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H,* formation from H ,O0% mediated by the core-excitation-induced nuclear motion in HO
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The vibrational structure of the Os1'2b, core-excited state of 40 is observed and ascribed to the mixture
of symmetric stretching and bending motions with symmetry. The formation of } is found to increase
linearly with an increase in energy stored in the nuclear motion of the @2, state, demonstrating that this
dissociation channel is mediated by the nuclear motion in the core-excited state. The reaction pathway to the
H,* formation along the Auger final state o,&8", mediated by the nuclear motion before the Auger decay,
is discussed with the help @b initio potential surfaces of the Auger final states.
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. INTRODUCTION H, " formation is observed as a function of vibrational quan-
tum numbers in the core-excited state, "Hormation from

The progress in the techniques for generation and mong-,0* via the core-excitation of 50 was first observed by
chromatization of synchrotron radiation in the soft-x-ray re-pjancastelliet al. [13]. They suggested a key role of the
gion has been remarkable in the last decade and now one caending motion in the core-excited state, though they did not
promote any core electron to a specific quantum state usingrasolve the vibrations at their limited resolution. In the
narrow-band soft-x-ray beam and investigate the relaxatiopresent study vibrations in the core-excited state are resolved
dynamics of the core-excited quantum state in detail. Thend better evidence is presented for the role of the vibrations
core-excited state in general relaxes via very fast electronii the core-excited state: it is demonstrated that the rate for
decay with a time scale of the order of 10 fs emitting anthe H,” formation increases linearly with the increase in the
Auger electron. Within this very short time scale, however,vibrational energy stored in the core-excited state.
the nuclear motion can proceed in the core-excited state. The H,O molecule has theC,, symmetry structure
Both high-resolution absorptiotiexcitation spectroscopy [r(O—H)=0.958 A; 6, o =104.4°] in the ground state
[1-3] and electron emissior{deexcitation spectroscopy and the electronic configuration is
[4—8] have been successfully applied to probe the nuclear
motion in the core-excited st)z;tesl?.pSo, it ispnow well under- 1a§2a§1b§3a§1b2;4a22b2(1A1).

stood that dissociation begins along the potential surface qfj, o 1a, and 22, are O I and O 2 orbitals, respectively.

the core-excited state before the Auger decay and finishepne gutermost orbital i, has mostly the out-of-plane Op2
along the potential surface of the Auger final state. Becausgngracter. while the in-plane components @ 2nd O

of the specific shape of the potential surface of the corezompine with H % and form the ©—H bonding orbitals ai
excited state, a specific dissociation channel such as sitgpg 1b,, respectively. The unoccupied orbitaladand 2,
specific fragmentation may be opened by the core excitatiogre the antibonding counterparts of these two orbitals. In the
[9,10]. It is thus particularly interesting to investigate the g 15 absorption spectrum of 4 (Fig. 1, see als¢14,15)
influence of the nuclear motion in the core-excited state Ont@here are two broad resonances Corresponding to the promo-
the dissociation process because such investigations mayn of the O Is orbital to the unoccupied molecular orbitals

give us a clue to controlling a specific reaction channel. Suchia, and 2,. In the present work, we focus on the latter O
investigations are, however, still rafd1,12 and to our 15" ,2p, resonance.

knowledge there are no such reports where vibronic quantum
states are actually resolved in the core-excited state.

In this paper we report the observation of a dissociation
channel mediated by the vibrational motion in the core- The experiments are carried out on a high-resolution
excited state. The sample molecule used here,® ldnd  plane grating monochromator installed in thbranch of the

soft-x-ray figure-8 undulator beamline 27SU at SPring-8
[16-19. The figure-8 undulator provides the linearly polar-
*Corresponding author. Email address: ized light whose direction of th& vector for the first-order
uedak@rism.tohoku.ac.jp (0.5th-ordey harmonic photon is horizontdlertical). The
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FIG. 1. The total ion yield spectrum of J@ in the O Is exci-
tation region measured witk 55 meV bandwidth.

energy scale of the monochromator was calibrated by the us ol B A

of O 1s to Rydberg transitions in CO I “‘”’%%
The yield curves for mass selected ions are measured b I E I B B B

use of a linear time-of-flighfTOF) mass spectrometer with a 535.5 536.0 536.5 537.0

690-mm-long drift tubg20]. An effusive beam of gaseous Photon energy (eV)

H,O from the gas nozzle crosses with the photon beam at an

ionization point on the TOF axis. The electrons and ions are FIG. 2. High-resolution {-40 meV) spectra of HO (&) and

extracted with the dc electric field of 1000 V/cm in opposite P20 (b) in the region of the B, band. The solid curves are the

directions: the electron detection signals are used to start tHSUlt of the least-squares peak {#) The angular anisotropy pa-

time-to-digital convertefTDC), while the ion detection sig- ameters for the energetic6 eV) H™ ions produced from bD.

nals are used to stop the TDC. In this way the TOFs of all theyre the promotions of the electron from @ tb the unoccu-

fr_agment ions are measured simultaneously. The total i0Bjed molecular orbitals @, and 2, respectively, whereas

yield curves of HO and DO are also measured. To do that, the structures between 537 eV and 540 eV are the transitions

the polarity of the dc field is changed and the ions are detg the Rydberg memberfd4,15,23. Vibrational structures

tected, without mass selection, by the electron detector of thgaye never been observed so far either in tiag dr 2b,

TOF spectrometer. o band[15]. Actually, the O 5— 4a, band shows no structure
The angle-resolved yield curves for the energetic ions argyen under the present resolution, which is the highest ever

measured by use of a pair of energetic-ion detectors placegihieved. This observation confirms the dissociative charac-
horizontally and vertically, downstream of the TOF spec-ter of this state, as reported previoushp,23.

trometer along the incident photon beam_ and 250 mm apart | contrast to 4, the 20, band clearly exhibits vibra-
from it [21]. Gaseous kD molecules are introduced coaxi- tipnal structures with obvious peaks at 535.74, 535.95, and
ally with the photon beam by use of a coaxial gas nozzles3g 08 eV and a bump at 535.85 eV, as presented in the
positioned downstream. The measurements are carried OHfgher resolution spectrurtband pass~40 me\) in Fig.
for both horizontal and vertical directions of tkevector. In 2(a). The vibrational structures become less clear in the
this way the energetic-ion yield spectr¢0®) and1(90°)  pigher energy side of thel band, suggesting that higher
compensated for the difference in the detection efficiency of;iprational states may be dissociative. The observed vibra-
the two detectors are directly obtained. The retarding voltagg§gnal structure cannot be explained by a simple progression
used is 6 VV and thus the Hions with kinetic energies higher of gne vibrational mode. We therefore examine the symme-
than 6 eV are detected. try characters of the transition involved. From the angle-
resolved yield curve$(0°) andl(90°) for the energetic H
ions, the angular anisotropy paramefgiis deduced using
the relation B=2[1(0°)—1(90°)]/[1(0°)+21(90°)]. The
Figure 1 shows the total ion-yield spectrum of®in the  value of 8 thus obtained is~0.8 in the entire range of the
whole O Is excitation region obtained witk- 55 meV band-  2b, resonance without any structure, as shown in Fig).2
width. The broad bands at 534 eVd4 and 536 eV (D,) The value of3~0.8 implies that the vibroni¢electronic+

Ill. RESULTS AND DISCUSSION
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vibrationa) symmetry should bé, [14,22. Therefore, the [~ v 1 T T T 1
observed vibrations should be symmetric stretching and/ol -
bending ina; symmetry: if the antisymmetric stretching in
b, symmetry were included, the vibronic symmetry of the
transition would no longer bB..

To proceed with the analysis of the vibrational structure, a
least-squares peak fitting is carried out for the entibg 2
band. In the present peak fitting, two vibrational modegs
and v, both with constant vibrational spacingearmonic
approximation are assumed and each peak is assumed as
convolution of a Gaussian profile with 40 meV full width at
half maximum(FWHM) and a Lorentzian profile. It is as-
sumed also that the FWHM of the Lorentizan profile has the £
lower limit value of 150 meV, i.e., the core-hole lifetime
width [24], at the first peak at 535.74 eV, and increases lin-  0.00
early with the increase in the vibrational energy. The Lorent- —
zian width as a function of vibrational energy;, is found to

ensity (arb. units)

o
o
o

be 0.15+-0.1E;, (eV). This energy-dependent Lorentzian — () H,7TIY o

width is necessary for the reasonable fitting, suggesting tha® 02 T
the higher vibrational states are indeed dissociative. The vi--2 2

brational spacings obtained via fitting awrge=215+5 meV c X

andv,=114+5 meV, as seen in Fig.(8). An even number A

of v, vibrational states cannot be distinguished from the 0.0 o Te .
sequence hecause thg frequency Is about twice the, 535.4 535.6 5358 536.0 5362 536.4 5366 536.8
frequency. A similar analysis is carried out for,@, as Photon energy (eV)

shown in Fig. 2Zb). The reasonable fitting is obtained for

v1=151+5 meV andv,=80=5 meV using a frequency FIG. 3. The total ion yield spectrurte) and the H* yield
reduction factor 0.7 from kD to D,0O. The consistent fitting  spectrum(b) in the O 1s~'2b, resonance. The ratio A to the
between HO and DO for the vibrational structures indi- total ion is also given irc): open circles, estimated from the yield
cates the validity of our analysis and eliminates the possibilcurves in(a) and (b); closed circles and triangles, estimated from
ity of the overlap of another electronic state in this resonancéhe area of each vibrational componentanand(b) obtained via a
as previously suggestdd4]. least-squares fit, forn(,0,0) and (,1,0), respectively.

To understand the vibrational character of the observe
vibrational modes in thel®, resonance, we have performed
theoretical calculations on EHrelying on the equivalent-
core approximation. The basis set used is aug-cc-p\H{,
for F and H: thef basis functions on fluorine are deleted and
a p diffuse function @=0.02526) on hydrogen is added. ) . . .
We have performed complete active space self-consistenfnCtion of the excitation photon energy. Thg Hion yield
field (CASSCH calculations using thevoLcas package CUrveis f_;lnalyz_ed aIsp in the same way as the total ion curve
[26]. Active space is built on seven electrons in eight orbitals2nd the intensity ratio 5 to the total ion for each vibra-
(three ofa, symmetry, two ofb,, and three ofb,) while tional quantum state is alsp pIottgd in qu;cB We can
1a2, and 22 are frozen, in order to describe both lone-pairclearly see that the branching ratio to thg 'Hformation
correlation and excited states. According to the calculationincreases linearly with an increase in the nuclear motion en-
the O 1s 12b, core-excited state, which is strongly mixed €rgy stored in the O 4 "2b, core-excited state. The fact
with the 3pb, Rydberg character, hasGy, stable geometry that H,* formation is independent of the excited vibrational
that is quite different from the ground state: the-® bond =~ mode (v3 or v) is in accordance with our theoretical pre-
is elongated by 0.25 A and the H-O-H angle is 10° lessdiction that the symmetric stretching and bending motions
Similar deformation was reported in the calculation faiS ~ are heavily mixed. The linear dependence of thé forma-
although the potential well is not deep enough to have vibration on the nuclear motion energy of the core-excited state
tional states except the zero vibrational sf#. Because of clearly demonstrates that the, H formation is induced by
the large change of both the bond length and the bond angl#he nuclear motion in the core-excited state. It should be
we can expect that both symmetric stretching and bendingoted that the K" formation is a minor process compared to
motions are caused by the G-+ 2b, excitation. The vibra- other channels such as thé kind OH" formations even at
tional frequencies in this stable geometry in @ 12b, are  the 2b, resonance and is hardly observed at tlkg #eso-
estimated to ber; =186 meV for the symmetric stretching nance[13].
vibration andv,=124 meV for the bending vibration, in In order to reveal the relation between the nuclear motion
reasonable agreement with our experimental results §&.H in the core-excited state and thg Hformation, one needs to

q‘he symmetric stretching and bending motions are, however,
strongly coupled and thus; and v, have both symmetric
stretching and bending characters.

Figure 3 shows the i ion yield curve(b) and the inten-
sity ratio H2+ (c) relative to the total ion given iifa), as a
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clarify the reaction pathway to the,H formation in the 7520
Auger final states. To do that we have carried abtinitio
calculations for potential energy of the Auger final states.
Here, we focus on the spectator Auger final state
1a%2a31b33a%2b3(2 ?B,) following the O 1s— 2b, excita-
tion. Participator Auger final states with one positive hole on
the 1b,, 3a,;, or 1b, orbital might be considered alterna-
tively. However, the minimum energies of,&8" belonging

to these electronic states amore than 3 eY smaller than
the product channel of ®H," . To form H," from those 75.301
participator Auger final states, the nuclear motion energy in
the core-excited state must be sufficiently large or the
nuclear bending motion must be quite highly excited before _
the Auger decay. This seems to be unrealistic in the proces3
considered here. The calculations are performed by using§'75'35'
MOLPRO[28] at the level of the multireference configuration- j‘;j
interaction theory with single and double excitations using
full-valence CASSCF wave functions as references and em
ploying the internally contracted configuration-interaction al-
gorithm[29]. The aug-cc-pVTZ basis set of Dunnifgg] is
used. In the present theoretical analysis of thé Horma-

tion, we assum€,, molecular symmetry. This is reasonable
because KO immediately dissociates into OH-H if the

C,, molecular symmetry does not hold. Potential-energy -7545
surfaces obtained by preliminaab initio calculations with

Cs molecular symmetry clearly showed strongly repulsive
force along one of the O-H internuclear distances owing to
the nonbonding B, orbital. In Fig. 4 we show the potential
energy curves of the spectator Auger final state of

H,O"(22B,) as a function of the H-O-H angle. Both of the 20 40 60 80 100 120
O-H internuclear distancesare fixed at some representative HO-H angle (deg)

values. The figure clearly shows thag®" becomes much FIG. 4. Potential-energy curves of the spectator Auger final state
more stable energetically with the increase in the O-H dis{1a22a21023a22b};22B,) as a function of the H-O-H angle. The
tance and the decrease in the H-O-H angler &4.5 bohr,  calculations are carried out keepi@g, molecular symmetry. Both
the potential curve has a deep well. At sufficiently larger of the O-H internuclear distances are fixed at some representative
the potential curve almost coincides with the diatomic™H values.

potential. In fact, the depth of the potential wellrat 8 bohr

|s_apprOX|mater equal to the d'§S9C'at'0n energy of H lations of the Auger final states leading to thg'Hormation
(=2.65 e\). From these characteristic features of the poten- .

tial energy curves, we expect thas®" possibly dissociates suggest clearly that the nuclear motion before the Auger de-
into O+H," and that this B formation channel is pro- cay plays a key role.

moted by the nuclear motion toward the smaller H-O-H

angle and the larger O-H distance before the Auger decay.

These theoretical analyses are in good accord with the ex- ACKNOWLEDGMENTS
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