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Transmission spectroscopy of CF4 molecules in intense x-ray fields
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The nonlinear interaction of x rays with matter is at the heart of understanding and controlling ultrafast
molecular dynamics from an atom-specific viewpoint, providing new scientific and analytical opportunities
to explore the structure and dynamics of small quantum systems. At increasingly high x-ray intensity, the
sensitivity of ultrashort x-ray pulses to specific electronic states and emerging short-lived transient intermediates
is of particular relevance for our understanding of fundamental multiphoton absorption processes. In this work,
intense x-ray free-electron laser (XFEL) pulses at the European XFEL are combined with a gas cell and grating
spectrometer for a high-intensity transmission spectroscopy study of multiphoton-induced ultrafast molecular
fragmentation dynamics in CF,. This approach unlocks the direct intrapulse observation of transient fragments,
including neutral atoms, by their characteristic absorption lines in the transmitted broadband x-ray spectrum. The
dynamics with and without initially producing fluorine K-shell holes are studied by tuning the central photon
energy. The absorption spectra are measured at different FEL intensities to observe nonlinear effects. Transient
isolated fluorine atoms and ions are spectroscopically recorded within the ultrashort pulse duration of a few
tens of femtoseconds. An isosbestic point that signifies the correlated transition between intact neutral CF,
molecules and charged atomic fragments is observed near the fluorine K edge. The dissociation dynamics and
the multiphoton absorption-induced dynamics encoded in the spectra are theoretically interpreted. Overall, this
study demonstrates the potential of high-intensity x-ray transmission spectroscopy to study ultrafast molecular
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dynamics with sensitivity to specific intermediate species and their electronic structure.
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I. INTRODUCTION

The interactions of x rays with matter can create short-lived
electronic core-hole states, triggering subsequent ultrafast
molecular dynamics [1-7]. The study of such processes is
therefore of fundamental importance for diverse research
fields such as material science [8], photochemistry [9-11],
biosciences [12,13], and environmental science [14]. While
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the linear (low-intensity) absorption and transmission of x
rays in matter is well understood and thus routinely used for
scientific applications, e.g., at synchrotron light sources, it is
desirable to extend our understanding of x-ray transmission in
the presence of nonlinear x-ray light-matter interactions. Thus
we ask the basic question of how these interactions manifest
in the x-ray transmission spectrum at increasing intensity.

The advent of x-ray free-electron lasers (XFEL) [15-19]
enabled the nonlinear interaction of more than one x-ray
photon with specific atomic sites and their electronic struc-
ture [2,4,5,20,21], opening a new route for site-selective
x-ray spectroscopy and control of the molecular dynamics
[7,22,23]. This is achieved by delivering brilliant x-ray pulses
of up to several millijoules focused onto a micrometer-scale
focus spot within an ultrashort pulse duration on the order of
tens of femtoseconds [15,24,25], and even reaching down to
the attosecond regime [26-29].

A powerful tool to extract nonlinear dynamical information
from transmission spectra is the transient absorption spec-
troscopy (TAS) approach, which has recently been realized

Published by the American Physical Society
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with attosecond pump and probe pulses in the x-ray regime
[28]. Generally, in TAS a broadband pulsed light source is
employed to probe the dynamics induced by pump pulses at
various time delays and spectroscopic information is extracted
by resolving the transmitted probe spectra with grating spec-
trometers. Conventionally, the probe pulse is weak, therefore,
its interaction with the system within TAS is limited to the
linear response regime, i.e., measuring the linear absorption
spectrum at various delays after a pump pulse, which is
typically understood as pump-probe transient absorption spec-
troscopy. The absorption spectra however contain additional
information when entering the nonlinear response regime of
the transmitted pulse, going beyond the pump-probe spec-
troscopy interpretation. This has most recently been realized
in the XUV regime by using weak HHG-based sources with
strong NIR dressing of the coherent dipole response [30-36]
and direct dressing with intense XUV pulses from FEL-based
sources [37-39]. These experiments have revealed for in-
stance modifications of spectral line shapes, which unlock
new quantum dynamical information that can be extracted
from the absorption imprint of the measured XUV trans-
mission spectra when using intense and ultrashort pulses.
Realizing this approach in the x-ray regime allows for the
comprehensive examination of the total absorption of tran-
sient states with atomic site and state selectivity, including
neutral species, simultaneously across a broad range of pho-
ton energies and within the ultrashort pulse duration. Hence
the high-intensity x-ray transmission spectroscopy technique
developed here can provide a new insight into the ultrafast
nonlinear x-ray light-matter interactions even by using just a
single pulse and without the need for scanning a time delay.

The CF4 molecule on which we focus below is extensively
studied not only because it is a prototypical system for the
understanding of ultrafast molecular dynamics [40-55], but
also due to its importance in environmental processes, such
as the modeling of ozone depletion and climate change [14].
However, to the best of our knowledge, state-resolved frag-
mentation dynamics of the CF4 molecule nonlinearly driven
by intense x-ray fields have not yet been studied. In this
work, the high-intensity transmission spectroscopy approach
is employed to investigate this unexplored area of nonlinear
x-ray interaction with a molecular system.

The photon energy of the XFEL short pulses is tuned
across the fluorine K edge to selectively initiate dynamics
with and without creating fluorine K holes after absorbing
the first photon at the leading edge of the pulse. Within
high-intensity transmission spectroscopy, the FEL intensity is
varied, where we expect the population evolution of different
fragments to be influenced by multiphoton absorption. The
spectroscopic fingerprint of these transient fragment states
that emerge within the pulse duration is observed via a grating
spectrometer. In the case where the photon energy lies well
below the fluorine K edge (from around 675 to 680 eV), both
the valence and carbon 1s shell of the CF4; molecule can be
ionized, initially forming CF4 and C*F, with comparable
branching ratio. The cross sections for ionizing carbon 1s and
the valence orbitals of CF,4 at photon energy 680 eV are 0.12
and 0.117 Mb, respectively, approximated by summing the
atomic cross section taken from [56]. Since the lifetime of
the C*F,4™ is only about 8.5 fs [57], it will quickly ionize and

produce CF4%* ions via the Auger-Meitner decay process. We
denote this channel as “Auger before dissociation” as opposed
to another observed process, namely the “dissociation before
Auger,” where the C*F4* can dissociate and produce neutral
fluorine atoms before Auger-Meitner decay [52]. For the pho-
ton energy across the fluorine K edge, short-lived molecular
species CF4* and CF,** with a fluorine 1s hole can be respec-
tively created by resonant excitation or photoionization. With
a lifetime of around 3 fs [50,58], these molecules will quickly
undergo Auger-Meitner decay into predominantly CF4* and
CF,2*. Both molecular ions are unstable and will thus un-
dergo ultrafast fragmentation processes that produce atomic
species [44,48,49,51]. It is these intermediate atomic frag-
ments that are the central focus of our study presented here.

The intermediate molecular and atomic fragments of the
above initial channels can be observed in the transmitted
x-ray absorption spectra across the entire XFEL spectral
bandwidth. To assign the resonant peaks in the spectrum,
the electronic structures of relevant intermediate fragments
are calculated based on the multiconfiguration self-consistent
field (MCSCF) method. A semiclassical molecular dynamics
(MD) simulation is conducted to rationalize the emergence of
atomic fragments within the short pulse duration. In addition,
the sequential multiphoton-absorption-induced dynamics are
studied using a simple rate equation model. The result of
these theoretical calculations allows one to further interpret
the measured transmission spectra at high x-ray intensity and
thus shed light on the nonlinear physical mechanisms at work
in the experiment.

The paper is organized as follows. In Sec. II A we introduce
the experimental setup and present measured transmission
spectra for photon energies below and across the fluorine K
edge, at various incoming XFEL pulse intensities. Precisely
calculated resonances of atomic and molecular fragments
are presented for the identification of nonlinear multiple
ionization and dissociation processes of the CF, molecule
interacting with intense short-pulsed x-ray light. The disso-
ciation dynamics of the charged molecules CF4* and CF,**
produced after absorbing the first x-ray photon within the
ultrashort pulse is presented in Sec. II B. The sequential mul-
tiphoton absorption-induced dynamics during the pulse is
discussed in Sec. IIC. Finally, a summary and concluding
remarks are given in Sec. III.

II. EXPERIMENTAL SETUP AND RESULTS
A. Absorption spectra

The self-amplified spontaneous emission (SASE) free-
electron laser European XFEL (EuXFEL) is employed in this
experiment. The experimental scheme is shown in Fig. 1(a).
A short x-ray pulse prepared at the Small Quantum Systems
(SQS) instrument with 3 mJ pulse energy and nominal pulse
duration of about 25 fs [full width at half maximum (FWHM)]
is focused into the CF4 sample in a gas cell with a 2 um
diameter spot size using Kirkpatrick-Baez mirrors. The drift
of photon energy and pulse intensity for sequential experiment
runs are within 0.5%, and 5%, respectively, ensuring the reli-
ability of the XFEL source. The detailed discussion of XFEL
parameters can be found in Appendix A. In this experiment,
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FIG. 1. Experimental setup and overview of the x-ray absorption spectra and energy-level scheme for CF,. (a) Experimental setup.
(b) Demonstration of reference and transmitted average spectra of FEL pulses and the derived optical density (OD). (c) Energy diagrams
for CF,. The blue and yellow arrows respectively denote the ionization of CF, with and without creating fluorine K holes with photon energy
centered at 694.4 and 679.6 eV, i.e., above and below the K edge, respectively. (d) Corresponding OD spectra (gray curve) under the two
photon-energy settings. The colored shaded curves show the average spectra of the incoming FEL pulses.

the gas-cell pressure is fixed at 0.1 bar and has an inner length
of 4 mm in the direction of light propagation. The FEL pulse
travels through a gas attenuator before it is focused into the gas
cell. This enables us to measure the photoabsorption spectra
at different FEL intensities. After passage through the gas cell
and the protective aluminum filter, the XFEL pulse is sent into
a grating spectrometer to facilitate high-intensity x-ray trans-
mission spectroscopy. The spectrometer resolution and natural
lifetime of the F K-shell state together give an experimental
resolution of around 0.2 eV. This allows one to separate the
resonant structures for electronic states of transient fragments
in the total photoabsorption spectra across the entire pulse
bandwidth. The short pulse duration enables observing the
intermediate species at the pulse-duration time scales of a few
tens of femtoseconds:

I,(E)

OD(E) = —loglo m

ey
The optical density (OD) is derived employing Eq. (1), where
the shot-averaged intensity spectrum for transmitted Z;(E)
and reference Z,(E') beams are separately measured by propa-
gating the x-ray beam through a filled and evacuated gas cell,
respectively, as shown in Fig. 1(b). The same aluminum filter
is used for the reference and transmitted beam; therefore, it
has no effect on the OD. It is worthwhile to note that, in the
high intensity region, Eq. (1) does not imply that the conven-
tional single-photon absorption cross section is determined
according to Beer-Lambert’s law. The energy diagram of the
CF4 molecule is presented in (c), which serves to outline the

interaction with the first x-ray photon at the beginning of the
pulse. The ionization potential (IP) for the fluorine 1s orbital
in CF4 is about 695.5 eV [44]. The central photon energy is set
at 679.6 and 694.4 eV to excite and probe different dynamics
below and across the fluorine K edge, as indicated by the
yellow and blue arrows, respectively, and color-shaded spectra
in the diagram shown in Fig. 1(d).

The measured OD at different incoming pulse intensities
are shown in Fig. 2 for central photon energy E. = 679.6 eV,
well below the fluorine K edge. Four major peaks are observed
and marked as A, B, C, and D. It is apparent that peak B looks
broader than the others, where this difference in width sug-
gests that peak B might be comprised of different transitions,
e.g., corresponding to molecular fragments, while peaks A, C,
and D are more likely identified as atomic lines.

In order to test this hypothesis, theoretical calculations of
the resonant excitation spectra for both atoms and relevant
molecular fragments are carried out with high accuracy. For
the atomic species, the calculation is based on a scheme
combining MCSCF and relativistic configuration interaction
(RCI) [59] employing the GRASP code [60]. High calculation
accuracy is achieved by a customized quasicomplete basis set
and balanced consideration of correlation effects. As shown
in Appendix B, the transition energies for neutral F atoms
are converged within 0.2 eV. In addition, the relative differ-
ence between oscillator strengths (OS) in velocity and length
gauge is guaranteed within 10%, indicating the completeness
of the basis. As for the molecular fragments, the resonant
transitions are calculated using the restricted active space
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FIG. 2. Resonant absorption spectra for FEL photon energy well below the fluorine K edge. (a) Average spectrum of incoming FEL
pulses centered at 679.6 eV. (b) Experiment OD for various incoming FEL intensities, indicated by the color of the curves. The shaded areas
indicate the corresponding standard deviation of the measurement. (c) Theoretical calculations for relevant atomic fragments. Note that the
calculated oscillator strengths are broadened to match the experimental resolution of about 0.2 eV. (d) Theoretical spectra for fragmenting
(dissociating bond length at 5 A) charged molecules CF,4+ and CF,2". The leftmost peaks for these two molecular ions correspond to neutral
fluorine fragments which allows one to shift the whole molecular spectra to fit peak A. The peaks within 677-679 eV, assigned as CF;* and
CF;2*, are located in the area of the broad peak B. Each molecular spectrum is calculated by averaging the OS for eight different nuclear
geometries displaced from the ground-state equilibrium geometry by a combination of C-F dissociation and planarization of CF;* and CF;>*+
(see Appendix C) to describe the vibrational broadening of the peaks, in addition to the 0.2 eV experimental resolution.

self-consistent-field (RASSCF) [61,62] and restricted active
space perturbation theory (RASPT2) methods [63,64] in the
OPENMOLCAS suite [65]. These methods are reported to pro-
vide sub-eV agreement with soft x-ray spectroscopy [66]. The
calculation details can be found in Appendixes B and C.

Two atomic species, F and F*, are found relevant in the
spectral region of interest. Their corresponding OS are in-
dicated as green and blue curves, respectively, in Fig. 2(c).
To take into account the experimental resolution, the theo-
retical spectra were broadened (by convolution) to 0.2 eV.
The calculated resonances of F (15s?2s>2p°> — 1s5'25%2p%) and
F+ (1s22s%2p* — 1s5'25?2p°) are in good agreement with the
experimental peaks A, C, and D. Note that the two elec-
tronic states 152s22p* 3P and 'D for the F* initial state are
individually resolved. Assigning the molecular fragments

with their complex and closely spaced electronic and vibra-
tional states is more challenging, in addition to the quantum
molecular calculation itself. Therefore, we focus on the F-1s
resonant transition of dissociating charged molecules after
absorbing the first photon, as depicted by the inset cartoon
in subfigure (d). Both singly charged CF,* or doubly charged
CF42t (with the dissociating C-F bond distance set at 5 10%) are
calculated and shown as yellow and dark blue curves in (d).
The molecular spectra are broadened by vibrational coupling
to nuclear motion in addition to the experimental resolution
of 0.2 eV, described by averaging the OS of eight different
nuclear geometries displaced by a combination of C-F dis-
sociation and planarization of CF3;* and CF3’* [28,67,68]
(see Appendix C). The wave-function analysis shows the first
peak corresponds to a neutral fluorine atom in both cases; this
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FIG. 3. Resonant absorption spectra across the fluorine K edge. (a) Average spectrum of incoming FEL pulses with central photon energy
at 694.4 eV. (b) Experiment OD for various incoming FEL intensities. The shaded areas indicate the corresponding standard deviation of the
measurement. (c) Theoretical calculations for relevant atomic and molecular fragments. The molecular spectrum is broadened by vibrational
coupling to the combination of C-F dissociation and planarization of CF;* and CF3** in addition to the 0.2 eV experiment resolution. The

ionization potential (IP) for CF, is indicated by the vertical shaded bar.

allows us to shift the whole theoretical molecular spectra to fit
the first experimental peak A, which is assigned to a neutral
fluorine atom separately by the highly accurate atomic cal-
culation. Stark shift due to the nearby charged radicals CF3"
and CF3%* are taken into account, respectively, indicated by
the dashed lines slightly offset from peak A (—0.09 eV for
CF;* and —0.08 eV for CF32" at a distance of 5 A to the
dissociating F atom used in our calculations). As a result,
the transition OS from both radicals CF3+ and CF32* falls into
the range of the broad peak B. The agreement of the theoreti-
cal prediction with the experimental spectra thus confirms the
above hypothesis of assigning the narrower peaks A, C, and
D predominantly to neutral F and respectively F* in different
initial states as indicated in Fig. 2(c), as well as the wider peak
B to be influenced by absorption of molecular fragments.

To study the nonlinear dynamics initiated by F-1s holes,
the central photon energy was shifted to 694.4 eV. The spectra
for different FEL intensities are shown as colored curves in
Fig. 3(b). In this region, the general shape of a large and broad
peak on top of the F-1s edge qualitatively matches with the
linear synchrotron studies [47,50]. Still, additional detailed
resonant structure is visible, even for the lowest FEL intensity
used (10%), where we label five obvious resonant peaks from
E to I for later discussion. Atomic structure calculations are
used to assign peaks E and F to doubly charged atoms F>*
in its ground states [orange curve in Fig. 3(c)], produced
within the pulse upon nonlinear interaction, which is also
supported by the fact that they are absent in linear synchrotron
measurements [47]. The resonant transition peak of CFy lies

at the center of the big hump across the edge. Three peaks
G, H, and I can be identified in all curves; they correspond
to the three antibonding transition final states, which are also
observed in the linear synchrotron absorption spectrum [47].
The theoretical spectrum was shifted by —1.0 eV to align
it with the reference experimental synchrotron spectra [47].
The theoretical spectrum was calculated by averaging the
OS of eight different nuclear geometries displaced by the
umbrella motion which is the mostly IR-active motion at
the equilibrium geometry of CF4 (see Appendix C) to de-
scribe the vibrational broadening of the peaks, in addition
to the experimental resolution. The overall broadened spectra
manifest features that agree well with the three peaks fitted in
the synchrotron spectra [47]. Moreover, we observe additional
sharp peaks emerge at higher intensities, hypothetically due to
molecular two-sited double core-hole states or higher charged
atomic ions, as well as due to nonthermal motion competing
with the molecular geometric distortion of the excited neutral
molecule after the absorption of the first x-ray photon. Given
the high number of possible states, further experimental and
theoretical investigation is needed to further clarify their ori-
gin, which goes far beyond the scope of this work.

A pronounced isosbestic point [69] at E; = 689.8 eV
is observed and marked as a red dot in Fig. 3(a). To be
specific, the OD for energy E < E; increases with the in-
creasing FEL pulse intensity, while the OD for energy £ >
E; decreases with increasing FEL intensity. Due to strong
photoabsorption processes in the energy region of interest, the
density of available neutral CF4; molecules within the FEL
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FIG. 4. Molecular fragmentation dynamics for both CF,* (created by valence ionization) and CF4** (created by photonionizing the C-1s
hole and following Auger-Meitner decay) before the arrival of a second photon. (a), (b), (c) Bond distances for CF,* and CF,2*, respectively.
The molecular fragmentation of CF,** starting from 1t 2 and 4t; ! 1t ! are highlighted in (b) and (c), respectively. Panels (d), (e), and (f)
correspond to charge on each atomic site (indicated by the same color coding used in the upper subfigures). The red curves represent the
charge of the central carbon atom. Note that the charge on the distant F atom (F4) vanishes within a few tens of femtosecond time scale for all

cases, indicating the atomic fragments are neutral.

pulse duration drops with increasing FEL intensity, leading
to the lowering of its absorption signal above the isosbestic
point. Correspondingly, the absorption signal in the region of
peaks E and F increases due to the increasing density of the
F?* fragments.

B. Single-photon-induced molecular dynamics

In the previous section, we have assigned atomic fragments
(neutral and charged) to several peaks. However, it is nec-
essary to quantitatively study the dissociation dynamics of
the products after absorbing the first x-ray photon within the
leading edge of the pulse, as a foundation for the later study of
multiphoton absorption dynamics in Sec. II C. Photons with
energy around 680 eV can either ionize electrons out of the
valence shell of the CF4 molecule or from the localized carbon
s core orbital, both with comparable cross sections. While
the former channel produces mainly CF,* ions, the latter
channel can quickly render predominantly doubly charged
CF.4** ions after Auger-Meitner decay within 8.5 fs [57]. The
double Auger decay (creating triply charged ion CF,43*) is ne-
glected due to its reported low possibility of around 10% [70].
To verify the possibility of subsequent ultrafast fragmentation
within the short pulse duration, we carried out a semiclassical
molecular dynamics (MD) simulation using the DYNAMIX
module in OPENMOLCAS, which is based on state-averaged
CASSCEF energy surfaces. To study the dissociation dynamics
for different ionization products with various hole distribution
possibilities, we carry out six separate sets of MD simulations
where molecules are initially put on different energy surfaces.
Each energy surface represents an electronic state with one
hole in the six highest-occupied valence orbitals for CF,* and
two holes in the four highest-occupied valence orbitals for
CF,>*. Surface hopping is used to account for possible nona-

diabatic transitions. As a result, the molecules with highly
valence-excited states may end up in lower electronic states
when passing the conical intersections and give off excessive
energy to the nuclear kinetic energies, thus enabling or accel-
erating the dissociation process (for a demonstration example,
see Fig. 9 in Appendix D). Each set consists of an ensemble of
five parallel simulations with various initial nuclear velocities
to take into account a finite temperature of 300 K. Further
simulation details can be found in Appendix D.

The MD simulation results of CF4* and CF42* are shown
in Fig. 4. The simulation for CF4* from all six initial states
and with various initial velocities show similar fragmentation
pattern, as depicted by the transparent curves in the first col-
umn. The fragmentation dynamics from the ground state 17, !
is highlighted as a representative case. Subfigure (a) shows
the bond distances of four fluorine atoms (denoted as F1, F2,
F3, and F4) to the carbon center. One of the fluorine atoms
(F4) quickly flies away from the carbon center, leaving the
remaining fluorine atoms vibrating around their initial bond
distances. In subfigure (d) we observe this dissociating F4
atom to carry away around 0.3 charge initially; however, due
to its strong electronegativity, its charge quickly drops to zero
after around 20 fs. We take this time scale of an ejected neutral
fluorine atom as approximated dissociation time tp of CF,™"
for later discussion in Sec. IIC. As for the CF42" ion, the
dissociation dynamics can be classified into two typical trends
and highlighted in the second and third columns of Fig. 4. In
subfigures (b) and (e), the molecular dynamics starting from
the ground state 1¢; 2 is highlighted to represent a typical case,
where one fluorine atom flies away, with its charge eventually
turning neutral within a time scale of about 60 fs. For the
molecular dynamics starting from the excited state 4z, ' 1¢;7",
as highlighted in subfigures (c) and (f), we observe two flu-
orine atoms to be ejected, where both of them turn neutral
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within about 40 fs. This study therefore confirms that, after
the interaction with the first x-ray photon at the leading edge
of the pulse, the charged molecule can indeed fragment within
a few tens of femtosecond and thus on the time scale or shorter
than the pulse duration. This further supports the above iden-
tification of neutral fluorine atoms spectroscopically observed
within the same x-ray pulse.

C. Multiphoton dynamics

Having studied the dissociation dynamics after absorbing
the first photon, we now turn to the sequential multiphoton
absorption processes within the FEL pulse to discuss their
nonlinear intensity dependence, regarding atomic peaks A,
C, and D well below the fluorine K edge. A simplified rate
equation model is employed to study the sequential absorption
of further x-ray photons following the molecular dissociation.
For simplicity, the appearance of neutral fluorine in various
fragmentation patterns studied in Sec. II B is phenomenolog-
ically described by an effective channel. In this channel, the
CF, is photoionized (regardless of whether it is valence or
C-1s ionization) into CF4", which dissociates and effectively
produces a neutral F atom in the time scale of 7 of 20 fs,
as determined from the MD simulation in Sec. IIB. This
approximation is validated for the current focus of study, i.e.,
the atomic species shown as peaks A, C, and D in Fig. 2(b),
with a trade-off for ignoring the details of partner molecular
fragments assigned in the area of peak B. The possible direct
creation of singly charged fluorine F* from much higher
electronic states of CF4* [71] is ignored. In addition, the
“dissociation-before-Auger” channel is also ignored due to
the challenge of detailing the molecular fragmentation with
core hole. Within these approximations, the charged fluorine
atoms are then only produced by sequentially ionizing these
neutral F atoms to higher charge states. The considered atomic
x-ray light-matter interaction processes are photoionization,
resonant excitation, and subsequent decay by fluorescence
or Auger-Meitner decay. The corresponding reaction rates
I';; for the transition from electronic configuration i to j
are obtained by using the configuration-interaction method
via flexible atomic code (FAC) [72]. For the upward transi-
tions (i < j), Iyj = o/lJ(t) + oFJ (1) + Aij, where J(1) is
the FEL photon flux, and af;’ , 055, and A;; denote the cross
sections of photoionization, resonant photoexcitation, and the
rate of Auger-Meitner decay, respectively. Rate matrix ele-
ments for the downward transitions (i > j) are simply the rate
of fluorescence decay I';; = R;;. The set of rate equations for
the populations Ny reads

dNcr,
% = _[UCF4J(t)]NCF4 ’ (2a)
dNcE,+ 1
—— = [ocr,J()Wcr, — —Ncr,. (2b)
dt ™
dNo 1
7 = ZNijO—NOZFOj+;NCF4+v (20)
J#0 J#0
dN;
— = 2N =N Y Ty, (2d)
J#i J#i
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FIG. 5. Evolution of fragment population for (a) 1% FEL inten-
sity, (b) 20% FEL intensity, and (c) 100% FEL intensity. The FEL
pulse profile used in the model is shown as a filled shaded curve.

where the index X denotes both the neutral CF4 and singly
ionized CF4+ molecular species, as well as the fluorine atom
in configuration i (0 < i < 60 indexes all configurations rang-
ing from neutral F to F3*). Equation (2a) describes the
molecular ionization and Eq. (2b) describes the evolution of
CF,* due to the competition of ionization of CF, and follow-
ing dissociation of CF4*. The emergence of the neutral F atom
due to the dissociation of CF4t corresponds to the source
term of %NCFN in Eq. (2c). This model is applied to the case
with photon energy well below the fluorine K edge (Fig. 2)
to interpret the emergence of atomic fragments, including the
neutral species. The FEL photon flux J(¢) is modeled with
a Gaussian temporal pulse profile with a pulse duration of
25 fs (FWHM) and a center photon energy of 676 eV. The
molecular photoionization cross section o, = 0.24 Mbarn
is approximated by the summation of the cross sections of
four fluorine atoms and a carbon atom taken from the VUO
database [56]. The resulting population dynamics for the CF4
and CF4" as well the atomic species at different FEL photon
flux J(¢) are shown in Fig. 5. The populations of the atomic
species shown here are charge state resolved, i.e., the popula-
tion of the configurations with the same charge are summed up
as Py = Z?ﬁo Nibg, 0 (O; is the charge of the configuration 7).
In the low FEL intensity case in Fig. 5(a), the neutral fluorine
population (blue curve) exponentially rises within the pulse
as a result of single-photon induced fragmentation and subse-
quent dissociation. This is in agreement with the decrease of
the initial CF4 molecule (black dotted curve) as well as the
transient rise and decay of the intermediate CF4* molecular
cation (red dashed curve). However, as the FEL intensity
further increases in subfigures (b) and (c), saturation sets in,
where the neutral fluorine population starts to form a peak and
eventually decreases in favor of higher charge states. For high
intensities, the neutral fluorine is nearly entirely bleached at
the end of the pulse in (c), but the transient appearance of
this channel during the FEL pulse can still be recorded in
the measured absorption spectra, identified as peak A in the
magenta curve in Fig. 2(b). This demonstrates a key advantage
of the high-intensity x-ray transmission spectroscopy scheme
being sensitive to intrapulse intermediate states.
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FIG. 6. Pulse integrated populations in comparison with the fitted peak areas. (a), (d) The pulse integrated populations of neutral and singly
charged fluorine atoms as functions of FEL intensity. (b), (c) (e), (f) The fitted area of the peaks A, B, C, and D in Fig. 2.

A direct comparison of the rate-equation model with the
experiment can be done by temporally integrating the re-
sulting population dynamics with the normalized FEL pulse
profile. The result is shown in Fig. 6, where the pulse-
integrated populations of the neutral and singly ionized atomic
products (F and FT) are shown in comparison with the fitted
peak areas of the experimental spectra from Fig. 2. The pop-
ulation of neutral fluorine reaches a local maximum at around
10% FEL intensity, which is in agreement with the formation
of a local maximum of peak A at relatively low FEL intensity
shown in (b).

The simulated population of singly charged fluorine in
subfigure (d) reaches its local maximum only at higher FEL
intensity, where a similar trend is observed in peak C in
subfigure (e), which quantifies the appearance of F* in the
3P initial state. It is interesting to note that the appearance of
F* in the 'D initial state shows a different trend of reaching a
local minimum at intermediate intensity, however, at a much
lower absolute scale of the peak area. This trend is currently
unexplained in the simple rate-equation model; however, we
also cannot rule out the contribution of other unidentified frag-
ments in the spectral region of peak D at high FEL intensity,
especially since we notice the absorption peak to significantly
broaden in Fig. 2(b). Nevertheless, the different trends of
peaks C and D highlight the possibility to discern transient
species with sensitivity to their electronic state. Given the
simplicity of the rate-equation model, the overall agreement
with the experiment is remarkable even without taking focal
volume averaging into account.

III. CONCLUSION

In summary, we used intense ultrashort x-ray FEL pulses
in a high-intensity transmission spectroscopy to study multi-
photon induced molecular dynamics in CF4 molecules. The

combination of a gas cell and grating spectrometer to analyze
the FEL spectrum after transmission through the gas-phase
molecular sample allows us to directly observe the transient
intermediate fragments, including the neutral ones, within the
pulse duration of a few tens of femtoseconds. The energy
resolution of around 0.2 eV allows for the identification of
different electronic states. Measuring absorption spectra at
different FEL pulse intensities allows to change the abun-
dance of different fragment species, resolved in charge and
electronic states.

Dynamics with and without initially producing fluorine
K-shell holes at the leading edge of the pulse have been
investigated with the FEL central photon energy tuned to
694.4 and 679.6 eV, respectively. In the spectra well below
the F-K edge, neutral fluorine atoms are spectroscopically
observed within the nominal 25 fs (FWHM) pulse dura-
tion. Along with transiently appearing neutral atoms, singly
charged fluorine atoms as well as CF;* and CF;%* molecular
fragments are spectroscopically identified with the help of
meticulous atomic and molecular electronic structure calcu-
lations. In the measurement across the F-K edge, absorption
spectra distinct from synchrotron measurements are observed
at different FEL intensities. Five major peaks in the spectra are
identified, including FZt atoms, along with an isosbestic
point at 689.8 eV that signifies the correlated transition
between intact neutral CF,; molecules and charged atomic
fragments.

A semiclassical molecular dynamics simulation of the ini-
tial fragmentation dynamics of the charged molecules after the
absorption of the first photon at the leading edge of the pulse
has been carried out to understand the ultrafast dissociation
into neutral fluorine atoms. Based on this, a system of rate
equations is used to model the transient intermediate popu-
lation dynamics. The pulse-integrated population of fluorine
atoms and ions at different FEL intensities has been obtained
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and agrees with the spectroscopically identified peak areas in
the experiment.

In the future, such experiments can provide new bench-
mark data for the ongoing development of more sophisticated
time-resolved molecular spectroscopy calculations for the in-
teraction of matter with intense ultrashort x-ray pulses. On
the experimental side, these initial results motivate one to fur-
ther develop new schemes for time-resolved two-color x-ray
pump x-ray probe transient absorption spectroscopy with a
two-pulse setup at few and sub-femtosecond time resolution
[28,29,73]. These developments will eventually help disen-
tangle the competing pathways of electronic and structural
dynamics in ultrafast nonlinear x-ray light-matter interactions.
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APPENDIX A: EXPERIMENT DETAILS

The reference spectra (gas cell pumped out) are obtained
consecutively with the transmitted spectra (gas in the cell).
Therefore, the experiment relies on the relative stability of
the FEL source across these two measurements. The total
intensity Iy = fooo I(E)dE, bandwidth (FWHM), and central

[ EL(E)E
photon energy E, = “ZEuE

different experiments are shown in Fig. 7 and Fig. 8. The
run indices shown in Fig. 7 correspond to the transmission
spectra in Fig. 2(b) for FEL intensity attenuated to 1%, 20%,
50%, and 100% of peak intensity, respectively. The reference
intensity for the 50% and 100% cases are reduced to 20% and
40%, respectively, to protect the CCD sensor. Additionally,
to achieve a higher signal-to-noise ratio for the 1% case,
the aluminum filter is removed for both the reference and
transmitted spectra. Similarly the run indices in Fig. 8 corre-
spond to the transmission spectra in Fig. 3(b). As shown, the
central photon energy varies within 0.5%, which is negligible
compared to the broad bandwidth. The standard deviation of
the total intensity is less than 5%. Therefore, the parameter
drift of the XFEL pulses is sufficiently small to ensure reliable
transmission spectroscopy studies.

The statistical error bars shown in Figs. 2(b) and 3(b)
are calculated as follows. The 6000 transmitted spectra are
evenly divided into 10 groups. For each group, a set of optical
densities (ODs) is calculated using the average intensity of

of the reference beams for
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FIG. 7. Variation of XFEL parameters for the reference pulses
with photon energy well below the fluorine K edge used in the exper-
iments shown in Fig. 2. (a) The center photon energy, (b) bandwidth,
and (c) photon counts. Error bars denote the standard deviation over
the statistical average over the approximately 1200 spectra.

transmitted spectra in the group, with the reference spectrum
taken as the average of the corresponding 1200 reference
shots. The error bars are then determined by calculating the
statistical standard deviation of the 10 sets of ODs.

APPENDIX B: CALCULATION OF ATOMIC STRUCTURES

For a complete survey of the possible atomic fragments that
appeared in the experimental spectra, multiple types of atomic
core-excitation transition patterns need to be considered, de-
pending on the initial and final states of the transitions. Take
the neutral F, for example; the initial states of the transition
can also be in low-lying valence excited configuration, e.g.,
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FIG. 8. Variation of XFEL parameters for the reference pulses
with photon energy across the fluorine K edge used in the experi-
ments shown in Fig. 3. (a) The center photon energy, (b) bandwidth,
and (c) photon counts. Error bars denote the standard deviation over
the statistical average over the approximately 1200 spectra.
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TABLE I. Energies (in eV) of the initial states (including excited configuration) of core-excitation transition for neutral F, calculated with
different levels of electronic correlation. NIST [76] atomic levels are listed for comparison.

Term 3sp n4 ns n6 n7 NIST

Ground state 2p° 2P3”/2 —2707.10 —2712.82 —2714.42 —2714.80 —2715.02
Energy 2p° ZPI"/2 0.0483 0.0495 0.0502 0.0495 0.0498 0.0501
relative to ground 2p*3s *P5 13.14 12.75 12.94 12.75 12.73 12.70
state 2p° 2P3"/2 2p*3s Py 13.17 12.79 12.98 12.79 12.76 12.73
2p*3s P 13.19 12.81 13.00 12.81 12.78 12.75
2p*3s%P;)n 13.51 13.11 13.28 13.11 13.06 12.98
2p*3s 2P 13.55 13.15 13.32 13.15 13.10 13.03
2p*3p 4P5”/2 14.82 14.43 14.52 14.43 14.40 14.37
2p*3p 4P§’/2 14.83 14.44 14.53 14.44 14.41 14.39
2p*3p “P,"/2 14.84 14.45 14.54 14.45 14.42 14.40
2p*3p 4D‘5’/2 15.03 14.62 14.71 14.62 14.58 14.53
2p*3s Ds)2.3)2 15.85 15.47 15.62 15.47 15.42 15.36

15%2522p*3s — 15'25?2p’3s, where there is one standby elec-
tron in the 3s orbital. In addition, the 1s electron can be excited
to either a 2p orbital or Rydberg orbitals (i.e., 3p, 4p, etc.), i.e.,
15%2s22p° — 1s5'25%2p° or 15'25*2p°3 p. Therefore, multiple
electronic states must be taken into account for both initial
and final states. In this work, the calculation of resonant core-
excitation transitions for fluorine atoms (ions) is based on a
combined multiconfiguration self-consistent field (MCSCF)
and relativistic configuration-interaction (RCI) scheme [59]
employing the GRASP code [60]. The general working flow is
as follows: the atomic basis sets for the initial and final states
of the transitions are optimized separately using the MCSCF
method. Then individual RCI calculations of initial and final
states are carried out based on the corresponding atomic ba-
sis, respectively. Since the atomic basis for initial and final
states are optimized individually, they are nonorthogonal to
each other; therefore, we need to transform the two basis sets
(and CI coefficients accordingly) to make them biorthonormal
[75] using the rbiotransform module of the GRASP code. Then
the transition oscillator strengths between the initial and final
states are calculated using the rtransition module of the GRASP
code [60,75].

The atomic orbital basis is optimized layer by layer, mean-
ing that we start from optimizing a minimum basis set using
MCSCEF; then we extend the basis set in a new MCSCF
calculation, but keep the previously optimized orbitals fixed.
We repeat this procedure until the convergence is achieved.
Taking the neutral F atoms as an illustration example, the or-
bitals are optimized in seven layers: {1s, 2s, 2p}, {3s}, {3p},

TABLEII. Transition energies (in eV) for the neutral F 1s — 2p,
calculated with different levels of correlations. The experimental fit
values are listed for comparison.

{3d, 41}, {51},{61}, {71} (I < min{n — 1,4}). The first layer
of {1s, 2s, 2p} orbitals is obtained by optimizing the 2P3"/2, 12
states (using configuration 15>2s22p°). For the second layer,
the {3s} orbital is obtained by optimizing the ps /2,3/2,1/25
2P3/2,1 /2, and 2D5/2 states (using configuration 15225%2p*3s)
with the first layer fixed. For the third layer, the {3p} orbital
is obtained by optimizing the *P), 5, | ,, DS, states (using
configuration 15?2s*2p*3p), with the first and second layers
fixed. Note that these states will be used to calculate transition
rates; therefore, the radial wave functions of 1s to 3p are
treated as spectral orbitals (nodal structure guaranteed during
orbital optimization). The fourth layer {3d, 4/} is obtained
by adding 3d and 4/ orbitals in addition to all the above
optimized orbitals {1s, 2s, 2p}, {3s}, {3p}, and optimizing all
the above 13 energy states together, based on the configuration
state functions (CSF) generated by allowing single, double,
and some important triple electron permutations from occu-
pied orbitals in reference CSFs (i.e., 1s, 2s, 2p, 35, 3p) to the
{3d, 41} (I < 4). We repeat this procedure for the {5/}, {6/},
{71} (I < 4) successively to further include the dynamical
correlations. From {3d} onwards, the orbitals are treated as
so-called pseudo orbitals instead, i.e., their nodal structure is
not guaranteed during optimization. The orbitals for the final
states of the core-excitation transition can be obtained in the
same manner, except for the additional requirement that at
least one K hole should be present in all CSFs.

Then all the energy levels of interest can be obtained with
the optimized orbital basis set. The energy levels of the 13
relevant initial states calculated in different correlation models
are listed in Table I. Correlation model 3sp corresponds to
the basis with the first three layers, n4 corresponds to the
first four layers of the basis, and so on. The best calcula-
tion n7 shows less than 1% discrepancy in comparison with
the NIST database [76]. The energy of the 1s — 2p transi-
tions calculated from different correlation models are listed in
Table II, which is converging to the experimental fit value

Initial states  3sp né ns n6 m Expt within 0.2 eV. The relative difference between oscillator
P, 677.58 67590 676.38 676.40 676.51 676.60  strength (OS) in velocity (V-) and length (L-) gauge represen-
P, 677.63 67595 67643 67645 676.56 tation is guaranteed within 10%, indicating the completeness

of the computation basis.
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FIG. 9. Molecular dissociation dynamics starting from the fourth
valence-excited state of CF,". (a) The potential energies of the
relevant six states obtained from RASSCF during the propagation.
Surface hopping, indicated by the gray circle, from state |4) (red
solid curve) to state |3) (green solid curve) enables the dissociation
process. (b) Total kinetic energy of all nuclei.

APPENDIX C: CALCULATION
OF MOLECULAR STRUCTURES

The electronic structure of three relevant molecular species
CF4, CF/, and CFi+ are calculated using the restricted active
space self-consistent-field (RASSCF) [61,62] and restricted
active space perturbation theory (RASPT2) methods [63,64]
and are followed by the calculation of transition dipole mo-
ments between the ground-valence state and core-excited state
by RASSI module in the OPENMOLCAS suite [65]. The vibra-
tional broadening of the neutral CF4 molecule (Fig. 3) was
taken into account by displacing the equilibrium geometry
along the mostly IR active umbrella motion. For dissociating
molecules CF,+ and CF,>*, induced by photoionization, we
optimized the planar radicals CF3" and CF52+, respectively,
where the dissociated neutral F is displaced at 5 A from
the central carbon. Then, the geometrical difference between
the dissociated molecule and the equilibrium geometry at the
ground state is linearly discretized by eight numerical grids.
The electronic structure calculations at different charge states
(CF,4, CF4t, and CF4*") were carried out at ei ght different ge-
ometries and their absorption spectra were averaged to obtain
Figs. 2(d) and 3(c). The basis function is ANO-RCC-VTZP
[77]. The active space is the same for the three molecular
species, which is designed to implement the projection tech-
nique for the calculation of the highly excited states [78]. The
four F-1s orbitals are put in the RAS1 space, allowing for one
hole at most. The RAS2 space consists of 11 orbitals, i.e.,
for CF4 and CF,™, there are five highest occupied orbitals

and six lowest unoccupied orbitals, while for CF4%t, there are
four highest occupied orbitals and seven lowest unoccupied
orbitals. Upper states (with a single core hole) of the transi-
tions are optimized separately with the same active space, but
restricted to configurations with one hole in RAS1. Following
the RASSCEF calculation, the multistate RASPT2 method is
employed to include dynamical correlations [79] for both the
lower and upper states of the transitions. An imaginary shift
of 0.2 a.u. (developer recommended value) is used for the
external part of the zeroth-order Hamiltonian to eliminate
intruder states [80].

APPENDIX D: MOLECULAR DYNAMICS SIMULATIONS

The fragmentation dynamics are modeled using the
semiclassical surface hopping molecular dynamics module
DYNAMIX in OPENMOLCAS [65], based on the CASSCF
energy surfaces. The active space for CF4 is CAS(11;10),
consisting of configurations permuting 11 electrons in six
highest occupied (41, and 1¢#;) and four lowest unoccupied
orbitals (5¢, and 5a,). For CF,1? the selection of active space
is CAS(10,10), consisting of configurations permuting 10
electrons in five highest occupied (41, and 1¢;) and five lowest
unoccupied orbitals (1¢#;, 5¢,, and 5a;). To study the dissoci-
ation dynamics for different ionization products with various
valence-hole distribution possibilities, six energy surfaces are
calculated. We carry out six separate sets of MD simulations
where molecules are initially put on a different energy surface.
Note that the choice of these states is solely based on the
feasibility of calculation; they may not correspond to the most
populated final states of photoionization or Auger-Meitner
ionization. Surface hopping is used to account for nonadia-
batic transitions at possible conical intersections during the
path of dissociation [81,82]. Decoherence correction with a
typical value of 0.1 Hartree is used in the simulations [83].

Each set of simulations starting from a given molecular
electronic energy state further consists of an ensemble of five
parallel calculation trajectories of single molecules. The initial
velocities of each nuclear constituent are set as a random value
sampled with a Maxwell-Boltzmann distribution centered at
the temperature of 300 K. During the simulation, the velocities
of nuclei are rescaled to guarantee the conservation of total
energy. The simulations starting with different velocities and
initial energy surfaces show similar dissociation dynamics
for CF4" as highlighted in Figs. 4(a) and 4(d), while two
representative dissociation patterns are found for CF,>" as
highlighted in Figs. 4(b) and 4(e), as well as Figs. 4(c) and
4(f). The molecular dissociation dynamics starting from the
fourth state is shown in Fig. 9 as an example of the effect of
surface hopping. In this case, the surface hopping occurs at the
early stage of the propagation (at 2.5 fs); the switch from the
|4) (red solid curve) to the state |3) (green solid curve) enables
the dissociation of the molecule.
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