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The two-potential approach is used to study the differential and integrated cross sections, the
alignment and orientation parameters (A,X,{L, ),7), and the coherence of excitation in the resonant
scattering of positrons with sodium atoms at three intermediate energies 12.1, 22.1, and 30 eV.
These parameters are compared with the corresponding parameters in electron-sodium resonant
scattering. Such a comparison between electron and positron scattering leads to useful information
about the role of different interaction potentials in the scattering process.

I. INTRODUCTION

The study of alignment and orientation in atomic col-
lision provides a deep insight into the understanding of
the dynamics of the collision process. An extensive study
of alignment and orientation parameters for electron-
impact excitation of atoms has been performed during
the last two decades. A comprehensive review of the
same has been given recently by Andersen et al.! Most
of the theoretical and experimental work on positron im-
pact excitation of atoms is limited to the study of
differential and total cross sections.? Fargher and
Roberts® have studied angular correlation parameters in
positron hydrogen scattering and Willis et al.* and Madi-
son and Winters® for positron helium scattering. Saxena
and Mathur® have studied the angular correlation param-
eters for e t-Li resonant scattering. Recently Pangan-
tiwar and Srivastava’ have studied A and y parameters in
electron-positron scattering from a rubidium atom. To
our knowledge no theoretical or experimental work is
available for alignment and orientation studies on
positron-sodium (3s-3p) scattering. Such studies are,
however, important. In this paper we report a theoretical
study of positron-sodium atom scattering using a two-
potential approach at three intermediate energies, 12.1,
22.1, and 30 eV, and give a relative comparison between
positron and electron orientation and alignment parame-
ters. The effect of positronium formation which is impor-
tant near the excitation threshold would be negligible in
the energy region studied here.

II. THEORY

We consider the sodium atom as a one-electron system
and incorporate the effect of core electrons in the form of
a core potential. The total Hamiltonian for the projectile
positron plus sodium atom system is written as

H=H,+V, (1)
where the unperturbed Hamiltonian is

1

H0=—%(V%+V§)—r—+ Ve(ry) )
1

and the total interaction potential is

18

=—-——1——+—1—+Vc(r2), (3)
T2 r

where V_(r,) is the core potential and r; and r, are the
position vectors of the atomic electron and incident posi-
tron, respectively. Dividing the total interaction poten-
tial V as '

V=U,+ W, , initial channel 4)
V=U;+W;, final channel (5)

the T matrix in the two-potential approach is given by
T=(¢\UIx;")+{x7 W), (6)

where the functions ¢, X, and v satisfy the Schrodinger
equations

Hy¢=E¢,
(Ho+U)xi" =Ex;",
(Ho+Up)x7 =EX; ,
Hy=EY¢,

)]

respectively. If the potential U is chosen to depend on
the incident positron coordinate only, then the first term
of Eq. (6) vanishes for inelastic scattering. In the
distorted-wave approximation, to the first order we re-
place ¢;" by x;" and obtain

T=f[)(f_(rl,rz)]*fof(rl,rz)drldrz ) (8)
The function y can be expanded as

Xi (£, 1) =F; (r))v;(ry)
and

X7 (nn)=F(n)ug(r), 9)

where F;* and F '+ are the scattered positron wave func-
tions in the initial and final channels, respectively, and v;
and v, are electron wave functions in the initial and final
states.

The distorting potentials U; and U, used in Eq. (7) are
chosen similar to our earlier work® on electron-lithium
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scattering as
Ui(ry))=Vir)+Vi(r)+V.(ry)), (10)
where

1t

Vs(r2)=<v,-(r1) PR,

Ui(rl)>

is the static potential in the initial channel. For the po-
larization potential ¥,(r,) we use a nonadiabatic poten-
tial which is energy dependent.®!° It is given by

Vilry))=Viry))/(1+6K?/wlr3) , (11)

where V](r,) is the adiabatic polarization potential,
which is chosen to be of the following form:

a;
V;(rz)-_——?{l—cxp[—(rz/ro)("]} . (12)
2

a; is the dipole polarizability of the sodium atom, w; is
the average excitation energy, and r, is the cutoff param-
eter. r, is determined from the following relations:

ro=3:K;/w; ,
_2 2
;= v, (r ) Z*v;(ry)) .
Q;

Z is the dipole operator.
For the final channel we take

U, =VIr)+V.r,) (14)
where

11

f =
vitr) <vf(r]) rnp I

vf(r1)> .

The valence-electron wave functions v,(r;) and v,(r,;) and
the core potential V,(r,) are taken from Danielle."!

The differential cross section for a collision in which
the sodium atom is excited from the initial state i to the
final state f is given by

oc=o0,t20,, (15)
with
i—f_— _J i—f|2
O = e 1T

m, denotes the magnetic quantum number of the final

state. The alignment and orientation parameters are
defined by Fano and Macek!? as

A=o0y,/0, x=argla,/a,),
0$_=—V2Im{aya,) /o, A5, =V2Relaya,)/o,
(16)

where a, and a,; are the excitation amplitudes for the
m,=0 and m,==*1 magnetic substates. o, and o, are
the corresponding differential cross sections. ) denotes
the spin average value.

The components P,, P,, and P, of the polarization of
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the radiation emitted perpendicular to the scattering
plane and the alignment angle are defined as

P,=[1(0°)—1(90°)]/[I(0°)+1(90°)],

P,=[1(45°)—1I(135°)]/[1(45°)+1(135°)],
(17)

P,;=[I(RHC)—I(LHC)}/[I(RHC)+I(LHC)],
y =targ(P, +iP,) ,

where I(a) is the number of coincidence counts when the
optic axis of polarizer is at a° to the incident-beam direc-
tion. I(RHC) and I(LHC) are the right and left polariza-
tion components, respectively. These polarization pa-
rameters are related to the parameters of Eq. (16) as!

P, =0.1412A—1) ,
P,=—0.2824¢, ,
Py=—1.11605_ ,
(L,)=—P; .

The depolarizing influence of the unresolved fine and
hyperfine structure of the excited state of sodium is in-

-13
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FIG. 1. Differential cross sections for positron- and

electron-impact resonant excitation of sodium at 12.1, 22.1, and
30eV. , positron results; - - -, electron results.
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FIG. 2. A parameter in positron- and electron-impact reso-
nant excitation of sodium at (a) 12.1 eV, (b) 22.1 eV, and (c) 30
eV energy. Caption is the same as in Fig. 1.

cluded in the coefficients of the above equations. The
coherence of excitation is measured by the reduced polar-
ization

2 172

2 2

P
0.141

Py
0.141

P,
0.558

|P|=

(19)

The angular distribution of the above parameters pro-
vides information about the shape and rotation of the ex-
cited state. A measures the fraction of the 3p, scattering
probability. y is the relative phase between 3p,; and 3p,
scattering amplitudes. (L, ) is the value of the angular
momentum perpendicular to the scattering plane. (L,)

TABLE 1. Integrated cross section (in ma3) for 3s-3p excita-
tion in e *-Na scattering.

Energy (eV) Present results Four-state calculation®

10.0 60.6 65.8
12.1 53.9
20.0 38.2 46.5
22.1 35.5
30.0 28.2 38.7

2Sarkar, Basu, and Ghosh, Ref. 2.

Scattering angle 8 (deg)

FIG. 3. |x| parameter in positron- and electron-impact reso-
nant excitation of sodium at (a) 12.1 eV, (b) 22.1 eV, and (c) 30
eV energy. Caption is the same as in Fig. 1.

gives significant information about the way the angular
momentum is transferred during the collision process. ¥
gives the alignment of the charge cloud with respect to
the incident-beam direction. The coherence of excitation
is implied by |p|=1.

III. RESULTS

We have used Egs. (15)-(19) to obtain the differential
and integrated cross sections, the angular correlation pa-
rameters A, X, (L, ), and the polarization parameters |P|
and y for the resonant excitation for sodium by positron
impact at energies of 12.1, 22.1, and 30 eV. The results
are presented in Figs. 1-8 where the positron results are
compared with the corresponding electron results.!3

In Table I we give the integrated 3s-3p excitation cross
section for positrons and compare our results with the re-
cent four-state close-coupling calculations of Sarkar
et al? We find that the two calculations are in reason-
able accord at lower intermediate energies but differ at
higher energies. This is expected since the close-coupling
approximation would be more valid at lower energies
close to the threshold and would be unsuitable at inter-
mediate and higher energies where more and more chan-
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FIG. 4. (Ly) parameter in positron- and electron-impact
resonant excitation of sodium at (a) 12.1 eV, (b) 22.1 eV, and (c)
30 eV energy. Caption is the same as in Fig. 1.

nels become open. In the intermediate-energy region the
present approach, which is based on the distorted-wave
approximation with the proper account of the polariza-
tion effect, is expected to be more suitable.

Figure 1 gives the differential cross section for positron
and electron resonant excitation. It is observed that at all
energies the behavior of positron and electron differential
cross sections is similar in nature at small angles. How-
ever, at intermediate and large scattering angles there are
significant differences between the two cross sections.
This is mainly due to the presence of the exchange in
electron scattering and absence of the same in positron
scattering.

Figures 2(a)-2(c) show a plot of the angular variation
of A. From the figure it is noticed that for all the energies
the positron A first acquires a minimum value from its in-
itial value of unity and then shows a gradual increase to-
wards its maximum value of unity. The position of the
minimum shifts towards lower angles with the increase of
energy. The comparison with electron scattering shows
that, while in electron scattering two minimas are ob-
tained, one at lower angle and the other at larger angle,
only one minimum is obtained in positron scattering.
Furthermore, the positions of the minimum in the posi-
tron scattering and the first minimum in electron scatter-
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FIG. 5. Alignment angle ¥, in positron- and electron-impact
resonant excitation of sodium at (a) 12.1 eV, (b) 22.1 eV, and (c¢)
30 eV energy. Caption is the same as in Fig. 1.

ing are nearly at the same scattering angle.

Figures 3(a)-3(c) show the variation of |y| with
scattering angle. The positron |y| shows a gradual in-
crease and acquires its maximum value beyond which it
shows a slow decrease becoming almost constant at large
scattering angles. On the other hand, the electron |y|
shows structures. The location of the first maximum in
electron scattering is nearly at the same position as that
of the maximum in positron scattering.

Figures 4(a)-4(c) show a plot of (Ly) with respect to
the scattering angle. From the figure we observe that
there is a significant difference between the positron and
electron (Ly) at low and intermediate scattering angles.
The positron (L,) shows a negative value in the whole
angular region, while the electron (Ly ) shows a positive
value for low and intermediate angles and becomes nega-
tive in the large angular region. This feature is similar to
our earlier work on electron and positron scattering with
the lithium atom.%!*

Figures 5(a)-5(c) show the variation of alignment angle
vy with scattering angle. We find that for low scattering
angles up to about 20° the variation of ¢ for positron and
electron scattering remains identical at all energies.
Beyond a scattering angle of 20° the positron ¥ shows a
slow increase, whereas the electron y shows rapid varia-
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FIG. 6. Polarization parameter P, in positron- and electron-
impact resonant excitation of sodium at (a) 12.1 eV, (b) 22.1 eV,
and (c) 30 eV energy. Catpion is the same as in Fig. 1.

tions. As the energy increases the behavior of y for elec-
tron and positron scattering becomes nearly identical at
large scattering angles also.

Since y depends on the ratio of the components of po-
larization P, and P,, respectively, we have also shown in
Figs. (6) and (7) the angular variation of P, and P,, for
the sake of completeness.

Figure 8 gives a plot of reduced polarization |P| with
scattering angle. The coherence of excitation is deter-
mined by the value of |P|. For complete coherence,
|P|=1. From the figure it is noticed that while the exci-
tation is coherent for positron scattering in the entire an-
gular region, for electron impact it is limited to small an-
gles below 20° and for large angles beyond 120°. The
value of |P| in electron scattering deviates significantly
from unity in the intermediate angular range. This devia-
tion from coherence in electron scattering at intermediate
angles is larger for lower energies as compared to higher
energies.

From the above study we notice that there are consid-
erable differences in the behavior of alignment and orien-
tation parameters for positron and electron scattering.
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FIG. 7. Polarization parameter P, in positron- and electron-
impact resonant excitation of sodium at (a) 12.1 eV, (b) 22.1 eV,
and (c) 30 eV energy. Caption is the same as in Fig. 1.
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FIG. 8. Reduced polarization |P| in positron- and electron-
impact resonant excitation of sodium at (a) 12.1 eV, (b) 22.1 eV,
and (c) 30 eV energy. Caption is the same as in Fig. 1.
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The reason for the same is due to the absence of exchange
for positron scattering and is due to the different nature
of distorting potentials in the positron and electron cases.
While the static and polarization potentials are of oppo-
site nature in positron scattering, they are of the same
type (attractive) in electron scattering.

Kwan et al.'’> have started measurements on
positron—alkali-atom scattering and we hope that mea-
surements on differential-cross-section and angular corre-
lation parameters will become available in the near future
to compare with the present work. It may, however, be

mentioned that the present approach provides reliable re-
sults for angular correlation parameters in electron-
sodium scattering when compared with the measure-
ments. '3
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