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We have computed cross sections and asymmetry parameters for tlsep@ofbionization of &, (X
=H, F, Cl) using the Schwinger variational method with Paderections. We present a comparative study that
shows the influence of the identity of tieatom on the computed cross sections. Predicted cross sections are
in good agreement with available photoionization and photoabsorption experimental data. We conclude that the
presence of heavy outer atoms produces resonance structures in the photoionization cross sections and in the
asymmetry parameters. We find a single nonvalence resonant state in the photoionizatigrantl @kultiple
resonances in C¢lthat have significand-orbital character in the vicinity of the Cl atoms.
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. INTRODUCTION for CF, have theoretical23] and experimental24] results
on the photoionization of the Csllevel been reported.

Quantitative information on the interaction of photons The version of the SVM that we use here is essential a
with molecules such as CH CF,, and CC} are of funda-  one-electron method. Thus in the computed cross sections
mental and practical interest. The two halogenated methange will only see effects due to one-electron processes. Thus
compounds cited above, among others, play an importanh the study of core photoionization, we will not find any
role in the depletion of Earth’s ozone laygt]. Methane autoionization resonance structures or effects due to inter-
itself is an important planetary atmosphere constituent othannel coupling to shake-up channg2§]. The resonance
outer planets such as Uranus and Nepti#fjeand is one of  processes we will find are shape resonances. In molecular
the many gases that contribute to the development of thghotoionization, shape resonances are primarily due to dy-
greenhouse effe¢B]. It has also become a useful and inter- namical angular-momentum barrief6]. Thus resonance
esting test system for theoreticians since it is one of the simwave functions are usually characterized by high angular-
plest polyatomic molecules. momentum states as seen through the structure of their nodal

The Schwinger variational methd@®VM) has been ap- surfaces. A high angular-momentum barrier leads to high
plied successfully to the study of the photoionization of sevresonance energies and/or narrow resonances. Thus in the
eral molecules, within many different levels of approxima- photoionization of Sf; a resonant state that asymptotically
tion. Some of the most recent applications for |iﬂearcorresp0nds td=9 angular momentum is found to have
molecules include the frozen-core Hartree-Fock result for N photoelectron kinetic energy of 57 €3], whereas a reso-
[4], the relaxed-core Hartree-Fock calculation for {8)) the  nant state in the photoionization of,Nvith asymptotic an-
multichannel configuration-interaction approximation for CO gular momentum of=3 has a photoelectron kinetic energy
[6], C,H, [7,8], and for N, [9], which also include a com- of 15 eV [26,27]. In molecular systems, the resonant states
plete active space configuration-interaction approximationcan also be characterized by the degree to which the wave
Years ago, the SVM was implemented G, molecules function can be constructed by atomic centered valence or-
(H,0O [10]) and for molecules that have a point group whichbitals. In general, some of the resonant states appear to be
hasC,, as a subgroup (SiH11] and GH, [12]). Recently  similar to the unoccupied states in a simple valence
the SVM was generalized for polyatomic molecules of arbi-molecular-orbital picture of the electronic structure of the
trary symmetry, producing very good results for the § 1 molecule, while others have a nonvalence character. Thus in
photoionization of SE[13], and the valence photoionization the C Is ionization of the three tetrahedral molecule consid-
of Cgo [14]. ered here, one must consider the unoccupied valence states

In this paper we present Gskross sections and asymme- of t, symmetry. In CH and CR there is one unoccupied
try parameters for the photoionization of the systems, CH o* (C-X) orbital oft, symmetry. In CH, the H nuclei do not
CF,, and CCJ using the polyatomic Schwinger variational have an attractive enough interaction with the photoelectron
method with Padeorrections. There have been several studio support a shape resonance. In,Cthe C Is— o* (C-X)
ies on the photoabsorption of GH15-17, CF, [15,17-2(0, states are believed to occur below the €idnization thresh-
and CC}, [19,21]. There is also an extensive bibliography old [19,23 and thus would not appear in the ionization con-
and database available for inner-shell processes includingnuum. Thus any shape resonance in thegdahization of
those considered hef22]. However, to our knowledge, only CF, would be due to a nonvalence state. In £tbere would
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be botho* (C-X) orbitals oft, symmetry as well as states the functionsyfi/*, which are the symmetry-adapted angular
that can be formed from the valence atomic orbitals on expansion functiong30] that are related to the usual spheri-
the Cl atoms. In the case of Che Cls— ¢o* (C-X) states  cal harmonics by

are again expected to occur below the €idnization thresh-

old [19]. However, we still might expect to see shape reso-

nances that have wave functigns whrijch hawkabital cphar- X (6.4) = % bfiimYim(6, 4). “)
acter around the CI atoms.

The organization of this paper is as follows: In Sec. Il weThe quantitied (kll_ﬁ\v/?pﬂ appearing in Eqs(2) and (3) are the

describe the main features of the theoretical method. Sectiop, i \vave components of the dynamical coefficidrﬁ V)
[l presents the computational details of our calculations. Ou 10 ;
results are shown in Sec. IV and our conclusions are su ],
marized in Sec. V. Lo\ 12
LV i vHo A
e ):(?> > i puxBe X (), (5)
! pulhv

IIl. METHOD

The details of our method were described elsewheravhere
[13,28,29, so only some of its main features will be re-
viewed here. The differential cross section, averaged over the I == (k)Y |r-n|wiY) (6)
molecular orientations, is given by ’

for the dipole length form and
dotV) LW

ko 4

[1+ B{-YP,(cosh)], 1) Vo (k)2

k,n

(V| V-n[wi)y (7

where the total cross sectiarf™") is
for the dipole velocity form. In the above equations; is

42 the target ground-state wave functioh{ ) is the final con-
_cE 2 II(k'n’]\U’?pMI2 (2)  tinuum state wave functiofwith incoming-wave boundary

pulhy condition of the system(ion plus photoelectron k is the
photoelectron momentum, amdrepresents the unit vector in
the direction of polarization of the radiation, which is as-
sumed to be linearly polarized.

oLV =

and where [,V) stands for either the lengiih) or velocity
(V) form of the cross section. In Eq2), p is one of the

irreducible representations of the molecular point grquys Calculations using the dipole length and velocity forms of

a component of the representatipyh indexes the different o 4y namical coefficient would produce the same results if

functioqs belonging to the same i(reducible representatioghe exact wave functions were used. Since the wave-function
(pu) with the same value df v designates components of 50 jation involves the use of approximations, the differ-

the dipo:je m?n;]ent operatd, is tfhehphor':on elnerg)k is the ences between the results of E¢®. and(7) can be used as
magnitude of the momentum of the photoelectron, ansl 5 4ot of the quality of our wave function. In the calculations

the speed of light. , reported here, we use the mixed form, so that the differential
In Eqg. (1), the asymmetry parametg can be written as cross section is given biB1]

[10]
o AT it 1) ®
3 1 = nd ~ ~b
B(kL,V):_ dQﬁdQﬁ c k.,n k,n
ORI
pulho vpK The cross sections obtained in the mixed form usually lie
between the ones produced by the length and velocity forms
X —ymemy L) y) e [32],
p,u,lgmmu =1 kihw.pu o ) We use the single-center expansion methd8] in the
p /1N v m'm! solution of the scattering problem. In this method, all three-
. dimensional functions are expanded in the set of angular
Xth#me/’#:/bEvﬁprvtLv,[(2|+1)(2|’+1)]1/2 symmetry-adapted functiongh#(6, ), defined in Eq.(4),
oMo Lo7m, according to the irreducible representations of the molecular
% (110020)(1"100205(1.1~m’ .m.|2M’ point group {4 for the three molecules studied herén
(110420)(1"10020)¢ ool ) arbitrary three-dimensional functida#(r, 8, ¢) is then ex-
X{I",1,—m’,m|2,—M"), (3) panded as
where thel’Im’m|L’M’) are the usual Clebsch-Gordan co- EPE(r 0.0 =S r LEPA(r)vPE( 0 9
efficients and théf}s, are expansion coefficients that define (r.6.4) %: i (1)’ (6. 6), ©
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where the radial functiongf)h“(r) are represented on a nu- TABLE I. Interatomic distances (A) and self-consistent field
merical grid. When solving the scattering equations we en({SCP energieshartrees
force orthogonality between the continuum solutions and the

occupied orbital$33]. . SCF energy SCF energy

In the present study, the initial neutral molecule eIectronicMOlecule Distance _ (this work (from the literaturg
wave functionW¥; and the final ionized molecule electronic CH, 1.091[44] —40.21027 —40.1987[45,46
wave function are described by single Slater determinantsCF, 1.323[47] —435.78392 —435.76699 29|
constructed using the Hartree-Fock orbitals of the initial neu- CcCl, 1.767[47] —1875.87501

tral state. The ionic orbitals are then constrained to be iden
tical to those of the initial ground state. Our approximation

does not include the effect of relaxation of the ion due to the IIl. COMPUTATIONAL DETAILS

localized nature of the core hole, which is known to affect our molecular targets were represented within the

the position, width, and magnitude of resonani®4. With  Hartree-Fock approximation using the 6-311G basis set from
this approximation we reduce the computation of the finakhe caussiangs code[35], augmented with two sets af
photoionization problem to solving the problem of an elec-polarization functions on the heavy atoms for all three mol-
tron under the action of the potential of the molecular ion.ecules. At the experimental equilibrium ground-state dis-
We then do not consider many-electron correlation effectstances of CH, CF,, and CC} this basis set produces the
although we do include the nonlocal exchange interactiorself-consistent field energies shown in Table I, where we also
which is a consequence of the many-electron nature of theompare them to other values available in the literature. All
states involved. The photoelectron orbital is a solution of thecalculations were carried out in the fixed-nuclei approxima-
one-electron Schringer equatio33] (in atomic units: tion. To calculate the matrix elements of E¢G). and(7) we
only need to compute the final continuum staé§ /) be-
longing to theT, symmetry, since the three components of
the dipole operator transform as tfig irreducible represen-
tation of theTy point group. Since the Cslhole states have
A1 symmetry in all of these molecules, the continuum orbit-
als will also havet, symmetry. The photon energies in the
whereV(r) is the static-exchange potentjaB], and:p(ki)(r) calcula_ltions were obt_ain_ed psing t_he experimental ionization
satisfies appropriate boundary conditions. We could includ@otentials for the C 4 ionization which are 290.707 e)86],
correlation and polarization effects in our calculations301.8 eV[37], and 296.3 e\[38] for CH,, CF,, and CC},
through the addition of a local, energy-independent, modefe€spectively. _ .
correlation polarization potentighs described in Ref29]), Our partial-wave expansion for the molecular orbitals and
but as in the case of the S photoionization of SE[13], we  for the scattering wave functions |nclu'ded .uplte 15 for
found that such a polarization potential does not significantlycHs and up td =50 for CF, and CCJ. With this truncation,
affect our final results for the Cslphotoionization of CH, the error in the normalization of the methane molecular or-
CF,, and CC}. bitals was less than I0. For CF, the largest error was in
To proceed, Eq(10) is rewritten in an integral form, the the four F1s 0rbitals(0.5°/@, while for CCl, .the largest error
Lippmann_SChwinger equation, and is solved using an iteraWaS 13% for the CI § orbitals. The error in the normaliza-
tive procedure based on the Schwinger variational principldion of the C Is orbitals, from which the photoelectron is
and Padeapproximants. This method provides photoioniza-removed, for all three molecules was less than10
tion matrix elements that have been found to converge to the The differences between the results obtained with the di-
exact values for a given projectile-target interaction potentiaPole length and velocity forms were not significative for any
[13,29. of our calculations, indicating that our wave functions are
We have studied some of the resonance structures fourwe” described. The results shown here were obtained USing
in our calculated cross sections using the local adiabatighe mixed form. All cross sections shown below were con-
static model exchange meth¢dSME) [26]. In this method ~ verged with a maximum of seventh-ordéN/N] Pade
we use a simplified model potential and we do not include2Pproximants.
orthogonality constraints. The resonant energies are then de-
termined by locating the poles of the scattering matrix that IV. RESULTS AND DISCUSSION
has been analytically continued to complex energies. Once
the resonance energy is found the corresponding resonance A CH,
wave function can be computed and analyzed. The ASME The methane molecule presents a very smooth photoion-
calculations allow for a qualitative understanding of the mainization cross section, as shown in Figa)l The asymmetry
features of the resonant process by including sufficient deparameter for this molecule is shown in Figbll It is seen
tails of the full scattering problem, but using a potential formthat the value of3 approaches 2 for higher photon energies,
that makes the analytic continuation feasible. The ASMEwhich resembles the behavior of tife parameter expected
method has been successfully applied to photoioniz&fi8h  for the ionization of ars orbital of an atom. This behavior is
and electron-scatterin@6] studies. consistent with the fact that methane’s electronic density is

1 2 k? (X)) —
_EV +V(I’)—E 8 (r)=0, (10
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FIG. 1. (a Cross sections for the Cslphotoionization of CH. FIG. 2. (a) Cross sections for the Cslphotoionization of CE.

Solid line, our results; circles, dipole absorption data of HitchcockSolid line, our results; dashed line, multiple-scattering model results

and co-worker$16,22. (b) Computed asymmetry parameter for the [23]; circles, dipole absorption data of Hitchcock and co-workers

C 1s photoionization of CH. [18,22; triangles, experimental data of Truesdaieal. [24] nor-
malized to the data of Hitchcock and co-worké¢ts,22 at 310.7

almost spherically symmetri{;3_9]. _|” Fig. 1(a), we _have eV. (b) Asymmetry parameter for the CsIphotoionization of CF.
compared the computed photoionization cross section to thene symbols and lines are the same agan

measured dipole absorption cross secfith, 22. The dipole

absorption cross sections were obtained from small momenvere normalized to the electron-energy-loss results of Hitch-
tum transfer €,2e) cross sections that can yield the corre- ¢0Ck and co-worker§18,22 at the photon energy of 310.7
sponding dipole photoabsorption cross section. With a suit€V: We see that our results are in good agreement with these
able subtraction of the background absorption leading td!/O Sets oOf experimental data, although the feature seen in
states with lower ionization potentials an estimate of the totall'e €XPeriments near 320 eV is lacking in our calculations.
C 1s photoabsorption cross section can be obtaifiz2]. his discrepancy is agan probably d.ue to the neglect of
This total absorption cross section as shown in Fig) Is shake—_up channelfd1] in our calcula_tlon. The r.““'“p'e'
then an upper bound to the photoionization cross section. v\gcayterlng mo_del produces a curve with a Very different be-
note that there are no resonance features in the comput vior, especially near threshold, but for energies above 315
cross sections and thus the feature seen at about 302 eV i b res'ults prgsgnt about the same magmtgde as ours.
the experimental data is probably not due to a one-electron- From Fig. 24) it is seen that our cross sections for CF

scattering resonance, but is due to shake-up transitions fgproduce the broad structure centered at about 315 eV, as-
suggested by Wight and Bridd0] signed by Truesdalet al. [24] as a shape resonance. In our

full SVM calculation we can also compute the eigenphase

sums for the scattering relative to the Coulomb scattering.

The eigenphase sum in our calculation shows evidence of a
In Fig. 2(@) we show our calculated cross sections for thevery broad resonance with an energy=308.3 eV and a

C 1s photoionization of ClFr where we compare our results width of I'=14.1 eV when fit to a Breit-Wigner forf42]

to the multiple-scattering model results of Stephetsl.

[23] and to the experimental data of Truesdaleal. [24] _ B =2 _q

(triangleg and of Hitchcock and co-workerd18,22 S(B)=a+b(Eg—E)+c(Eg—E)"+tan 2(ER—E)}'

(circles. The relative cross sections of Truesdateal. [24] (11

B. CF,
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FIG. 3. Real part of the full resonant wave function for the [ ]
resonance at 307.9 eV in the CEross sections from two different
perspectives. Connected black spheres indicate the location of the
nuclei; light and dark surfaces are constructed from the real part of
the resonant wave function at constant positive and negative values
of the wave function.
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We have also examined this resonance with the ASME 0-%80 e T e e T 6o
model and found a resonance wilk=2307.9 eV andl’ hv (eV)

=13.9 eV. The three-dimensional picture of the wave func-

tion corresponding to this resonant state is shown in Fig. 3. FIG. 4. (a) Cross sections for the Cslphotoionization of CGl
The connected black spheres represent the atomg and. tt§‘3Iid line, our results; circles, dipole absorption data of Burton
light and dark surfaces show parts of the wave function withet 41 [21] with background absorption removed to yield only the C
opposite signs. We see that this state has significant amplis contribution.(b) Computed asymmetry parameter for the € 1
tude between the F atoms on each side of the molecule. Thjghotoionization of CG|.

resonant state appears to be a nonvalence state in agreement

with the expectation discussed in the Introduction that all of

the C 1s—¢*(C-F) type states are located below the € 1 AgME model. We found three prominent resonances with
threshold[19,23. Er=304.3 eV and '=35eV, Eg=313.0eV and I

Our results for the asymmetry parameferfor CF, are  _g 3 oy, andEg=317.2 eV and'=9.5 eV. The lowest-
shown in Fig. 20), along with the multiple-scattering result energy resonance is responsible for the narrow resonance
of Stephengt al.[23] and the experimenfca_l results of Trues- taature in the cross section seen in Figa)4 The ASME
daleet al. [24]. Our curve presents a minimum at a photon reqjts indicate that the two higher energies are overlapped

energy of about 310 eV and is in very good agreement withyng probably correspond to the feature seen at about 320 eV
experimen{24]. For energies above 335 eV the curve tends, Fig. 4(a).

to a value of 1.3. The multiple-scattering results agree quali-

¢ i . s In Figs. 5a) and 8b) we show a three-dimensional pic-
tatively well with the experiment and with our results.

ture of the real part of the low-energy resonant wave function

for CCl,, from two different perspectives. Figuréh indi-

cates that this resonance has a significant contributioth of

C. ccl, orbitals around the CI atoms. In this picture two of ttie

The cross section curve for CCpresents more defined orbitals are on Cl atoms above the plane containing the C

resonance structures, as shown in Fir).4This molecule atom (the upper right and lower lefwhile the other twod

has an asymmetry parameter that does not seem to convergebitals are on Cl atoms on a plane below the C atom. The

to any particular valugsee Fig. 4b)]. Comparing this result dashed lines represent the approximate positions of the nodes

with our 8 parameters for the two other molecules, we seeof this wave function. Figure 6 presents only the5 con-

that heavier outer atoms produce more complex scatteringibution of the resonant wave function. By comparing Figs.

dynamics. 5 and 6, one can see that the nodal surfaces asymptotically
We have also examined the resonances in,@Ging the  correspond to ah=5m=4 real harmonic state where thke
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FIG. 6. Same as Fig. 5 but showing only the5 contribution.
FIG. 5. Real part of the full resonant wave function for the

resonance at 304.3 eV in the GCross sections from two different V. CONCLUSIONS
perspectives. Connected black spheres indicate the location of the ) o
nuclei; light and dark surfaces are constructed from the real part of We have studied the Cslphotoionization of CH, CF,,
the resonant wave function at constant positive and negative valuéld CC} using the polyatomic Schwinger variational
of the wave function; dashed lines indicate approximate positions ofnethod with Padeorrections. Our computational model is a
the nodes of this wave function. In the lower view, the nodal linesone-electron model so that we can only study the occurrence
have a constant angular spacing of 45°. and nature of one-electron resonances, i.e., shape resonances.
In CH, we find no such resonances leading to a structureless
photoionization cross-section profile. The value of the pho-
toelectron asymmetry paramei@iis found to be very atom-

. . ; . iclike at higher energies. In GRand CC}, we do not expect
and is orthogonal to the nodal line. Comparing Figé) a&nd to find any resonances that look like G- o™* (C-X) exci-

g(b) V;’E see thath the .uptpr)]er:[rlgh]tr and Io_\lfvhe r-left qua?rj‘.;t%ations since these states are known to occur below the C 1
ave the same phase In the two figures. 1he apparent dillefs iz 5tion threshold. However, we do find shape resonances
ence in phase between the upper-left and lower-right qua h the C Is ionization of both Cf and CC} which have

rants of the figure comes from the fact that in the full wavegjgnificant effects on the cross sections in these systems. In
function shown in Fig. 5 there are no lobes of the state incr, the resonant state is a very broad nonvalence state and in
front of the plane containing the C atom, so that the lobegsc, the resonant states all haddike character in the re-
that are visible are those from behind the plane containingion of the Cl atoms. In all the three systems considered
the C atom and thus have the same phase as the lobes in %*@re are features in the experimental cross sections which
upper-left and lower-right quadrants of the state shown imare not found in the one-electron calculations reported here.
Fig. 6(b) that are behind the plane of the C atom. The rela-Thus these features are probably due to shake-up processes
tively highd characteristic of this state indicates that anin these systems.
angular-momentum barrier is responsible for the trapping of
the state.

The other two resonances also have wave functions with
strongd character. That there are three such resonances is The authors acknowledge the partial support from Brazil-
consistent with the fact that from 20 orbitals centered on ian agency Conselho Nacional de Desenvolvimento Gienti
the four Cl atoms one can construct three sets, afrbitals.  fico e Tecnolgico (CNPQ. A.P.P.N. acknowledges the sup-
The identification of the continuum resonances in OCIlls  port from Fundaao de Amparo @esquisa do Estado dedsa
ionization with thed orbitals has been previously suggestedPaulo(FAPESB. R.R.L. would also like to acknowledge the
by Zhanget al. [19]. Suchd-orbital resonances have also support of the Robert A. Welch Foundation of Houston,
been found previously in other systems containing secondfexas, under Grant No. A-1020, and the support of the Texas
row atoms[43]. A&M University Supercomputing Facility.

axis is taken to be coming out of the plane in Fig&)&nd
6(b) and where the axis is in the plane of Figs.(8 and Ga)

ACKNOWLEDGMENTS

032701-6



CROSS SECTION AND ASYMMETRY PARAMETR . . .

[1] See, for example, L.G. Christophorou, J.K. Olthoff, and
M.V.V.S. Rao, J. Phys. Chem. Ref. D&t§, 1341(1996; L.G.
Christophorou and J.K. Olthoffbid. 28, 967 (1999.

[2] P.J. Curry, S. Newell, and A.C. Smith, J. Phys.1B 2303
(1985.

[3] K.Y. Kondrat’ev, Russ. Chem. Re®9, 920(1990.

[4] R.R. Lucchese and R.W. Zurales, Phys. Re¥4A291(1991).

[5] J. Schirmer, M. Braunstein, and V. McKoy, Phys. Rev44
5762(1991).

[6] G. Bandarage and R.R. Lucchese, Phys. Rew7A 1989
(1993.

[7] M. Wells and R.R. Lucchese, J. Chem. PhyK), 6365(1999.

[8] P. Lin and R.R. Lucchese, J. Chem. Phis3 1843(2000.

[9] R.E. Stratmann, G. Bandarage, and R.R. Lucchese, Phys. Rev.

A 51, 3756(1995.

[10] L.E. Machado, L.M. Brescansin, M.A.P. Lima, M. Braunstein,
and V. McKoy, J. Chem. Phy92, 2362(1990.

[11] L.E. Machado, M.-T. Lee, and L.M. Brescansin, J. Chem.
Phys.110 7228(1999.

[12] L.M. Brescansin, M.A.P. Lima, L.E. Machado, M.-T. Lee, and
V. McKoy, Braz. J. Phys27, 468 (1997.

[13] A.P.P. Natalense and R.R. Lucchese, J. Chem. Plijis5344
(1999; 112 501 (2000.

[14] FA. Gianturco and R.R. Lucchese, Phys. Rev64 32706
(2001.

[15] F.C. Brown, R.Z. Bachrach, and A. Bianconi, Chem. Phys.
Lett. 54, 425(1978.

[16] A.P. Hitchcock and I. Ishii, J. Electron Spectrosc. Relat. Phe-
nom. 42, 11(1987.

[17] K. Ueda, Y. Shimizu, H. Chiba, M. Okunishi, K. Ohmori, Y.
Sato, E. Shigemasa, and N. Kosugi, J. Electron Spectros
Relat. Phenom79, 441(1996.

[18] I. Ishii, R. McLaren, A.P. Hitchcock, K.D. Jordan, Y. Choi, and
M.B. Robin, Can. J. Chen®6, 2104(1988.

[19] W. Zhang, T. Ibuki, and C.E. Brion, Chem. Phyks0, 435
(1992.

[20] S.-I. Itoh, S. Tanaka, and Y. Kayanuma, Phys. ReG0A4488
(1999.

PHYSICAL REVIEW A 68, 032701 (2003

[26] R.R. Lucchese and F.A. Gianturco, Int. Rev. Phys. Ch&sn.
429 (1996.

[27] D. Loomba, S. Wallace, D. Dill, and J.L. Dehmer, J. Chem.
Phys.75, 4546(1981.

[28] R.R. Lucchese, K. Takatsuka, and V. McKoy, Phys. REgd,
147 (1986.

[29] F.A. Gianturco, R.R. Lucchese, and N. Sanna, J. Chem. Phys.
100, 6464(1994).

[30] S.L. Altmann, Proc. Cambridge Philos. S&S, 343 (1957).

[31] A.E. Hansen, Mol. Physl3, 425 (1967).

[32] R.R. Lucchese, J. Chem. Ph@2, 4203(1990.

[33] R.R. Lucchese, G. Raseev, and V. McKoy, Phys. Re25A
2572(1982.

[34] J. Schirmer, M. Braunstein, and V. McKoy, Phys. Rev4&

283(1990.

[35] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A.
Robb, J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery,
Jr., R.E. Stratmann, J.C. Burant, S. Dapprich, J.M. Millam,
A.D. Daniels, K.N. Kudin, M.C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C.
Adamo, S. Clifford, J. Ochterski, G.A. Petersson, P.Y. Ayala,
Q. Cui, K. Morokuma, D.K. Malick, A.D. Rabuck, K. Ragha-
vachari, J.B. Foresman, J. Cioslowski, J.V. Ortiz, A.G. Baboul,
B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi,
R. Gomperts, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham,
C.Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe,
P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, J.L. Andres,
C. Gonzalez, M. Head-Gordon, E.S. Replogle, and J.A. Pople,
computer codesAussioN 98 (Revision A.7 (Gaussian, Pitts-
burgh, PA, 1998

[36] L. Asplund, U. Gelius, S. Hedman, K. Helenelund, K. Sieg-

bahn, and P.E.M. Siegbahn, J. Phys1® 1569(1985.

(£37] K. Siegbahn, C. Nordling, G. Johansson, J. Hedman, P.F. He-

den, K. Hamrin, U. Gelius, T. Bergmark, L.O. Werme, R.
Manne, and Y. BaelESCA Applied to Free Moleculéblorth-
Holland, Amsterdam, 197 1p. 89.

[38] T. Ohta and H. Kuroda, Bull. Chem. Soc. Jg8, 2939(1976.
[39] M.T.do N. Varella, M.H.F. Bettega, and M.A.P. Lima, J. Phys.

D 39, 59 (1997.

[40] G.R. Wight and C.E. Brion, J. Electron Spectrosc. Relat. Phe-

nom. 4, 25 (1974.

[21] G.R. Burton, W.F. Chan, G. Cooper, and C.E. Brion, Chem.[41] G.R. Wight and C.E. Brion, J. Electron Spectrosc. Relat. Phe-

Phys.181, 147(1994.

nom. 4, 327(1974.

[22] A.P. Hitchcock and D.C. Mancini, J. Electron Spectrosc. Relat[42] J.R. Taylor,Scattering TheoryWiley, New York, 1972.

Phenom67, 1 (1994.

[23] J.A. Stephens, D. Dill, and J.L. Dehmer, J. Chem. Pig¢s.
3638(1986.

[24] C.M. Truesdale, D.W. Lindle, P.H. Kobrin, U.E. Becker, H.G.

[43] R.E. Stratmann and R.R. Lucchese, J. Chem. P8iys6384

(1992.

[44] D.R. Lide,CRC Handbook of Chemistry and Physié&th ed.

(CRC, Boca Raton, 1992pp. 9-17.

Kerkhoff, P.A. Heimann, T.A. Ferrett, and D.A. Shirley, J. [45] L.E. Machado, M.-T. Lee, and L.M. Brescansin, Braz. J. Phys.

Chem. Phys80, 2319(1984.

28, 111(1998.

[25] R.W. Zurales, E. Stratmann, S. Botting, and R.R. Lucchese, if46] I. Iga, M.-T. Lee, M.G.P. Homem, L.E. Machado, and L.M.

Photon and Electron Collisions with Atoms and Molecules
edited by P.G. Burke and C.J. Joachéiflenum, New York,
1997, p. 109

Brescansin, Phys. Rev. &1, 22 708(2000.

[47] D.R. Lide,CRC Handbook of Chemistry and Physigéth ed.

(CRC, Boca Raton, 2000pp. 9-17.

032701-7



