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The Huggins band of ozone is investigated by means of dynamics calculations using a new
~diabatic! potential energy surface for the 31A8(1B2) state. The good overall agreement of the
calculated spectrum of vibrational energies and intensities with the experimental spectrum,
especially at low to intermediate excitation energies, is considered as evidence that the Huggins
band is due to the twoCs potential wells of the1B2 state rather than the singleC2v well of the
2 1A8(1A1) state. The vibrational assignment of the ‘‘cold bands,’’ based on the nodal structure of
wave functions, on the whole supports the most recent experimental assignment@J. Chem. Phys.
115, 9311 ~2001!#. The quantum mechanical spectrum is analyzed in terms of classical periodic
orbits and the structure of the classical phase space. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1814098#

I. INTRODUCTION

Because of the importance of ozone for the shielding of
harmful UV light, its photophysics has been intensively
studied.1–3 Nevertheless, despite the enormous number of
experimental and theoretical studies there are still several
open questions, which wait for explanations. One of them
concerns the electronic and vibrational assignment of the
Huggins band (310 nm&l&370 nm). This absorption band,
which was first observed more than a century ago,4 is located
at the red end of the strong Hartley band. The cross section is
exceedingly small but increases by more than four orders of
magnitude within the range of the Huggins band. It shows a
long progression of diffuse vibrational structures, with the
diffuseness gradually increasing with excitation energy. The
assignment of the spectroscopic features in the Huggins band
has been debated for a long time; a comprehensive re´suméof
the assignments suggested in the literature recently was
given by O’Keeffeet al.5 Several points make a clear-cut
assignment of the Huggins band difficult: Doubts about the
upper electronic state and therefore the topography of the
relevant potential energy surface~PES!, the diffuseness of
the absorption features, and the congestion through hot
bands, which are pronounced even at room temperature.

The upper electronic state in the transitions giving rise to
the Huggins band can be either the second or the third singlet
1A8 state, 21A8(2 1A1) or 3 1A8(1 1B2), where the notations
in parentheses give the electronic symmetry inC2v geom-
etry; the ordering of states refers to the equilibrium geometry
of the ground stateX̃ 1A8(1A1) @see, for example, Fig. 1~b!
in Ref. 6#. The second state, calledA according to Hay
et al.,7 has a single minimum—not taking into account the
two additional equivalent minima arising due to exchange of
the oxygen atoms; it is located at theC2v symmetry line

(R15R2). The third state (B), on the other hand, has twoCs

minima with one bond length being substantially longer than
the other one (R1'3.2 a0 ,R2'2.3 a0).7–10 In what follows,
R1 and R2 denote the bond distances between the central
oxygen atom and the two outer ones anda is the OOO bond
angle. StatesA andB have an avoided crossing in the energy
range of the Huggins band. Both states asymptotically corre-
late with excited products, namely O(1D) and O2(a 1Dg).
They are crossed by a higher electronic state, usually referred
to asR, which correlates with ground state products O(3P)
and O2(X 3Sg

2). While the transition dipole moment func-
tion, m, with the ground stateX is very large for theB state,
it is very small for theA state.10,11 Both states are bound, in
the sense that the energy at the equilibrium geometry is be-
low the O(1D)1O2(a 1Dg) asymptote. However, their life-
times are shortened by nonadiabatic transitions to theR state
or, to a lesser extend, to the several triplet states, which cross
both states in the regions of their minima.12

Some authors13–15 have suggested that the structures in
the Huggins band are due to excitation of the vibrational
states supported by the potential well of theA state. In this
case, the Huggins band would be weak because of the small-
ness ofmXA . However, the equilibrium of theA state is not
anywhere near the equilibrium of the ground state (ae

5116.8°), but has an equilibrium bond angle of 60°; theA
state correlates with cyclic ozone when the bond angle is
varied.10,16–18Therefore, if theA state were the origin of the
Huggins band, a long progression in the bending mode
should be expected, in contrast to what is observed
experimentally.5 Other authors19–21 have suggested that the
Huggins band is due to excitation of the vibrational states
supported by the twoCs wells of theB state, i.e., that the
weak Huggins band has the same electronic origin as the
much stronger Hartley band. In this case, the Huggins band
would be weak because of the large displacement betweena!Electronic mail: rschink@gwdg.de
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the equilibrium geometries of theX and theB state. The
correct electronic assignment is important for a meaningful
vibrational assignment of the diffuse structures. The topog-
raphy of the two possible states is quite different and so is
the expected vibrational dynamics: While for theA state an
assignment in terms of symmetric and antisymmetric stretch
~normal! modes would be appropriate—as for the ground
state of ozone—, such an assignment appears to be unrea-
sonable in theCs wells of theB state, in which the two O–O
bonds are drastically different. In the latter case an assign-
ment in terms of local modes is more meaningful.

A trustworthy interpretation of the diffuse structures in
the Huggins band is only possible with dynamics calcula-
tions employing an accurate three-dimensional PES.22 The
electronic structure of the excited states of ozone is known to
be complicated and with 24 electrons accurateab initio cal-
culations for constructing PESs are exceedingly time con-
suming. The first reliable investigation of the excited states
of ozone is that of Hay and Dunning.16 However, this work
had been restricted toC2v geometries and therefore dissocia-
tion could not be studied. About five years later a full three-
dimensional~3D! PES for theB state was constructed by
Sheppard and Walker.23 This PES was based on electronic
structure calculations in the interaction region by Hayet al.,7

complemented by experimental information concerning the
products. Although its general shape with twoCs wells sepa-
rated by a barrier appears qualitatively correct, it has not
been used for explaining the Huggins band. About ten years
later Yamashitaet al.8 ~YMLL ! and Le Que´ré et al.24 con-
structed a new global 3DB-state PES using calculated po-
tential energies for approximately 80 geometries. The cross-
ings of theA, B, and R states have not been discussed in
detail by these authors. The YMLL PES has two rather shal-
low Cs wells with substantial barriers in the dissociation
channels. About the same time, Banichevichet al.9 calcu-
lated two-dimensional PESs for theB state for three different
bond angles; these surfaces are quite similar to the YMLL
PES. The YMLL PES mainly has been exploited to study the
photodissociation in the Hartley band of ozone.24–26 It was
also used, however, to calculate the eigenvalue spectrum of
the shallowCs wells.20,21Although some qualitative aspects
of the Huggins band were reproduced, these calculations left
a number of questions unanswered, e.g., vibrational assign-
ments, intensities, hot bands, and the actual types of vibra-
tional motions associated with the stretching modes. We will
compare these calculations to our results below. Incidentally
we note, that O’Keeffeet al.5 concluded that the Huggins
band is due to absorption by theA state. However, this as-
signment was made only because the energetics of the
YMLL PES is in disagreement with experimental data.

Recently, we started to investigate the UV photodisso-
ciation of ozone again by calculating one- and two-
dimensional cuts through the five lowest states of1A8
symmetry.10 Although the general behaviors of these cuts are
similar to those obtained in the previous studies, marked
quantitative differences have been found. Due to the in-
creased computer power the new calculations could be per-
formed on a higher level of electronic structure theory. In a
second study12 the investigation of Quet al.10 was comple-

mented by calculating one-dimensional cuts also for the
other symmetries,1A9, 3A8, and3A9, which allowed them to
also discuss spin-forbidden processes. The calculations for
the 1A8 states have been extended to include also the bend-
ing angle, i.e., full three-dimensional PESs have been calcu-
lated. In a first application we have constructed a 3D diabatic
PES for theB state and calculated the eigenvalue spectrum
in the Cs wells.6 Although the agreement with the experi-
mental spectrum is not perfect, it lead us to conclude with
confidence that the Huggins band should be assigned to ex-
citation of theB state.

In this article we provide the details of the publication of
Qu et al.6 The ab initio and dynamics calculations are de-
scribed in Secs. II and III, respectively. The results for16O3

and18O3 are presented and compared with the available ex-
perimental data for the Huggins band in Sec. IV. Additional
information about the eigenvalue spectrum is obtained from
an analysis of periodic classical orbits~Sec. V!. The conclu-
sions and suggestions for future work finish the article in
Sec. VI.

II. POTENTIAL ENERGY SURFACE AND TRANSITION
DIPOLE MOMENT

A. Electronic structure calculations

The electronic structure calculations for the 3D PESs of
the 1A8 states are identical to those described by Quet al.10

The internally contracted multireference configuration inter-
action method with single and double excitations~MRD-CI!
is used.27,28 The preceding complete active space self-
consistent field~CASSCF! calculations are performed with a
full-valence active space with 18 electrons in 12 orbitals and
with the three oxygen 1s orbitals being doubly occupied but
fully optimized. They are averaged over the five lowest1A8
states leading to 4309 configurations with 8029 configuration
state functions~CSFs!. The fifth 1A8 state has been included
in order to ensure that the lower four states (X, A, B, andR
in diabatic notation!, which are the most important for de-
scribing the dissociation in the ultraviolet~UV! region, are
well behaved. In the MRD-CI calculations all 18 valence
electrons are correlated; however, the 6 electrons in the three
oxygen 1s orbitals are frozen. Dunning’s augmented corre-
lation consistent polarized valence triple zeta~aug-cc-pVTZ!
basis set has been used throughout.29 The most important
configurations are selected with a 0.025 cut-off threshold for
the norms of all CSFs and with at most 6 and 10 open shells
in the reference and the internal space, respectively. This
leads to about 90 reference configurations with 140 CSFs, or
about 4 000 000 contracted configurations. The Davidson
correction is applied in order to approximately account for
higher-level excitations.30 All calculations are carried out
with the MOLPRO suite of programs.31

The two bond distancesR1 andR2 and the bond anglea
are used to define the 3D grid. One distance is varied be-
tween 1.9a0 and 3.4a0 with a step size of 0.1a0 and the
other one between 1.9a0 and 8.0a0 with step sizes of
0.1 a0 , 0.25a0 , 0.5 a0 , and 1.0a0 for the intervals
@1.9,3.5#, @3.5,4.5#, @4.5,6.0#, and@6.0,8.0#, respectively. The
angular grid ranges from 60° to 180° withDa510°. All
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potential energies quoted in this work are measured with
respect to the equilibrium of the ground state PES.

One-dimensional cuts along the dissociation bond,R1 ,
for fixed O–O bondR2 and bond anglea are depicted in
Figs. 1–3. The data are the ‘‘raw data’’ as extracted from
MOLPRO. Shown are theadiabaticenergies, i.e., the symbols
reflect the energetic ordering and not the character of the
corresponding wave functions. Figures 1–3 clearly illustrate
the complexity of the electronic structure of the1A8 states.
There are quite a number of avoided crossings; unlike coni-
cal intersections, these avoided crossings are not related to
symmetry. At energies higher than;6 eV there are addi-
tional avoided crossings, which, however, are not clearly
seen when only five states are calculated~see, for example,
the panels forR252.8 a0). Even though the symbols indi-
cate the adiabatic potential curves, it is not difficult to follow
‘‘by eye’’ diabatic potential curves, i.e., potential curves
which are allowed to cross. The diabatic potentials are la-
beled byX for the ground state, byA andB for the two states
which are possibly excited in the Huggins–Hartley band sys-
tem, by R for the repulsive state, which crossesA and B

leading to ground state products, and byC; the latter one is
not involved in the UV photodissociation.

As already mentioned in Ref. 10 the patterns of avoided
crossings depend sensitively onR2 anda. Important for the
dynamics in the Huggins–Hartley band system are the cross-
ings betweenA andB, A andR, andB andR. For 110° and
R252.2 a0 these three crossings are well separated~Fig. 2!.
When R2 is elongated they come closer and closer, both in
terms of energy and in terms of the separation on theR1 axis.
For R252.6 a0 the three states ‘‘cross’’ almost in one point.
Although this general behavior is similar for the other two
angles, displayed in Figs. 1 and 3, there are noticeable dif-
ferences. Loosely speaking, the mixing between statesB and
R, for example, indicated by the energy separation at the
avoided crossing, is strongest for 90°. ForR252.6 a0 and
2.8 a0 the spacing between the third and the forth curve (B
and R in the diabatic sense! is so large that the adiabatic
picture appears to be more reasonable than the diabatic one.

Ideally, one would like to do a three-state diabatization
in order to determine three diabatic potentialsVii with i
51 – 3 and the corresponding coupling elementsVi j with i
, j . If the three avoided crossings are well separated such a
procedure is feasible. However, when the curves cross in
approximately a single point, the diabatization becomes
much more involved.32 Moreover, the MRD-CI calculations
performed in this work are very time consuming and, there-
fore, diabatization calculations as implemented in theMOL-

FIG. 1. One-dimensional cuts through the potential energy surfaces of the
five lowest states of ozone with1A8 symmetry. The adiabatic energies are
depicted. Energy normalization is so thatE50 corresponds to the equilib-
rium of the ground state potential energy surface (X). A, B, C, and R
indicate the diabatic potential curves as discussed in the text. The bond
angle is 90° and the O–O bond distanceR2 ranges from 2.2a0 to 2.8a0 .

FIG. 2. The same as in Fig. 1, but fora5110°.
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PROsuit of programs or which are based on the nonadiabatic
coupling matrix elements33,34are beyond our practical possi-
bilities at present time. For these reasons we decided to con-
struct a diabaticB-state PES in the simplest way, i.e., by
selecting appropriate points by eye in order to obtain smooth
potential cuts. Examination of the main molecular orbital
configurations as well as the transition dipole moments are
also helpful for distinguishing points which belong to the
diabaticB state. The purpose of the present work is an analy-
sis of the Huggins band, i.e., the vibrational states in the
shallow minima of theB-state PES which ranges from about
3.4 eV to about 4.2 eV. Within this energy range the mixing
betweenB on one side andA and R on the other is rather
small as compared to the higher energy regime and, there-
fore, this simplistic diabatization procedure appears to be
reasonable. From excitation spectroscopy of jet-cooled ozone
Sinhaet al.19 concluded that the homogeneous linewidth of
single absorption lines is of the order of only 1 to 2 cm21.
This indicates that the coupling betweenB andA/R is com-
paratively weak. However, the simple diabatization scheme
is certainly not appropriate to study photodissociation in the
Hartley band, where the nonadiabatic coupling is stronger.

Altogether about 1900 points in the angular interval
70°<a<140° have been selected for fitting theB-state
PES; at smaller and larger angles the mixing is stronger and
selecting appropriate points is not unambiguous. Incidentally
we note, that a similar procedure has been applied by Hay
et al.7 for constructing the firstB-state PES. Yamashita
et al.8 very likely followed the same procedure, although
they did not explicitly mention how the avoided crossings
have been treated in their construction of theB-state PES.

B. Analytical fit of the B-state PES

The selected diabatic energies are fitted to an analytical
expression of the Sorbie and Murrell type35 according to

V~R1 ,R2 ,R3!5a1D1VI~R1 ,R2 ,R3!1(
i 51

3

v i~Ri !, ~1!

where the

v i~Ri !5D@12e2j(Ri2Re)#22D ~2!

are Morse potentials representing the asymptotic potential
of O2(1Dg). The parameters a54.045 69 eV,
D55.107 84 eV,j51.341 76a0

21, andRe52.316 45a0 are
determined by least-squares fitting of the original data at an
O–O2 distance of 8a0 . The parametera is the energy sepa-
ration between the minimum of theX-state PES and the
minimum of the O(1D)1O2(a1Dg) asymptote. The three-
body term is given by

VI~R1 ,R2 ,R3!

5)
i 51

3

@12tanh~bRi !#(
l 51

31

Cl Pl
kmn~R1 ,R2 ,R3!. ~3!

The Pl
kmn are combinations of polynomialsR1

kR2
mR3

n , which
are fully symmetric in all three bond distances, with 0<k
1m1n<7. For example, fork53, m53, andn51 the cor-
responding polynomial is

P3315R1
3R2

3R3
11R1

1R2
3R3

31R1
3R2

1R3
3,

and fork55, m51, andn50 it is

P5105R1
5R2

11R1
1R2

51R2
5R3

11R2
1R3

51R3
5R1

11R3
1R1

5.

The coefficientsCl are determined by linear least-squares
fitting and the parameterb is adjusted ‘‘by hand’’ to ensure
that the three-body term smoothly goes to zero when the
dissociation channels are approached.

We performed two independent fits. In the first fit,
termedV1 , all energies below 4 eV are given unit weight,
while the points with higher energies are weighted with
exp@20.64(Ei24.0)2#<1. In the second fit, termedV2 , all
geometries are equally weighted. The parametersb for V1

andV2 are 0.640 and 0.683, respectively, and the coefficients
Cl for both potentials are given in Table I. Distances are
given in atomic units and potential energies in eV. The final
PES is the combination of both fit potentials according to

V5H V1 for V1<4.0 eV

V21exp@22~V124!2#~V12V2! for V1>4.0 eV
.

~4!

By combining the two fit potentials we accomplish that the
fit is optimal in the region of the potential well and that the
higher energies are still reasonably represented. The root
mean square deviation of the fitted PES from theab initio
data is 0.033 eV for energies below 4 and 0.096 eV for all
energies below 5 eV. When considering these deviations one
has to keep in mind at least three aspects. First, the general
quality of the electronic structure calculations, in which five
states are determined simultaneously, is not as high as if, for
example, only the ground state PES is calculated.36 Second,

FIG. 3. The same as in Fig. 1, but fora5130°.
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convergence problems in theab initio calculations have been
encountered at a substantial number of points. Curing these
problems and, in addition, using the 0.025 cut-off threshold
for selecting the configurations lead to some ‘‘noise’’ in the
original data, which to some extent is smoothed by the ana-
lytic fit. Third, at higher energies the selection of potential
energies for the diabatic potential is not unique.

The characteristic data of the fittedB-state PES are
given in Table I of Ref. 6 and not repeated here. Two-
dimensional contour plots are depicted in Fig. 4. There are
six equivalent minima; however, in each of the two-
dimensional cuts with one coordinate being fixed only two of
them are observed. Qualitatively, the new PES looks similar
to the older ones of Sheppard and Walker23 and Yamashita
et al.8 Quantitatively, however, there are marked differences.
For example, the YMLL PES has a substantial dissociation
barrier, whereas our PES has only a tiny barrier of 8 meV.

C. Transition dipole moment function

The MRD-CI calculations also yield the transition dipole
moments of all excited states,mW BX , mW AX , etc., with the
ground electronic stateX. The out-of-plane component of
mW BX is always zero. Because orientation and alignment ef-
fects are irrelevant for the present study, we take as transition
dipole moment the absolute value ofmW BX . About 800 data
points on the grid defined by 2.0a0<R1<4.0 a0 , 2.0 a0

<R2<2.7 a0 , and 90°<a<150° are used to fit the transi-
tion dipole moment functionmBX . At some geometries the
mixing with the A state leads to sharp structures ofmBX ;
they have been smoothed out, i.e., the diabatic transition di-
pole moment function is used rather than the adiabatic one.
mBX is represented by

mBX~R1 ,R2 ,R3!5expS 22(
i 51

3

Si
2/d2D (

i 51

3

exp~2Si
2/d2!

3(
l 51

31

Dl Pl
knm~S1 ,S2 ,S3!, ~5!

where the polynomials are the same as used for representing
the PES andSi5uRi2R0u. The parametersDl are deter-
mined in a least-squares fitting procedure~Table I!. The other
parameters areR052.01a0 andd51.21a0

21. Both, the dis-
tances and the transition dipole moment function are given in
atomic units. The analytical fit of the transition dipole mo-
ment function is valid only in the range of the original cal-
culations. Two-dimensional contour plots ofmBX are shown
in Fig. 5. TheB-state transition dipole moment is very large
near the Franck–Condon~FC! point which explains why the
Hartley band is so intense. Outside the FC region, towards
large O–O2 bond distances,mBX monotonically decreases.

TABLE I. CoefficientsCl @Eq. ~3!# andDl @Eq. ~5!# for the two fitted potential energy surfaces of theB state
of ozone,V1 andV2 , and theB←X transition dipole moment function,mBX .

l k m n V1 V2 mBX

1 0 0 0 2.619 364 768~8!a 4.627 009 628~8! 0.507 685 58
2 1 0 0 21.721 347 776 (8) 23.961 061 679 (8) 22.091 338 29
3 2 0 0 5.088 978 416~7! 1.191 169 029~8! 3.950 932 00
4 1 1 0 9.682 077 595~7! 3.165 947 114~8! 4.594 128 19
5 3 0 0 29.137 272 745 (6) 21.442 033 133 (7) 21.547 017 65
6 2 1 0 22.106 654 115 (7) 28.664 188 953 (7) 26.289 755 73
7 1 1 1 26.310 582 37 (7) 22.353 821 967 (8) 24.642 083 16
8 4 0 0 1.831 610 654~6! 7.449 363 789~5! 20.944 883 11
9 3 1 0 5.335 228 361~5! 8.631 404 515~6! 5.845 912 64

10 2 2 0 5.305 783 116~6! 2.161 574 084~7! 1.182 689 88
11 2 1 1 1.386 233 081~7! 5.791 867 504~7! 4.312 697 79
12 5 0 0 23.299 724 41 (5) 21.884 772 856 (3) 1.104 751 71
13 4 1 0 2.255 516 569~5! 23.494 130 129 (5) 22.946 678 42
14 3 2 0 23.425 715 755 (5) 21.825 312 53 (6) 20.488 731 19
15 3 1 1 24.375 927 815 (5) 24.177 812 58 (6) 24.887 498 55
16 2 2 1 23.237 289 176 (6) 21.292 027 098 (7) 3.884 306 77
17 6 0 0 2.899 723 573~4! 21.459 059 723 (4) 20.417 228 99
18 5 1 0 26.881 109 763 (3) 4.550 226 504~4! 0.933 947 89
19 4 2 0 23.872 194 051 (4) 21.684 293 455 (4) 20.080 057 47
20 4 1 1 26.704 142 029 (4) 2.541 757 206~4! 1.581 160 76
21 3 3 0 8.163 498 885~4! 2.231 880 805~5! 0.349 188 53
22 3 2 1 1.350 192 862~5! 7.229 860 368~5! 21.802 232 89
23 2 2 2 7.616 442 142~5! 2.651 266 023~6! 1.278 983 75
24 7 0 0 21.309 103 501 (3) 25.452 074 795 (1) 0.057 280 88
25 6 1 0 1.318 900 233~3! 3.248 667 18~3! 20.140 570 48
26 5 2 0 22.039 899 391 (2) 26.350 394 249 (3) 0.060 931 50
27 5 1 1 26.418 476 888 (3) 22.610 919 034 (4) 20.049 597 95
28 4 3 0 25.539 203 62 (2) 4.376 899 134~1! 20.040 298 29
29 4 2 1 1.658 704 857~4! 3.705 444 988~4! 0.039 493 30
30 3 3 1 22.130 091 596 (4) 27.269 750 732 (4) 0.513 986 65
31 3 2 2 22.932 003 575 (4) 21.064 214 972 (5) 20.002 950 00

aNumbers in parentheses indicate powers of ten.
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The FORTRAN codes for calculating the PES and the transi-
tion dipole moment function can be obtained from one of the
authors~Schinke!.

III. DYNAMICS CALCULATIONS

Because of the permutation symmetry there are three
equivalent ozone conformers for16O3 and 18O3 . Two of
them can be seen in Fig. 4~b!, one neara5110° and the
other one neara540°. Since there exists a sizable barrier
along the shortest connection between the wells belong to
different conformers, it suffices to perform the calculations
for a single conformer. The path with the lowest energy from
one conformer to another one runs via the O1O2 asymptote,
i.e., the minimal energy between two conformers is the dis-
sociation energy. In the present study, however, energies only
up to the dissociation energy are considered. In order to take
the C2v symmetry of each conformer into account the dy-
namics calculations are performed using ‘‘symmetric’’ Jacobi
coordinates:R is the distance from the central oxygen atom
to the center-of-mass of the two end atoms,r is the distance
between the two end atoms, andg denotes the angle between

the vectorsR and r . These coordinates were previously em-
ployed for the calculation of vibrational–rotational states in
the ground electronic state36,37or for the photodissociation of
ozone in 3B2 electronic state.38 The Hamiltonian in these
coordinates is symmetric with respect to the exchange of the
two end atoms, i.e., it is symmetric with respect tog590°.
Thus, the eigenstates are either symmetric or antisymmetric
with respect tog590°. The energy difference between the
symmetric and the corresponding antisymmetric states repre-
sents the tunneling splitting between the twoCs wells of the
B-state PES. This symmetry can be incorporated in the nu-
merical grid in the same way as was done, e.g., for ozone in
the X state.37

All calculations are for zero total angular momentum.
The discrete variable representation39 ~DVR! is used to rep-
resent the Hamiltonian matrix. Typically, the following grid
parameters are adopted: 0.5a0<R<3.0 a0 with 64 potential
optimized points40 and 3.0a0<r<7.0 a0 with 64 potential
optimized points. The angular coordinate is represented by
64 Gauss–Legendre quadrature points41 in the interval 0

FIG. 4. ~a! Contour plot of theB-state potential energy surface as function
of the two bond distances for fixed bond anglea5110°. The highest con-
tour is 6 eV and the energy spacing is 0.25 eV. The dot marks the Franck–
Condon point.~b! Contour plot as function of one bond distance and the
bond angle; the other bond distance is fixed at 2.3a0 . Other details are the
same as in~a!.

FIG. 5. ~a! Contour plot of the transition dipole moment functionmBX as
function of the two bond distances for fixed bond anglea5110°. The
contours are in atomic units. The full circle marks the Franck–Condon point
and the open circles indicate the minima of theB-state PES.~b! Contour
plot of the transition dipole moment functionmBX as function of one bond
distance and the bond angle; the other bond distance is fixed at 2.3a0 . The
other details are the same as in~a!.
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<g<90°. Only those points are retained in the grid, whose
potential energy is smaller than 6.5 eV.

Two types of dynamics calculations have been per-
formed: Filter diagonalization42,43 and harmonic inversion.44

In the filter diagonalization method first an appropriate set of
basis functions is generated in a small energy window by
applying a filtering operator onto an initial wave packet. In
the second step, the Hamiltonian is then diagonalized in the
sub-space of this energy-adapted basis functions. The eigen-
functions are explicitly provided by the calculation and can
be analyzed in terms of their nodal structures. Calculations
are performed in a set of narrow energy windows in order to
cover a larger range of energies. IntensitiesI n

( i ) are deter-
mined as

I n
( i )5u^F i

XumBXuCn
B&u2, ~6!

whereF i
X and Cn

B are vibrational wave functions in theX
and theB state, respectively.

In the harmonic inversion approach an initial wave
packetmBXF i

X is propagated and the eigenenergies and in-
tensities are obtained by signal processing of the Chebychev
autocorrelation function$cn%, i.e., the overlap of the initial
wave packet with the Chebychev vector at iterationn. No
basis functions have to be stored and therefore the harmonic
inversion method requires much less core memory than the
filter diagonalization method. For this reason, considerably
larger grids with more grid points can be used. Because the
density of states is small, no convergence problems have
been encountered in the analysis. In order to obtain intensi-
ties for different initial vibrational statesi in the X state
different initial wave packets have to be propagated. It has
been checked that both methods yield the same results. The
deviations in the energies are smaller than 0.1 cm21 and the
intensities typically agree within a few percent.

Incidentally we note, that the tunneling splitting between
symmetric and antisymmetric states is negligibly small. For
the relatively high energy window from 3.90 to 3.92 eV the
maximum splitting is of the order of only 0.02 cm21. In the
present study we consider only absorption from the~0,0,0!
ground state in theX state, which is symmetric. Therefore,
only the symmetric states in theB state are of relevance; the
corresponding antisymmetric states have zero overlap. If the
initial state in the ground electronic state is antisymmetric,
i.e., v3 is odd, the reverse is true.

IV. RESULTS

A. Energies, wave functions, and assignments

We have calculated the vibrational eigenstates of16O3

and18O3 up to about 4.1 eV; for comparison, the equilibrium
energy is 3.429 eV and the energy of the quantal~classical!
dissociation limit is 4.136 eV~4.046 eV!.6 All wave func-
tions have been visually inspected using a three-dimensional
plotting routine in order to assign quantum numbers
(v1 ,v2 ,v3). The quantum numbers refer to only one of the
Cs wells. v1 counts the nodes along the long O–O bond,v2

is the bending quantum number, andv3 refers to excitation
of the short O–O bond. In all previous studiesv1 and v3

were assigned to symmetric and antisymmetric stretch mo-

tion, respectively. Such an interpretation of the modes is not
reasonable for a molecule in which the two bond lengths
differ by a factor of roughly 1.4. The excitation energies
~with respect to the ground vibrational state in theB state!
are listed in Tables II and III together with the assignments.
The bending frequency is the smallest while the short-bond
stretch frequency is the largest. The ratio of the three funda-
mental frequencies is approximately 2:1:4, i.e., one quantum
of then1 (n3) mode is worth two~four! quanta of the bend-
ing mode. However, with increasing excitation this ratio
tends to 2:1:5~see below!. Also shown in Tables II and III
are the relative intensities~normalized with respect to the
ground vibrational state!.

The progression of pure bending states, (0,v2,0), is very
long. We followed it only up tov2512, but very likely it
continues almost unperturbed to even higher excitations. The
corresponding wave functions for several members of this
progression are depicted in Fig. 6 as functions ofR and r .
The corresponding two-dimensional cut of the PES is shown
in the first panel of the same figure. The third coordinate,g,
is chosen so that the potential energy is minimal for a par-
ticular set (R,r ); in this way the dissociation channel when
both R and r become large is visible. Of the three possible
two-dimensional planes, (R,r ), (R,g), and (r ,g), the first
one is best suited to illustrate excitation of the bending as
well as the long-bond stretching mode. The pure bending
states do not lead to dissociation. They avoid the FC region
and their separation from it remains more or less the same
which explains why their intensities do not change much
from v250 to 12 ~Tables II and III!.

The pure long-bond stretch progression, (v1,0,0), also
can be followed without problems to high excitations. Ex-
amples of the corresponding wave functions are depicted in
Fig. 7. Up tov154 the wave functions are very clear and not
significantly perturbed. With~5,0,0!, however, systematic
mixing with another type of states sets in. The wave func-
tions for ~6,0,0! and ~7,0,0! seem to consist of two different
branches, one which is almost independent ofr and another
one in which bothr andR elongate simultaneously. On the
first glance, the wave functions of the (v1,0,0) states ad-
vance towards the dissociation channel asv1 increases. This
is expected for the mode in which the long O–O bond, that
is, the dissociation bond is excited. However, a more careful
examination shows that the backbones of the wave functions
for v1<4 do not exactly point to the transition state~TS!
barrier in the dissociation channel~see the first panel in Fig.
7!, but are slightly deflected from it. This is probably a con-
sequence of the 2:1 resonance between the long-bond
stretching and the bending mode.45 The (R,r ) dependent
branches of the~6,0,0! and ~7,0,0! wave functions do point
towards the TS in the dissociation channel. This change of
the qualitative structure of the higher members of the long-
bond stretching progression illustrates the gradual increase of
mixing with states that do lead to dissociation. More detailed
discussions are given in Sec. V of this article and especially
in Ref. 46.

With increasing excitation the wave functions of the
(v1,0,0) states extend further and further in the direction of
the FC point with the result that the overlap with the (0,0,0)X
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ground-state wave function and, therefore, the absorption in-
tensity rapidly increases, at least up tov154. This behavior
is interrupted at state~5,0,0!. The intensity drops to a mini-
mum atv156 and then it rises again. It appears plausible to
assume that this qualitative change of the behavior of the
intensity with v1 is caused by the changes of the (v1,0,0)
wave functions discussed above, although the pictures in Fig.
7 do not provide clear clues. Because the intensities are ex-
ceedingly small, they are sensitive probes of the structure of
the wave functions; a very small change may have a drastic
implication.

Because of the large frequency, which is close to the
frequency of the free O2 molecule, the (0,0,v3) progression
is short; only the statesv351 – 3 are in the energy range

considered. Excitation of the short-bond stretch is best seen
in projections on the planes (R,g) or (r ,g). While state
~0,0,1! is rather pure, the overtonesv352 and 3 are gradu-
ally more perturbed. Since excitation of the short O–O bond
does not shorten the distance to the FC point, excitation of
the v3 bond by one and two quanta does not increase the
intensity substantially. However, because of mixing with
some ‘‘bright’’ state the intensity of~0,0,3! is large. The na-
ture of this perturbing state is not clear. All states in the
immediate vicinity of ~0,0,3!, like ~6,2,0!, ~2,9,0!, and
~5,4,0!, are well behaved. A possible candidate for mixing
with ~0,0,3! is state~2,0,2!. It is ;80 cm21 lower in energy,
but the change in quantum numbers is small.

The (v1 ,v2,0) combination states are all very clear and

TABLE II. Assignments, transition energies, deviations from experimental transition energies, and relative
intensities@for excitation from the vibrational ground state (0,0,0)X] of the calculated vibrational states for
16O3 .

no. (v1 ,v2 ,v3) DE exp.2cal. I no. (v1 ,v2 ,v3) DE exp.2cal. I

1 000 0a 1.0 46 340 3291.5 274 343.6
2 010 386.6 1.0 47 051 3344.6 59.1
3 100 702.4 3 9.3 48 260 3363.1 196.6
4 020 766.8 1.0 49 180 3440.7 88.8
5 110 1071.6 215 11.6 50 301 3441.5 1417.8
6 030 1140.5 0.9 51 510 3467.3 270 95.3
7 200 1373.9 221 42.6 52 430 3510.0 252 1683.3
8 120 1434.2 13.8 53 0100 3522.1 1.8
9 001 1495.0 3.0 54 221 3528.6 64.1

10 040 1507.0 0.7 55 102 3569.5 2.2
11 210 1724.7 234 64.5 56 350 3582.8 932.8
12 130 1789.7 15.4 57 141 3604.3 9.6
13 050 1865.7 1.3 58 022 3656.4 53.1
14 011 1879.2 2.9 59 270 3661.0 247.8
15 300 2012.5 242 120.9 60 061 3693.4 1.8
16 220 2068.4 234 90.3 61 600 3695.5 283 6.2
17 140 2137.7 18.4 62 520 3732.0 254 1337.0
18 101 2181.6 39.1 63 190 3740.0 41.7
19 060 2216.5 1.1 64 311 3779.0 3582.0
20 021 2256.7 3.1 65 440 3803.7 266 119.9
21 310 2343.4 243 211.6 66 0110 3819.0 3.1
22 230 2404.7 115.2 67 231 3849.5 1594.6
23 150 2477.6 21.2 68 360 3874.9 249.1
24 111 2547.7 56.8 69 112 3926.4 199.3
25 070 2558.4 0.8 70 151 3933.2 228.7
26 400 2615.5 267 226.6 71 610 3939.9 253 233.6
27 031 2627.1 1.3 72 280 3953.8 111.1
28 320 2666.9 255 339.4 73 530 3992.8 246 2781.1
29 240 2733.0 147.9 74 1100 4017.4 115.9
30 160 2808.6 26.3 75 032 4023.0 0.3
31 201 2831.4 285.1 76 401 4038.4 3347.1
32 080 2890.6 1.8 77 071 4038.9 148.3
33 002 2897.5 2.0 78 450 4061.9 270 2303.8
34 121 2910.4 30.2 79 0120 4101.4 7.6
35 410 2925.5 263 446.9 80 321 4106.4 2413.9
36 330 2981.7 258 382.5 81 370 4136.8 1352.9
37 041 2991.0 77.6 82 700 4152.5 271 472.6
38 250 3052.4 183.6 83 202 4158.2 33.7
39 170 3130.0 31.7 84 241 4180.4 406.1
40 500 3173.2 276 53.6 85 620 4193.7 258 6.3
41 211 3185.9 908.0 86 290 4216.3 499.4
42 090 3212.2 1.6 87 003 4238.9 1101.9
43 420 3225.3 260 380.3 88 540 4244.6 248 1845.7
44 131 3256.2 320.5 89 161 4263.2 1.4
45 012 3282.5 182.3

aAbsolute energy: 3.595 eV.
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unambiguously assignable. The same is valid for the
(0,v2 ,v3) and, mostly, for the (v1,0,v3) states. Generally
speaking, perturbations are largest if all three modes are si-
multaneously excited. What has been said about the16O3

spectrum is generally true also for18O3 and, therefore, a
detailed discussion of its eigenvalue spectrum is skipped.
There is, however, one quantitative difference: In contrast to
16O3 the change in the intensities for progression (v1,0,0)
occurs atv156 rather than 5. This shows that the effect
leading to the qualitative change in the spectrum sensitively
depends on dynamical details, e.g., the atomic masses.

B. Comparison with experiment

The comparison between experimental and calculated vi-
brational transition energies is based on the energies and as-

signments given in Table I of O’Keeffeet al.5 The experi-
mental energies are those of Katayama47 whereas the
assignments are those of O’Keeffeet al.5 Only the ‘‘cold
bands’’ are taken into account in the comparison; our assign-
ment of the ‘‘hot bands’’ differs from that of O’Keeffeet al.5

as will be discussed elsewhere.48 For 16O3 the ground vibra-
tional state of the excited state has a transition energy~mea-
sured with respect to the lowest vibrational state in the
ground electronic state! of 27 112 cm21. The corresponding
energy for 18O3 has not been given. Using the calculated
zero-point energies for16O3 and18O3 in theX state36 and the
same data for theB state calculated in the present work, a
value of 27 115 cm21 is estimated.~The entries for18O3 in
Table I of Ref. 5 are misaligned; this failure has been cor-

TABLE III. Assignments, transition energies, deviations from experimental transition energies, and relative
intensities@for excitation from the vibrational ground state (0,0,0)X] of the calculated vibrational states for
18O3 .

no. (v1 ,v2 ,v3) DE exp.2cal. I no. (v1 ,v2 ,v3) DE exp.2cal. I

1 000 0a 1.0 46 340 3135.2 264 787.0
2 010 365.3 1.1 47 051 3168.8 45.6
3 100 664.6 20 10.0 48 260 3203.4 303.5
4 020 725.0 1.1 49 301 3273.2 2048.5
5 110 1014.6 28 13.3 50 180 3277.1 43.1
6 030 1078.8 1.1 51 510 3307.1 264 24.2
7 200 1301.9 212 50.3 52 221 3339.7 2345.5
8 120 1358.6 16.4 53 0100 3354.4 1.9
9 001 1414.8 3.6 54 430 3360.6 253 414.2

10 040 1426.6 0.9 55 102 3386.3 18.9
11 210 1635.7 224 79.2 56 141 3411.6 1072.2
12 130 1696.5 19.0 57 350 3425.8 389.6
13 050 1767.4 1.7 58 022 3466.2 0.2
14 011 1778.0 3.5 59 270 3490.0 404.2
15 300 1910.3 233 157.1 60 061 3502.1 23.1
16 220 1963.2 234 114.3 61 600 3534.5 279 0.1
17 140 2027.9 23.1 62 190 3566.9 132.5
18 101 2065.6 47.9 63 520 3568.1 249 3237.5
19 060 2101.4 1.4 64 311 3597.6 2687.8
20 021 2135.1 4.1 65 440 3630.8 264 2145.4
21 310 2226.7 241 283.9 66 0110 3643.0 3.2
22 230 2284.2 149.3 67 231 3661.0 1079.9
23 150 2352.2 27.0 68 360 3698.9 1268.7
24 111 2412.9 71.7 69 112 3726.8 179.4
25 070 2427.8 1.3 70 151 3738.1 98.2
26 031 2486.3 15.8 71 280 3772.0 464.5
27 400 2487.7 257 315.1 72 610 3777.6 257 772.0
28 320 2536.5 244 465.0 73 032 3811.5 0.1
29 240 2598.3 194.8 74 530 3823.9 245 5042.5
30 160 2669.0 34.0 75 071 3824.1 1876.6
31 201 2684.9 358.0 76 1100 3847.0 26.1
32 080 2745.8 4.3 77 401 3847.6 991.3
33 002 2747.2 11.3 78 450 3885.8 256 7411.3
34 121 2757.8 56.3 79 321 3911.2 505.0
35 410 2785.4 249 642.9 80 0120 3919.6 5.7
36 041 2830.6 7.1 81 370 3955.3 3399.2
37 330 2839.9 254 649.6 82 202 3956.6 351.5
38 250 2904.9 246.5 83 241 3980.3 8.5
39 170 2977.6 40.7 84 700 3992.8 273 174.8
40 211 3015.4 467.7 85 003 4023.5 722.9
41 500 3032.6 272 770.6 86 620 4026.5 251 57.3
42 090 3055.1 2.2 87 290 4031.9 1138.0
43 420 3074.0 249 575.5 88 161 4053.1 162.7
44 131 3088.1 563.8 89 122 4069.3 168.5
45 012 3112.4 44.8 90 540 4077.1 244 6713.0

aAbsolute energy: 3.586 eV.
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rected in accordance with one of the authors of Ref. 5, T.R.!
Tables II and III give the differences of the experimental and
calculated vibrational transition energies.

The agreement of the calculated excitation energies with
the experimental ones is good. The average deviation is
53 cm21 for 16O3 and 48 cm21 for 18O3 . In view of the
limited level of electronic structure theory, the very crude
‘‘diabatization’’ procedure, and the neglect of nonadiabatic
transitions to theA andR states~or the many triplet states!,
the success of the present calculations is notable. The devia-
tions gradually increase with energy. The agreement appears
even better if we consider separations between neighboring
states of individual progressions. Examples are given for the
purev1 progression and the (v1 ,v2,0) progressions for sev-
eral v1 in Table IV.

However, the kind of comparison between experimental
and theoretical excitation energies as presented in Tables
II–IV is questionable: It is not clear whether the theoretical
state~5,0,0!, for example, corresponds to the state which is
termed ~5,0,0! in the assignment by O’Keeffeet al.5 The
theoretical assignment is based on the wave functions and it
is for the majority of states listed in Tables II–IV unique.
The experimental assignment, on the other hand, is based on
energy separations and intensities, i.e., the development of
progressions from low to high energies. There is no guaran-

tee that the two assignments agree. A more faithful compari-
son of experiment and theory requires to consider also the
real absorption spectrum, i.e., the intensity pattern.

Figure 8 shows the measured absorption spectrum at a
temperature of 218 K.49 The vertical lines above the spec-
trum indicate the transition energies measured by
Katayama47 together with the assignments of O’Keeffe
et al.;5 the solid and dashed lines indicate ‘‘cold’’ and ‘‘hot’’
bands, respectively. The hot bands will not be discussed in
this work. Because the long-bond stretching frequency is
roughly twice the bending frequency, the measured spectrum
is approximately organized in groups or polyads with
‘‘polyad quantum number’’P52v11v2 ; states with the
sameP have roughly the same energy. FromP50 to P
515 the spectrum increases by almost four orders of magni-
tude. Beyond the energy range shown in the main body of
Fig. 8, i.e.,P>15, the spectrum rapidly becomes very dif-
fuse as illustrated in the inset of Fig. 8. AboveP518, cor-
responding tov159, hardly any resolved structures are ob-
servable. This is in accord with the experimental dissociation
limit for the B state being 32 316 cm21.50 While below this
limit shortening of the lifetime is only possible due to pre-
dissociation, mainly through coupling with theR state, above
the dissociation threshold direct bond breaking on theB-state
PES is expected to be the dominant process. Because thev1

mode is supposedly the dissociation bond, direct excitation
of this mode leads to very short lifetimes corresponding to
broad resonance structures in the absorption cross

FIG. 6. Wave functions of the pure bending states (0,v2,0) for v251, 3, 6,
9, and 12. Shown is one particular contoure(R,r ,g)5uC(R,r ,gu2 with the
value ofe being the same for all panels. The plots are viewed along theg
axis, in the direction perpendicular to the (R,r ) plane. Shading emphasizes
the 3D character of the wave functions. The first panel shows the PES as
function ofR andr ~in a0); for each (R,r ) the third coordinate,g, is chosen
so that the potential energy is minimal. The full circle marks the FC point
and the dashed line indicates a classical periodic orbit of the bending family,
B1A in Fig. 9.

FIG. 7. Wave functions of the pure long-bond stretching states (v1,0,0) for
v252, and 4–7. All other details are the same as in Fig. 6. The cross in the
first panel marks the small barrier in the dissociation channel. The dashed
line indicates a classical periodic orbit of theS1 family in Fig. 9 and the
dotted line represents a periodic orbit of theS1A family.

TABLE IV. Separations~in cm21) between neighboring states of different progressions for16O3 .

v1 E(v1,0,0)2E(v121,0,0)

v2 , E(v1 ,v2,0)2E(v1 ,v221,0)

1 2 3 4 5

1 702 ~706a,b! 369 ~351!
2 672 ~647! 351 ~338! 344 ~343!
3 639 ~617! 331 ~330! 323 ~312! 315 ~312! 310 ~293!
4 603 ~578b! 310 ~314! 300 ~303! 285 ~293! 294 ~280! 258 ~254!
5 558 ~549! 294 ~300! 265 ~281! 261 ~269! 252 ~250!
6 522 ~515! 244 ~275! 254 ~249!

aNumbers in parenthesis are the experimental values as quoted in Ref. 5.
bThis number is different from the corresponding number in Table II of Ref. 5.
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section.22,51 Up to P510 the (P/2,0,0) state has the largest
intensity within its polyad. BeyondP510 the intensity pat-
tern changes and state ((P22)/2,2,0) is more intense~see
also Table II of Ref. 5!. The spectrum is quite regular and the
assignment given by O’Keeffeet al.5 without excitation of
the third mode seems to be plausible.

There are a few lines in the measured spectrum, which
apparently are not included in the results of Katayama47 and,
therefore, are not assigned by O’Keeffeet al.5 One is the
peak around 27 500 cm21, which according to our calcula-
tions should be the fundamental of the bending progression.
The peak near 29 500 cm21 is probably state~2,3,0!. Two
very weak bands not assigned by O’Keeffeet al. are seen
just above band~3,2,0!. Whether they belong to the cold or
the hot bands is not clear.

The lower part of Fig. 8 depicts the calculated stick
spectrum. There are four different sets of lines according to
four vibrational states in the electronic ground state from
which absorption originates:i 50 for (0,0,0)X , i 51 for
(1,0,0)X , i 52 for (0,1,0)X , and i 53 for (0,0,1)X . The
corresponding vibrational excitation energiesvX

( i ) ~in cm21)
are 0, 1103.1, 700.9, and 1042.1 fori 51 – 4.52 The calcu-
lated relative intensitiesI n

( i ) for i 50 are given in Table II; the
intensities for absorption originating from the excited states
in the ground electronic state (i 51 – 3) will be given in Ref.
48. The ‘‘sticks’’ shown in the lower part of Fig. 8 include

the Boltzmann factorsgT
( i )5e2vX

( i )/kT, where k is Boltz-
mann’s constant; the temperature is chosen to be 250 K. The

calculated energy6 for the (0,0,0)B←(0,0,0)X transition is
27 520 cm21 compared to the measured energy5 of
27 112 cm21. In order to facilitate the comparison, the cal-
culated spectrum is shifted on the energy axis so that the
~0,0,0! bands coincide.

In the following we consider only the cold lines, i.e.,
those originating from (0,0,0)X ( i 50). In the low energy
range the relationship between the measured and the calcu-
lated lines is unique and even the intensity ratios are reason-
ably well reproduced. For example, states~0,0,0! and~0,1,0!
have about the same intensity both in the measured and the
calculated spectrum. The intensities for states~1,0,0! and
~1,1,0! are also similar and roughly an order of magnitude
larger than for states~0,0,0! and ~0,1,0!. For polyadsP
54 – 7 the calculated intensity patterns still reproduce the
experimental patterns. Starting with state~4,0,0!, however,
the intra-polyad intensity ratios are in qualitative disagree-
ment with the corresponding experimental rations. For ex-
ample, in polyadP58 of the experimental spectrum the in-
tensity for ~4,0,0! is larger than the~3,2,0! intensity; the
opposite is true, however, for the calculated spectrum.

The relationship between experiment and calculation be-
comes truly questionable with state~5,0,0!, i.e., polyadP
510. The intensity for~5,0,0! is very small in the calcula-
tion. On the other hand the intensity for state~2,1,1!, which
is almost degenerate with~5,0,0!, is large. AboveP510
more and more states withv351 are seen in the calculated
spectrum, whereas the experimental one can be assigned

FIG. 8. The absorption cross section of16O3 in the region of the Huggins band~arbitrary units!. The continuous curve in the upper part represents the
measured cross section of Malicetet al. for 218 K ~Ref. 49!. The numbers above the experimental spectrum give the assignments of the cold bands due to
O’Keeffeet al. ~Ref. 5!; the dashed vertical lines indicate hot bands~not discussed in this work!. P51,2,... is the polyad quantum number 2v11v2 . The inset
shows the continuation of the measured spectrum to higher excitation energies; the arrow marks the experimental dissociation limit. The stick spectrum in the
lower part depicts the calculated intensitiesI n

( i ) for excitation from the the ground vibrational state in theX state (i 50); they are normalized so thatI (0,0,0)
(0) 51.

If only two quantum numbers are given,v3 is equal to zero. The broken vertical lines in the lower part of the figure represent the hot bands originating from
vibrational states~0,1,0! ~dotted lines!, ~0,0,1! ~long-dash lines!, and ~1,0,0! ~short-dash lines!, respectively, in the ground electronic state. The intensities
include the appropriate Boltzmann factors for a temperature of 250 K. Not all hot bands are shown for energies above 30 500 cm21. The continuous line is
the broadened spectrum according to Eq.~7!. The theoretical spectrum is shifted so that the~0,0,0! band agrees with the experimental origin at 27 112 cm21.
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without excitation in the third mode. The states withv351
can be integrated into the polyad structure if we assume, at
intermediate and high energies, an approximate 2:1:5 reso-
nance, i.e., if the polyad quantum number is defined asP
52v11v215v3 .

In the theoretical stick spectrum above polyadP510
more and more states withv351 have large intensities while
the importance of states withv350 becomes smaller. This is
the result of the qualitative change of the theoretical spec-
trum aroundP510, which apparently has a large impact on
the wave function overlaps. As a consequence, the number of
states with similar intensities in a polyad increases. For ex-
ample, polyadP513 contains five bands with similar inten-
sities. On the other hand, photofragment excitation
~PHOFEX! spectra recorded in jet-cooled beams53,54 show
only two bands forP513, ~6,1,0! and ~5,3,0!. Because ro-
tational broadening is largely eliminated, the PHOFEX spec-
tra are very clean with band widths of the order of 20 cm21.
The severe disagreement with the theoretical spectrum for
P513 ~as well as for larger polyads! clearly indicates the
limitation of the dynamics calculations, particularly of the
PES. For polyads larger thanP512 or so the calculated
spectrum is not trustworthy. The simplicity of the PHOFEX
spectra, which have been measured only forP512– 1553 and
for P59 – 15,54 respectively, calles for a simple assignment
with only v350 states.5 If also states withv351 were ex-
cited, the spectrum very likely would be more complicated.

In order to make the comparison between the experimen-
tal and the calculated spectrum slightly more realistic we
generate a continuous spectrum by broadening each line with
a Gaussian according to

s~E!5(
i 50

3

gT
( i )(

n
I n

( i ) exp$2k@E2~En2vX
( i )!#2%. ~7!

The exponentk determines the full width at half maximum
~FWHM! of the Gaussian. It is supposed to represent both
coherent broadening due to predissociation and incoherent
broadening due to the averaging over many rotational tran-
sitions. From the jet-cooled excitation spectra19 and
PHOFEX spectra53,54 it is clear that the latter is the dominant
effect.55 The result for a FWHM of 50 cm21 andT5250 K
is shown in the lower part of Fig. 8.

The overall agreement of the synthesized spectrum with
the measured one is reasonable. The general increase of the
average spectrum with energy is quite similar in both cases.
Moreover, the organization in terms of well separated poly-
ads is clearly visible, even at higher energies. The gap be-
tween the polyads is generally deeper in the calculated spec-
trum, but that is not unexpected in view of the simplistic
modeling of coherent and incoherent broadening. The quali-
tative appearance of polyadP510 in the theoretical spec-
trum is not dissimilar with that in the measured spectrum and
the same is true also for the higher polyads—despite the fact
that the underlying transitions in the measured and the cal-
culated spectra are different.

C. Comparison with previous calculations

There are two dynamical studies of the spectrum in the
Huggins band prior to ours, both employing the YMLL
PES.20,21 While Le Quéré and Leforestier20 performed a
time-dependent wave packet analysis, Bludsky´ and Jensen21

calculated the eigenvalue spectrum by a time-independent
approach similar to our study. The latter authors also ana-
lyzed the nodal pattern of the wave functions and provided
an assignment in terms of symmetric stretch, bending, and
asymmetric stretch quantum numbers. For the states sym-
metric with respect to theC2v plane theirv38 is two times our
v3 ; likewise, for the states antisymmetric with respect to the
C2v plane theirv38 is 2v311. As mentioned above, we do not
think that an interpretation in terms of symmetric stretch and
asymmetric stretch motion is appropriate for theCs wells of
ozone in the Huggins band.

The results of Bludsky´ and Jensen21 are compared to the
present results in Table V. The dissociation energy of the
YMLL PES is much lower than for our PES and, therefore,
only the lowest five states are bound states; the others are
resonances. However, because of the substantial dissociation
barrier the lifetimes of these resonances are very long and,
therefore, the lower resonance states also can be considered
as bound states. The ordering of the lowest twelve states is
identical to the ordering of our results. With state~0,5,0!,
however, the two orderings of states become different. The
two bending frequencies~387 and 402 cm21) are similar
with the result that even the higher bending overtones have
similar excitation energies. The short-bond stretch frequen-
cies ~1495 and 1425 cm21) differ by about 70 cm21 or less
than 5%. Most drastic are the~relative! differences for the
long-bond stretch frequency~702 and 640 cm21). As a con-
sequence of the much lower dissociation energyv1 for the
YMLL PES is substantially smaller than for our PES. There-
fore, the higher overtones (v1,0,0) have much too small ex-
citation energies. Thus, while the general structure of the
spectrum is qualitatively correct, at least for low excitation
energies, a quantitative comparison with the experimental
energies is impossible.

Le Quéré and Leforestier20 calculated the absorption
spectrum~by Fourier transformation of the autocorrelation
function! and compared it with an experimental~stick! spec-
trum. An assignment of the underlying wave functions has
not been done and therefore the assignment of Brandet al.56

TABLE V. Comparison of vibrational excitation energies for16O3 from two
different calculations.

(v1 ,v2 ,v3) This work Ref. 21 (v1 ,v2 ,v3) This work Ref. 21

000 0 0a 210 1725 1598
010 387 402 130 1790 1740
100 702 640 050 1866 1889
020 767 793 011 1879 1807b

110 1072 1023 300 2012 1771
030 1140 1171 220 2068 1936
200 1374 1234 140 2138 2074
120 1434 1389 101 2182 2008b

001 1495 1425b 060 2216 2227
040 1507 1537 021 2257 2173b

aOnly the states withA1 symmetry are considered.
bThe quantum numberv3 of Ref. 21 has been divided by 2.
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of the data of Simonset al.57 has been adopted. This assign-
ment involves excitations of one and two quanta of the third
mode. The calculated spectrum qualitatively agrees with the
measured intensities in that it rapidly increases with energy.
Because no assignment of the calculated lines has been done,
comparison with the results of Bludsky´ and Jensen21 as well
as our results is not unambiguous.

V. PERIODIC ORBITS AND CONTINUATION Õ
BIFURCATION DIAGRAM

In many applications it has been demonstrated that the
development of the quantum mechanical spectrum of eigen-
states can be explained and elucidated by an analysis of the
classical phase space.45,58For this purpose, one finds families
of periodic orbits~POs! and follows them as a function of
energy, which yields the so-called continuation/bifurcation
~CB! diagram.59 The motions described by the POs can be
compared with the quantum mechanical wave functions of
the vibrational overtone states.

The B-state PES of ozone has six equivalent minima of
Cs symmetry and several saddle points which separate these
minima. From each minimum a number of families of stable
POs emanate, at least as many as the number of normal
modes. At higher energies we find POs by applying continu-
ation techniques.60 The stability analysis of each PO reveals
the behavior of trajectories in the vicinity of this particular
PO. This approach traces those critical energies at which one
observes qualitatively different types of motions associated
with bifurcations, i.e., the appearance of new types of POs.
One way to represent a CB diagram is to plot the periods~t!
or the frequencies (v52p/t) of the POs as functions of the
total energy.58,61,62The resulting CB diagram for the Huggins
band of ozone is shown in Fig. 9.

The continuous lines in Fig. 9 denote the frequencies of
POs as functions of the total energyE. The families denoted
by B1, S1, andS3 correspond to the bending, the long-bond
stretch, and the short-bond stretch modes, respectively. For
simplicity of the representation the frequency of theS3 fam-
ily is divided by two. The harmonic frequencies at the bot-
tom of the potential well are v15743 cm21, v2

5400 cm21, andv351585 cm21. They are in an approxi-
mate 2:1:4 resonance. TheS1A family is a bifurcation of the
S1 family at 3.781 eV; the corresponding POs have periods
which are twice the periods of the POs of the parent family
S1 ~period-doubling bifurcation!.

In previous studies58,61,62 we have found that saddle-
node~SN! bifurcations are a frequent type of bifurcation in
molecular systems. They are important because at SN bifur-
cations new types of molecular motions abruptly come into
existence which do not exist at lower energies. The newly
created stable POs may be embedded in chaotic regions of
the phase space. Often they allow the molecule to access
regions of the configuration space, for example, dissociation
or isomerization channels, which the POs starting from the
bottom of the potential do not access.

The B1 family of POs exhibits a very early SN bifurca-
tion, B1A, at 3.475 eV, just slightly above the bottom of the
potential well. The two most anharmonic families,S1 and
B1A, both develop cascades of SN bifurcations as the en-
ergy approaches the dissociation barrier; they are termed
SNiA and SNiC, respectively. The cascadelike structure of
SN bifurcations seen in Fig. 9 is typical for molecular sys-
tems at high energies.58,61–64When the slope ofv of a par-
ticular mode suddenly changes new families of POs are gen-
erated and one branch resumes the highly anharmonic
branch, which already existed below the bifurcation. As en-
ergy increases the frequency again levels off and a new SN
bifurcation takes place. This behavior is the consequence of
gradually switching on and off of high-order resonances as
the energy varies. Although it is difficult to follow the high-
order resonances, it turns out that the cascades of SN bifur-
cations converge to some critical energies, which are clearly
higher than the tiny barrier to dissociation marked by the
arrow in Fig. 9. This underlines that the pure long-bond
stretch mode does not directly lead to dissociation as was
already noted above in connection with the (v1,0,0) wave
functions. Another series of SN bifurcation exists, which is
associated with theS1A family. This SN bifurcation gives
birth to POs which do lead to dissociation. A more detailed
account of this phenomenon will be given elsewhere.46

Examples of POs for theB1A, S1, andS1A families are
shown in the first panels of Figs. 6 and 7, respectively. The
B1A PO clearly coincides with the backbones of the bending
wave functions. Likewise, theS1 orbit closely follows the
(v1,0,0) wave functions, at least forv1<4. However, the
stretching wave functions forv1>5 seem to be influenced
by both theS1 and theS1A POs.

The classical frequencies are compared with the energy
differences between adjacent quantum levels for the three
overtone progressions~1,0,0!, ~0,1,0!, and ~0,0,1!, respec-
tively. The energy differences are plotted with respect to the
upper level. In order to approximately account for the zero-

FIG. 9. Continuation/bifurcation diagram as obtained from the analysis of
the classical phase space. The solid lines represent the frequencies of the
periodic orbits for five different families as described in the text:B1, B1A
~bending!; S1, S1A ~long-bond stretch!; S3 ~short-bond stretch!. The SNiA
and SNiC indicate saddle-node bifurcations. The symbols represent the en-
ergy spacings between neighboring states of the overtone progressions
(0,v2,0) ~j!, (v1,0,0) ~l!, and (0,0,v3) ~d!, respectively. The frequencies
for the short-bond stretch are divided by two. TheS1A family originates
from a period-doubling bifurcation of theS1 family, i.e., its frequency is
half theS1 frequency at the bifurcation point. The arrow on the energy axis
marks the energy of the transition state barrier in the dissociation channel.
For more details see the text.
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point energy, the quantum results are shifted to lower ener-
gies by the zero-point energy. This shift is not rigorously
founded and affects the quantitative comparison with the
classical frequencies. Nevertheless, the agreement is reason-
able for the entire energy range considered. Especially the
anharmonicities, which are not affected by the shift by the
zero-point energy, are well reproduced by the classical cal-
culations. Interestingly, the bending overtones follow the an-
harmonic branch of the SN family,B1A, rather than theB1
family.

In closing this section we underline that most of the
families of POs which have been located remain stable up to
the dissociation limit. At higher energies they become single
unstable, that is, unstable in one degree of freedom. From
this point of view, one cannot consider the dynamics of
ozone in itsB state, even at energies close to the dissociation
threshold, to be highly chaotic. The existence of stable POs
up to high energies is in accord with the clear-cut assignabil-
ity of the majority of wave functions up to the dissociation
limit.

VI. DISCUSSION, CONCLUSIONS, AND OUTLOOK

We have performed electronic structure calculations for
the first five1A8 states of ozone on a level of theory which
exceeds all previous calculations for this system; all three
internal coordinates have been involved. From these calcula-
tions a three-dimensional diabatic potential energy surface
~PES! for the B state, i.e., the second excited state at the
ground-state equilibrium, has been constructed. Although
this PES is qualitatively similar to previously published
PESs, there are distinctive differences: The potential well is
significantly deeper and a dissociation barrier is practically
missing. This PES has been used to calculate the eigenener-
gies and wave functions in the twoCs wells. Franck–
Condon factors with the vibrational states in the electronic
ground state, including the transition dipole moment func-
tion, have also been determined. Almost all vibrational states
up to the ~calculated! dissociation threshold (4363 cm21)
can be uniquely assigned in terms of three modes: The long-
bond stretching mode (v1), the bend (v2), and the short-
bond stretching mode (v3).

Despite the fact that both the electronic structure and the
dynamics calculations are of limited accuracy—relatively
small atomic basis, selection of most important configura-
tions, neglect of nonadiabatic coupling among the different
electronic states, extremely simplistic diabatization—the
agreement with the experimental absorption spectrum is on
the whole good. Up to polyad quantum numberP52v1

1v259 corresponding to about 70% of the dissociation en-
ergy, the relationship between the calculated and the mea-
sured spectrum is unique and the agreement is quantitative.
Starting with P510 (v155) the relationship between ex-
periment and calculations is not unique any longer. This ob-
servation coincides with the change of the nature of the
(v1,0,0) wave functions and the change of the corresponding
intensities. The monotonic increase of the intensities is inter-
rupted betweenv154 and 5 and, as a consequence, the most
intense peak in theP510 polyad is attributed to state~2,1,1!
whereas in the experimental spectrum it is assigned as

~5,0,0!. This kind of ambiguity exists for all higher polyads.
In view of the simplicity of the jet-cooled PHOFEX spectra
we are confident, however, that the assignment of O’Keeffe
et al.5 is preferrable.

Qualitative and systematic changes of wave functions as
the dissociation threshold is approached is common in mo-
lecular systems.45 They are related to bifurcations, primarily
saddle-node bifurcations, in the classical phase space, that is,
they are the result of non-linear couplings in the Hamil-
tonian. Indeed, the classical phase space analysis shows that
the dynamics becomes drastically more complex close to the
threshold.46 For our potential the wave function changes oc-
cur at about 60%–70% ofD0

(PES)54363 cm21. The experi-
mental dissociation energy isD0

(exp)55204 cm21 and thus
about 850 cm21 larger. From the experimental spectrum it is
difficult to suspect whether a systematic change of the wave
functions does happen in reality. We note, however, that the
intensity pattern of the (v1,0,0) peaks changes betweenv1

56 and 7~Table II in Ref. 5; see also Fig. 8!. From v151
through 6 it rises while from 7 onward the intensity de-
creases again, i.e., the intensities for the long-bond progres-
sion show a behavior which is—at least qualitatively—
similar to that observed in the calculations.v156 and 7
correspond to roughly 70% and 80% ofD0

(exp). Whether this
change has the same origin as the similar change observed in
the calculations is not definite. However, qualitative changes
of the eigenfunctions close to the dissociation threshold are
very likely to occur. Incidentally we note, that also the
PHOFEX spectrum of O’Keeffeet al.54 becomes more com-
plicated above polyadP515.

In the present work we discussed exclusively the cold
bands in the 218 K absorption spectrum. In a forthcoming
publication48 we will discuss the hot bands; they are pro-
nounced in the Huggins band. With increasing temperature
new structures appear, in comparison with the 218 K spec-
trum, in the low-energy range of the Huggins band. It will be
shown that these structures are due to excitations from
ground state vibrational levels with two quanta of stretching
excitation, i.e.,~0,0,2! and~1,0,1!. All structures in the lower
part of the 295 K spectrum can be uniquely assigned. Be-
cause of unfavorable FC factors, excitations from state
~2,0,0! are only marginally reflected in the spectrum.

In view of the good agreement of our calculations with
the experimental spectra, for both the cold and the hot vibra-
tional bands, we conclude that a long standing puzzle is re-
solved: The Huggins band of ozone is due to excitation of
theB state, i.e., the same state as excited in the Hartley band;
the absorption features are due to excitation of the vibra-
tional states in the two wells withCs symmetry. Secondly,
the vibrational modes seen in the spectrum are, primarily, the
long-bond stretch and the bend. Theory suggests that at
higher excitations also the short-bond stretch is excited.
However, this conclusion might be a shortcoming of the PES
used in the dynamics calculations, whose dissociation energy
is by about 0.1 eV too small compared to the measured dis-
sociation energy. Future electronic structure calculations on a
higher level of theory~larger atomic basis sets, a smaller
cutoff threshold for the configuration state functions, etc.!
may correct this underestimation. Preliminary calculations in
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which only three states are averaged over in the CASSCF
approach indicate a substantial increase of the dissociation
energy.

One important drawback of the present calculations is
the neglect of nonadiabatic coupling of theB state to the
other two important states with1A8 symmetry, namelyA and
R. Calculations which incorporate all three electronic states
are in preparation. They will yield not only the positions of
the vibrational bands but also the lifetimes and, therefore, the
widths of the individual vibrational bands, which can be
compared with the experimental estimates of Sinhaet al.19

Nevertheless, the smallness of the linewidths in the jet-
cooled excitation spectra as well as the good agreement with
the experimental absorption spectrum, at least for lower en-
ergies, indicates that the diabatic model is reasonable.
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21O. Bludskýand P. Jensen, Mol. Phys.91, 653 ~1997!.
22R. Schinke,Photodissociation Dynamics~Cambridge University Press,

Cambridge, 1993!.
23M. G. Sheppard and R. B. Walker, J. Chem. Phys.78, 7191~1983!.
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