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A coincidence study of the photoelectron-photofragment angular distributions in the one- and two-photon
dissociative photodetachment (DPD) of HOCO is reported. The photoelectron angular distributions in the
one-photon DPD channels HOCO þ h ! OH þ CO þ e and HOCO þ h ! H þ CO2 þ e at Eh ¼ 3.21 eV
are examined in both the laboratory and neutral photofragment recoil frames, while the angular distributions of
the OH þ CO products in the laboratory frame are also investigated. The results show a parallel dipole transition
for the DPD of HOCO. The radical lifetime was examined as a function of the orientation of the transition
dipole, with upper limits of 9  1013 s and 1.3  1012 s estimated for HOCO and DOCO lifetime for dissociation
into OH/OD þ CO, respectively. The photoelectron-photofragment angular correlation in the two-photon DPD
of HOCO is also presented, showing that when the photon energy is near the photodetachment threshold,
a molecular anion like HOCO can be effectively aligned through a continuum shape resonance.
Keywords: dissociative photodetachment, recoil-frame photoelectron angular distribution

*

1. Introduction
Dissociative photodetachment (DPD) of negative ions
has become a unique and versatile tool for the study of
the dynamics of gas-phase transient species [1,2]
In a typical DPD process, electrons are photoejected
from parent anions, producing neutral transient species
that can further dissociate into two or more
photofragments. A coincidence measurement of the
translational energy partitioning among photoelectron
and photofragments from the same DPD event can
yield deep insight into the dissociation dynamics on the
involved potential energy surfaces (PES) [1,3].
Complementary to the recording of energy partitioning, the measurement of photoelectron and photofragment angular distributions is another powerful
probe of the DPD dynamics [3–5]. In this work, we
extend such measurements to the HOCO and
DOCO molecular anions previously used to probe
the OH þ CO ! H þ CO2 reaction [6,7].
Under the electric-dipole approximation, the
photodetachment probability is dictated by:
*

*

*

I / j 5 ’ele  ’f j  Ej’i 4 j2 ¼ jM  Ej2 ,
*
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ð1Þ

*

where  is the dipole moment operator, E is the laser
electric field, ’ele, ’f, and ’i are the wave-functions of
the free electron, the neutral
products, and the parent
*
*
anion, respectively, and M ¼ 5 ’ele  ’f jj’i > is the
transition dipole moment. In general, parent anions are
isotropically distributed before interacting with the
photons, while the laser polarization is spatially fixed
and defines the laboratory frame (LF). The transition
dipole moment has a specific direction in the molecular
frame (MF). As a result, based on Equation (1), the
angular distribution of the nascent neutral product in
terms of the transition dipole moment is proportional
*
*
to cos2, in which  is the angle between E and M [8].
In addition,
the transition dipole moment matrix
*
element M contains the amplitude and phase
information of the photoelectron partial waves that
determine the MF photoelectron angular distributions
(PAD) [9]. Therefore, the angular distributions of
outgoing electrons, molecular axes of the parent anions
and neutral products, and laser polarizations are in
general all correlated.
The LF-PAD has been widely used to provide
qualitative information such as the molecular
symmetry and photodetachment dynamics for DPD

Downloaded By: [CDL Journals Account] At: 17:42 20 November 2008

596

Z. Lu et al.

as well as other photodetachment processes [2,10,11].
However, significant information is lost due to
the averaging over the randomly oriented parent
anions. Noting that there exist two or more neutral
dissociation fragments in a DPD process, one
approach to the problem mentioned above is to
record the PAD in coincidence with the angular
distribution of the neutral photofragments. By this
method, one can experimentally obtain the PAD
in the photofragment recoil frame (RF), which in
general
contains
more
detailed
dynamics
information than the LF-PAD [12]. Specifically, if
the dissociation occurs immediately following photoelectron ejection and the photofragments have an
anisotropic angular distribution, the recoil angles
of photofragments are directly related to the
orientation of the breaking bonds at the moment of
photoabsorption. In this case, measurement of the
RF-PAD may help examine the interactions
between the outgoing electron and the molecular core
[4,5]. On the other hand, if the LF angular distribution
of neutral photofragments is relatively isotropic, the
RF-PAD will also tend to be isotropic and the analysis
of both the RF-PAD and the LF photofragment
angular distribution may yield important dynamics
information such as the lifetime of the nascent
neutral product and the orientation of the
transition dipole in the molecular frame. Therefore,
the measurement of the angular correlation between
the photoelectrons and the neutrals as well as
their angular distributions with respect to the laser
polarization will reveal the DPD dynamics implied
by Equation (1).
The current study focuses on the photoelectronphotofragment angular correlations in the DPD of a
polyatomic anion, HOCO. With photoelectronphotofragment coincidence (PPC) spectroscopy, the
DPD of HOCO has been used to explore the PES of
OH þ CO ! [HOCO]* ! H þ CO2 [6,7], a fundamentally important reaction in hydrocarbon combustion
that also regulates the OH, CO, and CO2 concentrations in low atmosphere [13,14]. A number of previous
studies have shown that along the minimum-energy
OH þ CO reaction path, there exists a stable HOCO
intermediate followed by a high reaction barrier before
forming H þ CO2 [15–17], with an exoergicity relative
to OH þ CO of 1.05 eV at 0 K [18]. In addition, two
planar isomers, the cis- and trans-conformers
were predicted for both the HOCO free radical and
the HOCO anion [6,16–18]. Previous studies of
the HOCO radical have been recently reviewed in
detail in [7].
In this laboratory, the photodetachment of
HOCO has been used to access the PES of the

HOCO radical at Eh ¼ 4.80 eV and 3.21 eV, with three
neutral product channels observed [6,7]:
HOCO þ h ! HOCO þ e ;

ð2Þ

HOCO þ h ! OH þ CO þ e ;

ð3Þ

HOCO þ h ! H þ CO2 þ e :

ð4Þ

The measured channel-resolved photoelectron kinetic
energy (eKE) spectra and PPC spectra reveal that the
dominant photodetachment channel yields the stable
HOCO free radical, consistent with the prediction of a
deep HOCO potential well. At Eh ¼ 3.21 eV, PPC
spectra and branching ratios for the DPD of
HOCO and its deuterated form DOCO show
evidence for a tunneling mechanism in the production
of H þ CO2. Comparison of the PPC spectra with
energetics and dynamics calculations indicated that
DPD of vibrationally excited HOCO/DOCO also
contribute to the production of H/D þ CO2 þ e, and
is the major source of the OH/OD þ CO þ e products
[7,19].
With the adiabatic electron affinities (AEAs) of cisand trans-HOCO predicted to be 1.43 eV and 1.30 eV
respectively [6], the near-threshold photodetachment of
HOCO was also carried out at Eh ¼ 1.60 eV to probe
the bottom of the HOCO potential well [20]. In the
photoelectron spectra two sharp peaks were resolved
near threshold, and an additional broad peak around
1.2 eV was observed and assigned to a two-photon
photodetachment process. The photoelectron kinetic
energy (eKE)-dependent LF-PAD revealed that the
one-photon photoelectron signal is composed of mixed
s- and p- partial waves, while p-wave photodetachment
becomes dominant at higher eKE. The two-photon
photodetachment was shown to be accompanied by a
unique four-fold LF-PAD, interpreted as the interfering s- and d-partial wave photoelectrons resulting from
the photodetachment of an aligned temporary anion
formed by a p-wave shape resonance near threshold.
The relative amplitude and phase shift between s- and
d-partial waves were obtained by a quantitative
analysis of the two-photon LF-PAD, showing good
agreement with the Wigner threshold law, as reported
in [20].
This study presents further investigation of the
DPD dynamics of HOCO and DOCO by
examination of photoelectron and photofragment
angular distributions and photoelectron-photofragment angular correlations. Following a brief description of the experimental methods, the RF-PAD
of both the HOCO þ h ! OH þ CO þ e and
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HOCO þ h ! H þ CO2 þ e channels will be
discussed. The LF neutral photofragment angular
distribution of OH/OD þ CO, from the one-photon
photodetachment at Eh ¼ 3.21 eV and two-photon
process at Eh ¼ 1.60 eV will then be presented.
The RF-PAD will be compared with the corresponding
LF-PAD. The relationship between the RF-PAD and
the OH þ CO recoil angles will also be examined.
These results will be used to estimate the lifetime of the
HOCO free radical and the orientation of transition
dipole moment. Further evidence for the alignment
of HOCO in the two-photon DPD process will also
be presented.
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2. Experiment
The experiments were carried out with a fast-ion-beam
photoelectron-photofragment coincidence spectrometer which has previously been described in detail
[3,6,7,20]. Therefore the experimental methods will only
be briefly reviewed here. The HOCO was formed by
crossing a 1 kHz pulsed supersonic expansion of a gas
mixture (7% CO, 6% N2O, 17% CH4, and 70% N2)
with a 1 keV electron beam. In the DOCO experiment,
CH4 was replaced by CD4 (99%, Cambridge Isotope
Laboratory). The negative ions were then skimmed,
accelerated to 10 keV, and referenced to ground
potential by a high voltage switch. The HOCO with
m/e ¼ 45 (m/e ¼ 46 for DOCO) was mass selected by
time-of-flight (TOF) and perpendicularly intercepted by
a linearly polarized laser pulse. Two wavelengths, the
fundamental (772 nm, Eh ¼ 1.60 eV, 5  1010 W/cm2)
and second harmonic (386 nm, Eh ¼ 3.21 eV,
1  1010 W/cm2) from a Ti : Sapphire laser (ClarkMXR CPA-2000, 1.8 ps FWHM, 1 kHz) were used for
the photodetachment measurements.
The laser was
*
linearly polarized, with E fixed parallel to the ion beam
propagation direction.
A space-focusing electron optics assembly was
applied to collect the full 4 sr solid angle of
photoelectrons [21]. The three-dimensional (3D) velocities of photoelectrons were measured by a time- and
position-sensitive detector placed parallel to the plane
of the laser and ion beams, allowing a straightforward
detection of the PADs. The photoelectron detector
was calibrated by the photodetachment of OH
at 386 nm and O at 772 nm, with E (full-width-athalf-maximum (FWHM)) ¼ 0.18 and 0.06 eV at
eKE ¼ 1.38 and 0.14 eV, respectively. To remove the
detector inhomogeneity in the LF-PAD, the data were
symmetrized in the dimension along the ion beam
 LF Þ ¼
propagation by an averaging procedure: Nð
1=2½NðLF Þ þ Nð180  LF Þ. Here LF is the

qLF

qneutral

qRF

Figure 1. Angle definitions used in this work: (a) LF, the
laboratory frame (LF) photoelectron ejection angle with
respect to*the direction of ion beam propagation as well as
the laser E vector; (b) the recoil frame (RF) photoelectron
ejection angle RF with respect to the neutral photofragment
recoil direction, RF ¼ 0 when the photoelectron is ejected in
the same direction as the heavier neutral fragment; (c) neutral,
the angle between the heavier neutral photofragment recoil
and the direction of ion beam propagation.

laboratory frame angle between the photoelectron
ejection and ion beam propagation directions
(Figure 1(a)).
Undetached negative ions were deflected out of the
ion beam by an electrostatic field and recorded by an
ion detector. The neutral photofragments formed by
photodetachment impinged on a time- and positionsensitive detector located 1.4 m away from the laser
interaction region, perpendicular to the ion beam
propagation. The masses and the 3D velocities in the
centre of mass (CM) frame for the neutral products
from a given DPD channel were determined by
linear momentum conservation. The calibration of
the photofragment detector was carried out by the
DPD of O4 at 532 nm, showing a translational
energy resolution of ET/ET  9% at ET ¼ 0.80 eV.
The photoelectron and photofragments were recorded
in an event-wise fashion in coincidence, making the
measurement of the RF-PAD possible [4,5,22].
Similar to the LF-PAD, the detection inhomogeneity
of the photoelectron detector was considered
when analysing the RF-PAD. A two-dimensional
data array was first generated, with one
dimension RF, the angle between the photoelectron
and photofragment recoil directions (Figure 1(b)), and
the other dimension LF. The data were then symme LF , RF Þ ¼
trized in the LF dimension by Nð

1=2½NðLF , RF Þ þ Nð180  LF , RF Þ, followed by the
 LF , RF Þ over LF to generate a
summation of Nð
corrected N(RF) distribution. It has to be noted that
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this treatment assumes full and homogeneous detection
for photofragments that recoil forward and backward
along the parent ion beam.

L
L
max X
X
d2 
¼
BL,M YL,M ð, Þ,
dd L¼0 M¼L

3. Results
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dynamics since it describes the molecular-geometrydependent electron scattering process [24]:

In this section, the DPD dynamics of the HOCO and
DOCO anions will be investigated by examination of
both the LF photoelectron and photofragment angular
distributions and the angular correlations of the
photoelectron and photofragments in the recoil frame
(RF). The photofragment angular distribution in the
two-photon photodetachment of HOCO will also be
presented.
Several different types of angles used in this work
are defined in Figure 1. As mentioned in the
experimental section, the LF photoelectron recoil
direction of
angle LF is chosen with respect to the
*
the ion beam and the collinear laser E vector, with
LF ¼ 0 when the electron is ejected along the fast ion
beam
towards
the
photofragment
detector
(Figure 1(a)). The RF photoelectron recoil angle RF
is defined to be zero when the electron is ejected in the
same direction as that of the larger mass of the two
neutral dissociation products (CO for OH þ CO
and CO2 for the H þ CO2 channel) (Figure 1(b)).
Similarly, the LF neutral photofragment recoil angle
neutral ¼ 0 when the heavier photofragment recoils
along the direction of ion beam propagation
(Figure 1(c)).

3.1. LF- and RF-PAD in one-photon DPD
The LF-PAD in one photon photodetachment of
isotropically distributed anions can be described by
the differential cross section [23]:
d
tot
½1 þ 2 P2 ðcos LF Þ,
¼
dLF
4

ð5Þ

where  tot is total cross-section integrated over the full
4sr solid angle, 2 is the energy-dependent anisotropy
parameter, and P2(cos LF) is the second-order
Legendre polynomial in cos LF. The 2 value in
Equation (5) is limited between 1 and 2.
Photoejection of a p-wave photoelectron leads to
2 ¼ 2, resulting in ðd=dLF Þ / cos2 LF ; when 2 ¼ 0,
an isotropic LF-PAD is expected, consistent with
s-wave photodetachment; when 2 ¼ –1, ðd=dLF Þ is
proportional to sin2LF as a result of interfering s- and
d-photoelectron partial waves [23].
Compared with the LF-PAD, the MF-PAD can
provide richer information about the photodetachment

ð6Þ

where BL,M is the coefficient containing the radial
dipole matrix element and the relative phase of
the photoelectron partial wave, and YL,M(, ) are the
appropriate spherical harmonics. However, the
MF-PAD can only be determined from molecules
fixed-in-space. In a DPD experiment on a polyatomic
molecule, the only available reference axis is the recoil
frame (RF) defined by the neutral photofragment
recoil direction. As a result, the  term in Equation (6)
is not observable and the differential cross section for
the RF-PAD can be described by [22]:


imax
X
d
tot
¼
Ai Pi ðcos RF Þ ,
ð7Þ
1þ
dRF
4
i¼1
in which Ai and Pi represent the ith-order anisotropy
parameter and Legendre polynomials, respectively.
Specifically, the Ai values with the odd i will determine
the forward–backward asymmetry in the RF-PAD if
there is any [22].
Equations (5) and (7) are used to interpret the
LF- and RF-PADs obtained from one-photon photodetachment of HOCO and DOCO (Eh ¼ 3.21 eV)
presented in Figure 2. The PADs in the two frames are
plotted in the form of N(cos LF) versus cos LF and
N(cos RF) versus cos RF, respectively, to avoid the
zero distributions at 0 and 180 caused by the sin 
term when integrating over the solid angle. The
N(cos ) represents the number of events within a
histogram between cos  and cos  þ (cos ) and is
integrated over the whole eKE distribution. In
Figure 2, the number of bins is chosen to be 32 for
each histogram.
Using Equation (5), the one-photon LF-PADs
at Eh ¼ 3.21 eV in Figure 2(a)–(d) are fitted, yielding
the LF photoelectron anisotropy parameter
2 ¼ 1.1, 1.4, 1.0 and 1.3  0.1 for the DPD channels
OH þ CO þ e, H þ CO2 þ e (from the DPD of
HOCO), OD þ CO þ e, and D þ CO2 þ e (from
the DPD of DOCO), respectively. The observation
that 2  1.0 for all four of the DPD channels
is consistent with a dominant p-wave photodetachment
process, causing the LF-PAD to peak parallel
to the laser polarization [23]. The LF-PAD in the H/
D þ CO2 þ e channel is seen to be more anisotropic
than that in the OH/OD þ CO2 þ e channel. As the
H/D þ CO2 þ e channel corresponds to a higher
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q

Figure 2. The LF- (left column) and RF-PADs (right
column) of OH þ CO þ e (top row), H þ CO2 þ e (the
second row from the top), OD þ CO þ e (the third row from
the top), and D þ CO2 þ e (bottom row) from the onephoton photodetachment of HOCO and DOCO at
Eh ¼ 3.21 eV. The scattered dots represent the number of
events recorded within a small range of cos , with  1
Poisson error bars. The solid lines are from fitting the
experimental data using Equation (5) for LF- and
Equation (7) for RF-PADs.

eKE distribution, the observed larger 2 value in
the H/D þ CO2 þ e channel implies a more dominant
p-partial wave at higher eKE, consistent with our
previous results and the prediction of the Wigner
threshold law that the larger l-partial waves are
suppressed near the photodetachment threshold,
becoming more dominant as eKE increases
[20,25,26]. As seen from the measured 2 values, the
isotopic effect on the LF-PAD’s is negligible with
the current uncertainties, implying that the photoelectron experiences similar interactions during escape
from the HOCO and DOCO neutral cores.
The channel-resolved RF-PADs produced by the
one-photon photodetachment of HOCO and
DOCO are presented in Figure 2(e)–(h).
Equation (7) was used to fit the observed RF-PADs,
with imax ¼ 6. The resulting RF photoelectron anisotropy parameters Ai are listed in Table 1. It is seen that
A2 ¼ 0.4  0.1 for OH þ CO þ e and 0.3  0.1 for
OD þ CO þ e channel, while the other Ai values are
all equal or close to zero, showing that the RF-PADs
in this DPD channel are more isotropic compared
with the corresponding LF-PADs (2 ¼ 1.1 for
OH þ CO þ e and 1.0 for OD þ CO þ e). On the
other hand, the RF-PADs in the hydrogen production
channel show more significant anisotropies, with
A2 ¼ 1.4  0.1 and 1.1  0.1 for H þ CO2 þ e and
D þ CO2 þ e channels, respectively. These two
A2 values are very close to the LF photoelectron 2.
A set of other non-zero Ai parameters are also
obtained in H/D þ CO2 þ e channel as seen
in Table 1.

Table 1. Anisotropy parameters for the RF-PADs from one- and two-photon DPD of HOCO and DOCO. For OH/
OD þ CO þ e, the RF-PAD anisotropy parameters are also reported as a function of the neutral photofragment recoil angles
relative to the laser electric vector. The uncertainties for Ai are estimated to be 0.1 for one-photon measurements and 0.2 for
two-photon measurements.
A1

A2

A3

A4

A5

A6

H þ CO2 þ e
D þ CO2 þ e

One-photon, Eh ¼ 3.21 eV
[0 , 180 ]
[0 , 18 ] & [162 , 180 ]
[18 , 60 ] & [120 , 162 ]
[60 , 120 ]
[0 , 180 ]
[0 , 25 ] & [155 , 180 ]
[25 , 60 ] & [120 , 155 ]
[60 , 120 ]
All detected
All detected

–0.1
0.1
–0.1
–0.1
0.0
0.0
0.0
0.0
0.3
0.2

0.4
1.0
0.4
–0.2
0.3
0.7
0.3
0.3
1.4
1.1

0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.2
–0.1

0.0
–0.1
0.10
0.0
0.0
0.1
0.0
0.0
0.2
0.1

0.0
–0.1
0.0
0.0
0.0
0.1
0.0
0.1
0.2
0.1

0.1
0.0
0.1
0.1
0.1
0.1
0.1
0.0
0.2
0.1

OH þ CO þ e
H þ CO2 þ e

Two-photon, Eh ¼ 1.60 eV
[0 , 180 ]
All detected

0.1
0.5

–0.1
0.2

0.0
0.3

0.4
1.4

0.0
0.1

0.0
0.1

neutral
OH þ CO þ e

OD þ CO þ e
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3.2. LF photofragment angular distributions
Because the neutral photofragment recoil axis is used as
the reference in generation of the RF-PAD, to further
understand the RF-PADs shown in Figure 2, the
LF photofragment angular distributions obtained
from the one-photon DPD of HOCO/DOCO at
Eh ¼ 3.21 eV must also be examined. Figure 3(a) and
(b) show the OH/OD þ CO LF angular distribution in
the form of N(neutral) versus neutral, in which N(neutral)
is defined as the number of events within a small range
of recoil angles from neutral to neutral þ neutral and
neutral is set to 4 . These distributions have not been
symmetrized in any way, showing that the assumption
used in symmetrization of the RF-PADs is a good one.
The N(neutral) distributions instead of N(cos neutral)
were plotted because not all the photofragments can be
detected as discussed below.
The differential cross-section defined by
Equation (5) is also valid for the characterization of
the photofragment angular distribution in LF when
LF is replaced by neutral [27]. However, the detection
of neutral photofragments is more complicated than
that of the photoelectrons. For example, the measurement of the two neutral dissociation products in
coincidence involves consideration of the detector
acceptance function (DAF), and the detector
efficiency may vary with different masses. In addition,
detection of the two dissociation products is
affected by the 19 ns dead time of the detector.
Consequently, the experimental N(neutral) curves in
Figure 3(a) and (b) cannot be simply fitted by
Equation (5). To faithfully model the DAF and
obtain
a
reliable
photofragment
anisotropy
parameter 2, a Monte Carlo simulation incorporating
Equation (5) was employed in the current study to
reproduce the observed N(neutral) distributions [28,29].
In Figure 3, the solid and dashed lines represent
the
experimental
and
simulated
N(neutral),
respectively. The 2 values of 0.8  0.1 for OH þ CO
and 0.6  0.1 for OD þ CO are obtained, showing that
*
the OH þ CO products also recoil along the laser E
vector but are more isotropic than the LF-PADs
for those channels.
anguThe observed H/D þ CO2 LF photofragment
*
lar distributions also peak along the laser E vector and
are much more anisotropic than that of the OH/
OD þ CO, but this is to first order a result of the very
limited DAF for H/D atom detection. The kinetic
energy release (KER) was found to peak around 0.5 eV
for the H/D þ CO2 products at Eh ¼ 3.21 eV [7]. Due to
the large mass difference between H/D atoms and CO2
and linear momentum conservation, only the H atoms
with neutral 17 or neutral  161 and the D atoms

Photofragment recoil angle qneutral (deg.)

Figure 3. The LF photofragment angular distributions
for (a) OH þ CO and (b) OD þ CO from the one-photon
photodetachment of HOCO and DOCO at Eh ¼ 3.21 eV.
Solid lines are experimental results. Dashed lines were
obtained by the Monte Carlo simulation using Equation (5).

with neutral 25 or neutral  154 can be detected,
while the majority of H/D atoms recoil out of the ion
beam and miss the photofragment detector. The Monte
Carlo simulation coupled with Equation (5) was carried
out for the H/D þ CO2 products. However, the
simulated angular distribution is insensitive to 2
values ranging from 1 to 2. Therefore, the Monte
Carlo simulations for H/D þ CO2 did not yield meaningful photofragment 2 values.
The general trends observed in the RF-PADs in
Figure 2 can be explained by the photofragment
angular distributions discussed above. The RF-PAD’s
in the OH/OD þ CO þ e channel are more isotropic
than the corresponding LF-PAD because the
OH þ CO products recoil at a relatively
wide range
*
of angles with respect to the laser E vector, as a result
of rotation during the lifetime of the HOCO/DOCO
intermediate and the angle between the transition
dipole and breaking HO-CO bond. The more
anisotropic RF-PAD’s in H/D þ CO2 þ e channel,
however, are likely to result from the small DAF for
detection of the H/D þ CO2 products.
To verify this assertion, the RF-PAD of the OH/
OD þ CO þ e channel with the OH/OD þ CO recoil
axis restricted in a range of solid angles to the laser
polarization was examined, as demonstrated
in Figure 4. The figure shows that when the OH/
*
OD þ CO recoil axis is restricted around the laser E
vector [0 neutral 18 or 162 neutral 180 for
OH þ CO in Figure 4(a), and 0 neutral 25 or
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cos(qRF)

Figure 4. RF-PADs
in
the
one-photon
DPD
channels HOCO þ h ! OH þ CO þ e (left column) and
DOCO þ h ! OD þ CO þ e
(right
column)
at
Eh ¼ 3.21 eV with the neutral photofragment recoil angles
restricted within (a) 0 neutral 18 or 162 neutral 180 ;
(b) 18 neutral 60 or 120 neutral 162 ; (d) 0 neutral
25 or 155 neutral 180 ; (e) 25 neutral 60 or
120 neutral 155 ; and (c) and (f) 60 neutral 120 .
The scattered dots represent experimental intensity
with 1 Poisson error bars. The solid lines are from fitting
the experimental data using Equation (5) for LF- and
Equation (7) for RF-PADs.

155 neutral 180 for OD þ CO in Figure 4(e)], a
more anisotropic RF-PAD is observed to peak parallel
to the OH/OD þ CO recoil axis. Here the neutral range
is chosen to be consistent with the maximum photofragment recoil angle of 18 for H þ CO2 and 25 for
D þ CO2 so that the RF-PADs in Figure 4(a) and (e)
can be compared with those in Figure 2(f) and (h).
Within this neutral range, A2 ¼ 1.0  0.1 for
OH þ CO þ e, consistent with the LF photoelectron
2 ¼ 1.1  0.1; while A2 ¼ 0.7  0.1 for OD þ CO þ e,
smaller than the corresponding LF photoelectron
2 ¼ 1.0  0.1 and consistent with a longer lifetime for
DOCO and a relatively wider angular range for
photofragment recoil [025 compared with 018
chosen for OH þ CO in Figure 4(a)]. When the OH/
OD þ CO recoil axis is limited to be perpendicular to
the laser electric field [60 neutral 120 , as in
Figure 4(c) and (g)], A2 becomes slightly negative and
the RF-PAD’s are more isotropic. Limiting the OH/
OD þ CO recoil axis in a range between these two
extremes [18 neutral 60 or 120 neutral 162 for
OH þ CO in Figure 4(b), and 25 neutral 60 or
120 neutral 155 for OD þ CO in Figure 4(f)], the
observed RF-PADs are very similar to those without

cos(qRF)

Figure 5. The LF (left column) and RF-PADs (right
column) of (a) and (c) HOCO þ h ! OH þ CO þ e, and
(b) and (d) HOCO þ h ! H þ CO2 þ e at Eh ¼ 1.60 eV.
The scattered dots represent experimental intensity, with 1
Poisson error bars. The solid lines are from fitting the
experimental data using Equation (8) for LF- and Equation
(7) for RF-PADs.

the limitation of OH/OD þ CO recoil axis shown in
Figure 2(e) and (g). The anisotropy parameters
obtained by fitting each of the RF-PADs in Figure 4
are included in Table 1, showing the significant
dependence of RF-PAD on the photofragment recoil
direction for OH þ CO þ e, consistent with the
anisotropic RF-PAD seen in H þ CO2 þ e.

3.3. Angular correlations in two-photon DPD
The photoelectron-photofragment correlations have
also been investigated for two-photon photodetachment of HOCO at Eh ¼ 1.60 eV. Our previous study
has shown the co-existence of parallel and
perpendicular LF-PADs in this two-photon process,
interpreted to result from interfering s- and d-photoelectron partial waves mediated by a near-threshold
p-type shape resonance [20]. Figure 5 compares
the channel-resolved LF- and RF-PADs from
the two-photon DPD processes. Equation (5) used
for the LF-PAD in one-photon photodetachment is
not suitable for a two-photon process, a fourth-order
Legendre polynomial and its corresponding anisotropy
parameter must be included in the differential
cross-section [30]:
d
tot
½1 þ 2 P2 ðcos LF Þ þ 4 P4 ðcos LF Þ:
¼
dLF
4

ð8Þ
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Using Equation (8), the LF photoelectron anisotropy
parameters 2 ¼ –0.4  0.2 and 4 ¼ 0.9  0.2 were
obtained for the OH þ CO þ e channel integrated
over all eKE, indicating that the perpendicular
component is more dominant. On the contrary, in
the H þ CO2 þ e channel, 2 ¼ 0.0  0.2 and
4 ¼ 1.6  0.2, corresponding to a more parallel component. The observed difference in the LF-PAD of
these two DPD channels can simply be explained by
the eKE-dependence of s- and d-photoelectron partial
wave interference. The OH þ CO þ e channel yields
a lower-eKE distribution than the H þ CO2 þ e
channel, and therefore corresponds to a more dominant s-wave component in the interference and
consequently a more perpendicular feature in the
LF-PAD [20].
The RF anisotropy parameter Ai values were also
obtained for these two DPD processes and listed
in Table 1. Similar to the one-photon measurement,
the RF-PAD in the OH þ CO þ e channel is
more isotropic than the corresponding LF-PAD as
A2 ¼ –0.1  0.2 and A4 ¼ 0.4  0.2, consistent with a
relatively isotropic angular distribution for the photoelectron relative to the OH þ CO recoil directions;
while the RF-PAD for H þ CO2 þ e shows a
significant anisotropy with A2 ¼ 0.2  0.2 and
A4 ¼ 1.4  0.2, in agreement with the small solid
angle of H þ CO2 products being detected.
The photofragment angular distributions for
OH þ CO products were also measured to directly
evaluate the alignment of the HOCO anions via a
shape resonance reported in [20]. Figure 6 shows the
N(neutral) versus neutral in the LF for OH þ CO
obtained from the two-photon DPD of HOCO at
Eh ¼ 1.60 eV. A Monte Carlo simulation using
Equation (8) was used to fit the experimental data,
showing the LF anisotropy parameters 2 ¼ 1.3  0.2
and 4 ¼ 0.3  0.2. Further discussion about the
photofragment angular distribution in the twophoton DPD of HOCO will be presented in the
next section.

4. Discussion
The photoelectron-photofragment angular correlations
can provide deep insights into the dynamics of a DPD
process, particularly in the case of ultrafast dissociation of the molecular framework. In the case of the
DPD of HOCO onto the ground state potential
energy surface of HOCO, however, dissociation of the
HOCO radical is not instantaneous, and thus the
RF-PADs representing the best direct measure of
MF-PAD are blurred significantly by a separation of

Counts (Arb.)
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Photofragment recoil angle qneutral (deg.)

Figure 6. The LF photofragment angular distributions of
OH þ CO from the two-photon photodetachment of
HOCO at Eh ¼ 1.60 eV. Solid lines are from experimental
measurements. Dashed lines represent the Monte Carlo
simulation results using Equation (8).

time scales for photodetachment and subsequent
dissociation of the molecular frame. Thus, in the
present work we will focus primarily on assessing the
implications of the LF-PAD and LF photofragment
angular distributions on the radical lifetime and the
symmetry and orientation of the transition dipole
in the molecular frame. The OH þ CO angular
distributions from the two-photon DPD of HOCO
will also be discussed, providing further evidence for
the alignment of HOCO in a near-threshold shape
resonance.

4.1. LF-PAD in one-photon DPD of
HOCO/DOCO
A theoretical prediction of the observed LF-PAD
requires a high-level electron–molecule scattering
calculation, beyond the scope of the present study.
An approximate group-theoretical treatment, limiting
the continuum electron states to s- & p-waves, as
presented by Sanov and coworkers is employed here to
explain the observed LF-PAD qualitatively [10].
From a symmetry perspective, a dipole-allowed
photodetachment process requires the direct product of
irreducible representations for the transition dipole
moment and wave functions of the initial anion and
final products (electron þ neutral) to contain the
completely symmetric irreducible representation.
Previous high level ab initio calculations showed that
both HOCO and the ground electronic state of the
HOCO free radical have A0 symmetry in Cs geometry
[6,31]. The direct product of the initial and final state
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symmetries and the transition dipole can then be
described by A0 ðanionÞ a0 ðx,y Þ A0 ðradicalÞ ’ele
for the x and y components (in the plane of symmetry),
a00 ðz Þ
A0 ðradicalÞ
’ele for the z
and A0 ðanionÞ
component (perpendicular to the plane of symmetry).
These two direct products must contain the completely
symmetric A0 representation in the Cs point group. With
the assumption that only s- and p-wave photodetachment is involved, it is predicted that the photoelectron
wave function is isotropic (s-type photoelectron) or
parallel to the HOCO plane (px, py-type) for a dipole
transition in the symmetry plane, and perpendicular to
the HOCO plane (pz-type) for a dipole transition
perpendicular to the symmetry plane. In the electricdipole approximation, the transition dipole tends to lie
along the laser electric field. As a result, the one-photon
LF-PAD’s for p-wave photodetachment with both
parallel and perpendicular transitions are predicted to
be parallel to the laser polarization. To determine
whether the dipole transition in the DPD of HOCO is
parallel or perpendicular to the symmetry plane, the LF
angular distributions of neutral photofragments also
have to be inspected.

4.2. LF photofragment angular distribution in
one-photon DPD of HOCO/DOCO
As shown in the results section, the OH/OD þ CO
photofragments have positive anisotropy parameters,
consistent with recoil of the OH/OD þ CO products
along the laser polarization and thus a dipole
transition in the HOCO plane. For more detailed
investigation of the dynamical information conveyed
by the observed LF angular distributions of the neutral
photofragments, a classical model developed by Busch
and Wilson is used [8]. This model treats a polyatomic
molecule as a pseudodiatomic case. Assuming the
chemical bond breaks
at a given angle
to the
*
transition dipole M and taking the tangential velocity
vt resulting from rotation of the parent molecule and
the lifetime of the photoexcited state into account,
the photofragment anisotropy parameter 2 can be
calculated using the equation (8)
o
2 n
¼ ½P2 ð Þ þ 2  3 sin cos =1 þ 4 2 P2 ðcos Þ
2
ð9Þ
Here, ¼ sin1 ðvt =vÞ where v is the photofragment
recoil velocity, vt is the tangential velocity component
due to parent rotation, and ¼ ! where ! is the
angular velocity of rotation of the photoexcited state.
The definitions of the angles involved in Equation (9)
are shown in Figure 7.
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Figure 7. Schematic pseudodiatomic model of Busch and
Wilson [8]. The included angle between the breaking bond
and the transition dipole is . The excited molecule rotates an
angle of ¼ ! in the lifetime of . An additional deflection
of the photofragment recoil direction by an angle of
is
caused by the rotation in the initial state, and can be
calculated by ¼ sin1 ðvt =vÞ where v is the photofragment
recoil velocity and vt is the tangential velocity in rotation of
the initial state.

Although first developed for photodissociation
processes, Equation (9) is also valid for the interpretation of photofragment angular distributions involved
in a DPD process since the angular momentum of the
photoelectron is negligible. In Equation (9), the 2
parameters for OH/OD þ CO have been experimentally measured. It is noted that the peak kinetic energy
release (KER) of OH/CO þ CO products is 0.1 eV,
giving an estimated v value of 8.4  104 cm/s for OH
and 8.1  104 cm/s for OD [7]. The estimation of vt
makes use of the equilibrium geometry from ab initio
calculations [6,32]. The moments of inertia of the
CM of the OH/OD group in HOCO/DOCO and the
total moments of inertia of the anion (Table 2)
were calculated respectively for both the trans- and
cis-configurations, since the cis- and trans- isomers are
indistinguishable in the parent ion beam. The fractions
of the rotational energy of the CM of OH/OD over the
total rotational energy of HOCO/DOCO then can
be estimated for all three principal axes, while the total
rotational energy of the anion is taken to be 1/2kT
for each principal axis based on the equipartition
principle. A typical rotational temperature of T ¼ 35 K
in the supersonic expansion was used here because
the rotational relaxation is expected to be efficient
in the ion source, although vibrationally excited
HOCO/DOCO anions exist in the parent ion
beam as discussed previously [7]. The values of vt for
the OH/OD fragments were then calculated from
Erot ¼ 1/2m vt2, where Erot is the sum of rotational
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Table 2. Moments of inertia for HOCO/DOCO (in atomic
units amu-a20) calculated using the equilibrium geometry
from ab initio calculations [6,32].
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trans-HOCO
cis-HOCO
trans-DOCO
cis-DOCO
trans-HOCO
cis-HOCO
trans-DOCO
cis-DOCO

IA

IB

Ic

21
24
22
27
11
13
12
17

164
146
175
148
160
156
171
160

186
169
197
176
171
169
184
177

energies of the CM of the OH/OD products about the
three principal axes. Since the calculations presented
here are only the approximations and the obtained
values are very similar, an averaged (OH/OD) ¼ 9.3
was used. This relatively large value for is a measure
of the breakdown of the axial recoil approximation for
the small KER and relatively heavy OH/OD fragments
involved in this channel.
With the measured photofragment 2 parameter
and angle, Equation (9) can be used to calculate the
relationship between the orientation of the transition
dipole with respect to the breaking HO-CO (DO-CO)
bond and the HOCO/DOCO lifetime prior to dissociation into OH/OD þ CO. The functions of versus
for OH þ CO (solid line) and OD þ CO (dashed line)
are plotted in Figure 8, showing that if the HO–CO or
DO–CO bond breaks in a direction parallel to the
transition dipole ( ¼ 0 ), the HOCO and DOCO
rotate 0.7 and 1.0 radians, respectively, before
dissociating into OH/OD þ CO fragments. On the
other hand, if the HOCO and DOCO radicals have
negligible rotation before dissociation, the transition
dipole is oriented at a maximum angle of 38 to the
HO–CO bond and 42 to the DO–CO bond. Based
on the fact that
38 , a perpendicular transition
can be quantitatively excluded since it requires ¼ 90 .
In addition, the transition dipole can be predicted to
lie within  38 from the HO–CO bond within the
HOCO plane.
Although the exact lifetime of the HOCO and
DOCO radicals before dissociation into OH/OD þ CO
products cannot be obtained due to the
uncertain angle, an upper limit for the lifetime for
HOCO/DOCO from
¼ =! can be estimated.
An estimate for ! is once again based on the
equipartition principal, Erot ¼ 1/2I!2 ¼ 1/2kT for
each principal axis. The moments of inertia of
HOCO/DOCO radicals are listed in Table 2. Since an
upper limit for the lifetime is desired, among the three
! values, the smallest one about the major principal

Figure 8. Rotation angle ¼ ! as a function of , the angle
between the breaking bond and transition dipole for
OH þ CO (solid line) and OD þ CO (dashed line). The
dotted line shows the ratio of (OHþCO)/ (ODþCO) as a
function of , and can also be read from the y-axis ranging
from 0 to 1 as a dimensionless quantity.

axis perpendicular to the HOCO/DOCO plane
(corresponding to the largest moment of inertia), is
used in this calculation. From Figure 8,
0.7 radians
for OH þ CO and 1.0 radian for OD þ CO, therefore,
the upper limits to the lifetime,
9  1013 s and
12
1.3  10 s, are obtained for the HOCO and DOCO
free radicals leading to OH/OD þ CO formation.
These upper limits are consistent with the previously
reported HOCO lifetime from a femtosecond
pump-probe measurement of OH products in the
photoinduced reaction of CO2–HI van der Waals
complexes carried out by Wittig and co-workers
although these authors estimated 50% uncertainties
for their measurement [33], but smaller than that
obtained from a similar picosecond experiment
conducted by Zewail and co-workers [34].
Deuterium substitution in the HOCO radical only
affects the zero point energy and vibrational and
rotational energy spacing, and has no influence on the
PES shape. Thus it is reasonable to assume that, on
average, the OH þ CO and OD þ CO products have
the same angle. The dotted line in Figure 8 represents
the function of (OH þ CO)/ (OD þ CO) versus ,
indicating that HOCO has a lifetime of around
60–70% of that of DOCO for
angles ranging up
to 30 . Noting that the difference of the HOCO and
DOCO lifetimes originates from the 2 parameters that
differ by 0.2, this lifetime difference is likely to be
smaller than that shown in Figure. 8 owing to the
uncertainty of 0.1 for each 2. Nevertheless, the
observed deuterium effect in the lifetime may be related
to the previously reported sensitivity of HOCO
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lifetime to different rotational or spin–orbit states in
OH [(21/2, N) and (23/2, N)] products [33–35].
Because the moment of inertia for OD is nearly the
double of that for OH, the OD products in a DPD
process can be more rotationally excited than OH.
Therefore, the observed lifetime difference for HOCO
and DOCO may correlate to the different rotational
distributions in OH and OD products [33,35].
State-selective detection of the OH products, by laser
induced fluorescence for example, coupled with the
DPD experiment, would be helpful to answer this
question but exceedingly difficult.
It has to be noted that the lifetime discussion here is
only an estimate. Besides all the approximations
mentioned above, HOCO is a polyatomic molecule
that is vibrating during the dissociation. Consequently,
the HO–CO bond can break at a distribution of
angles simply as a result of molecular vibration and
zero-point motion, making Equation (9) less suitable
for the calculation of lifetime. In addition, the
production of OH/OD þ CO primarily results from
photodetachment of vibrationally excited HOCO/
DOCO as discussed in the previous study [7].
Therefore, consideration of rotational effects in the
parent anion needs to be extended to excited
vibrational states as well, beyond the scope of the
current study.
In the case of the one-photon DPD channel of H/
D þ CO2 þ e at Eh ¼ 3.21 eV, the KER peaks around
0.5 eV [7], resulting in a recoil velocity v ¼ 9.7  105 cm/
s for H atom and 6.8  105 cm/s for D atom, about one
order of magnitude larger than those of OH/OD.
Using the same procedure described above for OH/
OD þ CO, ¼ 1.4 for H atom and 1.9 for D atom are
obtained – in other words, the axial recoil approximation is much better for this dissociation channel.
However, because the photofragment 2 parameter
was not measured for H/D þ CO2, the function of
versus
cannot be obtained with the present
experimental data. Thus, we will defer a more detailed
treatment of the lifetimes in the H/D þ CO2
dissociation channel at this time.

4.3. Photofragment angular distribution in
two-photon DPD
Our previous study suggested that the strong
two-photon absorption at Eh ¼ 1.60 eV was mediated
by a p-type shape resonance near the photodetachment
threshold, leading to a significant alignment of the
transient HOCO produced by absorption of the first
photon. In such a process, the low-energy p-partial
wave outgoing electrons are temporarily trapped by a
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centrifugal barrier, forming a shape resonance that
selects HOCO aligned parallel with laser polarization
(consistent with the parallel transition dipole discussed
above). The LF angular distribution of the OH þ CO
neutral photofragments in the two-photon DPD
provides the further evidence for this phenomenon.
Compared with Figure 3, the LF angular distribution
of OH þ CO in the two-photon process is more
anisotropic along the laser polarization, supported by
a larger 2 (1.3  0.2 in the two-photon process
compared with 0.8  0.1 in the one-photon process)
and the emergence of a positive 4. This observation
provides solid evidence
for the alignment of HOCO
*
along the laser E vector during the two-photon
photodetachment as inferred from the LF-PADs
presented in [20].

5. Conclusion
In summary, the dynamics of the one (Eh ¼ 3.21 eV)
and two-photon (Eh ¼ 1.60 eV) DPD processes,
HOCO þ h ! OH þ CO þ e and HOCO þ h !
H þ CO2 þ e, have been studied by a measurement of
the photoelectron and photofragment energy and
angular distributions in coincidence. Examination of
the angular correlations among the photoelectron,
photofragments, and the laser polarization reveals that
the DPD of HOCO is characterized by a transition
dipole in the HOCO symmetry plane. Anisotropy
parameters for the LF- and RF-PAD, as well as for
the LF photofragment angular distribution of the
OH þ CO products, are reported. With these parameters, the relationship between the HOCO/DOCO
lifetime and orientation of transition dipole has been
investigated using a classical model. The upper limits
of lifetime are reported to be 9  1013 and
1.3  1012 s for HOCO and DOCO radicals dissociating to OH/OD þ CO products, respectively, and have
been compared with several previous measurements.
In addition, the angular distribution measurement in
the two-photon DPD of HOCO at Eh ¼ 1.60 eV
supports the results of our previous study that the
alignment of a molecular anion can be realized through
a shape resonance near the photodetachment
threshold. Future work employing a higher beam
energy (up to 16 keV) to improve the DAF for H/D
atoms, as well as measuring the H þ CO2 product
angular distribution as a function of different laser
polarizations, may help extract a reliable anisotropy
parameter for H þ CO2 fragments and yield further
insights into the HOCO lifetime and DPD dynamics
leading to the production of H þ CO2. Regrettably,
detailed electron–molecule scattering dynamics
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information is not obtained from the current RF-PAD
measurement, due to the HOCO lifetime and the
concomitant blurring of the photoelectron-photofragment angular correlations. Further studies, possibly
making use of HOCO alignment by dipole excitation
through shape-resonant states, may allow extraction of
the photoelectron anisotropy parameters Ai in a frame
with the molecular transition dipole spatially aligned
along the pump laser polarization [20,36]. These
experimental results accompanied by further quantum
dynamics calculations should clarify in greater detail
the role of the HOCO intermediate on the complicated
potential energy surface that governs the fundamental
OH þ CO ! H þ CO2 reaction.
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