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Elastic e-NO collisions
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In this paper we use the Schwinger multichannel met8MC) to calculate several types of cross sections
related to the elastic electron scattering by NO. We show through the NO system that the elastic scattering of
an electron by an open shell molecule is a much richer process than the corresponding scattering by closed
shell targets. We present cross sections for unpolarized electron scatterifayidsyted and nonoriented
molecules, spin-flip cross sectiofia the form of polarization fractionsand zero-energy electronic excitation
cross sectiongdue to orbital degeneracy of the NO ground stat@ur results agree well with published
experimental values for elastic unpolarized data as well as recent polarized electron-NO scattering. We also
present a detailed study of the dependence of the polarization fraction on molecular orientation. Our results
also show a shape resonance which is also seen experimentally around 18 eV, and we suggest its symmetry.

PACS numbds): 34.80.Bm, 34.80.Nz

[. INTRODUCTION ent elastic processes present in tiblO elastic scattering.
We calculate the elastic scattering by polarized and unpolar-
Cross sections for rotational, vibrational, and electronidzed electrons with NO and the DCS’s for transitions be-
excitation of NO by low-energy electrons play an importanttween magnetic sublevel$I{ *—I17). In opposition to the
role in modeling the radiative signatures of spacecraft —atomic case16] P'/P for the molecule shows an almost
and the catalytic destruction of 0zof. Most experimental isotropic angular behavior. This phenomenon was related to
studies ofe-NO collisions have been restricted to measurethe averaging over all molecular orientations inherent in gas
ments of total cross sections and most of these focused dihase collision process¢82]. When the molecule was ori-
resonance phenomena at energies below 3.[Be\4]. Two entedP’/P presents angular behavior similar to those seen
exceptions are the measurements of elastic differential crod8 atoms[22]. We present a detailed study of the dependence
sections(DCS'9) at energies of 5, 10, and 20 eV by Kubo Of the polarization fraction on the molecular orientation.
et al. [15] and of the angular behavior of the polarization Some of our features are in qualitative agreement with those
fraction for polarized electron scattering by Hegenearal. ~ suggested by Nordbeott al. [23] in a study on Q. Our
[16]. On the theoretical side, Lefebvre-Brigh7] used the results agree well with available measurements of the elastic
stabilization procedure and Tennyson and NoHl&] the  cross sections for scattering of both unpolarized and polar-
R-matrix method to study these low-energy resonance prozed electrons by NO.
cesses. Recently Taet al. [19] have also carried out a cal-  The outline of our paper is as follows. In Sec. Il we
culation of the elastic differential cross sections using thepresent a few essential features of the SMC mefdgiand
Schwinger variational method for the potential scatteringits extension to the case of open shell molecules. In Sec. Il
[20]. we present the results of our calculations and their compari-
In this paper we use the Schwinger multichannel metho@on with available measured data. We close our paper with a
(SMC) [21] to calculate cross sections related to several phefew concluding remarks.
nomena present in elastic electron-NO scattering. The spin
and orbital degeneracy of an open shell molecule allow new
elastic processes not present in a closed shell molecule. The
ground-state orbital degeneracy contributes to the elastic pro- In the SMC method21] the variational stable expression
cess with two channels, one, very strong, corresponding tfor the full scattering amplitude is
no state change, and another corresponding to an electronic
transition between orthogonal degenerate states. The ground-
state spin degeneracy allows the electron spin to flip. DCS [fﬁf,ﬁi]=2 (sl;f|v|\pm>d;ﬁ<qfn|v|sﬁi>, (1)
experiments made with an unpolarized electron source, a m.n
molecule in the gas phase, and without final spin analysis,
measure an average between four different processes. The where
use of a polarized electron source allows the measurement of
the spin-flip cross sectiofl6]. This quantity is usually pre-
sented in the form of the polarization fractioR'(P), where
P and P’ specify the spin polarization of the incident and
scattered electrons. Here we present results for three differ- and
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method have been given previou$B/a1,24].
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whereMs (Ms) is the spin component of the initi&linal)
target statem; (my) is the spin component of the incident

(scatterejl electron and thé:Mf 1m’f2 My, is @ Clebsch-Gordan

FIG. 1. Elastic differential cross section of electrons by a free
NO molecule. Present theoretical result is plotted as a continuous
line; + are experimental results from Kulea al. [15].
coefficient. It is convenient to work with scattering ampli-
tudes for the systertelectron+ targej with a defined total feature present in the scattering of open shell molecules with
spin S. In this form the spin-irreducible scattering ampli- orbital degeneracy, and it cannot be described by simple po-
tudesf25*! can be calculated directly. Computer codes havdential scattering theories.
been developed to provide these spin-irreducible scattering For the target state we used a self-consistent {i8ldh

amplitudesf5*1, wave function. The basis set is thes@p1d/5s5p) basis of
The differential cross section for elastic scattering of un-Gaussians of Dunninf6] on each nuclear center with no
polarized electrons is given by contractions for thep functions and supplemented with a
2slpld set(exponents 2.1 and 0.0533 for s, 0.041 35gdor
do and 0.8 ford on N and 2.8194 and 0.071 15 fey 0.053 42
{3|f‘3>| +[F1% (5

for p, and 0.85 ford on O) at the internuclear distance of
2.1743 a.u. For the scattering calculation we supplemented
The polarization ratio is related to the spin-flip and unpo-the basis with a set ofsllp functions on each atortexpo-

do 4

larized elastic cross sections by nents 0.0067 fos and 0.0052 forp on N and 0.0089 fos
and 0.0067 fop on O). This approach gives a SCF energy of
P (dos/dQ) —129.272 a.u. and a permanent dipole moment of 0.310 D
P T “(del/dQ) ' ©®  which can be compared with the near-Hartree-Fock limit
—129.295 a.u. which generates a dipole moment of 0.260 D
where [27].

Figure 1 shows our calculated elastic DCS’s 88NO

d‘Tsf |f(3) F(D|2 7 scattering at energies of 5, 10, 15, and 20 eV along with the
a0 ' measured values of Kubet al. [15]. Our calculated cross

sections agree well with values for scattering angles greater
Ill. CALCULATION AND RESULTS th_an 89°. At the higher impact energy of 20 eV agreement is
still quite good at angles below 80°. However, the disagree-
The X 211 ground state of NO has spin and orbital degen-ment between the calculated and measured DCS's for lower
eracy. Spin degeneracy is taken into account through the cahngles at 5 and 10 eV reflects the importance of polarization
culation of two scattering amplitude$t® and f(). Orbital  effects, which are not included in the present studies, at these
degeneracy corresponds to the two possible azimuthal anglewer energies. These results are very close to those pub-
lar momentaA = 1 and— 1 of all symmetry ground state. lished by Tacet al.[19]. We also present our calculated DCS
These two statesI[™ andIl~) are always degenerate by at 15 eV since spin-polarized measurements are available at
symmetry in a nonrelativistic approximation. The fact thatthis energy.
they are degenerate does not mean that these states are unin Fig. 2 we show calculated differential cross sections for
coupled during the scattering process. The scattering electrdransitions between magnetic sublevelE { —2I1~) of NO
can transfer angular momentum to the target without transmolecules due to collisions with an unpolarized electron
ferring energy in such a way that the = 1 to —1 (or beam. This value of the DCS decreases when the energy
vice-versatransition is possible by electron impact. This is aincreases at a rate faster than the elastic cross section. This
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FIG. 2. II* to I1~ elastic differential cross section of electrons 05 : 0s
by a free NO molecule. Dotted line is 5 eV, dot-dashed is 10 eV, o ’ N ’
long-dashed is 15 eV, and solid line is 20 eV. & 00 & 00
behavior is similar to that of the excitation cross section. 8 ?
Such transitions would lead to a depolarization of polarized .10 : 10 ;
60 120 180 0 60 120 180

NO molecules. Although measurements of such cross sec-
tions are, in principle, difficult to make, our results show that

[
Scatte

ring Angle (deg) Scattering Angle (deg)

they are of the same order of magnitude as those for electron g 3. glastic polarization fractioR’/P for scattering of po-
impact excitation processes. In other words, these two dfarized electrons by a NO molecule. Present theoretical result is

generate states give rise to two energetically open channelg,

tted as a continuous linet are experimental results from He-

for any positive energy of the incoming electron. Since theygemanet al. [16].

are coupled in the™ -molecule scattering process, the elastic

scattering calculation of NO is indeed a two-channel prob-collaborators[16]. Calculated and measured polarization
lem. Although such coupling is not expected to greatly affecffractions P'/P show in the molecular case very limited
the elastic cross sections, methods developed to describe atructure with angle. For 10 and 15 eV, experiments and
curately the electron-molecule scattering phenomena shoulktheory present a value d®'/P very close to 1. At larger
not neglect this process. To our knowledge, this is the firsangles the polarization fraction has a slightly higher devia-
time these zero-energy excitation cross sections have bedion from 1, and it reflects the importance of exchange. The

reported.
In Fig. 3 we present our calculated results for the polar-

same behavior was seen in the case gf[22)].
In our paper about the Omolecule we were able to show

ization fractionP’/P for electron energies of 2.5, 5.0, 10, that the almost constant value Bf/P over a wide angular
and 15 eV along with the measured values of Hanne aneegion was due to the orientational averaging inherent in
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FIG. 4. Elastic polarization fractioR'/P for
scattering of polarized electrons with incident en-
ergy E= 5.0 eV against oriented NO molecule at
orientation anglex. (@) «=0°; (b) «=30°; (¢
a=60°; (d) a=90°.
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ELASTIC e-NO COLLISIONS

Fig. a)

10.0 eV.
15.0 eV.

FIG. 5. Elastic polarization fractioP'/P as

in Fig. 4 but for incident energi
FIG. 6. Elastic polarization fractioR'/P as

in Fig. 4 but for incident energi

Figures 4, 5, 6, and 7 show tridimensional plots for the

Here we will present a detailed study for oriented NO. Theseolarization fraction against the scattering anglend orien-
results may serve as a motivation to the experimentalists ttation angleB. In these figures NO is taken originally ori-

by the incident and scattered beams in the origkmplane.

around the newy axis and it varies over 360° to allow a
complete loop of NO in a plané.is scattering angle defined

molecular gas-phase collisiong2]. When we studied the obtained by Baeringet al.[30] show significant differences
case of an oriented molecule, the angular behavior for somigom those obtained with a randomly oriented molecule.

periments with oriented molecules have recently showmnotated by Euler anglesr and 8. « is a Euler angle of
strong changes in the angular distribution for photoionizatiorrotation around the originat axis. 8 is a rotation angle

measure spin-flip cross sections of oriented molecules. Exented along the axis (N on the positive side and then
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FIG. 7. Elastic polarization fractioR'/P as
in Fig. 4 but for incident energfg=20.0 eV.
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Our calculated results for the polarization fractiBiVP are  scattered and the unpaired electron plays the role of the spin-
shown in these figures for electron energies of 5, 10, 15, andrbit potential. It is well known from scattering theory that a
20 eV, respectively. The general angular behavior of the pominimum in the DCS occurs due to inteference phenomena
larization fractionP’/P is similar to those seen with O It between partial waves. What the exchange interaction will
displays an angular behavior with a strong dependence ofo is to prevent(®) and f(*) having minima exactly at the
the orientation of the molecular axis with respect to the in-ggme angles. At these angles we will h&/@® much greater
cident electron beam. _or much smaller thaf® or the phase large. However, due

. To understand this phenomenon we recall that th_e SPI"5 the interference nature of the process these regions are in
flip proce(sss) depe(rlt)js on the square mod_ulus of the dlferen(\g‘:"eneral strongly localized in angle. When the molecule is in
betweer? ™ andf*™ and the DCS in a weighted square sumy gas phase the rotational average smooths this dependence.

.Of Ihs In Fig.|8 Wel repres%rif%(;), fh(l)’ andf(le)_lz_as atriarr:gle Recently Nordbeclet al. [23] made a detailed study of
In the complex piane, wi chosen real. The exchange .. dependence of the polarization fractiBi/P for O,.

interaction between the scattered and the unpaired electronﬁ1r0ugh the properties of the reduced rotation matrices

. . 3) . (1) . !
the mechanism which make$® different from ). This di_(B) [33], at certain values of the ang they were able

interaction is in general weaker than all other interactions[0 derive conditions for which the unpolarized electron-
present in the scattering description. As a result the spin-flip b

. L . griented molecule DCS may be small. Under these condi-
cross sections and any other excitation cross sections bﬁbns thev found strona deviation &' /P from 1. The scat-
tween states with different spins are usually one or two OFseri y litude f g g€ ted diatomi I ' ld3d
ders of magnitude smaller than the elastic cross section. Th&"N9 ampiitude for an oriented diatomic molecu ¢3¢
polarization fraction represents a direct comparison between
elastic and spin flip, so we should expect the result to be in
general very close to B'/P close to 1 implies that® and
(1) are close in magnitude and that the anglethe phase
difference between them, is very small. However, this is not
always true. There are experimen{dl6] and theoretical
[22,25,3] results for the angular distribution which show
P’/P far from 1, meaning that at these angles the exchange
interaction is very important. What we are saying is very
similar to the explanation given by Kesslg@2] to the phe-
nomenon of polarizing electrons in an unpolarized electron-
atom impact experiment. In this phenomenon the spin-orbit
potential is also weak compared with all other interactions.
However, when the DCS has a minimum the relative impor- l(3) X
tance of the spin-orbit potential increases and then it allows
electrons to be preferentialy scattered in one of its magnetic
components. In our case the exchange interation between the FIG. 8. Scattering amplitudes in the complex plane.

t(l) l(SF)

e e e e e
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for 20 eV there is clearly some enhancement of the anisot-

8.00
] ropy. We attribute this behavior to a shape resonance present
in our calculation and seen also experimentally by Szmyt-
— S0 T PN i kowski and Maciad14]. When a resonance occurs it affects
= Toa-aas” . both scattering amplitudes asymmetrically. As a consequence
= E ok N
= 4.00 - 1 the difference betweei® and f!) increases, influencing
& A directly the spin-flip process. The resonance is not strong
= 2.00 §. 0. qee.a. oo 1 enought to be seen in gas phase measuremeriRs/éf but
- Sree-e its influence is clearly seen when the molecule is oriented. In
0.00 , Fig. 9 we present the momentum transfer cross section for
10 20 30 each spin amplitude. There is a clear enhancement of the

Energy (eV) triplet cross sections at around 20 eV. Althought not shown,

pur partial cross section indicates a resonance in the overall

FIG. 9. Momentum transfer cross section as a function of impac ST1 symmetry

energy:A is the triplet component an@ is the singlet component.

IV. CONCLUSIONS

i Gl BT Its for elastic scattering data have i | good
25+ o) i1t 2]+ 1D" Q Our results for elastic scattering data have in general goo
}‘fkf’)‘iki'( ) ‘/kfkiArlinfvmlf : O'A*M( ) agreement with experiments; early SMC studies on polar

molecules have shown similar agreement. The agreement be-
><D'nf1 Ach (Q)TﬁAS_N JfA—MY'f”H (). comes poorer with decreasing energy and scattering angles.
L b f Under these conditions polarization effects become impor-
(8) tant and they are not included in the present calculation. The
4 orbital degeneracy of NO molecule allowzero-energyex-

For example,3=0 implies d},(0)=&(m,n) and then citation process corresponding to a jump between the states
only 3 symmetry contributes to the sum. When you restricthelonging to thdl ground state. Their values have the same
the partial waves included in the expansion, it increases therder of magnitude as those corresponding to an excitation
possibility of having a minimum in the DCS at that particular process.
orientation and then strong deviation Bf/P from 1. Our Our results for the polarization fractid®’/P have good
results shows similar phenomena for NO. Several features iagreement with experiments. It shows the same flat angular
our data correspond t6=0, 90, 180, and 270 wherd,,,  behavior already seen in O A detailed study of the varia-
imposes some restriction. tion of this polarization fraction with respect to the orienta-

For NO the interference usually occurs at angles greatetion of the molecular axis shows an angular behavior with
than 60°; NO has a permanent dipole so it dominates thenany structures.
small angle scattering. As a result the effect of exchange is
not seen at small angles. The angular behavior becomes less
pronounced as the energy increases because the exchange
interaction should reduce its relative effect. As a re$tit This work was supported by Fapesp, CNPq, and Finep.
and f(*) become close to each other producing values offhis calculation was performed at the Instituto desi¢a
P’/P close to 1. This can be seen from our theoretical datdGleb Wataghin” in a cluster of workstations supported by
by looking at the reduction of the anisotropy as the energyhe Unicamp-IBM agreement on High Performance Comput-
increases. This is true starting from 5 and 10 up to 15 eV, buing.
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