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A new analysis is presented of the recent photoionization spectrumy®f Eixcited by double
resonance via several rotational sublevels of ¢h@0) vibrational level of theC('B,) state.
Evidence for a previously unsuspected strbagries indicates significadtorbital contamination of

the nominalp orbital in the intermediate state. This is the first report of aeries in the Rydberg
state of any asymmetric top. Previodsseries analyses of single-photon photoionization spectra
terminating on thé¢100) level of H,O" are also corrected and extended to a wider range of excited
rotational electronic states. Thd series appears to contain absent lines, indicative of
predissociation. Some lines remain unassigned, but there is no systematic evidence sfagither
series. ©2000 American Institute of Physids$s0021-9606)0)01408-7

I. INTRODUCTION spectrat®’ which have been assignéd®to theX—nd se-
) ) ries, withn=6-11, terminating on th€000 and (100 vi-

The Rydberg spectrum ofJd is the best studied of any prational limits. There is, however, no evidence of the inter-
polyatomic molecule, and also among the most challengingyo|atingnp series, perhaps because predissociation, which is
if only because the entire elgctronically excit.ed Spectrum caRnpown to occur up to and beyond the first ionization lifit
be regarded as Rydberg-like at geometries close t0 thg (o fast compared with the relevant ionization process.
ground-state minimum. All states in the first Rydberg system 11,4 purpose of this paper is to show that the new double
arise in pairs according t(l whether the RydbergNeIectron ISasonance spect® contain a wealth of valuable new in-
attached to the lowest beX{(*B,) or lowest linearA(°A1)  formation. The spectra were excited via selected rotational
state of HO". The first two 3A('B;) and BB(*A;) states  |evels of theC('B,)(100) vibrational state, with Franck—
are dissociative and details of their photodissociation dynameondon selection for photoionization detection of series con-
ics, to produce HOH, have attiacted considerable verging on the HO*(100) limit. Overlapping series con-
attention;” but there is also a knowns®©'(*B,) stat€ with  verging on other limits can therefore be discounted.
discrete rotational structure. Of the three bepts3ates, only  Knowledge of the initial rotational level confirms the stron-
the C('B,)*® state and its g analod are rotationally re- gest line assignments in the earlier jet-cooled single-photon
solvable; theD (*A,) staté is predissociated by configura- spectra®*® after proper allowance for the change in selec-
tion interactiod® with B(*A,) and the third'A, state is tion rules between th¥(*A;)—nd andC(*B;)—nd spec-
thought to dissociate directly to &)+ H,.* The five Co- tra. Some weaker line assignments are, however, brought
riolis coupled 31 bent-state absorption bands have also beeinto question. The most striking feature is a strdd¢}B,)
rotationally analyzed:*? There is also a known bending pro- —nf series, which is the first to be detected for any asym-
gression of the linear ¥'B,) state;®> whose K'#0  metric top. Assignment of the series is more difficult, but
branches seem to be fully predissociated by Renner—Tellghe overall structure of th€—nd spectrum is found to be
coupling to the missing |3(1'°_‘2) state. The analyzed bent- el reproduced on the basis of five assumed guantum de-
state bands al75102 lghow evidence of rotationally selectivgacts without attempting as yet to include possible effects of
predssguatpﬁ ~“and pertgrbatlorjé presumably due 10 inear state perturbations. Some unassigned lines remain, but
interaction with the various linear stat_es. At shlgrter WaVeihere is insufficient evidence to identify definitiveor P
lengths, Watanabe and Zelikdfand Ishigurcet al.” assign  sejes. The intention is to employ the above assignments in a
the main absorption bands below the first ionization limit t0|ater study of the influence dfmixing on the photoelectron
d series conl/erging on @00 and(100) vibrational limits branching ratios between different rotational states of
of the bentX(*B,) state of HO", with weakerp series 0" 2l Sych| mixing was also found to affect the opti-
interpolating between them up to=8. Finally, further rota-  jzed quantum defects, but without perceptibly altering the
tionally resolved information is available from the jet-cooled ¢5iculated energies levels. Results are therefore reported be-
photoionization and +1 multiphoton ionization(MPl) oW without | mixing.

The analysis is based on the multichannel quantum de-
dElectronic mail: mark.child@chemistry.ox.ac.uk fect formulation for rotational channel interactions in asym-
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metric tops® because interpenetration of clusters withultraviolet were required to achieve significant double-
neighboringn values fom>8 invalidates the alternative Co- resonance signals. Therefore, we used two-photon resonant
riolis coupled top descriptiotf. An outline of the working difference frequency generation in krypton gas to produce
equations is given in Sec. Il below. Evidence for the newlythe vacuum UV ligh£® In this process, tunable light near
discoveredC—nf series is presented in Sec. Ill, where im- 202 and 665 nm was focused with a 15 cm focal length lens
plications for the nature of the excited orbital in the interme-into a cell containing about 20 Torr of krypton gas. The 202
diate C('B,) state is also discussed. Analysis of the strong™™ I'ggt was tuned to resonance with the P
C—nd spectrum is presented in Sec. IV. Finally, the main_’_’d'p 5p’[1/2]o transition, and photons at the difference

conclusions are summarized and evaluated in Sec. V. energy betwee_n this transition energy a_nd the photon energy
of the 665 nm light was generated. The input pulse energy of

the 202 nm light was about 20@J and about 3 mJ of 665
Il. EXPERIMENT nm light was used. The tunable light used to excite autoion-

The experiment described here made use of multiphotohzing states from the excited level of the state was derived
excitation and ion detection to examine the spectra of théror_nl a third tunable dye laser with a bandwidth ©0.03
autoionizing states of water lying between the first, vibra-CM » @nd were overlapped in space and time with the VUV

tionally unexcited ionization limif000 and the ionization P€am. Pulse energies of several mJ in a beam diamete8 of
limit built on the ion core with 1 quantum of symmetric MM Were used in the wavelength range between 555 and 470

stretch vibrational energ100). In this section, we will de- M- ) . _ . )
scribe the excitation scheme and tunable laser sources, the 1he VUV light propagated into the interaction region
time-of-flight ion mass spectrometer and vacuum systen©f @ time-of-flight ion mass spectrometer through a magne-

and data acquisition. This system has been briefly describediUM fluoride window, while the laser light which excited the
previously?° Rydberg states from th€(100) state entered the vacuum
Rydberg states of water just above the first ionizationchamber containing the time-of-flight through a quartz win-
limit (101766 cm?® above the ground statavere excited dow, counterpropagating with the VUV light. Water vapor
through stepwise-resonant two-photon excitation, using inwas fed into the interaction region with an effusive source,
termediate resonance with selected rotational levels of thahd pumped out through the orifice through which ions en-
vibronic state. This approach has several important advariered the flight tube. The resulting pressure of room tempera-
tages over direct excitation from the ground state. First, théure water vapor was set to be several times°>IDorr by
use of intermediate resonance with the rotationally resolve@djusting the water vapor flow rate. The flight tube was

C(100) levels leads to excitation of the Rydberg states fronfVacuated using a small turbomolecular pump. A pulsed
a single well-defined angular momentum state, resulting ifelectric field of several hundred volts per centimeter was

drastic simplification of the Rydberg spectrum through the®PPlied after the arrival of the laser pulses to drive the laser-
angular momentum selection rules. Also, since@hstate is produced ions into the flight tube for mass analysis. A stan-

. . ) - dard arrangement of pulse amplifiers, gating electronics,
a Rydberg state, its potential energy surface is so similar t%am le-and-hold circuits, and computerized data acquisition
those of the final Rydberg states that, by the Franck—Condon P ' P 4

iciol itation f h& ith was used to record the spectra as the second laser’s photon
principle, excitation from thé state tends to occur with N0 ge oy was scanned over the region of autoionization. This

change in the vibrational quantum number. Thus, excitation, o.equre was repeated for a number of rotational levels of
from the C(100) vibronic state preferentially populates Ry- the state: 8. Lo1, 111, 110, and 2,. The second step laser

dberg states converging to tie00) vibrational state of the photon energy was calibrated to an accuracy of about 0.5
ground electronic state of the ion core, again reducing them1 through the analysis of a simultaneously acquired op-

spectral congestion and aiding in the identification of theiggalvanic spectrum of neon and uranium in a hollow cath-
Rydberg states. This behavior has been previously describeghe discharge lamp.

in other triatomic specie¥- Finally, the use of intermediate
resonance makes it possible to avoid the use of Xl@x-
treme UV) light, which is relatively difficult to generate and
propagate.

Light at the various wavelengths required to perform this
experiment was generated using a set of three home—builéa

thunable,. pulsed dyef Iase_rs lpurl;fl‘ged byl the secon_d and thi etric tops® are first recalled. It is assumed for simplicity
armonic outputs of a single N&YAG laser (Continuum that the orbital angular momentulras well as the total an-

NY-61). The YAG laser produced 5 ns duration pulses at they a1 momentund are conserved, an approximation that wil
two harmonic wavelengths with a 10 Hz repet|t|0£1 rate. Thebe relaxed in a future analysis of the photo-electron branch-
vacuum ultraviolet light required to pump th€(100)  ing ratios between different 0" rotational states. Two an-
«—X(000) transition lies at wavelengths near 120 nm. Rapicdyular momentum schemes are employed. Hund’'s ¢hse
predissociation of the rotational levels of ti¥100) state basis functions

with rates of ~10''s ! acted to deplete the excited state _13IKN 1
population before further excitation to the Rydberg states )= PePr), @)
could occur, so relatively large pulse energies in the vacuunwherep, and p, are electronic parity labels, is assumed to

IIl. THEORETICAL CONSIDERATIONS

The main features of the multichannel quantum defect
eory (MQDT) for rotational channel interactions in asym-
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apply within a short-range core around the positive ion,Rydberg electron is subject to a pure Coulomb field. More-
where the local Rydberg electron energy is assumed to folever, the femtosecond duration of the electron/core encoun-
low the Rydberg formula ters justifies a sudden treatment, by which the electron ac-
cesses a Born—Oppenheimer, Hund's cdbg angular
Ene=1~Ryl(n—u,)% @ momentum statky), acquires a phase shift,u, , dependent
in which Ry is the properly mass-adjusted Rydberg constanyn the penetrating power of the relevant orbital and then
w, is the quantum defect for the orbital labeled [byp,),  switches, with probability|(i|a)|?, to a Hund's cased)
and | is the appropriate ionization energy—in the presentstate,|i) on leaving the core. The upshot of these approxima-
case, the energy of tH&00) vibrational level of HO". Out-  tions is that the wave function in the external region can be
side the core, on the other hand, Hund's cédeapplies, expressed as
with basis functions
W~ 2 |08 f(E,)+K;gi(E,N1Z;, ®)
li)=2 cnrk+[JINTKT,p),  p=petp 3) !
in which f;(E,r) andg;(E,r) are regular and irregular radial
where the coefficientsy+k+ are determined by diagonaliza- Coulomb wave functions in channght total energye, and
tion of the rotational Hamiltonian of the positive ion, the elements of the scatterikgmatrix are given by
") +Kt2 +RK+2 +RK+2
Aro=ATNa "+ B R T+ C TN @ k=3 (laytanmual)). ©
The corresponding rotational energies are den&gd Be- “
fore turning to the MQDT theory, it is useful to note that the The energy dependence of the known asymptotic approxima-
more familiar Coriolis coupled top thedfwould employ a  tions tof;(E,r) andg;(E,r) (Ref. 24 then leads to cancel-

Hamiltonian of the form lation of exponentially divergent terms in E(B), provided
that
H=2 |a)Enu (e +H, (5) [K +tanmu(E)]Z=0, (10
where tanr(E) is a diagonal matrix, with elements deter-

but with H,,; expressed in terms of the operatdrand |, mined by
namely

N R
Hio=A"(Ja= 12+ BT (Jp—1p)?+C (Ic—10)% () vi(E)= \/ﬁ- 11

in order to facilitate diagonalization in the ca& basis. The
connection with MQDT is, however, best displayed by trans
forming to the caséd) basis. The relevant matrix elements
take the form

A numerical search for the roots of EQLO) therefore re-
places the normal matrix diagonalization procedure.

Points of contact with Eqg1)—(7) include the fact that
the roots of Eqs(10) and (11) in the single-channel case
N . , immediately rearrange to Ed2), because each cycle of

Hij :g (ila)(Eng=1)(alj)+ (1 +E)4; . (@) tan(E) corresponds to a new principal quantum number.

Second, the structural similarity between E¢#. and (9)
The physical interpretation is that the series converging ojemonstrates that the electronic—rotational Coriolis interac-
different rotational energy thresholdst E;", of the positive  tions are carried by the frame transformati¢ifie) in the
ion, mutually interact via a term dependent on the framq\AQDT formulation, rather than by the terms Jl, etc. in
transformatioryi|a), between cased) and caselb) bases Eq. (6). Finally, the vectoZ in Eq. (10) is analogous to the

and on the quantum defecf[ﬁu’ cqntaine'd 'in theg,,, via case(d) eigenvector of1, defined by Eq(7), except that the
Eq. (2). In either formulation, this Coriolis coupled t0p ¢,y honents of relate to channels at a given energy rather
theory correctly describes the transformation from 6@ 4 tg individual states. The important difference between
when the elgctronlc energy splltt|ng+s ar(i large compare%q_ (10) and Eqs(6) and(7) is that each cycle of the diag-
with the rotational energy differencés’ —Ej", to caseld), ) terms tanri(E) gives rise to a newn value, so that the

when the opposite inequality applies. Interseries coupling is;qts of Eq.(10) describe the entire spectrum, up to the ion-
however, restricted to a given Rydberg cluster, with a fixed, tion |imit, rather than being restricted to a singleclus-
principal quantum numben. Mutichannel quantum defect o The MQDT equations are also readily extended to obtain

theory removes this latter restrlctlon. autoionization linewidths and photoionization branching ra-
) A full account of M_QDT theory’'is beyond.t_he scope of tios, although we shall at present concentrate solely on the
this paper, but the main difference from traditional methods

is that it is formulated in terms of channels, each containingfABLE I. Cy, point group symmetries of different orbitals.
a complete series terminating a given vibrational—rotational—=
electronic state of the positive ion, coupled to a particular.
Rydberg angular momentum wave, rather than in terms of & o+ pm— do, ,dé, fr fo.
normalized basis states. MQDT theory then relies on the 22 o ‘;g* ::* 'I(‘Z*
physical approximation that interchannel couplings are re- b; poi dmr fs
stricted to within a short-range core, outside of which the

=0 =1 =2 =3
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TABLE Il. Propensity rules for the series limits excited from different ini- TABLE Ill. Spectroscopic constants.
tial orbitals. Entries in the final line give the total electronic symmetry of the

relevant state. Orbital " Other work(Ref. 17
R pr_ p, do, ds, Quantum defects fo, 0.022 79200
KaKc ](7TJr 0.014 32150)
0Ooo 1y 1y 202 2y fr 0.027 35230

f6,  0.00588230

1o 1102, 1112y 161,303 251,31 f6.  —0.009 348410
1y 000:202 1os 111,211,313 111211313 f¢_ _0'024 514520
140 1o 000.202 1106212312 lio212312 f¢+ 0,010 454510
202 113,210,313 110212312 OooZotos 2203242 do. 0135 63140 01423
Saesym B s B B dm. 0704071180 0.3196
. . .
dm_ 0.088 79350 0.0704
ds, —0.007 13140 0.0068
dés_  —0.006 7%180 —0.0008

autoionization resonance energies, by treating all channels as o
artificially closed. At a practical level, the input for both the Vibrational limits 100 010

Coriolis coupling method and the MQDT calculation com- g’;&iﬁ;%ggg{gﬂfg igg 3;2:2 igg %g:g
prises a set of quantum defecjs,, the relevant ionization ggational constants

energy,l, and the positive ion rotational constamts,, B*, A*/em™! 28.4233 33.3601
and C*. Child and Jungeff give specific forms for the B*/cm™ 12.1795 12.4765
frame transformation element$|e) and for the relevant C'/em 8.2935 8.3188

spectroscopic transition amplitudes, both of which are deter-
mined by angular momentum algebra.

In conclusion, it is convenient for what follows to review tions between an initial cage) state||”,)\",pg>J;2,,K,, and a
some important symmetry considerations. In the first place, b ac
each Rydberg state has a defined total angular momedtum, €ase(d) state close to the series limht, . - . The following

and two strict parity labefs restrictions apply:
P=PetP;, (12 Ko —KI—(pi+N"+1")=even, (14
and K =|KL—\"], (15
p*=p+K+A=p+K™, (13 and
although there may be many component channels in a given -+ — 137 =1"|. (16)
{Jpp*} block. Optical transitions are subject to the general ) ) .
selection rule\J=0,*=1, with 0—0 forbidden, while both Finally, for ease of reference, Table I gives thg, point
Ap and Ap* must be odd. To the extent thhis a good —9roup symmetries of the different Rydberg orbitals
quantum number, there are also propensity rfiles transi- [IN2)=[2(1+ 8,0) T¥A|IN) + (= 1)Pe[l =\ )), (17
where the upper or lower sign on the left appliesggs 0 or
600.0 ‘ ‘ pe.=1, respectively. Table Il lists the casd) N;+K+ limits
a ¢
n=6 accessible from different cagd) states, according to the
5000 I s i propensity ruleg15)—(17).
4000 | ] IV. ASSIGNMENTS TO THE f SERIES
7 The overview, in Fig. 1, of the double resonance spec-
“c ao00 b | trum excited from theC (100) Oy intermediate level, gives
« . clear evidence for the presence of an excitexstries. Seg-
A ments for differenth values have been combined in a single
200.0 | s diagram by plotting the excited state energies on the shifted
scale
10
— . S
100.0 | 1] Ry
A=Vgps I_FZ , (18
1(11)  2(02) 2(20) _ -
0.0.55 = 3 % 00 P 300 where v,,s is measured fromX (000 0Oy, and |

shiftiom’’ =104979cm? is derived from the known first ionization
~ limit (101766 cm?) (Ref. 26 and thev, fundamental of
FIG. 1. A scaled presentation of the spectrum excited viaGQt&00)Qy, H20+ (3213 Cm—l)_27 The baselines for successive spectra

state. Spectra for successivealues are plotted with respect to hydrogenic . .
values by use of Eq19). Solid lines indicatenf series terminating on J©* have been offset by RWE’ so that series fit by the Rydberg-

rotational limits 2, and 2. like formula



3758 J. Chem. Phys., Vol. 112, No. 8, 22 February 2000 M. S. Child and W. L. Glab

TABLE |V. f series assignments. Energies are measured fror0@@p 0y, level of the ground electronic state.

J'};Z\Kg NI;K; J' n Egpdcm™* Eladcm™t Jiner NZ;K; J n Egpdcm * Ecadcm™*
000 202 1 6 101 968.8 101 969.7 9 103710.9 103707.8
7 102 787.6 102 786.5 10 103 968.9 103 965.6
8 103 316.1 103 316.0 11 104 160.9 104 156.4
9 103678.9 103 678.6
10 103 938.6 103937.8 lua 313 0 6 102 049.8 102 045.1
11 104 130.7 104 129.3 7 102 862.6 102 859.1
8 103 390.9 103 387.0
000 220 1 6 102 070.0 102071.6 9 103 753.1 103 748.7
7 102 880.8 102878.8 10 104 011.3 104 007.3
8 103 401.9 103 402.3
9 103 761.8 103762.2 1u 313 2 6 102 053.2 102 053.9
10 104 017.2 104 107.9 7 102 862.6 102864.3
8 103393.6 103390.3
1 10 2 6 101 932.4 101 935.0 9 103 753.1 103 751.0
7 102 748.3 102 750.0 10 104 011.3 104 008.6
8 103277.7 103278.3
9 103 640.6 103 640.0 19 14 2 7 102 777.4 102 777.0
10 103 900.0 103 898.9 21, 2 7 102809.2 1028108
35 2 7 102 883.4 102 884.9
1q, 303 1 6 102 029.6 102030.9 2, 0o 3 6 101 920.0 101 923.0
7 102 846.6 102 847.0 7 102 733.6 102 735.5
8 103375.5 103 376.0 8 103 261.8 103 262.6
9 103738.5 103738.3 9 103 624.5 103622.8
10 103997.6 103997.2
202 20 2 6 101 983.0 101 986.3
10 2, 1 7 102 879.7 102 881.3 7 102793.5 102 797.2
8 103 402.6 103 403.7 8 103322.2 103 322.7
10 103 403.7 103 403.7
20 202 3 6 101 995.0 101 995.8
1 2,1 2 6 102 058.4 102 059.8 7 102 801.0 102 802.1
7 102 870.0 102 870.0 8 103327.6 103326.2
8 103397.5 103 396.7 9 103 688.0 103 685.6
9 103 758.8 103757.6
10 104 016.7 1040149 202 25 3 6 102 049.3 102 050.2
7 102 863.8 102 864.8
1q, 3, 1 6 102 120.8 102 124.1 8 103394.1 103392.8
7 102 933.2 102 934.7 9 103 748.3 103 751.0
8 103 461.3 103 460.6
9 103 820.1 103821.1 202 35 1 6 102 103.5 102 106.6
7 102 919.9 102 922.7
1, 1, 2 6 101 967.2 101 965.6 8 103 452.2 103 451.7
7 102777.5 102776.3
8 103 305.9 103 301.6 202 32 2 6 102 110.3 102 112.2
9 103 659.5 103 661.5 7 102 923.9 102 925.5
10 103922.5 103918.8 8 103453.8 103453.3
11 104113.9 1041092 202 40, 2 6 102 125.7 102125.1
14 24 2 6 102 013.0 102 011.0 7 102932.2 102933.8
7 102 824.4 102 821.3 8 103 458.6 103 458.9
8 103347.9 103347.2
, Ry therefore that the linear series have datharacter, while the
Vobs= " — = pon)? (19 smallness of the effective quantum defects points tof an
, i ) . _ , series, which in turn suggestisorbital contamination of the
will appear as straight lines with slope-@ ) L and in- tedC bital. Notice that th . i
terceptl’ 1, for sufficiently small uee/n). The quantity excitedC state orbital. Notice that the remaining strong lines

et Will typically be some caséd) average of thex, in Eq. in Fig.. 1, which gre assigned to th-@a._ﬂnd series, shoyv
(2). no evidence of linear series terminating on the open circle,

Evidence for the presence béeries comes first from the corresponding to the ;1 limit, suggested by Table II, be-
linearity of the two marked series in Fig. 1, with small quan-cause the spread dforbital quantum defects is too large to
tum defects of 0.0235 ane0.0049, respectively. More im- allow a near caséd) description an=11.
portantly, the two intercepts coincide with the filled circles ~ Confirmation of the proposefdseries assignment is pro-
determined by the knowf 2, and 2, rotational energies of vided by the detailed spectroscopic fit listed in Tables Ill and
H,O", which are accessible by Eq4.5)—(17) and the con- IV. The seven quantum defects in Table Il were optimized
tents of Table II, only by excitation from an evércompo-  to 68 upper-state energies derived from linear series analo-
nent of the nominal B~C(181) state. The implication is gous to those marked in Fig. 1, for the double resonance
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FIG. 2. Extrapolation of th€(100)0,,—nf spectrum. i -
FIG. 3. Extrapolation of th€(010)G,—nf spectrum.

spectra involving intermediate,§, 1o;, 111, and 2y, rota-  final row, so that, for example transitions froéh1,; go to
tional levels of the $C(*B,)(100) state. The resulting rms {3’00} with J’=0, 1, and 2, while those fror® 0o O to
deviation is 2.37 cm' and a comparison between observed{101). One immediate observation is that the blo¢Re1},

and calculated upper-state energy levels is given in Table {010, and{011} each involve only a single channel, which

As further evidence, Figs. 2 and 3 show extrapolations taneans in principle that transitions to these blocks should

higher n values of the spectra excited fro&(lOO)QJO and giverise to “linear series” in the sense of Fig. 1, from which
C(010)Qy. The quantum defects in Table Ill were em- thedm, d7,, andds_ quantum defects could be imme-
ployed in both cases, but the rotational constants and ioniz4liately deduced, because there are no possible interchannel

tion limits were adjusted according to the relevant vibra-interactions to disturb the linearity of the plots. Unfortu-
tional state. nately, however, transitions to t§801 block are symmetry

forbidden from theC state, those fo€ 1,,—{010} lie out-
side the range of the observed spectrarferé and 7, while
spectra fromC 1,,—{J'11} are available only fon=7. It
Analysis of theC—nd spectrum proves more difficult should also be added that the change of electronic selection
than that of the earlier jet-cooled—nd photoionization
spectrals'” or indeed of the abovE—nf spectrum, despite TABLE V. Case (b) channels contibuting to different symmetry blocks
. ' . i~ L {J'pp*}. The bottom row indicates the intermediate rotational level rel-
having knowledge of the intermediat€(100) rotational

; . - evant to excitation to the given block, subject to normal selection rulels on
level. Complexity with respect to the earlier spectra comes

V. ASSIGNMENTS TO THE d SERIES

from the fact that jet-cooling populated only the lowpata J N, {300} {Jro1 {9710} {1y

0gp andortho 1, rotatitznal levels, so that the strongest lines™ do 0o

were all excited fromX(000)1,; to the symmetry blocks dm, 0o

{3 pp*)={101 or {201, whereas the double resonance Zg— o Ooo

spectra include transitions froG(100)0y,, 11, 141, and 45 o O

29>. Consequently there are many more lines to be ac-

counted for. Moreover, the spread aforbital quantum de- 1 do, In Lo Lo
dm, 1y 1o 1y

fects obtained in previous studi&s’ from 0 to 0.32, pre- il L 1 1
cludes the existence of linear series such as those in Fig. 1, dor, " 1, 1o 1
except in special casgsee below Finally, there are also dé_ 1o 110 1y

possible complications due to predissociation and/or pertur-

bations, due to interactions withi series associated with the ? g;i 2"22’1320 ;; 2;’1520 gi
linearA(%A,) state of HO". dm_ 21 202220 2y 25,
The complexities involved in the analysis may be under- do, 202220 2y 21 22
stood by examining the list of contributing channels in the do- 221 212 2 202220
relevant symmetry block$J' pp*) given in Table V; rel- I 1y 000,202 1o 110

evant intermediate rotational levels are also indicated in the__*°
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rules should in principle give rise to a line&r1y;—{001} block (see Table V, which is accessible fror® 0y,. Most

series in the single-photon photoionization spectra of Pagef the strong unassigned lines in Fig. 1 in fact belong to the

et al1® and Vrakkinget al;*” but no such series can be de- coupled states

tected, presumably due to perturbations by a linear state of

!B, symmetry, as discussed by Childirect determination

of the defectsu(dw_), u(dw,), andu(dés_) is therefore 1

precluded. Fortunately, however, plausible linear series in |na)=$(|nd5+111)+|nd5,110>,

the C1,,—nd spectrum, whosé® branch lines go to the

{000, symmetry block, can be employed to determine

p(do) andu(ds. ). inedvhose energiegcombined with knowledge ofu(ds.)]
The remaining quantum defects must be determine : . ;

- L - Serve to determing(d&_). Further information comes from
more indirectly. The most helpful observation is that preV|-Similar coupling in the(110} block, which is accessible from
ous analyséd'’'® have established thai(ds_),u(ds.) 2 piing N _ _
are extremely close—to the extent for example that Gilberl Loi- TO the extent that other interactions are ignored, one
etal’ find that the two components of the predicts the existence of an analogous state
3d(000)F(*A,,'B,) are separated by only 16 ¢th Conse-
quently, essentially complete Coriolis mixing between levels 1
yvith K"#0 Iea_lds to intensity pooling_and cancellation. An Ina’)=—(|ndé. 110 +|nds_1,,), (21)
important particular example occurs in tfiE01} symmetry v2

(20)
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which is predicted to be degenerate wiitia). Yet theC 1o; lines in theC 09— {101L spectrum, andiii) the specific
spectrum fom=6 is found to contain no state with an en- ¢ 1o—{110 and C 20,—{301} transitions mentioned
ergy close to that implied by thga) line in the C 0oy  above. A total of 19 lines were included in the fit, with an
spectrum at 101 995 cm. Comparison between the compo- rms deviation of 2.74 ci. The resulting quantum defects
sitions of the{101} and {110 symmetry blocks in Table V are listed in Table Ill. It is evident that four of the values are
shows that the difference must be attributable to Coriolisn good agreement with those of Vrakkireg al’” but that
interactions with either thd7, 1y, channel in{104} or the  y(dw,) is substantially different. This final quantum defect
dm_ 1y channel in{110, of which the latter is more likely must therefore be regarded as tentative until measurements
in view of the smalled#_ quantum defect obtained in ear- in the spectral regions between the=6, n=7, andn=38

lier studiesi**"*®A more precise value of this latter defect clusters can establish the position of what should be a set of
was therefore deduced by assigning lines in@é&y,—6d  strongly allowed well-separated bands with the tgpeta-
spectrum at 101 949.9 cthand 102 016.0 ¢t to the upper  tional selection rules appropriate to*A,« C(B,) transi-

and lower levels arising from this perturbation in ##40t  tjon. It may be that this markedly discrepant quantum defect
symmetry block. Finally, given provisional values for the compensates in some way for neglect of other interactions,

four quantum defectsu(do,), p(dw_), w(dé), and  pyt there is no question that a valuefd . ) close to the
n(dés-), the fifth defectu(dm,), was determined by least- previously assumed value of 03718 gives a markedly
squares optimization to a very strong line in {881 branch  |ess convincing simulation.

of theC 2, spectrum, which was one of the few strong lines  Before examining the numerical predictions of the above
otherwise not well reproduced by the MQDT fit for  quantum defect fit, it is convenient to examine the graphical
=6-8. Refinements to the resulting quantum defects wergimulations of thed andf series in Figs. 4—7. The program
obtained by least-squares optimization(tpthe two linear  employed calculates relative intensities for transitions from a
series assigned t& 1,,—{00Q transitions,(ii) the strong given initial orbital with well-defined. Independent inten-
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sity scalings have therefore been employed fordhendf  counterpart was assumed to give rise to the Coriolis coupled
series. Moreover, as discussed above,fteeries may have line pair at 101 949.9 cm and 102 016.0 ¢t in Fig. 4(a)
intensity contributions from initiablo,. anddd, contribu-  which was used to fix thd_ quantum defect. The fact that
tions to the intermediat€ state orbital: their relative inten- the comparable lines far=8 in Fig. 4c), which appear as
sities have been fixed in the ratio 5:1, suggested by the rela 10:—{110 lines in Table V below, each correspond well
tive intensities of the twd series lines in Fig. @. This  with observed lines suggests that there is an isolated interac-
relatively rough criterion is justified on the basis that absotjon atn=7 responsible for predissociation of this particular
lute intensities in the photoionization spectrum of a possiblyypper state. Such rotationally selective predissociation is
predissociating system are in any case difficult to estimateye|| established in the lower energy spectral regiHssi-

The first observation is that the qualitative character of the fihally, it is noticeable that the higher energy spectra, Figs.

is remarkably good, given that it is based on only B as-  4(c)—6(c), contain a significant number of unassigned lines,
sumed quantum defects. Not surprisingly, freeries simu-  \yhose possible origins are discussed in the following sec-
lation is generally superior to that for titeseries, because jgn.

the former lies close to Hund's cagd), with a sequence of

well-developed I|r_1ear series, in the sense of Fig. 1. By Conbomparison between observed and calculatesries ener-
trast, the much wider spread in theorbital quantum defects

i gies. The information includes the intermediate rotational
means that thel series correspond to cagle) at n=6 but " . .

. . " stated, .., the principal quantum number, the assigned
become increasingly transitional between the two cases as KaKe

increases. It is also evident in, for example, Fih)3hat the  upper-state symmetry blockl’pp*}, observed and calcu-
calculation yields occasional strong calculated lines whicHated upper-state energies, and a dgdabel for states with
have no experimental counterpart. The line at 102 782'cm a predominant casg) component. The label corresponds
in Fig. 5(b) is of particular interest, because it is actually theto the Coriolis mixed staténa) above, whilec denotes the
|7a’y line, within the meaning of Eq(19), whose|6a’)  similar state

To complete the picture, Table VI gives a numerical
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TABLE VI. Assignments to thel series. The notatiofdpp*} indicates the relevant upper-state symmetry block, and (@dabels are included in the final
column, where relevant. Energies are measured from the energy zero of the ground electronic state. Astieiiate levels included in the least-squares
fit.

J” n {J'pp*} Ejpdcmt  ElJemt  Case(b) J” n {J'pp*} Epdecmt ElLJemt  Case(b)
0o 6 {103 101879.8 1018852 o,1, * {000 103403.5 1034013  &,0q,
* {103 101993.6  101992.3 a {100 103426.1 (103413.9 P
* 7 {103} 102804.2  102799.2 a 9 {200 1035575 1035511 7,2y,
* 8 {103} 1033255  103323.8 a {200 103679.3  103674.6
* 9 {103 103685.3  103687.1 {200 103753.1  103746.8 o2,
* 10 {103} 103934.4  103932.0 * {000 103760.2  103760.3 6,04,
* 11 {10 1041207 1041227 {200 103824.2  103827.3
20 103876.8  103877.3
Loy 6 ?13 181 gﬁg-; 181 388-5 o110 * ioog 103912.0 1039123 o, 0p
* 11 101 949. 101950.5 {200 104011.3 1040117
* {110 1020126  102011.1 * 10 {000 104014.1  104017.2 6,04,
7 }11% 102721.0 1027222 0.1y 1200 104067.3 (104057.2
21 102833.4  102833.1
8 {110 103311.8 1033157  a’ 110 7 (213 102782.1 (102763.7
210 103311.8  103316.4 {213 102809.2  102808.2
9 {210 103358.0  103356.1 b {111 1028157 1028159
(110 103677.0 1036802  a’ {013 102871.0 1028735 & 0q
{010 103461.3 1034582 .0 (113 102911.0 (1029019 8.10
210 103701.8  103694.7
10 210 1038553 1038543 .2, 202 6 {10% 101879.0 1018852  o.1y
{110 1039411 1039412  a’ {203 1019815  101986.4
11 {010 104016.7 1040175 {30 102073.7  102074.9
{303 102095.8  102097.4
1, 6 {000 101847.1 1018494 0,00 202 7 {10 1027526 1027463 0,1
{200 101977.6 1019715 {101 102801.0  102799.2 a
* {000} 102067.1  102071.8 5,04 {201 102813.7  102816.9
* {100 102081.2 1020850 4.1, {201 102863.8  102869.8
* 30 1028840  102884.7
{200 1028244 1028219 1201 1033545 1033516
* {000 102879.2  102877.9 5,04 1301 1033659 1033642
{100 102 910.7 102 891.9 6_1o1 {201 103 406.2 103 404.8
* 8 {000 1032640 1032658 o0y {103 1034776 1034825
(200 103317.9  103315.7 {30% 1035927 103593.6
{301 103748.3 1037451

1 Coriolis coupled pairs involving the near degeneméeor-
[nb)=—(|ndé&,2,5)+|ndS_244), (220 bitals, labeledy, a’, andb, are not of course strictly cagb),
V2 but they are labeled here as a readily identifiable recurrent
_ _ _ _ _ feature. It is also noticeable th§t00; symmetry block, ac-
Astensks(.*) are used Fo |Qent|fy levels mclude,d in the least- sessiple fromC 1,, contains a relatively unmixed_1o,
squares fit, while entries in parentheses uriglgy, indicate component even up to= 10 because levels witki,= 0 can-

assignments to strong calculated lines which differ by morg, ot Coriolis couple to the close-lyings orbitals.
than 10 cm? from the corresponding experimental values.

The overall quality of the fit is clearly inferior to that for the

f series in Table Il but it is remarkable that a careful fit to /| CONCLUSIONS AND DISCUSSION

only five quantum defects can reproduce over 50 upper state . .

energies to within 5 cm?, given the transitional cas®) to Multichannel quantum defect thedf* has been used
case(d) character of the spectrum and the possibility of rela-{0 @nalyze the double resonance pgg;ul)lonlzanon spectrum of
tively strong perturbations to the more penetratthgom- _HZO recently observed by Glagt al™ " The most surpris-
pared withf orbitals. It is also interesting to see that the caséng feature was the presence of a str@@B,)—nf series,
(b) character of different levels depends not only on the enindicative of significant orbital contamination of the nomi-
ergy but also on the particular symmetry blogKpp*} in  nal 3p(a;) orbital. Dt_afinitive assignments of over 70 upper-
question. For example, the ca@® and casdd) descriptions state energy levels in the range=-6-11 were made, such
are equivalent for blocks with’ =0, whereas the only case that the resulting fit to seveinorbital quantum defects had a
(b) entries in Table V for)’ =2 refer to thew, orbital, = mean deviation of 2.4 cnt. Graphical extrapolation of the

which appears to be well separated from the others. Th&(100)Q,—nf and C(010)Q,,—nf series was also pre-
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sented, in the former case uprie- 27. This is the first report 34 D”(!A,) state® A second consideration is that these par-

of anf Rydberg series for any asymmetric top. ticular D" states appear to be well separated from the other

Analysis of theﬁ_(lBl)—md series is complicated not members of eachd cluster, so that although they are opti-
only by the much wider spread of quantum defects, which

A . cally accessible fronC('B;), the expected well-separated
destroys any readily discernible spectral pattern, because trE) . . ) .
. s . ands lie outside the range of present observations, except in
various sequences of local Coriolis perturbations lead t(% . .
: ) . he relatively congested=8-10 spectral regions. It would
abrupt intensity changes. It also seems likely that the great%r ¢ I luable to h " ¢
penetrability of thed orbitals, compared with those with € ex remlfy vaiua Ie % aved:cgn '”50‘158 requencly scans
character, makes them more subject to perturbations and prggtween the presently observe andn=8 spectral re-
dissociation, which are well-established features elsewherd©ns- _ o
in the spectrund.”1213 Nevertheless, it proved possible to The simulations of the andf series in Figs. 4—7 show a
achieve a remarkably satisfactory simulation of theeries, ~ relatively small number of unassigned lines, which are now
on the assumption of only five quantum defects. Over 4c¢Fonsidered. One possibility is that they arise freand/orp
cm %, although the quantum defect for ther, quantum main bands are again expected to interpolate betweendhe
defect, relevant t&€,, point group symmetryp,, was mark- andnf clusters and hence lie outside the present observation
edly out of line with previous assumptiofs!’8It should range, except in the congested-8-10 regions of Figs.
be recognized, however, thi, electronic symmetry of the 4(c), 5(c), 6(c), and 7c). There is, however, a possible indi-
associated states makes them optically dark to single-photatation of local mixing between thed clusters and the hith-
excitation from the ground state. The only firm evidenceerto unobservedip(*A,) states, because the relevant quan-
therefore comes from multiphoton detection of thetum defect is calculatédto have a value oft(po ., )~1.0.
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For example, even a small amountlahixing with the dis-

tant 6d(1A,) state can lead, via Coriolis coupling, to inten-
sity borrowing, sufficient to account for the doubled line in
Fig. 4@a), if the 6p(*A,) state were close enough to the

strong @l feature at 101994 cnt. A similar mechanism
might lead to the strong unassigned lines at 103 950'cm
and 104 141 cm'in Fig. 4(c), but it is impossible to obtain
confirmation on the basis of the present line frequencies.

1p. Andresen and R. Schinke, Molecular Photodissociation Dynamics
edited by M. N. R. Ashfold and J. E. BaggfAdvances in Gas-Phase

Photoionization series of H,0 3765

12R. D. Gilbert, M. S. Child, and J. W. C. Johns, Mol. Phy4, 473(1991).

13E. H. Abramson, J. Zhang, and D. G. Imre, J. Chem. P8§s947(1990.

K. Watanabe and M. Zelikoff, J. Opt. Soc. A3, 753 (1953.

15E. Ishiguro, M. Sasanuma, H. Masuko, Y. Morioka, and M. Nakamura, J.
Phys. B11, 993(1978.

18R. H. Page, R. J. Larkin, Y. R. Shen, and Y. T. Lee, J. Chem. F88s.
2249(1988.

7M. J. Vrakking, Y. T. Lee, R. D. Gilbert, and M. S. Child, J. Chem. Phys.
98, 1902(1993.

M. S. Child and Ch. Jungen, J. Chem. Ph93, 7756(1990.

190. Dutuit, A. Tabche-Fouhaile, I. Nenner, H. Frohlich, and P. M. Guyon,
J. Chem. Phys33, 584 (1985.

20\, L. Glab, J. Chem. Phy4.07, 5979(1997).

Photo-chemistry and Kinetics, Royal Society of Chemistry, London, 21y | Glab. M. S. Child. and S. T. Pratt. J. Chem. PHYGY, 3062(1998.

1987 Chap. 3.

2M. P. Docker, A. Hodgson, and J. P. Simons, in Ref. 1, Chap. 4.
3M. N. R. Ashfold, J. M. Bayley, and R. N. Dixon, Can. J. Ph§g, 1806
(1984.

4J. W. C. Johns, Can. J. Phy&l, 209 (1963.

5J. W. C. Johns, Can. J. Phy9, 944 (1971).

SM. N. R. Ashfold, J. M. Bayley, and R. N. Dixon, Chem. Phgg, 35
(1984.

M. S. Child, Philos. Trans. R. Soc. London, Ser385, 1623(1997.

8S. Bell, J. Mol. Spectrosd6, 205 (1965.

22E_E. Mayer, H. G. Hedderich, and E. R. Grant, J. Chem. P198.1886
(1998.

3G, Hilber, A. Lago, and R. Wallenstein, J. Opt. Soc. Am.4B1753
(1987).

24C. H. Greene and Ch. Jungen, Adv. At. Mol. Phgs, 51 (1985.

25p_ R. BunkerMolecular Symmetry and Structyr2nd ed.(NRC Ottawa,
1999.

R, G. Tonkyn, R. Weidmann, E. R. Grant, and M. G. White, J. Chem.
Phys.95, 7033(1992.

9G. Theodorakopoulos, C. I. Nicloaides, R. J. Buenker, and S. D. Peyer> J. E. Reutt, L. S. Wang, L. S. Lee, and D. A. Shirley, J. Chem. P8f;s.

imhoff, Chem. Phys. Lett105 253(1984).
10D, M. Hirst and M. S. Child, Mol. Phys77, 463 (1992.

6928(1986.
2H, Lew, Can. J. Phys54, 2028(1976.

11G, Theodorakopoulos, C. I. Nicloaides, R. J. Buenker, and S. D. Peyer?G. Theodorakopoulos, I. D. Petsalakis, and M. S. Child, J. Phy29,B

imhoff, Chem. Phys. Leti89, 164(1982.

4543(1996.



