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Abstract
We present experimental measurements and theoretical calculations for the photoionization of
CH4 at the carbon K-edge. Measurements performed using cold target recoil ion momentum
spectroscopy (COLTRIMS) combined with complex Kohn variational calculations of the
photoelectron in the molecular frame demonstrate the surprising result that the low energy
photoelectrons effectively image the molecule by emerging along the bond axes. Furthermore,
we observe a dynamic breakdown of axial recoil behaviour in one of the dissociation pathways
of the intermediate dication, which we interpret using electronic structure calculations.

(Some figures may appear in colour only in the online journal)

1. Introduction

The measurement of molecular-frame photoelectron angular
distributions (MFPADs) promises to become a general
technique to probe molecular and electronic dynamics in
ultrafast experiments. It is important therefore to develop an
understanding of the various ways in which MFPADs can be
sensitive to both a molecule’s structure and its electronic state.
Both theoretical and experimental studies are exploring this
question [1, 2], and recently the present authors observed [3]
that in some cases the MFPAD for core electron photoejection,
averaged over all photon polarizations, can effectively image
the geometry of a polyatomic molecule in three dimensions,
with the outgoing electron effectively focused along the bond
directions.

In this study we pursue the question of how the
measurement of three-dimensional MFPADs for polyatomic

molecules in momentum imaging experiments can reveal
aspects of molecular dynamics when the photoionization event
is followed by dissociation of the molecule. To measure an
MFPAD, the gas phase molecule must be oriented accurately
in the lab frame. Such orientation can be accomplished prior to
the ionization by laser alignment [4, 5]. The orientation of the
molecule at the time of photoionization can also be determined
in the case of core or inner shell ionization by detecting
the photoelectron in coincidence with positively charged
fragments that emerge following prompt Auger decay and
dissociation of the molecule [6]. For polyatomic molecules the
complete determination of molecular orientation has recently
allowed the measurement of three-dimensional MFPADs in
the cases of water [7] and methane [3].

The methane molecule has tetrahedral symmetry and
therefore has four equivalent threefold (C3) axes of symmetry
and three equivalent twofold (C2) axes, as shown in
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Figure 1. Rotational symmetry axes of methane in tetrahedral
symmetry (Td point group) showing one of three equivalent C2 axes
of symmetry with the red arrow and one of four equivalent C3 axes
with the green arrow.

figure 1. If subsequent to Auger decay it dissociates into
two fragments, the molecule’s three-dimensional orientation
cannot be determined and the observed MFPAD will be
averaged over rotation around one of those symmetry axes.
In the case of the core ionization of methane (as well as water
[7]), the determination of the three-dimensional orientation
of the molecule has been greatly aided by the presence of
direct double Auger decay that forms a triply charged cation
within a few femtoseconds of the primary ionization event,
and the subsequent prompt dissociation of the molecule into
three charged fragments:

CH4 + hν → CH+
4 (1s−1) + e−

CH+
4 (1s−1) → CH+

2 + H+ + H+ + 2e−. (1)

The observation of three ionic fragments in coincidence
with the photoelectron using the cold target ion momentum
spectroscopy (COLTRIMS) method [8, 9] can then yield
the complete angular dependence of photoejection in the
molecular frame.

However, the single Auger decay process, which in this
case can yield other ionic dissociation channels,

CH+
4 (1s−1) → CH2 + H+ + H+ + e−

→ CH+
3 + H+ + e−

→ CH+
2 + H+

2 + e− (2)

etc, can also yield MFPADs as well as information about
the dynamics of these dissociation pathways, even though
the last two of these dissociation channels can only yield the
MFPADs averaged around the recoil axis. Such measurements
are sometimes called recoil-frame photoelectron angular
distributions (RFPADs) to distinguish them from the full
MFPAD for the completely oriented molecule. These decay
channels and many others have been studied before in
experiments that observe the Auger electron in coincidence

with the ionic fragments [10–12]. In this study we build
particularly on the previous work of Kukk et al [10] as we
focus here on the [CH2, H+, H+] and [CH+

3 , H+] dissociation
channels.

The central question that determines if coincidence
measurements in these channels yield information on the
orientation of the molecule is whether or not the dissociation
dynamics are prompt and the fragmentation occurs essentially
along the directions of the bonds in the molecule. This
condition, called ‘axial recoil’ for diatomics may or may not be
satisfied because the molecule can rotate before dissociating in
some cases [13]. Polyatomic molecules can bend or rearrange
bonds during dissociation, and such dynamics have been seen
in COLTRIMS and other momentum imaging measurements
[14–16]. Thus, polyatomic molecules have many more ways to
fail the test of prompt and direct dissociation along the bonds
being ruptured. Even in those cases, however, COLTRIMS
measurements of the apparent MFPADs, combined with their
theoretical prediction, can help elucidate the mechanisms of
ionic dissociation.

In this work we demonstrate that the first of the two
dissociation channels in equation (2) satisfies the condition
of prompt direct dissociation, and thus provides a path to
measuring MFPADs in three dimensions in high resolution.
The second channel in equation (2) displays direct dissociation
along a bond at some values of the kinetic energy release
(kinetic energy of the fragments in the centre of mass frame of
the molecule) but not at others. If the condition of axial recoil
is satisfied by the dynamics, the measured RFPAD should
be equivalent to the MFPAD averaged around one of the
symmetry axes in figure 1, but not if there is a breakdown
of axial recoil. As a result, the combination of experimental
observations of the apparent RFPAD in that channel and
the measured MFPADs in other channels—together with
theoretical calculations using the complex Kohn variational
method and quantum chemical calculations of the potential
curves for dissociation of CH++

4 in various electronic states—
yields strong evidence for how the dissociation in that channel
occurs and which electronic states are involved.

2. Measurement of MFPADs for methane using the
COLTRIMS method

The experiments were performed at the Lawrence Berkeley
National Laboratory Advanced Light Source’s beam line
11.0.2 using COLTRIMS [6, 8]. A beam of linearly polarized
295 or 306 eV photons from the Advanced Light Source
intersected a supersonic gas jet of methane molecules
providing measurements of the MFPADs and RFPADs at two
electron ejection energies. Because of the cooling through
expansion of the jet, the methane target molecules were in
the ground vibrational and rotational states. The majority
of those molecules photoionized through removal of a core
C(1s) electron relax through single Auger decay. The resulting
dications can then dissociate into several fragments. All ions
and photoelectrons are guided to position and time sensitive
multi-hit detectors with weak electric (7.5 V cm−1) and
magnetic (3.8 Gauss) fields [17]. The final positions and flight
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times in fourfold (or fivefold) coincidence for each event are
then used to determine the full vector momentum of each
particle. The data were taken in event mode, and analysed
offline.

The ions were detected with a two-layer square delay line
anode with a 120 mm multi-channel plate pair [18]. Ions were
accelerated by the electric field through a single 3.3 cm region
before hitting the detector. Ion flight times were typically a few
microseconds and multiple ions from a single photoionization
event were easily distinguishable. The position and time of
flight measurements of the ions allowed for determination
of (1) the fragmentation channel, (2) the magnitude of the
fragment momenta and therefore kinetic energy release of
the dissociation, and (3) direction of the fragment momenta,
which yields the orientation of the molecule for cases where
fragments are ejected along bond axes. Ions up to 12 eV were
collected with 4π solid angle.

The electrons were detected with a three-layer hexagonal
delay line anode with a 80 mm multi-channel plate pair. The
electrons were accelerated by the electric field through a 7.2 cm
region followed by a 14.4 cm field free region before hitting
the detector. This acceleration/drift geometry is the standard
2-1 time focusing condition, which improves the resolution
along the field axis by compensating for the spatial width of
the interaction region. The electrons, which are substantially
less massive than the fragment ions were also confined by
the magnetic field which was coaxial with the electric field.
Electrons up to 6.5 eV were collected with 4π solid angle.
Electrons of higher energy (such as the ejected Auger electron)
with momentum vectors pointed directly toward the detector
were also measured, albeit with substantially lower resolution.

The data were taken in list mode, and offline analysis
allowed for a detailed differential study of the correlation
between various parameters including ion fragmentation
pathway, kinetic energy release, and the sets of fragment
and electron momentum vectors associated with each event.
MFPADs were constructed by transforming the electron
momentum vector into the molecular frame when two bond
axes were determined (three-fragment breakup, see section
4) and into the recoil frame when a single bond axis
was determined (two-fragment breakup, see section 5). This
procedure worked when the dissociation fragments were
ejected along bond axes as described in section 4. However, this
axial recoil approximation breaks down when the dynamics of
the dissociation process removed the information of the initial
molecule orientation from the measured fragment momenta,
as demonstrated in section 5.

3. Complex Kohn variational calculations of
MFPADS

The calculation of MFPADs for core-hole ionization requires
a description of both the initial neutral electronic state of
the molecule and the electron–ion scattering wavefunction
for an electron scattering from the core-hole cationic state of
the molecule. The well established complex Kohn variational
method for electron–molecule scattering can be applied to
electron scattering from molecular ions (including coupling

between electronic states of the ion) and can thereby provide
the final state wavefunction for such a calculation. The
application of the complex Kohn method to photoionization
has been described in some detail previously [19–21], and so
we omit those details here.

The MFPAD for a fixed direction of the polarization vector
is defined by the dipole matrix element in the equation

d2σ�0

d�k̂d�ε̂

= 8πω

3c

∣∣ε̂ · 〈	0|μ̂|	−
�0,�k�0

〉∣∣2
(3)

which defines the cross section for polarization ε̂ and ejected
electron momentum �k�0 leaving the ion in state �0. The target
wavefunction for the electron–ion calculation is constructed
as a single configuration using the natural orbitals from the
averaged density matrices of the ion and neutral molecules,
effectively applying what is known as ‘Slater’s transition
state approximation’ [22] for the photoionization process.
The neutral initial state wavefunction, 	0, is constructed as a
single configuration from those natural orbitals. The complex
Kohn scattering calculation then employs the static-exchange
approximation with the target cation wavefunction constructed
as a single configuration of the same natural orbitals, and
completes the calculation of the final state 	−

�0,�k�0

.

In this study we also measure and calculate the MFPAD
in equation (3) integrated over polarization directions but with
the molecule still in a fixed orientation. 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 the cartesian components of the dipole operator
we can write

I�k�0 ε̂
= ε̂ · 〈	0|μ̂|	−

�0,�k�0

〉 = ε̂ · �M�k�0
. (4)

Integration over the directions of ε̂ then gives

∫
d2σ�0

d�k̂d�ε̂

d�ε̂ = 8πω

3c

4π

3

(|Mx
�k�0

|2 + |My
�k�0

|2 + |Mz
�k�0

|2)

(5)

and we see that while the three components of the transition
dipole amplitude are combined coherently in equation (3)
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.

In these studies we also calculated MFPADs averaged
around one of the C3 axes of the CH4 molecule but with
the polarization vector fixed at particular angles to that axis
to compare with the measured RFPADs. These averages
were accomplished by performing separate calculations of
the MFPAD on grids of directions of electron momenta k̂
for a set of orientations of the molecule and using Shepard
interpolation [23] to evaluate the average. Those results will
be used in section 5 for comparison with RFPADs measured
in the [CH+

3 , H+] dissociation channel.
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Figure 2. Ejected H+ fragment momenta plotted in the frame defined by the vector components parallel and perpendicular to the momentum
sum or C2 axis of symmetry. Left: measured relative momenta of the H+ fragments gated on kinetic energy release to isolate the
[H+, H+, CH2] fragmentation channel. Right: the same with gates placed around the two ‘islands’ in order to discriminate signal from
background.

4. High resolution MFPADs from observation of
photoelectron in coincidence with two protons

One of the measured channels corresponded to the detection
of two H+ ions in coincidence without detecting the third
fragment. The possible dissociation pathways that give rise to
this are either (1) the [H+, H+, CH+

2 ] double-Auger channel
where the third fragment wasn’t detected or (2) the more
probable [H+, H+, CH2] single-Auger channel where the
neutral fragment is always lost. Figure 2 shows the momentum
space distribution of the two hydrogen ions in the frame
defined by their momentum sum. The horizontal and vertical
axes correspond to the perpendicular and parallel components
respectively. The data for the first hit on the detector is
shown in the upper half of the figure, and the data for the
second hit is shown on the lower half. There are clearly two
islands separated by slightly more than the neutral ground
state bond angle of 109.5◦. We interpret this result to be
due to ejection along the bond axes along with broadening
of the angle due to the Coulomb repulsion of the two ions.
In the right panel of figure 2 gates are set around the islands
in order to discriminate against contaminant random events
(background), but set broadly enough to include the locus of
points where the island edges met the background.

Because of the high symmetry of CH4, we were able to
fully determine the orientation of the molecule with only these
two vectors. This allowed the determination of the MFPADs
shown in figures 3 and 4. These figures show the angular
distribution in three dimensions by displaying intensity as both
the radial coordinate and as a colour map range from weak or
blue to strong or orange. In each case we present a comparison
between the complex Kohn variational calculation and the
experimental result, and in all cases, the agreement is excellent.
The remaining discrepancy arises due to a combination of
(1) the broad gating and binning of the statistics limited

experimental data, (2) the quite complicated angular resolution
of the measurement due to the variation of the momentum
resolution through the momentum space and (3) the zero-
point vibrational motion of the molecule. There is no clear
way to unfold all of these, so we have chosen to present the
theoretical and experimental results as they stand, which we
consider sufficient for an insightful comparison.

Figure 3 shows the MFPAD at the lower photon energy
where we have integrated over the polarization direction
revealing only the contribution of the molecular potential to
the electron angular distribution. If there were no influence
of the molecular potential, then this distribution would be
isotropic. However, we see here the striking result that for
this photoelectron energy, the ejected electrons tend to emerge
along the bond axes. The mechanism for this apparent focusing
of the outgoing electron wave by the bonds is not fully
understood at this time, but it has been predicted in two
isoelectronic molecules, NH3 and H2O, by complex Kohn
variational calculations like those presented here [21]. Since
the wavelength of the ejected electron is more than five
times the CH bond distance, this angular dependence must
be understood as effects of electron–ion scattering rather than
simple diffraction. Moreover, as we will see below this effect
almost disappears at a photon energy only 10 eV higher.
No simple model has yet produced even a semiquantitative
representation of this behaviour.

Each column of panels in figure 4 corresponds to theory
(top) and experiment (bottom) for the MFPADs arising from
specific orientations of the molecule relative to the polarization
axis. The left column corresponds to the polarization axis along
the C2 axis of symmetry, bisecting two hydrogen bond axes.
In the middle column the polarization axis is perpendicular to
a C2 axis and constrained to the plane of two hydrogen bonds.
In the right column the polarization axis is perpendicular to
a C3 axis and is in the plane with a carbon-hydrogen bond.

4



J. Phys. B: At. Mol. Opt. Phys. 45 (2012) 194003 J B Williams et al

Figure 3. MFPAD for K-shell ionization with photon energy of 295 eV (electron kinetic energy of 4.25 ± 0.25 eV), in CH4 observed (left)
in coincidence measurement with H+ + H+ following Auger decay, and calculated (right) using the complex Kohn variational method. Data
and theory are integrated over all orientations of the polarization vector.

Figure 4. Theoretical (top row) and experimental (bottom row) MFPADs at a photon energy of 295 eV for particular orientations of the
polarization axis in the molecular frame. The experimental data is for the [H+, H+, CH2] two-body channel. In the left column the
polarization axis is aligned along a C2 symmetry axis. In the middle column the polarization axis is perpendicular to the C2 axis and
constrained to the plane of two CH bonds. In the right column the polarization axis is perpendicular to the C3 axis (a CH bond) but close to
another CH bond.

An apparent competition of the tendency of the electron to be
ejected along the polarization axis and its propensity to emerge
along a bond direction can be observed in this figure. Even
at this higher level of differentiation, we still find excellent
qualitative agreement with the theoretical calculations, giving
us confidence that we can use the calculations as a tool
to elucidate fragmentation dynamics in more complicated
dissociation pathways.

Figure 5 shows the MFPAD at a higher photon energy.
The smaller cross section at these energies results in a dataset
with limited statistics. Nonetheless the comparison between
theory and experiment shows the same trend towards isotropy
in the molecular frame at higher energies, as opposed to the
lower energy results shown in figure 3. The calculated MFPAD
shows six dimples along the C2 axes (three in front and three
at the back), which are also seen weakly in the experimental
data. These details indicate that the two distributions likely
match within the resolution of the observed MFPAD. More
importantly, this comparison emphasizes the fact that the
tendency of the ejected electron to emerge along a bond

direction is observed over a limited energy range and has all
but disappeared at this energy even though the wavelength of
the electron is still nearly three times the CH bond distance.
This behaviour has thus far proved quite difficult to model
without a full scattering calculation like the Kohn calculations
presented here.

5. The dynamics of dissociation into H+ + CH+
3

following Auger decay

5.1. Evidence for different dissociation mechanisms and
dynamics at different kinetic energy releases

Another measured channel corresponds to the two-body
fragmentation of the CH2+

4 dication into the [CH+
3 , H+]

dissociation pathway. The momentum measurement of this
channel only defines a single axis, so we are limited to
comparing experiment to theory where we have integrated the
calculation about the azimuthal angle relative to the broken
bond axis. Doing so produced the surprising result found in
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Figure 5. MFPADs integrated over all orientations of the polarization vector from measurement with photoelectron energy of 15.25 ±
0.25 eV (left) and from theoretical calculation with photoelectron energy of 15.24 eV (right). In each case the colour shading ranges from
the minimum (blue) to maximum (yellow) of the angular distribution. Overall magnitude of the theoretical MFPAD is a factor of 1.8 smaller
than the corresponding cross section in figure 4.

Figure 6. KER spectrum and RFPADs from measurements in the [CH+
3 , H+] channel at a photon energy of 295 eV with polarization along

the recoil axis. The data are gated into three regions of KER: (I) less than 7 eV, (II) between 7 and 9 eV, and (III) above 9 eV. Using data for
KER less than 7 eV produces the dipole-shaped RFPAD on the bottom right, indicating a severe breakdown of the axial recoil approximation,
while the comparison with theory (solid line) shown in region III at top right shows closer agreement that indicates axial recoil behaviour at
those energies. The RFPAD for all three KER regions, along with the theoretical RFPAD, are plotted in the bottom left panel.

figure 6, where RFPADs in the hydrogen recoil frame show an
essentially dipole distribution for low KER but agree better
with theory for high KER. We attribute this result to the
contribution to this fragmentation channel from at least the
two decay pathways described in section 5.2. If in one of the
pathways (low KER) the molecule is distorted or the dication
lives for a long time, then the direction of the ejected H+

momentum will not correspond to the H bond axis. These

observations lead us to the conclusion that the axial recoil
approximation (in the sense of prompt dissociation along the
bond being ruptured) appears to be valid for the high KER part
of this channel but not for the sharper lower energy feature in
the KER spectrum.

The theoretical RFPAD shown in figure 6 is calculated by
averaging an MFPAD with the polarization along a CH bond
around that bond axis (a C3 axis). This calculation was done
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Figure 7. Experimental (left) and theoretical (right) RFPADs from complex Kohn variational calculations, averaged around a C3 axis of
methane. Top panels: 4.25 ± 0.25 eV photoelectron energy. Bottom panels: 15.25 ± 0.25 eV photoelectron energy. Both experimental
RFPADs are generated from events that have a KER above 7 eV. Green arrows denote the direction of polarization. The orientation average
was performed around the CH bond indicated by a line terminated with a sphere in each panel (the recoil axis), and thus the three hydrogens
to the right were rotated around that bond to produce the averaged MFPADs (RFPADs) shown here.

with exactly the same amplitudes that appear in equation (4)
and that were used to calculate the MFPADs compared with
experiment in the [CH2, H+, H+] channel in figure 4. Thus the
agreement at higher kinetic energies in the [CH+

3 , H+] channel
is a strong indication of axial recoil dynamics that is supported
by both theory and experiment. The question is: why does axial
recoil apply only to the high KER portion of the process? The
actual values of the KER are not enough to explain that trend
since they are all greater than 4 eV where dissociation is far
more rapid than the rotation of this molecule.

In figure 7 we show another, even stronger, indication
that axial recoil dynamics are being observed at KERs above
7 eV. In that figure we compare the experimental RFPADs
with the calculated ones for a polarization direction that is
perpendicular to the recoil axis instead of along it. For both
photon energies the agreement between the experimentally
observed RFPAD and the one calculated by averaging the
theoretical MFPAD around a C3 axis is nearly perfect. That
comparison leaves little doubt that the RFPADs measured
in this channel are consistent with axial recoil and with the
MFPADs measured in the [H+, H+, CH0

2] channel discussed
earlier.

5.2. Electronic structure calculations and the identification of
pathways to dissociation in states of CH++

4

The RFPADs observed in the breakup leading to [CH+
3 , H+]

shown in figures 6 and 7 immediately raise the questions: why
does the axial recoil approximation evidently break down for
KER values near the peak near 6 eV, while for higher KER
values in the same arrangement the dissociation is apparently
prompt and does satisfy axial recoil? And also, what states
of the product CH+

3 are being produced? To at least partially
answer those questions we have performed calculations of
portions of the potential surfaces for relevant states of the
CH++

4 ion that can be produced by Auger decay.

Our point of departure is a result of Kukk et al [10].
By measuring the energies of Auger electrons in coincidence
with the ionic fragments, these investigators were able to
give compelling evidence in 2007 that the the CH+

3 fragment
originates from the 1E state of CH++

4 in tetrahedral geometry
and that the same state produces CD+

3 from dissociation of
CD++

4 . The C(1s−1) hole state of the molecule is created
with a vibrational progression with only the symmetric stretch
appreciably populated that has been observed to include the
v = 0, 1 and 2 vibrational states [24, 25]. So we can assume
that core photoionization and subsequent Auger decay occur
in our experiments near the tetrahedral geometry of the neutral
methane molecule.

In the tetrahedral (Td) equilibrium geometry of neutral
methane, far from the planar equilibrium geometry of the
dication [26], the dominant electronic configuration of CH++

4
is 1a2

1 2a2
1 1t42. This configuration gives rise to four states

with the term symbols 3T1, 1E, 1T2 and 1A1. Figure 8 shows
the results of state-averaged multiconfiguration self-consistent
field (MCSCF) calculations for a number of electronic states
of the methane dication as one CH bond is stretched while the
rest of the molecule remains in the equilibrium geometry of the
neutral. The vertical line marks the point of Td symmetry and
the four dication states are labelled near to where they intersect
that line. The details of these calculations are discussed in the
appendix, so here we focus on the calculated potential curves
and what they suggest about the dynamics of the dissociation
of the methane dication.

When one C–H bond in CH++
4 is stretched, the symmetry

of the molecule is reduced to C3v and the nine individual spatial
components corresponding to the 3T1, 1E, 1T2 and 1A1 states in
Td symmetry split into a 3A1, a 3E, two 1A1 and two 1E states
in C3v symmetry. Figure 8 shows that three of those states
rise in energy as one CH bond is stretched and thus cannot,
at least directly, dissociate into the [CH+

3 , H+] channel. The
remaining three, of 1E, 3E and 1A1 symmetry are dissociative.
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Figure 8. Potential energy curves from MCSCF calculations for the dissociation CH++
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3 in the minimum energy geometry for

each state. The kinetic energy release values on the right are for dissociation beginning on the 1E state at the tetrahedral equilibrium
geometry of neutral methane indicated by a red arrow.

We see from figure 8 that the 1E state identified by Kukk
et al [10] to be responsible for this dissociation can dissociate
directly, by passing over the slight barrier in the calculated
curves, but that it has a symmetry allowed crossing (conical
intersection) with the 1A1 state that is also dissociative. The
dissociative curves in figure 8 are calculated with the CH+

3
fragment frozen in the geometry of the neutral molecule so
they are not limited to the lowest energy configurations of
CH+

3 in its 1E, 3E and 1A1 states. Therefore to calculate the
kinetic energy release predicted by this level of theory we
require the energies of those minimum energy geometries.
We therefore optimized the geometries of these states of the
methyl cation as described in the appendix at the same level of
MCSCF calculations (same active space) and in the same basis
set used for the calculations on the dication, CH++

4 . Since both
systems, CH+

3 and CH++
4 have the same number of electrons,

those calculations are therefore as nearly consistent with the
ones producing the curves in figure 8 as is possible at the
MCSCF level.

The 1E and 3E states are distorted by the Jahn–Teller
effect, and the ground 1A1 state of the methyl cation is planar.
The optimized geometries are given in table 1. These states
were also calculated by Flammini et al [12], but the geometries
they found at an apparently different level of MCSCF were
somewhat different. However that work did show that the
asymptotic energies of these states compared with the energies
of the corresponding states of CH++

4 in Td symmetry suggested
that there must be an intersection between the 1E and 1A1 states
which is the one visible in figure 8.

The resulting values of the kinetic energy release for a
dissociation beginning on the 1E state of the dication are given
in table 2. The energies of these states are lowered considerably
by distortion into their optimum geometries. Those asymptotes
are the ones that define our best estimate of the kinetic energy
release from these calculations.

Table 1. Equilibrium geometries of states of the methyl cation from
MCSCF calculations. For the E states, the lower of the components
from Jahn–Teller splitting is given.

State
Geometry,
symmetry Angles

Bond
distances (Å)

1A1 Planar, D3h ∠ HCH = 120◦ RCH = 1.095

3E Jahn–Teller, Cs ∠ H′CH′′ = 123.0◦ RCH′ = 1.092
∠ H′′CH′′ = 61.0◦ RCH′′ = 1.193

1E Jahn–Teller, Cs ∠ H′CH′′ = 131.7◦ RCH′ = 1.090
∠ H′′CH′′ = 76.0◦ RCH′′ = 1.204

Table 2. Kinetic energy release values from MCSCF calculations:
Energy (1E of CH++

4 in Td symmetry) - Energy (CH+
3 optimized

geometries in table 1).

State KER from 1E of CH++
4 (eV)

1A1 11.25
3E 7.31
1E 6.08

These KER values are consistent with the experimental
observations in figure 6 if we identify the two processes
contributing to this dissociation channel as

8
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(i) 1E of CH++
4 in Td symmetry → conical intersection →

the 1A1 ground state of CH+
3 , with a maximum kinetic

energy release of ≈11 eV.
(ii) 1E of CH++

4 in Td symmetry → directly to the lower
component of the Jahn–Teller distorted state 1E of CH+

3 ,
with maximum kinetic energy release of ≈6 eV.

The KER curve shown in figure 6 shows a peak at about
6 eV tailing off to lower KER, and these calculations identify
that part of the spectrum with the 1E state of the CH+

3 fragment.
The higher energy part of that KER spectrum can be identified
with dissociation to the ground state of CH+

3 . Because that
state is planar, far from the geometry of the CH3 portion of
methane in its initial tetrahedral geometry, it can be expected
that the 1A1 state of CH+

3 is produced with high vibrational
excitation, particularly in the out-of-plane bending modes.

The difference in the apparent MFPADs measured
using the high and low KER portions of the spectrum
separately is further evidence of the presence of two distinct
dissociation pathways. Comparison with the theoretically
calculated MFPAD, averaged over orientations of the CH+

3
fragment around the dissociating CH bond direction, indicate
that dissociation with high KER satisfies the axial recoil
condition, while dissociation with lower KER in the 6 eV
peak does not. That comparison is definitive, because the same
amplitudes appearing in equations (3) and (5), which produce
nearly perfect agreement between observed and calculated
MFPADs from other channels, are the ones that produce these
MFPADs averaged over CH+

3 orientations.
While we can confidently assign the two regions of

KER in figure 6 to these two mechanisms, we have not
explored the complete nine-dimensional potential surfaces of
the states involved to understand exactly why the dynamics
of dissociation on the 1E surface involves either significant
distortion of the molecule away from the direct dissociation
path, or even more complicated and longer lived dynamics. We
can only say that the calculated barrier to dissociation for that
state in figure 6 is only 0.45 eV starting from the equilibrium
geometry of methane. Thus if Auger decay places the system
wave packet at a range of different bond distances at least some
of the initial wave packet for dissociation might be effectively
below it. However, the path through the conical intersection to
the 1A1 state is calculated with considerable confidence to be
steeply downhill to ground state products.

6. Conclusion

We have demonstrated that it is possible to produce fully
three-dimensional molecular-frame photoelectron angular
distributions (MFPADs) from a polyatomic molecule, and
that when the dissociation dynamics follow axial recoil those
MFPADs (or RFPADs) are consistent when measured in
different dissociation channels. Complex Kohn calculations of
these MFPADs, which are the same regardless of the channel
for dissociation that happens after the photoionization event,
can be used to distinguish channels where the dissociation
follows axial recoil from those where it does not. Ultimately
we anticipate that such calculations and measurements will

become a valuable general tool for studying questions such
as core-localization dynamics in larger symmetric molecules
or the time-dependent measurements of conformation changes
using attosecond pulses from next generation light sources.
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Appendix A. MCSCF calculations

The MCSCF calculations we report here were performed with
the COLUMBUS 7.0 quantum chemistry code [27]. All the
calculations we report were performed with the correlation
consistent plus polarization triple zeta (cc-pvtz) basis sets
for carbon and hydrogen. Complete active space (CAS)
state-averaged MCSCF calculations were performed for the
dissociative curves of CH++

4 shown in figure 8 that included
all five components of the 1A1, 1E, and 3E states. The 1a1

(≈ C 1s) orbital was held doubly occupied and the remaining
six electrons were distributed in a CAS space of ten orbitals,
giving a total of 2688 configurations in those calculations,
which were performed in Cs symmetry so that the CAS space
contained 7 a′ and 3 a′′ molecular orbitals. The geometry of
the CH3 fragment was fixed in the tetrahedral geometry of
methane with a CH bond distance of 2.05 bohr.

The other curves in that figure (in particular the black
dashed curves that are not dissociative) are from similar state-
averaged MCSCF calculations, but using all nine components
of the 3T1, 1E, 1T2 and 1A1 states, which split as indicated in
C3v symmetry.

Geometry optimizations for the states of CH+
3 were

performed using the same CAS space of ten orbitals as follows:
the energy of the 1A1 state was minimized in an MCSCF with
a single state using no symmetry, so that there were 4950
configurations in those calculations. The 3E state geometry was
optimized in state-averaged MCSCF calculations that included
both Jahn–Teller components with 6930 configurations made
from the same CAS space. The 1E state is not the lowest singlet
state, and so its geometry was optimized in state-averaged
MCSCF calculations that included the lowest two singlets with
4950 configurations.
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