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Rotationally resolved photoelectron spectroscopy of autoionizing states
of water

W. L. Glab
Department of Physics, Texas Tech University, P. O. Box 41051, Lubbock, Texas 79409

M. S. Child
Department of Theoretical Chemistry, University of Oxford, 5 South Parks Road, Oxford OX1 3UB,
United Kingdom

S. T. Pratt
Argonne National Laboratory, 9700 South Cass Avenue, Argonne, Illinois 60439

~Received 8 April 1998; accepted 22 May 1998!

Rotationally resolved photoelectron spectra are reported for rovibronically state-selected
autoionizing levels of water. These photoelectron spectra are helpful for the spectroscopic
assignment of the autoionizing levels and provide considerable dynamical information on the
mechanisms for the transfer of energy and angular momentum between the ion core and the Rydberg
electron. As a result of angular momentum restrictions, photoelectron spectra forJ50 autoionizing
levels provide a direct partial wave analysis for the ejected photoelectrons. ©1998 American
Institute of Physics.@S0021-9606~98!00832-0#
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I. INTRODUCTION

The spectroscopy and dynamics of the Rydberg state
water have attracted considerable recent attention as a r
of progress in both experimental1–4 and theoretical5–10 meth-
ods. High resolution photoabsorption and photoionizat
spectra from the electronic ground state to Rydberg se
converging to theX̃ 2B1 and Ã 2A1 states of H2O

1 have
been recorded by using supersonic molecular beam sou2

and vacuum ultraviolet~VUV ! light generated by four-wave
mixing in rare gases.1,4 More recently, VUV-visible double
resonance studies via theC̃ 1B1 state have been performed
probe Rydberg series converging to excited vibrational lev
of the H2O

1 X̃ 2B1 ground state.11 From the theoretical per
spective, the adaptation of multichannel quantum de
theory12 to the Rydberg states of water8 has resulted in a
unified understanding of the 3d Rydberg states9 and provided
the theoretical underpinnings for the analysis of the hi
resolution VUV spectra of Pageet al.1 and Vrakkinget al.4

Nevertheless, a complete analysis of these spectra and
double-resonance spectra of Glab11 has not yet been
achieved and efforts continue toward this end. VUV lig
generated by four-wave mixing has also been used to re
rotationally resolved, zero-kinetic energy photoelectr
spectra~ZEKE-PES! of water.3,5–7 These spectra have bee
reproduced theoretically by McKoy and co-workers,5–7 and
provide considerable information on the rotational branch
ratios and partial cross sections at threshold.

In this paper, rotationally resolved photoelectron spec
are reported for rotationally state-selected autoionizing lev
of water, which were excited by two-color (2118) excita-
tion via the C̃ 1B1 ~1,0,0! level. While such spectra hav
been reported previously13,14 for H2, and more recently15,16

for NO, to our knowledge this is the first report of rotatio
ally resolved photoelectron spectra of autoionizing levels
3060021-9606/98/109(8)/3062/7/$15.00
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a polyatomic molecule. These spectra provide significant
formation on the dynamics of the autoionization proce
which can be viewed as the inelastic scattering of the R
berg electron off a state-selected~or nearly state-selected!
ion core. In particular, rotationally resolved photoelectr
spectra reveal significant details about the mechanisms
the conversion of rotational and vibrational energy of the
core into electronic~and ultimately, translational! energy of
the Rydberg~ejected! electron, as well as information on th
partial wave composition of the outgoing photoelectron. T
latter is particularly noteworthy forJ50 autoionizing levels
because, in this case, each rotational level can be corre
with a specific value ofl of the photoelectron. The analys
of rotationally resolved photoelectron spectra can also p
vide important clues about the nature of the autoioniz
level when its specific assignment is not known.

II. EXPERIMENT

The experiments were performed using a second gen
tion magnetic bottle electron spectrometer that has been
scribed previously.17–19 In this instrument, ionization occur
in a diverging 1-T magnetic field that allows 50% collectio
efficiency of the photoelectrons while maintaining high res
lution for time-of-flight analysis of the electron kineti
energy.20 Resolution of 3.5 meV has been demonstrated w
this instrument for 1-eV electrons produced by (3118) ion-
ization of krypton. This resolution can vary somewhat d
pending on the alignment of the lasers, but the spectra
ported here display comparable resolution. The pres
experiments were performed by using two homebuilt d
lasers pumped by the third-harmonic light from a sing
Nd13:YAG laser. The output of the first dye laser was fr
quency doubled in ab-barium borate crystal to generate a
proximately 50mJ/pulse of light at approximately 239 nm
2 © 1998 American Institute of Physics
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for the two-photon C̃ 1B1←←X̃ 1A1 transition. This
doubled light was separated from the fundamental by us
dichroic mirrors and focused into the interaction region w
a 75-mm focal-length lens. For the present experime
which emphasize Rydberg states withX̃ 2B1 ~1,0,0! ion
cores and principal quantum numbern56, the output of the
second laser was tunable from 546 nm to 556 nm. Appro
mately 2 mJ/pulse of light from this laser was focused in
the interaction region using a 25-cm focal-length lens, co
terpropagating with the light from the pump laser. Both la
beams were polarized parallel to the magnetic field of
electron spectrometer and their optical pathlengths were
ranged so that the two pulses were temporally overlappe
the interaction region. The wavelengths of the two las
were calibrated by using the optogalvanic effect in a ne
hollow-cathode lamp.

Water vapor from an effusive source flowed through
continuously pumped interaction region, providing a sam
pressure of a few times 1025 Torr. The photoelectron time
of-flight data for individual laser shots were recorded
sending the signal from a dual channelplate detector t
digital oscilloscope. The very low initial photoelectron ene
gies made it necessary to apply a potential of;20.5 V to a
grid in the interaction region, in order to push the electro
into the flight tube of the spectrometer. The photoelect
spectra presented here represent the summed data for 5
10 000 laser shots, and the time-of-flight spectra were c
verted to an energy scale as described previously. The
toelectron spectra for the autoionizing levels were calibra
by using the known energies of the photoelectrons produ
by single-color~211! ionization to the H2O

1 X̃ 2B1 ~0,0,0!
and ~1,0,0! levels and by assuming that the earliest pho
electron peak corresponded to the H2O

1 X̃ 2B1 ~0,0,0! 000

level.21 This calibration, which is accurate to;2 to 3 meV,
was confirmed by comparison with the known spacin
among the lowest rotational energy levels of t
H2O

1 X̃ 2B1 ~0,0,0! state,22 this being the only energeticall
accessible ionic vibrational level for the autoionizing sta
studied here.

The experiments were performed in three stages. F
the wavelength of the pump laser was scanned while the
one-color photoelectron signal was monitored, thus mapp
out the structure of the two-photonC̃ 1B1 (1,0,0)←X̃ 1A1

transition. TheC̃ 1B1 ~1,0,0! state has been characteriz
previously by Ashfordet al. by using ~311! ionization
spectroscopy,23 and the resulting spectroscopic consta
were used to assign the present two-photonC̃ 1B1 (1,0,0)
←X̃ 1A1 ~0,0,0! pump transition. Although theC̃ 1B1 ~1,0,0!
level is fairly strongly predissociated, individual rotation
lines can still be identified and used as intermediates in
double resonance experiments. However, the short lifet
of the C̃ 1B1 ~1,0,0! rotational levels does require the use
fairly high probe intensities and the careful synchronizat
of the two lasers. For this report, the data were obtained
using the 000, 111, and 202 rotational levels of theC̃ 1B1

~1,0,0! as the intermediates for the double-resonance spe
The standard notationNKa ,Kc

, is used, whereN is the total
angular momentum minus spin, andKa andKc are the pro-
g
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jections ofN onto the body-framea andc axes, respectively
In the second stage of the experiments, the probe laser
added and scanned through the wavelength region of inte
while monitoring the two-color photoelectron signal. Th
present study is focused on part of the region between
H2O

1 X̃ 2B1 ~0,0,0! and~1,0,0! ionization thresholds, corre
sponding to a total energy of 101 800 cm21 to 102 200
cm21. This energy region should containn56 Rydberg
states with H2O

1 X̃ 2B1 ~1,0,0! ion cores. Finally, the probe
laser was tuned to excite a selected autoionizing level in
double resonance spectrum and the photoelectron spec
was recorded.

The 1-T magnetic field of the electron spectrometer h
the potential to distort the ionic rotational distributions,
has been observed in the study of autoionizing states
H2.

13,14 This effect is not expected to be substantial in t
present experiments because the Rydberg states under
have low principal quantum numbers, and because the
times of the autoionizing states are short, thus minimiz
the potential effects of such weak interactions. The sm
effect of the magnetic field in the present studies is suppo
by the similarity of the (2118) wavelength scans reporte
here and the field-free (1118) wavelength spectra reporte
by Glab for the same intermediate levels.11 It should be
pointed out, however, that although the same autoioniz
levels are observed in both spectra, their relative intensi
are somewhat different as a result of the higher probe la
intensities necessary to compete with ionization by
highly focused pump beam in the (2118) experiments in the
magnetic bottle.

III. SPECTROSCOPIC CONSIDERATIONS

The ground state of H2O has C2v symmetry and the
electronic configuration (1a1)2(2a1)2(1b2)2(3a1)2(1b1)2.
The outermost orbital is an essentially nonbondingp orbital
that lies along the axis perpendicular to the plane of
molecule. TheC̃ 1B1 state also hasC2v symmetry, with one
of the 1b1 electrons excited to the 3pa1 orbital. The latter is
a weakly bondingp orbital that lies along theC2 axis of the
molecule. Excitation of a 1b1 electron of the ground state o
further excitation of the 3pa1 electron of theC̃ 1B1 state
results in higher Rydberg states converging to theX̃ 2B1

ground state of H2O
1. In what follows, a double prime de

notes ground state quantities, a single prime denotesC̃ 1B1

quantities, no prime denotes the autoionizing Rydberg s
quantities, and a plus denotes ionic quantities.

The geometries of the ground electronic state of the
and the RydbergC̃ 1B1 state are very similar. Thus the v
brational wave function overlaps for transitions from t
C̃ 1B1 state to high Rydberg states will be large for tran
tions which occur without a change in vibrational quantu
numbers, and much smaller for those involving such
change. This makes it possible to achieve a significant
gree of selectivity for the vibrational state of the final Ry
berg state by the selection of the vibrational state of
molecule in the intermediateC̃ 1B1 state.11 This selectivity,
taken together with the rotationally resolved stepwise exc
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tion process, results in greatly simplified Rydberg spec
when compared to spectra of excitation directly from t
ground state.

The dipole-allowed transitions from theC̃ 1B1 ~1,0,0!
state to low-lying Rydberg states can be determined r
tively simply if the Rydberg states are treated in Hund’s c
b.24–26In the coordinate system withx along the molecularc
axis, y along thea axis, andz along theb axis, the dipole
transition momentsTx Ty , andTz haveb1 , b2 , anda1 sym-
metry, respectively. Thus the allowed transitions from
3pa1 orbital of theC 1B1 ~1,0,0! state are to beb1 , b2 , and
a1 orbitals and follow typec (DKa5odd, DKc5even), type
a (DKa5even,DKc5odd), and typeb (DKa5odd, DKc

5odd) rotational selection rules, respectively. Note thatDK j

refers toK j2K j8 and notK j
12K j8 , which is the more rel-

evant quantity in photoionization and in transitions to hi
Rydberg states and will be referred to asDK j

1 .
If the 3pa1 orbital of theC̃ 1B1 state was an atomicp

orbital, only transitions tonsandnd Rydberg series would be
observed. However, the nonspherical nature of the molec
field relaxes this restriction onl , and transitions tonp andnf
Rydberg series are also expected. Thus the excitation
a large number of series, corresponding
nsa1(s1), npb2(s1), npa1(p1), npb1(p2), nda1(s1),
nda1(d1), ndb2(p1), ndb1(d2), n f b2(s1), n f a1(p1),
n f b1(p2), n f b2(d1), n f a1(f1), and n f b1(f2) Rydberg
states, is possible. Herel refers to the projection ofl onto
the x ~a! axis of the molecule. The large number of allow
levels are expected to make the assignment of the transi
from theC̃ 1B1 state to the low-n Rydberg states rather dif
ficult.

As n increases, the Rydberg electron uncouples from
molecular frame, resulting in the transition from Hund’s ca
b to Hund’s cased.8,24 The caseb states that are described b
N, Ka , andKc interact to form Rydberg series converging
distinct N1, Ka

1 , and Kc
1 levels of the ion. Transitions to

these higher Rydberg states and to the continua into w
they merge must obey selection rules onDKa

1 and DKc
1 .

These selection rules have been discussed by Leeet al. for
photoionization from theC̃ 1B1 state26 and can be expresse

DKa
11l 5odd, ~1!

and

DKa
11DKc

15even. ~2!

Taken together, these selection rules imply that transiti
with DKa

15odd andDKc
15odd have evenl , and those

with DKa
15even andDKc

15even have oddl . Note, how-
ever, that the cased states can still be expressed in terms
the caseb basis, and that typea, b, andc transitions, with
their requirements onDK j and notDK j

1 , remain allowed.
This is consistent with the theoretical direct photoionizat
calculations of McKoy and co-workers,18,19,26who expressed
the photoionization matrix elements in terms of body-fra
~Hund’s caseb! labels and showed thatkl a1 , kl b1 , and
kl b2 partial waves all contribute to the cross section. Co
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tinuity arguments imply that partial waves of all three sym
metries also contribute to the oscillator strength in the R
berg series.

Photoelectron spectra obtained for (2118) excitation
via the C̃ 1B1 ~0,0,0! state into the direct ionization con
tinuum and the theoretical calculations of these spectra
McKoy and co-workers18,19,26 provide insight into the rela-
tive importance of Rydberg series with different values o1
in the present (2118) double-resonance spectra. Glabet al.
reported extremely good agreement between experiment
theory, indicating that the calculations contain much of t
essential physics of the problem.18,19 Using these calcula-
tions, the breakdown of the total cross section into par
cross sections allows the assessment of the relative im
tance of different partial waves near threshold. These ca
lations should also provide an indication of which Rydbe
series excited from theC̃ 1B1 ~1,0,0! state are expected to b
strong and which series will be weak. Although the calcu
tions reported by Glabet al.18,19 are for theC̃ 1B1 ~0,0,0!
state rather than the~1,0,0! state, the electronic factors ar
not expected to be radically different for the two states. G
et al.19 reported the theoretical threshold photoionization m
trix elements from theC̃ 1B1 ~0,0,0! state for all of the al-
lowed partial waves withl <3. Figure 5 of Ref. 19 shows
that thel 53 matrix elements for one of thek f a1 , k f b1 ,
andk f b2 continua are surprisingly large, and that the mat
elements for thes, p, andd continua are all significant. Thes
observations suggest that all of these series will be obs
able in the excitation spectrum from theC̃ 1B1 level, and
that the complete analysis of this spectrum will require t
each is taken into account.

Because the initial and final states are the same, the
tational selection rules for photoionization via an au
ionizing state are the same as those for dir
photoionization.26,27 Thus the selection rules in Eqs.~1! and
~2! provide a connection between the rotationally resolv
peaks observed in the photoelectron spectra of autoioni
levels and the partial wave composition of the photoelect
wave function. Given the initialC̃ 1B1 ~1,0,0! rotational
level, these selection rules imply that, independent of
quantum numbers of the autoionizing level, excitation a
decay of autoionizing states with overall withDKa

15odd
and DKc

15odd produces evenl photoelectrons, and tha
with DKa

15even andDKc
15even produces oddl photo-

electrons.

IV. RESULTS AND DISCUSSION

A. The „2118… ionization spectra

Figure 1 shows wavelength scans of the (2118) ioniza-
tion spectra via the 000, 111, and 202 rotational levels of the
C̃ 1B1 ~1,0,0! state, in which the integrated two-color phot
electron signal was collected. The selection rule onDJ limits
theJ value of the autoionizing resonances to 1; 0, 1, 2; and
2, 3 for the 000, 111, and 202 intermediate levels, respec
tively. The requirements onDKa

1 andl given in Eq.~1! also
imply that for a given value ofKa

1 , theJ51 series accesse
from the 000 and 202 rotational levels will have the opposit
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~even/odd! values ofl from theJ51 series accessed from
the 111 level. However, the comparison of the 000 and 202

spectra should allow the assignment of theJ51 resonances
in the latter.

Apart from these simple considerations, the assignm
of the autoionizing resonances in the region between
H2O

1 X̃ 2B1 ~0,0,0! and ~1,0,0! thresholds is a nontrivia
spectroscopic problem. Although the (1118) and (2118)
double resonance spectra via selected rotational levels o
C̃ 1B1 state provide important clues for this analysis, in pra
tice the assignment of such spectra remains a signifi
challenge for theory. To date, the most successful analys
the resonances in this spectral region has been carried o
using multichannel quantum defect theory~MQDT!.12 In
particular, Child and Jungen8 were reasonably successful
calculating the single-photon ionization spectrum from
X̃ 1A1 ~0,0,0! ground state in the region just above theX̃ 2B1

~0,0,0! threshold. In these calculations, Child and Jung
considered only thend←1b1 transitions, with the assump
tions that the 1b1 orbital of the ground state is a purep
orbital and that the oscillator strength of thend series domi-
nates that of thens series.8 The results of these calculation
accounted for both the overall appearance and much of
structure in the experimental spectra of Pageet al. In addi-
tion, more refined calculations that included the effects ol

mixing ~in particular,s-d mixing! reproduced many of the
features of the higher resolution photoionization data
Vrakking et al.4 Nevertheless, many of the details of the e
perimental spectra were not reproduced; in addition,
present data require calculations of spectra from theC̃ 1B1

state rather than theX̃ 1A1 state. Although the 3pa1 Rydberg

FIG. 1. Wavelength scans of the (2118) photoelectron signal obtained b
pumping selected rotational levels of theC̃ 1B1 ~1,0,0! state.~a! The 000

intermediate level;~b! the 111 intermediate level;~c! the 202 intermediate
level.
nt
e

he
-
nt
of
by

e

n

he

f
-
e

electron in theC̃ 1B1 state is also nominally ap electron
~calculations by Leeet al. give it 77.96%p character!,26 the
discussion of the previous section indicates that additio
partial waves will be necessary to account for the spectr
Fig. 1.

One of us~MSC! is currently carrying out a detailed
MQDT analysis of the spectrum of H2O excited from the
C̃ 1B1 state. This analysis will ultimately include thes, p, d,
andf Rydberg series, as well as various interactions betw
the series that result froml uncoupling, Coriolis mixing,
etc. In principle, such an analysis can include the calcula
of the resonance widths, the ionization efficiency, t
branching ratio between ionization and dissociation, and
rotational branching ratios in the photoelectron spectrum12

This analysis is not yet complete, and thus the assignmen
all of the resonances in Fig. 1 is not possible at this tim
However, several of the resonances can be assigned w
good degree of confidence, and the discussion of the ph
electron spectra will focus on these resonances.

The comparison of the spectra of Fig. 1 with (1118)
spectra reported by Glab11 for the same intermediate state
reveals a number of interesting features. In particular,
though all of the same resonances are observed, their wi
are noticeably greater in the (2118) spectra. This is a resul
of the significantly greater probe pulse energy densities n
essary to observe a two-color signal when the two-pho
pump transition is used: because ionization by the tigh
focused pump laser is quite efficient, the higher probe int
sities are necessary to compete with one-color ionizat
Although the signal-to-noise ratio is not as good, (2118)
spectra recorded with low probe intensities display lin
widths and intensities that are in good agreement with
(1118) spectra. One interesting feature of the higher inte
sity (2118) spectra is that the relative intensities of the n
rowest peaks in the spectra are significantly smaller t
those of the corresponding peaks in the (1118) or low in-
tensity (2118) spectra. One explanation for this is that the
longer-lived resonances are absorbing an additional pho
before they can autoionize. Such an ‘‘above-threshold’’ p
cess is expected to result in the production of a new pho
electron peak with higher kinetic energy or to result in t
photodissociation of the molecule. The absence of any a
tional photoelectrons peaks suggests that the photodiss
tion pathway predominates.

B. Photoelectron spectra of autoionizing levels

The photoelectron spectra in Figs. 2–4 contain inform
tion on the possible assignments of the quantum states
sponsible for different resonances, on the extent ofl mixing
in the spectrum~which was largely ignored by Vrakking
et al.4!, and on the auto-ionization rates in different ele
tronic channels. Our present purpose is to highlight some
the relevant considerations.

Figure 2 shows the photoelectron spectrum for the au
ionizing level at a total energy of 101 847 cm21 in the
double-resonance spectrum obtained via theC̃ 1B1 ~1,0,0!
111 level @see Fig. 1~b!#. The spectrum shows that thre
H2O

1 rotational levels are produced, with approximate
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equal populations in the H2O
1 000 and 202 levels and a smal

population in the 111 level. No other H2O
1 rotational chan-

nels are allowed by symmetric and energetic requireme
since the resonance energy is only 81 cm21 above the
H2O

1 X̃ 2B1 ~0,0,0! 000 ionization limit.
The quantum defects employed by Vrakkinget al.4 im-

ply that this resonance should be assigned to the 000, 202, or
220 rotational levels of the lower (X̃ 2B1)6da1 ~1,0,0! vi-
bronic state. A preliminary analysis indicates that nos, p, or
f Rydberg states are expected within;100 cm21 of this reso-
nance and the strength of the two major oddDKa

1 and odd
DKc

1 photoelectron peaks is consistent, via the selec
rules in Eqs.~1!–~2!, with an s or d electronic assignment
The smaller 111 peak then suggests a small admixture ofp or
possiblyf character.

FIG. 2. The photoelectron spectrum for (2118) excitation via the 111 ro-
tational level of theC̃ 1B1 ~1,0,0! state to the (X̃ 2B1)6da1 ~1,0,0! 000

autoionizing resonance at 101 847 cm21 in Fig. 1~b!. The ionic rotational
levels corresponding to each photoelectron peak are indicated.

FIG. 3. The photoelectron spectrum for (2118) excitation via the 000 ro-
tational level of theC̃ 1B1 ~1,0,0! state to the (X̃ 2B1)6f ~1,0,0! J51 auto-
ionizing resonance at 101 969 cm21 in Fig. 1~b!. The ionic rotational levels
corresponding to each photoelectron peak are indicated.
ts

n

The precise rotational assignment of this (X̃ 2B1)6d
~1,0,0! resonance is more ambiguous. The simplest ass
ment is to the 000 level, which is consistent with the positio
and intensity of an observed transition to (X̃ 2B1)6da1

~1,0,0! 111 via the C̃ 1B1 ~1,0,0! 000 level. In this case of
vanishing rotational angular momentum, the 000, 111, and
202 photoelectron peaks can be immediately associated
s, p, andd photoelectrons, respectively, by the selection ru
in Eqs.~1! and ~2!. In support of this assignment, Vrakkin
et al.4 did indeed include~10% s, 90% d! mixing in their
analysis, but this alone would not be sufficient to account
the nearly equal intensities of the 000 and 202 photoelectron
peaks in Fig. 2. These intensities may indicate that the ma
elements for vibrational autoionization of the ‘‘s’’ Rydberg
states are larger than for the ‘‘d’’ states, as might be expecte
for a more penetrating orbital. Alternatively, competing d
cay processes might reduce the autoionization efficiency
the ‘‘d’’ component more than the ‘‘s’’ component.

An alternative assignment of the resonance respons
for the photoelectron spectrum in Fig. 2 is to the 202 rota-
tional level of (X̃ 2B1)6da1 ~1,0,0!. The relevant transition
from X̃ 1B1 ~1,0,0! 111 has the highest calculated rotation
line intensity of any transition to (X̃ 2B1)6da1 ~1,0,0! and
the case(d) composition is roughly equally distributed ove
the H2O

1 000, 202, and 220 rotational channels, of which
only the first two are open at the energy of this resonan
Redistribution of the 220 population of the open channe
would therefore account for the roughly equal intensities
the 000 and 202 peaks, without needing to invokes-d mix-
ings. Similar remarks apply to a possible 220 rotational as-
signment of the resonance, except that the calculated tra
tion intensity is much smaller than for the 202 resonance.
Obviously, in the interpretation of the photoelectron spec
it is important to have a correct identification of the autoio
izing state at the outset. Further work on the determination
the state assignments of the resonances is underway, re

FIG. 4. The photoelectron spectrum for (2118) excitation via the 111 ro-
tational level of theC̃ 1B1 ~1,0,0! state to the (X̃ 2B1)6f ~1,0,0! J52 auto-
ionizing resonance at 101 967 cm21 in Fig. 1~b!. The ionic rotational levels
corresponding to each photoelectron peak are indicated.
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heavily on the high-quality multiple resonance spectra
Ref. 11.

The existence of the weak 111 peak in Fig. 2 impliesp-d
or d-f mixing for all three of the possible rotational assig
ments. Interestingly, Gilbertet al.9 have suggested thatp-d
mixing might account for discrepancies in the experimen
and theoretical intensities of theE and E8 bands in the3d
complex of H2O. In addition,p-d mixing has been used t
explain the presence of a number of nominally forbidd
transitions in the single-photon ZEKE-PES of the grou
state of water.10 This p-d mixing and the nominally forbid-
den transitions have been explained in terms of mixing
duced by the dipole moment of the H2O

1 ion core, and are
fully reproduced in theab initio calculations of Leeet al.,5–7

which treat the molecular field of the core explicitly. In ge
eral, however, it is expected that such photoelectron spe
may ultimately provide a more quantifiable handle on su
interactions than threshold or ZEKE-PES, in which a lar
number of effects are known to distort the ‘‘true’’ intensitie
of the different photoelectron peaks,28–31 that is, the true in-
tensities of the different rotational continua.

Figure 3 shows the photoelectron spectrum for theJ
51 autoionizing level at a total energy of 101 969 cm21 in
the double-resonance spectrum obtained via theC̃ 1B1

~1,0,0! 000 level. MQDT calculations forn56 – 11 indicate
that the observed resonance is a6f level; no calculateds or p
resonance was within 50 cm21 of this resonance, and th
closestd resonance is more than 25 cm21 away. In addition,
as is evident in the (1118) spectrum via the same interme
diate level, this resonance is narrower than the other re
nances in the 000 spectrum. This behavior is consistent wi
the assignment as a longer-lived, nonpenetratingf state, as
opposed to a penetratings, p, or d state, which would be
expected to have a shorter lifetime. The nonpenetratingnf
Rydberg states of water are expected to be close to Hu
case(d), and the calculations indicate that the observed re
nance has an H2O

1 X̃ 2B1 ~1,0,0! 202 ion core, with case(d)
quantum numbersJ51, l 53, N152, and K150. In the
simplest imaginable vibrational autoionization mechanis
this state would autoionize to give H2O

1 X̃ 2B1 ~0,0,0! 202

with 100% efficiency.
The selection rule in Eq.~1! specifies that for excitation

from the 000 level to states withl 5odd, Ka
1 must be even.

Thus, the dominance of the 202 and 220 photoelectron peaks
in Fig. 3 is consistent with the assignment of the resona
as anf state and with the preservation ofl upon autoioniz-
ation. However, constraints on the total angular momen
(J51) require that the 000 photoelectron peak can only b
produced by anl 51 partial wave. Thus as discussed abo
the magnitude of this peak, which appears as a shoulde
the 202 peak, provides a measure of thep-f mixing in the
autoionizing state. The origin ofKa

1 , Kc
15odd levels in Fig.

3 is not obvious. In particular, the 111 and 211 peaks should
appear on opposite sides of the 202 peak, but the latter is no
significantly broader than expected, indicating that
Ka

1 , Kc
15odd peaks are relatively weak. Unfortunately, t

313 peak is expected in essentially the same position as
220 peak, and it will require accurate theoretical calculatio
to deconvolute any contribution of the former to the sp
f
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n
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,
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e

he
s
-

trum. Restrictions on the total angular momentum indic
that intensity in the 111 peak is correlated with ans or d
photoelectron, intensity in the 211 peak is correlated with ad
photoelectron, and intensity in the 313 peak is correlated with
a d or g photoelectron.

Figure 4 shows the photoelectron spectrum for the au
ionizing level at a total energy of 101 967 cm21 in the
double-resonance spectrum obtained via theC̃ 1B1 ~1,0,0!
111 level. MQDT calculations indicate that this is also a6f
resonance but withJ52. As in the case of the6f resonance
excited via the 000 level, this assignment is supported by th
observation that this resonance is considerably sharper
most of the other resonances, particularly in the (1118)
spectrum. In Hund’s case(d), the dominant contribution to
the ion core is from the H2O

1 X̃ 2B1 ~1,0,0! 111 state, but
there is a smaller contribution from the 211 state.

From Eq.~1!, autoionization of annf resonance excited
from theC̃ 1B1 ~1,0,0! 111 level into theef continuum should
result in the population of ionic rotational levels withKa

1

5odd (DKa
15even). In contrast, the photoelectron spe

trum shows significant intensity in bothKa
15even and odd

photoelectron peaks, indicating extensivel mixing. Thus,
while the intense 111 photoelectron peak and the contributio
of the 313 continuum to the blended 220, 313 peak are con-
sistent with anef photoelectron, the intense 220 peak and the
contribution of the 220 continuum to the blended peak re
quire an es or ed photoelectron. Furthermore, the wea
blended 404, 322 peak and the 000 peak that is a shoulder o
the 111 peak can only be explained by even partial waves

The extensivel mixing required to explain the observe
intensity pattern in Fig. 4 is somewhat surprising in light
the relatively minimall mixing necessary to explain th
rotational distributions in Figs. 2 and 3. Even if the assig
ment of the autoionizing level is incorrect and it is anl

5even resonance, extensivel mixing must take place. One
explanation for this observation is that the autoionizing re
nance at 101 978 cm21 contributes to the ionization signal a
101 967 cm21 due to power broadening, and that the form
resonance corresponds to anl 5even level. Alternatively, if
the two levels have the same value ofJ, they may interact,
and, as a result of their small energy separation, this inte
tion may be stronger than for the other resonances stud
Such a mechanism requires the two autoionizing resona
have opposite values ofl to account for the observed spe
trum. It appears unlikely that thel mixing is occurring in
the continuum or in the vibrational auto-ionization mech
nism because in that case the same mixing would be
pected in the photoelectron spectrum of the6f resonance in
Fig. 3. The observation of extensivel mixing in Fig. 3
points to the need for more detailed theoretical calculati
to confirm the identity of the autoionizing resonances and
elucidate the mechanism responsible for the mixing. The
perimental photoelectron spectra presented here are exp
to provide important guidance in the development of the
calculations and in the testing of their accuracy.

V. CONCLUSION

Rotationally resolved photoelectron spectra of rotatio
ally state-selected autoionizing states of water have been
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ported here for the first time. The spectra, in which ev
low-J ionic levels are resolved, provide considerable d
namical information on the mechanisms for the transfer
energy and angular momentum between the ion core and
Rydberg electron. The spectra also provide particularly
tailed information on the partial-wave composition of t
outgoing partial wave. In particular, the photoelectron sp
tra for J50 autoionizing levels provide a direct partial-wav
analysis for the ejected photoelectrons. The observed pa
wave compositions for the spectra reported here can onl
explained by invoking varying degrees of1 mixing brought
about by the dipole and higher multiple moments of t
H2O

1 ion core.
While the present experimental results provide subs

tial insight into the autoionization dynamics, theoretic
models and calculations are necessary to extract the
amount of information contained in the spectra. First a
foremost, the identification of the autoionizing Rydbe
states is necessary before the photoelectron spectra ca
put to their best use. An MQDT analysis of the waveleng
spectra reported here is currently underway.32 In addition to
the difficulties discussed above, such an analysis may
mately have to include the possible excitation of Rydb
series converging to the low-lying, linearÃ 2A1 state,1,2,4

which can be excited if the core of theC̃ 1B1 state absorbs a
photon of suitable energy to promote an electron from
3a1 orbital into the half-filled 1b1 orbital. Such Rydberg
states are expected to undergo rapid electronic autoioniza
into theX̃ 2B1 continuum. After the assignment of the wav
length spectra has been completed, MQDT calculations
autoionization rates, rotational branching ratios, and ion
tion efficiencies will allow a much fuller comparison be
tween experiment and theory, and will ultimately lead to
much better understanding of the decay dynamics of
Rydberg states of polyatomic molecules.
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