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The photodissociation dynamics of state selected OD radicals has been examined at 243 and 226 nm
using velocity map imaging to probe the angle–speed distributions of the D( 2 S) and O( 3 P 2 )
products. Both experiment and complementary first principle calculations demonstrate that
photodissociation occurs by promotion of OD from high vibrational levels of the ground X 2 ⌸ state
to the repulsive 1 2 ⌺ ⫺ state. © 2003 American Institute of Physics. 关DOI: 10.1063/1.1623175兴

cence and resonance enhanced multiphoton ionization
共REMPI兲 detection techniques,6,7 the only species in the
beam that was found to focus with the hexapole was OD. A
corresponding increase in signal for the photodissociation
processes with the hexapole on is thus direct proof that the
photodissociation signal arises from OD.
At about 5 cm from the end of the hexapole both photodissociation of OD and photoionization of the atomic fragments is induced by pulsed radiation from a frequencydoubled dye laser with a pulse energy of ⬃1.5 mJ. The laser
wavelength is chosen for two-photon resonant three-photon
ionization 关共2⫹1兲 REMPI兴 of either O( 3 P 2 ) atom products at
226 nm or D( 2 S) atom products at 243 nm. We will report
comprehensive studies of O( 3 P 2,1,0 ) detection from OD and
OH at 226 nm in a later article. There are no known one- or
two-photon transitions of OD or D2 O at these atomic REMPI
wavelengths. The O⫹ or D⫹ atoms produced by the REMPI
process are velocity mapped onto the two-dimensional imaging detector using an electrostatic inversion lens. A CCD
camera records the 2-D image, which is presented as a slice
through the reconstructed 3-D image using an inverse Abel
transformation.4
Raw D⫹ and O⫹ images 共hexapole on–hexapole off兲 are
presented in Fig. 1. These images are a summation from
50 000 laser shots with the hexapole on, corrected by a subsequent background image taken with the hexapole off. Both
the D⫹ and O⫹ images show a strong peak in the middle of
the image, which corresponds to zero-velocity fragment
O( 3 P 2 ) or D( 2 S) atoms formed in the discharge source.
These atoms are not fully eliminated by the hexapole on–off
subtraction scheme and cause a slight overload of the CCD
camera at the image center. Signals at larger distances from
the image center arise from atoms with increasingly higher
photofragment velocities. The images are calibrated by
O( 3 P 2 ) from O2 photodissociation at 226 nm and by D( 2 S)
from DI photodissociation at 243 nm. Two rings appear in
the O⫹ image corresponding to O( 3 P 2 ) atoms with velocity

Experimental methods for studying molecular photodissociation under collision-free conditions were introduced almost forty years ago.1 Despite its importance in atmospheric
and astrochemical processes,2 no such studies have been reported for the hydroxyl radical. OH is experimentally challenging because all of the electronic transitions originating
from X 2 ⌸( v ⫽0) lie in the vacuum ultraviolet region of the
spectrum, except the well-known A-X transition used for laser induced fluorescence 共LIF兲 detection. Furthermore, most
sources of OH radicals also co-produce large amounts of
O( 3 P) and H( 2 D) atoms, which can overwhelm the photoproduct signals. In this Communication, we report a photodissociation study of state-selected OD under collision-free
conditions. Using a hexapole state selector and the velocity
map imaging technique,3,4 we measure angle–speed distributions for the O( 3 P 2 ) atom product following photodissociation at 226 nm and the D(n⫽1, 2 S) product for photodissociation at 243 nm. New, fully ab initio calculations of the
lower electronically excited states of OD were performed to
yield accurate wave functions and internuclear dependent
transition dipole functions for the states involved. These are
used to explain the observed dissociation dynamics.
OD is produced by an electric discharge in a D2 O/Ar
mixture expanded through a pulsed valve.5 The molecular
beam passes through a skimmer followed by a 12 cm long
hexapole electrostatic lens which focuses OD in the
X 2 ⌸ 3/2 J⫽3/2, f lambda doublet level.3 The enlargement of
the distance between the source and photodissociation area
by the insertion of the state selector decreases the contributions from all other species in the discharge beam, while the
hexapole increases the concentration of the state-selected
component by a factor of ⬃8 at the crossing point with the
photodissociation laser. Using both laser induced fluoresa兲
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FIG. 1. Velocity map images of 共a兲 O⫹ and 共b兲 D⫹ ions detected following
photodissociation of OD and subsequent 2⫹1 REMPI of the atomic products at 226 and 243 nm, respectively, with insets showing the velocity scale.
Darker areas correspond to more signal, as coded by the gray-scale bar on
the left side of the figure. The central spots originate from zero-velocity
O( 3 P 2 ) or D( 2 S) atoms produced in the discharge source. The outer rings
arise from photodissociation of vibrationally excited OD X 2 ⌸ radicals. The
arrow at the right indicates the direction of the laser polarization.

of 1670 and 1765 m/s with an uncertainty of ⫾25 m/s. Converting these O atom velocities to total kinetic energy release
关 TKER⫽(m OD /m D)⫻KERO兴 yields values of 2.08 and 2.32
⫾0.06 eV. For D⫹ , at least three rings are seen, corresponding to D atom velocities of 11 800, 12 800, and 13 800 m/s
and TKER values of 1.62, 1.91, and 2.21⫾0.06 eV, respectively. The TKER curves obtained from integrating over the
angular distribution of the images are shown in Fig. 2. The
widths of the peaks in the TKER curves are determined by
electron recoil from the 共2⫹1兲 REMPI process, as will be
discussed in a future publication.
All of the observed angular distributions for D and O
atom signals peak in the horizontal plane, indicating a perpendicular transition ( 2 ⌺ ⫹,⫺ ← 2 ⌸ or 2 ⌬← 2 ⌸) to a rapidly
dissociating state. For the stronger rings in the D atom image

a fully perpendicular angular distribution is measured
(sin2 ,␤⫽⫺1.0⫾0.2). A quantitative discussion of the angular distributions including the effects of O atom angular
momentum alignment will be given in a following paper.
The observed peaks in the TKER distributions can only
be assigned to one-photon dissociation of OD in high vibrational levels of the ground 2 ⌸ electronic state. Using the
energy balance equation TKER⫽h  ⫹E(vib) OD⫺D0 , with
OD vibrational energies E(vib) OD and bond energy D0 from
Refs. 8 and 9, the two main peaks seen for O atom detection
at 226 nm are attributed to photodissociation of OD in v
⫽3 and v ⫽4, as marked in Fig. 2. For D atom detection at
243 nm, the three main peaks correspond to dissociation of
OD ( v ⫽3, 4, and 5兲.
First principle calculations also demonstrate that the
photodissociation processes at 226 and 243 nm occur by onephoton excitation of OD X 2 ⌸( v ) to the repulsive 1 2 ⌺ ⫺
state. For these calculations, ab initio potentials for the X 2 ⌸
and 1 2 ⌺ ⫺ states are computed at the MRCI level of theory
with the MOLPRO package.10–12 The aug-cc-pV6Z basis set13
is used and the molecular orbitals are obtained from a
CASSCF calculation14,15 in which the lowest  orbital is kept
doubly occupied. The active space consists of four , two
 x , and two  y orbitals. A grid of 30 points from 1 to 16 a 0
is employed. The quality of the X 2 ⌸ potential was evaluated
by computing the lowest seven vibrational energy levels using the sinc-function discrete variable representation
method,16 and the energy spacings were found to agree with
experiment to within 0.1%. The R-dependent transition dipole moment between the two states was also calculated at
the MRCI level with orbitals from a state-averaged CASSCF
calculation. The photodissociation cross sections for OD at
226 and 243 nm were then evaluated using17

共 E 兲⫽

FIG. 2. Total kinetic energy release 共TKER兲 derived from velocity map
images of O( 3 P 2 ) and D( 2 S) fragment atoms following photodissociation of
OD at 226 and 243 nm, respectively. The initial vibrational state of OD is
determined from energy balance with TKER⫽h  ⫹E(vib) OD⫺D0 . The bar
graphs show the calculated photodissociation yields for OD X 2 ⌸( v ) at a
vibrational temperature of 1700 K.


兩 具 X 2 ⌸ x 共 v 兲 兩  x 共 R 兲 兩 1 2 ⌺ ⫺ ,E ⫺ 典 兩 2 ,
 0c

where ប is the photon energy and 兩 1 2 ⌺ ⫺ ,E ⫺ 典 is the continuum wave function at total energy E with photodissociation boundary conditions,18 which were obtained using the
renormalized Numerov method.17
Figure 3 illustrates the process of photodissociation from
the OD X 2 ⌸( v ⫽5) state based on the calculated potentials,
transition dipole function, and wave functions. As seen in the
figure, when using 243 nm light OD( v ⫽5) can be excited to
the 1 2 ⌺ ⫺ repulsive curve leading to the first dissociation
limit, but poor overlap of the bound and continuum wave
functions prevents absorption from OD( v ⫽5) at 226 nm.
More quantitatively, the calculations show that the OD
X 2 ⌸( v ⫽5) photodissociation cross section is ⬃30 times
larger at 243 nm than at 226 nm. This same effect is found
experimentally, where a peak corresponding to v ⫽5 is observed in the TKER curve for D atoms at 243 nm in Fig. 2,
while this peak is not detectable above the background in the
O atom TKER curve at 226 nm.
The relative intensity of the peaks in the TKER curves of
Fig. 2 can be qualitatively understood based on the photodissociation cross sections computed for various vibrational
states. The calculations predict that at a vibrational temperature of ⬃1700 K the v ⫽3 and 4 states 共and v ⫽2 to a lesser
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for two-photon dissociation is observed. While it is known
that discharge beams produce vibrationally excited
radicals,20 it is remarkable that the imaging experiment is
able to detect signal from vibrational levels which contain
such small fractions 共as low as 10⫺5 ) of the population. Neither one-photon nor two-photon dissociation is detected from
OD X 2 1( v ⫽0) at 243 or 226 nm. Stepwise two-photon dissociation via the repulsive 1 2 ⌺ ⫺ curve, starting from vibrationally excited OD is also not observed. The apparent weakness of two-photon excitation is most likely due to the
transition dipole and unfavorable Franck–Condon overlap.

FIG. 3. Photodissociation of OD X 2 ⌸( v ⫽5) at 226 and 243 nm via the
repulsive 1 2 ⌺ ⫺ curve depicted with ab initio potentials, bound state and
continuum wave functions, and transition dipole moment function 共arbitrary
units兲. The photodissociation cross section is large at 243 nm, but poor
overlap of the wave functions when starting from v ⫽5 results in minimal
products at 226 nm, as seen experimentally.

extent兲 result in the largest photodissociation yield at 226
nm, while a distribution of states about v ⫽4 共primarily v
⫽3, 4, and 5兲 contribute to the yield at 243 nm. The predicted yields are shown in the bar graphs of Fig. 2. A Boltzmann population distribution in the vibrational states is assumed, and the temperature is adjusted to approximate the
experimental TKER distributions. Note that such a temperature distribution is probably too simple for the description of
the complicated excitation and cooling mechanisms in the
pulsed discharge source. The quality of the experimental data
is limited by problems in background subtraction and does
not allow the extraction of a more accurate population distribution. A Boltzmann distribution of 1700 K for OD yields
a fractional population in v ⫽5, for example, of 3⫻10⫺5 .
Independent measurement of the v ⫽1 population in the molecular beam using laser induced fluorescence from the A-X
transition yield a population of 4%, which agrees reasonably
well with a 1700 K distribution. REMPI studies of OH via
the 3 2 ⌺ ⫺ Rydberg state also detect population in higher vibrational levels of the ground electronic state from this discharge source, as will be described in a future publication.
In studies of other diatomic molecules, such as O2 under
similar conditions,19 two-photon dissociation is often found
to be the dominant channel. In this study, the laser intensity
is suitable for two-photon resonant three-photon ionization
of OH, O and H atoms. It is thus striking that the dominant
signal is due to one-photon dissociation of OD to the repulsive 1 2 ⌺ ⫺ curve, starting from the very weakly populated
higher vibrational levels of ground state OD. No evidence
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