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Femtosecond Dissociation of Core-Excited HCI Monitored by Frequency Detuning
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Core excitation of gaseous HCI to the dissociative 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

The development in synchrotron instrumentation has resharp lines from “slow” decays taking place when the in-
cently enabled Auger electron and x-ray emission studieBuence of the outgoing neutral fragment is negligible, and
with selective, resonant excitation using tunable narrovbroad features from “fast” decays taking place in inter-
bandpass radiation [1-5]. Despite this progress, trulynediate geometries during the dissociation [11-14]. The
time-resolved measurements, which now are standard iconcept of duration time has been used to theoretically
optical laser spectroscopy, are not possible to carry oyredict [15] that the experimental Auger spectra involving
for the resonant x-ray scattering (RXS) processes owinguch dissociative core-excited states showing molecular-
to the very short lifetimes of core excited states and tdike and atomiclike transitions will be highly dependent
the—for this purpose—sitill insufficient intensity. How- on the detuning frequency as schematically indicated in
ever, the uncertainty relation indicates a principal possifig. 1. In this Letter we present an experimental verifica-
bility to obtain indirect information on the time-dependenttion of this theory and thus a direct evidence of the valid-
dynamics of the RXS process even by a stationary meaty of the concept of a duration time for the RXS process.
surement, namely, at a time scale set by the inverse of the The experiments were performed at beam line 51 of
detuning frequency(®), that is, the frequency difference MAX-LAB, the Swedish synchrotron radiation facility
between the excitation and the x-ray absorption resonand&6,17]. All the Auger spectra were recorded with an elec-
maximum. This idea has recently been realized by introtron kinetic energy resolution 0£0.3 eV, and a photon
ducing the concept of a duration time of the RXS proces&nergy resolution of=85 meV, except for the spectrum
[6,7] expressed as. = (QO2 + I'?)~1/2 whereT is the  with 2.0 eV detuning, for which a photon energy resolu-
lifetime of the core-excited state. According to this re-tion of =170 meV was used due to intensity reasons. The
lation the RXS duration time can be varied with help of HCI gas was produced by a reaction between solid NaCl
the excitation frequency. This concept has recently been
used to understand the suppression of the slow nonadia-
batic symmetry-breaking process (symmetry restoration) 4 time >
in CO, [6,7] and the suppression of the rearrangement of
the nuclear wave packet on the core-excited potential sur-
face (collapse effect) in CO [8,9].

In the present work we demonstrate another experiment
which makes it possible to test the concept afumation
time of the RXS process in an intuitively appealing way,
namely, by using a species with a repulsive intermedi-
ate core-excited state. This leads to an interplay betweer
the time scales of RXS duration versus dissociation which
is possible to study experimentally. Core excitation of : Ground state
small molecules with repulsive intermediate states, such >
as HBr, HCI, or HS, has been shown to lead to dissocia- H - Cl distance
tion of the molecule on the same time scale as the COBIG. 1. A simple picture of the formation of the atomic

hole state lifetime, i.e., a few femtoseconds [10,11]. Thisand molecular line profiles in resonant x-ray scattering spectra
is manifested in two contributions to the Auger spectrainvolving a dissociative core-excited state.
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and hydrochloric acid, and was found free of contaminantstates from photoemission nor any enhancement of the
by on-line valence photoelectron spectroscopy. photoemission final states on resonance could be detected.
Resonant Auger spectra were recorded for excitation tbor the present purpose, it is thus sufficient to treat
the 2p ~'o* state. The corresponding x-ray absorptionthe resonant Auger and direct photoemission channels
spectral feature is a broad structure due to the dissociativees separate, with no appreciable interference between
nature of the state, and the existence of the partly ovetthem. The narrow atomic lines can be assigned to the
lapping2ps,2 and2p;, spin-orbit components [18]. As following final states of the Clion: A = 'S, B = 'D,
the energy width of the exciting radiation was$5 meV, andC = 3P, Fig. 2. These atomic states correspond to
i.e., substantially smaller than threl eV width of each the following final molecular states of the HClion,
spin-orbit component, this allowed selective excitation on'S: 3%, 'D: 2A,23" 211, and®P: *3~,%23~, *I1 [18].
top of the resonance as well as at various off-resonance As seen in Fig. 2 the Auger spectra are markedly
energies, corresponding to detuningk ranging from altered as the photon energy is detuned from the resonance
—2.0 to +0.74 eV relative to the resonance maximum. energy: the broad molecular features resulting from decay
Because of the overlap between &), and2p;/, reso- in the dissociating H-CI* species are enhanced relative
nance components, the spectra for negative and positite the sharp spectral lines from decay in the dissociated
Q were recorded on the low energy flank of e, and  atomic species. While the kinetic energies of the atomic
high energy flank of th&p;,, component, respectively. CI* lines remain fixed, the broad molecular background
The corresponding shift in kinetic energy, equaling theshifts with the photon energy.
spin-orbit splitting of the CRp level, has for the sake of  In order to quantify the intensity variations, the spectra
simplicity been removed from th& = +0.74 eV spec- were fitted using sharp lines for the atomic decays and
trum in Fig. 2. broad bands for the molecular background. The position,
The resulting Auger spectra are shown in Fig. 2.shape, and intensity ratios of the atomic lines were kept
The on resonance, i.eQ) = 0 eV, spectrum is very fixed in order to perform the fitting as consistently as
similar to earlier broad band excited spectra [11,13]. Thepossible. The result presented in Fig. 3 shows that the
spectrum consists of two types of features: broad featurawmolecular fraction increases with increased detuning, both
resulting from decay in intermediate geometries of thein the negative and positive directions.
dissociating “molecular” HCI* species and three sharp  The observed behavior can be viewed as due to an in-
spectral lines from decay in the dissociated “atomic”terplay between two time-dependent processes: the RXS
CI* species. Apart from the final states of the Augerprocess, governed by the duration time, and the disso-
decay the spectra also include lines produced by offeiation process, governed by the effective mass of the
resonance photoemissiofi{ ! and a>3 " satellite [19]), system and the slope of the dissociative potential energy
which become more prominent with increasing detuningsurfaces. Auger decay of the core-excited state takes place
Neither any contributions in the region of the Auger finalat all internuclear distance®. However, the analysis in
Ref. [15] shows that two regions are mainly responsible for
the spectral shape: the molecular region viitblose to the
equilibrium ground state geometR;,, where the neutral

HCI 2p-16* Augery fragment strongly interacts with the core-excited fragment
Detuning @ (V) 4 ol (R ~ R,, fast RXS), and the atomic region with lar@e
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FIG. 2. Experimental resonant Auger spectra, showing the etuning Q (eV)

2p3,3p° — 3p*, 2pi ,3p® — 3p* region of the atomic Auger FIG. 3. Comparison of the experimental and theoretical frac-
decay transitions in QCI as function of detuning. tion n of the molecular background to the total Auger intensity.
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excitation above dissociation threshold) the nonradiative There are important differences between the molecular
(Auger) RXS cross section consists of two qualitativelyand the atomic parts of the RXS cross section. The en-

different parts ergy positions of the atomic lines (2) do not depend on the
s / / excitation energy, while the energy position of the cen-
ole, @) = D |F/? = Dloule, ®) + omo(e, w)]. ter of gravity of the molecular background (3) approxi-
f f

(1) mately follows the Raman-Stokes dispersion law [15,20],

exhibiting a linear photoemissionlike dependence on the

The first contribution is caused by the decay transitiorexcitation energy as experimentally observed. Another
with energye to the final statd f) in the dissociated re- striking peculiarity of RXS through dissociative states is
gion and corresponds to the slow RXS [15]. The spectrajhe increase of the contribution in the molecular region to
shape of this cross section is close to a Lorentzian [5,15]the RXS cross section as the excitation energy is tuned
o )y 2 from the resonant frequgncy of the vertical phqtoabsorp—

[e — wp()] + 2¢ (@) tion transition [8,15]. This means that the relative inten-

if the lifetime width T' of the core-excited state is S Of the atomic lines (2) decreases|fd| > A. This

. . result follows directly from the strict expression for the
Sma!ler _than the width of the absorption Fraan'C(.)ndorhmplitude for fast scattering, where the atomic contribu-
distribution, vy.. Here Q = o — w(R,) + Fea. is

. ; . tion is exactly equal to zero [15]. Qualitatively, this can
the detuning from the vertical photoabsorption tran- : ; :
I e described as being due to the shortening of the du-
sition, F.a.. wqo(R,) = U.(R,) — E, and w.f(R) = 9 9

UR) = Us(R). i = —[dU,(R)/dR]x, is the inter- ration time with increased detuning, giving the molecule

tomic f th ibri % of th d less time to dissociate before the Auger decay.
atomic force at the equitibrium pf)l'/z? of the groun To give a quantitative description of the experimental
state. v; = Fia, wherea = (uw,) is the size of the

d state vibrational funct . b Auger spectra a simplified model with only three final
grounc state vibrational wave urlcl/gon withy, as vibra- o ojecylar states with relative weights«; were used for
tional frequency andi; = Qu ;) '/°. All unessential

it lected in th tant the simulation. The molecular and atomic parts of the
quantiies are coflected In the constan XS cross section were approximated by the asymptotic
fThe spectral profile of the broad molecular backgroun ormulas (3) and (2), respectively. The following values
omol(€, @) is formed by Auger decays occurring in the of fiting parameters were used, = 0.24, kg = 0.9,
molecular region. The main features of this backgroundkc =1, By = 0.86; y; = A = 0.9 eV, and the energy

can be understood in the limiting casg; < 7, where  gistance between the molecular and atomic contributions
7~ vy.! ~ A7! has the meaning of the time of the wer (@) — wep(R,) + 6 = 0.5 eV.

rearrangement of the nuclear wave packet on the core- The result of the simulations, depicted in Fig. 4, shows
excited potential surface/.(R) with A as the effective the total RXS profile as the sum of the three bands,
width of the corresponding x-ray absorption spin-orbiteach pand consisting of the narrow atomic contribution
component. When the RXS process is fast the RXQyjith the lifetime widthT' = 70 meV and the molecular
amplitude is proportional to the Franck-Condon amp“tUdeoackground with the full width at half maximum (FWHM)

[7,8,15] Fy « @, | )/ (2 — «T') between the nuclear 55 — 7 ./In2 ~2eV. The relative strength of the
. . Vf Yy g
wave functions of ground¢,) and final |gDE/> states,

where E; = o + E, — e. This means that the RXS
process can be considered as “vertical” or “sudden.” The
spectral shape of the molecular background can in the fast HCI 2p-1s* Rxs

limit approximately be written as [15] 0 '|3 T

Detuning Q
f e — we(R,) — Q + 8)\? (eV)
Umol(sa w) = exp — v 2.5

o By
X : , 3
@ — Foa? + &7 )
where 6 = F.a. — Fray. We here used a harmonic
approximation forg,(R) and a linear approximation of
the core-excited state potentiél.(R) near the point of
the vertical transitionR,. It can be shown (see Fig. 1)

0'{1(8, w) =

Intensity (arb. units)
i o

that the spectral profile (3) is essentially asymmetric if

the nonlinearity ofU,(R) is taken into account. The

dimensionless constagl; is of the order of 1, and is here 0 : . _
considered as a fitting parameter. For a dissociative final 174 155. _17'3 180 182
state the spectral shapecqﬁol(s, w) is in the limit of fast Kinetic energy (eV)

RXS (7. < 7) given by a Gaussian with the widtyy. FIG. 4. Simulated RXS profiles as a function of detunidg

3152



VOLUME 79, NUMBER 17 PHYSICAL REVIEW LETTERS 27 OTOBER 1997
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