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Formative period in the x-ray-induced photodissociation of organic molecules
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Absorption of x-ray photons by atomic inner shells of light-element organics and biomolecules often leads
to formation of dicationic electronic states and to molecular fragmentation. We investigated the x-ray-induced
dissociation landscape of a representative medium-sized organic molecule, thiophene, by femtosecond x-ray
pulses from the Super Photon Ring-8 GeV (SPring-8) Angstrom Compact Free-Electron Laser (SACLA). Holes,
created in the sulfur 2p orbital by photoemission, were filled by the Auger process that created dicationic
molecular states within a broad range of internal energies—a starting point particular to x-ray-induced dynamics.
The evolution of the ionized molecules was monitored by a pump-probe experiment using a near-infrared
(800 nm) laser pulse. Ion-ion coincidence and ion momentum analysis reveals enhanced yields of ionic fragments
from multibody breakup of the ring, attributed to additional ionization of the highly excited fraction of the
dicationic parent molecular states. The transient nature of the enhancement and its decay with about a 160-fs
time constant indicate formation of an open-ring parent geometry and the statistical survival time of the parent
species before the dissociation events. By probing specific Auger final states of transient, highly excited nature
by near-infrared light, we demonstrate how pump-probe signatures can be related to the key features in dynamics
during the early period of the x-ray-induced damage of organic molecules and biomolecules.

DOI: 10.1103/PhysRevResearch.3.013221

I. INTRODUCTION

Absorption of light by molecules leads to a rich variety
of photochemistry and photophysics. These processes can be
initiated by nonionizing absorption of ultraviolet (UV) light,
such as the ubiquitous and important π → π∗ transitions in
organic molecules [1,2], by valence ionization with vacuum
ultraviolet (VUV) radiation, or by deeper atomic inner-shell
ionization using x rays. The latter originate from either natural
or artificial sources as in medical imaging and radiother-
apy. When x rays interact with biomolecules and organic
molecules consisting mainly of light elements, they remove
electrons from the atomic inner shells. In a few femtoseconds,
the electronic structure transitions to a lower-energy state via a
radiationless Auger process, in which the inner-shell vacancy
is filled, another electron is emitted, and two outer-shell va-
cancies are created. The resulting doubly ionized molecules
most likely break up, releasing neutral and charged fragments
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into the surroundings, spreading radiation damage. In this
paper, we focus on the early period following inner-shell
(core) ionization by x rays of the organic molecule thiophene.
This aromatic nine-atom molecule is in the size range of
the building blocks of large biomolecules and was chosen
for its feature-rich dissociation landscape representing diverse
molecular dynamics. Thiophene is also the basis of poly-
and oligothiophenes that are promising organic materials for
technological applications [3].

Fundamental interest in the early photoinduced dynamics
in small quantum systems arises since it largely defines the
dissociation landscape—the various fragmentation pathways
and the branching ratios between them. Theoretical treatment
of the evolution during the first tens and hundreds of femtosec-
onds following photoionization is challenging due to strongly
coupled and concurrent electron and nuclear dynamics in the
system [4,5]. Furthermore, the properties of dicationic states
and their dynamics, in which Coulomb repulsion and charge
separation play an important role [6], are very different from
the dynamics of cations, prevalently created by VUV and
extreme ultraviolet (XUV) absorption.

The emergence of short-pulse ionizing light sources such
as free-electron lasers (FELs) and high-order-harmonic gen-
eration (HHG) sources has revolutionized femtochemistry
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and related physics, allowing us to follow photodynamics
in real time [7]. Various pump-probe techniques combining
two light pulses with either the same or even vastly different
wavelengths provide glimpses into the evolution of quantum
systems ranging from single atoms to molecules and to clus-
ters of thousands of atoms [8–10]. A popular approach to
study ultrafast molecular dynamics is realized by ionizing the
valence or inner-valence orbitals by VUV or XUV light and
then probing the development of the cationic states by pulses
of longer wavelength such as near-infrared (NIR) light [11].
NIR radiation has been shown to successfully probe VUV-
or XUV-induced photodynamics, from the classic experiment
of the acetylene isomerization [11–14] to the much more
complex processes in thymidine [15]. In the x-ray regime,
experimentalists often take advantage of the extreme intensity
of the short FEL pulses, creating highly charged exotic states
by multiphoton absorption that undergo destructive Coulomb
explosions [16–19,19–24]—a dynamics again very different
from the evolution of a low-charge state. In contrast, in this pa-
per we used strongly attenuated short (60 fs), soft x-ray pulses
produced by a FEL to create a core-ionized state. We demon-
strate how the subsequent probing of the photodynamics by
NIR pulses reveals the early evolution of a much gentler but
at the same time much more common and practically relevant
event in organic molecules and biomolecules: single-photon
core ionization followed by Auger decay.

Time-resolved probing of the early period of the x-ray-
induced dissociation landscape allows us to address some key
factors defining the final dissociation landscape and test the
underlying assumptions in theoretical modeling of the photo-
dynamics. It can reveal, for example, whether the molecules
embark on a certain pathway immediately after the Auger
decay of the parent dicationic species, or have a certain “sur-
vival” time. With the increasing size of the system, answering
such questions by detailed mapping of the potential-energy
surfaces of the many states involved becomes infeasible.
However, simulation results of molecular dynamics of thio-
phene dications [25] suggest another description: The system
embarks on a chosen dissociation pathway once the inter-
ference of the many vibrational modes creates a favorable
local concentration of energy for bond breaking. Depending
on the average energy of the vibrational modes and the ini-
tial conditions such as the charge state, such an event could
occur with a significant delay. In time-resolved experiments
with highly charged small quantum systems, survival of the
intact system for any significant time is unlikely as a vio-
lent Coulomb explosion immediately follows the intense FEL
pulse. However, in a doubly charged system even with very
high excess internal energy—the most common starting point
of x-ray-induced molecular dynamics of organic molecules
and biomolecules—the parent survival time might be a very
significant factor in the formative period of the dissociation.

A characteristic feature of the early dynamics is the rapidly
changing electronic structure, the details of which are sen-
sitive to how the initial state is created. Auger decay can
leave the molecule in highly excited electronic states tens
of eV above the lowest dicationic level. Recent research in
biomolecular building-block molecules (in the size range of
thiophene) has found that electronic relaxation of excited
states through conical intersections is much more common

FIG. 1. Schematic of the experiment.

than once thought [13,15,26]. How quickly do such processes
happen, how do they affect the dissociation landscape, and
what are the implications for theoretical modeling of the
molecular dynamics? In a common approximation the elec-
tronic relaxation to the dicationic ground state is assumed
to be so fast that all electronic energy is converted to heat
that then drives the dynamics on the dicationic ground-state
potential-energy surface. However, if this energy conversion
happens on a timescale comparable to or even longer than the
time period in which the dissociation pathways are chosen, a
more rigorous theoretical treatment of excited electronic states
could be required.

Last but not least, this study introduces a novel approach
for obtaining experimental time-dependent information on the
very complex electron-nuclear dynamics of the very common-
place dicationic molecular states, created by x-ray absorption
after the initial Auger relaxation of the core hole. We em-
ploy the near-infrared laser probe pulse to follow up on the
x-ray ionization event. Such a probe would not be sensitive
to these Auger final states but for the recently discovered
(single photon) laser-enabled Auger decay (LEAD) effect
[27]. We demonstrate how the LEAD-activated NIR-probe
technique works and creates strong time-dependent signatures
of the state of the system—not only a medium-sized organic
molecule as in the present case but also a biosystem under-
going x-ray absorption and subsequent radiation damage in
radiotherapy, for example.

II. EXPERIMENTAL SETUP

The experiments were carried out at Beamline 1 [28] of
the Super Photon Ring-8 GeV (SPring-8) Angstrom Compact
Free-Electron Laser (SACLA) FEL facility [29] operating at
a repetition rate of 60 Hz, with the approval of the Japan Syn-
chrotron Radiation Research Institute (JASRI) (Proposal No.
2018B8014). The arrangement of the experiment is depicted
in Fig. 1. The sample [thiophene (� 98.0% purity), purchased
from Nacalai Tesque] was evaporated at room temperature
from liquid phase without further purification and introduced
into the focal spot of the FEL and NIR beams through a pulsed
valve.
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The duration of the FEL pulse was estimated to be about
60 fs. The photon energy of 180 eV was selected as the
third harmonic of the undulator radiation, tuned to the max-
imum cross section of the sulfur 2p photoabsorption. The
first harmonic was removed by a 0.1-μm Sn filter with a
0.016% transmission at 60 eV and about 4400-times-higher
transmission at 180 eV. The fraction of the total FEL-pulse
energy that contained the third harmonic is 0.15–0.6%. The
removal of the first harmonic thus greatly reduced the pulse in-
tensity, bringing the experiment to the intended single-photon
inner-shell absorption regime. The 800-nm NIR pulses were
generated by a Ti:sapphire laser and arrived at the interaction
point with an adjustable time delay (positive or negative)
relative to the arrival of the FEL pulse. The pulse duration
of the NIR laser was about 30 fs [30], the chosen attenuated
pulse energy was 150 μJ (FWHM), and the power density
in the waist of the beam was about 6 × 1013 W/cm2. The
NIR-pulse intensity for this experiment was chosen to mini-
mize direct multiphoton ionization of the thiophene molecules
by NIR radiation only, while maintaining a sufficient cross
section for the NIR pulses to interact with the FEL-ionized
target.

The beamline is equipped with a cross-correlation pulse
arrival time monitor [30]. Recording the measured FEL-to-
NIR delays for each pump-probe pulse allows us to take into
account the timing jitter and improve the instrumental delay-
time resolution by removing the jitter component, which in
the present experiment had a standard deviation of 55 fs. The
narrowest recorded broadening was w = 35(7) fs at the rising
edge of Xe2+ (from Xe clusters) yield, fitted by Eq. (3).

Positive ions were detected by a multicoincidence
momentum-imaging ion time-of-flight (TOF) spectrometer
equipped with a Roentdek HEX120 position-sensitive ion de-
tector [31]. Multiple ions could be detected per pump-probe
event, and for each ion, its TOF and the hit coordinates on the
120-mm-diameter detector were recorded. From these vari-
ables, the mass-to-charge values of the ions as well as their
momentum vectors were derived.

III. RESULTS

A. Dissociation landscape of the thiophene dication after core
ionization

Before presenting our experimental findings and their in-
terpretation in light of the above questions, we review briefly
the dissociation landscape of thiophene dications and the pre-
dictions of theoretical simulations.

Interleaved with time-resolved measurements, the disso-
ciation products of the thiophene dication were recorded in
a single-pulse “FEL-only” experiment at a photon energy of
180 eV. The raw data consist of fragment ion TOF values and
reconstructed momentum vectors for all ions, collected for
each FEL pulse. The FEL-only experiment provided reference
values for the analysis of pump-probe data.

A schematic representation of the electron and nuclear
dynamics is presented in Fig. 2. In the absence of the second,
NIR pulse, the molecule evolves mostly along the various
dicationic potential-energy surfaces guiding it to any of the
possible dissociation pathways.

FIG. 2. Schematic depiction of the processes involved in the x-
ray-pump–NIR-probe experiment of thiophene following S 2p core
ionization. The x-ray-induced transitions and evolution of the system
on the dicationic (M2+) potential-energy surfaces are marked in
yellow, while the absorption of the NIR radiation lifting the dynamics
onto the (M3+) surfaces is shown in red. The evolution of molecular
geometry is shown at a few points in time. The actual number of the
surfaces is much larger than the few sketched.

The FEL-only measurement can be summarized in the
form of a two-dimensional histogram, the photoion-photoion
coincidence (PIPICO) map as shown in Fig. 3, plotting all
possible ion pairs that can be formed from the ions per each

FIG. 3. Photoion-photoion coincidence (PIPICO) map of the
dissociation of the thiophene dication following the S 2p core ioniza-
tion. The time-of-flight ranges of ionic species are indicated by the
row and column of labels near the corresponding axis. The regions
surrounded by the red line indicate the ion pairs for which strong
pump-probe effects were observed. The region within the dashed
blue line covers the two-body processes.
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FEL pulse against their flight times. The false-color scale
represents the counts of ion pairs, and the islands appearing in
the PIPICO map represent the various dissociation pathways.
Thus the full PIPICO map is an experimental representation
of the dissociation landscape of the thiophene dication. In
constructing the PIPICO map of Fig. 3, the contribution from
false coincidences (ion pairs formed by ions from different
parent molecules) was subtracted. The ion TOFs depend not
only on the ions’ mass-to-charge ratio but also on the kinetic-
energy release (KER) in the dissociation process. Ion pairs
with significant KER form patterns with negative slopes in
the PIPICO map due to the momentum correlation between
the two ions; such patterns are a reliable indication of true
coincidence events. Some patterns, (O+, O+), (H+, O+), and
(H+, OH+), are due to residual water or molecular oxygen
ionization. All ions contributing to Fig. 3 are singly charged,
except a weak pattern at around (TOF1 ≈ 4300, TOF2 ≈
5600), where the first ion is C3H2+

3 .
Figure 3 shows a very feature-rich dissociation landscape.

For classification purposes, we will use the terms two-body
and multibody dissociation, referring to the number of C- and
S-containing ring fragments that are produced. The emission
of hydrogen atoms or protons is referred to as H loss, and it
can accompany both the two-body and multibody processes
or occur from a stable parent dication.

The intense, narrow patterns surrounded by the dashed blue
line are due to two-body fragmentation, often accompanied by
H loss and/or migration (creating the narrow stripes within the
patterns). The central region of the PIPICO map encircled by
the red line shows a number of more diffuse patterns that are
due to a multibody fragmentation, also frequently accompa-
nied by H loss or migration, such as

C4SH2+
4 → C2H0,+

n + SH0,+
m + C2H0,+

p + kH0,+,

C4SH2+
4 → C3H0,+

n + SH0,+
m + CH0,+

p + kH0,+,

k = 4 − n − m − p.

(1)

All combinations of the localization of the two positive
charges on the right side of (1) are observable in Fig. 3. Ion
pairs involving an ejected proton correspond to the encircled
steeply sloped patterns on the left-hand side of the PIPICO
map.

B. Initial stages of dissociation as predicted by theory

Although prior experiments [25,32] could not follow the
early dynamics in the thiophene molecular dication, it could
be investigated by theoretical self-consistent charge-density-
functional tight-binding (SCC-DFTB) simulations, where the
internal energy of the molecular dication was in the form of
heat (the vibrational motion of atoms). In Ref. [25], a total
of 12 000 dissociation trajectories were simulated for internal
energies ranging from 5.2 to 27 eV, and the individual trajec-
tories at each temperature point were obtained by randomly
varying the initial atomic velocity vectors at a set total kinetic
energy.

Let us concentrate on the features of the simulations in the
first few hundred femtoseconds. The calculations showed that
fragmentation is almost universally preceded by a very fast
opening of the ring and the formation of a transient linear

FIG. 4. Population of the transient linear geometry of the parent
dication during molecular dynamics according to the SCC-DFTB
simulations shown as a function of time and dependent on the in-
ternal energy of the molecule. Red curves mark the times of reaching
the half-maximum population.

geometry of the parent dication. The location of the open-
ing bond along the ring varies, with the highest (54–66%)
probability for the C-S bond to open. Once the ring opens,
two-body or multibody fragmentation follows. Two example
animations of such trajectories are given in the Supplemental
Material [33]. The ring opening and fragmentation are often
accompanied by H loss or migration.

Figure 4 shows how the transient linear geometry is created
by ring opening and then depleted by dissociation, from a sta-
tistical analysis of 500 trajectories simulated for each internal
vibrational energy value. Figure 4 thus represents the birth
and survival of the transient geometry in the parent molecular
dication. We can see a strong dependency of the relevant time
constants (red curves) on the internal energy. In the present
experiment, large internal energies of over ≈ 40 eV in the
molecular dication arise from populating highly excited final
states in the course of the Auger decay [25,32].

In general, the SCC-DFTB simulations [25] match well
with the observed dissociation landscape. The strongest in-
dividual dissociation pathway in both is

C4SH2+
4 → CSH+ + C3H+

3 . (2)

The simulations predict all the observed two-body pathways
(surrounded by dashed blue line area in Fig. 3) and also the
numerous multibody fragmentation pathways, corresponding
to the regions encircled by red lines in Fig. 3 (see also the
animations in the Supplemental Material Ref. [33]) and single
or multiple H-loss events. Only two-body events occur at the
internal energies below 12 eV, while the multibody events
become significant at higher energies.
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FIG. 5. (a) Measured ion-pair yield (CSH+, C3H+
3 ) from the

strongest two-body pathway and (b) multibody fragmentation ion-
pair yield (S+, C2H+

n ), per 1000 pump-probe events. (c) Total
multibody ion-pair yield from the areas encircled by the red lines
in Fig. 3. Dashed lines are the yield values from a FEL-only mea-
surement, and the blue curves are fits of the model function of (3) to
the data. The shaded area in (c) shows the internal-energy-averaged
population of the transient linear geometry from the SCC-DFTB
simulations, convoluted by the temporal instrument function. Data
error bars are based on Poisson statistics of ion-pair counting.

C. Time-dependent effects of adding the NIR probe

We begin the quantitative analysis of the structures already
seen in the PIPICO map (Fig. 3) as ion-pair yields, adding the
dimension of time delay between the FEL and the NIR pulses
(the “NIR delay”; Fig. 5). In the experiment, the arrival time
of the NIR pulse was scanned continuously across the FEL
pulse, so that it in fact became the pump pulse at the negative
delay values and the probe pulse at the positive ones. The data
points of the yield curves in Fig. 5 were obtained by counting
specific types of ion pairs formed in the pump-probe events.

The dashed lines indicate the ion-pair yields in the reference
FEL-only measurement.

Figure 5(a) shows the ion-pair yield in the strongest
individual two-body dissociation pathway (2), where one can
see a clear drop of about 20% starting from a NIR delay of
≈ 110 fs. The effect is mostly transient with a slow recovery
time of several hundred femtoseconds. From all two-body
pathways seen in Fig. 3, only this pathway (2) shows statis-
tically significant NIR-induced effects; overall the two-body
processes are affected very little (see Appendix). Analyzing
the yields of individual ions in this pathway narrows the effect
down further as the depletion of the C3H+

3 ion yield, while
the SCH+ population remains unaffected by NIR.

Figure 5(b) is an example of ion-pair yield (CH+
n ,

S+) from a multibody pathway C4SH2+
4 → C2H+

n + S+ +
C2H4−n. Here, a dramatically different behavior is seen: The
yield more than doubles immediately when the NIR pulse
arrives together with or after the FEL pulse. This strong
transient enhancement is more short-lived than the negative
effect in the two-body channel. Similar behavior, although
of varying strength, is exhibited by all individual multibody
ion-pair yields (see Appendix), and so we summarize our
main experimental finding as a single curve in Fig. 5(c). It
shows the multibody events corresponding to the ion pairs
from the regions encircled by red in the PIPICO map in Fig. 3.
Comparing the total multibody ion-pair yield [Fig. 5(c)] in the
pump-probe experiment with the FEL-only yield confirms that
an early NIR pulse (negative NIR delay) has no statistically
significant effect. In the FEL-pump–NIR-probe region, one
can identify a persistent component and a transient component
of the enhancement. The ion, ion-pair, and ion-triplet yield
curves were fitted using the following model function:

Y (t ) = Y0 + Aperf
( t − t0

w

)
+ At exp

( −(t − tg)2

(w + wt>tg )2

)
, (3)

where the broadening parameter w of the error function also
defines the left-hand-side width of the asymmetric Gaussian.
The half-maximum position of the Gaussian is aligned with
the zero crossing of the error function by the term tg = t0 +√

ln 2w, creating a common rising edge, and the right-hand-
side width of the Gaussian is modified by the additional broad-
ening wt>tg . The intensity parameters are Y0, Ap, and At . The
FEL-delay scale was calibrated by the rising-edge position
obtained from the fit of Fig. 5(c) (zeroing the model parameter
t0). All yield curves in Fig. 5 (see also additional yield curves
in the Supplemental Material Ref. [33]) are given on this delay
scale, regardless of their own fitted edge positions t0 (see Ta-
ble I). Using the Xe2+ yields from reference measurements for
the delay scale calibration according to Ref. [34] is compatible
with the above procedure within ±20 fs. Additional ion pair
and triplet yields are given in the Appendix.

The blue curves in Fig. 5 show the fit of a model function
representing both the persistent (error function) and the tran-
sient (asymmetric Gaussian) effects. The time constants from
the fits of the multibody ion-pair yields in Fig. 5(b) and others
are given in Table I.

From the fit of the ion-pair yield in Fig. 5(a), the NIR
effect on the two-body process is delayed by 106(15) fs, but
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TABLE I. Edge positions and the edge and decay widths (in
femtoseconds) of the transient NIR enhancements from least-squares
fitting of ion-pair yields. Time delay t0 = 0 is defined as the edge
position in the fit of the combined multibody ion yield. The width
parameters are according to Eq. (3) (wedge = w and wdecay = w +
wt>tg).

Pair t0 wedge wdecay

Multibody yields
CHn, CHn −7(15) 63(35) 222(91)
CHn, C2Hn −8(7) 44(17) 214(43)
CHn, S 11(7) 60(16) 173(36)
CHn, C3Hn 9(10) 27(33) 241(78)
C2Hn, S 9(9) 71(21) 128(44)
S, C3Hn −21(18) 105(37) 80(78)
Hn, CHn 10(6) 81(14) 145(31)
Hn, C2Hn −24(13) 85(31) 190(71)
Hn, S 8(7) 69(15) 104(31)
Hn, C3Hn −11(12) 12(134) 198(253)
Combined 0.0(2.2) 66(5) 158(12)

Two-body yield
CSH, C3H3 106(11) 42(30) 455(98)

then the falling-edge width of 42(30) fs can be fully ascribed
to the temporal instrument function. The transient depletion
partly recovers with the width of 455(100) fs. From the total
multibody ion-pair yield in Fig. 5(c), we obtain a transient
enhancement of 55% over the FEL-only level and a persistent
enhancement of 13%. The broadening of the rising edge is
66(5) fs, and the decay width is 158(12) fs.

Comparing the pump-probe effects in the curves in
Figs. 5(a) and 5(c), the first observation to make is that
both the transient and persistent enhancements in the total
multibody yields are much stronger than the decrease in the
two-body yield. If the NIR effect were mainly enhanced
dissociation due to the increase in the internal energy by
nonionizing absorption, it would transfer intensity from the
two-body yield to multibody yield, with mirroring behavior.
This is not observed, leading to the conclusion that the NIR
effect is primarily ionizing, transferring the post-Auger sys-
tem evolving along any of the M2+ potential-energy surfaces
(Fig. 2) to the M3+ surfaces. The primary consequence of this
is the increased number of ionized multibody fragments pro-
duced (at the expense of the neutral fragments in multibody
processes), leading to a higher count of all possible multibody
ion pairs. In the experiment, total ion-pair count from multi-
body processes increased by as much as 70% [Fig. 5(c)].

With the transient enhancements in ion-pair yields due to
additional NIR ionization of the dicationic transient geometry,
we expect changes also in the multibody kinematics, since
an additional charged fragment would increase the momenta
of individual ions in dissociation. The clearest experimental
momentum data were obtained by investigating the S+ ion,
since it shows transient enhancements in all channels in which
it appears and is accompanied by only a very low contribution
of SH+ ions, making its momentum determination the most
accurate among the multibody fragments.

FIG. 6. Top: momentum distribution of S+ ions as a function of
the NIR delay, after subtracting the averaged NIR-early momentum
distribution (NIR delay < −300 fs). The color scale is set relative
to the peak value of the distribution function over the shown range
of ion momenta and pulse delays. Bottom: momentum distribution
of the S+ ions in the transient (between the red lines in the top
panel) and off-transient regions of the NIR delay. Dots with a fitted
Gaussian function are the difference of the two curves. The ion
kinetic energies corresponding to the peak maxima are marked.

The top panel of Fig. 6 is a two-dimensional histogram of
the momenta of all the S+ ions detected in the pump-probe
measurement, binned according to the NIR delays of the
pump-probe events producing them. The histogram is given
as a difference from the NIR-pump–FEL-probe momentum
distribution, by subtracting the distribution curve of the S+
ions produced in the events where the NIR pulse arrives more
than 300 fs before the FEL pulse. It is clearly seen that the ions
from the NIR enhancement fall into a well-defined momentum
range around 140 a.u., with a time profile of the transient
enhancement region.

The bottom panel of Fig. 6 shows the S+ ion’s momentum
distributions within and outside the transient NIR-delay range
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FIG. 7. Momentum distribution of S+ ions in various NIR-delay
ranges and in the FEL-only measurement (black line). The range of
the transient effects was set to the 20-to-190 fs FEL-NIR-pulse delay
(red curve) and also the pre-transient (cyan curve), after-transient
(dashed pink) and long FEL-delay (dashed yellow) ranges are shown.

and Fig. 7 gives a more detailed breakdown of the dependency
of the momentum distribution on the pump-probe delay. Both
momentum distribution curves in Fig. 6 show a first maximum
corresponding to very small kinetic energy which is attributed
to the residual O+

2 contamination or a small amount of S+
fragments from direct valence ionization. The main maximum
corresponds to 2.8-eV kinetic energy, while the ions from
the transient enhancement have an average of 4.5-eV kinetic
energy.

Ion triplet yields provide even more dissociation-channel-
specific information on multi-body fragmentation events, but
suffer from lower statistics than the ion-pair yields.

We confirmed the assignment of the two maxima to
the two- and three-ion pathways by a simple point-charge
Coulomb explosion model [24,35], starting from the linear
transient geometry and using the centers of mass of the
fragments as starting coordinates. In a three-body concerted
dicationic dissociation where, in addition to S+, only one
C2H2 fragment obtains charge, the S+ ion receives either
1.34 or 2.22 eV of kinetic energy. If one considers also the
possibility of a two-step process, first releasing the S+ ions by
C4SH2+

4 → S+ + C4H+
4 , then S+ obtains 2.35 eV of energy.

In a concerted dissociation of a triply charged system with S+
and two C2H+

2 ions, S+ receives 4.19 eV of kinetic energy
(4.46 eV in the case of a two-step process C4SH2+

4 → S+ +
C4H2+

4 ). These guideline values support our interpretation of
the transient enhancement as due to quite a different process
from the prevalent dicationic dissociation, namely, the more
energetic breakup of a triply charged system.

IV. DISCUSSION

A. Probing the early dynamics

At the starting point of molecular dynamics, the Auger
decay populates numerous dicationic potential-energy sur-

faces (PESs), two of which are shown schematically in
Fig. 2, up to about 40 eV above the double-ionization
potential (DIP) [25]. Some of these states lie above the
triple-ionization potential (TIP) and can therefore decay fur-
ther onto the triply ionized PESs, leading to triple ion
coincidences observable already in the FEL-only experi-
ment (see Appendix for the ion-triplet yields). Consistently,
the momentum distribution of the S+ ions (Fig. 6, blue
curve) has a tail in the region corresponding to the
triply ionized dissociation even without the NIR-induced
enhancement.

We concluded that the NIR probe facilitates the transfer of
the system to the triply ionized PESs. First, we calculated the
ionization potentials along one chosen dissociation trajectory
from the SCC-DFTB simulations. The calculated TIP lies
above the DIP by 23.3, 19.9, or 17.4 eV in the ground-state,
open-linear, and dissociated (with the S, C2H2, and C2H2

fragments) geometries, respectively. (The edges of the bottom
M2+ and the M3+ surfaces in Fig. 2 are from this calculation.)
This energy is too high for efficient NIR ionization from M2+
to M3+ PESs. In the basic picture, Auger decay replaces the
inner-shell vacancy with two vacancies in the outer- or inner-
valence molecular orbitals. Such a description of the Auger
final states has been shown to be rather simplified, however,
since due to the correlated motion of all valence electrons,
an electron can transfer to an initially empty, Rydberg-like
orbital [36]. These excited electrons have smaller binding
energies than valence electrons, more easily overcome by the
absorption of one or a few NIR photons. The combination of
high-energy Auger final states and the presence of excited
electrons due to electron correlation creates a suitable en-
vironment for efficient NIR ionization, such as observed in
the laser-enabled Auger decay (LEAD) process [27,36,37].
It is worth emphasizing the key point of the NIR probing
of the particular electron-correlated dicationic states involv-
ing an excited electron. The NIR probe acting on the pure
two-hole states (in valence and inner-valence orbitals) would,
consistent with the present experimental results, be quite in-
sensitive to such a system, and the FEL-NIR pump-probe
approach would not be a suitable one to study the dynamics
in dicationic states that are prevalent after x-ray absorption in
organic molecules and biomolecules. However, the electron
correlation of the two-hole states with the states involving
an excited Rydberg electron (three-hole, one-excited-electron
states) makes the NIR probe sensitive to the dicationic
states.

Such an environment arises very shortly after the core
ionization, following the core-hole lifetime of a few fem-
toseconds, and creates the observed fast-rising edge of the
transient NIR effects. The next questions are, What changes
in the evolving systems cause these effects to fade, and what
transient properties do we actually probe?

Let us first look at the early evolution of the molecular
geometry. Figure 4 showed the population of the transient
geometry of the parent dication as a function of time and
internal energy, from the SCC-DFTB simulations. In Fig. 5(c),
it is compared with the experimental total multibody ion-pair
yield, after calculating a weighted average over the Auger
final-state energies according to their theoretical density of
states in the Auger spectrum [25]. The Auger final states
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with less than 10 eV (10 000 K) internal energy were ex-
cluded, since the likelihood of NIR-induced third ionization
from these states should be negligible. This particular cutoff
energy was also chosen since neither the simulated trajecto-
ries nor the electron-energy-resolved experiment [25] show
any multibody fragmentation channels below that energy. As
the comparison shows, the temporal behavior of the transient
linear parent geometry is quantitatively well matched with the
NIR enhancement.

Turning to the changes in the electronic structure, one rec-
ognizes that the relaxation of the high-energy dicationic states
towards the lowest-energy state can take place over time. This
internal conversion transfers energy from electrons to the
nuclear motion and is a fundamental mechanism of energy
dissipation in organic molecules [2,38,39]. As the energy is
transferred from the electronic to the nuclear subsystem, the
initially excited dicationic electronic states are depleted, and
the NIR-ionization probability by LEAD decreases accord-
ingly. The internal conversion is not a process easily modeled
and can occur in different systems over a broad time range
[40]. Our observation of the decay width of the transient
enhancement, about 160 fs, sets the lower limit to the internal-
conversion time constant.

It is of interest to consider briefly the relevant findings in
other studies, although their different photoexcitation condi-
tions (involving valence rather than the inner electron shells)
do not allow for a direct comparison. Photoinduced thiophene
ring opening has been observed following neutral excitations
from the ground state to the S1 state by Weinkauf et al.
[1], who determined in a UV pump-probe experiment a time
constant of 80 fs, associated with the ring opening by the
cleavage of the C-S bond (the prevalent cleavage site in our
simulations also [25]). A subsequent theoretical study of the
S1 excited state in thiophene found that the subsequent dynam-
ics of the open-ring structures is characterized by the interplay
of internal conversion and intersystem crossing [41]. Other
femtosecond pump-probe studies in the XUV energy range
have drawn inferences about the timescale of the internal
conversion in a dissociating molecular system. In a study by
Månsson et al. [15], the authors observed transient effects in
cationic states of thymidine. Their decay time constants of
less than 200 fs were interpreted as due to rapid decay via
nonadiabatic coupling between electronic states. In another
study of the radiosensitizer molecule 5-fluorouracil, both fast
nonadiabatic-relaxation (30 fs) and slow (2.3 ps) internal-
conversion timescales were proposed as creating the transient
pump-probe effects [42].

B. Probing the late dynamics

In the FEL-pump–late-NIR-probe region beyond the tran-
sient structures we observe weak persistent enhancements
over the FEL-only baseline in multibody ion-pair yields, such
as the plateau beyond ≈ 400-fs delay in Fig. 5(c). The plateau
continues to much longer FEL-NIR delays (was observed
even at 5 ps) and therefore must be related to the interaction of
the NIR pulse with the fragment species, produced by the FEL
ionization. The most likely persistent NIR contribution to the
multibody ion-pair yields comes from the ionization of neutral

fragments, such as C1–3H1–4. The ionization energies of the
neutral fragments are comparable to or even lower (starting
from 6.6 eV for the cyclopropenyl radical C3H3 [43]) than
that of neutral thiophene, which is weakly ionized by the
NIR pulse. Fundamentally, the persistent and transient NIR
interactions are similar, but the former occurs in a nonevolv-
ing environment of stable neutral fragment species likely as
multiphoton ionization.

The ion momentum distributions are also useful in
probing the late dynamics. The S+ ions showed a clear
triple-ionization high-momentum transient enhancement. In
contrast, the momentum distributions in the late persistent
enhancement region are identical in shape to the pretran-
sient region and also to the FEL-only distribution (more
detailed ion momentum curves are given in the Appendix).
The persistent component is seen as a slight increase in the
ions with momenta corresponding to the doubly charged pro-
cess. Although the NIR pulse eventually releases the third
charge, the neutral fragments are ionized at larger separa-
tions where its Coulomb interaction with the two initially
charged fragments is much weaker. Since the fragment sep-
aration at the time of the arrival of the NIR pulse is delay
dependent, shorter pump-probe delays close to the transient
region should give a larger change in the momenta of ions,
and at long delays the change becomes negligible. Some
tentative indications of such delay dependency of the momen-
tum of the persistent enhancement are seen in the top panel
of Fig. 6.

Lastly, we note that the NIR-probe effect on two-body
channels can only be depletive. Generally, the two-body path-
ways are affected very little in our experiment. This is readily
understood since the NIR pulse requires highly excited dica-
tionic states for efficient ionization (depleting the two-body
channels) but the two-body pathways are primarily associated
with the low-energy dicationic states. The only two-body pro-
cess exhibiting the NIR effects [Fig. 5(a)] exhibits a delayed
onset of the transient NIR effect. The ≈ 100-fs delay is well
in line with the fragment separation time in the two-body pro-
cess (2): A point-charge calculation using the center-of-mass
positions of the two fragments in the ground-state geometry
of thiophene as a starting point showed that in 100 fs their
separation increases from 1.9 to 6.4 Å—a reasonable distance
to describe a fragmented system. The slow decay time of
about 500 fs of the depleting NIR effect likely represents
the timescale of the internal conversion of electronic energy
within the C3H+

3 fragment and/or geometry relaxation, slowly
reducing the NIR pulse’s ability to interact with it.

V. SUMMARY

We have demonstrated how the FEL-NIR pump-probe
experiments shed light on the early period of the x-ray-
induced molecular dissociation of organic molecules and can
be suitable also for larger biomolecules. We suggest that
the NIR enhancement is linked to the creation of highly
excited electronic states by the Auger decay of the core-
ionized molecules, as a particular feature of x-ray ionization.
These excited states likely involve electrons promoted to
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Rydberg-type orbitals, allowing the NIR probe to interact effi-
ciently. However, this interaction is transient since the highly
excited states are continually depleted by internal conversion,
transferring energy to vibrational motion. Exactly how the
electronic structure changes and accommodates to the chang-
ing geometry has a direct bearing on the ability of the NIR
probe to interact with the system.

The observations on our sample system, thiophene, in com-
bination with theoretical modeling led us to conclude that
the cyclic parent thiophene dication quickly opens up into a
linear geometry, which then dissociates. Calculations suggest
that the dissociation has a certain latency, since that linear
geometry can occasionally survive for tens, even hundreds, of
femtoseconds, even at high internal energies. We suggest that
it is this open-ring parent geometry that ibeing probed and
that the time structure of the transient NIR-induced enhance-
ments reflects the statistical survival probability (lifetime) of
this transient geometry. Eventually, the NIR effect fades into
much weaker, persistent interaction with the stable fragment
species. Perhaps surprisingly, our study also leads to the con-
clusion that the decay of the energetic electronic states by
internal conversion is slow enough, over ≈ 160 fs, to allow
for significant concurrent nuclear dynamics.

The prominence of electronic relaxation and geometry
changes in the early photodynamics underscores the im-
portance of nonadiabatic couplings in this period. Both the
survival of the parent dication even at strongly unfavor-
able conditions and the redistribution of the internal energy
over time are properties that have relevance well beyond the
technicalities of pump-probe experiments. The first might sig-
nificantly affect the final extent and nature of the radiation
damage as fragments are released over time by the primary
and secondary (electron and fragment collisions) ionizations.
The second affects our ability to accurately model the disso-
ciation landscape in larger quantum systems.

New time-resolved experimental opportunities offered by
the FEL facilities with very high pulse repetition rates will
certainly reveal new details of the formative periods of the
photodissociation landscapes of molecules. Here, we demon-
strated how, in the FEL-NIR pump-probe scheme, the NIR
probe becomes sensitive to transient excited dicationic states
of the molecule, created by the Auger relaxation of core-
hole states. We showed the feasibility of this experimental
approach in the example of a medium-sized organic molecule.
This technique would likely also be beneficial, for example, in
time-tracing the early evolution of x-ray radiation damage in
the molecular building blocks of much larger biomolecules.

Using pump-probe schemes such as the one in this paper
and adding selectivity to the internal energy by also recording
the Auger electrons’ energies will help in investigating the
parent molecule’s survival times and the fast energy conver-
sions following the ionization event.
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APPENDIX: ION-PAIR AND ION-TRIPLET YIELDS

In this appendix, further details on the ion-pair and ion-
triplet yields as a function of time are presented. Firstly, Fig. 8
shows the total ion-pair yield from all detected two-body
dissociation channels.

Figure 9 gives ion-pair yields from eight observed strong
multibody dissociation channels within the circled regions of
Fig. 3.

Ion-triplet yields provide even more dissociation-channel-
specific information on multibody fragmentation events but
suffer from lower statistics than the ion-pair yields. Some
examples are shown in Fig. 10.

FIG. 8. Combined ion-pair yield of all two-body channels, as a
function of NIR-delay. Dashed line is the yield value from a FEL-
only measurement.
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FIG. 9. Ion-pair yields of multi-body fragmentation events, as a
function of NIR-delay. Dashed lines are yield values from a FEL-
only measurement.

FIG. 10. Ion triplet yields of some prominent multi-body chan-
nels, as a function of NIR-delays. Dashed lines are the yield values
from a FEL-only measurement.
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