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Angular distributions and rotational excitations for electron scattering from ozone molecules
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Ab initio quantum scattering calculations are carried out for the O3 molecule, in its ground electronic state,
from which low-energy electrons are scattered in the gas phase. The results of the computations are compared
with the existing experimental angular distributions for elastic~rotationally summed! scattering processes and
for rotationally inelastic cross sections. The agreement of the present calculations with the available experi-
ments is found to be remarkably good and the corresponding efficiency of rotationally inelastic processes is
also discussed and analyzed in terms of the role played by the small permanent dipole moment of this target
molecule.@S1050-2947~98!01211-6#
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I. INTRODUCTION

Ozone is one of the most important gases in the Ear
atmosphere and is probably the substance most comm
associated with atmospheric chemistry. As we have been
many times, ozone’s presence in the upper atmosphe
essential to all forms of life as it screens out for us the dea
part of the UV radiation. Once down in the troposphere,
the other hand, ozone becomes a pollutant since not only
toxic to both plants and animals but it turns out to also
corrosive to most materials@1,2#. It therefore becomes in
creasingly more useful to acquire as much information
possible on the chemical and physical properties both of
ozone molecule itself and of its interactions with other m
ecules and elementary partners.

Having information on the general features of the scat
ing of electrons by ozone is especially important to the st
ies of upper atmosphere processes, where the electr
quenching mechanisms and energy transfer efficiency
volving O3 lower-lying electronic states can increase t
populations of its excited states, thereby perturbing the lo
thermodynamic equilibrium. The consequences of s
changes in local population can then appear as incre
emission from infrared-active gases, thereby affecting ra
tive cooling and the temperature structure of the atmosph
@2#. On the other hand, perhaps because of its difficult pre
ration and handling and its corrosive properties, fairly fe
experimental studies have been carried out on this sys
Electron-energy-loss spectra~EELS! of ozone have been re
ported by Celotta, Mielczarek, and Kuygatt@3# and Swanson
and Celotta@4#. Further energy-loss spectra and absolute
ferential cross sections~DCSs! were also reported at energie
between 3 and 20 eV and angles between 12° and 168°@5#.
More recently, an experimental collaboration between U
versity College and Oxford@6,7# reported vibrational energy
loss spectra along a series of energies between 3.5 an
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eV, over a range of scattering angle between 40° and 1
Masonet al. @8# further reported low-energy EELS data u
ing an electron trap arrangement. Partial electron ioniza
cross sections for incident electron energies from 40 to
eV have also been determined by using time-of-flight m
spectrometry@9#, while, most recently, the dissociative ele
tron attachment in ozone has been explored first for elec
energies between 0 and 10 eV@10# and later on by Skalny
et al. @11# and by Allanet al. @12#, who also reported vibra-
tionally inelastic differential cross sections in the resonan
region.

The corresponding theoretical studies on the structure
ozone in its ground electronic state and in its lower-lyi
electronic states have also been quite extensive over
years, as could be gleaned from the discussion and resul
Ref. @13#. On the other hand, the actual calculations for t
scattering dynamics and scattering observables in the ca
electron as projectiles have been rather few and fairly limi
in scope: High-energy scattering (Ecoll>300 eV) was dis-
cussed earlier on by using a model potential@14# and total
cross sections at slightly lower energies were also compu
using a model optical potential@15#. No calculations, how-
ever, had appeared at a more sophisticated level before
work of Okamoto and Itikawa@16#, in which differential,
integral, and momentum transfer cross sections were c
puted for the vibrationally elastic process at collision en
gies between 5 and 20 eV. Furtherab initio work at the exact
static-exchange~ESE! level of approximation was carried
out more recently by Sarpalet al. @17# using the polyatomic
R-matrix method, where integral elastic scattering cross s
tions were evaluated and compared with the few exist
experiments. Additional static-exchange calculations h
been recently completed by making use of the Schwin
variational iterative method~SVIM! @18# and they will be
also compared below with the present results.

In the present work we decided to carry outab initio,
nonempirical calculations that also include correlatio
polarization effects via a model local potential~see below!
and that further add corrections necessary to deal with a
lar target within the fixed nuclei~FN! frame of reference, as
:
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PRA 58 4485ANGULAR DISTRIBUTIONS AND ROTATIONAL . . .
we shall show in detail later on. We also make use of
single-center~SC! expansion method and solve the corr
sponding close-coupled~CC! equations in the body-fixed
~BF! reference. Additionally we have evaluated rotationa
inelastic, partial state-to-state cross sections and have
lyzed the corresponding efficiency of that specific ene
transfer process. The paper is organized as follows. In Se
we outline the present theoretical treatment. In Sec. III
compare the present calculations with the available exp
ments and with other theoretical results. In Sec. IV we d
cuss the behavior of the rotationally inelastic collisions. T
final conclusions are briefly summarized in Sec. V.

II. THEORETICAL TREATMENT

A. Scattering equations

We describe the collisional process in terms of the so
tions of the Schro¨dinger equation~in a.u.! in the form

Hc~r ,X!5Ec~r ,X!, ~1!

where

H5T̂1V̂1Ĥmol ~2!

and T̂ is the kinetic energy of the incident electron,V̂ is its
interaction with the molecular nuclei and electrons

V̂5(
i 51

N

ur2xu211 (
g51

M

Zgur2Xgu21, ~3!

Ĥmol is the Hamiltonian for the molecular target, andr is the
position of the continuum electron. We letX represent col-
lectively the coordinates of the target electronsxi ( i 51,N)
and the molecular nucleiXg (g51,M ). We also intend to
refer all particles to a frame of reference fixed to the m
ecule ~the BF frame!. The molecular HamiltonianĤmol de-
scribes not only the interaction among the electrons and
clei but also their respective motion. One now converts
many-body problem to an effective single-particle one
expanding the total system wave functionc in terms of a
complete set of target states as

c~r ,X!5(
a

Â$Fa~r !fa~X!% ~4!

such that

Ĥmolfa~X!5eafa~X!, ~5!

where Â is the antisymmetrization operator andea are the
molecular eigenvalues for each asymptotic~isolated! mo-
lecular electronic~n! and rotovibrational (Jtv) state of the
targeta[unaJatava&. HereJ andt represent the two quan
tum numbers for the asymmetric rotor target@19#, while v
stands collectively for the vibrational quantum numbers
the three molecular normal modes. Now inserting Eq.~5!
into Eq.~1! and multiplying on the left by the conjugate of
representative state of Eq.~4!, one obtains the familiar set o
coupled integro-differential equations
e
-

na-
y
II

e
ri-
-
e

-

-

u-
e
y

f

HaFa~r !5(
b

Zab~r !, ~6!

which constitute the general CC equations of the scatte
problem, with the following meaning of symbols:

Ha5@¹1ka#, ~7!

Zab~r !5E Kab~r ur1!dr1 , ~8!

Kab~r ur1!5Vab~r1!d~r2r1!1Wab~r ur1!. ~9!

Hereka
2 is given by 2(E2ea). The direct electrostatic inter

actionVab is local and is given by an integral, involving th
interactionV̂ of Eq. ~2! and two target stateŝauV̂ub&. The
nonlocal exchange interaction is represented schematic
by Wab , a complicated nonlocal term that will be discuss
below. One finally extracts all the necessary collisional
formation, such as the reactanceK, transitionT, or scattering
S matrices, from which the actual cross sections are de
mined, by matching the solutionsFa to their proper
asymptotic forms. A final transformation to a space-fix
~SF! frame of reference finally provides the desired scatt
ing observables that can be compared with the experime
findings.

The simplestab initio treatment of Eq.~6! is to evaluate
the direct and nonlocal interactions of Eqs.~7! and~8! with-
out any further polarization effects. This is the so-called e
act static-exchange level, whereby the target wave func
c0 is treated as a single Slater determinant for the gro
state ua& and the continuum functions that are solutions
Eq. ~6! are generated numerically within the undistorted fie
of the fixed molecular nuclei and thec0 electrons.

The further addition of short-range correlation effects b
tween the bound and the continuum electrons, together w
the long-range part of the polarization forces, could be fou
via the choice of a nonlocal, energy-dependent complex
tical potentialVopt(r ). However, we have introduced earlie
in @20# a simpler formulation that employs the average c
relation energy of a single particle, within the formalism
the Kohn-Sham variational theorem, to obtain the sho
range correlation forces as an analytic function of the tar
electronic densityrHF(r i). Such an analytic function can
then be matched, in the long-range region, to the seco
order perturbation expansion for the polarization potentia

Vpol
~2!~r !'2(

l 51

`
a l

2r 2l 12 , ~10!

where it is usually sufficient to employ the first multipola
coefficient, the target static dipole polarizabilityaD . The
final result will therefore provide us with a mode
correlation-polarization potential in the local formVCP(r )
@21#. One can thus construct the full interaction ESE pote
tial by summing the contributions of the static, exchan
andVCP potentials discussed above. Before doing that, ho
ever, we have represented all such potential terms, toge
with the bound molecular orbitals~MOs! and the total target
electronic density, in a BF frame of reference centered in
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center of mass of the target molecule, thus following
single-center expansion~SCE! treatment of the CC scatterin
equations@21#.

The calculation of the nonlocal exchange interaction
quires the evaluation of the sum of integrals

(
h

E fh* ~r 8!ur 2r 8u21F ~pm!~r 8!dr8fh~r !, ~11!

whereh sums over the occupied target MOs, given by t
fh functions, and theF (pm) are the continuum electron func
tions for any irreducible representation~IR! labeled by the
upm& indices@19#. The corresponding matrix formulation o
the CC equations~6! can be written as

LFi
~pm!5WFi 21

~pm! , ~12!

where WFi 21
(pm) is the exchange term given by some initi

estimate fori 51, F0
(pm) , and the iterative procedure consis

in generating the successiveFi
(pm) matrices until conver-

gence is achieved by the unchanged structure of the sca
ing K matrix within a given threshold of invariance for it
matrix elements.

In practice, one rewrites the scattering equations in te
of the Lippmann-Schwinger equation for the scattering b
potential that is the difference between the local excha
potential and the exact exchange potential

cp5fp1GaVecp , ~13!

wherefp is a solution to the purely local potential proble

Hafp5Efp . ~14!

The local HamiltonianHa is 1
2 ¹21Va , whereVa is the sum

of the local potentials

Va5Vstatic1Vpol1Vmodel exchange. ~15!

The potentialVe is defined by

Ve5Vexact exchange2Vmodel exchange ~16!

and the Green’s function is defined by

~E2Ha!Ga51. ~17!

If we define the totalK matrix by

Kpq5Kpq
~a!1Kpq

~e! , ~18!

where K (a) is the K matrix due to scattering only byVa ,
thenK (e) can be obtained as

Kpq
~e!52^fpuVeucq&. ~19!

B. Differential cross sections

We are considering here the scattering of an electron f
a nonlinear molecule in the FN approximation. In the case
a polar molecule the partial-wave expansion of the differ
tial cross section does not converge when evaluated in
a

-

e

er-

s
a
e

m
f
-

he

fixed-nuclei approximation@20# and therefore an alternativ
procedure to circumvent this problem is employed in t
present work.

The DCS is given by the familiar expression@19#

q5(
L

AL~k2!PL~cosu!, ~20!

wherePL is the Legendre function. TheAL coefficients have
already been given many times before~see, e.g., Ref.@19#!
and therefore will not be repeated here. TheT matrix is in
turn defined as

Tl 8v8
lv

5d l l 8dvv82Sl 8v8
lv ~21!

and the corresponding integral cross section is given by

Q5~p/k2!(
l ,v

(
l 8,v8

uTl 8v8
lv u2. ~22!

It should be noted that the present cross sectionsq andQ
correspond to the vibrationally elastic ones~i.e., summed
over the final rotational states!. In the fixed-nuclei approxi-
mation, those cross sections are independent of the in
rotational state@19–21#.

If no approximations are made with respect to the roto
brational molecular degrees of freedom involved in the d
namics and all calculations are carried out in the laborat
frame, SF frame of reference~for a recent review of the
terminology see Ref.@19#!, then the partial, state-to-state di
ferential cross section for scattering into the polar angleq
can be expressed as a Legendre expansion with coeffic
depending on the rotational quantum numbers of the as
metric rotor

ds

dV
~ j t→ j 8t8!5k8/k(

l
Al~ j t→ j 8t8!Pl~cosq!,

~23!

where theAl coefficients depend explicitly only on produc
of the elements of the transition matrixT̂ and other algebraic
factors @22,23#. Also k825k212(Ej t2Ej 8t8). Since their
precise form involves in principle infinite sums over the a
gular momenta (l ,l 8) characterizing the matrix elements o
T̂, then the presence of a very-long-range potential in
case of electron scattering from polar molecules implies t
a very large number ofAl coefficients need to be evaluate
and therefore that a very large set of (l ,l 8) indices of theT̂
matrix need to be included in the exact calculations owing
the very slow convergence of the sum in Eq.~23!.

When further simplifying the calculations by returning
the FN approximation in the BF frame of reference, the us
partial-wave expansion can be employed. However, in
case of polar molecules, the partial-wave expansion of
cross section does not converge if the fixed-nuclei appro
mation is applied as it stands. To remedy this difficulty, o
can use the following closure formula instead@22–24#:

ds

dV
5qB1(

L
~AL2AL

B!PL~cosu!. ~24!
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Here the superscriptB denotes that the relevant quantity
calculated in the Born approximation with an electron-poi
dipole interaction. The summation overL in Eq. ~24! con-
verges rapidly because the contribution from the higher p
tial waves to the DCS is dominated by the electron-dip
interaction and can be calculated in the Born approximat
The first term in Eq.~24! is then given via the formula

qB5 (
j 8,t8

qrot
B ~ j t→ j 8t8!. ~25!

Here (j t) denotes the rotational state of H2O and qrot
B ( j t

→ j 8t8) is the Born DCS for the rotational transitionj t
→ j 8t8 calculated with a point-dipole interaction from a r
tor scatterer. This has in turn the form@25#

qrot
B ~ j t→ j 8t8!5

4

3

k8

k
~2 j 811!m2z^ j 8t8u j t&100z2

3~k21k8222kk8cosu!21, ~26!

wherek andk8 are the wave numbers of the incident and t
scattered electrons andm2z^ j 8t8ukt&100z2 is the squared di-
pole transition moment. The inelastic cross sections are
culated similarly by writing

Q5QB14p~A02A0
B!, ~27!

with

QB5 (
j 8,t8

Qrot
B ~ j t→ j 8t8!, ~28!

and the Born cross section is given as

Qrot
B ~ j t→ j 8t8!5

8p

3
~2 j 811!m2z^ j 8t8u j t&100z2

3
1

k2 lnUk1k8

k2k8
U. ~29!

It should be noted thatqB and QB depend on the initial
rotational state (j t) and henceq andQ do also. The above
formulas can be regarded as a correction to the Born appr
mation treatment of dipole interaction since they inclu
short-range effects from the CC calculations. Clark@26# al-
ready discussed this point in the case of diatomic molecu

One can rewrite Eq.~5! in a completely equivalent form
@25#

ds

dV
~v j→v8 j 8!5

dsFBA

dV
~v j→v8 j 8!1D

ds

dV
~v j→v8 j 8!,

~30!

where

D
ds

dV
~v j→v8 j 8!5

1

4kv j
2 (

l
$Al~v j→v8 j 8!

2Al
FBA~v j→v8 j 8!%Pl~cosq!.

~31!

Aided by cancellation, the sum overl in Eq. ~30! can now
converge more rapidly and terminate for a givenlmax at a
-

r-
e
n.

l-

xi-

s.

preselected accuracy. Thus the first term on the right-h
side of Eq.~30! represents the result from the use of t
analytic Born expression, while the correction term of E
~30! first contains the contribution from the CC results a
then subtracts from it a further term that is extracted from
unitarized Born formulation for theT matrix, as constructed
from the first Born approximationK-matrix elements@27–
29#. One should also note that a BF formulation of the ad
batic nuclear rotation approximation was used earlier
@27,28# to provide an entirely equivalent set of correctio
formulas that go under the name of mean approximation
the divergent DCS problem in polar diatomic targets. O
should also note that an additional difficulty may appe
when using Eq.~31! if the actual value of the dipole momen
provided by the static interaction for the self-consistent-fi
target turns our to be much larger than the correct asympt
dipole used in the last term of Eq.~31!, hence causing the
final DCS to become negative at some angles. In all
calculations, however, this disagreement did not occur
therefore all computed DCSs of Eq.~30! remained always
positive. The final rotovibrationally~or only rotationally! in-
elastic cross section can then be written as

dsmean

dV
~v j→v8 j 8!5

dsFBA

dV
~v j→v8 j 8!

1D
dsmean

dV
~v j→v8 j 8!. ~32!

III. COMPARISON WITH EXPERIMENTS

The ground-state electronic structure of ozone is given
the 1A1 total symmetry. We carried out our calculations u
ing a triple-z-plus-polarization quality of expansion ove
Gaussian-type orbitals labeled (D95** 6d10f ) obtained us-
ing the GAUSSIAN 94 suite of codes@30#. The equilibrium
bond length and bond angle values were kept, within the
approximation scheme, at 2.415a0 and at 116.8°, respec
tively. The corresponding total energy turned out to
2224.049 36 hartree and the computed dipole moment
ues was20.30 a.u., to be compared with the experimen
value of20.21 a.u.@31#. The value of the spherical polariz
ability employed to evaluate theVCP correlation-polarization
potential was 18.9a0

3. The single-center expansion was ca
ried out at the center of mass of the system, which w
located clearly off the positions of all three nuclear charg
The number of points was 300 forr, 48 for q, and 21 forf,
making up a total of 302 400 evaluated points. The multip
lar expansion of the static potential was carried out for b
the electronic and nuclear parts, up to almax value of 36,
while the partial-wave expansion for the scattering elect
was tested for a series ofl values up to 18 with convergenc
achieved already for anl max value of 12. The latter choice
implied a total number of coupled equations in theA1 sym-
metry of 100.

A. Question of the shape resonances

One of the issues that has been raised in relation to
behavior of the elastic cross sections in the low-energy
gimes is that of the possible existence of broad shape r
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nances in one or more of the symmetry channels. The exp
mental observations of several investigations@6,5,8–10,12#
point to the presence of some broad shape resonances i
vibrationally inelastic channels only, whereby the extra el
tron is captured in very strongly antibondings* orbitals,
which are in turn modified by the bond stretching effe
@12#. Thus the earlier findings were of two broad resonan
peaking around 4.2 and 6.6 eV, assigned to totally symme
vibrations ofA1 symmetry and to the antisymmetric stret
of B2 symmetry. Further and more recent@32# experiments
on the elastic integral cross sections between 0 and 10
have also confirmed the absence of similar shape feature
the elastic channels scattering.

The earliest calculations that used a close-coupling
proach that included a model polarization potential@16# did
not show any indication of shape resonances in their c
puted elastic~rotationally summed! integral cross section
and their integral cross section~ICS! values appear to be fla
over the whole energy range of relevance. They, howe
gave results only on a sparse energy grid.

The R-matrix calculations of ICSs and momentum tran
fer cross sections~MTCSs! carried out at the static-exchang
~SE! level @17#, on the other hand, suggested the presenc
various broad shape resonances in the elastic channels
of A1 symmetry at 8.2 eV and 18.0 eV, with widths of 2
and 0.8 eV, respectively, and twoB2 resonances at 11.1 an
18.1 eV, with widths of 2.0 and 0.8 eV, respectively.
further A2 resonance around 20 eV was also suggested
them. A more recent and fairly extensive calculation at
SE level without inclusion of polarization effects has be
carried out by Leeet al. @18#. These authors have analyze
the elastic ICSs and MTCSs over a more dense grid of
ergy values and found marked disagreement with the ea
R-matrix calculations: There are no signs of resonance
either the 8-eV or the~18–20!-eV ranges of energy, an indi
cation of a weak and broadA1 shape resonance around 1
eV and another possible broad and weak shape resonan
B2 nature around 14 eV. They attributed this discrepancy
the truncation of theR-matrix calculations to thel c53 par-
tial wave, which was too low since their calculations fou
instead that at leastl c58 was needed to have converg
cross sections to about 2%.

In our present analysis of the angular distributions and
the rotationally inelastic processes discussed below, we h
also carried out a preliminary analysis of theA1 component
of the elastic ICS around the~6–8!-eV range over a more
dense energy grid and found, as in Ref.@18#, no indication of
any shape resonance in that energy region. One should
here that we usedl c values up to 18 in some convergen
tests and found that, in analogy with Ref.@18#, l c values up
to 12 were needed for convergence around 1–2 %. Th
fore, we have not further analyzed with a more dense grid
energy points the region around 10–16 eV where the
shape resonances were seen by the recent calculations@18#
since the experimentalists still insist on indicating that
possible shape resonances could be seen in the ine
channels only. The current situation about shape resona
can therefore be summarized as follows:~i! The experi-
mental data have seen the presence of shape resonance
tures in theA1 andB2 symmetries, but only when the vibra
tionally inelastic channels are measured, with no indicat
ri-
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of structures in the elastic cross sections@33#; ~ii ! the earlier
computational suggestion of a possibleA1 shape resonance
around 8 eV at the SE treatment of the elastic channel@17#
has not been confirmed by the later calculations@18# nor by
our present search of it in that symmetry; and~iii ! the pos-
sible presence of two weak shape resonances ofA1 and B2
symmetries in the elastic channels has been suggested
only one set of calculations@18# and, at the static-exchange
level, in the~11–14!-eV energy range.

Since the present study has focused on the angular dis
butions and rotational excitation processes, we have deci
to carry out elsewhere@34# a more detailed analysis of the
higher-energy range where one set of calculations@18# sug-
gests the existence of weak shape resonances, in order to
if their disagreement with the experiments could be attri
uted to any specific feature of the computational metho
currently employed. The use of FN calculations, in fact,
known to magnify the ‘‘bumps’’ associated with shape res

FIG. 1. Computed and measured elastic~rotationally summed!
differential cross sections. The top diagram refers to 3.0 eV
collision energy, while the bottom diagram reports results at 5.0 e
The open squares are the experiments from Ref.@5#, while the
present results are given by the solid line. The SVIM calculations
Ref. @18# are given by the sequence of asterisks.
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nances as the latter are usually lowered and broadened w
nuclear motion is included@33# and therefore could be one o
the possible causes of the lack of observation of such
tures in the measurements of the elastic integral cross
tions in the~0–10!-eV range of energy@32#.

B. Differential cross sections

As mentioned before, the detailed comparison of calcu
tions with experimentally obtained angular distributions is
more direct test of the quality of a theoretical treatment
electron scattering from polar molecules@35#. The results
reported in Fig. 1 for two different collision energies~3 and
5 eV! therefore show our computed elastic~rotationally
summed! differential cross sections, which include the Bo
correction as outlined in Sec. II B and given by Eq.~24!. In
the upper part~at 3.0 eV! our calculated values~solid line!
are compared with the experimental points~open squares!
from Ref. @5# and with the ESE calculations of Ref.@18#
~asterisks!. One sees clearly that the agreement of our d
with experiments is generally fair as the computed val

FIG. 2. Computed and measured elastic, rotationally summ
differential cross sections at 7.0 eV~top! and 10.0 eV~bottom! of
collision energy. The notation is the same as in Fig. 1. The a
tional crosses are the pseudopotential calculations of Ref.@36#.
en

a-
c-

-

r

ta
s

follow closely the experimental points and further show th
strong forward peak caused by the dipole scattering in th
narrow angular cone belowqc.m.;10°. The similar calcula-
tions at the ESE level are close to our results from;60° but
are much larger in the small-angle region. The results at
eV, reported in the lower part of Fig. 1, show remarkabl
agreement between the present theory and the measured
ues. We also show in that part of the figure the recent calc
lations from the ESE variational approach of Ref.@18#, given
by the line of asterisks, and see that their agreement is on
qualitatively acceptable below 50°, while following very
closely our results in the larger-angle scattering.

If we now move to the higher collision energies reporte
in Fig. 2 and corresponding to 7.0 and 10.0 eV, respective
we see that the agreement between the present theory and
experiments becomes really remarkable: Our computed v
ues now remain within the experimental error bars at all th
available angles and for both the energy values shown.
before, the asterisks also show the data at both energies fr
the ESE calculations of Ref.@18# and indicate once more a

d,

i-
FIG. 3. Same as in Figs. 1 and 2, but for two higher collisio

energy values of 15.0 eV~top! and 20.0 eV~bottom!. The notation
is the same as in Figs. 1 and 2.
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less satisfactory accord with the measured data. Additio
recent calculations that employ the Schwinger multichan
method with pseudopotentials@36# are also shown by crosse
for the collision energy of 7.0 eV: They agree well with o
results at all angles, but have no forward peak. We show
Fig. 3 a comparison between the present and the Schwin
type calculations of Refs.@18# and @36# at the higher colli-
sion energies of 15.0 and 20.0 eV, respectively. We see
all calculations are qualitatively very similar, although d
ferences exist especially in the large-angle region where
different approaches employed to obtain the short-range
teractions by the three theoretical methods clearly play a
evant role. On the whole, however, one can say that
calculated values for the DCS are shown to be in very g
agreement with the available experiments and provide a
liable description of thee2-ozone scattering dynamics at lo
collision energies and for the vibrationally elastic channe

A further interesting comparison of experimental da
with calculations is shown in Fig. 4. We show there t

FIG. 4. Computed and measured energy dependence of the
at two different angles: 36°~top! and 96° ~bottom!. The experi-
ments~open squares! are from Ref.@12#. The present calculation
are the filled circles. The dotted line reports calculations from R
@17#.
al
el

in
er-

at

e
n-
l-
e
d
e-

.

energy dependence of the DCS at two different scatte
angles: 36°~upper diagram! and 96°~lower diagram!. The
experimental data are from the measurements of the Frib
group@12# and the solid lines are the present calculations.
the larger angles we also report theR-matrix ESE calcula-
tions of Ref. @17# as a dotted curve. We clearly see on
more that the present calculations follow the experimen
behavior very closely within the energy range sampled by
and certainly agree with measurements better than the do
curve data.

Because of the relatively low energies that can be
changed in upper atmosphere processes or in the astrop
cal environment of interest for ozone reactions it is still
interest, however, to obtain reliable information on t
mechanisms involved and the values of the relative pr
abilities for collisional excitations of rotational levels of th
ozone target at low collision energies. This aspect of
dynamics will be discussed in the following section.

IV. ROTATIONAL EXCITATION PROCESSES

The ozone molecule, like otherC2v systems such as H2S,
SO2, and H2O, is an asymmetric top rotor with three diffe
ent rotational constants of 3.50, 0.44, and 0.39 cm21, respec-
tively. This means that the energy transfer processes ca
volve transitions betweenuJt& states, whereJ is the principal
quantum number andt is a pseudoquantum number intro
duced to distinguish the 2J11 sublevels for a givenJ since
the projection of the latter angular momentum along the
axis is no longer a good quantum number. However, by su
ming over the finalt8 allowed values for each transition an
averaging over initialt values, in the following discussion
we will primarily considerJ→J8 transitions as being the
basic energy transfer transitions over the same range of
lision energy discussed earlier for the elastic cross secti
One should also note that, given the values of the three
ments of inertia for this molecule, the possible amounts
energy that can be transferred in lowDuJt& transitions must
of necessity be rather small. The calculations shown in Fig
report the partial integral state-to-state cross sections, ela
and inelastic, from the initialJ50 level. Because of the

CS

f.

FIG. 5. Computed partial, state-to-state, integral cross sect
as a function of collision energy. The symbols are explained in
figure itself.
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fairly small value of the permanent dipole moment~0.21
a.u.! we see that the elastic process remains the most p
able at all collision energies, at variance with what has b
found earlier by our calculations for the SO2 @37# and H2O
@38# polar molecules, both of which exhibit larger permane
dipole moment values.

We also see from the results shown in Fig. 5 that
permanent molecular quadrupole plays an important role
this case since both its components, the one along thez axis
and the asymmetric component (Uxx2Uyy), are larger than
that from the dipole moment@31#. As the latter quantity
could be taken to be chiefly responsible for theDJ52 tran-
sitions at low energies, we verify here that the inelastic p
cess for the 0→2 transitions~open triangles! yields larger
cross section than the one for the dipole transition~open
squares!: The latter dominates at low energies, while t
former becomes markedly larger asEcoll increases. We also
see from the figure that theDJ53 and 4 excitations from the
J50 level are also rather sizable and exhibit a marked
crease from 5 to 10 eV. On the whole, in fact, all the inelas

FIG. 6. Partial integral cross sections~top! and momentum-
transfer cross sections~bottom! shown at three different collision
energies and computed here as a function of theDJ values for the
asymmetric rotor.
b-
n

t

e
in

-

-
c

cross sections for exciting a ‘‘cold’’ ozone molecule a
found to be rather large, especially as the collision ene
reaches the 10-eV threshold value.

The corresponding behavior of the state-to-state inela
cross sections, as a function of energy andDJ values, is
shown in Fig. 6, where we report the partial integral cro
sections~top! and the partial momentum transfer cross s
tions ~bottom! at several collision energies and as a functi
of DJ.

It is interesting to note that the elastic cross sectio
dominate the low-energy regime, while inelasticity becom
larger as energy increases. Furthermore, in spite of the m
est value of the dipole moment, theDJ51 transitions have
fairly large cross sections but, as mentioned before,
quadrupole-dominatedDJ52 transitions are still larger and
appear to be the largest inelastic cross sections.

To further analyze the overall efficiency of the rotation
excitation process of low-energy electrons with ozone m
ecules, it is of interest to evaluate the following quantitie
The first is called the average energy transfer^DErot& from a
given initial levelJ50,

FIG. 7. Values of the average energy transfer in units of m
~top! and the rotational efficiency as a percentage value of the t
flux ~bottom! computed from the present rotationally inelastic tra
sitions.
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^DErot& uJt&505
( uJt&Þ0s0→uJt&D« uJt&

s tot
, ~33!

a function of collision energy. HereD« represents the energ
spacings between rotational levels, given in meV. A furth
quantity could be obtained by defining the rotational e
ciency as given by

Prot@ uJt&50uE] 5
( uJt&Þ0s0→uJt&

s tot
, ~34!

which therefore compares the relative flux going into exci
states with the one going into the elastic channel. It is the
fore a dimensionless probability function from a given init
rotational state of the molecule. Heres tot5(s0→uJt& .

The results of the present calculations are shown in Fig
where the upper part reports the behavior of^DErot& uJt&50
over the range of energies we have examined in the pre
work. Due to the fairly narrow spacings between rotatio
levels in ozone, we see that the amount of energy be
transferred is rather small, a feature that seems to sug
that electrons do not efficiently ‘‘heat’’ ozone into excite
rotational levels. In fact, the efficiency of the process
rather high, as one can gather from the behavior
Prot(uJt&50uE) reported in the lower part of the same fi
ure. We see there, in fact, that, over the examined rang
energies the excitation efficiency goes from 45% up to 55
indicating that about half of the overall flux goes into exc
ing the rotational channels~a result obtained within a FN
approximation approach, which still decouples the vib
tional channels!. It is also interesting to note that both qua
tities show a maximum around 16 eV, which is near t
energy region~;18 eV! where earlier calculations@17# sug-
gested the possible presence of shape resonances ofA1 and
B2 symmetry from an ESE treatment of the interactio
Given the fact that in our computations we have also
cluded polarization forces, it is not surprising to find t
maximum shifted to lower energies. The more recent E
calculations@18# suggest the two resonances to be at ab
11 eV (A1) and 14 eV (B2), respectively, while the experi
in
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ments @12# see such resonances in the inelastic chann
only, as we discussed before. In any event, the analysi
such low-energy resonances is outside the scope of
present work and requires a more specific and detailed s
of computed eigenphase sums in each contributing IR in
der to be properly answered. We are currently addressing
point with an additional set of calculations@34#.

V. CONCLUSIONS

In the present work we have carried out full quantu
calculations for the low-energy scattering of electrons fro
the O3 molecule in its ground electronic state and we ha
considered it as being fixed at its equilibrium geometry. T
aim of this work was to verify the importance of dipole sca
tering in this system and the capability of our nonempiric
model to describe the observed angular distributions of
electrons for elastic and rotationally inelastic channels. T
coupled equations solved within our SCE approach to
electron scattering dynamics thus appear to realistically
produce the experimental findings.

As we had found out with previous examples of po
molecules@37,38#, the comparison with available DCSs pro
vides a much more reliable and stringent test of the quality
a theoretical method. In the present case, therefore, we h
compared our computed elastic~rotationally summed! DCSs
at several energies with the available experiments@5,12# and
found them to be in very good agreement with the measu
data over a region of energy values from 3 to 20 eV.
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