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Observation of vibration-dependent electron anisotropy in O−
2 photodetachment
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Photoelectron angular distributions (PADs) recorded for the O2(X 3� −
g ) ← O−

2 (X 2�g) band show significant
vibrational dependence. Experimental evidence of vibrational influence on the PAD has, to date, been sparse.
Consequently, little attention has been paid to vibrational effects in the consideration of direct detachment
processes by recent theoretical treatments. The results presented here demonstrate the sensitivity of the PAD
to vibronic coupling in the anion ground electronic state, a phenomenon which is usually neglected in direct
molecular anion photodetachment. These results provide the essential data for the evaluation and refinement of
existing theoretical models.
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The photoelectron differential cross section (dσ/d�),
characterized by the anisotropy parameter β(E), is a sensitive
probe of anion photodetachment dynamics and electronic
structure, representing the signature of the parent anion orbital
in the atomic case [1]. The use of β(E) as a diagnostic
of a parent atomic orbital is complicated by an electron
kinetic energy (E) dependence. However, atomic anion direct
detachment experiments varying the photon energy (hν) show
that the β(E) values lie on a single, smooth curve for a given
electronic transition [2,3]. Conservation of energy links hν and
E: hν = E + eBE, where eBE is the electron binding energy.
For molecular anion direct detachment, β(E) predictions
usually ignore the effects of internal excitation (even for di-
atomics). In the absence of vibrationally resolved experimental
data, the approximation that I (E,θ ) depends solely on the
parent orbital is usually employed. β(E), therefore, should be
the same for a given E, regardless of hν and vibrational energy
change.

We present detailed experimental measurements of the
β(E) values associated with the O2(X 3� −

g , v′) ← O−
2 (X 2�g ,

v′′ = 0) band, in particular examining the role of vibrational
degrees of freedom which demonstrate this assumption to
be overly simplistic. β(E) dependence on internal degrees
of freedom has been seen previously in indirect ionization
processes [4,5]. The current results clearly show that internal
excitation can have a significant effect, even for direct
photodetachment. These data will serve as stimuli for future
theoretical developments and provoke similar investigation
of other electronic transitions in diatomic and polyatomic
molecular anions.

Linearly polarized photons yield a photoelectron angular
distribution (PAD) equivalent to dσ/d� and described by:

I (E,θ ) = σ (E)

4π
[1 + β(E)P2(cosθ )], (1)

where P2(cos θ ) is the second Legendre polynomial, and θ

is the angle between the laser electric vector, εp, and the
photoelectron momentum, k.

The photon energy dependence of the total detachment
cross section [6–13], and the photoelectron spectrum of
O−

2 [14–25] have been thoroughly characterized. However,

much fewer data exist regarding the angular distribution
[15,22]. This is surprising as O−

2 is an excellent candidate to
study the vibronic effects on I (E,θ ). The strong resemblance
of the πg molecular orbital to an atomic d orbital retains a
link with atomic-anion detachment models. Additionally, the
single vibrational mode has a high-enough frequency to allow
the resolution of vibrational structure in the photoelectron
spectrum.

Examination of the effect of vibrational motion on the
PAD requires measurements over a range of E for several
vibronic transitions. Such studies are rarely performed. Here,
we employ a combination of velocity mapped imaging [26] and
readily tunable, linearly polarized photon sources, allowing
efficient accumulation of the necessary data.

The representative image shown in Fig. 1 is the result
of 454.57 nm detachment of O−

2 using a high resolution
(	E/ E = 0.4% or better), in-line imaging system. The image
is a 2D projection of the 3D laboratory-frame-momentum-
space photoelectron spectrum. Transitions associated with
lower eBE are found at larger radii, which correspond to
higher linear momentum. The rings in the image correspond
to different vibronic transitions, and several electronic bands
are present. For the sake of brevity, we focus on the outer-
most transitions, those associated with the O2(X3� −

g , v′) ←
O−

2 (X 2�g , v′′ = 0) band.
To recover the original, cylindrically symmetric 3D dis-

tribution we apply an inverse Abel transformation to the
image [27]. It is then possible to extract the PAD corresponding
to a particular vibronic transition by integrating across the ap-
propriate radial range at all θ and fitting Eq. (1) to the data using
β(E) as the fitting parameter. β(E) values are very sensitive
to experimental factors such as background noise and image
distortion. To verify the observed trends, two independent sets
of data are represented in this work, recorded on two different
instruments at several wavelengths between 900 and 440 nm.
The first set (Fig. 2, closed circles) was recorded on the high-
resolution instrument using a Nd:YAG (Continuum Powerlite
9010) pumped OPO (Continuum Sunlite) laser, while a second
set (Fig. 2, open circles) was recorded using a perpendicular
imaging arrangement (	E/E = 10%) and Nd:YAG (Spectra
Physics INDI-40–10-HG) pumped dye laser (Spectra-Physics
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FIG. 1. Photoelectron image of O−
2 detachment at 454.57 nm.

Cobra Stretch). Details of both instruments can be found in
Refs. [28] and [29], respectively. Although there is slightly
greater scatter in the lower resolution measurements, the two
sets are in excellent agreement. However, due to overlapping

transitions in the lower resolution data, direct comparison is
only possible for the O2 (X 3� −

g , v′ = 1–4) ← O−
2 (X 2�g ,

v′′ = 0) transitions shown in Figs. 2(a)–2(d).
The dominant centrifugal term in the anion potential results

in significant E dependence of dσ/d� and the integral
cross section σ [30–32]. This is clearly seen in the data in
Fig. 2. Qualitatively similar trends are seen for each vibronic
transition, with β(E) becoming increasingly negative as E
increases. To understand this behavior, we first return to atomic
anion detachment.

Under the one-electron approximation, an atomic anion
orbital is a central potential eigenfunction (specified by
quantum number, 
). The photoelectron wave function can
be expanded into a series of such eigenfunctions. Selection
rules restrict the superposition to functions specified by
	
 = ±1 [32–34]. Interference between these partial waves
determines β(E), and so the cross sections (σ
±1) and phase
difference [δ(
+1)−(
−1)] are critical [35]:

β(E) = 
(
 − 1) + (
 + 1)(
 + 2)A2E2 − 
(
 + 1)AE cos δ(
+1)−(
−1)

(2
 + 1)[
 + (
 + 1)A2E2]
, (2)

where A is related to anion size [35], and AE represents the
ratio of the partial wave cross sections, σ(
+1)/σ(
−1), assuming
Wigner threshold behavior [31] is a valid approximation.

Molecular anion orbitals are not usually eigenfunctions of
a central potential Hamiltonian. Furthermore, internal degrees
of freedom may become important. In the spirit of Eq. (2),

FIG. 2. (Color online) β parameters associated with each vibrational transition associated with the O2(X 3� −
g , v′) ← O−

2 (X 2�g , v′′ = 0)
band. (a) v′ = 1, (b) v′ = 2, (c) v′ = 3, (d) v′ = 4. Each point represents a different detachment wavelength. The curves are the result of fitting
Eq. (2) to the data. The fitted curves are compared in (e).
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anion detachment calculations tend to focus on the nature of
the parent orbital itself. Although Eq. (2) applies strictly only to
atomic anion detachment, fitting the atomic model to the data
in Fig. 2 is instructive. The curves in Fig. 2 are obtained using
A and cos δ(
+1)−(
−1) as fitting parameters and setting 
 = 2.
The fits are generally very good (the adjusted coefficient of
determination is >0.96 for v′ = 2–4 and >0.86 for v′ = 1) but,
as summarized in Fig. 2, require different parameters for each
vibronic transition. Both A and cosδ(
+1)−(
−1) decrease as v′
increases. In practical terms this results from the v′ dependence
of the β(E) trends, as seen in the comparison of the fits in
Fig. 2(e).

The atomic picture of detachment (at least in terms of
the electronic orbital) is a reasonable first approximation that
reproduces the essential trends in the data. However, while
satisfactory agreement with the atomic model can be obtained,
the fitting coefficients do not offer a physical explanation
for the observed vibrational dependence. In particular, the
decrease in A seems puzzling since higher vibrational tran-
sitions presumably allow sampling of a greater range of the
internuclear coordinate, ROO.

To gain greater physical insight, we turn to an alternative
formulation for β(E) [36]. The most obvious difference be-
tween atomic and molecular anion detachment processes is the
presence of internal degrees of freedom. The differential cross
section can be written [32]: dσ/d� = (8π3e2ν/c) 〈|Tv′v′′

ki |2〉,
where e is the electronic charge, ν the photon frequency, and
c the speed of light. 〈|Tv′v′′

ki |2〉 is the absolute square of the
transition moment between the initial, bound anion and final,
neutral molecule + free electron state and (in the absence
of rotationally resolved spectra) averaged over all molecular
orientations. Within the Franck-Condon approximation, T v′v′′

ki

is factored into vibrational and electronic contributions,
giving 〈|T v′v′′

ki |2〉 = | ∫ χv′χv′′dR|2 〈|Tki |2〉, where χv is the
vibrational wave function. The problem of predicting or
understanding the PAD is one of evaluating the electronic
transition matrix element, Tki = 〈ψn;k| ∑ εp·ri|ψa〉. ψn, ψa

are the neutral and anion electronic wave functions and ri is
the position vector of the i th electron from the center of mass.

If interaction between the parent orbital and all other
molecular orbitals is minimal, we can approximate Tki to a
one electron integral. This ignores electron-correlation effects

FIG. 3. (Color online) Comparison of ZCC model and experi-
mental results (represented by the fit of (2) to the data). (a) v′ = 1, 2
(b) v′ = 3,4. (c) Comparison of the ZCC curves for each transition.

but is an instructive approach in evaluating the effect of
a specific vibronic transition on the angular distribution.
Expanding the continuum wave function |k〉 and parent orbital
in central-potential eigenfunctions and evaluating the angular
integrals using the properties of spherical harmonics, it has
been shown that the anisotropy parameter can be evaluated
using [36]:

β(E) =
∑∞


=|	�| |Cn
|2(2
 + 1)−2
[

(
 − 1)

∣∣FE,
−1
n


∣∣2 + (
 + 1)(
 + 1)
∣∣FE,
+1

n


∣∣2 − 6
(
 + 1)Re
(
F

E,
−1
n
 F

E,
+1∗
n


)]

∑∞

=|	�| |Cn
|2(2
 + 1)−1

[


∣∣FE,
−1

nl

∣∣2 + (
 + 1)
∣∣FE,
+1

n


∣∣2] . (3)

In Eq. (3), the F
E,
±1

n
 terms are radial matrix elements,
effectively partial-wave detachment cross sections. In the event
that the parent orbital is a central-potential eigenfunction, each
summation contains a single term and the expression reduces
to that of an atomic anion [33,34]. Further approximation
(F E,
+1

n
 /F
E,
−1
n
 ∝ E) yields an expression equivalent to

Eq. (2) [35,36].
For O−

2 , we may approximate the πg orbital as an atomic
d orbital. The difference between a purely atomic approach
and the molecular case is found in the radial matrix elements,

F
E,
±1

n
 = ∫
R
±1(E,r)∗ r Rn
(r; ROO) r2 dr. The bound

electron radial function [Rn
(r; ROO)] has a parametric de-
pendence on the internuclear separation, ROO. This can be
understood by consideration of the potential energy associated
with the anion X 2�g and neutral X 3� −

g states [14,37]. As ROO

increases, so does the energy difference between the neutral
and anion states, equating to a larger eBE. Increased eBE
reduces the spatial volume of the parent orbital, and the radial
function falls off more rapidly with r. This is consistent with
the idea that the A coefficient in Eq. (2) is related to anion size.
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In this context, size is equivalent to the spatial extent of the
detachment orbital.

Dramatic changes in the PAD have been observed between
different vibronic photoionization bands of the neutral di-
atomics N2, CO, and O2 [4,5]. Such effects are usually associ-
ated with resonance phenomena such as autoionizing Rydberg
states. In contrast, the variation in β(E) for O−

2 detachment is
associated with direct detachment. The O2 anion and neutral
difference potential changes rapidly enough that the electronic
transition moment varies significantly with ROO [14,37]. Due
to the changing overlap of the initial- and final-state vibrational
wave functions, each vibronic transition preferentially selects
a subset of O−

2 molecular anions with ROO values close to the
outer turning points of the neutral O2 vibrational states. Each
vibronic transition is therefore associated with a different range
of values of the electronic transition moment.

Previously, only the zero core contribution (ZCC) model
has been applied to diatomic anion photodetachment to
quantitatively evaluate vibrational effects on the PAD [38].
The approximations applied in the model are similar to those
discussed above. The essence of the model is that the excess
electron wave function constitutes a detachment orbital which
is assumed to be negligible in the “core region,” outside which
all other orbitals have negligible amplitude. The electronic
transition moment integral is then evaluated over the region
outside the core. The ZCC predictions of Fig. 3 have been
generated using a united atom, d-detachment orbital [38].
The experimental data we have presented represent the first

systematic test of these predictions. Figure 3 shows that
quantitative agreement between the experimental data and
the ZCC predictions is not particularly close. However,
comparison of the ZCC curves for each v′ [Fig. 3(c)] clearly
shows that the model predicts a significant dependence on the
neutral vibrational state.

Equation (2) predicts a minimum in β(E) and the data of
Ref. [22] at shorter wavelength shows that this is reproduced
experimentally. The ZCC calculation also predicts this
minimum but to higher electron kinetic energy. Recent, more
sophisticated, computational treatments of O−

2 photodetach-
ment [39–41] (which include electron-correlation effects)
also reproduce the minimum. However, these return β(E)
values that are consistently lower in magnitude than any of the
experimental measurements reported here. In addition, these
latter calculations completely ignore the effects of vibrational
excitation of the neutral O2. Methodical determination of
β(E) experimentally demonstrates the importance of the
internuclear coordinate in the detachment process. Hopefully,
these results will serve as a source on which to base a deeper
theoretical understanding of molecular photodetachment
processes.
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