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Controlled Interplay between Decay and Fragmentation in Resonant Auger Processes
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Wave packet dynamics applied to the resonant Auger spectrum of HF bring to light novel interference
effects introduced by selective excitation. By detuning the excitation energy off the resonance these
effects are shown to be strongly enhanced. Besides the quenching of the so-called “atomic lines”
by detuning, an unexpected prominent structure dominates the spectrum in the case of small detuning
towards higher excitation energies. The underlying interference mechanisms are identified by tracing
the physically relevant quantities on the real time scale of the process. [S0031-9007(97)05272-1]

PACS numbers: 33.80.Eh, 33.20.–t, 33.70.–w
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The study of electronically highly excited, short-lived
molecular states by means of decay spectroscopy (e
Auger or x-ray emission spectroscopy) is a field of curre
vivid interest. New impetus was given in the last year
by experimental progress in measuring high-resolutio
vibrationally resolved spectra (see, e.g., [1]) on one han
and, on the other hand, by the development of the tim
dependent theory of wave packet dynamics [2–4], whic
allows for a time-resolveddescription of the processes
under study as a complement to the longer known tim
independent approach [5,6].

In the following, we shall concentrate on the so-calle
resonant Auger spectroscopywhich investigates the de-
cay of core-excited molecules. In general there exists
manifold of energetically close-lying core-excited state
For a selective population of only one core-excited sta
it is therefore necessary to perform the excitation in a
energetically selective manner. This“narrow-band exci-
tation” implies a prolongation of the excitation pulse dura
tion, and hence the excitation time may become of the sam
order of magnitude as the decay time and the typical tim
of internal vibrations or of fragmentation of the mole
cule. Interferences in the decaying state can thus app
and strongly influence the observed spectra [3]. Addition
complexity for the interpretation of the resonant spectra
introduced if the populated core-excited state is of pure
repulsive nature, due to excitation of the core electron in
an antibonding molecular orbital. In this case the tim
of dissociation of the molecule can become comparable
the decay time, leading to a competition between the dire
molecular decay and the decay within the atomic fragmen
after dissociation of the molecule. Such an interplay b
tween “molecular” and “atomic” contributions has widely
been observed (see, e.g., [7]) starting with the first obse
vation of atomic lines in the resonant Auger spectrum o
HBr [8].

In this Letter we shall report astonishing effects whic
occur in narrow-band resonant Auger spectra in the ca
where the decaying as well as the final electronic stat
0031-9007y98y80(9)y1865(4)$15.00
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exhibit dissociative character. In particular, by detunin
away from the resonance energy, interferences in t
decaying state can be strongly enhanced owing to t
energetically selective excitation. Besides the quenchi
of the atomic lines by detuning [3,9], very pronounce
interference patterns are shown to dominate the spectr
for small detuning towards higher excitation energie
All these effects will be demonstrated on the basis o
a realistic example, the narrow-band resonant Aug
spectrum of HF.

For the interpretation of these effects the time
dependent description provides a very useful tool becau
it allows for a deep insight in the underlying interferenc
mechanisms. By virtue of the accessible time resolutio
the formation of the Auger spectrum can be traced on t
real time scale of the process. It should be emphasiz
that this time evolution of the Auger spectrum may als
be investigated experimentally when the process can
interrupted after some time delay. This could be realize
by a sudden depopulation of the decaying state, in, e.
“pump-probe” like experiments, or, more indirectly, by
opening a competitive decay channel like, e.g., electro
transfer (see, e.g., [10]).

The core of the theory of wave packet dynamics
the derivation of differential equations for the nuclea
wave functions of the decaying and the final state
CdsR, td and CfsE, R, td, respectively, which describe
their propagation in time. The wave functions depen
on the nuclear coordinatesR and the timet. Note that
CfsE, R, td depends additionally on the energyE of the
ejected Auger electron as a parameter because for e
energy a different final electronic state is populated an
the corresponding wave packet evolves differently. Th
following differential equations have been derived [3
in the weak-field case, i.e., when the recoupling of th
decaying to the initial state is neglected,

i ÙCdsR, td ­ gstdVCisR, td 1 sĤd 2 iGy2dCdsR, td ,

i ÙCfsE, R, td ­ WCdsR, td 1 sĤf 1 EdCfsE, R, td . (1)
© 1998 The American Physical Society 1865



VOLUME 80, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 2 MARCH 1998

ion

ut-
ic

ed
e

lly
nce
the

ce
m
are
wo-
mic
out
nd
tic
red
by
on

is
ng
all
ent
of
nce
with

en
ty
g

Here the HamiltonianŝHd and Ĥf describe the nuclear
motion of the wave packets on the corresponding pote
tial curves. The decay of the core-excited state is acco
plished by the imaginary partiGy2 whereG denotes the
decay width of the core-excited state. The decay wid
is inversely proportional to the lifetime of this state.V
and W describe the transitions between the initial ele
tronic state and the intermediate state, and between
intermediate and the final electronic states, respective
Here they are assumed to be independent of the nuc
coordinates. The excitation functiongstd describes the
interaction with the time-dependent external field.

The time evolution of the wave packets is of intere
because information about the Auger spectrumssEd as
a function of the kinetic energyE of the emitted Auger
electrons and its time evolutionssE, td is contained in the
final state nuclear wave packets [11],

ssE, td ­
Z

dRjCfsE, R, tdj2, (2)

ssEd ­ lim
t!`

ssE, td . (3)

We now turn to the study of the resonant Auger dec
of HF occurring upon narrow-band excitation. For th
example we have computed the lowest-lying potent
curves of the core-excited states and of the final cation
states byab initio correlated quantum chemical method
[12]. With the help of these curves, we were able
reproduce the experimental electron energy loss spectr
[13] and the broad-band resonant Auger spectrum [1
very well [12]. In order to study the effects of detunin
in the case of narrow-band excitation, we concentra
in this Letter on the particular transition between th
lowest-lying core-excited1S state and the4P final state,
which yields one of the main contributions to the broad
band spectrum. The HF molecule is particularly we
suited for this study because the core-excited1S state
is energetically very well separated from the above-lyin
Rydberg states. In Fig. 1 the computed potential curv
of the 1S and the4P final states are depicted. As on
can see, both states exhibit strongly repulsive charac
We have chosen an excitation width [full width at ha
maximum (FWHM)] of the incoming radiation of 0.2 eV.
The appearance of the described effects do not dep
strongly on this width as long as it lies in the same ran
as the decay width of the core-excited state of 0.202
taken from [15] (the corresponding lifetime is 9 fs). Th
effects are also general in the sense that they only dep
on the dissociative nature of the potential curves involv
and not on the particular transition or molecule und
consideration.

Performing narrow-band excitation one first notices
resonance at an excitation energy of 687 eV characteriz
by a maximum in the total integrated intensity. This res
nance coincides approximately with the maximum in th
Franck-Condon overlaps between the initial wave functio
Ci (the vibrational ground state of the electronic groun
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FIG. 1. Potential curves of the core-excited1
S1 state dis-

sociating into Hs2Sd 1 Fs2Sd and the 4P final state which
dissociates into H1 F1s1Dd. Shown in the inset are the
Franck-Condon overlaps between the initial state wave funct
Ci and the eigenvectors of the intermediate statejndl. The ar-
rows indicate the region of the molecular transitions contrib
ing at about 652 eV to the spectrum and the zone of atom
transitions leading to the atomic peak at 656.7 eV.

state of HF) and the eigenfunctions of the core-excit
statejndl, shown as the inset of Fig. 1. The magnitud
of absorption of the incoming radiation depends crucia
on these overlaps. By detuning away from the resona
the total integrated intensity is reduced according to
decrease in these Franck-Condon overlaps.

In Fig. 2 the Auger spectrum recorded on resonan
is shown at the top while the spectra resulting fro
detuning towards lower and higher excitation energies
depicted below. The on-resonance spectrum shows a t
peak structure formed by an intense and sharp ato
peak at 656.7 eV and a broader molecular tail at ab
652 eV, closely resembling the corresponding broad-ba
spectrum. Upon detuning, the spectrum exhibits drama
changes: the relative intensity of the atomic peak compa
to the molecular contributions is reduced drastically
detuning either towards lower or towards higher excitati
energies. For large detuning a Raman-like behavior
found: only the broad molecular part remains, showi
a linear dispersion with the excitation energy. For sm
detuning towards higher excitation energies a promin
three-peak structure is found in the molecular part
the spectrum. Here, the appearance of this interfere
structure may be surprising because we are concerned
transitions between purely dissociative curves.

The quenching of atomic peaks by detuning has be
predicted before [3]. It is connected with the selectivi
of the excitation in combination with detuning. Durin
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FIG. 2. Resonant Auger spectra for the1
S1 ! 4P transition

obtained by narrow-band excitation at different excitatio
energiesEexc. The FWHM of the excitation pulse is 0.2 eV.
At the top is the spectrum taken on resonance (Eexc ­ 687 eV).
Below, on the left-hand side are the spectra at lower excitati
energies (from top to bottom:Eexc ­ 685, 684, and 682 eV).
On the right-hand side are the spectra at higher excitat
energies (from top to bottom:Eexc ­ 689, 690, and 691 eV).

the excitation process the intermediate state wave pac
CdsR, td is continuously created by transfer from the in
tial state. At each time step new parts are superposed
the old parts ofCdsR, td which propagate according to
the force they experience on the potential energy cur
This superposition of earlier and later created parts cau
interferences by which the energy selection is achieve
Depending on the Franck-Condon overlapskCi j ndl in
the energetically selected region (see inset of Fig. 1), o
finds mainly constructive interferences on resonance a
increasingly destructive interferences for increasing d
tuning. Thus, by detuning smaller and smaller parts
CdsR, td survive the selection process which takes pla
on the time scale of the excitation pulse. This can be se
as a decrease of the “effective lifetime” of the decayin
state [3]. Consequently, the spectrum is more and mo
dominated by the direct molecular contributions, and t
atomic peak is correspondingly suppressed. The red
tion of the effective lifetime also explains the Raman-lik
behavior found for large detuning. The spectra are no
formed exclusively by the short-time molecular contribu
tions corresponding to almost direct transitions betwe
the initial and the final states, independent of the inte
mediate state. The linear dispersion with the excitati
energy is a consequence of energy conservation.

Also the explanation of the interference structure foun
for small detuning towards higher excitation energie
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is connected with the selectivity of the excitation. For
an excitation energy of 689 eV (2 eV above resonance
an energy region is selected where the Franck-Condo
overlaps are already small but still large enough that par
of the intermediate state wave packetCdsR, td with the
“correct energy” can survive the excitation. Looking at
the time evolution ofCdsR, td in Fig. 3 one can see that,
as a consequence of the selection of a small energy regio
the nodal structure of the corresponding eigenvectors
forced ontoCdsR, td. Provided that this structure exists
long enough (which is the case owing to the dissociativ
character of the core-excited state), it can now be mappe
onto the Auger spectrum. The mapping is particularly
simple as a consequence of the dissociative charac
of the final state potential curve [16]: transitions which
occur at larger internuclear distances lead to higher ener
contributions in the spectrum.

The central question now concerns the conditions fo
the appearance of a structure inCdsR, td. In particular,
the question arises why this structure is formed only fo
small detuning towards higher excitation energies and n
at the resonance or below it. In order to understand th
it is helpful to realize the conditions for the appearance o
interference in general. As mentioned above, interferenc
takes place between parts of a wave packet created ear
in time and parts added later. Therefore, the time scale
of excitation and nuclear dynamics in the excited stat
have to be comparable for interference to occur in th

FIG. 3. Time evolution of the norm of the intermediate state
wave packetCdsR, td for the case of small detuning above
resonance (Eexc ­ 689 eV). The FWHM of the excitation
pulse is 0.2 eV. Since the pulse is a Gaussian this correspon
to a duration of 13 fs. Fort ­ 0 fs (at the maximum of the
excitation pulse) an additional magnified frame is shown in th
center in order to demonstrate the three-peak structure.
1867
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decaying state. This condition is fulfilled as long as th
excitation width, which is related to the inverse of th
pulse duration, is small enough. Another condition is th
parts of the wave packet created earlier remain localiz
in the zone of interaction where new parts are creat
later in time. In the case of bound potential curves th
nuclear wave packet remains within the potential we
Interference can thus lead to very prominent “vibration
structure.” For repulsive potentials, however, the parts
CdsR, td describing the dissociation of the molecule mov
directly out of the interaction zone, leading to a suppressi
of interference.

When the excitation is performed at the resonance
below it, the created wave packetCdsR, td experiences
immediately the repulsive forces of the potential to whic
it was transferred. Consequently, there is no possibility
form the spatial structure inCdsR, td by interference, and
thus no structure is found in the spectrum. Going to high
excitation energies, parts ofCdsR, td now can propagate
also in the direction of smaller internuclear distance
and thus can resist immediate dissociation. Additionall
the region where interferences can occur becomes lar
because shorter internuclear distances are accessible
excitation above the resonance. In conclusion, parts
CdsR, td can stay longer in the (enlarged) interaction zon
and thus interferences become more pronounced leadin
the nodal structure ofCdsR, td.

In order to consolidate this explanation, the formatio
of the norm ofCdsR, td and the evolution of the spectrum
ssE, td are shown for an excitation energy of 689 eV in
Figs. 3 and 4, respectively. At the very beginning of th
process,CdsR, td reflects the shape of the initial state
wave function. The spectrum exhibits the same sha
too, due to the “mapping” of the spatial distribution o
CdsR, td onto the Auger spectrum. After some time dela
the structure inCdsR, td develops and, accordingly, the
three-peak structure in the spectrum is formed. Aft
the molecular part of the spectrum is almost complete
formed, the atomic peak begins to appear, arising fro
decay of the large outgoing part of the intermediate sta
wave packet.

To summarize, we have seen that a variation of the ex
tation energy allows for acontrolled mappingof the nodal
structure of a zone of eigenvectors selected by the exc
tion. Only in the limiting ideal case of monochromatic
excitation, CdsR, td would show the “perfect” structure
of the eigenvector which is filtered out by the excitation
A monochromatic excitation is, of course, only achieve
when the excitation time tends to infinity. In all realis
tic cases the finite excitation time implies a finite energ
width of the excitation pulse and can suppress the form
tion of the nodal structure, especially in the on-resonan
case. In general, the interferences forming the structu
can be enhanced by small detuning towards higher exc
tion energies.
1868
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FIG. 4. Formation of the Auger spectrumssE, td as a
function of time t taken at an excitation energy ofEexc ­
689 eV, i.e., for small detuning above resonance. The FWHM
of the excitation is 0.2 eV.
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