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Abstract: Molecules often fragment after photoionization in the gas phase. Usually, this process
can only be investigated spectroscopically as long as there exists electron correlation between
the photofragments. Important parameters, like their kinetic energy after separation, cannot be
investigated. We are reporting on a femtosecond time-resolved Auger electron spectroscopy study
concerning the photofragmentation dynamics of thymine. We observe the appearance of clearly
distinguishable signatures from thymine′s neutral photofragment isocyanic acid. Furthermore,
we observe a time-dependent shift of its spectrum, which we can attribute to the influence of the
charged fragment on the Auger electron. This allows us to map our time-dependent dataset onto
the fragmentation coordinate. The time dependence of the shift supports efficient transformation of
the excess energy gained from photoionization into kinetic energy of the fragments. Our method is
broadly applicable to the investigation of photofragmentation processes.
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1. Introduction

The speed of a photoexcited chemical reaction is determined by gradients of potential energy
surfaces and the mass of reaction products or precursors. Generally, the decisive steps—the making or
breaking of chemical bonds—occur on a femtosecond timescale. Numerous experimental methods
have been implemented to approach this topic. The development of femtosecond laser pulses brought
an extreme wealth of ultrafast techniques to life, among them visible and ultraviolet pump-probe
spectroscopy [1] and multidimensional spectroscopy [2]. For isolated molecules, photoelectron
spectroscopy [3] and electron, as well as X-ray scattering [4–6], have developed as high fidelity tools
that can be directly compared to highest level ab initio calculations on isolated molecular dynamics.

In this article, we focus on investigating a specific type of reaction, photoion fragmentation as it
occurs in the presence of ionizing radiation in the upper atmosphere or in space [7]. Organic molecules
can be photoionized by absorbing either one or multiple photons, which combined can overcome
the ionization potential (typically on the order of 9 eV [8]). When sufficient energy is deposited in
the molecule, it is placed on a cationic potential energy surface with repulsive character in at least
one internal degree of freedom. Thus, the nuclei are sped up towards rapid bond dissociation and
fragmentation by a steep gradient in the Franck–Condon region. The positive charge localizes on one
of the fragments. Charged and neutral species separate with considerable velocity.

Due to strongly different ionization potentials in charged and neutral species, such a process
can only be investigated by probing the parent photocation and the fragments with photon energies
considerably beyond what is readily available from table-top laser systems in the vacuum ultraviolet
and soft X-ray regime.

Short wavelength pulses in the femtosecond domain with unprecedented pulse energy became
available with the advent of X-ray free electron lasers [9–12]. For isolated molecules, this allowed
for X-ray scattering experiments in extremely diluted targets [13–15] as well as the development of
spectroscopic methods in the soft X-ray domain [16–22]. Due to the deeply-bound core electrons, X-ray
spectroscopy is element-, as well as site-, selective [23].

In the present study, we demonstrate that unique insight into ionic photofragmentation can be
gained by probing the dynamics using Auger electron spectroscopy. Here, the photoion and its fragments
are core-ionized by a femtosecond soft X-ray pulse. They undergo Auger decay by filling the core hole
with a valence electron and simultaneously ejecting another valence electron for energy conservation
reasons, which is schematically shown in Figure 1. We measured the kinetic energy spectrum of the
ejected Auger electron as a function of the time delay between the start of the photofragmentation reaction
by the optical UV pulse and the X-ray ionization. By choosing the non-resonant soft X-ray photon energy
to be high enough, Auger spectra of charged and neutral fragments can be observed simultaneously
and the method is insensitive to small fluctuations of the photon energy at free electron lasers starting
from noise. Furthermore, as shown in [16], Auger spectroscopy methods provide the unique opportunity
to follow fragmentation dynamics beyond the typical bond distances of 1–2 Å, since molecular Auger
decay channels, which involve valence electrons situated at different atoms, still function at considerably
larger atomic distances. We show in the following that the Auger spectral features reveal signatures of
fragmentation dynamics at even longer distances. This allows for determination of e.g., their kinetic
energies and can, therefore, give important mechanistic information about the redistribution of energy
during the fragmentation process.

We demonstrate the concept on a specific example, the multi-photon induced fragmentation
process of the nucleobase thymine (see Figure 1). Ultraviolet light of 4.65 eV photon energy induces
a resonant three photon transition to an excited ionic state, from where the molecule is predicted to
fragment into neutral isocyanic acid (HNCO) and a charged C4H5NO+ fragment.
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Figure 1. Probing molecular photofragmentation by soft X-ray-induced Auger spectra. We exemplify
the method on the thymine molecular cation, which breaks apart into neutral isocyanic acid (HNCO)
and singly-charged C4H5NO+ after three-photon UV ionization (bottom). The distance of the
HNCO fragment is interrogated by a time-delayed soft X-ray pulse creating core ionized molecules.
The subsequent Auger decay leads to the emission of an additional electron, which does not only have
to overcome the ionization potential intrinsic to the molecule, but also the external Coulomb potential
(red) of the nearby cationic fragment. The Auger emission from the small neutral HNCO in the vicinity
of the positively-charged large fragment leads to a red-shifted Auger kinetic energy with respect to the
Auger electron spectrum of the isolated molecule. As the dissociation coordinate increases, the redshift
asymptotically disappears.

Charged fragments have been observed in classical mass spectroscopy under high energy electron
or photon excitation. The onset of the C4H5NO+ fragment channel has been determined by threshold
spectroscopy [24] to be above 10 eV. Thus, three photons of 4.65 eV photon energy need to be absorbed
to observe the described fragmentation. The fragmentation of cationic thymine into HNCO and
C4H5NO+ has been theoretically investigated [25]. Although the reaction can be formally understood
as a retro-Diels–Alder reaction, which should be concerted, a stepwise mechanism cleaving the two
involved C–N bonds, as sketched in Figure 1, was found.

Large molecular systems possess a relatively unstructured Auger spectrum after creation of 1s
core holes in carbon, nitrogen, or oxygen. Many different decay paths are energetically allowed and
broad bands originating from the 2s2s, 2s2p, and 2p2p valence electron orbitals are involved in the
Auger decay [17,26,27]. In terms of potential energy surfaces, one can rephrase this assertion by stating
that the density of final states of the Auger decay process is high and the Auger lines overlap to form
large bands.

After fragmentation and sufficient separation, however, electrons from the cationic fragment
cannot take part in Auger decays on the neutral fragments, because such decay processes have distance
dependences of r–6 [28]. Small molecules show relatively narrow lines with a width on the few 100 meV
scale [29] because the density of final states is much lower as the number of electrons in the molecule is
smaller. Different fragments can therefore be easily distinguished in the Auger spectra by characteristic
sharp fingerprints. It is energetically more favorable to delocalize a positive charge on a large fragment
than on a small one. Therefore, as a rule of thumb, neutral fragments will be observable as sharper
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lines on top of a background from the cationic system with higher density of final states and, thus,
less structural.

The electrons, which are emitted during Auger decay of the neutral fragment, still experience the
Coulomb potential of the cationic fragment with considerably longer-range characteristic (r–1) than the
above mentioned joint neutral-charged fragment Auger channels (r–6). The effect is observable by a
shift of the Auger spectrum to lower kinetic energies.

Probing the fragmentation process just after the optical excitation still interrogates the large molecular
ion. The Auger spectrum will be showing a broad unstructured band. After some time, however,
fragmentation has taken place and one can treat the molecular fragments as small molecules with
a reduced dicationic state density. The resulting spectrum will be structured in much sharper lines.
These lines will first appear shifted with respect to their steady-state position (see Figure 1). The increasing
distance of neutral and cationic fragments can then be followed in the reduction of this shift.

The article is structured in the following way: In the next section, we will introduce the
experimental setups used at the free electron laser (FEL) and the synchrotron. The FEL setup was
used to perform the time resolved dissociation experiment on the nucleobase thymine. Since the
theoretically proposed fragmentation paths suggest splitting off neutral isocyanic acid (HNCO), we
separately measured its Auger spectrum at a synchrotron to assign the neutral fragment.

We show the results and discuss spectral shape, as well as the spectral position of the fragment
Auger lines. From the latter, we calibrate the distances of the fragments on a sub-picosecond timescale.
We validate our calibration with a simple mechanical model based on full transformation of excess
energy into the kinetic energy of the fragments.

2. Experimental Methods and Theory

The time-resolved fragmentation experiments on thymine were performed at the AMO (Atomic,
Molecular and Optical physics) instrument of the LCLS (Linac Coherent Light Source) free electron
laser. The instrument and some of its science are described in detail in [30,31]. Details of the setup we
used for this particular experiment can be found in [17,32]. A sketch of the most important parts is
given in Figure 2a. In short, thymine powder was evaporated in an oven at 140 ◦C with an outlet to
the interaction region in the form of a heated capillary, thus forming an effusive jet in the collection
volume of a magnetic bottle electron spectrometer.
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Figure 2. Experimental setups. (a) Sketch of the setup at the free electron laser. Molecules are inserted
into the interaction region by evaporation in a capillary oven. A first UV pulse ionizes and fragments
the molecules. The fragments are then probed by a delayed soft X-ray pulse via core electron ionization.
The Auger electrons are collected and analyzed in a magnetic bottle spectrometer. (b) Sketch of
the setup at the synchrotron beamline. Isocyanic acid is produced close to the beamline and then
transported to the spectrometer under cryogenic conditions. The sample is inserted in a differentially
pumped cell. Soft X-ray radiation from the monochromator beamline core ionizes the molecules and
Auger electrons of HNCO are analyzed via a hemispherical electron analyzer.
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A first UV pulse (hv = 4.65 eV, 70 fs duration) triggered the fragmentation process via
resonance-enhanced three-photon ionization. A time-delayed free electron laser (FEL) soft X-ray
pulse (hv = 570 eV, 70 fs duration) was used to create an oxygen core hole in the photoionized
molecules. Auger electrons from O 1s core holes were detected with the magnetic bottle spectrometer
as a function of time delay between UV excitation and X-ray probe pulses.

The time resolution of the experiment is about 330 fs, which is dominated by the jitter between
the optical excitation and the FEL probe pulses. This is much larger than the time resolution observed
in our study of the non-adiabatic dynamics in the neutral excited states of thymine [17], since we had
not implemented the single shot optical X-ray cross-correlator [33] to compensate for the jitter between
optical and FEL pulses in the data analysis for the fragmentation study reported here.

The steady state experiments on isolated HNCO were performed at the high-resolution
photoelectron spectroscopy instrument of the PLEIADES beamline at the synchrotron SOLEIL [34].
A schematic overview is given in Figure 2b. Synchrotron light at a photon energy of hv = 570 eV and a
bandwidth of 750 meV ionized the HNCO molecules contained in a differentially-pumped sample cell
with entrance and exit windows for the synchrotron beam. The emitted O 1s Auger electrons in the
direction of the light polarization were dispersed by a hemispherical analyzer. The monochromator,
as well as the hemispherical analyzer were calibrated by measuring the photoabsorption and Auger
spectra of CO2.

The isocyanic acid target was prepared according to the method described in [35]. After synthesis,
the molecular sample was stored at liquid nitrogen temperatures to avoid polymerization. The vapor
pressure at around −40 ◦C was sufficient to obtain the necessary molecular density inside the gas cell
attached to the hemispherical analyzer.

The O1s core decay spectrum of HNCO has been calculated using the second-order Algebraic
Diagrammatic Construction (ADC(2)), which is a well-established Green′s function-based direct
method to compute double ionization and Auger spectra [36,37] in combination with a cc-pVDZ
basis [38]. The details of the simulation are described in [17].

3. Results and Discussion

Figure 3a shows Auger spectra of fragmenting thymine ions as a function of kinetic energy.
The different spectra are measured at various time delays between the UV ionization and X-ray probe
pulse as given in the figure. At negative delays, the ultra-short X-ray pulses hit molecules before the
ultraviolet photoionization, thus, those spectra reflect the core hole decay of thymine in its electronic
ground state. The spectrum is only weakly structured, centered around 504 eV photon energy, and
possesses a width of around 10 eV. The Auger spectra of thymine have been published by us in another
context, however, we realized during the work on this publication, that the energy calibration in [17]
must be shifted up by 3 eV. The ADC(2) theory in [17] was too high in energy by about 1.5 eV; now it is
too low compared to the experimental thymine spectrum by about the same amount.

The overlap of UV and X-ray pulses in the pump-probe experiment manifests itself by a strong
bleach of the main Auger line due to the removal of the population from the electronic ground state of
neutral thymine [17]. This feature has also been used to set the zero-delay time for this experiment.
As shown in Figure 3a, the Auger spectrum broadens considerably and develops a pronounced wing
towards lower kinetic energies after the UV pulse excitation. The underlying reason for this wing are
additional states newly populated by absorption of the UV pump pulse. In part, this is the desired,
dissociative cationic state. Since the photoionization efficiency is enhanced by resonant excited states
in the neutral molecule, there are certainly additional contributions from population in those states.
From our previous study [17], we know that photoexcitation to the lowest valence state of the neutral
results in a shift of the Auger spectrum to lower energies by about 5 eV within 500 fs. We can expect the
Auger electron spectrum of the cationic state to shift more strongly in the same direction, simply based
on the argument that Auger electron emission must work against one more charge in the molecular ion
compared to the case of Auger decay from a core-ionized neutral molecule. The combination of energy
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shifts to the spectrum from excited and ionized states can explain unambiguously the appearance of a
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Figure 3. Results of the transient Auger studies on fragmenting thymine ions. (a) The Auger spectra of
the UV-fragmented molecules are shown as a function of delay between the UV and soft X-ray pulse.
Narrow lines appear on a broadening baseline with increasing delay. The three vertical grey lines
indicate the position of peak maxima for long delays, showing that the narrow lines shift towards
higher energies with increasing delay. The time-resolved data is synthesized from single FEL shots.
The relative error of the spectral intensity on is on the order of 5–10%, which was determined in
another paper on data from the same lincac coherent light source experiment using bootstrap statistical
analysis [17]. (b) The same transient spectra as in (a), corrected by a background (see text). For large
delays, the transient spectrum fits the reference HNCO spectrum taken at the synchrotron (red dots).
The relative intensity error in the significant range is on the order of a few percent. The calculation
indicated in blue reproduces all the essential features of the HNCO reference spectrum, although
with slightly different peak distances. The thick grey lines model the transient spectra by shifting and
broadening three Gaussian lines according to a one-dimensional fragmentation process as described in
the text.

Two new features, having a width smaller than the broad underlying band, appear in the spectrum
after about 400 fs. At a UV-X-ray delay of 600 fs, three features stand out in the lower kinetic energy
wing. They continue to sharpen and shift towards higher kinetic energies as the delay progresses.
At 1200 fs after UV excitation, the features have reached a steady state.

We now compare the time-resolved spectra with steady-state Auger spectra of HNCO. The red
dotted line in Figure 3b is the steady-state spectrum of HNCO as taken at the PLEIADES beamline of
SOLEIL. The spectrum is characterized by 4 dominant peaks in the region between 494 and 508 eV.
To further understand the character of these signatures, we also calculated the Auger decay features
using the ADC(2) method. The method has been described in the context of thymine in [17]. The result
of the calculation is shown as the solid blue spectrum on top of Figure 3b. The simulation reproduces
the essential features of the steady-state experimental spectrum. The four lower energy maxima are
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reproduced by the ADC(2) calculation. The upper energy maximum is only poorly modulated in the
simulation. In addition, we observe energy shifts in the four lower maxima. Shifts on the order of 1 eV
are typical for the ADC(2) method and the deviations will be the topic of future investigations.

In order to discern the details of the sharp features in the time-resolved spectra we model a
background from a scaled spectrum at a 200 fs delay and subtract it from the spectra at all delays.
The scaling factor is fitted such that the low and high energy wings of the spectra after this delay
essentially have zero background. We plot the background-corrected spectra in Figure 3b. The Auger
spectra of UV-photoionized thymine for delays 1150, 1340, and 1530 fs show a very good agreement
with the steady-state Auger spectrum of HNCO. The three lower peaks at positions of 495.6, 497.3 and
500.4 eV (in the remainder of the paper labeled as Peak 1–3 in ascending Auger electron kinetic energy)
are perfectly reproduced both in position and width. The highest energy peak at 505.2 eV in the
steady-state spectrum is not well reproduced in the time-dependent spectra. This can be attributed
to additional contributions from excited state dynamics in the neutral thymine and the ground state
bleach, which are known to both appear in this regime [17]. Inspecting the transient trend in these
peaks, one realizes that the peak width as well as position follows a similar trend for all three features.
The peaks sharpen after the UV excitation to reach their stationary shape at about 1 ps. In addition, all
peaks experience a shift towards higher kinetic energies. Around 400 fs, peak 3 appears at 499.7 eV,
which is 0.7 eV shifted from the steady state. Around 770 fs, this shift diminishes to 0.3 eV. At the same
delay, peak 1 is also red-shifted by about 0.3 eV from its steady state value of 495.6 eV. Peak 2 needs a
longer time to fully form and also has a larger shift than the high and low energy features. At 770 fs, it
is shifted by 0.6 eV lower from the steady state value of 497.3 eV.

In the following, we provide an explanation of the three main observations in the experimental
data, the appearance of sharp new features, their spectroscopic shift, and their sharpening. From our
calculations of the Auger spectra of thymine, we know that both oxygen atoms of thymine give rise
to very dense spectral features, resulting from the high density of final states (DOFS) in this rather
large molecule [17]. The high DOFS is reflected in a broad and unstructured Auger spectrum even for
only one of the two oxygen atoms, demonstrated by calculations in the supporting material in [17].
From photoion mass spectrometry, it was suggested that photoionized thymine fragments into neutral
HNCO and a positively-charged residual with mass 83 [24]. As the neutral HNCO fragment splits
off the positively-charged residual, the electronic overlap between the two constituents gets smaller.
This in turn reduces the density of dicationic states, in particular for the small HNCO fragment with
only 22 electrons compared to the 43 electrons of the C4H5NO+ fragment. The appearance of narrow
lines within 600 fs, therefore, directly reflects the formation of neutral HNCO fragments.

The transient shift in the peak positions stems from the interaction of the outgoing Auger electron
of HNCO with the positive charge of the C4H5NO+ fragment. If the Auger electron is emitted in the
vicinity of a positive fragment, it has to overcome the Coulomb potential of that charge. It is, thus,
detected with lower kinetic energy compared to a HNCO Auger electron being emitted far away
from the charged fragment. With the assumption of the Coulomb interaction resulting in a shift in
atomic units being directly 1/distance to be responsible for the peak shifts, we can directly determine
distances between charged and neutral fragments from the energy shifts. The distances are listed in
Table 1. The evaluated distances for different peaks in part differ considerably, which can be mainly
attributed to the limited accuracy to which the peak positions could be extracted from the spectra.
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Table 1. Fragment distances calculated based on the transient peak shifts in the Auger electron spectra
and a Coulomb interaction. The confidence intervals are calculated assuming a constant error in
relative peak position of 0.1 eV. For comparison, the expected distances under the model assumption
of one-dimensional fragmentation that the entire absorbed excess energy is transformed into kinetic
energy are included.

Delay (fs) Peak 1, Distance
(Å)

Peak 2, Distance
(Å)

Peak 3, Distance
(Å)

Model, Distance
(Å)

380 - - 21 ± 3 17
580 - - 36 ± 9 27
770 48 ± 16 24 ± 4 48 ± 16 35
960 72 ± 36 72 ± 36 144 ± 144 44

We confirm the validity of our interpretation by comparing the values in Table 1 with
time-dependent distances calculated under the model assumption that the entire excess energy from
the UV photoionization is transferred into kinetic energy. It is clear that three UV photons of 4.65 eV are
needed to overcome the appearance energy of 10.7 eV for HNCO fragments in thymine [24]. This leaves
approximately 3 eV of excess kinetic energy. The masses of HNCO and the C4H5NO+ fragment are
m1 = 43 a.u. and m2 = 83 a.u., respectively, and the velocity of their separation approximately 4600 m/s.
The distance of the two fragments x as a function of time t is given in Equation (1):

x(t) = v2t + v1t = t

√√√√ 2Ekin

m2

(
m2
m1

+ 1
) +

√√√√ 2Ekin

m1

(
m1
m2

+ 1
)
 (1)

Time-dependent distances from this model agree reasonably well with those from evaluating the
peak shifts, which strongly supports our assignment to the effect of Coulomb interactions with the
cationic fragment.

We are using the expression for time-dependent distances to model the evolution of the HNCO
Auger spectra. We are describing the HNCO peaks as Gaussian functions with 1.5 eV full width at half
maximum as extracted from the steady-state HNCO spectra. We simulate the time-dependent shifts
by assuming a pure Coulombic 1/x potential (using atomic units). A trivial explanation for the peak
sharpening would be that it is due to the limited time resolution of 330 fs. Since the gradient of the
Coulomb potential has an inverse dependence on the distance to the charged fragment, sampling over
the 330 fs time evolution would broaden the peaks more strongly at earlier times than at later times.
Convolving our modeled time-dependent spectra, however, does not completely account for the peak
sharpening. To achieve good agreement with experimental spectra, we had to include an additional
time-dependent broadening to the Gaussian functions, which decreases from 4.7 to 1.5 eV during the
first picosecond. The Gaussian peaks are normalized according to their area and scaled by the same
universal factor for all time delays. The resulting simulated spectra are given as the grey thick lines in
Figure 3b. The shift as well as the position fits well within the noise on the experimental Auger spectra.

The additional broadening most likely stems from the finite width of the nuclear wavepacket.
From [24], we know that the dissociating nuclear wavepacket has to overcome two potential barriers
which will broaden it in the dissociation coordinate. The broad wavepacket in this degree of
freedom will have a similar effect as the time resolution on the Auger electron peak width. At small
distances/early times, there might, however, be an additional contribution from long-range interactions
during Auger decay, which can have a distance-dependent effect on the DOFS, even at separations
of several angstroms substantially beyond the van der Waals radii [16]. Future experiments with
improved time resolution can easily investigate this early phase of photofragmentation. This should
allow us to follow the reduction in DOFS during separation of the fragments in real-time and provide
important information about the nature of the fragmentation process.
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4. Conclusions

We conclude by pointing out the unique long-range sensitivity of Auger electron spectroscopy to
the presence of charged particles, which allows one to map time-dependent signatures of fragments
onto a dissociation coordinate. The important observable, the spectral shift with respect to field-free
Auger decay, can be easily interpreted based on a Coulomb potential without recourse to more
complicated theory. In principle, any probe process generating and detecting charged particles
is sensitive to the Coulomb potential of a nearby charged fragment. However, the sensitivity is
strongly reduced in the case of ion detection due to their orders of magnitude larger masses. Valence
electron spectroscopy should, in principle, show the same effect. However, due to strong vibrational
substructure in valence photoelectron spectra, the effect would be difficult to observe, Auger electron
spectroscopy on the other hand has the dynamic range to observe both the signatures of the molecular
ground state and of the fragmentation process. Moreover, due to the strong difference in DOFS, it
provides distinct signatures of fragment generation. Future experiments are planned to exploit this
powerful X-ray induced Auger electron technique.
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