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Optical potential study of positron scattering by atomic sodium at intermediate energies

Nithyanandan Natchimuthu and Kuru Ratnavelu
Quantum Scattering Theory Group, Institute of Mathematical Sciences, University of Malaya, 50603 Kuala Lumpur, Malaysia
(Received 2 October 2000; published 13 April 2p01

The coupled-channel optical method has been applied to study positron scattering by atomic sodium at
intermediate energies. The optical potential that accounts only for the continuum has been implemented into
the close-coupling framework and includes positron—sodium-atom and the positronium—sodium-ion channels.
Elastic, excitation, ionization, positronium formation, and total cross sections are reported and are compared
with other theoretical and experimental data, where available.
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[. INTRODUCTION performed within the first-order Born approximati¢fBA)
and they also conclude that their work is very limited. Since
Much work using optical potentials has been done tothen, we are unaware of any work reported by Ghosh and
study electron €~) scattering from atoms. Among them, the co-workers on this aspect. Later, Ryzhikh and Mitfdg]
coupled-channel optical methd@COM) of McCarthy and have shown fore™-Na scattering that the exclusion of the
Stelbovicg 1] has been extensively used to stiglyscatter-  core has a minor effect of around 3—-4 % on the cross sec-
ing from a number of atoms. The CCOM has also been usetions at 10 eV. They have argued that the repulsive nature of
to study positron ¢ ™) scattering with atomg2,3]. However, the positron-nucleus potential would probably have little ef-
these calculations did not include the positroni(Pg chan- ~ fect on the positron-sodium entrance channel. In the higher
nels explicitly into the calculations. energies, the core exchange may be an important effect, but

It was only in the last decade that a resurgence of theot-her? there is less possipility of Ps formation. Thus they sum-
*_H scattering systems has been observednarized that the inclusion of the core exchange would be

due to major advances in treating the Ps channels explicitl ar:III::els)ézt;l)eEzaﬁat?ifl%glti?;ttioILnspath OMnctXﬁg dreensuzl;[rsmd Ir::(';he
for n>1, with Ps channels coupled to the H at¢#-16|. g y

These calculations have provided the most realistic investi\_/vorkers[ZO—ZZ, we note that the core-direct effect is rep-

i : . . resented by an approximate potential and they do not allow
gations fore™ -H scattering. Since alkali-metal atoms have a y PP P y

. ) . i for the core-exchange effects. Recently, we have also seen a
relatively simple structuréa single valence&™ on the outer convergent close-couplingSCCO) calculation[24] for e*-Li

shel) and can be simplified into a three-body scatteringihat ysed 46 states, which does not even take into account the
problem, there has been a natural extension of these theorgdz cnannels for the intermediate-energy regions. The CCC
ical calculations from the scattering ofe"-H 10 results were in good agreement with the work of McAlinden
e’ —alkali-metal atom$12,17-22. et al. [20] above 6 eV. We believe that the neglect of the

The first realistic calculation on the"-Na scattering sys- core exchange may be a reasonable approximation that
tem was done by Hewitet al. [17] using the coupled- would not affect the calculation of gross physical parameters
channel (CC) method with four atomic states of such as the cross sections. A particular work to note is the
Na(3s,3p,4s,4p) coupled to the Ps(=1) and Psfi=2) highly successful CCC work of Bra\25] for corresponding
states. However, there were some technical details in this”"-Na scattering. The CCC has achieved unparallel suc-
work that were not resolved.8]. Subsequently, Mitroy and cesses with respect to the calculations of various cross sec-
Ratnavely 18] investigated the™*-Na scattering system us- tions and the highly sensitive spin-exchange asymmetry pa-
ing five atomic states (83p,4s,3d,4p) coupled to the rameters by using only a simple phenomenological
Ps(h=1) and Ps(i=2) and also included the effects of the polarization potential to allow for core exchange and virtual
core using a core potential model. An extension to this workexcitation of the core. We believe that in the present work,
was done by Ryzhikh and Mitrof19] where the Ps basis which is an extension of the method of Mitroy and co-
states were enlarged to include RPs(3) and Psfi=4)  workers[18,19, the exclusion of the exchange between the
states. McAlinden and co-workers have also done extensiveore electrons and the electron in the Ps molecule is a rea-
calculations on almost the entire alkali-metal series using theonable approximation.
R-matrix approach and this can be seen in their numerous In this work, thee™ -Na scattering system is studied at the
works [12,20—22. Their work one*-Na only included the energy regime that encompasses the energy region from the
Na(3s,3p) coupled with the Ps(=1) and Psf=2) states ionization threshold to approximately ten times of this
[12]. threshold. The CCOM was used by McCarthtyal. [3] for

Ray et al. [23] have suggested that the exclusion of thee™-Na scattering calculations. However, their work did not
exchange interaction between the core electrons and the elemllow for the explicit inclusion of the Ps—Na-ion channels in
tron in the Ps molecule by Mitroy and Ratnavéli8] may  the coupled-channel equation. It was only recently &fatH
play a role and should be included for taé-Na and other  scattering calculations using the CCOM with the Ps channels
positron—alkali-metal scattering systems. Their work wasexplicitly coupled to the H atom was done by Ratnavelu and
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Rajagopa[26]. Their work has shown much success in com-
parison with other theoretical works and experimental mea- ¥ (r; T0) =2 Ya(T)F4(ro)+ 2 Qri)da(p)Ga(Ry).
surements26,27). Their calculations using a small basis “ P

states with continuum optical potentials shows comparable @
cross sections with the largér” models of Mitroy[9] and The Schidinger equation is aiven b
Kernoghanet al. [15]. Thus, it is only natural to extend the ger eq 9 y
CCOM to e" —alkali-metal atoms as there are very few the-
(H=E)¥(r;,ro)=0. 2

oretical calculations foe™ —alkali-metal atom scattering sys-
tems. The Na atom became an obvious choice due to the i
availability of some experimental daf28—30 and other ~The HamiltonianH in the Schrdinger equation can be par-
calculations for comparisofi8,19. titioned into(for aN+1 system

(He+Hatom_E)\I'(riyr0):O, (3)
Il. THEORETICAL DETAILS

The full theoretical details of the close-couplif@C) for- ~ Where
mulation fore*-Na can be found in Mitroy and Ratnavelu

[18]. Here, only the main outline of the CC method and the 1_, Z N1
details of the optical potential will be given. He=—5 Vot . iEl o (4)
= i
A. The coupled-channel approach N 1 7 1 N 1
i i =2 | =5V 3 2 ()
The following notations are used’ denotes the bound Hatom Z’l ZV, I T

atomic states of the Na atorgh denotes the bound state of
the Ps molecule, an€)l denotes the ionic state of the Na )
atom. The subscripte: and 8 will be used to separate be- An alternative partitioning of the Hamiltonian in the Schro
tween the manifolds of the atomic and Ps states. The thredinger equation, incorporating Ps formation is giverfvast-
assumptions made by Mitroy and Ratnavelu are as followsing p;=p andR;=R)

(1) Only the valence electron will be removed from the

Na atom to form the Ps molecule.
_ : _ Hpst Hingt Hion— E) ¥ (p,R,ri/)=0, 6
(2) Exchange interaction between the electron in the Ps (HpstHintHion = E)W(pR.1i1) ©

molecule with the rest of the electrons in the ion core is

neglected. where
(3) The fixed-core model is used to compute the wave
functions for the atomic and the ionic state of Na. This then H o—_vy2yt 1 @
reduces the many-body problem into an effective three-body int Pt
problem.
Following the notational details of Mitroy and Ratnavelu Ho =S (_Ev_z_ E)Jr} EN: 1 ®
[18] and Ryzhikh and Mitroy[19], we write ro andr;, i lon =, 20 ) 2ifZry
€{1,2,...N} as the coordinate of the incoming positron and 17
the electron in sodium, respectively, ang=|r;—rg| is the
distance between the positron and the electron. By using tHand
relative (p;) and center-of-mass coordinateg;) for any Ps N
channels, the relation between the coordinates can be written Ho o 1 V2 zZ Z ( 1 1 ) 9
as PS8 4R 1y S\ i) ©)
1
pi=ri—ro, Ri= E(ri+r0), The statesl,, ¢4, and() satisfy the equations
ri:Ri+lPi- rOZRi_EPi- <\Pa(r|)|Hatom 8a|\1’a(r|)> 0, (10
2 2
The total wave function of the systera'(-Na) is expanded <¢ﬁ(P)|Hint_SB|¢B(P)>:O' 11
in an eigenfunction expansion of the positron scattering
states- ,(ro), and the Ps statep;(p), which are coupled to and
the atomic stategr,(r;) and the ionic staté)(r;,) (the va-
lence electron is denoted by=1), and written as (QriN|Hion— ecord Q(ri/))=0. (12
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&, Is the energy of the atomic statey is the energy of the
Ps species, angl..c is the energy of the closed-shell core. It
can then be shown that

1
E+Zv§—sﬂ,—score Gp(R)

. , =2 (P (PQ)|(H=E) W (r)F (ro))
E+ EV(Z)_Sa’_Score) Fa'(ro)=2 <\I,a’(ri)|(_

)

+§ (¢p (PO

N
_z __)\I,a(ri)Fa(rO)JrE <‘Pa’(ri) 4 Z N 1 1

=1 Foi k ) (m— E) |#5(P)Q(ri1))G4(R).
X[(H=B)[Q(r;) ¢5(p)Ga(R)) (13 (14)

Using Egs.(13) and (14), the momentum-space Lippmann-
Schwinger(LS) equations for a positron with momentun
and on a Na atom in the stat# ,(r;) can be written as

(KW o [VIK"W WKW | T K )

(KW | TIK® )= (K" /| VKT )+ >, f d3k”

E(+)_ Eu" " E€core A~ kHZ

(K'W o |VIK"Q ) (K" Q b | TIKW )

+> | a3k

1
B E(+)_8B”_8core_ Zk,,z

<k,Q¢IB’|V|k"‘PD[”><kN\I,C¥”|T|k‘PD[>

(K'Qp|TIKP ) =(k' Qe |[VIKV )+ > | d°K"

E(+) — &4 Ecore E k”2

(K" Qi |[VIK"Q b g} (K"Q b | TIKW )

+ 2 d3krr (15)

1
B E(+)_83”_8core_ Zk,,z

The generic ternV is used to label the interaction between the e™ spin plays a role only at the application of the Pauli
different classes of channels and the details can be found iexclusion principle. The Schdinger equation for the total
Mitroy and Ratnavely18]. energyE is

B. Details of the optical potential method (E-H)¥,=0, 17

In the present work we have implemented the CCOM of
McCarthy and Stelbovic$l] to study e” —alkali-metal at- whereW¥, is the total three-body wave function of the colli-
oms. This is an extension to a previous work by Ratnavelision system and the numberdenotes the three-body quan-
and Rajagopdl26] for e -H scattering system. Here, only a tum state with respect to quantum numbers of bound state
brief outline of the derivation of the momentum-space formand momenta of the valenes and the incoming™. The
of the optical potential for the continuum using the Feshbaclspace of reaction channels is divided into two orthogonal or

projection-operator formalism will be givgi]. The Hamil-  complementary subspaces by means of the projection opera-
tonian fore*-Na can be written as tors P and Q. The P space consists of the finite set of the
discrete channels used in the close-coupling theory an@the

H=Ki+Ky+ v+ vt v, (16)  space comprises the remaining discrete channels and the con-

K, andK, stand for the kinetic energy of the incomieg tinuum, and they are defined as

and the valence™, respectivelyr; andv, are thee™-core
and e -core potential operators:;, is thee'-e~ potential p= N/ 18
operator. Spin-orbit coupling is ignored here, implying that g‘p i)l (18
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and V1: V1+ V12, (23)
= Ml 19 1
Q J';Q 43l (19 Vo=(v1+ Vlz)QmQ(VpL viy). (24

where ¢;; is the asymptotic “free” state vectors describing )
the system in the staiein a particular rearrangement chan- Thus, Eq.(21) is an approximation to the original Schro
nel. The operators operate on the three-body wave functioflinger equation appearing in E@L7). The termV, is the
|W,). In principle, Eq.(18) should incorporate the Ps states, first-order static-exchange potential awd is the complex,
¢z In this work, however, the Ps states are neglected anfionlocal polarization potential. The, term consists of a
the optical potential approach is used to allow for only thereal part that describes virtual excitation irospace and an
atomic and the continuum space of Na. From the projectionimaginary part that describes real excitation iospace.

operator definition, we have The V, potential is intractable and is localized using the
localization procedure of McCarthy and Stelbovjd$. De-
Q=1-P, tails of the optical potentials can be found in McCarthy and
Stelbovicq 1] and Rajagopal and RatnavéRi7]. The calcu-
P?=P, Q°=Q, lation of the total ionization cross section is given by
PQ=QP=0. (20) 5
. i L . o1=5(2m)°W(0), (25
With these above definitions, it is easily shown that P
P(E-K=1,= V)PV, =0. (21)  whereP=2E [1] andW are the imaginary part of the op-
with tical potential matrix elemer(isee Rajagopal and Ratnavelu
[27]). The calculation of the total ionization cross section
VOQ=V,+V,, (22)  Uusing Eq.(25) will be denoted as the continuum optical po-
tential method COPM). The full LS equations following the
where formalism of V(Q) are then given by

(KW [V QK" WK™ | TP ,)

1,12
E—ear—&core 2K

(KW /| Tk )y =(k' W, |[VQ|k¥ )+ > | d3k”

(K" VK" Qg ) (K" Qo] TIKY )

1
E— SBH “€core 2 k"z

+2 | d%
BN

(K" Qb1 [VIK" ) (KW | TKW )

1y,n2
E—ear—&coe 2K

(K" Q| TIKW )= (k' Q| VIKV )+ > f d3k”

(k' Qi |VIK" Qb gr) (K" Q p o[ TIKW )

1pn2
E_S,B"_SCOI'G_ 4k

+ 2 d3k// (26)
ﬁ"

Details of the numerical techniques for solving the LS equa{see Fig. 1. We find that there is good agreement between
tions can be found in the works of and StelboViit§ Mitroy ~ the COPMg™) and the calculations of Mukherjest al.

[5], and Ratnavelet al.[16]. To study the COPM in a better perspective, we also com-
pare the predictions of the COPM for tlee -Na case with
C. Testing the continuum available experimental measurements of Johnston and Bur-

Basically, the quality of our model continuum optical oW [32] and other theoretical calculations, such as the CCC

model can be gauged by its prediction of the ionization cros§alculations of Bray33] in Fig. 1. It can be observed that
section. However, there are no ionization cross-section medhe €™ -Na experimental measurements and the CCC are in
surements ofe™-Na available for comparison up to the good agreement with the COPBI() calculations. This vali-
present. Thus, we compare the COPM ionization cross seclates the quality of the COPM model for the-Na scatter-
tion with the theoretical calculation of Mukherje¢ al.[31]  ing system. Thus, it can be assumed that the CGPN(
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6 or o a)
o~ — x 0 CCO(53)
:g’ 5L ‘§° 8| x X CC(5,3)
5 5 ©
£ 2
S 4T Positron-Na :E, 6r
= ——COPM c
s sl v M ®“~-_\ =
S A M2 ey s 4l
3 Electron-Na 5
n ---- COPM @ %
w2 = B @

e o ccc @ 2} o
&) o o o
't 1 N 1 L L . 1 I © I X 8 9 X ?( 9 Q
10 20 30 40 50 0 - L + L . L L - 2
Energy (eV) 0 2 4 ; 6 8 10

FIG. 1. lonization cross sectiofin units of waé): COPM
[(e*-Na) (—), COPM (e -Na) (— — —), Johnston and Burrow 5L b)
(M), CCC(O) and Mukherjeeet al. M1 model(V) andM2 model
(M) —~ o O 0 CCO(5,3)

: LS X X X CC(5,3)

g 4t .
may provide reasonable predictions of the ionization cross o
section for thee*-Na scattering system. T Ll S
=] K
£ °
I1l. RESULTS AND DISCUSSION 5 ) X .

The following calculations were performed. § 9 .

(i) CC(5,3: This CC calculation includes the e o o
Na(3s,3p,4s,3d,4p) states together with the Rs€ 1) and g " a
Ps(h=2) states. [ % B

(i) CCQ(,3): In this calculation, the nine states i oL S S AT S R
are used together with the continuum optical potentials for 0 2 4 6 & 0 1z
the 3s-3s, 3p-3p, 3s-3p, 3s-4s, and Z-4p couplings. J

All calculations were performed in the energy region of  giG 2 partial-wave cross sections at 7 eVa) Elastic. (b)
5-50 eV. The higher partial waves for the Ps formation wasys. 3 transition: CC@5,3 (O) and C@5,3) (X).
excluded due to the time consuming nature of its calculation
since they become difficult to handle &mcrease$16]. The , :
partial waves for the Ps channels were allowed onlyJor A Consistency of CQm,n) and CCO(m,n) calculations
<16 and the LS equations were solved. Bot J,.,, the . . . .
unitarized Born approximation model is us@chich is natu- . This wo_rk reports an extenflon of |mpl_ement|ng the con-
rally obtained from the LS equations by discarding the off-inuum optical potentlal+s frore”-H scattering of Ratnavelu
shell part of the channel-free functiongor the CC@5,3 and Rajag_opaﬂ26] toe’-Na scatte+r|ng. The optical poten-
calculations, the continuum optical potentials were allowedi@!S were implemented only for tre-Na discrete channels.
for 0<J<Jgp. The number of partial waves used in the In this section the consistency pf these present ca!culauons is
calculations  differs with the energy. For instance, atevalu_ated by studying _t_he partial-wave cross sections for the
7 €V, Jimax is limited to only 18 whileJ,y, is taken up to ten elastic and 8-3p transition at 7 and 50 eV.
partial waves. At 20 eV, the value df,,,used is 80 and

is equal to 24. Whereas at 50 e¥},. is equal to 100 and 1.7eVv
Jopt IS €qual to 36. For all calculations, a quadrature mesh of
48 points was used. In Fig. 2@ the elastic Na(8—3s) transition partial-

We also performed the CGB,0) calculations fore*-Na  wave cross sections are depicted at 7 eV. In the elastic case,
with the same optical potentials used(ih at certain ener- all models show a tendency to converge Jer6. Generally,
gies. These calculations, however, will only be discussed ithe CCd5,3) cross sections are larger than the(63) cal-
the context of the ionization cross sections. For comparisoculations except al=2 and 3. For both the 46,3 and
with e*-Na scattering processes, we have included calculacCQ(5,3 calculations, there is a presence of a resonance
tions for thee™ -Na scattering system at certain energies usstructure atJ=2 and 3 and the largest contribution to the
ing the five-state CC model that includes the 3s, 3p-3p, elastic cross section comes from these partial waves.
3s-3p, 3s-4s, and 3-4p optical potential couplings. These  Figure 2b) depicts the Na(8—3p) transition partial
calculations will be denoted as the CCO5 calculations. waves also at 7 eV. In this transition, convergence for all
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14 50
i X a) L N Positron-Na
2 o CCO(5,3) ——CCO(5.I)
— , & 40 ---- CC(5,3)
> X CC(53) g | e CC(5S6)
E 10 % ! Electron-Na
S 2 0l | + cCC
[22] = I~ o
.~§ 08 L y = . o CCO5
o £
< 06 & 20
c 06 L2
S ]
B X 1]
% 04 o 2 10l
& X o
© o2} o ©
o 8 = 0 { N 1 . 1 1 1
ool 28 8 g 10 20 30 40 50
0 2 4 6 8 10 Energy (eV)
J
FIG. 4. Total elastic cross sectigim units ofn-a(z)): CCQ(5,3
10 (—), CC5,3 (— — -), CC(5,6) (@), CCO5,(x), and CCC(O).
o X X x b)
~ osl x X 8 In Fig. 3(b) the partial-wave cross section for the Na(3
:éo ' x 5 0° ° %oy X —3p) transition is depicted. Here, the qualitative shape of
s  © 8 5 this transition at this energy is totally dissimilar to the 7-eV
2 o6l ° & case. Both models tend to increase gradually and pedk at
5 x © =11 and then decrease systematically. Convergence is only
£ achieved at}=20. In this transition, the partial-wave cross
S 04r X sections for the CC®,3 model are smaller than the
g L ° CC(5,9 at all partial waves except d=0 and 1. Interest-
ﬁ ingly, adding the optical potentials tends to reduce the
g 02 X o CCO(,3) CCQO(5,3 calculations atl=2, thus displaying some sort of
5 | & ° X CCEI resonance
00 O O . By investigatin.g these two d_ifferent energy spectrums, we
0 3 6 9 12 15 18 find no outstanding abnormalities observed in the present
J CCQ(5,3 calculations. This then provides a useful gauge of
_ ) _ the correctness and the consistency of the present @Q0(
FIG. 3. Partial-wave cross sections at 50 eVa) Elastic. (b) calculations.

3s-3p transition: the legends are the same as those in Fig. 2.

B. Elastic and excitation cross section for the Né&3s) entrance

models is only observed fo}=10. We also observe two channel

structures atJ=1 and 7 for both the CC@®B,3 and the
CC(5,3) models. There are visible structures in the various In Figs. 4-8, elastic and excitation cross sections are
transitions cross sections at around this energy re(see  compared with the cross sections calculated by th€5(BC
Figs. 5—7. Overall, the differences between the () and
CCOQ(5,3) calculations do not exceed 10% with the exception

. Positron-N
atJ=2, where the C(,3) is more than 50% larger than the 40 RS INY o—Sm—onccao«s,a)
CCQ(5,3 calculations. However, the qualitative shapes are«y, | il ® 'R T 88(2’2)
never distorted by the use of the optical potentials for the§ o*’,é E|ecm,n.N; 9

L
35 o ,’I . N + CCC

o CCO5

above transitions.

2.50 eV
30

In Fig. 3(@ we show the partial-wave cross sections for
the elastic Na(8—3s) transition at 50 eV. The qualitative
shape of the partial-wave cross section observed for this tran-g 25} *
sition is similar to the 7-eV case with the exception that there 5
is no dip observed in this particular transition. Fo=0
<4, the partial-wave cross sections for the G683 model 20— y 1

Section (in units of

Cros:

1 4 50
are generally less than the (83) model. Beyond this, the ’ 20Energy (ei/o) °
CCO5,3 tends to have larger cross sections than the
CC(5,3 model. Convergence is observed fd=6 for all FIG. 5. 3-3p transition cross sectiofin units of 7ad): the
models. legends are the same as those in Fig. 4.
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2ol ——CCOB3) . —CCO(5,3)
: A ---- CC(5.3) 20 F ---- CC(3)
o o CC(58) [ e CC(56)

1.0

Cross Section (in units of ra %)
Cross Section (in units of na ?)

00 " 1 2 1 " 1 n 1 n 1 05 L 1 " 1 " 1 1 n 1
10 20 30 40 50 10 20 30 40 50
Energy (eV) Energy (eV)
FIG. 6. 3s-4s Transition cross section(in units of FIG. 8. 3s-4p transition cross sectiofin units of Trag): the
waé): CCQ(5,3 (—), CC(5,3 (— — —), and C(5,6) (@). legends are the same as those in Fig. 6.

[19]. To study the similarities between teé-Na ande™ -Na cc ?Flcftjrl]at'o?hs' V(\:/(esfgd tk:at Itht('a C(C@S)t;? about 20_39%
scattering system at the higher intermediate energies, we al ajer than the +9) cajcurations In tis energy region.

include the CCC calculations of Bré$3] and CCO5 calcu- e broad shoulder seen in the pure CC calculations is now
lations fore™-Na scattering. rgduced to a small structure fpr th.e CEB) modgl. I§ is
highly plausible that the flux in this energy region is ab-
1. Elastic cross section sorbed from the elastic cross section and materializes in the

form of the ionization cross section, displaying the effect of
In Fig. 4 the elastic cross section fer -Na is depicted. It the continuum in this transition. It must also be noted that the
can be observed that the elastic cross section is a major Cofjualitative shape for this transition is similar to the other
tributor to the total cross section at the lower energies. Fog* _ glkali-metal atom scattering calculations done by McAI-
example, at 7 eV, the elastic cross section accounts for 30%den and co-workerf20-23.

of the total cross section but above 20 eV, the elastic cross \we have also depicted in Fig. 4, the CCC and CCO5
section accounts for less than 15% of the total cross sectiogyoss sections for the correspondieg-Na scattering. It is

At the energy region of 10-12 eV, the G3) model dis-  gratifying to see that the differences between the CCC and
plays the broad shoulder that has been similarly observed igco5 at 20 and 50 eV are within 15%. This illustrates that
the C@5,6) calculations. It can also be seen that the(&6  the optical potentials used in the small basis calculation

model agrees well with the G6,3) calculations. . CCO5 are probably modeling the continuum reasonably
Adding the optical potentials to the @&3) calculations ||

has quite an appreciable effect on the cross sections. The
difference is especially obvious at the energy region between

2. 3s-3p excitation cross section
10-15 eV where the broad shoulder was present for the pure

In this transition(see Fig. % the cross section for the

., CC(5,3) model in this transition increases sharply from 6 to
. 10 eV, followed by a formation of a shoulder and a minima
jggg(gf) at the region of 12 eV and reaching a maximum at around 15
6F o o CC(S) eV before decreasing again. It must be noted that the

CC(5,6) calculations of Ryzhikh and Mitroy19] also dis-
plays a shallow minima around 12 eV. At the higher energy
range, this transition dominates. For example at 7, 10, and 50
eV, the contribution of this transition to the total cross sec-
tion is about 35%, 50%, and 75%, respectively, for both the
CC(5,3) and CC@5,3) calculations.

Generally, the CC(,3) reduces the § 3p cross section
quite appreciably above 6 eV. At 20 eV, the CG) is
smaller than the CG,3) models by about 17%. Furthermore,
the “shoulder” seen in the C(,3) calculations at 12 eV

o 20 ;o a0 50 undergoes changes with the implementation of the optical
Energy (eV) potentials. We also_ observe a structure in the regiqn _of
6—10-eV energy region. It has been seen that the qualitative

FIG. 7. 3-3d transition cross sectiofin units of wa2): the ~ shape of the 8 3p transition is reminiscent of thesi2p
legends are the same as those in Fig. 6. transition in thee*-H [27], the 2-2p transition in thee™ - Li

Cross Section (in units of na ?)
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[20], the 4s-4p transition in thee™-K [22], the 5s-5p tran-
sition in thee™-Rb, and the 6-6p transition in thee™-Cs o + igggfif’
scattering process¢21]. There is the possibility that in the <« + * CCEH)
present CC(%,3), the qualitative shape of the structures may E 40 4 M bLL
be enhanced with the continuum flux. ot +

The CCC and CCOS5 for the correspondimig-Na system § 30k +
are also shown in Fig. 5 and we observe good agreemenig

between the CCC and CCOS5 at the two energies shown. Thisg
suggests that the optical potentials used are being modeled
correctly. A simple five-state CC supplemented with con- @
tinuum optical potentials is comparable to the 45-state CCC§ 10f
model of Bray [34]. Furthermore, the present CCEB) ©

shows good qualitative and quantitative agreenierit5%) 0 . P R T
with the CCC atE>20eV. This provides an indirect proof 5 8 ooz 1w e 1820
that the physics of the*-Na ande™ -Na may be quite simi- Energy (eV)

lar at high energies.

FIG. 9. Total Ps formation cross sectiofin units of
2y.

L : mag): CCA5,3 (—), CC5,3 (—— ), CC5,6 (@), and
3. 3s-4s excitation cross section Zhouet al. [UL (A) and LL (V)].

In general, the present C&3) model shows qualitative

similarities with the CC®,3) and the C(5,6) data(refer to and the CC@b,3) models underestimate the lower limit of

Fig. §. Both the CG5,3) and th? CC(CS’S) quels peak atz the total Ps formation experimental measurements by about
eV and reduce sharply to a minima before increasing gradu55% and 36%, respectively. The &%) model also under-
ally and tapering off. It can be seen that the addition of the ' '

optical potentials tend to reduce the peak observed at aboggshmates the experimental measurgments. Itis _also noted
6-7 eV by 24%. Both the calculations tend to converge tgnat the C@5,6) has larger ',DS formation cross sections than
each other at the higher energies. We also note that the gef{l® Cd5,3 model, suggesting that convergence has not yet
eral shape of the S4s transition is quite similar to the been achieved and calculations with larger Ps basis states
2s-3s transition ine*-Li [20], the 4s-5s transition ine*-K ~ need to be attempted.

[22], the 5s-6s transition ine™ -Rb and the 6-6p transition

in e"-Cs[21]. D. lonization cross section

o ) In Fig. 10 we display the ionization cross section for the
4. 3s-3d excitation cross section COPM and CCGb,3 models. Due to the unavailability of
The present C@,3) cross sections predict qua|itative|y experimental measurements @f -Na ionization cross sec-
similar cross sections as the (B) (see Fig. 7. However, tions, for comparative purposes we have included experi-
with the addition of the optical potentials, the C@(B) has  mental measurements of Zapesochnyi and AleksakBdi
a formation of a slight shoulder at 8 eV. The CG®) and Johnston and BurroW32] for the ionization cross-
model has reduced cross sections when compared to tts€ction measurement of tiee -Na scattering process.
CC(5,3 model. Overall, the CC®,3) calculations show

much similarity with the pure CC calculations. 12
Positron-Na
o . 3 —CCO((5,3)
5. 3s-4p excitation cross section e COPM
, or © CCO®G,0)
There are some differences between the(5;8 model o Electron-Na
and the CC@5,3) model at the lower end of the energy re- sk o COPM
gion (see Fig. 8 The CG5,3) displays a structure at 7 eV e ZA
whereas the CC(3,3) model is quite smooth. Again, similar ol { N gggs
to the other transitions, the CG®3) model has reduced S x

cross sections when compared to the(&86 model almost
throughout the entire energy region studied.

Cross Section (in units of na ?)

#
C. Total Ps formation cross section 2r
The total Ps formation cross section is given as the sum of — L : L : . : ’ y
L. 10 20 30 40 50
the transition from the ground state to Ps(1Ps(%), and Energy (eV)
Ps(2p). We also show the CG,6) cross sections as well as y
the experimental measurements of Zteal. [30] (see Fig. FIG. 10. Total ionization cross sectior(in units of
9). In the work of Zhouet al, the experimental measure- za2): CCO5,3 (—), COPM (*-Na) (— — —), CCQ5,0)
ments give an upper bound and a lower bound for the total¢), COPM e -Na) (-------- ), Johnston and Burro\(l), Zape-

Ps formation cross section. Overall, we find that thg%8  sochnyi and Aleksakhit®), CCC(+), CCO8(A), and CCO5 X).
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Positron-Na

——CCO(5,3)
---- CC(5,3)

e CC(5,6)

m Kwanetal

¢ Kauppilaet 3
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e"-Na scattering calculations. Two different experimental
measurements of Kwaet al. [28] and Kauppilaet al. [29]

have also been included. Both these measurements cannot
discriminate against the elastic scattering from the forward
direction. This will then reduce the measurements of the

Electron-Na
o CCC
X CCO5

cross section by a magnitude equal to

60 -

Ao= 27Tf do og(6)sing.
0

40

Therefore, it is necessary to apply a correction either to the
experimental measurements or to the theoretical model. A
correction to the experimental measurements seems more
feasible and thus, the total cross section will be presented
with corrections to the experimental measurements. In Fig.
11, the theoretical models are shown with the adjusted mea-
surements of Kwaret al. [28] and Kauppilaet al. [29],
where we have added the elastic cross section up to an angle
a from the CC@5,3) calculations.

The current CCO5 calculations for the -Na scattering As can be observed in Fig. 11, both the 6@) and
process agrees well with the earlier measurements of Zap&CQO(5,3) models are within the experimental error bars of
sochnyi and Aleksakhin. We also note that the CCO8 workkwan et al. [28]. This is not a good comparison since the
of McCarthy et al. [35] gave an ionization cross section of €xperimental errors are quite large-35%. On the other
8.47ra3, which is in good agreement with our CCO5 model hand, the agreement with Kauppita al. [29] is not good.
(CCOS5 predicts 7.9a(2)). Of course, these CCO5 cross sec-We also note that the effect of the continuum on the total

tions are larger than the CCC calculations and the COPNFOSS Section where the CAE3) is up to 15% smaller than
(e”) for energiesE<20 eV (see Fig. 10 the CG5,3) model. To reduce the differences between theory

Similarly the CC@5,3) calculations fore*-Na are about and experiment, we believe that a CCOM calculation with
1.5 times larger than the COPMY). It must also be noted larger Ps basis states and discrete atomic states should be

that the COPM ¢*) and CC@5,3) calculations do show attempted.
signs of convergence at ten times the ionization threshold.

These differences between the CG(3) calculations and the

COPM (e*-Na) is quite puzzling. In the case ef -H scat- . .
tering, Ratnavelu and Rajagop3] showed good agree- In this work our objective was to study thﬂ'Na scat-
ment between their CCO models and the COPM. Therd€fing process at intermediate energies using the _CCOM
could be many plausible reasons for these differences. O’godel and we have been successful in implementing the

Cross Section (in units of na ?)

20 L 1 I I . L R 1
10 20 30 40 50

Energy (eV)

FIG. 11. Total cross sectiofin units of wag): CCQ5,3
(—), CC5,3 (— — —), CC(5,6 (@), Kwan et al. (H), Kauppila
et al.(#), CCC(O), and CCOY(X).

IV. CONCLUSION

n .
major factor may be due to the approximations used in th C_OM ;or thee”-Na scattering p:'o]cess. AS cané)e observed
calculating the continuum optical potentials in a feasible using the present approximation e continuum does seem
manner but the good agreement between the COPNP have quite an effect on the scattering process in the energy
(e"-Na) and the CCQsee Fig. 1 provides much justifica- regime studied. Our results are quite comparable to the re-
tion in our models. Again, we have the independent work ofcent calculatiogs gf Ryzhikh and Mitrdit9] for most of the

o - transitions studied.
McCarthyet al. [35] using the CCO8 model fog™-Na that . .
shows aéreemeEnt]with gur CCO5 model. With these differ- ©CVerall, the predicted total cross sections of the CCOM
ences between the CC®3) and the COPMé*-Na) for the agree well with Kwanet al. [28] though due to the large
ionization cross section, it would indeed be very helpful if error bgrs, the;e .WOUId not be seen as a stringent test to
e"-Na ionization cross-section measurements and furthetll']eoreuc"’II predictions. The quannta}tlve agreement_ with the
theoretical calculations are done to resolve the observed di§ieasurements of Kauppikt al: [29] is not as go_oq in the
crepancies. We also note that the GB0) calculations for reglon.of >—10 eV. We are quite sure that a def|n|.t|ve calcy-
e"-Na are up to 20% larger than the CE® model, sug- lation is yet to be accomplished f&"-Na scattering. Of

gesting that the addition of higher Ps basis states might re20urse, there must be corresponding Improvements in the
duce the ionization cross section. experimental field to allow for a more discriminating test of

the theories.

In the case of the total Ps formation cross section, the
CCOM and the CC models consistently underestimate the
The total cross section for the present models are showexperimental data of Zhoet al.[30]. It would also be desir-
together with the C(,6) calculations of Ryzhikh and able to reevaluate the experimental data for sodium since
Mitroy (refer to Fig. 1)1. In addition, we also depict the there is a large difference between the upper bound and the

e -Na scattering calculations of the CCC model and thedower bound of the Ps formation. Ryzikh and Mitr¢%9]
CCO®5 calculations to see the convergence ofgheNa and  have shown the dramatic effects in the higher excited cross

E. Total cross section
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sections with the inclusion of higher Ps states. This should berepanciesthat were not seen in the*-H case [26,27.
explored in future studies with the implementation of theQther theoretical calculations as well as experimental mea-

optical potentials.
Overall, the total ionization cross section of the Q6Q)

model is small(=12%) compared to the total cross section,

similar to the findings of McAlinderet al. [12] for e*-Li.

McAlinden et al. also suggested in their work that ionization

surements oé"-Na are greatly desired.
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