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Abstract. Molecular frame photoelectron angular distributions (MFPADs) are
measured in electron-ion momentum imaging experiments and compared with
complex Kohn variational calculations for carbon K-shell ionization of carbon
tetrafluoride (CF4), ethane (C2H6) and 1,1-difluoroethylene (C2H2F2). While in
ethane the polarization averaged MFPADs show a tendency at low energies for
the photoelectron to be emitted in the directions of the bonds, the opposite effect
is seen in CF4. A combination of these behaviors is seen in difluoroethylene
where ionization from the two carbons can be distinguished experimentally
because of their different K-shell ionization potentials. Excellent agreement is
found between experiment and simple static-exchange or coupled two-channel
theoretical calculations. However, simple electrostatics do not provide an
adequate explanation of the suggestively simple angular distributions at low
electron ejection energies.
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1. Introduction

Time-dependent measurements of molecular frame photoelectron angular distributions
(MFPADs) have been proposed as a method to probe the dynamics of unimolecular
reactions in ultrafast experiments [1, 2, 3, 4]. This idea is particularly promising
because theoretical calculations of MFPADs suggest a strong sensitivity to molecular
geometry [5, 6], but less sensitivity to the electronic state of the molecule [3, 4]. As
a result of the development of new experimental techniques in recent years [7], the
angular distributions of photoelectrons viewed in the molecular frame are now being
measured using several different methods, and it is generally recognized that they
contain information about both the geometry of the molecule and the dynamics of
photoejection.

For ejected electron energies below about 15-20 eV the shapes of MFPADs from
core hole ionization frequently have simple forms that suggest that they may have a
correspondingly simple physical origin. For example, measurements of the MFPADs at
low energies for the methane molecule [8] reveal a dramatic apparent “imaging” of the
molecular geometry, in the sense that when averaged over polarization directions, both
measured and calculated MFPADs showed a strong tendency for an electron ionized
from the carbon 1s level to be ejected along the direction of the bonds in the molecule.
Subsequent theoretical calculations demonstrated that polarization averaged MFPADs
show this “imaging” effect in some cases [5] but not in others [3, 6]. In fact, the
opposite behavior, which might be called “anti-imaging”, is also seen in calculations
of MFPADs for some molecules in which the ejected core electron seems to be directed
away from the directions of bonds in the molecule [6] in an energy-dependent effect
that has been interpreted in terms of the chemical electronegativity of the atomic
species involved.

Following core hole ionization, Auger decay generally ejects one or more additional
electrons, leading to the dissociation of the resulting molecular dication (or trication
if double Auger decay occurs). By measuring the momenta of the resulting ionic
fragments and the photoelectron in coincidence, experiments using the COLd Target
Recoil Ion Momentum Spectroscopy (COLTRIMS) technique[9, 10] can measure either
MFPADs or RFPADs (recoil frame photoelectron angular distributions), in which the
MFPAD is effectively averaged around the axis of recoil of a pair of ionic fragments.
In channels in which the orientation of the recoiling fragments would be required to
establish the orientation of the molecular frame, only RFPADs can be measured. For
polyatomic molecules, these measurements, especially when combined with theoretical
calculations of the angular distributions, can reveal the mechansims and dynamics of
dissociation of the resulting molecular cations [11, 7].

Here we explore the physics of low energy MFPADs with experimental
determinations of MFPADs and RFPADs for three molecules, carbon tetrafluoride
(CF4), ethane (C2H6) and 1,1-difluoroethylene (C2H2F2), combined with ab initio
complex Kohn variational calculations of the differential cross sections for K-shell
photoejection. The first of these molecules was previously predicted to show the
opposite of the “imaging” effect [6, 12] at low ejection energies. The case of ethane
is analogous to methane, and falls into the class of molecules with hydrogen atoms
bonded to heavier atoms which were speculated to be candidates to produce “imaging”
MFPADs with a tendency for core electrons to be ejected along those bonds at low
energies [5]. Difluoroethylene is a case which combines both kinds of bonds, those
between hydrogen and a heavier atom and those between second row atoms, and thus
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might be expected to combine these effects.
It is worth noting at the outset that, as seen in both experimental measurements

and theoretical calculations, the MFPAD for a fixed direction of the polarization
axis relative to the molecule is almost always dominated by the tendency of the
ionized core electron to be ejected primarily along the polarization axis, with some
modifications of the expected dipole pattern by scattering from the ion and appleciable
selection rules. That usually dominant physical effect is masked by averaging over
the directions of the polarization axis, and would be extinguished altogether if there
were only a cos2 θ dipole dependence on the angle between the ejected electron an
the polarization axis. It is what remains that constitutes the polarization averaged
MFPAD, whose frequently simple shape has been the subject of the recent literature.
Both polarization-fixed and polarization-averaged MFPADs contain more detailed
information about the interaction of the ejected electron with the residual ion than
there is in the photoionization of a randomly oriented ensemble of molecules that
produces the familiar 1−β(E)P2(cos(θ)) angular distribution, where P2 is a Legendre
polynomial and β(E) is the asymmetry parameter.

The outline of this paper is as follows. In the following section we briefly describe
the experimental methods used in these measurements. Section 3 describes the
theory of MFPADs and summarizes the complex Kohn variational method used in
the calculations we present. Results and comparisons between experiment and theory
for the three molecules we consider here are presented in section 4. We conclude with
some ideas on the origins of the shapes of low energy MFPADs in section 5.

2. Measurement of MFPADs using the COLTRIMS method

The experiment was performed at beamline 11.0.2.1 at the Advanced Light Source
(ALS) at the Lawrence Berkeley National Laboratory (LBNL). The COLTRIMS
method [9, 10] was employed to measure the momenta of the charged fragments created
in the photoreaction. In brief, the 3D-momenta of the photoelectrons and ions created
by ionizing the molecular target are measured in coincidence by guiding these particles
onto two time- and position-sensitive detectors employing homogenous electric and
magnetic fields. By reconstructing the trajectory of each charged particle inside
the spectrometer, its momentum vector is obtained. The trajectories are deduced
from the position of impact on the detector, the time-of-flight of each particle, and
the knowledge of the spectrometer geometry, the applied fields and the location of
the interaction region inside the spectrometer. The latter is created by crossing a
supersonic gas jet (consisting of the species to be investigated) with the photon beam
from the synchrotron at right angles.

The ion arm of the COLTRIMS analyzer consisted of a single acceleration region
with a length of 3.65 cm. The electron arm employed a McLaren time-focussing
scheme consisting of an accelerating region of 7.2 cm and a drift region of 13.8 cm.
The recoiling ions and electrons experience the same electric field of approximately 12
V/cm. In order to observe the electrons of interest with full solid detection angle a
magnetic field of 4.2 Gauss parallel to the momentum spectrometer time-of-flight axis
was employed.

The momenta of the ejected photoelectron and ionic fragments produced by
Auger decay and subsequent dissociation of the resulting dication or trication (if
double Auger decay is possible) are measured in the laboratory frame. In order to
obtain photoelectron angular distributions in the molecular frame from the measured
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Figure 1: Distribution of momenta of the F+ ions measured in concidence from the
dissociation of CF4 after core hole ionization followed by Auger decay, plotted in the
FCF molecular plane.

data, the molecular frame must be determined from coincidence measurements of the
momenta of ionic fragments and the ejected electron. For the case of CF4, for example,
the determination of the molecular frame is illustrated in Figure 1 which shows the
momenta of F+ ions measured in coincidence. The momenta of two recoiling F+ ions
span a plane. If the magnitudes of their momenta are the same, the sum of the two
measured F+ ions defines the z-axis (C2 symmetry axis) of the FCF plane of the
molecule. The assumption of equal momenta for the F+ ions is verified as seen in
the momenta plotted in Figure 1 from the COLTRIMS coincidence measurements.
The determination of the orientation of the FCF plane is sufficient to determine the
absolute orientation of this molecule because of its tetrahedral symmetry. This analysis
assumes that the conditions of the “axial recoil” approximation holds, in which the
dissociation is prompt and direct, occurring in much less time than any rotation or
rearrangement dynamics in the ion. The orientation of difluoroethylene is determined
similarly from the channel producing two H+ ions.

Our experimental determination of MFPADs assumes that the target molecules
have only zero point motion about their equilibrium geometries. Because of cooling
through the expansion of the gas jet, target molecules are expected to have internal
temperatures in general less than 80K and in the case of ethane of about 30K [13].
Of the cases studied here the molecule with the lowest energy vibrational mode is
ethane, whose a1g torsional mode has an excitation energy 289 cm−1 [14]. At its
temperature in the gas jet the ground state population of even this vibrational mode
has a population of over 99.4% (at 80K).

The MFPAD shapes at low energies that we focus on below are the results of
averaging over all polarization directions in the molecular frame, which is accomplished
by accumulating data in the molecular frame for all orientations of the molecular frame
relative to the laboratory frame polarization axis.

3. Complex Kohn variational calculations of MFPADs

The calculation of MFPADs for photoionization requires a description of both the
initial neutral electronic state of the molecule and the electron-ion scattering wave
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function for an electron scattering from the cationic state of the molecule that is
produced. In the case of K-shell ionization in molecules with first row atoms, we have
found that a single determinant initial state wave function for both the neutral target
and final cation state is generally sufficient to produce integral and differential cross
sections that agree reliably with experiment for ejected electron energies from a few eV
up to few tens of eV [8, 5]. In particular the shapes of the MFPADs are well described
by this simple approximation. Depending on the system, such results can be obtained
with the single determinant cation wave function constructed with either orbitals
from a Self-Consistent Field (SCF) calculation on the neutral or the cation, and as a
refinement we can use natural orbitals from the averaged density matrices of the ion
and neutral molecules, effectively applying what is known as “Slater’s transition state
approximation” [15] for the photoionization process. For the calculations reported
here, orbitals from a Hartree-Fock calculation on the neutral molecule were used in
all cases.

To produce the electron-ion scattering wave function we used the well-established
complex Kohn variational method for electron-molecule scattering that can be applied
to electron scattering from molecular ions (including coupling between electronic states
of the ion) and can thereby provide the final state wave function for such a calculation.
The application of the complex Kohn method to photoionization has been described
in some detail previously [16, 17, 3, 5]. In the case of CF4, where there is a single
carbon atom, we can use single-channel static-exchange calculations for the electron-
ion scattering wave function. This is also the case for 1,1 difluoroethylene, where
the molecular orbitals corresponding to the carbon bonded to two hydrogens or the
carbon bonded to two fluorines have Hartree-Fock orbital energies that differ by 5.2 eV
(experimental splitting is 4.8 eV [18, 19]). In the case of ethane, however, where there
are two nearly degenerate ion states that arise from the removal an electron from the
1a1g or 1a1u orbitals in the ground state configuration 1a2

1g1a
2
1u2a2

1g1a
2
2u1e4

u3a2
1g1e

4
g,

those two ionization channels must be treated in a two-state close-coupling complex
Kohn calculation. In such cases, separate one-channel channel calculations fail even
to produce MFPADs that when averaged over the direction of polarization reflect the
inherent symmetry of the molecule, which is an essential characteristic of the physical
result. The Kohn variational trial functions in these calculations were built from
Gaussians and single-center numerical continuum functions with angular momenta up
to ` = 6 for CF4 and difluoroethylene, and up to ` = 4 for ethane.

The MFPAD for a fixed direction of the polarization vector is related to the dipole
matrix element between the neutral and electron-ion scattering wave functions via the
relation

d2σΓ0

dΩk̂dΩε̂
=

8πω

3c

∣∣∣∣ε̂ · 〈Ψ0|µ̂|Ψ−
Γ0,~kΓ0

〉
∣∣∣∣2 (1)

which defines the cross section for polarization ε̂ and ejected electron momentum ~kΓ0

leaving the ion in state Γ0. The complex Kohn scattering calculation produces the
final state wave function Ψ−

Γ0,~kΓ0

in this expression. In this study we also measure

and calculate the MFPAD in Equation (1) integrated over polarization directions but
with the molecule still in a fixed orientation. It is that polarization-averaged MFPAD
that is seen in some cases to appear to “image” the molecule.

It is instructive to note the difference between the information contained in the
two kinds of measurements, with ε̂ fixed or averaged over its orientations. In terms of
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the cartesian components of the dipole operator we can write

I~kΓ0 ε̂
= ε̂ · 〈Ψ0|µ̂|Ψ−

Γ0,~kΓ0

〉 = ε̂ · ~M~kΓ0
(2)

Integration over the directions of ε̂ then gives∫
d2σΓ0

dΩk̂dΩε̂
dΩε̂ =

8πω

3c

4π

3

(
|Mx

~kΓ0

|2 + |My
~kΓ0

|2 + |Mz
~kΓ0

|2
)

(3)

and we see that while the three components of the transition dipole amplitude
are combined coherently in Equation (1) to produce a wide variety of shapes of
the MFPAD for different polarization directions, the experiment that measures the
MFPAD averaged over polarization directions measures an incoherent sum of the same
three amplitudes.

We also calculated MFPADs averaged around the C-C bond axis in the case
of ethane but with the polarization vector fixed at particular angles to that axis
to compare with the measured recoil frame photoelectron angular distributions
(RFPADs). These averages were accomplished by performing separate calculations of

the MFPAD on grids of directions of electron directions k̂ for a set of orientations of the
molecule and using Shepard interpolation [20] to evaluate the average. Those results
will be used in Section 4 for comparison with RFPADs measured in the [CH+

3 , CH
+
3 ]

dissociation channel.

4. Results

The three molecules we are reporting results for in this study were chosen because their
carbon K-shell photoelectron angular distributions all reveal aspects of the underlying
molecular geometry, but in strikingly different ways.

4.1. Ethane

Results for ethane are presented in Figures 2, 3 and 4 for a photon energy of 298eV
and linear polarization of the incoming light. Since the carbons in this molecule are
bonded to hydrogens, ethane falls into the class of molecules for which “imaging” at
low energies might be expected from earlier theoretical and experimental studies. The
predicted result in Figure 2 shows the same imaging effect we found previously for
methane in the polarization-averaged MFPAD.

Among the breakup channels that are observed, the one that produces
three protons following double Auger decay has the potential to allow complete
determination of the molecular frame,

C2H6+hν → C2H+
6 (C 1s−1) +e− → H++H++H++neutrals+3e− . (4)

In this channel we observe that the protons emerge with mutual angles between their
momentum vectors of approximately 100◦ and with equal magnitudes. That result
is shown in Figure 2, which was produced by applying gates to the data that select
events in which the angles between the proton momentum vectors are greater than 60◦

and less than 140◦. The choice of these gates was suggested by the islands of events
that were observed in the momentum space data.

In the absence of detailed information about the dynamics of dissociation in this
channel it is reasonable to begin the analysis of the data with the assumption that the
protons emerge near the directions of the bonds, as they do in a similar double Auger



MFPADs for ethane, carbon tetrafluoride and 1,1-difluoroethylene 7

Figure 2: MFPAD for C2H6 at 4.5 eV above the C 1s threshold from analysis of the
experimental data assuming the three protons in the breakup channel C2H6 + hν →
H+ + H+ + H+ + neutrals + 3e− originated from the same carbon atom (left column)
and complex Kohn calculations at 4.35 eV (right column).

breakup channel in the case of methane [8, 11]. There are two cases that might be
distinguished: (1) three protons emerging from one carbon or (2) two protons from
one carbon and one proton from the other. The angles between the proton momenta
that might be expected from recoil along the bonds are indicated in Figure 3. The
observed recoil angles do not exactly match the 108◦ angle that would be expected
from this simple picture of “bond recoil” if the protons originate from one side of the
molecule but no distinct feature is present in the data that would suggest the unequal
angles between the proton momentum vectors shown in Figure 3 for the case in which
the protons originate from different ends of the molecules.

Figure 2 shows the experimental MFPAD that results from analyzing this data
under the assumption that all three protons originate from the same side of the
molecule. Although there is some indication of the six lobes of the MFPAD along
the bond directions seen in the complex Kohn scattering calculations presented in
the same figure, it is clear that the match between experiment and theory is poor.
We speculate that, since we are not able to determine whether the protons originate
from one side of the molecule or not in this experiment, the molecular frame has not
been unambiguously determined. Performing the same experiment using deuterated
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Figure 3: Left: Approximate relative angles angles between the momenta of three
emerging protons under the assumption of recoil along the directions of bonds. Dashed
arrows indicate three protons from the same carbon, and solid arrows indicate two
protons from one side and one from the other. Right: Observed proton angular
distribution that was used to produce the experimental MFPAD in Figure 2 .

Figure 4: RFPADs for the CH+
3 + CH+

3 break up channel from experiment
(left column) and complex Kohn calculations (right column) with polarization
perpendicular to the C-C bond (top row) and at 45◦ to the C-C axis (lower row).
The curved arrows indicate the effective averaging around the C-C bond axis that
occurs in this RFPAD measurement.
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ethane, CD3CH3, with all three deuterons on the same carbon would in principle
allow complete determination of the molecular frame, and could also shed light on the
possible breakdown of the axial recoil approximation in the dynamics of dissociation
in this case.

However, strong experimental evidence that the theoretical prediction is correct
and that the MFPAD does in fact have lobes along the bonds in ethane is provided
by measurements of the RFPAD in the two-body symmetric breakup channel,

C2H6 + hν → C2H+
6 (C 1s−1) + e− → CH+

3 + CH+
3 + 2e− (5)

In this case the recoil axis accurately determines the molecular axis in the experiment.
The comparison of theory and experiment for these RFPADs in Figure 4, using
precisely the same theoretically computed photoionization amplitudes that were
averaged over polarizations to give the MFPAD in Figure 2, shows nearly perfect
agreement. That comparison substantially validates the theoretical prediction, and
we conclude that the imaging effect is present at low photoejection energies in the
case of ethane. In both configurations the tendency of the outgoing electron to follow
the axis of polarization is evident, modified by scattering from the molecule. In the
case with the polarization perpendicular to the C-C bond axis the four lobes originate
from the imaging effect seen in the MFPAD, here averaged around the C-C axis and
focused in the plane of that axis and the polarization axis.

4.2. Carbon tetrafluoride

Several fragmentation channels occur following photoionization of CF4 less than 10 eV
above the carbon K-edge threshold energy. A detailed study of the fragmentation
processes following photoionization at these energies has been conducted in [21]. In
the present experiment the following decay channels have been observed:

CF4 + hν → CF+
4 (C 1s−1) + e− → CF2+

4 + 2e−

→ F+ + CF+ + neutrals + 2e−

→ F+ + F+ + neutrals + 2e− (6)

→ C+ + F+ + neutrals + 2e−

In order to gather the photoelectron angular distributions in the molecular frame,
the break-up channel consisting of two singly charged fluorine ions was examined.
The measurements were performed at a photon energy of ∼306 eV. The threshold of
the carbon K-edge of CF4 is located at 301.8 eV [21, 22], so our experiments yield
photoelectrons with a kinetic energy of ∼4 eV.

Figure 5 depicts the MFPAD of these electrons when averaged over the
polarization direction. While the polarization-averaged MFPAD clearly reflects the
symmetry of the target molecule, the pattern of preferential photoelectron emission
contrasts sharply with that found for ethane (and methane). In this case, the
photoelectron emission peaks between the fluorines, in line with findings previously
reported [6, 12] that suggest the opposite of the imaging effect in this molecule.

Additional detail for this case can be obtained by examining MFPADs for different
orientations of the molecule with respect to the polarization vector of the ionizing
light. Such a configuration is depicted in Figure 6 where the polarization vector
is chosen perpendicular to a C2 axis and in the plane of two C-F bonds (FCF
plane). The propensity for ejection away from the fluorine atoms is still present,
but a dipole selection rule in this configuration arising from the molecular symmetry
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Figure 5: MFPAD for K-shell ionization of CF4. Left: the observed photoelectron
distribution measured in coincidence with F+ + F+ following Auger decay. Right: the
MFPAD calculated using the complex Kohn variational method. Data and theory are
integrated over all orientations of the polarization vector. The equilibrium molecular
geometry is represented by the ball and stick models.

Figure 6: MFPAD for K-shell ionization of CF4 with the polarization fixed
perpendicular to the C2 axis and in the plane of two C-F bonds. Left: the observed
photoelectron distribution measured in coincidence with F+ + F+ following Auger
decay. Right: the MFPAD calculated using the complex Kohn variational method.
The equilibrium molecular geometry is represented by the ball and stick models and
the polarization axis by the double headed arrow.

prevents photoelectron ejection in the plane perpendicular to the polarization axis and
extinguishes the prominent vertical lobes found in Figure 5. Even the minor lobes of
the theoretical MFPAD are observed in the experiment in Figure 6, verifying that the
simple static-exchange description of core photoionization is sufficient for this case.

4.3. Difluoroethylene

Given the contrasting behavior we found in the MFPADs for C2H6 and CF4, we
examined 1,1-difluoroethylene (C2H2F2) which might be expected to show properties
of both the other molecules as contains two carbon atoms, one bound to two fluorines,
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while the other is bound to two hydrogens. Moreover, the binding energy of K-shell
electrons belonging to either carbon atom differs by almost 5 eV which allows the
experiment to distinguish which carbon atom is being ionized.

Figure 7: MFPADs of C2H2F2 where the carbon on H2 side was ionized in experiments
performed at two different photon energies: hν = 296 eV and hν = 301 eV. Top row:
experiment 4-6 eV and 8-12 eV photoelectrons. Bottom row: complex Kohn results
at photoelectron energies of 5.44 eV and 10.88 eV.

In order to minimize differences due to different energies of the ejected
photoelectrons, we performed two measurements at photon energies of hν = 296 eV
and hν = 301 eV. The first measurement yielded photoelectrons near ∼0 eV
and 5 eV, while photoelectrons near 5 eV and 10 eV are created in the second
measurement [18, 19]. In that way data sets were created for photoelectrons of a
kinetic energy of 5 eV after emission from either carbon atom.

The ground state geometry of C2H2F2 is planar [23]. In order to establish the
orientation of the molecule in the laboratory frame we investigated fragmentation
channels producing two protons,

C2H2F2+hν → C2H2F+
2 (C 1s−1)+e− → H++H++neutrals+2e− (7)

where the photoionization step produces a K-shell vacancy in one or the other of the
carbons. Under the assumption of axial recoil, this channel suffices to provide the
absolute orientation of the molecule in the laboratory frame.

Figure 7 shows the MFPAD at two energies resulting from carbon 1s photoejection
on the side bonded to hydrogen. Theory and experiment both show that there
is a strong propensity for photoemission directed away from the fluorine side of
the molecule, as expected. The corresponding MFPADs for photoejection from the
fluorine side of the molecule are shown in Figure 8. We again see a propensity
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Figure 8: MFPADs of C2H2F2 where the carbon on F2 side was ionized in experiments
performed at two different photon energies: hν = 296 eV and hν = 301 eV. Top row:
experiment 0-2 eV and 3-6 eV photoelectrons. Bottom row: complex Kohn results at
photoelectron energies of 1.09 eV and 4.35 eV.

for photoelectrons to avoid the fluorine atoms, but in this case the effect is more
subtle. There is photoejection on the fluorine side of the molecule, but it is directed
preferentially in the plane perpendicular to the FCF plane.

The agreement between theoretical predictions of the MFPADs and the
experimental observations in the case of difluoroethylene is in general satisfactory,
but not as good as in the other cases studied here, particularly in the example in
Figure 8 in which photoelectrons with energies between 0 and 2 eV are produced.
Although the experimental angular resolution is poorer for electrons with near zero
kinetic energy, and there is also the possibility of post collision interaction in which
low energy photoelectrons are influenced by subsequent Auger decay [24], neither of
these effects can completely explain the descrepancy between theory and experiment
at these energies. Given the success of the static-exchange approximation in the other
cases studied here which involve the same atoms, as well in other comparisons with
MFPADs measured in similar COLTRIMS experiments [7, 8, 11], there is no obvious
reason to suspect that either the theoretical treatment or the experimental techniques
should be intrinsically less accurate in this case. Both in this case, and in the case of the
dissociation channel in the ethane data that produces three protons, the discrepancies
between experiment and theory may thus call into doubt the assumption that the axial
recoil approximation is an adequate description of the dissociation dynamics following
Auger decay.
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Figure 9: Potential energy functions in the static-exchange approximation with
exchange represented by the local Hara free-electron gas approximation. Top left CH4

in the HCH plane. Top right CF4 in the FCF plane. Bottom left difluoroethylene
in molecular plane with 1s vacancy in CH . Bottom right difluoroethylene with 1s
vacancy in CF . Contours begin at -2 hartrees in increments of 0.2 hartrees with
distances in bohr.

5. Discussion

We have studied the molecular-frame photoelectron angular distributions (MFPADs)
for carbon K-edge photoionization of C2H6, CF4 and C2H2F2 at photoelectron energies
below 10 eV using complex Kohn theoretical calculations and COLTRIMS. The
measurements agree rather well overall with the theoretical predictions and remarkably
well for the first two molecules. The MFPADs, when integrated over all directions of
the photon polarization, yield shapes consistent with the symmetry point group of
the target molecule. For C2H6, that shape also images the shape of the molecule,
with lobes showing preferential ejection along the C-H bonds. For CF4 a contrasting
“anti-imaging” effect is found, with photoelectrons preferentially ejected in directions
between the C-F bonds. A set of measurements and theoretical investigations for
C2H2F2 was also carried out. As this molecule comprises two energetically non-
degenerate carbon K-edges, the emission center of the photoelectron can be chosen
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in the experiments by considering the photoelectron kinetic energy, yielding distinct
differences in the MFPADs. Consistent with what we saw for ethane and carbon
tetrafluoride, the MFPADs for C2H2F2 shows a combination of both behaviors.

Plesiat et al. [6] have suggested that the high electronegativity of fluorine
creates an excess of negative charge around the fluorine atoms that may repel the
escaping photoelectron at lower energies. This classical argument is based essentially
on electrostatics. To test this hypothesis, we evaluated the effective electron-ion
potentials (static + exchange) for CH4, CF4 and C2F2H2, using a local model for the
exchange interaction (Hara free-electron gas [25]). The equipotential contours for the
various cases are plotted in Figure 9. It is apparent that those static potentials alone
do not provide an obvious basis upon which to conclude that in one case the outgoing
photoelectron might avoid a bond axis while in another it might be focused along that
axis. In particular, the potentials are everywhere attractive. The electronegativity
of the atoms influences the charge density that in turn determines the details of that
attractive potential, but it does not produce any barriers. Similar comparisons for
LiCCLi and FCCF in an earlier study [26] were more suggestive (the Li-C bond
is basically ionic), but a comparison of HCCH and FCCF static potentials in that
same study was also inconclusive. Although it is tempting to connect the angular
distributions with the chemical electronegativity of the atoms involved, we conclude
that the behavior of photoelectrons at a few eV is a quantum scattering phenomenon
and cannot be predicted on the basis of classical electrostatics.

The present studies suggest that even though the imaging of molecular geometry
by low energy electrons is not a general feature, measured (polarization averaged)
MFPADs are easily interpretable given ab initio scattering calculations and may
serve as sensitive indicators of changes in molecular geometry in, for example, time
dependent measurements.
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