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Molecular frame photoelectron angular distributions (MFPADs) provide the full available detail
of the photoionization process. Careful analysis of the evolving photoelectron angular distribution
during the coherent rotation of a non-adiabatically aligned sample of molecules allows the detail
which is smoothed out by orientational averaging in the laboratory frame to be resolved. Here we
exploit a novel high flux monochromated HHG lightsource to provide single-photon photoelectron
angular distributions of field-free aligned molecules. Our measurements are sensitive to alignment
frame variations in even βn parameters up to n=6 in the PADs of the first four ionization channels of
OCS, allowing for rigorous benchmarking of the cutting edge theoretical methods used for simulation
of MFPADs. We demonstrate that experimentally derived molecular alignment distributions may
be combined with theoretical MFPADs to generate theoretical alignment-frame PADs which provide
a quantitative comparison to the experimental βn parameters. The experimental data and ePSproc
simulated PADs show quantitative agreement and sensitivity to picometer-scale changes in the
molecular geometry. This combined methodology therefore provides a versatile way of studying
geometry-sensitive continuum structural features for non-dissociative ionization processes which
may not be studied in the recoil frame. These measurements therefore provide a strict test of the
theoretical descriptions and will stand as benchmark measurements for future comparisons to higher
level theory.

I. INTRODUCTION

When a molecule is ionized by the absorption of pho-
tons, the partial waves which comprise the photoelectron
wavefunction, and their relative phases, are determined
by the symmetry of electronic states of the molecule and
ionization continuum as well as scattering by the molec-
ular potential.[1–7] As a result, the observed photoelec-
tron partial wave interference pattern is dependent on
both the symmetry of the ionization transition and the
molecular geometry. If photoelectron spectroscopy mea-
surements were performed in the molecular frame, the
full detail of the ionization and electron scattering pro-
cess could be revealed, however, much of this information
is lost in traditional photoelectron spectroscopy experi-
ments where the random orientation of molecules in the
sample causes the observed photoelectron signal to be an
average of multiple ionization and scattering processes.
For ionization which results in prompt dissociation and
fragment recoil along the axes of the bonds being bro-
ken, this orientational averaging may be overcome by
using a coincidence spectrometer to correlate the mo-
mentum vectors of photoelectrons and their correspond-
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ing ionic fragments and produce a recoil-frame photoe-
mission spectrum.[8–15] Photoelectron-photoion coinci-
dence spectroscopy has been used to fully retrieve molec-
ular frame information and even to image a polyatomic
molecule,[16] however, as the analysis of recoil frame data
relies on the axial recoil approximation, this approach
cannot be applied to ionization events that either do not
lead to dissociation or where the ionized molecule has
time to bend or rotate prior to fragmentation.[17]

Alternatively, aligning molecules in space prior to ion-
ization would allow the molecular axis along which ion-
ization takes place to be selected and therefore the pho-
toelectron angular distribution (PAD) to be measured for
a single ionization transition. Full analysis of the PAD
from even partially aligned samples can yield detailed
information on the photoionization event, and so-called
‘complete’ experiments, where the magnitude and rela-
tive phases of the radial dipole matrix elements for ioniza-
tion are extracted from experimental data, have been suc-
cessfully carried out using nanosecond 2+1 REMPI pho-
toelectron imaging, which took advantage of the transient
alignment of photoexcited molecules and the relatively
narrow bandwidth of nanosecond laser systems to pro-
duce rotationally-resolved photoelectron images with an-
gular momentum components up to L=6.[18] Femtosec-
ond 1+1’ REMPI experiments have also achieved this
through monitoring the PAD as the molecular axis distri-
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bution evolves over time between the excitation and ion-
ization pulses.[19] However, the necessity for rotational
resolution limits the application of these techniques to
relatively small molecular systems as well as to ioniza-
tion from electronically excited states. Through the ad-
vent of impulsive alignment techniques, [20, 21] it has be-
come possible that the same level of detail may be recov-
ered for a non-dissociative ground state ionization pro-
cess by allowing the ionization of a highly aligned sample
of molecules in field-free conditions.[22–26]

While the information contained in the PADs of ori-
ented molecules has been recognized for many years,[27]
the limitations of the alignment techniques and light
sources available has largely prevented these measure-
ments from being carried out. Synchrotron sources have
been used to record the PADs of many molecules over
wide energy ranges,[28, 29] but the long pulse duration
of synchrotron radiation makes such measurements in-
compatible with field-free alignment techniques, which
achieve transient alignment for short periods on the or-
der of hundreds of femtoseconds. The use of ultrafast
laser systems has allowed for the measurement of PADs
from molecules aligned using field-free impulsive align-
ment techniques,[30] however, many benchtop ultrafast
laser systems deliver wavelengths in the infrared to ul-
traviolet ranges such that multiple photons must be used
to exceed the molecular ionization energy. As the PAD
is determined by the electronic state occupied by the
molecule prior to ionization, the increased likelihood of
hitting resonant intermediate states when using multi-
photon or resonant multiple photon ionization schemes
complicates the interpretation of results and limits the
range of energies over which experiments may be per-
formed.

New light sources, such as X-ray free electron lasers
(XFELs), have been used to record single-wavelength
photoelectron spectra of aligned molecules in the soft
X-ray range, however, the wavelength instability of free
electron laser sources based on unseeded self amplified
spontaneous emission (SASE) limited the energy resolu-
tion of the photoelectron images.[31] XFELs which are
either externally seeded for High Gain Harmonic Gener-
ation (HGHG) or self-seeded by filtered SASE radiation
in the amplification stage achieve greater coherence and
wavelength stability relative to unseeded SASE XFELs
and therefore provide a promising route to improving the
resolution of photoelectron images for alignment frame
experiments in the XUV to X-ray ranges.[32, 33]

Of most relevance to the present study are high
harmonic generation (HHG) sources, which can yield
attosecond-to-femtosecond pulses of extreme ultraviolet
(XUV) light and have allowed for the measurement of
PADs of several molecules (O2, N2, CO, CO2 and CF3I)
aligned in field-free conditions.[23, 34–38] However, due
to the low flux of HHG sources and the complexity of
monochromation, these experiments used the full fre-
quency comb yielded by the HHG process, leading in
most cases to highly congested spectra with multiple

overlapping bands from which quantitative PAD mea-
surements could not be obtained. Previous alignment
frame PAD (AFPAD) measurements on N2 made use
of spread out filtered harmonics from a UV drive wave-
length which allowed for matrix element retrieval and
reconstruction of molecular frame PADs for the X̃, Ã
and B̃ channels for comparison with theoretical MF-
PADs, though no quantitative comparison between the
experimental observables and theory was explored in that
work.[23] Additionally, the contribution of high energy
harmonics to the spectrum limits the resolution of images
and typically presents issues with using cold (seeded)
molecular beams due to background signal from ioniza-
tion of the carrier gas.[23]
We present the first alignment frame photoelectron

spectroscopy measurements using monochromated ex-
treme ultraviolet light[39] from a HHG light source.
We note that a similar experimental configurations have
previously been used to investigate PADs from time-
overlapped XUV and IR pulses [40], but not to mea-
sure field-free alignment-frame PADs; in general such ex-
periments are desirable, but very challenging due to the
statistics required for high-fidelity PAD measurements,
and concomitant requirements for high HHG flux and
stability. Using a single isolated harmonic allowed for
quantitative measurement of anisotropy parameters by
minimising overlapping bands in the spectra, also al-
lowing us to separate out contributions from the Ã2Πu

and B̃2Σ+
u channels which lie very close together in en-

ergy. We extract the time-dependent alignment moments
from our experimental photoelectron yield data[23–25]
and combine these with photoelectron scattering calcula-
tions to reproduce the evolution of the PAD as the molec-
ular axis distribution changes, providing an experimen-
tal benchmark for photoelectron scattering calculations
which quantitatively model the molecular frame PAD.

II. EXPERIMENTAL METHODOLOGY

The OCS/He beam is created via supersonic expan-
sion of a mixture of 2% OCS in He at 700 mbar through
a 1 kHz pulsed Amsterdam valve, 75 mm away from
a 300 µm diameter skimmer. The collimated molecu-
lar beam intersects perpendicularly with the laser at the
centre of a velocity map imaging spectrometer. The fun-
damental output of a Ti:Sapphire amplified laser system
(Red Dragon, KMLabs) is divided into two arms, the
pump arm and probe arm. For the alignment (pump)
arm, the 790 nm fundamental is stretched by retroreflec-
tion within a 60 mm N-BK7 right-angle prism to a pulse
duration of 300 fs, and the pulse energy is attenuated to
300 µJ. The probe arm was redirected through different
optical pathways to generate either an 800 nm Coulomb
explosion probe pulse for quantification of the molecu-
lar alignment or an XUV probe pulse for photoelectron
spectroscopy measurements.
For the Coulomb explosion measurements, the polar-
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ization of the probe arm is rotated by 90◦ to lie perpen-
dicular to the detector plane by passing through a λ/2
waveplate, such that the anisotropy of the Coulomb ex-
plosion signal does not artificially enhance the apparent
alignment in the Coulomb explosion images,[41] meaning
that the alignment measured from the anisotropy of the
Coulomb explosion images is a lower limit of the achieved
alignment of OCS. The alignment pulse polarization was
set to lie in the plane of the detector. The Coulomb ex-
plosion pulse is then recombined with the stretched pump
arm, and the power is attenuated to 500 µJ outside of the
chamber, with 50 fs pulse duration. Both Coulomb ex-
plosion and alignment arms are focussed collinearly into
the interaction region of a velocity map imaging spec-
trometer using a 1.2 m focal length lens resulting in a
focal spot size of ∼120 µm. The MCP detector is gated
to select for an m/z of 16, resulting in images of O+ and
S2+ ions formed by Coulomb explosion. 60 images were
recorded between 38 ps - 44 ps delay relative to the align-
ment pulse in order to capture the first rotational revival
of OCS. The images were integrated over 200000 laser
shots and alignment was quantified in terms of cos2θ2D by
calculating the overlap integral of the radially integrated
high KE signal with a cos2θ function, as the high KE
signal has minimal overlap with the unaligned Coulomb
explosion and dissociative ionization signal at the centre
of the image.

For the photoelectron spectroscopy measurements the
probe is generated via high harmonic generation using
approximately 500 µJ of the fundamental of the Red
Dragon output at 790 nm. The 15th harmonic (52.5 nm,
23.6 eV) or 13th harmonic (60.5 nm, 20.5 eV) is isolated
using a time-preserving monochromator and reflection fo-
cused off a toroidal mirror into the interaction chamber.
Overlap between the two laser pulses is ensured with the
use of a scintillator crystal located at the centre of the
VMI spectrometer and optimized on the photoelectron
signal from ionization of argon at t0. The FWHM ∆E/E
kinetic energy resolution of the velocity map images is
approximately 10 % eKE measured from direct ioniza-
tion of argon with HH15 and HH13. Both alignment and
XUV beams are linearly polarized in the plane of the
MCP detector and cross at an angle of approximately
3◦. Rotation of the polarization of the alignment pulse
using a λ/2 waveplate allowed for measurements of pho-
toelectron spectra with OCS molecules aligned and an-
tialigned with respect to the polarization of the ionizing
XUV pulse. The XUV pulse polarization was in the de-
tector plane for all measurements.

The photoelectron spectra of aligned and antialigned
molecules were recorded for 600000 laser shots at a de-
lay time of 40.5 ps, i.e. at the peak of the first rota-
tional revival of OCS. Alignment-dependent PADs were
also measured by recording a series of 61 photoelectron
images, each recorded for 360000 laser shots in the range
38 - 44 ps, covering the first rotational revival of OCS.
Images of background scatter from the XUV and ion-
ization by the alignment pulse were recorded and sub-

tracted from the pump-probe images. The photoelectron
images were inverted using the polar onion peeling (POP)
algorithm[42] fitting with even order Legendre polyno-
mials. Fits were carried out including Legendre polyno-
mials up to β10, but there was no significant intensity
observed for β8 and β10, so the fitting function for the
presented results was truncated at β6. Experimental er-
rors for the time-dependent photoelectron yields and βn

values were calculated as the standard deviation of the
values at baseline, where the distribution of molecular
axes can be considered approximately constant. For the
laboratory frame βn values, errors are calculated as the
standard deviation in βn values across the kinetic energy
range of the peak. The eKE distributions were indepen-
dently calibrated using photoelectron images from direct
ionization and ATI of Argon at t0 between the alignment
and ionization pulses and the known ionization energy of
Argon (15.759 eV).

III. THEORETICAL METHODOLOGY

A. Extraction of molecular axis distribution
moments

A full discussion of axis retrieval in the context of PADs
can be found in Ref. [26]. In brief, in the case of a time-
resolved measurement of a scalar observable S from a
rotational wavepacket, the quantum expectation value of
S is given by the following expression,

⟨S⟩(t) =
∑
jk

Cjk⟨Dj
0k⟩(t) (1)

where Cjk are unknown expansion coefficients, and

Dj
0k are the Wigner D-Matrix elements, a basis on the

space of orientations. Since the rotational wavepacket
can be accurately simulated, the ⟨Dj

0k⟩(t) are considered
known. Given a measured time resolved signal ⟨S⟩(t),
the unknown coefficients Cjk can be determined by linear
regression, and the molecular frame signal determined.
[43, 44].
For the case of photoionization from a time-dependent

ensemble, an equivalent equation can be written in terms
of the βL,M (ϵ, t) parameters:

βL,M (ϵ, t) =
∑

K,Q,S

C̄LM
KQS(ϵ)A

K
Q,S(t) (2)

where the βL,M (ϵ, t) define the observable anisotropy
parameters, the coefficients C̄LM

KQS are unknowns which
parameterize the dependence of the observables on the
molecular alignment, and the alignment is defined by a
set of axis distribution moments AK

Q,S(t). Again, the un-
knowns can be retrieved via linear regression with simu-
lated rotational wavepackets. [23, 26, 45] In the current
case, fitting indicated good agreement with experimental
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results for an alignment pulse of 300 fs and peak inten-
sity 4.2 TW, consistent with the experimental conditions,
and a sample rotational temperature of 28 K.

B. Alignment Frame PAD Calculations

Computation of AFPADs made use of various tools:

1. Gamess was used for electronic structure compu-
tations [46–48]. Initial computations (HF/aug-cc-
pVDZ) found equilibrium bond lengths of RC−S =
1.60 Å, RC−O = 1.16 Å, in reasonable agreement
with experimental[49] (RC−S = 1.56 Å, RC−O =
1.16 Å) and MRSDCI reference calculations[50]
(RC−S = 1.57 Å, RC−O = 1.16 Å). Single-point
computations for a range of geometries with bonds
stretched by a given percentage (relative to the
equilibrium geometry) were also performed, as dis-
cussed below, consistent with stretched equilibrium
geometries in various states of the molecular cation
(hence broad Franck-Condon envelopes), see Refs.
[50, 51] for general discussion.

2. Photoionization (continuum scattering) calcula-
tions made use of ePolyScat [52–55]. From a given
electronic structure input file, dipole matrix ele-
ments were computed as a function of ionization
channel (orbital and symmetry) and electron ki-
netic energy. Photoionization calculations based
on a 20% stretched geometry (RC−S = 1.85 Å,
RC−O = 1.39 Å) were found to agree well with
room-temperature laboratory frame measurements
from the literature (see Sect. IVC and Fig. 3, an
extended presentation showing bond-length depen-
dence can be found in the ESI, Fig. S4).

3. Computation of aligned-frame observables made
use of the ePSproc suite [56, 57], which implements
the computation of observables based on dipole ma-
trix elements and the aligned frame axis distribu-
tions (AK

Q,S(t) parameters per Sect. III A).

The general methods outlined above are provided in
detail in Refs. [26, 45]. In particular, note that the final
observables (step 3 above), are computed herein using a
tensor formalism:

βL,M (ϵ, t) =
∑
ζ,ζ′

Υ ζζ′

L,M (t)Iζζ
′
(ϵ) (3)

Where Υu,ζζ′

L,M (t) are the channel functions, which in-
clude the required angular momentum and symmetry fac-
tors for a given ionizing transition and molecular align-
ment (set of AK

Q,S(t) parameters); Iζζ′
(ϵ) are the dipole

matrix elements, here obtained as per step 2 above. The
terms are dependent on a set of quantum numbers which
are collectively labelled ζ, and define all other required

properties. A full set of data from the ab initio calcu-
lations and processing (as Jupyter notebooks) outlined
above, and as presented herein (Sect. IVD), are avail-
able via Figshare.[58]
Finally, identification of possible vibrational effects is

explored in the discussion of experimental results below
(see, in particular, Sect. IVC). In this work, this is ex-
plored through comparison of experimental data in both
the laboratory and alignment frames to calculations for a
small representative sample of molecular geometries. A
full vibrational wavefunction calculation and geometry
sampling will be explored in future work. Nonetheless,
the good agreement with the current single-geometry
model and the experimental results suggest that such
effects will be small in the current case, and the core
photoionization physics can be reasonably well-modelled
by a single-geometry treatment.

IV. RESULTS AND DISCUSSION

A. Coulomb explosion of aligned OCS

The degree of alignment of OCS molecules was quan-
tified through the cos2θ2D values of the images of O+

and S2+ ions from Coulomb explosion of OCS, which are
plotted in purple as a function of delay time following the
NIR alignment pulse in Fig. 1. The Coulomb explosion
images for the time delays of 38.0 ps, 40.5 ps, 41.6 ps
and 44.0 ps are also presented in Fig. S1 in the ESI. It
can be seen that the baseline value of cos2θ2D is ∼0.58
c.f. 0.5 (the value of cos2θ2D obtained from an isotropic
distribution), indicating that the alignment pulse has in-
duced long-lived alignment of OCS. This long-lived align-
ment can be seen in the oval shape of the Coulomb ex-
plosion images at 38.0 ps and 44.0 ps in Fig. S1, which
correspond to the baseline before and after the first re-
vival. The Coulomb explosion images recorded in the ab-
sence of the alignment pulse yield the expected value of
cos2θ2D = 0.5. The values of cos2θ2D increase to a maxi-
mum value of 0.72 at a delay of 40.5 ps, corresponding to
a cos2θ3D value of approximately 0.58. 40.5 ps therefore
corresponds to the time delay at which the molecular axis
distribution is most aligned with the polarization of the
alignment pulse.

B. Alignment Frame Ionization Cross Sections

Photoelectron spectra were recorded at 23.6 eV for
OCS molecules that were unaligned, aligned and an-
tialigned with respect to the ionization pulse polariza-
tion, and are presented in Fig. 2 alongside the He(I)
spectrum of OCS reproduced with permission from ref-
erence 59. At these wavelengths the first four ionization
channels of OCS, X̃2Πg, Ã

2Πu, B̃
2Σ+

u and C̃2Σ+
g , are ac-

cessible and it can be seen from Fig. 2 that the ionization
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FIG. 1. Plots of experimental integrated photoelectron yields
to the first four ionization channels of OCS as a function
of pump-probe time delay (blue lines). The photoelectron
yield values have been normalized to the scale of the ePSProc
alignment frame cross sections (dashed dark green lines). Ex-
perimental values are averaged over the kinetic energy ranges
which correspond to the widths of the four features in the pho-
toelectron spectrum (eKEs = X̃: 12.0 - 12.4 eV, Ã: 8.1 - 8.7

eV B̃: 7.4 - 8.0 eV C̃: 5.7 - 5.9 eV). Inset are 97.5 % bound-
ary surfaces of the corresponding molecular orbitals, with the
atomic order O, C, S running left to right. Also plotted are
cos2θ2D values (black line, right axis) demonstrating the vari-
ation of the molecular axis distribution over time.

cross sections for these channels are anisotropic, with ob-
vious increases in ionization propensity to the X̃-channel
and Ã-channel in the antialigned configuration, and an
increase in the C̃-channel yield when OCS is aligned par-

allel to the ionizing light polarization.
The integrated photoelectron intensity arising from

ionization to the first four electronic states of OCS+

as well as simulated ionization cross sections, both in-
tegrated over the specified photoelectron kinetic energy
ranges, are plotted as a function of pump-probe time
delay alongside 97.5 % boundary surfaces of the corre-
sponding molecular orbitals in Fig. 1. Enlarged trans-
parent isosurfaces displaying the orbital structure with
respect to the molecular backbone are also presented in
Fig. S2 in the ESI. The evolving axis distributions mo-
ments (AK

Q,S(t) parameters) of the rotational wavepacket
were extracted from these time-dependent variations in
cross-section using the method presented in Section IIIA
and are presented in Fig. S3 in the Supplementary in-
formation. From this set of AK

Q,S(t) parameters it is pos-
sible account for the specific sample of molecules in the
XUV probe measurement,[60] and we calculate a value
of cos2θ3D of 0.74 at the peak of the revival using the
relationship cos2θ3D = 1

3 + 2
3A

2
0,0. At the peak of the

revival, truncating our AK
Q,S(t) parameters to A2

0,0, we

can estimate that around 55% of the molecules sampled
have their axes aligned within a double cone subtend-
ing an angle of 30◦ from its central axis (cf. 33% for
an unaligned sample) and 75% lie within an equivalent
45◦ cone, where the central axis of the cones is the laser
polarization axis. Despite only using a single pulse for
alignment, the level of alignment achieved is sufficient to
resolve the higher angular momentum components of the
PAD up to L=6.[24]

For the X̃-state continuum, both data and theory show
a decrease in ionization propensity as the molecular axis
distribution comes into alignment with the polarization
vector of the ionizing light. As the X̃-state corresponds
to the removal of an electron from the HOMO 3π or-
bital, which is shown inset in Fig. 1, this observation is
consistent with the presence of the node along the molec-
ular axis in an orbital of π symmetry. Ionization to the
Ã-state of OCS+ corresponds to the removal of an elec-
tron from the 2π bonding orbital. The delay-dependent
integrated photoelectron intensity (solid blue line) there-

fore behaves similarly to that of the X̃-state channel in
that the propensity for ionization into the Ã-state de-
creases as the molecular axis distribution becomes more
aligned with the polarization of the ionizing light. The
simulated ionization cross sections are consistent with the
experimental observations though underestimate the ex-
perimentally observed variation in yield. Given the long
vibrational progression associated with the Ã-band, it is
possible that static minimum energy geometry calcula-
tions do not describe the full complexity of the ionization
dynamics at play, see section IVC for full discussion.
Ionization into the B̃-state of OCS+ corresponds to the

removal of an electron from the 9σ orbital. In this case,
the agreement between the changes in cross section with
alignment in data and theory in Fig. 1 appears poor, with
the data (solid blue line) showing an apparent significant
decrease in cross section with increasing alignment with
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FIG. 2. Left: Plots of experimental photoelectron spectra of OCS at 23.6 eV from the current work. The magenta line
corresponds to the photoelectron spectrum of randomly oriented OCS molecules. The blue and orange lines correspond to
pump-probe spectra at the maximum of the first revival of OCS (40.5 ps delay) with the alignment pulse polarization aligned
parallel and perpendicular to the ionizing light polarization, respectively. Right: 21 eV photoelectron spectrum of OCS
reproduced with permission from reference 59.

the ionizing light, while the theory (dashed blue line)
predicts a very slight increase in cross section consistent
with ionization from a σ-orbital. This can be under-
stood when looking at the energies and Franck-Condon
envelopes of the transitions to the Ã-state and B̃-states
of OCS+, shown in Fig. 2. The Ã- and B̃-states are very
close together in energy, however, while the transition
from the neutral ground state of OCS to the B̃-state of
OCS+ is largely vertical, giving rise to a large origin peak
and relatively few additional vibronic bands, ionization
to the Ã-state gives rise to a broad Franck-Condon en-
velope indicative of a large change in the equilibrium ge-
ometry upon ionization to this state, consistent with the
bonding character of the 2π-orbital. Thus, while some of
the vibronic bands on the low binding energy edge of the
Ã-state may be isolated with little contamination from
the B̃-state signal, the B̃-state cannot be isolated from
the Ã-state band. The large changes in the Ã-state cross
section therefore dominate leading to apparent anoma-
lous behaviour in the ionization yield data.

The C̃-channel of OCS corresponds to the removal of
an electron from the 8σ orbital. The experimental inte-
grated yield for ionization to this state in Fig. 1 is weak
compared with the first 3 ionization channels, see Fig.
2 for comparison, and therefore the modulation of the
photoelectron yield with alignment is on a similar order
to our experimental error for this channel. Despite this,
we observe an increasing photoionization yield with in-
creasing alignment with the ionizing light polarization at
around 40.5 ps delay which is in good quantitative agree-
ment with the theory, which predicts a similar scale for
the variation in cross section with alignment.

C. Laboratory Frame PADs of OCS in the range
hν = 20.5− 24 eV

The minimum energy geometry ePolyScat β2

anisotropy parameters for the first four ionization
channels in the range 0 - 30 eV eKE are presented
alongside experimental values from the current work
and the synchrotron measurements from references 28
and 29 in Fig. 3. The experimental and ePolyscat
values of the β2 anisotropy parameter for the first
four ionization channels of randomly oriented OCS
molecules at hν = 20.5 eV and 23.6 eV are presented
with synchrotron measurements at hν = 21.2 eV and
24 eV from reference 29 in Table S1 in the ESI. The
experimental values of β2 for the X̃-channel at hν =
20.5 eV and 23.6 eV are consistent with the synchrotron
data in this photon energy range c.f. 1.60 ± 0.10 at
23.6 eV in the current work and 1.30 ± 0.07 at 24.0
eV in reference 29; we attribute the small discrepancy
in values to differences in the selected eKE ranges
for integration as we observe vibronic effects on the
magnitude of β2 within this peak such that integrating
over the basewidth decreases the average value of β2.
The experimental angular distribution parameters

demonstrate that the ionization transition to the X̃-state
of OCS+ gives rise to a photoelectron distribution with
strong anisotropy parallel to the laser polarization at
hν = 20.5 eV - 24.0 eV, as the β2 value is large and posi-
tive in this kinetic energy range. The values of β2 are also
increasing with increasing photon energy in both the cur-
rent work and the synchrotron measurements. ePolyScat
predicts a more isotropic angular distribution, providing
an unaligned β2 value of 1.0 at hν = 20.5 eV which de-
creases to 0.85 eV as the photon energy increases to 23.6
eV. When comparing the β2 values in the synchrotron
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FIG. 3. Calculated β2 parameters for the first four ionization channels of OCS as a function of electron kinetic energy (blue
lines) at the minimum energy geometry (left) and for OCS elongated by 20% relative to the ground state equilibrium geometry
as a function of electron kinetic energy (right). This extension corresponds to an increase in bond length from 1.569 Å to
1.854 Å for C−S, and 1.131 Å to 1.386 Å for C−O. Computational values are plotted against experimental values from the
current work (black points) and from references 28 and 29 (orange triangles).
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data and theory over a broad range of electron kinetic
energies, it can be seen that there is a significant de-
crease with increasing eKE, which reaches a minimum at
22 eV eKE in the data from ref. 29 and at 16 eV eKE
in the theory. This decrease results from a Cooper mini-
mum due to the large contribution of the sulfur 3p orbital
to the 3π molecular orbital. We therefore attribute the
difference in the magnitude and trend in β2 in the data
vs. theory to the difference in the scale of the effect of
the Cooper minimum on the value of β2.

Given that the experimental photoelectron spectrum
from Kovač et al. shows significant vibrational progres-
sions in both the C−O and C−S stretches for ionization
to the X̃-state,[59] it is possible that the greatest Franck-
Condon probability does not lie at the minimum energy
geometry of the ground vibrational state. Previous cal-
culations appear to suggest that bond length changes are
anticorrelated for ionization into the first four electronic
states of OCS+.[50] However, for the X̃-state, only a min-
imal change in one bond length is observed - i.e. the C−S
bond length is increased by 0.09 Å accompanied by a neg-
ligible change in the C−O bond distance (-0.03 Å). Look-
ing in more detail at the results of the calculations con-
cerning the Ã-state, these also showed significant changes
in the C−O bond distances only, disagreeing with the ex-
perimental photoelectron spectrum of OCS that has sig-
nificant progressions in both C−O and C−S stretches in
the Ã-band. In fact, the first three states have significant
progressions in both C−O and C−S stretches, while the
C̃–state appears to have only a significant change to the
C−O bond length experimentally. The previous experi-
mental observations in the literature therefore appear at
odds with the calculation of Takeshita et al., suggest-
ing a model involving a symmetrical stretch may bet-
ter describe the average geometry change for the first
three ionization channels. Therefore, to investigate the
sensitivity of the simulation to these small-scale molec-
ular geometry changes, we have calculated ePolyScat β2

parameters as we symmetrically stretch the C−O and
C−S bonds, which are presented in Fig. S4 in the ESI
alongside the experimental data from references 28 and
29. This scan reveals that the scale of the contribution
of the Cooper minimum is sensitive to even picometer-
scale molecular geometry changes such that vibrational
motion would lead to changes in the magnitude of its
effect on the PAD at a given wavelength, highlighting
the importance of careful consideration of the envelope
of vibrational states that may be occupied for a given set
of experimental conditions when modelling experimental
data. We reiterate here that the changes in structure
expected are ionization channel dependent and may not
be fully symmetric. A full-scale exploration of the effects
of such changes for all ionization channels and poten-
tial structures is beyond the scope of the current work
but is a critical consideration for further analysis. In
general, the vibrational dependence of PADs is compli-
cated, and generally signifies a breakdown of the Franck-
Condon approximation; such effects are expected to be

pronounced in regions with strong continuum resonances
and/or channel couplings. See, for examples, work from
Poliakoff, Lucchese and co-workers who have investigated
these types of effect in a range of small molecules.[61–63]

Of the molecular geometries sampled in the scan, the
magnitude of the effect of the Cooper minimum on the
β2 parameters observed in the data from references 28
and 29 is best reproduced by ePolyScat for a symmet-
ric bond extension of 20% from the calculated minimum
energy geometry, corresponding to an increase in bond
length from 1.569 Å to 1.854 Å for C−S, and 1.131 Å
to 1.386 Å for C−O, see Fig. 3. Given that ionization
to the ground vibrational level of the cation X̃-state has
been theoretically predicted to give rise to an increase
in the C−S bond length of 0.086 Å,[50] these results are
consistent with a single-channel model of photoionization
proving sufficient in this case, when taking into account
vibrational averaging due to the non-static nature of the
molecular geometry and sampling over the full FC pro-
gressions in the stretching modes, see Fig. 2 and Refs.
[50, 51]); though we note the possibility of a slight overes-
timate of the depth of the scattering potential for heavy
atoms at the current level of (non-relativistic) electronic
structure theory (see, for instance, discussion in Ref. 38)
which may lead to an overestimate of the bond length
changes.

Ionization into the Ã-state gives rise to a paral-
lel anisotropic distribution that becomes increasingly
anisotropic with increasing photon energy in the 20.5 eV
- 24.0 eV range in both the current data and synchrotron
measurements (see Fig. 3 and Table S1 in the ESI). The
current measurements seem to suggest a less anisotropic
distribution than the synchrotron data (c.f. β2 = 0.76
at 23.6 eV in the current measurements vs β2 = 1.06
at 24.0 eV in the sychrotron data from reference 29),
however, this difference could be due to the difficulty
deconvolving the signals from the overlapped Ã- and B̃-
channels. For the Ã-channel, ePolyScat is in agreement
with the experimental values of β2 from the current work
c.f. 0.43 and 0.44± 0.04 respectively at 20.5 eV and 0.73
and 0.76±0.03 respectively at 23.6 eV. Given the relative
lack of structure in the Ã-state continuum, the predicted
trends in β2 as a function of eKE are equivalent for the
minimum energy geometry and stretched molecular ge-
ometry (see Fig. 3). The main change associated with
elongation of the bonds is an increase in the magnitude
of the β2 values across the whole eKE range calculated,
bringing the values into closer agreement with the syn-
chrotron measurements from reference 29 e.g. at 24 eV
the ePolyscat value increases from 0.73 at the minimum
energy geometry to 0.87 at the elongated geometry (c.f.
the experimental value of 1.06 ± 0.10). This indicates
that the differences between the experimental and the-
oretical β2 values could result from the comparison of
theory at the minimum energy geometry to experimental
values which are integrated over the full Franck-Condon
envelope of the ionization channels in both the current
experiment and reference 29, where ro/vibronic couplings
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can induce changes in the symmetry of the photoelectron
wavefunction and the sampling of molecular geometries
will be sensitive to zero-point motion, the rovibrational
temperature and Franck-Condon factors.

In the eKE range corresponding to the B̃-state chan-
nel, the β2 values are positive (see Table S1 and Fig.
3), indicating electron emission predominantly along the
polarization axis of the ionizing light. The emission be-
comes increasingly anisotropic with increasing photon en-
ergy. The synchrotron data shows larger differences in
the measured values of β2 for the Ã- and B̃-states than
are observed in the present work, which is most likely
due to the fact that we have significant overlap between
the two signals at the resolution of the current experi-
ment. Interestingly, however, our measurements are in
quantitative agreement with the ePolyScat calculated β2

parameters, which predict a value of 0.73 for the B̃-state,
which is also very close to the predicted value of the Ã-
state. Despite the increased error in the synchrotron
experimental β2 values for this channel, the geometric
distortion again appears to improve agreement between
the magnitudes and trends in the ePolyscat calculation
relative to those from reference 29 e.g. at ∼24 eV the
ePolyscat value decreases from 0.73 at the minimum en-
ergy geometry to 0.62 at the elongated geometry (c.f. the
experimental value of 0.5 ± 0.1). The ePolyScat results
at the minimum energy geometry demonstrate that the
B̃-state continuum is highly structured, with a maximum
in β2 values at around 5 eV eKE, resulting from a shape
resonance, and a minimum at around 13 eV eKE, result-
ing from a Cooper minimum due to the sulfur 3pz con-
tribution to the 9σ orbital. However, at the elongated
geometry, the calculations show a less significant effect
from the shape resonance such that the maximum in β2

is no longer present.

Our experimental β2 values for the C̃-state channel in
Table S1 in the ESI, which show weak parallel anisotropy
which increases with increasing eKE, are in agreement
with the synchrotron data (e.g. 0.50 ± 0.10 at 20.5 eV
from the current work vs 0.51± 0.07 at 21.2 eV from ref-
erence 29). The experimental values are consistent with
the ePolyScat calculated β2 values, while slightly more
isotropic in experiment vs. theory (c.f. 0.50 ± 0.10 v.s.
0.80 respectively at 20.5 eV), see Fig. 3. At the elongated
geometry the magnitude of the β2 values decreases, e.g.
at ∼24 eV the ePolyscat value decreases from 0.83 at the
minimum energy geometry to 0.45 at the elongated ge-
ometry (c.f. the experimental values of 0.61±0.07[29] and
0.66±0.10 at 24 eV and 23.6 eV, respectively). Addition-
ally, the calculated trend in β2 with eKE at the minimum
energy geometry is in good agreement with that observed
in reference 29. At the elongated geometry the trend de-
viates from the relatively flat structure observed in the
measurement, with the appearance of a minimum in β2 at
∼9 eV eKE associated with the formation of a shape reso-
nance. The strongest peaks in the vibrationally-resolved
photoelectron spectrum from reference 59 correspond to
the C−O stretch progression for the C̃-state, compared

with the other states for which progressions are observed
in both C−O and C−S stretches. This perhaps results
in preferential sampling of geometries which are asym-
metrically elongated along the C−O bond in the C̃-state
continuum, leading to poorer agreement between the ex-
perimental data and the theoretical calculations using the
simplified symmetrically stretched model in the case of
this ionization channel.

D. Alignment Frame PADs of OCS at hν = 23.6 eV

The full set of the aligment-frame PADs presented in
this section is available via Figshare.[64]

1. The X̃ ionization channel

The experimental and simulated alignment-frame an-
gular distribution parameters arising from ionization to
the X̃-state of OCS+ integrated over the eKE range
11.7 eV - 12.8 eV are presented as a function of pump-
probe time delay in the top and middle rows of Fig. 4,
respectively. There are small differences between the β2

values along the baseline of the time-dependent scan and
the unaligned values of β2 presented in Table S1 in the
ESI. We have integrated over broader range of eKE values
for the time-dependent measurements of the X̃-state in
order to improve the s/n, however, this means integrat-
ing over a broader range of vibronic transitions, which is
observed here to have an impact on the magnitude of β2

but not on the time-dependent behaviour of this band.
The decrease in the baseline value of β2 can also in part
be attributed to the long-lived alignment of the molecular
axis distribution. The effect of the long-lived alignment
is seen in the Coulomb explosion data, where a cos2θ2D
of around 0.58 is observed, c.f. 0.5 for an isotropic dis-
tribution of molecular axes. As the molecular axis dis-
tribution becomes increasingly aligned with the laser po-
larization, peaking at a delay time of 40.5 ps, the ob-
served βn parameters decrease (i.e. the PAD becomes
more isotropic), or stay the same, indicating an overall
greater propensity for electron emission perpendicular to
the polarization of the ionizing light when the polariza-
tion is parallel to the molecular axis. This is supported
by the ePSproc simulated alignment frame angular dis-
tributions for β2 and β6, however, for β4 the opposite
alignment-dependent behaviour is predicted in this ki-
netic energy range. ePSproc predicts an increase from
β4 = 0 at baseline to β4 = 0.058 followed by a decrease
to β4 = −0.051 at the minimum, which should exceed our
experimental error for our β4 values (± 0.02), but is not
observed in the experimental data. This observation may
be explained by the effect of the Cooper minimum being
overestimated by the theory in this kinetic energy range.
As the Cooper minimum results from the ionization of
an atomic 3p orbital, this phase change would affect only
the d-partial wave of the outgoing electron. The Cooper
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FIG. 4. Top row: Plots of experimental PAD parameters (β2, β4, β6) as a function of pump-probe time delay. Values

are averaged over the kinetic energy range 11.7 - 12.8 eV, which corresponds to the base-width of the X̃-state peak in the
photoelectron spectrum. Middle Row: Plots of simulated PAD parameters expected to arise from photoionization to the X̃-
state over the kinetic energy range of the experiment as a function of pump-probe time delay. Bottom row: Plots of simulated
PAD parameters expected to arise from photoionization to the X̃-state for bond lengths symmetrically stretched by 20% from
the ground state minimum over the kinetic energy range of the experiment as a function of pump-probe time delay. This
extension corresponds to an increase in bond length from 1.569 Å to 1.854 Å for C−S, and 1.131 Å to 1.386 Å for C−O. Note
that the axis scales are chosen to adequately display all features, and may not be equivalent. All data are plotted alongside
the cos2θ2D as a function of time measured by Coulomb explosion of OCS at 800 nm (black).

minimum therefore predominantly affects the agreement
with the alignment-dependent trends in the experimen-
tal data in the β4 component of the PAD, as the molec-
ular axis alignment is increased and the higher angular
momentum components of the distribution begin to be
resolved.

The experimental alignment frame βn parameters are
presented alongside simulated angular distribution pa-
rameters for OCS with bonds stretched by 20% relative
to the minimum energy geometry in the bottom row of
Fig. 4. It can be seen from Fig. 4 that the agreement
with our experimental data is improved at the elongated
geometry, with the expected changes in β4 now predicted
to be smaller than 0.01, lower than our experimental er-
ror (±0.02) and the magnitude of β2 is more equivalent
to the measurements (β2 ∼ 1.3 at baseline c.f. the exper-
imental value of 1.17 ± 0.02). ePSproc alignment frame
βn parameters in the eKE range 0 - 30 eV for OCS at
the minimum energy geometry and with bonds stretched
by 20% relative to the minimum energy geometry are
presented for molecular axis distributions corresponding
to the baseline long-lived alignment and the maximum
of the first revival are presented in Figs. S5 and S6 in

the ESI, respectively. A comparison of these two plots
demonstrates that the changes in β4 expected from align-
ment are significantly decreased for the stretched molec-
ular geometry, with a decreased effect of the Cooper min-
imum on the β2 values also evident. From this we deduce
that the observed effect of the Cooper minimum is signif-
icantly mediated by changes to the molecular geometry
and hence appears weaker in the experimental measure-
ments relative to single-point theoretical predictions at
the minimum energy geometry due to the non-static na-
ture of the molecular geometry and vibrational averaging
(as discussed in Section IVC).

2. The Ã ionization channel

The experimental and simulated PAD parameters aris-
ing from ionization to the Ã-state of OCS+ over the pho-
toelectron kinetic energy range 8.1 - 8.7 eV are presented
as a function of pump-probe time delay in Fig. 5. The
values of β2 and β4 are observed to decrease with in-
creasing alignment with the ionizing light polarization,
with β2 reducing from 0.68 ± 0.02 to 0.52 ± 0.02 and
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FIG. 5. Top row: Plots of experimental PAD parameters (β2, β4, β6) as a function of pump-probe time delay. Values are

averaged over the kinetic energy range specified which corresponds to the Ã-state in the photoelectron spectrum. Middle Row:
Plots of simulated PAD parameters expected to arise from photoionization to the Ã-state over the kinetic energy range of
the experiment as a function of pump-probe time delay. Bottom row: Plots of simulated PAD parameters expected to arise
from photoionization to the Ã-state for bond lengths symmetrically stretched by 20% from the ground state minimum over
the kinetic energy range of the experiment as a function of pump-probe time delay. This extension corresponds to an increase
in bond length from 1.569 Å to 1.854 Å for C−S, and 1.131 Å to 1.386 Å for C−O. Note that the axis scales are chosen to
adequately display all features, and may not be equivalent. All data are plotted alongside the cos2θ2D as a function of time
measured by Coulomb explosion of OCS at 800 nm (black).

β4 reducing from 0.00 ± 0.02 to −0.10 ± 0.02. The ex-
perimental magnitudes and alignment frame fluctuations
in β2 and β4 are well reproduced by the ePSproc cal-
culations at the minimum energy geometry, with only a
slight underestimation in the magnitude of the variation
in β2 with alignment, which could result from geomet-
ric sampling effects, indicating that both the ionization
process and alignment distribution are well described by
the theory. Very small changes are predicted by the eP-
Sproc calculations for the value of β6, however, these are
not observable in the data as these changes are smaller
than our statistical error for the measured β6 parameters
(±0.02). Similarly to the X̃-state, the baseline value of
β2 is decreased in the time-resolved measurements rela-
tive to the spectrum of unaligned OCS integrated over
the same eKE range (0.68 ± 0.02 vs. 0.76 ± 0.03, re-
spectively), which we attribute to the effect of long-lived
alignment of the molecular axis distribution. The broad
eKE range simulations for the βn parameters for ioniza-
tion to the Ã-state of OCS+ in Fig. S7 in the ESI show
no strong fluctuations indicating no significant contribu-
tions from shape resonances or Cooper minima in this
continuum in this eKE range, consistent with the obser-

vations in reference 29. From this, we predicted that
the time-evolution of the alignment-frame PAD would
be less sensitive to symmetric geometry changes than for
continua where significant contributions from shape res-
onances or Cooper minima are observed at the minimum
energy geometry. The broad eKE range simulations for
the alignment frame βn parameters for the elongated ge-
ometry in Fig. S8 of the ESI, and the simulated time-
dependence of the alignment frame PAD presented in the
bottom row of Fig. 5, demonstrate that the lack of con-
tinuum structure persists at the elongated geometry and
as a result the only significant change observed in the
PAD at the elongated geometry is the increase in the
magnitude of β2 discussed in Section IVC, supporting
this hypothesis. Concomitant with the increase in β2 at
the elongated geometry, there is an increase in the pre-
dicted variation in the magnitude of β2 with alignment,
indicating that the large scale of variation in β2 experi-
mentally results, at least in part, from averaging over the
vibronic structure of the Ã- ionization channel, while the
experimentally measured magnitude of β2 is reduced by
the overlap with the B̃- ionization channel in the current
experiment, see Section IVD3.



12

2 +) state: eKE = 7.4 eV - 8.0 eV
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FIG. 6. Top row: Plots of experimental PAD parameters (β2, β4, β6) as a function of pump-probe time delay. Values are

averaged over the kinetic energy range specified which corresponds to the B̃-state in the photoelectron spectrum. Middle Row:
Plots of simulated PAD parameters expected to arise from photoionization to the B̃-state over the kinetic energy range of
the experiment as a function of pump-probe time delay. Bottom row: Plots of simulated PAD parameters expected to arise
from photoionization to the B̃-state for bond lengths symmetrically stretched by 20% from the ground state minimum over
the kinetic energy range of the experiment as a function of pump-probe time delay. This extension corresponds to an increase
in bond length from 1.569 Å to 1.854 Å for C−S, and 1.131 Å to 1.386 Å for C−O. Note that the axis scales are chosen to
adequately display all features, and may not be equivalent. All data are plotted alongside the cos2θ2D as a function of time
measured by Coulomb explosion of OCS at 800 nm (black).

3. The B̃ ionization channel

The angular distribution parameters arising from ion-
ization to the B̃-state of OCS+ are presented alongside
simulated angular distribution parameters over kinetic
energy range 7.4 - 8.0 eV as a function of pump-probe
time delay in Fig. 6. Despite the significant overlap
of the B̃-state with the Ã-state, we are able to resolve
state-specific alignment-dependent changes in the β4 pa-
rameter with remarkable agreement between experiment
and theory, observing an increase in β4 with increasing
alignment for the B̃-channel c.f. decreasing anisotropy in
the Ã state channel. The observation of state specific be-
haviour in the B̃-channel PAD, contrasts with our obser-
vations in the photoelectron yield, where the variations
in the Ã-channel signal dominated. The β2 parameters
are observed to remain approximately constant across the
full delay range, which could result from destructive in-
terference between the opposing time-dependent changes
in the β2 values of the photoelectron distributions arising
from each channel, or coupling between the two states;
the minor structure visible between 40 and 41.5 ps ap-
pears to indicate the former. Changes in the β6 parame-

ter are not observed in this case as the changes are pre-
dicted to be on the order of 0.02 which is on the order of
our statistical error (± 0.02).

The simulated time-dependence of the alignment frame
PAD for ionization from the elongated geometry is pre-
sented in the bottom row of Fig. 6. The effect of the
symmetric geometry change is small, there is a slight de-
crease in the magnitude of β2 (0.6 at baseline vs. 0.72
at baseline at the minimum energy geometry) and the
time-dependent variations of the β2 and β6 values are
smaller also at the elongated geometry, improving agree-
ment with the experimental observations in both cases.
The broad eKE range simulations for the alignment frame
βn parameters for the minimum energy and elongated ge-
ometries are presented in Figs. S9 and S10 of the ESI,
respectively. The simulated AFPADs demonstrate that
at the minimum energy geometry there are reductions in
β4 and β6 at around 5 eV consistent with a shape reso-
nance which is not observed at the elongated geometry.
Similarly, the effect of the Cooper minimum can be seen
as a change in phase of the β4 component of the PAD
over the 10 - 20 eV eKE range at the minimum energy
geometry, which is also absent in the calculations for the
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2 +) state: eKE = 5.5 eV - 5.9 eV
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FIG. 7. Top row: Plots of experimental PAD parameters (β2, β4, β6) as a function of pump-probe time delay (blue). Values are

averaged over the kinetic energy range specified which corresponds to the base-width of the C̃-state peak in the photoelectron
spectrum. Middle Row: Plots of simulated PAD parameters expected to arise from photoionization to the C̃-state over the
kinetic energy range of the experiment as a function of pump-probe time delay. Bottom row: Plots of simulated PAD parameters
expected to arise from photoionization to the C̃-state for bond lengths symmetrically stretched by 20% from the ground state
minimum over the kinetic energy range of the experiment as a function of pump-probe time delay. This extension corresponds
to an increase in bond length from 1.569 Å to 1.854 Å for C−S, and 1.131 Å to 1.386 Å for C−O. Note that the axis scales are
chosen to adequately display all features, and may not be equivalent. All data are plotted alongside the cos2θ2D as a function
of time measured by Coulomb explosion of OCS at 800 nm (black).

elongated geometry. These observations again indicate
that vibrational motion may have a significant effect on
the continuum structure, however, only has a small effect
on the agreement with our experimental measurements in
this case due to the relatively small impact of these struc-
tural features over the eKE range of this experiment.

4. The C̃ ionization channel

The PAD arising from ionization to the C̃-state of
OCS+ at 23.6 eV is presented alongside simulated an-
gular distribution parameters over the same photoelec-
tron kinetic energy range as a function of pump-probe
time delay in Fig. 7. In this case, ePSproc predicts an
increase in all of the βn parameters with increasing align-
ment. Given the relative weakness of the C̃-channel peak,
the statistical error is larger for this channel (±0.08 for
β2) and therefore the very small changes in β2 (on the
order of 0.06) that are predicted by ePSproc cannot be
seen in the data. Despite the higher level of noise here,
we clearly observe very large changes in the β4 parameter
as a function of alignment (on the order of 0.70± 0.08).

This increase in β4 is predicted by ePSproc, though on a
smaller magnitude than we observe in the data. For β6,
ePSproc once again predicted smaller changes than we
see in the data, where we are able to pick out increases
in magnitude with increasing alignment despite the low
s/n associated with this peak.

The simulated time-dependence of the alignment frame
PAD for ionization from the elongated geometry is pre-
sented in the bottom row of Fig. 7. The effect of the
symmetric geometry change is most pronounced in β2

(0.4 at baseline vs. 0.85 at baseline at the minimum
energy geometry), which is very close to the experimen-
tally observed value (β2 = 0.38± 0.08 at baseline exper-
imentally). The time-dependent variation in β2 is also
reduced, seemingly in improved agreement with the ex-
perimental observations. However, while being small, the
variation in β6 values is now observed to have the oppo-
site behaviour at the elongated geometry to that at the
minimum energy geometry and that observed experimen-
tally.

By comparison of the broad eKE range alignment
frame PADs in Figs. S11 and S12 in the ESI, it be-
comes clear that the resonance at the elongated geom-
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etry, which is not observed at the minimum energy ge-
ometry or in the synchrotron data, results in a change of
sign of β6, despite only contributing weakly in this eKE
range, as its relative contribution is higher for the higher
angular momenta. This demonstrates the importance of
measuring the higher angular-momentum contributions
to the PAD to correctly identify the effect of molecu-
lar structure on the ionization and scattering dynamics.
The improved agreement between the experimentally ob-
served magnitude of β2 and the theoretical value at the
elongated geometry indicates that vibrational motion is
impacting the experimental values. However, agreement
is not improved overall in the case of the C̃-band, which
likely results from the difference in the vibronic structure
of this band when compared to the three lowest ionization
channels, causing poorer agreement with the symmetri-
cally stretched geometry model through the formation of
the shape resonance in this simplified model, see discus-
sion in IVC.

V. CONCLUSIONS

We have presented experimental measurements and
theoretical calculations of alignment frame PADs for the
first four cation states of OCS. The level of alignment
achieved has also allowed us to observe changes to the
higher angular momentum components of the PAD (up
to β6) which are quantitatively compared to theoretical
calculations. Theoretical molecular frame PADs are com-
bined with experimentally derived alignment distribution
moments, which define the spatial distribution of the
measured ensemble, in order to produce theoretical align-
ment frame PADs that provide direct quantitative com-
parison to the experimental PADs. By monitoring mul-
tiple angular momentum components of the PADs across
multiple different ionization channels we have a rigorous
test of theory. Using a simple model of two molecular

geometries we have demonstrated that the alignment de-
pendent changes observed in the measurements show sen-
sitivity to ro/vibronic couplings and geometric sampling.
This is particularly apparent in regions of complex con-
tinuum structure such as Cooper minima and shape res-
onances where even picometer-scale changes in geometry
lead to significant changes in the observed βn’s. The abil-
ity to quantitatively compare experiment and theory pro-
vides new opportunities to test different theoretical meth-
ods against experimental results and consider previously
ignored aspects which determine the accuracy of those
models across different ionization channels and molecu-
lar systems. This combined methodology therefore pro-
vides a versatile way of studying geometry-sensitive con-
tinuum structural features for non-dissociative ionization
processes which may not be studied in the recoil frame.
Future theoretical developments to be explored include
geometric effects such as state averaging over the possible
vibronic transitions and molecular geometries for each in-
dividual ionization channel, as well as exploring potential
electron correlation effects which are not included in the
present model. Future application of these methods to
different molecular systems will also test the versatility of
the theoretical models used for photoelectron scattering.
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