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Effective configurations in electron-molecule scattering

David L. Azevedd: Antonio J. R. da Silv& and Marco A. P. Lima
Ynstituto de Fsica Gleb Wataghin, Universidade Estadual de Campinas, UNICAMP, 13083-970, Campiod2aBa, Brazil
2Instituto de Fsica, Universidade de”®aPaulo, CP66318, 05315-970 &®aulo, SP, Brazil
(Received 3 September 1999; published 2 March 2000

We present a more efficient way of treating polarization effects in the scattering of low-energy electrons by
molecules within the Schwinger multichann@MC) method. We propose to expand the scattering wave
function in a set of functions dfl+ 1 electrons that describe the scattering in an effective way, which allows
the use of a small number of functions to describe the polarization effects. As a first test, we apply the method
to the scattering of electrons by the Fholecule. We calculate elastic integral and differential cross sections,
and we obtain excellent results with a reduction in the number of configurations of up to 98% when compared
to the traditional method used in the SMC method. This is a substantial size reduction of all matrices involved
in the SMC method and, as a consequence, it represents a promising technique for treating more complex
molecular systems.

PACS numbd(s): 34.80.Bm, 34.80.Gs

During the scattering of low energy electrons by mol-ability a relatively simple task. Howevethis is not true in
ecules there is a significant amount of rearrangement of ththe scattering caselo make this point more clear, let us take
molecular electron cloud. These electronic rearrangement§e same HF reference state discussed above. Even if we
are broadly named polarization effects, with a clear link tothink that the polarization of the target electron cloud could

the polarization of the molecule in the presence of an exterStill be described by single excitations, as the scattering wave

nal electric field. How important these rearrangements ar%unctlon requires configurations in a space o 1 elec-

. . : . Trons, this implies that thBl-electron single excitations must
depend on the velocity of the incoming electron and the t'mebe muItipIiedp(and properly antisymmgtrizm)y an extra

scale for the relaxation of the molecule’s electron CIOUd'scattering orbital. In practice, this means that the number of

When the ‘”C.Omif‘g electron is fast. enough,_it is generally %onfigurations ofN+1 electrons that must be used to de-
good approximation to neglect this relaxation Completely,’scribe the scattering wave function can grow very large.

and simply consider that the electron is scattered by a static, o option to remedy this problem would be an arbitrary
unrelaxed electron cloud. It is also necessary, of course, t@glection of which configurations should be included in the
take into account the fact that the incoming electron is indiseypansion of the scattering wave function. This could be
tinguishable from the molecule’s electrons. This leads to th?)hysically motivated by arguing which excitations should be
so called exchange interaction, and a calculation performeghore important in the scattering process. However, there is
at this level of approximation, i.e., neglecting the relaxationalways the danger that some relevant configurations are not
effects, is said to be performed at the static-exchange levebeing included. Moreover, this approach is not systematic
However, for low impact energies the polarization effectsenough to be easily applied to different situations. Another
cannot be neglected. A classic case is the Ramsauer mingption is to choose more appropriate orbitals to build the
mum in the cross section for electron scattering by,CH configurations. Along this line are the polarized orbita$

We present in this paper a method to account for polarimproved virtual orbitalg4], and modified virtual orbitals
ization contributions to the scattering cross sections withir{5], which were introduced in the same spirit that natural
the Schwinger multichanne(SMC) method. The SMC orbitals [6] are introduced in bound state problems to im-
method without{1] and with pseudopotentia[®] has been prove the convergence of configuration interaction calcula-
very successful in the calculations of elastic and inelastigions. Even though this approach may reduce the number of
cross sections for the scattering of electrons by molecules. larbitals needed to describe the polarization effects, the num-
the SMC method, the scattering wave function is expande#ler of configurationss still large, because, as we mentioned
in a set of Slater determinants, or configurations, and it albefore, eaciN-electron excited state must be multiplied by a
lows calculations either at the static-exchange level only, oscattering orbital. The polarized orbitals were chosen to de-
with inclusion of polarization effects. However, the configu- scribe well the relaxation of the target, and were not opti-
ration space in this latter case usually grows very largemized to be scattering orbitals. Therefore, a large number of
which forbids the proper inclusion of polarization effects for scattering orbitals may still be needed, which will in turn
large molecular systems. lead to a large configurational space. For electron-molecule

The molecular polarizability can be calculated with rea-scattering calculations, the complex Kohn meth@tl used
sonable accuracy without the inclusion of correlation effectspolarized orbitals to speed convergence of the configuration
and taking into account only the relaxation of the orbitals. Ifspace while the SMC method has used natural orhj&ils
we think in terms of a Hartree-FodKF) reference state for and more recently, modified virtual orbitals and polarized
the target, in the absence of the electric field, the polarizabilerbitals[9] for this same purpose.
ity calculation would involve only single excitations from  As can be seen, an optimal approach would be not a se-
this reference state, which is enough to describe the orbitdéction of more effective orbitals, but rather a direct selection
relaxation. This makes the calculation of molecular polariz-of effective configurations. This is exactly what we propose
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in the present paper. As will be described below, we havejent electron and the molecular target is givenvbyand H
devised a way of selecting configurations that lead to a rapid- E—H is defined as the total energy of the collisiBrmi-
convergence of integral, as well as differential, cross sectiongus the full system HamiltoniaH =Hy+ V. P is the projec-

as a function of the number of configurations. They aretion operator for the energetically open electronic states of
therefore, describing the scattering in an effective way, andhe target,
we have named them effective configuratidiC’s). The

. . . . . open
EC’s allow a substantial size reduction of all matrices in-

volved in the SMC method, which will be very useful for P=2 |¢)(al. @)
more complex molecular systems. As a first application of ] )
the method, we have chosen the elastic scattering byitH In the present case we will consider only the ground elec-

was chosen because it is a simple system, extremely weTIT?f;C. state as energetically open, iR [p1)(¢4|. Finally,
characterized, and allows us to perform not only converge@p ’ is the free-particle Green's function projected onto the

calculations to take as a reference, but also exploratory tesf SPace. ] o
which are necessary when a new method is proposed. As we mentioned before, our aim is to introduce a new set

The SMC method1] has been described in great detail in of configurationg in place of thb(m) and, as a consequence,
many previous publications, and we only review here thd© reduce the size of all matrices of E¢,). To start, let us

; ; N+1 :
main equations which are important for our analysis. ThecOnSider the eigenstateg™ ) of the matrix formed by the
scattering wave function is expanded in Slater determinan

tg,l" Hamiltonian written in the space of configuratiohg,,),
of N+ 1 electrons as i.e., the matrixH,,=(xml/H|xn). The space spanned by
these eigenstates is exactly the same as the space spanned by
- (o) the |xm) configurations, i.e., the transformatigm*')
Vo= % an (K| xm), (D =3 ,Uimlxm) is simply a rotation within théy,,,) space. We
now consider the use of the eigenstdigi ™) to expand the

wherea{)(k) are variational parameters. The set of SlaterScattering wave fUﬂCti0W§5)>- If we use all the|y;' ")
determinants y,) defines the configuration space used toeigenstates, we obtain the same result as if we uséxthe
expand the scattering wave function. For a static-exchangeonfigurations. However, we propose to selestibsetf all
calculation, where polarization effects are completely nethe |y ) to expand the scattering wave function, and what
glected, the Slater determinants used are formed from antize will show below is that this subset may be chosen to be
symmetrized products of the target ground state wave funonuch smallerthan the full space spanned by all the,,).

tion, |¢,), by one-electron functionip;), i.e., These eigenstates used in the expansion of the scattering
wave function are what we call the effective configurations.
|xm)=Alp1)|@i), (2)  The idea behind the use of the eigenstates of the full Hamil-

) ) . o tonian is that, even though they may correspond to resonant
whereA is an antisymmetrizer. To treat polarization eﬁeCtSstates, and therefore would not be true bound states, they

in the calculation, the space of configurations is enlargedry information about the interaction of the extra electron
through the inclusion of configurations of the type with the target within the range of the potential which is
; relevant for the scattering process at low incoming energies.
=A|¢; =2 .
xm =Algplew. 122, ® One could say that some of these eigenstates may resemble

where the|¢;), j=2, are virtual states of the molecular tar- the scattering wave function within the range\of

get, obtained from its ground stdié,) by single excitations. Note that even though the diagonalization of the full
The|¢,) are one-electron functions, as before. The resultingtamiltonian still involves all theéxy,) configurations, this is
expression for the scattering amplitude is relatively simple when compared to the calculation of the

scattering amplitude. Moreover, standard packages, like
1 GAMESS[10], for example, can be used to perform this task.
[fe k1=—5- 2 (S IVIxXm) (A Hme(xalVISE), (4) The SMC method uses Cartesian Gaussian functions to
mh represent the molecular and scattering orbitals, which per-
where mits the analytical evaluation of all matrix elements in Eq.
(4), except those in théym|VGSV|x,) term, which are
Amn={xml A x1), (5)  evaluated by a numerical quadratyrel]. The basis func-
tions were selected to reproduce well the pblarizability
and and the elastic integral cross section. They are composed
of 6s functions (exponents 39.186359, 6.567 806 2,
1.7745375, 0.6234168, 0.235659, 0.08918%0d 4p
functions (exponents 5.6, 1.4, 0.178571, 0.G&ntered on
(6) the H atoms, and @ functions (exponents 0.041 835,
) ) 0.011 785 centered in the middle of the H-H bond. The val-
In the above equation$S ) is a product of a target state yes obtained for the polarizability components parallel and
with a plane wave, i.e., it is a solution of the unperturbedperpendicular to the molecular axis are 6.45 a.u. and 4.59
HamiltonianH,. The interaction potential between the inci- a.u., respectively. The calculations were performed using the

_(HP+PH) L (VP PV)

(H)=
A N+1 2 2

-VGHIV.
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finite field method 10], and these values are in good agree- 40 —r T
ment with other theoretical calculatioh$2,13. With these —
basis functions we can generate a total of 2021 configura: «
tions to be used in the expansion of the scattering wave func o 37

—o—Full (641 cfs)

tion. This defines the full space ¢f,, configurations dis- E,, =20eV
cussed above. 504 --o--All (91 cfs) i
To select which EC'’s to include, we use two criterig. (PV+VP),,
-- - 10™ (13 EC)

We first select the configurations based on the energies of th
EC's relative to the ground state energy of the neutral mol-
ecule Egy). The energieEg; of the EC’s are simply the
eigenvalues of th&l+1 Hamiltonian matrix, and when we
say that a cutoff ofE., was used, this means that all the
EC’s with Eg¢ such thatEg.— Eg<E, maybe used to ex-
pand the scattering wave function. Intuitively one would ex-
pect that the lowest energy eigenstates should be more im 15 — T T
portant to expand the scattering wave function, and this is 0 2 4 6 8 10
precisely what we find(ii) From this set of configurations Energy [eV ]

we are going to select a subset that is actually going to be

used in the expansion of the scattering wave function. To . r T r T v T T
make such a selection we use the diagonal elements of th _ |
(PV+VP) matrix in the basis of eigenstates of thet 1
Hamiltonian. We choose another cuto®Y+VP), such
that only the EC’s that have an absolute value of the diagona
element larger thanRV+VP)., will be considered. The
diagonal element oPV+ VP is the average value of this
operator for a particular effective configuration. The operator
P, defined in Eq(7), is a projector onto the electronic open
channel space and its presence defines the coupling level ¢
the problem and carries the information that outMNof 1
electronsN are bound to the molecule. In the primitive con-
figuration space, theV+ VP operator has nonzero diagonal
elements only among configurations constructed with targei —
wave functions ofP [those defined by Eq2)—the static- 0 2 4 6 8 10
exchange type of configurationgn the other hand, in the Energy[eV ]

effective configuration spacécombination of open and
closed channel type of configurations defined by Egjsand
(3)], the diagonal element &?V+ VP takes into account the
coupling between open-open and open-closed channels arg
therefore it is related to the range of the scattering potential.:
A trial wave function will contribute to scattering if both the
wave function and the scattering potentibbre nonzero in
the same region of space. This is at the heart of the SMC
method (and of the regular Schwinger variational method
[14]). If we only use the energy criterion we include states
that have low energy but have small overlap with the scat-
tering potential, which, as shown below, may introduce nu-
merical instabilities in the calculatiopa near zero in the
denominator of the scattering amplitude, given by Ejl.
The PV+VP criterion eliminates this kind of state and 05 — —
chooses trial configurations with strong coupling between 0 2 4 6 8 10
open-open and open-closed channels. This criterion furthe. Energy [eV ]

decl:relgsesl the size Oftttr;]e t.”?l baISIS space. tion d FIG. 1. Symmetry resolved integral cross section. Comparison
nFg. 1 we present tne integral cross section ecomposegf our present calculated results. Open circles: full configuration

by symmetry. We show the results féEq, *%,, and 21, space; open squares: with,,=20 eV; open triangles: WithE
global symmetry. For each symmetry we pres@nthe re- =29 eV and PV+VP)=10"*.

sults using all possible configurations for that given symme-

try (we name it the full calculation (ii) the results with all  the cross sections when compared to the full calcultion
configurations that satisfy the criteridin) of the previous (iii) the results using the configurations from a subset from
paragraph foiE, = 20 eV (this value is used because it is (ii) using (PV+VP).= 10 *. First of all, it is important to

the smallest possible value Bt that gives good results for stress that the same criteria of selection of configurations are

Integral Cross Section [ units
n n
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g —o— Full (388 cfs) Energy [eV ]
g 201 E_, =100eV T
3 = -O--All (170 cfs) 1 FIG. 3. Elastic integral cross section. Open circles: present re-
§ 154 (P‘i’fVP)e..' i sults using the full configuration spa¢2021 configurations open
5 - 10_5 (35 EC) squares: present results using 45 effective configurations Eyjth
= '“A‘"1°a(7° EC) ] =20 eV and PV+VP),=10"% open down triangles: present
> 1.04 d: ---0---10" (90 EC) . static-exchange results; open up triangles: theoretical results of Ref.
e v 4 [17]; solid squares: experimental data of REE6]; solid circles:
05 experimental data of Ref15].
) — —— ——
0 2 4 6 8 10
the effect of PV+VP)y. For (PV+VP),=10° we
Energy [ eV ] P )cut ( )cut

reach a limit where the result is indistinguishable from the
FIG. 2. 2[I* symmetry cross section. Comparison of our full qalculation, but }Jsing only 23% of the total number of
present result usinga) different Eo/s and (b) different (PV conﬂggra‘uons for this symmetry. Therefore,we_shpw that by
+VP) S for Egy=100 eV. changing both t_heECut anq the E_’V+VP)Cut criteria, we
have a systematic way of improving the convergence toward
the full calculation, but still keeping the total number of re-
being used for all the symmetries. Second, one should notguired EC’s much smaller than the full configurational space.
that even though the results using only the energy cutoff In Fig. 3 we present the elastic integral cross section cal-
criterion seem to be already converged to the full calculationgulated with all the 2021 configurations and with a selected
it may lead to spurious structures in the cross sectises  Set of EC’s. When all the 2021 configurations are included,
the results for thgzg symmetry. However, when we use OuUr results are in good agreement with the_experimental data
the (PV+VP) criterion we not only reduce the number of Of Jones15] and of Dalbaet al. [16], and with the theoret-
configurations(which in itself is very desirabje but also i@l results of Gibson and Morrisofi7], which gives us
eliminate all the spurious structures. As can be seen alreadiPnfidence in our basis functions. The EC's were selected

from these results, we can reproduce the full calculation witt'S!"9 Ec,=20 eV and PV+VP) o= 10, which gave a
only a small number of configurations, of the order of 2—3 %good agreement with the full calculation for the partial sym-
of the total number of configurations for each symmetry. Metlry studies presented before. As can be seen, the results
From Eig. 1. one can see that tAH* svymmetry is not as &€ N excellent agreement with the reference calculation.
9- L, u SY y The total number of EC’s used is 45 configurations, or in

. . . > W&ther words only 2.23% of all possible configurations. For
present a more detailed analysis for this symmetry, which igomparison, we ‘also present the cross sections calculated at
shown in Fig. 2. We first show the convergence of the intethe static-exchange level. The results at this level are very
gral cross section toward the full calculation as a function Ofpoor, which shows that polarization effects are very impor-
Ecut- FOrEgy,= 100 eV the result is already indistinguishable tant to reproduce the experimental data. Therefore, the good
from the full calculation. One should note that by only usingagreement between theory and experiment with only 45 EC’s
E.. to select the EC'’s, the necessary number of configurais not a reflection of the lack of importance of polarization
tions is already only 44% of the total number of configura-effects, but rather an indication that our choice of EC’s is
tions for this symmetry. FOE. =100 eV, we further studied capturing the essential physics.
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FIG. 4. Elastic differential cross sections at 1, 3, 5, and 7 eV. Comparison of our present results obtained with full configuration space
(2021 configurations with 45 effective configuration space, with the static-exchange level of approximation, and experimental data of Refs.
[18], [19], and[20].

We also calculated differential cross sections, which aralready enough to describe well the polarization effects.
presented in Fig. 4 for incident energies of 1, 3, 5, and 7 eV. In conclusion, we have presented a method to calculate
We present results with all 2021 EC’s included, with only 45low energy electron-molecule scattering cross sections
EC’s included, and also at the static-exchange level. Fowithin the SMC method that is much more efficient when
comparison we also include experimental res{it8—2(0. polarization effects are important. This method relies on the
As can be seen, our reference calculation is in good agre@xpansion of the scattering wave function in a set of func-
ment with the experimental results. Once more the statictions of N+ 1 electrons which describe the important physics
exchange calculation gives a very poor agreement with th& an effective way, allowing the reduction of the configura-
experimental results as well as with the reference calculatiorfiOn SPace oN+1 electrons by almost 98%. We have tested
which indicates that polarization effects are very important{is methodology in the scattering of electrons by With
Even at 7 eV one can see that polarization effects must b@'eat success, and more applications are under way.

considered. As in the case of the integral cross section, the This research was supported in part by the Brazilian agen-
results with only 45 EC’s already capture the importantcies CAPES-UFMA, FAPESP, and CNPg. Some of our cal-
physics, which shows that only 2.23% of all configurations isculations were performed at CENAPAD-SP.
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