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Probing the Electronic Structure of Small Molecular Anions by Photoelectron Imaging
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We outline the methodology of negative-ion photoelectron imaging and general aspects of interpretation of
the results using the GSand S~ anions as model systems. The C8nages are recorded using 800, 530,

400, and 267 nm photons. The observed transitions result in the formation @i @@ X =3*, a®B,, b 3A,,

and A'A, states. The S measurements are carried out at the same wavelengths with the exception of 800
nm. The resulting images reveal the detachment transitions assigned td3ge %Ay, b 1Z4*, ¢ 1%,7, and

A’ 3A, 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 Coopefare 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, foutShot

CS . Inthe 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 of structure and time-resolved dynam?¢sOn the other hand,
Photoelectron imaging of negative ions has emerged as a’ey few photpelectron Imaging experiments mvolymg molec-
ular negative ions have been reported to d&téin this paper,

novel approach to the studies of electronic structure and d h bilities of . . bi
dynamics, complementing traditional photoelectron spectroscopyWe emonstr_atet e capapiiities o o_urn(_awmstrument In probing
the electronic structure of negative ions by photoelectron

with a heightened emphasis on the electronic wave functions. - g
The conceptually straightforward technique provides maps of IMaging. We pres_ent the results for two small molecqlar_anlpns,
the electron detachment process, including the interdependent? and CS™, which are used as model systems highlighting
angular and kinetic energy distributions. The two-dimensional 9eneral aspects of the methodology behind the experimental
measurement in space of both observables is highly instrumentaicollection and analysis of anion photoelectron images.
in the determination of molecular structure and electronic wave  The information content of photoelectron images differs from
function symmetry. The application of these imaging capabilities their photofragment-ion counterparts. While the velocity (speed)
in the time domain promises new insights into chemical distributions of the photofragments and photoelectrons both
dynamics as viewed from the electronic perspective. reflect the energetics of the reaction or electron emission process,
The original application of imaging to gas-phase dynamics the corresponding angular distributions may have different
by Houston and Chandler involved neutral photofragments meanings. Therefore, the two types of imaging can provide
tagged by state-selective laser ionizatidn.recent years, both  complementary insights into molecular structure and reaction
the photofragment-ion and photoelectron variants of imaging dynamics.
received boosts from the improvements in experimental technol-
ogy and methodology. In particular, velocity mapping introduced
by Eppink and Parké# revolutionalized the field by decreasing
image blurring and hence drastically improving the resolution.
This and other developmefitd! 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

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
axis1*15n 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
T Part of the special issue “A. C. Albrecht Memorial Issue”. bond?® It transforms into a cosine-squared or a sine-squared
* Corresponding author. E-mail: sanov@u.arizona.edu. distribution of recoil angles with respect to the laser polarization
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in the laboratory frame (LF), depending on the parallel or molecular anion photodetachment have been developed with
perpendicular nature of the transition. regard to atomic aniorfé;*3as well as molecular anions with
However, this picture is applicable only if the electronic atomic-like MOs!24445 Other relevant ideas regarding the
transition is either purely parallel or purely perpendicular, which interference of partial waves have been discussed in the context
is rather the exception than the rule. More commonly, the recoil Of threshold photodetachmett*¢47
anisotropy is governed by the competition of transition dipole  The recent explosion of interest in photoelectron imaging
moments of different symmetry, as well as the dissociation prompts us to revisit these ideas and adapt them to the current
dynamicst416-20 The information content of photofragment needs of experimentalists working in the field. In this paper,
angular distributions is further enriched by the effect of we use 3~ and C$™ as model systems and, drawing on the
molecular rotation on the time scale of dissociation. Rotation wealth of available knowledge, discuss practical and visual
reduces the observed anisotropy, providing a way to estimate aapproaches to decoding the information contained in the images.

finite dissociation lifetime&1~23 Thus, photofragment angular The two qualitative models that we employ are based on the
distributions can help distinguish between reaction mechanisms,formalism originally developed for describing not only PADs,
e.g., direct dissociation or unimolecular decomposiftbn. but also near-threshold behaviors. The first is an extension of

In photodetachment, the photoelectron anisotropy (or lack the central-potential model for atomic ionization and photode-
thereof) can also signal a distinction between direct and indirecttachmeng?® As discussed by Cooper and Zare, it can be
pathways. For example, isotropic PADs are characteristic of generalized to the molecular anion c&3but such generaliza-
autodetachment and cluster thermionic emis3off However, tion yields useful qualitative insights only if the parent MO
in direct photodetachment electron ejection is usually fast resembles an atomic orbital (A®).Formally, this model
compared to molecular rotation and, at least within the Born ~ considers an expansion of the MO in the basis of single-center
Oppenheimer picture, the PAD has no bearing on the electronAO functions, for which the partial waves of the ejected electron
detachment time scale. can be determined. We test the performance of this model on

Even in the most straightforward cases, the PADs observedS2 imaging data and use it as a steppingstone to tackling more
by photoelectron imaging can be understood only in quantum COMPlex systems. _
terms. In the case of molecular anions, different components For photodetachment from MOs that cannot be conveniently
of the transition dipole moment yield series of free-electron @pproximated by a single AO (exemplified here by.CS
waves specific to the transition. In the single-center partial-wave another qualitative approach is suggested, applying specifically
expansion model, the photodetachment process is governed not0 molecular negative ions. The model restricts the analysis to
only by moduli of the transition moments but also by relative S a@nd p partial waves, relying on the approximate Wigner
phases between them. As a result, the MF PADs, which are threshold law for anion photodetachméht® The MF — LF
related to the angular parts of the free-electron wave functions, fransformation and orientation averaging are accounted for
can have very complex structurés. qualitatively by considering only a few “principal” molecular

There have been experiments probing the molecule-fixed orientations. .
PADs arising from negative ions, such as the photoeleetron ~ 1he results fosr Cg presented here expand on our previous
photofragment coincidence measurements by Continetti and co-communicatiort? while the S~ results are presented for the
workers®31This paper is concerned with photoelectron imaging first time. Whlle th|.s.|s the first photoelectron imaging study
restricted to the laboratory frame, in which averaging over of bqth anions, tradlt!onal photoeleptron spectroscopy has been
molecular orientations renders the PADs misleadingly simple PPlied tog E_Llem previously. In particular, a £$hotoelectron
bipolar structures. In fact, the LF photoelectron distributions SPECtum®<® taken with 2.54 eV phOtf”S revealed a single
produced by linearly polarized light have the same form as eIecFronlc transition assigned to the'X," state of the neutral.
photofragment angular distributiof&3233However, the inter- A higher pholton energy (4.66 eV) spectrum recorded by
pretation of the PADs involves deciphering their relation to the Tssukuda et aﬁ' showed additional peaks assigned to thi8a
complex molecular-frame free-electron wave function. Assum- b *Az, and A'A; neutral states. Th_e comparison of the _Iatte_r
ing a one-electron approximation, the latter is a signature of SPECtrum to the present results is particularly revealing in

the precursor molecular orbital (MO), as well as the photode- demonstrating the capabilities of photoelectron imaging. A 2.54

tachment process. The analysis is, in general, much less intuitive® PhOtoelectron spectrum of Swas obtained by Ellison and

than the semiclassical model applicable to the simplest photof- C0-WOrkers;? revealing a vibrational progression assigned to
ragmentation cases. the X324~ state of 3. We report a series of,S photoelectron

Theoretical treatments of both direct and time-dependent 'mages recqrded in the photon energy range between 234 and
R 4.64 eV, which reveal the structure of the detachment transitions
angle-resolved ionization of neutral molecules have been under

i - 1 s + s — V 3
development for over 30 yeat$323% As with experimental assigned to the X&y", a'Ag, b 24", ¢ 2,7, and A °A, states

work, fewer theoretical studies specifically targeted PADs in of the neutral.

the photodetachment of molecular anidf4 An important q Th'fc' tpape; t'ﬁ’ orgam_zed ?SI foIIowst. Sectn()jn_ 2thg|vets da
difference between neutral ionization and anion photodetach- escription of the experimental apparatus used in the study.

ment lies in the scaling of partial cross sections with energy, Section 3 presents the experimental results and analysis. The

defined by the different types of long-range potentials involved implicat_ions of the_ results and the quaIi_tative models_ employe_d
in the interaction of the electron with the positively charged for the interpretation of photoelectron images are discussed in

versus neutral coré. section 4. A brief summary is given in section 5.

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 The negative-ion photoelectron imaging spectrometer em-
models is to provide basic understanding and tutorial description ployed in this study is shown schematically in Figure 1. It
of electron-ejection dynamics without embarking on full-scale consists of a pulsed ion soureea Wiley—McLarerP* time-of-
guantum calculations. Many ideas helping in understanding flight mass spectrometé#>>and a velocity-mafphotoelectron

2. Experimental Apparatus
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The signal from the detector anode, floating on top of a high-
voltage pedestal, is capacitively coupled down to the ground
potential, amplified (108), and monitored with a 300 MHz
digital averaging oscilloscope (Tektronix TDS 3032). The anion
masses are assigned using the established instrument calibration

lon source

= Ton optics Potential switch
& gun / __J_
|

T L | H as well as the known spectral pattefhs.
repeter HHH =SD0ee S The postimaging ion deflector (PIID in Figure 1), located
\— N between the imaging assembly ion exit and detector D1, gives
] gl lglav lgl <¥ the option of deflecting the ions away from the instrument axis,
! laser i i
7 I oo 4 pp T™P enabling the detection of neutral photodetachment (and/or
10" DP '

photodissociation) products. This capability is used for finding

Figure 1. Schematic diagram of the negative-ion photoelectron imaging the overlap between laser pulses and the ion bunches of desired
spectrometer. DP, diffusion pump; TMP, turbomolecular pump; GV, mass in the pulsed ion beam.

gate valve; PIID, postimaging ion deflector; D1, ion/neutral detector; .
D2, photoelectron imaging detector. Double-headed arrow crossing the. The photoelectrons detached from the mass-selected negative

laser beam indicates the laser polarization direction. ions are analyzed using the imaging technjque pioneer_ed by
Chandler and Houstdhjmplemented here in the velocity-
imaging assembly. In the previous communicafidme made ~ Mapping modification of Parker and EppinkThe imaging
only brief reference to the whole apparatus, although a more @ssembly is comprised of a three-electrode lens and a 15 cm
detailed description of the mass spectrometer has been giverong field-free electron flight tube. The assembly is mounted
elsewheré&s vertically, with its axis perpendicular to the ion and laser beams
The negative ions are generated and mass analyzed using thé5€€ Figure 1). The entire assembly, including the imaging lens,
state-of-art techniques pioneered by Lineberger and co-work- IS encased within several layers pimetal, shielding it from
ers5356 The ions are formed by secondary electron attachment the Earth’s magnetic field. The bottom part of the shield is kept
in an electron-impact ionized pulsed supersonic expansion of adt ground potential and has2 cm diameter apertures for the
precursor gas mixture. In this work, €Sions are prepared by laser and ion beams. The field-free flight tube has two double-
expanding carbon disulfide (ambient vapor pressure) seeded inl@Yer shields, both inside and outside the tube. The imaging
3 atm of Ar. The $~ ions are made from a-510% mixture of ~ |€ns consists of three 10 cm diameter oxygen-free high-
carbonyl sulfide in Ar at a backing pressure of +Batm. The ~ conductivity copper electrodes, evenly spaced at 2.5 cm. The
gas mixture is expanded into the source chamber with a basePotiom element serves as repell#f (< 0), the middle is at
pressure of 16 Torr through a General Valve Series 9 nozzle 9round potential V2 = 0), and the top one serves as an
operated at a repetition rate of-380 Hz. The beam of electrons ~ accelérating elemenvg > 0). The second and third electrodes
from a 1 keV electron gun crosses the supersonic expansionave 2.5 cm diameter apertures at their centers. The accelerating

1—2 mm from the 50Qum diameter orifice of the nozzle. element is physically and electrically connected to the field-
About 15 cm downstream from the nozzle, the anions are €€ flight tube. o
pulse-extracted into the 1.7 m long WileicLaren time-of- The collimated ion beam enters the imaging assembly through

flight mass spectrometer. A 10 ns rise/fall time high-voltage the outer shield aperture and passes between the repeller and

pulse generator (Directed Energy PVM-4210) drives the repeller ground electrodes. After exiting the assembly through the

plate. The amplitude of the extraction pulse is adjusted for Opposing shield aperture, the beam trajectory can be corrected,

Optimum Wi|ey—|\/|c|_aren focusing’ the typ|ca| value being if needEd, for the deflection due to the repeller field by applylng

about—600 V. The ions pass throhga 4 mmdiameter orifice ~ an opposite-sign potential difference to the postimaging ion

in the grounded electrode (which also serves as a partition deflector (PIID).

between the source chamber and the rest of the instrument) and The velocity-map focusing for the photodetached electrons

enter the acceleration stack, where a uniform electric field from is optimized by adjusting the absolute ratio of potentidland

10 evenly spaced electrodes accelerates them to the 1950 W3 applied to the repeller and the accelerating element,

beam potential. respectively. The optimum ratio (1:3 for our experimental
The accelerated ions are steered and focused using electrogeometry) was determined by observing the narrow atomic

static deflectors and an Einzel lens, collectively referred to as photodetachment transitions in at 267 nm® This ratio is

ion optics in Figure 1. Following that, the ions are referenced maintained throughout all measurements, wheand Vs are

from the 1950 V beam potential down to the ground potential varied in a coupled fashion in the ranyg = 150-750 V,

without affecting their kinetic energy using a fast potential depending on characteristic electron kinetic energies (eKEs),

switch, as described by Johnson and co-worRéfhe switch to adjust the photoelectron flight time for efficient use of the

is a 60 cm long, 7.5 cm diameter stainless steel tube with imaging detector area.

apertures at both ends, driven by a 25 ns rise/fall time high-  The flight tube is terminated with a 333 lines per inch mesh

voltage pulse generator (Directed Energy PVX-4140). mounted several millimeters away from the imaging MCP
After passing through two differentially pumped regions and detector (D2 in Figure 1) input surface. After passing through

a series of apertures, the ions enter the detection chamber. Thehe mesh, the photoelectrons are postaccelerated into the front

base pressure in this regioni® x 107° Torr, rising somewhat ~ MCP by an additionar1 kV. The imaging detector (Burle,

when the gate valve connecting it with the rest of the instrument Inc.) includes two imaging quality 40 mm diameter MCPs and

is opened. a P47 phosphor screen coupled to an outside chamber window
The ions are detected at the end of the flight tube using a by a fiber-optic bundle. To discriminate against noise, the MCPs

Chevron-type dual microchannel plate (MCP) detector (D1 in are operated in a pulsed-bias mode, whereas the total bias across

Figure 1) with 25 mm diameter plates and a metal anode (Burle, the two plates, normally kept at 0.2 V, is pulsed up to 1:6

Inc.). Before impacting the detector, the ions are postacceleratedl.8 kV for a 206-300 ns window timed to coincide with the

by an additional 1 kV, raising their kinetic energy @8 kV. arrival of the photoelectrons. The high-voltage pulses are
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Figure 2. Top row: Photoelectron images recorded in the photode-
tachment of C& 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 textFigure 3. Top row: Photoelectron images recorded in the photode-
The images are shown on arbitrary velocity and intensity scales; seetachment of 3~ at (a) 267, (b) 400, and (c) 530 nm. Bottom row:
Figures 4 and 5 and the text for quantitative information. The laser Corresponding Abel inverted images, reconstructed as described in the

polarization is always vertical in the figure plane. Arrows labeted ~ text. The images are shown on arbitrary velocity and intensity scales;
a, and b indicate transitions accessing theX,", a 3B, and b3A, see Figures 7 and 8 for quantitative information. The laser polarization

states of neutral GSThe transition to the AA, state (not labeled) is IS always vertical in the figure plane. Arrows labebéd, b, ¢, andA',

just inside the A, ring in (e), as discussed in the text and seen in indicate transitions assigned to the’%;", a'Ag, b'%,", ¢ '%,7, and
Figure 4. The dashed lines show correlations in the velocity-map domain A" *Au states of & respectively.

of the selected eBE intervals between images taken at different

wavelengths. using the basis set expansion method developed by Reisler and

co-workers? The method uses a fitting procedure, which relies
provided by a<25 ns rise/fall time pulse generator (Directed on the expansion of the raw image with a large basis set of
Energy PVM-4150), whose output is connected to the floated fynctions that are the analytical Abel transforms of narrow
detector via a capacitor. The phosphor screen is monitored with Gaussian functions. The latter constitute the basis set for the
a CCD camera (CoolSnap, Roper Scientific). The images are reconstructed image.
typically averaged for 10 06830 000 experimental cycles and In the images presented in Figures 2 and 3, electronic and in
sent to the computer. some cases vibrational transitions can be resolved. The imaging

The laser radiation is generated using the amplified Ti: resolution is defined in absolute terms As in the velocity

sapphire based laser system from Spectra Physics (1 mJ, 10Qomain. Because of the eKHE 22 scaling, the best energy
fs pulses). In the current work the 800 nm measurements use gesolution is achieved for the slowest electrons. Taking advan-
portion (200-400 uJ/pulse) of the unfocused fundamental tage of this feature, the photodetachment transitions to different
output. The 530 nm radiation (3%0 wJ/pulse) is generated  peytral states can be brought into “focus” through changing the
by sum-frequency mixing the signal output of the optical photon energy.
parametric amplifier with the fundamental. The 400 nm ||ght Photoelectron energy Spectra and PADs are obtained by
is generated by frequency-doubling a portion of the fundamental jntegrating the reconstructed images, including the necessary
in a Super Tripler femtosecond harmonics generator (Super jacobian factord The spectra are plotted versus electron
Optronics, Inc.), giving a 12@J/pulse. The 267 nm light is  pinding energy eBE= hv — eKE, allowing for direct compari-
also generated in the Super Tripler by mixing the fundamental son of the data obtained at different wavelengths. The PADs
and the second harmonic and giving2Dpulse. The 530 and  gre extracted by integrating the signal intensity at a specific
400 nm beams are mildly focused wia 2 mfocal-length lens,  angle over the range of radii that encompass the ring (transition)
positioned 1.3 m before the interaction region. In all measure- of interest. The asymmetry paramefeis determined by fitting

ments, the polarization axis is parallel to the plane of the imaging the PADs using the expression for differential cross sectins:
detector.

3. Results and Analysis dofd€2 = (of4m)[1 + fPy(cosO)] @

The photoelectron images of'Sand C$~ are summarized  where 6 is the angle between the laser polarization and the
in Figures 2 and 3, respectively. First, we give an overview of velocity vector of the ejected electron aRg{cosf) = (3 cog
the analysis procedure that we apply to the images beforef — 1)/2 is a Legendre polynomial.
proceeding to the discussion of the specific features of each The following subsections detail the information contained
anion. The top rows in Figures 2 and 3 depict the raw photo- within the CS~ and $~ photoelectron images.
electron images collected in the experiments, while the bottom  3.1. Photoelectron Images of CS. An overview of the
rows display the corresponding Abel inverted imagfealso results for C$ is given in Figure 2. The images were obtained
referred to as reconstructed images. All images were obtainedat 267, 400, 530, and 800 nm. The main features of the images
with the laser polarization set vertical in the image plane. Raw shown in Figure 2bd were briefly discussed in a previous
images are two-dimensional projections of the three-dimensional communicatiort3 CS,~ has a bent equilibrium geometry cor-
(3D) distributions of photoelectron velocity vectors, while the responding to théA; electronic state. At 400, 530, and 800
reconstructed images show the cross sections through thenm, only the transition to the ground *€4" electronic state of
original 3D distributions in a plane containing the cylindrical C$; is energetically allowed. As the term symbol implies, this
symmetry axis, defined by the laser polarization directfon. state has a linear equilibrium geometry; in the be@s,)
These cross sections are obtained from the experimental imagesonfiguration accessed in vertical detachment the electronic
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wave function symmetry corresponds to thg state. In the
MO picture, this transition involves the removal of thdHH-DMO
electron of C$.

In the 267 nm measurement, at least three additional elec-
tronic states of C8are 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 X4, a®B,, and
b 3A, states of neutral GSFour electronic states of GRave
been seen previously by @Sphotoelectron spectroscopyhat
would be accessible at 267 nm. The fourth transition (to the A
1A, 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 SameFigure 4. Half of the reconstructed 267 nm photoelectron image of
eBE for each pair of images. Therefore, these lines indicate theCS[ reproduced from Figure 2e (right) superimposed with the eKE

corrglation of the Chosen_SpeCtrallimerV"f‘lS ir.‘ the images takenscale (left) and neutral GState assignments for observed transitions.
at different photon energies. The image in Figurele= 4.6

eV) emphasizes the higher energy transitions a and b, while
the lower energy transition X is represented by a peripheral (a) 0-180°
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 X2;* state of CS 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 (b) 10-25° B,
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 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 L
the highly excited bending vibrational levels of neutralCS 0 Electron bin ding erfergy (eV; >
whose equilibrium geometry is line&t The analysis of the 800

nm imagé3 yields an average energy interval between the rings Figure 5. The 267 nm photoelectron spectrum of £S(a) The

1 . . . . . spectrum obtained by integrating the reconstructed image in Figure 4
of 415 + 10 cnr, consistent with the bending vibrational over the entire angular range. (b) The spectrum obtained by integrating

frequency in neutral G995 the same image froi = 10° to 25°. Peak assignments correspond to
Even visual examination of the 800 nm images in Figure 2d,h the electronic states of neutral £S

reveals that the outer vibrational rings are more anisotropic than

the inner ones. The values of the anisotropy parameter range The four transitions can also be seen in the photoelectron

from 0.37 to 0.783 As discussed in section 4, the increase in spectra shown in Figure 5. The spectrum in Figure 5a was

B with increasing eKE is attributed to the higher order partial obtained by integrating the image in Figure 4 over the entire

waves competing with the isotropic s wave, which dominates angular rangef = 0—18(), while Figure 5b includes only a

near the detachment threshold. narrow sectol® = 10—25°. The spectral peaks are labeled in
Figure 4 shows an expanded version of the reconstructed 267accordance with the electronic states of,G&med in the

nm image from Figure 2e, superimposed with the eKE scale photodetachment, and the state assignments are taken from

and neutral CSstate assignments for observed transitions. In Tsukuda et at! The three excited states of €&verlap in Figure

this enlarged image, the J\, transition is discerned as an inner  5a, with a®B, and AA; appearing as poorly resolved shoulders

shadow of ring b. The observed transitions clearly exhibit of the intense ¥A; peak. In the partially integrated spectrum

different anisotropy properties. The 267 nm anisotropy param- in Figure 5b, the resolution is comparable to that achieved using

eters corresponding to the formation of théX*, &B,, b*A,, traditional time-of-flight photoelectron spectroscdpyyith an

and A'A; neutral states afe = 0.29,—0.24,—0.44, and-0.42, added advantage of examining in detail the near zero eKE range.

respectively. Due to the overlap of the last three transitions, Restricting the angular integration range improves the resolution

their § values should be taken as estimates only. by minimizing the effects of distortions, such as possibly an

<4-3—2—1-05-01
| eKE(eV) '\

Iy +
X'Z,

P(E)

Iy +
X%,
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# 400 nm

\LS 30 nm
T % T T

1.5 2.0 2.5 3.0

'%%M

Electron binding energy (eV)

Figure 7. Photoelectron spectra o Sobtained 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=EIA67 eV.
Figure 6. Expanded half of the reconstructed 400 nm photoelectron The electronic state assignments correspond to neutralTBe
image of $” from Figure 3e. The electronic transition assignments vibrational progressiono(through¢) within the b state corresponds to
correspond to neutral,States formed in the detachment. The labels the similarly labeled rings in the image shown in Figure 6.

assigned to vibrational rings within the'B," transition are also shown.

1.0
imperfect roundness of the image and blurring due to a velocity e o Sa0mm
spread in the ion beam. These effects are not observable by 0.5 'I\a\ 4 267nm

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

Anisotropy parameter 4
o
o
1

intensity of the b3A, peak, dominating the fully integrated -0.5 1

spectrum in Figure 5a. Since the spectrum in Figure 5b does

not account for all electrons produced in the photodetachment, -1.0 1 ; i . ; ;

the relative band intensities are not reflected properly. 00 05 10 15 20 25 30
3.2. Photoelectron Images of §. An overview of the $- Electron kinetic energy (eV)

results is prelsenteq in Figure 3. Using the assignments from Figure 8. Anisotropy of different components of the, transition

Swope et al®! the diffuse feature at the center of the 267 nm j’s,- 4t three different wavelengths (as indicated), summarized as a
image (Figure 3a,d) is assigned to the transitions yielding the function of eKE. The transition labels indicated on the graph correspond
neutral c=,~ and/or A 3A, states. This part of the image is  to 400 nm data. The Greek labels for vibrationally resolved transitions

nearly isotropic with3 ~ —0.14. The outer ring in the 267 nm  to the b'>;" state of $ are the same as in Figures 6 and 7. (1) The
image is comprised of unresolved contributions of three 5?0h”m d"?‘t";‘] C°f|f$spond'r‘9 tr? tg‘z?gf state. (2) Ohveral! a'll'.SOtrOp?}’ q
- o v 8% - a1 =+ of the peripheral feature in the nm image shown in Figure 3a,d,
elﬁctro_nlc trr]anlsmons. Hgl >:] 25, a A, anﬁi b 29. corresponding to unresolved3¥,~, a'Aq, and b'Sy* states. The solid
Changing t, ,e aser wavelength to 400 nm,.We 29°m IN"on jine corresponds to the CoopeZare model for photodetachment from
these transitions and they become resolved in the image showry ¢ orbital { = 2) assuming a dipole radial matrix element ratio of

in Figure 3b,e. In the MO picture, each of these three transitions R;/R-1 = (0.5 eV-1)eKE and a zero phase shift between the: (1)
involves the removal of an electron from the doubly degenerate waves. See the text for details.
ng* HOMO of S,~. Therefore, their comparative analysis is
particularly instructive, as the observed anisotropy trends can Upon visual inspection of the 400 nmSimage in Figure
be attributed to eKE-dependent photodetachment dynamics andf. the inner part of the image corresponding to the transition to
or deficiencies of the one-electron MO description. the b state is anisotropic with intensity peaking in the direction
The reconstructed 400 nm image from Figure 3e is enlarged ©f the laser polarization, while the outer ring (X state transition)
in Figure 6. In this figure, vibrational rings are evident for all INtensity maxima reside in the perpendicular direction. The
three electronic transitions, although they are best resolved for_m'ddle,”ng’ corresponding to the a state of &pears nearly
the slowest electrons, corresponding to tH&{f neutral state.  'SOrOPIC. The dependence of the anisotropy parameter on eKE
The electronic transitions are labeled in accordance with the S Plotted in Figure 8. The values decrease with increasing
resulting neutral states. Figure 7 shows the photoelectron spectr£/XE rather monotonically for all three transitions, following a
corresponding to the 400 and 530 nm~9mages. Partial common trend.
vibrational resolution is achieved for all three electronic
transitions. The vibrational peaks for théXy* state transition
are labeled using the assignments given to the corresponding The wave function of the free electron produced upon
rings in Figure 6. The peaks are spaced b$00 cnt?, detachment from a bound orbital can be expanded in terms of
compared to the reported vibrational frequency for thi&d partial waves characterized by definite values of the orbital
state of $, we = 699.7 cnt1.%2 The discrepancy can be angular momentum. For example, an electron detached from
attributed, at least partially, to anharmonicity. The leading an atomic p orbital produces s and d waves, in accordance with
shoulder of the X band agrees with the known electron affinity the selection rulé\l = +1. Near the detachment threshold, the
(EA) of S; (1.6704 0.015 eV)>? indicated by the dashed line  cross section for each wave is well approximated by the Wigner
in Figure 7. The signal at eBE EA corresponds to hot bands  law,*® and thus the relative weight of the isotropic s wave is
and uncorrected backgrounds in the experimental image. expected to be greater for slower electréhd/hile the threshold

4. Discussion
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scaling of the cross section depends only on ltlguantum model parameter, namely the ratio of the dipole radial matrix
number, the corresponding PAD is dependent on batidm,. elements (affecting the position of the turnaround point on the
For example, for p waves the angular distribution corresponding curve), was chosen to simulate the trend in the data.

to a p wave peaks along theaxis, while any combination of Although the experimental data in Figure 8 correspond to
px and g waves produces a peak in the direction perpendicular different wavelengths, as well as different final states, the
toz anisotropy parameter appears to depend mainly on eKE,

Molecular orbitals generally cannot be assigned a sihgle following a qualitative trend consistent with the Coop&are
value. As discussed by Reed et “l.conceptually one can  model. This collective behavior is consistent with the MO
approach molecular detachment from two different viewpoints. picture, in which the X, a, and b neutral states are formed via
We can choose to expand the parent M@ué) as a linear different spin components of the samg ™! one-electron
combination of AO functions located at a single center in the detachment transition. Quantitative differences between the data
MF. (Note that this differs from the LCA©GMO approach due and the model can be attributed, in part, to the neglected MO
to the single-center part.) Alternatively, we can use group theory components, as well as electron interaction and intramolecular
and dipole selection rules to determine the symmetry of the free dynamics. In addition, the assumption of a central potential in
(photodetached) electron wave functiapx)(and then havét the CooperZare (atomic) model is less accurate in the case of
expanded in the symmetry-adapted single-center AO basis. the nonspherically symmetric molecular potential. Despite the

In the approach adopting the MO expansion, the Coeper quantitative discrepancies, this method is an effective qualitative
Zare central-potential mod&lcan be applied to eachuo tool for understanding the PAD’s dependence on eKE.
component to predict the energy-dependent anisotropy parameter A similar approach can be applied to electrons originating in
. The core approximation involved in the next step, which orbitals below the HOMO. The 'Aand c states of Sarise from
reduces the rigorous mathematical treatrffettt a qualitative detachment from ther, (HOMO — 1). Under symmetry
model, is the assumption that the basic character of molecularrestrictions, the lowedtcontributions to the single-center AO
PADs can be determined without considering explicitly the expansion of this MO correspond to p functions, followed by f
interference of waves originating from different terms in the functions, etc. If the AO expansion is dominated by the p
Ywmo expansion. This approach, to which we refer as the adaptedfunctions, one expects them to yield s and d free-electron partial
Cooper-Zare treatment, works only when thig,o expansion waves in the photodetachment. The s wave dominates at small
in the single-center AO basis includes just a few (preferably eKEs, consistent with the nearly isotropic character of the
one) dominant component3. observed PAD (see the central feature in the 267 nm images in

In the case of MOs with more complex structure, another Figure 3a,d), while the d wave contributes to the slightly
qualitative approach is suggested. This method follows the negativef (—0.14 =+ 0.06).
formalism discussed by Reed et al. in the context of threshold The MOs of C$~ do not bear a convenient resemblance to
photodetachmerit. First, we use group theory to determine the atomic orbitals. Hence the expansion in AO functions will
free-electron wave function symmetry. Thepy, is expanded contain many nonnegligible terms, making the application of
in terms of AO-type functions. The consideration is subsequently the adapted CoopeZare model rather cumbersome. In this
limited to only s and p partial waves, and therefore this approach case, it is more convenient to apply the s&p method, making
is termed the s&p model. use of the elements of th€,, point group to which C%

Photodetachment of,S is an excellent candidate for the belongs. In the s&p model we first consider the detachment in
adapted CooperZare treatment, with the core ideas used here the MF, requiring that the direct product of the irreducible
having been applied previously to Ophotodetachmerig#04647  representations ofymo, 1, and the dipole operator) is
The 7y HOMO of S~ has two nodal planes, making it very invariant under the symmetry operations of this group. After
similar to an atomic d orbital. Hence, for thg! transitions determining the allowed symmetries of the free-electron waves,
yielding the X354, alA4, and b'Z," neutral states, the initial ~ %r can be expanded in a single-center AO basis. We then make
orbital angular momentum quantum number of the electron can @ further approximation (best justified for slow electroffs),
be taken ad = 2 and the trends |rﬁ can be exp|ained by considering only the waves with< 1. These s and p waves
considering the interference of the p and the f partial waves. In must then be referenced from the MF to the LF axes.
the case of CS, the MOs no longer resemble atomic orbitals; The LF PAD is determined by integrating over all molecular
therefore, the s&p approach is applied for the qualitative orientations. This is done accounting for the proportionality of
interpretation of the PADs. Last, we consider the s&p treatment transition amplitudes to the cosine of the angle betweamd
of S;~ and highlight the limitations of the model. the laser polarization axis, defined to be the LBxis ().

In the adapted Coope#Zare treatment, the,S HOMO is Qualitative insights into the nature of the PADs can be gained
approximated as an atomic d orbital, with p and f partial waves by considering only three “principal” orientations of the anion.
formed in the photodetachment. The Cocp2are formuld3 These orientations are chosen so that one of the principal
for | = 2 predicts that the asymmetry parameter will be positive molecular axes is aligned alorzg-. This substitute for proper
at small eKEs, before reaching negative values. Figure 8 orientation averaging is, of course, a very coarse approximation,
compares the experimental data fer Sith the trend predicted ~ designed to give a qualitative picture of the detachment
by the CoopetZare central-potential model for detachment dynamics without embarking on complete quantum calculations.
from a d orbital. The phase difference between the {) partial The three principal orientations of €Sare shown schemati-
waves was set to zero. Although this supposition is somewhatcally in the top row in Figure 9. For each orientation, only the
arbitrary, there is no physical basis for assuming a nonvanishingtransitions with nonzerg components along ¢ are active. The
phase difference, at least in considering the qualitative trendssymmetry species of the active dipole components with respect
in the detachment. In the relevant energy range the final-stateto the MF are indicated in the second header row in Figure 9.
de Broglie wavelength is quite large compared to the initial state These symmetry species are the irreducible representations
and therefore no significant phase shift between the outgoing corresponding ta,r for the given MF orientations. Since only
waves excited by the same laser field is expeétetinother the irreducible representation of th@ component along
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Figure 9. The s&p model treatment of GSphotodetachment. First
header row: principal anion orientations (solid line represents the bent
frame of CS"). 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)ptorresponding to the
respective transitions and principal orientations. See the text for details.

z ¢ is important in the following discussion, all conclusions
remain valid if the molecule is rotated abaut, as indicated
in Figure 9, or inverted in the plane perpendiculazte

The MF symmetry ofys is determined by requiring
sl ft|ymo = 0. Photodetachment from tlag anion MO yields
the X A; neutral state, while tha,™! transition yields b*A,
or the A1A,. Similarly, theb,™! yields both the®B, and 1B,
states, but only the triplet is observed due to the higher energy
of 1B,.51 In Figure 9, the three rows below the header list the
orientation-dependenp: symmetries allowed in the indicated
transitions. For example, in the~? transition, the free-electron
waves detached from the anion orientations corresponding to
the a3, by, and b, active i components are df,, a,, anda;
symmetries, respectively.

In the next step of the analysig; 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-

Surber et al.

characterized by interference of the isotropic s waves and
anisotropic p waves with amplitudes peaking alang Thus,

a PAD with positive is expected, in agreement with the
experimental results. For example, the 800 nm PAD for the X
1A transition integrated over all eKEs is characterizegbby
0.68. Similar values are obtained at 530 and 400thithe 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 theb, ™ (a ®B,) 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. Thus3 < 0 is expected, as is indeed observed in the
experiment (see Figure 4).

For thea,™! (b %A, and A*A)) transition,| = 0 components
of y; 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 gfis therefore
predicted for these transitions.

In the above two cased ! anda,™! transitions)s < 0 is
expected. However, in the latter case, only p waves polarized
perpendicular t@ g are predicted for the principal orientations
within the approximations of the model, while for thg~!
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
ay ! transition than in the “mixed s and p” case of thg!
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: thg!
transition does indeed exhibit a more negative anisotr8py (
—0.44 and—0.42 for b3A, and AA,, respectively) than the
b, ™1 transition § = —0.24 for a®B,).

The application of the s&p model to @Sphotodetachment
makes use of the specific properties of tig, point group.
Nonetheless, the same general approach can be applied to other
molecular anions, such as, for example;.9n this case, the
model can be compared to the Coop&are method adapted
to the molecular case as described above. Although the
application of the CooperZare method to § is straightfor-

eration to s and p partial waves only. An s wave always Ward, in our view the s&p model has an important pedagogical

corresponds to tha; representation, but p waves can transform
as aj, by, or b, symmetry species, depending on the wave

advantage, as long as the detachment is considered in a
qualitative manner only. We refer, of course, to the ease of

polarization in the MF. The dashed contours in Figure 9 show Visualization, which contrasts the s&p model with the Coeper

schematically the s and p componentgptinder the symmetry
constraints determined above.

If yr transforms asy, the ejected electron can have both s
and p partial components. While the s waves are isotropic, the

Zare formalisn?

Following the s&p approach, Figure 10 shows the sketches
of | < 2 partial waves allowed in the detachment from the
HOMO of S~ in the three principal orientations of the anion

LF orientation of the p waves is determined by their MF frame. The first orientation (Figure 10, top) corresponds to a

symmetry and the anion orientation being considered.or

out(uz) active dipole component and yields waves af

of by andb, symmetries, only p-wave components are consid- symmetry. The second and third principal orientations are

ered in the model. Foa, waves, the smalledt components
correspond to d orbitals; therefoee,waves are neglected under
thel < 1 approximation.

characterized by the degeneratg active components of the
transition dipole. The, component yields free-electron waves
of oy" symmetry (Figure 10, middle), while, produceso,~

Considering the wave sketches in Figure 9, the qualitative and 6, waves (Figure 10, bottom). Involving the AO basis
nature of the expected PADs becomes immediately clear. Forexpansion and thie< 2 model approximation, only the p free-
thea; ™1 (X 1A) transition, the free-electron wave function is electron waves indicated in the right column of Figure 10 are
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m, G, (W) T, 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"Sand C$™
results have been used to illustrate the two approaches.
% + ﬂ > o) The first model is an extension of the central-potential model
- of Cooper and Zare for atomic ionization and photodetach-
ment33 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-

T, m, (1) Gy > Oy alization of this model for the molecular anion case is practical
only if the parent MO resembles an atomic orbital, which is
@'@ + — >2 the case for §, but not C$™.

_ For photodetachment from MOs that cannot be conveniently
Figure 10. The s&p model treatment of,S (775-) photodetachment.  approximated by a single AO (e.g., £3, the qualitative s&p
Bold solid line is the S'S internuclear axis molecular frame. Solid | ,5del was suggested, which restricts the analysis to s and p

contours on the left represent the bound M) ( Vertical arrows in ’ . . . S
the middle indicate the laser polarization direction, with the corre- partial waves and treats the orientation averaging by considering

sponding MF symmetry of the active transition dipole components ONlY @ few “principal” molecular orientations.

shown. Dashed contours on the right represent the symmetry-allowed It is hoped that these results will provide a tutorial foundation
partial waves I( < 1) that contribute toyr. The g,~ and o, waves for the qualitative interpretation of anion photoelectron
corresponding to ther(x,) transition moment expands only Ire- 2 images, which will be useful in developing more sophisticated
waves, which are neglected in the model. approaches to more complex systems.

considered. These waves are polarized perpendicular to the laser
polarization axis, and henge < 0 is predicted.

Thus, the s&p model predict8 < 0 for all threezg?!
transitions yielding the X524, a'Ag, and b'Z4* neutral states.
The 400 nm experiment shows thatis indeed substantially
negative for the X statef(= —0.54+ 0.02, integrated over all
vibrational components). However, the overall anisotropies are
almost zerof = —0.16+ 0.06) and even positivgs(= 0.29
+ 0.06) for the a and b states, respectively. Although ghe
yalues for thg aandb §tatgs tend to 'be.cor.ne negative as eKEReferences and Notes
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