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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 speciira @oautoionizing

levels provide a direct partial wave analysis for the ejected photoelectrond.998 American
Institute of Physicg.S0021-960808)00832-(

I. INTRODUCTION a polyatomic molecule. These spectra provide significant in-
formation on the dynamics of the autoionization process,
The spectroscopy and dynamics of the Rydberg states afhich can be viewed as the inelastic scattering of the Ryd-
water have attracted considerable recent attention as a resblérg electron off a state-selectéor nearly state-selectgd
of progress in both experimentat and theoreticdr'®meth-  jon core. In particular, rotationally resolved photoelectron
ods. High resolution photoabsorption and photoionizatiorspectra reveal significant details about the mechanisms for
spectra from the electronic ground state to Rydberg seriethe conversion of rotational and vibrational energy of the ion
converging to theX 2B, and A ?A; states of HO' have core into electronid¢and ultimately, translationaenergy of
been recorded by using supersonic molecular beam sdurcethe Rydbergejected electron, as well as information on the
and vacuum ultraviolefvUV) light generated by four-wave partial wave composition of the outgoing photoelectron. The
mixing in rare gases? More recently, VUV-visible double latter is particularly noteworthy fod=0 autoionizing levels
resonance studies via tke'B; state have been performed to because, in this case, each rotational level can be correlated
probe Rydberg series converging to excited vibrational level§/ith a specific value of” of the photoelectron. The analysis
of the HO™ X 2B, ground staté! From the theoretical per- o_f rot_auonally resolved photoelectron spectra can a]so_ pro-
spective, the adaptation of multichannel quantum defecyide important clues about the nature of the autoionizing
theory? to the Rydberg states of walehas resulted in a |€vel when its specific assignment is not known.
unified understanding of the 3d Rydberg statesd provided
the theoretical underpinnings for the analysis of the high-
resolution VUV spectra of Paget al! and Vrakkinget al? Il. EXPERIMENT
Nevertheless, a complete analysis of these spectra and the The experiments were performed using a second genera-
double-resonance spectra of Glabhas not yet been tion magnetic bottle electron spectrometer that has been de-
achieved and efforts continue toward this end. VUV lightscribed previously’~*°In this instrument, ionization occurs
generated by four-wave mixing has also been used to recoiil a diverging 1-T magnetic field that allows 50% collection
rotationally resolved, zero-kinetic energy photoelectronefficiency of the photoelectrons while maintaining high reso-
spectra(ZEKE-PES of water>>~" These spectra have been lution for time-of-flight analysis of the electron kinetic
reproduced theoretically by McKoy and co-workéré,and  energy?® Resolution of 3.5 meV has been demonstrated with
provide considerable information on the rotational branchinghis instrument for 1-eV electrons produced byH8') ion-
ratios and partial cross sections at threshold. ization of krypton. This resolution can vary somewhat de-
In this paper, rotationally resolved photoelectron spectrgpending on the alignment of the lasers, but the spectra re-
are reported for rotationally state-selected autoionizing levelported here display comparable resolution. The present
of water, which were excited by two-color {21") excita-  experiments were performed by using two homebuilt dye
tion via the C 'B; (1,0,0 level. While such spectra have lasers pumped by the third-harmonic light from a single
been reported previousfy'* for H,, and more recently'®  Nd"3:YAG laser. The output of the first dye laser was fre-
for NO, to our knowledge this is the first report of rotation- quency doubled in g-barium borate crystal to generate ap-
ally resolved photoelectron spectra of autoionizing levels ofproximately 50uJ/pulse of light at approximately 239 nm
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for the two-photon c 1Bl<_<_§( 1A, transition. This jections ofN onto the body-frame andc axes, respectively.
doubled light was separated from the fundamental by usindp the second stage of the experiments, the probe laser was
dichroic mirrors and focused into the interaction region withadded and scanned through the wavelength region of interest
a 75-mm focal-length lens. For the present experimentsihile monitoring the two-color photoelectron signal. The
which emphasize Rydberg states wﬁthl (1,0,0 ion  Ppresent study is focused on part of the region between the
cores and principal quantum number 6, the output of the H,O™ X ®B; (0,0,0 and(1,0,0 ionization thresholds, corre-
second laser was tunable from 546 nm to 556 nm. Approxisponding to a total energy of 101800 thto 102 200
mately 2 mJ/pulse of light from this laser was focused intocm . This energy region should contaim=6 Rydberg
the interaction region using a 25-cm focal-length lens, counstates with HO* X 2B, (1,0,0 ion cores. Finally, the probe
terpropagating with the light from the pump laser. Both lasedaser was tuned to excite a selected autoionizing level in the
beams were polarized parallel to the magnetic field of thedouble resonance spectrum and the photoelectron spectrum
electron spectrometer and their optical pathlengths were awas recorded.
ranged so that the two pulses were temporally overlapped in  The 1-T magnetic field of the electron spectrometer has
the interaction region. The wavelengths of the two laserghe potential to distort the ionic rotational distributions, as
were calibrated by using the optogalvanic effect in a neorias been observed in the study of autoionizing states of
hollow-cathode lamp. H,.1314 This effect is not expected to be substantial in the
Water vapor from an effusive source flowed through thepresent experiments because the Rydberg states under study
continuously pumped interaction region, providing a sampléave low principal quantum numbers, and because the life-
pressure of a few times 16 Torr. The photoelectron time- times of the autoionizing states are short, thus minimizing
of-flight data for individual laser shots were recorded bythe potential effects of such weak interactions. The small
sending the signal from a dual channelplate detector to &ffect of the magnetic field in the present studies is supported
digital oscilloscope. The very low initial photoelectron ener-by the similarity of the (2-1') wavelength scans reported
gies made it necessary to app|y a potentiaMfO_S Vto a here and the field-free (‘H.ll) Wavelength SpeCtra reported
grid in the interaction region, in order to push the electrondy Glab for the same intermediate levélsit should be
into the flight tube of the spectrometer. The photoelectrorPointed out, however, that although the same autoionizing
spectra presented here represent the summed data for 500tgvels are observed in both spectra, their relative intensities
10 000 laser shots, and the time-of-flight spectra were cor@re somewhat different as a result of the higher probe laser
verted to an energy scale as described previously. The phéitensities necessary to compete with ionization by the
toelectron spectra for the autoionizing levels were calibratedighly focused pump beam in the 21") experiments in the
by using the known energies of the photoelectrons producefagnetic bottle.
by single-color(2+1) ionization to the HO* X 2B, (0,0,0
and (1,0,0 levels and by assuming that the earliest photo-
electron peak corresponded to theCH X 2B, (0,0,0 Oq

level?! This calibration, which is accurate te2 to 3 meV, The ground state of 0 hasC,, symmetry and the
was confirmed by comparison with the known spacingsglectronic configuration (d;)?(2a,)%(1b,)?(3a;)?(1b,)>.
among the lowest rotational energy levels of theThe outermost orbital is an essentially nonbondingrbital
H,O" X 2B, (0,0,0 state?? this being the only energetically that lies along the axis perpendicular to the plane of the
accessible ionic vibrational level for the autoionizing statesmolecule. TheC 'B; state also ha€,, symmetry, with one
studied here. of the 1b; electrons excited to thep®, orbital. The latter is
The experiments were performed in three stages. Firsk weakly bonding orbital that lies along th€, axis of the
the wavelength of the pump laser was scanned while the totgholecule. Excitation of ali; electron of the ground state or
one-color photoelectron signal was monitored, thus mapping,rther excitation of the Ba, electron of theC 1B, state
out the structure of the two-photo@ 'B; (1,0,0%-X *A1  results in higher Rydberg states converging to ¥1éB,
transition. TheC !B, (1,0,0 state has been characterized ground state of kED™. In what follows, a double prime de-
previously by Ashfordet al. by using (3+1) ionization  potes ground state quantities, a single prime dendtés;
spectroscop§? and the resulting spectroscopic constantsgyantities, no prime denotes the autoionizing Rydberg state
were used to assign the present two-pho®nB; (1,0,0)  quantities, and a plus denotes ionic quantities.
—X A; (0,0,0 pump transition. Although th€ B, (1,0,0 The geometries of the ground electronic state of the ion
level is fairly strongly predissociated, individual rotational gnd the RydbergE 1B, state are very similar. Thus the vi-
lines can still be identified and used as intermediates in th@rational wave function overlaps for transitions from the
double resonance experiments. However, the short lifetimg 1B, state to high Rydberg states will be large for transi-
of the C *B; (1,0,0 rotational levels does require the use of tions which occur without a change in vibrational quantum
fairly high probe intensities and the careful synchronizationrnumbers, and much smaller for those involving such a
of the two lasers. For this report, the data were obtained bghange. This makes it possible to achieve a significant de-
using the @, 1;;, and 2, rotational levels of theC B, gree of selectivity for the vibrational state of the final Ryd-
(1,0,0 as the intermediates for the double-resonance spectraerg state by the selection of the vibrational state of the
The standard notatioNy_ «_, is used, wherd is the total  molecule in the intermediat€ B, state'! This selectivity,
angular momentum minus spin, akg andK are the pro- taken together with the rotationally resolved stepwise excita-

lll. SPECTROSCOPIC CONSIDERATIONS
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tion process, results in greatly simplified Rydberg spectrdinuity arguments imply that partial waves of all three sym-
when compared to spectra of excitation directly from themetries also contribute to the oscillator strength in the Ryd-
ground state. berg series.

The dipole-allowed transitions from the B, (1,0,0 Photoelectron spectra obtained for#2’) excitation
state to low-lying Rydberg states can be determined relavia the C B, (0,0,0 state into the direct ionization con-
tively simply if the Rydberg states are treated in Hund’s casdéinuum and the theoretical calculations of these spectra by
b.24-28|n the coordinate system withalong the moleculac ~ McKoy and co-worker$1%26provide insight into the rela-
axis, y along thea axis, andz along theb axis, the dipole tive importance of Rydberg series with different valuesl of
transition moments, T,, andT, haveb,, b,, anda; sym-  in the present (2 1’) double-resonance spectra. Gletoal.
metry, respectively. Thus the allowed transitions from thereported extremely good agreement between experiment and
3pa, orbital of theC B, (1,0,0 state are to bé, b,, and  theory, indicating that the calculations contain much of the
a, orbitals and follow type (AK,=odd, AK.=even), type essential physics of the problefh!® Using these calcula-

a (AK,=even,AK;=o0dd), and typeb (AK,=o0dd, AK, tions, the breakdown of the total cross section into partial
=odd) rotational selection rules, respectively. Note thif cross sections allows the assessment of the relative impor-
refers toK;— Kj’ and notK]*— KJ-’ , which is the more rel- tance of different partial waves near threshold. These calcu-
evant quantity in photoionization and in transitions to highlations should also provide an indication of which Rydberg
Rydberg states and will be referred tozzal&'j+ . series excited from th€ 1B, (1,0,0 state are expected to be

If the 3pa, orbital of theC B, state was an atomig  strong and which series will be weak. Although the calcula-
orbital, only transitions tmsandnd Rydberg series would be tions reported by Glatet al'®!° are for theC 'B; (0,0,0
observed. However, the nonspherical nature of the moleculatate rather than thél,0,0 state, the electronic factors are
field relaxes this restriction ori, and transitions tapandnf  not expected to be radically different for the two states. Glab
Rydberg series are also expected. Thus the excitation aft all®reported the theoretical threshold photoionization ma-
a large number of series, corresponding totrix elements from theC 'B; (0,0,0 state for all of the al-
nsa(o’), npby(o*), npay(7 ™), npby(77), nday(o "),  lowed partial waves withy’<3. Figure 5 of Ref. 19 shows
nda(8"), ndby(7"), ndby(67), nfby(c™), nfay(w"),  that the/=3 matrix elements for one of thefa,, kfb,,
nfby(77), nfby(6"), nfa;(¢™), andnfby(¢~) Rydberg andkfb, continua are surprisingly large, and that the matrix
states, is possible. Hederefers to the projection of onto  elements for the, p, andd continua are all significant. These
thex (a) axis of the molecule. The large number of allowed gbservations suggest that all of these series will be observ-
levels are expected to make the assignment of the transitionge in the excitation spectrum from te 1B, level, and
from theC B, state to the lowa Rydberg states rather dif- that the complete analysis of this spectrum will require that
ficult. each is taken into account.

As nincreases, the Rydberg electron uncouples from the  Because the initial and final states are the same, the ro-
molecular frame, resulting in the transition from Hund's casetational selection rules for photoionization via an auto-
b to Hund’s casel.®?* The casé states that are described by ionizing state are the same as those for direct
N, K4, andK_ interact to form Rydberg series converging to photoionizatiorf®?’ Thus the selection rules in Eqd) and
distinct N*, K7, andK_ levels of the ion. Transitions to (2) provide a connection between the rotationally resolved
these higher Rydberg states and to the continua into whicBeaks observed in the photoelectron spectra of autoionizing
they merge must obey selection rules 8K, and AK .  levels and the partial wave composition of the photoelectron
These selection rules h~ave been discussed byeted for wave function. Given the initialC B, (1,0,0 rotational
photoionization from the 'B; staté® and can be expressed |evel, these selection rules imply that, independent of the

guantum numbers of the autoionizing level, excitation and

AK§+/=odd, ) decay of autoionizing states with overall WithK;:odd
and AKJ =odd produces even’ photoelectrons, and that
and with AK; =even andAK/ =even produces odd” photo-
electrons.
AK] +AK =even. 2

IV. RESULTS AND DISCUSSION
Taken together, these selection rules imply that transition N
with AK; =odd andAK_ =odd have ever, and those A. The (2+1) fonization spectra
with AK_ =even andAK_; =even have odd’. Note, how- Figure 1 shows wavelength scans of thet(®') ioniza-
ever, that the case states can still be expressed in terms oftion spectra via the @, 11;, and 2, rotational levels of the
the caseb basis, and that typa, b, andc transitions, with  C B, (1,0,0 state, in which the integrated two-color photo-
their requirements oA K; and notAKf, remain allowed. electron signal was collected. The selection ruleAddimits
This is consistent with the theoretical direct photoionizationthe J value of the autoionizing resonances to 1; 0, 1, 2; and 1,
calculations of McKoy and co-worket&;1%?6who expressed 2, 3 for the Qq, 1;;, and 2, intermediate levels, respec-
the photoionization matrix elements in terms of body-frametively. The requirements oAK, and/ given in Eq.(1) also
(Hund's caseb) labels and showed that~a,, k/b,, and imply that for a given value oK , theJ=1 series accessed
k/b, partial waves all contribute to the cross section. Con{from the Q, and 2, rotational levels will have the opposite
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electron in theC 1B, state is also nominally @ electron
(calculations by Leet al. give it 77.96%p character?® the
discussion of the previous section indicates that additional
partial waves will be necessary to account for the spectra in
Fig. 1.
One of us(MSC) is currently carrying out a detailed

MQDT analysis of the spectrum of B excited from the

LI L C 1B, state. This analysis will ultimately include tisep, d,
®) 1 andf Rydberg series, as well as various interactions between
the series that result fromd uncoupling, Coriolis mixing,
etc. In principle, such an analysis can include the calculation
of the resonance widths, the ionization efficiency, the
branching ratio between ionization and dissociation, and the
rotational branching ratios in the photoelectron spectttim.
This analysis is not yet complete, and thus the assignment of

(X 2B)n¢ « C 1B (1,0,0) —— X "A;(0,0,0)
© 20

PHOTOELECTRON INTENSITY

€000 all of the resonances in Fig. 1 is not possible at this time.
However, several of the resonances can be assigned with a
good degree of confidence, and the discussion of the photo-
electron spectra will focus on these resonances.
UL L L B L L B B B B B The comparison of the spectra of Fig. 1 with41")
101800 101900 102000 102100 102200

TOTAL ENERGY (am-1) spectra reported by Glabfor the same intermediate states
reveals a number of interesting features. In particular, al-

FIG. 1. Wavelength scans of the {2L') photoelectron signal obtained by though all of the same resonances are observed, their widths
pumping selected rotational levels of tie!B,; (1,0,0 state.(a) The Gy are noticeably greater in the ¢21') spectra. This is a result
intermediate level{b) the 1, intermediate level{c) the 2, intermediate  of the significantly greater probe pulse energy densities nec-
level. essary to observe a two-color signal when the two-photon
pump transition is used: because ionization by the tightly
focused pump laser is quite efficient, the higher probe inten-
sities are necessary to compete with one-color ionization.
Although the signal-to-noise ratio is not as goodH2')

(even/oddl values of/ from theJ=1 series accessed from
the 1;, level. However, the comparison of thg 0and 2,

spectra should allow the assignment of el resonances spectra recorded with low probe intensities display line-

n th:pls::i:'om these simple considerations, the assignmenWidthS and intensities_ that are in good agreement Wi_th the
of the autoionizing resonances in the region between th(§.1+1l) spectra. On_e Interesting fegtur_e of th(.:‘ higher inten-
LT 9 ) . Sity (2+1') spectra is that the relative intensities of the nar-
H O™ X Bl.(O’O’O and (1,00 threshold§ IS a nontrlylal rowest peaks in the spectra are significantly smaller than
spectroscopic problem. Although the t11') f”md (2-17) those of the corresponding peaks in the~(I') or low in-
= ot i A rl'énsity (2+1") spectra. One explanation for this is that these
C "B, state provide important clues for this analysis, in praconger-lived resonances are absorbing an additional photon
tice the assignment of such spectra remains a significafefore they can autoionize. Such an “above-threshold” pro-
challenge for theory. To date, the most successful analysis Qfags s expected to result in the production of a new photo-
the resonances in this spectral region has been carlried out Byectron peak with higher kinetic energy or to result in the
using multichannel quantum defect theoylQDT).™ In  pnotodissociation of the molecule. The absence of any addi-

particular, Child and Jungérwe_re reasonably successful in tjona| photoelectrons peaks suggests that the photodissocia-
calculating the single-photon ionization spectrum from theqp, pathway predominates.

X A; (0,0,0 ground state in the region just above XéB;

(0,0,0 threshold. In these calculations, Child and Jungen o

considered only thed«— 1b, transitions, with the assump- B- Photoelectron spectra of autoionizing levels

tions that the b, orbital of the ground state is a puge The photoelectron spectra in Figs. 2—4 contain informa-
orbital and that the oscillator strength of the series domi-  tion on the possible assignments of the quantum states re-
nates that of thes series® The results of these calculations sponsible for different resonances, on the exteritraixing
accounted for both the overall appearance and much of thig the spectrum(which was largely ignored by Vrakking
structure in the experimental spectra of Pagel. In addi- et al?), and on the auto-ionization rates in different elec-
tion, more refined calculations that included the effectg’of tronic channels. Our present purpose is to highlight some of
mixing (in particular, s-d mixing) reproduced many of the the relevant considerations.

features of the higher resolution photoionization data of  Figure 2 shows the photoelectron spectrum for the auto-
Vrakking et al* Nevertheless, many of the details of the ex-ionizing level at a total energy of 101847 chin the
perimental spectra were not reproduced; in addition, thejouble-resonance spectrum obtained via @éB, (1,0,0
present data require calculations of spectra from@htB; 1, level [see Fig. 1b)]. The spectrum shows that three
state rather than thé 1A, state. Although the Ba; Rydberg  H,O" rotational levels are produced, with approximately
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FIG. 2. The photoelectron spectrum for{4") excitation via the 1, ro-

tational level of theC 1B; (1,0,0 state to the i( 2B,)6da; (1,0,0 Og
autoionizing resonance at 101 847 ¢hin Fig. 1(b). The ionic rotational
levels corresponding to each photoelectron peak are indicated.

equal populations in the J®* 0,y and 2y, levels and a small
population in the 1, level. No other HO" rotational chan-
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FIG. 4. The photoglectron spectrum forJ(2L~’) excitation via the 1, ro-
tational level of theC B, (1,0,0 state to the X 2B,)6f (1,0,0 J=2 auto-
ionizing resonance at 101 967 chin Fig. 1(b). The ionic rotational levels
corresponding to each photoelectron peak are indicated.

The precise rotational assignment of thix {B,)6d
(1,0,0 resonance is more ambiguous. The simplest assign-

nels are allowed by symmetric and energetic requirementsient is to the @, level, which is consistent with the position

since the resonance energy is only 81 “¢rmabove the
H,O" X 2B, (0,0,0 0g ionization limit.

The quantum defects employed by Vrakkiegal® im-
ply that this resonance should be assigned to tae &,, or
2, rotational levels of the lowerX ?B;)6da; (1,0,0 vi-
bronic state. A preliminary analysis indicates thatsnp, or
f Rydberg states are expected withii00 cni? of this reso-
nance and the strength of the two major akllsi;' and odd

and intensity of an observed transition tX tB,)6da,
(1,0,0 14, via the C 1B; (1,0,0 Oy level. In this case of
vanishing rotational angular momentum, thg,,01,;, and

202 photoelectron peaks can be immediately associated with
s, p, andd photoelectrons, respectively, by the selection rules
in Egs.(1) and(2). In support of this assignment, Vrakking
et al? did indeed include(10% s, 90% d) mixing in their
analysis, but this alone would not be sufficient to account for

AK/ photoelectron peaks is consistent, via the selectiotthe nearly equal intensities of thgdand 2, photoelectron

rules in Egs.(1)—(2), with ans or d electronic assignment.
The smaller 1, peak then suggests a small admixture air
possiblyf character.
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FIG. 3. The photoelectron spectrum for{4") excitation via the g, ro-
tational level of theC B, (1,0,0 state to the X ?B;)6f (1,0,0 J=1 auto-
ionizing resonance at 101 969 chin Fig. 1(b). The ionic rotational levels
corresponding to each photoelectron peak are indicated.

peaks in Fig. 2. These intensities may indicate that the matrix
elements for vibrational autoionization of thes* Rydberg
states are larger than for tha™ states, as might be expected

for a more penetrating orbital. Alternatively, competing de-
cay processes might reduce the autoionization efficiency of
the “d” component more than thes” component.

An alternative assignment of the resonance responsible
for the photoelectron spectrum in Fig. 2 is to thg Pota-
tional level of (X 2B,)6da; (1,0,0. The relevant transition
from X 1B, (1,0,0 1,; has the highest calculated rotational
line intensity of any transition toX 2B,)6da; (1,0,0 and
the casdd) composition is roughly equally distributed over
the H,O" Oy, 2., and 2, rotational channels, of which
only the first two are open at the energy of this resonance.
Redistribution of the gz, population of the open channels
would therefore account for the roughly equal intensities of
the Gyp and 2, peaks, without needing to invoked mix-
ings. Similar remarks apply to a possiblg,2otational as-
signment of the resonance, except that the calculated transi-
tion intensity is much smaller than for the,2resonance.
Obviously, in the interpretation of the photoelectron spectra,
it is important to have a correct identification of the autoion-
izing state at the outset. Further work on the determination of
the state assignments of the resonances is underway, relying
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heavily on the high-quality multiple resonance spectra oftrum. Restrictions on the total angular momentum indicate
Ref. 11. that intensity in the 1; peak is correlated with as or d
The existence of the wealg{peak in Fig. 2 impliep-d  photoelectron, intensity in the,2peak is correlated with d
or d-f mixing for all three of the possible rotational assign- photoelectron, and intensity in thg 3eak is correlated with
ments. Interestingly, Gilberet al® have suggested thgtd  ad or g photoelectron.
mixing might account for discrepancies in the experimental  Figure 4 shows the photoelectron spectrum for the auto-
and theoretical intensities of tHe and E’ bands in the3d  ionizing level at a total energy of 101 967 chin the
complex of HO. In addition,p-d mixing has been used to double-resonance spectrum obtained via ¢éB; (1,0,0
explain the presence of a number of nominally forbiddenl,, level. MQDT calculations indicate that this is alsc6f
transitions in the single-photon ZEKE-PES of the groundresonance but witd=2. As in the case of théf resonance
state of watel? This p-d mixing and the nominally forbid- excited via the g, level, this assignment is supported by the
den transitions have been explained in terms of mixing in-observation that this resonance is considerably sharper than
duced by the dipole moment of the,®" ion core, and are most of the other resonances, particularly in ther (1)
fully reproduced in thab initio calculations of Leet al.>~’  spectrum. In Hund’s cas@l), the dominant contribution to
which treat the molecular field of the core explicitly. In gen- the ion core is from the J0* X 2B; (1,0,0 1,; state, but
eral, however, it is expected that such photoelectron spectt&ere is a smaller contribution from thg,Xstate.
may ultimately provide a more quantifiable handle on such  From Eq.(1), autoionization of amf resonance excited
interactions than threshold or ZEKE-PES, in which a largefrom theC 1B, (1,0,0 14, level into theef continuum should
number of effects are known to distort the “true” intensities result in the population of ionic rotational levels Wity
of the different photoelectron peak* that is, the true in-  =odd (AK; =even). In contrast, the photoelectron spec-
tensities of the different rotational continua. trum shows Signiﬁcant intensity in bom;:even and odd
Figure 3 shows the photoelectron spectrum for the photoelectron peaks, indicating extensiemixing. Thus,
=1 autoionizing level at a total energy of 101969 Tnin  hile the intense 4 photoelectron peak and the contribution
the double-resonance spectrum obtained via @éB; of the 3,3 continuum to the blended.g, 3,5 peak are con-
(1,0,0 Ogg level. MQDT calculations fon=6-11 indicate sistent with anef photoelectron, the intensggpeak and the
that the observed resonance i6fdevel; no calculatedorp  contribution of the 2, continuum to the blended peak re-
resonance was within 50 cm of this resonance, and the quire anes or ed photoelectron. Furthermore, the weak,
closestd resonance is more than 25 chaway. In addition, blended 4,, 3,, peak and the § peak that is a shoulder on
as is evident in the (+1') spectrum via the same interme- the 1,, peak can only be explained by even partial waves.
diate level, this resonance is narrower than the other reso- The extensive” mixing required to explain the observed
nances in the  spectrum. This behavior is consistent with intensity pattern in Fig. 4 is somewhat surprising in light of
the assignment as a longer-lived, nonpenetratistate, as the relatively minimal/ mixing necessary to explain the
opposed to a penetrating p, or d state, which would be rotational distributions in Figs. 2 and 3. Even if the assign-
expected to have a shorter lifetime. The nonpenetrating ment of the autoionizing level is incorrect and it is &n
Rydberg states of water are expected to be close to Hund's even resonance, extensi¥emixing must take place. One
case(d), and the calculations indicate that the observed resoexplanation for this observation is that the autoionizing reso-
nance has an J©* X 2B, (1,0,0 2, ion core, with caséd)  nance at 101 978 cnt contributes to the ionization signal at
quantum numbersl=1,1=3, N*=2, and K*=0. In the 101967 cm® due to power broadening, and that the former
simplest imaginable vibrational autoionization mechanismyesonance corresponds to Ar-even level. Alternatively, if
this state would autoionize to give,8" X 2B; (0,0,0 2.,  the two levels have the same value bfthey may interact,
with 100% efficiency. and, as a result of their small energy separation, this interac-
The selection rule in Eq1) specifies that for excitation tion may be stronger than for the other resonances studied.
from the Qy level to states with’=odd, K, must be even. Such a mechanism requires the two autoionizing resonances
Thus, the dominance of the,2and 2, photoelectron peaks have opposite values of to account for the observed spec-
in Fig. 3 is consistent with the assignment of the resonanctrum. It appears unlikely that the mixing is occurring in
as anf state and with the preservation 6fupon autoioniz- the continuum or in the vibrational auto-ionization mecha-
ation. However, constraints on the total angular momentunfism because in that case the same mixing would be ex-
(J=1) require that the § photoelectron peak can only be pected in the photoelectron spectrum of Bfaesonance in
produced by an’=1 partial wave. Thus as discussed above Fig. 3. The observation of extensivé mixing in Fig. 3
the magnitude of this peak, which appears as a shoulder eoints to the need for more detailed theoretical calculations
the 2), peak, provides a measure of thef mixing in the  to confirm the identity of the autoionizing resonances and to
autoionizing state. The origin ¢, , K, =odd levels in Fig. ~ €lucidate the mechanism responsible for the mixing. The ex-
3 is not obvious. In particular, the;1and 2, peaks should perimental photoelectron spectra presented here are expected
appear on opposite sides of thg, Peak, but the latter is not to provide important guidance in the development of these
significantly broader than expected, indicating that thecalculations and in the testing of their accuracy.
K., K¢ =odd peaks are relatively weak. Unfortunately, the
3.3 peak is expected in essentially the same position as thé- CONCLUSION
2,0 peak, and it will require accurate theoretical calculations  Rotationally resolved photoelectron spectra of rotation-
to deconvolute any contribution of the former to the spec-ally state-selected autoionizing states of water have been re-



3068 J. Chem. Phys., Vol. 109, No. 8, 22 August 1998 Glab, Child, and Pratt

ported here for the first time. The spectra, in which even!R. H. Page, R. J. Larkin, Y. R. Shen, and Y. T. Lee, J. Chem. F88§s.
low-J ionic levels are resolved, provide considerable dy- 2249(1988.

namical information on the mechanisms for the transfer ofzp- M. Dehmer and D. M. P. Holland, J. Chem. Ph§4, 3302(199D.
energy and angular momentum between the ion core and the?h 2'920%3’32(529\’]\)"8‘1”‘6‘””' E. R. Grant, and M. G. White, J. Chem.
Rydberg electron. The spectra also provide particularly de_“M.){].-J.’Vrakking, Y. T. Lee, R. D. Gilbert, and M. S. Child, J. Chem.
tailed information on the partial-wave composition of the ppys 98 1902(1993.

outgoing partial wave. In particular, the photoelectron spec-su. T. Lee, K. Wang, V. McKoy, R. G. Tonkyn, R. T. Wiedmann, E. R.
tra for J=0 autoionizing levels provide a direct partial-wave Grant, and M. G. White, J. Chem. Phya6, 7848(1992.

analysis for the ejected photoelectrons. The observed partiafM. T. Lee, K. Wang, and V. McKoy, J. Chem. Phya¥, 3108(1992.
wave compositions for the spectra reported here can only béK- Wang, M. T. Lee, V. McKoy, R. T. Wiedmann, and M. G. White,
explained by invoking varying degrees bimixing brought ~,Chem- Phys. Let219, 397 (1994.

. . . 8M. S. Child and Ch. Jungen, J. Chem. Ph98. 7756(1990.
about by the dipole and higher multiple moments of the sp " Giner . s. Child, and J. W. C. Johns, Mol. Phys, 473(1991.

e
H,O" ion core. _ . 19R. D. Gilbert and M. S. Child, Chem. Phys. Le287, 153 (199J.
While the present experimental results provide substartyy, L. Glab, J. Chem. Phy<07, 5979(1997.

tial insight into the autoionization dynamics, theoretical?C. H. Greene and Ch. Jungen, Adv. At. Mol. Phgg, 51 (1985.
models and calculations are necessary to extract the fulfJ. L. Dehmer, P. M. Dehmer, S. T. Pratt, F. S. Tomkins, and M. A.
amount of information contained in the spectra. First and ©'Halloran, J. Chem. Phy&0, 6243(1989.
foremost, the identification of the autoionizing Rydberg > - Prat B F. McCormack, J. L. Dehmer, and P. M. Dehmer, J. Chem.
states is necessary before the photoelectron spectra can QEhys'gz’ 1831(1990.
. R . Park, D. J. Leahy, and R. N. Zare, Phys. Rev. L&#.1591(1996.

put to their best use. An MQDT analysis of the wavelengthisy park and R. N. Zare, J. Chem. Phgs6, 2239(1997.
spectra reported here is currently Under%}n addition to 17w, L. Glab, P. M. Dehmer, and J. L. Dehmer, J. Chem. Ptigd, 4937
the difficulties discussed above, such an analysis may ulti- (1996.
mately have to include the possible excitation of Rydberg®W. L. Glab, P. T. Glynn, P. M. Dehmer, J. L. Dehmer, K. Wang, and B.
series converging to the low-lying, linedk %A, statel?*  V-McKoy, J. Chem. Physi06 5779(1997).

. . . ~ 1 W. L. Glab, P. T. Glynn, P. M. Dehmer, J. L. Dehmer, K. Wang, and V.
which can be excited if the core of tli& "B, state absorbs a McKoy, in preparation,
photon of suitable energy to promote an electron from theop kit and F. H. Read, J. Phys. 15, 313(1983.
3a; orbital into the half-filled b, orbital. Such Rydberg 213 E.Reutt, L. S. Wang, Y. T. Lee, and D. A. Shirley, J. Chem. P&gs.
states are expected to undergo rapid electronic autoionization6928(1986.
into theX 2B, continuum. After the assignment of the wave- zH Lew, Can. J. Phys54, 2028(1976. _
length spectra has been completed, MQDT calculations of 2192‘4) R. Ashfold, J. M. Bayley, and R. N. Dixon, Chem. Phy, 35
a_lutoion.iz.atiorj rate_s, rotational branching ratios, apd ionizagz, ;- He}zbernggcmar Spectra and Molecular Structure, Vol. (Nan
tion efficiencies will allow a much fuller comparison be-  Nostrand Reinhold, New York, 1986
tween experiment and theory, and will ultimately lead to @253, T. Hougen, J. Chem. Phya7, 1433(1962.
much better understanding of the decay dynamics of thé&M. T. Lee, K. Wang, V. McKoy, and L. E. Machado, J. Chem. P9,

Rydberg states of polyatomic molecules. 3905(1992.
27R. Signorell and F. Merkt, Mol. Phy€2, 793 (1997.
ACKNOWLEDGMENTS 2K, Mdller-Dethlefs and E. W. Schlag, Annu. Rev. Phys. Chéd.109
(1991).

W.L.G. was partially supported by the Robert A. Welch ?w. A. Chupka, J. Chem. Phy88, 4520(1993.
Foundation. S.T.P. was supported by the U.S. Department ofF- Merkt and T. P. Softley, Int. Rev. Phys. ChehZ, 205 (1993.
Energy, Office of Energy Research, Office of Basic Energy ©: P- Bryant, Y. Jiang, M. Martin, and E. R. Grant, J. Phys. Ch@éh.
Sciences, Division of Chemical Sciences, under Contract N()J,Qf/lwg(lcignﬁ'(m preparation
W-31-109-Eng-38. T



