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Photoelectron imaging is finding increasingly widespread use in probing electronic structure and

chemical dynamics. In this tutorial review, two benchmark systems, H� and I�, are used to

introduce essential concepts linking photoelectron images of negative ions with parent electronic

structure. For pedagogical reasons, a qualitative approach based upon spectroscopic selection

rules is emphasized in interpreting the images. This approach is extended to molecular systems,

highlighting that even qualitative interpretation of results can lead to significant chemical insights.

1. Introduction

Recent advances in charged particle imaging have revolutionized

the field of gas-phase reaction dynamics.1,2 These powerful

techniques employ a ‘‘photographic’’ approach to reveal the

properties of photoelectrons or photofragments ejected from

molecular species. Photoelectron imaging, in particular,

provides insight into the bonding structures that hold molecules

together.

Charged particle imaging was first applied to gas-phase

neutral-molecule photodissociation.1 Photoionization of the

fragments followed by electrostatic projection onto a position-

sensitive detector yielded a two-dimensional snapshot of

the three-dimensional nascent momentum distribution.3

The translational energy spectrum and angular distribution

of the nascent photoproducts could thus be determined

simultaneously.

This general approach has since been applied to measure

energy partitioning, as well as scalar and vector correlations in

various experimental contexts, including photodissociation,

photoionization and photodetachment, reactive and inelastic

collisions.4–8 In particular, the time-resolution allowed by an

ultrafast pump–probe scheme is a powerful enhancement

of the technique allowing tracking of electronic structural

evolution for reacting molecules on the natural timescale of

atomic motions.9–11

In this paper, we provide a tutorial overview of photo-

electron imaging aimed at upper level students, science

educators, and researchers previously unfamiliar with this

technique, by drawing on results of our anion photodetachment

experiments. In the interest of brevity and clarity, we limit

discussion to the core ideas underlying photoelectron imaging

and refer readers primed with the fundamentals of the

technique and interested in time-resolved applications to

references such as ref. 11 and 12.

A typical photoelectron imaging detection arrangement is

illustrated in Fig. 1. The photoelectron image shown was

obtained in 800 nm photodetachment of CS2
� (discussed in

Section 5). Typically, each experimental cycle, consisting of

the interaction of a mass-selected packet of anions with a

linearly polarized, collimated, pulsed laser beam, results in

several photodetachment events within the small laser–ion

interaction volume. For the purpose of this discussion, the
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interaction volume can be presumed to be nearly point-like.

The nascent photoelectron speed v is determined by the light

frequency n and the electron binding energy eBE, according to

mv2/2 = hn � eBE (1)

The electron displays dual wave–particle characteristics.

Viewed as particles, the emitted electrons scatter in various

directions from their origin. Viewed as waves, within tens of

nanoseconds following photodetachment, the free-electron

wavefront expands from the molecular scale (ångströms)

to macroscopic dimensions at a speed defined by eqn (1).

Simultaneously, the electrons are projected toward the detector

using an arrangement of external electric fields. The photo-

electron image accumulated over many laser pulses maps the

density of electron impacts on the detector and represents a 2-D

projection of the 3-D photoelectron velocity distribution.

In general, the experimental observables are related to the

electronic structure in terms of the time-independent Schrödinger

equation. The photoelectron spectrum reflects energy eigenvalues

of the parent atomic or molecular system, while the photo-

electron angular distributions reveal characteristics of the corres-

ponding wavefunctions. Recent years have seen parallel

advances in theoretical modeling13–15 and the emergence of simple

conceptual models explaining the nature of the experimental

findings.8 These latter models consider the interference

between emitted electron waves at a level sufficient to illuminate

the physical essence of the observed phenomena, without

invoking more complete yet often daunting mathematical

treatments. In this article we will use the benchmark cases of

H� and I� to introduce the fundamentals of photoelectron

imaging and outline the concepts behind the qualitative

models which have proved invaluable in the interpretation of

results. We will also discuss the extension of these general

concepts to molecular anions.

2. Acquisition of photoelectron images

A typical negative-ion photoelectron imaging experiment

involves three stages: ion formation, mass-selection, and

photodetachment probing of the selected species. Experiments

are typically performed in pulsed mode. In our case, each

experimental cycle involves a short (o100 ns) pulse of anions

overlapping with a much shorter photon pulse (B100 fs or

several ns). Generally, a number of detachment events occur

within the laser–ion interaction volume per experimental cycle.

Here we concentrate on details of the imaging arrangement,

Fig. 1 Schematic illustration of the photoelectron imaging

arrangement. (a) Electrons are detached from anions at the inter-

section of the ion and laser beams and projected onto the detector by

an electric field applied via the imaging electrodes. The photoelectron

cloud can be visualized as a continuous progression of nested

expanding spheres (b). The experimental image (c) was obtained using

800 nm photons detaching electrons from CS2
�. In general, images

represent 2-D projections of the electron distributions. The laser

polarization (which defines the cylindrical symmetry axis, z) lies

parallel to the plane of the detector.
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referring the reader to ref. 16 for a description of the rest of

our instrumentation.

In the idealized case of a monoenergetic electron and in the

absence of an external field, the position of the photoelectron

at a given time t (measured from the photodetachment event)

will lie on the surface of a sphere of radius vt. The center of the

sphere coincides with the photoelectron origin. From the

quantum mechanical perspective, the probability distribution

of the position of the electron on the surface of the sphere

conforms to |c|2, where c is the photoelectron wavefunction.

Only when the position is measured, can we talk about a

localized position of the electron. Suppose for a moment that

we employ a spherical position-sensitive detector surrounding

the photoelectron origin. Measurement with this detector will

locate the electron at a particular point on the sphere. That is,

the act of measurement collapses the delocalized probability

distribution on the single point of observed electron impact.

Repetitions of the experiment under exactly the same

conditions generally yield different impact positions. A large

number of such repetitions will eventually map out the |c|2

probability density on the surface of the detector.

In reality a spherical detector is impractical for photo-

electron spectroscopic measurements. Instead, the inherent

charge of the electron allows the use of electric fields to collect

all of the photoelectrons by accelerating them towards a planar

detector located some distance away from the photodetachment

origin (see Fig. 1). The detector usually consists of a pair of

microchannel plates acting as a position-sensitive electron

multiplier, equipped with a phosphor screen. Impacts appearing

on the screen are accumulated using a digital camera.

For a point electron source and uniform electric field

directed along the y axis, which is perpendicular to the

detector plane (xz), this accumulation would eventually yield

a 2-D projection of the 3-D probability density onto the

detector. Furthermore, since the applied field is perpendicular

to the detector face the image would also represent the velocity

distribution within the xz plane. For multiple electron sources

(ions spread throughout the interaction volume), any image

recorded using a uniform field directed along y will consist of a

series of overlapping velocity distributions, resulting in spatial

blurring. The ‘‘velocity mapping’’ electrode arrangement first

introduced by Eppink and Parker2 minimizes this problem.

The three electrodes shown in Fig. 1 create an inhomogeneous

electric field. In classical terms we might think of this as

funneling electrons onto specific points on the detector,

which depend only on the velocity vector, regardless of the

starting point. In quantum mechanical terms the part of the

probability density corresponding to a particular electron

velocity is mapped onto a specific point on the detector

(the reader is referred to ref. 2 for a full description). Within

this ‘‘velocity mapping’’ arrangement the final image

represents the momentum–space distribution of the electrons

in the plane of the detector.2,17

The photoelectron distribution produced with a polarized

(or even an unpolarized, but directional) laser beam is not

necessarily isotropic. It is these anisotropic characteristics

of photodetachment that enable one to gain insights into

the symmetry properties of the parent-ion electron orbitals

and the dynamics of the detachment process. For linear

polarization, the electric field vector (ep) defines a unique axis

in space (z). The resulting 3-D velocity distribution of the

photoelectrons varies with respect to y, the angle between the

electron velocity vector and the z axis, but is cylindrically

symmetric about z. The cylindrical symmetry allows a

mathematical reconstruction of the nascent 3-D velocity

distribution from its 2-D projection onto the detector plane

using the inverse Abel transformation.

3. The photoelectron image

The following discussion is based on the photoelectron images

shown in Fig. 2 and 3, corresponding to the photodetachment

of H� at 800 nm and I� at 267 nm, respectively. For H�, a

similar 796 nm result was reported by Reichle et al.18

The process of image acquisition makes a compelling

illustration of the Born interpretation of the wavefunction

and also demonstrates the nature of measurement in quantum

mechanics. As discussed in the previous section, individual

electrons are observed as localized impacts on the detector

surface (Fig. 2a). With limited statistics, the impact spots

appear randomly distributed, but after many experimental

cycles, a pattern emerges (Fig. 2b) reflecting the probability

density distribution. The radial intensity distributions in these

Fig. 2 Photoelectron imaging of H� at 800 nm. (a) An image

accumulated for 7 laser pulses, showing B10 randomly distributed

electron impacts (seen as bright spots). (b) 140 experimental cycles.

(c) 1.1 � 105 experimental cycles. The image is a 2-D projection of the

3-D distribution, which can be recovered from the inverse Abel

transformation, shown in (d). The photoelectron spectrum (e) and the

angular distribution (f) are extracted from the inverse Abel transformed

image. The laser polarization is vertical in the figure plane.
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images show sharp maxima, while the angular distributions

are distinctly anisotropic with respect to the laser polarization

direction. We will use these results to illustrate the basics of

image analysis and interpretation.

3.1 The photoelectron spectrum

In the Abel-inverted image, the electron speed is proportional

to the distance r from the center. Integration over y at each

particular r yields the radial distribution, or the photo-

electron momentum spectrum, which can be converted to the

conventional photoelectron energy spectrum via Jacobian

transformation. The spectra of H� and I� in Fig. 2e and 3c

are shown as functions of electron kinetic energy (eKE).

The peaks in a photoelectron spectrum correspond to

electron ejection accompanied by the population of specific

energy levels of the residual neutral. The single peak in the

photoelectron spectrum of H� is due to the removal of an

electron from the fully populated 1s orbital yielding the 2S1/2
ground state of the neutral atom.

For I�, two spin–orbit states, significantly different in

energy, are accessed upon removal of a p-electron using

267 nm radiation. The higher-eKE peak corresponds to

photoelectrons produced in coincidence with the ground

(2P3/2) electronic state of the iodine atom, while the lower

peak corresponds to the excited state (2P1/2). The 0.94 eV

spacing between the peaks reflects the magnitude of the

spin–orbit interaction in the iodine atom. The relative

integrated peak intensities are proportional to the transition

probabilities, including the degeneracies of the 2P3/2 and
2P1/2 states of iodine.19 The finite peak widths in the energy

domain reflect experimental broadening factors, such as laser

linewidth, parent-ion velocity spread, etc.16

3.2 The photoelectron angular distribution

The photoelectron angular distribution (PAD) is obtained by

integrating the intensity of the Abel-inverted image over a

chosen spectral (i.e. radial) range. By inspection, the H� PAD

(Fig. 2f) has a ‘‘parallel’’ character, peaking at y = 0 and p,
while the I� PADs (Fig. 3d) for both detachment channels

peak at y = p/2, corresponding to ‘‘perpendicular’’ photo-

detachment transitions.

The PADs in one-photon photodetachment with linearly

polarized light are generally described by the function:20

I(y) = (s/4p) [1 + bP2(cosy)], (2)

where the proportionality constant s corresponds to the total

photodetachment cross-section and P2(cosy) � 1/2(3cos2y � 1)

is the second-order Legendre polynomial. The angular

dependence is completely defined by b, the anisotropy para-

meter, which can be determined by fitting eqn (2) to the

experimental PAD. The b values range from �1 to +2, with

negative and positive values corresponding to perpendicular

and parallel polarization, respectively. The b value observed in

H� photodetachment is very close to the +2 limit of a purely

parallel transition. For I� photodetachment, however, the

rings in Fig. 3(a) correspond to b E �0.6.

4. Interpreting photoelectron images

4.1 Relating photoelectron angular distributions to parent

orbitals: the H� example

In a pulsed laser experiment the electron is described by a

superposition of waves spanning a finite energy range. In the

laboratory frame, this wavepacket is described as:

C(r,y,f,t) =
R
a(k)Ck (r,y,f,t)dk (3)

where a(k) is a shape function related to the laser lineshape.

Assuming a central, i.e. spherically symmetric, potential

Ck(r,y,f,t) can be separated into radial and angular components,

Ck(r,y,f,t) = Rk(r,t)Y(y,f) (4)

The time dependence is carried in the radial function and the

corresponding electron probability density can be likened to a

pattern on a spherical balloon. As the ‘‘balloon’’ is inflated,

the pattern expands, but its angular dependence remains

unchanged.

The connection between a photoelectron image and the

parent orbital can be demonstrated using three different

(yet closely inter-related) approaches based on: (1) angular

momentum conservation; (2) transition dipole moment

operations; (3) general symmetry considerations. In the

following, we adopt the one-electron picture of photo-

detachment and discuss the uniquely simple case of H� to

illustrate the key ideas in photoelectron image interpretation.

4.1.1 Conservation of angular momentum. The selection

rule for one-photon, one-electron atomic transitions is

Dc = �1, where c is the orbital angular momentum quantum

number. In detachment from the hydrogen 1s orbital (ci = 0),

the free-electron wave is characterized by a single c value of 1,

corresponding to a p wave.

Fig. 3 Photoelectron imaging of I� at 267 nm. (a) The photoelectron

image. (b) Inverse Abel transformation. The two distinct rings corres-

pond to the different peaks in the photoelectron spectrum (c). The

photoelectron angular distribution (d) corresponding to the 2P3/2

transition peaks at p/2, in contrast to the H� detachment in Fig. 2

and contrary to classical expectations.
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The magnetic quantum number, m, describes the projection

of the orbital angular momentum of the electron on the

quantization (z) axis. The use of linearly polarized light

imposes the constraint that m must remain unchanged. Hence,

in photodetachment from the 1s orbital, only the m = 0

component of the c = 1 free-electron wave is allowed. The

c = 1 and m = 0 quantum numbers correspond to a pz wave,

whose normalized angular dependence is described by

Y1,0(y,f) = (3/4p)1/2cosy (a single spherical harmonic)

yielding a pcos2y probability distribution. This distribution

corresponds to eqn (2) with b = 2, and agrees well with the

b = 1.92 � 0.04 value determined experimentally (Fig. 2).

4.1.2 Transition dipole moment. A transition is allowed

under the electric-dipole approximation if the transition dipole

moment, M, does not vanish:

M = hcf|l̂|cii a 0 (5)

Here, l̂ =�er̂ is the dipole operator, while ci and cf designate

the initial and final states of the electron at the time

of the transition (t = 0). Since the transition amplitude is

proportional to the scalar product of M and the laser electric

field vector, for z-polarized light, one need only be concerned

with the z component of the transition dipole moment:

Mz = �ehcf|z|cii a 0 (6)

For H�, the normalized angular component of ci (1s orbital)

is described by Y0,0(y,f) = (1/4p)1/2. The free-electron

wavepacket can be expanded in any complete basis set, with

the angular dependence most naturally described in terms of

the spherical harmonics Yc,m(y,f), just as for bound atomic

orbitals, as we have done in Section 4.1.1. From eqn (6), the

harmonics contributing to H� photodetachment must satisfy

hYc,m(y,f)|z|Y0,0(y,f)i a 0, restricting the photoelectrons

to c = 1 and m = 0, i.e. the pz wave. This argument is

illustrated pictorially in Fig. 4. The px ’ s and py ’ s

transitions, producing x and y polarized p waves, are forbidden

since hpx|z|si = hpy|z|si = 0.

4.1.3 General symmetry properties. In terms of symmetry,

the non-zero requirement forM can be satisfied only if the direct

product of the irreducible representations corresponding

to cf, l̂ and ci contains the totally symmetric representation

for the symmetry point group to which the molecular or atomic

system in question belongs. The spherical symmetry of H�

corresponds to the full-rotation (Kh) point group. The

bound 1s orbital and the emitted p-electron waves transform

according to the Sg (totally symmetric) and Pu irreducible

representations, respectively, while the z component of the

dipole moment operator also transforms as Pu. Therefore, for

an allowed detachment with z-polarized light, the free-electron

wavefunction must belong to the same irreducible representation

as the direct product G(ci)#G(lz) = Sg#Pu, which gives Pu.

The free-electron wavefunction emitted in the photodetachment

of H� must transform under the Pu representation. Of all waves

with defined c values, this corresponds exclusively to p functions,

of which only pz satisfies both the inequality in eqn (6) and the

angular momentum considerations discussed earlier.

4.2 Partial wave interference

Classical theory predicts that the electric field of the light

should eject the photoelectrons predominantly parallel to the

field direction, i.e. along the laser polarization axis. While this

is in agreement with the results of H� detachment, many

experimental observations contradict this prediction,7,21–23

the benchmark case of I� being one example. The discrepancy

highlights the importance of a quantum interpretation of

photodetachment.

In general the photodetached electron will have two possible c
values: c= ci + 1 and ci� 1, where ci is the angular momentum

of the initial (bound) atomic orbital. In the case of I�, the

emitted electron originates from a 5p orbital (ci = 1) and is

therefore described as a superposition of s and d partial waves.

The interference between these waves is key to understanding

the detachment process, even though it renders some of the

arguments made for the H� case difficult to visualize.

The quantitative aspects of angular distributions arising from

interference of partial waves were considered by Bethe.24 His

expression for b variation with eKE for a one-electron atom

was later generalized to many-electron atoms by Cooper

and Zare.25 The generalized Bethe equation, most commonly

referred to as the Cooper–Zare formula in the modern chemical

physics context, is used for modeling photoelectron angular

distributions.26,27 Unfortunately, it is too abstract for intuitive

interpretation. Here, we focus on the qualitative aspects of I�

photodetachment using a more visual approach to connect the

properties of the parent atomic orbitals and resulting partial

wave interference.

The initial wavefunction for the 5p electron is a super-

position of the ci = 1, mi = 0, �1 states. Invoking the

selection rules Dc = �1 and Dm = 0 gives rise to three

detachment channels, based on the m value, as described by

the following:

cm=�1(r,y,f,t) = C2,�1R2(r,t)Y2,�1(y,f)

cm=0(r,y,f,t) = C0,0R0(r,t)Y0,0(y,f) + C2,0R2(r,t)Y2,0(y,f)

cm=+1(r,y,f,t) = C2,+1R2(r,t)Y2,+1(y,f) (7)

The coefficients Cc,m are related to the corresponding trans-

ition moments producing a particular partial wave. The

qualitative features of the overall PAD can be considered by

treating the probability density of the free electrons as a

combination of individual m = �1, 0, 1 channels. Assuming

equal populations of the ci = 1, mi states,

I(y) p |cm=�1|
2 + |cm=0|

2 + |cm=1|
2 (8)

A similar combination of all possible d waves with equal

amplitudes would yield a spherically symmetric photoelectron

distribution, as Sc
m=�c |Yc,m(y,f)|

2 = (2c + 1)/4p for any
Fig. 4 Pictorial representation of the transition dipole moment

integral for detachment from the 1s orbital.
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given c, as would the s wave considered on its own. Since m is

limited to 0, �1, one might expect the angular distribution in

the I� case to be determined by the ‘‘missing’’ c = 2, m = �2
partial waves. This argument is similar to describing a nearly

filled atomic sub-shell (e.g., p5) in terms of a single hole (p1).

However, the ‘‘missing’’ Y2,�2(y,f) spherical harmonics would

correspond to a reduction in intensity towards y = p/2,
contrary to experiment. This difficulty highlights the

importance of accounting for interference between allowed

partial waves for even a qualitative agreement with the

observations. As an added complication, both the radial and

angular contributions must be taken into account. To further

simplify this discussion, we set R0
2 = R2

2 = R2 in eqn (7). The

Cc,m coefficients in (7) are uniquely determined by the

corresponding quantum numbers25 and for brevity we absorb

these constants into the corresponding angular functions,

renormalizing each spherical harmonic. Eqn (8) can then be

expanded to explicitly show the effect of the angular and radial

parts of the corresponding waves,

I(y) = R2[|Y0,0|
2 + |Y2,–1|

2 + |Y2,0|
2 + |Y2,1|

2

� 2(Y0,0*Y2,0)] (9)

The sign in front of the cross term (Y0,0*Y2,0) depends on

whether the positive or negative roots of R0
2 and R2

2 are

appropriate.

Fig. 5(a) illustrates the Yc,n �Yc0,n0 terms in eqn (9).

Graduate chemists should recognize the probability densities

associated with the angular parts of s and d orbital functions.

It is relatively straightforward to visualize how combining

these in the manner of eqn (9) yields the overall angular

distributions in Fig. 5(b) and (c). Fig. 5(b) illustrates the case

of a positive contribution from the cross term, while 5(c)

shows the situation for R0 and R2 having opposite signs. Only

the latter case is in agreement with experiment. In order to

understand why this should be, we must briefly consider the

nature of the free-electron radial functions.

For simplicity, we cast the discussion in terms of the

wavefunctions for the momentum eigenstates. The corres-

ponding solutions of the radial part of the time-independent

Schrödinger equation can be expressed as:

Rc(r) = (1/r)Dcsin(kr � cp/2 + dc) (10)

where dc is the phase shift of the corresponding partial wave.

Physically this arises through interactions of the departing

electron with the atomic potential. Dc is determined by the

cross-section of the corresponding detachment channel.

Assuming that the phase shifts d0 and d2 are similar, the

cp/2 phase term is of particular relevance. It arises from the

centrifugal interaction associated with the orbital angular

momentum of the departing electron and means that the radial

components of the c = 0 and c = 2 partial waves have

opposite signs. It is interesting to note at this point that, while

the sine term oscillates rapidly with wavenumber k, for a given

k the s and d partial waves will always be p out of

phase according to the arguments above. Hence the above

considerations will apply to all eigenfunctions contributing to

the wavepacket.

5. Photoelectron imaging of molecular anions

5.1 The effect of molecular energy levels

Molecular anion photoelectron images are inherently more

complex than those for atomic anion photodetachment. This is

easily seen in photodetachment from CS2
�, the results for

which are shown in Fig. 6. The 800 nm detachment of the

anion yields the corresponding neutral molecule in its ground

electronic state. Even with vibrationally cold CS2
�, multiple

vibrational quanta of the neutral molecule are excited.16

This (bending) vibrational progression is manifested in the

concentric rings in Fig. 6(a). The ground electronic state of the

neutral is also accessed upon photodetachment at 267 nm

(seen in the outer band of Fig. 6(b)), but the resulting photo-

electrons are more energetic. As the energy resolution of

velocity-map imaging decreases with increasing eKE, the

Fig. 5 Visualizing I� photodetachment. I� photoelectron images

represent a combination of the probability densities of the free electron

emitted from initial states with c= 1, m= 0, �1. The angular parts of
the different terms in |cfree|

2 are illustrated in (a) at an arbitrary

particular radius by projecting them onto the surface of a sphere. The

c = 1, m = 0 initial state gives rise to three terms. The cross term,

containing the product of the renormalized spherical harmonics Y0,0

and Y2,0 (see the text for details), represents interference of the s and d

free-electron waves. When all possible I� detachment channels are

combined, (b), it is clear that the corresponding free-electron radial

functions must be considered to explain the observed photoelectron

angular distribution. The correct distribution is predicted (c) when we

account for the p/2 phase shift of the d and s waves.

Fig. 6 CS2
�-molecular anion detachment. Photoelectron images

resulting from (a) 800 and (b) 267 nm detachment are presented with

the raw experimental data on the left hand side and the inverse Abel

transformation on the right. Note: the image scales are different for (a)

and (b). Transitions are labeled according to the resulting neutral

electronic state, assigned based on the known energetic ordering of

these states.
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vibrational structure is not resolved at 267 nm, though the

angular distribution of the outer photoelectron band is clearly

polarized along the laser electric vector, as in the 800 nm

image. The higher photon energy at 267 nm allows access to

several other detachment channels, manifested in the inner

image bands in Fig. 6(b). These transitions correspond to

detachment from different occupied anion orbitals, yielding

the neutral molecule in its first three electronically excited

states.

5.2 Angular distributions in molecular anion detachment

In molecular anion photodetachment, the angular distribution

once again depends on the contributions of the photoelectron

partial waves. In this section, we discuss the relationship

between PADs and the corresponding parent molecular

orbitals and outline a simple qualitative model relating the

parent orbital to the recorded image. As in the atomic anion

case, the free-electron wavefunction can be expressed as a

combination of partial waves characterized by defined c and

m quantum numbers. Understanding the relation between

these partial waves and the parent molecular orbital is less

intuitive than for the atomic case, since c is generally not

a good quantum number for molecular orbitals. Nonetheless,

the PADs measured for molecular anions bear important

information about the parent orbitals, as well as the photo-

detachment process (see, for example, ref. 23). This is clearly

borne out in Fig. 6b, which reveals different PADs for the

X, a and b and B transitions in the 267 nm detachment of

CS2
�. The observed differences in the anisotropy parameter

(X1Sg
+ ’ X2A1, b = +0.27; A1A2 ’ X2A1, b = �0.44;

b3A2’X2A1, b=�0.42; a3B2’X2A1, b=�0.24)21 reflect the
markedly different origins of the corresponding photoelectrons.

For molecular anion detachment the link between the

measurement frame of reference, i.e. the laboratory frame

(LF) and the molecule frame (MF) is more complicated than

for atomic anion detachment. For atomic anions, the axis of

quantization is imposed by the laser polarization, which

creates a simple relationship between the LF and the parent

anion. In eqn (6) we then only needed to consider the z

component of the transition dipole moment. Molecular

anions, on the other hand, generally have three distinct axes

defined by the structure of the molecule. In principle, the

transition dipole moment may have a component along each

of these axes and the transition intensity is therefore given by:

I = (epM)2 = (epMX + epMY + epMZ)
2 (11)

where M is the transition dipole moment of eqn (5), X, Y, and

Z are the molecular-frame axis, while ep is the laser electric

field (polarization) vector, directed along the laboratory frame

z axis. For j = X, Y, and Z, Mj = hcf|lj|cii defines the

corresponding components of the transition dipole moment

along a given molecular axis, analogous to eqn (6). In an

experiment, the molecular anions are randomly oriented with

respect to z and therefore ep. The contribution of epMj to I is

proportional to cos2a, where a is the angle between the laser

polarization axis and Mj. For the purposes of drawing a

connection between a parent orbital and the image it is often

instructive to consider just two or three ‘‘principal’’ orientations

of the molecule with respect to ep.

5.2.1 Detachment from the molecule’s perspective. We must

first consider the detachment process in the MF. The condition

of eqn (5) allows determination of the symmetries of the

outgoing free-electron waves. Each Mj has an associated

free-electron state |cfi. The angular momentum wavefunctions

(with quantum numbers c and m) associated with this state are

spherical harmonics of the same symmetry. To simplify the

treatment we follow the approach proposed by Reed et al.

(albeit in a different context).28 Only the waves with the

smallest c allowed for each transition are considered and we

limit c to a maximum value of 1. These approximations (which

are inspired by the Wigner threshold law and therefore best

justified for relatively slow photoelectrons) allow insight into

the composition of the PAD and its relation to the parent

orbital, whilst removing many complications of a rigorous

quantitative approach. A more elaborate variant of this

approach, termed the s + p model, has been applied to the

qualitative interpretation of angular distributions in several

benchmark cases.16

The X1Sg
+ ’ X2A1 channel of CS2

� photodetachment

serves as an example. The bent equilibrium structure

of CS2
� belongs to the C2v symmetry point group and the

X1Sg
+ ’ X2A1 photodetachment transition corresponds to

electron ejection from a molecular orbital of a1 symmetry. The

symmetry product associated with hcf|lj|cii must contain

the totally symmetric representation of the C2v point group

for the transition dipole to be non-zero. Thus, G(cf) =

G(lj)#a1. G(lj) is equivalent to that of the appropriate MF

axis, X, Y, or Z. From the C2v character table, G(lX) = b1,

G(lY) = b2, G(lZ) = a1. Therefore in the MF the X, Y, and Z

transition dipole components yield G(cf) = b1, b2, and a1,

respectively. Further reference to the C2v character table

shows that s and pZ waves correspond to a1 symmetry, whilst

pX and pY correspond to b1 and b2, respectively.

5.2.2 The lab-frame perspective. In principle, partial waves

produced from all three components of M contribute to the

recorded LF PAD. A particular component makes its maximum

contribution when it is parallel to the laser polarization axis

(a=0). This allows us to make a simple qualitative link between

the LF and MF. For example, when the MF Z axis is parallel to

the LF z axis these directions are equivalent and a MF pZ wave

will be polarized along the LF z axis. However, if the MF X axis

is parallel to the LF z axis, a MF pX wave will be polarized

parallel to the LF z axis. For the X1Sg
+ ’ X2A1 transition the

dominant wave contributions are either isotropic or have

intensities that peak parallel to the laser polarization vector.

The smallest-c partial waves (either s or p) allowed for each

relative orientation are illustrated as follows:

ð12Þ
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The positive b obtained for the X1Sg
+ ’ X2A1 transition

corresponds to a parallel electron distribution, in accordance

with the expectations of even this approach. Table 1 summarizes

the predictions for detachment from all possible orbital

symmetries of C2v molecules. Comparing with the b values

extracted from Fig. 6, the reader should be aware that the

parent electronic state label is not necessarily the same as that of

the detachment orbital symmetry. The A1A2 ’ X2A1 and

b3A2 ’ X2A1 transitions occur from an a2 orbital and the

prediction is that the distribution should be perpendicularly

polarized. Similarly the a3B2 ’ X2A1 transition, in which the

detachment orbital has b2 symmetry, is predicted to have a

perpendicular electron distribution. These predictions are in

agreement with the negative b determined for these transitions.

The above analysis allows for an important generalization.

The outgoing electron waves emitted from a totally symmetric

parent orbital must generally belong to the same symmetry

species as the active component of the dipole moment.

Therefore, regardless of the molecular point group, we expect

photodetachment from any totally symmetric parent orbital -

to be characterized by a predominantly parallel photo-

electron distribution. We see this effect in the H� and CS2
�

(the X1Sg
+ ’ X2A1 transition) images. Although the parent

orbitals in these two cases are very different (an atomic 1s

orbital vs. a molecular orbital with several nodes composed of

three p atomic orbitals), both result in predominantly parallel

photoelectron angular distributions (see Fig. 2 and 6). This

general rule has important implications to other anion

systems, as well as clusters. For example, in the photodetachment

from broadly delocalized s-type states (such as, for example,

the hydrated electron states)29 we a priori expect a positive

photoelectron anisotropy.

The above arguments are qualitative in nature and therefore

not suitable for a rigorous interpretation of the PADs. For

example, the model makes no attempt to account for the

variations in the partial wave cross-sections and relative

phases, as well as the contribution of c 4 1 partial waves.

Herein lie the quantitative differences in the H� and CS2
�

(X1Sg
+ ’ X2A1) anisotropy parameters. Our purpose has

been to show how the imaging technique is able to reveal

details of electronic structure.

As a final, and particularly striking, example we make brief

mention of imaging studies of photodetachment from the

HOMO of the covalently bound dimer anions of CS2 and

CO2. The lowest-energy detachment transition of (CS2)2
�

yields a perpendicular PAD, whilst that of (CO2)2
� has a

strongly parallel PAD. The origin of this difference is in the

parent anion electronic structure, despite the isovalence of

these two species. The (CO2)2
� anion is predicted to have

either D2d or D2h symmetry depending on the level of

theoretical treatment applied. However, in either case the

HOMO symmetry is that of the totally symmetric representation

of these point groups. In the case of (CS2)2
�, theoretical

treatments predict the structure is different (the molecular

symmetry is C2v) and more pertinently the HOMO does

conform to the totally symmetric representation of the

symmetry group. This difference is clearly revealed in

the experimental photoelectron images reported in ref. 30.

Anisotropy parameter values of opposite signs are obtained in

detachment from the HOMO of these two species.

We have presented an introduction to the concepts

important to understanding the relationship between a photo-

electron image and the parent orbital using examples of anion

photodetachment. The photoelectron imaging approach to

studies of molecular structure and dynamics is finding increasing

application, and rigorous theoretical treatments of photoelectron

angular distributions at increasing levels of sophistication are

being developed (see, for example, ref. 14 and the references

therein). However, we believe that the qualitative approach

outlined here highlights perhaps the most important conclusion

from the reported studies: that photoelectron imaging can

indeed provide decipherable and distinguishable signatures of

the parent molecular orbitals.

It is important to bear in mind that the relationship between

the image and parent orbital is governed by details of the

electron ejection process. For anion photodetachment the

dominant long range interaction is centrifugal leading to

an energy barrier to detachment proportional to the angular

momentum of the departing electron. In the case of

photoionization, the coulombic attraction between the depart-

ing electron and residual cation dominates and it may no

longer be appropriate to ignore c4 1 partial waves for neutral

ionization. This will alter the contributing partial waves in

the free-electron wavefunction. However, the key point

identified here is still valid for both anion and neutral systems;

a photoelectron image represents a signature of the parent

orbital.

Setting anion photoelectron imaging in a wider context,

information on electronic state symmetry can also be obtained

from UV spectroscopy of neutral molecules, although the

range of accessible states is generally limited by spectroscopic

selection rules. In contrast, negative-ion experiments provide

access to neutral states of different multiplicity, as seen, for

example, in Fig. 6 for CS2. This important advantage comes in

addition to providing a unique perspective of the anions

themselves.

Table 1 Allowed free-electron wave symmetries for molecular anions of C2v symmetry. For a particular orientation (where j is parallel to ep), the
direct product G(lj)#G(ci) is found in the column labeled MF. Alongside are shown the MF partial waves to which this corresponds. The LF
column shows the LF polarization of the MF partial waves for a given orientation. The symbols >, J and J denote perpendicular polarization,
parallel polarization, and isotropic probability density, respectively. The a2 irreducible symmetry representation does not conform to any spherical
harmonic with c r 1

C2v G(ci) = a1 G(ci) = a2 G(ci) = b1 G(ci) = b2

MF LF MF LF MF LF MF LF
G(lX) = b1 b1 � pX J b2 � pY > a1 � s + pZ J, > a2 —
G(lY) = b2 b2 � pY J b1 � pX > a2 — a1 � s + pZ J, >
G(lZ) = a1 a1 � s + pZ J, J a2 — b1 � pX > b2 � pY >
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6. Summary

Photoelectron imaging is a powerful and increasingly

widespread research tool for the study of electronic structure

and molecular level details of reaction dynamics. Photo-

electron images represent an accumulated series of electron

impacts on a position-sensitive detector whose pattern reflects

the free-electron probability distribution, the square modulus

of the free-electron wavefunction.

We have introduced the concepts central to an understanding

of photoelectron imaging and image interpretation, outlining

relatively simple qualitative arguments to explain the nature of

the PAD. These models rely on properties of the free-electron

wavefunction, which in turn are dependent on the originating

orbital. Several different, but essentially equivalent, approaches

to the interpretation of images resulting from the detachment

of atomic anions are available. In particular, consideration of

partial wave interference is necessary to properly understand

the PADs in all but the simplest cases. As the photoelectrons

are detected in the asymptotic limit, one might think that

interference should be considered solely in terms of the

angular part of the wavefunctions contributing to the free-

electron wavepacket. However, the c-dependent electron-neutral
interactions experienced in the early stages of detachment

determine the asymptotic contribution of the radial part of

the wavefunction and hence the overall interference pattern.

The centrifugal phase term in the radial wavefunction (as

discussed for I�) is particularly significant in this regard.

Whilst the atomic anion detachment process is principally

discussed from the point of view of electron orbital angular

momentum, we also introduced an equivalent approach based

on symmetry selection rules. Using what might seem like

drastic approximations, it is nevertheless possible to use the

symmetry based formalism to interpret molecular anion

photoelectron images. Even the purely qualitative approach

outlined here helps obtain striking insights into molecular

electronic structure.
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