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In the present work, the method of continued fractions at a five-channel close-coupling level of approxima-
tion is applied to study the low-energy electron-impact excitation in linear molecules. Particularly, cross
sections for thex'S J —b33 [, X'2; —a®s |, andX'3 j —c’ll, transitions in H in the (15-40-eV energy
range are reported. As in our early two-state studies, no orthogonality constraint between the bound and
continuum orbitals is imposed and the one-electron exchange terms are considered explicitly. In general, our
calculated cross sections are in good agreement with the results obtained by the four-state Kohn variational
method. Comparison between our calculated results with available experimental data is encouraging.
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[. INTRODUCTION Recently, we have applied the method of continued frac-
tions (MCF) to studies on low-energy electron-atom and
Cross sections for electron-molecule scattering play imelectron-molecule interaction§l4,15. In particular, the
portant role in many fundamental areas such as radiatioMCF has been successfully applied to the calculations of
science, plasma processes, astrophysics, studies of Eartltsss sections for excitations from the ground state to the
and planetary atmospheres, and so bp Nevertheless, the three lowest triplet states in ;Hat the two-state close-
measurement of reliable cross sections for electronic excitazoupling level of approximatiof8,9]. The MCF is a numeri-
tions in molecules remains a difficult challenge for researchcal method that solves iteratively the Lippmann-Schwinger
ers working in this area. On the theoretical side, the calculagcattering equatiofil6,17. In this method, no basis func-
tion of accurate cross sections for such processes is also fgpns are needed to describe the scattering orbitals and the
from satisfacfcory. Therefore, despite the significant Progresgonverged scattering functions and reactamcematrices
achieved during the last two decad@s-4], to date there are 14 correspond to the exact solutions for a given interac-

still reIaungy few calculgted vglues of elect(onlc excitation 4 potential. Our previous studigs5] have shown that the
cross sections reported in the literature, particularly for poly—MCF is very efficient and converged matrices can be ob-

a_tom|c molecule$5_—7]. Moreover, even for a molecule as tained within few iterations. Our MCF computational code
simple as H, despite the good agreement seen between thﬁ . )
as now been extended to also account for multichannel in-

excitation cross sections at the two-state level of approxima: ) ; )
tion calculated by different theoretical methof-4,8,9, ateractlons. In this work, this newly developed MCF program

results obtained using methods that include multichannel efS @Pplied to study electron-cattering at a four-state five-
fects [such as the seven-staRmatrix method(RM-7S)  channel level(MCF-5C) of coupling. More specifically,
[10,11], the four-state complex Kohn variational method CroSS sections for the excitations from the ground state to the
(KV-4S) [12], and the Schwinger multichannel methd®]]  b*X, . @34, andc’ll, states by electron impact are re-
have shown significant discrepancies when compared witported in the(15-40-eV range. These are exactly the same
each other and also with the available experimental data. Aptates retained in the KV-4S calculations of Parkerl.

the above-mentioned multichannel methods make use dfl2]. Nevertheless, there are some different physical aspects
square-integrable functions to represent the continuum scai? the present and in their calculations. For instance, while in
tering orbitals. The discrepancies between their calculatethe KV-4S calculations the orthogonality between the bound
results would reflect different physical assumptions in theand the continuum orbitals was imposed and the correlation
calculations, such as the number of states taken into accourigrms such as &gloﬁ and laglwﬁ were included to relax

the orthogonality constraints between the bound and corthat constraint. In this study the orthogonality condition be-
tinuum orbitals, the electron correlation of the target, etctween the bound and the continuum orbitals is relah&€]
Therefore, further systematic investigation on this matter isand the one-electron exchange terms are taken into account
needed in order to better understand the dynamics aofxplicitly. Therefore, comparison of present calculated re-
electron-impact excitation processes in molecules. sults with available experimental and other calculated data,

1050-2947/2001/63)/0327076)/$15.00 63032707-1 ©2001 The American Physical Society



MACHADO, FUJIMOTO, TAVEIRA, BRESCANSIN, AND LEE PHYSICAL REVIEW A63 032707

particularly with those of KV-4S, would provide useful in- and

sight into the effects of multichannel interactions on the cal-

culated cross sections. B(M=(Sn-|gr-1)smy, (9)
The organization of this paper is as follows. In Sec. Il we

provide a brief discussion of the theory used in the presenthere

study. Some relevant computational details are also given in - P (Y1

this section. Finally, the calculated differential and integral SW=G,u-vshh, (10

cross sections for excitations 'S}, a®%;, andc’Il,

states are presented in Sec. I, where we also summarize oWith the superscrip® denoting the principal value dB,.
conclusions. The reactanc& matrix is related to th® matrix via

IIl. THEORY AND COMPUTATION K=-D. (12)

In the present study, the wave functidn(1, ... N+1) It is expected that) (™ defined in Eq(6) becomes weaker
that describes the interaction between an electron and a maknd weaker with increasing As a result, the iterative pro-
ecule ofN electrons is the solution of a Scliiager equation  cedure can be interrupted after some steps when the desired

of the form convergence is achieved. In practice, tiie-orderD matrix
(H—E)W(L, ... N+1)=0 1 can be obtained using E() by settiggﬁ(”+1)=0; Repeat-

o ’ ing the operation of Eq(7), D(""Y, D=2 .. DM, and

where D are obtained backwardly. Theth-iteration K matrix is

then calculated via Eq11).

H=T+Hu+Vint, 2) The transitionT matrix is given by
T is the kinetic energy operator of the incident electrdr, ok
the Hamiltonian operator of the targdt;,; the interaction F=— _ (12)
potential operator, anH the total energy. The wave function (1-iK)
that corresponds to a particular stateof the molecule is
given by® (1, . .. N) and satisfies the eigenvalue equationand _the' body-frame scattering amplitude is related to this
matrix via
Huy®,(1,... N)=E,®,(1,... N). (3)
f=—27°T. (13

Equation(1) can be converted into a matrix-form Lippmann-
Schwinger equation: In order to compare the calculated cross sections with the

o experimental data, a frame transformation on the scattering

¥=S+GyUWw, (4) amplitude is made. The resulting laboratory-frame differen-

_ 5 tial cross section§DCS9, expanded in g;-basis represen-
where WV is the solution of Eq(1) in matrix form, S is a  tation [18] and averaged over the molecular orientations,
diagonal matrix that represents a set of solutions of the ( have the forn{19]
+1)-electron unperturbed Scliimger equation with matrix

elements 1

do K it 2
- a0 =PMg, 2 Gy By (N0
Sua= @i, ® o (14

Go is also a diagonell matrix representing the unperturbe%herefﬁf’—FiS the transferred angular momentum during
(_Breen’s operator, and is the matrix of the reduced poten- o collision, andm; andm, are the projections of; along
tial operator. , , _._the laboratory and molecular axis, respectively. Fhefac-

The application of the MCF consists ba§|cally of defining o results from summing over final and averaging over ini-
an nth-order “weakened” potential operatdt" as tial spin sublevels, anMl , is the orbital angular momentum
projection degeneracy factor of the final target state. The
quantitykq(k¢) is the magnitude of the linear momentum of
©  the incoming(outgoing electron.

In our calculation, the ground—statxj(zg) target is rep-
resented by the configurationsd and the excitedb®s. ,
a3, , andc®ll, states by rgloy, log20y, and loglm,

DM =BM L AM[AM _DH(n+1)]- 1AM (7)  configurations, respectively. Thes} orbital is generated at
the Hartree-Fock level, while theol,, 20, and Lr, orbit-
Here, als are constructed as improved virtual orbif@§], by di-
agonalizing theVy_, potential of the core in the SCF basis.
A= (SM|gmsm) (8) A 6s/4p uncontracted Cartesian Gaussian basis set of Huzi-

UM =T0-D - GO-D[E-Dy(R0-D) -1 Fn-D| G-,

The nth-order correction oD matrix is defined through the
relation
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FIG. 1. (a) Partial contributions from overall symmetries to the 2, A =me--_ |
ICSs for theX'Sj —b®% | excitation in H by electron impact
calculated using the MCF-5C. Solid line, contribution from ﬂﬁ?g 0.00 1 L . L L
0 30 60 90 120 150 180

symmetry; short-dashed line, that frof8, ; dashed line, that from
’Ily; long-dashed line, that frondIL,. (b) ICSs for theX'S
—b3% ! excitation in H by electron impact. Solid line, present
MCF-5C results; long-dashed line, MCF-2C results of lezeal.
[8]; dashed line, KV-4S ICSs of Parket al. [12]; short-dashed
line, RM-7S data of Branchett al. [11]; open squares, measured
data of Nishimura and Danj@5]; full triangles, measured data of
Khakoo and Trajmaf24].

Scattering angle (deg)

FIG. 2. DCSs for th&'S ; —b3X | excitation in H by electron
impact at(a) 15 eV, (b) 20 eV, and(c) 30 eV. The symbols are the
same as in Fig. (b).

tions of exchange nature are involved in the transitions stud-
ied herein, the calculated cross sections converge to better

0, i i -
0.009 and fivep- (a=0.06, 0.02, 0.009, 0.003, and 0.001 than 2% using these truncation parameters. Also, conver

uncontracted functions, was used for these calculations. Wit-<c upto three significant digits in tiematrix elements is
. . ’ - . achieved within six iterations for all the incident energies
this basis set, the calculated SCF energy at the equ'“b”umcovered in the present study
internuclear distanc€l.4006a) is —1.133220 a.u., to be '
compared with the Hartree-Fock linfi22] of —1.1336 a.u.
The calculated vertical excitation energies for the transitions lll. RESULTS AND DISCUSSION
leading to theb®, a°%y, and c’II, states are 9.97, A The X13*b®s * transition
12.027, and 12.307 eV, respectively. These values can be g !
compared with the experimental “vertical” excitation ener-  In Fig. 1(a) we show our calculated partial contributions
gies of 10.027, 12.28, and 12.60 eV from the-0 vibra-  from the ®Sy, 23, ?Il,, and °II, overall scattering sym-
tional level of the ground state for the same transitions. Thénetries to the integral cross sectiol€Sg for the X3 §
zero-point vibrational energy is taken as 0.27 [@3]. — b33 ! transition. Our results clearly show that the contri-
Furthermore, both the continuum wave function and thebution from the 23, scattering channel is dominant, fol-
reactance&K matrix expanded in a basis of irreducible repre-lowed by that from theZHg channel. Contributions from the
sentations of th®.., point group are block diagonal. In the 2Ag and 2A, symmetries are too small and therefore are not
present calculation, this partial-wave expansion is truncatedhown. Figure (b) compares our MCF-5C ICSs with the

at | ,,,=10 andmg,,,=2. Since only short-range interac- RM-7S calculated results of Brancheit al. [10], with the

naga [21], augmented by thres («=0.04, 0.015, and
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FIG. 4. DCSs for th&'S ; —a33 ; excitation in H by electron
impact at(a) 20 eV, (b) 30 eV, and(c) 40 eV. The symbols are the

KV-4S results of Parkeet al.[12] and with some available N
oSame as in Fig. (b).

experimental data. Previous calculated results by the tw
state MCHMCF-2C) [8] are also shown. For energies below experimental data available in the literat{iz4,25. The cal-
35 eV, discrepancies are seen between the calculated ICSsaflated results of KV-4$12] at 15 eV and the RM-7S DCSs
the MCF-2C and the MCF-5C levels of approximation.[11] at 20 eV are also shown for comparison. As expected,
These differences illustrate the importance of the multichanthe differences seen between our calculated DCSs by the
nel effects. Particularly for this transition, these effects leadViCF-5C and the MCF-2C are due to the multichannel ef-
to smaller excitation ICSs. Above that energy, the agreemerfects. Nevertheless, the agreement between these two MCF
between the MCF-2C ICSs and the MCF-5C ICSs is quitecalculations improves with increasing incident energies. At
good reflecting that the interchannel coupling effects becomes eV, our MCF-5C DCSs agree qualitatively well with
smaller at high incident energies. On the other hand, outhose of KV-4S. The quantitative agreement is fair, being the
MCF-5C ICSs agree with the results of RM-T$0] and  KV-4S DCSs systematically above our MCF-5C data. At 20
KV-4S [12] within 20% in the entire energy range where the eV, our results disagree strongly with the calculated RM-7S
comparison is made. This agreement is encouraging, eveDCSs of Branchetet al.[11], both in shape and magnitude.
considering the different physical aspects inherent in thesghis discrepancy is somehow expected, since in their calcu-
methods. Moreover, the comparison with the available extation three lowest singlet excited states were also included.
perimental result§24,29 reveals that our MCF-5C ICSs lie Besides, they have also constrained the scattering wave func-
below these data at the lower end of the incident energiesions to be orthogonal with the bound orbitals. Comparing
However, quite good agreement with the measured data @fur results with the experiments, it is seen that in general
Khakoo and Trajmaf24] is seen at 30 and 40 eV. there is a qualitative agreement. Quantitatively, the agree-
In Figs. 2a)—2(c) we show our calculated MCF-5C DCSs ment is fair, except at 30 eV, where our calculated results are
and the previous MCF-2C DCY8] for the X12J—>b32J in good agreement with the measured data, both qualitatively
transition at 15, 20, and 30 eV, respectively, along with somend quantitatively.
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In Fig. 3(@ we show the partial contributions to the ICSs
from the first six scattering symmetries calculated with the

Tt 3ot A .
MCF-5C for theX"%.4 —a"24 transition n b Forzthls FIG. 6. DCSs for th's . —c®I1, excitation in H by electron
transition, the contributions from thés,, Mg, and “Ag  impact at(a) 20 eV, (b) 30 eV, and(c) 40 eV. The symbols are the
symmetries are equally important. The contribution fromsame as in Fig. (b).

211, is also important at low incident energies. In Figb)3

we compare our MCF-5C ICSs with those calculated using,,mnarison. For this transition, the multichannel-coupling
the KV-4S and RM-7S and the experimental results of Khace s are very important and lead to a strong increase of the
}(oo and Trajmar[24]. Previous MCF-2C dat@d] are also  5cgq gt the forward and backward scattering directions, par-
included for comparison. The MCF-5C ICSs agree very We"ticularly at 20 eV. Also. the MCE-5C DCSs show a double-
with those of KV-4S over the energy range covered hereinp i ..\ ciricture at around 60° and 120°. which clearly
whereas the RM-7S ICSs lie in general below our data. Furl'ndicates the dominard-wave (= 2) scatterin'g. Since this
thermore, our MCF-2C ICSs also lie systematically belowgy, e is also seen in the DCSs calculated using the
thg MCF-5C data for incident energie; below 25 eV. Aboveyy, 45 and RM-7S but is not seen in the MCE-2C DCSs, it
this energy, a very good agreement Is seen t,’etwee” theFEsults from the interchannel couplings. Quantitatively, our
two sets of results, which indicates again that they,~r 5c pcss lie between those of the KV-4S and the

interchannel-coupling effects are small at high energies. Th?&M-?S at 20 eV. Our calculated results also agree well with
MCF-5C ICSs also agree very well with the experimentalthe experimenf24] at angles above 30°

data of Khakoo and Trajmar at 30 and 40 eV. At 20 eV, our
calculation overestimates the ICSs.

Figures 4a)—4(c) show the calculated MCF-5C DCSs for
the Xlzgﬂeﬁzg transition at 20, 30, and 40 eV, respec- Figure a) shows our MCF-5C partial contributions to
tively, along with the experimental data of Khakoo and Tra-the ICSs from the first six scattering symmetries for the
jmar [24] and the calculated KV-4S DCSs of Parkaral. XlEg—>C3Hu transition in B by electron impact. For this
[12] at 20 and 30 eV and RM-7S results of Brancletal.at  transition, the contributions from the=1 scattering chan-
20 eV [11]. Our MCF-2C resultd9] are also shown for nels are the most important, followed B;&g and 229 chan-

Scattering angle (deg)

C. The X'XF —c®II, transition
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nels. Figure B) compares the ICSs calculated by using the In summary, this work reports a theoretical study on elec-
MCF-5C, MCF-2C, KV-4S, and RM-7S with the experimen- tronic excitation of H by low-energy electron impact. DCSs
tal results of Khakoo and TrajmdR4]. There is a good and ICSs in the15-40-eV range for transitions leading to
agreement among the three calculations in which the multithree lowest triplet states of the target are calculated in a
Channe! effects are aC(-:OUnted for, although all CalCUlationﬁve-Channe| level of approxima’[ion_ The Signiﬁcant discrep-
overestimate the experimental ICSs. ancy seen between the MCF-5C results and previous
In Figs. 8a)—6(c) we compare our calculated MCF-5C \c-2C data reveals the importance of the inclusion of mul-
DCSs for theX™.; —¢°I1,, transition at 20, 30, and 40 eV, tichannel effects in the calculations. In general, these effects
respectively, with the previous MCF-2C DC83] and the  pecome less relevant with increasing energies. On the other
experimental data of Khakoo and Trajn{@4]. The calcu-  hand, despite of being formally very different, our calculated
lated data of RM-7S at 20 eV and KV-4S at 20 and 30 eV arqCF-5C ICSs and DCSs agree generally well with those
also shown for comparison. In general, the multichannel coupptained by the KV-4S. Some small discrepancies are attrib-
pling reduces the calculated excitation DCSs for this transiyted to different physical aspects inherent in the two meth-
tion at 20 and 30 eV, but does not affect significantly theggs, The agreement between the present DCSs and the
calculated DCSs at 40 eV. Comparison with the experimengm-7s resullts is fair. Indeed, this fact is somehow expected
of Khakoo and Trajmaf24] shows a general qualitative ang several aspects aforementioned can be responsible for
agreement, although at 20 eV our MCF-5C DCSs show osthe disagreement between the results of the two calculations.
cillations that are not seen in the experimental data. Quantin order to compare with their results, we are now planning

tatively, the calculations systematically overestimate th&g perform a seven-state nine-channel MCF calculation.
magnitude of DCSs, although the discrepancy decreases with

increasing incident energies. Comparing our MCF-5C DCSs
with those of RM-7S and KV-4S, it is seen that at 20 eV, the
RM-7S DCSs is in better agreement with the measured data. This research was partially supported by the Brazilian
On the other hand, our MCF-5C DCSs oscillate around thédgencies CNPqg, FAPESP, and FINEP-PADCT. A.M.M.
KV-4S results at 20 and 30 eV. thanks FAPESP.
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