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Impact of narrow-band excitation on resonant decay spectra
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The influence of narrow-band excitation on the decay spectra of dissociative core-excited molecular states is
investigated in detail. Surprising interference phenomena have been reported previously in the resonant Auger
spectrum of HF of Pahét al. [Phys. Rev. Lett80, 1865 (1998]. Apart from a general quenching of the
“atomic” contribution by detuning, pronounced interference patterns are found for small detuning above the
resonance of the core-excited state. Utilizing the time resolution gained within the theory of wave-packet
dynamics, the underlying interference mechanisms are analyzed thoroughly. Special attention is paid to the
selection process of intermediate-state eigenfunctions accompanying narrow-band excitation. We present a
method that enables the assignment of different contributions in the decay spectrum to the internuclear dis-
tances at which the corresponding transitions take place. In particular, information about the origin of the
atomic transitions is obtainefiS1050-29479)00208-3

PACS numbgs): 33.80.Eh, 32.80.Hd, 33.26t, 33.70-w

[. INTRODUCTION and decay, i.e., on the nuclear motion in the corresponding
electronic states. A first condition for interferences to occur
Core-hole molecular states are, in general, short lived andt all is that the time scales of the creation process and the
decay on a femtosecond time scale via emission of Augenuclear dynamics in the populated states are comparable. As
electrons or x-ray photons. Since the time scale of nucleamentioned above, the decay spectra of core-hole states can,
dynamics(vibrations or dissociation of the moleciles of  therefore, be influenced either by interferences occurring in
the same order of magnitude as the lifetime of the core-hol¢he wave packet of the core-hole state or in the final-state
state, pronounced interferences can occur and influenagave packds). The condition for the interferences to occur
strongly the observed Auger or x-ray spectra. Additional in-is a comparable time scale of the excitation process and the
terferences are introduced if the initial excitation step is pernuclear dynamics in the core-excited state, or of the decay
formed in an energetically selective manner. The energy seprocess and the nuclear dynamics in the final &até\n-
lectivity implies a prolongation of the excitation time, which other necessary condition for interferences is that already
thus can become comparable to the decay time and the typéxisting and propagating parts of the wave packet remain at
cal time scale of internal motion of the molecule. Such aleast partially localized in the region of their creation during
“narrow-band” excitation is very useful if the decay of core- the creation process. This condition is usually fulfilled for
excited states is monitored in the so-called resonant decayound potential curves, leading to “vibrational structure:” in
spectroscopies because it allows for a selective excitation dhis case, the motion of the wave packet describes the vibra-
only one of the, in general, many and close-lying core-tion of the molecule and thus remains within the potential
excited states. In the last years, considerable advances hawell. For dissociative curves, however, the parts of the
been made in measuring highly resolved resonant Augemuclear wave packet describing the dissociation of the mol-
[2-5] and x-ray emissiof6,7] spectra. ecule typically leave the zone of their creation very quickly,
It has been shown that a time-dependent wave-packet pi¢eading to a suppression of interference.
ture [8—11] is very well suited for the investigation of such  Nevertheless, also for transitions between purely repul-
decay processes. Compared with the traditional timesive curves, pronounced interferences can be found as has
independent picturgl2—15 it allows for an additional time- been reported recentlyl]. Besides a general quenching of
resolved description. The whole information about the crethe “atomic” contributions(originating from the decay after
ation and decay of core-excited states is contained in thdissociation of the core-excited molecyl@ne finds very
nuclear wave packets of the core-excited and final electronipronounced interferences for small detuning of the excitation
states. These wave packets are generated by a superpositemergy above the resonance of the core-excited state. In this
of earlier created propagating parts and parts added at latpaper we will illustrate these effects further by giving a de-
times. Their evolution on the potential curves of the corre-tailed analysis based on the wave-packet description. As in
sponding electronic states describes the nuclear dynamics Ref.[1] we will concentrate on the realistic example of one
the respective states. specific decay contribution to the resonant Auger spectrum
Interferences can be traced back to this superposition aff HF. The corresponding transition yields one of the main
earlier and later contributions. The appearance of interfereontributions to the broad-band resonant Auger spectrum,
ences, as well as their constructive or destructive nature, devhich has been studied thoroughly in a preceding publica-
pend on the evolution of the wave packet during its creatiortion [16]. In that reference, the computed potential curves of
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the relevant core-excited and final electronic states have beggnian |2|d_ (i/2)I" whereT denotes the decay width of the
presented and discussed. core-excited state. The decay width is inversely proportional
After a short outline of the theory of wave-packet dynam-tg the lifetime of this state.
ics [8—11], in Sec. Il we will review the phenomena intro- | goking at differential equationél) and (2) the sources
duced by narrow-band excitatiai®ec. Il). In Sec. IV we  of interferences can easily be identified. Both the
start with an investigation of the mechanisms of the selectioftermediate- and final-state wave packet are formed by a
process in the case of narrow-band excitati§ec. IVA  syperposition of two terms: the already existing part of the
before turning to a detailed discussion of the observed effectﬁla\/e packet that propagates under the influence of the cor-
(Secs. IV B-IV B. Finally, in Sec. IV F we will analyze the responding potential curves and a source term describing the
different contributions of the decay spectra in relation to theexcited and decaying contributions, respectively. Whenever
origin of the corresponding transitions. This allows us tothe time scales of the nuclear dynamics and the process of
answer the question at which internuclear distancegreation are comparable, interferences can occur. In the case

“atomic” transitions take place. of broad-band excitation this condition of comparable time
scales for intermediate-state interferences is not fulfilled be-
Il. THEORY cause the excitation is very quick in comparison with the

nuclear dynamics and can be viewed as an instantaneous

In this section we will give a short review of the theory of process. The excitation functiag(t) can thus be well de-
wave-packet dynamics for the description of the decay okcribed by a5 function and the source terg(t) V¥, (R,t) in
core-hole states. The time-dependent formalism has been dgg. (1) may be replaced by an initial condition.
veloped in the last years for the case of broad-bahd] as All spectroscopically relevant information can be ex-
well as narrow-band excitatiofl0,11] including the possi- tracted from the wave packets. For example, the intensity
bility of vibronic coupling either in the manifold of decaying o(E,t) of the emitted particles as function of their kinetic
or in the manifold of final statel®,11]. The central point of energyE and the time can be computed from the final-state
the theory consists of a set of differential equations that dewave packet$8]:
scribe the propagation of the nuclear wave packets. These
differential equations have been derived by making use of
the local approximation, which allows for the derivation of
an effective non-Hermitian Hamiltonian of the intermediate
state. Within this well-justified approximation the decay is The final decay spectrum is obtained for sufficiently large
regarded as an irreversible process. In the present context viges (in relation to the excitation and decay times
are interested in the case of an energetically selective exci- )
tation (narrow-band cage Within the approximation of a of(E)=lima(E,t). (4)
weak electromagnetic field as an exciting source the set of o
differential equations read4.0]

Uf(E,t)=f dR|W(R,E,1)|2. ®)

Formula(3) makes obvious the main advantage of the time-
dependent over the time-independent formalism: By virtue of
the time-resolved information, the formation of the decay
spectra can be traced in time. Experimentally, this process
could be monitored by pump-probelike experiments with a
) R sudden depopulation of the decaying state.
iVi(E,Rt) =WV (R,t)+(H{+E)V{(E,R1). (2 We want to stress here that the additional time parameter
is not necessarily disadvantageous computationally. On the
The nuclear wave packetsV (R,t), W4(R,t), and contrary, the time-dependent picture becomes even profitable

W (R,E,t) contain the whole information about the nuclear With increasing size of the problefe.g., multidimensional
dynamics in the initial, core-excited, and the final electronicSYStem$ because it avoids the diagonalization of large ma-

states, respectively. Note that,(R,E,t) depends not only trices and the storage of large amounts of data typical of
on the nuclear coordinaté®and the propagation timebut time-independent formalisms for the computation of the in-
also on the energ§ of the particle(Auger electron or x-ray  t€nsity[2,10:
photon emitted during the decay. Since we do not want to 2
(ne[ng)(ng| V)
calculate angle-resolved decay spectra here, the dependence; “E 2 E !
. #(E) IM(E+Ey)| -
on the angular quantum numbers has been omitted. ny g E—(En,—En)+il'/2
The Hamiltonians of the decaying and final statg,and 5

H;, govern the propagation on the corresponding potentia) . o
curves. The inhomogeneitiggt) V¥, (R,t) and W 4(R, 1) aHere, for the evaluation af;(E), the Hamiltoniandd4 and

introduce contributions from the initial to the excited inter- Hr have to be diagonalized and all the eigenvectogs and
mediate state and from the latter one to the final siamnd [N and eigenvalueg, andE, have to be storedM (o)

W denote the respective transition matrix elements. Throughdenotes the Fourier transform of the excitation functi¢t).

out this paper they will be assumed to be independent of the In addition too;(E), the total integrated intensit rep-
nuclear coordinateB. The functiong(t) defines the shape of resents another important spectroscopic quantity in the case
the excitation pulse. The decay of the core-excited state isf narrow-band excitation, because it measures the extent of
accomplished by the imaginary part of the effective Hamil-radiation, which is absorbed during the excitation process.

ixifd(R,t)zg(t)vqfi(R,t)+(Hd—'Er)\pd(R,t), (1)
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The maxima ofQ) as a function of the excitation energy I
define the resonances of the intermediate states. In[ R&f. Vy | {nilng)
the following formula has been derived: !

2040t \J _
H(%8) + F*(%S
Q= [ngVI¥)PG(E,), ®) | I 2 +FS)
nd d | E
|
with - |
> |
GE. ) Jw g r/2m M(o)? 2 2670 :
= w w)|”. e ~1652 eV
)T (B )2+ (T12) b | ~ 656.7 6V
g 2680 |
On the basis of formulé6) one can easily see that the total = |
integrated intensity depends strongly on the Franck-Condon |
overlaps between the initial and intermediate electronic |
states. If the level spacing in the intermediate state is much -2690 '
smaller than both the energy width of the excitation function

M (w) and the decay width’, G(End) follows the shape of

the excitation function. This, of course, is always the case for
dissociative states. Integration Gf(E, ) over the energies
a 1 15 2 25

E,, weighted with the Franck-Condon overlaps then yields Req

the total integrated intensitf). The resonance of a dissocia-
tive state thus coincides roughly with the maximum of the
Franck-Condon overlaps. FIG. 1. Ab initio potential curves of the core-excitdd * state

The numerical procedure to compute the partial Augemissociating into H{S)+F(2S) and the cationic*II final state,
intensitieso(E) either within the time-dependent or within which dissociates into HF"(*D). Additionally, the Franck-
the time-independent framework according to E@.and  Condon overlaps between the initial-state wave functigh and
(4), or Eq.(5), respectively, has been described in detail inthe eigenvectors of the intermediate statg) are depicted. The
Ref.[10]. Here, we only want to mention briefly that we use resonance of thé3 * state coincides roughly with the maximum of
a uniformly spaced grid on which the wave functioks and the Franck-Condon overlaps as indicated by the dashed line. The
\Iff are represented and propagated_ The time propaga’[ion qErows show the region of the “molecular” and “atomic” transi-
performed by using a short-iterative Lanczos integrpt@—  tions leading to contributions to the resonant Auger spectrum at
19]; the kinetic energy is applied via fast-Fourier-transform.about 652 eV and at 656.7 eV, respectively. The dashed line indi-
In implementing the time-independent formula we represengates the equilibrium distande,q=0.92 A of HF.

the Hamiltonians Hy and H; by a discrete-variable- _
representatiofDVR) variant[20] and compute the needed and the decay of the core-excited! Btom. The decay tran-

eigenvector$ngy) and|n¢) as well as the eigenvaIuEsnd and sjtion we are considering yields one of the mair) contribu-
E,, by diagonalization. tions to the full resonant Auger spectrur6], which we

have calculated based oab initio correlated quantum-
chemical computations of the lowest-lying potential curves
Hl. RESULTS of the core-excited state and of the final cationic states. De-
%ails of these computations as well as an analysis of the ex-

erimental electron energy-loss spectriit] and the broad-

and resonant Auger spectry22] are given in Ref[16].

In Fig. 1 we display the potential curves of the * core-

excited and theIlI final state involved in the transition un-
der study. Figure 2 shows the corresponding contribution to

-2700 H(?S) + F+(1D)
!

Internuclear Distance (A)

In order to demonstrate and analyze in detail the effect:
introduced by detuning in the case of dissociative states w
will concentrate on the particular Auger transition from the
lowest-lying core-excited state of HF into the repulsive final
state HF (*I1: . . . 3011734 0") dissociating into F and H:

HE (IS H) = HPY (13 1) — F* (2S) + H(2S) the broad-band Auger spectrum. We see here a pronounced
two-peak structure, typical of a transition between two
l l purely dissociative curves. The sharp atomic peak appears at
HF(“I1) —F'(*D)+H(39). 656.7 eV, corresponding to the energy difference between

the dissociation limits of the intermediate- and final-state po-
From the electronic and vibrational ground stafe € |n;)) tential curves. The molecular tail is found at lower energies
of HF, the intermediate state ME'S™) is populated by at about 652 eV.
narrow-band excitation. Since the core electron is excited The study of this transition serves as a model example for
into the antibonding & molecular orbital, the intermediate the interference effects appearing in the case of dissociative
state exhibits a strongly repulsive character. Due to the recurves. Apart from the nature of the potential curves in-
pulsive character of both the intermediate and final state, oneolved, these effects depend only on details of the excitation
finds, apart from the competition of excitation and decay, arprocess. Similar effects are always to be expected when the
additional interplay between the “molecular” Auger decay energy width of the incoming radiation becomes of the same
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2 |
o atomic peak /
= on-resonance -
2 646 650 654 658
a
= Detuning
= towards
g molecular part lower exc. energies | higher exc. energies
)
S - :
646 650 654 658 ::5?
Kinetic Energy (eV) g
. 646 650 654 658 646 650 654 658
FIG. 2. Contribution to the broad-band Auger spectrum of HF 2
resulting from the transition between the core-excit®l™ state &
and the cationic*TI final state. One can identify very well the >
typical two-peak structure formed by the intense and sharp ‘0
“atomic” peak at 656.7 eV and the broad “molecular” part at 5 646 650 654 658 646 650 654 658
about 652 eV. E
order of magnitude as the decay width of the core-excited
state. Throughout this paper we have chosen an excitation 646 650 654 658 646 650 654 658
width [full width at half maximum(FWHM)] of 0.2 eV. The
excitation pulse is centered at the zero of the time scale. Due Kinetic Energy (eV)

to the selection of a Gaussian-shaped excitation function the

chosen excitation width corresponds to a pulse duration of 13 FIG. 3. Contribution to the narrow-band Auger spectrum of HF
fs. The decay width of the core-excited state is also taken agsulting from the transition between the core-exciféil” state
0.2 eV. This value corresponds to the decay width of core@nd the cation_ic“_H fingl state for different excitation energies
ionized HF', which has been determined experimentallyEexc: The excitation width is 0.2 eMFWHM). At the top the
[23] as well as theoreticallj24]. From the experimental OreSonance spectruntf, =687 ev) is shown. Displayed be-

lectron enerav-I @], th me value for th low, on the left and right sides, are the off-resonance spectra result-
electron energy-ioss spectry » the same value for the ing from detuning towards lower and higher excitation energies,

cljeiay width ha_s also been estimated f_or the que'_exc'teféspectively. The excitation energies from top to bottom Egg.
%" state considered here, corresponding to a lifetime ofggs ev, 684 eV, and 682 eV on the left, afig .= 689 eV, 690
9 fs. eV, and 691 eV on the right. The total integrated inten§ltyde-

The investigation of the decay of the core-excitel™ creases strongly by detuning. Having setQe=1 for the broad-
state of HF is particularly well suited for the study of the band spectrum of Fig. 1, we find=0.357 on resonance. For the
effects of detuning because this state is very well separatedptuned spectra on the left we find from top to bottdin:=0.04,

(by about 4 eV from the higher-lying core-excited Rydberg 0.005, and 0.001; for the detuned spectra on the right from top to
states[16]. In the case of the experimentally well-studied Pottom:=0.016, 0.03, and 0.002.

resonant Auger decay of H{(25,5], for example, the lowest-

lying 2p34s resonance is separated only by about 1 eVnificant changes when detuning the excitation energy. Apart
from the corresponding 2, resonance, and the latter state from the expected loss in the total integrated inten§itywe
only 1.5 eV from the first Rydberg state. This implies afind the following:

severe limitation when detuning towards higher excitation (i) For small detuning towards higher excitation energies
energies. (right-hand side of Fig. 3 a very pronounced structure ap-

The resonance of théS ™ core-excited state, which is pears in the molecular part of the spectrum. At first glance,
defined as the maximum in the total integrated inten€ity this is very astonishing because we are concerned with a
lies at an excitation energy of about 687 eV. In corresponiransition between purely dissociative curves, where interfer-
dence with Eq(6), the resonance coincides roughly with the ence effects are strongly suppressed, in general.
maximum of the Franck-Condon overlags;|ny) but is (i) For large detuning only the broad molecular part of
slightly shifted towards higher energies due to an asymmetryhe spectrum remains, showing a linear dispersion with the
in the Franck-Condon distributiofsee the inset in Fig.)1  excitation energy. The energy widt(RWHM) of the peak is
Let us now consider Fig. 3. At the top we have depicted theabout 4 eV and is, over a wide range, independent of the
narrow-band spectrum of the transition taken at the resoexcitation width(see also Fig. 10
nance energy defined above. Below, several off-resonance (i) The relative intensity of the atomic peak with respect
spectra are displayed. In the left and right columns the excito the molecular part decreases by detuning, also for detun-
tation energy is detuned below and above the resonance, ritg towards higher excitation energies. This quenching of the
spectively, by an amount increasing from top to bottom.atomic line has been predicted bef¢i®] and hints for this
While the on-resonance spectrum resembles closely the cophenomenon have been found later in the study of the reso-
responding broad-band spectriFig. 2), one observes sig- nant Auger spectrum of HGR5].
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IV. DISCUSSION OF THE RESULTS (8) Bee =685 eV (b) Bepe =687 &V (¢) Buze = 689 eV

_ o =-256fs =256fs =256fs
In the following we will discuss the observed effects after 5, j5-14 1% 10-13 9 % 10~

focusing on the mechanisms of the selection process cause |
by narrow-band excitation. These mechanisms turn out to be N\ e e
crucial for the understanding of the observed effects.

\

685 637 689 685 687 689 685 687 6:?9

=128f =128 1=-128fs
A. The selection process in the narrow-band case 5x 1077 5x 107 3% 1077
In the case of an energetically unselecti®oad-bang A y I
excitation, the excitation process is very quick in comparison VAN AR
with the decay. The excitation can in fact be viewed as an 685 687 689 685 687 63 a5 687 639
instantaneous event in which the initial-state wave packet is =05 0% =05
transferred vertically to the potential curve of the intermedi- ** ' 61072 L0
ate electronic state. Consequently, no interferences in the ’
intermediate-state wave packet are found. An energetically L AR
selective(narrow-bang excitation, on the other hand, leads 685 687 689 5 667 689 685 687 689
to a prolongation of the excitation time. The intermediate- , =I28s 4108 =128 108 (=185
state wave packel 4(R,t) is now formed by a superposition
of contributions added continuously during the excitation. : A ﬂ
Interferences take place between the earlier and later create i L A
parts, and guarantee the desired energy selection. 85 67 6% &5 687 68 &5 687 689
In order to illuminate this selection process further it is
useful to decompose the intermediate-state wave functior. End (eV)

WV 4(R,t) into the eigenvectoring) of the intermediate elec-
tronic state and to look at the squared absolute values of th,éetq

oyerlaps|(nd|\lfd(t))|_2 as a fu_nctlon of t_he corresponding intermediate-state wave packet and the “eigenvectors” of the inter-
e|genvaluesEnd. In Fig. 4 the time evolution of these over- . agiate state as a function of the corresponding enegjes(a)
laps for the present case is shown for three values of thgyr below-resonance excitatiorEg, =685 eV), (b) for the on-
excitation energy: below the resonande,{=685 eV) in  resonance cas&f,.=687 eV), andc) for an excitation above the
column(a), at the resonanceEg,.= 687 eV) in column(b), resonance aE.,.=689 eV. Note the change in ordinate scale in
and above the resonandé..= 689 eV) in column(c). For  the different frames. The dashed-line plots show the corresponding
the sake of comparison, the squared absolute value of theguared Franck-Condon overlajis;|ng)|? adjusted to the corre-
Franck-Condon overlaps between the initial-state wave funcsponding ordinate scales. At the beginning of the excitation process
tion |n;) and the eigenvectotsy) are additionally shown in the population distribution of the intermediate state roughly
each frame by the dashed lines. This Franck-Condon distrimatches these overlaps. Then, with some time delay, the desired
bution corresponds to the population of the intermediate€nergy selection is achieved bgonstructive and destructiventer-
state levels in the case of broad-band excitation. In that cas&rence-
the shape of the distribution does not change in time; only
the magnitude of the overlaps decreases exponentially as According to the changing interference patterns depend-
e !, wherel is the decay width of the intermediate state. ing on the extent of detuning one can observe a different
In Fig. 4 one can see very well that in the narrow-bandbehavior in the intermediate-state population. In Fig. 5 the
case the population of the intermediate-state levels at thtéme evolution of the squared norm of the intermediate-state
very beginning of the excitation process are heavily influ-wave packet/dR| ¥ 4(R,t)|? is displayed on a logarithmic
enced by the Franck-Condon overlaps but traces of the erscale for broad-band excitation as well as for narrow-band
ergy selection of the excitation pulse can already be foundexcitation at several excitation energies. In the broad-band
With some time delay, the selection works more and morecase the intermediate-state wave packet is created instanta-
efficiently by interference between earlier and later createdieously at timet=0 by transferring the normalized initial-
parts of W 4(R,t). The selection process works by filtering state wave packet to the intermediate state. o the
out those levels that lie in the desired energy region, correwave packet decays exponentially. In the narrow-band case
sponding to the width of the excitation. For on-resonanceconstructive interferences prevail for on-resonance excitation
excitation the “correct” levels are populated already from and the norm grows until the exponential decay becomes the
the beginning and the interferences are thus of a mainly cordominant process. In the figure, this onset of exponential
structive character. With increased detuning below or abovéecay is indicated by the transition to the linear decrease.
the resonance, however, the interferences become more aBelow and above the resonance, the wave packet initially
more destructive and the “wrongly” excited components of created on the intermediate state is increasingly destroyed by
the wave packet are destroyed in time. Note again that thmterferences fot>0 but still during the excitation process.
resonance energy is defined as the maximum of the totalhe stronger the detuning the more closely the norm of the
integrated intensity) of Eg. (6). Due to the asymmetric wave packet follows the excitation pulse. The maximum of
shape of the Franck-Condon overlaps this resonance does rtbe norm shifts from positive times to=0, which corre-
coincide exactly with the maximum of the Franck-Condonsponds to the center of the excitation pulse. The resulting
distribution but is shifted to slightly higher energies. decay spectra are thus increasingly dominated by the short-

FIG. 4. The solid-line plots show the time evolution of the
uare magnitude(W 4(t)|ng)]> of the overlap between the
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t=-19.3 fs t=7 1s
1x10~*° 0.0001
= L
N = !
= 08 1 12 oS 2 6 8
-~
= =-10 fs = =10 fs
= 3x107° = 4x107°
_S /
&
t y H
08 1 12 t=0 fs 2 4 6 8
t=0fs 00001 t=129 s
0.0009 {\ 5x107¢
10 0 10 20 30 / \ L 2
Time (fs) N e
08 1 12 2 4 6 8
FIG. 5. Time evolution of the norm of the intermediate-state t=10fs 09 13 t=16fs
wave packetW,(t) for broad-band excitation and at various 4x107° 1x10~8 ’\
narrow-band (0.2-eV FWHM puls¢ excitation energies. The
squared norm is plotted on a logarithmic scale and the onset of the
exponential decay can, therefore, be identified by the transition to j A L/ M|
the linear decrease. The dashed-pointed line descfihBEP 4(t)|? 08 1 12 2 4 6 8

in the broad-banddepicted a$b) case in which the intermediate-
state wave packet is created instantlya. The thick line shows
the behavior in the on-resonance caBg, (=687 eV). The dashed
line corresponds to below-resonance excitation, the thin lines cor- F|G. 6. Time evolution of the intermediate-state spatial distribu-
respond to above-resonance excitation. The excitation energies &fign | W 4(R,t)|? for small detuning towards higher excitation ener-
chosen as indicated in the plot. gies Eex=689 eV). The width of the excitation is 0.2 eV

. . I FWHM). Note the change in ordinate scale for the different
time behavior and the observed contributions correspond le ?ames. On the left-hand side the short-time behavior is shown for

and less to transitions from the levels actually selected by thgmall “molecular,” internuclear distances. In the center an addi-
pulse. For strong detun'ing one can finally describe the resulﬁonal’ magnified f;ame shows the three-peak structure=at (the
ing spectra very well within the concept ofdecrease of the  cqpter of the excitation pulseOn the right-hand side the long-time
effective lifetime{10,26. The consequences for the decay pehavior is depicted for a wider range of internuclear distances.
spectra will be discussed in detail in Sec. IV D. One can see that the dissociation of the intermediate state occurs
Concluding, we have seen that for narrow-band excitatione|atively slowly in comparison with the formation of the structure,
an energy selection is only efficient at the resonance and faghich itself is connected with the duration of the excitation.
small detuning away from the resonance. Because of the de-
crease of the effective lifetime and the onset of Raman-likeyance, not only the desired energy is selected by interference
behavior with detuning, the norm of the intermediate-stateyt also the nodal structure of thienprope) eigenvectors
wave packet becomes negligible before energy selection caR ) in the selected energy region is transferred to the
take place. This fact suppresses the possibility of an energyntermediate-state wave functiohy(R,t). The formation of
selective spectroscopy by using off-resonance excitationys structure in¥ 4(R,t) can be seen in Fig. 6 and will be
This suppression becomes stronger the more the pulse leavggcussed below. Provided that this structure is sufficiently
the energy region accessible by broad-band excitdiien |ong-lived, it is then mapped onto the Auger spectrum. Be-

Internuclear Distance (A)

the Franck-Condon((i|ng)) region]. cause of the dissociative character of the final-state potential
this mapping is particularly simplg26]: Transitions occur-
B. Small detuning above the resonance ring at smaller internuclear distances lead to contributions at

For a small detuning towards higher excitation energiesOWer energies than the transitions at larger distariees
one finds a very pronounced structure in the resulting Augep€C: 1V F for a more thorough analysis of this mapping ef-
spectra, as we can see on the right-hand side of Fig. 3. At agcd-
excitation energy of 689 eV, which means 2 eV above the
resonance, three well-defined peaks can be distinguished in
the molecular region of the spectrum. This is a very aston- The central questions that we want to address are the fol-
ishing effect because we are concerned with a transition bdewing: Why do pronounced interferences occur in the
tween purely repulsive potential curves where usually interintermediate-state wave packet even though the potential is
ference effects are strongly suppressed. of a repulsive nature? Why do these interferences arise only

The explanation of this effect is connected with the selecfor detuning towards higher excitation energies and not on or
tion process described in the previous section. There, wbelow the resonance? As an essential condition for interfer-
have seen that only in the vicinity of the resonance the seences we have already mentioned that at least two different
lection works efficiently. For small detuning above the reso-time scales involved in the process under study need to be

1. Formation of the structure in the intermediate state
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comparable. For interferences in the intermediate state thit (8) Bege= 687 6V (b) Eeye= 689 (685) eV
requirement refers to the time scales of excitation and t=-19fs t=-19fs
nuclear dynamics in the intermediate state. In the example:  7.10-7 3.10~7 ™~
presented heré¢Fig. 3) this condition of comparable time

>

scales is always fulfilled because we have chosen the excite / F\\\_._
tion width (inverse of the pulse duratipto coincide with the =
decay width of the intermediate state (FWHM=T 01 01 03 01 01 03
=0.2 eV). Of course, this condition of comparable time 008 e=A1fs 0001 ’:'”fs
scales does not discriminate among excitation on-resonance ) ) i “\\
above, or below it. Another crucial condition for interfer- JIa
ences concerns the spatial localization of the intermediate == //\ /\.\_
state wave packet: parts of the wave packet created earlier i S:" 01 01 03 01 01 03

time have to remain localized in the region of their creation, “=g
where new parts are added continuously at later times durin¢2_| 0.2
the excitation process, so that interferences can occur. If on
excites at or below the resonance, the wave packet is create /
near the potential well and is exposed instantly to the repul-
sive forces of the intermediate-state potential. Consequently
it moves out of the interaction zone very quickly and inter-
ferences are suppressed. The intermediate-state wave fun
tion ¥4(R,t) then describes direct dissociation of the core-

excited molecule. With increased excitation energy, i.e., A
detuning above resonance, partsWf(R,t) can now also 01 01 03 01
move in the opposite direction towards smaller internuclear
distances. Additionally, the interaction zone is enlarged due
to the fact that for higher excitation energies the accessible F|G. 7. Time evolution of the momentum distribution

range of internuclear distances incre_ases. Su_mn_1ing it up, W& (p,t)|2 of the intermediate-state wave pack@) for on-
can state that by detuning towards higher excitation energiegesonance excitatiorb) above(solid line) and below(dashed ling
parts of W y(t) stay longer in an enlarged interaction zone,the resonance. The width of the Gaussian excitation pulse is chosen
allowing the formation of a pronounced nodal structure byto be 0.2 eV, while its center defines the zero of the time scale. The
interference. momenta are displayed in units ghye A/fs where ppye=

The above explanation is confirmed by Fig. 7 where the1.59x 10727 kg denotes the reduced mass of HF. Note that the
momentum distribution of the intermediate-state wave funcerdinate scale changes in the various frames.

tion ¥ 4(P,t) is shown as a function of the linear momentum _ o
P of the intramolecular motion for different propagation in the spectrum. Due to the higher excitation energy the

timest. The functionW 4(P,t) is obtained by Fourier trans-  &0mic peak of the momentum distribution” is found at
formation of the spatial wave functiof4(R,t). On the left- higher momenta for the above-resonance excitation than for

. ) ~ P . the on-resonance excitation.
hand side of the figurd ¥ 4(P.t)|* is displayed for excita- According to this explanation, the appearance of the
tion at the resonance and on the right-hand side, fogtr

o T . ucture inW 4(t) should mainly depend on the strength of
e sl oy o e o,y GeUning 2bove e resonance and ot o the radent o
the above-.resonance case: in Sec. IV C we will discuss thg - |ntermed|§1 te-state pqtentlal curve.'Th|s statement can be
behavior for excitation belo’vv the résonance Broven by artificially shlftmg the poten_tlal curve of the |n|t|al_

At the very beginning of the excitation oné finds a similar state horizontally agamst_that OT the |ntermed_|ate state: .F'g'
- ure 8 shows spectra obtained with a hypothetical equilibrium
momentum distribution both on-resonance and above. Th

fistance ofR.,=0.8 A (instead of the real distance Bf,
AP : . C ¢=0. q
center of the Q|str|bu§|qr! IS shﬁted slightly towards ppsfuve =0.92 A). The equilibrium distance is chosen such that the
momenta. While the initial peak in the momentum distribu-

. ) \ " o “new” resonance is now found at an excitation energy of
tion remains stationary during the whole excitation proces%excz 689 eV where before the interference structure had

for the off-resonance excitation, almost only positive MO~ &h observed. Now. this structure is suppre$segl 8a)]
menta are found after a very short time in the on-resonanc : Lo . S
case. This reflects the fact that the wave packet describes ﬁr){ on-resonance excitation. Increasing the excitation energy

immediate dissociation of the molecule in the on-resonanc y 2 eV, the structure reappedisig. 8(b)]. The generally

case. At higher excitation energies, on the other hand, par Sroader molecular features of the spectra of Fig. 8 in com-

of the intermediate-state wave packet carry very little or even 250N with Fig. 3 can be explained by the steeper gradient

negative momentum and thus remain in the interaction re(—)f the intermediate-state potential curve in mew trans-

gion, with only a small tail describing immediate dissocia- lated region of excitation.
tion. At aboutt=0, a sharp peak begins to develop in the
momentum distribution at positive momenta. This peak cor-
responds to the outward movement of the HF molecule in the Figure 9 shows the time evolution of the spectrum taken
dissociation limit and thus can be ascribed to the atomic pea#it an excitation energy d,.,.=689 eV. Due to the “map-

-
!
W
=
-~
I
&
>

0.05 7~

B

01 01 03 01 01 03
t=5fs t=5fs
0.1

2.2

L

Momentum

2. Time evolution of the spectrum
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(a) Eope= 689 eV (b) E.qc= 601 &V peaks can be assigned to transitions occurring at internuclear
distances of 1-1.5 A and 1.5-2.5 A, respectively. After
the molecular part of the spectrum and its interference struc-
ture is almost completely formed, at approximately the
middle of the excitation pulset&0), the atomic peak at

656.7 eV begins to arise.

Intensity

646 650 654 638 646 650 654 658
Energy (eV)

C. Small detuning below the resonance

FIG. 8. Narrow-band Auger spectra for the transition between In Fig. 3 the spectra, which result when detuning towards
the core-excited, " state and the cationitlI final state occurring lower excitation energies, are shown on the left-hand side.
upon excitation from an initial state shifted horizontally against theFor small detunindsee the spectrum at an excitation energy
intermediate state. The equilibrium distarRRg, of the ground state  of E,,.=685 eV) one notes that the molecular part becomes
is artificially reduced from 0.92 A to 0.8 A. Therefore, the reso- broader compared to that in the on-resonance spectrum.
nance is now found at an excitation energytf, =689 eV. Part  Thus, the whole spectrum resembles now more the broad-
(@) shows the spectrum taken at the “new” resonance, which nowpand spectrum of Fig. 2. This is understandable from the
does not exhibit a pronounced structute) By detuning 2 eV djscussion in Sec. IV A, where we have shown that the short-
above the resonancé(, =691 eV) the structure appears again. time and thus energetically still unselected contributions, be-
The total integrated intensity i&) (2=0.21 and(b) (=0.04. come more important when detuning from the resonance. As

explained in Sec. IV B 1 no interference structure shapes the
ping” effect of the dissociative final-state potential curve, molecular part because the energetically correct and “surviv-
the time evolution of the spectrum is Closely related to thQng” parts of the intermediate-state wave packet move di-
evolution of the intermediate-state wave packet shown iftectly out of the interaction zone and do not interact with
Fig. 6. At the very beginning of the excitation, the spectrumjater contributions. The larger amount of the outgoing wave
reflects the Gaussian shape of the initial-state wave functiorpacket can also be identified in the momentum distribution
The spectrum is dominateq by molgqular con';ributions abou|tq,d(P,m2 [in Fig. 7(b), dashed linekthat shows a signifi-
651 eV, coming from ver.t|'cal transitions, which take place.ant gominance of positive momenta already from the begin-
about the equmbnum pos't'orﬂeqf 0.92 A) of the_ ground ning compared to the above-resonance case. The center of
state. At later times also transitions at larger internucleag,, “stationary” peak in the momentum distribution is

distances and thus contributions at higher Auger e”ergie§hifted towards higher momenta yet from the very beginning.
occur, due to the outgoing parts of the intermediate-state Looking at the time evolution of the norm of the

wave packet. With some time delay the interference Structurgiormediate-state wave packet in Fig. 5, we see that the
is generated in accp_rdance with the energy selection takinﬁorm is larger when detuning the excitati;)n energy by the
place. The two additional peaks at about 654 and 656.2 €¥3 e amount towards lower than towards higher energies.
are formed successively. As we will see in Sec. IV F theserpe eyplanation for this phenomenon lies in the asymmetric

shape of the Franck-Condon distribution, which reflects the

t=-21.21s t=7.6fs fact that intermediate-state levels lying below the resonance
2 x 1071 0.0018 are preferably populatedee Fig. 4. As a consequence, also
the total integrated intensit§2 [see Eq.(6)] is larger below
650 658 650 658 than above the resonanc¢the total integrated intensity is,
—-14 fs t=14.8 fs e.g.,, 1=0.04 for E,=685 eV and(=0.016 eV for
ZXIOJA 0.002 M Eexc=689 eV).
- 550 638 550 653 D. Large detuning of the excitation energy
Y =-6.8 fs 1=22 fs The spectra obtained for large detuning of the excitation
6% 107 0.004 energy off the resonand@t the bottom of Fig. Bcan be
A j\/\JL understood very well through the concept of an effective
lifetime decreasdsee Sec. IV A For strong detuning the
ffg 4 fs658 t6—5209 o f258 decrease of the_ effective lifetime is c_onsiderabl_e a_nd the
B et == spectra are dominated by a true short-time behavior, i.e., the
810 /\M 0.004 J\NJL spectrum is exclusively formed by vertical molecular transi-
tions, which take place at about the equilibrium position

650 658 650 658

Req=0.92 A of the ground state. The shape of the final

spectrum thus resembles that of the spectrum of Fig. 9 at the

very beginning of the excitation pulgat aboutt=—20 fs).

The mean energy of the strongly detuned Auger spectra be-
FIG. 9. Time evolution of the Auger spectrum(E,t) for an ~ comes independent of the energy of the intermediate state

excitation energy oE.,.=689 eV, i.e., for small detunin2 ev)  and depends only on the energy difference between the ex-

towards higher excitation energies. The excitation width is 0.2 evcitation energy and the final-state enerdig]. As a conse-

The maximum of the excitation pulse defines the zero of the timequence of energy conservation the peak shows a linear dis-

scale. Note that the ordinate scale changes in the different framegpersion with the excitation energy and information about the

Kinetic Energy (eV)
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discussed in Sec. IV A. Sind@ is small, direct photoioniza-
tion could additionally become a competitivand possibly
interfering channel and should be considered.

E. Quenching of the atomic peak by detuning

The suppression of the atomic peak has already been dis-
cussed in detail in Refl10]. The atomic peak is built up by
transitions occurring after the dissociation of the molecule
and is thus a late-time contribution to the spectrisee also
636 638M646 648 Fig. 6 and Fig. 9 The quenching of the atomic peak by
Energy (eV) detuning is, therefore, an obvious consequence of the de-
crease of the effective intermediate-state lifetime introduced
by the detuning as described abdgee also Fig. b

Intensity (arb. units)

FIG. 10. Molecular part of the Auger contribution of the transi-
tion between the core-excitet®, * state and the cationi¢ll final
state for different excitation widths and for large low-energy detun- . . L
ing (E¢yxc=680 eV). The excitation widths are 0.1 eV and 0.2 eV F. The origin of the different contributions
(thick line), 1 eV (thin line), 2 eV (dashed ling and 5 eV(dashed- Finally, we present a method that allows for an analysis of
dotted ling. One observes that the spectral width follows the exci-the origin of different contributions to the spectrum in rela-
tation width only for very large widths. At an excitation width of 5 tjon to the internuclear distance at which they originate and
eV the excitation is broad enough so that intermediate-state levelg, terms of interferences between different spatial regions. In
favored by the Franck-Condon overlajps|n,) are populated again _particular, this method enables us to answer the question of
and thus also the resonant components arise in the spectrum. Thgs internuclear distances at which atomic transitions take
fra_me is, however, chosen such that this part of the spectrum iBIace. Also, a thorough analysis of the described “mapping”
skipped. effect will be possible.

First, we divide the whole position space into different
intermediate core-excited state is lost. This is one of th%patial regionsR (see Fig. 11 and define “spatially re-
characteristics of the so-called Auger resonant Raman effegl|yeq” partial intensitiess(E). These partial intensities
(ARRE) that has been found in atomisee €.9.[27,28) a5 5ra formed from those contributions originating only from
well as in molecula{29,4,3Q Auger transitions. decay in the corresponding spatial regi®nIn order to com-

One of the interesting findings in atomic ARRE is that thepute these quantities, we introduce partial final-state wave

Auger spectrum narrows with decreasing width of the exci- k R(E R.t) that ar i ransitions in the region
tation pulse[27]. We have examined this “Auger-Raman packetsy'(E,R,t) that are built by transitions in the regio

narrowing” also in the molecular case. The observed behay® ONly. Besides a change in the inhomogen#ity 4(R,t),

ior of the spectra under variation of the excitation wigtee ~ Which is put to zero outside the regi@y we propagate these
Fig. 10 is surprising at first sight: The width of the molecu- Wave _functlons as usual, .e., by using _theRset of differential
lar peak remains unchanged under variation of the excitatioauations(1) and(2). The partial intensities ¢ (E) are then
width in a very wide range of the latter. Only for large ex- Obtained in analogy to the total intensity(E) [Eq. (4)] as
citation widths of about 5 eV one finds a broadening of thethe time limit of the norm of the partial final-state wave
molecular peak. This behavior results from the Franckfunctions:

Condon overlaps between the initial sttg) and the eigen-

vectors|n;) of the final state, which show a relatively large o?(E)= lim f dR|\If?(E,R,t)|2. (7)
energy width of about 6 eV due to the dissociative nature of t—oo

the final-state potential curve. The width of the molecular

contribution in the Auger spectrum is determined by theafter summation of these partial intensities over all regions
larger of the two widths of the Franck-Condon overlaps andp e optain spectra in which interferences occurring be-
of the.excnatlon function. This means that the additionalyyeen neighboring regions are suppressed. By comparing
width introduced by the nuclear dynamics can cover theyit the total Auger spectrura(E) one can easily identify
“Auger-Raman narrowing” in the molecular case. This cantnese interferences. When subdividing the position space
be easily seen from E¢5), considering that for large detun- jnto, for instance, two regions and then shifting the line of
ing the denominators become increasingly independent Qfjyision R, gradually, an analysis of the origin of the differ-
En, The sumEnd|nd)(nd| can thus be approximately re- ont contributions is made possible.
placed by unity and we find that the energy dependence of In Fig. 12 this method is applied to the “three-peak”
the Auger intensityo;(E) is now governed by products of spectrum obtained at an excitation energy of 689 eV. Here,
the excitation functionM(E+ Enf) and the mentioned we have divided the whole space into two regions at the
Franck-Condon overlaps|n;). internuclear distanc®;, and then shiftedR; successively

In order to observe the above-described effects experitowards larger internuclear distances from top to bottom and
mentally, detuning towards lower excitation energies is usufrom left to right in the figure. The “spatially resolved”
ally necessary in order to avoid the population of neighborpartial intensitiesr(E) are always shown reflected at the
ing electronic states. Nevertheless, the experimentaixis in dashed and solid lines. Above the axis, their sum
observation is probably very difficult because of the strongERo?(E) (thick line) is depicted and compared to the exact
decrease in the total integrated intengitywith detuning, as  Auger spectrumo(E) (thin line). A mismatch between
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FIG. 11. Potential curves of the core-excitédl state and the ~ FIG. 12. Comparison of the total spectrum(E) (thin line) of
cationic *II final state shown together with the intermediate-stateFig. 3 (obtained at an excitation energy of 689)ewith the two

wave packetl'; att=0, the center of the excitation pulse, for an “spatially resolved” partial intensitiesr{'(E) (displayed reflected

excitation energy of 689 eV. The dashed line shows the equilibriun@it thex axis in thin and dashed lineas defined in Eq(7) and their
distance of HF Req=0.92 A). The dotted lines indicate the divi- Sum Sof(E) (thick line). The two partial contributions originate
sion into different spatial region®. The space is divided at the from the regionsR of internuclear distance above and below a
internuclear distanceR,=0.88 A, 1 A, and 1.19 A. The corre- dividing valueR;, which increases from top to bottom and from
sponding partial intensities~(E) are shown in the first three left to right.

frames of Fig. 12. . .
gion where the second as well as the third peak of the

these graphs indicates the importance of interference in thiatermediate-state wave packet are fousde Fig. 11 The
final state between the two spatial regions of decay, becaushird spectral peak is finally only formed for relatively large
these interferences are suppressel jwr~(E). One imme- internuclear distances>1.5 A) where the intermediate-
diately notices that the parts of the spectrum, which are afstate wave packet is already smooth. Interference-causing
fected by the suppression of interference between neighbogontributions to this peak still occur at internuclear distances
ing regions, shift from lower to higher Auger energies with where already the atomic peak is being formed. We can thus
increasingR;. For a subdivision at small internuclear dis- conclude that a simple mapping is only valid for intense and
tances, only the molecular part of the spectrum is affectedbng-lived spectral structures. For the weaker contributions,
and can thus be assigned to transitions in a region betweeoming later in time and from transitions at larger internu-
0.8 and 2 A. The formation of the atomic peak begins atclear distances, however, long-range interfereitices inter-
internuclear distances of about 2 A and is nearly complet@ctions between contributions resulting from transitions at
when the atomic fragments are separated by about 5 A. very different spatial regionstake place in the final-state
Let us now turn to a more detailed analysis of the “map-wave packet and become responsible for the structures found
ping” effect, i.e., the question of the extent to which the in the spectrum. Why, nevertheless, such a simple three-peak
simple picture of assigning an internuclear region to a specstructure mimicking the structure of the intermediate-state
tral region is valid. We find the following: The first peak of wave packet appears in the present spectrum, remains an
the spectrum at about 651 eV is clearly formed at internuopen question.
clear distances between 0.88 and 1 (fee Fig. 12, first and

second frame In accordance with the expected mapping it V. CONCLUSIONS
can thus be ascribed to transitions coming from the first peak
in the intermediate-state wave packste Fig. 11 The sec- In this contribution we have analyzed the impact of an

ond spectral peak can be assigned to an internuclear regi@mergetically selective excitation on decay spectra resulting
between 1 and 1.5 A. This stands already in contrast to th&om transitions between purely dissociative states. Due to
simple mapping picture: The peak lies clearly in the molecuthe comparable time scales of excitation and internal motion
lar region but is formed by transitions in an internuclear re-of the core-excited molecule, interferences can take place



PRA 60 IMPACT OF NARROW-BAND EXCITATION ON ... 1089

and shape the intermediate-state wave packgft). We  towards smaller internuclear distances. Additionally, the cre-
have seen that the impact of interferences on the observeation zone is enlarged because also shorter internuclear dis-
spectra is weaker when excitation takes place at the resdéances are accessible by the above-resonance excitation.
nance energy or below it than when detuning above the resdrhus, parts of¥ 4(R,t) can now remain longer in the inter-
nance. While the on-resonance spectrum closely resemblegtion zone and interferences become more pronounced.
the Auger spectrum after broad-band excitation, with its typi-This leads to the desired energy selection and to the devel-
cal two-peak structure formed by the molecular and atomiopment of a nodal structure ¥ 4(R,t) corresponding to the
contributions, detuning the excitation energy slightly abovenodal structure of the eigenvectors in the selected region.
the resonance leads to a very pronounced interference struthis structure is then mapped onto the Auger spectrum ow-
ture in the molecular part of the spectrum. For stronger deing to the dissociative nature of the final-state potential
tuning the decay spectra are formed during the excitatiorrurve: Transitions occurring at large internuclear distances
process, before the nuclear wave packets have much time tmntribute at higher Auger energies than those at smaller
propagate. This leads to a quenching of the atomic peak amdistances. Nevertheless, this simple picture of a “direct map-
to a general suppression of interferences. ping” of structures found in the intermediate-state wave
In order to study the impact of detuning, we have focusedacket onto the Auger spectrum applies only for strong and
on one special contribution to the resonant Auger spectrurtong-lived structures at small internuclear distances. For the
of HF originating from a transition between two purely re- less-intense parts, long-range interferefice., interference
pulsive potential curves. The example of HF is very wellbetween contributions coming from transitions at very differ-
suited for this study because the lowest-lying core-exciteent internuclear distancems the final-state wave packet be-
state is very well separated from the higher-lying Rydbergcomes important and may influence the spectrum—the
states, which allows for large detunirigp to almost 4 eY  simple mapping picture is not valid.
without opening competitive channels. Apart from this fact, For the detailed analysis of this mapping we have pre-
similar effects are always expected for transitions from asented a method, based on the wave-packet approach, which
dissociative intermediate state as soon as the energy width aflows us to analyze and identify the regions of internuclear
the excitation pulse becomes comparable to the decay widthlistance responsible for different contributions of decay
The mechanisms of interference have been very clearlgpectra. This analysis also enables us, in general, to answer
revealed by studying the time evolution of the intermediatethe question about the internuclear distances from which one
state wave packe? 4(R,t) and the Auger spectrura;(E) can speak of “atomic” transitions.
thoroughly. Besides the comparability of the underlying time  Especially in this paper, the time-dependent wave-packet
scales, we have shown that the extent of interference depengsopagation has clearly proven its advantages over the tradi-
crucially on the spatial confinement of parts of the decayingional time-independent approach. By making accessible the
wave packet in the zone of its creati@bout the equilibrium time resolution of the physically relevant quantities one ob-
distance of the initial electronic statéVhen exciting at the tains insight into the underlying interference mechanisms,
resonance or below it, the created wave patkg{R,t) im-  which are otherwise difficult to understand.
mediately experiences the repulsive forces of the dissociative
potential to which it was transferred and leaves the zone of ACKNOWLEDGMENT
its creation very quickly. Interference is thus suppressed.
When exciting at higher excitation energies, on the contrary, Financial support by the Deutsche Forschungsgemein-
parts of the created wave packBg(R,t) can now propagate schaft(DFG) is gratefully acknowledged.
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