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We report the results of ab initio calculations on valence photoionization of the acetylene mono-
cation in its ground (X) and electronically excited (A) states using the complex Kohn variational
method. In contrast to the K-shell molecular frame photoelectron angular distributions (MFPADs),
which are only sensitive to the molecular geometry, these results show that the valence MFPADs
are also sensitive to the electronic state of the target. Hence, the isomerization path from acetylene
to vinylidene, which is mediated by a conical intersection responsible for a change in electronic state
of the monocation, could, in principle, be traced through valence photoionization.

PACS numbers:
I. INTRODUCTION

Advances in the physics of ultrafast electron and X-
ray diffraction have led to experiments where molecular
dynamics can be imaged on the time scale of a chem-
ical reaction [1, 2]. Such imaging is also possible via
photoelectron diffraction when the angular distribution
of the photoelectrons are measured in the frame of the
molecule [3, 4]. In such experiments the molecule must be
oriented via three-dimensional laser alignment [5] or the
photoelectrons and ion fragments must be measured in
coincidence with a momentum imaging technique such
as COLTRIMS [6]. In this paper, we present results
on molecular frame photoelectron angular distributions
(MFPADs) of the acetylene monocation. We show that
the shape of the 3-dimensional MFPAD is intrinsically
connected to the nuclear arrangement and electronic
state of the molecular target, implying that changes in
the MFPAD can be used to monitor changes in the in-
ternal structure of the target in real time.

Here, we consider the example of the isomerization of
the low-lying excited state A2E; of the acetylene mono-
cation [HCCH]* to the X?A; vinylidene form [HoCC]™
or to the acetylene linear ground state XZ2II,. A
COLTRIMS study has been carried out on this process
[7] where the heavy particle dissociative fragments were
detected in coincidence. The experimentally observed
time of flight data was interpreted as isomerization via
a conical intersection [8]. In our previous study of the
K-shell MFPADs for this system [9], it was found that
the K-shell MEPADs were only sensitive to photon en-
ergy and conformational changes in the target. In the
case of the valence MFPADs, we will show that the MF-
PADs are additionally sensitive to the electronic state of
the monocation target. This leads to a more complicated
analysis, but has the advantage of specifying the actual
energy surface on which the dynamics is taking place on
the time-scale of the reaction. Since acetylene isomeriza-
tion occurs via a conical intersection near an equilibrium
trans-bent geometry (Cap, ) with strong vibronic couplings

resulting in a change of electronic state, the valence MF-
PADs yield an additional level of information compared
to the K-shell MFPADs.

In the next section, we present a brief description of
the theoretical methods used to calculate the MFPADs.
Section III describes our structure calculations and the
obtained isomerization paths on the two relevant X and A
electronic states of HCCHT, corresponding respectively
to the ground and first excited plane-symmetric states.
In Section IV, we present MFPADs calculated at a few
geometry points on the isomerization paths and at differ-
ent photoelectron energies. We discuss the main features
of the valence photoionization of acetylene monocation
and the expected effects of these in an experimental mea-
surement. Finally, the results and potential applications
are discussed in the last section.

II. THEORETICAL APPROACH

In order to determine photoionization cross section, the
following matrix elements, expressed in terms of body-
frame amplitudes, are needed
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where the function ¥, represents the initial state of the
target molecule, r# is the dipole operator defined in the
length form as
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and W, is the continuum state describing the scat-
tering of an electron, with angular momentum quantum
numbers [,, m, from, in this case, the final dication in
quantum state I',.



We use the complex Kohn variational method [10, 11]
to describe the scattering of an electron from the acety-
lene dication. In the Kohn method, the final wave func-
tion representing the electron-ion scattering, with the ion
in a state I',, is expressed as
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where the first sum runs over energetically open ionic
states described by (N-1)-electron wave functions xr and
the second sum runs over N-electron configuration-state
functions ©; representing penetration and correlation
terms. The operator A ensures antisymmetrization of
the wave function.

In the Kohn method, the functions Ff. are expanded
as:
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where f; and h; are partial-wave continuum radial func-
tions, behaving asymptotically as regular and incoming
Coulomb functions (Z=2), and ¢; is a set of square inte-
grable (Cartesian-Gaussian) functions.

The matrix element in Eq. (1) is combined in a partial
wave series
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to construct an amplitude representing an ejected elec-
tron with momentum kr,, associated with a particular
ion channel and a direction of light polarization €. The
doubly differential cross section for a hypothetical space-
fixed target molecule is then given as
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where c is the speed of light and w represents the photon
energy.

As was recently shown [12], it is particularly useful
to consider the differential body-frame quantity obtained
by integrating the above doubly differential cross section
over all directions of photon polarization €. Using Egs.
(6) and (5), and the orthonormality of the spherical har-
monics Y7}, (€), the following expression is easily derived
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If we denote an MFPAD over a specific component p of
the dipole operator by M{fo(l%), the cross section in Eq.
(7) is simply the incoherent sum over dipole operator
components, namely
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In the case of non-degenerate electronic states, the above
quantity is symmetric under any operation of the ir-
reducible representation of the initial target molecular
point group. In the case of degenerate electronic states,
this quantity must be summed over degenerate states to
obtain a meaningful physical quantity that ultimately ex-
hibits the molecular symmetry. For a molecule with one
heavy atom, such as methane, with tetrahedral symme-
try, the polarization-averaged MFPAD should be sym-
metric under any operation of the Ty(M) group. How-
ever, this fact does not necessarily imply that the MF-
PAD images the actual shape of the molecule and the
chemical bonds. In fact, for K-shell photoionization of
methane, it was found that over a range of low photo-
electron energies, the MFPAD reproduces the four C-H
bonds, that is, the electron preferably scatters along the
bond directions [12]. The same effect was found for wa-
ter and ammonia [13]. It is reasonable to ask whether
the same “molecular imaging” would be found in targets
with more than one heavy atom. In the case of a molecule
with more than one heavy atom the possibility of mul-
tiple interference phenomena exist. In our recent study
of K-shell photoionization of acetylene monocation [9],
we found the integrated MFPADs to show, in addition
to the expected structure, “ghost structures” opposite to
the C-H bond directions. We speculated that this could
be attributed to multiple scattering effects in the case of
a target with more than a single heavy atom. We now
have reason to believe that this effect has more to do
with the lack of charge neutrality in a target ion than it
does with multiple scattering [14]. In any case, we will
show in Section IV that, although the valence MFPADs
do not simply image the target monocation in the present
case, they nevertheless give conformational information
about the different C-H bonds. All the MFPADs we will
present below will be the polarization-averaged quanti-
ties defined in Eq. 8

III. STRUCTURE CALCULATIONS AND
REACTION PATHS

At its linear equilibrium geometry, the electronic con-
figuration of neutral acetylene is loz10520220% 30,17,
Through photoionization, an electron can be removed
from either a 17, orbital to form the 2II, ground state
of acetylene, or from the 30, orbital to form the *X}
first excited state of acetylene. Once the molecule dis-
torts without torsion, the point group of the molecule is
reduced to C,. Hence, the degenerate 2II, state splits
into an A’ state with configuration 5a’26a’1a”? and an
A" state with configuration 5a’26a’21a”, while the ex-
cited 22; state has A’ symmetry with configuration
5a’6a’?1a’?. Since the critical part of the isomeriza-
tion process, namely a non-adiabatic transition, occurs
through the two A’ states (commonly referred to as X
and A, respectively), we restrict our consideration to dy-
namics on these two states.



Elec. states  Method Taken from  Rem (A) Rcc (A) 0 (deg) AE (eV)

M,(Deor)  MRCI-1 (MRCI-0)  This work  1.077 1.254 180.0 0 (0)
MRCI Ref. [18] 1.082 1.259 180.0 0
CCSD(T) Ref. [19] 1.079 1.255 180.0 0

2A1(Cay) MRCI-1 (MRCI-0)  This work  1.099 1.280 118.5 1.86 (2.36)
MRCI Ref. [18] 1.096 1.281 119.0 1.87
CCSD(T) Ref. [19] 1.102 1.280 118.5 1.89

2A4(Can) MRCI-1 (MRCI-0)  This work 1.171 1.288 107.1 4.76 (5.28)
MRCI Ref. [18] 1.171 1.283 108.0 4.79
CCSD(T) Ref. [19] 1.175 1.288 106.9 4.80

255 (Dos)  CCSD(T) Ref. [19] 1.064 1.210 180.0
MRCI-1 (MRCI-0)  This work 5.80 (5.94)

TABLE I: Calculated equilibrium geometries and relative energies of A, 2T and ?A; states. Also shown, initial geometry
and energy of excited 22; state, taken at the equilibrium geometry of neutral acetylene. All relative energies are given with

respect to the acetylene 2II, ground state.

In order to describe the isomerization mechanism un-
dergone by excited [HCCH]* following photoionization
of the neutral species, we determined the relevant mini-
mum energy paths (MEPs) of the reaction. The first set
of calculations were performed using the MOLPRO suite
of codes [15] to determine the MEPs and equilibrium
positions through the quadratic steepest descent (QSD)
method [16]. We first performed a state-averaged multi-
configuration self-consistent field (MCSCF) calculation
to obtain an orbital basis for a more extensive multi-
reference configuration-interaction (MRCI-1) expansion.
For the latter, we doubly occupied the two carbon 1s
orbitals, chose a complete active space of eight addi-
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FIG. 1: (Color online)Electronic energy of the acetylene
monocation X and A states as a function of the reaction path
length. The isomerization path from the excited 22:{ state of
acetylene towards either the vinylidene 2A; state or the 2II,
acetylene ground state is schematically represented by arrows.
The origin of energies is taken at the acetylene 2II, ground
state.

tional orbitals and included all single-excitations outside
the complete active space, which results in expansions of
about one million configurations.

The reaction paths on both X and A energy surfaces
were determined for the relevant initial and final configu-
rations of CoHJ . The calculated X and A electronic ener-
gies along these paths are plotted in Fig. 1 as a function
of the path length s = [ ds, where ds?> = 3 dz;* mea-
sures the total nuclear displacement. The isomerization
of acetylene monocation is represented schematically by
blue arrows in the figure. Assuming the A state of the
monocation is populated by photoionization of neutral
acetylene, the starting geometry is chosen to be the lin-
ear equilibrium geometry of the neutral molecule. How-
ever, the minimum energy on the A state surface lies
at a bent, planar, trans-symmetric geometry (*A,). At
this minimum, the X and A states are separated by ap-
proximately 1 eV. The non-adiabatic coupling between
the X and A states is large in this region, as there is
a conical intersection between them at a nearby trans-
symmetric geometry [18]. Therefore, the system under-
goes a non-adiabatic transition onto the X state, where
the trans-bending configuration is a saddle point, which
potentially leads to either vinylidene (?A;) or acetylene
(%I, ) monocations , with a slightly steeper descent to-
wards the 2II, ground state. We note that there is also
a local minimum on the A state surface in a vinylidene
configuration, but the large potential barrier required to
reach it makes it irrelevant to the present study. For clar-
ity, we do not show the A” component of the potential
surface in Fig. 1 that originates from the splitting of the
°TL, degenerate state. We note that non-adiabatic tran-
sitions from the X to the A” state, leading to the 2II,
state, should be rather slow on the time scale of the nu-
clear dynamics along the A’ states, since a torsion of the
molecule is necessary. Thus, for simplicity, we will not
consider photoionization from this anti-symmetric state.

The energies and equilibrium geometries of the 2IL,,



2A;1 and 2A, electronic states of acetylene monocation
are given in Table I, where the C-H and C-C bond dis-
tances are respectively denoted Rcpg and Rec, and 6 rep-
resents the C-C-H angle. Also shown in the table are the
initial geometry and energy of the 22;‘ state, taken at
the linear equilibrium position of neutral acetylene [19].
The MRCI-1 results are compared with other extensive
ab initio calculations from refs. [18, 19] and an overall
very good agreement is observed.

The scattering calculations must of necessity be car-
ried out with simpler target electronic states. For this
reason, we performed a second set of MRCI calculations
(MRCI-0) using the same molecular orbital basis, but
with no excitations outside the complete active refer-
ence space. Therefore, the preliminary MRCI-1 calcu-
lation is not only used to find the correct reaction path
and equilibrium positions, but also serves as a reference
calculation. We have indeed verified that the potential
curves calculated with MRCI-0 behave as predicted by
the MRCI-1 calculation, and that the corresponding elec-
tronic energies in Table I are in relatively good agree-
ment with the more precise calculations. As can be seen
from the table, the MRCI-0 X} and ?A, state relative
energies agree with the MRCI-1 energies to better than
10%. The observed difference is slightly larger for the 2A;
state. However, we found that the shape of the MFPADs
is relatively insensitive to changes in the wave function
such as the number of active orbitals used to determine
the target states, as long as the electronic excitations can
be represented inside the reference space and a reason-
able agreement in energy exists. Indeed, we have also
carried out calculations with a smaller reference space
and verified that, although the agreement in energy is
worse, the changes in the shape of the MFPADs were
negligible. The results of CoHJ photoionization are dis-
cussed in details in the next section.

IV. RESULTS

The isomerization of the acetylene monocation in-
volves three characteristic conformations of the molecule,
namely the linear acetylene equilibrium geometry, the
trans-symmetric saddle point geometry and the vinyli-
dene equilibrium geometry. The different ionization en-
ergies, determined from our MRCI-0 structure calcula-
tions, represent an important characteristic of the pho-
tolonization process and are presented at each geometry
in Fig. 2. We have used the notation X and A to re-
fer to the ground and first excited states, respectively, of
the dication. These states are nominally described by re-
moving either a 6a’ or a 5a’ electron, respectively, from
the (5a'?6a’1a"?) X state of the monocation. We note
that the A state is doubly degenerate at linear geome-
tries, where the 6a’ and 1a” orbitals are degenerate. It
is interesting to note the following points from the fig-
ure. First, the ionization energies at different geometries
are rather close, remaining less than 3 eV apart. The
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FIG. 2: Ionization energies from the X and A electronic states
of C2H2+, to the X and A electronic states of CQH;+. Energies
are given, in eV, at the three characteristic geometries: linear
acetylene, trans-symmetric and vinylidene. Solid and dashed
arrows represent respectively photoionization from the X and
A states.

particular case of the linear A — X transition represents
the only exception, but the latter transition is of minor
importance since its associated photoionization cross sec-
tion is small. Indeed, this transition represents a second
order process; its cross section would actually be identi-
cally zero in a single configuration approximation, since
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FIG. 3: (Color online)Polarization-averaged valence MEPADs
at acetylene linear geometry for a photoelectron energy of
0.5¢V. The panels correspond to (a) X — X, (b) A — X, (c)
A — A, and (d) X — A photoionizations. The arrows lie
along the C-C axis and their lengths give the magnitude of
the cross section in units of kb/sr. 1kb=10"%'cm?. Arrow
lengths are 8(a), 1(b), 2(c) and 7(d).



it requires a two-electron transition and the dipole oper-
ator is a one-electron operator.

At constant photon energy along the path, the photo-
electron energies and the corresponding MFPADS span
a small portion of the energy spectrum. Actually, on the
reaction path from the trans-symmetric configuration to
the vinylidene ground state, the photoelectron energies
remain almost constant and only photoionization at near
linear configurations have higher photoelectron energies.
Moreover, the dication channels become close to one an-
other at trans-symmetric and vinylidene geometries, such
that the second dication channel is open even at low elec-
tron energies. In fact, although not shown in the figure, a
low-lying third channel (5a’°6a’?1a’'?)) is also open at low
energy in the vinylidene configuration and was therefore
included in our calculations at all geometries. Finally,
although not shown in the figure, it is worth noting that
the ionization energies at the starting linear geometry on
the A state are similar to the ones of the linear acetylene
ground state.

As already discussed in Section II, the polarization-
averaged MFPADs, when summed over all degenerate
final channels, reflect the symmetry of the initial target
state and may potentially image the molecular bonds.
For this reason, it is interesting to study the changes in
the form of the MFPADs at the important geometries
of the molecular monocation through its isomerization
path. We recently applied this procedure to study the
K-shell photoionization of CoHj [9], where a clear de-
pendence of the MFPAD on conformational changes and
photoelectron energies was observed, although the C-H
bonds were not simply imaged. At a given photoelectron
energy, the corresponding MFPADs from K-shell pho-
toionization are only sensitive to changes in nuclear ge-
ometry. The situation is dramatically different in valence
photoionization from either the X or A states, since an
electron can be removed from different types of initial
orbitals. Let us take the example of photoionization to
the A state (5a’6a’) of the dication. The photoioniza-
tion event X — A from the X state (5a’26a’), and the

photoionization event A — A from the A state (5a’6a’2),
correspond to the removal of an electron from either the
6a’ or the 5a’ orbitals, respectively, so observable changes
between both MFPADS are expected. We also expect
differences in the MFPADs for the X — X and A — X
transitions, although the latter has a small photoioniza-
tion cross section, as explained previously.

In order to illustrate the discussion, we first present
the MFPADs at the linear equilibrium position of the
monocation. Since the isomerization of acetylene was
described over the entire reaction path through the Cjg
group, we calculated the MFPADs at a slightly bent ge-
ometry (less than one degree) from the true linear equi-
librium position. In this way, we lift any degeneracies and
can study photoionization between A’ symmetric states
only, as we are mostly interested in the form and changes
of the MFPAD along the reaction path for a single pho-
toionization transition. The MFPADs for the low-lying

photionization transitions, at a small photoelectron en-
ergy (0.5eV), are plotted in Fig. 3. The arrows in each
MFPAD indicate the C-C direction. The panel (a) corre-
sponds to X X photoionization, for which the photo-
electron preferential directions belong, for the main part,
to the plane orthogonal to the orientation of the chemical
bonds. Notice that the MFPAD has Cs, symmetry, but
does not have infinite rotational symmetry along the C-C
axis. As explained in Sec. II, this fact is understood since
we only considered photoionization from the A’ state and
did not add the contribution from the degenerate (in lin-
ear geometry) A’ electronic state. Indeed, it is clear
from panel (a) that one would get a rotationally sym-
metric picture by simply adding to the current MFPAD,
an MFPAD rotated by 90° . The situation is different
for the A — X transition in panel (b), which exhibits
clearly the rotational symmetry, because it corresponds
to a transition between non-degenerate X states. The
A — A and X — A transitions have a more complicated
structure. Here, in order to obtain an averaged rotation-
ally symmetric MFPADs, the MFPADs corresponding to
all transitions between the doubly degenerate initial and
final states must be included. It is clear from the results
shown in Fig. 3 that the MFPADs, even at the low value
of photoelectron energy chosen, are quite sensitive both
initial and final electronic state.

It is also interesting to track changes in the valence
photoionization MFPADs as the photoelectron energy in-
creases. The results for the A — A transition are plotted
in Fig. 4. Changes in the preferential scattering direc-
tions are evident. The lobes perpendicular to the C-C
axis become smaller as the photoelectron energy increases
towards 3 eV. Above 3 eV, the shape of the MFPAD does
not change appreciably. We do not show corresponding
results for the X — X transition since they do not change
appreciably as the energy increases. Clearly above 3eV,
the MFPADs for the X — X and the A — A transitions
are different.

We next consider other conformations along the reac-
tion path, starting from the trans-symmetric geometry.
At this conformation, the MFPADs exhibit Cop, symme-
try. In Fig. 5, the MFPADs for X — X and A — A
photoionization are given at two different photoelectron
energies. At low photoelectron energy (0.5eV), the MF-
PADs for both transitions are similar, but bear little re-
semblance in shape to the target cation and show pref-
erential directions for electron ejection perpendicular to
the C-C axis. At the higher energy shown, the MFPADs
do show dominant electron ejection at angles close to 70°
with respect to the C-C bond, which is close to the orien-
tation of the C-H bonds in trans-symmetric geometry, as
well as smaller ”ghost” lobes. We note that at high pho-
toelectron energy, the cross section for X — X photion-
ization is more than an order of magnitude larger than
the A — A photoionization cross section. The X X
cross section at this geometry is also significantly larger
than it is at linear geometry. Concerning the X — A
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FIG. 4: (Color online)Change of the valence MFPAD in A +— A photoionization with increasing photoelectron energy. The
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transition, we have found that although the main scat-
tering directions belong to the molecular plane, the MF-
PADs do not ressemble the actual conformation of the
molecule.

We now turn to the study of the vinylidene ground
state equilibrium position, which represents a possible fi-
nal rearrangement of the molecule through isomerization
of the excited acetylene monocation. As explained in Sec.
II1, there is no need to consider photoionization from the
A state near the vinylidene geometry. At the vinylidene
conformation, we have found complicated shapes for the

il
i
}, n}“\

)
i

\
A
1

\
W
N
S
)

Z

Zi

N\
B
N
>

W

NN
\
\
\

\
\
N
\

W

=

0
\Q

|
\\\

7

\‘\

FIG. 5: (Color online) Polarization-averaged valence MF-
PADs at trans-symmetric geometry. The panels (a) and (c)
correspond to X X photoionization and the panels (b) and
(d) to A — A photoionization. Upper panels photoelectron

energy is 0.5eV, lower panel photoelectron energy is 6eV. Ar-
row lengths, in kb/sr, are 45(a), 6(b), 85(c) and 3(d).

MFPADs and observed strong variations with the pho-
toelectron energy. Some relevant MFPADS are shown in
Fig. 6 for both transitions and at different energies. In
panels (a) and (b) are shown MFPADs at 0.5eV photo-
electron energy for the X +— X and X — A transitions,
respectively. Evidently, the MFPADs at the vinylidene
geometry do not image the bonds at low energy. Indeed,
for the X — X transition in panel (a), the electron scat-
ters in the plane perpendicular to the molecular plane,
while for the X + A transition shown in panel (b), elec-
tron ejection is predominantly in-plane but opposite to
the direction of the C-H chemical bonds. For the higher
photoelectron energies shown in panels (¢) and (d), the
predominant direction of ejection shifts toward the hy-
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FIG. 6: (Color online)Polarization-averaged valence MFPADs
at vinylidene geometry. The panels (a) and (c) correspond to
X + X photoionization and the panels (b) and (d) to X — A
photoionization. Photoelectron energy is 0.5V for (a) and
(b), 5eV for (c) and 8eV for (d). Arrow lengths, in kb/sr, are
22(a), 8(b), 35(c) and 15(d).



drogen side of the cation for both transitions, but the
overall shapes of the MFPADs do not image the target.

We close with a visualization of the MFPADs for the
dominant valence ionization processes at the three dis-
cussed geometries along the isomerization path. The re-
sults are for a fixed photon energy of 25.5 eV and are
shown in Fig. 7. Note that at this photon energy, the
X — A channel is closed at linear geometry. At the
vinylidene geometry, only transitions from the X state
are shown, since the A-state cannot be populated by
photo-isomerization, as discussed above. Although there
are clearly changes in the MFPADs along the path to
isomerization, the shapes do not necessarily reflect the
geometry changes in a clear way. It is perhaps most
noteworthy to point out that the magnitude of the cross
sections for both X — X and X — A are large at the
trans-symmetric geometry, while the A +— A cross sec-
tions remain relatively small. Therefore, when the sys-
tem non-adiabatically passes to the X state, changes in
the angular distributions would be accompanied by a sud-

den increase in the photionization cross section, which
should be detectable.

V. DISCUSSION

We have considered the isomerization of the excited
acetylene monocation, using MFPADs to track changes
along the reaction path. In contrast to our earlier study
of this system using core-level MFPADs to monitor the
reaction, the present study considered MFPADs from va-
lence photoionization. We have found that the valence

angular distributions, in addition to being sensitive to
geometric changes in the molecular target cation, also
depend strongly on the initial and final electronic states
involved. While this dependence lends an additional level
of richness to the expected angular distributions, in prac-
tice it may seriously complicate the interpretation of ob-
servable data.

There are some aspects of the particular example stud-
ied here that could hinder an experimental study. In the
present case, two photionization steps are required, one
to first ionize the neutral acetylene into an excited mono-
cation state and another to ionize the monocation. The
pump step would produce a strong background of low en-
ergy photoelectrons, which might complicate the detec-
tion of a weaker population of photoelectrons, with com-
parable energies, arising from the probe step. Moreover,
the fact that the electronic energy surface of the excited
A state is relatively flat means that an initially localized
nuclear wavepacket could spread rapidly, thereby compli-
cating the identification of a specific final geometry. Ide-
ally, one might prefer to experiment with cases where the
pump step is non-ionizing and launches a wavepacket on
a steeply dissociative electronically excited surface. The
ethylene molecule presents such an example and will be
the subject of a future study.
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