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Femtosecond Dissociation of Core-Excited HCl Monitored by Frequency Detuning
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Core excitation of gaseous HCl to the dissociativesp state leads to a deexcitation spectrum with
two qualitatively different contributions—a broad molecular background and narrow atomic lines. The
experiment demonstrates that the ratio of integrated intensities from these two contributions depends
crucially on the excitation frequency; the molecular background is enhanced with increased detuning of
the photon frequency. This is discussed in a time-dependent model, using the concept of an effective
duration time for the resonant x-ray scattering process. [S0031-9007(97)04296-8]

PACS numbers: 33.80.Gj, 33.20.Rm, 33.50.Dq, 33.70.–w
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The development in synchrotron instrumentation has
cently enabled Auger electron and x-ray emission stud
with selective, resonant excitation using tunable narro
bandpass radiation [1–5]. Despite this progress, tru
time-resolved measurements, which now are standard
optical laser spectroscopy, are not possible to carry o
for the resonant x-ray scattering (RXS) processes owi
to the very short lifetimes of core excited states and
the—for this purpose—still insufficient intensity. How-
ever, the uncertainty relation indicates a principal pos
bility to obtain indirect information on the time-dependen
dynamics of the RXS process even by a stationary me
surement, namely, at a time scale set by the inverse of
detuning frequency (V), that is, the frequency difference
between the excitation and the x-ray absorption resona
maximum. This idea has recently been realized by intr
ducing the concept of a duration time of the RXS proce
[6,7] expressed astc ­ sV2 1 G2d21y2, whereG is the
lifetime of the core-excited state. According to this re
lation the RXS duration time can be varied with help o
the excitation frequency. This concept has recently be
used to understand the suppression of the slow nonad
batic symmetry-breaking process (symmetry restoratio
in CO2 [6,7] and the suppression of the rearrangement
the nuclear wave packet on the core-excited potential s
face (collapse effect) in CO [8,9].

In the present work we demonstrate another experim
which makes it possible to test the concept of aduration
time of the RXS process in an intuitively appealing way
namely, by using a species with a repulsive intermed
ate core-excited state. This leads to an interplay betwe
the time scales of RXS duration versus dissociation whi
is possible to study experimentally. Core excitation
small molecules with repulsive intermediate states, su
as HBr, HCl, or H2S, has been shown to lead to dissoci
tion of the molecule on the same time scale as the co
hole state lifetime, i.e., a few femtoseconds [10,11]. Th
is manifested in two contributions to the Auger spectr
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sharp lines from “slow” decays taking place when the in
fluence of the outgoing neutral fragment is negligible, an
broad features from “fast” decays taking place in inte
mediate geometries during the dissociation [11–14]. T
concept of duration time has been used to theoretica
predict [15] that the experimental Auger spectra involvin
such dissociative core-excited states showing molecul
like and atomiclike transitions will be highly dependen
on the detuning frequency as schematically indicated
Fig. 1. In this Letter we present an experimental verific
tion of this theory and thus a direct evidence of the vali
ity of the concept of a duration time for the RXS proces

The experiments were performed at beam line 51
MAX-LAB, the Swedish synchrotron radiation facility
[16,17]. All the Auger spectra were recorded with an ele
tron kinetic energy resolution ofø0.3 eV, and a photon
energy resolution ofø85 meV, except for the spectrum
with 2.0 eV detuning, for which a photon energy resolu
tion of ø170 meV was used due to intensity reasons. Th
HCl gas was produced by a reaction between solid Na

FIG. 1. A simple picture of the formation of the atomic
and molecular line profiles in resonant x-ray scattering spec
involving a dissociative core-excited state.
© 1997 The American Physical Society
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and hydrochloric acid, and was found free of contamina
by on-line valence photoelectron spectroscopy.

Resonant Auger spectra were recorded for excitation
the 2p21sp state. The corresponding x-ray absorpti
spectral feature is a broad structure due to the dissocia
nature of the state, and the existence of the partly ov
lapping2p3y2 and2p1y2 spin-orbit components [18]. As
the energy width of the exciting radiation wasø85 meV,
i.e., substantially smaller than theø1 eV width of each
spin-orbit component, this allowed selective excitation
top of the resonance as well as at various off-resona
energies, corresponding to detuningsV ranging from
22.0 to 10.74 eV relative to the resonance maximum
Because of the overlap between the2p3y2 and2p1y2 reso-
nance components, the spectra for negative and pos
V were recorded on the low energy flank of the2p3y2 and
high energy flank of the2p1y2 component, respectively
The corresponding shift in kinetic energy, equaling t
spin-orbit splitting of the Cl2p level, has for the sake o
simplicity been removed from theV ­ 10.74 eV spec-
trum in Fig. 2.

The resulting Auger spectra are shown in Fig.
The on resonance, i.e.,V ­ 0 eV, spectrum is very
similar to earlier broad band excited spectra [11,13]. T
spectrum consists of two types of features: broad featu
resulting from decay in intermediate geometries of t
dissociating “molecular” H-Clp species and three shar
spectral lines from decay in the dissociated “atom
Clp species. Apart from the final states of the Aug
decay the spectra also include lines produced by o
resonance photoemission (5s21 and a2S1 satellite [19]),
which become more prominent with increasing detunin
Neither any contributions in the region of the Auger fin

FIG. 2. Experimental resonant Auger spectra, showing
2p3

3y23p6 ! 3p4, 2p1
1y23p6 ! 3p4 region of the atomic Auger

decay transitions in HCl as function of detuning.
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states from photoemission nor any enhancement of th
photoemission final states on resonance could be detect
For the present purpose, it is thus sufficient to trea
the resonant Auger and direct photoemission channe
as separate, with no appreciable interference betwe
them. The narrow atomic lines can be assigned to th
following final states of the Cl1 ion: A ­ 1S, B ­ 1D,
and C ­ 3P, Fig. 2. These atomic states correspond t
the following final molecular states of the HCl1 ion,
1S: 2

S1, 1D: 2D, 2
S1, 2P, and3P: 4

S2, 2
S2, 4P [18].

As seen in Fig. 2 the Auger spectra are markedl
altered as the photon energy is detuned from the resonan
energy: the broad molecular features resulting from deca
in the dissociating H-Cl* species are enhanced relativ
to the sharp spectral lines from decay in the dissociate
atomic species. While the kinetic energies of the atom
Cl* lines remain fixed, the broad molecular background
shifts with the photon energy.

In order to quantify the intensity variations, the spectr
were fitted using sharp lines for the atomic decays an
broad bands for the molecular background. The positio
shape, and intensity ratios of the atomic lines were ke
fixed in order to perform the fitting as consistently as
possible. The result presented in Fig. 3 shows that th
molecular fraction increases with increased detuning, bo
in the negative and positive directions.

The observed behavior can be viewed as due to an i
terplay between two time-dependent processes: the RX
process, governed by the duration time, and the diss
ciation process, governed by the effective mass of th
system and the slope of the dissociative potential energ
surfaces. Auger decay of the core-excited state takes pla
at all internuclear distancesR. However, the analysis in
Ref. [15] shows that two regions are mainly responsible fo
the spectral shape: the molecular region withR close to the
equilibrium ground state geometryRo, where the neutral
fragment strongly interacts with the core-excited fragmen
(R , Ro, fast RXS), and the atomic region with largeR,
for which the interaction is negligible (R ­ `, slow RXS).
In the case of the dissociative core-excited statejcl (or core

FIG. 3. Comparison of the experimental and theoretical frac
tion h of the molecular background to the total Auger intensity
3151
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excitation above dissociation threshold) the nonradiati
(Auger) RXS cross section consists of two qualitative
different parts

ss´, vd ­
X
f

jFf j2 ­
X
f

fsf
ats´, vd 1 s

f
mols´, vdg .

(1)

The first contribution is caused by the decay transitio
with energy´ to the final statej fl in the dissociated re-
gion and corresponds to the slow RXS [15]. The spect
shape of this cross section is close to a Lorentzian [5,1

s
f
ats´, vd ­

s

f´ 2 vcfs`dg2 1 G2 e2sVygcd2

(2)

if the lifetime width G of the core-excited state is
smaller than the width of the absorption Franck-Condo
distribution, gc. Here V ­ v 2 vcosRod 1 Fcac is
the detuning from the vertical photoabsorption tran
sition, Fcac. vcosRod ­ UcsRod 2 Eo and vcfsRd ­
UcsRd 2 UfsRd. Fi ­ 2fdUisRdydRgRo

is the inter-
atomic force at the equilibrium pointRo of the ground
state. gi ­ Fia, wherea ­ smvod21y2 is the size of the
ground state vibrational wave function withvo as vibra-
tional frequency andai ­ s2mFid21y3. All unessential
quantities are collected in the constants.

The spectral profile of the broad molecular backgroun
s

f
mols´, vd is formed by Auger decays occurring in the

molecular region. The main features of this backgrou
can be understood in the limiting case;tc ø t, where
t , g21

c , D21 has the meaning of the time of the
rearrangement of the nuclear wave packet on the co
excited potential surfaceUcsRd with D as the effective
width of the corresponding x-ray absorption spin-orb
component. When the RXS process is fast the RX
amplitude is proportional to the Franck-Condon amplitud
[7,8,15] Ff ~ kwEf

j wolysV 2 iGd between the nuclear
wave functions of groundjwol and final jwEf l states,
where Ef ­ v 1 Eo 2 ´. This means that the RXS
process can be considered as “vertical” or “sudden.” T
spectral shape of the molecular background can in the f
limit approximately be written as [15]

s
f
mols´, vd ­ exp

∑
2

µ
´ 2 vcfsRod 2 V 1 d

gf

∂2∏
3

s bf

sV 2 Fcacd2 1 D2 , (3)

where d ­ Fcac 2 Ffaf . We here used a harmonic
approximation forwosRd and a linear approximation of
the core-excited state potentialUcsRd near the point of
the vertical transitionRo. It can be shown (see Fig. 1)
that the spectral profile (3) is essentially asymmetric
the nonlinearity ofUosRd is taken into account. The
dimensionless constantbf is of the order of 1, and is here
considered as a fitting parameter. For a dissociative fi
state the spectral shape ofs

f
mols´, vd is in the limit of fast

RXS (tc ø t) given by a Gaussian with the widthgf .
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There are important differences between the molecul
and the atomic parts of the RXS cross section. The e
ergy positions of the atomic lines (2) do not depend on th
excitation energy, while the energy position of the cen
ter of gravity of the molecular background (3) approxi-
mately follows the Raman-Stokes dispersion law [15,20
exhibiting a linear photoemissionlike dependence on th
excitation energy as experimentally observed. Anothe
striking peculiarity of RXS through dissociative states is
the increase of the contribution in the molecular region t
the RXS cross section as the excitation energy is tune
from the resonant frequency of the vertical photoabsorp
tion transition [8,15]. This means that the relative inten
sity of the atomic lines (2) decreases ifjVj ¿ D. This
result follows directly from the strict expression for the
amplitude for fast scattering, where the atomic contribu
tion is exactly equal to zero [15]. Qualitatively, this can
be described as being due to the shortening of the d
ration time with increased detuning, giving the molecule
less time to dissociate before the Auger decay.

To give a quantitative description of the experimenta
Auger spectra a simplified model with only three fina
molecular statesi with relative weightski were used for
the simulation. The molecular and atomic parts of th
RXS cross section were approximated by the asymptot
formulas (3) and (2), respectively. The following values
of fitting parameters were used:kA ­ 0.24, kB ­ 0.9,
kC ­ 1, bf ­ 0.86; ḡf ­ D ­ 0.9 eV, and the energy
distance between the molecular and atomic contribution
vcfs`d 2 vcfsRod 1 d ­ 0.5 eV.

The result of the simulations, depicted in Fig. 4, show
the total RXS profile as the sum of the three bands
each band consisting of the narrow atomic contributio
with the lifetime width G ­ 70 meV and the molecular
background with the full width at half maximum (FWHM)
2ḡf ­ 2gf

p
ln 2 ø 2 eV. The relative strength of the

FIG. 4. Simulated RXS profiles as a function of detuningV.
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molecular background increases with the absolute va
of the detuningV, corresponding to a shortening of th
RXS duration timetc , 1yjVj.

The simulations exhibit a striking qualitative cor
respondence to the experimental spectra; see Fig
To make this comparison more quantitative, the re
tive contribution of the molecular part was calculate
This is defined as the ratioh of integral cross section
smolsvd ­

P
f

R
d´ s

f
mols´, vd andssvd ­

P
f

R
d´ 3

sf s´, vd. Whengf , bf , andzf do not depend onf this
ratio readsh ­ zys1 1 zd with

z ­
smolsvd
satsvd

­
gfG

bfD2
p

p
jsVd ,

jsVd ­
D2

sV 2 Fcacd2 1 D2 esVygcd2

.
(4)

Such a comparison for the molecular fraction is give
in Fig. 3. The correspondence between the theoretica
derived and experimentally obtained values is very goo

In summary, using HCl we have presented direct e
perimental evidence of the double feature of resonant R
man scattering involving dissociative potentials, with
resonant Auger spectrum consisting of atomic lines
top of a molecular broad background. It is shown th
the latter is greatly enhanced by detuning of the excitati
frequency, and that, in contrast to the atomic lines, this b
haves photoemissionlike, following a Raman-Stokes d
persion law. The enhancement of the molecular p
of the experimental spectra is qualitatively and quanti
tively explained using the concept of a shortened du
tion time for the RXS process upon frequency detunin
This points at interesting new possibilities to set tim
scales and obtain temporal information concerning fem
second or even subfemtosecond dynamic processes
changing the duration time. Pending the realizatio
of truly femtosecond-resolved measurements in the s
x-ray region, this method could be used to obtain othe
wise inaccessible information.
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