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A study of elastic scattering of electrons and positrons by helium in its ground as well as its meta-
stable states has been dane using a model-potential approach. Reliable static, polarization, and ex-

change potentials are used to describe the scattering process. Elastic differential and total cross sec-
tions are obtained in a wide range of incident projectile energy, viz. , from nearly very low energy to
1000 eV. Our results are compared with available experimental data and other theoretical results.

I. INTRGDUCTION

There are a fairly large number of theoretical calcula-
tions (see Refs. 1-8, and references therein) for the elastic
scattering of electrons from the helium atom in its
ground state, using various theoretical approaches, be-
cause this is the most fundamental process in atomic
physics. Out of various studies, the optical-potential
model calculations ' ' have proved to be quite useful
and a great success in the recent past in general to de-
scribe electron-atom elastic scattering. In this model, the
effort is directed towards obtaining an equivalent local
central potential to approximate the nonlocal potential
which arises in the perturbation expansions of the
scattering amplitude. Physical elects, such as atomic po-
larization caused by the incident electron, and exchange
distortion of the incident electron, are approximated by
the equivalent central potential. The various efForts made
were therefore to construct appropriate various polariza-
tion and exchange potentials. %bile considerable eSort
has been devoted to studying the elastic scattering from
the ground state of helium, relatively little attention has
been focused in the past on studying the equally impor-
tant process of elastic scattering of electrons from the
metastable (2 'S,23S) states of helium (see, for example,
Ref. 11). Study of these excited states is becoming of in-
creasing interest in two ways: 6rstly, by the collisional
cross-section data for such reactions, which are needed in
many astrophysical and plasma applications, and second-
ly, because of the new experimental techniques by which
the iong-lived metastable states can be easily probed.
Theoretically, whatever studies have been made on the
elastic scattering of electrons from helium in these excit-
ed states, they have produced largely dilerent results
from each other. It would therefore be desirable to
reassess the situation, particularly with a method (such as
the optical-potential approach) which proved quite suc-
cessful for the e-He (1 'S) elastic scattering process.

Unlike the study of e -atom scattering, where a lot of
attempts have been made theoretically and experimental-
ly for the last several decades, not much attention ' ' '
has been given to probing a complementary e+-atom pro-
cess. However, this situation in the past few years has

changed and brought some interesting results for t. +-
atom scattering. In fact, if we consider the positron (e+)
as a complementary probe to the electron (e ), the com-
bination of intriguing differences (opposite sign of the
projectile charge and absence of the exchange interaction
in the case of the e+) and, otherwise, similarities to the
electron (in mass, charge, and spin}, has stimulated
numerous experimental and theoretical investigations of
e+-atom collisions since the development of the first
practical low-energy e+-beam scattering experiment in
1972. It is found that, in a number of ways, e+-gas
scattering experiments have been following a path similar
to that followed by early e -gas scattering experiments.
In recent years, with the improvement of e+-beam tech-
nology, it is now becoming possible to measure the
difFerential and total cross section for several individual
processes. The situation naturally demanded similar de-
velopment in the theoretical side, and now there are
available a few recent reviews of the theoretical aspects of
positron-atom scattering (Refs. 13 and 14, and references
therein}. According to these reviews, the interactions
that characterize elastic-atom positron collisions are stat-
ic, and polarization and the collisions can therefore also
be well described in optical-model-potential calculation.

Now if we look back on all the earlier optical-model-
potential calculations as applied to elastic e-He (1 'S) col-
lisions we Snd that no efFort has been made to improve
the calculation by adopting an accurate description of the
static potential though better polarization potentials were
tried, to improve upon the results. In this paper, there-
fore, we aim to improve the calculations for the elastic e-
He (1 S) collision by using an improved optical-potential
model in which the static potential shall be obtained us-
ing a many-parameter (53-term) correlated wave function
which also subsequently shall improve the exchange po-
tential (see Sec. II}. In addition, the dilferent polariza-
tion potential of tested reliability will also be incorporat-
ed in the optical potential. %e further aim in the present
paper to extend similar calculations to the elastic scatter-
ing of electrons from metastable (2 ' S) states of the heli-
um atom in the spirit of applying the optical-potential
model to such collisions also. In addition, in view of re-
cent progress in positron-impact studies, both of these
two sets of calculations mentioned earlier for 1 S and
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2 ' S states by the electron impact case are extended for
positron impact also.

II. THEO}RY

In the optical-potential method, the Schrodinger equa-
tion describing the incident particle (electron or positron)
with the helium atom is given by (atomic units are used
throughout)

[ ,'V +—E—V, ,(r)]g(r)=0,

where E =—,'k is the incident energy of the projectile
electron (or positron}, V z, (r) is the optical potential of
the system whose exact evaluation has not yet been possi-
ble, and an approximation is used. In the present investi-
gation, we represent it by a spherically symmetric, local-
ized and real potential so that we can solve Eq. (1) using
the partial-wave method. The optical potential consists
of static, exchange (which is absent for positron scatter-
ing), and polarization potentials expressed as

wave functions we 6rst put the expression in the follow-
ing form where the Fourier transform of interaction po-
tential is 5rst taken, viz. ,

( )
2Z' Z, J' dq;q. ,~ ( )

q

where the form factor is given by

F„„(q)=g I JP„'e 'P„dr, dr2.

This form factor is obtained by choosing P„, the properly
orthonormalized MPC wave function, 's and then bring-
ing the resulting expression for E„„(q) to the following
form by utilizing the fitting procedure (see Ref. 18}:

Q Qgg+) & (q)= +gi s-l s ( 2+~2)2 ( 2+~2)3

a;q

(q2+ +2)4

V, ,(r) = V„„(r)+V,(r)+ V,„(r) . (2)
and

A. Static potential

In Eq. (2), V,~,(r) is the static potential (of the target
when it is in its nth state, say, p„) as seen by a projectile
(electron or positron) and is written as

(3)

Q; Q;q
i (q)= +2 8-2 s

( 2+&2)2 ( 2+&2)3

a;q

(q 2+~2)4
(8)

with V being represented as the interaction potential be-
tween the projectile electron (positron) and the helium
target (with two bound electrons having position vectors
ri and r2 with respect to the nucleus of the target) and is
given by

2Z
r

Here Z'= —1 for electrons and +1 for positrons. For
tII„(r„ri) we have used the Hartree-Fock (HF) wave func-
tion 5' to represent the 1 S and 2 ' S states as well as
the accurate many-parameter (53-term) correlated (MPC)
wave function due to %eiss' for 1 'S and 2 'S states. To
simplify the expression [Eq. (3)] with the use of MPC

where a, 's and a s are compiled in Table I. Using these
expressions [Eqs. (7) and (8)] for F„„(q},the closed-form
expression for V„„(r)[viz. , Eq. (5)] is obtained using the
following integral:

~
~

~

—a,.rdq= (1— ' ).
q2(q +a;) ra;

B. Exchange potential

In Eq. (2), V,„(r) is the exchange potential. In general,
it is nonlocal but it is converted for the sake of simplicity
into the following widely adopted successful equivalent
local-energy-dependent exchange potential by Furness
and McCarthy'9 and Vanderpoorten:

TABLE I. The expansion parameters of the transition integral F;&(q} for 1 'S-1 'S and 2 'S-2 'S elastic

scattering of helium.

2'S-2'S

3452.799
3999.567

—11010.02
1360.553
4364.459

240.2391
—2042. 132

4.000000
2.688 827
3.344414
2.688 827
3.344414
2.688 827
3.344414

125.8359
0.690003 5

41.748 42
81.07495

—6.516982
—14.978 22
—11.534 91

3.815 289
43.18621

4.000000
1.080629
2.540 315
4.000000
1.080 629
2.540 315
4.000000
1.080 629
2.540315
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V,„(r)= —,'( —,'k —V„„(r)
—I[—,'k —V„„(r)]+4np(r) I

'
) . (10)

with the following cutoff function ~ defined as

co(g)=(1—e~e ~) (m =2, n =8) .

Here„p(r) is the spherical charge density of the atom.
For positron scattering the exchange is absent and hence
the V,„ term is taken as zero in the calculation.

C. Polarization potentials

The V~, term in Eq. (2) refers to the polarization po-
tential. The polarization is a major type of correlation
between incident projectiles (electron or positron) with
bound electrons of a target hehum atom. Vz,i(r} is non-
local but its leading long-range part is —ael2r, where

ad is the static dipole polarizability of the atom. The
next most important long-range term, which is due to the
static quadrupole polarization and the nonadiabatic and
second-order corrections to the static dipole contribution,
is of the order of r . The short-range behavior is in gen-
eral not known and has significant diabatic components.
Its determination, even approximately for simple atoms,
requires a major computational effort. Consequently,
many workers have used semiempirical potentials for
modeling the polarization efFects at short range. One of
the simplest and most popular is the asymptotic form
multiphed by a short-range cutom' function containing pa-
rameters. In essence, the contribution of the r term is
considered of lesser importance as compared to the di-
pole term and is expected; the cutofF function represents
other contributions. There are various such forms for
V~&(r) available and being tested for elastic scattering of
electrons from the ground state of helium and mostly the
same form is chosen for e+ scattering. However, we per-
formed our calculations using the following three forms
of V~~ which are supposed to produce good results for
the e-He (I 'S) elastic scattering process.

(i) The most widely used polarization potentials for
helium in its ground state in previous works were the
modi6ed form of the adiabatic polarization potential
originally given for hydrogen by Temkin and Lamkin. '

We choose in the present work one of the following such
forms suggested by Khare and Moiseiwitsch:

&&exp( —2y)],

Ad r
4 AP

2 p
(12)

where ad(=1.383ao) is the dipole polarizability of the
helium atom and y =Z]r with Z] is the cutofF'parameter
equal to 1.4558 which is the same as the variationally
determined parameter in the ground-state Hartee-Fock
wave function. '

(ii) Recently Nakanishi and Schrader through their
detailed study on polarization potentials suggested the
following potential to be more appropriate than any oth-
ers pl eviously used:

e~ is the following power series for the exponential func-
tion, truncated after the nth power of g:

ad
V,~(r)= (1+6k leo r )

2r
(13)

with 8 as the mean excitation energy (equal to 1.2 Ry).
The polarization potential for electron (positron) elas-

tic scattering from helium in its 2'S (or 2 S) excited
states is not readily available and would require a sub-
stantial amount of computation. The effect, however, of
the polarization potential for these excited states should
be significant and cannot be ignored since the dipole po-
larizability of the 2 'S and 2 S states (for example} is ap-
proximately S02ao and 310ao, which is large compared
with the value 1.383aoi for ls 'S state. Recently, Parcell
et al. " reported polarization potential data for scattering
from the 2 'S state of helium using a scaling procedure to
the Dalgarno-Lynn potential which was originally pro-
posed for scattering from hydrogen and contains all mul-
tipoles. These authors have chosen the scaling parame-
ter in such a way that at least the dipole part of the po-
tential has the correct polarizability in the asymptotic re-
gion. The following is the fI[t we obtained to their data
for polarization potential:

9
V~i(r)= —

2 2 2
(1+e ~"),

w 4[(pr)2+d2]2

where

P=0.2737 and d =2.9 .

In our calculation, for e and e+ scattering for 2'S
states, the same above [viz. , as given by Eq. (14)] polar-
ization potential has been used. Parcell et al. while dis-
cussing their above-mentioned polarization potential for
the 2 'S state in their paper also mentioned and compared
this polarization potential with that obtained from 2'S
from a simpler model potential used by Schrader origi-
nally for elastic scattering of positrons from a number of
atoms. They found a reasonable agreement in the results
obtained from both the different polarization potentials.
In fact, the potential used by Schrader was of the form
—ad/2r for r ~ ro, and —ad/Zro for r &ro, where o.d is

e&= yn
i=0

p is an adjustable parameter which is related to the
efFective target radius ro as given by ro ——10.617p (see
Ref. 8}. They have selected ro in such a way as to give
values of scattering length comparable to the accurate re-
sults for e -He or e+-He elastic scattering. The values
of ro for e -He and e+-He scattering were, respectively,
2.332 and 1.424.

(iii) Finally, we have taken the following energy-
dependent and spherically-symmetric-type expression
suggested by Onda and Truhlar for V „(r) which is
based on an r nonadiabatic correction to the adiabatic
polarization potential,
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the usual dipole polarizability and ro is a parameter given

by a formula heuristically derived by Schrader ' and de-
pending on the ionization potential of the atomic state.
Due to nonavailability of any other, more suitable, polar-
1xatlon potent1als for 2 S and 2 S states, we choose 1n

this paper therefore for the 2 iS state the polarization po-
tential as suggested by Schrader2 and adopt ae ——310aoi
and ro=3.767. The same polarization potential is also
used for both electron and positron impact cases.

After we have obtained a suitable choice of V,~, (for
each process} as given by Eq. (2), we substitute it in Eq.
(1) and use partial-wave expansion for P(r) to get

where fI(r) is solved so that it represents the radially
scattered asymptotic wave function expressed as

1
fi(r) -—sin(kr In /2+—5i ) as r ~~,

which gives 5i the phase shift corresponding to the lth
partial wave and consequently the following scattering
amplitude through which the differential and total cross
sections are obtained in conventional manner:

f (8)=—g (2l + 1)e ' sin5i Pi(cos8) .
1 i5(

k (

IH. RESULTS AND DISCUSSION

A. Electron scattering

Our calculated difFerential and total cross section re-
sults in the entire energy region up to 500 eV compared
with the available recent experimental data and other
theoretical calculations are displayed in Figs. 1-8. Be-
fore we present the details of our results, it is worth men-
tioning that the differences noticed in our results ob-
tained using the (i) HF and (ii} MPC wave functions are
within 8%. Therefore, in order to maintain the clarity of
the figures we have plotted in all figures our accurate re-
sults obtained through MPC wave functions only.

1. Elastic scattering from 1 'S state of helium

Results with the various choices of polarization poten-
tials as Inclltioiicd carlicr ill Scc. II [v1Z., dllc to Tcinkiii
and Lamkin ' (TL), Nakamshi and Schrader (NS), and
Onda and Truhlar (OT)] are obtained for the e
He(1'S) elastic scattering case. The results obtained by
these above-mentioned three different choices due to TL,
NS, and OT, are referred to hereafter as P„P2, and P3,
respectively. In addition, as used by many previous
workers, another set of calculations (which shall be re-
ferred to as P', ) is also performed by taking y =Z, r with

Z, =1.3414r in Eq. (11) for the polarization potential.
This choice of potential for polarization is based on the
simple scaling of the TL potential ' for helium from the
hydrogenic potential such that exact asymptotic dipole
behavior for He is obtained. Although we shall see fur-

ther, upon comparison with the Sgures, that P, and P
&

are not much diferent.
a. Differential cross section (DCS). Figure 1 shows our

DCS results (P„P2, and P3) at an incident electron ener-

gy of 18 eV, where largely other data are available, in a
wide angular range (0 —180). Present results are com-
pared with the experimental data of Register et al. ,
Newell et al. (available at 17.5 CV), and those of An-
drick and Bitsch2s (at 19 eV) together with the recent
theoretical calculation of McEachran and StaufFer (MS)
and the 8-matrix calculation of Fon et al. (FC). Inspec-
tion of this figure suggests that in the forward direction,
our DCS results, viz. , P„Pi, and Pi, are quite different
from each other. Result P, is larger by 15% or more as
compared to P2, while P3 is smaller than P2 by almost
the same magnitude. The difFerences among these results
narrow down with the increase in scattering angle to an
extent that Pi and P3 merge with each other at large an-
gles (8 & 120') but Pi remains higher by 10% in this angu-
lar region. It is noted that Pz results compare well with
the measured data of Register et al. and Andrick and
Bitsch28 below scattering angle 8&40', while P3 favors
the measurements of Newell et al. In the angular re-
gion 40'&8&120', all the measurements agree among
themselves as well as reasonably well with the present
calculations (P, , P2, and Pi). Beyond 8&120', P2 and

Pi, which have nearly the same magnitude, favor the
data of Andrick and Bitsch, whereas P& compares
better with the data of Register et al. 6 and Newell
et al. Further, below 10, results of MS overestimate
considerably the theoretical (P„Pi, Pi, and FC) and ex-
perimental results, but above these angles their results lie
in-between P& and P2 up to scattering angle 8&30' and
thereafter merge with P2. Similarly, R-matrix results
(FC) lie between P, and Pz for 8& 10', while between 10
and 30', these results fall between P2 and P3, and above
that show a good agreement with our Pi result except at
large angles 8& 120' where these results lie between P,
and P2.

Figure 2 shows our results at 30 and 40 eV, respective-
ly. In addition, we have also plotted the theoretical re-
sults of Scott and Taylor, LaBahn and Callaway, and
experimental measurements of McConkey and Preston~'
(available at 31.1 eV). The pattern of variation of DCS is
similar to that at 18 eV. It is noticed that the P, results
and the results of MS agree well in the entire angular re-
gion, except in the forward direction. This difference in
the forward direction between our Pi and the MS results
may be said to be due to the diferent choices of the ex-
change potentials. In the present calculation a local
semiclassical exchange (SCE) potential is taken, while MS
have treated the exchange nonlocally. The experimental
data due to Register et al. differ considerably from the
data of McConkey and Preston ' in the entire angular re-
gion. Our P2 results favor the measured value of Regis-
ter et uI. in the forward direction but overestimate it in
the angular region from 40' to 120 as compared to theirs.
On the other hand, McConkey and Preston's data agree
well with the P2 result in this angular region. Similarly,
our P3 results show good agreement with the data of
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McConkey and Preston in the forward direction and
overestimate in the intermediate-angular region. Howev-
er, our P3 results favor very well the measured data of
Register et a/. in this intermediate-angular region. At
large scattering angles (8& 120'), the behavior is exactly
the same as noticed in Fig. 1. The other theoretical cal-
culations, such as the R-matrix results and the second-
order potential calculations of Scott and Taylor, com-
pare well with the P2 result except at low angles. In gen-
eral, it is found that the general shape of the experimental
measurements is well reproduced by the present (P„Pz,

and P3) as well as other theoretical calculations including
the location of the minimum of cross section.

Figure 3 shows our present results (P, , P2, and P3) for
DCS along with various theoretical calculations "' '

and experimental ' ' ' results at 100 and 200 eV, re-
spectively. The DCS shows a dominant forward scatter-
ing behavior without a minimum as noticed at energies
below 50 eV. All the experimental results have similar
shape but differ in magnitude. It is seen that our P& and
P2 results have good agreement with all the measure-
ments in the angular region 8&40'. Beyond 8&40', the

2.l

1.9
lh

C4O
Q

1.7

g

Cl

O.Q

I I

60 80 &00

Scattering angle ( deg. )

FIG. 1. Dim'erential cross section for elastic e -He (1 S) scattering at 18-eV electron-impact energy. , present Pl and P
&

re-
sults (see text); ---„present P& results; ---, present I'3 results; —X -„adiabatic-exchange approximation (Ref. 4); —-, 8-matrix calcu-
lation (Ref. 3)„' 6, experiment (Ref. 27); H, experiment (Ref. 26); 0, Andrick and Bitsch (Ref. 28).
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present results P„P2, and P3 approach each other and
become almost identical. They show a good agreement
with the data of Shyn. In the forward direction the P&

result agrees well with the theoretical calculation of By-
ron and Joachain "obtained using the eikonal Born series
(EBS) method, and agrees with recent calculations of
Khare and Lata (KL), but differs considerably in the
backward direction, where results of KL underestimate
all the experimental data, but EBS results are only lower

than the experimental data of Shyn. The situation at 200
eV [see Fig. 3(b)] is very similar to the results shown at
100 eV. The diferent results tend to merge into each oth-
er with an increase in scattering angles, except for the re-
sults of KL which underestimate the cross section
(60'( 8 & 160'). The overall agreement of our results with
the experimental data is comparable with that of the EBS
and many-body theory (MBT), and is better than that of
other theoretical results.

QX]0

10

E=30 ev

3X10—

—~':a—'M'
0 o g g

I
L

{II
Mo

Q

= 40eV

p Q Kl

-1
10

0 20
l

40
I

60 80 ~ 100
Scattering angle (deg. )

160 1SQ

FIG. 2. Differential cross section for elastic e -He (1 'S) at 30- and 40-eV electron-impact energy. Same as Fig. 1 except ———,
extended-polarization potential method (Ref. 30); —--, second-order many-body theory (Ref. 29); 6, experiment (Ref. 31).
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et al. It should be noted that experimental results for
the total elastic cross section obtained by Andrick and
Bitsch, Newe11 et aI., and Register et al. are derived
from the analysis of measured DCS values and are not
direct measurements. On the other hand, Kennerly and
Bonham (KB), Blaauw et al. , Charlton et al. , and
Nickel et a/. have reported direct measurement for the
elastic integral cross section below the first inelastic
threshold. It is noticed that in the energy region from 4
to 20 eV, a very good agreement exists between these four
sets of direct measurements and the theoretical calcula-
tions of Nesbet and LaBahn and Callaway. The
difference among these measurements and the present
calculations (P„P2, and P3) varies within 5 to 15%. In
the energy region 20—50 eV the present P2 results show
good agreement with the calculations of Fon et al. ,

" the
many-body theory of Scott and Taylor, the MS calcula-
tions, and with the experimental measurements of deHeer
and Jansen, Register et al. , and Kennerly and Bon-
ham. Beyond 50 eV, the di8'erence between P„P2, and

P3 narrows down and finally P2 and P3 coincide with
each other at 100 eV. P, remains higher than P2 and P3
results by about 25% up to 200 eV. Note that the P, re-
sult merges with P2 and P3 at energies well above 400 eV
(not shown here, though). In the energy region, (i.e.,
100-200 eV), the present results P2 and P3 agree reason-
ably well with the recent measurements of Nickel et al.~

2. Electron-helium scattering for 2 'sS states

FIG. 3. DifFerential cross section for elastic e -He (1'S}at
100- and 200-eV electron-impact energy. Same as Fig. 2 except-"-,Khare and Lata (Ref. 7); —X —,EBS results (Ref. 34); ,
experiment (Ref. 33); X, experiment (Ref. 32); 6, experiment
(Ref. 2). Scale on right-hand side is for the results at 200 eV.

b. Total cross section Figure 4 d.isplays our total
scattering cross-section results for electrons elastically
scattered from a helium atom. %e have plotted our re-
sults in two parts: (i) in a low-energy range up to 20 eV,
and (ii) in an intermediate-energy range between 20 and
200 eV. A large number of theoretical and experimental
data are available for the total scattering cross section of
helium in its ground state, but to maintain the clarity of
the figure, we have compared the present results with a
few theoretical4 8'o"29'3o 3 and experimental26
results including the recent measurements of Nickel
et a/. From Fig. 4 we see that there is a large
discrepancy among the three sets (Pi, P2, and P&) of
present results in the low-energy region (below 5 eV).
This large variation suggests that the present model may
not be reliable at such low energies, although one does
find that P, results agree well with the measured data of
Charlton et al. and Nickel et al. between 2 and 4 eV.
Between 5 and 10 eV, the P2 and P3 results lie close to
each other while P, underestimates these results by 5%.
Between 10 and 20 eV, PI is larger compared to P2 and
P3, while P2 falls in-between P& and P3 and show good
agreement with the recent measurements of Nickel

a. Total cross section. The model-potential approach
has been used for the first time to study the elastic
scattering of helium from the metastable (2' S) states.
Apart from the calculations by Bhattacharya ' and Tay-
lor in the first Born approximation and Chen and Khay-
rallah" in the Glauber approximation at high energies,
most of the calculations available in the literature, such
as close coupling due to Marriot and Burke et al. ,
extended-polarization approximation by Sklarew and Cal-
1away, variational calculation by Oberoi and Nesbet,
polarized core approximation by Hussain et al. ,
effective potential calculation by Robinson, and a five-
state 8-matrix calculation due to Fon et al. ,

" are in the
low-energy region. So far only two experiments, due to
%ilson and Williams and Neynaber et a/. ,

' have been
carried out to measure the absolute total scattering cross
sections of electrons by metastable helium (2 S) in the
low-energy region (below 10 eV). For the electron elastic
scattering from the metastable (2 ' S) states, we have em-
ployed only one type of polarization potential [Eq. (14)]
as mentioned in Sec. II. The results are presented in the
following four forms of calculations, namely, using model
potential (i) only as with static potential (V„„),(ii) with
static and polarization potentials, (iii) with static and ex-
change potentials, and (iv) with static, polarization, and
exchange potentials (SPE). It is clearly seen from Fig. 5,
for 2 S total elastic scattering cross section (o r) that the
inclusion of the polarization potential enhances the o. T by
a factor of 5 compared to the results obtained by using
only the static potential. The inclusion of the exchange
potential produces very small changes in the o.T, as ex-
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pected at low energies only. In the energy region below
10 eV, the present SPE calculations agree well with re-
sults of Hussain et al. and R-matrix results of Fon
et a/. " The close-coupling results of Marriot lie con-
siderably lower than the present results. Beyond 10 eV,
the SPE results decrease slowly and tend, as expected, to
first Born and Glauber results at very high energy
(=1000 eV). In contrast, the R-matrix results fall off

very rapidly and merge to Born results at 100 eV. In
Figs. 6(a) and 6(b), for elastic scattering of electrons from
the 2 S state of helium, the situation is very similar to
the case of electron elastic scattering from the 2 'S state,
except that the exchange contribution is relatively large
for the case of the 2 S state of helium, particularly in the
low-energy region (1—10 eV) where shape resonances are
dominant. Present SPE calculations for the 2 S state [see
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potential method results (Ref. 10) —.-.—,optical-potential model calculation (Ref. 8); ———,R-matrix results (Ref. 3); ---—,second-

order many-body theory (Ref. 29); ———,extended-polarization potential method (Ref. 30); 0, experiment (Ref. 36); , experiment

(Ref. 37); A, experiment (Ref. 38); ), experiment (Re&. 40); 0, experiment (Ref. 26); +, experiment (Ref. 39).
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approach the Born results at much higher incident ener-

gy (=1000 eV not shown here). The enhancement and
the slow convergence of the cross section may be related
to the large dipole polarizabilitics of the metastable states
(802o 0 for 2 'S and 310a0 for 2 S).

b Differential cross sections Figures 7 and 8 display
our dinerential scattering cross section SPE results for
the elastic scattering of electrons by metastable 2 'S and
2 5 states of helium, respectively, in an energy range
50-500 eV. There are no experimental measurements
and theoretical calculations available for comparison ex-
cept the Glauber calculation of Chen and Khayrallah.
At intermediate energies (50 and 100 eV), where we ex-
pect our model to predict reliable results, the Glauber
calculations are found to underestimate considerably (see
Figs. 7 and 8). The discrepancy with the Glauber calcu-
lation is not surprising as it well known that the conven-
tional Glauber approach may not be reliable as it neglects
the intermediate-energy transfer.

1Q-Q

&Q

1Q

I I I I I I III
3Q

E.lac tron energy ( eV )

( IIIIl
&Q

FIG. 5. Total elastic cross section for the e -He (2'S)
scattering. —.—, present results with static potential only;

, present SPE results; ---—,first Born results {Ref. 42);-"-,Glauber results (Ref. 43); —"-,Hussain et al. (Ref. 48);
--, R-matrix results (Ref. 11); X, close-coupling results (Ref.
44); ..., present results with static and exchange potentials only.

Fig. 6(b)] when compared with the measurements of Ney-
naber et al. ,

" suggest that above 1 eV, the results from
measurements are much larger than the present calcula-
tions and all the other theoretical elastic scattering cross
sections. The theoretical cross sections decrease rapidly
with energy while the measured cross sections fall very
slowly with energy. It is also seen that the present SPE
results throughout the energy range, i.e., 1-10 eV, are
larger than those calculated by Sklarcw and Callaway in
their extended-polarization method as well as in the static
approximation, but are smaller than their exchange-
adiabatic approximation results and also smaller than the
polarized core results of Hussain et al. , though both of
these results show a better agreement with the experi-
mental data. The resonances seen in the E.-matrix results
of Fon et al."may be due to their inclusion of contribu-
tions due to the coupling between the 2 ' S and 2 ' P
states. Otherwise, their results are in harmony with the
present calculations only up to 3 eV but thereafter theirs
fall ofF more rapidly and converge to the Srst Born results
at 100 eV. In contrast to this feature, the present calcula-
tions show a poor convergence to Srst Born results and

&. Positron scattering

i. Positron helium s-cottering from ground (I 'g) @rory

a. Total cross section. During the last few years, the
study of positron-gas scattering with inert atoms has be-
come an active area of research both theoretically and ex-
perimentally. Total elastic cross sections have been mea-
sured for low-energy positrons colliding with helium by
several difFerent experimental groups (Canter et o1.,
Stein et ol. ,

3 and Coleman et al. ). Very recently, Sina-
pius et al. 55 and Mizogawa et al have m.easured the to-
tal cross sections for positrons colliding with helium in
the energy range 0.2-22 eV. These experiments have at-
tracted various theorists to calculate the total cross sec-
tions of the e+-He system in a wide energy range. In
view of this, we have also extended our model-potential
approach to compute the total elastic scattering cross
section for this system in the low- and intermediate-
energy range (0.1-200 eV). In our calculations we have
not taken into account the contribution arising due to po-
sitronium formation. Figure 9 displays our total cross-
section results calculated in the previously mentioned
three difFerent forms, viz. , P&, P2, and P3, analogous to
electron scattering as a function of wave numbers of in-
cident positrons. In addition, we have also plotted
several theoretical results such as the model-potential cal-
culation of Khan et al. , a random-phase-approximation
calculation of Amusia et al. , the polarized orbital
method results of McEachran ei al. , and the recent re-
sults of Nakanishi and Schrader employing a semiclassi-
cal potential together with the experimental measure-
ments of Sinapius et al. and Mizogawa et al. It is
clearly seen that the results obtained from various
theoretical approaches difFer considerably among them-
selves throughout the energy range. Our P& results pre-
dict a deep Ramsauer minimum at the lower side of the
energy (1.3 eV), whereas the results of Khan et al. show
this minimum at the higher side of the energy (i.e., 3 eV).
The experimental measuremcnt suggests a minimum at 2
eV which agrees well with the predictions of Nakanishi
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and Schrader. Beyond the Rarnsauer minimum, the
present I', results merge with the result of Nakanishi and
Schrader and show a good agreement with the measure-
ment of Mizogawa et al. up to 18 eV. In this energy re-
gion the result of Khan et al. is smaller by about 20%
compared to the present P&, result. The results of Khan
et aI. show a close similarity with the results of

McEachran et al." in the entire energy region. The sud-
den rise in the experimental measurements of Mizogawa
et al. beyond 18 eV is not seen in any theoretical calcula-
tions and measurements reported by other groups.

The upper part of Fig. 9 displays our results compared
with other theories in the energy region (50—200 eV). It
is noticed from this figure that all the present results P&,

3
'tQ

2
&0

20 30 40 50
Scattering angle ( deg. }

90

FIG. 7. Di8'erenti3l cross section for elastic e -He (2 S) scattering at 50-, 100-, and 200-eV electron-impact energies. Same as Fig.
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Pz, and P3 differ among themselves as usual in the low-

energy region but approach the same value at very high
energy (E, y 500 eV). The three-state close-coupling
(3CC) results of Willis et al. and the second-order po-
tential results of Mukherjee and Sural agree well vnth
our P3 results. %e also see that the results of Byron and

Joachain using the optical model are quite close to our
P, calculations.

b D.

inferential
cross sections Other theoretical calcula-

tions for the di8'erential cross sections for the elastic
scattering of positrons by helium from its ground state
are available either at very low or at very high energies of

2
10

g
C
Cp
L

Cl

10

3O ~O 50

Scattering angle ( deg. )

60 90

FIG. 8. Differential cross section for elastic e -He (2 S) scattering at 50-, 100-, and 200-eV electron impact energies. Same as Fig.
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impact. For the sake of comparison with these available
results we display our DCS results along with them at 15
eV and 100 eV in Figs. 10 and 11, respectively. From
Fig. 10, which displays our results (P, , Pz, and P3) along
with the model-potential results of Khan et al. at 15 eV,
we see that all the results except P3 show a minimum in
the small-angular region (20'& 8 & 50') which arises due
to the interference between the static and polarization po-
tential contributions being opposite in signs. It is noted
that this feature has disappeared in the present P3 results.
In the forward direction, the P2 result lies above P„

while in the intermediate-angular region, the positions of
P& and Pz results are reversed. In the backward direc-
tion, all the results, as expected, approach each other. It
can be seen that the second maxima of aB the curves fall
between scattering angles 40 and 80'. The model-
potential results of Khan et al. ' overestimate P, at small
scattering angles while they are in good agreement with
P2 in shape and magnitude. However, at intermediate
scattering angles their results underestimate P I and
overestimate P2.

Present DCS results at 100-eV positron-impact energy
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FIG. 9. Total elastic cross section for the e -He (1 '5) scattering. —-, present P& results; ---, present I'2 results; —.—,present I'3
results; —X X —,McEachran and Staumer (Ref. 58); ———,model-potential results (Ref. 5); -".—,best values of NS (Ref. 8); —-, Am-
sia et aI. {Ref.57); -"-,SOP results (Ref. 60); —& —,3CC results (Ref. 59); -"-,OM results {Ref.34).
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TABLE II. Total elastic cross section for e+-He (2 '5) and He (2 '5) scattering in units of (~a o).

2'S 2-'SEnergy
(eV)

1

2
3

4
5

6
7
8
9

10
20
30
40
50
60
70
80
90

100
200
500

1000

'Number
plied.

~l
2.80[—1]
2.78[—1)
2,76[—1]
2.75[ —1]
2.73[—1]
2.72[ —1]
2.70[ -1]
2.68[—1]
2.67[ —1]
2.65[ —1]
2.51[—1]
2.39[—1 j
2.29[ —1]
2.19[—1]
2.10[—1]
2.02[ —1]
1.95[—1]
1.88[—1]
1.81[—1]
1.31[—1]
6.92[—2]
4.85[—2 j

which the

P2

2.75[+1]
2.48[+ 1]
2.29[+1]
2.14[+1]
2.01[+1]
1.89[+1]
1.79[+1]
1.70[+ 1]
1.63[+1]
1.56[+ 1]
1.1 1[+ 1 ]
8.73
7.22
6.17
5.40
4.76
4.29
3.91
3.60
1.96
8.54[ —1]
4.37[—1]

I'[
9.85[ —1]'
9.69[ —1]
9.54[ —1]
9.39[—1]
9.25[ —1]
9.12[—1]
9.00[ —1]
8.88[ —1]
8.77[ —1]
8.66[ —1]
7.76[ —1]
7.07[ —1]
6.49[ —1]
6.00[ —1]
5.56[—1]
5.17[—1]
4.83[ —1]
4.53[ —1 j
4.26[ —1]
2.69[—1]
1.32[—1]
8.50[ —2]

enc1osed lfl square brac

P2

1.79[+1]
1.62[+ 1]
1.50[+ 1]
1.40[+ 1]
1.32[+1]
1.25[+ 1]
1.18[+1]
1.13[+1]
1.08[+ 1]
1.03[+1]
7.46
5.92
4.93
4.24
3.73
3.30
3.01
2.73
2.51
1.41
6.13[—1]
3.42[ —1]

1s to be Alulti-kets denotes ihe power of ten by
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FIG. 11. Differential cross sections for elastic e -He (1 S) scattering at 100-eV positron-impact energy. Same as Fig. 3 except
—X —,OM results (Ref. 34); -"-„EBSresults (Ref. 34); -" —,CPBP results (Ref. 61).
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FIG. 12. Di8'erential cross sections for elastic e+-He (2 'S}and (2 'S}scattering at 50-, 100-„and 200-eV positron-impact energies.
Same as Fig. 5.

from their metastable states. The rest of our electron-
and positron-impact cross-section results, not presented
here, are compiled elsewhere and readers can obtain
these upon request to us.

IV. CQNCI. UNION

%'e have presented the elastic scattering of electrons
and positrons from ground (1 'S) and metastable (2 ' S)
states of helium in a wide energy range (18-500 eV) by
using a model-potential approach. One of the important

aspects of the present calculation is that the static poten-
tial is constructed by using a very accurate many-
parameter correlated wave function. The e8'ect of ex-
change is most accurately represented by a local semiclas-
sical exchange. The polarization is described through the
three diferent forms of the parameter-dependent polar-
ization potential, namely, (i) that of Temkin and Lamkin,
(ii) that of Nakanishi and Schrader, and that of (iii) Oda
and Truhlar. Further, we wish to add that the polariza-
tion potentials as used in the present calculation (at the
Hartree-Pock level) cannot be said to be as accurate as
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our choice of static and exchange potentials.
We 6nally conclude that for the electron scattering the

dipole part of the polarization and semiclassical ex-
change, together with the accurate static potential
representing the full interaction, predicts results in good
agreement with the measured values and more elaborate
theoretical calculations, in particular at intermediate and
high energies. In the low-energy region, the present re-
sults (P, , P2, and P3) differ among themselves appreci-
ably and are not fully capable of reproducing the ob-
served experimental features accurately. This clearly in-
dicates that for low-energy electrons (E &20 eV) scatter-
ing another proper combination for polarization and ex-
change potentials to probe the inner region of the atomic
system might be worth attempting. In this respect the
present polarization along with the chosen exchange po-
tential is just not totally adequate to describe the physical
nature of the scattering process in the entire energy re-
gion. For the positron scattering from the ground state

the present combination of static along with the sem-
iempirical form of polarization due to NS is very success-
ful and predicts a reliable total cross section in the entire
energy region. Electron elastic scattering from metasta-
ble (2' S) states is nicely described by present calcula-
tions, except that at the higher-energy region where no
experimental results are available as in this region, the
polarization emect dominates and shows a large contribu-
tion. Nothing can be said for positron scattering results
for elastic scattering from metastable (2 ' S) states until
experimental results are made available.
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