the error bar. The esti-
mated error in absolute calibration of both axes is +50%. The
laser was tuned to the P(18) line of the 10,6 ¢ m branch,

where the laser beam is collimated. A General Radio
microphone is placed close to the focal volume, Lu-
minescence resulting from IRMPD was measured by
either a blue (EMI 9635 QB) or red sensitive (Hamama-
tsu R712) photomultiplier tube, Various Corning and
Schott colored glass filters were used to isolate spectral
regions, All signals were recorded by a home assem-~
bled data acquisition system based on the DEC LSI-11/2
microprocessor. Transient measurements were moni-
tored and processed on a Biomation 8100 waveform
digitizer and subsequently analyzed by computer.

il. RESULTS
A. Optoacoustic measurements

The optoacoustic signal of a 100 mTorr sample
of DN, is plotted as a function of laser fluence for
three different pulse lengths in Fig. 2. At 100 mTorr
the average time between collisions is approximately
1 us, allowing an essentially collision-free excitation.
The data show that the IRMPE of DN; is a strong func-
tion of peak laser intensity as well as laser fluence.
The microphone signal has been calibrated to the av-
erage number of photons absorbed per molecule by
means of a transmission measurement. The absolute
calibration in Fig. 2 is accurate to +50%.

Tuning the laser to different lines in the 9.4 and 10.6
pm CO, branches, it was observed that the IRMPE was
confined to those lines that fall within the vy small sig-
nal absorption band. These results are shown in Fig. 3.
The relative microphone signal is plotted for the 0.5
ns puises at a fluence of 20 J/cm?, and a pressure of
0.95 Torr. The peak of the IRMPE signal is near the
central frequency 954 cm™ of the v, band.

B. IR induced chemiluminescence

The study of the IR induced chemiluminescence is
carried out using a CO, laser beam focused to a waist
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FIG. 3. Infrared absorption spectrum of DN;, =---: Low-

resolution small signal IR absorption curve. e: relative IR in-
duced chemiluminescent signal at 20 mTorr, o: relative IR in-
duced optoacoustic signal at 950 mTorr. The laser induced sig-
nals were obtained with 0, 5 ns pulses.

of 0.02 cm, collimated over a length of 1 cm. The
collimated region is viewed by a photomultiplier which
monitors the induced chemiluminescence. The tight
focusing serves to increase the CO, laser fluence up to
values of 150 J/cm?® for the 0.5 ns pulses, and secondly,
to minimize the reaction of the primary dissociation
product ND with vibrationally excited DNy molecules.
With the present geometry the mean free path of the
molecules at a pressure of 200 mTorr is of the same
order of magnitude as the beam diameter. At lower
pressures the reactions of ND with cold DN; molecules
is expected to be dominant,

Figure 4 shows the luminescence spectrum obtained
with a 0.5 ns pulse of 30 J/ecm?. The visible spectrum
has been obtained by observing the chemiluminescence
through various optical and interference filters. The
emission extends from about 400 nm to the cutoff of
the photomultiplier between 800-900 nm. The relative
magnitude of the spectrum was independent of the laser
fluence at pressures below 100 mTorr. Essentially the
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FIG. 4. Chemiluminescence spectrum of DN;. The bars repre-
sent the relative intensity of various spectral regions obtained
by changing the short wavelength cutoff of long pass filters,

The data was obtained at 15 mTorr with 0.5 ns pulses of 30 J/

cm?,
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FIG. 5. Fluence dependence of the visible chemiluminescent

signal for two pulse durations. Each curve represents a smooth
curve through approximately 100 data points with the scatter
about the curves indicated by the error bar. The vertical scale
has been calibrated to the dissociation yield (see the text).

same relative visible luminescence spectra were ob-
tained for the 30 ns pulses. This emission is attributed
to the 24, ~ 2B, transition of ND, in accordance with
Ref. 3. The other spectral feature in Fig. 4 is a sharp
UV emission. Using a monochromator with 1 nm reso-~
lution, this emission was identified as the 1 ~*Z-¢-
branch transition of ND at 336 nm,°®

Figure 5 displays the fluence dependence of the visi-
ble chemiluminescent signal for 0.5 and 30 ns pulses.
It should be mentioned that the same fluence dependence
was found for separate spectral regions of the signal.
The signal for the 0.5 ns pulses is an order of magnitude
larger than the ones for the 30 ns pulses, The time in-
tegrated intensity of the chemiluminescent signal can
be related to the absolute dissociation yield Yy ,. If
one assumes that all the ND molecules form ND,[24,]
molecules as in Eq. (2), calibration of the vertical
scale is achieved as follows, First the number of pho-
tons emitted is estimated from the (time integrated in-
tensity of the) chemiluminescent signal, taking into ac-
count the characteristics of and the solid angle viewed
by the photomultiplier. This number is connected to
the number of ND,[24, ] molecules (which under the above
assumption is equalto the numberof dissociated DN; mole-
cules) using the fluorescence yield of the ND[?4,]} molecules,
see Eq, (10). Thedissociationyield Y ,,, i.€e., the fraction
of dissociated DN; molecules, is finally obtained by
dividing the number of NDZ[ZAI] molecules by the total
number of DN; molecules in the focal volume of the
laser beam. An independent calibration, using a qua-~
drupled Nd: YAG laser at 266 nm and the absorption
data of Ref. 4, yielded the same results. This second
calibration is independent of the branching yields for
ND['A] showing that indeed a large fraction of ND['4]
forms NDZ[ZAI]. We caution, however, that this cali-
bration and the vertical scale in Fig. 5 should only be
considered as an order of magnitude estimate of the
dissociation yield and not as a precise determination.

Comparing Fig. 5 to Fig. 2 it is immediately evident
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FIG. 6. Transient behavior of the IR
induced visible chemiluminescence of
DN; at 29 mTorr in two spectral re-
gions: blue (400-500 nm) and red
(600800 nm).
with 0.5 ns pulses at approximately
75 J/cm?. Curves with exponential
rise (5 and 8 us, respectively) and
fall (13 and 14 us, respectively) are
fitted to the data points.

that dissociation of DNy occurs even at fluences where
the average absorption is at most a few photons, well
below the 18 +1 photons required for dissociation as in
Eq. (1a). The visible luminescence signal for various
CO, laser lines is plotted in Fig. 3. As with the opto-
acoustic measurements, all lines giving significant
excitation fall within the v, absorption band.

The time dependent behavior of the visible luminescence
in two spectral regions, blue (400~500 nm)and red (600 -
800 nm)is shown in Fig, 6. Thedataare analyzedbya least
square fit of a curve with exponential rise and fall times.
Within experimental error, the two sets of data points
share a common fall time of 13 (1) us. However, the
rise time of the blue emission is 5 us, while the rise
time of the red chemiluminescence is about 8 us. The
pressure dependence of the rise and fall times for the
red signals agree very well with the results obtained
by Hartford.?3

A verification of the collisionless character of the
MPD process is provided by a study of the pressure
dependence of the time integrated chemiluminescent
signal. If the MPE process is indeed collisionless, the
total number of ND['A] intermediates is proportional to
the pressure p. If these intermediates are moreover
scavenged by process (2), the number of electronically
excited ND,[%4,] intermediates is also proportional to p,
i.e.,

Nuo, = (@), ©)

with a(®) a proportionality factor depending on the laser
fluence, ®. The yield of fluorescence from ND,[?4,],
on the other hand, is given by

Arad .
Ay + By +E)P

Y= (10)
The pressure dependence of the time integrated intensity
of the chemiluminescent signal I,;, can now be obtained
from

Iyig =Nxp,Y . (11)

Inverting this equation and substituting Eqs. (9) and (10)
one obtains

Il = a“(@)[—’ﬁiﬁ +p'1] , 12)
A

rad

which shows that collisionless dissociation of DN; re-
quires a linear relation between I} and p~'. The ex-
perimental results shown in Figs. 7(a) and 7(b) cor-
responding to the red and blue chemiluminescence,
respectively, indeed obey this linear behavior. At
pressures above 100 mTorr the blue signals [see Fig.
7(b)] show deviations from linearity, which is attributed
to “hot” reactions between ND{'A)] and vibrationally
excited DN; molecules. Using the experimentally de-
termined value of ky +k, =3.4x108s™ Torr™!,® radiative
lifetimes of 122 and 51 us of ND,[?4,] are obtained
for the red and blue emission, respectively. For
comparison, the characteristic lifetimes of NHy24,],
obtained by optical excitation of NH,[®B,] at wavelength
around 600 um, are on the order of 10 ps.'®

C. UV luminescence

The narrow band UV luminescence at 336 nm origi-
nates from the 31 ~ 32~ transition of ND, The temporal
characteristics of this luminescence show a dependence
on beam geometry and gas pressure. At pressures be-
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FIG. 9. Reciprocal fall times of the UV chemiluminescence of
DN; as a function of pressure. The points were obtained with
0.5 ns pulses,
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beam waist of 0,02 cm is shown in Fig. 8. The rise

and fall times, found to be 57 and 425 ns, are much

- T L. shorter than the ones for the visible chemiluminescent

signal., Changing the beam waist from 0.01 to 0,04 cm

o] L I L ! causes the risetime to increase from roughly 40 to 120

O p1 10 20 30 1 0 50 ns. A stern-Volmer plot of the fall rates is shown in
Fig. 9, yielding a collision quenching rate of 7.5x 108

luminescence of DNy, (a) in the red (600-800 nm) and (b) in the s"'Torr”! and an intercept corresponding to (0.50.05

-1 PR .
blue (400-500 nm). The lines are a least square fit according usy". This intercept shoul;i be compare.d with the re-
to Eq. (12). ported life times of the NH[II] state, which are on the

order of 450 ns. !

FIG. 7. Pressure dependence of the IR induced visible chemi-

At intermediate pressures (0.15 Torr£p <3 Torr)

low 150 mTorr, the risetime depends on the beam ge- the fall of the signal no longer follows a simple expo-
ometry and is independent of pressure, while the fall nential dependence and becomes relatively insensitive
time depends only on the gas pressure. A typical time to pressure, The fall time of the signal decreases by
trace of the signal at a pressure of 40 mTorr and laser less than a factor of 2 over the pressure range from
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FIG. 8, Transient behavior of the IR
induced UV chemiluminescence of DNy
at 40 mTorr, The trace was obtained
with 0,5 ns pulses., A curve with
exponential rise and fall times (0. 06
and 0,43 ps, respectively) is fitted

to the data points,
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0.25 to 3 Torr. The onset of this intermediate pres-
sure behavior depends on the laser beam waist; the
larger the waist, the lower the pressure where the fall
time deviates from simple exponential behavior. At
pressures above 3 Torr both the luminescence rise and
fall times decrease with increasing pressure.

The time integrated UV signal was measured as a
function of pressure and laser fluence. It appeared to
be proportional to the square of the pressure, see Fig.
10, indicating that ND[*1 ] is not a primary dissociation
product but rather a result of collisions of excited
species. It should be pointed out here that the number
of ND{?I] molecules is small compared to the number
of primary dissociation products, i.e., the ND['a]
molecules. Comparing the UV and visible chemilumi-
nescence and taking into account the quenching rates of
ND,[?A,] and ND[*11] the number ratio of ®Il to 'A for
ND is estimated to be 1072 (for 0.5 ns pulses at a
fluence of 150 J/cm?® and a pressure of 20 mTorr).

The dependence of the integrated UV signal on fluence
is stronger than that of the visible chemiluminescence.
From the logarithmic slope in Fig, 11 the following re-
lation between the UV and the visible signal Iyy and 7,
respectively, can be deduced:

IUV°° (Ivtu)l.8 . (13)

For the 30 ns pulses the signal to noise ratic was too
small to give significant results.

The temporal behavior of the UV emission changes
drastically when a buffer gas is added. Figure 12 shows
the transient UV signal as well as the visible chemi-
luminescent signal for a DN;—Ar mixture. It is to be
noted that the UV emission has much longer rise and
fall times than in the case of pure DN,. The 3.9 us fall
time of the UV signal is very close to the 4.5 us fall
time of the visible emission. A detailed discussion of
these observations follows in the next section.
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FIG. 10. The integrated intensity of the UV signal as a func-
tion of pressure of DNj ploited double logarithmically. The
slope of the line is 2,
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FIG. 11, Ultraviolet vs visible chemiluminescence signal for

DN; plotted double logarithmically, Each point corresponds to
a certain fluence,

D. IRMPE of HN,

Signals obtained from similar experiments on HN,
were at least an order of magnitude smaller, There-
fore, a detailed study of the IRMPE characteristics of
HN, could not be performed. We established, however,
that IR multiphoton excitation of HN;, just as DN,, yields
a UV emission at 336 nm and a broad visible chemi-
luminescence.

IV. DISCUSSION

A. Maechanism of infrared multiphoton excitation of DN,

The experiments presented in this paper confirm that
infrared multiphoton dissociation of DN; can be achieved
without collisions [see Fig. 7, ¢f. Eq. (12)]. In con-
trast to larger molecules the IRMPD of DN, cannot
proceed through the incoherent excitation mechanism of
the quasicontinuum model,? This model requires that
the spacing of accessible energy levels is smaller than
the bandwidth of the laser pulse, in our case 10™ and
107 em™ for 0.5 and 30 ns pulses, respectively. A
Whitten—Rabinovitch estimate of the deunsity of vibra-
tional states, !* plotted in Fig. 13, is even at the dis-
sociation limit an order of magnitude too small to satisfy
this condition. The density of accessible states could
be significantly larger if rotational as well as vibra-
tional selection rules break down. Even so, there will
still be an energy range of several thousand wave num-
bers with insufficient density of states for resonant step-
wise excitation.

The multiphoton dissociation of DN; shows a strong
dependence on pulse duration and, hence, on intensity.
There is an order of magnitude difference between the
two curves in Fig, 5, whereas for large molecules such
as SF, only small differences have been observed. 1
Furthermore, from the data in Fig. 5 it follows that
Y 4155 15 proportional to the fluence & raised to the power
2+0.5 and not 18 as would be the case if the IRMPD of
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FIG. 12. Transient behavior of IR in-
duced visible and UV chemiluminescence
of 256 mTorr DN; in 9 Torr of Ar. The
traces are obtained with 0.5 ns pulses,
Curves with exponential rise (0.5 and 2,4
us, respectively) and fall (3.9 and 4.4
us, respectively) are fitted to the data
points,

DN, resulted from the simultaneous absorption of 18
photons in the limit of weak field perturbation theory.
At the extremely high intensities used in this experi-
ment, the interaction energy € = 4E of the electric field
E with the molecules having a transition dipole moment
&, is very large. For an intensity of 10" W/cm?, cor-
responding to a 0.5 ns pulse of 50 J/cmz, one has

€~ 102 ucm'l, with the unknown transition moment u in
D. A transition moment of 0.1 D, reasonable for such
a transition, at low excitation could already result in a
dynamic Stark broadening of the intermediate states
comparable to the Whitten—Rabinoviich estimate of the
spacing of states, Consequently a resonantly enhanced
multiphoton excitation to high vibrational states becomes
possible.

B. Photochemistry

In the previous section the visible chemiluminescence
is attributed to the 2A,~ 2B, transition of ND,. The only
possibility for the formation of electronically excited
ND, is a reaction between DN; and ND as shown in Eq.
(2). Other possibilities can be ruled out as follows. A
reaction between two vibrationally excited DN, mole-
cules yielding ND,[24,] would imply a p® dependence of
the chemiluminescence rather than the pressure depen-
dence derived in Eq. (12), Furthermore in contradic-
tion to the long duration of the chemiluminescent signal,
these reactions would be restricted to short times after
the excitation, since diffusion and vibrational relaxation
rapidly diminish the probability of these events. An-
other possibility of formation of ND, is a reaction of
vibrationally hot DN, with cold DN,. This mechanism
can also be excluded since the observed fall time of the
chemiluminescence is much larger than vibrational
cooling of DN, by V-V transfer. The fact that the time
evolution of the chemiluminescence is similar to the

one obtained by UV photolysis in HN,* supports the
formation of ND, according to reaction (2) as has been
mentioned in the beginning. The pressure dependence
of the chemiluminescence moreover shows that the for-
mation of ND stems from collisionless multiphoton dis-
sociation of DN;, as in Eq. (la).

The formation of ND in various electronic states
(=°,'4,'Z*) has to be considered. A visible dye laser
tuned to the ND[¢ ‘1~ b'Z*] transition yielded no de-
tectable laser induced fluorescence signal at the Il -1a
transition in the UV showing that the formation of
ND['Z*] is insignificant. The ND['A] and ND[*Z"] could
not be monitored because the relevant transitions
cli—ala and A% - X32°, respectively, are not ac-
cessible to our dye laser. It is however, highly de-
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10( T
b .
[OARE ]
el
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FIG. 13. Density of vibrational states of DN; vs vibrational
energy E, as calculated from the Whitten~Rabinovitch formula.
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sirable to perform such experiments in order to de-
termine with certainty the state distributions of the
primary dissociation products,

In shock-wave tube decomposition!®¢ and CO, laser
initiated explosion'? of HN,, the formation of both NH['A]
and NH[SZ)'] has been observed. Kajimoto ef al. con-
clude that NH[?2"] is produced with an activation energy
of 1.5 eV, 18 but in the explosion experiment the ap-
pearance of the 32~ state starts only after 30 us, sug-
gesting that it is not a primary dissociation product.
Moreover, it was shown that NH[Z"] does not react sig-
nificantly with HN,.!® For this reason the visible chemi-
luminescence observed in the IRMPE experiments pre-
sented here is attributed to a reaction of ND['4A] with
DN,. Although formation of ND[*Z"] is spin forbidden it
cannot be totally ruled out.

An interesting feature of the IR induced chemilumi-
nescence is that it is blue shifted with respected to the
chemiluminescence observed in UV photolysis.* In the
latter experiment it is shown that the short-wavelength
cutoff at 600 nm corresponds very well with the 2.2 eV
released by the reaction'®??

NH('4;v =0) + HN,~ NH, ¢B,) +N; . (14)

The shift of approximately 8000 cm™ (~1 eV) of the IR
induced chemiluminescence can be attributed to the
formation of vibrationally 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 the ND vibration, The presence of
ND['a] molecules with 1 eV or more of vibrational en-
ergy implies excitation of DN, far above the dissociation
limit. This observation is hard to explain on the basis
of a competition between the up-pumping rate and the
RRKM dissociation rate. The RRKM rate 2x10° s™! at
the dissociation limit, is calculated from the density of
states in Fig. 13, assuming there is no barrier to the
spin allowed dissociation channel.® Since the up-pump-
ing rate changes with intensity, one expects the ratio of
blue to red fluorescence to be intensity dependent. This
ratio has been found, however, to be independent of
both laser fluence and pulse duration, and hence of laser
intensity.

An interesting speculation is the existence of a dy-
namical barrier, due to incomplete mixing of the normal
mode vibrational states. Recent measurements of the
overtone spectra of HN;, show that up to the dissociation
limit very little mixing of the overtone states with the
dense manifold of states occurs,?' Classical trajectory
calculations for C,H molecules above the dissociation
limit?? show, moreover, that large regions of the phase
space do not lead to dissociation. Quantum states lo-
calized in these regions can only end up in the dissocia-~
tive regions of phase space by tunneling through a “dy-
namical” barrier.

Collisional formation of highly excited ND[®Il] inter-
mediates is demonstrated by the p? dependence of the
UV emission at low pressures. Further, it apparently
results from a collision between two reaction products.
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This follows from the fact that the UV signal grows ap-
proximately as the square of the visible signal. Two
spin allowed reactions could account for the formation
of ND[3II]:

ND['a] +DN¥ - ND[*II] + ND[*Z"] +N, , (15a)

ND{'a]+ND['a] - ND[*lI] +ND[3Z"] , (15b)
where DNY¥ is highly vibrationally excited DN;. Both
reactions are endothermic and require that the ND['a]
molecules have significant internal energy.

An important factor in the time evolution of the UV
signal is the small volume initially occupied by the
ND['A] and DN¥. At low pressure the mean free path
of the molecules exceeds the laser beam diameter.
While the fall time is determined by the radiative and
collisional lifetime of the ND[®li], the risetime of the
emission is completely determined by gas-kinetic and
geometrical parameters, This is shown by the depen-
dence of the risetime on beam geometry. As the ND['a]
and the DN} diffuse out of the focal region the probability
of reactions (15a)or(16b) decreases. Therefore, we
may use a simplified {reversible) model for the diffusion
to estimate this probability. Assuming cylindrical sym-
metry around the laser beam and an average radial
velocity (v) of the molecules, the time evolution of the
probability is given by

P 2
@) _(_r ) , (16)
P0) \r+(v)t
with » the radius of the initial excitation zone. For

{v)=10° cm/s and » =0.005 c¢m in 50 ns the probability
decreases by a factor of 4 in good agreement with the
observations,

The situation changes at high pressure. This is most
dramatically shown by the addition of a buffer gas which
confines the ND{!a] and DN? to the excitation volume.
The risetime of the UV emission is then essentially
determined by the 0.5 us lifetime of ND[II]. The fall
time, determined by the lifetime of the reactants that
form ND[®*11], is now almost equal to the fall time of
the visible chemiluminescence, This is strong evidence
that the formation of ND[%ll] is due to reaction (15a) and
not to a collision between two ND['A] molecules since
the latter process, proportional to the ND['A] concen-
tration squared, would result in a fall time of the UV
signal twice as short the one of the visible signal. The
reaction shown in Eq. (15a) is very endothermic: an
energy of 2.7 eV must be supplied by DN; and ND['A] in
the form of internal vibrational energy. This exceeds
by 0.6 eV the dissociation threshold, which confirms
the earlier assumption that highly excited DN; and ND
molecules are formed in the excitation zone.

Apart from the more specific photochemistry, the
present work shows the infrared multiphoton excitation
characteristics for a small molecule. It is important
to emphasize the difference in behavior with the by now
well understood behavior for larger molecules, The
nonstatistical aspects make DNj; a particularly interesting
system for further study.
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