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Two-photon photodissociation dynamics of state-selected NO,

Laurence Bigio® and Edward R. Grant®

Department of Chemistry, Cornell University, Ithaca, New York 14853

(Received 23 June 1986; accepted 20 March 1987)

Quantum states of NO, are selected and then photodissociated by resonant two-photon
photoexcitation. The total photolysis energy is scanned over a region from 50 cm ™! below to
300 cm~! above the threshold for production of NO(X 2[1) + O('D). This channel yielding
excited oxygen is observed to dominate the production of vibrational ground state NO.
Diatomic product J and A doublet state distributions are probed by resonant two-photon
ionization. The photodissociation cross section for production of specific NO quantum states is
found to be structured in the photolysis wavelength. This structure is assigned to intermediate
resonance in the two-photon photolysis. Rotational structure is identified in this pattern, and
confirmed by separate optical-UV—double resonance spectroscopy using the same intermediate
states in combination with levels of the 3po 2 Rydberg state of NO,. Though
photodissociation dynamics are found to be a very sensitive function of photolysis wavelength,
different wavelengths that promote different transitions through the same intermediate state
yield very similar dynamics. The existence and apparent patterns of photoselection in the
product state dynamics are discussed in the light of recent theoretical developments
incorporating electronic degrees of freedom in state-to-state photofragmentation.

1. INTRODUCTION

Laser photodissociation in the ultraviolet is a well estab-
lished and widely used technique for studying unimolecular
fragmentation.’~’ For experimental conditions under which
nascent product state distributions can be determined free of
collisional scrambling, photodissociation techniques can of-
fer substantial insight concerning the dynamics of primary
decomposition processes.

Theory, which ties observed final state distributions
with the quantum evolution of a system driven from pho-
toexcitation through dissociation, has made significant
progress in the past few years.®~'# It has now become possible
to make-definite predictions about final state distributions
for given initial reactant quantum states for certain simple
photodissociation systems. This raises new challenges for
experiments. Theory demands a specified initial state, but in
practice it is difficult to select an individual state from
among many when photoexciting to a broadened band or
continuum. The insertion of an intervening step of photose-
lection overcomes this limitation, and two new two-photon
photodissociation techniques have been introduced in the
past year.”!”!° Both yield important new levels of dynamical
resolution.

One of these techniques is IR/UV double resonant pho-
todissociation as developed for H,O by Andresen and co-
workers.”'” The other is optical-optical double resonant
two-photon photodissociation developed in our laboratory
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for NO,." In our work, individual states of NO,’s bound
optical absorption system are selected by the absorption of
one visible photon. A second photon carries the system
above the threshold for NO,-NO + O('D).

The channel to produce excited oxygen is observed to
dominate the formation of vibrationally cold NO(X 2II,
v =0), which is detected by resonant two-photon ioniza-
tion. For two-photon photolysis energies within 100 cm ™’ of
threshold, photodissociation dynamics, manifested in NO
rotational and A doublet state distributions, are observed to
depend sensitively on parent intermediate state. NO popula-
tions are an oscillatory function of product J, with varying
patterns of A doublet preference that change with selected
NO, intermediate state. The present work builds on our ear-
lier preliminary study'® by focusing on photodissociation at
selected wavelengths for which intermediate states are angu-
lar momentum () labeled by separate optical-UV-double
resonance (OUDR) spectroscopy.

Section II gives experimental details pertaining to tech-
niques for two-photon photolysis and OUDR. Section III
presents the main results of this work which consist of: (1)
observations of the product state selected two-photon photo-
dissociation cross section of NO, near the O('D) threshold;
(2) dynamics of NO production as a function of features
selected in the photodissociation spectrum; (3) NV labeling of
relevant features by OUDR spectroscopy; and (4) estima-
tion of the O('D)/O(*P) branching ratio. Section IV dis-
cusses the results and then establishes a qualitative connec-
tion between the present observations and a new theoretical
approach developed by Balint-Kurti and co-workers to ac-
count specifically for electronic degrees of freedom in state-
to-state photodissociation.'” A paper to follow?® will apply
the results of polarization experiments to examine the ques-
tion of rotational alignment of the NO product from two-
photon photolysis.

© 1987 American Institute of Physics
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Il. EXPERIMENTAL METHOD

A. Photodissociation

The experimental arrangement used for dissociation is
similar to that described in an earlier paper.’® A Lambda
Physik EMG-150 ES excimer laser pumps two FL-2002 dye
lasers which generate 12 ns laser pulses, each with 0.3 cm ™!
bandwidth, separated temporally by 15 ns. These pulses are
focused through a pair of 20 cm focal length lenses to coun-
terpropagate across the output of an NRC BV-100 pulsed
molecular beam valve. The foci overlap on the axis of the
NO, jet (seeded 1:1:20 in O,:Ar at 1 atm stagnation pres-
sure) with the A, pulse (pump) arriving first and the 4,
(probe) second. A Pockels cell, placed in the pump beam
path just before the molecular beam chamber, is used to ro-
tate the polarization of the pump beam relative to the probe.

Nascent NO generated from the two-photon photolysis
of the NO, by the pump beam is probed via standard 1 + 1
ionization spectroscopy by the probe beam. Mass-filtered
(m/e = 30) NO ions are detected by a Galileo 4113 chan-
neltron, the signal from which is amplified and then fed to a
PAR 165/162 boxcar averager. Figure 1 gives an energy
diagram showing the photodissociation and probe steps, as
well as a schematic of the experimental setup.

Probe laser light in the region of 225 nm is generated by
doubling Coumarim 450 (Exciton) in KBS5. Second har-
monic light is separated from the fundamental by an ar-
rangement of four Brewster prisms. Energy per pulse at this
point is typically 50 1J or less. Variable attenuators reduce
this further to a level the order of 1 uJ. At such intensities,
the probe laser induced NO signal is observed to be accurate-

ly quadratic in the laser power, which we take to indicate-

that saturation effects are minimal.?! Accordingly, we derive

rotational populations by dividing measured intensities by
8,5+ /(2" + 1), where the S,. ;. are line strength factors.??
Populations obtained using the P,, branch and the

<P Collect mass 30 ions

Scope

FIG. 1. (a) Energy diagram showing reso-
nant | + 1ionization of NO product follow-
ing two-photon photodissociation of NO,.
(b) Experimental arrangement
(PC = Pockels cell).

..

Chart recorder

Boxcor|

(@1 + R,,) mixed branch, which both measure the same A
doublet (IT*), are compared and generally found to give
equal population distributions, confirming for this A doublet
that saturation effects, if present, are very small. For these
two branches, results are averaged to establish the popula-
tion distribution for the II* A doublet. By contrast, the R,,
and (Q,, + P,,) branches, which both measure the [I~ A
doublet, occasionally show differences which can be attri-
buted to saturation of the (Q;; + P,,) mixed branch. The
latter has the largest Honl-London factor of all four
branches, while that for the R, branch is the smallest. The
(@i + P,,) branch also forms an inconvenient bandhead at
low J. Therefore, I~ A doublet populations are taken from
the R,, branch only. Because its line strength factor is
smaller than either P,, or (Q,, + R,;) branches, and be-
cause the latter two yield equal population distributions de-
spite the difference in line strength factors between them, we
conclude again that saturation effects do not significantly
distort the reported populations of the two A doublets.

Finally, we take care to subtract a small background
signal, seen with only the probe beam on, due to a trace
amount of NO contaminant in the molecular beam. This
background spectrum is useful for estimating the beam rota-
tional temperature. We generally find that the lowest four J
lines of the cold NO are thermalized at ~ 5 K, with a small
tail extending out to higher J.

B. Optical-UV-double resonance

Optical-UV—double resonance (OUDR ) is used to con-
firm rotational quantum numbers assigned to the intermedi-
ate states involved in resonant two-photon photodissocia-
tion. Most of the experimental details are identical to those
described above. The principal differences are that the coun-
terpropagating laser beams are unfocused as they cross the
molecular beam, and mass 46 ions, rather than mass 30, are
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FIG. 2. Energy diagram for the QUDR experiment. Arrows are separated
to indicate a delay of the 4, beam by ~ 10 ns from the A, beam.

collected. Also, for convenience the relative polarizations of
the A, and A, beams are held perpendicular. The setup is thus
nearly identical to Fig. 1(b). Figure 2 shows an energy dia-
gram detailing the step-wise excitation.

In this experiment, two 12 ns pulse length laser beams
again overlap spatially and are separated by 15 ns with the 4,
beam arriving first. The A, photon prepares a (nominally)
stationary state in the 487 nm region. The A, beam carries
the excited NO, to ionization via resonance with either the
(000) or (010) band of the >2;* Rydberg state in a 1 + 1
process. Ionization signal is seen only when both steps are
resonant, producing a signal/noise ratio of well over 100.
Blocking either beam extinguishes signal. The fact that an
unfocused 4, beam ionizes the NO, in a two-photon reso-
nant process indicates that the cross section for ionization
from the Rydberg state is high and that the Rydberg state is
relatively stationary (an observation confirmed by mea-
sured rotational linewidths).

Either beam can be scanned while the other is fixed. The
origin band of the X" state has been rotationally assigned
by conventional two-photon absorption spectroscopy,* and
the ground state is well characterized. From this informa-
tion it is possible to assign double resonance spectra. Tuning
the second beam (A4,) with 4, fixed, is thus directly analo-
gous to fixed (4,) frequency excitation with detection of the
dispersed fluorescence. Tuning the first beam (A,) while
keeping the second fixed is very nearly analogous to laser
excited fluorescence, in which a single dispersed color is
monitored while A, is scanned.

This approach offers certain advantages over fluores-
cence for assigning rotational quantum numbers to interme-
diate states. Absolute signals are much stronger than dis-

Scan pump with probe
set on J"=045 (02|+ R“)
2
S
u +
2]
]
@
o,
T T T
487.0 487.5 488.0

PUMP WAVELENGTH (nm vac.)

FIG. 3. Two-photon photolysis scan of the pump for the probe set on
(Q;, + R,;) (0.5) [refer to Fig. 1(a)]. Arrow indicates O('D) threshold.

persed fluorescence, and the bandwidth of A, interrogation is
that of a laser rather than a monochrometer. Total absorp-
tion undifferentiated by intermediate quantum state is also
monitored by an EMI 9798B photomultiplier tube (not
shown in Fig. 2) with a Schott OG 570 filter to block scat-
tered laser light. The LIF spectrum, which in general is more
congested than the OUDR spectrum, serves conveniently to
set A, on specific resonances.

C. Callbration of A,

Chromium lines are used to calibrate the A, wave-
length.?* A simple ionization cell is filled with 0.1 Torr
Cr(CO)¢ and 10 Torr CO. The A, beam is focused through
an 8 cm lens, and ions are collected by electrodes biased at 90
V. The current is amplified and sent to a boxcar averager as
before. Following photolysis of the carbonyl, Cr is ionized in
a2 + 1 process via the @>S,— f°D, , , ; two-photon transi-
tions. The A, wavelengths reported here are corrected and
listed as vacuum wavelengths.

ill. RESULTS
A. Threshold for production of NO(v,J/)

As noted previously'® and discussed below, all product
spectra of NO(v" = 0) show rotational population only up
to an energy determined by the excess of the photolysis ener-
gy above the threshold for production of O('D) (40 998
em™!'),42-?7 This establishes that the photodissociation
mechanism for production of NO (»” = 0) must be

2hv —~
NO, - NO(X I, v" =0,J",¢/f) + O('D).

The apparent absence of a rotationally hot contribution to
the NO(v” = 0) product distribution from the O(*P) chan-
nel is consistent with strongly inverted vibrational distribu-
tions observed to accompany O(*P) production at slightly
lower energies by Slanger et al.?®

Figure 3 shows a scan of 4, (pump) with A, (probe) set
onthe (Q,, + R,,) (0.5) transition. Because the probe mea-
sures the population of the lowest J state of NO(v' =0), a
two-photon photolysis scan should give directly the thresh-

J. Chem. Phys., Vol. 87, No. 1, 1 July 1987



L. Bigio and E. R. Grant: Photodissociation dynamics of NO, 363

J"=105 (Ry)

|

(a)

(b

PROBE SIGNAL

J"=15(P,)
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FIG. 4. Pump scans for probe set on J = 10.5 (R,,) (upper) and J = 1.5
(P,;,) (lower). Arrow indicates threshold for creation of NOCIL, v" =0,
J" =10.5) + O('D) in the upper scan.

old for production of O('D). This is seen in the figure by the
onset of probe signal for 4, <488 nm. With 4, calibrated in
the manner discussed above, and with the O('D) threshold
known to be 40998 cm~',*> we place the absolute thermo-
chemical threshold at the position on this spectrum marked
by the arrow. The onset of signal starting below the arrow
must be due to contributions from more energetic NO, ini-
tially in rotational states above the N ' = 0 ground state. The
energy spread from the true threshold (arrow) to 488 nm is
about 15 cm ™', thus indicating that the higher rotational
states range to N " ~6, K" =0,0or N"~3, K" = 1. This is
consistent with estimates of the beam rotational temperature
from this and previous work of =20 K.!®?° Note that the
polyatomic rotational temperature appears to be warmer
than that implied by the spectrum of contaminant NO.

12.0

R(0)
P(2)

R(2)

6.0 8.0

PROBE SIGNAL

4.0

20

= . i i " . s A

s
487.050 487.004 487.137 487.181 487.225 407.268 487.312 487.356 487.400
PUMP WAVELENGTH (nm vac.)

FIG. 5. Scan of the photolysis pump beam for the probe set on J= 1.5
(@;; + R,,). Lines, indicating intermediate NO, state structure, are as-
signed and labeled accordingly (see the text).

() | T (Qy+R,) (V)

(+)

J=45
=)

J=35

=
20

+)

PROBE SIGNAL

+) =)

NG

4870 4872 4674
PUMP WAVELENGTH (nm vac)

4870 4872 4874

FIG. 6. Scans of the photolysis pump beam through same region as Fig. 5,
for various product J and A doublet state transitions. Right column is for
the probe beam set on [T Jstates, and left column is for the probe seton I1~
J states. The total parity of the corresponding NO state is indicated next to
each scan.

B. Structure in the photodissociation spectrum

The structure seen in Fig. 3 is easily reproducible. These
scans give the two-photon absorption spectrum of NO, for
photodissociation into a particular product quantum state,
as specified by the probe transition. For example, we com-
pare in Fig. 4, two bluer pump scans (485 nm region), for
NO productJ ” = 1.5 (lower) and 10.5 (upper). Once again
the onset of probe signal in the upper trace marks the thresh-
old for production of NO(v* = 0,J " = 10.5) in the O('D)
channel (marked by the arrow). Though not obvious, a
careful overlap of both traces shows an exact correspon-
dence of all lines, with differences only in the relative intensi-
ties.

Figure 5 shows a similar scan of the pump wavelength
with the probe set to the (Q,, + R,,) (1.5) transition. As
previously noted,'? the spacings of the main lines seen in this
dissociation scan fit a spectral pattern recognized by Smal-
ley, Wharton, and Levy to correspond to a parallel AK =0
X?4'-A°B, transition.’® This rotational assignment is
confirmed by optical-UV-double resonance (see below).

These same features appear with varying absolute and
relative intensities in scans for a range of product NO quan-
tum states. Figure 6 shows scans for eight such final states
ranging from J = 1.5 to 4.5 ordered by angular momentum
and sorted by A doublet and total parity.

J. Chem. Phys., Vol. 87, No. 1, 1 July 1987
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FIG. 7. A doublet rotational state population distributions of nascent NO
for pump wavelengths set on the R(0) (upper) and P(2) (lower) peaks of
Fig. 5. R(0) and P(2) both access the N’ = 1 intermediate state of parent
NO,. Note the similar product A doublet distributions.

C. Product state distributions following
two-photon photolysis

Figures 7 and 8 compare the A doublet rotational state
population distributions of product NO for pump wave-
lengths set on the R(0) and P(2) peaks (Fig. 7) and the
R(2) and P(4) peaks (Fig. 8). These distributions are deter-
mined after first comparing parallel with perpendicular rela-
tive polarizations between the pump and probe beams. No
differences are observed which exceed the ~10% experi-
mental uncertainty. The distributions shown average at least
four experimental scans each. Care is taken to monitor and
properly normalize for probe laser intensity, though laser
output is essentially flat over the short tuning range neces-
sary to scan all of the relevant NO spectrum which extends
only to about J = 5.5. Relative populations determined by
weak transitions, such as P(4), have a higher (~20%-
30%) degree of experimental uncertainty than those from
the stronger pump transitions, such as R(0), R(2), and
P(2) (~10%), due mainly to the contaminant NO back-
ground signal. However, on the whole, the different A doub-
let populations as well as their oscillatory patterns as a func-
tion of J (of the NO) are found to be quite reproducible.

Figures 9 and 10 show A doublet distributions for 4, set
on the small peaks marked (a) and (b) in Fig. 5. Clearly the
population distributions are different from each other as well
as from those of Figs. 7 and 8. In fact, differences in the

1000.0
m
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2
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FIG. 8. A doublet distributions of nascent NO for pump wavelengths set on
the R(2) and P(4) peaks of Fig. 5. R(2) and P(4) both access the N' =3
intermediate state of parent NO,. Note again similar product A doublet
distributions.

dynamics as a function of slight changes in the pump wave-
length are the rule, while similarities such as those shown in
Figs. 7 and 8 are exceptions.

We have also obtained the A doublet distributions for
several higher photolysis energies between 200-300 cm ™"
above the O('D) threshold where we average the parallel
and perpendicular polarization results (a specific discussion
of alignment effects in these higher energy distributions is

1000.0

n*
n

[ ]
800.04 £

6800.0

/4

400.0

/e,

POPULATION (arb. units)

200.0-1

0.0

25 4.5 8.5

s
LOWERJ

FIG.9. A doublet distributions for pump wavelength set on peak (a) of Fig.
5.
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FIG. 10. A doublet distributions for pump wavelength set on peak (b) of
Fig. 5.

reserved for a later paper®®). Figures 11 and 12 show the NO
rotational populations for A, set on peaks (a) (215.1cm™")
and (b) (299.2 cm™!) of the dissociation scan of Fig. 4. For
these higher energies we find a general preference for the [1~
over the 1" A doublet.

D. Optical-UV-double resonance

A standard absorption spectrum of NO, at the level of
the first photon shows a dense structure of sharp lines.’%>' A
second photon carries the system to a region about 1000
cm ™! above the origin of the 2°B, state. This state is predis-
sociated with a lifetime of 42 ps at the origin.> By the level of
the O('D) threshold, rotational structure is completely dif-
fuse, and it is inferred that the lifetime falls to the subpicose-
cond regime.”> We can thus expect any structure in such
two-photon photodissociation scans as Figs. 3 through 6
that arises from the 22B, state at the level of the second pho-
ton to be tens of wavenumbers wide. The sharp structure
seen in the present two-photon spectra must then be caused
by intermediate states at the level of the first photon.

2500.
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FIG. 11. A doublet populations for pump wavelength set on peak (a) of Fig.
4 at 215.1 cm ™! above the O('D) threshold. Darker shading denotes the
IT* A doublet; lighter denotes the I1™ component.
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FIG. 12. A doublet populations for pump wavelength set on peak (b) of Fig.
4 at 299.2 cm ™' above the O('D) threshold. Darker shading denotes IT*
component; lighter denotes II~ component.

As mentioned above, elements of this structure can be
assigned to states of total angular momentum N by analogy
to spectra of Smalley, Wharton, and Levy.*® These assign-
ments are confirmed by optical-UV-double resonance
(OUDR).

In OUDR, selected intermediate states are projected
onto rotational manifolds of the ground (000) and lowest
excited (010) vibrational levels of the 3po >3 Rydberg
state.>® The (010) level is connected by the transformation
properties of the Rydberg state together with those of the
two-photon transition operator to levels K ” = 0 and 2 of the
24, ground state. (000) is connected only to K * = 1.33

A double resonance spectrum for 4, fixed on the transi-
tion labeled R(2) in Fig. 5, and 4, scanned across the (010)
Rydberg band is shown in Fig. 13. The characteristic PQR
pattern from N' =3 confirms the preliminary labeling of

T N 7[——7——.5 from N'=6 -4 Ksi
3
o > (010) 27
N “[—i’—zﬂ' from N'=3,2,! N
P *
5 4 scan
E 3 Ne (5] ¢ from N'=5 2
P | l | N'=3 B2
K'=0
-3 fix
S
° ——a
. 2
ok <2) K'=0 A
) v
2787 2798 : 2799 * 280.0

WAVELENGTH OF SECOND LASER (nm)

FIG. 13. OUDR scan of 4, to the (010) 2Z;* Rydberg state, with A, seton
the R(2) peak of Fig. 5 {or Figs. 15(a) and 15(d)). Diagram on right side
shows 4, originating from the X * = 0 stack, in this case from N * = 2, and
going to K’ =0, N' = 3 [thus the label R(2) for A,]. Not shown in the
diagram are other transitions that fall within the bandwidth of 4 1» similar to
those shown in the diagram of Fig. 14, which add extra lines evident in the
OUDR spectrum.
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FIG. 14. OUDR scan of A, to the (000) 3+ Rydberg state, with A, set on
the R (2) peak of Fig. 5 [or Figs. 15(a) and 15(d) ]. Diagram on right side
illustrates added spectral complications due to the availability of several
appropriate N' states in the densely spaced intermediate vibronic region.
Splittings seen in the spectrum are due to spin—rotation splitting in the up-
per Rydberg state (7 = 0.13cm™"). All transitions observed in double reso-
nance must originate from the K * = 1 stack of the ground 24, state, thus
indicating a K ” = 1 contribution underlying the transition identified above
as "Ry(2).

this structure.*® However, other bands evident in the spec-
trum show that additional intermediate states are also popu-
lated at this 1, wavelength. Indeed, the Rydberg level (000)
shows a strong double resonance signal, as shown in Fig. 14,
indicating that transitions originating from rotational states
of the K ” = 1 sublevel are also active within this intermedi-
ate state band.

A determination of the total absorption cross section in
this region can be obtained from the fluorescence excitation
spectrum. This undifferentiated absorption spectrum as ob-
served under our pulsed jet conditions is shown in Fig.
15(d), where it is compared with a resonant two-photon
photodissociation spectrum over the same region [Fig.
15(a)].

These two absorption spectra of NO, are obviously very
different. The total absorption spectrum is highly congested
while the dissociation spectrum consists predominantly of
the low-N four-line pattern mentioned above. In fact, the
simpler spectrum of Fig. 15(a) is seen to be a subset of the
more congested Fig. 15(d).

Verification of the assignment given the simple features
of the photodissociation spectrum is directly achieved in
double resonance by scanning A, with 4, set on resonance for
transitions between selected intermediate states and known
rotational levels of the Rydberg state. The center traces of
Fig. 15 show two such scans for second photon frequencies
set on transitions from intermediate N’ = 1 {as selected by
first photon transitions R(0) and P(2)] to Rydberg N =1,
and intermediate N ' = 3 [as selected by first photon transi-
tions R(2) and P(4)] to Rydberg N = 4. The appearance of
ground to intermediate resonances in A, at wavelengths pre-
cisely matching the corresponding photodissociation fea-
tures confirms the low- assignments of these latter bands.
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FIG. 15. (a) Dissociation scan of Fig. 5 drawn on the same scale as an LIF
scan of the same region of NO,, (d). Trace (b) is an OUDR scan of 4, with
A, fixed on the N’ = 3+ N = 4 transition, as shown in the corresponding
diagram marked (b) on the right-hand side, and marked * in Fig. 13. Trace
(c) is a similar OUDR scan of 4, with A, setonthe N' = 1+ N = | transi-
tion, as shown in the corresponding diagram marked (c) on the right-hand
side. Line separations in spectra (b) and (c) match ground state energy
differences (see diagrams), and line positions in spectra (b) and (c) closely
match line positions in spectra (a) and (d), thus confirming original assign-
ment of the lines as denoted in trace (d) and Fig. 5.

Additional bands in these spectra represent accidental dou-
ble resonances with other rotational levels of the Rydberg
manifold, attesting again to the high density of available in-
termediate states.

E. O('\D)/O(°P) branching ratio

Without yet a direct spectroscopic means to observe the
O('D) product, we attain a rough estimate of the
O('D)/O(*P) branching ratio by comparing parts of the
spectrum of NO that we know arise from dissociation via the
O('D) channel with parts that arise from dissociation via
the O(*P) channel. Setting the pump beam (4,) on the R (0)
transition, at a two-photon photolysis energy of 51.53 cm ™!
above the O('D) threshold, we scan the probe through the
X, v =0)—A4(%2, v’ =0) transition in the 226 nm
region, and the X (*I1, v* = 6) - C(I1, v" = 1) transition in
the 227.7 nm region. We find that a typical rotational line in
the X -+ A transition, which has a Franck—Condon factor of
0.17, is about 25 times more intense than a typical line in the
X - C transition, which has a Franck—-Condon factor of
0.1.>” We have already shown that, at this photolysis energy,
spectra for v” = 0 NO are due to dissociation via the O('D)
channel only, while v” = 6 spectra can come only from the
O(?P) channel. A measure of the branching ratio is given by

J. Chem. Phys., Vol. 87, No. 1, 1 July 1987



L. Bigio and E. R. Grant: Photodissociation dynamics of NO, 367

the total amount of NO produced in v” = 0 vs the amount of
vibrationally excited NO. Slanger ef al. report that at about
800 cm™~! lower in photolysis energy, NO product is pro-
duced via the O(®P) channel, with essentially all the vibra-
tional distribution concentrated in v” = 6, 7 and 8 and at a
ratio of roughly 1:2.5:2.%% Thus, having measured the inten-
sity of a typical rotational line of v” = 6, we assume a demo-
cratic distribution over 50 rotational states weighted by 1,
together with a similar distribution for v” = 7 weighted by
2.5, and one for v" = 8 weighted by 2. This, divided by the
Franck-Condon factor for the X v” =6-Cv' =1 transi-
tion, will approximate the relative weight of the O(*P) chan-
nel. For the O('D) channel we take the Franck—Condon
corrected intensity of a rotational line for v” = 0 and assume
a democratic distribution over five rotational states. We con-
clude from this procedure that the overall O(*D):0(*P)
branching ratio is approximately 1:4.

IV. DISCUSSION
A. State-selected dynamics

The results presented above show that both product
state distributions and detailed photodissociation cross sec-
tions in the two-photon photodissociation of NO, vary
sharply with photodissociation wavelength. Structure in the
photodissociation spectrum can be clearly associated with
specific low-N intermediate states that present large absorp-
tion cross sections for photoproduction of specific low-N fi-
nal states. In particular, such spectra show prominent P(2)
and R(0) transitions to a common intermediate of N ' = 1,
and P(4) and R(2) transitions to N’ = 3. Though photodis-
sociation in each case proceeds through the same intermedi-
ate state, final energies in the 2°B, continuum are slightly
different. Yet, with subpicosecond final state lifetimes, cou-
pling widths are tens of wave numbers wide. Thus, it is inter-
esting to ask whether state selectivity at the intermediate
level persists to affect the dynamics of final quantum state
distribution in the products.

Returning to experimental results, distributions for in-
termediate states now labeled as N ' = 1 via transitions iden-
tified as P(2) and R(0) are shown in Fig. 7 and for N’ =3
via P(4) and R(2) in Fig. 8. The degree of similarity within
these sets is striking. By contrast, distributions for photolysis
wavelengths slightly off-resonant with respect to identified
low-N transitions differ strongly. The data presented in Figs.
9 and 10 are typical.

At this point it is interesting to recall the comparison
between the photodissociation spectrum and that for total
absorption as presented in Fig. 15, as well as the complexity
evident in the multiple N’ character of the double resonance
spectra. It is clear that photoexcitation, even on a low-N
intermediate resonance, prepares many higher-V intermedi-
ate states as well, yet the dissociation dynamics is dominated
by that particular low-N component of the multiple reso-
nance. This selectivity simply reflects the fact that photodis-
sociation cross sections for production of the cold NO prod-
ucts accessible near threshold are evidently much larger for
low-N NO, parents, and, when these species are photoselect-
ed, their contributions dominate the observed dynamics.
The cross section for production of rotationally cold NO

from hot NO, is finite, however, and of the order of the
continuous background underlying the strong low-N reson-
ances in Figs. 5-7. Furthermore, the behavior at threshold
shows that parent rotational energy can be used to overcome
potential energy and produce low internal angular momen-
tum products.

Also interesting are the similarities between the N’ = 1
and N' = 3 distributions. We suggest below that this result
may reflect the fact that the photopreparation in both cases
proceeds through odd-numbered low-angular momentum
intermediate states. These states have negative total parity.
Examining closely the complementary information in the
collected photodissociation spectra of Fig. 6, we observe in
all cases the distinctive R(2), R(0), P(2), and P(4) pattern
discussed above. Their prominence relative to the back-
ground of states, however, appears greatest when the probe
laser frequency is fixed on transitions of NO product states
of negative total parity.*® This propensity to conserve parity
is confirmed for all accessible product states by careful ex-
amination of Figs. 7 and 8 (see Fig. 4 of Ref. 19 for parity
ordering of NO rotational states).

At higher photolysis energy, away from apparent low-N
intermediate resonances, this propensity shifts to one of uni-
form IT~ electronic symmetry over I1*. Unfortunately, un-
like photodissociation studies of H,O in which the OH(*IT)
dissociation partner is the spherically symmetric H(S)
atom,>>® we cannot here use A doublet preference results for
NO to predict the electronic symmetry of the photoprepared
NO, parent, because we do not know the symmetry of the
O('D) partner, and we have yet to find a convenient transi-
tion for measuring the O('D) M, levels (quantized by the
O-NO axis***!).

B. Product state dynamics in a state-selected Franck-
Condon limit

Recent theoretical work by Balint-Kurti and co-
workers predicts A doublet population distributions for
OH(’I) following one-photon photodissociation of H,O
(X 'A,) via the 4 'B, state.'” The relative population of the j
rotational state of the diatom, with A doublet and spin—orbit
component specified by /, is given by

Py~ (U + 1)(2k + )i}
JkA
X| S ity A[T—A A" (= 1)
Sz

2
+P (=1 TMIAA T IR GEA AT |

The Cj’.’:". factors are expansion coefficients of the triatomic
ground state radial wave function in terms of parity adapted
angular basis functions. We will not define all the other sym-
bols, which include rotation matrices, Clebsch-Gordan co-
efficients, etc., as these are given in Ref. 17. However, we will
note the presence of a phase factor ( + )( — 1)*~/* ' in-
sidetheterm F, (jkA |j"A ") which, along withthe C f’i coef-
ficients, cause A doublet distributions to oscillate as a func-
tion of j, with the II * and I1 ~ components out of phase. The
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presence of such a term is in qualitative agreement with the
results presented here, and is equivalent to the interpretation
given in our earlier paper of a propensity for production of
final NO states of prefered total parity,'® since the parity
alternates withj oppositely for the two A doublets (see Fig. 4
of Ref. 19).

We also note another phase factor P,( — 1)’ 7 which
we believe is partially responsible for the similarity in the
dynamical results between Figs. 6 and 7. The total parity of
the initial triatomic state (analogous, in our case, to the in-
termediate state in the two-photon excitation) is given by

P,( — 1) The final triatomic state has angular momentum
J, which satisfies the triangle condition with J; and 1. For
two different values of J; being compared, the phase factor

P,( — 1)”* 7 will be the same for the various possible J val-
ues respectively, if the two J; numbers are both even or both
odd and belong to the same electronic state. In our case of
doublet NO,, J and J; are replaced by N and V;, where we
have labeled N; as N'. Thus, one might expect that the dy-
namical results for N' = 1 (*B,) would look similar to those
for N' = 3 (°B,) since both intermediate states are odd and
close in value. That they are close in value means that the
other factors in Eq. (1) (Clebsch—-Gordan coefficients, etc.)
would also be close in value. This is evidenced experimental-
ly by the similarity between Figs. 6 and 7.

To attempt a quantitative comparison of the present ex-
perimental results with theory, as has been done with good
success for H,0,"” the development of Eq. (1) would have to
be adapted for the more complicated case of NO, dissocia-
tion. The NO dissociation partner can be either O('D) or
O(®P), which are both energetically allowed, while the inter-
mediate state, which may be considered as the initial state in
a one-photon excitation, is a vibronic mix of several elec-
tronic states. Furthermore, final state-interactions, which
are justifiably ignored for the case of H,O, could be signifi-
cant here. While partial adaptations of the theory may be
straightforward, a full calculation would at present be diffi-
cult.

V. SUMMARY

Two-photon dissociation of NO, at wavelengths below
488 nm yields O('D) and NO(X 2II, v = 0) in rotational
states of energy up to but not exceeding the maximum per-
mitted by the thermochemical threshold for this higher ener-
gy channel. A contribution from the O(*P) channel is found
distributed over many rotational states of vibrationally ex-
cited NO. The wavelength dependent photodissociation
cross section for production of specified NO(»" = 0) prod-
uct rotational states is highly structured in the first photon
wavelength. However, this photodissociation spectrum is
simpler than the total absorption spectrum. This simplifica-
tion arises from a suppression of higher-V lines in the photo-
dissociation spectrum; the cross section for production of
NO in the low-N final states accessible near threshold is evi-
dently much higher for low-N parent NO,.

On and off low-» intermediate resonance, we find I1*
and IT™ A doublet distributions that differ from each other
in a somewhat oscillatory pattern of opposite phase in prod-

uct J. Fragmentation dynamics are a very sensitive function
of photolysis wavelength. Even slightly different pump
wavelengths yield different overall distributions. However,
pairs of photolysis wavelengths that, through different tran-
sitions, access the same intermediate state, yield very similar
final rotational state and A doublet distributions. Similar
dissociation dynamics are seen as well for pump wavelengths
that access two different intermediate states, both of which,
though, are odd numbered low angular momentum states
(N" =1and3).

For several energies farther above threshold (> 200
cm™ ') we find an apparent propensity for generation of the
IT~ A doublet over IT*. This information, however, is not
sufficient to deduce the electronic symmetry of the final par-
ent state because no information is available on the symme-
try of the O('D) dissociation partner.

We note the qualitative agreement of the above A doub-
let distribution results with theory developed by Balint-
Kurti and co-workers,'”'® and with results from similar ex-
perimental photodissociation experiments on H,O done by
Andresen and coworkers.”'” Qut-of-phase oscillatory A
doublet populations are predicted by the theory for one-pho-
ton photodissociation from a well defined initial angular mo-
mentum state. We have seen that the two-step double reso-
nance photodissociation conducted here can be regarded
approximately as a one-photon photodissociation from spe-
cific intermediate angular momentum state. Thus it seems
reasonable to propose that an appropriate adaptation of the
theory (developed for H,O) could successfully account for
the photodissociation dynamics of state-selected NO,.
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