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Photofragment ion imaging has been used to study tABAatoms produced in the ultraviolet200 nm)
photodissociation of nitrous oxide §8) in a molecular beam. The images of'DY) reveal a speed-dependent
angular distribution resulting from both variation in the spatial anisotropy of the recoil and alignment of the
electronic angular momentum of the'Dg) fragment. The orbital alignment effects are revealed by a change

in the images when different transitions of the O atom are employed in the resonance enhanced multiphoton
ionization (REMPI) process. By correlating the O atom anisotropies with previously measured values for the
complementary Mfragments and comparing images collected on two different REMPI transitions, we calculate
the relative branching ratios and anisotropies for the three différgntalues (defined along the product

recoil axis) of the electronic angular momentum of théBR) fragment. Whilem = 0 fragments have the
highest probability for most O atom speeds, there is a significant change in the alignment and angular
distributions for the slower O atoms. We use a simplified dynamical model supported by previous theoretical
structure calculations to explain the measured trends and to estimate the relative branching in the excitation
to two N,O electronic states.

1. Introduction distribution of the OD,) reactant as well as any orbital
alignment effectd®12 Because of its permanent dipole and the
symmetric top behavior of the molecule with bending excitation,
N>O can be rotationally state selected and oriented using

in the stratosphere is a primary source of excitetDg)atoms hexapole focusing and electric fielths!4 These characteristics
which react with other BD molecules to produce NO. These open many possibilities for stu_dymg reactions in which a
NO radicals play a principal role in the catalytic destruction of €active OfD,) atom can be pointed at another reactant or

ozone. Furthermore, 40 is one of the important greenhouse surfa_lce by orienting its pO precursor. Howeyer, the additiona!
gases and the global budget of nitrous oxide in the atmosphered€tail that can be revealed from such experiments also requires
has been under much debate over the past few jefie an exacting description of the photodissociation process.
photolysis of NO has also been implicated in the isotope Not only is an accurate and quantitative description of the
enrichment of the stratospher@.In addition to its atmospheric ~ photodissociation process and of the characteristics of the
importance, the photodissociation of®lis an important source  resulting O atom products necessary for the understanding of
of electronically excited oxygen atoms for labortory studies of further experiments, it is also important for understanding the
chemical kinetics and dynamié%.12 N,O is relatively easy to  electronic potential surfaces and dynamics gdNind for testing
handle in a laboratory setting, and its ultraviolet photodisso- theoretical methods and predictionsNprovides an important
ciation around 200 nm produces little or no ground-staf®®P(  and tractable system for studying the shapes and couplings of
atoms that would complicate experimental measurements. Also,excited potential energy surfaces in a small moleéuté Our
the N, cofragment is relatively inert in most chemical systems. experiments use the ion imaging technique with velocity
Many higher pressure kinetics experiments require only mapping to measure the translational energy distribution of the
knowledge of the product branching in the photodissociation O(!D,) atom. Using the polarization of the laser light and
and possibly the average translational energy of th¥Dg)( studying multiple REMPI transitions, we also determine the
atoms. However, detailed theoretical and experimental reactionalignment of the GQ,) fragment.
dynamics investigations would benefit greatly from a more  The first measurements of the angular and speed distribution
complete characterization of the 1Dg) reactant. For instance,  for a triatomic unimolecular dissociation were conducted by
recent experiments studying stereodynamics ébg)(reactions  Bysch and Wilson in 1972 on the N@nd NOCI moleculed’
require a knowledge of the correlated speed and angularpye to their long time-of-flight distance, the speed resolution
T . they obtained in 1972 was better than that we can obtain with
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detect products populating a single rovibrational quantum state parameter observed in the fagment must also be present in
and thereby greatly simplifying the translational energy spec- the O atom. Measuring the angular distibutions via the N
trum. The laser’s polarization also allows us to determine the fragment is more reliable than using the'D{) image because
alignment of the products. Furthermore, modern imaging the Q-branch (21)REMPI transition used is not very sensitive
techniques record the projected two-dimensional recoil velocity to alignment of the Mrotational angular momentum and each
distribution providing a multiplex detection advantage. The state can be spectrally resolved and therefore measured sepa-
translational spectroscopy technique applied in Busch and rately?02!
Wilson's seminal work can be regarded as the ancestor of the As Suzuki et al. state, the &@,) images are affected by
present ion-imaging technique. alignment of the OD,) electronic angular momentum. Since

A number of experimental studies have been aimed at the imaging technique allows us to determine the full three-
determining the velocity distribution of the &X,) product from dimensional distribution of ions, we can study the angular
N,O photodissociation. Experiments conducted by Felder’et al. distribution and alignment for each velocity component of the
indicated that the GD,) velocity distribution produced in the ~ O('D2) atom. Because there is the possibility of excitation of
193 nm photodissociation of & could be characterized by an  two excited states leading to the same product states in the
anisotropy parametéf 3, of 0.48 and that approximately 42% dissociation, coherent interferences can affect the angular
of the available energy was found in the translational energy distributions of the fragment&-2* However, since we are
of the fragments. At approximately the same time, a study by Probably exciting NO from both the ground state and vibra-
Shafer et af using Doppler-resolved resonance enhanced tionally excited staté8 and the OfD) products correlate with
multiphoton ionization time-of-flight mass spectrometry (REMPI- Mmany different ro-vibrational states of the; lfagment, each
TOFMS) of the OD,) atom concluded that nearly all of the having a different angular distribution which we do not fully
available energy was released in translational motion and that'esolve, we have not included coherence effects in our analysis.

the angular distribution was best describegSby 2. A pair of Attempts to measure coherences in this dissociation process have
later experiments were in better agreement with the conclusionsfecently been reported using 193 nm photolySis.
of Felder et ak Springsteen et dlused Doppler-resolved LIF In this paper we present images of 'Df) from N,O

in the vacuum ultraviolet to detect theDg) atom. By making photodissociation taken on three different two-photon resonant
measurements with combinations of photodissociation and REMPI transitions probing the @i;). By combining these data
detection polarizations, and assuming a sifyjgarameter for ~ With the angular distributions determined from thgifages,

all speeds of the O atom, they determined that the translationalwe are able to determine the speed-dependent populations and
energyEyans Was equal to 42% of the available enerByai angular distributions of the magnetic sublevefsof the aligned

and [hatﬁ = 0.50. Hanisco and Kumntemeasured the N O atom defined along the product recoil axis. In part 2 we
energy distribution directly using REMPI-TOFMS and deter- describe briefly the experimental setup used. In part 3 we present
mined that 46-56% of Eays Was found in translation. They the experimental results and the data analysis of the measured
also used TOF techniques to examine the angular distribution,images. In part 4 we discuss the alignment observed and relate
but could on|y conclude that trﬁ value was positive_ this to a Slmpllfled qualitative model of the electronic orbitals
involved in the excitation and dissociation. From this analysis
we estimate the product state dependent branching ratio between
the A" (*=7) and 2A'(*A) excited states of pD. In part 5 we
present our conclusions.

These experiments provide a good estimate for the transla-
tional energy distribution and the averageparameter that
describe the photodissociation. However, the ion imaging
experiments of Suzuki et &land of our own grou}§ reveal
even more complexity. Suzuki et al. measured the ion image ) )
of the OED,) fragment in a one-laser experiment using 205.8 2- Experimental Section
nm light. The laser dissociated the® parent and ionized the The experimental apparatus and procedures for data collection
O('D) through a two-photon';—*D2) REMPI transition. From  and analysis have been described previot&i? and the
the image, they concluded that there were two components tospecific methods used for these experiments are nearly identical
the dissociation process: one with a broad translational energyto those used for the Nimagest® Briefly, a molecular beam of
distribution (ranging from O to 60 kca|/m0|) and a low value of neat NO is expanded into a vacuum chamber and through a
B and the other with a more narrow translational energy small collimating hole in the repeller plate of an ion optics setup.
distribution peaked at25 kcal/mol and with a highef value. The molecular beam is crossed by a laser with a wavelength
These two components produce a translational energy distribu-petween 198 and 206 nm which both dissociates @ parent
tion that appears to have a main peak with tails at both lower and ionizes the GD,) product. For most experiments, the UV
and higher translational energies. They also determined that thelight is generated by frequency tripling the output of a Nd:YAG
8 parameter increases from 0 to 1 as the translational energypumped dye laser. The laser is scanned over the Doppler profile
increases from 0 to 26 kcal/mol and then fell back down to of the O¢D,) REMPI transitions while the images are collected.
lower 3 values for higher translational energies. Suzuki et al. For two-laser experiments a second UV laser pulse is generated
also state that there was some indication of orbital alignment at 205.8 nm by sum frequency mixing thel88 nm output of
in the O(D,) image. a dye laser or optical parametric oscillator with the 355 nm

In our imaging studie/$ of the N, fragment after photolysis  third harmonic of a Nd:YAG laser. The ionized oxygen atoms
of N,O at ~203 nm, we found that thg parameter was  are accelerated into a field free TOF tube and detected with a
approximately one for Nfragments withJ < 50 and that it position-sensitive detector consisting of a pair of microchannel
slowly decreased to approximately 0.7 fos N = 74). Thep plates and a phosphor screen. The light from the phosphor is
value then fell dramatically to approximately zero for the highest recorded with a cooled CCD camera.

N rotational levels detected ¢ 90). This was determined by Two different ion optics arrangments are used in these
recording an image for each individual rotational state of the experiments? In the initial experiments the conventional setup,

N, fragment. Because the,Nragment and the O atom are which consists of a flat, fine mesh extraction grid to accelerate
coupled by conservation of momentum, this changefin  the ions, is used. This method allows us to calibrate the size of
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the image and therefore to determine the velocity of the O atom
fragments. This ion optics arrangement directly projects the ions
onto the imaging detector without magnification. By measuring
the arrival time and the image size a velocity distribution is
directly measured. However, the spatial extent of the overlap
between the dissociation laser and the molecular beam creates
a line source of ions which blurs the image.

A second ion optic arrangement, velocity mappitgfe is
also used for the O images taken at 203.5 and 205.8 nm. This
arrangement increases the resolution of the image by eliminating
the blurring caused by the finite volume of the overlap between
the molecular beam and the focused laser. By replacing the
extraction grid with an electrostatic lens setup, like that described
by Eppink and Parket22we are able to focus this line source
to a point at the detector and remove much of the blurring from
our images. The resulting images are in fact a velocity map of
the fragment ions and are typically magnified in size by
approximately 15%2 In the experiment, the extraction grid is
replaced by a middle extraction ring and ground ring ap-
proximately 12 mm apart with circular aperatures of ap-
proximately 25 mm and 18 mm diameter, respectively. The last
plate is grounded, while the middle plate is adjusted in voltage
to create the best focusing (typicalty70% of the repeller
voltage).

The experiments are performed at a 50-Hz repetition rate.
The camera is controlled by, and images are collected on, an
Apple Macintosh (Quadra 700) computer. Further processing
of the images, including the use of the inverse Abel transtbrm
to reconstruct the three-dimensional velocity distributions from
the two-dimensional projections, is conducted on a UNIX based
workstation (Silicon Graphics Indigpand a Macintosh Quadra
630.

3. Experimental Results and Data Analysis

3.1. Experimental Results.As shown in Figure 1, images Figure 1. Photofragment ion images of &%) produced in the

are collected in which one laser beam is used for both ,hqodissociation of BO. The images are each collected with one laser

dissociation and REMPI light for the ionization of the'D§) wavelength near 200 nm which is used for both dissociation and
product at 198.5, 203.5, and 205.8 nm corresponding to two- resonant ionization of the O atom products. The wavelengths and
photon transitions in the O atom from th®, state to théDo, associated two-photon transition in the REMPI scheme are (a) 198.5
1F,, or Py states, respectivef?. The images at 203.5 and 205.8 M. 'D>—Dz; (b) 203.5 nm;Fs—D;; and (c) 205.8 nmiP,—'D,. The

nm were collected with both the flat mesh extraction technique differences in the images are due to the electronic orbital alignment of

- . : . . the O{D,) product and the relative detection efficiency of the alignment
and with the higher resolution of the velocity map ion lens setup. for each transition. Image (a) is taken with flat ion optics (and therefore

The higher resolution of the velocity map technique can be seenpas 4 different size on the detector) while (b) and (c) are collected
by comparing the flat field image of Figure 1a with the images with the velocity map ion optics. Only (b) and (c) were used in the
in Figure 1b and c. Additionally, the slight top/bottom asym- data analysis.
metry of the images, due to nonuniformity in the response of
the detector, is less severe in Figure 1b and ¢ which used athe vibrationally warmer beam generated is expected to increase
better detector. This slight variation has a small effect on the the relative contribution of excitation from vibrationally excited
angular distributions, and therefore, both halves of the imagesparent NO molecules.
are used in the data analysis and fitting procedures. The raw images, which are two-dimensional projections of
The significant differences in the images taken at the three the three-dimensional Oion distribution, are inverted using
wavelengths, see Figure 1, which are probing the same productan inverse Abel transform to create an intensity profile through
photodissociation, indicate the presence of orbital alignment in the true three-dimensional velocity distribution. This procedure
the O¢{D,) fragment. Two color experiments were also con- can be used when the image contains an axis of cylindrical
ducted by dissociating at 205.8 nm and probing at 203.5 nm symmetry. Because of the orbital alignment, the O atom images
and vice versa. These experiments reveal that the difference incan only be directly inverted when the polarization of both the
these images is in fact due to the REMPI probe transition and dissociation and probe lasers are parallel and in the plane of
not to changes in the dynamics between these two photolysisthe detector. It should be noted that the transform gives an

energies.

As discussed in our previous stuélyof the N, fragments,
the use of a neat beam of,® did not lead to any apparent
problems with cluster formation. The;Kbtational distributions
with neat NO are consistent with those measured by Hanisco
and Kummeél under a variety of expansion conditions. However,

intensity profile through the three-dimensional (3D) velocity
distribution of the ions. However, the ion distribution is a
convolution of the 3D velocity distribution of the &) neutral
fragments and the ionization cross-section of the REMPI
transition (which has an angular dependence that depends on
the orbital alignment).
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Figure 2. Integrated kinetic energy distributions of the Df)
fragments determined from the images shown in Figure 1b and c for
the 'F—1D, (@) and *P;—'D, (x) transitions. The solid line is the
Gaussian distribution determined from the REMPI experiments of
Hanisco and Kummel (ref 2).
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x %Xx%&&;%& * P & F!gure 4. Angular distributions of Gp5) fragment ions dete_c_ted in
Wk B T &***W o] Figure 1b and c for selected ranges of radii (O atom velocities). The
Z S B w&w‘x’“ %;s«%"?' data points are for théF;—!D, (@) andP,—!D, (x) transitions and
g s T .-__.-.':{,; 7 the solid and dashed lines, respectively, represent the least-squares fit
T O M (described in the text) to the data. The corresponding O atom velocities,
- S = N, rotational levels, and parameters of the fit are given in Table 1.
~, /;’ The radii ranges are: (a) 9A.00 pixels, (b) 106-110, (c) 116-120,
51 S e N (d) 120-130, (e) 136-140, and (f) 146-150.
N I S A S ranges and W cofragment rotational quantum numbers are

0 30 60 %0 120 150 180 indicated in Table 1.
As clearly shown in Figure 4, the measured angular distribu-
) o ) ) tions of the ions change dramatically as the velocity of the O
Figure 3. Angular distributions of Op,) fragment ions detected in 510 changes. These differences are due to changes in the
Figure 1b and c integrated over all speeds. The data are fdfFthe | il distributi fth tral at flected i
1D, (®) andP,—!D; (x) transitions. angular recoil distribution of the neutral atoms (a_s reflected in
the N, angular distribution) and changes in the orbital alignment

The kinetic energy distribution of the O atoms can be (as reflected in the angular dependence of the ionization

calculated by integrating the transformed profile over all angles Zroﬁab'“ty)_l' ;or_tgle_angtfjlar d|st|r|but|on$ p;esented ;_'? Figure
and converting from velocity to kinetic energy. This distribution » the recoll distribution of neutral atoms Is the same. However,
is shown in Figure 2. Because of the orbital alignment and the because of the orbital alignment, the measured ion distributions

angular dependence of the ionization cross-section for the o the two REMPI transitions are quite different. These
O(D,), the calculated intensities in the distribution are not differences are due to th‘? changes in the allngular d_e_pendence
rigorously accurate. However, the kinetic energy distributions of the REMPI cross sections for tH®; and 'Fs transitions.
(shown in Figure 2) calculated using both the 203.5 nm and From our measuremgnts of the thages and def[ermlnatlon of
the 205.8 nm transitions, which have dramatically different the rotationally specifi values we have determined the overall
angular dependence, produce nearly identical distributions angular dlstrlbl_mon (_)f _the neu_tral o atoms in a given ring
indicating they are accurate representations of the true distribu-(Speed?' BY using th'.s. mformatlon,. which is true for a given
tion. These distributions are also consistent with the measure-SPeed in either transition, along with the angular dependence
ments of Hanisco and Kumm&Erom their measurements of of_ the ionization cross-section we can de_termlne the orbital
the N, rotational distribution and translational energies, Hanisco alignment of the 01@2) for ee_lch ring of a given speed.
and Kummel were able to calculate a kinetic energy distribution . 3-2- Data Analysis.For a given O atom speed, the detected
for the OED,) fragments. This Gaussian fit to the kinetic energy 0N distributionlimageis @ product of the neutral recoil distribu-
distribution is also presented in Figure 2. The peak of the tion Irec and the REMPI detection efficiendye:
distribution matches quite well with our imaging measurements. |
The angular distribution of @D,) ions can also be calculated
from the inverse Abel transformed profile. The total angular as described previously, the recoil distribution is giverify
distribution (shown in Figure 3) is calculated by integrating over
all speeds. The transform process leads to some accumulation lecO0 1+ BP,(cos6) (2
of noise along the symmetry axis of the inverted image, at 0
and 180 degrees in the angular plots. Additionally, one can where 6 is the angle between the polarization axis of the
calculate the angular distribution integrated over a much more photolysis light and the recoil velocity, is the second-order
narrow range of speeds (radii in the image). The angular Legendre polynomial, anfl is the anisotropy parameter. The
distributions shown in Figure 4 are for rings which are 10 pixels detection efficiencylge: for the two-photon transition depends
wide at selected radii of th?; and1F; images collected with on the angular momentum distribution of the fragment. Since
the velocity map technique. The corresponding O atom velocity the excited states either autoionize at the two-photon level or

Angle (degrees)

imageD Irec X Idet (1)
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TABLE 1: The Relative Populations and g Values for the |m| Sublevels of OD,) Fit to the Angular Distributions for the

Selected Ranges of Radii Shown in Figure4

average velocity populations f values
pixel range (km/s) J(N2) B(N2) fit m=20 Im=1 Im =2 m=20 Im=1 Im =2 Y

90-100 2.34 80-83 0.16 LS 0.64 0.23 0.13 0.14 0.16 0.25 8.22
E 0.75 0.20 0.05 0.2 0.0 0.2

100-110 2.59 7579 0.68 LS 0.54 0.42 0.04 0.89 0.39 0.91 4.04
E 0.57 0.38 0.05 11 0.0 1.1

110-120 2.83 76-74 0.83 LS 0.21 0.71 0.08 2.0 0.35 2.0 1.40
E 0.30 0.63 0.07 2.0 0.2 2.0

120-130 3.08 6469 0.93 LS 0.26 0.70 0.04 2.0 0.48 2.0 2.96
E 0.32 0.63 0.05 2.0 0.3 2.0

130-140 3.33 56-63 1.0 LS 0.27 0.64 0.09 2.0 0.46 1.98 4.64
E 0.25 0.70 0.05 2.0 0.6 2.0

140-150 3.57 48-55 1.2 LS 0.33 0.57 0.10 2.0 0.69 1.67 4.05
E 0.30 0.60 0.10 2.0 0.7 2.0

aThe table also correlates these ranges with the corresponding O atom velocitiesfeaghient rotational levels. The parameters for both the
linear least-squares fit (LS) and a fit “by eye” (E) (as described in the text) are presented.

easily absorb a third photon (saturated), the angular dependence
of the two-photon transition should accurately describe the
ionization cross section. Following the theory presented by

Kummel et al¥® for determining the angular momentum distri-

bution of species probed by a two-photon process, we calculate

the detection efficiencies for a set of magnetic subleva]of
the J = 2 electronic orbital angular momentum of the'Dy)
fragments.

Since the chemical significance of the orbital alignment is
best described in the molecular frame, we define a quantizatio
axis along the velocity vector of the dissociating fragments, an

assume that the angular momentum distribution is cylindrically

symmetric about this axi§.Because we only employ a single,
linearly polarized laser for photolysis and detection, we only
determine the population of the fragmentgnm = 0, 1, and 2.
With these simplifications, we can write

| ger ZQK(Ji,Jf)ckAék’ui)Pk(cose) 3)

wherePy are Legendre polynomials, are normalization factors,
andk = 0, 2, and 4A,®(J) are spherical tensor components of
the alignment of angular momentumUsing the proportionality
constants(k) given in Kummel et al® and expanding in the
populationspy, of the magnetic sublevels,

_ c(K)IIMII0 (_1)J_m(3 k J

Ag()(‘]) —-m 0 m

o (4)
[JQ + 1)) ® )

The Qk in eq 3 are the line strength factors for fragments
recoiling along the direction of the polarization of the laser as
given by Mo et af’ For thelF;—1D, and'P;—1D; transitions

in the O atom (wheré; = J)), we can calculate the line strength
factors without explicit knowledge about the one-photon virtual
states. This is not possible for thB,—1D; transition (¢ = J;)

at 198.5 nm without further knowledge of the component
transition moments. Normalizin@cs and Q.c, by Qqco, We
can transform eq 3 into

lger D 1 + a,APP,(cosh) + a, AP, (cosf)  (5)

where

a,= —5\/5(— 1)Jf+JiJi(Ji + 1)(22‘]i T, ?}
21 gu@uo 2 29

36

2
o= 351y @ DEA AT 3 4

(6)
oiu@o 12 2 Jf}

Using eq 6 we determine that = 0.8163 andhy, = —0.7347
for thelF3—1D,, transition whilea, = —0.7143 andy = —6.857
for the 1P,—1D, transition.

To determine thém| dependence of the detection efficiency,
we calculate thed® values for each of the threlen| levels

n(shown in Table 2) and use eq 5 to calculate the angular
g dependence dfie: Plots oflgefor the threem| levels are shown

in Figure 5 for both the'F;—'D, and 'P,—1D, two-photon
transitions. It is immediately obvious from the significant
differences between Figure 5a and b that alignment of the O
atom angular momentum can produce very different angular
distributions of detected ions. It is also interesting to note that
for the 1P,—1D; transition, only|m| = 1 is ionized along the
laser polarization (Dand 180), while both|m| = 1 and 2
contribute at these angles for thHe&—1D, transition.

We analyze the data as if each of the thieg sublevels is
an independent dissociation product. Initial analysis of the
alignment of the O atom was conducted by assuming the angular
distribution, described by theparameter, for allm| levels was
equal to that determined from the correspondingimages:

Irec U [1 + ﬁPZ(COSH)] zpmldet(m) (7)

By varying the thregm| level populations, we tried to fit the
angular distributions for both tH€; and'F; REMPI transitions.
This method was not successful in adequately fitting the data.
For some velocities the angular distributions could not be
reasonably fit by varying only the population of then|
components with allm| having a single fixed value gf (a
three parameter fit to all the data sets). The data were therefore
fit using independent3 values for each of the thream|
populations (a six parameter fit to the data set):

e DS Pl + B Po(c0sO)]lefm) ®)

These parameters were constrained both by the ability to fit
the intensity distributions at all angles for both O atom
transitions for a given radius and by the need to match the
overall 8 value (given by the sum of ea¢in| level population
times its|m|-dependenf; value) to that of the corresponding
N, images. In addition, the overall scaling ratio between the
two O atom images had to be maintained for all speeds. This



Ultraviolet Photodissociation of ;D J. Phys. Chem. A, Vol. 103, No. 49, 19980393

TABLE 2: Alignment Moments Calculated for an Angular Average O atom Speed (km/s)
Momentum Distribution with J = 2 and All Populations in a 234 259 283 308 333 357
Single |m| Level T T T T T

Im A A

—-1.0 0.25
—0.5 —0.1667
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Figure 6. Plot of the|m| level populations (tabulated in Table 2) of
O('D,) as a function of the Ncofragment rotational levels and O atom
velocity calculated with a least-squares fit to the angular distributions
in Figure 4.
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Figure 5. Plots of the angular dependence of the ionization cross- Figure 7. Plot of theBn, values (tabulated in Table 2) for tie levels
section for differenym| levels (=, m = 0; — — —, jm| = 1; and--, of O(D,) as a function of the Ncofragment rotational levels and O
Imj = 2) of O('D) (as described in the text). The plots are for the two  a10m velocity calculated with a least-squares fit to the angular
transitions (&Fs—'D, and (b}P1—*D, and reveal the high sensitivity  gistributions in Figure 4.

to orbital alignment for an isotropic angular distributigh € 0) of
fragment velocities.
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population increases. Because fime= 2 population is so small,

leaves only four independent parameters to be fitted. Even with t€re is & very large uncertainty in jsvalue. For most of the
these constraints, the additional degrees of freedom for fitting fitS: its value is nearly equal to the of m = 0. While the/
greatly increased the uncertainties in the fits. As will be Valué form = 0 decreases sharply for the highest rotational
discussed, the idea of independgntalues for eachm| level levels of N, the |m| = 1 /i is found to remain near zero
is not unreasonable when multiple electronic transitions and throughout the data range.
excited potential energy surfaces are involved in the dynamics.
The fits were conducted using two methods. The first was to
vary the parameters interactively and to qualitatively judge the  Although the ultraviolet photodissociation of the small
goodness of fit (fitting by eye). This method helps reveal specific triatomic molecule NO may appear to be a fairly simple
constraints on the system and allows one to discern the maindynamical process at first glance, these imaging experiments
trends in the data. The second method employed was a lineareveal a much more complex situation. The detail with which
least-squares fitting program subject to the constraints of the we can examine this dissociation and characterize the resulting
system. This method provides an unbiased, quantitative fit to fragments allows us to reveal the true complexity of the
the data. The results of the computed fit are in remarkably good dynamics in this “simple” system. By coupling the results from
agreement with the fit by eye. The results of both fitting methods images of the K fragments with the data presented here, we
are presented in Table 1 with relatiy@ values for the least- are able to not only characterize thelDy) velocity and
squares fit. The results from the least-squares fitting are usedalignment but to learn about the potential energy surfaces and
in the other plots and for further analysis. While the error on dynamics responsible for it.
the fits for some of the parameters are fairly large (e.g., the  The translational energy distribution of the O atom fragments
value of 3 for |m| = 2 has a high uncertainty due to its small is a particularly important parameter in reaction dynamics studies
population), some very specific trends and bounds on thesewhich use these hot atoms as reactants. The total translational
populations ang values are apparent. energy distributions determined from our images are shown in
The populations of the three different| levels for each speed  Figure 2. As stated in the results section, these direct calculations
ring from the least-squares fit are shown in Figure 6 and the of the distributions are not rigorous because of the alignment
corresponding values are presented in Figure 7. The data are in the O atom product. However, the fact that both REMPI
plotted versus rotational level of thesMofragment and O atom  transitions (which have very different alignment detectivities)
velocity (or radius of the image). Very little population is found give essentially identical distributions imply that these are fairly
in the |[m| = 2 level for any translational energy, and as the accurate descriptions. These distributions are also consistent with
rotation in the corresponding JNfragment increases, the the internal energy distributions of the, fragment (and the
predominantim| = 1 population decreases while the= 0 calculated O{D,) kinetic energy distribution) determined by

4. Discussion
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Hanisco and Kumméland confirmed in our own work® They 9.52 ‘ T
are, however, different from the distribution published by Suzuki 2A°(A) (a)
et al.> for low translational energies. Suzuki et al. observe a 8.16— -
significant low energy tail to the distribution and attribute these
lower energy O atoms to a second dissociation channel. We 6801~ N
note that the distributions presented in Figure 2 are determined -
. . . . - > 5441 —

from images taken with the velocity map ion-optics arrangement. e 1A
The absolute velocity scale of these images is calibrated with § 408 B
the flat field ion optics images. The velocity map images have &
little or no broadening along the laser propagation direction. In sl _
our own images taken with the conventional flat field optics, a
slight increase in the low energy part of the translational energy 136 _
distribution is also observed.

The angular distribution and alignment of the O atoms from 0.00~ | \ | | [
this photodissociation are experimentally entwined, but by 180 160 140 120 100 80 60
comparing the images taken from two O atom REMPI transi- NNO Bending Angle (degrees)

tions and using the data from our, Mnages, we have been
able to determine trends in both thra| level populations and
the anisotropy parameters for each of thaselevels. While
the information presented in Figures 6 and 7 appears somewhat
complex at first, it can in fact be explained in a fairly
straightforward way by examining the possible electronic
transitions along with the corresponding potential energy
surfaces and crossings responsible for dissociation. We have
based much of our analysis on the theoretical calculations for
these excited states published by HopjSer.

From Hopper’s calculations (and shown in Figure 8) we see
that the first two excited singlet states ofMare the 1A"(1=")
and the 2A'(*A) states. While the TA'(*A) state is part of a
Renner-Teller pair, the other component of this pair has a linear

Energy (eV)

1vA|(12+)

equilibrium geometry and its energy increases rapidly as the 1.36| —
molecule bends. Since the excitation transition iBONis

enhanced through vibronic coupling caused by benéfinbis 000 | | l e
higher energy state is unlikely to play a role in this photodis- 09 11 13 15 17 19 21
sociation. A closer examination of the transitions to and N-O Distance (&)

H In r H
dynamics on .the i3 and. ZA §t.ate poten.tlal energy surfaces Figure 8. Representations of potential energy curves for the electronic
reveals both important similarities and differences. states of MO involved in the UV photodissociation. The curves in (a)
In the reducedCs symmetry of a bent PO molecule, the show the dependence of the potential on the bending coordinate of
transition dipole for excitation from thelA’'(!=") ground N2O (with a fixed N-O distance), while (b) shows the crossing of two
electronic state to the!A"” (1=-) excited state is out-of-plane. excited states by the dissociatilé state at longer NO bond distances
In contrast, the transition dipole for excitation to th&AZA) (for a fixed bending angle of-130°). Curves adapted from ref 15.

state will lie in the plane of the bent® and nearly parallel to  energy between the linear,8 molecule and this minimum in
the N—O bond for small bending angles. For the prompt the bending angle is approximately 1.5 eV which corresponds
dissociation expected on either of these two surfaces, theseyery well with the average amount of energy deposited in N
differences in the transition dipole directions will lead to  fragment rotation. An additional similarity between these two
differences in the anisotropy parameters expected for the electronic states is that they become dissociative by undergoing
dissociation product®. The out-of-plane (or perpendicular)  an avoided crossing with the repulsitid state (see Figure 8b).
transition will produce g = —1 anisotropy parameter even if  For angles near the minimum of the bending potential, this
the NO parent undergoes significant bending motion before crossing takes place at very similar R{®,) distances (ap-
dissociation. The in-plane transition to thé\2state is expected  proximately 1.7 A). The crossings from théA2(!A) and

to be nearly parallel for small bending angles of th®©Nbarent  11A"(13-) states to théTl state (or more specifically its ‘A
and would result in a value gf = 2. However, if the parent  and A’ components) are responsible for dissociation of these
molecule bends before dissociation, the fragment velocity vector excited states and provide considerable insight into the dynamics

will no Ionger be as hlgh'y aligned with the transition deOIe which determine both thgm| level popu|ations and the
(and therefore the polarization of the dissociation laser) and the correspondings values.

value of 8 will be reduced.” The resulting$ value can be Hopper provides molecular orbital descriptions of each of
described by the expressigh= fmaP2(Cosa), wherefmax = these states in the linear and bent symmetries along with the
2, P, is the second-order Legendre polynomial, ght the contribution of the oxygen atom’s 2p electrons (or holes) to
bending angle. each of these molecular orbit&#fsBoth the linear!A and the

While the transition dipoles to the two excited states are =~ molecular states can be assigned the’3Z electron
different, the general topologies of the two potential energy configuration, while the'Il state is 23705. When the linear
surfaces appear to be quite similar. According to Hopper's Cy, symmetry is reduced tGs by bending, the molecular orbitals
calculations, both states are strongly bent, with equilibrium are characterized simply by@nd &. The three electronic states
bending angles near 13@see Figure 8a). The difference in involved differ only by the occupation of two orbitals. For the
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Figure 9. Schematic representation of the evolution of thenolecular orbital of MO upon bending during dissociation. In (a) the orbital Has a
symmetry upon bending (corresponding to dissociation of A& ((=") state) and produces an O atom with its p orbital out of the plane of bending
(y-axis) yielding|m| = 1. In (b) the orbital has'asymmetry (corresponding to dissociation of tH&?'A) state) and can produce an O atom p
orbital aligned either along the dissociation vectsaxis) givingm = 0 or perpendicular to the dissociation vectrrakis) giving|m| = 1.

21A'(1A) state, one of thesRorbitals correlates with a Qavhile these axes and give corresponding contributions to|thje
the 3r orbital correlates with 10aFor the A" (1Z7) state, the sublevels defined on the-axis. The p orbital has a zero
correlation is Z — 2d' and 3t — 104, and for the'll state, projection along the velocity vector, while thegnd g orbitals
2m — 9d and A — 84d. are linear combinations of the orbitals with = £1. Using
Since the N resulting from this dissociation of JO is these axes we now examine the evolution of the p orbitals that
produced in the symmetric groudB* electronic state, it is the ~ contribute to the relevant molecular orbitals of theCN
O(*D,) atom which retains the electronic angular momentum. molecule.
The O{D,) state has a #82p* electron configuration and so For both the 2A’(*A) and ZA"(!Z") states, the B orbital
it is the 2p electrons (or the corresponding 2p holes) that accountin the linear configuration has aymmetry upon bending. Near
for the angular momentum. We therefore look at the 2p the linear configuration, this corresponds to having the O atom
contributions to each of the molecular orbitals. From Hopper’s p electron in a porbital. In contrast, the dissociatiVEl state
calculations we find that the s8 molecular orbital has a  has its O atom p electron in the prbital corresponding to a
significant contribution from the O atom 2p electron with an dissociative, antibonding sigma orbital. If we assume that the
antibonding N-O s contribution. The 2 orbital has much of dissociative electronic surface is dominated by thistype”
its electron density localized as an O(2p) electron with the rest bonding with the electron in & rbital as the molecule bends,
localized on the N atom at the opposite end of the molecule. we can infer the coupling that leads to dissociation. As th@ N
If we examine the evolution of these orbitals (and, in parent bends, theprbital of the’A and'=~ states can couple
particular, the O atom 2p contribution to them) during the to the p orbital since they both have symmetry. This coupling,
dissociation process, we can get an initial understanding of thewhich can be expected to be reasonably large due to the electron
orbital alignment effects. We define a coordinate system with density on the adjacent N atom in the 8rbital, is therefore
the z-axis along the velocity vector of the dissociating fragments, the coupling to thdl state and leads to prompt dissociation.
the x-axis in the bending plane of the triatomic at a right angle As a result, one p electron on the O atom is occupying a p
to the z-axis, and they-axis perpendicular to this plane (see orbital. By treating the BD x orbitals independently, we see
Figure 9). The p orbitals from the O atom can be defined along that the 3r orbital makes an = 0 contribution to the overall
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atomic orbital alignment. Therefore, the magnetic sublevel
populations of the O atom are limited to populatiorjnn = 0

and 1 and the relative populations are determined by the p
electron from the 2 orbital. This conclusion is consistent with
the measured alignments in which very little population is found
in the |m| = 2 component.

The p electron contribution to thet2orbital of N,O can be
treated similarly, but with very different results (see Figure 9).
For the 1A' state, the O atom p electron in this orbital is p
(with &' symmetry), while for the 2Astate, it is p (with &
symmetry). Because the prbital does not couple with thg p
and p orbitals of a symmetry, this electron remaing guring
dissociation and provides afm| = 1 contribution to the
alignment (see Figure 9a). Therefore by combiningrthe 0
contribution of the & orbital with the|m| = 1 contribution of
the 27 orbital, we conclude that dissociation on tHAl surface
only yields|m| = 1 O atom products. In contrast, th&2 state
has a porbital which can remain as with |m| = 1) or couple
with the p orbital (m = 0) when the NO parent bends (see
Figure 9b). The overall alignment from dissociation on th&'2
surface can therefore have bath~= 0 andjm| = 1 contributions.

According to Hopper's calculations, therrbital can be
characterized by an O atom p electron separated from the res
of the electron density which is found on the far N atom. It is
not surprising, therefore, that the electron in this O atom p orbital
does not feel large perturbations, particularly for small bending
angles. One would therefore expect that dissociation at small
bending angles on the'®' surface are characterized by the
electron remaining in ayporbital and an overall O atom
population injm| = 1. As the molecule bends during dissociation
(leading to higherJ levels of N), one could expect more
coupling between the,mnd p orbitals and an increase in the
population ofm = 0 from the 2A’ state (see Figure 9b). As
noted above, thelA" state only givesm| = 1.

As we discussed previously, the overgalparameter for the
dissociation (as measured in the fkagment) is determined by
the percentage of the excitation going to tH&2and ZA"
surfaces and the correspondifigparameters for dissociation

Neyer et al.

Average O atom Speed (km/s)
234 259 283 308 333 357
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- 2'A
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Fraction of Population
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Rotational Levels of N,

Figure 10. Plot of the estimated relative branching ratio for excitation
to the ZA'(*A) and 2A""(1=") excited electronic states of,® as a
function of the N cofragment rotational levels and fragment O atom
velocity. The calculated branching is based on thé-dependent
populations angh values (see text for details).

measuring images for a pair of two-photon probe transitions of
the O atom, and coupling these data with imaging measurements
of the N, fragments, we have been able to make speed-resolved
determinations of the O atom alignment and angular distribution.
We find little population inm| = 2 for all of the O atom speeds,
and whilem| = 1 is the most populated state for most of the
distribution,m= 0 is the most probable for the slowest O atom
fragments (corresponding with highlevels of N)). The |m|

level distributions have been explained using a molecular orbital
model based on calculations of the excited electronic surfaces
by Hopper. This model allows us to calculate tima level
populations angs values and to estimate, as a function of the
O atom speed, the branching between thé&’'2and ZA"
electronic states excited in the process. These studies reveal the
complexity occurring in the photodissociation dynamics of this
small molecule. The imaging technique has provided details that
have either been previously unresolved in experiments on this
molecule or have led to incomplete analysis. The calculations
of Hopper have been instrumental in understanding the observed
dynamical trends, and hopefully these experimental results will

on those surfaces. From our discussions. we estimate that thd€ad to further advanced dynamics calculations on the surfaces

O atom fragments witim = 0 reveal thes parameter for the
bending 2A’ surface, while the 1" surface maintains A of

—1 even after bending (assuming no rotation). Thereforejthe
parameter for the O atom fragments wjith = 1 is an average

of these twof values weighted by the relative’ Aand A’
contributions and can be used to calculate the ratio of the
dissociation channels. Using this simple model (and attributing
the smallm| = 2 contribution to the A’ state) we can calculate
the overall ratio of 2A’ to 1!A" dissociation as a function of
the O atom speed orJNotational level (shown in Figure 10).

We estimate that between 20 and 40% of the dissociation takes

place on the 3A"(1=7) surface for all but the highestlevels
of Nz (corresponding to the highest bending of the parent). For
these highd fragments, the dissociation occurs almost com-
pletely on the 2A'(*A) surface. However, the overafs

parameter for these fragments is greatly reduced due to bending

in the NO parent?® Overall, these measurements of the velocity-
dependent angular distributions and orbital alignments, the
calculated|m|-dependent populations arl values, and the
inferred branching between the electronic surfaces should
provide high level tests of future potential energy surfaces and
dynamics calculations for this system.

5. Conclusions

We have used ion imaging to make detailed measurements

of the O{D,) fragment from the photodissociation ot®. By

calculated by Hopper or new calculated potentials.
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