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The decay properties of an above-threshold resonance in core-ionized water, which is difficult to identify
with usual spectroscopic methods, have been analyzed by resonant Auger spectroscopy. The resonance is
shown to correspond to a doubly excited neutral state embedded in tkeéo@idation continuum. The main
result of the experiments is the assessment on the dissociative nature of the intermediate state, with a conse-
qguent fragmentation in H neutral plus O*H core excited. This dissociation takes place on the same time scale
as electron decay, and therefore is categorized as an ultrafast dissociation process.

DOI: 10.1103/PhysRevA.71.010703 PACS nuntber34.50.Gb, 33.80.Eh, 33.60q

INTRODUCTION berg character as well, followed by sharper structures corre-

h dv of d ¢ ited lecul sponding to transitions to states with pure Rydberg character.
The study of decay processes of core-excited moleculeg, e apove-threshold region, the photoabsorption curve is

provides a wealth of information on the nature of the inter-5iher flat, without pronounced resonant features. However,
mediate state with a core holg and an excn.ed. electron, and g gne particular experiment, namely negative ion yield spec-
the dynamics of photoexcitation, photoemission, and photoftrgscopy, it has been possible to identify a resonant feature
ragmentation processes. The typical experimental proceduggproximately 10 eV above the ionization threshH@H This

is to identify resonant processes in photoabsorption measurézature has to be related to doubly excited states, since it is
ments, and then to tune the photon energy to the position afell known that there are no shape resonances in water. It
a particular resonant feature and to investigate the correwas shown that the Oproduction goes to zero above the
sponding valence electron emission. The resonant Augdf-shell threshold, but at a photon energy of about 10 eV
spectrum thus obtained includes features related to finalbove threshold, the Tyield shows a small maximum with
states with one electron vacan€iparticipator” decay, or no counterpart in any other yield curve. Since there is no
two electron vacancies and one excited electfspectator”  way to produce Ofrom a positively doubly charged species
decay. It is also possible to identify features related to frag-such as HO?* produced after normal Auger decay, the only
ments in the case of dissociation events occurring on theathways leading to Oimply the existence of a singly

same time scale of electron decéifie so-called “ultrafast” charged species such as®!. As a result, the observed
dissociatiof. maximum is related to the excitation of neutral doubly ex-

The H,O molecule has theC,, symmetry structure cited states, where two electrons, one from the core shell and
[ro.4=0.958 A: 6.,.0..1=104.49 in the ground state and the °N€ from the valence shell, are promoted to unoccupied va-
electronic configuration is lence orbitals. Such states are kn(_)wn to decay through reso-

nant Auger processes mainly to singly charged valence ion-
200 241 20, 241 2. 44 Oop 01 ized states, which then produce the peak centered near
1a,°2a;"1b,"38,"10; "1 4,°20,"("A,). 550 eV in the O yield. Tr?is attribution pis confirmed by

Here 1a; and 2, are O kand O & orbitals, respectively. electron-energy-loss-spectroscopy measurements, where a
The outermost orbitall; has mostly the out-of-plane 2  satellite threshold is reported at higher photon ené¢Ady
character, while the in-plane components @zand O 2y The phenomenon of ultrafast dissociation has been well
combine with H & and form the O-H bonding orbitalsa3  characterized in below-threshold core excitation of wgkér
and b,, respectively. The unoccupied orbitala;4and 2, In particular, core excitations lead frequently to dissociative
are the antibonding counterparts of these two orbitals, withor predissociative states. In some cases, the nuclear dynamics
some admixture of Rydberg character. is so rapid that dissociation takes place on the same time

The photoabsorption and partial and total ion yield spectracale as Auger electron emission. Ultrafast dissociation is a
of water around the X edge have been measured severaterm used to describe dissociation taking place on a time
times(see, e.g.[1]), recently with state-of-the-art resolution scale comparable to that of the Auger decay, placing it in the
[2]. In the below-threshold regiofphoton energy lower than low femtosecond regime. This time scale indeed corresponds
the O I ionization energythere are two broad resonances to the shortest molecular dissociation times. Ultrafast disso-
corresponding to the promotion of the & arbital to the ciation in water has been seen when exciting to thesO 1
unoccupied molecular orbitalsag and d,, with some Ryd- — 4a; resonanc¢5]. This conclusion is based on the behav-
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ior of the spectral structures when the excitation energy is @) —TIY
varied. It is seen that there are two different types of behav- 5 ° 3 45 npb/a — 0%
iors in the spectrum, one set of structures which displays a Lot
linear kinetic-energy dispersion when the photon energy is
changed, while another set of structures remains at constant
kinetic energy. The structures dispersing linearly are identi-
fied as participator or spectator decay in thgOHmolecule,
while the nondispersing peaks are assigned as originating
from the O*H fragment, on the grounds of qualitative argu-
ments andab initio calculations of the Auger decay of & 1

— 17 excited OH molecule, which is the same state the
O*H fragment reaches in the dissociation process of the
H,O molecule.

On the grounds of the above-mentioned findings in water,
we have performed an experiment in the photon energy re-
gion including the above-threshold resonance visible in the
negative ion yield spectra. We have obtained several electron
decay spectra while spanning the resonance region. The main
result is the appearance of two groups of sharp lines in the
binding-energy region 36-39 eV, superimposed to some
spectral structures belonging to the inner-valence region.
Based on the vibrational substructure of these peaks, and on
their dispersion law, we are able to conclude that these lines
originate from the resonant Auger decay of the O*H frag-
ment. Ultrafast dissociation is demonstrated for doubly ex-
cited states embedded in an ionization continuum.

Intensity (arb. units)

535 540 545 550
Photon energy (eV)

EXPERIMENTAL FIG. 1. (a) Total ion yield spectrum of kD in the O & excita-
tion region measured with-50 meV photon bandwidtib) Nega-

The experiment has been carried out at the light SOUTCHe ion yields for the H and O fragments(curves from Ref[3]).

SPring-8 in Japan on th@ branch of the soft x-ray photo-

chemistry beamline 27SU6]. The radiation source is a sider equivalent to photoabsorptjois featureless, while a
figure-8 undulator that provides linearly polarized light: the proad resonance at approximately 10 eV above the threshold
polarization vectorE is horizontal for the first-order har- s clearly evident in the Onegative ion yields.
monic light and vertical for the 0.5-order harmonic ligf. We recorded resonant Auger spectra at several photon en-
The monochromator installed on this branch is of Hettrick-ergjes within the width of the resonance, locating its position
type and provides monochromatic soft x rays with the bandwith the aid of negative ion yield spectf@]. The aim was to
width =50 meV in the O § excitation region. The light is characterize the possible increase in relative intensity of
monochromatized using a variable line-space plane gratingpectral features related to single-hole final states, and/or to
[8]. verify the presence of features which could be connected to
The electron spectrometer is a high-resolution Gammagtrafast dissociation, i.e., lines derived from resonant Auger
data Scienta SES-2002 instrument employing a hemispheritecay of the O*H fragment rather than from decay of the
cal electron energy analyzer. The lens and entrance slit sysntact molecule. In a previous work, ultrafast dissociation
tem of the spectrometer are placed in the horizontal planejyas investigated in water excited below thekOedge, and

the entrance slit is parallel to the incoming photon beamhe decay spectrum of the O*H fragment was well charac-
direction while the lens axis is perpendicular to it. The re-terized[5].

sulting linewidth in the resonant Auger spectra ofHwas In Fig. 2 we report a schematic diagram of the ultrafast
about 0.14 eV. dissociation phenomenon in water. If the core excitation
leads to a dissociative state, it is possible to distinguish be-

RESULTS AND DISCUSSION tween “early” decay processes taking place in the molecular

coordinate region, or “late” Auger decay taking place after

In Fig. 1(a), we show the total ion yield spectrum and the the dissociation has occurred, therefore in the O*H fragment
angle-resolved ion yield spectra recorded at 0° and 90° withather than in the intact molecule. This description is simpli-
respect to the polarization vector. All spectra appear rathefied, since it has been shown that interference phenomena
flat in the photon energy region just above the ionizationcan occur which make the two pathways to “molecular” or
threshold(539.79 eV. At variance with this finding, in Fig. “fragment” decay not really separab@], but in the water
1(b), from Ref. [3], we show partial ion yield spectra of case it is sufficient to account for the experimental findings.
negative fragments Oand H. It is evident that above In Fig. 3 we show resonant Auger spectra recorded at 0°
threshold the total ion yield spectrufwhich we can con- and 90°,1(0) and1(90), respectively, with respect to the po-
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[} Binding energy (eV)
(=
. L
h 4 fragm Qance FIG. 3. Resonant Auger spectrum recorded on top of the reso-
&7/H20* ond nance at~550 eV photon energsee Fig. 1b)].
nuclei moving apart and the kinetic energy of the outgoing
H0 electron remains constant while the photon energy is
Ground State changed.
We can conclude that the resonant state evident only in

the negative ion yield spectra is dissociative, as proven by
the appearance of fragment-related spectral structures.
_ o _ The next step is the attempt to identify the doubly excited
FIG. 2. A schematic and simplified representation of the ul-gate embedded in the continuum. A way to attack the prob-
trafast dissociation process in wa(tnom Ref.[4]).. Note that this is lem is to examine the Oslshakeup spectrum of water, and
S kor i) urce assume tha the doubly excied siae wide n Fi) i
. : . 2 below the lowest-lying satellite threshold. The ©shakeup
energy will vary along the O-H coordinate, as indicated by the OH - - .
potential-energy curvébroken ling. spectrum of water has been reported in earlier experimental
[10,11] and theoretical work$12-16 and remeasured re-
cently with state-of-the-art resolution at SPrind4&]. The
larization vector, and the angle-integrated spectrum as givefirst satellite threshold opens at about 17 eV above thesO 1
by 1(0)+21(90). The photon energy corresponds to the maxi-ionization limit, which could be consistent with the position
mum of the resonance identified in the negative ion yieldof the above-threshold resonance as a doubly excited state
curves. The decay spectra exhibit a broad feature at a bindirgglow the satellite ionization limit. The literature assignment
energy of 32.2 eV, which is related to an inner-valence mofor this satellite[13,16 corresponds to a main electronic
lecular state, and superimposed to its high-energy tail, in theonfiguration $73a,*4a;, which is consistent with a dou-
binding-energy region 36—39 eV, some sharp structures witRly excited state with two electron vacancies, one in the core
vibrational substructure. The relative position of such fea©Orbital and the other one in theagvalence orbital. Theoret-
tures and their vibrational spacing are consistent with thdcal calculations outside the scope of this report would be
resonant Auger spectrum of the O*H fragmdsi. As a  needed for a more precise assignment including the possibil-
further test, we measured the decay spectrum at several dify of configuration mixing, as demonstrated in the calculated
ferent photon energy values within the resonant structure ighakeup electron configuratiof®6,17.
the absorption. We can confirm the assignment of such peaks
as due to the decay of the O*H radical, on the grounds of
their dispersion law. Namely, while the molecular structure CONCLUSION
disperses linearly in kinetic energy as a function of photon
energy, thus remaining at constant binding energy, the sharp A “hidden” resonance embedded in the @ ibnization
structures show apparently constant kinetic energy. Such beontinuum in water has been characterized by resonant Au-
havior is typical of spectral features related to fragm¢his  ger spectroscopy. The main result is that the doubly excited
This behavior can be understood simply on the ground ofore neutral state has a dissociative character, and we are
energy conservation: for decays to molecular final states thable to detect final states related to molecular decay and final
only energy dissipation channel is the kinetic energy of thestates related to fragment decay. We can single out the spec-
ejected electron, and therefore this energy disperses lineartyal structures related to fragments, on the grounds of their
with the photon energy. In fragment decay there is an addidispersion law and their vibrational substructure, as due to
tional channel: the nuclear coordinate along which dissociathe O*H fragment. Therefore, ultrafast dissociation is iden-
tion takes place. Therefore, part of the energy put in thdified in the decay of a doubly excited state above a core-
system by the primary excitation goes to the motion of theonization threshold.

HO-H distance
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