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Tuning hard X-ray excitation energy along Cl 1s → σ∗ resonance in gaseous HCl allows manip-
ulating molecular fragmentation in the course of the induced multistep ultrafast dissociation. The
observations are supported by theoretical modelling, which shows a strong interplay between the
topology of the potential energy curves, involved in the Auger-cascades, and the so-called core-hole-
clock, which determines the time, spent by the system in the very first step. Asymmetric profile
of the fragmentation ratios reflects different dynamics of nuclear wave packets dependent on the
photon energy.

PACS numbers: 33.80.Eh, 82.80.Pv, 31.50.Df, 82.53.-k

Creation of deep electron vacancies initiates a cascade
of relaxation events that occurs on a timescale of few
femtoseconds. In the case of molecules, ultrafast dissoci-
ation may take place in the course of such cascades. In
a recent letter [1], we have described the mechanism of
multi-step ultrafast dissociation (MUST UFD), induced
by promotion of a deep inner-shell electron to an an-
tibonding molecular orbital. Following the excitation,
the system relaxes via a series of subsequent radiative
or non-radiative (i.e. Auger) decay steps and passes
through several repulsive intermediate states with one
or more holes in the shallower core electron shells, which
have longer lifetimes (typically 3–8 fs) compared to that
of deep-core-hole states (≤1 fs). MUST UFD process
was demonstrated with the example of HCl following
Cl 1s → σ∗ excitation. The intermediate Cl 2p−2σ∗

double-core-hole states with the lifetime of τ≤3 fs are
efficiently produced by the dominant KLL Auger decay
channel and can dissociate by emitting a neutral hydro-
gen atom before the LMM1 Auger decay occurs. The
H–Cl bond continues to elongate in the following dou-
bly charged Cl 2p−1(V σ∗)−2 core-hole states leading to
more abundant fragmentation before the system relaxes
by emitting another Auger electron in the last LMM2
decay step of the KLL-decay path:

hν + HCl −−−−−−−−→ HCl∗(1s−1
σ
∗
)

KLL−−→
KLL (τeff .1fs)−−−−−−−−−−−→ HCl+(2p

−2
σ
∗
) + e−Auger

LMM1−−−→
LMM1 (τ1∼3fs)−−−−−−−−−−−→ HCl2+(2p

−1
(V σ

∗
)
−2

) + e−Auger
LMM2−−−→

LMM2 (τ2∼8fs)−−−−−−−−−−−→ HCl3+((V σ
∗
)
−4

) + e−Auger

In the present letter, we demonstrate that MUST UFD
can be controlled by tuning the photon energy. Remark-
ably, this leads to drastic changes in nuclear dynam-

ics, which are observed on the hundreds of attoseconds
timescale.

The decay time of a core-excited state can be used
as a reference clock (‘internal timer’ ) for other pro-
cesses occurring in the system. This is the heart of
the well-known core-hole clock method, which has been
successfully applied in soft-x-ray energy regime to the
studies of ultrafast dissociation in isolated species tak-
ing place during the core-hole lifetime [2–19]. This
method is the main tool in the the studies of charge
transfer dynamics between adsorbates and surfaces [20–
22], across adsorbate films between polymer chains [23],
along single DNA chains [24]. Recently, it was used
in the tender x-ray regime (2–10 keV) to observe sub-
femtosecond nuclear [25] and electron [26] dynamics in
isolated molecules. It was also demonstrated that the
core-hole clock method allows additionally to manipu-
late the time spent by the wave packet in the core-
excited state through the detuning of the excitation en-
ergy from the maximum of the photoabsorption reso-
nance – the so-called ‘scattering time’, or ‘effective dura-
tion time’ [27]. The larger the mismatch (detuning, Ω)
between the narrow-bandwidth photon energy and the
vertical absorption energy, the shorter is the scattering
duration time τeff due to the increased dephasing of the
wave packet [28]. The mean scattering duration time can
be approximated to:

τeff ' 1/
√

(Ω2 + Γ2), (1)

where Γ is the lifetime broadening. The upper limit of
the effective duration time is set by the lifetime of the
core-hole state τ = Γ−1 when Ω = 0. In the present
case (a multi-step process), we control the dynamics of
the overall Auger cascade by manipulating the effective
scattering time of the very first step corresponding in our
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FIG. 1: Effect of photon energy detuning on LMM1 Auger de-
cay spectra recorded for gaseous HCl on top of the Cl 1s→ σ∗

resonance (red) and with detuning Ω = −2 eV (blue).
The sharp lines correspond to the atomic contributions after
MUST UFD in the Cl 2p−2σ∗ double-core-hole states of HCl.
The difference spectrum (grey) shows molecular contributions
to the LMM1 Auger decay and is obtained by subtraction of
the Ω = 0 eV spectrum from the Ω = −2 eV one in a way
that atomic A1 and A2 lines disappear.

study to the decay of the Cl 1s−1σ∗ core-excited state,
which is the shortest part (∼1 fs) of the overall MUST
UFD process (6–20 fs). Our observable is the amount of
dissociation in the LMM1 step (τ1∼3 fs), which is mon-
itored by the intensity of the atomic lines with respect
to molecular background originating from the same elec-
tronic transition. Thus the controlled time (τeff ) runs
only up to about 25% of the scattering time for the sec-
ond LMM1 step (τeff + τ1) and less than 10% for the
total scattering process (τeff + τ1 + τ2).

In brief, during core-excitation a coherent nuclear wave
packet is created in the primary core-excited state. This
wave packet is formed with different initial conditions
according to detuning, which determine its group velocity
and, therefore, its evolution in the following relaxation
steps. Afterwards, this detuning-dependent wave packet
is promoted very fast to the lower intermediate state,
where it has enough time to propagate towards the region
of the dissociation to create the atomic peak.

The measurements have been performed on the
GALAXIES beamline [29] at the 2.75 GeV SOLEIL
synchrotron in France using the hard x-ray photoelec-
tron spectroscopy (HAXPES) end-station [30]. In brief,
the beamline delivers linearly polarized light, which is
monochromatized by a Si(111) double crystal and fo-
cused by a toroidal mirror. The photon bandwidth is
∼250 meV around 3 keV. The HCl sample was commer-
cially obtained from Air Liquide with a purity of >99%.

Resonant Auger spectra were recorded with a high-
resolution EW4000 Scienta spectrometer equipped with
wide-angle lens. The spectrometer is installed parallel

to the light polarization vector. The electron spectrom-
eter resolution is estimated to be ∼150 meV at 100 eV
pass energy. Auger decay spectra were recorded at sev-
eral photon energies across the Cl 1s → σ∗ resonance
(2823.8 ±2.0 eV ). The full LMM Auger decay spectrum
was the subject of a previous publication [1]. Figure 1
shows LMM1 part of the spectrum used in the discus-
sion below. The two spectra, recorded for Ω=0 and -2
eV, shown in Fig. 1, are normalised to the intensity of
the atomic peak (A1) at ∼195 eV.

For the analysis, we chose the most intense atomic
lines with highest kinetic energies corresponding to the
LMM1 Auger decay of the Cl 2p−2σ∗ core-hole states
of HCl (marked as A1 and A2 in Fig. 1). They corre-
spond to 2p43s23p6(1D2)→ 2p53s23p4(J=7/2, 5/2) tran-
sitions [31]. Their high intensity and rather isolated char-
acter makes them the most suitable for the study of the
detuning effects. The shoulders on the low kinetic energy
side of the atomic peaks are due to the broader molecular
background originating from the early Auger decays oc-
curring at small internuclear distances when the molecule
is not yet dissociated (marked as M1 and M2 in Fig. 1).
From Fig. 1, one can notice that the intensity in the re-
gion M2 and the shoulder M1 are more pronounced in
the detuned blue spectrum for Ω = −2 eV. This visually
demonstrates that detuning of the photon energy from
the maximum of the Cl 1s−1σ∗ resonance affects the nu-
clear dynamics and partially quenches the fragmentation
in the following MUST UFD steps.

Furthermore, we tracked as a function of excitation en-
ergy across the resonance the variations of the intensity
ratios for lines A1 and A2 versus their molecular counter-
parts M1 and M2 with respect to the overall background
(marked as B in a flat region at the high kinetic energy
side in Fig. 1). Peaks A1 and A2 were fitted to extract the
peak maxima and the intensities of M1, M2 and B were
determined as the mean values in the corresponding en-
ergy regions. The errors were estimated by propagation
of experimental uncertainties. The observed experimen-
tal ratios are displayed in the middle panel of Fig. 2 as
a function of the detuning Ω together with theoretical
predictions (the upper panel).

Nuclear dynamics during the cascade was modelled us-
ing a semiclassical approach [1, 32]: classical trajectories
are started on the Cl 1s−1σ∗ core-excited potential en-
ergy curve (PEC). Each trajectory is allowed to hop to
the PECs of the Cl 2p−2σ∗ double-core-hole states ac-
cording to the effective decay rate. After the first decay,
the trajectories are further propagated on the new PEC
and are allowed to decay according to the LMM1 lifetime
τ1. For each calculation, 40 000 trajectories were prop-
agated until they decayed through LMM1 Auger tran-
sition. The atomic and molecular contributions to the
LMM1 Auger spectra are taken as the number of tra-
jectories hopping at distances above and below 2Re, re-
spectively, where Re is the equilibrium bond distance in
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FIG. 2: Middle (in blue): experimental atomic-versus-
molecular intensity ratio for MUST UFD in the Cl 2p−2σ∗

double-core-hole state of HCl following Cl 1s→ σ∗ excitation
using photon energies across the Cl 1s−1σ∗ resonance. Top
(in red): theoretical atomic-versus-molecular ratio (including
both τeff and dE(r)/dr – full line; only τeff – dotted). Error
bars are indicated by shaded areas. Bottom: Cl 1s→ σ∗ par-
tial electron yield spectrum (equivalent to X-ray absorption).

the ground state HCl molecule. Same PECs and natural
partial widths as in Ref. [1] were used.

For the relative atomic ratios, effective lifetimes for the
Cl 1s−1σ∗ state were calculated using Eq. 1. In order to
take the detuning effects into account, the initial condi-
tions were chosen to reproduce the cross-section as

σ(Ω) ∝ |χν=0(r)|2

(Ω + E(Re)− E(r))2 + (Γ/2)2
(2)

where χν=0(r) is the lowest vibrational wavefunction of
the electronic ground state and E(r) – the PEC of the
core-excited state. Calculated relative atomic ratios were
convoluted with Gaussian function of FWHM=250 meV,
corresponding to the experimental photon bandwidth.

The observed atomic-versus-molecular ratio, i.e. the
fraction of the photo-excited molecules undergoing disso-
ciation, is asymmetric and with the centroid blue-shifted
from the top of the Cl 1s→ σ∗ resonance, where the ef-
fective duration scattering time is the longest (Eq. 1). To
understand this apparent discrepancy, we looked in more
details at the wave-packet dynamics at positive and neg-
ative detunings.

As depicted in Fig. 3, at positive detunings the part
of the ground-state wave packet, residing at smaller in-
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FIG. 3: Diagram describing the effect of the different energy
gradients (dotted straight lines) on the wave-packet dynamics
at the first two steps of the KLL Auger decay cascade path for
positive (blue) and negative (red) detunings. The calculated
initial (bottom), initially excited wave-packets (top) and their
distributions in the Cl 2p−2σ∗ state after 2, 4, 6, 8 fs (middle).

ternuclear distances, has higher probability to be pro-
moted to the part of the Cl 1s → σ∗ state potential
with larger gradients (dE(r)/dr), thus leading to large
initial accelerations and fast velocity gains of the nuclei.
Though τeff is the same for ±Ω, the accelerations of
the nuclear wave packets are very different due to large
variations of potential energy gradients at different in-
ternuclear distances. Previously, the effect of energy gra-
dients upon detuning was discussed for single-step UFD
induced by soft X-rays [5–8]. The relative atomic contri-
butions were found to decrease approximately symmet-
rically upon detuning due to their predominant depen-
dance on the effective duration of the resonant scatter-
ing [6, 8]. In a single-step UFD, the total duration is
controlled by detuning (Eq. 1) and varies from Γ−1 to 0
(τUFD = τeff ≥ 0). On the contrary, in MUST UFD only
the very first step is detuning-dependent and the total
duration never goes to zero, being always larger or equal
to the sum of the lifetimes of all the following sequen-
tial steps. For example, for Cl 2p → σ∗ or Cl 1s → σ∗

resonances, when Ω = 2 eV, the effective scattering time
is ≈ 0.3 fs

(
both τeff (2p−1) and τeff (1s−1)

)
. The wave

packet does not have time to spread in the Cl 1s−1σ∗
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nor 2p−1σ∗ core-excited states. However, in the case of
MUST UFD it decays to the Cl 2p−2σ∗ state of HCl,
where the bond elongation continues during additional
τ1 = 3 fs. Noteworthy, Cl 2p−2σ∗ states have even steeper
potential energy curves than single core-hole states of
HCl [1]. As a result, the bond dissociation occurs more
efficiently for positive detunings due to higher dE(r)/dr
values of both Cl 1s−1σ∗ and Cl 2p−2σ∗ potential energy
curves involved. At the moment of the LMM1 Auger
decay, the estimated group velocity of the wave packet,
corresponding to positive detuning of +2 eV, is almost
30% higher than that corresponding to the same nega-
tive detuning of –2 eV. It can be seen from Fig. 3 that
in the Cl 2p−2σ∗ state the wave packet, corresponding
to the positive detuning (marked as blue), takes over
the wave-packet, corresponding to the negative detuning
(marked as red), and reaches faster the bond distance of
2Re, where the molecule can be considered dissociated,
despite the initial spatial distribution of the former at
smaller H–Cl bond distances. As shown in Fig. 2 (up-
per panel), considering only the impact of the effective
lifetime τeff leads to a symmetric atomic fragmentation
ratio. Theory predicts strongly asymmetric dependence
of atomic-vs-molecular ratios on detuning when including
dE(r)/dr dependence on the excitation energy in addi-
tion to the scattering time τeff .

The relative atomic ratios strongly depend on τeff
of the Cl 1s−1σ∗ state only for moderate detunings
|Ω| . 1 eV (see dotted curve in Fig. 2). Variations in
the ratios observed for |Ω| & 1 eV are mostly due to
the topology of the potential energy curves and are dom-
inated by the dynamics, occurring in the Cl 2p−2σ∗ state.

Notwithstanding negligible wave-packet movement
during very short effective scattering times of the 1st step
of MUST UFD affected by detuning, the gained velocity
is notable. For instance, while the relative displacement
of the Cl 1s−1σ∗ core-excited wave packet is estimated
to be less than 1% and almost 6% for Ω = –2/+2 and
0 eV, respectively (τeff ∼300 as and 1 fs), the veloc-
ity, acquired on the Cl 1s−1σ∗ potential energy curve,
amounts to 10%/12% and 36% of the corresponding fi-
nal wave-packet velocities at the moment of the LMM1
Auger decay.

At large detunings (both positive and negative) the res-
onant photoabsorption cross section becomes small, thus
the weight of direct contributions to molecular LMM1
Auger decays increases [27]. The direct terms are not in-
cluded in our theoretical simulations of the wave-packet
dynamics, which would partly explain the disagreement
at large positive detunings, where experimental relative
atomic ratios start to decrease rapidly, contrary to the
simulations (Fig. 2).

In conclusion, the strongly dissociative character of the
Cl 1s−1σ∗ state (τ ∼1 fs) leads to an important accel-
eration of the nuclei before the system decays into an-
other dissociative and short-lived 2p−2σ∗ state of HCl

(τ1∼3 fs), where the H–Cl bond dissociation occurs. De-
tuning of the excitation photon energy from the maxi-
mum of the Cl 1s→ σ∗ resonance results in the changes
of dissociation rates. For example, detuning by -1 eV
shortens the total scattering time by 400 attoseconds
(10%), which is estimated to decrease by∼20% the Auger
decays occurring in already dissociated atomic fragments
relative to molecular decays. On the other hand, positive
detunings lead to a much lower decrease in the relative
formation of atomic fragments. This is due to the inter-
play between potential energy gradients and the effective
scattering time, which both depend on the excitation en-
ergy.

This interplay is very strong in the case of the
Cl 1s→ σ∗ excitation in HCl and must be a general phe-
nomenon for the cascade relaxation processes. Detun-
ing across dissociative resonances is predicted to allow
manipulating the dynamics in the following multi-step
decays by “selecting” different topologies of potential en-
ergy surfaces, especially when the core-hole clock is too
fast to allow for displacements of the initially excited
wave packet.
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A. Kivimäki, E. Nõmmiste, A. Ausmees, A. Kikas, S. J.
Osborne, and S. Svensson, J. Chem. Phys. 104, 4475
(1996).

[4] F. Gel’mukhanov and H. Ågren, Phys. Rev. A 54, 379
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123 (1997).

[10] A. N. de Brito, A. N. de Brito, O. Björneholm, J. S.
Neto, A. Machado, S. Svensson, A. Ausmees, S. J. Os-
borne, L. J. Sæthre, H. Aksela, et al., J. Mol. Struc.-
THEOCHEM 394, 135 (1997).

[11] E. Pahl, L. S. Cederbaum, H. D. Meyer, and F. Taran-
telli, Phys. Rev. Lett. 80, 1865 (1998).

[12] P. Sa lek, F. Gel’mukhanov, and H. Ågren, Physical Re-
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