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Structural information on electronically excited neutral molecules
can be indirectly retrieved, largely through pump–probe and rota-
tional spectroscopy measurements with the aid of calculations.
Here, we demonstrate the direct structural retrieval of neutral
carbonyl disulfide (CS2) in the B~

1
B2 excited electronic state using

laser-induced electron diffraction (LIED). We unambiguously identify
the ultrafast symmetric stretching and bending of the field-dressed
neutral CS2 molecule with combined picometer and attosecond res-
olution using intrapulse pump–probe excitation and measurement.
We invoke the Renner–Teller effect to populate the B

~1
B2 excited

state in neutral CS2, leading to bending and stretching of the mol-
ecule. Our results demonstrate the sensitivity of LIED in retrieving
the geometric structure of CS2, which is known to appear as a two-
center scatterer.

structural dynamics | electron diffraction | attosecond wave packet |
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Many important phenomena in biology, chemistry, and physics
can be described only beyond the Born–Oppenheimer (BO)

approximation, giving rise to nonadiabatic dynamics and the
coupling of nuclear (vibrational and rotational) and electronic
motion in molecules (1–7). One prominent example where the BO
approximation breaks down is the Renner–Teller effect (8, 9): In
any highly symmetric linear molecule with symmetry-induced de-
generacy of electronic states, nonadiabatic coupling of (vibrational)
nuclear and electronic degrees of freedom can lead to the distortion
of the nuclear framework on a timescale comparable with electronic
motion. The system’s symmetry is then reduced by the bending of
the molecule to split the degenerate electronic state into two dis-
tinct potential energy surfaces (PESs), leading to a more stable,
bent conformer.
Here, we demonstrate the direct imaging of Renner–Teller

nonadiabatic vibronic dynamics in neutral carbonyl disulfide (CS2)
with combined picometer and attosecond resolution through intra-
pulse pump–probe excitation and measurement with laser-induced
electron diffraction (LIED) (10–16). Our results shed light on the
vibronic excitation of a neutral linear molecule in the rising edge of
our laser field that causes bending and stretching of the molecule.
High-momentum transfers experienced by the electron wave packet
(EWP) (Up = 85 eV) with large scattering angles enable the electron
to penetrate deep into the atomic cores, allowing us to resolve a
strongly symmetrically stretched and bent CS2 molecule most
likely in the ~B

1
B2 excited electronic state.

Specifically, we pump and probe CS2 molecules in a one-pulse
LIED measurement to capture a single high-resolution snapshot
of the molecular structure at around the peak of the strong laser
field. By analyzing the angular dependence of the experimentally
detected molecular interference signal, we directly retrieve a sym-
metrically stretched and bent CS2+ structure. We subsequently

present results from state-of-the-art quantum dynamical calculations
to investigate the mechanism behind the linear-to-bent transition
that occurs in field-dressed CS2.

Molecular Structure Extraction
Fig. 1 displays the results for three different electron returning
energies, ER = 160 eV, 170 eV, and 180 eV. From the measured
momentum distribution, shown in Fig. 1A, the molecular dif-
ferential cross-section (DCS) weighted by the molecular ioniza-
tion rate and the alignment distribution is extracted using the
quantitative rescattering (QRS) theory (SI Appendix). Molecular
structural information is then obtained from the field-free mo-
lecular DCS via the molecular contrast factor (MCF). Fig. 1B
shows the experimental MCF (black circles) and the theoretical
MCFs corresponding to the equilibrium geometric structure of
the ~X

1Σ+
g electronic ground state (orange trace) (9), the quasi-

linear geometry (green trace) (17, 18), and the geometric
structure that theoretically agrees best with the experimen-
tally measured structure (red trace). Overall, there is a good fit
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between the experimental MCF and the theoretical MCF that
best fits the experimental data. An additional peak is observed in
the experimental data between 7.5 Å−1 and 8.0 Å−1 in Fig. 1B
that is not captured by our best-fit single-structure theoretical
MCF and is most likely due to a small contribution from another
structure. Nevertheless, the single-structure fitting algorithm
used in this work already agrees well with the experimental
MCFs for a rather broad range of momentum transfer from
around 5.5 Å−1 to 9.5 Å−1, and thus we believe that the extracted
bent structure is the dominant one. Retrieving this information at
different returning electron kinetic energies yields consistent re-
sults with bent and symmetrically stretched neutral CS2, as shown
in Fig. 1C.

Bent and Stretched Molecular Structure
The geometric parameters are retrieved from our LIED mea-
surements as a function of the electron returning energy, as

shown in Fig. 2. We measure a C-S bond length RCS = 1.86 ±
0.23 Å and an S-C-S angle ΦSCS = 104.0° ± 20.2°, which corre-
spond to a strongly symmetrically stretched and bent molecule.
Since field-free neutral CS2 in the ground electronic state, ~X

1Σ+
g ,

is linear in geometry (Req = 1.55 Å and ΦSCS = 180°) (18), a
linear-to-bent transition occurs that leads to the experimentally
measured bent LIED structure.

Quantum Chemistry Dynamical Calculations
We performed advanced, state-of-the-art quantum dynamical
calculations of coupled electron–nuclear motions on the field-
dressed PESs in the presence of an intense laser field to in-
vestigate the mechanism behind such a linear-to-bent transition
(SI Appendix). Our calculations reveal a Renner–Teller excita-
tion mechanism that leads to the stretching and bending of
neutral CS2, with a schematic of the excitation shown in Fig. 3A.
Optical excitation to the lowest-lying singlet excited electronic
states, such as the doubly degenerate 1Δu state, from the ~X

1Σ+
g

ground state in field-free neutral CS2 is strictly dipole forbidden
in the linear geometry (D∞h) due to symmetry considerations
(gray arrow in Fig. 3A). However, in the presence of a strong
field, our wave packet calculations in Fig. 4A show that the field-
dressed (FD) molecule initially bends by ∼10° within 90 fs (blue
rectangle in Fig. 4A) to split the degeneracy of 1Δu into two bent
states (~A

1
A2 and ~B

1
B2) in neutral CS2. This enables the nuclear

wave packet to reach nonequilibrium positions in the initially
bent molecule, such that only a transition from the ~X

1
A1 ground

state to the ~B
1
B2 excited state becomes dipole allowed (black

arrow in Fig. 3A) in the bent geometry (C2v). Our quantum dy-
namical calculations confirm that symmetric stretching and
bending in the laser field occurs, leading to an estimated pop-
ulation of about 3% in the ~B

1
B2 state in neutral CS2. Our cal-

culations for neutral CS2 in Fig. 4A show that the molecule in the
excited state bends up to about 120° at t = 0 fs (i.e., near the
maximum of the pulse envelope; red oval in Fig. 4A). The wave
packet in the ~B

1
B2 state then proceeds to find its lowest-energy

equilibrium position (Req = 1.64 Å and ΦSCS = 130°) (16–19), as
shown in Fig. 3B. Other excited electronic states are not popu-
lated due to small dipole couplings, even in the deformed ge-
ometry. Since the energy gap of ~B

1
B2 relative to the ground state

is ∼4.5 eV according to our calculations, the strong tunneling
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Fig. 1. LIED imaging of laser-induced skeletal deformations in CS2. (A)
Double differential cross-sections are extracted by integrating the experi-
mental momentum distribution map along the rescattering angle, θr, of the
circle defined by the parametric relations plong = −Ar ± (kr × cosθr) and ptrans =
kr × sinθr, where Ar is the value of the field vector at the time of rescattering.
(B) Comparison of the experimental (black circles) molecular contrast factor
(MCF) to the theoretical MCFs associated with the equilibrium geometric
structure of the ~X

1Σ+
g electronic ground state (orange trace) (9), the quasi-

linear geometry (green trace) (17, 18), and the geometric structure that theo-
retically agrees best with the experimentally measured structure (red
trace). The blue shaded region illustrates the sensitivity of the theoretical
MCFs when varying RCS and ΦSCS by around ±0.25 Å and ±20°, respec-
tively, corresponding to a 30% increase from the χ2 minimum (SI Ap-
pendix). The data shown correspond to rescattered electrons with kinetic
energies of 160 eV, 170 eV, and 180 eV. (C) CS2 structural parameters are
retrieved by locating the minimum of the χ2 map (SI Appendix, Eq. S1). Here,
the most probable CS2 geometry (red circle in each plot) is shown along with
a 30% variation of the χ2 minimum (blue circles). The orange circle indicates
the equilibrium geometry of neutral CS2 in its ~X

1Σ+
g ground electronic state

(1.55 Å, 180°) (9), whereas the green circle corresponds to CS2 in a quasilinear
configuration (1.54 Å, 163°) (17, 18).
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Fig. 2. Stretching and bending of field-dressed CS2. Geometrical parame-
ters of CS2 are retrieved as a function of the electron returning energy. By
fitting a constant line, we estimate a C-S bond length RCS = 1.86 ± 0.23 Å and
a S-C-S angle ΦSCS = 104.0° ± 20.2°, which correspond to a strongly sym-
metrically stretched and bent neutral CS2. Top Left shows the return time of
the rescattered electrons. Right shows models with molecular orbitals for
field-free (FF) neutral CS2 in the ground electronic state, ~X

1Σ+
g, and the LIED-

measured field-dressed (FD) structure. The corresponding RCS and ΦSCS val-
ues for these two structures are indicated.
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ionization from ~B
1
B2 completely dominates, which permits the

identification of the ~B
1
B2 state. Moreover, our dynamical cal-

culations also show that the geometry of the cation (1.74 Å, 102°)
does not change significantly relative to the deformed excited
neutral (1.70 Å, 117°) within half a laser cycle after tunnel ion-
ization from the ~B

1
B2 state (i.e., during the 7- to 8-fs excursion

time of the rescattering electron; green oval in Fig. 4B).
The exact geometry of neutral CS2 in the ~B

1
B2 excited elec-

tronic state is still discussed (19, 20); spectroscopic measure-
ments by Jungen et al. (17) reported a quasilinear structure
(1.544 ± 0.006 Å, 163°), while a much more recent analysis of the
rotational progressions in the ~B

1
B2 ← ~X

1Σ+
g spectrum led to a

largely corrected, significantly bent geometry (1.64 Å, 131.9°)
(21). These measurements in fact indirectly retrieve structural
information. Our directly measured structure (1.86 ± 0.23 Å,
104.0° ± 20.2°) is in general agreement with previous theoretical
investigations (∼1.64 Å, ∼130°) (18–20) into neutral CS2 in the
~B
1
B2 excited state. The MCF that corresponds to the quasilinear

geometry previously measured (1.544 ± 0.006 Å, 163°) (17) does

not agree with our measured data. In contrast, our results clearly
support a symmetrically stretched and strongly bent molecular
structure. Analogous observations of CS2 skeletal deformation
have been recently reported by Yang et al. (22), who imaged
an increase in RCS by 0.16 Å and 0.20 Å with respect to the
equilibrium bond length when a 60-fs, 800-nm laser pulse is in-
creased in intensity from 1.3× 1013  Wcm−2 to 2.4× 1013  Wcm−2,
respectively. An assumed linear extrapolation of their results
would produce a 0.43-Å bond length increase for the intensity we
use (9× 1013  Wcm−2), which is fully consistent with the value
reported here of 0.31 ± 0.23 Å. This corresponds to strongly
symmetrically stretched C-S bonds in vibronically excited neutral
CS2. Although clear indications of symmetric bond elongation
were observed by Yang et al. (22), no firm conclusion was drawn
about the bending vibration because of the limited spatial resolution
(1.2 Å) of their ultrafast electron diffraction (UED) probe, due to
the small momentum transfer of their scattered electrons (<3.5 Å−1).
It should also be noted that Yang et al. (22) used a field-free probe
of molecular structure through UED with an ∼400-fs pulse duration.
Moreover, the lack of an electron–ion coincidence-based detection
scheme added further ambiguity to the physical mechanism behind
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Fig. 3. Renner–Teller excitation mechanism in neutral CS2. (A) Potential energy curves (PECs) for the field-free (solid curves) neutral CS2 in the ground
electronic state along with the ~X

1
A1 (blue), the ~A

1
A2 (red), and the ~B

1
B2 (green) excited electronic states are shown as a function of the S-C-S angle at fixed

RCS = 1.86 Å. The corresponding field-dressed (dashed curves) PECs are also shown. In the linear geometry (D∞h), a transition from the ~X
1Σ+

g ground
electronic state to the 1Δu excited electronic state is dipole forbidden (gray vertical arrow) due to symmetry considerations. However, our calculations
show that the molecule begins to bend by 10° (C2v) in the presence of a strong field. At the same time, at bent geometries, the twofold degeneracy of
1Δu is lifted and splits into two distinct bent excited electronic states: ~A

1
A2 and ~B

1
B2. At these bent geometries, a transition from the ~X

1
A1 ground state

to the ~B
1
B2 excited state becomes dipole allowed (black vertical arrow). (B) Potential energy surfaces (PESs) of field-dressed (FD) CS2 in the ~X

1
A1 ground

electronic state and the ~B
1
B2 excited state. Once the ~B

1
B2 state is populated, the nuclear wave packet evolves toward the equilibrium position of the

~B
1
B2 state.
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Fig. 4. Quantum dynamical wave packet calculations. (A and B) The stretching (Top) of C-S internuclear distance, RCS, and bending (Bottom) of the S-C-S
bond angle, ϕSCS, for (A) neutral CS2 in the ~B

1
B2 state and (B) CS2

+ cation. The starting conditions used are (A) neutral CS2 in the ~X
1Σ+

g ground electronic state
(1.55 Å, 180°) and (B) neutral CS2 in the ~B

1
B2 excited electronic state (1.7 Å, 117°). The blue rectangle indicates the initial bending of neutral CS2. The red

(green) oval indicates the relevant structure at around the time of ionization (rescattering), ti (tr). Here, molecules are 90° to the laser polarization. In A, t =
0 fs corresponds to the peak of the 85-fs (FWHM) 3.1-μm pulse envelope, while in B the time axis corresponds to the time after ionization. The corresponding
laser field is shown as white traces in A and B, Top.
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the IR-induced excitation, with two possible mechanisms suggested
by the authors: excitation of an electronic state through a multi-
photon process and formation of ions with longer bond lengths.
We use LIED to directly retrieve the geometric trans-

formation of neutral CS2 due to the Renner–Teller effect. Our
measurements unambiguously identify a bent and symmetrically
stretched CS2 molecule (RCS = 1.86 ± 0.23 Å, ΦSCS = 104.0° ±
20.2°) that is most likely populating the ~B

1
B2 excited electronic

state. This finding is also supported by our state-of-the-art quan-
tum dynamical ab initio molecular dynamics calculations, which
describe the linear-to-bent ~B

1
B2 ← ~X

1Σ+
g transition in neutral CS2.

Moreover, previous theory and indirect measurements of neutral
CS2 in the ~B

1
B2 excited state also broadly support our LIED

measurement and calculations (18–21).
We find that the nuclear distortion in fact first proceeds

through the stretching of the C-S bonds before the molecule
departs from the linear geometry and begins to bend on the rising
edge of the LIED pulse (at time tp in Fig. 5). Consequently, a bent
neutral CS2 molecule most likely in the ~B

1
B2 excited electronic

state is preferentially subsequently ionized at the peak of the
pulse (at time ti in Fig. 5) to initiate the LIED process. LIED is
the elastic rescattering of the highly energetic returning EWP
onto the molecular ion (at time tr in Fig. 5), with structural
information embedded within the rescattered EWP’s momen-
tum distribution at the time of recollision (Methods) (12, 14, 23).
Here, the returning EWP scatters against the CS2+ molecular ion (at
time tr), which has a similar strongly stretched and bent geometry
to that of the neutral CS2 in an excited electronic state at the point
of ionization (at time ti in Fig. 5). However, during the excursion
time of the returning electron of about 7–8 fs, vibrational dy-
namics on the cationic potential energy curves in the presence of
the laser field occur. During that time, as our calculations show
(green oval in Fig. 4B), the excited cation bends slightly farther,
leading to a structure that is in good agreement with the experi-
mentally observed bent and stretched structure.
Ultimately, our results illustrate the utility of intrapulse LIED

to retrieve structural transformation with combined picometer
and attosecond resolution, allowing us to directly visualize non-
adiabatic dynamics in molecular systems.

Methods
Mid-IR Optical Parametric Chirped Pulse Amplifier Source. A home-built optical
parametric chirped pulse amplifier (OPCPA) setup generates 85-fs, 3.1-μm

pulses at a 160-kHz repetition rate with up to 21 W output power (24, 25).
The OPCPA system is seeded by a passively carrier-envelope-phase (CEP)
stable frequency comb generated by the difference frequency of a dual-color
fiber laser system (26). The mid-IR wavelength of 3.1 μm ensures that the target
is strong-field ionized in the tunneling regime. The laser pulse is focused to a
spot size of 6–7 μm, resulting in a peak intensity of 9× 1013  Wcm−2.

Reaction Microscope Detection System. The experimental setup is based on a
reaction microscope (ReMi) which has been previously described in detail in
refs. 27–29. Briefly, a doubly skimmed supersonic jet of carbon disulfide
provides the cold molecular target with a rotational temperature of <100 K.
Homogeneous electric and magnetic extraction fields are employed to guide
the ionic fragments and the corresponding electrons to separate detectors in
the ReMi. Each detector consists of delay line detectors (Roentdek) which re-
cord the full 3D momenta of charged particles from a single molecular frag-
mentation event in full electron–ion coincidence. In all experiments, the laser
polarization is aligned perpendicular to the spectrometer axis, parallel to
the jet.

Molecular Structure Extraction. Structural information of the molecular
sample is retrieved from the electron momentum distribution within the
frame of the QRS theory and the independent atomic-rescattering model
(IAM) (30–32). We extracted the molecular DCS from the experimental
photoelectron momentum distribution as previously described in ref. 14. See
SI Appendix for further details.
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Supplementary Information Text 
 
A. Experimental Description. We generate high-energy rescattering electron wave 
packets by making use of a home-built optical parametric chirped pulse amplifier 
(OPCPA) set-up that generates 85 fs (FWHM), 3.1 μm pulses at a 160 kHz 
repetition rate with up to 21 W output power (1, 2). The OPCPA system is 
seeded by a passively carrier-envelope-phase (CEP) stable frequency comb 
generated by the difference frequency of a dual-colour fibre laser system (3). The 
mid-infrared wavelength of 3.1 μm here used ensures that the target is strong-
field ionised in the tunneling regime. The laser pulse is focused to a spot size of 
6−7 μm (1/e2 waist) resulting in a peak intensity of 9 × 10%& Wcm−2. At this peak 
intensity, the Keldysh parameter was g = 0.30 with a ponderomotive energy of Up 
= 85 eV. As the average energy of the returning electron wave packet scales 
quadratically with the driving wavelength, this laser source allows us to generate 
electrons with maximum classical return and backscattered electron energies of 
Eret,max = 3.17Up ≈ 270 eV and Eback,max = 10Up ≈ 850 eV, respectively.  

We measure the full three-dimensional momentum distribution of the 
photoelectrons in coincidence with the CS2+ ion using a reaction microscope 
(ReMi) - for details, see for example Ref. (4). Briefly, a doubly-skimmed 
supersonic jet of carbon disulfide provides the cold molecular target with a 
rotational temperature of <100K. Homogeneous electric and magnetic extraction 
fields are employed to guide the ionic fragments and the corresponding electrons 
to separate detectors in the ReMi. Each detector consists of delay line detectors 
(Roentdek), which record the full three-dimensional momenta of charged 
particles from a single molecular fragmentation event in full electron-ion 
coincidence. In all experiments, the laser polarisation is aligned perpendicular to 
the spectrometer axis, parallel to the jet. A thorough description of the 
experimental advantages offered by the unique combination of our mid-IR 
OPCPA with a ReMi to investigate strong-field physics in the quasistatic regime 
is provided in Ref. (5). Nevertheless, it is worth emphasizing that our electron-ion 
coincidence experimental setup allows the structural retrieval of neutral CS2 
through its cation CS2+ since the geometrical structure of CS2 to be investigated 
does not significantly change upon ionization. 
 
B. Extraction Of Molecular Structure. Structural information of the molecular 
sample is retrieved from the electron momentum distribution within the frame of 
the quantitative rescattering theory (QRS) and the independent atomic-
rescattering model (IAM) (6–8). The procedure for molecular structure extraction 
has been explained in detail previously (9,10), with only a brief discussion given 
here. Molecular structural information is extracted from our LIED measurement 
through the best chi-square fit of the experimental molecular contrast factor 
(MCF), ge, to the theoretical MCF, gt, using 
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where (kr, qr) represent the momentum and the scattering angle of the 
rescattered electron in the rescattering frame (see Fig. 1A), whilst n is the index 
of the discretized scattering angle. 

The theoretical MCF is calculated using the independent atomic-rescattering 
model (IAM), and is given by 
 

4<(78, ?8) ≡ 	
〈B<C<〉(?) − 〈BE〉(?8)	

〈BE〉(?8)
=
∑ GHGI∗ ∫ LHMN⃗ ∙Q

N⃗ RST(ΩV)W(ΩV)XΩVHYI
∑ |GH|( ∫T(ΩV)W(ΩV)XΩVH

. 

 
Here, Itot is the total scattering cross-section that we measure, and IA is the 
incoherent sum of the scaterring cross-sections from all atoms within the 
molecule, given by 

〈BE〉(?) = 	1 	|GH|( \T(ΩV)W(ΩV)XΩV ,
H

	 

where WL is the alignment angle of the molecule relative to the polarization axis 
of the laser field, ρ(WL) is the molecular alignment distribution, N(WL) is the 
ionization rate, and fi is the complex scattering amplitude for the ith atom by the 
incident electron. Whilst 〈B<C<〉(?) − 〈BE〉(?8) is the molecular interference term, 
〈B]〉(?). In fact, the phase factor in 〈B]〉(?) encodes both the scattering angle of 
the incident electron, as quantified by the momentum transfer 
 

^⃗ = 	 7N⃗ 8 −	7N⃗ 8_, 
 

as well as the internuclear distance vector *N⃗ HI = *N⃗ H − *N⃗I between atoms i and j. 
Therefore, the MCF provides a sensitive measure of *N⃗ HI in molecules (9, 10). 

The experimental MCF is given by 
 

45(78, ?8) ≡ 	
〈B<C<5 〉(?8) − 〈BE〉(?8)	

〈BE〉(?8)
=
`a5(?8) − 〈BE〉(?8)	

〈BE〉(?8)
, 

 
and is calculated using the experimentally determined differential cross-section 
(DCS), De(qr), which is weighted by a factor β that provides the best fit to the 
theoretical MCF. 

Here, the molecular alignment distribution, ρ(WL), was assumed to be 
isotropic. We calculated the ionization rate, N(WL), using the strong-field 
approximation (SFA) and the time-dependent density-functional theory (TDDFT) 
method, and we consider contributions from the highest occupied molecular 
orbital (HOMO) only. The contribution of lower lying states (HOMO-1 or HOMO-
2) is several orders of magnitude smaller than from the HOMO and hence can be 
neglected (11). Furthermore, non-perturbative TDDFT for 0.8 μm light (12) and 
our own real-time-real-space TDDFT calculations for 3.1 μm simulations have 
shown that the ionization of the inner 3σu orbital (HOMO-2) of CS2 only becomes 
the dominant response to the laser field for intensities larger than 3 × 10%c Wcm−2 
and molecules whose molecular axis is aligned with the field (12). It should also 
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be noted that we found the MCFs (shown in Fig. 1B) to be quite insensitive with 
respect to small changes in the ionization rates and molecular alignment 
distribution. 

In CS2, the IAM has been shown to yield excellent agreement between 
experimental and theoretical DCSs for electrons with kinetic energies of 100−200 
eV and scattering angles in the 20−135° range (13). In the present 
measurements, we record rescattered electrons with sufficient statistics in the 
kinetic energy range of 160−180 eV and an angular interval of 50−120° (i.e., well 
within the range of validity of the IAM approximation). The MCF has been shown 
to be a very sensitive metric for imaging the molecular structure of diatomic and 
small molecules (10,14–16). At a fixed returning energy, the C-S bond length, 
RCS, is sampled in the retrieval procedure from 1.5 Å to 2.5 Å, whereas the S-C-S 
angle, FSCS, is explored from the linear structure (FSCS = 180°) to a strongly bent 
structure (FSCS = 60°). As shown in Fig. 1B, MCFs are used for retrieving RCS 
and FSCS by comparing the experimental and theoretical MCFs.  

The theoretical MCFs providing the best agreement with the experimental 
data are shown by the red trace in Fig. 1B. The MCF associated with the 
equilibrium geometric structure of the Xe%Σgh electronic ground state is also shown 
(orange). Complete c2 maps calculated according to Eq. S1 are shown in Fig. 
1C. We measure a C-S bond length RCS = 1.86  ± 0.23 Å and an S-C-S angle 
FSCS = 104.0 ± 20.2°, which correspond to CS2 in the bent geometry in the 
presence of the intense laser field, as shown in Fig. 2. 
 
C. TDDFT Calculations. In order to model the interaction of CS2 with the intense, 
mid-infrared laser fields, real-time-real-space TDDFT calculations have been 
performed using the Octopus (17) program package. A cartesian grid has been 
utilized with an equidistant grid spacing of di = dj = dk = 0.12 Å. For 
computational feasibility, the grid size was reduced to a sphere with a radius of 
8.47 Å. Afterwards, absorbing boundary conditions were employed in order to 
avoid grid reflections of the free components of the electron wave function. With 
this procedure, the molecule is well situated in the grid and direct ionization can 
be modelled. However, effects due to electron recollision, such as recollisional 
excitation or ionization, are not included. Due to the large wave packet spreading 
at these long wavelengths, we expect these effects to be minor. The laser field 
was modelled by a sin2 envelope with a central wavelength of 3100 nm, a 
duration of approximately 8 optical cycles FWHM (i.e., 85 fs) and a peak intensity 
of 9 × 10%& Wcm−2. 

Exchange contributions were described via the LDA_X functional (18, 19), 
while correlation was modelled by a modified Perdew-Zunger LDA functional 
(20). LDA is commonly employed to model strong-field interaction with molecules 
due to its simplicity and lower computational cost. However, self-interactions do 
not cancel and its asymptotic behavior scales wrongly. We corrected for self-
interaction via the average density formalism (21). Table S1 shows the 
converged ground state eigenenergies with different approaches and functionals. 
When comparing the eigenenergies calculated with different LDA functionals, the 
LDA_X by Perdew and Zunger (20) gave the best results compared to 
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experiment. Our results agree well with similar TDDFT-based results (12). As 
expected, the Hartree-Fock (HF) energies are overestimates of the experimental 
values, while the LDA functional in DFT underestimates the ionization potentials 
substantially due to the known wrong asymptotic behavior originating from the 
self-interaction (12). 

Our TDDFT calculations have been employed in order to get an overview 
over the excitation and ionization dynamics of CS2 in an intense laser field. We 
have implemented the calculations of the orbital norms, myH(n)oyH(n)p, and auto-
correlation functions, myH(n = 0)oyH(n)p, in the Octopus program suite (17) in 
order to be able to investigate which Kohn-Sham molecular orbitals interact with 
the mid-infrared laser pulse depending on the relative orientation of the laser 
polarization axis to the molecular axis. Calculations have been performed for q = 
0° and 90°, where q is the angle of the laser polarization relative to the molecular 
axis. 

We have performed two different types of calculations, one keeping the 
nuclei frozen throughout the calculations, and another one with moving nuclei 
(Ehrenfest dynamics). Our (non-perturbative) TDDFT calculations show that, for 
the pulse parameters employed in the experiment, mainly the pg (non-bonding 
orbital, n) and pu (bonding orbital) orbitals are depopulated, depending on the 
orientation (angle q). This is in agreement with earlier calculations by Bandrauk 
et al. at 800 nm (12). 

Additionally, the TDDFT calculations using (classically) moving nuclei within 
the Ehrenfest approach show that during laser interaction, the system stretches 
symmetrically and bends (from RCS = 1.56 Å and FSCS = 180° to RCS = 1.64 Å 
and FSCS = 124.1°, for θ = 90°, see Fig. S1). For θ = 0°, also small contributions 
of an asymmetric stretch dynamics can be gathered from the TDDFT calculations 
(Fig. S2). However, contributions from the asymmetric stretch are minor when 
taking orientation-averaging into account. From the TDDFT calculations, we thus 
extract the transition to the first excited state (n → pq∗ ) to be the dominant 
excitation channel, the dynamics of which will be examined in more detail with 
wave packet methods, as described below. 
 
D. Quantum Chemistry Calculations. The singlet electronic ground and excited 
state potential surfaces, rH(*,F), as well as the (transition) dipole moments, 
s⃗(*,F), of both the neutral CS2 and the cation CS2+ have been calculated using 
the OpenMolcas 8.0 program suite (23) at the state-averaged 
CASSCF(12,10)/cc-pVTZ level of theory24. For the neutral molecule, a (12,10) 
space was chosen, with the active orbitals displayed in Fig. S3.  

For the cation, the corresponding (11,10) space was chosen. Altogether, the 
first 10 configuration interaction (CI) roots have been calculated, using C1 
symmetry. The molecule is arranged such that at linear geometries the molecular 
axis is the j-axis; the bent molecule lies in the ij-plane.The lowest four singlet 
potential energy surfaces, S0 – S3, and representative cuts along the surfaces 
(see Fig. 1B) are shown in Figs. S4 – S5. The lowest doublet potential curves of 
the cation are shown in Fig. S6. 
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Analysis of the transition dipole moments shows that the transition to the 
lowest (S1, Ae%A() electronic state is strictly forbidden at all geometries (including 
symmetrically stretched and bent configurations), while the transition to the S2 
(Be%B() electronic state is forbidden at linear geometries but (weakly) allowed at 
bent and symmetrically stretched geometries. We therefore consider for our 
quantum dynamical calculations only the ground (S0, Xe%Σgh) and the second 
excited (S2, Be%B() electronic states, the corresponding permanent dipole 
moments of these electronic states and the transition dipole moment coupling 
them. 

From these results, we already conclude that at 180° (linear geometry), no 
transition to any of the lower-lying excited electronic states can occur. However, 
the transition only becomes possible if the molecule bends and stretches, 
enabling a transition to only this particular S2 electronic state (i.e., our Be%B( 
state). 
 
E. Quantum Dynamical Wave Packet Calculations. Dynamics calculations 
have been performed by numerically integrating the time-dependent Schrödinger 
equation on a 1024 × 512 grid (in * and F) for the two Born-Oppenheimer 
electronic surfaces Xe%Σgh and Be%B(, coupled via dipole interaction: 
 

xℏ
z
zn {

'|e(*,Φ, n)
'}e(*,Φ, n)

~ =	 

�ÄÅÇ0
0
ÅÇÉ + {

r|e(*,Φ) − s⃗|e(*,Φ)ÖN⃗ (n)
−s⃗|e→	}e(*,Φ)ÖN⃗ (n)

−s⃗|e→	}e(*,Φ)ÖN⃗ (n)
r}e(*,Φ) − s⃗}e(*,Φ)ÖN⃗ (n)

~	á Ä
'|e(*,Φ, n)
'}e(*,Φ, n)

É. 

 
In the above equation, ÅÇ  is the kinetic energy operator, given by 
 

ÅÇ = {
WQ(
2àâä

+
Wã(

2àäâä
~, 

 
with a mass MCS = 13.3142 amu used for stretching and MSCS = 31.9721 amu for 
the bending motion. By doing so, we neglect the small dependence of the mass 
MSCS on the bending angle Φ. The time-dependent nuclear wave functions 
'H(*,Φ, n) describe the field-driven vibrational wave packet dynamics in the 
electronic states i = Xe, Be. We account for the relative orientation of the molecule 
relative to the laser polarization direction through the angle q, defined such that 
 

tan ? =
sè
sê
, 

 
for molecules lying in the ij-plane. The laser field, Ö(n), is described classically 
as 
 

Ö(n) = Ö_G(n − në) cos(ïn), 

(S6) 

(S7) 

(S9) 
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where Ö_ is the laser field strength, G(n − në) is the Gaussian envelope function 
centered around në, and ï is the laser frequency. For these quantum dynamical 
calculations, we use the split-operator method (25), while the Fourier transform is 
done numerically using the FFTW3 library (26). In order to avoid grid reflections, 
absorbing boundary conditions are employed along the C-S stretching coordinate 
RCS. 

We have performed three different calculations for θ = 0°, 45° and 90°. Our 
wave packet calculations of the neutral CS2 molecule show that upon interaction 
with the intense laser field, the electronic ground state, Xe%Σgh, of the CS2 molecule 
is strongly re-shaped (see Fig. 3A). Consequently, the field-free vibrational 
ground state is not an eigenstate of the field-dressed potential curve, as the 
potential is modified in the field. Thus, a vibrational wave packet is formed, and 
the molecule in its electronic ground state starts to slightly stretch to 
approximately RCS = 1.7 Å and then begins to bend up to 170° (see Fig. 4A). 

Then, almost transiently, a small amount of population is transferred to the 
Be%B( excited state, which immediately starts to propagate on the field-dressed 
potential energy surface of the Be%B( state (Figs. 3A and 3B). As to be expected 
when considering the transition dipole moments and their components, the 
transition for 0° (along the y-axis, which is the molecular axis, see above) is 
largest, while the out-of-plane transition (along the k-axis) is negligible. These 
quantum dynamical calculations show that the wave packet in the excited state 
bends up to about 120° at around the peak of the laser pulse envelope (i.e. t = 0 
fs in Fig. 4A) where the field is strongest, and thus, the tunneling rate reaches a 
maximum. As we cannot properly describe ionization with the quantum 
dynamical calculations (transition dipole moments from the neutral to the cation 
are not accounted for here), we separately calculate the dynamics of the cation. 

For the cation, we have performed field-free Born-Oppenheimer-type 
calculations on a few lowest-lying potential energy surfaces in order to estimate 
the dynamical timescales imprinted during the excursion of the liberated electron 
until its return (within ∼8 fs), when it diffracts against the cation. The results are 
shown in Fig. 4B. We conclude that in all of the eight lowest-lying states 
considered, an initially stretched and bent neutral CS2 can, in the time interval 
between ionization and probing by the returning LIED electron 8 fs later, further 
stretch and bend by Δ*âä ≈ 0.1 Å and ΔΦäâä ≈ 10°, depending on the electronic 
state of the cation CS2+ that is populated. 
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Fig. S1 | Nuclear dynamics of CS2 in the presence of a 3.1 µm laser field. Time-
dependent coordinate expectation values of the individual C-S bond lengths (Top), RCS, 
and the S-C-S bending angle (Bottom), FSCS, as extracted from our real-time, real-space 
TDDFT calculations with moving nuclei within the Ehrenfest approach. The case for 
perpendicular orientation of the laser polarization axis relative to the molecular axis (q = 
90°) is shown. The same laser parameters as in the LIED measurement are used. 
Symmetric stretching motion mainly occurs accompanied by strong deviations from the 
linear geometry. Here, t = 0 fs corresponds to the peak of the 85 fs (FWHM) 3.1 µm 
pulse envelope. 
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Fig. S2 | Nuclear dynamics of CS2 in the presence of a 3.1 µm laser field. Same as 
in Figure S1, but for parallel orientation of the laser polarization axis relative to the 
molecular axis (q = 0°). For times t < 0 fs, mostly symmetric stretching dynamics can be 
observed, while for t > 0 fs antisymmetric stretching motion dominates.  
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Fig. S3 | Molecular orbitals of neutral CS2. (A) linear and (B) bent geometries chosen 
for the active space, showing the corresponding symmetry levels. We use a 
CAS(12,10)/cc-pVTZ level of theory within the OpenMolcas 8.0 program suite (23). 
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Fig. S4 | Potential energy curves of neutral CS2 along SCS bond angle coordinate. 
Cut along the field-free potential energy surfaces of neutral CS2 at the equilibrium C-S 
internuclear distance of the ground electronic state, RCS = 1.6 Å, showing the potential 
energy curves as a function of the SCS angle, FSCS, for the lowest four singlet electronic 
states (see labels). 
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Fig. S5 | Potential energy curves of neutral CS2 along C-S internuclear distance 
coordinate. Cut along the field-free potential energy surfaces of neutral CS2 at the 
equilibrium SCS angle FSCS = 180° showing the potential energy curves as a function of 
the C-S internuclear distance RCS of the symmetric stretch mode for the lowest four 
singlet electronic singlet states (see labels). 
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Fig. S6 | Potential energy curves of the CS2

+ cation. (A) Cuts along the PESs of CS2
+ 

cation at the equilibrium SCS angle FSCS = 180° showing the potential energy curves as 
a function of the C-S internuclear distance RCS along the symmetric stretch mode. (B) 
Cuts along the PESs at the equilibrium C-S internuclear distance of the electronic 
ground state, RCS = 1.6 Å, showing the potential energy curves as a function of the SCS 
angle, FSCS, for the lowest five doublet electronic states (see labels). 
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Table S1 | Field-free eigenenergies of the highest molecular orbitals (MOs) of CS2 
with the real-time-real-space TDDFT as implemented in the Octopus program 
package (17). The energies are given in electronvolts (eV). Displayed are the results of 
different calculations with different functionals and self-interaction corrections, as labelled. 
The experimental values are taken from Eland et al. (22). The grey shaded LDA (adsic) 
calculations gave the best eigenenergies as compared to the experimental values and 
were the ones chosen for the following calculations when interaction with the field is 
included. 
 
 

MO HF LDA LDA 
(amaldi) 

LDA 
(adsic) 

LB94 
(adsic) 

LB94 LB94 
(amaldi) 

Expt.22 
(adsic) 

2sg -31.2 -21.4 -29.0 -24.9 -25.7 -33.7 -25.3 - 
2su -27.9 -19.3 -26.9 -22.8 -23.5 -31.4 -23.1 - 
2sg -18.5 -12.7 -19.9 -15.9 -17.2 -24.8 -16.3 - 
2su -15.9 -10.8 -18.0 -14.0 -15.1 -22.8 -14.4 -14.5 
1pg -14.4 -9.8 -17.0 -13.9 -14.5 -22.2 -13.9 -12.7 
1pg -10.2 -6.9 -13.9 -10.3 -11.5 -19.1 -10.8 -10.1 
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