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We outline the methodology of negative-ion photoelectron imaging and general aspects of interpretation of
the results using the CS2

- and S2
- anions as model systems. The CS2

- images are recorded using 800, 530,
400, and 267 nm photons. The observed transitions result in the formation of CS2 in the X 1Σg

+, a 3B2, b 3A2,
and A 1A2 states. The S2- measurements are carried out at the same wavelengths with the exception of 800
nm. The resulting images reveal the detachment transitions assigned to the X3Σg

-, a 1∆g, b 1Σg
+, c 1Σu

-, and
A′ 3∆u states of the neutral. The choice of detachment wavelengths serves as a “zoom” selectively focusing
on chosen transitions, in some cases allowing the observation of their vibrational structure. The photoelectron
spectra and angular distributions obtained from the images are used to discuss the electronic structure and
detachment dynamics. In particular, two approaches to interpreting the angular distributions are discussed.
One method employs the Cooper-Zare central-potential model adapted to the molecular case. It considers an
expansion of the parent orbital in the basis of single-center atomic-orbital functions, for which the partial
waves comprising the ejected electron are determined. The application of this model to molecular anions is
straightforward, if the parent molecular orbital resembles an atomic orbital, which is the case for S2

-, but not
CS2

-. In the latter case, a different qualitative approach is proposed, which (i) relies upon the electric-dipole
approximation and group theory for the determination of the detached electron wave function symmetry, (ii)
restricts the analysis to symmetry (electric dipole) allowed s and p partial waves, and (iii) qualitatively treats
the orientation averaging by considering only a few “principal” molecular orientations. The results provide
a foundation for the qualitative interpretation of anion photoelectron images.

1. Introduction

Photoelectron imaging of negative ions has emerged as a
novel approach to the studies of electronic structure and
dynamics, complementing traditional photoelectron spectroscopy
with a heightened emphasis on the electronic wave functions.
The conceptually straightforward technique provides maps of
the electron detachment process, including the interdependent
angular and kinetic energy distributions. The two-dimensional
measurement in space of both observables is highly instrumental
in the determination of molecular structure and electronic wave
function symmetry. The application of these imaging capabilities
in the time domain promises new insights into chemical
dynamics as viewed from the electronic perspective.1-5

The original application of imaging to gas-phase dynamics
by Houston and Chandler involved neutral photofragments
tagged by state-selective laser ionization.6 In recent years, both
the photofragment-ion and photoelectron variants of imaging
received boosts from the improvements in experimental technol-
ogy and methodology. In particular, velocity mapping introduced
by Eppink and Parker7,8 revolutionalized the field by decreasing
image blurring and hence drastically improving the resolution.
This and other developments9-11 have increased the level of
detail obtainable by imaging, making the technique more
versatile and powerful in the studies of gas-phase interactions.

As with photofragment-ion imaging, photoelectron imaging
was initially implemented for neutral molecules. Several
benchmark studies demonstrated the utility of energy and time-
resolved photoelectron angular distributions (PAD) in the studies

of structure and time-resolved dynamics.2,4 On the other hand,
very few photoelectron imaging experiments involving molec-
ular negative ions have been reported to date.12,13In this paper,
we demonstrate the capabilities of our new instrument in probing
the electronic structure of negative ions by photoelectron
imaging. We present the results for two small molecular anions,
S2

- and CS2-, which are used as model systems highlighting
general aspects of the methodology behind the experimental
collection and analysis of anion photoelectron images.

The information content of photoelectron images differs from
their photofragment-ion counterparts. While the velocity (speed)
distributions of the photofragments and photoelectrons both
reflect the energetics of the reaction or electron emission process,
the corresponding angular distributions may have different
meanings. Therefore, the two types of imaging can provide
complementary insights into molecular structure and reaction
dynamics.

In the elementary case of prompt dissociation via a single
transition, the photofragment anisotropy can be understood in
terms of preferential excitation of those molecules whose
transition dipole moments are aligned along the laser polarization
axis.14,15 In the semiclassical picture, the angular distribution
of the photofragments in the molecular frame (MF) is deter-
mined by the arrangement of chemical bonds and the direction
of forces during dissociation. For example, in the dissociation
of a nonrotating diatomic with the fragment repulsion directed
along the internuclear axis, the MF angular distribution is
(classically) a delta function peaking in the direction of the
bond.16 It transforms into a cosine-squared or a sine-squared
distribution of recoil angles with respect to the laser polarization
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in the laboratory frame (LF), depending on the parallel or
perpendicular nature of the transition.

However, this picture is applicable only if the electronic
transition is either purely parallel or purely perpendicular, which
is rather the exception than the rule. More commonly, the recoil
anisotropy is governed by the competition of transition dipole
moments of different symmetry, as well as the dissociation
dynamics.14,16-20 The information content of photofragment
angular distributions is further enriched by the effect of
molecular rotation on the time scale of dissociation. Rotation
reduces the observed anisotropy, providing a way to estimate a
finite dissociation lifetime.21-23 Thus, photofragment angular
distributions can help distinguish between reaction mechanisms,
e.g., direct dissociation or unimolecular decomposition.24

In photodetachment, the photoelectron anisotropy (or lack
thereof) can also signal a distinction between direct and indirect
pathways. For example, isotropic PADs are characteristic of
autodetachment and cluster thermionic emission.25-28 However,
in direct photodetachment electron ejection is usually fast
compared to molecular rotation and, at least within the Born-
Oppenheimer picture, the PAD has no bearing on the electron
detachment time scale.

Even in the most straightforward cases, the PADs observed
by photoelectron imaging can be understood only in quantum
terms. In the case of molecular anions, different components
of the transition dipole moment yield series of free-electron
waves specific to the transition. In the single-center partial-wave
expansion model, the photodetachment process is governed not
only by moduli of the transition moments but also by relative
phases between them. As a result, the MF PADs, which are
related to the angular parts of the free-electron wave functions,
can have very complex structures.29

There have been experiments probing the molecule-fixed
PADs arising from negative ions, such as the photoelectron-
photofragment coincidence measurements by Continetti and co-
workers.30,31This paper is concerned with photoelectron imaging
restricted to the laboratory frame, in which averaging over
molecular orientations renders the PADs misleadingly simple
bipolar structures. In fact, the LF photoelectron distributions
produced by linearly polarized light have the same form as
photofragment angular distributions.14,32,33However, the inter-
pretation of the PADs involves deciphering their relation to the
complex molecular-frame free-electron wave function. Assum-
ing a one-electron approximation, the latter is a signature of
the precursor molecular orbital (MO), as well as the photode-
tachment process. The analysis is, in general, much less intuitive
than the semiclassical model applicable to the simplest photof-
ragmentation cases.

Theoretical treatments of both direct and time-dependent
angle-resolved ionization of neutral molecules have been under
development for over 30 years.29,32-39 As with experimental
work, fewer theoretical studies specifically targeted PADs in
the photodetachment of molecular anions.18,40 An important
difference between neutral ionization and anion photodetach-
ment lies in the scaling of partial cross sections with energy,
defined by the different types of long-range potentials involved
in the interaction of the electron with the positively charged
versus neutral core.41

Amid the development of rigorous theoretical treatments,
there remains a need for qualitative models describing the
detachment processes and resulting PADs. The objective of these
models is to provide basic understanding and tutorial description
of electron-ejection dynamics without embarking on full-scale
quantum calculations. Many ideas helping in understanding

molecular anion photodetachment have been developed with
regard to atomic anions,42,43 as well as molecular anions with
atomic-like MOs.12,44,45 Other relevant ideas regarding the
interference of partial waves have been discussed in the context
of threshold photodetachment.44,46,47

The recent explosion of interest in photoelectron imaging
prompts us to revisit these ideas and adapt them to the current
needs of experimentalists working in the field. In this paper,
we use S2- and CS2- as model systems and, drawing on the
wealth of available knowledge, discuss practical and visual
approaches to decoding the information contained in the images.

The two qualitative models that we employ are based on the
formalism originally developed for describing not only PADs,
but also near-threshold behaviors. The first is an extension of
the central-potential model for atomic ionization and photode-
tachment.33 As discussed by Cooper and Zare, it can be
generalized to the molecular anion case,32 but such generaliza-
tion yields useful qualitative insights only if the parent MO
resembles an atomic orbital (AO).45 Formally, this model
considers an expansion of the MO in the basis of single-center
AO functions, for which the partial waves of the ejected electron
can be determined. We test the performance of this model on
S2

- imaging data and use it as a steppingstone to tackling more
complex systems.

For photodetachment from MOs that cannot be conveniently
approximated by a single AO (exemplified here by CS2

-),
another qualitative approach is suggested, applying specifically
to molecular negative ions. The model restricts the analysis to
s and p partial waves, relying on the approximate Wigner
threshold law for anion photodetachment.41,48 The MF f LF
transformation and orientation averaging are accounted for
qualitatively by considering only a few “principal” molecular
orientations.

The results for CS2- presented here expand on our previous
communication,13 while the S2

- results are presented for the
first time. While this is the first photoelectron imaging study
of both anions, traditional photoelectron spectroscopy has been
applied to them previously. In particular, a CS2

- photoelectron
spectrum49,50 taken with 2.54 eV photons revealed a single
electronic transition assigned to the X1Σg

+ state of the neutral.
A higher photon energy (4.66 eV) spectrum recorded by
Tsukuda et al.51 showed additional peaks assigned to the a3B2,
b 3A2, and A 1A2 neutral states. The comparison of the latter
spectrum to the present results is particularly revealing in
demonstrating the capabilities of photoelectron imaging. A 2.54
eV photoelectron spectrum of S2

- was obtained by Ellison and
co-workers,52 revealing a vibrational progression assigned to
the X 3Σg

- state of S2. We report a series of S2
- photoelectron

images recorded in the photon energy range between 2.34 and
4.64 eV, which reveal the structure of the detachment transitions
assigned to the X3Σg

-, a 1∆g, b 1Σg
+, c 1Σu

-, and A′ 3∆u states
of the neutral.

This paper is organized as follows. Section 2 gives a
description of the experimental apparatus used in the study.
Section 3 presents the experimental results and analysis. The
implications of the results and the qualitative models employed
for the interpretation of photoelectron images are discussed in
section 4. A brief summary is given in section 5.

2. Experimental Apparatus

The negative-ion photoelectron imaging spectrometer em-
ployed in this study is shown schematically in Figure 1. It
consists of a pulsed ion source,53 a Wiley-McLaren54 time-of-
flight mass spectrometer,53,55and a velocity-map7 photoelectron
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imaging assembly. In the previous communication,13 we made
only brief reference to the whole apparatus, although a more
detailed description of the mass spectrometer has been given
elsewhere.55

The negative ions are generated and mass analyzed using the
state-of-art techniques pioneered by Lineberger and co-work-
ers.53,56The ions are formed by secondary electron attachment
in an electron-impact ionized pulsed supersonic expansion of a
precursor gas mixture. In this work, CS2

- ions are prepared by
expanding carbon disulfide (ambient vapor pressure) seeded in
3 atm of Ar. The S2- ions are made from a 5-10% mixture of
carbonyl sulfide in Ar at a backing pressure of 1.5-2 atm. The
gas mixture is expanded into the source chamber with a base
pressure of 10-6 Torr through a General Valve Series 9 nozzle
operated at a repetition rate of 30-50 Hz. The beam of electrons
from a 1 keV electron gun crosses the supersonic expansion
1-2 mm from the 500µm diameter orifice of the nozzle.

About 15 cm downstream from the nozzle, the anions are
pulse-extracted into the 1.7 m long Wiley-McLaren time-of-
flight mass spectrometer. A 10 ns rise/fall time high-voltage
pulse generator (Directed Energy PVM-4210) drives the repeller
plate. The amplitude of the extraction pulse is adjusted for
optimum Wiley-McLaren focusing, the typical value being
about-600 V. The ions pass through a 4 mmdiameter orifice
in the grounded electrode (which also serves as a partition
between the source chamber and the rest of the instrument) and
enter the acceleration stack, where a uniform electric field from
10 evenly spaced electrodes accelerates them to the 1950 V
beam potential.

The accelerated ions are steered and focused using electro-
static deflectors and an Einzel lens, collectively referred to as
ion optics in Figure 1. Following that, the ions are referenced
from the 1950 V beam potential down to the ground potential
without affecting their kinetic energy using a fast potential
switch, as described by Johnson and co-workers.57 The switch
is a 60 cm long, 7.5 cm diameter stainless steel tube with
apertures at both ends, driven by a 25 ns rise/fall time high-
voltage pulse generator (Directed Energy PVX-4140).

After passing through two differentially pumped regions and
a series of apertures, the ions enter the detection chamber. The
base pressure in this region is∼2 × 10-9 Torr, rising somewhat
when the gate valve connecting it with the rest of the instrument
is opened.

The ions are detected at the end of the flight tube using a
Chevron-type dual microchannel plate (MCP) detector (D1 in
Figure 1) with 25 mm diameter plates and a metal anode (Burle,
Inc.). Before impacting the detector, the ions are postaccelerated
by an additional 1 kV, raising their kinetic energy to>3 kV.

The signal from the detector anode, floating on top of a high-
voltage pedestal, is capacitively coupled down to the ground
potential, amplified (100×), and monitored with a 300 MHz
digital averaging oscilloscope (Tektronix TDS 3032). The anion
masses are assigned using the established instrument calibration
as well as the known spectral patterns.55

The postimaging ion deflector (PIID in Figure 1), located
between the imaging assembly ion exit and detector D1, gives
the option of deflecting the ions away from the instrument axis,
enabling the detection of neutral photodetachment (and/or
photodissociation) products. This capability is used for finding
the overlap between laser pulses and the ion bunches of desired
mass in the pulsed ion beam.

The photoelectrons detached from the mass-selected negative
ions are analyzed using the imaging technique pioneered by
Chandler and Houston,6 implemented here in the velocity-
mapping modification of Parker and Eppink.7 The imaging
assembly is comprised of a three-electrode lens and a 15 cm
long field-free electron flight tube. The assembly is mounted
vertically, with its axis perpendicular to the ion and laser beams
(see Figure 1). The entire assembly, including the imaging lens,
is encased within several layers ofµ-metal, shielding it from
the Earth’s magnetic field. The bottom part of the shield is kept
at ground potential and has∼2 cm diameter apertures for the
laser and ion beams. The field-free flight tube has two double-
layer shields, both inside and outside the tube. The imaging
lens consists of three 10 cm diameter oxygen-free high-
conductivity copper electrodes, evenly spaced at 2.5 cm. The
bottom element serves as repeller (V1 < 0), the middle is at
ground potential (V2 ) 0), and the top one serves as an
accelerating element (V3 > 0). The second and third electrodes
have 2.5 cm diameter apertures at their centers. The accelerating
element is physically and electrically connected to the field-
free flight tube.

The collimated ion beam enters the imaging assembly through
the outer shield aperture and passes between the repeller and
ground electrodes. After exiting the assembly through the
opposing shield aperture, the beam trajectory can be corrected,
if needed, for the deflection due to the repeller field by applying
an opposite-sign potential difference to the postimaging ion
deflector (PIID).

The velocity-map focusing for the photodetached electrons
is optimized by adjusting the absolute ratio of potentialsV1 and
V3 applied to the repeller and the accelerating element,
respectively. The optimum ratio (1:3 for our experimental
geometry) was determined by observing the narrow atomic
photodetachment transitions in I- at 267 nm.58 This ratio is
maintained throughout all measurements, whileV1 andV3 are
varied in a coupled fashion in the rangeV3 ) 150-750 V,
depending on characteristic electron kinetic energies (eKEs),
to adjust the photoelectron flight time for efficient use of the
imaging detector area.

The flight tube is terminated with a 333 lines per inch mesh
mounted several millimeters away from the imaging MCP
detector (D2 in Figure 1) input surface. After passing through
the mesh, the photoelectrons are postaccelerated into the front
MCP by an additional∼1 kV. The imaging detector (Burle,
Inc.) includes two imaging quality 40 mm diameter MCPs and
a P47 phosphor screen coupled to an outside chamber window
by a fiber-optic bundle. To discriminate against noise, the MCPs
are operated in a pulsed-bias mode, whereas the total bias across
the two plates, normally kept at 1.0-1.2 V, is pulsed up to 1.6-
1.8 kV for a 200-300 ns window timed to coincide with the
arrival of the photoelectrons. The high-voltage pulses are

Figure 1. Schematic diagram of the negative-ion photoelectron imaging
spectrometer. DP, diffusion pump; TMP, turbomolecular pump; GV,
gate valve; PIID, postimaging ion deflector; D1, ion/neutral detector;
D2, photoelectron imaging detector. Double-headed arrow crossing the
laser beam indicates the laser polarization direction.
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provided by a<25 ns rise/fall time pulse generator (Directed
Energy PVM-4150), whose output is connected to the floated
detector via a capacitor. The phosphor screen is monitored with
a CCD camera (CoolSnap, Roper Scientific). The images are
typically averaged for 10 000-30 000 experimental cycles and
sent to the computer.

The laser radiation is generated using the amplified Ti:
sapphire based laser system from Spectra Physics (1 mJ, 100
fs pulses). In the current work the 800 nm measurements use a
portion (200-400 µJ/pulse) of the unfocused fundamental
output. The 530 nm radiation (30-50 µJ/pulse) is generated
by sum-frequency mixing the signal output of the optical
parametric amplifier with the fundamental. The 400 nm light
is generated by frequency-doubling a portion of the fundamental
in a Super Tripler femtosecond harmonics generator (Super
Optronics, Inc.), giving a 120µJ/pulse. The 267 nm light is
also generated in the Super Tripler by mixing the fundamental
and the second harmonic and giving 20µJ/pulse. The 530 and
400 nm beams are mildly focused with a 2 mfocal-length lens,
positioned 1.3 m before the interaction region. In all measure-
ments, the polarization axis is parallel to the plane of the imaging
detector.

3. Results and Analysis

The photoelectron images of S2
- and CS2- are summarized

in Figures 2 and 3, respectively. First, we give an overview of
the analysis procedure that we apply to the images before
proceeding to the discussion of the specific features of each
anion. The top rows in Figures 2 and 3 depict the raw photo-
electron images collected in the experiments, while the bottom
rows display the corresponding Abel inverted images,23 also
referred to as reconstructed images. All images were obtained
with the laser polarization set vertical in the image plane. Raw
images are two-dimensional projections of the three-dimensional
(3D) distributions of photoelectron velocity vectors, while the
reconstructed images show the cross sections through the
original 3D distributions in a plane containing the cylindrical
symmetry axis, defined by the laser polarization direction.23

These cross sections are obtained from the experimental images

using the basis set expansion method developed by Reisler and
co-workers.9 The method uses a fitting procedure, which relies
on the expansion of the raw image with a large basis set of
functions that are the analytical Abel transforms of narrow
Gaussian functions. The latter constitute the basis set for the
reconstructed image.

In the images presented in Figures 2 and 3, electronic and in
some cases vibrational transitions can be resolved. The imaging
resolution is defined in absolute terms as∆V in the velocity
domain. Because of the eKE∝ V2 scaling, the best energy
resolution is achieved for the slowest electrons. Taking advan-
tage of this feature, the photodetachment transitions to different
neutral states can be brought into “focus” through changing the
photon energy.

Photoelectron energy spectra and PADs are obtained by
integrating the reconstructed images, including the necessary
Jacobian factors.23 The spectra are plotted versus electron
binding energy eBE) hν - eKE, allowing for direct compari-
son of the data obtained at different wavelengths. The PADs
are extracted by integrating the signal intensity at a specific
angle over the range of radii that encompass the ring (transition)
of interest. The asymmetry parameterâ is determined by fitting
the PADs using the expression for differential cross sections:33

where θ is the angle between the laser polarization and the
velocity vector of the ejected electron andP2(cosθ) ) (3 cos2

θ - 1)/2 is a Legendre polynomial.
The following subsections detail the information contained

within the CS2
- and S2

- photoelectron images.
3.1. Photoelectron Images of CS2-. An overview of the

results for CS2- is given in Figure 2. The images were obtained
at 267, 400, 530, and 800 nm. The main features of the images
shown in Figure 2b-d were briefly discussed in a previous
communication.13 CS2

- has a bent equilibrium geometry cor-
responding to the2A1 electronic state. At 400, 530, and 800
nm, only the transition to the ground X1Σg

+ electronic state of
CS2 is energetically allowed. As the term symbol implies, this
state has a linear equilibrium geometry; in the bent (C2V)
configuration accessed in vertical detachment the electronic

Figure 2. Top row: Photoelectron images recorded in the photode-
tachment of CS2- at (a) 267, (b) 400, (c) 530, and (d) 800 nm, with
the corresponding photon energies indicated. Bottom row: Abel
inversions of the above images, reconstructed as described in the text.
The images are shown on arbitrary velocity and intensity scales; see
Figures 4 and 5 and the text for quantitative information. The laser
polarization is always vertical in the figure plane. Arrows labeledX,
a, and b indicate transitions accessing the X1Σg

+, a 3B2, and b3A2

states of neutral CS2. The transition to the A1A2 state (not labeled) is
just inside the b3A2 ring in (e), as discussed in the text and seen in
Figure 4. The dashed lines show correlations in the velocity-map domain
of the selected eBE intervals between images taken at different
wavelengths.

Figure 3. Top row: Photoelectron images recorded in the photode-
tachment of S2- at (a) 267, (b) 400, and (c) 530 nm. Bottom row:
Corresponding Abel inverted images, reconstructed as described in the
text. The images are shown on arbitrary velocity and intensity scales;
see Figures 7 and 8 for quantitative information. The laser polarization
is always vertical in the figure plane. Arrows labeledX, a, b, c, andA′,
indicate transitions assigned to the X3Σg

+, a 1∆g, b 1Σg
+, c 1Σu

-, and
A′ 3∆u states of S2, respectively.

dσ/dΩ ) (σ/4π)[1 + âP2(cosθ)] (1)
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wave function symmetry corresponds to the1A1 state. In the
MO picture, this transition involves the removal of the a1 HOMO
electron of CS2-.

In the 267 nm measurement, at least three additional elec-
tronic states of CS2 are accessible, and hence several rings are
easily discerned in the image shown in Figure 2a,e. The rings
are labeledX, a, andb, corresponding to the X1Σg

+, a3B2, and
b 3A2 states of neutral CS2. Four electronic states of CS2 have
been seen previously by CS2

- photoelectron spectroscopy51 that
would be accessible at 267 nm. The fourth transition (to the A
1A2 neutral state), which is not immediately apparent in the 267
nm image, is revealed in the analysis below.

Tuning the photon energy allows us to zoom in on the
structure of different transitions, taking advantage of the higher
energy resolution for slow electrons. For example, the dashed
lines connecting Figure 2e and 2f, as well as Figure 2g and 2h,
begin and end at the radial points corresponding to the same
eBE for each pair of images. Therefore, these lines indicate the
correlation of the chosen spectral intervals in the images taken
at different photon energies. The image in Figure 2e (hν ) 4.6
eV) emphasizes the higher energy transitions a and b, while
the lower energy transition X is represented by a peripheral
feature in which no structure can be discerned. The central area
of the image in Figure 2e, including transitions a and b,
corresponds to eBE> 3.1 eV. This entire energy range
disappears in the 400 nm image shown in Figure 2f, while the
range of eBE< 3.1 eV expands to the entire image area. This
latter energy range includes only the electronic transition
accessing the ground X1Σg

+ state of CS2. The vibrational
structure of this transition becomes progressively better resolved
as the photon energy is lowered further. The dashed lines
between Figure 2g and 2h indicate the expansion of the radial
range corresponding to eBE< 1.5 eV into the entire image
area, as the laser is tuned to 800 nm. This final zoom reveals
the rings corresponding to the transition’s vibrational structure,
as clearly seen in both the raw image in Figure 2d and the
corresponding reconstructed image in Figure 2h.

As we discussed previously,13 these rings correspond to the
bending vibrational progression excited in the neutral core upon
anion photodetachment. The progression originates from the
vertical transition from the bent ground state of the anion to
the highly excited bending vibrational levels of neutral CS2,
whose equilibrium geometry is linear.49 The analysis of the 800
nm image13 yields an average energy interval between the rings
of 415 ( 10 cm-1, consistent with the bending vibrational
frequency in neutral CS2.49,59,60

Even visual examination of the 800 nm images in Figure 2d,h
reveals that the outer vibrational rings are more anisotropic than
the inner ones. The values of the anisotropy parameter range
from 0.37 to 0.78.13 As discussed in section 4, the increase in
â with increasing eKE is attributed to the higher order partial
waves competing with the isotropic s wave, which dominates
near the detachment threshold.

Figure 4 shows an expanded version of the reconstructed 267
nm image from Figure 2e, superimposed with the eKE scale
and neutral CS2 state assignments for observed transitions. In
this enlarged image, the A1A2 transition is discerned as an inner
shadow of ring b. The observed transitions clearly exhibit
different anisotropy properties. The 267 nm anisotropy param-
eters corresponding to the formation of the X1Σg

+, a3B2, b3A2,
and A1A2 neutral states areâ ) 0.29,-0.24,-0.44, and-0.42,
respectively. Due to the overlap of the last three transitions,
their â values should be taken as estimates only.

The four transitions can also be seen in the photoelectron
spectra shown in Figure 5. The spectrum in Figure 5a was
obtained by integrating the image in Figure 4 over the entire
angular range (θ ) 0-180°), while Figure 5b includes only a
narrow sectorθ ) 10-25°. The spectral peaks are labeled in
accordance with the electronic states of CS2 formed in the
photodetachment, and the state assignments are taken from
Tsukuda et al.51 The three excited states of CS2 overlap in Figure
5a, with a3B2 and A1A2 appearing as poorly resolved shoulders
of the intense b3A2 peak. In the partially integrated spectrum
in Figure 5b, the resolution is comparable to that achieved using
traditional time-of-flight photoelectron spectroscopy,51 with an
added advantage of examining in detail the near zero eKE range.
Restricting the angular integration range improves the resolution
by minimizing the effects of distortions, such as possibly an

Figure 4. Half of the reconstructed 267 nm photoelectron image of
CS2

- reproduced from Figure 2e (right) superimposed with the eKE
scale (left) and neutral CS2 state assignments for observed transitions.

Figure 5. The 267 nm photoelectron spectrum of CS2
-. (a) The

spectrum obtained by integrating the reconstructed image in Figure 4
over the entire angular range. (b) The spectrum obtained by integrating
the same image fromθ ) 10° to 25°. Peak assignments correspond to
the electronic states of neutral CS2.

Photoelectron Imaging of Molecular Anions J. Phys. Chem. A, Vol. 107, No. 40, 20038219



imperfect roundness of the image and blurring due to a velocity
spread in the ion beam. These effects are not observable by
eye, but show up in the quantitative analysis.

In Figure 5b, the range of integration was chosen close to
the laser polarization direction in order to reduce the relative
intensity of the b3A2 peak, dominating the fully integrated
spectrum in Figure 5a. Since the spectrum in Figure 5b does
not account for all electrons produced in the photodetachment,
the relative band intensities are not reflected properly.

3.2. Photoelectron Images of S2-. An overview of the S2-

results is presented in Figure 3. Using the assignments from
Swope et al.,61 the diffuse feature at the center of the 267 nm
image (Figure 3a,d) is assigned to the transitions yielding the
neutral c1Σu

- and/or A′ 3∆u states. This part of the image is
nearly isotropic withâ ≈ -0.14. The outer ring in the 267 nm
image is comprised of unresolved contributions of three
electronic transitions:2Πg f X 3Σg

-, a 1∆g, and b 1Σg
+.

Changing the laser wavelength to 400 nm, we “zoom in” on
these transitions and they become resolved in the image shown
in Figure 3b,e. In the MO picture, each of these three transitions
involves the removal of an electron from the doubly degenerate
πg* HOMO of S2

-. Therefore, their comparative analysis is
particularly instructive, as the observed anisotropy trends can
be attributed to eKE-dependent photodetachment dynamics and/
or deficiencies of the one-electron MO description.

The reconstructed 400 nm image from Figure 3e is enlarged
in Figure 6. In this figure, vibrational rings are evident for all
three electronic transitions, although they are best resolved for
the slowest electrons, corresponding to the b1Σg

+ neutral state.
The electronic transitions are labeled in accordance with the
resulting neutral states. Figure 7 shows the photoelectron spectra
corresponding to the 400 and 530 nm S2

- images. Partial
vibrational resolution is achieved for all three electronic
transitions. The vibrational peaks for the b1Σg

+ state transition
are labeled using the assignments given to the corresponding
rings in Figure 6. The peaks are spaced by∼600 cm-1,
compared to the reported vibrational frequency for the b1Σg

+

state of S2, ωe ) 699.7 cm-1.62 The discrepancy can be
attributed, at least partially, to anharmonicity. The leading
shoulder of the X band agrees with the known electron affinity
(EA) of S2 (1.670( 0.015 eV),52 indicated by the dashed line
in Figure 7. The signal at eBE< EA corresponds to hot bands
and uncorrected backgrounds in the experimental image.

Upon visual inspection of the 400 nm S2
- image in Figure

6, the inner part of the image corresponding to the transition to
the b state is anisotropic with intensity peaking in the direction
of the laser polarization, while the outer ring (X state transition)
intensity maxima reside in the perpendicular direction. The
middle ring, corresponding to the a state of S2, appears nearly
isotropic. The dependence of the anisotropy parameter on eKE
is plotted in Figure 8. Theâ values decrease with increasing
eKE rather monotonically for all three transitions, following a
common trend.

4. Discussion

The wave function of the free electron produced upon
detachment from a bound orbital can be expanded in terms of
partial waves characterized by definite values of the orbital
angular momentum. For example, an electron detached from
an atomic p orbital produces s and d waves, in accordance with
the selection rule∆l ) (1. Near the detachment threshold, the
cross section for each wave is well approximated by the Wigner
law,48 and thus the relative weight of the isotropic s wave is
expected to be greater for slower electrons.43 While the threshold

Figure 6. Expanded half of the reconstructed 400 nm photoelectron
image of S2- from Figure 3e. The electronic transition assignments
correspond to neutral S2 states formed in the detachment. The labels
assigned to vibrational rings within the b1Σg

+ transition are also shown.

Figure 7. Photoelectron spectra of S2
- obtained from the images in

Figure 3e,f. The spectrum represented by filled symbols/solid line
corresponds to the 400 nm laser wavelength; open symbols/dotted line
correspond to 530 nm. Vertical dashed line represents EA) 1.67 eV.
The electronic state assignments correspond to neutral S2. The
vibrational progression (R throughú) within the b state corresponds to
the similarly labeled rings in the image shown in Figure 6.

Figure 8. Anisotropy of different components of theπg
-1 transition

in S2
- at three different wavelengths (as indicated), summarized as a

function of eKE. The transition labels indicated on the graph correspond
to 400 nm data. The Greek labels for vibrationally resolved transitions
to the b1Σg

+ state of S2 are the same as in Figures 6 and 7. (1) The
530 nm data corresponding to the X3Σg

- state. (2) Overall anisotropy
of the peripheral feature in the 267 nm image shown in Figure 3a,d,
corresponding to unresolved X3Σg

-, a1∆g, and b1Σg
+ states. The solid

line corresponds to the Cooper-Zare model for photodetachment from
a d orbital (l ) 2) assuming a dipole radial matrix element ratio of
Rl+1/Rl-1 ) (0.5 eV-1)eKE and a zero phase shift between the (l ( 1)
waves. See the text for details.
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scaling of the cross section depends only on thel quantum
number, the corresponding PAD is dependent on bothl andml.
For example, for p waves the angular distribution corresponding
to a pz wave peaks along thez axis, while any combination of
px and py waves produces a peak in the direction perpendicular
to z.

Molecular orbitals generally cannot be assigned a singlel
value. As discussed by Reed et al.,44 conceptually one can
approach molecular detachment from two different viewpoints.
We can choose to expand the parent MO (ψMO) as a linear
combination of AO functions located at a single center in the
MF. (Note that this differs from the LCAO-MO approach due
to the single-center part.) Alternatively, we can use group theory
and dipole selection rules to determine the symmetry of the free
(photodetached) electron wave function (ψf) and then haveit
expanded in the symmetry-adapted single-center AO basis.

In the approach adopting the MO expansion, the Cooper-
Zare central-potential model33 can be applied to eachψMO

component to predict the energy-dependent anisotropy parameter
â. The core approximation involved in the next step, which
reduces the rigorous mathematical treatment32 to a qualitative
model, is the assumption that the basic character of molecular
PADs can be determined without considering explicitly the
interference of waves originating from different terms in the
ψMO expansion. This approach, to which we refer as the adapted
Cooper-Zare treatment, works only when theψMO expansion
in the single-center AO basis includes just a few (preferably
one) dominant components.45

In the case of MOs with more complex structure, another
qualitative approach is suggested. This method follows the
formalism discussed by Reed et al. in the context of threshold
photodetachment.44 First, we use group theory to determine the
free-electron wave function symmetry. Then,ψf is expanded
in terms of AO-type functions. The consideration is subsequently
limited to only s and p partial waves, and therefore this approach
is termed the s&p model.

Photodetachment of S2
- is an excellent candidate for the

adapted Cooper-Zare treatment, with the core ideas used here
having been applied previously to O2

- photodetachment.18,40,46,47

The πg HOMO of S2
- has two nodal planes, making it very

similar to an atomic d orbital. Hence, for theπg
-1 transitions

yielding the X3Σg
-, a 1∆g, and b1Σg

+ neutral states, the initial
orbital angular momentum quantum number of the electron can
be taken asl ) 2 and the trends inâ can be explained by
considering the interference of the p and the f partial waves. In
the case of CS2-, the MOs no longer resemble atomic orbitals;
therefore, the s&p approach is applied for the qualitative
interpretation of the PADs. Last, we consider the s&p treatment
of S2

- and highlight the limitations of the model.
In the adapted Cooper-Zare treatment, the S2

- HOMO is
approximated as an atomic d orbital, with p and f partial waves
formed in the photodetachment. The Cooper-Zare formula33

for l ) 2 predicts that the asymmetry parameter will be positive
at small eKEs, before reaching negative values. Figure 8
compares the experimental data for S2

- with the trend predicted
by the Cooper-Zare central-potential model for detachment
from a d orbital. The phase difference between the (l ( 1) partial
waves was set to zero. Although this supposition is somewhat
arbitrary, there is no physical basis for assuming a nonvanishing
phase difference, at least in considering the qualitative trends
in the detachment. In the relevant energy range the final-state
de Broglie wavelength is quite large compared to the initial state
and therefore no significant phase shift between the outgoing
waves excited by the same laser field is expected.43 Another

model parameter, namely the ratio of the dipole radial matrix
elements (affecting the position of the turnaround point on the
curve), was chosen to simulate the trend in the data.

Although the experimental data in Figure 8 correspond to
different wavelengths, as well as different final states, the
anisotropy parameter appears to depend mainly on eKE,
following a qualitative trend consistent with the Cooper-Zare
model. This collective behavior is consistent with the MO
picture, in which the X, a, and b neutral states are formed via
different spin components of the sameπg

-1 one-electron
detachment transition. Quantitative differences between the data
and the model can be attributed, in part, to the neglected MO
components, as well as electron interaction and intramolecular
dynamics. In addition, the assumption of a central potential in
the Cooper-Zare (atomic) model is less accurate in the case of
the nonspherically symmetric molecular potential. Despite the
quantitative discrepancies, this method is an effective qualitative
tool for understanding the PAD’s dependence on eKE.

A similar approach can be applied to electrons originating in
orbitals below the HOMO. The A′ and c states of S2 arise from
detachment from theπu (HOMO - 1). Under symmetry
restrictions, the lowestl contributions to the single-center AO
expansion of this MO correspond to p functions, followed by f
functions, etc. If the AO expansion is dominated by the p
functions, one expects them to yield s and d free-electron partial
waves in the photodetachment. The s wave dominates at small
eKEs, consistent with the nearly isotropic character of the
observed PAD (see the central feature in the 267 nm images in
Figure 3a,d), while the d wave contributes to the slightly
negativeâ (-0.14 ( 0.06).

The MOs of CS2- do not bear a convenient resemblance to
atomic orbitals. Hence the expansion in AO functions will
contain many nonnegligible terms, making the application of
the adapted Cooper-Zare model rather cumbersome. In this
case, it is more convenient to apply the s&p method, making
use of the elements of theC2V point group to which CS2-

belongs. In the s&p model we first consider the detachment in
the MF, requiring that the direct product of the irreducible
representations ofψMO, ψf, and the dipole operator (µ) is
invariant under the symmetry operations of this group. After
determining the allowed symmetries of the free-electron waves,
ψf can be expanded in a single-center AO basis. We then make
a further approximation (best justified for slow electrons),48

considering only the waves withl e 1. These s and p waves
must then be referenced from the MF to the LF axes.

The LF PAD is determined by integrating over all molecular
orientations. This is done accounting for the proportionality of
transition amplitudes to the cosine of the angle betweenµb and
the laser polarization axis, defined to be the LFz axis (zLF).
Qualitative insights into the nature of the PADs can be gained
by considering only three “principal” orientations of the anion.
These orientations are chosen so that one of the principal
molecular axes is aligned alongzLF. This substitute for proper
orientation averaging is, of course, a very coarse approximation,
designed to give a qualitative picture of the detachment
dynamics without embarking on complete quantum calculations.

The three principal orientations of CS2
- are shown schemati-

cally in the top row in Figure 9. For each orientation, only the
transitions with nonzeroµb components alongzLF are active. The
symmetry species of the active dipole components with respect
to the MF are indicated in the second header row in Figure 9.
These symmetry species are the irreducible representations
corresponding tozLF for the given MF orientations. Since only
the irreducible representation of theµb component along
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zLF is important in the following discussion, all conclusions
remain valid if the molecule is rotated aboutzLF, as indicated
in Figure 9, or inverted in the plane perpendicular tozLF.

The MF symmetry of ψf is determined by requiring
〈ψf|µ̂|ψMO〉 * 0. Photodetachment from thea1 anion MO yields
the X 1A1 neutral state, while thea2

-1 transition yields b3A2

or the A 1A2. Similarly, theb2
-1 yields both the3B2 and 1B2

states, but only the triplet is observed due to the higher energy
of 1B2.51 In Figure 9, the three rows below the header list the
orientation-dependentψf symmetries allowed in the indicated
transitions. For example, in theb2

-1 transition, the free-electron
waves detached from the anion orientations corresponding to
the a1, b1, and b2 active µb components are ofb2, a2, and a1

symmetries, respectively.
In the next step of the analysis,ψf is expanded in a single-

center AO basis, as done previously for the bound MOs. We
then make a second core approximation, limiting the consid-
eration to s and p partial waves only. An s wave always
corresponds to thea1 representation, but p waves can transform
as a1, b1, or b2 symmetry species, depending on the wave
polarization in the MF. The dashed contours in Figure 9 show
schematically the s and p components ofψf under the symmetry
constraints determined above.

If ψf transforms asa1, the ejected electron can have both s
and p partial components. While the s waves are isotropic, the
LF orientation of the p waves is determined by their MF
symmetry and the anion orientation being considered. Forψf

of b1 andb2 symmetries, only p-wave components are consid-
ered in the model. Fora2 waves, the smallestl components
correspond to d orbitals; therefore,a2 waves are neglected under
the l e 1 approximation.

Considering the wave sketches in Figure 9, the qualitative
nature of the expected PADs becomes immediately clear. For
the a1

-1 (X 1A1) transition, the free-electron wave function is

characterized by interference of the isotropic s waves and
anisotropic p waves with amplitudes peaking alongzLF. Thus,
a PAD with positiveâ is expected, in agreement with the
experimental results. For example, the 800 nm PAD for the X
1A1 transition integrated over all eKEs is characterized byâ )
0.68. Similar values are obtained at 530 and 400 nm.13 The eKE
dependence of the anisotropy of the vibrational rings in Figure
2d,h can also be understood qualitatively using the s&p analysis.
Compared to the s waves, the p-wave amplitude is small for
slow electrons, increasing with increasing eKE (Wigner law).
Therefore, the anisotropy for this transition should increase with
increasing eKE. This predicted behavior can be seen in the 800
nm data (see Figure 2h).

For theb2
-1 (a 3B2) transition, the s&p model predicts two

principal p waves with amplitudes peaking in the direction
perpendicular to the laser polarization, as well as an isotropic s
wave. Thus,â < 0 is expected, as is indeed observed in the
experiment (see Figure 4).

For thea2
-1 (b 3A2 and A1A2) transition,l ) 0 components

of ψf are forbidden in the electric-dipole approximation. As
indicated in Figure 9, only horizontally polarized p waves are
produced in the detachment under the approximations of the
s&p model. A substantially negative value ofâ is therefore
predicted for these transitions.

In the above two cases (b2
-1 anda2

-1 transitions)â < 0 is
expected. However, in the latter case, only p waves polarized
perpendicular tozLF are predicted for the principal orientations
within the approximations of the model, while for theb2

-1

transition similar p waves are predicted to compete with an s
component, which can be particularly intense for slow electrons.
Thus, another qualitative prediction can be drawn from these
arguments: the perpendicular nature of the anisotropy is
expected to be more pronounced in the “pure p” case of the
a2

-1 transition than in the “mixed s and p” case of theb2
-1

transition. That this prediction is also confirmed by the
experiment is easily seen in the 267 nm photoelectron image
in Figure 2a and its Abel transform in Figure 4: thea2

-1

transition does indeed exhibit a more negative anisotropy (â )
-0.44 and-0.42 for b3A2 and A 1A2, respectively) than the
b2

-1 transition (â ) -0.24 for a3B2).
The application of the s&p model to CS2

- photodetachment
makes use of the specific properties of theC2V point group.
Nonetheless, the same general approach can be applied to other
molecular anions, such as, for example, S2

-. In this case, the
model can be compared to the Cooper-Zare method adapted
to the molecular case as described above. Although the
application of the Cooper-Zare method to S2- is straightfor-
ward, in our view the s&p model has an important pedagogical
advantage, as long as the detachment is considered in a
qualitative manner only. We refer, of course, to the ease of
visualization, which contrasts the s&p model with the Cooper-
Zare formalism.33

Following the s&p approach, Figure 10 shows the sketches
of l < 2 partial waves allowed in the detachment from theπg

HOMO of S2
- in the three principal orientations of the anion

frame. The first orientation (Figure 10, top) corresponds to a
σu

+(µz) active dipole component and yields waves ofπu

symmetry. The second and third principal orientations are
characterized by the degenerateπu active components of the
transition dipole. Theµx component yields free-electron waves
of σu

+ symmetry (Figure 10, middle), whileµy producesσu
-

and δu waves (Figure 10, bottom). Involving the AO basis
expansion and thel < 2 model approximation, only the p free-
electron waves indicated in the right column of Figure 10 are

Figure 9. The s&p model treatment of CS2
- photodetachment. First

header row: principal anion orientations (solid line represents the bent
frame of CS2-). Second header row: corresponding symmetries of the
transition-dipole components driven by the laser radiation polarized
along the LFz axis. Rows below the header indicate the symmetries
and s and p components (dash contours) ofψf corresponding to the
respective transitions and principal orientations. See the text for details.
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considered. These waves are polarized perpendicular to the laser
polarization axis, and henceâ < 0 is predicted.

Thus, the s&p model predictsâ < 0 for all three πg
-1

transitions yielding the X3Σg
-, a1∆g, and b1Σg

+ neutral states.
The 400 nm experiment shows thatâ is indeed substantially
negative for the X state (â ) -0.54( 0.02, integrated over all
vibrational components). However, the overall anisotropies are
almost zero (â ) -0.16( 0.06) and even positive (â ) 0.29
( 0.06) for the a and b states, respectively. Although theâ
values for the a and b states tend to become negative as eKE
increases, this case highlights the limitations of the model
inherent in its qualitative nature. The Cooper-Zare wave
composition depends on the initial state orbital angular
momentum, while the s&p model in its present formulation
always includes only s and p waves. (However, some gener-
alization of the model to include higher order waves is in
principle possible.) As a consequence of this limitation, only
p-wave contributions are considered in the photodetachment of
S2

-. Thus, the s&p model may serve as an insightful tool for
determining the overall nature of the detachment process, as
reflected in its anisotropy at intermediate eKEs, while predicting
the anisotropy at any given eKE requires a more rigorous,
quantitative approach.

For the transitions arising from theπu (HOMO - 1) of S2
-,

the allowed partial waves areσg
+, σg

-, δg, andπg. Of these,
only theσg

+ wave contains partial waves withl < 2, namely,
the isotropic s functions. All other waves formed under the
above symmetry restrictions expand inl g 2 AO functions.
Thus, p waves are forbidden for this transition under the one-
electron, electric-dipole approximations. The s partial wave is
responsible for a nearly isotropic PAD predicted for this case,
in agreement with the nearly isotropic (â ) -0.14( 0.06) A′,
c feature in Figure 3a,d.

5. Summary

We have discussed the utility of photoelectron imaging in
probing the electronic structure of small molecular anions. The
results for two model systems, S2

- and CS2-, have been
presented. For both anions, photoelectron images recorded at a

series of wavelengths have been used to examine the electronic
structure and the electron ejection dynamics.

Two qualitative approaches to describing the detachment
processes and resulting PADs have been discussed. The objec-
tive of these models is to provide basic understanding and
tutorial description of electron detachment dynamics without
invoking full-scale quantum calculations. The S2

- and CS2-

results have been used to illustrate the two approaches.
The first model is an extension of the central-potential model

of Cooper and Zare for atomic ionization and photodetach-
ment.33 Formally, this model considers an expansion of the MO
in the basis of single-center AO functions, for which the partial
waves of the ejected electron can be determined. The gener-
alization of this model for the molecular anion case is practical
only if the parent MO resembles an atomic orbital, which is
the case for S2-, but not CS2-.

For photodetachment from MOs that cannot be conveniently
approximated by a single AO (e.g., CS2

-), the qualitative s&p
model was suggested, which restricts the analysis to s and p
partial waves and treats the orientation averaging by considering
only a few “principal” molecular orientations.

It is hoped that these results will provide a tutorial foundation
for the qualitative interpretation of anion photoelectron
images, which will be useful in developing more sophisticated
approaches to more complex systems.
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