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A vibrational wavepacket in SF6 is created by impulsive stimulated Raman scattering with a few-
cycle infrared pulse and mapped simultaneously onto five sulfur core-excited states using table-top
soft X-ray transient absorption spectroscopy between 170-200 eV. The femtosecond vibrations induce
real-time energy shifts of the X-ray absorption, whose amplitude depend strongly on the nature of
the core-excited state. The pump laser intensity is used to control the number of vibrational states in
the superposition, thereby accessing core-excited levels for various extensions of the S-F stretching
motion. This enables the determination of the relative core-level potential energy gradients for
the symmetric stretching mode, in good agreement with TDDFT calculations. This experiment
demonstrates a new means of characterizing core-excited potential energy curves.

Molecular potential energy surfaces (PESs) dictate the
coupled electron-nuclear dynamics following electronic
excitation. In particular, PESs of core-excited states are
of considerable interest because core-level excitation can
induce ultrafast nuclear motion on a timescale shorter
than the few-femtosecond core-hole lifetime [1–3]. The X-
ray absorption spectrum of a molecule in its vibrational
ground state probes only a small region of the PES, at
the equilibrium geometry of the ground electronic state.
In order to access a larger range of the core-excited PES,
multiple infrared (IR) pump - X-ray probe schemes have
been theoretically proposed [4–9]; the IR pulse excites the
molecule to higher vibrational states where the nuclear
wavepacket has a larger spatial extension, so that sub-
sequent absorption of the X-ray pulse can probe regions
of the PES that are otherwise inaccessible. The exper-
imental implementation of these proposals requires few-
femtosecond to attosecond X-ray pulses, now available at
X-ray Free Electron Laser facilities and from table-top
sources based on high-order harmonic generation (HHG)
[10]. Indeed, X-ray transient absorption spectroscopy is a
sensitive probe of structural dynamics [11]; as the geome-
try changes, the energy of the electronic transition in the
X-ray region is modified. This technique has been suc-
cessfully used to observe vibrational wavepackets in neu-
tral or cationic molecules, often accompanying strong-
field ionization in e.g. Br2 [12, 13], DBr [14], NO [15],
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CH3I [16], CH3Br [17] and C2H4 [18], or single-photon
and Raman excitation in I2 [19] and alkyl iodides [20]. In
these cases, the vibrational coherence is typically mapped
onto a dissociative core-excited state of predominantly
nd−1σ∗ (for halogen-containing species) or 1s−1π∗ char-
acter, which corresponds in the single-particle picture to
the excitation of a non-bonding core electron to an anti-
bonding molecular orbital.

In this article, we use a combination of IR and soft
X-ray (SXR) few-femtosecond pulses to experimentally
map a vibrational wavepacket simultaneously onto five
sulfur L-core-excited states of SF6 in the 170-200 eV en-
ergy range (Fig. 1). The IR pump pulse produces a co-
herent superposition of vibrational states in the ground
electronic state by Impulsive Stimulated Raman Scat-
tering (ISRS) [21, 22] and the X-ray absorption energy
is probed as a function of the time-delay between the
two pulses. The amplitude of the oscillations in energy
observed in the transient absorption depends strongly
on the core-excited state, in agreement with the na-
ture of the populated molecular orbitals and with Time-
Dependent Density Functional Theory (TDDFT) calcu-
lations of the core-excited PESs. The intensity of the
short IR pulse is used to control the number of vibra-
tional states in the superposition, enabling the extrac-
tion of one-dimensional potential energy gradients along
normal modes excited by ISRS [23].

The SF6 molecule is chosen for its numerous S 2p core-
excited states accessible to SXR excitation. Two of these,
the 2p−1

3/2 a1g and 2p−1
1/2 a1g states, at 172.27 and 173.44

eV respectively, lie below their respective 2p ionization
potentials at 180.27 and 181.48 eV. In addition, the tran-
sitions to the 2p−1

3/2 t2g, 2p
−1
1/2 t2g and 2p−1 eg states lying

at 183.40, 184.57 and 196.2 eV respectively have been
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FIG. 1. a) Illustrative schematic of the experiment princi-
ple overlaid on the calculated ground (bottom, black) and
core-excited (top) states potential energy curves along the ν1
mode. b) Same as a) along the ν2 (dashed line) and ν5 (full
line) modes.

previously assigned to shape resonances as they lie well
above the 2p ionization thresholds [24, 25]. This poly-
atomic molecule possesses fifteen vibrational modes but
due to its high symmetry many of them are degenerate.
Among those, three are Raman-active [26]: the symmet-
ric stretch ν1 of A1g symmetry (ν1 = 775 cm−1, T1 = 43
fs), the antisymmetric stretch ν2 of Eg symmetry (ν2 =
643 cm−1, T2 = 52 fs), and the bend ν5 of T2g symmetry
(ν5 = 525 cm−1, T5 = 63 fs). They can be excited by

a) b) c)

a1g

t2g

eg

𝜈1𝜈2𝜈5

|FT|² (arb. units)

FIG. 2. a)Measured (blue line) and calculated (orange sticks)
SF6 absorption spectrum at the S L2,3 edge. The pre-edge
background absorption has been subtracted in the measure-
ment. The calculated energies are shifted by +6.0 eV. The
additional doublet of eg symmetry calculated around 190 eV
is not observed in the experiment. b) Transient absorption
spectrogram. Positive delays correspond to the SXR pulse
following the vis-NIR pulse. c) Intensity of the Fourier trans-
form of b. Frequencies of the ν1, ν2 and ν5 modes are indi-
cated as vertical dashed lines.

ISRS with IR pulses shorter than their vibrational pe-
riod, and the corresponding multimode wavepacket dy-
namics have been characterized with high-harmonic spec-
troscopy [27–30]. Figure 1 shows the relevant ground
and core-excited potential energy curves calculated by,
respectively, DFT [31] and TDDFT [32] methods us-
ing the ORCA software [33] with B3LYP functional [34–
36], ano-pVTZ basis set [37], RI approximation [38] and
quasi-degenerated perturbation theory [39] for spin-orbit
coupling inclusion. Preliminarily, the geometry and vi-
brational modes of SF6 were calculated by DFT under
Oh symmetry constrained with the help of the GAMESS
software [40] using the B3LYP functional and def2-TZVP
basis set [41]. Along the ν1 mode (Fig. 1a), the minima of
the 2p−1 a1g and 2p−1 eg curves appear strongly shifted
with respect to the ground state’s. On the contrary for
the ν2 and ν5 vibrational modes (Fig. 1b) the core-excited
2p−1 a1g and the ground state potential energy curves
are almost parallel, and there is no displacement of the
equilibrium geometry, as expected for non-totally sym-
metric vibrational modes. The calculated potential en-
ergy curves are discussed in relation to our experimental
results in the following.

The experimental setup has been described elsewhere
[42, 43]. Briefly, 85% of the energy of a commercial
Ti:sapphire laser delivering 13 mJ, 30 fs, 800 nm pulses is
used to pump a multistage optical parametric amplifier
that converts the wavelength to 1300 nm. The result-
ing short-wave infrared (SWIR) pulses are compressed
to 12.8 fs full-width at half-maximum (fwhm) with a
hollow-core fiber (HCF) compressor, and focused into a
semi-infinite gas cell filled with 2 bar of flowing helium for
HHG. This yields SXR pulses with a continuous spectrum
extending up to 370 eV. The remaining SWIR light is fil-
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tered out with a Sn film, and the SXR pulses are focused
by a toroidal mirror into a gas cell filled with 25 mbar of
SF6. The SXR spectrum I is measured after dispersion
on a grating and imaging on an X-ray CCD camera. The
absorbance A is defined as A = − log10(I/I0), where I0
is the spectrum measured without sample.

In the time-resolved experiments, the remaining 2 mJ,
800 nm pulses are compressed in a second HCF compres-
sor to produce 0.75 mJ, 6 fs pulses in the visible-near
IR (vis-NIR). After propagation in a piezo-controlled de-
lay line, the vis-NIR pulses are focused with a f = 37.5
cm mirror into the gas cell to excite the molecules. The
change in absorbance at a delay τ after the pump vis-
NIR pulse is ∆A(τ) = − log10(Ion(τ)/Ioff), where Ion
and Ioff are the spectra measured with and without the
pump pulse at each delay, respectively. The ensemble of
pump-off spectra is used for the edge-pixel referencing
technique applied to reduce the SXR fluctuations noise
in the transient absorption data [44]. In this all-optical
experiment, the time and energy resolutions are not in-
terdependent through the uncertainty principle (as op-
posed to core-level photoelectron spectroscopy that was
proposed in [45] to probe SF6 vibrations) so that they
can be both optimally short and narrow, respectively.

Figure 2a shows the absorption spectrum of SF6 in
the vicinity of the S L-edge measured in the absence
of the vis-NIR pulse (blue curve). Five peaks are ob-
served, corresponding to the excitation to the spin-orbit
split S 2p−1 a1g and S 2p−1 t2g states as well as a broad
band attributed to the S 2p−1 eg doublet, in agreement
with reported synchrotron data [24]. The orange sticks in
Fig. 2 are the results of our B3LYP TDDFT calculations,
which agree well with the experimental spectrum for the
S 2p−1 a1g and S 2p−1 t2g states. The energy of the
S 2p−1 eg doublet is slightly overestimated around 199
eV, and an additional doublet of eg symmetry is found
around 190 eV. These peaks were previously observed
in RT-TDDFT simulations and assigned to t2g symme-
try [46], however their intensity and energy strongly de-
pend on the theoretical approach used [47]. This is proba-
bly due to the considerable contribution of shake-up tran-
sitions and core-valence double excitations in this reso-
nance [48, 49]. The additional doublet is not observed
in the experimental spectrum, which suggests that its in-
tensity is overestimated in the theory, and therefore it
was excluded from further consideration.

Our discussion focuses now on the dynamics outside
of the temporal overlap of the pulses, as opposed to the
recent work of Rupprecht et al. [50]. The transient ab-
sorption of SF6 after excitation by the ≈ 6×1014 W/cm2

vis-NIR pulse is shown in Fig. 2b. Clear oscillations of
the absorbance are observed at positive delays for the five
peaks with a period of ≈ 43 fs. The oscillations are long-
lived, and the Fourier transform in Fig. 2c reveals a single
feature at 775 cm−1 corresponding to the ν1 vibrational
mode, visible at the energies of all the core-excited levels.
With short pump pulses in this intensity range, previ-
ous work showed that the three Raman-active modes can

FIG. 3. a) Simulated nuclear wavepacket after ISRS exci-
tation of the ν1 mode by a 6 fs, 800 nm pulse of intensity
6×1014 W/cm2. b-d) Measured absorbance A(τ) for the five
core-excited states at the same pump intensity.



4

be simultaneously excited and probed by high-harmonic
spectrosocpy [27–30], but only the symmetric stretch-
ing motion is observed in our X-ray transient absorption
spectroscopy experiment, for reasons detailed later. The
positive features appearing at positive delays in-between
the assigned peaks in Fig. 2b may be attributed to strong-
field dissociation of SF6, although they differ in shape
from what was observed in [51]. Bands attributed to the
formation of SF+

5 in Ref. [51] were not observed under
our experimental conditions, despite our higher spectral
resolution.

Mapping the same vibrational coherence onto five dif-
ferent core-excited states allows us to compare them. To
quantitatively characterize the PES gradients of the five
states for the ν1 normal mode, we use the vis-NIR pump
intensity to control the number of vibrational states in-
cluded in the superposition and therefore the nuclear
wavepacket. For ISRS excitation with an electric field
E , the nuclear wavefunction χ(q, t) satisfies the time-
dependent Schrödinger equation (in atomic units):

i
∂χ(q, t)

∂t
=

(
− 1

2µ

∂2

∂q2
+ V (q)

− 1

2

∑
i,j

αij(q)Ei(t)Ej(t)

χ(q, t) (1)

where µ is the reduced mass of the normal mode, V the
ground state PES, α the polarizability tensor and Ei the
amplitude of the electric field of the laser pulse along
the i axis. For the symmetric stretch mode ν1 the nor-
mal coordinate q identifies with the S-F distance. Fig-
ure 3a displays the squared nuclear wavepacket |χ(q, t)|2
in the ground state found from the numerical solution of
Eq.(1) with a 6×1014 W/cm2, 6 fs fwhm Gaussian pump
pulse and α and V (q) extracted from DFT B3LYP/def2-
TZVP quantum-chemical simulations under constrained
Oh symmetry with the GAMESS software. The theoret-
ical PES results in a smaller vibrational frequency than
the tabulated value (728 cm−1), giving a slightly longer
period of the wavepacket oscillations in Fig. 3a com-
pared to the experiment. Figure 4a shows the calculated
populations of the vibrational levels ν1 = 1 to 4 after
interaction with the pump pulse. At this pump intensity,
vibrational levels up to ν1 = 3 are populated by ISRS.
As indicated on Figure 4b, the S-F distance changes by
±0.092 a.u., that is ±3 %, in these conditions.
As the center of the wavepacket oscillates, it is mapped

onto the five core-excited PESs. The absorbance mea-
sured after excitation with the 6× 1014 W/cm2 vis-NIR
pulse with 3 fs delay steps is shown in Fig. 3b-d. Apart
from a slight difference in frequency originating from the
calculated ground state potential, the absorbance oscil-
lations nicely follow the nuclear wavepacket. No effect of
spreading of the wavepacket is observed, indicating exci-
tation of low vibrational levels in the harmonic part of the
ground electronic state potential, in agreement with the
results of Fig. 4a. At each delay, the absorption features
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FIG. 4. a) Calculated populations of the vibrational levels
ν1 = 1 to 4 after interaction with a 6 fs fwhm gaussian 800
nm pulse of 6 × 1014 W/cm2 intensity. b) Calculated aver-
age position of the nuclear wavepacket (in atomic units) as a
function of time after interaction with a gaussian 6 fs 800 nm
laser pulse of different intensities (indicated in the legend in
W/cm2).

are fitted by a Gaussian or Lorentzian function depend-
ing on the core-excited state [24]. Their central energy
oscillates as a function of the vis-NIR - SXR delay with
a period of T1 = 43 fs. The oscillations of the central
energy are then fitted to a cosine function. Their am-
plitudes are different for the five core-excited states and
inform on their relative PES gradients.

The vis-NIR pump intensity is then varied with a
broadband combination of half-waveplate and polarizer
between 2.6 × 1014 and 8 × 1014 W/cm2. This allows
us to incorporate greater or fewer vibrational states in
the coherent superposition. As shown on Figure 5, the
calculations indicate that the nuclear wavepacket spatial
excursion is linear with the laser intensity in this range,
as the maximum vibrational level reached at the highest
intensity is ν1 = 4. A SXR transient absorption spec-
trogram is measured for six different intensities, all other
parameters remaining identical. The amplitude of the
central energy oscillation for the five core-excited states
at each pump intensity is reported in Fig. 6. For the
same nuclear geometry change in the ground state (i.e.
at a given pump intensity), the SXR transition energies
to the S 2p−1 a1g and S 2p−1 eg states have wider excur-
sions from the equilibrium geometry transition compared
to the S 2p−1 t2g state. This result reveals the larger
displacement of the PES along the S-F bond upon exci-
tation to the S 2p−1 a1g and S 2p−1 eg states compared
to S 2p−1 t2g. This different behavior reflects the non-
bonding character of the t2g molecular orbital, whereas
both the a1g and eg orbitals are anti-bonding along the
S-F bonds (Fig. 6) therefore the electronic energy is more
dependent on the internuclear distance.

More quantitatively, the linear increases of the energy
shifts with the pump intensity - which gives the spatial
extension of the nuclear wavefunction - can be extracted
from a fit of the data in Fig. 6. These shifts are directly
related to the gradients of the PESs along the S-F dis-
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FIG. 5. Amplitude of the calculated oscillation of the average
position of the nuclear wavepacket (extracted from Fig. 4b)
as a function of intensity (dots) and linear fit (dashed line).

FIG. 6. Amplitude of the absorption peak shift as a function
of the pump intensity for the five S core-excited states and
their linear fit (dashed line). The error bars represent the 95
% confidence bounds. The relative slopes are indicated on
the right, with numbers in parenthesis obtained from a fitting
procedure including other data sets adapted from [43] and
described in the Appendix. Illustrations of the eg, a1g and
t2g molecular orbitals are shown next to the corresponding
state.

tance. With the lowest core-excited state S 2p−1
3/2 a1g

taken as a reference, the relative PESs gradients are 1.1
± 0.3 (S 2p−1

1/2 a1g), 0.45 ± 0.1 (S 2p−1
3/2 t2g), 0.45 ± 0.1

(S 2p−1
1/2 t2g), and 1.3 ± 0.4 (S 2p−1 eg) (Fig. 6). The

results are consistent with the calculated potential en-
ergy curves presented in Fig. 1. As typically observed
for core-excited states [3], these PESs have steep gradi-
ents along the symmetric stretch mode ν1, of the order of
10 to 30 eV/Å. At the equilibrium geometry, the gradi-
ents of the calculated potential energy curves relative to
S 2p−1

3/2 a1g are 1.01 (S 2p−1
1/2 a1g), 0.38 (S 2p−1

3/2 t2g), 0.38

(S 2p−1
1/2 t2g), 1.05 (S 2p−1

3/2 2eg), and 1.05 (S 2p−1
1/2 2eg),

in good agreement with the experimental values. The
eg doublet is not resolved in practice. The calculated

potential energy curves for the ground state and the two
lowest core-excited states of a1g symmetry along the nor-
mal coordinates of the two other Raman-active modes
(ν2 and ν5) are shown in Fig. 1b. The core-excited and
ground states are relatively parallel, confirming the lack
of observed oscillations in the experiment. A similar be-
haviour is expected for the higher eg and t2g core-excited
states, but vibrations along the non-totally symmetric
ν2 and ν5 modes lift the degeneracy of these states, mak-
ing the calculations of the potential energy curves more
complex and beyond the scope of this work.

Vibrational dynamics resulting from strong-field
ionization have previously been observed with X-ray
transient absorption spectroscopy [12–18]. Here, the
use of ISRS excitation provides a controlled vibrational
wavepacket in the ground electronic state of the molecule.
This in turn enables the simultaneous characterization
of multiple core-excited potential energy curves. These
results are an experimental demonstration of how to
probe different regions of the core-excited PESs with the
IR pump/X-ray probe scheme theoretically proposed
over fifteen years ago [4–6]. Taking advantage of the
element specificity of X-ray spectroscopy, multidimen-
sional unexplored regions of core-excited PESs in many
systems are accessible with this scheme, implemented
either on table-top sources of femtosecond X-ray pulses
or Free Electron Lasers. These unexplored regions are
expected to drive nuclear dynamics, such as proton
transfer in oxygen-core-excited water dimers [6], and
could therefore be used to control chemical reactions in
short-lived core-excited states.
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FIG. 7. Illustration of the effect of a ±0.2 eV shift of the
peak position on the absorbance and differential absorbance
∆A for peak parameters identical to the S 2p−1 a1g of SF6.
Notice that the ∆A signals are strongest where the slope of
the static absorption is the largest.

APPENDIX: PHYSICAL PARAMETER
EXTRACTION BY LARGE MULTIVARIATE

FITTING

The results presented in Fig. 6 were obtained by chang-
ing the laser power with a broadband combination of
half-wave plate and polarizer, all other parameters (pulse
duration, focus size, gas density...) remaining identical.
A multivariate fitting procedure to determine the rela-
tive potential energy gradients using more experimental
datasets (not necessarily measured in exact same condi-
tions) is here presented. In order to make use of all of
the information provided, the data are fitted to a model
that includes vibration and ionization of SF6.

Due to the nature of measuring vibrations, the tran-
sient absorption data has correlations between energy
that provide overlapping information. For example, the
vibration leads to a net shift of the energy of a state ab-
sorption, which leads to a positive ∆A on one side of the
energies and a negative ∆A on the other, an example of
which is shown in fig 7.

After the data for each dataset is prepared, it is saved
in files containing the ∆A(τ), the static absorption spec-
trum of SF6 of that measurement, the delay axis, and
the pixel-to-energy calibration axis. A dataset is the set
of data taken continuously with no changes to the ex-
periment, usually datasets represent data from different
days, but they may also be single days with multiple
conditions. Slight differences in energy calibration and
sample pressure are determined by comparing the static
absorption of each dataset to a master static spectrum.
Changes made to internal parameters are made accord-
ingly to energy calibration and pressure to make each
dataset comparable to each other. These are all loaded

into a single program to fit all of them to a model.
The model is concerned with two different parts: (i)

non-oscillatory changes to different electronic states, in-
cluding ionization, excited states, or extreme nuclear
changes, and (ii) oscillatory changes, in this case due to
vibration. A complete model of both are necessary for ex-
tracting the core-excited potential energy curve (PEC).
(i) The first part of the model follows the general assump-
tion that

∆A = (P1×A1 + Pneutral×Aneutral)−Astatic

where, P1+Pneutral = 1 are coefficients denoting the per-
cent of molecules in a particular state, in this case the
ionized SF6

+ and Pneutral is the percent that remains
in neutral SF6 that vibrates. The absorption spectrum
A1 is represented as fitting parameters. These represen-
tations only serve to correct for non-oscillatory changes
in the ∆A data, which is necessary for extracting the
core-excited PEC, but the PEC is the main focus of the
fitting. Only delay times greater than 100 fs are used
for the fitting procedure to avoid any potential problems
that may arise from strong electric field effects or disso-
ciation of SF6

+.
(ii) The second part of the model is concerned with the
oscillatory features due to the vibrations. The main as-
sumption of this part of the model is that the energy
of absorption is equal to the energy difference between
the PEC of a specific core-excited state and that of the
ground state:

Ephoton(q) = PECcore−excited(q)− PECground(q)

where q is the movement along the vibrational mode.
In the model, Ephoton(q) is represented as a polynomial
with a potentially variable degree; although, using poly-
nomials that are quadratic or higher degree lead to er-
ror bounds too large to make substantive claims. An-
other assumption is that the vibration occurs in a part
of the potential well that harmonic, i.e. that the vi-
bration q position can be denoted by a sine function
q(t) = Q0 × sin(ω(t − t0)), where Q0 is the amplitude
of vibration, proportional to the pump laser intensity, ω
is the frequency of vibration, and t0 allows for slightly
shifted time zeros in each of the individual datasets, rel-
ative to time zero. As written in the main text, as no
effect of anharmonicity is observed in the experiments
at the pump intensities used, this harmonic approxima-
tion is valid. The evolution of the absorption with this
assumption is simply that the Voigt function of static ab-
sorption changes in energy without changing its shape:

Ephoton(t) = Epolynomial(Q0 × sin(ω(t− t0)))

The differential absorbance as a function of time
∆A(τ) is then calculated based on this model and is
broadened in time by convolution with a Gaussian to
account for the temporal resolution of our experiment.
The model is subtracted from the data and fed into a
minimization of least squares fitting algorithm, lsqnonlin
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in Matlab. The parameters that are needed and common
to all datasets are:

1. Absorbtion spectrum of the new state A1

2. Frequency of the neutral vibration ω

3. Core-Excited state slopes for the vibration of each
transition (polynomial)

The parameters that are unique to each individual
dataset are:

1. Timing delay offset t0

2. Population parameters Pi, for each state in each
dataset

3. Vibrational amplitude of the neutral Q0

4. Temporal broadening amounts

An example of a finished fit for one dataset is shown in
Fig. 8. Fifteen different datasets are analyzed simultane-
ously to find the optimal core-excited state PES gradient.
The values obtained for the the S 2p−1 t2g and the S 2p−1

eg are indicated in parenthesis on the right side of Fig. 6.
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FIG. 8. An example of one dataset fitted by the multivariate fitting algorithm. The top row shows the measured ∆A(τ). The
middle row shows the result of the fitting. The bottom row shows the difference between the data and the fitting (the top and
middle rows). Note that the colorscale on the bottom row is zoomed by a factor of 2.5 to highlight errors. This shows only one
dataset. The model ignores the first 100 fs to avoid potential problems arising from dissociation.
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