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Photofragmentation dynamics of core-excited water by anion-yield spectroscopy

W. C. Stoltel?> M. M. Sant’/Anna® G. Chrwall,* I. Dominguez-LopeZ,M. N. Piancastellf and D. W. Lindlé
IDepartment of Chemistry, University of Nevada, Las Vegas, Nevada 89154-4003, USA

2Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

3Department de fica, Pontifcia Universidade Catica do Rio de Janeiro, Caixa Postal 38071, Rio de Janeiro,
Rio de Janeiro 22452-970, Brazil
“Department of Physics, Uppsala University, Box 530, SE-75121 Uppsala, Sweden
SCentro National de Metrologia, Caixa Postal 76900 Gitare, Mexico
®Department of Chemical Sciences and Technologies, University “Tor Vergata,” 00133 Rome, ltaly
(Received 31 January 2003; published 6 August 2003

Partial-anion and- cation yields from,B are presented for photon energies near the oxygedge. The
O~ yield exhibits a feature above threshold attributed to doubly excited states, in contrast to &mel idation
yields, which are nearly featureless above threshold. Additionally, the lack of the f&gment indicates
radiative decay and provides a negligible amount of anion formation.
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[. INTRODUCTION recently been reported in the photon-energy region near the
O 1s ionization threshold7]. The main experimental find-
When a core hole is induced in a molecule by photoabings were (1) different fragmentation patterns below and
sorption, either below or above a core-ionization threshold@bove threshold(2) the importance of spectator decay of the
dissociation is very likely to occur following or even during core-excited state to the subsequent fragmentation process;
electronic relaxation. The main pathway to fragmentation ig3) abundant emission of neutral H at some energges., it
the decay of the core hole, usually yielding molecular iongs the most important decay product of the lowest-lying O
either with a single-positive chargbelow thresholglor with ~ 1s—4a; resonance below threshgjcand (4) resonant for-
a double-positive chargéabove threshold the metastable mation of the H fragment at the O 4—2b, resonance,
ions subsequently dissociate by breaking one or more chemivhich was attributed to a high degree of excitation of the
cal bonds. Observation of the molecular or fragment ionibrational bending mode.
produced is informative of the nature of the initially excited In the present work, we have obtained partial positive-ion
or ionized state and of the dynamics of the photofragmentayields in water for all possible fragments with enhanced in-
tion process. Such experiments are typically performed, wittstrumental resolution and partial-anion yields for the discern-
synchrotron radiation as the excitation source, by monitoringble negative ions (O and H"). This work demonstrates
the yield of all ion fragmentstotal-ion-yield mode¢ or the  that anion yields can provide additional information on the
yields of individual ions(partial-ion-yield modgas a func- photofragmentation process. In particular, anions, for the
tion of photon energy in the vicinity of a core-ionization most part, originate from decay pathways distinct from the
threshold. pathways primarily contributing to cation yields. We also are
Due to their low probability for creation following core- able to address the negligible importance of radiative decay
hole excitation, anions, thus far, have attracted less attentioin core-excited water based on the absence of the ®ag-
Most anion measurements have been performed followingnent. Anion yields appear to be more selective than cation
valence-shell excitation, although recently several measureselds in the possibility to observe ultrafast dissociation,
ments have been performed following core-level excitationvhich is known to occur in water for the —4a; reso-
[1-6]. The most startling result from the core-level studies isnance on the same time scale as the electronic decay. Fur-
the ability of anion-yield spectroscopy to distinguish shapethermore, we show anion-yield spectroscopy is a sensitive
resonances from other features above the ionization threskwol to detect doubly excited states embedded in the ioniza-
old, such as doubly excited stafdd; the complete suppres- tion continuum above thK-shell threshold.
sion of shape-resonance features in anion-yield spectra pro-
vides an experimental method to verify shape resonances. So
far, the only known exception to this new “shape-resonance”
rule is Sk [2]. Anions have also exhibited 100% site selec- The measurements were performed on undulator beam
tivity, where creation of an anion fragment depends, uporine 8.0.1.3 at the Advanced Light Source, Lawrence Berke-
which atom in the molecule is initially excited. For instance,ley National Laboratory. The monochromator resolution at
methanol yields an OHfragment at the carbonsledge, but 550 eV was~150 meV, chosen to achieve a reasonable an-
not at the oxygen 4 edge[3] (carbonyl sulfide displays a ion signal. The photon energy was calibrated by running a
similar behaviof4]). mixture of O, and H,O and comparing the 0O1ls— 7*
In gas-phase water, high-resolution partial-cation-yieldresonance at 540.6 €8] with the water spectra. The experi-
spectroscopy, including both individual ion yields and coin-mental apparatus used in the present study has been previ-
cidence vyields between two or three cation fragments, hasusly describedl9]. Basically, it consists of a 180° magnetic
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FIG. 1. Relative partial-ionization yields for all measured fragment {@ngons and cationsfollowing photoexcitation of HO near the
O 1s ionization threshold. An intensity value of 1 was given to the calculated maximum of tre-©t&, resonance in the total-ion yield.

mass spectrometdgresolution of one mass in 50a lens brate the relative branching ratios of all cation fragments at
system to focus the ions created in the interaction regiothe specific photon energies of 545 and 553 eV.

onto the entrance slit of the mass spectrometer, and an open

gas cell which contains both a push plate and an extraction Ill. CATION OBSERVATIONS

plate to move the ions created in the interaction region into

the lens system. The target gas enters the open cell via a Partial-ion-yield measurements were performed for all de-
2-mm effusive jet. A channel-electron multipli€€EM) is  tectable anion and cation fragments and are presented on a
used at the exit slit of the magnetic spectrometer to detect theelative scale in Fig. 1. The anion-yield spectra were placed
ions. Finally, a differential-pumping system is used to isolateon this relative scale by assuming the same instrumental ef-
the target chamber vacuum 2.0~ ° Torr) from the beam ficiency for O and O" and for H and H", respectively. A
line vacuum (12X 10 ° Torr). The polarity of the lens sys- total-ion yield obtained by summing the individual partial-
tem, the magnetic field, and the CEM voltages may beon yields compares favorably, although with a slightly better
switched, allowing measurement of both positive and negaresolution, with the previous absorption measurements of
tive ions produced in the interaction region. An analog out-Schirmer et al. [11] and Piancastelliet al. [7]. The two

put from a MKS pressure manometer was recorded simultaowest-lying resonant features below threshold at 534.0 and
neously with the ion signal to monitor the target-gas535.9 eV are assigned as transitions to tteg 4nd 2,
pressure. The photon flux was monitored in two ways: with aunoccupied states, respectively, both with mixed valence-
gold mesh located in the beam line just in front of the appaRydberg charactgrl1], while the sharper features at higher
ratus and with a silicon diode located at the rear of the apenergy correspond to states with pure Rydberg character. The
paratus. The current signals from the mesh and the diod® 1s ionization threshold at 539.9 eV also is indicated. Be-
were converted to voltages by a pair of Keithley electrom-cause a comprehensive discussion of partial-cation yields
eters, and, along with the voltage output of the manometefrom H,O exists[7], the discussion presented here highlights
were frequency converted for storage in the data-acquisitionnly those results that are different with respect to the earlier
computer. Finally, during a period of two-bunch running of study.

the ALS, a time-of-flight mass spectrometer, similar to that Although we do not observe vibrational structure in the
described by Masuoka and Samdd)], was used to cali- 1s—2b, resonance, we do observe a 210 meV shift in pho-
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T extensive fragmentation is likely to occur following excita-
z'bz — ] tion to a Rydberg state, as we observe along the

H,0:0(1s)

H,O*/OH*/O™" series, which corresponds to sequential O-H
bond ruptures. Similar observations have been made for
other polyatomic molecules such as ethylene and acetylene,
where the same effect is observed for sequential C-H bond
breaking[14] .

IV. OVERVIEW OF PROPOSED MECHANISMS
A. Cations

There are several informative differences between the cat-
ion and anion yields shown in Figs. 1 and 2. To place the
following discussion in context, we begin with an overview
of the mechanisms leading to cation and anion production
following core excitation.

For fragment cations, the main pathway below kashell
threshold is dissociation, following spectator decay to final
molecular-parent states with either a single- positive charge
or a double-positive charge if the initial core-hole decay
530 53 50 545 leads to an intermediate state above the double-ionization
threshold. Dissociation leads to a positively charged ion and
a neutral fragment, or perhaps two positive ions. Another

FIG. 2. Comparison of the positive-ion yields for three positive possible fragmentation pathway for water is ultrafast disso-
ions: the parent ion $0" and two of the stronger fragments OH  ciation [15—17, namely, neutral dissociation of the core-
and O'. For visualization purposes, the intensity scale and the scalexcited state on a time scale competitive to electronic decay,
ing between the shown fragment ions is purely arbitrary. followed by the resonant-Auger decay of one of the frag-

ments. However, this process is hard to identify in cation-
ton energy towards higher energy for thg"Hragment. For-  yield spectra because it ultimately leads to the same products
mation of H,* has been attributed to the bending motionas fragmentation after electronic decay. Above threshold, the
mixed with the symmetric-stretching moti¢h2], the energy main channel for producing cations is fragmentation of a
offset being due to an increase in bending motion as greatefoubly charged parent molecule formed by the normal Auger
vibrational energy is stored in the core-excited moleculardecay, and therefore the main pathway is the formation of
state. This fragment was first observed by Piancastelil.  two cation fragments. In Ref7], all possible fragmentation
[7], with a reported shift of 450 meV, and later measured pathways in water, leading to singly and multiply charged
with vibrational resolution, by Hirayat al. [12], with an  cations, are summarized.
observed offset of approximately 200 meV, in excellent
agreement with the present observations. B. Anions

One interesting result is a gradual rise seen in th®H
fragment leading up to theslionization threshold. Unlike

the &* and H' ion fragments, this rise occurs before the . . . . .
g mentation events in core-excited,®, are quite different.

ionization threshold, and cannot be due to post-collision_l_h ; th ; ion f . be distinquished
interaction effects. A probable explanation for this observa- € main pathways for anion tformation can be distinguishe
S e éi)y the charge on the parent,® molecule prior to dissocia-

guantum number of the Rydberg series leading to the ionizglon Into an anion and its partner fragmesti.e., the parent

tion threshold increases, as observed in HG@]. Photon-ion may be(1) in a neutral excited .Staté?‘) a singly charged

coincidence experiments, similar to those recently reporte&at!on’ 3 a d(_)ubly charged cation; d#) a triply C_h_arged

by Meyeret al. [13], could verify this hypothesis. cation. To achieve charge balance, the total positive charge
In Fig. 2, we show the partial yields of the parent ion, on the partner fragmes) must sum fo one, two, thregl, or.

H,O", and two of the stronger fragments, Otand O". An four, respectively. A neutral partner is possible, in addition to

interesting trend is seen in the 537-540 eV spectral regiorf"'t cation, only if the parent }0 molecule yields three

where the relative intensities of spectral features related t&atgmlg frag;nents._ diative d f th ited
the pure Rydberg states clearly increase along the series Pathway(1) requires radiative decay of the core-excite

rA ) .
H,O*/OH*/O". Due to the relative delocalization and large state, HO™, to a valence-excited state,&", which can

spatial extent of the Rydberg orbitals, the core-to-RydbergtNen Yield an anion in several ways:

excited states are known to decay_ primarily thrpugh specta- H,0* -0 +H*+H (13
tor processes to two-hole/one-particle valence final states. In
turn, these final states more easily dissociate than single-hole
states reached following participator decay. Therefore, more

Intensity (arb. units)

Photon Energy (eV)

In contrast to cations, the main mechanisms for anion
production, which represent at most 0.1% of the total frag-

—O0 +HJ (1b)
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Y H +O*+H (10 V. ANION OBSERVATIONS

With consideration of pathway4)—(4) for anion produc-
tion, we now examine the anion yields in Fig. 1. A common
feature of the two anion yields is that the relative intensity of
the lowest-lying peak, the Ost-4a; resonance, is lower
than in absorption or total-ion yield@,11]. This is attributed
to the existence of ultrafast dissociation at this resonance,

The final states in Eq¢1a and(1c) may also be reached via recently repqrted in wqter by electron-spectroscopy measure-
an ultrafast dissociation of a neutral H atom from the core/Nents showing the simultaneous presence of spectral fea-
excited neutral parent, followed by a radiative decay of theures related to intact water molecules as well as OH** frag-
core-excited OH** fragment and further fragmentation, asments[17]. The neutral core-excited OH** fragment formed
indicated. by ultrafast dissociation readily undergoes resonant-Auger
Pathway(2) involves the emission of one electron, almostdecay and therefore can be observed in the cation-yield spec-
exclusively via the resonant-Auger decay to a singlytra. For it to affect the anion yields, however, OH** would
charged, valence-excited parent ion,QH*, prior to frag- have to decay radiatively, followed by ion-pair formation.
mentation, which can also yield an anion in several ways: Because we have already found radiative decay to be negli-
gible for core-excited water below the Os lionization

—H +H"+0 (1d)
—H +0OH* (le

—OH +H". (1f)

H,O0"* O +H"+H" (28 threshold, it is reasonable to assume that radiative decay will
also be unimportant for OH**. Thus, the relative decrease in
—H +O"+H" (2b) intensity of the O $—4a, resonance in the anion yields can
be related to the fraction of molecules undergoing ultrafast
—H +0?"+H (20 dissociation. In this regard, anion yields may prove more
selective than cation yields for observing effects of ultrafast
—H™ +OH?*, (2d)  dissociation.

Above threshold, the H yield exhibits a peculiar trend

Again, the final state in Eq2c) may also be reached via an compared to previous anion measurem¢hts6|: it behaves
ultrafast dissociation of a neutral H atom from the core-very similarly to the H and G+ partial-ion yields and the
excited neutral parent, followed by the resonant-Auger decagotal-ion yield, rather than rapidly dropping back to the back-
in the core-excited OH** fragment and further fragmenta-ground level observed below tlkeedge regiorie.g., the O
tion, as indicated. While both the™Gand H™ fragments can vyield in Fig. 1). Immediately above threshold, the Hyield
be produced via pathwaf?), there is no possible channel shows a gradual rise attributable to PCI effd¢ét®] and then
leading to the formation of OH following the resonant- becomes essentially flat. The most likely explanation is frag-
Auger decay. In contrast, production of OQH™, as well as mentation of doubly charged parent molecules via pathway
OH is possible following radiative decdpathway(1)]. We  (3). The doubly charged parents can be produced either by
therefore can assume that the presence or absence of Okhe normal Auger decay above threshold or by the spectator
indicates the relative importance of radiative decay. Theaesonant-Auger decay below threshold, if the resonant-Auger
OH™ fragment has been observed in dissociation of methadecay leads to a singly charged state with enough energy to
nol [3], so there is na@ priori reason to expect it to not be emit a second electron, which should be the case at least for
observed in HO as well. However, the yield of OHfrom  higher-lying Rydberg states just below threshold. Therefore,
H,O is below our detection limits, indicating that radiative the unusually large, and relatively flat, Hield above about
decay of the core-excited parefgathway(1)] provides a 537 eV can be attributed to fragmentation of doubly charged
negligible amount of anion formation compared to nonradi-parent molecules.
ative decay modes, at least below the ionization threshold. A similar pathway, via fragmentation of a doubly charged
(Above threshold, radiative decay following core ionization species, is not possible for Qoroduction. However, O can
is still possible, of course, but it can never lead to QH be produced following photoionization of an G &lectron
which cannot be formed from a positive singly charged par-f, and only if, the resultant core-ionized parent decays radia-
ent due to charge conservatipividence for radiative decay tively, then follows pathway(2a). Because the O yield
also to be negligible above threshold is presented below. drops to zero above thk-shell threshold, we take this as

Pathwayq3) and(4) involve fragmentation of a multiply further evidence against radiative decay of the core-excited
charged parent molecule, which can be formed either by thetate leading to anion formation, this time in the above-
Auger decay above threshold or by the spectator decay béhreshold energy region. This decrease to zero above thresh-
low threshold if the energy of the parent ion is above theold is not abrupt, however, which is explained by the elec-
double-(or triple-) ionization threshold. In both cases, only tron recapture of the slow sl photoelectron in the near-

H™ can be produced, as follows: threshold region by the parent molecular cation as it
undergoes Auger decay, followed by fragmentation via path-
H,O?"* =H™ +0O?" +H", (3  way (2a.
At a little higher photon energy, the Oyield shows a
H,O3"* H + 03" +H*. (4 small maximum with no counterpart in any other yield curve.
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