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and Huggins-band ozone-photolysis, resonance-enhanced
multiphoton-ionization studies with a b 1EZJ,L(V=O)-st<'51te platform
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Resonance-enhanced multiphoton-ionization spectra are presented (d)ﬂh&&blEg*(l,O)
transition of Q, theb(v=0) state generated both by photolysis of i@ the Huggins bands and

also by direct excitation of singld levels in an optical-optical double-resonan@ODR)
experiment. The ozone-photolysis-derived spectra reveal a preferential formatibfw ef0)
fragments with highJ, the rotational distributions exhibiting significant dependence on the
photolysis wavelength. Rotational analyses of the OODR and ozone-photolysis-derived spectra
indicate that thel(v =1) Rydberg state is multiply perturbed by successive vibrational levels of the

1] 1Hg valence state. The OODR technique allows the first full resolution of thelldewels of
d(v=1) and the high} levels favored by the ozone-photolysis technique are reported here for the
first time. © 2002 American Institute of Physic§DOI: 10.1063/1.1513462

Thed 1Hg Rydberg state of ©@has been the subject of to quantify the nasceni distribution of theb(v=0) frag-
renewed interest, not only fundamentally, due to its complexments because of strong perturbation of t{e =2) level
spectroscopy;? but also through its use as an intermediatedue to Rydberg-valence interactichs.
state in  resonance-enhanced multiphoton-ionization Here, we report observations of tle—«b(1,0) band
(REMPI) dynamical probes of the metastable singlet statespf O, following Huggins-band photolysis of O Analyses of
alAg andb 12g , formed by microwavéor opticaf®exci-  these REMPI spectra yield, not only the first information on
tation of Q,, or photolysis of Q.>’ d(v=1) rotational levels with1>29, including the revela-

Two of these experimental techniques have recently protion of a series of Rydberg-valence perturbations, but also the
vided advances in knowledge of tliestate spectroscopy, first estimate of an g{b)-state fragment rotational distribu-
particularly through the use of thestate as a platform. First, tion in O; photolysis, which is found to peak at highThese
optical-optical double-resonanc€®ODR)-REMPI studies data are supported by an OODR-REMPI study of the
have been performed on tliv =0)® andd(v=3)° levels ~ =1-18 levels ofd(v = 1) which has allowed their full reso-
excitedvia single rotational levels of thb(v=0) state, re- |ution for the first time. The only previous rotational analyses
sulting in great spectral simplification and full resolution of for d(v=1), from d««a(1,0) and/or d««X(1,0)
many rotational levels for the first time, together with the spectrd’® containing many blended lines, are those of Sur
revelation of local perturbatiosand unique quantum- etal® (J=1-12) and Lewist al? (J=1-29).
interference effect$.Second, the REMPI probing of ozone- The apparatus for the ozone photolysis experiment has
photolysis products has provided the first information onbeen described elsewhéreBriefly, independently tunable,
high rotational levels ofi(v=2-4), as well as interesting counterpropagating, XeCl-excimer-pumped, dye-laser pump
dynamical information on the formation of,(a lAg) and, (PTP, 10 mJ per pulgeand probe(QUI, 20 mJ per pulse
of most relevance to this work, b '% ) in the photodis- peams were focused together simultaneously, using lenses of
sociation of ozoné. In particular, O'Keeffeetal.” have 6 cm focal length, in an ionization chamber, intersecting a
demonstrated the production of,(@'X;) following the  pulsed Q-in-He molecular beam at 90°. Following photoly-
photolysis of Q in the Huggins bands, sis of the ozone by the pump beam, the resultant

Oy[b l25(1}20)] fragments were probed using61+1")
_ 3 15+ +1]-REMPI scheme, accessing tlifv=1) state at the
Os v (Mipresi=463 1M —O(Py) +0o(b72g), (1 two-photon step. The Dions produced were collected by a
linear time-of-flight mass spectrometer and the ion current
by observing thel««Db(2,0) transition in a (2 1)-REMPI  from the micro-channel-plate detector was processed by a
probe of the @ photofragments. However, thewere unable  boxcar integrator. The very similar apparatus for the OODR
experiment has also been described elsewharehis case,

apresent address: LURE, @aent 209D, Center Universitaire Paris-Sud, @ Pulsed @ molecular beam was employ_ed and the pump
F-91898, Orsay Cedex, France. laser(R700, 5 mJ per pulgevas used to directly pump the

0021-9606/2002/117(19)/8705/5/$19.00 8705 © 2002 American Institute of Physics
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y T y y T * y y y TABLE |. Rotational-branch energies fod 'Ily(v=1)—«b'3I (v
i 26 3032 38 42 46 48 1 - . . 1
| O()m T 1| ] =0,J) transitions observed in the REMPI spectrum of,Gn cm™~. For
| | J<16, the energies are from the OODR spectra of Fig. 2;Jfe22, the
24 30 32 40 46 48 50 ! . . .
Tl A I i energies are from the _o_zone—photoly5|s—d_er|\_/ed spectra of Fig. 1. Due to
’5 | 2 28 30 38 40 44 46 48 | perturbations, the transitions are grouped in five segmarttgpughe (see
e RNITTI TT TP T 1 M i text).
s 22 28 28 36 38 42 44
:2’ SHrmm 11 T 1 J 0a(J) Pa(J) Ra(J) Sa(J)
E T 0 55117.7
= 2 55103.7 55119.3 55131.9
S 337.2 nm 4 55090.5 55100.6 55129.6 55149.0
*Ow 6 55082.3 55100.3 55140.8 55168.1
8 55077.3 55100.4 55155.5 55187.7
10 55074.0 55102.7 55 168.4
12 55071.0 55106.4
L 2 N L I L L L
55000.0 55500.0 Py 56000.0 0y(J) Pp(J) Ry(J) S,(J)
Two-photon energy (cm )
12 55 245.2
FIG. 1. [(1+1')+1]-REMPI spectra for thel '[1;——b ' (1,0) band 14 55218.8 55270.7
of O,, obtained following photodissociation of;Gn the Huggins bands at 16 550834 55132.8 55240.3 55298.9
337.2 and 344.0 nm, together with rotational assignments. The peak marked
with an asterisk results from g(1+2')+ 1]-REMPI process and is not 22 55320.2 55399.6
associated with thd state. 24 55190.8 55353.8 55438.5
26 55128.8 55209.7 55384.2 55475.1
28 55142.7 55231.7 55416.1 55497%
o 3w L " 30 55159.7 55 253.0 55 448.6
b3y «X"%;(0,0) magnetic-dipole transition of Onear 3, 55159.%
760 nm, selectively exciting single rotational levels of the
state. These levels were probérequency-doubled C102, 3 Oc(J) Pc(J) R:(J) Si(J)
mJ per pulsgusing a[(1+1")+1']-REMPI scheme. 28 55532.9
In the OODR experiment, the probe laser was simulta-30 55462.5 55566.3
neously calibrated optogalvanicaflywhile the accurately 32 gg ;gg-g 5252533?6‘20 5555554020? 5556§§i57
known b— X transition energiés served to effectively cali- 55931 % 553478 o5 5g5 & 55 708.7
brate the pump laser. As a result, the OODR spectra are, igs 55250 8 553787 55622 §b '
principle, calibrated tat 0.5 cni 1. However, we note that 40 55 405.7 55 555.8
Ridley et al.’ in a comparable OODR study of the(v 42 55 326.2"
=0) state, found that the line positions were subject to laser- o1 b3 R () 5
power-dependent shifts of up to 2 chto the blue, so the oY) oY) oY) Su9)
current spectra may be subject to an additional systematigs 55771.1
energy uncertainty. Unfortunately, since maximum laser0 ” 55684.0 55820.2
power was normally necessary to obtain spectra of reaso §2 gg 352'3 ‘Zg ;28'2 55875.1
aple S|gnal—to-n0|se ratio fzor transitions to these strongly preyg 55384 4 55531 2
dissociatedd(v=1) levels; it was not possible to perform
meaningful power-dependence studies of the line positions 0¢(J) Pe(J) Re(J) Se(J)
and widths in either the ozpne-p_hotolysus or OODR experi-, 55 948.0
ments. The ozone-photolysis-derived spectra were calibrateg 55846.9
against the OODR spectra, indirectly, by comparing the cor4s 55 439.8 55585.8 55 893.8
responding inferredi(v=1) term values. Since, as will be >0 55 622.9°

seen below, different groups dfstate rotational levels were g, -1 -

probed in each experiment, some degree of extrapolation wagiended.

involved in this procedure. The additional uncertainty intro-

duced by this extrapolation was minimized by bridging the

gap between each set of measurements usingetagive  of ~8 cm ! full-width at half-maximum(FWHM). Never-

d(v=1) terms of Lewiset al” We estimate that the resultant theless, we have managed to assign most of the rotational

absolute calibration uncertainty for the ozone-photolysisstructure, which, as indicated in Fig. 1, appears to originate

derived spectra is=2 cm . preferentially fromb-state rotational levels in the range
The d«+«b(1,0) [(1+1")+1]-REMPI spectra re- =22-50. Transition energies for the rotational branches as-

corded following Q photolysis at 337.2 and 344 nm, shown signed in Fig. 1, listed in the second part of Table I, were

in Fig. 1, exhibit regions of perturbation and differ signifi- determined from the positions of peaks in the two speftra.

cantly, suggesting photolysis-wavelength-dependetiistri- ~ Many lines are either partially or completely blended, but the

butions for theb(v=0) fragments, highed-values corre- Sbranch peaks are fairly well resolved. The estimated uncer-

sponding to the shorter photolysis wavelength. The spectrainty in determining the energy of an isolated peak-i%

are significantly power broadened, with apparent line widthem™ 2, i.e., less than the absolute calibration uncertainty.
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The d(v=1J4)«+«b(v=0J,) OODR{(1+1")
+1']-REMPI spectra are shown in Fig. 2 fdg=0-16.
Each spectrum in Fig. 2 has been shifted upwards in energy
by an amount equal to the appropridtstate energy. Thus,
peaks in the spectra resulting from transitions to a given
rotational level of thel state, e.g.R(J) andP(J+2), occur
at the same energy in Fig. 2, the resultant energy scale re-
flecting the term energy of the state. The spectral simplifi-
cation resulting from the pumping of singlestate levels is
evident, with, for the most part, single, resoh@dP, R, and
S branches occurring in each spectriitiss is the case for
the ozone-photolysis-derived spectra of Fig. 1, the spectra in
Fig. 2 are significantly power broadened, with apparent line
widths of ~7 cm™! FWHM, making it difficult to determine
the smaller predissociation line widths. Of particular interest
in Fig. 2b) is the absence of clearly observable transitions to
theJ=12 and 13 levels of thd state. This fact is consistent
with the conclusion of Lewiet al? that thed(v=1) level
suffers a local perturbation by the more strongly predissoci-
ated II1Hg valence state, neai=12, the resultant state-
mixing leading to diminution of the corresponding REMPI
signal because of increased competition with predissociation.
Transition energies for the rotational branches assigned in
Fig. 2 are listed in the first part of Table"4.

Rotational terms ford(v=1) were deduced from the
transition energies in Table | using thgv=0) terms im-
plied by the spectroscopic constants of Ref!feferred to
an energy zero for th 325(1;:0) state defined by the
Zare Hamiltoniant® Thesed(v=1) terms, for the most part
supported by combination differencEsare listed in Table Il
and displayed as reduced terfescles in Fig. 3, grouped in
segments labeled throughe. Four local perturbations are
evident, culminating al~12, 30, 39.5, and 46, respectively,
with effective interaction matrix elementsl;,~11, 18,
~21, and ~22 cm!, respectively. Previously, only
segmena and some segmet- terms have been
reported®®® containing only the single perturbation at
~12, attributed to a homogeneous interaction with the
=5 level of thell 1Hg valence staté.The new perturbations
observed here are evidently due to the6 to 8 levels of the
same state. This interpretation is supported by coupled-
channel(CC) calculations using théHg Rydberg-valence
interaction model of Ref. Zsolid curves in Fig. 3, raised by
8 cm 1), which are in excellent structural agreement with
the experimental results. These new experimental data
should be useful in refining the CC model of Leveisal?

A quadratic fit to the segmemt-terms in Table Il yields
the following spectroscopic constantsy=68230.4-0.3
cm !, B=1.661+0.012 cm!, and D=(2.7+0.9)x 104
cm 1, where the uncertainties arerlvalues and the root-
mean-square deviation of the fit is 0.4 ¢tk This B value is
consistent with expectation for a Rydberg series converging
on thev =1 level of the ionic ground staté 2Hg which has
B=1.66 cm %,'8 the anomalously largP value arising be-

0," lon Yield (arb. u.)

68200.0

0," lon Yield (arb. u.)

High rotational levels of O,

R(2) S(2)

i P2
A‘M‘deb:z

P4) R(4) S(4)

;/\;\MM_:AFA’

[ 5(6)

R(6)
P(6
46 o(e) F16) ]

8707

PRIV S T N SO SO WA T [ SR TR R N S R S N

68250.0 68300.0 68350.0

d-State Energy (cm_1)

rJ,678 91011 14 15 16 17

il R

8 P(8)A(8) S(8)

o

J,=8
0O(10) P(10) R(10)

N\«,Wﬂf 410

5(12)

X12) pr12)
[ J,=12

R(14) S(14)
J=14

R(16) S(16)]

o(16) P(18)
J=16

-

L L L | I I

68300.0 68500.0 68700.0

d-State Energy (cm'1)

68400.0

FIG. 2. OODRF(1+1')+1"]-REMPI spectra accessing tldell'lg(u=1)

cause of the perturbation by the valence state discussethte of Q via various rotational levels of the 'X (v=0) state.(a) J,

above. The present band origin differs b8 cmtand+4 =0-6. (b) J,=8—16. The spectra have been shifted to higher energy by
Cm_l, respectively, from the values reported by Morrill amounts equal to the appropridiestate energy, the resultant energy scale

;i A thus reflecting the term energy of thkstate, relative toX 33 (v=0).
1 9 10 9
et al,” derived from the experiments of Setral.” and Loo; Some weaker features in the spectra are due te-(2) resonances from

supporting the suggestion in Ref. 1 that those experimentseb state.
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TABLE II. Rotational term values for thel 1l'Ig(v=1) level of G, in
cm™ !, relative toX % (v=0). ForJ<18, the terms are from the OODR
spectra of Fig. 2; fod=23, the terms are from the ozone-photolysis-derived

40.0

O’Keefe et al.

spectra of Fig. 1. The terms occur in five segmeatthroughe (see text

[

Ta

Ty

TC

Tq

Te

O~NOO O WNBE

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
49

68 234.3
68 240.3
68 250.3
68 262.8
68 280.4
68 299.4
68 322.2
68 349.0
68 377.9
68 410.1
68 444.6

68584.0
68 633.1
68 684.9
68 740.6
68 799.2

69 145.3
69 224.7
69307.8
69 392.4
69480.4
69571.4
69 664.5
69 745.8

69 860.1

69781.8
69 874.0
69977.5
70086.3
70197.9
70313.1
70432.0
70551.8
70674.6
70795.2

70944.2

70943.4
71073.4
71209.6
71347.9
71492.4
71636.2

71804.1
71950.8
72 258.2

#Term value derived primarily from shoulders in spectra.

bTerm value derived from blended lines in spectra.

were probably uncalibrated. The present segnaeatid b

terms exceed those in the thesis of Ref. 3 by an average 02
1.9 cm!, within the combined uncertainties, the residual
difference probably arisifgdue to differing degrees of

power shifting in the two studies.

Rotational distributions for the(v=0) state formed in
reaction(1), shown in Fig. 4, were deduced from the spectra
of Fig. 1 by correcting the apparent strengths of $ieanch
lines for the effects of probe-laser intensity variations, the
two-photon rotational line strength$,and, using the CC
calculations’ the anomalous effects on the electronic part of
the strengths caused by the Rydberg-valence interactions.

-

Reduced Term Value (cm )

20.0
0.0

-20.0

-40.0 v6 v7

v8

[
1001

i L 1
0 2000
J(J+1)
FIG. 3. Comparison between present experimental reduced term values for
d 1Hg(v:1) (open circles: OODR results, segmeatandb; solid circles:
ozone-photolysis-derived results, segmemtthroughe) and calculations
using the CC model of Ref. &olid curve$. The computed terms have been
raised by 8 cm?'. The reduced terms were obtained by subtracting 68 234
+1.643)(J+1) cm ! from the absolute terms, in order to highlight the
perturbations af~12, 30, 39.5, and 46, caused by homogeneous interac-
tions between the Rydberg levé{v =1) and successive levels=5, 6, 7,
and 8, respectivelylabeled v5, v6, v7, and y&f the I 1Hg valence state.

from the CC absorption intensities by scaling according to
the inverse of the CC predissociation line widths. We empha-
size that the present distributions are only roughly deter-
mined, with estimated uncertainties near their peaks of
~30%. However, it is apparent that thév = 0)-state rota-
tional distributions for photolysis wavelengths of 337.2 and
344 nm, which excite thé4,0,1) and (3,0, Huggins bands

of O3, respectively?’ peak nead=34 and 28, with FWHMs
AJ~15. A preliminary analysis indicates that excitation of
the (3,1,) band at 340 nm yields a significantly lowdr
distribution than either of the above. This, apparently
vibration-dependent, predissociation thus yields distributions
with a much stronger wavelength dependence than predicted
by the direct-dissociation model of Levene and Valerfthi,

T
w
NN
N
>
3

337.2nm

n (arb. u.)

Relative Popula
——

20 30 40 50

I'—qG. 4. Rotational-state population distributions for thg ID'S, ; (v =0)]

this procedure, the ionization step in Fhe REMPI Process Wagagment following photodissociation of,Git 337.2 and 344 nm, estimated
assumed to be saturated, the relative ion signals deduc&dm the Sbranch spectra of Fig. 1 as described in the text.
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and observed im(v = 0)-stateJ distributions foIIowing Q 2where possible, the transition energies were averaged over both spectra.

13 " ; . . -
photolysis in the Hartley barfd.Further investigation of this "¢ QPranches are essentially absent, in agreement with expectation for
’ two-photon rotational line strengths () =1 transitions(Ref. 19.
effect is warranted.

1The listed transition energies do not, of course, include the energy shifts
used for display purposes in Fig. 2.

1J. S. Morrill, M. L. Ginter, B. R. Lewis, and S. T. Gibson, J. Chem. Phys. 15The b(v=0) spectroscopic constants of Ref. 11 are strictly applicable

2113L 173(1999. _ _ ' only for J<40. Thus, ourd-state terms derived from rotational-branch
B. R. Lewis, S. T. Gibson, J. S. Morrill, and M. L. Ginter, J. Chem. Phys. jines originating fromb(v = 0)-state levels withl=41-50 are subject to

3§1]é 136(;39& L Ginter E. S. H TG Sl R A Copeland extrapolation uncertainties. It is likely, however, that these uncertainties
- >- Morrifl, M. L. Ginter, E.5. iwang, 1. &. slanger, K. A. Lopeland, 5.6 yych smaller than the experimental uncertainties.
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