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Abstract
The photoionization of CF3I molecules in the photon energy range between 10 eV and 40 eV is
investigated using angle-resolved photoelectron spectroscopy in the molecular frame. Using a
femtosecond laser pulse, the molecules are impulsively aligned prior to their ionization by a
series of extreme ultra-violet photon energies obtained by high-harmonic generation. The
manifestation of molecular alignment in the photoelectron angular distributions (PADs) is well
reproduced by non-relativistic quantum-mechanical photoionization calculations carried out
with the ePolyScat software package, taking into account all open ionization channels. Our
analysis points to two prominent shape resonances that dominate the photoelectron scattering
dynamics and that therefore largely explain the observed changes in the PADs as a function of
molecular alignment.

Supplementary material for this article is available online
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1. Introduction

The development of extreme ultraviolet (XUV) and x-ray
sources has tremendously impacted our understanding of the
electronic structure of matter over the course of the last cen-
tury [1]. In particular, photoelectron spectroscopy using high
frequency radiation has become an extremely powerful tech-
nique to measure the binding energies of electrons in atoms,
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molecules, and solids [2] by monitoring the kinetic energies of
ejected electrons following single-photon ionization. In addi-
tion, the photoelectron angular distribution (PAD) is sensitive
to both the structure of electronic continua and the shapes and
symmetries of molecular orbitals [3]. Consequently, angle-
resolved photoelectron spectroscopy performed in a photon
energy range from the ionization threshold to the soft x-
ray spectral range is particularly well suited to investigate
the valence and inner-valence electronic structure of isolated
molecules, providing a way to determine the binding energy
and the shape and the symmetry of the molecular orbitals
responsible for chemical bonding [4].

In general, the PADs contain the maximum amount of
information when the photoelectrons are observed in a frame
of reference in which both the molecule and the polarization
vector of the light are fixed in space, which is often referred
to as the molecular frame (MF) [5–7]. However, gas-phase
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molecules rotate freely in space, and therefore most of the
information content of the MF photoemission is washed out.
To access the molecular-frame photoelectron angular distribu-
tion (MF-PAD) experimentally, one very successful approach
consists of detecting photoelectrons and ions in coincidence
and correlating the emission direction of a photoelectron with
the velocity direction of an ionic molecular fragment [8–14].
In doing so, the PAD can be recovered with respect to the
recoil axis in the dissociation, which is referred to as the
recoil-frame-PAD. While very powerful, this technique can
only be applied to molecules that do dissociate after ioniza-
tion with a dissociation dynamics that needs to be fast com-
pared to the molecular vibration and rotation. As an altern-
ative, laser-induced molecular alignment techniques [15, 16]
can be used to angularly confine the distribution of molecu-
lar orientations along specific axes. Fundamentally, the align-
ment is caused by the induced dipole moment that the oscil-
lating electric field of the laser creates, mediated by the
polarizability of the molecule. The torque that results from
the interaction of the induced dipole moment with the laser
field forces the molecules to align themselves along the laser
polarization axis. Laser-induced alignment has been demon-
strated using both long and ultrashort laser pulses. In the
former case, the degree of alignment adiabatically follows
the intensity envelope of the pulse and vanishes when the
laser pulse ends [17, 18]. Consequently, the alignment can
only be exploited while the alignment laser is present, which
may interfere with the photoionization process one wants to
characterize [19]. In the case of an ultrashort pulse, with a
pulse duration much shorter than the rotational period of the
molecule, a rotational wavepacket is impulsively prepared by
the laser pulse, i.e. a coherent superposition of rotationally
excited states that rephases periodically at well-defined time
intervals after the laser pulse has ended, leading to a transi-
ent alignment of the molecules along the laser polarization
axis [20, 21]. One- and three-dimensional field-free alignment
of linear and (near-)symmetric top molecules has been extens-
ively investigated [22–24], including numerous studies aim-
ing to optimize the degree of alignment using pulse sequences
and temporally-shaped laser pulses [25–32]. The technique
is currently being used in a number of applications such as
high-harmonic generation spectroscopy [33, 34], strong-field
ionization [35–37], x-ray diffraction [38] and electron diffrac-
tion [39, 40] experiments.

In recent studies, PADs in impulsively aligned molecular
ensembles have beenmeasured for the valence-shell photoion-
ization of linear molecules [41–44]. In these studies, an entire
XUV high-harmonic comb obtained from a high-order har-
monic source was used, ionizing the molecules at a series
of photon energies simultaneously. Based on the changes in
the PADs with molecular alignment and supported by elabor-
ate photoionization calculations, the shapes and symmetries
of the ionized orbitals were assigned. A similar experiment
performed in N2 molecules has demonstrated the possibility
to completely retrieve the ionization matrix elements and to
reconstruct the MF PADs of the first three ionization channels
of the molecule by monitoring the PAD as a function of the
laser-induced field-free alignment dynamics [45].

In the present study, the PADs resulting from XUV ion-
ization of impulsively aligned CF3I are investigated. CF3I is
a symmetric-top molecule, which displays a richer and more
dense valence-level structure compared to linear molecules.
The valence-shell photoionization dynamics of CF3I has been
the subject of several studies. Sutcliffe and Walsh [46] have
investigated a series of Rydberg states converging to the ion-
ization continuum of the ionic ground state by vacuum ultra-
violet absorption spectroscopy, from which they obtained the
first ionization potential of 10.41 eV. Later, Cvitas et al [47]
provided a first assignment of the valence energy levels of CF3I
by monitoring the photoelectrons emitted by XUV ionization
with He I (21.2 eV) and He II (40.8 eV) radiation. These find-
ings were confirmed and extended by Yates et al [48], who
recorded photoelectron spectra with synchrotron radiation,
varying the photon energy between 21 eV and 100 eV. In addi-
tion, dissociative ionization of CF3I molecules in the region
of the first electronic excited state (Ã band) has been extens-
ively investigated [49, 50], including first angle-resolved pho-
toelectron studies [12, 13, 51] based on electron-ion coincid-
ence detection. With respect to previous studies, we recorded
PADs for different ionization channels simultaneously at dif-
ferent photon energies.While the PADs contain a large number
of ionization channels that can overlap in the presence of sev-
eral harmonics in the XUV pulse, we show that in the photon
energy investigated in our study, the PADs are dominated by
three ionization channels, namely the 1a2, 3 e, and 2e channels,
corresponding to removal of an electron from fluorine 2 p lone-
pair orbitals. The observed photon-energy dependence of the
PADs for different molecular-alignment distributions is com-
pared to and agrees reasonably well with the results of non-
relativistic (NR) quantum mechanical calculations using the
ePolyScat software package, taking into account a total of nine
ionization channels. Our investigation reveals the presence of
two shape resonances occurring at kinetic energies of∼12 eV
and ∼23 eV, which are responsible for large, characteristic
modifications of the PADs observed in the experiment. The
observed behavior is consistent with previous photoionization
studies performed in closely related molecules such as CF3Cl
and CF3Br [52].

2. Experiment

The XUV photoionization of CF3I molecules was investigated
using a home-built Ti:Sa laser system delivering near-infrared
(NIR) pulses centered at 785 nm, with 35 fs pulse duration
and a maximum pulse energy of 30 mJ at a repetition rate of
50 Hz. In this setup, up to 3 mJ of pulse energy was used to
impulsively align the molecules, whereas up to 5 mJ was used
to generate an XUV attosecond pulse train through high-order
harmonic generation (HHG) [53, 54] in a gas cell filled with
argon at a constant pressure of 80 mbar. The high-order har-
monic spectrum thus generated was composed of harmonics
11 (≈ 17 eV) through 31 (≈ 48 eV). The intense fundamental
beam was separated from the XUV beam using a 200 nm
thick Al filter. The XUV beam was focused onto a molecu-
lar beam of CF3I at the center of a velocity map imaging
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(VMI) spectrometer [55], making use of a nickel-coated,
grazing-incidence toroidal mirror. The molecular beam was
obtained by expanding pure CF3I, maintained at a pressure
of 1 bar, through an Even–Lavie valve. Charged particles
that were created upon ionization by the XUV pulse were
accelerated toward a field-free flight tube that was terminated
by a double-stack microchannel plate and phosphor screen
assembly (MCP/Ph). The luminescence from the phosphor
screen was recorded with a charge-coupled device camera.
Switching the polarity of the voltages applied to the electro-
static lens of the VMI spectrometer allowed to either measure
negatively or positively charged particles. Additionally, a short
voltage gate was applied to the MCPs to select a specific range
of mass-to-charge ratios of positively charged particles hitting
the detector.

The NIR alignment pulse was stretched in a 10 cm long
SF11 glass block before it was recombined with the XUV
pulse using a drilled mirror. The 2 ps pulse duration of the
stretched NIR pulse was characterized by monitoring the
appearance of sidebands [56, 57] in the XUV ionization of
helium in the presence of the NIR field. The pulse duration
of the NIR laser pulse was much shorter than the rotational
period of τ = 328 ps of the molecule, and was responsible
for the formation of a coherent rotational wavepacket. The
NIR alignment pulse and the XUV pulse were co-polarized
along a direction parallel to the detector plane. The delay
between the pulses was controlled by a motorized delay stage.
At the focus, the NIR alignment beam was characterized to be
150 µm (FWHM). Two-dimensional projections of the elec-
tron momentum distributions following XUV ionization were
recorded in randomly oriented molecules and at time delays
corresponding to maximum alignment and anti-alignment of
the C–I bond axis along the NIR alignment laser polariza-
tion axis. The three-dimensional electron momentum distribu-
tions were then recovered using an Abel inversion procedure
based on the maximum-entropy algorithm [58], from which
the angle-resolved photoelectron kinetic energy spectra were
extracted.

3. Computational model

All molecular photoionization calculations were carried out
with the ePolyScat suite of programs developed by Lucchese
et al [59, 60], in which the electronic structure of the molecule
was treated at the Hartree–Fock (HF) level of theory. In order
to approach the exact HF limit, the input HF wave functions
were computed using the GAMESS (US) code (see figure 1 for
the first nine valence orbitals) using the largest basis set that
can be processed by ePolyScat. For all atoms, the respective
all-electron basis sets of augmented quadruple-ζ quality from
the Sapporo family [61, 62] of correlation-consistent Gaus-
sian basis sets were used. The CF3I molecule was assumed
to be in its experimental equilibrium geometry taken from
microwave-spectroscopy experiments [63]. Strictly, iodine is
a heavy atom and therefore relativistic effects become non-
negligible. Common strategies to account for heavy-atom
effects are scalar-relativistic correction terms or model-core

potentials, in which the explicit treatment of the (relativistic)
core electrons is avoided by replacing them with an effect-
ive potential. However, ePolyScat can neither handle model-
core potentials nor does it incorporate relativistic corrections
in the scattering equations. Therefore, all calculations were
performed at the NR all-electron level, accepting that common
relativistic effects, e. g. the uncontraction of the 4 d shell, are
not accurately reflected in the input wave function. We justify
this approximation by noting that the solution of the (NR) pho-
toelectron scattering equations largely depends on the spatial
shape of the total molecular potential for energies close to the
electron-impact energy. For the kinetic energies considered
in this work, the effect that, the nuclear structure (i.e. bond
lengths and angles) has on the shape of this potential is expec-
ted to outweigh the relatively small relativistic corrections.
Nevertheless, we note that the spin–orbit coupling is known to
lead to a splitting of the first cationic state of the molecule into
two states [47]. However, contribution from these two ioniza-
tion channels to the photoelectron spectrum is expected to be
small in the photon energy range used in our study. In addition,
with respect to the large bandwidth of the XUV pulse used in
our study, it will be very difficult to resolve such splitting in
the condition of our experiment.

In the ePolyScat calculations, the basis set and the orbital
coefficients from the HF calculation were read in and the HF
orbital wave functions ϕHFi were re-expanded onto a spherical
grid by a single-center expansion into a basis set of spherical
harmonics with a maximum angular momentum lmax. To reach
convergence, photoionization calculations were performed for
CF3I with a maximum angular momentum of lmax = 70 and
the center located 1.80 Å away from the carbon atom along
the carbon–iodine bond (hence at a distance of 0.314 Å
from the iodine atom). For the chosen maximum angular
momentum lmax = 70, the average error introduced by truncat-
ing the expansion was ≈ 0.5% for all orbitals and <0.1% for
the valence levels, in particular. Following the re-expansion
of the HF wave functions ϕHFi , all allowed continuum trans-
itions from the nine molecular valence orbitals (see figure 1)
of the molecule by harmonics 11 through 31 were evaluated
within the full exact-static–exchange-plus-model-correlation–
polarization model (ESECP). Within the dipole approxim-
ation, the photoionization matrix elements for these trans-
itions were calculated using the dipole overlap between the
HF molecular orbitals ϕHFi and the continuum wave functions
ψi(ϵ) for an electron with kinetic energy ϵ scattering off CF3I+

in which one electron was removed from orbital i. These over-
lap matrix elements can be written as ⟨ϕHFi |dV,L|ψi(ϵ)⟩ where
dV,L is the dipole operator in either position space (length
gauge, L) or momentum space (velocity gauge, V). With the
model-correlation potential used here, calculations performed
using the two gauges deviated by less than 5%. In what fol-
lows, if no gauge is mentioned, the average between the results
obtained using the two gauges was used.

The photon energies and amplitudes of harmonics 17
through 31 were taken from a measurement of the pho-
toelectron spectrum recorded in helium that is shown in
figure 2, from which the harmonics spectrum was reconstruc-
ted using the known values for the ionization cross section
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Figure 1. Electronic structure of CF3I. The binding energies and molecular-orbital assignments are taken from Yates et al [48]. Calculated
Hartree–Fock orbitals are shown as isocontour surfaces at a wave function value of ±0.1a3/20 . Reproduced with permission from [64].

Figure 2. (a) Angle-integrated photoelectron spectrum recorded for the ionization of helium by the HHG pulse (open circles) and
corresponding fit (line). The inset shows a slice through the 3D electron momentum distribution recorded in helium. (b) Reconstructed HHG
spectrum obtained from the fit using the photoionization cross sections of helium reported by Samson and Stolte [65]. Reproduced with
permission from [64].

of helium [65]. For lower harmonics, they were estimated
as Nℏωeff, with N the harmonic order. For the construction
of the model polarization potential, the polarizability tensor
was calculated ab-initio using the GAMESS (US) code. At
the CCSD(T)/MCP-ATZP level of theory, static-field calcula-
tions (see table 1) carried out for a set of increasing strengths
of an electric field applied along the Cartesian axes yielded
the components of the static polarizability as azz = 9.04 Å3

and axx = ayy = 6.67 Å3 (with the z axis being parallel to the
principal molecular axis). For the model correlation potential,
the Padial–Norcross functional [66] was employed, which was
specifically developed for describing the electron correlation
in electron–molecule collisions.

To benchmark the fidelity of our photoionization calcula-
tions, the branching ratios for ionization into a final state f in
a photon energy range from the ionization threshold to 50 eV
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Table 1. Calculated components of the dipole moment, µi, and the polarizability tensor, αii.

µz (D) µx (D) αzz (Å3) αxx = αyy (Å3) ⟨α⟩ (Å3)

This work 1.0540 0.000a 9.04 6.67 7.46
Reference 1.048(3)b 8.90c

a As required by symmetry.
b From microwave spectroscopy, [63].
c Value extrapolated by [67] from the series of CF3X molecules, with X = H, F, Cl, Br, I.

Figure 3. Branching ratios for the valence-shell photoionization of CF3I. Vertical bars show the results from the ePolyScat calculations in
the length gauge (darker shading) and the velocity gauge (lighter shading), respectively. For comparison, experimental values from Yates
et al [48] (open squares) are shown together with their reported experimental uncertainty. To emphasize the relative strength of the
contributions, all panels are to scale with respect to each other. Reproduced with permission from [64].

were evaluated and compared to the synchrotron studies by
Yates et al [48] (see figure 3). The branching ratios were cal-
culated by taking the ratio between the ionization cross-section
obtained for a specific ionization channel with respect to the
sum over the total ionization cross-section, including all ioniz-
ation channels. Overall, a very satisfying agreement between
the calculations and the experiment is observed. We note nev-
ertheless that, just above the ionization threshold, the calcu-
lated branching ratios are slightly overestimated. We explain
this behavior by a strong one-electron resonance for photo-
electrons with 1 eV of kinetic energy that appears in different
channels in the calculation (mainly seen in panels (b) and (f)
of figure 3) and that is not observed at this specific energy in
the experiment of Yates et al [48]. Potentially, this is a con-
sequence of the total neglect of relativistic effects in our cal-
culations. However, this effect occurs at kinetic energies well
below the ones discussed in the experimental results presented
here.

The angle-resolved photoelectron spectrum F(ϵk,Ω) result-
ing from the ionization of CF3I by the harmonics comb as a
function of the photoelectron kinetic energy ϵk and photoemis-
sion angle Ω was computed using the following expression:

F(ϵk,Ω) =
∑
N

∑
f

(
dσf(ϵ

(N)
f )/dΩ

) I(N)
k

× exp

[
−(ϵk− ϵ

(N)
f )2

2k2

]
(1)

where ϵ(N)f is the kinetic energy of the photoelectron after ion-
ization of the molecule by the Nth harmonic into the final state
f, and σ and I(N) are the width and the amplitude of the Nth
harmonic, respectively. In our calculation, we assumed the
width to be constant and treated it as a free fitting parameter.
σf(ϵ

(N)
f ) is the ionization cross section into the final state f. The
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differential ionization cross section in the laboratory frame,
dσf(ϵ

(N)
f )/dΩ was then calculated by a convolution of the

doubly differential ionization cross section dσf(ϵ
(N)
f ,R)/dΩ,

with the molecular-axis probability distribution, PMA, of the
molecular ensemble:

dσf(ϵ
(N)
f )

dΩ
=

ˆ π

0

ˆ 2π

0
PMA(β)

dσf(ϵ
(N)
f ,R)

dΩ
dαdβ , (2)

where R= (α,β,γ) is the set of Euler angles defining the
transformation between the fixed-in-space MF and the labor-
atory frame.

4. Laser-induced field-free alignment dynamics

The laser-induced field-free alignment dynamics of CF3I
molecules was characterized by monitoring the angular distri-
bution of I+ ion momentum distributions resulting from dis-
sociative ionization of the molecules by the XUV harmonic
comb using the procedure introduced in [44]. Figure 4 dis-
plays a typical 2D I+ momentum distribution recordedwithout
the alignment laser pulse as well as the corresponding angle-
integrated kinetic energy spectrum. Several features are appar-
ent: an intense feature in the center of the distribution (labeled
A in figure 4(a)) with a corresponding kinetic energy that
peaks at 0.17 eV, a broad rim that falls off slowly (labeled B),
with a corresponding mean kinetic energy of 0.43 eV and
a concentric ring (labeled C), with a corresponding kinetic
energy of 2.2 eV. Assuming momentum conservation, the I+

fragment kinetic energies of 0.17 eV, 0.43 eV and 2.2 eV cor-
respond to total kinetic energy releases (KER) of 0.43 eV,
1.33 eV and 6.3 eV, respectively.

The I+ fragments with a kinetic energy of 0.17 eV have
been previously observed, albeit at a lower photon energy
of 15 eV, and assigned to dissociative ionization of CF3I
involving the Ã cationic state [49] leading to a neutral CF3
fragment and a singly charged iodine ion. Dissociative ioniza-
tion from higher excited states is responsible for the formation
of I+ fragments with higher kinetic energies. In particular, dis-
sociative ionization involving the Ẽ cationic state is known to
produce fragments with a total KER of 0.69 eV. This frag-
mentation channel is likely the dominant process responsible
for the appearance of the shoulder observed in the I+ kinetic
energy spectrum near 0.43 eV. We note nevertheless that at the
high photon energy used in our experiment which extends up
to 50 eV, a large number of dissociative ionization channels
can be responsible for the formation of I+ fragments and can
have a non-negligible contribution to the two channels labeled
A and B in the measured I+ kinetic energy distribution. The
weaker contribution, labeled C, with a kinetic energy of 2.2 eV
can be assigned to Coulomb explosion following double ion-
ization of CF3I. The total KER of these fragments is close
to the Coulomb repulsion energy q1q2/Re = 6.72 eV of two
point charges with charge q1 = q2 = 1, separated by the equi-
librium C–I bond length of CF3I, Re = 2.144 Å. The appear-
ance threshold for the CF+3 + I+ channel has been estimated

to be≈ 31 eV [68], and can therefore be accessed with all har-
monics above and including harmonic 21.

At a pump–probe delay of 162.5 ps, a strong angular
confinement of the I+ fragment momentum distribution is
observed in all ionization channels, which is a direct mani-
festation of the alignment of the molecules along the NIR
alignment laser polarization axis. In the axial recoil approx-
imation, i.e. assuming that the dissociation of the molecu-
lar ion is fast with respect to the vibrational and rotational
motion [69], the molecular axis distribution of the molecule
at the time of ionization is directly imprinted onto the angular
distribution of the charged fragments. This is clearly observed
in figure 4(b), which displays the time-dependent fragment-
ion angular distribution integrated over a kinetic energy range
from 0.40 eV to 0.65 eV (region B in figure 4) in the time
interval from 158 ps and 170 ps, i.e. around the first revival
of the rotational wavepacket that is prepared by the alignment
laser pulse. Region B was chosen over the Coulonb-explosion
channel (region C) due to the increased signal-to-noise ratio
observed in this channel. The fragment angular distribution
in this kinetic energy range quickly evolves from a distribu-
tion that peaks at θ = (0, π), i.e. along the NIR laser pulse
polarization axis, at a time delay of 162.5 ps, to a distribution
that peaks at θ = π/2, i.e. perpendicular to the NIR laser pulse
polarization axis, at a time delay of 165.5 ps.

To characterize the molecular-axis probability distribution
PMA(t,θ) observed experimentally, we assume that the ion
momentum distribution I(p, t,θ), which is a function of the
ionic fragment’s drift momentum p and the angle θ between
the polarization axis of the incident radiation and the direction
of the drift momentum, can be written as:

I(p, t,θ) = PMA(t,θ)dσion/dθ. (3)

dσion/dθ is the differential ion yield for a given ionization
channel given by:

dσion/dθ = σion(p)[1+βion(p)P2(cosθ)] (4)

with βion, the asymmetry parameter describing the paral-
lel/perpendicular character of the transition leading to a frag-
ment with a final momentum p and P2(cosθ) = (3cos2 θ−
1)/2. A least-squares fitting minimization was used to fit the
result of a simulation of equation (3) to the experimental
time-dependent ion momentum distribution. In the simulation,
the molecular-axis probability distribution PMA(t,θ)was com-
puted numerically by solving the time-dependent Schrödinger
equation in the rigid rotor approximation using the rota-
tional temperature T and the NIR laser intensity I0 as fit-
ting parameters [70]. A very good agreement was achieved
for T= (19.2± 0.5)K, I0 = (2.3± 0.1)× 1012 W cm−2 and
βion = 0.64 ± 0.02, see figure 4(b) through (d). Based from
our fit, we estimated a maximum degree of alignment and
anti-alignment reached experimentally of ⟨cos2 θ⟩= 0.65 and
⟨cos2 θ⟩= 0.3, respectively.
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Figure 4. (a) Kinetic-energy distribution of I+ fragments resulting from ionization of CF3I molecules by the harmonic comb. The inset
displays the corresponding 2D I+ momentum distribution recorded with the VMI spectrometer. A: fragments resulting from the dissociation
of low-lying ionic states of CF3I+; B: fragments associated with the dissociation of highly excited states of CF3I+; C: Coulomb explosion
fragments from the dissociation of CF3I2+ into CF+

3 + I+. (b) Evolution of the expectation value cos2 θion of the reconstructed,
three-dimensional ion momentum distributions as a function of the pump–probe delay, integrated in the kinetic energy region marked as B.
(c), (d) Measured (c) and calculated (d) evolution of the fragment-ion angular distribution for the data of panel (b) as a function of the
pump–probe time delay near the first revival of the rotational wavepacket. Reproduced with permission from [64].

5. Angle-resolved photoelectron spectrum of CF3I

Electron momentum distributions recorded at pump–probe
delays corresponding to maximum alignment and maximum
anti-alignment, i.e. at 162.5 ps and 165.5 ps, respectively,
are shown in figures 5(a) and (b). The left halves display the
recorded 2D electron momentum distributions whereas slices
through the 3D electron momentum distributions retrieved
after an Abel inversion are shown in the right halves. For the
two alignment distributions, the momentum distributions are
composed of concentric rings that can be assigned to ioniza-
tion of various molecular orbitals by the harmonics comb. The
angle-integrated photoelectron spectra shown in figure 5(d)

indicate that ionization mainly involves three ionization chan-
nels, 2e, 3 e and 1a2, which correspond to the ionization of flu-
orine 2 p lone-pair orbitals. At a photon energy of 30 eV, we
expect these three channels to account for more than 60% of
the overall ionization yield (see figure 3 and [48]). As shown
in figure 5(d), many of the peaks in the photoelectron spec-
tra coincide with these state assignments. In the region from
5 to 20 eV, ionization is dominated by the 2e orbital, whereas
from 20 eV upwards, the 3 e orbital has the highest contribu-
tion. We note that below 5 eV, the electron momentum distri-
butions are dominated by contributions from above-threshold
ionization induced by the alignment laser pulse. Therefore this
region will not be discussed any further.
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Figure 5. 2D detector images (left halves) and slices through the 3D velocity distributions (right halves) for the photoionization of pure
CF3I by the XUV harmonic comb. (a), (b) Comparison between data recorded at the alignment peak (a, τ = 162.5 ps) and the maximum
anti-alignment (b, τ = 165.5 ps). (c) Normalized difference between (a) and (b) according to equation (5). For visualization purposes, the
quadrants were mirrored vertically in c. (d) Corresponding normalized angle-integrated electron kinetic energy spectra recorded at the
maximum of alignment (blue line) and anti-alignment (orange line). The scales at the top indicate the theoretical peak positions of
photoelectron lines resulting from ionization of the three indicated orbitals. Small vertical dashes are intended to serve as a guide to the eye.
We note that the signal below 5 eV (grey box) is dominated by above-threshold ionization (ATI) from the 800 nm alignment laser pulse.
Reproduced with permission from [64].

The electron momentum distributions recorded for
molecules with distinct molecular-axis distributions appear—
to the eye—very similar due to the relatively low degree of
alignment and anti-alignment achieved experimentally. The
PAD of the ejected electrons at all kinetic energies are only
slightly affected by the alignment distribution of the molecule
(see also figure 3 of the supporting material). However, pro-
nounced variations are observed in the normalized difference

of the momentum distributions displayed in figure 5(c) and
calculated according to:

I=
IA − IAA
IA + IAA

(5)

with IA and IAA, the momentum distributions recorded for
molecules aligned and anti-aligned, respectively. At certain
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Figure 6. Kinetic energy dependence of the βl parameters. (a) β2 as a function of the electron kinetic energy for molecules aligned (blue
line) and anti-aligned (orange line) with respect to the XUV polarization axis. (b) Absolute difference,∆β2, between the two measurements
shown in (a). (c), (d) Same as (a) and (b) for the β4 parameter. Error bars correspond to confidence intervals of 95%. Reproduced with
permission from [64].

kinetic energies, a clear variation of the electron signal, with
up to a 16% modulation, is observed. At a momentum below
0.8 a.u., a strong enhancement and a depletion of the electron
signal is observed along and perpendicular to the laser polar-
ization axis, respectively. An opposite behavior is observed at
a momentum of 1 a.u. and above. A large increase of the elec-
tron signal at an emission angle of 45◦ is also noticeable in
an intermediate momentum region between 0.8 a.u. and 1 a.u.,
which suggests the presence of higher-order angular momenta
in the normalized difference map.

For a sample of isotropically distributed molecules, the
electron angular distribution is generally characterized by
a single angular asymmetry parameter β and the PAD is
described using:

I(θ) = σ0(1+βP2(cosθ)) (6)

with P2(cosθ), the second order Legendre polynomial and σ0,
the ionization cross-section. However, for a sample of aligned
molecules, the PAD takes the general form [7]:

I(θ) =
∑
L

BLPL(cosθ) = σ0(1+β2P2(cosθ)

+β4P4(cosθ)+ . . .) (7)

with βn, the angular asymmetry parameters and Pn(cosθ)
the Legendre polynomials. This expression characterizes the
laboratory-frame PAD as a convolution of the PAD in the MF

and the molecular-axis distribution. In the limit of a perfect
degree of alignment, the PADs in these two frames essen-
tially converge. Still, even at a moderate degree of alignment,
important qualitative features of the MF-PAD features and
their energy dependence manifest in the laboratory frame.

The angular asymmetry parameters extracted from our
measurement by fitting the photoelectron kinetic-energy dis-
tributions recorded at maximum alignment and anti-alignment
using the equation (7) are shown in figure 6. In addition,
their corresponding absolute differences,∆βl, are also shown.
Here, we restrict the discussion to β2 and β4, as the changes
in β6 and higher were too small to be detected in the
present experiment. For molecules aligned and anti-aligned
with respect to the XUV polarization axis, the photoelectron
spectra are characterized by a positive β2 contribution at all
kinetic energies. In addition, we observe that the β2 contri-
bution increases substantially from almost 0 to 1 in the kin-
etic energy range between 5 eV and 30 eV. The positive β2

contribution observed experimentally and its increase with
the photon energy suggests that single photon ionization in
a photon energy range covered by the harmonic comb favors
parallel transitions. In addition, the β4 distribution for aligned
molecules shows pronounced oscillation around zero, while
it remains quasi constant for anti-aligned molecules. Interest-
ingly, in the photon energy range between 11 eV and 27 eV,
the difference ∆β2 shown in figure 6 is clearly changing sign
from a positive value of 0.1 near 11 eV to a negative value of
−0.1 at 27 eV, on top of which a faster oscillation appears.
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This is consistent with the trend that was already discussed in
connection with figure 5(c).

To understand the dependence of the experimental angle-
resolved photoelectron spectrum on the molecular align-
ment, the doubly differential photoionization cross sections
computed for photoionization of CF3I using ePolyScat (see
section 3) were convoluted with the alignment distributions
obtained from the ion measurements of figure 4 by making use
of equation (2). The resulting differential cross sections were
combined according to equation (1) to yield simulated, angle-
resolved photoelectron spectra. A comparison between the
experimentally recorded and simulated photoelectron spec-
trum obtained at maximum alignment is displayed in figure 7.
We note that only the amplitude of harmonics 11 to 15
were fitted in our model. For higher harmonics, the amp-
litudes were taken from the reconstructed harmonic spectrum
(see figure 2).

In the inset of figure 7(a), the relative intensities of the entire
harmonic comb are shown, and it appears that the strengths of
the fitted harmonics smoothly match the reconstructed spec-
trum. The overall structure of the angle-integrated photoelec-
tron spectrum displayed in figure 7(a) is qualitatively well
reproduced by our model. We nevertheless note the system-
atic overestimation of the total ionization cross section with
increasing photoelectron kinetic energy in our model. In the
spectra, which are normalized to maximum peak height, this
leads to the observation that the calculated photoelectron spec-
trum is smaller than the measured one below the normaliz-
ation point, and more intense above it. For the asymmetry
parameter β2 displayed in figure 7(b), however, we find an
almost quantitative agreement between the experimental and
the calculated β2 in the kinetic-energy range between 5 eV
and 30 eV. A comparison between the measured and calcu-
lated normalized difference between the angle-resolved pho-
toelectron spectra taken at maximum alignment and maximum
anti-alignment are shown in figure 7(c). In addition, calcu-
lated channel-resolved cross-sections and β2 parameters for
an aligned and anti-aligned molecular ensemble are presented
in the figure 1 of the supporting material (SM), together with
channel-resolved difference of photoelectron kinetic energy
distributions (see figure 2 of SM). Considering the number of
ionization channels and simplifications made in the model, we
find that the measured differential angle-resolved photoelec-
tron spectrum shown in figure 7(c) is rather well reproduced
by the simulation. In particular, the characteristic, repetitive
angular pattern between 15 eV and 30 eV is almost quantitat-
ively matched.

Interestingly, our model also reproduces the kinetic energy
dependence of the absolute difference (i.e. between the case
of maximum alignment minus the one of maximum anti-
alignment) of the asymmetry parameters ∆βl. Our simula-
tion shown in figure 8(a) reproduces the change in the sign
of ∆β2 that occurs in the kinetic energy range between
15 eV and 25 eV quite well. This trend disappears when the
photoelectron—molecular-ion interaction is switched off in
our model by using Coulomb waves [71] as final states instead
of the scattering solutions ψi(ϵ) (figure 8(c)). This suggests

Figure 7. (a) Comparison between the experimental (open circles)
and simulated (solid line) normalized angle-integrated photoelectron
spectrum taking into account the experimentally obtained harmonics
spectrum. The experimental photoelectron spectrum was taken at
the maximum molecular alignment. The simulated spectrum was
obtained from equation (2) using the alignment distribution PMA

characterized experimentally. A decomposition into the individual
contributions is shown as a stick spectrum. The inset shows the
complete harmonics spectrum, distinguishing between the
harmonics that were obtained from a fit (orange) and those that were
obtained from the photoelectron spectrum in helium (blue, see
section 3). (b) Same as (a) for the asymmetry parameter β2.
(c), (d) Comparison between the measured (c) and calculated
(d) normalized difference between angle-resolved photoelectron
spectra taken at maximum alignment and maximum anti-alignment.
Reproduced with permission from [64].

that the electron scattering interaction is key to understanding
this effect. By contrast, in the Coulomb-wave approximation
[71], the rapidly oscillatingmodulations observed experiment-
ally both in∆β2 and∆β4 are still observed. We therefore con-
clude that these oscillations are not determined by the electron
scattering interaction. Instead, the period of the fast oscilla-
tion observed in the β2 parameter follows the minima and
maxima in the photoelectron spectrum. These oscillations can
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Figure 8. Comparison between the experimental and theoretical kinetic energy dependence of ∆βl. (a), (b) Comparison between the
experiment (dots) and the full ePolyScat model (solid lines). (c), (d) Same as (a) and (b) but for the calculation with Coulomb waves instead
of the full model. Reproduced with permission from [64].

be largely explained by the different shapes of the molecu-
lar orbitals (and in particular the F 2p lone pairs orbitals
that have the highest contribution to the photoelectron spec-
trum) which lead to different dipole transition preferences that
create a pattern that repeats with the spacing of the HHG
pulse.

We tentatively propose that the change of the angular dis-
tribution occurring between 15 eV to 25 eV is indicative of
underlying one-particle resonances, typically referred to as
‘shape resonances’. Previous studies have discussed the pres-
ence of shape resonances in the photoionization of CF3I [13]
and CF3Cl [72] lying 2–3 eV above the ionization threshold.
In CF3Cl, the origin of the shape resonance was attributed to
a trapping mechanism of the photoelectron around the CF3
group. Also, a second shape resonance in the 13–15 eV kin-
etic energy region was discussed by Yates et al [48] which was
responsible for a weak shoulder in the total ionization cross
section. A shape resonance can be described as the transient
trapping of the departing photoelectron by a centrifugal bar-
rier and manifests as a sudden jump in the eigenphase sum for
the electron scattering off the target ion [73]. A shape reson-
ance is generally accompanied by a large increase of the ion-
ization cross-section as well as a drastic change of the angular
distribution of the ejected photoelectron.

To characterize the exact shapes of the resonance wave
functions and hence their potential impact on the PADs, we
show in figure 9 the calculated eigenphase sum for the 3 e
channel over the energy region of interest. Notably, not just
one, but two steep rises are observed, at energies of E1 =
12.0 eV and E2 = 23.4 eV, respectively.

Formally, shape resonances are defined as poles of the scat-
tering S matrix when its energy dependence is analytically
extended into the complex plane [73, 74]. Resonance energy
E and width Γ of the pole are related to the real and com-
plex parts of the pole energy as E− iΓ/2. To characterize
the shape resonances that are involved, we have carried out
pole searches in the complex scattering-energy plane with the
algorithm developed by Stratmann and Lucchese [75]. When
a resonance is found, the associated scattering wave function
can be evaluated at the complex-valued energy which is then
equal to the pure resonance wave function.

For the resonance search, a simplified, static potential with
model exchange is used, which is energy independent, in con-
trast to themore sophisticated ESECPmodel introduced above
(see also [76] and its supplementary material for details on
the pole-searching calculations). From the resonance search
we are able to identify two poles that correspond closely in
energy and width to the phase jumps observed in figure 9(a)
(Epole

1 = 11.1− 2.7i eV, Epole
2 = 23.1− 3.2i eV). The corres-

ponding resonancewave functions are displayed in figures 9(c)
and (d).

To demonstrate that these shape resonances significantly
modulate the PADs, we compare the MF-PAD at harmonic 19
(13.5 eV, figure 9(e)) and 25 (22.9 eV, figure 9(f)), which are
closest to the determined resonance positions, to the asymp-
totic shapes of the resonance wave functions. Clearly, there is
a striking similarity between the MF-PAD and the asymptotic
behavior of the resonance wave functions (panels (c) and (d) in
figure 9). The shape resonance at 12 eV leads to an enhanced
ionization along the C–I bond coordinate and we therefore
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Figure 9. Characterization of the shape resonances in the photoionization of the 3 e channel of CF3I. (a) Eigenphase sum for the electron
scattering off CF3I+ (3e−1)) (dots). (b) Sketch of the CF3I molecule and its orientation in the molecular frames of panels (c) through
(f). (c), (d) Resonance wave functions in the 3e→ ke photoionization of CF3I. Real part of the resonance wave functions at
E= 11.1− 2.7i eV (c) and E= 23.1− 3.2i eV (d), shown as cuts through the Cartesian x− z plane that contains the iodine, carbon atoms
and one fluorine atom (marked by crosses). (e), (f) Molecular-frame photoelectron angular distributions (in units of Mb sr−1) for
photoionization with harmonic 19, close to the resonance of (c) and for harmonic 25, close to the resonance of (d). Reproduced with
permission from [64].

expect an increase of the β2 parameter when the molecules
are aligned along the laser polarization. In contrast, the shape
resonance near 23 eV is leading to an emission perpendicular
to the C–I bond axis. We expect therefore that at this kinetic
energy, the β2 parameters will be higher when the molecules
are aligned perpendicularly to the laser polarization axis. From
this and from the asymptotic shapes of the resonances dis-
cussed above, we conclude that the change in sign of ∆β2
from positive to negative with increasing photoelectron kinetic

energy (see figure 8(a)) can be explained by the presence of the
two shape resonances.

6. Conclusion

In this work, we have investigated PADs in the XUV
ionization of aligned CF3I. To guide the interpretation of
the photoelectron measurements, photoionization calculations
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were performed for all open ionization channels. A rather
good agreement was observed between the experiment and
the calculation, within the known limitations of the theoret-
ical model. The detailed analysis of the alignment-dependent
changes in the PADs gives strong evidence that the observed
changes can, to a large extent, be understood from the contri-
butions of two prominent shape resonances that are not dir-
ectly apparent in the photoelectron spectra of the unaligned
molecules. This interpretation is supported by the observa-
tion that the measured trends in the energy dependence of the
angular-distribution parameters cannot be reproduced when
photoelectron scattering is turned off completely, which of
course eliminates any scattering resonance. Our findings show
that the introduction of molecular alignment can reveal, even
when facing convoluted spectra from molecules with dense
valence-level structures, details of the photoelectron scatter-
ing process that would remain elusive otherwise. Our invest-
igation shows that it is possible to reveal the general structure
of the photoelectron scattering dynamics even though many
open channels and photon energies were involved in the exper-
iment. The analysis was possible because the same or very
similar shape resonance manifest in different ionization chan-
nels, especially if the ionized orbitals have a similar quality
(like the fluorine lone pairs here). Therefore, similar modula-
tions in the PADs will appear at comparable kinetic energies
in different ionization channels and the contributions add up.
This observation has important consequences for attosecond
experiments which require XUV pulses with very broad band-
widths. Our findings suggest that, even when it is very difficult
to disentangle individual ionization channels, the photoelec-
tron scattering dynamics potentially reveal themselves in the
experiment through strong shape resonances.
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