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‘We present a new photo-fragment imaging spectrometer, which employs a movable repeller in a sin-
gle field imaging geometry. This innovation offers two principal advantages. First, the optimal fields
for velocity mapping can easily be achieved even using a large molecular beam diameter (5 mm);
the velocity resolution (better than 1%) is sufficient to easily resolve photo-electron recoil in (2 + 1)
resonant enhanced multiphoton ionization of N, photoproducts from N,O or from molecular beam
cooled N,. Second, rapid changes between spatial imaging, velocity mapping, and slice imaging are
straightforward. We demonstrate this technique’s utility in a re-investigation of the photodissociation
of N,0. Using a hot nozzle, we observe slice images that strongly depend on nozzle temperature.
Our data indicate that in our hot nozzle expansion, only pure bending vibrations — (0, v,, 0) — are pop-
ulated, as vibrational excitation in pure stretching or bend-stretch combination modes are quenched
via collisional near-resonant V-V energy transfer to the nearly degenerate bending states. We derive
vibrationally state resolved absolute absorption cross-sections for (0, v, < 7, 0). These results agree
well with previous work at lower values of v,, both experimental and theoretical. The dissociation
energy of N,O with respect to the O('D) + N,! £} asymptote was determined to be 3.65 & 0.02 V.

© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891469]

I. INTRODUCTION

Since its introduction, ion imaging' and its later vari-
ants velocity mapping” and slice imaging,’> have been im-
plemented by a large number of research laboratories around
the world, spanning a diverse range of research fields.’ In
this paper we present our recently constructed imaging ap-
paratus at the Institute for Physical Chemistry at the Uni-
versity of Gottingen. By using the combination of a rimmed
movable repeller electrode and a flat ultrafine mesh extrac-
tor, this molecular beam machine is capable of simple and
rapid switching between ion-imaging (spatial imaging) and
velocity map imaging (VMI) or slice imaging (SI). Our first
application described in this paper involves the study of the
ultraviolet photodissociation of N,O at ~203.5 nm.

N,O is an important atmospheric gas, which plays a
major role in both ozone depletion and global warming.®-'°
N,O is linear in its ground state and therefore has three
fundamental frequencies, a low-frequency doubly-degenerate
bend, v,, at 588.8 cm~!, a symmetric N-O stretch, v,, at
1285.0 cm~! and an asymmetric N-N stretch, v;, at 2223.5
cm~ 1! Its lowest electronic absorption band has an on-
set around 45000 cm~! (~220 nm), and peaks around
55000 cm™' (180 nm).'> The molecule is bent (~110°) in
its first excited electronic state. While photon absorption by
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the linear ground-state to form this excited electronic state is
formally forbidden within the C__, point group, the transition
becomes increasingly allowed as the molecule bends. Hence
photo-absorption is strongly enhanced for vibrationally ex-
cited levels with bending excitation. Also due to the large
change in NNO angle upon photoexcitation, N, photoprod-
ucts are formed with a large amount of rotational excitation
(60 < J < 80). In recent years N,O has been subject to a
number of high resolution experiments'3~'¢ using VMI,'7-??
as well as high level theoretical calculations.?*-3

In the most recent VMI study of Suzuki and co-
workers,?2 the authors ionized individual rotational states of
the N, photoproduct. Velocity map images showed three dis-
tinct velocities, corresponding to photodissociation of the
three lowest vibrational states (0, v, < 2, 0) of N,O, which
were populated in the molecular beam expansion. Using an ef-
fusive beam where the vibrational temperature could be fixed
at room temperature (300 K), the relative absorption cross
sections for the (0, 1, 0) and (0, 2, 0) states with respect to the
(0, 0, 0) state were derived. First principles calculations of ab-
solute cross sections for individual vibrational levels (v, v,,
v;) by Schinke and co-workers reproduce these experimental
findings and predict vibrationally resolved photo-absorption
cross-sections for higher vibrational states.?~!

In this work, we photodissociate vibrationally excited
N, O produced from a hot-nozzle, supersonic expansion. The
high vibrational temperature (T,;, = 700 K) produced in this
expansion in combination with the velocity resolution of the

© 2014 AIP Publishing LLC
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new VMI apparatus allows us to derive the relative vibra-
tional state specific photoabsorption cross-sections for N,O
up to (0, v, < 7, 0). Our derived absorption cross-sections
agree with previous theoretical and experimental work where
comparisons can be made and extend our knowledge of
the photoabsorption of vibrationally excited N,O to higher
energy.

Il. EXPERIMENTAL

The apparatus is shown in Fig. 1. It consists of three
regions: the source, the differential pumping chamber, and
the detector region. Briefly, a miniaturized source chamber
is pumped using a 300 I/s maglev turbo-molecular pump. It
is differentially pumped through a skimmer (Beam Dynamics
Model 2) with a 2 mm orifice — the differential pumping re-
gion is also pumped using a 300 1/s maglev turbo-molecular
pump. The differential pumping and detector chambers are
separated by a 3 mm orifice. The detector chamber is pumped
using a 1000 /s maglev turbo-molecular pump. A molecular
beam of the gas of interest is produced using a General Valve
(Parker Series 9) with a 1 mm orifice, operating at 10 Hz and
stagnation pressures from 1 to 3 bar are used. Typical operat-
ing pressures in the source chamber are 5 x 10> mbar.

The detector region hosts the ion optics used to perform
ion imaging' velocity mapping” or slice imaging®. The ion
optics are a modified version of the single field extraction de-
sign described by Papadakis et al.,*® in which a rim on the
repeller and extractor electrodes was used to create the appro-
priate curvature of the electric field contour lines in the ion
acceleration region, such that VMI conditions are achieved
at a specific point in space. In the work presented here,
we have added some extra features to this design as shown
in Fig. 2.

The main new features are: (a) the separation distance
between the repeller and extraction electrode can be varied in
vacuum, (b) the extractor electrode®* is electrically isolated,
i.e., it can be floated to a desired voltage, and (c) an additional
three element (slit) einzel lens is placed after the acceleration
region. This einzel lens was present in the original SI paper by
Gebhardt et al.?, before single field VMI/SI was introduced.*
We explain the reason for reintroducing this feature below.
The electrical “floating” option on the extractor electrode al-
lows Wiley McLaren® time of flight focusing conditions to

N

FIG. 1. A schematic of the newly constructed experimental apparatus.
(a) Source region, (b) slide valve for isolating the source chamber, (c) dif-
ferential pumping region, (d) detector region, (e) ion optics stack, and (f)
imaging detector.
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be realized in situations where high mass resolution is desired
or when very large unfocused laser beams are used for pho-
todissociation or photoionization of the product.

A. Movable repeller electrode

The overall dimensions of the electrodes are specified in
Fig. 2. The diameter is large (130 mm), in order to have the
grounded support rods far away from the interaction region to
reduce field distortions.*® Movement of the repeller electrode
is accomplished by a “lab-jack” screw-type arrangement as
shown in Fig. 2. The threaded rod is M6 x 1.0, with left- and
right-handed threads on opposing ends. Motion to this rod is
provided manually under vacuum via a 6 mm rod coupled to
the vacuum through a standard 6 mm cajon fitting. A universal
joint is used to allow for the mismatch in alignment between
the rod position and the position of the Cajon feedthrough.
The VMI condition depends on the position of the ionization
volume, i.e., the spatial alignment of the laser, between the
repeller and extractor electrodes, as described by Papadakis
et al.*® The advantage of the movable electrode introduced
here is that slight misalignment of the laser positions can be
compensated for by adjusting the repeller position. Although,
in principle, moving the laser beam/focus to the appropriate
position is possible, in practice, when multiple laser beams
are involved, repositioning and re-overlapping the laser beams
can be cumbersome.

Spatial imaging conditions can be realized by making
the separation between the repeller and extractor plates large
enough such that the electrostatic contours become flat in the
region where ions are generated. In our machine, the contours
remain flat for repeller displacements from the extractor of
1 cm or more. In practice, the condition for spatial imag-
ing is realized when the ‘“appearance/size” of the image of
a parent molecule (no recoil velocity) stops changing with
further increase of the repeller-extractor separation. For ex-
ample, when imaging the parent molecular beam (a reminder
here that the molecular beam is pointed at the imaging detec-
tor and the extraction of the ions is also parallel to this direc-
tion, defined as Z) in VMI mode the parent beam image is a
round spot 3-5 pixels in diameter. When we move away from
VMI conditions, by increasing the repeller-extractor separa-
tion, the image becomes more cigar-shaped, namely longer
in the direction of laser propagation (Y-direction). This is
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FIG. 2. Ion optics that include movable repeller electrode. Conditions for
spatial imaging or VMI are achieved by adjusting the position of this elec-
trode. The three element Einzel lens can be used for further VMI adjustment.
Units are in mm.
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because our ionization volume is determined by the shape of
the laser beam near its focus. A confocal parameter of be-
tween 5 and 10 mm means that ions are produced over the
entire width (5 mm in our case) of the molecular beam in the
Y-direction, while in the X-direction, the dimension of the
laser focus is typically sub—mm, hence the cigar shape. Once
the size of this image becomes invariant to any further change
in the repeller position, this signifies that spatial imaging
mode has been achieved.

B. Einzel lens

Slice Imaging (SI) is achieved by using a delayed accel-
eration of the ions with respect to the ionization.> We have
reintroduced the Einzel lens after the acceleration region in
order to have the ability for additional fine adjustment to the
VMI condition. In situations where the velocity of the molec-
ular beam is high enough so that the overall center of mass po-
sition of the system has moved sufficiently far away (>1 mm)
from the original VMI position, the VMI conditions can be
re-established either by changing the repeller position or by
applying a small voltage to the Einzel lens.

C. Imaging system

The detector is a Photonis 75 mm effective diameter
imaging detector, with a fiber optic coupled phosphor screen
(P47) and has been used in earlier VMI studies.’’° Time-
of-flight spectra can be recorded by AC coupling the output
of the back channel plate just before the phosphor screen. In
continuous operation (no pulsing of the detector) the front
MCP is held at ground and the back MCP is held at about
41500 V, while a +6 kV potential is applied to the phosphor
screen. These conditions are sufficiently sensitive to detect
single ion events. When imaging of a specific mass is desired,
in order to record a slice image, a narrow pulse of -850 V is
applied to the front MCP using a home built HV-switch® while
the back MCP is held at 41000 V. It is stressed here that the
large area of the channel plates increases the effective capac-
itance of the system, and longer pulses are necessary in order
to have the front MCP reach the necessary voltage for effec-
tive single ion detection. Specifically, we note that a minimum
of a 40-50 ns pulse-width is required for our 75 mm detector,
but that we observe effective time slices of about 10 ns, as
confirmed by the change in the appearance of the image as a
function of time delay.

The camera and image acquisition software are LaVision,
Imager E-lite 1600 x 1200 pixel CCD Camera and DaVis v.8.
The software allows for event counting* in real time during
the acquisition and the resolution enhancement this provides
is discussed later in this paper.

D. Laser system

The laser system used in this study consists of a Nd:YAG
(Spectra Physics Pro 250) operating at 10 Hz, 532 nm, pump-
ing a dye laser system (Sirah Precision Scan) equipped with a
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tripling unit, producing laser light with wavelengths between
200 and 215 nm with output power of 1-10 mJ.

E. Hot nozzle

A SiC tube, 30 mm long, with 2.2 mm outer, and
I mm inner diameter is mounted on the exit of the General
Valve.!** Current flows through the last 15 mm of the tube,
typically 0.5—1 A, and makes this section of the tube glow
orange-red. Although this arrangement is based on the Chen
pyrolysis source, used primarily for the generation of various
free radicals,*! our aim is to have efficient vibrational heating
of the parent molecules, thereby helping us to develop detec-
tion schemes for vibrationally excited molecules.

F. Magnetic shielding

The magnetic shielding of the free flight region necessary
for photoelectron imaging is accomplished by a double layer
of p-metal comprised of two concentric cylinders of 0.5 mm
wall thickness with diameters of 90 and 80 mm, between the
ion optic stack and the imaging detector. Helmholtz coils are
used to cancel the residual magnetic fields in the region of the
ion optic stack.

lll. RESULTS
A. N, product state distribution

In these experiments, the same laser pulse is used to pho-
tolyze the parent N,O molecule and subsequently to detect the
photofragment of interest using resonance-enhanced multi-
photon ionization (REMPI). The N, products are detected us-
ing (2 + 1) REMPl using the a” ' =7 < X' X/ transition first
reported by Lykke and Kay.*>*} The product state distribu-
tions of N, using a room temperature (RT) and a heated (hot)
nozzle are shown in Fig. 3. The spectrum appears to be rela-
tively insensitive to the nozzle temperature for J < 70 but for
85 > J > 70 a clear nozzle temperature dependence is seen.

06— J= 65 70 75 78
TR
0,5
. 04
2
5 —— RT nozzle
g 9389  — hotnozzle
<
>
2 02
c
Q
£
0,1
0,0
08700 98600 98500 98400 98300 98200

2-photon energy in cm”

FIG. 3. (2 + 1) REMPI spectrum of N, formed by photodissociation of N,O
recorded using a room temperature nozzle (black) and heated nozzle (red).
Tick marks indicate the corresponding rotational levels for N, (v = 0, J).
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The most intense peak in the distribution shifts from J = 74
for the RT nozzle to J = 78 for the hot nozzle. An intensity
alteration due to the nuclear spin statistics of N, between the
odd- and even-J levels is observed. Most of the peaks are as-
signed to N,(v = 0) though several features in the spectrum
appear irregular both in spacing and intensity.

B. N, (v, J) images

Slice velocity map images for the N,(v = 0, J = 78)
product are shown in Fig. 4. We present only a quarter of
the image, in order to facilitate the comparison between the
RT and the hot nozzle images. Images are recorded with the
laser polarization both parallel (z-direction) and perpendicu-
lar (x-direction) to the time-of-flight axis indicated in Fig. 1.
Extraction delays of 400 ns are used to record these images.
In the RT nozzle experiments, the image is dominated by a
single ring; however, increasing the image contrast for visu-
alization purposes makes it evident that rings at large radii
are also present. In the hot nozzle, we notice that more rings
appear at larger radii. Figures 4(c) and 4(d) show the kinetic

1,0 F
I ¢ —to— RT Exp (c)
0,8 | —— FIT 240:+10K

0,6 F f

04t
02}

Y
0,0

1,0 -—0'— hlot r"lozzlle '

Intensity (Arb. units)

t—— Fit Gaussians 2
0,8 - S
r |
0,6 _
L g
o
04 e
r |
0.2
0’0-2 -1 0 8

FIG. 4. Quadrants of the slice images for the photo-fragment N,(v = 0, J
= 78) obtained using the room temperature (RT) and heated (hot) nozzle are
shown in (a) and (b), respectively. The arrow indicates the direction of the
laser polarization. The corresponding kinetic energy release spectra (KER)
from these slice images are shown in (c) RT nozzle and (d) hot nozzle. The
KER spectra have been calibrated and are shown in units of 589 cm™ !, the
number of N,O bending quanta. Tick marks indicate the positions for all
possible vibrational states of N,O in this energy range (v, v,, v3). The fit in
(c) uses three Gaussian functions of common width, the theoretical cross sec-
tions from Ref. 29 for v, = 0, 1, 2 and Eq. (3) to determine the vibrational
temperature of the sample. The fit in (d) uses seven Gaussian functions, cen-
tered at the energies of the pure bend excited states (0, v,, 0) and using the
width determined from (c). See text for details.
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FIG. 5. (a) Photoelectron VMI of a molecular beam of cold N,(v = 0, J
~ 0) using (2 + 1) REMPI at 203.2 nm and the corresponding photoelec-
tron KER. The laser polarization is vertical (x direction). The term symbols
correspond to the electronic states of the N2+ cation formed. (b) VMI using
event counting (EC) of the N2+ formed in the photoionization process and
intensity profiles of the images along the X (blue) vertical/laser polarization
direction and Y (red) horizontal/laser propagation direction with and without
(RAW) event counting.

energy release (KER) distributions derived from the data of
Figs. 4(a) and 4(b) and is discussed later in the paper.

By careful observation of the rings in these images, we
notice that the thickness of each ring is not uniform: We ob-
serve that it is thinner along the equator and thicker at the
poles. This is a signature of photoelectron recoil.*® To exam-
ine this more closely, the photoionization of a beam of pure
N, was investigated. Photoelectron and photoion images were
recorded and are shown in Figs. 5(a) and 5(b), respectively.
The photoelectron energy spectrum is dominated by an ion-
ization process that releases 2.8 eV in electron translational
energy. In the N, image, Fig. 5(b), we clearly observe two
resolved features.?? Their separation is 40 m/s consistent with
recoil from a photoelectron with 2.8 eV of kinetic energy. We
point out here that photoelectron recoil is only resolved when
event counting (EC) is used. Taking intensity profiles from
images with (EC) and without (RAW) event counting, we can
fit a pair of Gaussian functions, whose half widths are ~3 and
~6 pixels for the EC and RAW images, respectively. The gain
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FIG. 6. Angular distributions for N,(v =0, J =74,78) using a RT noz-
zle and angular distributions for N, (v = 0, J = 78) using a hot nozzle. The

data are fitted using the relationship 7(6) ~ 1 + g(S cos26 — 1) and the cor-
responding B values are listed.

in velocity resolution is about a factor of 2 when EC is used.
Photoelectron recoil is evident in intensity profiles through
the slice images of N,(v = 0, J = 78), and with this we es-
timate that a velocity resolution of 1% is possible with our
apparatus, limited by the photoelectron recoil, while the true
velocity resolution of the instrument is less than 1%. We em-
phasize that this excellent velocity resolution is obtained for a
large — 5 mm molecular beam diameter — ionization volume.

Angular distributions for N,(v = 0, J = 74, 78)
photofragment states are shown in Fig. 6. The frequency of
the probe laser was not scanned over the Doppler profile of
the two-photon resonant excitation. In the case of N,(v = 0,
J = 74) the angular distribution has been normalized using
Z-images (laser polarization perpendicular to the imaging
plane) in order to correct for any detector inhomogeneities
and for the Doppler effect, while no such correction has been
made to the distributions for N, (v = 0, J = 78) using RT and
hot nozzles. The error introduced by not scanning over the
Doppler profile is well within the uncertainty in the B value
determination when fitting the data to the well-known rela-
tionship /(9) oc 1 + £(3cos?0 — 1)+

C. O('D) images

KER spectra for the O('D) photofragment are shown in
Fig. 7, for both the RT and hot nozzle. These images are
recorded by scanning over the Doppler profile of the REMPI
excitation transition via the auto-ionizing 'P state. KER dis-
tributions are shown in Fig. 7. The RT nozzle spectra show
partially resolved features when observed along the direction
of the image where photoelectron recoil broadening is mini-
mized 6 ~ 90°, while in the case of experiments using a hot
nozzle, these features can no longer be resolved and the over-
all distribution is shifted towards higher KER. As observed
previously,'*?? when detecting O(' D) from the photolysis of
N,O via the auto-ionizing 1P state, for certain values of KER
the intensity of the image peaks at angles other than 0° or 90°.

J. Chem. Phys. 141, 054201 (2014)
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FIG. 7. KER spectra for the O('D) photofragments obtained from the RT
and hot nozzle. The insert shows a quadrant of the slice image obtained using
the RT nozzle.

Since the corresponding sibling N, (J) photofragments do not
show this effect, e.g., in Fig. 6 the angular distribution is max-
imum at 6 = 0°, this has been attributed to a preferential align-
ment of the O(‘Dz) atomic orbital with respect to the recoil
velocity."”

IV. ANALYSIS AND DISCUSSION

Features in the KER spectra that are derived from images
of single N, (v = 0,J) product states produced in photodisso-
ciation of a cold beam of N, O (Fig. 4(c)) have been assigned
by Suzuki and co-workers®? to hot-bands; photodissociation
from N, O parent molecules in excited bending states leads to
a larger N, kinetic energy. At first glance this might seem sur-
prising — in light of the cooling often associated with super-
sonic expansion the population of vibrationally excited N,O is
small. However, the photo-physics of N,O makes it extremely
sensitive to bending excitations in the parent N,O molecule.
N,O is linear in its ground electronic state (X' £7) and tran-
sitions to the low lying bent electronic states, the 2 'A’ (' A)
and 1 'A” (! X7), are forbidden in the linear geometry — term
symbols at linearity are shown in the parentheses. Schinke
and co-workers have extensively studied the photoexcitation
of the molecule in this region and indicate that the absorption
cross section increases dramatically as the amount of bend-
ing excitation increases.”’> This explains why for a beam
of cooled N,O, even a small population in bending excited
states can be seen by photodissociation. Experimental rela-
tive absorption cross sections o (v,) for v, = 0, 1, 2 have been
reported by Suzuki and co-workers??, while Schinke?*? and
co-workers have calculated absolute values for o ( v,) up to
v, =4.

The center of mass kinetic energy release during the pho-

todissociation is given by the relationship,
KERNZ(U =0,J =78) = (Eph — DO) + ENZO(UZ)’ (1)

where E ; is the photon energy, Dy, is the dissociation energy,
and E N,0(V2) is the internal energy for N,O assuming only
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bending excitation, which is a good approximation for the RT
nozzle. The size of the image in pixels is proportional to the
photofragment speed so we can rewrite the equation in the
form,

Ey o(v) — E,;, = =Dy + B(pixels)*, ()

where B is the calibration scaling factor for our images. As-
signing the 3 peaks observed in the RT image of Fig. 4(a) to
photodissociation out of N, O bend excited states — v, =0, 1,
and 2, respectively — we use Eq. (2) to obtain B and D,, and
subsequently the KER spectrum shown in Fig. 4(c). We use
the same calibration parameters as in the RT nozzle images
for calibrating the hot nozzle images. We determine a disso-
ciation energy with respect to the O(!D)+ N, ! 2 asymptote
of 3.65 £ 0.02 eV, which within our experimental uncertainty,
agrees with the 3.63 eV value reported by of Suzuki and co-
workers?! and is even closer to the 3.64 eV value reported by
Okabe.®

The intensity of each peak in the KER distribution of
Fig. 4(c) is given then by the following relationship:

I o(0,v, <2,0)(v, + e i, 3)

where 0 (0, v, < 2, 0) is the theoretical absorption cross sec-
tion and AE is the vibrational excitation energy for the (v,
Vv,, ¥3) mode, respectively, and (v, + 1) is the degeneracy fac-
tor for bending vibrations. For the KER distribution derived
from RT nozzle experiments, the fit using Eq. (3) is shown in
Fig. 4(c); it yields a vibrational temperature of 240 £ 10
K, a reasonable expectation for a sample that has undergone
partial vibrational relaxation in the molecular beam expan-
sion. The quality of the fit is excellent showing outstanding
agreement with the theoretical absorption cross sections for v,
=0, 1, and 2. We point out here that our experiment can only
yield relative cross sections and the absolute scale is obtained
by scaling our results to the theoretical values.

For our hot nozzle experiments, the vibrational popula-
tion prior to expansion is thermal, but during expansion, par-
tial collisional cooling is expected.*® For N, O this is relatively
simple, since near resonant V-V vibrational energy transfer
between the stretch and bend levels is expected to be ex-
tremely efficient as they are in Fermi resonance with one
another.*’ As is evident in Fig. 4(d), bend-stretch combina-
tions are nearly degenerate to the pure-bends for N,O, and
shock tube experiments have shown that relaxations between
(1,0,0) — (0,2,0) (0,0, 1) - (0, 2, 0) are both rapid and
dominating at high temperatures.*®4°

This provides a means of determining the vibrational
population distribution after expansion from the hot noz-
zle. Specifically, we assume that any population in stretch
and stretch-bend combination levels rapidly relaxes into the
nearly degenerate pure bending levels and that subsequently
the pure bend levels may further relax slightly. The intensity
pattern of the Gaussian peaks of Fig. 4(d) is then given by the
relationship,

1 % 80, v,, 0)[2(1)2 + e

AE(v,.v,.05)
kT

“

where the sum is over the nearly degenerate levels. Returning
to Fig. 4(d), we use the relative intensities of the three Gaus-
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FIG. 8. Photoabsorption cross sections, o (0, Vs 0), derived from this work,
from theory (Shinke ef al. 29y and from prier experiments (Suzuki et al. 22y,

sians corresponding to v, = 0, 1, and 2, the known photo-
absorption cross sections for these three states and Eq. (4) to
obtain the vibrational temperature of the sample. This leads to
a temperature of 700 & 50 K for the hot KER spectrum. In an
independent study we measured the vibrational temperature
of acetylene from our hot nozzle by observing the REMPI
detected population depletion from the ground state. This re-
sulted in a similar vibrational temperature.

With this vibrational temperature in hand, the cross sec-
tions o (0, v, > 2, 0) were obtained using Eq. (4) and the in-
dividual Gaussian intensities. Our results are shown in Fig. 8,
along with the theoretical results of Schinke and co-workers?’
and the experimental values for o (0, 0-2, 0) reported previ-
ously by Suzuki and co-workers.?? Both our results and those
of Suzuki are relative measurements and the absolute scale
shown in Fig. 8 is obtained from scaling to the absolute theo-
retical cross sections of Schinke. The agreement between the-
ory (up to v, = 4) as well as previous experiments (up to
v, = 2) is excellent. The observed initial strong increase in
0 (0, v,, 0) is attributed to the increase in the transition dipole
moment with the bending angle of the molecule.?*?”-?® The
incremental change in bond angle Ay is large for the first
few vibrational bending levels as the molecule is linear in
its ground vibrational state, but Ay is expected to become
smaller (yet remain positive) as v, increases. This is quali-
tatively consistent with our measurements but extending the
cross section calculations beyond (0, 4, 0) to the higher vibra-
tional levels probed by our experiment are necessary for direct
comparison.

The structure appearing in the KER of O('D) (Fig. 7) is
assigned to rotational states of the N,(v = 0) co-fragment,
following the work of Suzuki and co-workers.”? Only even
J-states of N, are resolved, which are twice as populated as
odd-J states. More interesting is the bi-modal nature of the
KER distribution, consisting of a fast intense part between
5000 cm~! and 20000 cm~! and a weaker contribution below
5000 cm™! corresponding to N,(v = 0, J > 83). In Fig. 7 we
observe that the relative intensity of the fast to slow compo-
nents remains independent of nozzle temperature, while the
change in the shape of the KER curve, including the 1300

cm™! average shift towards higher KER, occurs only beyond
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5000 cm™'. Below 5000 cm~!, the KER appears indepen-
dent of nozzle temperature. A similar low energy tail in the
KER was observed by Felder et al.'® in the photodissocia-
tion spectrum of N,O at 193 nm. This raises the possibility
that a second type of photodissociation dynamics is respon-
sible for the low energy tail. The angular distributions for
the slow region, i.e., N,(J > 83), changes dramatically from
positive anisotropy parameters (f) for N,(J < 83) to nearly
zero,'®1%22 providing further evidence that the photodissoci-
ation dynamics mechanism in this part of the KER spectrum
could be different.

Angular distributions for both the O('D) and the N,(v
=0, J) levels have been discussed previously.'® %2> We ob-
serve both atomic orbital alignment for the O(' D) photofrag-
ment and a non-limiting B value for N,(v = 0, J), on average
~0.7 for J’s between 60 and 80, in agreement with previous
results. Recent calculations predict that over 97% of the ab-
sorption at 204 nm involves excitation to the 21A” state, i.e.,
a parallel transition, which means the dipole moment lies in
the plane of the molecule.>*23:20-2831 This of course means
the B values can vary dramatically depending on the direc-
tion of the transition dipole moment with respect to the N-O
bond direction. Interpretations of the deviation of 8 from the
limiting value invoked a non-axial recoil mechanism, espe-
cially as the KER becomes small.>! McBane et al.*' used sur-
face hoping techniques to describe the non-adiabatic transi-
tions between the excited 2! A’ state and the ground electronic
state, which occur during the exit channel at relatively long
N,—O bond distances. From classical trajectory calculations,
they conclude that that the reduction of g in the region 60 < J
< 83 1is caused primarily from nonaxial recoil of the
photofragments because of the significant torques on the ex-
cited state surface that cause the molecule to bend. During
the surface hoping (non-crossing non-adiabatic transitions)
from the bent excited state, back to ground electronic state,
the molecule experiences additional forces, that cause further
reduction of the anisotropy parameter. Comparison of the an-
gular distributions for RT and hot nozzles, shown in Fig. 6,
indicate no change in the 8 value, i.e., 8 does not depend on
v,,! which means that angular distributions are essentially
governed by the excited state dynamics. These results, i.e.,
both the B(J) variation and the tail in the KER spectrum, seem
to at least be in very good qualitative agreement with the con-
clusions of McBane et al.?!

V. CONCLUSIONS

We have presented our new photofragment/photoelectron
imaging spectrometer, which allows spatial imaging (original
ion imaging), velocity mapping, and slice imaging of ions of
photofragments, including H atoms. The resolution of the ap-
paratus has been demonstrated to be better than 1% in ve-
locity, even when large molecular beams are used such as
5 mm in diameter. We have used this apparatus to study the
photofragmentation of N,O at ~203.5 nm and we report on
the relative absorption cross sections for bending excited state
up to v, = 7. Our results are in excellent agreement with theo-
retical cross sections for individual vibrational quantum states
up to (0, 4, 0). This experiment demonstrates that photodisso-
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ciation imaging experiments of molecules like N, O constitute
a sensitive probe of the vibrational state distribution of the
parent molecules.
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