PHYSICAL REVIEW A VOLUME 59, NUMBER 1 JANUARY 1999

Resonant photofragmentation of water at the oxygerK edge
by high-resolution ion-yield spectroscopy

M. N. Piancastellf A. Hempelmann, F. Heiser, O. Gessner, Adelj and U. Becker
Fritz-Haber-Institut der Max-Planck-Gesellschaft, 14195 Berlin, Germany
(Received 6 February 1998

Resonant photofragmentation of core-excited water molecules has been studied with high-resolution partial-
ion-yield spectroscopy. Both the single and coincidence channels were monitored simultaneously. A steep
increase in the coincidence yield curves above the ionization threshold, where the normal Auger decay pro-
duces doubly charged or multiply charged species that yield two or more charged fragments, has been ob-
served. By comparing the single and coincidence channels the relative weight of H neutral fragments has been
qualitatively assessed, and found to be higher for thes®-4a, primary excitation. The presented ion-yield
data provide strong evidence for a branching between atomic Auger decay and molecular fragmentation in the
O* channel. The most unexpected result is the formation gf $pecies being detected and attributed to a
highly excited bending mod¢S1050-294®9)00601-0

PACS numbgs): 33.80.Gj, 33.80.Eh

INTRODUCTION been investigated by ion-yield spectroscopy of condensed
and chemisorbed layefg]. In the gas phase, the dissociation
The occurrence of dissociation following either core-to-of water has been studied by ion-yield spectroscopy follow-
bound excitations below an inner-shell threshold or ionizaing valence excitatiof8]. In the core ionization region, the
tion above a core threshold in isolated molecules is a wellangular distribution of fragment9] has been reported in
known phenomenofil] but the number of detailed studies low photon resolution angle-resolved ion-yield spectroscopy,
dealing with this subject is still small compared to the analoPut the yield of the different single channels was not mea-
gous studies for condensed or chemisorbed molediles sured separately. No high-resolution ion-yield complete ex-

the research area known as desorption induced by electronR€NimMents in the gas phase have been published as far as we

transitions[2,3]). However, such observations are extremelyknow'

useful in shedding light on both the character of the excite We report h?fe a high-resolution stud_y of photofragmen
L . ation of water in the photon energy region around the oxy-
and ionized states, and on the dynamics of the photofrag- . 4 .
mentation processes. Different mechanisms can lead enK edge. lon-yield spectra were obtained for single chan-
proce ‘ S els (ion yield of each fragmeitand coincidence channels
photofragmentation above or below an ionization threshold

Ab hreshold LA q q hol (two or three fragments detected in coincidence
ove threshold, normal Auger decay produces two-hole™ steep increase is generally observed in the coincidence

states which may fragment easily. Below threshold, the highy;e|q curves above the ionization threshold, where the nor-
est probability of fragmentation pertains to the two-hole—p,4 Auger decay produces doubly charged or multiply
one-particle statespectator lingreached after resonant Au- charged species which yield two or more charged fragments.
ger (autoionization decay. In this framework, it is assumed Below threshold, the fragment ion yield is still high, hinting
that the ion fragmentation is a subsequent step followingt easily photofragmenting species. It has been observed that
electron decay, i.e., the time scale for electron emission it water the spectator decay bears more weight than the par-
much faster than the nuclear separation. Exceptions exisicipator decay even for resonant states with some antibond-
when the molecular dissociation is ultrafast, i.e., it takesng molecular orbital charact¢d0]. Therefore the high ion
place on the same time scale as electron dééay yield corresponds to the importance of spectator decay fol-
lon-yield spectroscopy is particularly informative con- lowing the primary electron excitation.
cerning the nature of fragmentation processes following mo- This is particularly true for pure Rydberg states which
lecular inner-shell excitation or photoionization, as it is pos-decay predominantly through this decay mode into final two-
sible to obtain the relative intensity of the ionic species inhole—one-electron states. These states have a stronger disso-
their final states. Different decay channels can exhibit verciative character than the participator final one-hole states of
different behaviors, depending on the particular fragment othe decay of the mixed-Rydberg—antibonding molecular or-
combination of fragments which are detected. In contrast tditals, thus exhibiting a fragmentation behavior analogous to
the many low- and intermediate-resolution studies in thisdoubly charged two-hole states reached by normal Auger
field, the only isolated molecule studied with high-resolutiondecay.
ion-yield spectroscopy following synchrotron radiation exci- Comparing single channels and coincidence channels, we
tation, is CO[5,6]. In water, the photofragmentation has can evaluate the relative weight of emission of neutral H,
which is the most important decay product of the G 1
—4a, resonance. As to the production ofOa branching
*Permanent address: Department of Chemical Sciences and Tedhas been observed between atomic Auger decay and molecu-
nologies, University “Tor Vergata,” 00133 Rome, lItaly. lar fragmentation. A peculiar photofragmentation process in

1050-2947/99/5@)/3007)/$15.00 PRA 59 300 ©1999 The American Physical Society



PRA 59 RESONANT PHOTOFRAGMENTATION OF WATER AT TH . .. 301

804

4a,/3s 4s 55 6s

%)

60- total® E
(=)
— 40_

>

204

Total ion yield

—
U) L
+ + ¢ + + = 2
532/ 534 536~.538 540 =
Photon energy >
ol
—
hv=534.2eV H,0 H* N
© 2
Q ‘D
S| o 2 2
c (]
o . =
= 0 £
o H.0"
+—
E 2 02+ L
a | 0 J
T 1 T T
5231493 247 123
508
Time of flight (ns)
FIG. 1. Total ion yield near the D:0(1s) threshold. The 532 534 536 538 540

lower part shows a time-of-flight mass spectrum taken at the first
H,0:0(1)—4a,/3s resonance. The energy resolution is marked in
the lower left corner.
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FIG. 2. Partial noncoincident ionization yields of®!following
H,0:0(1s) excitation: H" (b), OH* (c), and O" (d) along with total
water is the formation of the Ji species following the ex- ionization yield(a) on top of this figure.
citation to a core-to-bound state and the subsequent decay to
a vibrationally highly excited final state. We propose afragment ions. The spectrometer was set at an angle of ap-
highly excited symmetric bending motion which can lead theproximately 55° with respect to the electric vector of the
two hydrogen atoms to bond-length-like distances as the oriphoton beam in order to reduce the effects of anisotropic
gin for this direct formation of K". fragmentation in the time-of-flight peaks which could have
unwanted effects on the resolution of our energy s¢aaf
The background pressure was better than18 ©h Pa dur-
ing the measurements. In order to avoid possible distortions

The experiments were performed at beamline BW3 ofof the scans, all coincident and noncoincident ionization
the Hamburger Synchrotronstrahlungslabor. This beamlinéhannels were measured simultaneously during one photon
is a triple N-pole undulator beamlingN=21, 33, and 44 energy scan, including the monitoring of the background in
equipped with a high-resolution SX 700 plane-grating monothe time-of-flight spectra. This capability is crucial for the
chromator modified for high photon throughput. At the oxy- comparison of photon-energy-dependent details in the differ-
gen K-edge, we evaluated the photon bandwidth to be 17@nt spectra. A more detailed description of this apparatus was
meV with a photon flux of 1¥ photons/s. presented elsewhefél]. All scans are normalized with re-

In order to record different partial ionization yields simul- Spect to the pressure and the photocurrent. Background sub-
taneously during the photon energy scan, a newly develope&ﬂaction has been performed for all coincident and noncoin-
time-of-flight mass spectrometer with a position-sensitivecident curves.
multihit detector was used. The spectrometer consists of a
McLaren-type space-charge-focusing instrument, 42 mm
long, with an extraction field of 900 V/cm, and a multihit
anode. This arrangement makes it possible to measure all lon-yield spectra have been obtained in the 531-542-eV
pairs of charged particles in coincidence, independent ophoton energy range for single channels, double-coincidence
their charge state and initial kinetic energhl]. The capa- channels, and triple-coincidence channels. Along with a
bility to determine the direction of the ionic fragmentation mass spectrum taken on top of the first resonance, the total-
was not used in the present study, because it would requiren-yield spectrum is shown as the top curve of Fig. 1. It
much longer measuring time on one energy point than possompares very well with the photoabsorption curve reported
sible in a high-resolution energy scan with the photon flux,in the literature with analogous photon bandwifit!3]. This
given in our experiment. The flight times of the ions wereis not always the case, since the close correspondence be-
measured with respect to the bunch marker of the storageveen photoabsorption and ion yield implies that the major-
ring, which was operated in a double-bunch mode with &ty of the final electronic states are equally dissociative and
time window of 480 ns, yielding intrinsic branching ratios of their ion yields approximately the same, which is evidently

EXPERIMENT

RESULTS AND DISCUSSION
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FIG. 4. Coincidence channels of the dissociative ionization of

FIG. 3. Partial noncoincident ionization yields of®lfollowing H.O following H,0:0(1s) excitation and ionization: H+OH* (a
H,0:0(1s) excitation: G* (a), O** (b), H,* (c), and HO™ (d). Hi+0+ (b) ?—F’iog( (c)) and H" +0%" (d). ' @

the case for water. We have used the assignments made in . . .
the analysis of photoabsorption measurenjagi. The first once are more likely following normal Auger decay with a

three intense peaks in the total ion yield, at 534.0, 535.9, angOUbly charged ion as the final state than resonant Auger
537.1 eV, are related to the G4-4a,, O 1s—2b,, and O ecay which produces mostly highly excited singly charged

1s—3pb;+3pa; resonant processes, respectively. The firsf-ons' . .

two are assigned to a transition from the ground state to %) ;23 ﬁﬂg‘%z:ﬁggebneégiig;?&;ngle 4cr;anr:jl(léggsrb \zliggg
mixture of empty rr_u_)lecglar orbitals and Rydberg States’some more interesting elements fgr aiscussioino obtain a
while the third transition is of pure Rydberg character. The 9 )

following more complex structures are assigned to severé?etter visual insight into the fragmentation channels, includ-

overlapping Rydberg states. The ionization threshold is lo!N9 c_ompetitive processes, we report a complete list of the_
cated at 539.9 eV. possible fragmentation patterns and other decay processes in

A close examination of the total-ion-yield features in Fig. Table I. The f|rsF step I t_he formatlon_ of t.he core-eXCIFed
1 reveals the absence of a resolved vibrational structur@eu"al state, which may directly dissociate into core-excited

which is expected to be approximately 150 mgM]. This
could be either due to the lack of instrumental resolution
(=170 meV or to the nature of the core-excited states,
which are known to be strongly dissociative, and therefore
might not support vibrational substates. This lack of vibra-
tional structure has been reported several times in literature
concerning different experiments on both isolated and con-
densed water moleculgg].

We may observe some general features when comparing
single (Figs. 2 and Band coincidence channglBigs. 4 and
5). A common feature is the behavior above the ionization
threshold at 539.9 eV. We can observe an enhancement of
the coincidence channels compared to the single channels. 0.0
This enhancement is similar in the triple-coincidence scans
(Fig. 5). This may be regarded as a general effect, and attrib- Photon energy (eV)
uted to the presence of normal Auger decay above the ion-
ization limit which greatly enhances the production of dou-  FIG. 5. Triple-coincidence channels of the dissociative ioniza-
bly or multiply charged species. Therefore, the fragmentationion of H,O following H,0:0(1s) excitation and ionization:
processes which produce two or more charged species Ht'+H™+0O" (a) and H"'+H"O" (b).
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TABLE |. Possible deexcitation pathways following core excitation of water. The arrows connect a single
species to its various decay products. Deexcitation processes include resonant Auger(edgcay
H,0** -H,(O"+1e), normal Auger decay(e.g., O*—0?"+1e), and fragmentation (e.g.,
OH**—0O*+H). Pathways for OM, OH", O*, and O" are shown only once for the sake of simplicity.

HoO+hv — Ho O™ *—p»

OH+" +H+e- — OH2*+H+e"
(a) QH**+H<: OFf+H*+H
OHZ*+Hr2e” <
O2*t+H+H
OH* +H — O +H*+H —p Ot+H*+H

(b) HoO* +e O+ +2H —# 02+ "+ 2H+e™—# O3*+2H+e”
Ot+H +H* +e"

OH' +Ht — OH+*+H++e‘<:
02+4+Ht+Ht +e”

OH*+H+e"

O +H+H*—8-Ot +H* +HY +e” — O2t+H* +H +e
Or+H*+H

(c) H202++26_
02+ HeH

OH+* H+ < O++H++H
+
O +Ht+Ht — OFt+Ht+Ht+e"

neutral OH* and neutral H fragments with a subsequent First we will discuss the most intense channels
Auger decay into OF* +H [see Table (8)]. Such ultrafast (H*, OH', O, O?*) shown in Figs. 2 and 3. We notice
dissociation may occur due to the strongly repulsive natur¢hat the ion yields are rather similar for*Hand O", but

of the core-excited states, e.g., predicted in the simpl@  different for OH" and G*, where the first two peaks have
model. The relevant time scales of neutral dissociation comdifferent intensity ratios, the first peak being the more in-
pared to the Auger lifetime suggest, however, a competitioriense. Close examination of the single scans in Figs. 2 and 3
between both processes. Corresponding studies of inner-shédiveals more subtle differences. If we compare the total ion
excitations in halogenides have shown that even for the deyield with the H" yield, which is the most intense single
cay of the3d and 2p holes involved in these cases also achannels, we observe that the first peak is relatively weaker
significant fraction of molecular Auger decay does occurin the latter curve. All these differences can be attributed to
[15-17. The proof of the statement that molecular Augerthe importance of the emission of a neutral fragment, namely
decay, in the present case, occurs at comparable atomiclikd neutral. We cannot detect it, but we can qualitatively de-
strengths certainly has to be the subject of further fragmenrive the relative weight of this decay fragment by comparing
tation and electron emission studies in the core and the innéhe single and coincidence channels. Doing this for'Qte
valence region. Tablegt) and Kc) describe decays through notice that in the coincidence channel QH™ (Fig. 4) the
resonant molecular Auger processes into singly charged speatio between the first and second peak is comparable to the
cies (one-hole states corresponding to participator decay, aanalogous ratio of the total yield. The difference in the in-
two-hole—one-particle states populated by spectator decagnsity ratio in the OH single channel can thus be attributed
[see Table(b)]). The probability of fragmentation is higher to the processes where the partner is H neutral and fiot H
for spectator transitions, since final-state potential curves ar€he same behavior can be observed when comparing the
usually more repulsive than those of participator states due tsingle scan for & and the coincidence channePQH".

the antibonding character of the corresponding two-holesTherefore, although in our experimental conditions it is not
one electron states. Dissociation of® gives mainly rise  possible to detect H neutral, we can still derive some infor-
to singly charged H, O, and OH" ions. Another possible mation on its relative weight from comparison of the OH
process is the direct formation of doubly charged water moland H' ion yields, both normalized to each other just below
ecules due to shake-off processes, which subsequently decthyeshold, as schematically depicted in Fig. 6. The weaker
by producing more than one charged spefseg Table(c)].  first peak in the H yield compared to the total ion yield can
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FIG. 6. Comparison of the OHsingle-channel ionization rate
with the H" single-channel ionization rate. The two rates were nor-
malized to each other at photon energies just below thé&lsp
threshold, where most single-ionization channels behave similar

with regard to the total ionization yield. -+ as-- !
H0 | H0*+ IH,0*+

be explained by the same reasons because all processes con- as=1af2aZ1bF3aZ1b2(1A1)
tribute to the total ion yield, including those which do not _ _ )
produce H, and the relative weight of H neutral seems to be __FIG. 7. Scheme of the energy potential curves involved in the
more important in correspondence to the first resongsee ~ decay pathways of the two lowest®(1s) excitations into OH
the above discussion fragments. .The variation of thg potgntlal curves h.as a purgly sym-
How can this different behavior in the H production yield bolic meaning, because there is no internuclear distarad¥scissa.
between the first two resonances be understood? The most
probable explanation lies in the energy positions of the level§Vve trends of the single channels, i.e., their branching ratios
involved in the excitation and decay process. The majority ofVith respect to the total ion yield. In Fig. 8 we show the
final states of the spectator decay of the first resonance is stilftios of the H, OH*, O*, and G* channels to the total
below the double-ionization threshold and, therefore, metaion yield. It is noticeable that the relative yield of Fshows
stable. In this situation, dissociation to singly charged spe-
cies with one or two neutral hydrogen atoms are alloyese
processes in Tablgh)]. In contrast to this, the Auger final
states of the second resonance are already above the double-
ionization threshold. Therefore, dissociation into either dou-
bly charged ions or singly charged ion pairs becomes pos-
sible. This basically explains the observed behavior. The
discussed situation is schematically shown in Fig. 7.
A different behavior can be observed for" OThe inten-
sity ratio for the first two peaks in the ‘Csingle scan and in
the O/H™ coincidence scan is almost the same. Therefore, it
seems that for this channel the importance of the H neutral
yield is minor. However, if we have a closer look at Table I,
we notice that O has an additional decay pathway which is
atomic normal Auger decay. Therefore the apparent differ-
ence in the behavior of the OHand G species and the ©
ions can be explained on the ground of a competitive fast
atomic Auger decay of O leading to 3. As a conse- , ,
quence, the relative strength of the channéh®+H can- 24 .
not be assessed exactly, since the atomic Auger decay takes 0""/total

place on the same time scale as molecular fragmentation, or 0.015- i
even faster. The most likely behavior is the dissociation of '
the excited HO™™ ion into O** and 2H followed by further (o

+ +
0.6k H /total

0.5

0.4

OH*/total”

OM

(b)

0.0 + +
O'/total”
0.2 a

0.1 ©

Relative Intensity (arb. units)

Auger decay of the excited oxygen atom. This atomic cas- Py

cade Auger channel is already open in the vicinity of the first

resonance leading to comparable intensities of the first and Photon energy (eV)

second resonances in thé'Qchannel, as seen in the upper

part of Fig. 3. FIG. 8. Relative noncoincident ionization yields normalized to

The above discussion is supported by obtaining the relathe total ionization yield.
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N @ This experimental finding indicates that the fragmentation of
o2 H2 | NERRI ] - molecular ions with a charge higher thad. is a fast process
or, in other words, there are no metastable doubly charged
species which may be populated by the resonant Auger de-
cay. These two observations are consistent in the sense that
the fragmentation following the decay of Rydberg excita-
' : tions can be compared to the fragmentation following normal
* TTTIm ®] Auger decay if the excited electron is in an outermost region,
and its interaction with the molecular core is negligible.
Therefore, it is understandable that fragmentation following
1.0+ - resonant Auger decay of Rydberg states gives no rise to
highly excited singly charged molecular ions in the same
way as normal Auger decay does not result in doubly
charged ions; instead fragment ions are possibly formed in
sk excited states. _ _
2b,/3p " 4p A particularly interesting and unexpected experimental
mm I, finding is the detection of j species. The formation of
65} I'Ig such species seems to be almost limited to the energy region
\/\_VL around the O &—2b, resonance. Furthermore, the peak
maximum in the H* yield does not correspond to the maxi-
: : : ) ) mum in the absorption cross section, but is shifted by 450
532 534 536 538 540 meV to a higher photon energy. If we carefully observe the
yield curves for some of the other species, particularly for
H,O" and OH", we notice that there is a shoulder corre-

FIG. 9. Enhanced representation of thg"Hon yield in com-  SPonding to the maximum in the M yield. This structure
parison with the HO* and total ion yield. A bar diagram of all May simply be attributed to vibrational structure, e.g., the

calculated excitation energies is shown above each spectrum. TH#BIrd vibrational excitation of the symmetric bending motion
position of the H* peak is marked by a long vertical line. with »,=150 meV. However, we have already pointed out

that there is a general lack of vibrational structure in the

a minimum corresponding to a transition to the first reso-yield curves, which is known to be due to the intermediate
nance, thus corroborating the idea that the ptoduction is  states being repulsive. A possible explanation for this may be
less important in the vicinity of this resonance because of thé¢hat, after excitation to the high-photon-energy side of the O
competing channel H neutral. The inverse effect can be obts—2b, resonance, and before the fragmentation, the elec-
served for the relative yield of OHand G*, where there is  tron decay reaches molecular ions which are highly vibra-
a maximum corresponding to a transition to the first resotionally excited. In particular, if the vibrational excitation
nance. The above-discussed different behavior bisdcon-  involves the bending mode, we can imagine a highly excited
firmed by the fact that its branching ratio does not exhibit amotion which brings the two hydrogen atoms close together.
maximum matching the behavior of GHand G, butithas  Therefore, a possible decay path of such a vibrationally ex-
a rather complicated structure in the photon energy region afited state is the direct formation of,H during the subse-
the first resonance. guent fragmentation; even our resolution is insufficient to

As for the weaker channeldigs. 2 and 3 we can ob- resolve these particular bending mode vibrations. An alter-
serve that there is some evidence fot"Qwhich shows a native explanation is the presence of two leveldgfsym-
resonant profile similar to ©. The production of & is due  metry contributing to the resonant peak at 535.9 eV, which
only to a further cascade Auger decay of'Qand therefore could correspond to an antibonding molecular orbital and to
the two ion yield curves mimic each other. one of the » Rydberg states. A peak asymmetry in the

Some more interesting observations can be derived frorshape was also observed in an angle-resolved low-resolution
the analysis of HO* and H* (Fig. 9. In the molecular total-ion-yield experiment, and was attributed to two almost
channel, the relative intensity of molecular ions is muchoverlapping electronic statd8]. However, the direct reac-
higher for the first two resonances. These are attributed ason leading to the formation of a i ion seems more likely
admixtures of empty molecular orbitals and Rydberg statedo take place because of a high excitation of the bending
It is generally believed that fragmentation processes shoulthode. Theoretical support would be important to confirm
be more likely to occur following transitions to empty anti- either interpretation.
bonding molecular orbitals. In the present case we observe We have previously discussed the general picture of
that the detection of molecular parent ions is almost zero fophotofragmentation as a subsequent process with respect to
the photon energies correspondingktshell excitations into  electron decay, and the fact that exceptions to this model are
pure Rydberg states. This is in contrast to recent findings fomolecules which exhibit ultrafast dissociation, i.e., the
other molecules, e.g., CO, where nondissociative ionizatiomuclear motion begins on the same time scale as the electron
was detected in the decay of both empty molecular orbitalslecay. Water has been predicted to show ultrafast dissocia-
and Rydberg statd$]. We also notice that we did not detect tion [7]. However, the signature for ultrafast dissociation in
H,O?*, again at variance with the CO case, where?CO condensed water is the yield of only"Hons, accompanied
species were observed for all resonances below threfbpld by a symmetry-breaking effect due to the surface or to the
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hydrogen bonding in the solid phase; thus the comparison itation; the presence of normal Auger decay in the atomic

our conditions is not straightforward. fragmentation, faster than nuclear motion; and the more dis-
sociative character of the Auger final states following the
SUMMARY decay of pure Rydberg states compared with the decay of

) ) o ) ) mixed molecular-orbital-Rydberg states and the formation
A high-resolution partial ion yield of isolated water has of 1, most likely following the excitation of the symmet-
been obtained following below-threshold core excitations inyic pending vibration. Theoretical support would be desirable

the photon energy range of 531-542 eV, including a transity optain a better insight into the nature of these complex
tion from the O1s core level to intermediate states with gecay processes.

either a mixed molecular-orbital-Rydberg character or a

pure Rydberg one. The main results are the observation of a ACKNOWLEDGMENTS
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