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Slice imaging of nitric acid photodissociation: The O('D) + HONO channel
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We report an imaging study of nitric acid (HNOs3) photodissociation near 204 nm with detection of
O('D), one of the major decomposition products in this region. The images show structure reflecting
the vibrational distribution of the HONO coproduct and significant angular anisotropy that varies
with recoil speed. The images also show substantial alignment of the O(' D) orbital, which is analyzed
using an approximate treatment that reveals that the polarization is dominated by incoherent, high
order contributions. The results offer additional insight into the dynamics of the dissociation of nitric
acid through the S; (2 'A’) excited state, resolving an inconsistency in previously reported angular
distributions, and pointing the way to future studies of the angular momentum polarization. © 2011

American Institute of Physics. [doi:10.1063/1.3540651]

I. INTRODUCTION

The ultraviolet photodissociation of nitric acid is of
considerable importance in Earth’s atmosphere,' motivating
many studies of its dissociation processes, branching ratios,
and quantum yields.”™!3 In recent years it has become clear
that in the region of the intense deep UV absorption to the S;3
(2 'A’) excited state at 190 nm, the products O('D) + HONO
dominate over the OH + NO, (1 2B;) channel despite being
energetically disfavored by 2 eV.!® There is some disagree-
ment over the angular distributions, and the dynamical stud-
ies in this region have exclusively used photofragment trans-
lational spectroscopy (PTS), first by Huber and coworkers*
and later by the Butler group.’ This system is thus a promis-
ing one for application of the high-resolution dc slice imag-
ing approach, as state-correlated product distributions may be
used to gain deeper insight into the dissociation mechanisms
and resolve some of these open questions.

The ground state of HNOjs is planar, of 'A’ symmetry,
and there is a weak transition at 260 nm accessing the S; (A"
state.!* This state exclusively dissociates to OH + NO,, and
it has been the subject of numerous studies.®”-* There is an-
other ' A” state at 337 nm with little oscillator strength as well
as the broad S; absorption mentioned above peaking at 190
nm.'* This transition is described by Bai and Segal as a mix-
ture of nz* and wr* transitions. Although the ground state is
planar, all of these excited singlet states possess similar pyra-
midal equilibrium geometries.'* Product branching at 193 nm
was reported by Butler and coworkers’ based on analysis of
the PTS results: they concluded total branching to O atom for-
mation of 67%, with 54% to O ('D) and the remainder to the
ground state O (°P). Formation of OH + NO, accounted for
the remaining 33%, including both ground state and electron-
ically excited NO;. There is rough agreement between these
determinations and results from Ravishankara and coworkers?
who reported quantum yields for O('D) at 193 and 222 nm of
33% and 7%, respectively.
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In this study, O('D) is sensitively probed via 2 + 1 res-
onant ionization at 205 nm ('P; <<« 'D;) and 203 nm
('F3<—<'Dy), allowing us to perform convenient “one-laser”
(both dissociation and probe) imaging studies following exci-
tation to the S3 state.

Il. EXPERIMENTAL

The detailed description of the experimental setup
employing the dc slice imaging approach has been described
previously'>~!7 and only a brief outline is given here. Fuming
HNO; acid (99.5%, Sigma Aldrich) was bubbled with Ar to
remove traces of NO,. O('D) images from NO, were also
recorded and compared to ensure that there was no residual
contamination of the HNOj3 signal. Argon was then also used
as a carrier gas to deliver 5% HNOj at a backing pressure of
2 bar into the source chamber operated at 10~ Torr. A super-
sonic molecular beam of the resulting gas mixture was gen-
erated by expansion through a solenoid valve. This molecular
beam entered the main chamber, held at 10~ Torr, through a
1 mm skimmer. A linearly polarized laser intersects the
molecular beam perpendicular to the propagation axis.
The tunable UV laser beam was produced by the fre-
quency doubling of the fundamental output of a dye laser
(Spectra-Physics Sirah) pumped by the second harmonic
of a Nd:YAG laser (Spectra-Physics Quanta-Ray PRO-250)
in a potassium dihydrogen phosphate (KDP) crystal, then
mixing the fundamental and doubled light in a beta-barium
borate (BBO) crystal after matching the polarization using
a waveplate. Dissociation of the HNO3 and probing of the
O('D) product were accomplished by a single laser beam,
linearly polarized parallel to the detector face. The O ('D)
was probed by 2 + 1 REMPI through the 'Pj<<!D,
(205.4 nm) and 'F3<«<'D, (203.8 nm) transitions. The
output power of the laser was ~1.4 mJ . The laser frequency
was continuously scanned across the Doppler profile during
image acquisition. The resulting O ions were detected by
a 120 mm microchannel detector (MCP) coupled to a fast

© 2011 American Institute of Physics
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FIG. 1. dc sliced images and translational energy distributions of HNO3
dissociation at 205.1 and 203.8 nm probed via the O('P;<«<«!'D;) and
O('F3 < < 'Dy) transitions, respectively.

phosphor screen, where the gate of the time of flight was set
to detect the mass of the O atom. For the dc slice imaging
approach an ~60 ns gate was applied onto the MCP in order
to select the center of the ion cloud. The phosphor screen
was monitored by a CCD camera and a photomultiplier tube.
Ion impact spots were centroided prior to integration. The
imaging acquisition and analysis were done by our IMACQ
megapixel imaging software as reported previously.'® dc
sliced velocity images were calibrated by the detection of N,
from the photodissociation of N,O at 203.6 nm.!®

lll. RESULTS

dc slice images of photodissociation of HNOj; obtained at
205.4 and 203.8 nm are shown in Fig. 1. Each image was ac-
quired by averaging 100 000 shots. Images 'P; and 'F; were
obtained by probing the O('D) atom via the 'P; <—<'D»(2 x
48668.3 cm™') and 'Fy<«—<«'Dy(2 x 49064.2 cm™!) transi-
tions, respectively. Both images consist of four rings showing
a parallel transition. Figure 1 also shows the corresponding
translational energy distributions obtained from the images.
The translational energy plots show four peaks correspond-
ing to distinct rings in the dc slice images. For 'P; and 'F;
images, the position of each peak is roughly the same (there
is only 400 cm™! difference in available energy), but the rel-
ative intensities of each ring vary. In particular, the intensity
of the sharp peak at low translational energy is significantly
larger for HNOj; dissociation at 203 nm ('F3 probe) than for
dissociation at 205 nm (P, probe).

The images show additional structure beyond that ex-
pected for the scattering distribution following one-photon
dissociation. This is clearly a manifestation of polarization of
the O('D) orbital which modulates the detection efficiency, a
v—J vector correlation. The angular momentum polarization
of atomic products in photolysis of important atmospheric
polyatomic molecules has been the subject of many recent
publications.?0-2
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It is most apparent on the second ring of the 'P; probe
transition. Figure 2 shows the angular distributions obtained
for each ring of the images. To understand the structure in
these images, we consider the angular momentum distribution
of O('D) from the photodissociation of HNO3; molecules and
its manifestation in these one-laser experiments. Given that
the laser light source is linearly polarized parallel to the labo-
ratory Z-axis, the expression for the experimental signal is>®

Py Py

where pg, K = 0, 2, 4, is the photofragment state multipole®’
and Py is the two-photon line strength factor.’® As shown
earlier by Mo and Suzuki,?® absolute line strength factors are
difficult to obtain, but the relative values may be easily cal-
culated for these transitions. For the transition 'F3 < <! D,
the ratios of the line strength factors are P,/ Py = 0.68 and
P,/ Py = —0.11; for the 'P; <—<' D, transition, they are
—0.60 and —1.1, respectively.®?°

The expressions for the fragment state multipoles in
Eq. (1) can be presented in the form?*°

P, P,
I =C|pyw+ =P+ —=Pu|, (1)

Pu(0, @) = [1+ BPx(cos 0)], ()

1
A2+ 1

V2K + 1 Vk(ja)

T df(6)(sx — 20, Py(cos 6))
A

Pxo(0, @) =

6
6 y,dk (0)sin 0 cos 6 — % ned&(0) sin? 9},

3)

where P»(cos ) is the second order Legendre polynomial,
d g Q,(O) are Wigner d-functions, and the rank K can take the
values K =2 and K = 4. Note that these Legendre poly-
nomials, with cos 8 arguments, are distinct from the line
strength factors above.

The anisotropy parameters, ok, Sk, Yk , and ng in Eq. (2),
embody the full description of the orbital alignment that can
be probed via a two-photon transition. In the case of photodis-
sociation of a linear molecule in the absence of Coriolis inter-
actions, the parameters ax and sg represent contributions to
the photofragment alignment from incoherent excitation via
perpendicular and parallel transitions, while the parameters
vk and ng represent contributions from coherent excitation.”

In the more general case of photolysis of an arbitrary
polyatomic molecule, the interpretation given above may not
be strictly valid, because each of the parameters can contain
contributions from incoherent parallel and perpendicular exci-
tations as well as contributions from coherent excitations.?!3?
However, as recently shown by Shternin and Vasyutinskii,!
the angular distributions in Egs. (2) and (3) remain valid for
any photolysis reaction. Each anisotropy parameter in Eq. (3)
is proportional to a certain universal anisotropy transform-
ing coefficient ¢, , where K is the photofragment rank,
kg = 0,1, 2 is the rank of the photolysis light polarization
matrix, and ¢ is the projection of each of the ranks K
and ky onto the recoil axis. The projection ¢ = Q — Q' la-
bels the coherence between the helicity states 2 and Q'
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FIG. 2. Angular distributions of the O('D) recoil velocity from the ~204 nm photodissociation of HNOj3 for each of the four rings in the images in Fig. 1
obtained via the !F3 < <-'D, and !P; <—<-'D, oxygen transitions. The smooth curves denote the fit of Eq. (6) to experimental data.
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of the product angular momentum onto the recoil axis. In
particular, ¢, = —/30 Va(jadoo, €jy = —J15 Va(ja)sz, €,
= —J15/2V2(ja)ys, and &, = —/15/2 Va(ja)n,. More-
over, Shternin and Vasyutinskii have proved®' that the co-
herent quantum number g = 0, £1, £2 is a constant of mo-
tion, which is preserved in the photolysis of any polyatomic
molecule, irrespective of the reaction mechanism.

Usually the anisotropy parameters are determined in
imaging experiments by recording images in several exper-
|
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imental geometries to isolate particular contributions.”® In
these one-beam experiments, this is not possible, so we de-
velop an approximate treatment to examine the dominant fea-
tures. A more detailed study of the O('D) polarization will
follow in a future publication.

Substituting Egs. (2) and (3) into Eq. (1), the latter can be
rewritten as

, \/EPZ . 3P4 .
I, = C'| 1+ BPy(cos 0) + P Va(ja) Pa(cos 0)[s2 — 20 Po(cos 0)] + TV4(]A)P4(COS 0)
0
3J/5P 3J/5P
X [54 — 204 Pa(cos 6)] — 2Va(ja) y,sin” 6 cos® 6 — 74/; 2V5(ja) m sin® 6
0
3/30P 3J/15P.
+ 2 Va(ja) y. sin® 0 cos® (3 — T cos® 0) + 2 Va(ja) nesin® 0(1 — 7cos? 0) |. 4)
4P, 8P,
Expansion over the Legendre polynomials gives
25 P, 2V5P, (7
L[=C|1-2222y 2y 25 — 200 — s 42
s |: 5 P, 2(062+V2+712)+<,3+ 7P 2 552~ 20 2 +2m
2P, 95 P, 8 2
— V6 as + V30 s + V151) | Pacos 6) — | = 2Vo(day — o + =i
7P, 35 P, 37273

77 77 7 77

Equation (5) shows that in general the experimental sig-
nal can be presented in the known form

I; o< 1 4 By Py(cos 6) + By Py(cos 0) + B Pg(cos 6),  (6)

where the fitting parameters B, B4, and f¢ refer to the
anisotropy parameters according to Eq. (5).

A fit of Eq. (6) to the angular distributions shown in
Fig. 2 furnishes optimized values for ,, B4, and B¢, shown in
Table I. Note that the second term in the first line in the rhs
in Eq. (5) is proportional to the total photofragment alignment
averaged over all recoil angles, which is usually small in pho-
tolysis of polyatomic molecules.?®

Neglecting the second term in the first line in the rhs
in Eq. (5) compared with the unity, the relationship be-
tween the B, B4, and B¢ parameters in Eq. (6) and the

TABLE 1. Fitted 8 parameters shown in Fig. 2.

1 P, 1 F3
B2 Ba Be B2 Ba Be
Inner 0.43 —0.18 0.01 0.60 0.00 0.00
2nd 0.43 —0.34 0.00 0.56 —0.24 —0.03
3rd 0.41 —0.14 —0.08 0.96 —0.05 —0.03
Outer 1.04 0.14 —0.10 0.75 —0.26 —0.02

3P 40 24/30 124/15 2P
_2 4(54— oy — 4+ 774))P4(COS 0) — !

T Va5 — 24/30y4 + v/ 1514) Ps(cos 9)]. 5)
0

anisotropy parameters S, ay, a4, S, and s4 in Egs. (5) can be
presented as

2V5 P, 7
= Vol =50 — 20y — 2
Br=pB+ 7P <252 oy — o+ 772)

2P
—7—;v4(6a4 + 30y + V15 ), )
0

95 P, 8 2
= M’ 2v (4, -2 z
Ba 35 P, 2(062 3V2+3772>
3Py 40 2+/30 124/15
204 = @8
+ 7 4(34 =7 -7V + 77 (8)
2P,
Bs = — TP Va(15a4 — 2430y + v 1514). (&)
0

The resulting six equations arising from the 'F3 <—<-'D,
and 'P; < <'D, transitions contain nine unknown
anisotropy parameters and therefore cannot be resolved
in general within the condition of our one-laser experiment.
However, an approximate treatment of the problem is possible
and given in Sec. IV.
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FIG. 3. The geometries of HNO3 ground state, excited state (S3), and trans-
HONO.

IV. DISCUSSION

We begin our discussion of these results with an exami-
nation of the translational energy distributions, after which we
will turn to the angular distributions and orbital polarization.
The structure observed in the total translational energy distri-
butions, shown in Fig. 1, is due to the vibrational excitation
of the HONO coproduct; the lowest electronic excitation of
HONO is inaccessible.?> HONO exists in two isomeric forms,
cis and trans, with the trans isomer 200 cm~! lower in energy
and a barrier of 3500 cm~! separating them.** Ab initio cal-
culations by Bai and Segal'* reported the molecular geometry
of the S; excited state of nitric acid as pyramidal, with NO
bonds bent 30° below the N—-OH bond, and the O-H bond
rotated 90° above the molecular plane, as depicted in Fig. 3.
This suggests a HONO product that is predominantly frans,
and therefore we will focus our attention on this isomer, al-
though the vibrational frequencies are quite similar for both
HONO species.

There are six vibrational modes in trans-HONO, and
their frequencies and character are presented in Table II. It

TABLE II. Vibrational frequencies of HONO (Ref. 33).

Vibrational frequency Vibrational excitation

(em™h)

544 vy 7(0-H)
598 v 5(ONO)
793 V3 o(0-H)
1263 Vs S(NOH)
1698 Vs o (N=0)
3590 V6 o(0-H)

J. Chem. Phys. 134, 034311 (2011)

TABLE III. Geometries of HNO3 and trans-HONO. Bond lengths in A and
angles in degrees.

Rou Rnxo Rno, O/NO, O,NO; HO|N
HNO; So(1'A) 095 139 122 1150 1300  102.0%
HNO; S32'A’) 095 147 130 1086 1128  103.3
t-HONO 096 143 117 1107 103.0°

4Reference 14.
bReference 33.

is clear that there are too many possible modes and combina-
tions to make unique fits to the four broad peaks we observe.
To understand the likely vibrational excitation in the HONO
coproduct, we thus consider the relations between the start-
ing equilibrium geometry, the excited state geometry, and the
HONO product, to look for large changes during the exci-
tation and dissociation process. Table III shows the compari-
son of the molecular geometries of ground state HNO3 (1'A"),
S excited state HNOj3 (2'A’), and -HONO.?3> Changes in
N-O bond length and O-N-O bond angle are the major ge-
ometric adjustments to occur during the excitation from the
ground state to the S; excited state and subsequent forma-
tion of r~-HONO. The N-O bond length increases during the
excitation and then decreases to a shorter length than in the
ground state. This suggests significant excitation in the N=0O
stretching mode. Change in the O—-N—O bond angle from 115°
to 108.6° during S3 <— Sy excitation and then back to 110°
in ground-state r-HONO likely induces excitation of the
O-N-O bend. This, in conjunction with excitation to the pyra-
midal S; state in HNO; prior to dissociation, excites move-
ment primarily in three main vibrational modes: the OH out
of plane twist (v;), O-N-O bend (v;) and N=O stretching
(vs). Therefore, neglecting possible exit channel dynamics,
the translational energy distributions likely reflect excitation
of these three dominant vibrational modes. According to the
vibrational frequencies of r~-HONO given in Table II, the dif-
ference between v, and v, is about 50 cm~!. Thus the com-
bination bands arising from vibrations of v; and v, cannot
be distinguished separately. Furthermore 2v; + v, is roughly
equal to one quanta of vs. Therefore we are unable to make
unambiguous assignment for each peak of the translational
energy distribution. However, in Fig. 1 we overlay the vs vi-
brational mode spacings, as we expect this to be the dominant
high frequency excitation, with low frequency combinations
superimposed on this.

We note that the vibrational energy in HONO corre-
sponding to the sharp low energy peak O(' D) translational en-
ergy distribution is greater than four quanta of vs. This peak
is particularly interesting in that it is so sharp, and it grows
so quickly with the modest increase in excitation energy. The
intensity of this peak is quite consistent despite fluctuations
in laser power, so we do not believe it to be associated with
multiphoton dissociation. Furthermore, the similarity in the 8
value determined for this peak, discussed below, is quite con-
sistent with others, again providing evidence that it is simply
a HONO vibrational peak that has a strong dependence on ex-
citation energy. Although our results provide no direct insight
into the rotational excitation of HONO, it is likely to be sig-
nificant, particularly for the faster HONO product, given the
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TABLE IV. Fitted anisotropy parameters for each of the four rings in the
images. Uncertainties are 20 based on separate fits to several data sets.

Inner 2nd 3rd Outer
B 0.48(15) 0.47(9) 0.64(7) 0.84(12)
S4 0.08(14) 0.24(5) 0.08(4) 0.04(14)
(712 85 — 20y 0.11(20) 0.08(14) 0.36(22) —0.19(30)
—y2 +2m)
(4ar — 8/3 0.01(1) —0.12(4) —0.04(6) —0.17(8)
+2/3m2)
an 0.002(8) —0.029(10) —0.010(16) —0.042(20)
$2 0.40(90) 0.10(70) 1.2(12) —1.0(16)

impulsive recoil, large bending excitation expected, and finite
exit impact parameter. Future trajectory studies would be very
useful to investigate this and to understand the detailed origin
of this distinct vibrational structure we observe.

We now consider the 8 parameter values and the o('D)
orbital polarization. The fits to the angular distributions in
Table I show that the terms related with S¢ give only a minor
contribution to the signals observed for both the 'F; «<'D,
and 'P; <—<-'D, probe transitions. Moreover, the corre-
sponding B¢ values are quite small. Therefore, we neglected
all anisotropy parameters o4, ¥4, and 74 in Eqgs. (7)—(9)
in the following analysis. The simplified Eqgs. (7) and (8)
were solved for the 'F;3 < <'D, and 'P; «<—<!'D, transi-
tions giving the parameters 8, s4 and the parameter combi-
nations (152 — 202 — y2 + 2m2), (4o, — S92 + 3) shown in
Table IV.

The B values show a significant recoil velocity depen-
dence and vary from 0.47 to 0.84, with the faster O(' D) prod-
uct having the larger 8 anisotropy parameter. These values are
significantly lower than the 1.4 value measured by the But-
ler group;’ although they compare favorably with 8 = 0.6 re-
ported by Felder et al..* It seems that in the Butler study, they
focused on the faster O atom product to avoid possible con-
tamination from clusters, and this may have contributed to the
greater anisotropy observed.

In the axial recoil limit, a theoretical anisotropy pa-
rameter S can be calculated based on the angle ¢ between
the transition dipole moment g and the recoil velocity v:8
= 2P,(cos ¢).° In the case of HNOs, u lies in the molecu-
lar plane, parallel to the terminal oxygens.® Assuming prompt
dissociation from the ground state and recoil along the bond
axis, ¢ = 25° determined from the geometry reported in
Table III gives a theoretical 8 = 1.47, as reported by But-
ler’s group.” For the pyramidal S; excited state equilibrium
geometry, the analogous calculation gives a predicted 8 value
of 0.98, still significantly more anisotropic than that we ob-
serve and reported by Huber. Back-calculation of the 8’s re-
ported here corresponds to O,—N—O3 bond angles of 91°-99°,
in contrast to the 130° in the ground state and 112.8° in the
S; excited state. We suggest that the N=0 bond cleavage oc-
curs when the O—-N-O bending excitation has overshot the S
equilibrium geometry, and the extent of bending excitation,
reduced translational energy, and lowered anisotropy, are all
correlated.

Table IV reports the anisotropy parameters s4 and
the parameter combinations (%sz — 200 — 2+ 21m2), (4ay

J. Chem. Phys. 134, 034311 (2011)

— %yz + %772) as calculated using both the 'F3 <—<'D, and
P, « <D, transitions according to Eqgs. (7) and (8) and the
data in Table I. The contribution from the s4 alignment mech-
anism seems to be significant in our experiment, in particular
for the second ring in the images. The obtained s4-values can
be compared with that obtained for N,O photodissociation®”
[s4 = (9 £2) x 1073] and with the possible physical range?®
(s4 = —1/5...1/5). Direct determination of the parameters
$2, 02, ¥2, and n, from the parameter combinations above is
not possible for a one-laser experiment and needs further ap-
proximations.

Here we assume that the contribution from the “coherent”
parameters ), and 7, can be neglected as they do not appear to
contribute significantly to the experimental images in Fig. 1.
In that case, the parameters «, and s, can be easily obtained,
and their values are also given in Table IV. It is clearly seen
from Table IV that the anisotropy parameter o, has its value
close to zero, while the anisotropy parameters s, (and s4) are
significant, although the uncertainty in the determined s, pa-
rameters is large. Note that both g and s anisotropy param-
eters refer to the contribution to the photofragment angular
momentum alignment from incoherent (¢ = 0) mechanisms.
The difference between these two sets of parameters is that
ak refers to the alignment which does not vanish after aver-
aging over all recoil angles, while s refers to the alignment
which exists only in the molecular frame and vanishes after
averaging over all recoil angles.?*?% Moreover, ag ¢}, and
Sg X c50,31 which means that ax refers to the alignment of
the photolysis light polarization vector e, while sk refers to
the isotropic part of the photolysis light and therefore reflect
only the anisotropy of the intermolecular interactions during
the photolysis.

The dominant contribution from the sk alignment mecha-
nism seems to be usual in the photodissociation of polyatomic
molecules, where the alignment usually exists in the molecu-
lar frame and vanishes after averaging over all recoil angles.?
In addition, upon examining the sx terms we see the align-
ment related to the higher order K = 4 term is important for
certain rings in the images in Fig. 1, which is particularly ap-
parent in the image obtained through the 'P; probe as a result
of the larger P4/ Py line strength factor compared to the 'F;
transition. We emphasize, however, that the conclusion about
the minor role of the “coherent” photodissociation mechanism
related to the parameters yx and 7k is tentative and should be
proved in the future using a two-laser experimental scheme.

Much of the study of the photodissociation of HNOj has
focused on the OH + NO, channel.”-%37-38 The dominant
channel for the photodissociation of HNO3 at 193 nm, how-
ever, is O + HONO with quantum yields of 0.67.*° Recently
Nonella et al.'® studied the wavepacket dynamics of HNO;
in a two-dimensional treatment fixed in the planar geometry.
A key interest in the work was accounting for the remark-
able preference for O('D) production despite the presence of
a much lower energy, barrierless process forming OH + NO,.
They found that on the S3 potential energy surface about 60%
of the products form O('D) + HONO, and the reason is a
much steeper slope of the potential along that dimension. It
will be very interesting to see how these trends are manifested
in a full-dimensional treatment, which is clearly called for
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based on the angular distributions and vibrational excitation
we observe.

V. CONCLUSION

Here we report the translational energy and angular mo-
mentum distributions of the O('D) product from HNO; pho-
todissociation near 204 nm. The vibrational energy distribu-
tion of the HONO coproduct, as seen through the O(' D) trans-
lational energy distribution, shows significant vibrational en-
ergy remaining in the molecule. Analysis of the angular distri-
butions from both the 'F3 <—<-'D, and 'P; < <-'D, oxygen
atom probe transitions resulted in an O('D) recoil velocity-
dependent g values of 0.47-0.84. Substantial alignment of the
O(! D) orbital was observed and analyzed using an approxi-
mate treatment demonstrating that the polarization is domi-
nated by incoherent, high order contributions.
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