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We examine fluctuations in the unimolecular decomposition of state-selected NO, using double
resonance infrared (IR)-visible and visible-IR photofragment yield (PHOFRY) spectroscopy.
Spectra for specific NO(v,J,A, Q) states at excess energies (E7)=2000~2525 cm™! exhibit marked
differences in the shapes, positions, and widths of the resonance structures. We interpret this effect
as arising from interferences among coherently excited overlapping quasibound levels. Comparisons
of IR-visible PHOFRY spectra with one-photon spectra in the same energy region and IR-visible
spectra at lower E' are used to assess the importance of thermal averaging (i.e., incoherent
excitations) and to examine the transition from mild to more severe level overlap. The experimental
results are compared qualitatively with results from sample calculations to shed further light on the
interplay between dynamics and statistics in the decomposition and the role of overlapping

quasibound levels.

1. INTRODUCTION

The success of statistical theories [e.g., the Rice~
Ramsperger—Kassel-Marcus (RRKM) theory,' phase space
theory (PST),? the statistical adiabatic channel model
(SACM),? and their variants] in modeling experimental data
for many unimolecular reactions has led to detailed studies
of the manifestations of statistical behavior in small mol-
ecules. By investigating limiting cases where the assump-
tions of these theories [e.g., the independence hypothesis,
complete vibrational energy redistribution (IVR) on the time
scale of reaction] may not be valid, it is possible to examine
the underlying causes of statistical behavior. Experimentally,
the combination of monochromatic (laser) excitation and
cold molecular beams can minimize both eigenstate and ther-
mal averaging. These techniques were used, for example, in
detailed studies of the barrierless unimolecular decomposi-
tions of NCNO (Refs. 4 and 5) and ketene,®’ which, despite
their small size, are nevertheless well described by statistical
theories.

Following much important (and sometimes conflicting)
work over the past two decades,>®!% recent experimental
and theoretical results'’~?> have unambiguously shown that
the barrierless unimolecular decomposition of NO, can be
described within the framework of statistical theories. For
example, rotational and vibrational state distributions of the
NO(I1, ;Q2=1/2,3/2) fragment formed in the decomposition
of monoenergetic NO, samples at excess energies (E') of
0-3038 cm™! are well described on average by statistical
theories (e.g., PST, variational RRKM theory);'"17202! how-
ever, significant fluctuations and oscillations are observed
about the statistical predictions in each case. The unimolecu-
lar reaction rates at the same E' also agree with statistical
predictions.®'? The success of statistical theories in modeling
NO, decomposition on average is perhaps not surprising;
optical excitation prepares highly mixed states of primarily
2B,/?A, electronic character.?~* Vibronic chaos is already
well established in NO, at energies >16 000 cm™',** yet the
small vibronic state density [p,,<l/cm™', Refs.

10(a),10(b),15(a),15(b),44], near dissociation threshold
[Dy=25130=2 cm™'!, Refs. 10(a),10(b),24(b),45] suggests
that deviations from statistical behavior might also be ex-
pected.

In previous work on NO,, we examined fluctuations
in both NO product state distributions (PSD’s) and state-
specific photofragment yield (PHOFRY) spectra. The
PHOFRY spectra of specific NO(*Il, ,v,J,A) states, where A
is the lambda-doublet component, exhibited marked differ-
ences in the shapes, positions, and widths of resonance struc-
tures, yet some strong correlations were observed. In particu-
lar, NO(v=0) levels of similar J generally exhibited well
correlated PHOFRY spectra, a result reflected in NO(v =0)
rotational state distributions at the same E, which typically
exhibited oscillatory structures with widths of several J’s.
Well correlated spectra were also observed for
M1,,0(0), 1 5,5(J— 1) [ie., same N] pairs of levels; simi-
larly, rotational state distributions in the two NO spin—orbit
states exhibited excellent reproducibility. In contrast, a weak
correlation was observed for PHOFRY spectra of levels in
different vibrational manifolds, a result reflected in the dif-
ferent fluctuation patterns observed in NO v=0 and v=1
rotational state distributions at a specific ET. These results
suggest that a hierarchy of adiabaticity exists in the evolution
of the NO degrees of freedom along the reaction coordinate;
vibrational excitation first becoming adiabatic followed by
rotational and, at long range, electronic (i.e., spin—orbit) de-
grees of freedom.'® To explain the fluctuations and oscilla-
tory structures observed in both NO PSD’s and one-photon
PHOFRY spectra, we used a model that incorporated inter-
ferences among both overlapping quasibound states in the
excited molecule and in the evolution of vibrational levels of
the transition state (TS) into fragment degrees of freedom.'3

Several studies have investigated the nature of the TS in
NO, decomposition. Frequency domain experiments near
dissociation threshold suggest that at threshold the TS is
loose (i.e., PST-like).?! This conclusion is supported by pre-
vious work on NCNO (Refs. 4,5) and ketene,®” where the
measured decomposition rates are described by PST near
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threshold, but deviate from PST at E¥>170 and 70 cm™/,
respectively.“‘7 The deviation from PST arises from a tight-
ening of the TS with increasing energy; the location of the
TS moves from atop long range orbital angular momentum
barriers at Jow excess energies to smaller internuclear sepa-
rations at higher energies.5(")"”2‘)’25'47 The TS levels thus
evolve from free-rotor states to anharmonic hindered rotor
states to more harmonic bending-type levels. For NO,, the
TS tightens rather quickly; real-time measurements of k(E)
show pronounced steps, the first of which occurs at ET~100
cm™ " At higher energies, the TS levels are probably best
described as low frequency (e.g., @~100 cm™!) bending-
type levels.'#20:%

From the rate measurements above D, and the parent
density of states determined from high resolution spectra be-
low D, 0@ 100M5@I504447 e conclude that NO, decom-
position is characterized by overlapping quasibound states.
Throughout this paper we refer to the lifetime-broadened
2B,/?A, states as quasibound states; spectral structures re-
sulting from overlap and interferences among these levels are
denoted resonances. One-photon excitation coherently and,
at our rotational temperatures, also incoherently excites sev-
eral to many overlapping 2B,/?A, quasibound states. This
superposition is assumed to project randomly onto the ener-
getically accessible vibrational levels of the TS; in turn, we
assume that each bending like TS level maps onto a specific
set of product quantum states. Projection through multiple
TS levels and rapid passage from TS to products may lead to
interferences. In this model, the marked dependence of the
positions, shapes and widths of resonance structures on the
monitored NO final state in one-photon PHOFRY spectra is
attributed to different weightings of overlapped states; yet
the strong correlations observed for specific NO(v,J,A,Q)
levels suggests they arise from similar weightings of TS lev-
els, in turn arising from a similar superposition of excited
quasibound states.

In this paper, we examine in detail the fluctuations and
oscillatory structures previously observed in one-photon ex-
periments. In particular, we identify sources of these fluctua-
tions and assess their relevance to statistical theories. To as-
sess the importance of thermal averaging (i.e., incoherent
excitations), we employ double-resonance IR-visible and
visible-IR excitation for parent state selection. Differences
in selection rules preclude the direct comparison of one-
photon and IR-visible (or visible—IR) PHOFRY spectra; we
therefore use correlations within each set of spectra as a basis
for comparison. As an additional aid in understanding the
fluctuations and oscillations, we compare qualitatively some
of our experimental results with sample calculations.

Fluctuations {or oscillations) in fragment rotational state
distributions have been observed in direct dissociation from
a well-characterized initial state. In a pioneering experiment,
Andresen and co-workers observed a marked preference for
levels of (—) total parity in the OH fragment from dissocia-
tion of H,O following excitation to the repulsive 'B, surface
from a single rovibrational level in the electronic ground
state.*® These oscillations are reproduced theoretically in
Franck—Condon expansion of the ground state wave function
onto the asymptotic set of OH quantum states.*” Such a cal-

culation is not realistic for NO,, yet we note that fluctuations
on the basis of parity might be expected; for jet-cooled NO,
parity selection is inherent, as only rotational levels of even
N are populated in the K=0 stack. We have not previously
observed a population bias on the basis of total parity in the
NO fragment at £ >400 cm_l,”’18 yet note that above the
threshold for production of excited OGP ;3/=2,1,0) spin-
orbit levels, conservation of total parity does not bias levels
in the NO fragment. Welge and co-workers'?®19®) have ob-
served parity oscillations for Jyo<<2.5 at energies where only
O(*P,) is accessible; these oscillations disappear at higher J.
Miyawaki ef al.?! examined the same energy region, but did
not find a population bias on the basis of total parity. In any
case, when all oxygen spin—orbit states are energetically ac-
cessible, parity oscillations in the NO PSD’s are not ex-
pected.

Fluctuations arising from interferences among overlap-
ping resonances are commonly observed in nuclear physics,
and are known as “Ericson fluctuations.”*%5% Ericson’s for-
malism goes beyond a statistical treatment which applies the
random phase approximation, but still assumes that forma-
tion and decay of the complex are independent.’® The phases
of the overlapped levels are assumed to be uncorrelated (i.e.,
random), and the fluctuations are not damped but become
more random as more levels overlap. Bliimel and Smilansky
have shown that Ericson fluctuations are expected in simple
quantum mechanical systems whose classical analogs dis-
play irregular (i.e., chaotic) scattering.” To make the con-
nection with transition state theories of unimolecular reac-
tion, the Ericson-type fluctuations will be associated with a
“loose’ TS; here the direct scattering of overlapped levels in
the excited molecule into final states is an appropriate de-
scription. Such is the case for NO, decomposition close to
threshold. In this region the NO product state distributions
exhibit fluctuation patterns which vary quite randomly from
channel to channel, and are significantly damped when sum-
ming the distributions for the two A-doublet
states. 0@ 10021721 Thege fuctuations are quite different from
those observed at higher E', where large oscillatory struc-
tures, which are well reproduced in the separate A-doublet
state distributions, become prominent.!”?2%3 It is the goal of
this work to more completely understand this phenomenon
through detailed double-resonance experiments and sample
calculations.

The outline of the paper is as follows. Section II de-
scribes the experimental techniques and methodologies. Sec-
tion III presents our experimental results, consisting of JIR—
visible fluorescence excitation spectra, IR-visible and
visible-IR PHOFRY spectra, and NO state distributions ob-
tained with two-photon excitation. Section IV A begins the
discussion, addressing changes in the reactive density of
states above D, and implications for PHOFRY spectra. In
Sec. IV B we describe a model that can account for all of our
experimental results and illustrate it qualitatively with
sample calculations. Section IV C describes the implications
of our experimental results for the dissociation mechanism
and compares results from one- and two-photon experiments.
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Il. EXPERIMENTAL METHOD

NO, samples (Matheson, 99.5%) are purified by re-
peated freeze—pump-thaw cycles in a dry ice/acetone bath.
An equal 1%-5% mixture of purified NO,/O, in He at total
pressures of 600~1100 Torr is expanded into an octagonal
vacuum chamber (base pressure~107% Torr), using a piezo-
electrically actuated pulsed nozzle (0.5 mm diam orifice, 180
us pulse width). The free jet is crossed ~15 mm downstream
of the orifice at a 90° angle by three laser beams which are
spatially overlapped and temporally delayed. Tunable infra-
red radiation (4—7 mJ/pulse, ~1 cm™! bandwidth, 2X3 mm
beam) is generated by a LiNbQ, parametric oscillator (OPO)
constructed in-house. Photolysis (in IR-visible experiments)
or excitation (in visible-IR experiments) wavelengths are
generated from an excimer pumped dye laser system (DPS/
dioxane, coumarin 440/methanol, coumarin 450/methanol);
typical pulse energies are 2—-5 mJ in a 5 mm diam beam.
Probe radiation at A=220-230 nm is generated by frequency
doubling the fundamental of a second excimer pumped dye
laser system (coumarin 450/methanol) in a BBO crystal.
Nascent NO(*Ilg, ,v,J) fragments are detected by laser in-
duced fluorescence (LIF) at a typical photolysis-probe delay
of 200 ns; a similar delay is employed between excitation
and photolysis pulses. Fluorescence is imaged by an /0.67
objective lens onto the plane of a field stop. The magnified
image at the field stop (X2.25) is collimated by a two lens
telescope and projected through a “solar blind” filter onto
the surface of a photomultiplier tube (PMT, Hamamatsu
RU166H) oriented at 90° to both the axis of the jet and of the
laser beams. The PMT signal is digitized by a digital storage
oscilloscope and recorded by a computer, which controls
data acquisition and laser frequency stepping.

Four types of experiments were carried out. First, an
IR-visible fluorescence excitation spectrum of NO, was ob-
tained by tuning the OPO frequency to excite the R(2) tran-
sition in the NO,(101) band at 2908 cm™ .55 The excita-
tion laser frequency was then scanned below dissociation
threshold, and the resulting fluorescence monitored by a
GaAs PMT. To avoid background fluorescence induced by
the excitation laser alone, an interference filter [\, =420
nm, AA=25 nm (FWHM)] was used to view “resonance”
fluorescence near the sum of the two excitation frequencies.

IR-visible PHOFRY spectra were obtained by tuning the
OPOQ frequency to the same transition, tuning the probe laser
frequency to excite a specific NO rovibrational transition in
one spin—orbit manifold, and scanning the photolysis laser
frequency to obtain a yield spectrum for dissociation into the
monitored state. In a third arrangement, the excitation order
was reversed; the tunable dye laser system was tuned to ex-
cite mixed 2B,/?A, rovibronic eigenstates ~2500 cm™! be-
low dissociation threshold, the probe laser frequency tuned
to a specific NO rovibrational transition and the OPO fre-
quency then scanned to obtain visible-IR PHOFRY spectra.
In both arrangements probe pulse energies of 10-40 uJ (~5
mm beam diam) were used, and the OPO fired only on alter-
nate shots to allow direct shot-to-shot subtraction of back-
ground NO signal arising from 2-photon 1-color dissociation
by the photolysis (excitation) laser.® This background signal
was virtually eliminated in our experimental configuration,

5685

and in all cases was more than one order of magnitude
smaller than the 2-photon 2-color signal. PHOFRY spectra
were smoothed using a Blackman window low-pass filter;
smoothing improved S/N without altering the peak shapes.

In a fourth arrangement, NO rotational state distributions
were obtained by tuning the OPO to the R(2) line of the
NO(101) band, tuning the excitation laser frequency to a
specific ET, and scanning the probe laser frequency across
the (0,0) band of the y-system to map the NO v =0 rotational
state distribution. Here probe pulse energies <3 uJ were
used to avoid partial saturation of the NO transitions; peak
intensities in all branches were converted to populations in
the manner previously described."”

Iii. RESULTS

A. Selection rules for one- versus two-photon
excitation: One-photon and IR-visible fluorescence
excitation spectra below D,

Considering the conserved representations of total spin—
rovibronic symmetry (A, or A,) and J, selection rules for
one-photon excitation via the 2B, state are A,+A, and
AJ=0,+1.3*% For jet-cooled NO, (T, <5 K) only levels of
N=0, 2, and 4 (J=N=1/2) of the K=0 (symmetric top no-
tation) stack are significantly populated; these levels are of
A, total spin—rovibronic symmetry. One-photon excitation
from the ground state thus prepares eigenstates of A, sym-
metry and J=1/2-11/2. For IR-visible excitation via the
NO,(101) state, selection rules in the infrared transition are
A—A, and AJ =0,+1;%® infrared excitation on the R(2)
transition of the v, +v; band populates levels of A, symmetry
and J=5/2, 7/2. Subsequent electronic excitation prepares
levels of A, symmetry and J=3/2--9/2; states of different
symmetry are thus populated via two- vs one-photon excita-
tion, with the total number of accessed levels reduced by
more than a factor of 2. Note that visible~IR excitation also
accesses levels of A, symmetry.

To illustrate differences in one- vs two-photon excita-
tion, displayed in Fig. 1 are one-photon and IR~visible fiuo-
rescence excitation spectra taken at energies 0—120 cm™!
below dissociation threshold. As expected, the IR-visible
spectrum is much less congested; in fact, many peaks in this
spectrum appear significantly narrower. This reflects the
higher degree of congestion in the one-photon spectrum,
since the same excitation laser was used for both scans. The
IR~visible spectrum more clearly reveals the sparse level
density.'0@-100)15@,150)44 \we note that relative absorption
intensities of features in the IR—visible spectrum may not be
accurately reflected, since only fluorescence at the sum of the
excitation frequencies is viewed; however, all allowed tran-
sitions should be evidenced. Dispersed fluorescence spectra
at lower energies clearly reveal a breakdown of vibronic
symmetry selection rules in fluorescence.**

B. Photofragment yield (PHOFRY) spectroscopy
1. IR-visible PHOFRY spectroscopy

We have previously reported a detajled study of fluctua-
tions in one-photon PHOFRY spectra at ET<2800 cm™!.1®
These spectra exhibit prominent peaks of 4—100 cm™" width
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(FWHM), and pronounced differences in the widths, posi-
1-photon tions, and shapes of resonance structures are observed when
monitoring different NO(v,J) levels. Despite the differ-
ences, some clear correlations are also observed. In this
work, we examine these correlations and the effects of ther-
mal averaging with double resonance IR-visible and
visible~IR PHOFRY spectroscopy.

A strong correlation is observed in one-photon PHOFRY
spectra at ET<2800 cm™! for NO (v=0) levels of similar
total angular momentum, and a similar correlation was also
observed at ET=475-650 cm™! in double resonance IR-
visible PHOFRY spectra.'5® Displayed in Fig. 2 are three
IR-visible PHOFRY spectra obtained at E'=2000-2525
cm™! by monitoring NO(v =0) levels over the range J=6.5—
33.5. These spectra, which are highly structured, illustrate
the pronounced differences in positions, widths and shapes
of resonance structures observed when monitoring NO(v)

Infrared/visible
| Double resonance

Ayisusiu] 417 paziewtioN

R;(33.5)

25080 25145
Excitation energy / cm!

25015

FIG. 1. One-photon and double-resonance IR~visible fluorescence excita-
tion spectra of NO, in the region 0—120 cm™! below dissociation threshold,
obtained as described in the text.

Q,(335)

Ry1(6.5)

Q,,(32.5)

R,1(25.5)

Normalized LIF Intensity

Q,(325)

R,,(33.5) Q315

Normalized LIF Intensity

2000 2200 2400
Excess energy / cm-!

2000 2100 2200 2300 2400 2500
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FIG. 2. IR-visible photofragment yield (PHOFRY) spectra of NO, at FIG. 3. IR-visible PHOFRY spectra of NO, at Ef=2000-2525 cm™! ob-
E'=2000-2525 cn™! obtained by monitoring the Ry, (6.5), R, (25.5), and tained by monitoring the R, (33.5), @y, (33.5), @y, (32.5), 04, (32.5), and
R, (33.5) transitions of the (0,0) band of the NO y-system. Q; (31.5) transitions of the NO(0,0) band.
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FIG. 4. IR-visible PHOFRY spectra of NO, at E=2000-2525 cm™! ob-
tained by monitoring the R, (23.5), R); (22.5), Ry (25.5), and R}, (24.5)
transitions of the NO(0,0) band.

levels of different J. This effect is observed in one-photon
PHOFRY spectra in the same energy region;'*® however,
unlike the one-photon spectra, very different IR-visible
PHOFRY spectra are obtained for levels of similar J as well.
To illustrate, Fig. 3 displays five IR-visible PHOFRY spec-
tra in the same energy region obtained for NO(v =0) levels
of J=31.5-33.5. Globally, these spectra exhibit very differ-
ent resonance structures, yet some similarities are observed;
for example, two asymmetric features in the R, (33.5) spec-
trum at E7~2340 and 2430 cm™! (marked by dashed lines)
are reproduced in the Q,; (32.5) spectrum. An intense peak
at ET~2280 cm™! is found in all five spectra, yet the shape
of this peak varies significantly. Each spectrum also exhibits
a central clump of peaks at ET~2180-2300 cm™’, yet the
structures within the clump change dramatically and no con-
sistent correlations are observed. As a further illustration,
Fig. 4 displays four IR-visible PHOFRY spectra of NO(v
=0) levels in the range J=22.5--24.5. Each spectrum is

highly structured, yet again the resonance structures exhibit

R;:,(11.5)
T T T !
E‘ Q41(10.5)
E
58
3
2
N
c
§
- T —- T
Q11(11.5)
T ¥ T T
500 550 600 650

Excess energy / cm’"

FIG. 5. IR-visible PHOFRY spectra at E'=475-650 cm™' obtained by
monitoring the Q,; (11.5), @, (10.5), and R}, (11.5) transitions of the
NO(0,0) band.

little correlation. A central peak at E~2266 cm™! (marked
by a dashed line) is seen in all four spectra, yet the width and
shape of this peak changes significantly. In the R;(22.5)
spectrum this feature is of width ~3 cm™! (FWHM), much
narrower than the expected lifetime broadened width of
~15-20 cm™! in this energy region 3®9.19@)19()

We have previously reported a correlation based on J in
IR-visible PHOFRY spectra taken at E'=475-650
cm” ! 18@ specifically, a stronger correlation was observed
for spectra of NO(v=0) levels differing by 1 in J (e,
J=11.5 vs J=10.5) than those for levels more widely sepa-
rated in J (i.e., J=11.5 vs J=6.5) [see Fig. 3 of Ref. 18(a)].
To further illustrate this correlation, Fig. 5 displays three
IR-visible PHOFRY spectra at E'=475-650 cm™! for
NO(v=0) levels of similar J; resonance structures in these
spectra are obviously well correlated. To quantify this corre-
lation, we use the measure of correlation that we have pre-

viously developed, i.e., the root-mean-square value of the
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FIG. 6. IR-visible PHOFRY spectra of NO, at £'=2000-2525 cm™! ob-
tained by monitoring the R, (6.5), @, (10.5), and Q,, (11.5) transitions of
the NO(0,0) band.

correlation index (CI,,)."*® The average CI,, obtained
from comparing pairs of these three spectra is 0.011, which
is close to the lowest CI,, of 0.009 (and thus the best cor-
relation) previously observed in one-photon PHOFRY
spectra.'s(b) In contrast, a poorer correlation is found for
spectra of levels differing by 5 or more in J, as evidenced by
a CI,,, averaged over five pairs of spectra of 0.051. It is clear
both visually and quantitatively that a correlation based on
angular momentum exists here, yet a much poorer correla-
tion is observed at higher E'. To illustrate, shown in Fig. 6
are three IR—visible PHOFRY spectra at E'=2000-2525
cm™~! obtained for NO(v =0) levels of J=6.5, 10.5, and 11.5.
Like those shown in Figs. 3 and 4, these spectra exhibit
marked differences in resonance structures and no clear cor-
relations are apparent. This is reflected in Cl,,, values of
0.033 (AJ=1) and 0.031 (AJ =5). We have determined Clp,
for 12 pairs of IR-visible PHOFRY spectra at
E'=2000-2525 cm™! differing in J by 0 or 1, and 12 pairs
differing in J by more than 5. The values fluctuate consider-
ably with no obvious trends; average CL are 0.041 (AJ
=0,1) and 0.067 (AJ>35), which are much higher than the
value of ~0.01 that we have previously defined as good
correlation. '¥®

A second correlation evidenced in one-photon PHOFRY
spectra is that for 2I1,,,(J),I1;,,(J— 1) (i.e., same N) pairs

S. A. Reid and H. Reisler: Photofragment yield spectroscopy of NO,

M@ M3/,(-1

Q,(11.5) Q,,(10.5)
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FIG. 7. IR-visible PHOFRY spectra of NO, at E=2000-2525 cm™’ ob-
tained for pairs of 2IT,,(J), 2I1,;(J — 1) levels. These spectra were obtained
by monitoring the @;; (11.5) and Q,, (10.5), the R, (24.5) and R,, (23.5),
and the Q,; (33.5) and Q,, (32.5) transitions of the NO(0,0) band.

of levels,'®® a result reflected in the similarity of rotational
state distributions in the two NO spin—orbit states at a given
excess energy.!” Displayed in Fig. 7 are three pairs of IR—
visible PHOFRY spectra at E'=2000-2525 cm ™! comparing
21, ,,(J),I1;,,(J — 1) pairs of levels over a range of J. The
spectra for levels within a given spin-orbit manifold (and
thus of different J’s) show marked differences in resonance
structures as expected. However, while some similarities are
observed, the °II,,5(J),I13,,(J— 1) pairs of spectra also
display little correlation of resonance structures. We note that
the average Cl,; for these three pairs of spectra (0.030) is
slightly smaller than the average for all other pairs of spectra
of similar J (0.044), however, this difference is well within
the spread in the latter measurements (—0.21, +0.35).

A third correlation (or more precisely, lack thereof) ob-
served in one-photon PHOFRY spectra is that for NO(v,J)
levels in different vibrational manifolds, i.e., v=0 vs v=1.
Specifically, a weak correlation of the v=0 and v=1
PHOFRY spectra on the basis of either total angular momen-
tum or total rovibrational energy is evidenced. Displayed in
Fig. 8 are three IR-visible PHOFRY spectra which probe
NO levels in both v=0 and v=1. The upper two panels
display spectra for identical levels in v =0 vs v =1, while the
upper and lower panels exhibit spectra for v=1 vs v =0 lev-
els at the same NO rovibrational energy. Marked differences
in resonance structures are observed, particularly when com-
paring the R;;(33.5) spectrum (lower panel) with either of
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R11(65) v=1

R11(6.5) v=0

Normalized LIF Intensity
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FIG. 8. IR-visible PHOFRY spectra of NO, at E'=2000-2525 cm™! ob-
tained by monitoring the R,, (6.5) transition of the NO(1,1) band and the
R, (6.5) and R, (33.5) transitions of the NO(0,0) band.

the other spectra. To compare, displayed in Fig. 9 are three
spectra obtained by monitoring NO(v =1) levels of similar J
(i.e., J=6.5 vs J=17.5). Like those NO(v =0) spectra shown
in Figs. 3, 4, and 6, significantly different resonance struc-
tures are observed, as reflected in an average CI; of 0.033.

Finally, we discuss the widths of resonance structures in
our IR-visible PHOFRY spectra. In the regime of overlap-
ping levels, care must be used in comparing lifetimes deter-
mined from resonance structure widths to those predicted by
statistical theories, e.g., the RRKM theory. Several recent
theoretical studies based on random matrix theory®!~%* have
investigated the distribution of resonance widths expected in
the regime of strong overlap. Calculations predict extensive
fluctuations about the mean width; in some cases, the distri-
bution of widths broadens as the degree of overlap
increases.®> Mathematically, narrow resonances represent en-
trapment of probability arising from interferences among co-
herently excited overlapping levels,®® and the narrow struc-
tures may appear superimposed on a background arising
from the broad resonances. If widths are extracted only for
the narrow resonances, the average width may reflect a rate

R11(6.5) v=1

Q75 v=1

Normalized LIF Intensity

R (75)v=1

L 1 1 i i
2000 2100 2200 2300 2400 2500
Excess energy / cm-1

FIG. 9. IR-visible PHOFRY spectra of NO, at ET=2000-2525 cm™! ob-
tained by monitoring the R, (6.5), @y, (7.5), and R, (7.5) transitions of the
NO(1,1) band.

smaller than a statistical (e.g., RRKM) prediction.®' Note
that fluctuations in widths are also expected in dissociation
from isolated (i.e., nonoverlapped) resonances,”’ =" however,
the width of an isolated resonance can be assigned a rate, as
per the uncertainty principle. Due to fluctuations, the decay
width of a single resonance cannot be meaningfully com-
pared with the prediction of a statistical theory.'©

A clear example of the effects of overlap on resonance
widths is shown in Fig. 9. Comparing the R,,(7.5) spectrum
(lower panel) with the Q,,(7.5) and R,(6.5) spectra reveals a
marked change in average resonance width., The R(,(6.5)
spectrum displays numerous features of width (FWHM)<20
cm—‘; in contrast, no features narrower than ~25 cm™! are
observed in the R ((7.5) spectrum. In this case, PHOFRY
spectra for levels differing by a single J display gross
changes in average resonance width. Note that the decay
width of an isolated resonance, weakly bound to the con-
tinnum, cannot depend upon the particular channel
monitored.%

To summarize the results obtained from double reso-
nance IR-visible PHOFRY spectra at E>2000 cm™", there
exists no evidence of the strong correlations previously ob-
served in one-photon PHOFRY spectra in the same energy
region. On a global scale, all two-photon spectra exhibit
marked differences in resonance structures, and poorer cor-
relation. We note that some local similarities in resonance

structures are always observed; the spectra are thus not to-
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FIG. 10. (a) IR-visible PHOFRY spectra of NO, at £7=475-650 cm™!
obtained by monitoring the Ry, (6.5), Ry, (10.5), and R, (11.5) transitions
of the NO(0,0) band. (b) Visible~IR PHOFRY spectra for the same NO
levels in the same energy region, obtained as described in the text.

tally uncorrelated. This is not surprising if we consider that
each partial spectrum inherently arises from the same set of
quasibound levels.

2. Visible—IR PHOFRY spectroscopy

We have obtained some visible~IR PHOFRY spectra as
described in the experimental section of this paper. Dis-
played in Fig. 10(b) are three visible—IR spectra obtained by
tuning the excitation laser to a peak at A=441.177 nm and
scanning the OPO over the region ET=475-650 cm™' while
probing NO(v =0) levels of J=6.5, 10.5, and 11.5. Like all
previously viewed IR-visible spectra, these spectra are
highly structured, and marked differences in resonance struc-
tures, positions, and widths are observed. Compare these
spectra with those shown in Fig. 10(a), which displays three
IR-visible PHOFRY spectra in the same energy region for
the same NO(v,J,A,Q) levels. PHOFRY spectra of identical
levels for the two excitation schemes show marked differ-
ences in resonance structures. This is not unexpected, as the
different intermediate levels accessed in the two experiments
may have different Franck—Condon overlap with levels
above dissociation threshold. It is likely that for both excita-
tion schemes the 2B, state carries the oscillator strength in
the second step.

C. NO(*11,,,,v=0) rotational state distributions
obtained with IR-visible excitation

We have obtained some NO(*II,,,v =0) rotational state
distributions at E7<500 cm™! using IR-visible excitation.
Displayed in Figs. 11 and 12 are two distributions obtained at
E'=235 and 400 cm™ ', respectively. The upper panel in each

-o-IT(A")
-o-TI(A")

VN(])

|
25 7.5 125

-  -o Experiment
— PST

In(population/degeneracy)
T

1

1 it 1
0 50 100 150 200 250
Rotational energy / cm!

FIG. 11. NO(*I1,,) rotational state distributions at £7=235 cm™! obtained
using IR-visible excitation. The upper panel displays distributions in the
two A-doublet states of NO; the lower panel compares in a Boltzmann plot
the distribution summed over A-doublet levels with the prediction of PST.

figure displays the distributions in the two (4°, A”) (Ref. 48)
A-doublet states of NO(*II,,); the lower panel displays in a
Boltzmann plot the sum of these distributions and the pre-
diction of PST, as detailed in Ref. 17. Distributions obtained
with one-photon excitation at these energies exhibit fluctua-
tions which are largely suppressed when summing over
A-doublet levels, and the summed distributions are in good
agreement with PST.10@H00MT2L Thig behavior is repro-
duced here; in fact, the A-doublet distributions in Fig. 11
(upper panel) display a distinct anticorrelation. However,
comparison of Fig. 12 with Fig. 5 of Ref. 18(b) shows that
distributions obtained at the same E' with one- vs two-
photon excitation display significantly different fluctuation
patterns, as might be expected from the different set of qua-
sibound levels accessed in the two experiments.

IV. DISCUSSION

A. The effective density of states above D;:
Implications for PHOFRY specira

We have established previously the importance of over-
lapping quasibound levels in NO, decomposition.'® The
number of overlapped levels at a specific E ! is the product of
the average decay width (I") and the density of states (p); for
quantitative estimates of overlap, accurate values of I and p
are needed. Recently, Ionov et al. examined the density of
reactant levels in NO, decomposition through high resolution
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FIG. 12. NO(*I1,,,) rotational state distributions at E'=400 cm™! obtained
using IR-visible excitation. The upper panel displays distributions in the
two A-doublet states of NO; the lower panel compares in a Boltzmann plot
the distribution summed over A-doublet levels with the prediction of PST.

fluorescence excitation spectra below threshold.*’” At ener-
gies of 0-60 cm™! below Dg, 2-3 rovibronic levels per
em™! of J=1/2 and 3/2 are observed on the average. This
density primarily reflects rovibronic (i.e., Coriolis and spin—
rotation) perturbations between optically bright B, vibronic
levels and dark A, vibronic states,* although 24, and ‘B,
electronic states may also contribute.®~%8 (Note that for IR—
visible or visible—IR excitation the vibronic symmetry labels
of bright and dark levels are reversed.) Above Dy, coupling
to the NO+O continuum can modify the reactive density of
states (pqc); in a zeroth-order picture, coupling of a bright
state to the continuum competes with coupling to dark
levels.*”%%70 Decay of the bright state describes the dynam-
ics when coupling to the continuum dominates; p,. is then a
vibronic density of the bright B, (A, in double resonance
experiments) states. If coupling to the continuum is weaker
than rovibronic perturbations, p.,. may include the full rovi-
bronic level density.

This simple picture, of course, does not address fluctua-
tions in either rates’’™’® or rovibronic coupling matrix
elements,74 which will tend to obscure the transition between
these limiting extremes. With this caveat, the implications of
this discussion for our work center on the nature of structures
observed in PHOFRY spectra and, more importantly, the
number of overlapped levels as a function of energy. In the
first 5 cm™! above threshold, an average linewidth of ~0.15
cm™! is obtained from the PHOFRY spectra of NO,.2! Re-

Che
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cent experiments find an average matrix element for spin-—
rovibronic coupling of ~0.3 cm™".* This interaction is ex-
pected to be more significant, especially at low N, than
Coriolis or centrifugai couplings. Here rovibronic perturba-
tions are of similar magnitude to I', and therefore the full
rovibronic state density is important in describing the dy-
namics. Note that even at threshold I'~1/p, which suggests
that overlaps are expected (see Sec. IV B).

We may ask at what E' the transition to a vibronic den-
sity of states takes place; some information is provided in the
real-time measurements of Wittig and co-workers.'® At
EY>450 ecm™!, T" is >3 cm™!, or more than one order of
magnitude larger than average spin~rotation coupling matrix
elements. Here it seems reasonable to assume that the over-
lapping levels are vibronic (as opposed to rovibronic) in ori-
gin. The estimated A ; vibronic state density in the threshold
region is ~0.5 per cm~L**" At ET=475-650 cm™!, real-
time measurements suggest I'~3-6 cm™',!° and the levels
overlap, but not severely. At E'=2000-2500 cm™’,
I'~10-20 (:m_1;3(g)'9'2O here, on the average, levels are more
severely overlapped. This is relevant to differences in the
correlations observed in IR-visible PHOFRY spectra in
these two energy regions (see Sec. IV C).

B. Fluctuations from interference effects: Coherently
excited overlapping quasibound levels and their
evolution to final fragment states

On the average, we coherently excite several overlapped
quasibound levels, and interferences among them are ex-
pected. However, we must also examine the projection of
these states onto the vibrational levels of the TS and their
subsequent evolution to products. As a framework, we use
scattering matrix formalism.”>~"® Eigenstates near dissocia-
tion threshold are predominantly of mixed 2B,/?A, elec-
tronic character,?~** and a basis set of ?B, and ?A, vibronic
states must therefore be used to represent an isolated (er-
godic) quasibound level |¥),”

|\I,R>=2 Cs|‘ps>+2 Cllq,l>9 (1)
s {

where |W¥,) represents a zeroth-order optically bright 2B,
state and [¥,) a dark 24, state. For one-photon excitation,
[¥:) has B, vibronic symmetry; IR—visible or visible—IR
excitation prepares |W) of A, vibronic symmetry. The tran-
sition dipole matrix element connecting an isolated quasi-
bound level with initial state i in the electronic ground state
is given by

Rig={¥ | el ¥ p)f(E,ER), @
f(E,Epg) has the form®®!
1

f(E,Eg)x -

(E~Eg)+(il'g/2)’

where Ej is the resonance energy and

Te=2, Ty @)
S
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is the sum of partial widths into all channels f. Here Iy, is the
“true” decay width, which is directly related to the decom-

position lifetime via the uncertainty principle. Since
(¥, pyl¥,)=0, Eq. (2) reduces to
Ri= 2, (W sis| ¥ ) f(E,Ep). ©)
s

We now consider projection of one or more excited quasi-
bound level(s) onto the manifold of fragment states via the
TS, and discuss two limiting cases; (i) dissociation near
threshold, where the TS is loose and the TS levels are ap-
proximately those of a free NO rotor, and (ii) dissociation at
the energies accessed in our experiments, i.e., >200 cm™!
above threshold, where the TS has significantly tightened.

1. Dissociation just above threshold

As shown by Miyawaki er al.,*! just above threshold the
TS is loose (PST-like), and its levels are thus approximately
those of the free fragments, including degeneracies. For de-
cay of an isolated quasibound level via a loose TS, the cross
section oy,_; for formation of final state f from initial parent
state i is

o | Rip(RISrANI?, (6)

where (R|Sg/|f) is the scattering matrix element to final as-
ymptotic ~ state f [for NO, near threshold,
f=NO(*I,;J,A)+O(P,)]. Decay via a single quasibound
level may evidence fluctuations in level populations in the
f-manifold,*”%% which should be significantly damped when
averaging over several initial states, or when several reso-
nances are incoherently accessed.

‘We now consider projection of several coherently excited
overlapping quasibound levels onto the f state manifold via a
loose TS. Following Eq. (6),

2
Orei=| 2 Ri&(R(RISAS] - @)
R

Equation (7) incorporates the square of a sum over quasi-
bound levels, where in the complex coefficients the phases
are explicitly assigned, and the cross terms represent the in-
terferences. Consistent with the independence hypothesis, we
assume that the R} and the (R|Sg/|f) are uncorrelated and
that formation and decay of the excited complex can be sepa-
rated. This is physically reasonable, since near threshold NO,
decomposes on a time scale of several picoseconds,>®->1921
or many vibrational periods. To illustrate the effect of inter-
fering amplitudes on state-specific PHOFRY spectra, we
have carried out calculations based on the formalism of Eq.
(7). In our calculations, the positions (Eg) of the quasibound
levels are randomly distributed within a specified energy
range according to a Wigner distribution of nearest neighbor
level spacings,*** and the average density of resonances (p)
is the one given in Sec. IV A. The excitation probabilities
(i.e., the (i|u;z|R)) are chosen as uniform random deviates
between 0 and 1. For the distribution of decay widths (I')
we use a chi-square distribution with »n degrees of
freedom,”""? where n is the number of independent decay
channels. For simulations of spectra near threshold, n is

Ofe-i

cfﬁ—i

Energy / cm’

FIG. 13. Mock PHOFRY spectra which illustrate the spectral manifestation
of the transition from weak (Ip<1, upper panel) to stronger (I'o>1, upper
panel) level overlap. The quasibound level density is 10/cm™",

counted according to phase space theory (PST). At higher
energies where the TS has tightened, n is the number of
states of the TS and is taken from variational RRKM
calculations.”> RRKM behavior is explicitly assumed by
equating n, p, and I" according to the familiar RRKM expres-
sion, written in terms of the more common rate k(E),

NYETY n

I'=fhik(E)= 7mp = Zmp’

(®)

where NT(E') represents the number of states of the TS
which are energetically available at excess energy E'. The
line shape function f(E,Eg) used in our calculations is that
shown in Eq. (3). These parameters are fixed as input to
calculate o;_,;, while the phases of the resonances (¢g) and
the (R|Sglf) are chosen as uniform random deviates in the
intervals 0—27r and 0—-1, respectively, and are changed from
run to run. Sequences of random deviates are generated via
functions obtained in Refs. 80 and 81. As an initial exercise,
we illustrate the effect of increasing level overlap with the
simulated spectra shown in Fig. 13. Here the degree of over-
lap, defined by I'p and equal to n/27 from Eq. (8), is varied
by a factor of 5 between the upper and lower panels. The
increasing difference between the two individual (random)
weightings shown in each panel is apparent.

Before continuing, we need to emphasize that the goal of
these numerical experiments is not to achieve quantitative
agreement with the measured PHOFRY spectra; this would
require detailed knowledge of the molecular Hamiltonian
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FIG. 14. Mock PHOFRY spectra in the region 0~5 cm™! above threshold.
This calculation included a quasibound level density of 10/cm ™!, an average
width of 0.13 cm™, and 4 open channels. The positions and relative inten-
sities of the underlying quasibound levels are shown in the upper panel.
Each displayed spectrum represents a different (random) weighting of the
complex coefficients of the underlying quasibound levels.

and explicit incorporation of all couplings. Rather, our inten-
tion is to examine the sources of the fluctuations and deter-
mine if qualitative features of the spectra (e.g., the final state
dependence of line positions, intensities, shapes, and widths)
can be reproduced. Where possible, we have used parameters
appropriate for NO, taken from a variety of experimental and
theoretical data. Although these parameters are often not ac-
curately known, we believe that our chosen values are accu-
rate to within a factor of 2.

We now discuss the validity of the assumptions of and
inputs into the model. First, our calculations do not include
details of the relevant potential energy surface(s); for ex-
ample, no anisotropies or final state interactions are included.
Second, the quasibound levels are ascribed a width that re-
flects their coupling to the continuum; however, no account
of interactions between these levels via their common inter-
action with the continuum is included. Finally, the use of
random phases and amplitudes in the construction of over-
lapped resonances is arbitrary and reflects our ignorance of
more specific criteria.

The lower panel of Fig. 14 exhibits two mock PHOFRY
spectra of the region 0-5 cm™! above threshold in NO,.
Each spectrum results from a different (random) weighting
of the @g and the (R|Sg/|f). The number of quasibound lev-
els reflects the level density (~10 states/cm ™" of J=1/2 and
3/2) observed by Ionov ef al. in the range 0-5 cm™' below

5693
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FIG. 15. Schematic of the NO, dissociation mechanism. At a specific E7,
several overlapping quasibound levels are coherently excited. Interferences
among these levels produce resonance structures, which are (randomly) pro-
jected onto the accessible levels of the tight TS. The TS levels, in turn, map
onto specific sets of NO quantum states. Projection through multiple TS
levels gives rise to interferences.

threshold;*’ the upper panel displays the positions and rela-
tive intensities of these levels. Here we set n=4 in the chi-
square distribution, since although only two channels are en-
ergetically accessible {NO[II,,, v =0, J=0.5, A; A=II(A"),
I1(A")]+OCP,)}, the number of TS levels NT(E") counted
using PST is 4.>! Using these parameters, I is calculated
according to Eq. (8), and I'p=0.64.

The calculated spectra resemble, in a qualitative way, the
experimental PHOFRY spectra. First, in both experiment and
calculations the number of observed peaks is much smaller
than the number of underlying levels (i.e., ~10 vs 50).%!
Second, and more importantly, the experimental PHOFRY
spectra for the two A-doublet states of NO (v =0, J=0.5)
clearly display differences in the resonance structures.?!
Similarly, the calculations also show changes in peak widths,
shapes, positions, and amplitudes for different weightings of
the phases and coefficients of the quasibound levels.

2. Dissociation at higher ET

We now consider decomposition at higher excess ener-
gies (i.e., >200 cm™!). Here the TS has tightened signifi-
cantly, as observed in real-time measurements of k(E) (Ref.
19) and predicted by variational RRKM calculations.?® Also,
as the lifetime decreases with increasing E', on the average
the decay widths of the quasibound states increase and more
levels overlap. The cross section may be written as

2
Of % > RirA (S )| 9)
R n

where Az, is the amplitude of projection of quasibound level
R onto TS level n, and the S-matrix elements now connect
each TS level n to product level f. This model, represented
schematically in Fig. 15, assumes that coherently excited
overlapping quasibound states decay through multiple vibra-
tional levels of the TS. We also assume that the R;p, Ag,,
and (n{S,/f) are uncorrelated and can be treated indepen-
dently; we thus replace the double sum with a single sum
over n, and include in Ag«, all the terms describing the
excitation of specific overlapped resonances. The cross sec-
tion is then written as
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FIG. 16. Mock PHOFRY spectra in the region E'=475-650 cm™'. This
calculation included a quasibound level density of 0.44/cm™!, an average
width of 4 cm™!, and 11 open channels. Each displayed spectrum represents
the sum of three different (random) weightings of the complex coefficients
of the underlying quasibound levels.

2
Tp ;% . (10)

E AR*n("ISnflf>

In describing the projection of the resonances (which are
composed of chaotic quasibound states) onto the final state
manifold via the TS, we assume a random weighting of TS
levels (i.e., random A g#,). Due to the rapid passage from the
TS to products, we also assume that the evolution of TS
wave functions into final product states is sudden (see be-
low).

To illustrate the contributions from the different compo-
nents of this model, we carried out two sets of separate cal-
culations, one involving the projection of the quasibound
states onto the TS and the other the evolution of the TS wave
functions to final product states. First, we examined effects
from increasing level overlap by using Eq. (7) and substitut-
ing n for f. We considered the two regions where we ob-
tained most of the experimental results, E'=475-650 cm™*
and 2000-2500 cm™'. At ET=475-650 cm™!, an experi-
mental correlation is observed on the basis of J [Fig. 5 and
Fig. 3 of Ref. 18(a)]; 2 much poorer correlation on this basis
is observed in spectra at E'=2000-2525 cm™!. A clear dif-
ference between these two regions is the degree of average
homogeneous lifetime broadening, which increases from
~3-6 cm”! to ~10-20 cm™".3®%20 Assuming a state den-
sity <1.0 per cm™! (see Sec. IV A), these regions correspond
to regimes of mild (I'=1/p) and more severe overlaps. To
model this effect, we display in Fig. 16 four mock PHOFRY

spectra calculated using parameters appropriate for the lower
energy region. Specifically, we use an average quasibound
level width of 4 cm™! 3®%1° and n=11.%° Figure 17 displays
four mock PHOFRY spectra appropriate for the region
E'=2000-2500 cm™! obtained using an average width of 15
cm ™! 3®919 and n=20.% In both cases p is calculated using
Eq. (8). Each displayed spectrum in Figs. 16 and 17 repre-
sents the sum of three individual (random) weightings; this
provides a more realistic description of the experiment, since
three spin—orbit states in the ocr I Jj=2,1,0) fragment are
inherently correlated with each NO level. Comparing the
spectra in Figs. 16 and 17, we notice that the former exhibit
significantly better reproduction (in terms of shapes, posi-
tions, and widths) of resonance structures, due to the smaller
degree of level overlap. While many features of these simu-
lated spectra are also observed in the experiment, we note
that these simulations cannot be directly compared with the
experimental results because they do not take into account
the evolution of the system from the TS to final products (see
below).

In describing the projection of the overlapped reso-
nances onto the TS, we implicitly assume a random weight-
ing of TS levels. In a separate set of calculations, we treated
the evolution of the TS wave function into final product
states by using a set of harmonic oscillator TS basis wave
functions whose complex coefficients are randomly weighted.

T
200 300 400 500
Energy / cm’

FIG. 17. Mock PHOFRY spectra in the region E¥=2000-2500 cm™". This
calculation included a quasibound level density of 0.21/cm™!, an average
width of 15 cm™', and 20 open channels. Each spectrum results from a
superposition of three different (random) weightings of the coefficients and
phases of the quasibound levels.
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As a limiting case, we use the Franck—Condon (FC) model
for dissociation as described in Refs. 82—84. In these calcu-
lations we use the formalism of Gelbart and Beswick®® and
Jacobi coordinates,%® and assume that the evolution of the
bending-like TS wave functions into product states is sud-
den, and that no exit-channel interactions are important be-
yond the TS. The number of transition state levels (20), and
location of the TS (R=2.2 A) are obtained from the calcula-
tions of Ref. 20. A TS Jacobi angle () of 130° and bending
width of 20° are chosen from Refs. 20 and 25. The TS wave
function is taken as a linear combination of harmonic oscil-
lator wave functions, weighted with random coefficients
(magnitude=0-1) and phases (magnitude=0-2m), i.e.,

V=2 cieiy0). (11)

At EF>2000 cm™!, where many of the rotational state dis-
tributions were obtained,'” the use of bending-like wave
functions to represent the TS levels is justified;'*?® for com-
putational ease we treat these levels as harmonic. Rotational
level distributions calculated by expanding the TS wave
function into a basis set of spherical harmonic (i.e., NO free
rotor) wave functions are smoothed via 5-point smoothing to
reduce fast oscillations which are expected to wash out
experimentally.84“86

Figure 18 displays the results of two calculations using
this method and two experimental NO distributions obtained

()
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with one-photon excitation at F T=2061 and 3038 cm“‘, re-
spectively, as reported in Ref. 17(b). Each experimental NO
distribution is summed over the individual A-doublet state
distributions; recall that, at these energies, this does not
dampen the oscillatory patterns.'® We have used data ob-
tained with one-photon excitation because the incoherent su-
perposition over several parent rotational levels smoothes
over some of the fast fluctuations and better reveals the os-
cillatory structures (see also Sec. IV C). We must again em-
phasize that these calculations are not intended to simulate
the experimental distributions, but merely to show that dis-
tributions similar to those observed experimentally (i.e., os-
cillatory structures that depend sensitively on the excited
resonance) may be produced within the framework of this
model. The calculated distributions shown in Fig. 18 were
chosen from a large number of distributions simply because
of their remarkable resemblance to the experiment. Like the
experiment, calculations produce highly structured rotational
distributions which vary sensitively for different weightings;
some weightings produce more PST-like distributions, others
produce prominent oscillatory structures of the type shown
in Fig. 18. We find that our ability to produce structured
distributions that vary randomly for each sampling depends
on the inclusion of phase, and thus the presence of interfer-
ence. A simple superposition of positive amplitudes does not
successfully reproduce this effect; however, the exact distri-
bution of phases is not important.

(b)

Numerical Experiment

N{@"

N

FIG. 18. (a) NO(I1,;,) and (*I1,,) rotational state distributions in v =0 at E*=2061 and 3038 cm™', obtained using one-photon excitation, (b) Calculated
distributions using the Franck—Condon expansion of sets of harmonic oscillator wave functions whose coefficients and phases are randomly weighted, as

described in the text. This figure highlights the similarity between distributions obtained in the experiment and in sample calculations.
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The simple calculations described above succeed in
simulating (in a qualitative way) many features observed in
the experiments. First, we obtain highly structured, but on
the average “statistical” (i.e., PST-like), rotational state dis-
tributions. Second, the simulated distributions sensitively de-
pend on the weightings of the TS levels [Eq. (11)], which in
turn depend (via projections) on weightings of the quasi-
bound levels in the excited resonance state. The calculated
distributions therefore vary significantly over small ranges of
energy, as also observed experimentally.!” Third, interfer-
ences among the overlapping levels are observed in both
experimental and simulated PHOFRY spectra as resonance
structures which sensitively depend upon weightings of the
overlapped quasibound states. We note, however, that in the
experiments the observed relative population of a specific
final NO state is a result of the full projection of the excited
resonance onto that state, which is a convolution of the two
sets of the simulations described here. More detailed recent
calculations, which combine the two sets of simulations de-
scribed above in an effective Hamiltonian formalism, repro-
duce (in a qualitative way) the spectra and rotational state
distributions obtained with the simple model described
here.%

It is instructive to examine how the results of the present
model relate to a statistical description of unimolecular reac-
tions. The picture of overlapping resonances has previously
been invoked in the description of complex
decomposition,’®-3%76 and shown to lead to shifts in spectral
positions and to fluctuations in the partial absorption cross
sections and widths. The connection to RRKM theory has
been discussed by several authors;%>7"7® however, a defini-
tive picture has not yet emerged. Fluctuations in widths have
been treated in detail for the case of isolated (i.e., non over-
lapped) resonances.®>’1-"3

Oscillatory structures and fluctuations in product state
distributions have not previously been treated within the
framework of statistical theories. The model we present pre-
dicts fluctuations in the rotational distributions at low excess
energies where the TS is very loose, and this agrees with
experimental observations. The appearance of larger oscilla-
tory structures at higher excess energies is associated with a
tighter TS and, in the limit of no final state interactions be-
yond the TS, with mappings of bending-like TS wave func-
tions into free-rotor product states. It is intriguing that PST-
like rotational distributions are obtained on average even
with a tight TS. This may not be too surprising if we recall
that the range of rotational excitations in FC mapping de-
pends on the TS bending angle and frequency. For NO,, the
TS parameters obtained from calculations lead to rotational
distributions that span the full range allowed by energy con-
servation at excess energies up to 3000 cm ™. Also, as the TS
tightens with increasing excess energy, the bending fre-
quency increases,20 leading to an increase in rotational exci-
tation with excess energy.®>®° Thus, the good agreement ob-
tained with PST even at high excess energies may reflect the
specific geometry of the TS.

The assumption of no final state interaction beyond the
TS at high excess energy cannot be tested experimentally at
present. It is reasonable to imagine that as the excess energy
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increases and the dissociation becomes more rapid, the prob-
ability for rotational energy transfer in the exit channel will
decrease, at least for high rotational levels. It is also plausible
that the fast evolving fragments may follow the diabatic,
rather than the adiabatic, curves at high excess energy, and
this may occur more frequently for the low rotational levels
whose recoil velocities are larger. Thus, it is likely that at
relatively low excess energies (e.g., ET~500 cm™') energy
transfer among rotational states in the exit channel will
smooth over oscillations and fluctuations, while at the higher
excess energies (ET>2000 cm™!) the oscillatory structures
resulting from mapping of the TS wave functions are more
likely to be observed. This may contribute to the experimen-
tal observation that IR-visible PHOFRY spectra at low ex-
cess energies are better correlated than those at the higher E7.
More experimental and theoretical work is needed to explore
the importance of the long-range interactions beyond the TS.

C. Implications of IR—visible PHOFRY spectra:
Comparisons of one- and two-photon experiments

Both IR-visible and visible-IR PHOFRY spectra ex-
hibit resonance structures that sensitively depend on the
monitored NO level and fluctuate from channel to channel,
with no evidence at higher E' of the strong correlations pre-
viously observed in one-photon spectra.ls(b) Two factors
must be considered in comparing one- and two-photon ex-
periments; (i) the different symmetry species (either vibronic
or rovibronic) optically accessed in the two experiments, and
(ii) the greater degree of initial state selection in the two-
photon experiments.

The level densities of symmetry species accessed in one-
vs two-photon experiments bears on the average number of
overlapping levels coherently excited as a function of energy.
For two-photon excitation, optically bright levels are of A,
vibronic symmetry, arising from the mixing of &, vibrational
levels in the B, state with a, vibrational levels in the ground
%A, state. Extrapolation of level densities at lower energies
yields a B, vibronic state density of ~0.5 per cm™! in the
threshold region;*” the A; level density should be similar,
since zeroth-order a;/b, vibrational levels differ only in
quanta (i.e., even vs odd) of asymmetric stretching excita-
tion. On an energy scale large with respect to local fluctua-
tions in state density, one- and two-photon experiments
should not show pronounced differences on this basis; i.e.,
the average number of coherently excited overlapped levels
at a specific E should be similar.

Consider now the greater degree of parent state selection
in the two-photon experiment. At energies where our com-
parisons are made, i.e., E'=2000-2500 cm~!, the average
decay width is ~15-20 cm™!, significantly larger than the
rotational envelope of a vibronic band at ~5 K. One-photon
excitation from different parent rotational levels thus ac-
cesses primarily the same set of overlapped vibronic quasi-
bound states, with relative intensities determined by line
strength factors. Excitation from a single parent rotational
level coherently accesses these levels, and interferences pro-
duce the resonance structures we have discussed. If the
weightings of the quasibound levels are slightly different for
different parent rotational levels, the resulting resonance
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structures may be shifted in energy for each coherent super-
position. Excitation from different parent levels is incoher-
ent, and thus the observed spectrum, which is a superposition
of spectra from different levels, may be broadened. This may
explain why more narrow features are observed in two- vs
one-photon PHOFRY spectra at these energies, and partially
account for the more pronounced final state dependence of
two-photon PHOFRY spectra.

We next consider projection of resonance structures onto
the TS. Based on the preceding argument, the weighting of
TS levels in one-photon experiments is a superposition of
several weightings with (possibly) similar coefficients but
different phases. We have examined this effect in our calcu-
lations by using wave functions weighted with the same (ran-
dom) coefficients but different sets of (random) phases. In
comparing distributions obtained for individual runs with
those obtained by superimposing several runs, we find the
effect of superposition to be the reduction, but not elimina-
tion, of fast oscillations in the distributions. The same con-
clusion is reached in calculations that vary the coefficients as
well as phases of the TS wave functions. This dampening of
fast oscillations resulting from superpositions may also con-
tribute to differences in correlations observed in two- vs one-
photon PHOFRY spectra. With increasing numbers of super-
positions (i.e., when simulating the effect of 300 K
excitation), the distributions become quite smooth, in agree-
ment with the smooth, PST-like behavior obtained experi-
mentally with room temperature samples,'’??

V. SUMMARY AND CONCLUSIONS

We have examined fluctuations in the unimolecular de-
composition of NO, through detailed double resonance ex-
periments and sample calculations. The primary findings of
this work are as follows:

(1) All IR-visible PHOFRY spectra at E'=2000-2525
cm™! exhibit marked differences in the shapes, positions,
and widths of resonance structures. We interpret this as
arising from interference effects among overlapping qua-
sibound levels. Qualitative trends in these spectra are
reproduced in sample calculations based on scattering
matrix formalism. Unlike one-photon PHOFRY spectra
in the same energy region, no clear correlations are ap-
parent. This is ascribed to the greater degree of parent
state selection in two-photon experiments, which reduces
superpositions due to incoherent excitation from differ-
ent parent rotational levels.

(2) In many of the IR-visible PHOFRY spectra, we observe
features significantly narrower than expected from con-
sideration of average decomposition lifetimes. We also
see marked changes in average resonance width for spec-
tra obtained by monitoring different NO levels. These
effects are consistent with interferences among overlap-
ping quasibound levels.

(3) A correlation based on J observed in IR-visible
PHOFRY spectra at E'=475-650 cm™! is much poorer
at higher E¥. As shown in sample calculations, this may
arise from the more severe degree of level overlap in the
higher energy region.
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(4) Visible~IR PHOFRY spectra show the same general
trends, but display significantly different resonance
structures. This is expected from consideration of the
different intermediate levels accessed in the two experi-
ments.

(5) Consistent with the model previously proposed,18 we
have shown, in a second set of illustrative calculations,
that highly structured, but on the average statistical (i.e.,
PST-like), rotational state distributions can be obtained
in Franck—Condon expansions of sets of harmonic oscil-
lator wave functions whose coefficients and phases are
randomly weighted.

A rather complete picture of the unimolecular decompo-
sition of NO, emerges from the frequency and time domain
studies. At all energies, overlapping quasibound levels are
the rule rather than the exception; however, the degree of
overlap is not severe. The effects of interference among over-
lapped levels is manifested most strongly in PHOFRY spec-
tra. We have shown, in sample calculations, that due to in-
terferences, a pronounced dependence of resonance
positions, shapes, and widths on the weighting of the quasi-
bound levels is obtained. In addition, interferences can pro-
duce resonance structures significantly narrower than the av-
erage decay width.”® We assume that the TS levels
accessed in the evolution of the resonances to product states
are weighted with random complex coefficients. Evidence
from both frequency?! and time domain'® experiments, and
variational RRKM calculations® indicates that the TS moves
in along the reaction coordinate with increasing E'. At
E'~2000 cm™!, the TS has significantly tightened,20 and we
approximate its levels by bending-like harmonic oscillator
wave functions. We have reproduced the oscillatory struc-
tures in the rotational distributions using Franck—Condon
mappings of sets of harmonic oscillator TS wave functions
whose coefficients and phases are randomly weighted, as-
suming no final state interactions beyond the TS. This as-
sumption becomes more valid with increasing E ¥, These cal-
culations show that PST-like distributions may be obtained
for specific geometries of the TS without the primary as-
sumption of PST, namely, a “loose” TS. At yet higher ener-
gies, when the decay rate becomes even faster, a direct dis-
sociation channel may become significant.'*®

To conclude, we note that the study of NO, decomposi-
tion provides a unique opportunity to view the underlying
causes of statistical behavior. Specifically, we see in the fluc-
tuations and oscillatory structures how deviations from tra-
ditional statistical theories are first manifested, and through
these observables are able to test some assumptions of these
models. Although our level of understanding of NO, decom-
position is rapidly converging, it will continue to remain an
important system for refining our understanding of barrier-
less unimolecular decomposition.
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