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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 then@lecule, 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 elagtitationally summeyscattering 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.[S1050-2948)01211-9

PACS numbd(s): 34.80.Bm

[. INTRODUCTION eV, over a range of scattering angle between 40° and 120°.
Masonet al. [8] further reported low-energy EELS data us-
Ozone is one of the most important gases in the Earth’éng an electron trap arrangement. Partial electron ionization
atmosphere and is probably the substance most commongross sections for incident electron energies from 40 to 500
associated with atmospheric chemistry. As we have been toleV have also been determined by using time-of-flight mass
many times, ozone’s presence in the upper atmosphere spectrometry9], while, most recently, the dissociative elec-
essential to all forms of life as it screens out for us the deadlyron attachment in ozone has been explored first for electron
part of the UV radiation. Once down in the troposphere, orenergies between 0 and 10 ¢¥0] and later on by Skalny
the other hand, ozone becomes a pollutant since not only is ét al. [11] and by Allanet al. [12], who also reported vibra-
toxic to both plants and animals but it turns out to also betionally inelastic differential cross sections in the resonance
corrosive to most materialll,2]. It therefore becomes in- region.
creasingly more useful to acquire as much information as The corresponding theoretical studies on the structure of
possible on the chemical and physical properties both of thezone in its ground electronic state and in its lower-lying
ozone molecule itself and of its interactions with other mol-electronic states have also been quite extensive over the
ecules and elementary partners. years, as could be gleaned from the discussion and results of
Having information on the general features of the scatterRef.[13]. On the other hand, the actual calculations for the
ing of electrons by ozone is especially important to the studscattering dynamics and scattering observables in the case of
ies of upper atmosphere processes, where the electrongectron as projectiles have been rather few and fairly limited
guenching mechanisms and energy transfer efficiency inin scope: High-energy scatteringe {,=300 eV) was dis-
volving O; lower-lying electronic states can increase thecussed earlier on by using a model potengid] and total
populations of its excited states, thereby perturbing the locatross sections at slightly lower energies were also computed
thermodynamic equilibrium. The consequences of suclusing a model optical potentigl5]. No calculations, how-
changes in local population can then appear as increasexer, had appeared at a more sophisticated level before the
emission from infrared-active gases, thereby affecting radiawork of Okamoto and Itikawd16], in which differential,
tive cooling and the temperature structure of the atmospheriategral, and momentum transfer cross sections were com-
[2]. On the other hand, perhaps because of its difficult prepgsuted for the vibrationally elastic process at collision ener-
ration and handling and its corrosive properties, fairly fewgies between 5 and 20 eV. Furthad initio work at the exact
experimental studies have been carried out on this systemtatic-exchangdESE level of approximation was carried
Electron-energy-loss spectfBELS) of ozone have been re- out more recently by Sarpat al.[17] using the polyatomic
ported by Celotta, Mielczarek, and Kuygfsj and Swanson R-matrix method, where integral elastic scattering cross sec-
and Celottd4]. Further energy-loss spectra and absolute diftions were evaluated and compared with the few existing
ferential cross section®CS9 were also reported at energies experiments. Additional static-exchange calculations have
between 3 and 20 eV and angles between 12° and [H§8° been recently completed by making use of the Schwinger
More recently, an experimental collaboration between Univariational iterative methodSVIM) [18] and they will be
versity College and OxforfB,7] reported vibrational energy- also compared below with the present results.
loss spectra along a series of energies between 3.5 and 7.0In the present work we decided to carry aal initio,
nonempirical calculations that also include correlation-
polarization effects via a model local potentigkee below
*Author to whom correspondence should be addressed. FAXand that further add corrections necessary to deal with a po-
+39-6-49913305. Electronic address: FAGIANT@CASPURL.IT  lar target within the fixed nucldiFN) frame of reference, as
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we shall show in detail later on. We also make use of the

single-center(SC) expansion method and solve the corre- HoF (D=2 Zap(1), (6)
sponding close-coupledCC) equations in the body-fixed P

.(BF) rgferencg. Additionally we have eva!uated rOt""t'on""”ywhich constitute the general CC equations of the scattering
inelastic, partial state-to-state cross sections anq_ have an foblem, with the following meaning of symbols:

lyzed the corresponding efficiency of that specific energ
transfer process. The paper is organized as follows. In Sec. Il H,=[V+k,] @)
we outline the present theoretical treatment. In Sec. Ill we “ o

compare the present calculations with the available experi-

ments and with other theoretical results. In Sec. IV we dis- Zaﬂ(r):f Kap(rlry)dry, )
cuss the behavior of the rotationally inelastic collisions. The

final conclusions are briefly summarized in Sec. V.
Keap(rIr1)=V,p5(r) 8(r—ry)+W,4(r[ry). 9
Il. THEORETICAL TREATMENT Hereki is given by 2E—€,). The direct electrostatic inter-

A. Scattering equations actionV . is local and is given by an integral, involving the
interactionV of Eq. (2) and two target stately|V|B). The
nonlocal exchange interaction is represented schematically
by W,z, a complicated nonlocal term that will be discussed

We describe the collisional process in terms of the solu
tions of the Schrdinger equatior{in a.u) in the form

Hy(r,X)=Eu(r,X), (1) below. One finally extracts all the necessary collisional in-
formation, such as the reactan€getransitionT, or scattering
where S matrices, from which the actual cross sections are deter-
o mined, by matching the solutiong, to their proper
H=T+V+Hpyg (2) asymptotic forms. A final transformation to a space-fixed

(SP frame of reference finally provides the desired scatter-
and T is the kinetic energy of the incident electron,is its  INg observables that can be compared with the experimental

interaction with the molecular nuclei and electrons findings.
The simplestab initio treatment of Eq(6) is to evaluate
N M the direct and nonlocal interactions of E¢8) and(8) with-
V= [r=x"1+ 2, ZJr—X,|71, (3)  out any further polarization effects. This is the so-called ex-
=1 r=1 act static-exchange level, whereby the target wave function

- o is treated as a single Slater determinant for the ground
Humol is the Hamiltonian for the molecular target, ants the  state|a) and the continuum functions that are solutions of
position of the continuum electron. We [étrepresent col-  Eq, (6) are generated numerically within the undistorted field
lectively the coordinates of the target electrongi=1N)  of the fixed molecular nuclei and thg, electrons.
and the molecular nucleX, (y=1M). We also intend to The further addition of short-range correlation effects be-
refer all particles to a frame of reference fixed to the mol-tween the bound and the continuum electrons, together with
ecule (the BF framg. The molecular Hamiltoniat ..o, de-  the long-range part of the polarization forces, could be found
scribes not only the interaction among the electrons and nusia the choice of a nonlocal, energy-dependent complex op-
clei but also their respective motion. One now converts theical potentialV,,(r). However, we have introduced earlier
many-body problem to an effective single-particle one byin [20] a simpler formulation that employs the average cor-
expanding the total system wave functignin terms of a  relation energy of a single particle, within the formalism of
complete set of target states as the Kohn-Sham variational theorem, to obtain the short-
range correlation forces as an analytic function of the target
~ electronic densit r;). Such an analytic function can
w(r,X)=§ A{Fo(1) 6o(X)} (4) then be matchegf)Tr:(tHZa long-range reg)i/on, to the second-
order perturbation expansion for the polarization potential

such that

©

~ ) . al
Himoibal X) = €4a(X), ) Veal(N=~=2 5z, (10)

whereA is the antisymmetrization operator aeg are the where it is usually sufficient to employ the first multipolar
molecular eigenvalues for each asymptafisolated mo-  coefficient, the target static dipole polarizabilityy. The
lecular electronign) and rotovibrational {rv) state of the final result will therefore provide us with a model
targeta=|n,J,7,v,). HereJ andrrepresent the two quan- correlation-polarization potential in the local forWicg(r)

tum numbers for the asymmetric rotor tar¢@®], while v [21]. One can thus construct the full interaction ESE poten-
stands collectively for the vibrational quantum numbers oftial by summing the contributions of the static, exchange,
the three molecular normal modes. Now inserting E5). andVcp potentials discussed above. Before doing that, how-
into Eq. (1) and multiplying on the left by the conjugate of a ever, we have represented all such potential terms, together
representative state of E@t), one obtains the familiar set of with the bound molecular orbital®10s) and the total target
coupled integro-differential equations electronic density, in a BF frame of reference centered in the
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center of mass of the target molecule, thus following afixed-nuclei approximatiofi20] and therefore an alternative
single-center expansiq®CE treatment of the CC scattering procedure to circumvent this problem is employed in the
equationg 21]. present work.

The calculation of the nonlocal exchange interaction re- The DCS is given by the familiar expressipif]
quires the evaluation of the sum of integrals

ng A (k?)P,(cos6), (20)

; fcb’,;(r’)lr—r’I*1F<p“><r’>dr'¢,7<r>, (11

whereP, is the Legendre function. Th& coefficients have
where  sums over the occupied target MOs, given by thealready been given many times befdeee, e.g., Ref.19])
¢, functions, and th& (P are the continuum electron func- and therefore will not be repeated here. Thenatrix is in
tions for any irreducible representatigiR) labeled by the turn defined as
|pw) indices[19]. The corresponding matrix formulation of | |
the CC equation$6) can be written as T,?U,I 6”/51,,,,—8,',’ ,

v

(21)

LF(PH=WFPL) (120  and the corresponding integral cross section is given by
WhereWFi(B‘i) is the exchange term given by some initial
estimate foii =1, F{®*, and the iterative procedure consists
in generating the successiveP) matrices until conver-
gence is achieved by the unchanged structure of the scatter- It should be noted that the present cross sectipasd Q
ing K matrix within a given threshold of invariance for its correspond to the vibrationally elastic onés., summed
matrix elements. over the final rotational statesin the fixed-nuclei approxi-

In practice, one rewrites the scattering equations in termgation, those cross sections are independent of the initial
of the Lippmann-Schwinger equation for the scattering by aotational stat¢19—-21].
potential that is the difference between the local exchange If no approximations are made with respect to the rotovi-
potential and the exact exchange potential brational molecular degrees of freedom involved in the dy-

namics and all calculations are carried out in the laboratory
‘/fp: ¢p+ Gavel/fp )

frame, SF frame of referencdor a recent review of the

terminology see Refl19]), then the partial, state-to-state dif-
where ¢, is a solution to the purely local potential problem ferential cross section for scattering into the polar angjle

can be expressed as a Legendre expansion with coefficients

Q=(7T/k2)|2 > TR

ot

(22

(13

Haodp=Edp. (14 depending on the rotational quantum numbers of the asym-
The local HamiltoniarH , is 2V2+V,,, whereV,, is the sum metric rotor
of the local potentials do
oo (7=’ ) =K'k A\(j7—]'7")P\(cos 9),
Va = Vstatic+ Vpol+ Vmodel exchange (15) d€ A
(23)
The potentialV, is defined by
where theA, coefficients depend explicitly only on products
Ve=Vexact exchange Vmodel exchange (16) of the elements of the transition matixand other algebraic
factors [22,23. Also k'?=k?+2(E;,—E;,/). Since their
and the Green’s function is defined by precise form involves in principle infinite sums over the an-
gular momentaf’,/") characterizing the matrix elements of
(E-Ho)G.=1. 17) T, then the presence of a very-long-range potential in the
If we define the totaK matrix by case of electron scattering fror_n_polar molecules implies that
a very large number oA, coefficients need to be evaluated
Kpq= Ké”é” Kgg , (18) and therefore that a very large set af,¢’) indices of theT

matrix need to be included in the exact calculations owing to

whereK(®) is the K matrix due to scattering only by,,,
thenK(® can be obtained as

K= 2( byl Vel thq).- (19

B. Differential cross sections

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

the very slow convergence of the sum in E23).

When further simplifying the calculations by returning to
the FN approximation in the BF frame of reference, the usual
partial-wave expansion can be employed. However, in the
case of polar molecules, the partial-wave expansion of the
cross section does not converge if the fixed-nuclei approxi-
mation is applied as it stands. To remedy this difficulty, one

rgan use the following closure formula instd@?—24:

do

FTo) (24)

=q5+2 (AL—AP)P (cos ).



PRA 58 ANGULAR DISTRIBUTIONS AND ROTATIONAL . .. 4487

Here the superscrig® denotes that the relevant quantity is preselected accuracy. Thus the first term on the right-hand
calculated in the Born approximation with an electron-point-side of Eq.(30) represents the result from the use of the
dipole interaction. The summation overin Eq. (24) con-  analytic Born expression, while the correction term of Eq.
verges rapidly because the contribution from the higher par¢30) first contains the contribution from the CC results and
tial waves to the DCS is dominated by the electron-dipolethen subtracts from it a further term that is extracted from the
interaction and can be calculated in the Born approximationunitarized Born formulation for th& matrix, as constructed
The first term in Eq(24) is then given via the formula from the first Born approximatiot-matrix elementg27—

29]. One should also note that a BF formulation of the adia-
(25) batic nuclear rotation approximation was used earlier on

[27,28 to provide an entirely equivalent set of correction

formulas that go under the name of mean approximation for
Here (j7) denotes the rotational state of,® andag(j7  the divergent DCS problem in polar diatomic targets. One
—]j'7") is the Born DCS for the rotational transitioir  should also note that an additional difficulty may appear
—j'7' calculated with a point-dipole interaction from a ro- when using Eq(31) if the actual value of the dipole moment

a®= 2> aRdir—i').
J,,T’

tor scatterer. This has in turn the forr@5] provided by the static interaction for the self-consistent-field
4K target turns our to be much larger than the correct asymptotic
B i it 1\ o 20050 1 2 dipole used in the last term of E¢31), hence causing the
= 2j'+1
Grol]7=1"7") 3 k (2] )i 1im)10d final DCS to become negative at some angles. In all our

, , _ calculations, however, this disagreement did not occur and
X (K2 +k'2=2kk'cos 6) (26 therefore all computed DCSs o? E@O) remained always
wherek andk’ are the wave numbers of the incident and theposit?ve. The final_ rotovibrationallyor _only rotationally in-
scattered electrons ar)Id2|<j ,Tr|k7_>100|2 is the squared di- elastic cross section can then be written as

pole transition moment. The inelastic cross sections are cal-

.. o da_mean dO'FBA
culated similarly by writing iy — i
i qga_ Wi—v'i=—gq Wi—v'i’)
Q= QB+ 4m(Ao—Ag), (27) domean
with +A—dQ (vj—v'j"). (32
— B/ sy
Q%= QRit—i'"), (28) lll. COMPARISON WITH EXPERIMENTS
] T
and the Born cross section is given as The ground-state electronic structure of ozone is given by
8 the A, total symmetry. We carried out our calculations us-
B, o 2T s 250 1] 2 ing a triple{-plus-polarization quality of expansion over
T—]'T 2]'+1 lir
Qoll7=1"7)= 5 (2" + Du K37 7'li 10d Gaussian-type orbitals labele®95** 6d10f ) obtained us-
1 Ik+K' ing the GAUSSIAN 94 suite of codeq30]. The equilibrium
XF In Pl (299  bond length and bond angle values were kept, within the FN

approximation scheme, at 2.4pand at 116.8°, respec-
tively. The corresponding total energy turned out to be
rotational state j(r) and henceg andQ do also. The above ; 625231\}2;1_93 gohzrtureet: ?g t:;:;;?gg t\(lev(ijthdlt%oelee)rz‘lp%r:;;rgn\t/:ll—
formulas can be regarded as a correction to the Born approxv-alue of—0.21 a.u[31]. The value of the spherical polariz-

mation treatment of dipole interaction since they include ;.. : L
short-range effects from the CC calculations. CIEZE] al- ability employed to evaluate thé-p correlation-polarization
otential was 184&. The single-center expansion was car-

ready discussed this point in the case of diatomic molecule® ;
One can rewrite Eq(5) in a completely equivalent form ried out at the center of mass of the system, which was

It should be noted thai® and QB depend on the initial

[25] located clearly off the positions of all three nuclear charges.
The number of points was 300 foy 48 for ¥, and 21 forg,

do ~ de™®r do making up a total of 302 400 evaluated points. The multipo-

a0 (vj—v'j’)= i) (vj—v'j)+A a0 (vj—v'j"), lar expansion of the static potential was carried out for both

(30) the electronic and nuclear parts, up to\g,y value of 36,
while the partial-wave expansion for the scattering electron

where was tested for a series b¥alues up to 18 with convergence
achieved already for ah,, value of 12. The latter choice
do . . 1 . ) . . .
A— vj—v']")=—m 2 {A\(vj—v']") implied a total number of coupled equations in thesym-
dQ Kyj metry of 100.

—APAwj—v'j")}Py(cos D).

31 . . . .

@D One of the issues that has been raised in relation to the
Aided by cancellation, the sum ovarin Eq. (30) can now  behavior of the elastic cross sections in the low-energy re-
converge more rapidly and terminate for a givep,, at a  gimes is that of the possible existence of broad shape reso-

A. Question of the shape resonances
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nances in one or more of the symmetry channels. The exper_~
mental observations of several investigati¢6s,8—10,12 NS 10
point to the presence of some broad shape resonances int § \
vibrationally inelastic channels only, whereby the extra elec-gfo ‘
tron is captured in very strongly antibonding® orbitals,
which are in turn modified by the bond stretching effects
[12]. Thus the earlier findings were of two broad resonance:
peaking around 4.2 and 6.6 eV, assigned to totally symmetri
vibrations of A; symmetry and to the antisymmetric stretch
of B, symmetry. Further and more recdi®2] experiments
on the elastic integral cross sections between 0 and 10 e
have also confirmed the absence of similar shape features
the elastic channels scattering.

The earliest calculations that used a close-coupling ap
proach that included a model polarization potenitis#] did = ™ e = 50
not show any indication of shape resonances in their com 5§ Scattering Angle (deg)
puted elastic(rotationally summeydintegral cross sections
and their integral cross sectigiCS) values appear to be flat
over the whole energy range of relevance. They, howevel
gave results only on a sparse energy grid. —

The R-matrix calculations of ICSs and momentum trans- 5 '°
fer cross sectiondMTCS9 carried out at the static-exchange Ng
(SE) level[17], on the other hand, suggested the presence 2 :
various broad shape resonances in the elastic channels: tv— \
of A; symmetry at 8.2 eV and 18.0 eV, with widths of 2.6 ¥ 5 oV

\ e

2

{
r 3 eV
\

|

(=]

>

(=}

fferential Cross Section (units of 1

and 0.8 eV, respectively, and tvig, resonances at 11.1 and
18.1 eV, with widths of 2.0 and 0.8 eV, respectively. A
further A, resonance around 20 eV was also suggested b .g
them. A more recent and fairly extensive calculation at the 3
SE level without inclusion of polarization effects has beenﬁ
carried out by Leeet al. [18]. These authors have analyzed 9
the elastic ICSs and MTCSs over a more dense grid of erQ |
ergy values and found marked disagreement with the earlie% Y
R-matrix calculations: There are no signs of resonance irg k ( ; ,
either the 8-eV or th€18—20-eV ranges of energy, an indi- £ ° %0 s .90 120 150 180
cation of a weak and broa#l; shape resonance around 11 a Scattering Angle (deg)

eV and another possible broad and weak shape resonance of g 1 Computed and measured elagtitationally summer

B, nature around 14 eV. They attributed this discrepancy tQjiterential cross sections. The top diagram refers to 3.0 eV of
the truncation of thék-matrix calculations to thé;=3 par-  coliision energy, while the bottom diagram reports results at 5.0 eV.
tial wave, which was too low since their calculations foundThe open squares are the experiments from R&f. while the
instead that at leadt:=8 was needed to have converged present results are given by the solid line. The SVIM calculations of
cross sections to about 2%. Ref.[18] are given by the sequence of asterisks.

In our present analysis of the angular distributions and of
the rotationally inelastic processes discussed below, we haw#f structures in the elastic cross secti88]; (ii) the earlier
also carried out a preliminary analysis of the component computational suggestion of a possille shape resonance
of the elastic ICS around th@—8-eV range over a more around 8 eV at the SE treatment of the elastic chafitg)
dense energy grid and found, as in H&8], no indication of  has not been confirmed by the later calculatiftf§| nor by
any shape resonance in that energy region. One should noteir present search of it in that symmetry; afit) the pos-
here that we uset|, values up to 18 in some convergence sible presence of two weak shape resonances,adnd B,
tests and found that, in analogy with REE8], I, values up symmetries in the elastic channels has been suggested by
to 12 were needed for convergence around 1-2 %. Therenly one set of calculationgl 8] and, at the static-exchange
fore, we have not further analyzed with a more dense grid ofevel, in the(11-14-eV energy range.
energy points the region around 10-16 eV where the SE Since the present study has focused on the angular distri-
shape resonances were seen by the recent calculdfiBhs butions and rotational excitation processes, we have decided
since the experimentalists still insist on indicating that theto carry out elsewherg34] a more detailed analysis of the
possible shape resonances could be seen in the inelastigher-energy range where one set of calculatidri§ sug-
channels only. The current situation about shape resonancgssts the existence of weak shape resonances, in order to see
can therefore be summarized as followsi) The experi- if their disagreement with the experiments could be attrib-
mental data have seen the presence of shape resonance stuted to any specific feature of the computational methods
tures in theA; andB, symmetries, but only when the vibra- currently employed. The use of FN calculations, in fact, is
tionally inelastic channels are measured, with no indicatiorknown to magnify the “bumps” associated with shape reso-

n (units of 10
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™

N
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10' \* 7 eV
\ i

-
(=)

) 90 120 150 180
Scattering Angle (deg)

N
(=]

50 90 120 150 180
Scattering Angle (deg)

Differential Cross Section (units of 10™°cm’sr™)
Differential Cross Section (units of 10"°cm’sr”)

16

Differential Cross Section (units of 10"°cm’sr”)

(=}

120 150 180

Differential Cross Section (units of 10"°cm’sr”)

60 %0 ‘ y ; .
Scattering Angle (deg) 0 % Ssgatteringglgngle (d:ezg(;)) 150 180
FIG. 2. Computed and measured elastic, rotationally summed,
differential cross sections at 7.0 €t6p) and 10.0 eM(bottom of FIG. 3. Same as in Figs. 1 and 2, but for two higher collision
collision energy. The notation is the same as in Fig. 1. The addienergy values of 15.0 e\top) and 20.0 eMbottom. The notation
tional crosses are the pseudopotential calculations of [B&}. is the same as in Figs. 1 and 2.

nances as . .
the latter are usually lowered and broadened Wh?oqlow closely the experimental points and further show the

nuclear motion is includeB3] and therefore could be one of : >
the possible causes of the lack of observation of such feasitrong forward peak caused by the dipole scattering in the

tures in the measurements of the elastic integral cross Seﬁgﬁ?gt?Qg%gﬁ;?,;baerlgvgﬁ;;g ttoo. rTrhees Sl'g']!z ég‘!ct?kti-
tions in the(0—10-eV range of energy32]. u u u

are much larger in the small-angle region. The results at 5
eV, reported in the lower part of Fig. 1, show remarkable
agreement between the present theory and the measured val-
As mentioned before, the detailed comparison of calculaues. We also show in that part of the figure the recent calcu-
tions with experimentally obtained angular distributions is alations from the ESE variational approach of Hé8], given
more direct test of the quality of a theoretical treatment forby the line of asterisks, and see that their agreement is only
electron scattering from polar moleculg’5]. The results qualitatively acceptable below 50°, while following very
reported in Fig. 1 for two different collision energié€and  closely our results in the larger-angle scattering.
5 eV) therefore show our computed elastimtationally If we now move to the higher collision energies reported
summedl differential cross sections, which include the Bornin Fig. 2 and corresponding to 7.0 and 10.0 eV, respectively,
correction as outlined in Sec. Il B and given by E24). In  we see that the agreement between the present theory and the
the upper partat 3.0 eV} our calculated valuegsolid line) experiments becomes really remarkable: Our computed val-
are compared with the experimental poiftgen squargs ues now remain within the experimental error bars at all the
from Ref.[5] and with the ESE calculations of Rdfl8] available angles and for both the energy values shown. As
(asterisks One sees clearly that the agreement of our datdefore, the asterisks also show the data at both energies from
with experiments is generally fair as the computed valueshe ESE calculations of Ref18] and indicate once more a

B. Differential cross sections
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FIG. 5. Computed partial, state-to-state, integral cross sections
as a function of collision energy. The symbols are explained in the
figure itself.

2 -4

cm’sr)

energy dependence of the DCS at two different scattering
angles: 36°(upper diagrarmnand 96° (lower diagram. The
experimental data are from the measurements of the Friburg
group[12] and the solid lines are the present calculations. At
the larger angles we also report tRematrix ESE calcula-
tions of Ref.[17] as a dotted curve. We clearly see once
more that the present calculations follow the experimental
behavior very closely within the energy range sampled by us
and certainly agree with measurements better than the dotted
curve data.

Because of the relatively low energies that can be ex-
0.25 & ] changed in upper atmosphere processes or in the astrophysi-
cal environment of interest for ozone reactions it is still of
000 , ‘ ‘ ‘ interest, however, to obtain reliable information on the

0 ComsiO}fEner s 20 mechanisms involved and the values of the relative prob-

gy (eV) N .. o .
abilities for collisional excitations of rotational levels of the

FIG. 4. Computed and measured energy dependence of the DG¥Z0Ne target at low collision energies. This aspect of the
at two different angles: 36ftop) and 96°(bottom). The experi- dynamics will be discussed in the following section.
ments(open squargsare from Ref[12]. The present calculations

are the filled circles. The dotted line reports calculations from Ref. IV. ROTATIONAL EXCITATION PROCESSES
[17].

1.25 ~

075

0.50

Differential Cross Section {(units of 10™°

The ozone molecule, like oth€,, systems such as,8,

less satisfactory accord with the measured data. AdditiondO,, and HO, is an asymmetric top rotor with three differ-
recent calculations that employ the Schwinger multichanneént rotational constants of 3.50, 0.44, and 0.39 tmespec-
method with pseudopotentidl36] are also shown by crosses tively. This means that the energy transfer processes can in-
for the collision energy of 7.0 eV: They agree well with our volve transitions betweeld r) states, wherd is the principal
results at all angles, but have no forward peak. We show iuantum number ane is a pseudoquantum number intro-
Fig. 3 a comparison between the present and the Schwingettuced to distinguish theX+ 1 sublevels for a gived since
type calculations of Refd.18] and[36] at the higher colli- the projection of the latter angular momentum along the BF
sion energies of 15.0 and 20.0 eV, respectively. We see thaixis is no longer a good quantum number. However, by sum-
all calculations are qualitatively very similar, although dif- ming over the finalr’ allowed values for each transition and
ferences exist especially in the large-angle region where thaveraging over initial- values, in the following discussion
different approaches employed to obtain the short-range inve will primarily considerJ—J’ transitions as being the
teractions by the three theoretical methods clearly play a relbasic energy transfer transitions over the same range of col-
evant role. On the whole, however, one can say that thésion energy discussed earlier for the elastic cross sections.
calculated values for the DCS are shown to be in very good®ne should also note that, given the values of the three mo-
agreement with the available experiments and provide a rements of inertia for this molecule, the possible amounts of
liable description of the ™ -ozone scattering dynamics at low energy that can be transferred in laWJ7) transitions must
collision energies and for the vibrationally elastic channels.of necessity be rather small. The calculations shown in Fig. 5

A further interesting comparison of experimental datareport the partial integral state-to-state cross sections, elastic
with calculations is shown in Fig. 4. We show there theand inelastic, from the initial=0 level. Because of the
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(top) and the rotational efficiency as a percentage value of the total

FIG. 6. Partial integral cross sectiori]op) and momentum-  flyx (bottom) computed from the present rotationally inelastic tran-
transfer cross section®ottom shown at three different collision sjtions.

energies and computed here as a function ofAflevalues for the
asymmetric rotor.
cross sections for exciting a “cold” ozone molecule are

fairly small value of the permanent dipole momept21  found to be rather large, especially as the collision energy
a.u) we see that the elastic process remains the most protieaches the 10-eV threshold value.
able at all collision energies, at variance with what has been The corresponding behavior of the state-to-state inelastic
found earlier by our calculations for the ${B7] and HO  cross sections, as a function of energy and values, is
[38] polar molecules, both of which exhibit larger permanentshown in Fig. 6, where we report the partial integral cross
dipole moment values. sections(top) and the partial momentum transfer cross sec-

We also see from the results shown in Fig. 5 that thetions (bottom) at several collision energies and as a function
permanent molecular quadrupole plays an important role imf AJ.
this case since both its components, the one along thes It is interesting to note that the elastic cross sections
and the asymmetric componer® {,—©,,), are larger than dominate the low-energy regime, while inelasticity becomes
that from the dipole momeni31]. As the latter quantity larger as energy increases. Furthermore, in spite of the mod-
could be taken to be chiefly responsible for thé=2 tran-  est value of the dipole moment, tle]=1 transitions have
sitions at low energies, we verify here that the inelastic profairly large cross sections but, as mentioned before, the
cess for the 6-2 transitions(open trianglepyields larger quadrupole-dominatedJ=2 transitions are still larger and
cross section than the one for the dipole transitiopen appear to be the largest inelastic cross sections.
squares The latter dominates at low energies, while the To further analyze the overall efficiency of the rotational
former becomes markedly larger Bs,, increases. We also excitation process of low-energy electrons with ozone mol-
see from the figure that th&J=3 and 4 excitations from the ecules, it is of interest to evaluate the following quantities.
J=0 level are also rather sizable and exhibit a marked inThe first is called the average energy transteg,,) from a
crease from 5to 10 eV. On the whole, in fact, all the inelasticgiven initial levelJ=0,
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31372000 |3nAE |1 ments [12] see such resonances in the inelastic chan_nels
; (33 only, as we discussed before. In any event, the analysis of

such low-energy resonances is outside the scope of the

a function of collision energy. Her&e represents the energy Present work and requires a more specific and detailed study
spacings between rotational levels, given in meV. A furtherof computed eigenphase sums in each contributing IR in or-

quantity could be obtained by defining the rotational effi-der to be properly answered. We are currently addressing this
ciency as given by point with an additional set of calculatiof34].

<AErot>|Jf)=0:

Otot

ro ]
Ttot In the present work we have carried out full quantum
Olcalculations for the low-energy scattering of electrons from

which therefore compares the relative flux going into excite h lecule in i d el . d h
states with the one going into the elastic channel. It is therel® & molecule in its ground electronic state and we have

fore a dimensionless probability function from a given initial cpn5|der¢d it as being f|xeq at |ts'eqU|I|br|um geometry. The
rotational state of the molecule. Heng,=S0y (5, aim of this work was to verify the importance of dipole scat-
' t —|J7) *

The results of the present calculations are shown in Fig. 7tering in this system and the capability of our nonempirical
where the upper part reports the behavior AE o35 -0 model to describe the observed angular distributions of the
ro T)=

over the range of energies we have examined in the preseﬁ{ectrons for elastic and rotationally inelastic channels. The
work. Due to the fairly narrow spacings between rotationalCOUpIed equations solved within our SCE approach to the

levels in 0zone, we see that the amount of energy bein lectron scattering dynamics thus appear to realistically re-

transferred is rather small, a feature that seems to sugg Eoduce the experimental findings.

that electrons do not efficiently “heat” ozone into excited 'IA‘S V‘I’e S[gi%g)%ﬂd out W'th prev!?hus e)_(larg}pllesscgf polar
rotational levels. In fact, the efficiency of the process jgmolecule 29, the comparison with avariable S pro-

rather high, as one can gather from the behavior Oivides a much more reliable and stringent test of the quality of
P..(|37=0[E) reported in the lower part of the same fig- a theoretical method. In the present case, therefore, we have
ure. We see there, in fact, that, over the examined range mpared our computed elas(iotationally summelDCSs

energies the excitation efficiency goes from 45% up to 55%2;[ Sﬁ(;’?ﬁi'ﬁ??grgée% wg? thgoa(\jvglIarll;:aeme;nrien_rtr;]{?gﬂmaer;i red
indicating that about half of the overall flux goes into excit- u In very g g Wi u

ing the rotational channel&@ result obtained within a FN data over a region of energy values from 3 to 20 eV.
approximation approach, which still decouples the vibra-
tional channels It is also interesting to note that both quan-
tites show a maximum around 16 eV, which is near the The financial support of both the Italian National Re-
energy regior(~18 eV) where earlier calculations7] sug-  search CouncilCNR) and the Italian Ministry for University
gested the possible presence of shape resonandesaid and ResearctMURST) is gratefully acknowledged. We are
B, symmetry from an ESE treatment of the interaction.grateful to Professor M. T. Lee for having sent us his com-
Given the fact that in our computations we have also inputed values for the cross sections prior to publication and to
cluded polarization forces, it is not surprising to find the Professor Marco Lima and M. H. F. Bettega for sending us
maximum shifted to lower energies. The more recent ESEheir pseudopotential results, which are still unpublished. We
calculations[18] suggest the two resonances to be at aboualso wish to thank Dr. N. J. Mason for sending us his unpub-
11 eV (A;) and 14 eV B,), respectively, while the experi- lished elastic cross section measurements.
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