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Elastic electron scattering by water molecules
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We report an application of the Schwinger variational principle with plane waves as a trial basis set. Differential cross sections are obtained
for e - H,O from 10 to 50 eV. In these studies the exchange potential is evaluated by the Born-Ochkur model and our results are found to be
in reasonable agreement with experimental data and theoretical studies.
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Se analiza una aplicam del principio variacional de Schwinger desde la perspectiva de ondas planas para un conjunto base usando un
modelo Born-Ochkur. El prdgsito de este trabajo es mostrar la sen@ficaz parae- H,O en el intervalo de 10 - 50 eV. Los resultados se
comparamos con los experimentos.

Descriptores: Excitacibn molecular; disperén elstica de electrones; principio variacional.
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1. Introduction long range of such potentials can make it difficult to ade-
An el llisi ith lecule is a fund Iquately represent the trial function in af hasis only). Our
n electron collision with a water molecule is a fundamenta implementation of plane waves as a trial basis set can be de-

process in various fields such as radiation physics and ava'Lirable to adequately represent, for example, the long range

able chemistry, atmospheric physics and aStrophySiCS mregions (the attempt to deal with long range potentials using
A water molecule can be used as a representative target H'Schwinger-type method was originally proposed by Kol-

the theory of electron collision with polyatomic molecules, ¢, [20] and subsequently discussed more fully by Takat-

which are characterized by a multicentred nature and a longs,;; » and McKoy [21] and Taet al.[22] for electron scatter-
range force due to a dipole or other multipole moment. Inirlg and by Lino for positron scatltering 23, 24])
addition to the pioneering work of Bruche [2], measure- ~ e

ments of total cross sections have been reported by sev- N the present study we have investigated the SVP-PW to
eral groups such as Sokolov and Sokolova [3], Suestka € - H>O in the region of collision below 50 QV. In addition

al. [4], Szmytkovski [5], Zeccat al. [6], and Nishimura and to _the statlc interaction, we ha\_/e here _conS|dered the _effect
Yano [7]. Differential cross sections for elastic scattering and? including exchange by replacing the first Born approxima-
vibrational excitation were reported by Jueigal.[8], Danjo  ton (FBA) used in the SVP-PW by FBA + g where “g” is the
and Nishimura [9], Shyn and Cho [10] and Johnstone and)chkur amplitude [25]. The present study has ;everal goals:
Newell [11]. On the theoretical side, there are several studfi'St: 0 our knowledge, no theoretical study using the SVP-
ies using more sophisticated treatments, including the static®W With the Born-Ochkur approximation fore H,O, has
exchange-polarization model potential approach of Jain angeen p_resented; second, a f|x_ed-nucle| treatment of el_ectron
Thompson [12], the static-exchange Schwinger multichannetcttering by polar molecules is well known to lead to diver-
method (SMC) of Brescanset al. [13], the local modified gent cross sections. Thisis an esse_ntlal prpperty of the dipole
semi-classical exchange of Gianturco and Scialla [14], th@°tential and can usually be remedied by introducing the ro-
complex Kohn variational method of Rescigno and Lengs_tatlonal motlgn of the target molecule [15]. The usual stratj
field [15], and the iterative Schwinger variational method©9Y for the dilemmas caused by the electron-target (polar) is
used by Machadet al. [16]. In the present paper, elastic to use a hybrid treatment in Wh|c_h only the Iovy order part|al_-
electron scattering by #0 is studied using the Schwinger Wave compone.nts of the T—mgtrlx are determined frqm vari-
variational principle with plane waves as a trial basis Setettlonal caIcuIatlong, an_d thg higher order terms are included
(SVP-PW) [17]. Recently, we have shown that the SVP-" the Born approximation via a closure formula [15]. As we
PW for scattering theory is an effective approach to electronfiave recently shown [19], the SVP-PW typically uses the first
molecule collisions [18, 19]. The main limitation of the BOrn approximation (FBA) and this fact has evidently been
Schwinger variational principle lies in what makes it a gen-PPreciated. We shall see that our conclusion regarding the
eral method: the expansion of the scattering function is don&S€ 0f SVP-PW to the calculation of scattering cross sections
in an L2 basis (Cartesian Gaussian functions) and this i€ - H20 is encouraging.

very effective only for short-range potentials (the Schwinger  The organization of this paper is the following. In Sec. 2
method requires a good description of the scattering wavethe theory is described, our calculated results and discussions
function only in the region where the potential is non-zeroare presented in Sec. 3, and Sec. 4 summarizes our conclu-
and, as most nonlinear molecules have dipole moments, tha&ons.
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2. Theoretical formulation where
Details of the Schwinger variational principle (SVP) of Qo = (®oki | V = VGV | Boky). (8)

electron-molecule collisions have been discussed else-
where [26], and only a brief outline will be given here. The We have implemented a set of computational programs to

Hamiltonian for the collision can be written as evaluate all matrix elements of Eq. (7). Théfé is the

projeted outgoing-wave Green’s function and P is the target-
H=(Hy+Tny1) +V =H,+V (1) space unit operator

where Hy is the target Hamiltonian, y,; is the kinetic en-

ergy operator of the incident electron, and V is the interaction P= Zj Co)(Qe =1, ©)

potential between the incident electron and the target. The ¢

total scattering wave function satisfies the Sciinger equa-  where P is truncated and carries only energetically open

tion bound state channels [26]. The importance of the accurate

(B - H)‘I’,(;i) =0 (2)  determination of Green’s function matrix elements in molec-

In the SVP for electron-molecule elastic scattering, the bilin-Ular collision physics has been felt over the years. The cal-
ear variational form of the scattering is culation of the VGV term presents the more expensive step

in the SVP-PW code and demands almost the entire compu-
[f(Rp ki) = ——{(Sz | V| \If}%ﬂ) ta_ltlonal time of the scatterlng calculations. As.prescrlbeq by
2m s i Lima et al. [26], the evaluation of the remaining terms in-
+<\IJ(5_) V| SE) _ <\IJ(5_) V- VGSJ)V | \I,(jr)n 3) \_/olvmg the Green’s functions can be done numerlcall_y in th(_e

ky g ky ki linear-momentum space as [26, 27] of the one-particle unit
Here| S ) is the input channel state represented by the prodopPerator; however, the matrix element
uct of a plane wavé; times| @), t.ht_a.initial (ground) target <<I>0Em | Vng)V | <I>o/5n> (10)
state.| SEf> has an analogous definition, except that the plane
wave points to%'f, V is the interaction between the incident used in Eq.(8) is done by direct numerical quadrature and can

electron and the targe§;” is the projected Green’s func- be rewritten as
tion, written as in Ref. 26:

open 9 9
w2,
) = [an | BB | “ > [t sk, 0, ay
P (E — Hy + ZE) ’ o
H, is the Hamiltonian for the N electrons of the target plus theVhere

kinectic energy of the incident electron, afds total energy

‘ B e - -
of the system (target + electron). The scattering stlalé€§_)> Ik,.% (k)—/ko(<I>okm|V|<I>ok> (ko[ V|®okn),  (12)

kn

(=) i
and(% | are products of the target wave functiprd,) and the functioryii P (k) is essentially an angular integra-

and onef-particle scattering wave function. The initial step in first B ith diff itude B (off
our SVP calculations is to expand the one-particle scatterin on offirst Born term; wit a erent F“agn"“ € (off-
wave functions as a combination of plane waves. So, for ela 2hell terms). The difficulty in evaluating the Eq. (10), asso-

tic scattering, the expansion of the scattering wave functioff'2t€d With possible discontinuities, has been examined and
is done in a discrete form as treated in a similar way to the subtraction method [26]. We

just add and subtract the expression
[ E7) =" amFim) | ®okim) (5)

2k,
77— 2 %knk, ()
[ ) =D bu(n) | @okn). (6) _
I n to Eq. (11) where the subtracted term makes the integra-

The inclusion of these definitions in Eq. (3), and the ap_uon smoother (since the numerator and the denominator of

plication of a stationarity condition [27] with respect to the the composed expression will yanlsh smultaneogslykfsr
. . . ) . aroundk,) and the added term is evaluated analytically. The
coefficients gives the working form of the scattering ampli-

tude: convergence of this procedure could also be assessed by nu-
' merical quadrature. In our implementation we use two dif-
[F(Rp )] = 1 ferent quadratures fo¥,, andF;, to avoid situations where
2m | km — kn | are too small [28]. Our discrete representation
. . of the scattering wave function [given by Egs. (5) and (6)] is
X (Z(SEf | V| @k} (A mn (En®o | V| SE)) , (7)  made only in two-dimensional space (spherical coordinates,
using Gaussian quadratures fband ¢ and the on-shell k

mn
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value for the radial coordinate). When exchange effects are 3 e -HO
to be considered in electron scattering, the first Born approx- 64 z — SVP-PW
imation (FBA) used is replaced by '\ 20ev ----SmC
S\ e Okamoto et al
fBornfochkur = frea+ g, (13) Ng * Expt.
. . . . € 4
whereg is the exchange amplitude in the Ochkur approxi- o
mation [25]. ‘8’
. . o
3. Applications 2
In this section, we test the SVP-PW procedure for th&©H
molecule. In the present work for the self consistent-field
(SCF), we have a chosen basis set as in Ref. 13. This basi: 0ol ' ' ' : ‘ ' ' '
gives an SCF energy of -76.05 a.u. and a calculated dipole 0 20 40 60 80 100 120 140 160 180

Scattering angle(deg)

FIGURE 3. Elastic DCS for € - H2O scattering at 20 eV. Present
results (SVP-PW): solid line; Schwinger multichannel method used
by Brescansiret al. [13]: dashed line; theoretical studies of
Okamotoet al. [30]: dotted line; experimental data [9,10]: tri-
angle.
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FIGURE 1. Elastic DCS for €- H.O scattering at 10 eV.
Present results (SVP-PW): solid line; iterative Schwinger varia-
tional method used by Machacx al. [16]: dashed line; experi-
mental data [9,10]: black circle.
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FIGURE 4. Elastic DCS for €- H2,O scattering at 30 eV.
Present results (SVP-PW): solid line; iterative Schwinger varia-
tional method used by Machaax al. [16]: dashed line; experi-
mental data of Danjo and Nishimura [9]: triangle.

moment of 0.78 a.u. compared with the experimental value
of 0.72 [29]. We have selected representative results on
differential cross sections, mostly where experimental data
and/or other calculations are available for comparison and
our calculations are performed within the framework of the
fixed-nuclei approximation.

In Fig. 1 we compare our calculated differential cross sec-
0 20 40 60 80 100 120 140 160 180 tions (DCS) for elastic ®- H,O scattering at 10 eV with the

Scattering angle(deg) measurements of Shyn and Cho [9], and the theoretical re-

FIGURE 2. Elastic DCS for - H,O scattering at 15 eV. sults of Machadcet al. [16], using the iterative Schwinger

Present results (SVP-PW): solid line; iterative Schwinger varia- Variational, method. As expected for a polar mOIeCU|e' our
tional method used by Machadgt al. [16]: dashed line; theo- CrOSS sections show very strong forward—.peaklng (our results
retical studies of Okamotet al. [30]: dotted line; experimen- also show the backward enhancement in the DCS). Agree-

tal data [9,10]: black circle; experimental data of Danjo and ment between our calculated cross sections and available ex-
Nishimura [9]: triangle. perimental data is generally good. On the other hand, it
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compare our calculated differential cross sections (DCS) for
elastic e - H,O scattering at 20 eV with the measurements
of Danjo and Nishimura [9], the theoretical results of Bres-
cansin [13] using the Schwinger multichannel method, and
the studies of Okamotet al. [9, 30]. Also, our results are
in good agreement with the experimental data of Danjo and
Nishimura [9] and results of Brescanghal.[13] at interme-
diate angles, and studies of Okametaal. [9, 30]. In Fig. 4
we compare our calculated differential cross sections (DCS)
for elastic € - H,O scattering at 30 eV with experimental
data [9], and the theoretical results of Machadal. [16],
using the iterative Schwinger variational method. Again, our
—————— e results are in good agreement with experimental data and the-
0 20 40 60 8 100 120 140 160 180 oretical results. The discrepancies at intermediate angles is
Scattering angle(deg) less significant at 30 eV. In Fig. 5 we compare our calculated
differential cross sections (DCS) for elastic-eH,O scatter-
ing at 50 eV with experimental data [9]. As observed, our
results are in good agreement with experimental data [9].

DCS(10"*cm?)

FIGURE 5. Elastic DCS for €- H2O scattering at 50 eV. Present
results (SVP-PW): solid line; experimental data of Danjo and
Nishimura [9]: triangle.

should be noted that, although the method used by Machadd. Summary

et al. [16] is essentially equivalent to our SVP-PW, the dis-

crepancies between the two calculations at large scattering/@ have used the Schwinger variational principle with plane
angles can possibly be attributed to our Born-Ockur modeVaves as a trial basis set to study elastic scattering of elec-
(sensitivity of exchange model potential). In Fig. 2 we com-trons by HO in the 10-50 eV energy range. Comparison be-
pare our calculated differential cross sections (DCS) for e|astween our calculated differential cross sections with selected
tic e - H,O scattering at 15 eV with the measurements ofexperimental and other theoretical results is encouraging and
Danjo and Nishimura [9], Shyn and Cho [10] and theoreticashows that our formalism can be used for studying elastic
results of Okamoto, and Itikawet al, using the combined electron-polar-molecule collisions.

free-gas plus correlation- polarization [9, 30], and Machado

et al. [16]. Asin Fig. 1, our results agree well with ex- Acknowledgments

perimental data [9] and theoretical studies of Okamoto, and

Itikawa et al. [9, 30], and Machadet al, using the itera- JLSL gratefully acknowledges the research support given by
tive Schwinger variational principle [16]. Again, we can seethe Universidade Braz Cubas-2006, Mogi das Cruzes, SP,
some discrepancies at an intermediate angle. In Fig. 3 wBrazil.
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